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Abstract: The large-scale production of plant-derived secondary metabolites (PDSM) in bioreac-
tors to meet the increasing demand for bioactive compounds for the treatment and prevention of
degenerative diseases is nowadays considered an engineering challenge due to the large number
of operational factors that need to be considered during their design and scale-up. The plant cell
suspension culture (CSC) has presented numerous benefits over other technologies, such as the
conventional whole-plant extraction, not only for avoiding the overexploitation of plant species,
but also for achieving better yields and having excellent scaling-up attributes. The selection of the
bioreactor configuration depends on intrinsic cell culture properties and engineering considerations
related to the effect of operating conditions on thermodynamics, kinetics, and transport phenomena,
which together are essential for accomplishing the large-scale production of PDSM. To this end, this
review, firstly, provides a comprehensive appraisement of PDSM, essentially those with demonstrated
importance and utilization in pharmaceutical industries. Then, special attention is given to PDSM
obtained out of CSC. Finally, engineering aspects related to the bioreactor configuration for CSC
stating the effect of the operating conditions on kinetics and transport phenomena and, hence, on the
cell viability and production of PDSM are presented accordingly. The engineering analysis of the
reviewed bioreactor configurations for CSC will pave the way for future research focused on their
scaling up, to produce high value-added PDSM.

Keywords: medicinal plant; bioactive compounds; plant-derived secondary metabolites (PDSM);
cell suspension culture (CSC); bioreactor engineering

1. Introduction

The plant world has been exploited for thousands of years by human cultures for
preventing pain, producing pleasure, usage in religious ceremonies, and treating different
diseases and illnesses. Recently, the World Health Organization (WHO) estimated that
80 percent of people worldwide rely on herbal medicines for some aspect of their primary
healthcare importance. Medicinal plants have great significance in the health industry.
Today, almost 25% of modern medicines are obtained or derived from natural sources [1–3].
To this end, according to a recent report by the British Broadcasting Corporation (BBC),
plant-derived drugs will grow from USD 29.3 billion in 2017 to around USD 39.2 billion by
2022, with a compound annual growth rate (CAGR) of 6.1% per year for the same period.

The chemical entities responsible for the biological activity in medicinal plants are
organic molecules classified as secondary metabolites. Although there are more than
50,000 plant species used for medicinal purposes, bioactive compounds in plant tissues

Plants 2021, 10, 2762. https://doi.org/10.3390/plants10122762 https://www.mdpi.com/journal/plants
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generally account for less than 1% (wt.), leading to the overexploitation, threatening, or
extinction of vegetal species [4–6]. In agreement with Süntar et al. [7], half of the drugs used
for clinical treatments are obtained out of natural sources, accounting for 185 chemical com-
pounds approved by the FDA [8]. Due to the growing interest in obtaining phytochemicals
from plant-derived secondary metabolites (PDSM), the use of biotechnologies based on the
plant cell culture (PCC) results in a promising, sustainable, and environmentally friendly
way of overcoming the problems related to either the traditional cultivation of medicinal
plants (including variations in crop quality associated with drought or flood crops, diseases
or pest attacks on plants, or the chemical synthesis of bioactive compounds, allowing a
better control in the quality and higher yields of the desired products to be achieved.

Academia and industry, nowadays, aim their research on PCC for large-scale produc-
tion of bioactive compounds by using callus cells, immobilized cells, embryos, roots, shoots,
and suspended cells [9,10]. Among PCC, the plant cell suspension culture (CSC) is one
of the processes that presents excellent scaling-up attributes for producing plant-derived
secondary metabolites (PDSM). Nevertheless, although the use of CSC seems an attractive
bioreaction concept for large-scale production of bioactive compounds [11–13], there is
a lack of information related to the engineering of the bioreactor technology because of
the complex interaction between the operational variables and its performance regarding
microbiology, thermodynamics, kinetics, and transport phenomena, which, in turn, impact
on the production and quality of PDSM.

This review, in its first part, states the main bioactive compounds found in plants
with great commercial relevance, giving an overview of the types of compounds and
their different biological activities, and stressing the relevance of PCC for satisfying the
today’s demand for bioactive compounds. The second part is focused on the production
of bioactive compounds by CSC, summarizing the engineering strategies followed in the
literature for achieving large-scale production and indicating the characteristics required
from plant tissues to obtain CSC with adequate properties. Bioreactor configurations
implemented for CSC are also described in this section. Because of its impact on the design
and scale-up of CSC, the third part elucidates the impact of the bioreactor configuration
and operational conditions on the performance of plant cell cultures during the production
of PDSM.

2. Bioactive Compounds in Plants

Medicinal plants are considered as a resource for bioactive compounds that can be
used for obtaining pharmacopeial or non-pharmacopeial drugs, contributing to the rising
interest and demand for plant-derived phytochemicals [14–16]. Their main activities in-
clude antioxidant, anti-inflammatory, antiproliferative, anticancer, anti-neurodegenerative
disorders, and chronic diseases, among other health properties [17]. These bioactive com-
pounds are considered as plant-derived secondary metabolites (PDSM) since, in contrast to
the primary metabolites, they do not play an active role in the direct metabolic process or
growth of the plant, but their importance relies on their interactions with biotic and abiotic
stresses in defense of the plant viability [7,18,19].

PDSM are classified in three main groups: (i) terpenes and terpenoid compounds
formed by 5-C isopentanoid units, (ii) phenolic compounds derived from the shikimic acid
pathway, and (iii) nitrogen and sulfur comprising compounds (Figure 1) synthesized from
common amino acids [18]. Their classification is based on their composition, structure, the
pathway used for their biosynthesis, and their chemical nature (solubility, polarity, reactiv-
ity) [17,20–22]. PSDM are normally produced out of specific plant species or taxonomy [18].
Table 1 describes the main characteristics and biological activities reported for the three
groups of PDSM.

PDSM are, in general, extracted from roots and aerial parts of the plant, with typical
yields below 1% wt. Their production usually takes very long cultivation times for reach-
ing the plant maturity and ensuring the highest PDSM production, thus requiring large
amounts of plant material for satisfying the demand of bioactive compounds in the food
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and pharmaceutical industries, and leading to the overexploitation and extinction of the
vegetal species, despite the risk of unpredictable differences in the homogeneity and qual-
ity of the extracted vegetal due to environmental factors during cultivation [16,18,23,24].
Therefore, it is important to implement novel technologies that allow the production of
bioactive compounds in more sustainable and better controlled processes. Among the
biotechnological strategies proposed in the literature to produce PDSM out of PCC, the
root culture, shoot culture, hairy root culture, and cell suspension culture are some of the
most studied in the laboratory scale.

Figure 1. Classification and types of PDSM.

Table 1. Characteristics and biological activities reported for PDSM in medicinal plants.

Compound Characteristics Representative Compounds
Biological/

Pharmacological Properties
References

Alkaloids

Complex organic molecules with a
heterocyclic nitrogen ring.

↑ 10,000 compounds isolated
↑ 300 families of plants

Piperine; nicotine, vasicine; theobromine;
caffeine; aconitine; atropine; quinine;

capsaicin, ephedrine; paclitaxel;
morphine; berberine; vincristine;

Chemotherapeutic agents;
antiproliferative; antimicrobial and

antiparasitic activities; analgesic,
anti-hyperglycemic, Alzheimer’s and

Parkinson’s diseases, stroke,
epilepsy, fungicide.

[25–29]

Phenolic
compounds

They are diverse in structure, and
present in common

the hydroxylated aromatic rings.
↑ 8000 different

compounds identified
↑ 300 families of plants

Simple phenolics:
hydroquinone, pyrogallol acid.

Single phenolic ring:
gallic acid, salicylic acid, caffeic acid,

hydroxycinnamic acids.
Two phenolic rings:

Xanthones, stilbenes, flavonoids.
Quinines:

Benzoquinones, naphtaquinones
anthraquinones, tannins and lignans.

Antioxidant, anti-inflammatory,
anticarcinogenic, cardiovascular

protective effect, antidiabetic, anti-obesity,
antihemolytic, antibacterial, liver

protection, antiatherogenic,
antiviral, neuroprotective functions.

[30–35]

Terpenes

Synthesized from acetate via the
mevalonic acid pathway.
They comprise natural

hydrocarbons with
isoprene blocks.

↑ 23,000 compounds identified.

Monoterpenes: menthol.
Sesquiterpenes: zingiberene.

Diterpenes: retinol.
Triterpenes: squalene.

Tetraterpene: β-carotene.

Anti-hypertensive activity, antimicrobial,
insecticide, fungicide, antioxidant,

anticonvulsant, anti-tumor and
neurotrophic effects, immune function,

skin protection, UV protection, anticancer,
antiparasitic, antihyperglycemic.

[28–30,36,37]

Sulfur-rich
compounds

(SRGs)

The structure is composed of a
β-D-glucosyl residue linked by a

sulfur atom.
About 137 SRGs identified

in plants

Glutathione, glucosinolates,
phytoalexines, thionines,

Enzyme regulator, intercellular signaling
molecule, antitumor effect, Burkitt
lymphoma treatment, anticancer.

[38–41]
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3. Plant Cell Culture

Plant cell culture (PCC) is nowadays recognized as a promising, renewable, sus-
tainable, and environmentally friendly alternative to obtain PDSM out of wild plants.
PCC accounts for the virtues of whole-plant cultivation systems and offers significant
advantages, such as controlled manufacture due to standardized environmental condi-
tions, i.e., it is not seasonal dependent, makes use of low amounts of water, and pesticides
and herbicides are not required, achieving better quality in the desired product [42,43].
The establishment of different types of plant cell cultures are aimed for regenerating or-
gans or somatic embryos for plant propagation, virus elimination, genetic manipulation,
germplasm storage, and for in vitro production of PDSM [44,45]. The main differences
found in the literature about in vitro plant cell cultures with whole wild plants comprise
a higher cell growth intensity, the mechanisms of synthesis and reserve organelles for
PDSM, and the concentration of PDSM. Despite most of the PDSM contents recovered
in plant cell cultures usually being lower than those obtained in wild plants, there are
some successful cases where super-producer strains have been achieved [46,47]. According
to the literature [48], PCC is defined as the process where plant cells or plant tissues are
isolated from plant organs and cultivated under artificial environmental conditions, taking
advantage of plants’ regeneration ability by means of cuttings or explants. Thus, the
resultant proliferated plant cells maintain the genetic information from the donor plant.
In the literature [49], it has been elucidated how PCC works as a technological platform
where chromosome doubling and artificial polyploidy induction are favored by getting the
overexpression of key genes involved in the synthesis of PDSM and, hence, favoring the
production of both high-value bioactive compounds and plants with more agronomical
potency. Plant cell cultures include the production of callus and immobilized cells, embryos,
roots, shoots, and cell suspensions, extending the advantages of manipulation with a better
understanding about the intricate mechanisms of synthesis of PDSM [44].

3.1. Types of Cell Cultures

Calluses relate to the massive growth of cells and the buildup of agglomerated dedif-
ferentiated cells, that may be able to revamp the complete plant, acquiring features like
meristematic cells and developing new stem cells, which are able to form new individual
plants [50]. Somatic embryos are obtained by the tissue formation from somatic cells or
callus, having as the main objective the micropropagation of species seeds. Hairy roots
culture is usually obtained by the infection of plant cells with Agrobacterium rhizogenes,
resulting in the transformation of callus into differentiated tissues [48].

Even though there are several studies where the production of PDSM from callus
cultures and differentiated cells/tissues are used, the cell suspension culture from dediffer-
entiated cells is mostly preferred [51,52]. Cell suspension cell culture (CSC) is considered
as a simple and cost-effective method, allowing suitable conditions for cells to produce
compounds identical to those from parental cells to be achieved, offering advantages such
as setting stable systems for continuous PDSM production with homogeneity in yields
and quality, as well as offering the possibility of synthesizing new compounds and greater
potential for PDSM commercial application [51,53]. Therefore, CSC has been demonstrated
to be the selected biotechnological tool for obtaining high-value PDSM, such as taxol [53,54],
resveratrol [55,56], and ginsenosides [57], among others. To this end, further discussions
will be centered on CSC for producing PDSM at laboratory and larger scales using differ-
ent bioreactor configurations. Table 2 shows recent successful examples where plant cell
culture is used for producing PDSM with pharmacological relevance.
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3.2. Plant Cell Suspension Culture

Plant cell suspension culture (CSC) represents a cost-effective and simple biological
process for the synthesis of PDSM at large scales [51]. This production concept takes
advantage of plant cells as biosynthetically totipotent structures, being capable of obtaining
bioactive compounds with identical properties to those contained in plant stem cells,
offering potential advantages regarding quality and yield of PDSM [51,93]. To this end,
although there are engineering challenges, CSC offers greater potential for industrial
applications in large-scale bioreactors than plant tissue and organ cultures. Although the
latter ones offer better genetic stability in propagated cells, the design of the bioreactors for
their maintenance usually requires greater investments and careful experimentation in the
preliminary scale-up stage [42,94].

Figure 2. General steps for obtaining cell suspension culture. PDSM means plant-derived secondary
metabolites. * Schemes were created with BioRender.com.

Success in the operation of suspension cultures depends on the induction and obten-
tion of friable callus (stage 3) through the exposure to growth regulators, such as auxins and
cytokinin. The final step (stage 4) comprises the transfer and maintenance of this cell culture
in a liquid. CSC may become unstable when subjected to prolonged culture times, causing
differences in the quality and quantity of PDSM; this behavior is due to the consumption
and reduced availability of nutrients in the culture media, in addition to genetic variations
that can restrict the conservation of the high-yield cell line [9]. Among the strategies used
for improving the production of PDSM in CSC is the modification in the culture media
composition (different carbon, nitrogen, and phosphorous sources) for optimizing the
nutrient availability during the culture time [6,9], and the use of biotic or abiotic elicitors
that trigger the defense response from plant cells promoting the secondary metabolism
through the introduction of chemical or physical stresses [7,51,95]. Biotic elicitors are com-
plex compounds derived from biological sources, including plant-derived polysaccharides,
such as pectin and cellulose, and microbial-derived polysaccharides, such as chitin and
glucan [6,44], and plant immune-signaling molecules, such as jasmonic acid [96], salicylic
acid [97,98], and methyl jasmonate [96]. Abiotic elicitors include inorganic salts, heavy
metals, UV irradiation, high salinity, and pressure [99].
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3.3. Commercial Production of PDSM from CSC

The current production of various drugs, cosmetics, and food ingredients is obtained
using plant cell cultures, especially in the form of CSC, as these offer several advantages
over other technologies, such as better control during the production of PDSM, a larger
feasibility for the scaling up of the process, and shorter production cycles, being envi-
ronmentally responsible and sustainable processes. The application of CSC to obtain
commercial products dates back to the 1960s [7,9,24,100]. Table 3 shows a selection of plant
cell extracts that have been successfully manufactured at a commercial scale for pharma-
ceutical purposes. So, by way of history, the first report about industrial manufacturing
of bioactive compounds derived from CSC was found for Shikonin from L. erythrorhizon
by Mitsui Petrochemical Ind., now Mitsui Chemicals, Inc. (Tokyo, Japan). To date, Taxol®,
manufactured by Phyton Biotech, Inc. (Delta, BC, Canada), and Genexol, the commercial
name for paclitaxel compound by Samyang Genex, represent the cancer drugs with greater
demand in the market, with annual sales reaching up to 200–300 kg per year [101]. In
agreement with the information available at the website for manufacturers, the production
volume for PDSM increases from a few cubic meters to 75 m3 equivalent, to reach 880 m3

per year [102].

Table 3. Plant-derived products manufactured from plant CSC which have entered into the pharmaceutical industry. The list of
products makes no claim to be complete.

Product Species Pharmaceutical Use
Manufacturer, Tradename, and

Scale of Production
Type of
Culture

Reference

Rosmarinic acid Coleus blumei Anti-inflammatory ANattermann & Cie. Gmbh,
www.sanofi.de (accessed on 30 October 2021) CSC [103]

Echinacea
polysaccharides

Echinacea
purpurea

Immunostimulant,
anti-inflammatory Diversa, 75,000 L bioreactor CSC [100,104]

Berberines

Thalictrum
minun Anticancer; antibiotic;

anti-inflammatory

Mitsui Chemicals, Inc., (75,000 Lbr) CSC
[105]

Coptis japonica https://www.mitsuichemicals.com/ (accessed on
30 October 2021) CSC

Podophyllotoxin
Podophyllum

spp. Anticancer
Nippon Oil Company, Ltd. CSC [106]

https://www.freepatentsonline.com/5336605.html
(accessed on 30 October 2021) OC [107]

Docetaxel Taxus baccata Ovarian cancer
treatment

Phyton Biotech, Inc., Taxotere (150 kg/year)
CSC

[108,109]https://phytonbiotech.com/ (accessed on
30 October 2021)

Paclitaxel Taxus spp.

Anticancer: FDA
approved for the

treatment of ovarian,
breast, and lung

cancers

Phyton Biotech, Inc., Taxol ® (1000 kg/year)
CSC [110]https://phytonbiotech.com/ (accessed on

30 October 2021)
Samyang Genex Corporation., Genexol (32,000 Lbr)

https://samyangbiopharm.com/eng/
ProductIntroduce/injection01 (accessed on

30 October 2021)

CSC
[111]

[112]

Scopolamine Duboisia spp.

Anticholinergic;
antimuscarinic;
motion sickness,

nausea, and
intestinal cramping

Sumitomo Chemical Co., Ltd., Tokyo, Japan
(50–20,000 Lbr)

https://www.sumitomo-chem.co.jp/pharma-chem/
(accessed on 30 October 2021)

HRC [113,114]

Shikonin
Lithospermum
erythrorhizon

Anti-HIV, antitumor,
anti-inflammatory

Xi’an NEO Biotech, Shikonin 95%
CSC [100]http://www.extractneo.com/about (accessed on

30 October 2021)

CSC: cell suspension culture; HRC: hairy root culture; OC: organ culture.

3.4. Typical Bioreactor Configurations

Bioreactors are defined as containers used to provide a controlled environment to
transfer nutrients and oxygen to cell cultures in adequate concentrations that allow the cell
to maintain its primary and secondary metabolic activity. Because plant cells, as well as
other micro-organisms, are more sensitive and less stable than chemical compounds, biore-

7
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actor designs must be robust enough to provide a greater degree of control over process
disturbances and contamination and achieve high productivities, high quality products,
and cost effectiveness. The bioreactor design and its optimal operation depend on the
determination of the operating conditions giving rise to the required product formation,
minimizing the cost of the process [115]. The most common bioreactor configurations
utilized for commercial and large-scale production consist in stirred tank bioreactor (STB),
wave stirred bioreactor (WSB), air-lift bioreactor (ALB), and bubble column (BC). The
selection of the bioreactor configuration is frequently established by its optimal perfor-
mance in terms of metabolic activity and kinetics of cell cultures, economic costs, and its
flexible operation regarding maintenance of cultures by controlling operational conditions,
such as temperature, pH, aseptic, mixing, aeration, and scalability. Table 4 shows some
characteristics, advantages, and disadvantages of these types of bioreactors.

Table 4. Comparison of bioreactor configurations commonly used for plant cell culture.

Bioreactor
Configuration

Schematic
Diagram *

Description Advantages Disadvantages Ref.

Bubble
column (BC)

It is classified in the
pneumatic-type bioreactor.

They are constructed in
cylindric columns where gas
injection represents the only

energy entrance to the
system. BC bioreactors
operate under constant

bubbling where gas flows
from the bottom to the top

through nozzles, perforated
plates, or spray rings,
allowing not only the

aeration process, but also
helping the mixing and
circulation of the fluid,

without the need to install
mechanical accessories.

Simple structure
as no mechanical
force is required

to shake.
Easier

maintenance and
reduces the risk

of contamination
due to the lack of

mobile parts.
Reduced effect of
the shear stress.

High foam
formation under

high gas flow rates.
Poor oxygen transfer

capabilities.
Poor fluid mixing in
highly viscous fluids.

High levels of
foaming under
high-aeration

conditions

[24,94,116]

Airlift (ALB)

It is classified in the
pneumatic-type bioreactor.

This configuration is
considered reasonably like

STR, excepting for the
impeller. They are tower

reactors where fluid broth is
mixed with a gas stream,
which is compressed and

injected at the bottom of the
discharge pipe. The

gas–fluid mix allows the
creation ofdifferences in

density and upward
displacement. It is more

suitable for hairy root and
somatic embryo cultures.

Easy
maintenance and
reduces the risk

of contamination
due to the
absence of

mobile parts.
Reduced effect of
the shear stress.
Higher oxygen

transfer than that
in BC.

The energy
required is

provided by the
compressed gas.

High levels of foam
formation under

high gas flow rates.
Poor fluid mixing in
highly viscous fluids.

Relatively poor
oxygen transfer

capabilities.

[24,117–119]
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Table 4. Cont.

Bioreactor
Configuration

Schematic
Diagram *

Description Advantages Disadvantages Ref.

Stirred tank
bioreactor

(STB)

It is grouped in the
mechanically agitated

bioreactor. This bioreactor
consists in a mixer (turbine

or propeller) installed
within the tank reactor and

may be equipped with
gassing inlet stream. It can

operate in batch,
semi-continuous, or

continuous mode [117,120].

Efficient fluid
mixing systems.

High oxygen
mass transfer

capability.
Convenient for

high-viscous
fluids.

Comply with
Good

Manufacturing
Practices.

Easy scale-up.
Highly adaptable

to production
scale and
products.
Impeller

alternative.

High energy cost
owing to mechanical

agitation.
Contamination risk

with mechanical seal.
Some cells and
metabolites are
susceptible to

shearing generated
by the impeller and

bursting gas bubbles.
Depending on the

operation mode, this
configuration can

represent high costs
of maintenance,
cleaning, and

startup.

[94,117,120,
121]

* Schemes were created with BioRender.com.

Engineering Aspects in the Plant Cell Suspension Culture

Engineers designing or optimizing bioreactor technologies must both consider the
effect of operating conditions on the complex interaction between transport phenomena,
thermodynamics, growth kinetics, metabolic activity, and maintenance of plant cell cultures
and, based on it, propose methodologies to transfer information observed in flask cultures
to larger bioreactor scales. Some operational conditions are critical because they can cause
a decrease in biomass, a low PDSM production, or a loss of cell viability. Table 5 shows
some CSC that have been successfully scaled from flask cultures to large-scale bioreactors.

Table 5. Comparison of operating conditions used for SCC in flask and bioreactor to produce PDSM. The list of examples
makes no claim to be complete.

Species Compounds

Operation Variables Evaluated
Biomass

Production PDSM
Production

Ref.

In Shake Flask
In

Bioreactor
In Shake

Flask
In

Bioreactor

Scrophularia
striata

Phenylethanoid
glycosides

50 mL SCC in
100 mL flask

110 rpm
25 ◦C

5.0 L SCC in STR 10 L
Fg: 0.5–1.0 L/min

110−170 rpm
25 ± 1 ◦C
Darkness

14.16 g/L 15.64 g/L

The acteoside
content in CSC in
the bioreactor was

about threefold
higher than that in

the shake flask

[122]

Buddleja
cordata

Verbascoside,
linarin and
hydroxycin-
namic acids

50 mL SCC in
250 mL flasks

110 rpm
26 ± 2 ◦C

STR 2 L
Fg: 1 vvm (ring diffuser

Rushton impeller
400 rpm

26 ± 2 ◦C
16/8 h light to dark

photoperiod

11.8 g/L 13.62 g/L

The content of
phenolics was
twofold higher

in STR.

[123,124]

Rubia
tinctorum Anthraquinone

25 mL SCC in
250 mL flasks

100 rpm
25 ± 2 ◦C

16/8 h photoperiod
(140 μmol m−2 s−1)

1.0 L SCC in STR 2 L
Fg: 1 vvm

Turbine impeller
450 rpm

25 ± 2 ◦C
16/8 h photoperiod
(140 μmol m−2 s−1)

330 g/L 220 g/L

Anthroquinone
production was
2.5 times higher

in STR

[125]
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Table 5. Cont.

Species Compounds

Operation Variables Evaluated
Biomass

Production PDSM
Production

Ref.

In Shake Flask
In

Bioreactor
In Shake

Flask
In

Bioreactor

Arnebia sp. Shikonin

25 mL CSC in
250 mL flasks Air-lift bioreactor

1249.2 g/L 480 g/L

The shikonin
content was 2.6

times higher in the
bioreactor than in

the flask.
Production

remained without
significant

differences in both
bioreactors

[126]

100 rpm 2 L working volume
25 ± 2 ◦C 25 ± 2 ◦C

Continuous light Fg: 2 L/min
(sparger ring)

(70 μmol/m2 s 1)

STR 2 L

1249.2 g/L 450 g/L
Six-blade turbine
impeller 100 rpm

Fg: 2 L/min
25 ± 2 ◦C

Ocinum
basilicum

Rosmarinic
acid

100 rpm 7 L CSC in STR 10 L Biomass was 8.4 times
higher in bioreactor than

in flask

Production
increased 1.66

times in bioreactor
[69]25 ± 2 ◦C Marine impeller

100 rpm
Fg: 25 L/min

Satureja
khuzistanica

Rosmarinic
acid

200 mL CSC in
1 L flask

1 L CSC in culture bags
2 L

13.6 g/L 18.7 g/L
Production

increased 2.5 times
in bioreactor

[127]
110 rpm Batch mode

25 ◦C 20–30 rpm
25 ◦C

Fg: 0.1 vvm
Darkness

Vitis
labrusca L. Resveratrol

100 mL CSC in
300 mL flasks STR 5 L

NR ≈35 g DW
Production

increased 1.15
times in bioreactor

[128]110 rpm Marine impeller
110 rpm

23 ◦C Fg: 0.15 vvm
Darkness

Santalum
album L.

Squalene

100 mL CSC in
250 L flask Airlift bioreactor 7 L

1.05 mg/g 1.25 mg/g

Production
increased 1.71

times in bioreactor
in four weeks of

culture

[129]
90 rpm Batch mode
28 ◦C 70–80 rpm

Fg: 4 L/min
28 ± 2 ◦ C

NR means Not reported.

The scaling up of CSC carried out in a flask culture demands the use of bioreactor
engineering to characterize the impact of operating conditions on growth kinetics, cell de-
activation, and transport phenomena and, hence, on the metabolic activity and production
rates of PDSM. To this end, in what follows, main aspects to be considered during the
scaling up of CSC, from the screening of plant cells to the industrial-scale bioreactor design,
are mentioned and analyzed.

The screening of a set of plant cells is considered as the first stage during the scaling
up of CSC [42,94]. Screening takes place in shake flasks. In these laboratory bioreactors,
hydrodynamic and transport phenomena negatively impact on the growth kinetics, cell vi-
ability, metabolic activity, and production rates of PDSM. For instance, in these bioreactors,
the production of PDSM involves two-phase systems (liquid culture phase and cell culture
phase) neglecting the effect of operating conditions, including the impact of the oxygen
concentration, on the microscopic and macroscopic performance of the shake flask. In this
context, apparent results regarding cell growth kinetics, cell viability rates, and production
rates of PDSM are observed. In these conditions, promising plant cells are identified and
selected to be evaluated in larger bioreactor configurations, such as those presented in
Table 4.

The second step accounts for characterization of cell growth kinetics, cell viability rates,
metabolic activity, and production rates of PDSM under controlled operating conditions in
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bench-scale bioreactors with similar configurations to those systems to be implemented
at the commercial scale, i.e., bench-scale bioreactors accounting for three phases (liquid–
gas–cells) (see Table 4). Thus, during the analysis of bench-scale systems, the coupling
of experimentation with mathematical modeling is essential for stating the basis for the
scaling up of CSC [130–132]. Herein, cell growth kinetics and production rates of PDSM
are the main response variables to maximize during CSC. It is worth mentioning that
their experimental and theoretical characterization makes possible the connection between
the microscopic world of the metabolic cell activity and the macroscopic world of the
bioreactor performance and, hence, the downstream processing. Besides, the experimental
characterization of these cell mechanisms and their analysis using mathematical models
lead to the construction of the engineering tool for the scaling up and optimization of the
bioreactor configuration, allowing a better understanding of CSC during the production
of PDSM. In particular, the use of bench-scale bioreactors allows for identifying and
controlling those operating conditions where transport phenomena favor the kinetics of
the CSC.

Based on the kinetics, since in CSC it is not possible to develop intrinsic kinetic models,
there are two types of models that can be developed in bench-scale bioreactors: extrinsic
ones, where transport phenomena are explicitly included during the modeling of the
bioreactor; and apparent ones, where transport phenomena resistances impact during
the experimentation but they are not considered during the modeling of the bench-scale
bioreactors [131,133–137]. Thus, to determine extrinsic kinetic models, it is recommended
to carry out a regime analysis to identify and model those transport phenomena limiting the
production of PDSM. Experiments make possible the development of the corresponding
model, relating kinetics with macroscopic variables, namely the concentration of substrates
and PDSM, cell growth, and cell viability involved during the operation of the bench-scale
bioreactor. The kinetic model depends on the quality of the experimental data and it
is only reliable for the range of operational conditions utilized during its development.
When the kinetic model is based on metabolic steps of the reaction, the mathematical
complexity increases but leads to a better physical representation of the CSC during the
production of PDSM. Besides, the loss of cell viability caused by operational aspects, i.e., a
toxic compound, cell shear stress, or cell sintering, is modeled by empirical expressions
whose parameters involve physical meaning [138], such as the generalized power law
equation (GPLE) [139–141]. Finally, the Monod model offers an adequate explanation for
the reaction rates of growing cells, but it has no mechanistic basis [142,143]. Moreover, the
Monod model is only applicable when cells are in a metabolic equilibrium, namely when
the composition of the macromolecules in the cell remains in a pseudo-steady state during
the CSC. Table 6 presents some kinetic models to describe cell growth rate. It is worth
mentioning that, in transient experiments, when the concentration of a substrate or PDSM
is brusquely modified, Monod kinetics are not suitable and the kinetic model must account
for the cell metabolism [138,144]. There are, in the literature, several models that have no
mechanistic grounds but account for some biological features of the cell growth [138,145].
These models offer an acceptable description of the cell growth and metabolic activity due
to fluctuation in the concentration of substrates and products. In these models, cell mass is
divided into compartments, and the rate of formation of each compartment has different
stoichiometry and kinetics.
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Table 6. Models used to describe kinetics and deactivation in whole cells [137,140–142].

Mathematical Equation Conventional Name

rx = μ =
μmax[Si]
[Si]+Km

rs = Yxsμ

Monod kinetics

rx = μ =
μmax[Si]

([Si]
2/Ki)+[Si]+Km

rs = Yxsμ

Expanded Monod kinetics

rx = μ =
μmax[Si]
[Si]+Km

(
1 − [P]

[P]max

)

rs = Yxsμ

Expanded Monod kinetics

rx = μ = μmax(1 − exp(−[Si]/Km))
rs = Yxsμ

Monod’s teacher Tessier kinetics.

rx = μ =
μmax[Si]
[Si]+KSX

rs = Yxsμ

Contois kinetics.

rx = μ = μmax

(
1 − X

KS

)

rs = Yxsμ

Logistic kinetics.

dθx
dt = −kin(θx − θss)

m

r = rs = θx
k[Si]

[Si]+Km

Cell deactivation kinetics

In bench-scale bioreactors, it is experimentally complicated to minimize transport
resistances [139–141,146]. In the fluid bulk, concentration, temperature, or radiative gradi-
ents can be present. Hydrodynamics impact on mass and heat transfer mechanisms from
the gas phase to the liquid phase and from the liquid phase to the cell phase. Moreover, cell
growth can impact on mass and heat transfer mechanisms. Although complicated, a proper
kinetic analysis must account for the effect of fluid dynamics on transport phenomena and,
hence, on cell growth, cell viability, and metabolic activity.

During the screening at the laboratory bioreactors or during the operation of the
bench-scale bioreactor, the response surface methodology (RSM) is a potential tool to guide
experimental designs. RSM leads to the following advantages [147–151]:

(1) It defines an establishment of the relationship between responses (yield, cell viability,
oxygen concentration, etc.) and control operating conditions (temperature, pressure,
initial concentration, power input, agitation rate, etc.).

(2) It predicts the effect of control operating condition on responses.
(3) It gives inferences on the significance of the operating conditions on the performance

of the reactor.
(4) It allows the determination of the operating window where the bioreactor meets its

best performance.

On the above end, RSM couples experimental designs, and mathematical and statisti-
cal methods [152,153]. Firstly, an experimental design is proposed; the evaluation of this
experimental design constitutes the so-called response surface design (RSD). The suitability
of the RSD depends on its orthogonally, ratability, and uniform precision [153]. Secondly,
the empirical model is then developed; it is approximated by a polynomial equation that ac-
counts for elements that consist of powers and cross-product powers, constant coefficients
referred to as parameters, and a random experimental error. Albeit empirical, first-degree
and second-degree polynomial equations are usually used to fit observations and carry
out the optimization. To this end, every model and its reliability depends on the RSD, i.e.,
first-order designs are used to fit observations with the first-degree models, and observa-
tions out of second-order designs are fitted with second-degree models [152–154]. The
most common first-order designs are 2k factorial, Plackett–Burman, and simplex designs,
while the most common second-order designs are 3k factorial, central composite, and the
Box–Behnken designs. Note that the choice of a proper RSD is essential since the quality
of prediction, as measured by the size of the prediction variance, depends on it; thus, the
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lower the variance, the better the fit of the responses. On this basis, a single RSD is not
able to satisfy all criteria, but it is considered as robust if it meets the assumptions related
to the model and the error distribution [152,153]. Finally, the assessing of the results uses
both statistical tests, i.e., F-value, t-value, and confidence interval, and graphical tests, i.e.,
variance dispersion graphs, fraction of design space plots, and quantile plots. Graphical
methods [149,150] based on quantile dispersions have also been used to compare experi-
mental designs for estimating variance components in an analysis of variance (ANOVA)
situation. RSM can lead to the identification of the operational window where CSC presents
its higher yields to PDSM, which, in turn, will be essential in the conceptual design and
scaling up of the bioreactor configuration.

Because of the advent of computation in the last years, the bioreactor design not only
depends on empirical, but also deterministic approaches, which allows the proper determi-
nation of hydraulics, fluid dynamics, mass transport, heat transfer, radiative transfer, and
kinetics from different bioreactor configurations at various scales. This information is trans-
ferred to design and scale up the industrial bioreactor. The design of this reactor strongly
depends on the development of a model coupling kinetics and transport phenomena at
both the cell and bioreactor level, including the fluid and the gas phase. This is, however, a
complex task, since it needs experiments and mathematical solutions that are not trivial. It
is worth stressing that, during the construction of this model, fluid dynamics are yet the
bottleneck during the scaling up of a bioreactor configuration because of their impact on
transport phenomena, kinetics, and, hence, on the global production of PDSM.

Based on the above, a model accounting for kinetic, deactivation, and all transport
mechanisms should be developed from the laboratory to the bench scale. This model
should be constructed following a framework based on computational fluid dynamics
(CFD). The model needs to be validated at the bench scale before using it to design the
industrial bioreactor. The preliminary dimensions of the reactor need to be obtained from
the utilization of the practical know-how reported in the literature or experimental and
modeling results obtained at the bench scale. It will make the scaling up process more effi-
cient and reliable. Developing a model for the use of CFD allows the consideration of fluid
dynamics along with its effect on transport phenomena, which leads to obtaining operating
conditions where mixing, hydrodynamics, and transport phenomena are improved without
affecting the operating cost of the process. A criterion when designing the industrial-scale
bioreactor is to achieve a compromise between operating expenses and yield of the PDSM.
At the end of the scaling-up process, the experimentation and investment cost as that
compared using an empirical or heuristic approach will be significantly minimized.

In addition to the aforementioned, the scaling up of CSC becomes more challenging
when observing how operating conditions impact on the production of PDSM. Operating
conditions influence in different scenarios and magnitudes the performance of cell cultures
during the production of PDSM, from the supply of nutrients (oxygen, light, ionic strength,
pH) to the implementation of mechanical and pneumatic work to keep the process operating
in optimal conditions. In further sections, a discussion about the main operating variables
in bioreactors and their effect on the performance of cell culture will be provided.

3.5. Effect of Operating Variables on the Bioreactor Performance
3.5.1. Temperature

It is a key variable that must be kept under control because its increment impacts on
kinetics, inducing the premature senescence of the culture, and produces the loss of viability,
such that it reduces the yield of PDSM. On the other hand, temperature may also act as
an abiotic elicitor. Temperature in bioreactors has varied between 23 and 30 ◦C [155,156],
although most of the works have fixed it at 25 ◦C [122,123]. Most temperature control
systems consist of the use of temperature probes and jackets or coils used as a heat transfer
system to activate metabolic reactions or cool the bioreactor because of the heat generated
by exothermic metabolic reactions. Heating or cooling systems also used in bioreactors
are electric heaters or steam streams for the former, and cooling water or refrigerants in
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cooling towers for the latter [115]. Species such as Catharanthus roseus and Lavanda vera
exhibited the best kinetic cell performance at 30 ◦C, leading to a constant production rate
of PDSM when CSC was carried out in stirred tank bioreactors [157,158].

3.5.2. Light

Cell irradiation by use of visible light is one of the most important elements when
designing CSC bioreactors, since photons affect the growth and morphogenesis of cell
cultures both in in vivo and in vitro conditions. Plant cell cultures vary their physiological
response to the light exposure because of photolytic reactions, significantly influencing
the synthesis and production of secondary metabolites, such that yields are a function of
the type of species, growth stage, type of light, and time of exposure to light. In plant
cell cultures, the use of 12/16 h light/dark photoperiod is the most frequent condition,
although total darkness and continuous light exposure have also been reported [52,159,160].
Some examples recently reported in the literature about the effect of light exposure in CSC
are for Vitis vinifera [159], Theobroma cacao [161], Clinacanthus nutans (Burm. f.) Lindau [162],
Catharanthus roseus (L.) G Don. [163], and Artemisia absinthium [164], where higher pro-
duction of PDSM were obtained under light exposure. On the other hand, species such
as Plumbago europaea L. [160] showed 1.7 times the production of plumbagina, the main
bioactive compound, when CSC were cultured in darkness; besides, Ajuga bracteosa exhib-
ited a higher concentration of PDSM and antioxidant activity when its CSC was subjected
to darkness and methyl jasmonate as elicitor [165], and Ruta graveolens with a 3.14-fold
increase in total flavonoid content [166].

3.5.3. pH

pH is one of the factors influencing the growth and production rates of PDSM; there-
fore, it is a critical operating condition in small- and large-scale plant cell culture. It provides
the proper balance of acidity/alkalinity to the culture to avoid cell breakage. The initial pH
in plant cell cultures usually ranges between 5.5 and 6.0; abrupt changes during the culture
can cause variations or loss of the nutrient uptake. One of the most relevant challenges
during the operation of the bioreactor is the successful implementation of an efficient pH
control system. The bioreactor behavior depends on the change in pH, modifying the cell
growth and the production of PDSM and being widely dependent of the species related to
the plant [13,156,167,168].

3.5.4. Mixing

In cell cultures, the production of biomass and PDSM is highly dependent on the
conversion of substrates into products, this conversion and reaction rates are mediated
and controlled by transport mechanisms toward and from the place where the conver-
sion occurs. In every bioreactor, fluid dynamics impact how substrate and inoculum are
transported to the liquid bulk and how PDSM are removed. In batch operations, fluid dy-
namics occasioned by mixing prevents local exhaustion of substrates such as oxygen [169].
Mixing and fluid dynamics are a function of the bioreactor configuration and impact the
performance of CSC, such that, when properly controlled, they minimize interfacial mass
and heat transport resistances, decreasing temperature and concentration gradients in
the bioreactor bulk and, hence, having homogeneous distribution of the components or
conditions in the culture medium [170].

The characteristic time related to mixing in bioreactors influences heat production,
oxygen mass transfer, and C-substrate consumption in the cultures [24,169]. For instance,
the characteristic time related to heat production (mainly due to metabolic heat) is defined
as the time necessary to heat up the content in the vessel by 1 ◦C, while the mixing
characteristic time is usually considered as the one for smoothing out temperature gradients
occasioned by the metabolic reactions. In most bioreactor configurations, mixing times
range from 10 to 100 s, such that heat will not be accumulated.
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The characteristic time for mass transport is defined as the characteristic time required
for the decrease in oxygen concentration once the gas flow rate is discontinued, this time
is not related to a critical time for the micro-organism. Depending on the bioreactor
configuration, the capacity of oxygen transfer rate (OTR) will vary [170]. Despite STR
exhibiting better OTR, it has some restrictions related to the dispersion of gas through the
vessel, because the higher transfer occurred near the sparger, reducing the concentration of
dissolved oxygen in the aqueous medium. In this sense, the respective characteristic time
for oxygen depletion in STR is considered as the critical time when it is assumed that all the
oxygen is transferred close to the impeller. On the other hand, bubble column bioreactors
are not excluded for exhibiting oxygen depletion; in this configuration, the oxygen is
transferred at all the positions in the column, and even though the oxygen transfer is
mainly observed near the sparger, it is greater than that for STR. Thus, the characteristic
time for depletion is based on the concentration of oxygen dissolved outside the region of
the sparger [170–172].

The last characteristic time associated to the mixing process in bioreactors is related
to the relationship between cell growth rate and bulk substrate concentration. Since the
Monod model describes adequately this phenomenon, this equation is used to determine
the characteristic time for substrate consumption. This characteristic time will be larger
than the one for mixing time and fluid dynamics calculated for the bioreactor. Thus, cell
growth rate and consumption substrate rate strongly depend on the transport phenomena
resistances and, hence, characteristic times involved in every bioreactor configuration.

Considerations of Cell Culture Properties on the Mixing Process

Plant CSC is effectively set up in small-scale bioreactors, exhibiting excellent pro-
duction of secondary metabolites, but, when it comes to working with larger scales, the
situation is not that simple. Cell cultures tend to form flocs and agglomerates when the
daughter cells are not completely separated from the stem ones after cell division; these
agglomerate systems are constituted from several hundreds of cells, ranging in particle
sizes around 0.5 cm diameter, depending on the cell line, culture conditions, and growth
stage [16,111,173]. These agglomerated structures lead to the formation of heterogeneous
populations creating microenvironments (larger intra-agglomerate transport resistances)
that limit the substrate and oxygen transfer rates, causing low rates of growth and PDSM
production. Some studies have demonstrated that the production of specialized high
value-added PDSM depends on the formation of aggregates and their size [174–177]. For
example, growth characteristics and qualitative composition of PDSM in Phlojodicarpus
sibiricus cell cultures were directly correlated with the level of cell aggregation, being more
favorable in aggregates of 10–30 cells than in aggregates of >50 cells [174]. Small aggregates
(~400 μm) within Taxus suspension cultures produced four times more paclitaxel than
larger aggregates (~1100 μm) [178].

However, despite intra-aggregate diffusion limitations, it has been reported that the
formation of large aggregates may favor the production of PDSM, as is the case with cell
suspension cultures of Psoralea corylifolia, where an aggregate size of 1200–2000 μm favored
the production of phytoestrogens compared to sizes of 800–1200 μm [179]. Moreover, the
formation of cell aggregates can also be favored by the secretion of extracellular polysac-
charides (ECP), contributing to greater cell adhesion. Therefore, aggregation patterns
coupled with high biomass concentrations and ECP secretions result in culture mediums
with non-Newtonian characteristics [180].

One of the most logical and simplest ways to overcome these concerns could be related
to the increase in the stirring speed, because it will break the flocs and cell agglomerates,
facilitating the substrate and oxygen uptake and, therefore, increasing the growth rate
and conversion to desired products [174,181]. Nevertheless, plant cells, as with other
micro-organisms, are sensitive to shearing, and surpassing their resistance umbral to
hydrodynamic stress may induce their cell wall breakage, causing the loss of valuable
products [124,180,182]. Besides, plant cell cultures are characterized by being viscous and
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highly dense suspensions that behave as non-Newtonian fluids, which also contributes
to restricting the flow regime and the heat and mass transfer mechanisms, leading to
zones with gradients of concentration and temperature, and, therefore, to dead zones of
mixing in the bioreactor [42,173]. For this reason, in CSC the mixing is often evaluated in
terms of its impact on the biological performance (growth rate and productivity) of the
bioreactor technology.

A clear example that the aggregate size is an important parameter for the production
of high added-value PDSM is the production of Paclitaxel by Taxus chinensis cultures.
The authors of [176,181] showed that mechanical shear helps disintegration, favoring
production by having small aggregates (194 μm) compared to the control, in which large
aggregates (600 μm) were obtained that directly affected production.

3.5.5. Aeration

Aeration, as well as mixing, is one of the most important operating variables, both
acting synergistically in bioreactors by maintaining aerobic conditions [183], helping to
desorb volatile products, eliminating the metabolic heat, contributing to the synthesis of
PDSM, and having a beneficial effect on power consumption [10]. In most of bioreactor
configurations, gas stream is split by highly porous spargers in the form of bulb diffusers,
sintered filters, or perforated plates, where gas bubbles are generated on the bottom of the
vessel and rise through the culture medium, producing pneumatic mixing. The mass trans-
fer will depend on the type of sparger and gas flow rate. Despite physiological differences
between microbial and plant cell cultures, the use of excessive aeration conditions might
cause foam generation due to the presence of extracellular proteins [184].

CSC in plants generally exhibits a doubling time of about 2–5 days, longer than that
required by bacteria cells (0.5–1 h) [42,185]. For this reason, slower growth rates in plant
cells lead to low oxygen demand, with a direct relationship to the cell concentration. High
cell densities in the bioreactors may not be as desirable because it can cause limitations
and inadequate concentrations of dissolved oxygen. The oxygen uptake rate (OUR) in
CSC is commonly used for monitoring the physiology and oxygen demand by plant cells;
this parameter is dependent on the cell culture line, culture conditions, and the growth
rate [170]. Typical OUR values for plant CSC range from 5 to 10 mmol O2/L h), a lower
requirement when compared to that for microbial cells (10–90 mmol O2/L h). Another
important parameter considered for the establishment of aeration conditions is the oxygen
transfer rate (OTR); it must be high enough to provide the required oxygen concentration
to meet the respiratory demands of the cells (OUR), favoring the growth and production
of the desired compounds, but not too high that it can hinder them. To overcome these
difficulties, the concentration of dissolved oxygen must be kept above the critical level of
cell oxygen consumption, which has been reported to be 15–20% oxygen saturation content
in pure water (1.3 to 1.6 g/m3) [11,77]. Dissolved oxygen concentration is not a variable
that can be used for scaling criteria, and instead the volumetric mass transfer coefficient
(kLa) and the air flow rate are used (vvm). kLa is a function of both agitation and aeration
and is affected by various factors, such as geometric and operational characteristics of
the reactor (stirring speed, aeration rate, fluid hydrodynamics, media composition, cell
type, morphology, and concentration), which must, therefore, be analyzed when designing
the bioreactor [186]. In agreement to the literature [24], to achieve an OUR around 5 to
10 mmol O2/L h) in plant CSC, a typical kLa value between 10 and 50 h−1 is required. In
Table 7, some of the operating conditions used in bioreactors and their effect on the CSC
are described.

Other variables related to the aeration process in bioreactors are the superficial velocity
of the gas, which permits the calculation and inference of the air bubbles’ behavior in the
bioreactor, and the observation of their coalescence in the medium. The superficial velocity
is controlled by the aeration rate [119,187] showed that plant cell cultures, when subjected
to hydrodynamic stresses, can change their color and increase the PDSM production as a
defense mode. Nevertheless, as mentioned above, aeration also has an effect on the mixing
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and mass transfer, so low aeration conditions will lead to poorly homogeneous conditions
and limitations on cell growth due to the presence of sedimentation, or the development of
microenvironments due to concentrations gradients. On the other hand, the increase in
aeration could overcome these disadvantages, but also, the increase in shearing occurrs,
making it necessary to establish the fragility of the cells to define the intensities of aeration
that maintain an adequate level of homogeneity, without affecting the cell growth nor the
production of PDSM.

Table 7. Conditions used in bioreactors and their effect on the SCC.

Species Compounds Bioreactor Operating Conditions
Operation
Variables

Effect of the
Operating Variable

Ref.

B. cordata

Phenolics
(phenylethanoid

glycoside and
flavonoid
contents)

STR of 2 L (ring
diffuser) and 3 L

(sintered diffuser),
Rushton impeller

26 ± 2 ◦C, photoperiod of
16 h light (50 μmol/m2

s)/8 h darkness
Fg: 0.1 vvm

Stirring
speeds (120

and 400
rpm)

In both bioreactors, a higher
shear stress was observed at

rates of 400 rpm, affecting the
growth phases and parameters,

resulting in the decrease in
PDSM.

[124]

R. cordifolia Anthraquinones STR of 8 L

25 ± 0.1 ◦C,
gamma-irradiated cell
cultures, the agitation

speed of the impeller was
60 rpm, working volume

5 L

Impeller
type

(helical
ribbon,

Rushton
turbine)

Helical ribbon provided a
homogeneous mix and lower

shear stress compared to
Rushton turbine.

[66]

R. tinctorum Antraquinones Baffled flask

25 ± 2 ◦C, the cultures
were grown in presence or
in absence of light with a
16 h photoperiod using
cool white fluorescent

tubes at a light intensity of
approximately 90 mol/m2

s

Stirring
speeds (100,

360 rpm)

The speed at 360 rpm had a
negative effect on cell growth;

however, it favored the
production of PDSM

[188]

R. tinctorum Antraquinones STR of 1.5 L,
turbine impeller

25 ± 2 ◦C, working
volume of 1.0 L

Fg: 1 vvm

Shear stress
(450 rpm)

The speed of agitation affected
cell viability; however, it favored

the production of PDSM.
[125]

Arnebia sp. Shikonin
Air-lif of 2 L 25 ± 2 ◦C, the dissolved

oxygen (2 L/min)
Bioreactor-

type
No significant differences were

obtained in the growth and
production of PDSM in both

bioreactors.

[126]

STR of 2 L,
six-blade turbine

impellers

25 ± 2 ◦C, 100 rpm,
dissolved oxygen (2

L/min)

V. officinalis

Phenylpropanoid
glycosides

(Verbascoside)
(Isoverbascoside)

STR
23 ± 1 ◦C, photoperiod,
33 rpm and continuous

Fg: 0.5 vvm

Bioreactor-
type

The production of PDSM was
significantly higher in the STR

bioreactor
[92]

Phenolic acids
(Ferulic and

Rosmarinic acid)

Balloon
bioreactor (BB)

T. minus Berberine STR of 2 L,
Rushton turbine

25 ◦C in the dark,
working volume (1.75 L)

Fg: 0.1 vvm

Stirrer
speeds of
100–900

rpm

The 250-rpm speed favored cell
growth and PDSM production

[77]

25 ◦C in the dark,
working volume (1.75 L)

and 250 rpm
Fg: 0.1 vvm,

Dissolved
oxygen
fluctua-

tions (25, 35
and 50%)

Fluctuations in dissolved
oxygen tension affected

berberine accumulation in the T.
minus cultures depending on the
average oxygen level achieved.

Reductions in berberine
production were observed not
only as the average dissolved

oxygen tension declined below
35% air saturation
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Table 7. Cont.

Species Compounds Bioreactor Operating Conditions
Operation
Variables

Effect of the
Operating Variable

Ref.

D. deltoidea Steroid glycosides
BC of 20 and

630 L

26 ± 0.5 ◦C in darkness,
working volume of 15 L

and 550 L,
semi-continuous regime.

Fg: 0.1 to 1.0 vvm
depending on the growth
phase of cell culture, OD

was maintained at 10–40%
of saturation volume

Bioreactor
volume

No significant effect of
bioreactor volume was obtained

on cell growth and PDSM
production.

[182]

PDSM: plant-derived secondary metabolites; STR: stirred tank reactor; Fg: aeration flow rate; vvm: gas volumetric flow rate per unit
volume of culture medium.

4. Conclusions

To conclude, plants are a rich source of bioactive compounds of pharmacological
interest, known as PDSM; due to their low production in nature, obtaining them leads
to overexploitation and extinction of the species of interest. As an alternative ecological
solution, plant cell culture, particularly CSC, stands out as one of the most efficient and
promising technologies for producing PDSM in bioreactors. The selection and design of
the bioreactor for the production of PDSM out of CSC is a complex task, which depends on
two factors: on the one hand, the properties of the cells that vary according to the species
under study (shear stress, aggregate formation, and rheology) and, on the other hand,
transport phenomena related to the bioreactor configuration. The operating conditions
in the bioreactor impact cell performance, such that the mixing and aeration are factors
influencing fluid dynamics and, hence, mass transfer and heat transfer at both inter- and
intracell levels. Thus, the optimization of bioreactors by elucidating the effect of the
operating condition on the cell properties is essential for obtaining larger yields of PDSM.
Despite the arduous research in this field, few PDSMs are commercialized at an industrial
level. To this end, more studies focused on correlating the operating variables with kinetics
and transport phenomena are needed to understand the behavior of plant cells, providing
more bases for optimal growth and maximum production of PDSM in bioreactors.

This review provided updated information that helps the reader to understand the
behavior of plant cells growing in suspension, identifying the key parameters to relate
PDSM productivity with the optimization of operating variables in bioreactors, which
will help future research in the scaling of PDSM with high added value, resulting in the
development of new successful biotechnological processes.
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Abbreviations

kin deactivation constant.
Km affinity constant.
Ks substrate inhibition constant.
m deactivation order.
n reaction order value affecting the concentration of substrate and affinity constant.
r and rs the specific consumption rate of substrate i.
rx the specific rate of biomass formation.
rmax the maximum specific consumption rate of substrate i.
[Si] the concentration of substrate i.
X the concentration of biomass.
Yx/s biomass yield from substrate.
μ the specific rate of biomass formation.
μmax the maximum specific rate of biomass formation
θX dimensionless cell deactivation.
θss residual dimensionless activity.
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Abstract: Chemical thinning of apple fruitlets is an important practice as it reduces the natural
fruit load and, therefore, increases the size of the final fruit for commercial markets. In apples, one
chemical thinner used is Metamitron, which is sold as the commercial product Brevis® (Adama,
Ashdod, Israel). This thinner inhibits the electron transfer between Photosystem II and Quinone-b
within light reactions of photosynthesis. In this study, we investigated the responses of two apple
cultivars—Golden Delicious and Top Red—and photosynthetic light reactions after administration of
Brevis®. The analysis revealed that the presence of the inhibitor affects both cultivars’ energetic status.
The kinetics of the photoprotective mechanism’s sub-processes are attenuated in both cultivars, but
this seems more severe in the Top Red cultivar. State transitions of the antenna and Photosystem
II repair cycle are decreased substantially when the Metamitron concentration is above 0.6% in the
Top Red cultivar but not in the Golden Delicious cultivar. These attenuations result from a biased
absorbed energy distribution between photochemistry and photoprotection pathways in the two
cultivars. We suggest that Metamitron inadvertently interacts with photoprotective mechanism-
related enzymes in chloroplasts of apple tree leaves. Specifically, we hypothesize that it may interact
with the kinases responsible for the induction of state transitions and the Photosystem II repair cycle.

Keywords: apple; Golden Delicious; Top Red; fruitlet thinners; photosynthesis; light reactions;
electron transport rate; photoprotective mechanism; state transitions; PSII repair cycle

1. Introduction

The chemical thinning of pip fruit trees is an essential practice in agriculture as
it reduces the natural fruit load, which results in larger fruits and enhanced economic
value [1]. The chemical thinner’s main purpose is to decrease sugar supply to the fruitlet
and thus encourage it to drop [2,3]. One way to reduce carbohydrate synthesis is to
use photosynthesis-related herbicides that inhibit the photosynthetic electron transport
chain [2]. The most common photosynthetic herbicides include 3-(3,4-DiChlorophenyl)-1,1-
diMethylUrea (DCMU, commercial name—Diuron) and 4-Amino-4,5-dihydro-3-methyl-6-
phenyl-1,2,4-triazin-5-one (metamitron, commercial name—Brevis®). While DCMU has
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been substantially researched over the years [4], Metamitron’s mechanism of action and its
correct application dosage for apple trees is still a subject of debate [5].

Most of the sunlight energy absorbed in the photosynthetic apparatus is directed
towards photochemistry and Electron Transport Rate (ETR) [6]. However, not all the
absorbed energy can be used. In fact, the physical properties of the chlorophyll a molecule
present an inherent difficulty in the photosynthetic apparatus. When the chlorophyll
holds energy for prolonged time without the ability to transfer it forward, the chlorophyll
changes its chemical energetic state and may interact with molecular oxygen, a reaction
that results in Reactive Oxygen Species (ROS) [7]. ROS will damage the photosynthetic
apparatus, reducing its capability to synthesize sugars. Then, the photosynthetic apparatus
will commence several energy dissipation processes in order to mitigate the probability to
induce ROS [8].

These processes are termed Non Photochemical Quenching (NPQ) [9], and are acti-
vated in response to the duration of the stress. Essentially, there are three major processes
within NPQ that are activated at different time scales:

a. Energy related (qE, several seconds) [10], responsible for the epoxidation of special
carotenoids (Xanthophylls) located on the Light Harvesting Complexes (LHC, pho-
tosynthetic antenna). Upon epoxidation, these Xanthophylls change their chemical
activity from light harvesting to energy dissipation and thus prevent light energy
from reaching the reaction centers of PhotoSystem II (PSII).

b. State transition related (qT, minutes) [11], responsible for transition of the LHCII be-
tween the two central photosynthetic complexes—PSII and Photosystem I (PSI). This
results in a different allocation of absorbed energy between the two photosystems
and reduces the damage to PSII.

c. Photoinhibition dependent (qI, hours) [12], with prolonged stress, ROS will even-
tually accumulate in the vicinity of PSII and destroy the D1 subunit an important
component of the reaction center [13]. The destruction of D1 results in a non-active
PSII. The damaged D1 are marked for replacement via a regulated process that
replaces the damaged unit with a de novo synthesized copy [14].

At the molecular level, two out of the three NPQ processes involve phosphorylation
kinases of the State TraNsition (STN) family [15,16]. The first process is LHCII transfer
between the reaction centers. Upon excess illumination, the trans-thylakoid membrane
potential increases, and this induces STN7 activity [17]. Then, this kinase phosphorylates
LHCII which results in the disconnection from PSII supercomplexes [15]. In the second
process, the PSII repair cycle is comprised of a distinct set of steps which enables a rapid
replacement of damaged D1 subunit [18]. PSII supercomplexes with damaged D1 are
designated for a repair through phosphorylation via the STN8 pathway [16]. Then, a set of
serine proteases cleave the transmembrane Psb-a protein (D1) at specific locations, thus
exposing it to the repair complex [13].

When an ETR herbicide is applied, the absorbed light energy cannot be utilized in the
light reactions. This event increases the probability of ROS accumulation, and damage to
PSII. In fact, using such specific PSII inhibitors signals to the photosynthetic apparatus that
the electron transport chain is reduced downstream PSII. This state mimics photosynthetic
stress which, in turn, induces the photoprotective mechanisms [19,20]. Characterizing
the response of the photosynthesis physiology in the presence of the inhibitor can then
be performed with chlorophyll fluorescence methods [21,22]. These incorporate the fact
that the photochemistry is linked to fluorescence emission via the interplay between the
three fates of energy utilization within the apparatus—photochemistry, heat dissipation
and fluorescence emission [6]. The most common examination includes a light response
curve that examines the magnitude of the electron transport rate against a gradient of
light intensities [23]. This curve includes several key parameters that explain the response
of the apparatus to light: a. Light Use Efficiency (LUE)—the initial linear slope receives
units of electrons excited in photochemistry to the amount of photons absorbed in the
process [24,25]; b. The concave part of the curve marks the transition between photo-
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chemical to non-photochemical energy quenching, where absorbed energy is also being
dissipated by other photoprotective mechanisms [26] to photochemistry [27]. Additional
examinations using chlorophyll fluorescence include, but are not limited to, electron transi-
tions within the PSII complex itself (OJIP test—[28]), and determining energy distribution
between photochemistry and non-photochemical processes [29].

In this study, we report that Metamitron, an electron transport chain inhibitor, obtains
an additional activity on top of its primary role. It interacts with the photoprotective
mechanism of apple trees. We present evidence of two additional activities: it promotes a
forced state transition of LHCII to PSI site in Top Red (TR) but not Golden Delicious (GD)
cultivars; and interferes with the PSII repair cycle in both cultivars. These actions force
the apparatus off balance which results in an unexpected photosynthetic physiology after
Metamitron application.

2. Results

2.1. Parameterization of Light Response Curves of Two Cultivars of Apple Trees Leaves

Light response curves of PSII activity were performed with a background of Brevis® in
order to characterize the photosynthetic response to a block at the PSII site. Light response
curves of GD (Figure 1A) exhibited a logarithmic response for the control group with the
ETR reaching up to 60 μmol e− m−2 s−1. The initial linear slope stretches until 100 μmol
photons m−2 s−1, at which point the concave part of the curve starts to level out at 300 μmol
photons m−2 s−1 towards its maximum activity. An increase in the inhibitor concentration
results in a gradual decrease of the curve’s plateau. At 0.64% inhibitor concentration, the
curve reaches a local maximum at 300 μmol photons m−2 s−1 and rapidly declines to zero,
and at a concentration of 1.28% of inhibitor, there is no viable ETR at any light intensity.
Light Use Efficiency (LUE), the initial linear slope of the light response curve (Figure
1B) of GD, shows a logarithmic decay towards the minimum LUE and then levels out at
and above 0.32% inhibitor concentration. The LUE does not reach a zero rate, even at a
concentration of 0.64–1.28% inhibitor. This means that at very low light intensities, there is
still a minimum photosynthetic rate in the presence of the inhibitor. Effective antenna size
(Figure 1C) presented a sigmoid behavior. The inflection point is found within the range of
0.08% to 0.16% inhibitor concentration, concomitant with a statistically significant decrease
in the LUE data for this cultivar. Maximum photosynthetic activity (Figure 1D) presented
a rate of logarithmic decay with a complete arrest in activity at the two highest inhibitor
concentrations, as expected.

The TR (Figure 2A) ETR response to the Brevis® inhibitor gradient was much more
disorganized than that recorded for the GD cultivar. In the light response curve graph,
there seems to be two groups of responses: below and above 0.16% inhibitor concentra-
tion. The light response curves for the control and the first group, presented a steeper
increase in electron transport rate when compared with the same increase in the GD
cultivar. Then, the activity reaches a maximum on the concave part of the curve at
500 μmol photons m−2 s−1 and not on the plateau. Finally, the curve starts to decline
with greater light intensity, implying for development of photoinhibition of the TR cultivar
at light intensities above 1000 μmol photons m−2 s−1. Additionally, the maximum activity
reached was ~44 μmol e− m−2 s−1 which is 75% of the maximum activity of the GD. With
increase in inhibitor concentration, the curve magnitude decreases. The ETR curve does
not reach zero in presence of even the highest inhibitor concentration. In fact, at 1.28%
inhibitor concentration, the maximum rate reaches a higher activity than the 0.64% inhibitor
concentration-related curve. When inspecting the LUE data (Figure 2B), the two groups
are visible as expected, with the 0.16% inhibitor concentration corresponding statistically
to the second group, that of the 0.32% inhibition concentration. There was no statistically
significant difference between the LUE in the first group, as expected. Moreover, there was
no gradual decrease in the efficiency. It seems as if above 0.16% inhibitor concentration,
there is a “breaking point” and a forced decrease in the performance of PSII activity. When
analyzing the effective antenna size (Figure 2C), there seems to be no organized decline
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with increasing concentration of the inhibitor, and on top of that, there is no statistical
significance between the responses. This implies that the inhibitor interferes with some
regulation pathway in control of the reactivity of PSII antenna to attenuation in light in-
tensities. Finally, the maximum activity of TR (Figure 2D) is also divided into two activity
groups, where each group has a similar appearance within themselves with no statistically
significant difference. The only difference found between the two groups was the “breaking
point” above 0.16% inhibitor concentration. Here, activity decreased to ~25% of the control
sample activity. However, as seen for the ETR, this does not completely inhibit the activity
of PSII.

Figure 1. Parameterization of light response curves of Apple (Malus domestica) cultivar “Golden
Delicious” that experienced a Brevis® inhibitor gradient for 2 days under laboratory conditions. Panel
(A) represents light response curves data. Panels (B–D) represent the parametrization variables-Light
Use Efficiency (LUE) (green), Effective antenna size (orange), and maximum Electron Transport Rate
(ETR) (blue), respectively. Each column is an average of three biological repeats. Error bars represent
standard error of the mean. Amount of inhibitor is given in percentage. Letter notations describe
statistically significant difference at p < 0.05.
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Figure 2. Parameterization of light response curves of Apple (Malus domestica) cultivar “Top Red”
that experienced a Brevis® inhibitor gradient for 2 days under laboratory conditions. Panel (A)
represents light response curves data. Panels (B–D) represent the parametrization variables-Light
Use Efficiency (LUE) (green), Effective antenna size (orange), and maximum Electron Transport Rate
(ETR) (blue), respectively. The asterisk in the panels represent two biological repeats only, therefore
no error bars are present. Each column is an average of three biological repeats. Error bars represent
standard error of the mean. Inhibitor is given in percentage. Letter notations describe statistically
significant difference at p < 0.05.

2.2. Analysis of the Photoprotective Mechanism’s Response to the Metamitron Inhibitor

The yield of each of the three outcomes of light energy utilization by the photo-
synthetic apparatus was suggested by formulations in Kramer et al. (2004) (Figure 3).
The yield of energy distribution was performed for the two apple cultivars, GD and
TR, for the data recorded on the light response curve at three light intensities (Figure 3):
a. 50 μmol photons m−2 s−1 (Figure 3A,B) which is found at the range of the initial linear
slope of both of the cultivars and therefore relates to the LUE; b. 300 μmol photons m−2 s−1

(Figure 3C,D) which is found at the concave part of the curve and therefore relates to the
antenna size attenuations of each cultivar; c. 1000 μmol photons m−2 s−1 (Figure 3E,F)
which relates to the maximum ETR for each cultivar measured in this study.

31



Plants 2021, 10, 2803

Figure 3. Quantum yields of absorbed energy distribution between the three outcomes of light energy
utilization in two apple cultivars with Brevis® inhibitor. Panels (A,C,E) and (B,D,F) represent results
of light energy utilization distribution analysis across three light intensities extracted from the light
response curve, for Golden Delicious and Top Red cultivars, respectively. Each column comprises
three stacked bars which are summed to 1. The colors green, yellow and blue represent effective
quantum yield of PSII photochemistry (ΦPSII), quantum yield of regulated non-photochemical energy
loss in PSII (ΦNPQ) and quantum yield of non-regulated energy loss in PSII (ΦNO), respectively. Each
bar represents three biological repeats. Letter notations describe statistically significant differences
(p < 0.05). μE is μmol photon m−2 s−1.

The control group for GD at each of the three light intensities (Figure 3A,C,F, leftmost
bar) presented a classic energy yield distribution, where at 50 μmol photons m−2 s−1, 60%
of the energy was diverted to photochemistry (green fraction of the bar, ΦII). This fraction of
quantum yield decreases with an increase in light intensity until 1000 μmol photons m−2 s−1,
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where the photochemistry yield reached below 20% (green fraction of the leftmost bar at
Figure 3F). The quantum yield of regulated non-photochemical energy loss in PSII (ΦNPQ)
increases with light intensity in the control up to 60% of the total absorbed energy at
maximum light intensity (yellow fraction of the leftmost bar at Figure 3E). The fraction of
energy lost by non-regulated processes in PSII (ΦNO) (blue fraction of the leftmost bar in
the three panels, Figure 3A,C,E), remains constant at the 20% mark for each light intensity;
this implies that under natural conditions, the ROS scavenging mechanism is efficient for
this cultivar. With increasing concentration of the inhibitor there is a gradual decline in the
photochemistry quantum yield for each of the three light intensities. The energy is diverted
to the non-regulated loss of energy in PSII (ΦNO) and implies that the accumulation of
triplet chlorophylls is expected (see the blue fraction of bars in each of the panels Figure
3A,C,E). The regulated non-photochemical energy loss in PSII (ΦNPQ) shows a statistically
significant attenuation when passing the 0.08–0.16% of inhibitor concentration (note the
yellow lettering in Figure 3A,C,E), as expected.

The energetic distribution between the three outcomes of light energy utilization in the
case of the TR cultivar presented similar apparatus behavior from the control to that of the
GD cultivar (Figure 3B,D,F). The energy lost by the non-regulated processes was slightly
increased at 300 μmol photons m−2 s−1 when compared with that of the GD. The same
phenomenon of energy lost by non-regulated NPQ, with increase in the concentration of
the inhibitor, is seen for the TR when compared to the GD. However, one striking difference
between the two cultivars is that there was no statistically significant difference between
the yield of energy diverted to the regulated NPQ in any of the inhibitor concentration
(note that there is almost no difference in magnitude of the yellow fraction of the bars in any
of the three light intensities-Figure 3B,D,F). In addition, in TR and as seen before, there was
no gradual decline in either of the three yields after an increase in inhibitor concentration.
Instead, there is a “breaking point” between 0.08% to 0.16% inhibitor concentrations. The
two groups below and above this threshold are significantly different from each other.

In order to explain the differences of allocated absorbed energy to the regulated
non-photochemical energy loss in PSII (ΦNPQ) process between the two cultivars (yellow
fraction of bars in Figure 3), we analyzed the relaxation kinetics of each of the photopro-
tective mechanisms of NPQ. That is, energy dependent quenching (qE), state transition
dependent quenching (qT) and photoinhibition dependent quenching (qI) were examined
against the background of the inhibitor gradient (Tables 1 and 2 for GD and TR, respec-
tively). The quenching values of each process were assessed over 10 days after application
of the inhibitor, so as to track the response of the photoprotective mechanism along the
natural decomposition rate of the inhibitor. The data presented on day 2 relates to the
analysis performed in the previous steps shown. In the case of GD (Table 1), there was
no difference between the dates for the level of energy dependent quenching (qE). This
was expected, since there was no trans-thylakoid membrane potential created due to the
presence of the inhibitor. There was a slight increasing trend each day, which may imply
a generation of a proton potential gradient due to cyclic electron transport. The only
statistically significant difference was found on the second day after application, where
the energetic state was different between the 0.01% and 0.05% inhibitor concentrations.
The state transition dependent quenching mechanism (Table 1, qT column) increased with
inhibitor concentration, as expected due to the inhibition of electron transport downstream
PSII. There was a statistically significant difference between the control and maximum
inhibitor concentration, which implies that antennas are transferred from the PSII to the PSI
site in order to reduce absorbed light energy reaching the PSII reaction center. Here, again
the significant difference was present only two days after spraying, where the rest of the
time there was no statistically significant difference. This implies a desensitizing effect of
the inhibitor on the process. Eventually, the photoinhibition dependent quenching (Table
1, qI column) showed a decline in values with increasing concentration of the inhibitor.
This increase was not statistically different on any of the dates except the second day after
application. This is a surprising result, as the repair cycle does not increase its activity
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in the presence of the PSII inhibitor, which exposes the complex to an elevated level of
absorbed energy. This increases the probability of ROS accumulation in the reaction center
vicinity and therefore requires a replacement of damaged subunits. This also implies a
desensitization of this mechanism by the inhibitor.

Table 1: Quantum yield of the photoprotective pathways of apple cultivar “Golden De-
licious” on the background of Brevis® inhibitor gradient and over time. Each value is
an average of three biological repeats performed in duplicates, and the error values are
standard error of the mean. Letter notations describe statistically significant difference (p <
0.05).

Days Concentration (%)
Quantum Yield of Process ‡

qE qT qI

2

0 0.156 ± 0.090 ab 0.096 ± 0.012 a 0.536 ± 0.120 ab

0.01 0.143 ± 0.032 a 0.136 ± 0.011 ab 0.473 ± 0.049 a

0.05 0.336 ± 0.016 b 0.166 ± 0.005 b 0.257 ± 0.023 b

0.5 0.227 ± 0.027 ab 0.154 ± 0.011 b 0.411± 0.039 ab

5

0 0.278 ± 0.081 0.149 ± 0.045 0.520 ± 0.186
0.01 0.134 ± 0.076 0.105 ± 0.023 0.527 ± 0.132
0.05 0.223 ± 0.022 0.171 ± 0.024 0.439 ± 0.076
0.5 0.255 ± 0.045 0.189 ± 0.010 0.389 ± 0.068

7

0 0.114 ± 0.026 0.132 ± 0.027 0.710 ± 0.245
0.01 0.063 ± 0.033 0.094 ± 0.034 0.521 ± 0.080
0.05 0.168 ± 0.046 0.176 ± 0.033 0.524 ± 0.093
0.5 0.152 ± 0.028 0.176 ± 0.014 0.498 ± 0.008

10

0 0.087 ± 0.012 0.129 ± 0.017 0.471 ± 0.030
0.01 0.121 ± 0.020 0.127 ± 0.024 0.484 ± 0.038
0.05 0.161 ± 0.020 0.173 ± 0.007 0.439 ± 0.022
0.5 0.166 ± 0.033 0.170 ± 0.08 0.466 ± 0.042

‡ qE-Energy dependent quenching, qT-State transition dependent quenching, qI-photoinhibition dependent
quenching.

The TR cultivar presents a different, and to some extent opposite, behavior to the
GD cultivar performance with respect to its photoprotective mechanisms (Table 2). The
energetic dependent quenching of the TR (Table 2, qE column) increases with increasing
concentration of the inhibitor. Although there is no statistical significance between the
inhibitor concentration responses, it seems that the trans-thylakoid membrane potential
increases, which implies for increased cyclic electron transport. This is because the inhibitor
blocks electron transport downstream PSII, so the only source of electrons during the light
period may be that of the PSI. The state transition dependent quenching magnitude (Table
2, qT column) decreases substantially with increasing concentration of the inhibitor for
each time instance, implying a desensitization of the process with the application of
the inhibitor. This, in fact, is surprising and requires an explanation for which of the
two photosystems the antenna is found in this case. The only significant difference is
found on the 5th day, but this trend repeats itself along the whole 10-day range. These
results corroborate the decrease in magnitude of energy allocated to the regulated non-
photochemical energy loss in PSII (ΦNPQ) process as analyzed in the previous step (Figure
3B). Finally, the photoinhibition dependent quenching of TR (Table 2, qI column) seems to
relax with increasing concentration of the inhibitor up until the 5th day after application.
Starting at the 7th day, there is a flip in the reactivity of this process, whereby the qI
portion increases with increase in inhibitor concentration, probably due to the natural
degradation of the inhibitor. The fact that there is a decrease in qI fraction during the first
days after application, implies a desensitization of this process, because if the inhibitor
concentration is higher, then more PSII complexes are blocked, and more energy is lost to
the non-regulated dissipation mechanism (Figure 3, blue portion of graph in panels 3A, C,
E). This behavior is not seen in the case of the GD as mentioned, and it also implies that a
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modulated repair mechanism of PSII in this cultivar may affect both the characteristics of
electron transport rate and, by that, the quantum yield distribution profile as seen in the
previous steps.

Table 2: Quantum yield of the photoprotective pathways of apple trees “Top Red” on the
background of Brevis® inhibitor gradient with time. Each value is an average of three
biological repeats performed in duplicates, and the error values are standard error of the
mean. Letter notation describe statistically significant difference at p < 0.05.

Days Concentration (%)
Quantum Yield of Process ‡

qE qT qI

2

0 0.165 ± 0.003 0.140 ± 0.009 0.465 ± 0.028 a

0.01 0.194 ± 0.030 0.135 ± 0.014 0.430 ± 0.048 a

0.05 0.198 ± 0.022 0.138 ± 0.004 0.437 ± 0.028 a

0.5 0.241 ± 0.061 0.099 ± 0.048 0.285 ± 0.069 b

5

0 0.149 ± 0.006 0.148 ± 0.017 a 0.471 ± 0.044 a

0.01 0.123 ± 0.006 0.133 ± 0.004 a 0.500 ± 0.002 a

0.05 0.143 ± 0.015 0.130 ± 0.012 a 0.535 ± 0.036 a

0.5 0.199 ± 0.060 0.067 ± 0.020 b 0.243 ± 0.015 b

7

0 0.145 ± 0.018 0.154 ± 0.014 0.455 ± 0.032
0.01 0.116 ± 0.040 0.122 ± 0.017 0.528 ± 0.073
0.05 0.151 ± 0.025 0.160 ± 0.022 0.439 ± 0.060
0.5 0.263 ± 0.087 0.133 ± 0.042 0.509 ± 0.133

10

0 0.040 ± 0.018 0.059 ± 0.019 0.534 ± 0.029 a

0.01 0.062 ± 0.018 0.089 ± 0.008 0.581 ± 0.005 a

0.05 0.045 ± 0.041 0.078 ± 0.033 0.626 ± 0.038 a

0.5 0.039 ± 0.022 0.033 ± 0.011 1.046 ± 0.121 b

‡ qE-Energy dependent quenching, qT-State transition dependent quenching, qI-Photoinhibition dependent
quenching.

2.3. Metamitron Interferes with the Photoprotective Mechanism in Apple Trees

In view of the attenuated performance of both the state transitions and photoinhibition
dependent quenching, a 77K fluorescence was analyzed. The 77K fluorescence spectrum
presented a difference in fluorescent peak magnitudes of PSII (685 nm) and PSI (720–
740 nm) in relation to the location of the antenna complex LHCII (Figure 4). GD that
was exposed to a 0.6% inhibitor concentration presented a slight increase in the PSI peak
over that of PSII (Figure 4A, green curve). This implies that there was an event of state
transition after application of the inhibitor. Addition of DCMU, an inhibitor with similar
mechanism of activity, did not show this phenomenon (Figure 4A, red curve). This implies
that this phenotype is related only to Metamitron presence. There was almost no difference
between these spectra and the control which was sprayed only with water (Figure 4A, blue
curve). Contrary to this, the TR cultivar presented a very different fluorescence spectrum
when Metamitron was applied (Figure 4B, green curve). Here, there was a very high
magnitude in the fluorescence emitted from PSI—an increase in 15% fluorescence than
PSII, which was not visible for GD and also not seen for TR when applied with DCMU
(Figure 4B, compare green and red curves). There was a slight expansion of the PSI peak
in the case of TR applied with DCMU, but this was not significant when compared to
the control (Figure 4B, blue curve). These results imply that Metamitron encourages the
transition state between the two photosystems when the apparatus was trying to avoid
ROS accumulation in the vicinity of PSII, and the transfer of the antenna to PSI. These
results corroborate the characteristics of the light response curve seen in Figure 2, where
there was no statistical significance between the 0.64% and the control treatment. This
suggests that the apparatus of at least the TR cultivar cannot regulate this process within
the photoprotective mechanism when the Metamitron inhibitor is applied.
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Figure 4. The 77K fluorescence spectra of apple tree leaves of two cultivars experiencing photosyn-
thetic inhibition by Metamitron. Panels (A,B) represent Golden Delicious and Top Red cultivars,
respectively. There are three treatments in each panel-control (only buffer), 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU), 4-Amino-4,5-dihydro-3-methyl-6-phenyl-1,2,4-triazin-5-one (Metamitron) in
colors of Blue, Magenta and Green, respectively. Each curve is an average of three biological repeats.

In view of the desensitization of the repair cycle of PSII in the TR cultivar, a Western
blot analysis was performed on the D1 subunits with and without phosphorylation, to
understand the dynamics between damaged D1 sent for degradation and the de novo
synthesis of the new copy. In addition to these, OEC-33 scaffold subunit (Psb-O) was
also checked, as it is very sensitive to the presence of ROS. In the case of GD (Figure
5A), non-phosphorylated Psb-a subunit (D1) shows a uniform appearance throughout
all the concentrations of the inhibitor, and the same as the control (Figure 5A, upper
panel). Phosphorylated Psb-a* showed strong bands in the control for both non-cleaved
Psb-a* (35 kda) and cleaved product Psb-a* (25 kda). However, with increase in inhibitor
concentration, GD’s cleaved Psb-a* decreased almost completely at 0.01% of the inhibitor
(Figure 5A, middle panel), while the non-cleaved product was present at the same strength
of the control only at the lower inhibitor concentrations. In the rest of the lanes, this subunit
and cleavage product were very faint. The cleaved product of GD’s Psb-a* disappears
completely above the concentration of 0.16%. The Psb-O subunit was also presented
uniformly in the case of GD (Figure 5A, lower panel), despite very faint lines of cleaved
product below the 35 kda band and between 0.01% and 0.08% inhibitor concentration.

Figure 5. Western blot of three subunits of PSII for two apple cultivars exposed to a concentration
gradient of the Brevis® inhibitor. Panels (A,B) represent information for Golden Delicious and Top
Red cultivars, respectively. Each sample includes three different leaf extracts. Psb-a, psb-a* and psb-o
stand for D1, D1-phosphorylated and OEC-33 (Oxygen Evolving Center) subunits of PSII. M, C are
Marker and Control (without Brevis), respectively.
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The TR cultivar presented an arrested repair cycle of Psb-a (Figure 5B, upper panel).
The control showed only a faint accumulation of Psb-a in contrast to the accumulation of
this subunit which started at 0.01% inhibitor concentration; this increased substantially
starting from the 0.16% inhibitor concentration. This implies that de novo copies of Psb-a
are accumulated but may not be inserted into the thylakoid membrane. Phosphorylated
Psb-a* presented a similar behavior between the control (where strong bands occur both
for the intact and cleaved fragment). Starting from 0.08%, there was a complete disappear-
ance of the cleaved product of Psb-a*. Instead, there was a mirror representation of the
phosphorylated, non-cleaved Psb-a*. This implies that the non-cleaved phosphorylated
subunit was not removed from the damaged PSII. This also explains the accumulation of
the de novo synthesized copies recorded (compare Figure 5B upper and middle panels).
Finally, the Psb-O subunit deteriorates starting at 0.08%, where a smear of the protein is
visible (Figure 5B lower panel). This goes in line with the fact that damaged Psb-a* are not
cleaved and thus are not being sent out of the PSII complex; this results in accumulation of
ROS. Altogether, these results point to the fact that Metamitron interacts with at least two
photoprotection mechanisms pathways and modulates their activity.

3. Discussion

This study provides evidence that Brevis® (Adama, Israel), a Metamitron-based com-
mercial chemical thinner, which is used as an inhibitor of the photosynthetic electron trans-
port chain, interacts with the photoprotective mechanism of the photosynthetic apparatus
of both apple cultivars Golden Delicious (GD) and Top Red (TR). Several photosynthetic
physiological protocols were performed and provide proof that Metamitron suppresses the
PSII repair cycle and forces a state transition of LHCII from PSII to PSI. These secondary
activities related to the inhibitor, affect each of the photoprotective and light harvesting
processes within the chloroplasts of TR. GD apparatus is also affected by the inhibitor,
however to a lesser extent. The damaged D1 subunits of TR are accumulating within
the thylakoid membranes in application of at least 0.08% inhibitor, and this results in
accumulated ROS that disintegrates the Psb-O subunit (Figure 5B, lower panel). The Psb-O
band profile in the gel is a sensitive marker for ROS accumulation within the chloroplasts,
as was first suggested by Henmi et al. (2004) [30]. In their work, the researchers noted a
degradation of Psb-O in response to very high light stress on the apparatus; they suggested
that this degradation was caused by ROS. In the current study, there is a smear behavior
seen in the gel of Psb-O when the inhibitor reaches above 0.04%, corroborating the damage
by ROS in this cultivar. The accumulation of ROS at the vicinity of PSII encourages the
LHCII to transfer to PSI in order to minimize energy flowing towards PSII (Figure 4B);
this should decrease the accumulation of ROS [9]. In turn, the accumulation of ROS in the
vicinity of PSII in the TR affects the response of this cultivar to increased light intensities
on the background of the inhibitor. First, the relaxation of the repair cycle of TR is silenced
as the inhibitor concentration increases (Table 2, photoinhibition dependent quenching (qI
column)), and the qT state transition dependent quenching decreases as well, implying
that after the forced transfer, the apparatus is stuck in this position (Table 2, qT column).
This results in a non-statistically significant difference in antenna size in the case of the
TR cultivar (Figure 2C). It also explains why there is no complete arrest of photosynthetic
activity regardless of the very high concentration of the inhibitor (Figure 2A,D). This
is probably since damaged PSII continues to work partially and are not being repaired.
Rosa et al. (2021) show that at 0.2% administration of Metamitron in apple trees the ROS
scavenging pathway is activated [4] This corroborates our findings that depend on a much
higher concentration of Metamitron, and imply that ROS may indeed increase, which is
verified on PSII complex molecular level. The modulation of photoprotective mechanisms
was less indicative in the case of GD, although the fragmented D1 disappeared at the lowest
concentration of the inhibitor (Figure 5A). In the GD case, the photoprotective mechanisms
kept operating despite the attenuated performance of the repair cycle of damaged PSII. The
gradual diversion of energy from regulated non-photochemical energy loss in PSII (ΦNPQ)
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to non-regulated loss of energy in PSII (ΦNO) is already documented and corroborated
by the study of Klughammer and Schreiber (2008). In their paper, the researchers explain
that with the closure of PSII and the decrease of the maximum fluorescence signal, most of
the absorbed energy is diverted to non-regulated processes such as thermal decay, triplet
chlorophyll, etc. Moreover, Wen et al. (2021) present evidence that in the model organism
Arabidopsis thaliana, Deg-1 serine protease which is responsible for the cleavage of the phos-
phorylated Psb-a* is silenced, there is a marked decline in the electron transport rate [31].
Therefore, with an increase in inhibitor concentration there is a higher probability of the
increase in ROS which interacts with the excited triplet chlorophyll within PSII. Finally, the
light response curve of the GD is not harmed as expected in view of the intact Psb-a units
(Figure 5A). GD presented a concave profile of carbon assimilation towards 1000 μmol
photons m−2 s−1 [32], while other cultivars were shown to reach maximum photosynthetic
activity already at 300 μmol photons m−2 s−1 [33]; both corroborate our results.

We therefore suggest that the commercial product Brevis® interacts with at least two
different photoprotective mechanisms of apple trees—the state transition and repair cycle of
PSII. We suspect that this interaction may involve the STN kinases as both photoprotective
mechanisms involved with these enzymes were affected by the presence of the inhibitor
(Figure 6). Therefore, applying Metamitron affects not only electron transport rate out
of PSII, but also modulates the photoprotection mechanism. In turn, this attenuates the
capability of the apple trees to defend themselves from photosynthetic stress when applied
with the Metamitron-based inhibitors.

Figure 6. Metamitron activity model in view of this study. ETC refers to Electron Transport Chain.
The bold red line represents the Metamitron primary mode of action blocking electron transport rate,
and the bold orange lines represent its secondary activity, as revealed in this study.
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The main limitation of this study is the fact that, except for the DCMU-positive control
during the 77K fluorescence assay, we did not compare the commercial inhibitor activity
to that of the pure substances Metamitron (4-Amino-4,5-dihydro-3-methyl-6-phenyl-1,2,4-
triazin-5-one) and to DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea). However, the
analysis of an OJIP test (Supplementary Figure S1) that examines the extent of inhibition
within PSII on a gradient of inhibitor concentrations, was similar to the evidence presented
by Abbaspoor et al. (2006). Moreover, there is a large body of evidence for this commercial
inhibitor in relation to PSII inhibition [5,34], specifically in apple trees. In the case of DCMU,
the non-regulated loss of energy in PSII (ΦNO) increases with inhibitor concentration and
decreases the photochemical activity as shown in other studies [35,36]. An additional
limitation is the fact that we did not corroborate the results of this study in outdoor
conditions. The fact that the commercial inhibitor is metabolized with time in the plant
tissues, together with the different activity profile between TR and GD, requires future study.
Specifically, studying the attenuation over time of the inhibition under field conditions with
the natural degradation of the inhibitor. Secondly, there was a discrepancy between the
increase in inhibitor concentration and the decline in the regulated NPQ process, but there
was a statistically significant increase in the qT portion in GD (Figure 3E compared to Table
1). We explain this discrepancy as such: while the photosynthetic apparatus cannot use the
regulated NPQ processes, the antennas are still stuck in state-2 transition (on PSI, Figure
4B), so the relaxation for this process is prolonged. In addition, the other two quenching
processes (Table 1, qE and qI) are not statistically significant. This corroborates the decline
in the overall NPQ activity and was translated as a decrease in its quantum yield portion,
as seen in Figure 3E for GD.

Lastly, it is noted that the greatest activity of this inhibitor under outdoor conditions
occurred when the apple trees were shaded [37]. The evidence brought forth in this
study provides an explanation why this is the case. This is because when the trees are
shaded, there is less chance that the photosynthetic apparatus will push for induction of
photoprotective pathways. Therefore, there would be less interaction between Brevis®

and the induced photoprotective enzymatic cascades. This lets the inhibitor perform its
primary task, which is to inhibit the ETR within the photosynthetic apparatus and to reduce
sugar synthesis.

Practical implication of the secondary activity of Metamitron will be to incorporate it
into carbon balance models that predict the efficacy of fruitlet thinning depending on light
and temperature [38]. The data gathered in this study should be considered to determine
the optimal concentration of the inhibitor and its application timing. Under high irradiance,
there is a higher chance that the Metamitron would interact with other components within
the photosynthetic apparatus and attenuate the tree’s response to photosynthetic stress.
At the crop level, it would be beneficial to research the response of other apple cultivars
to Metamitron with respect to the photoprotective mechanisms within photosynthesis.
This will expand our understanding of the different phenotypes of photoprotection within
apple cultivars and contribute to our overall understanding of photosynthetic activity
and photoprotection in this species. As Metamitron is being gradually introduced into
other fruit species—e.g., citrus [39], peach [40], pears [41]—it will be beneficial to examine
Metamitron reactivity with the photoprotective mechanisms of other fruit species as well.
Finally, the reactivity of the photoprotective mechanisms to the inhibition of the ETR,
as suggested in this study may be merely an extreme reaction of the NPQ pathways to
the presence of the inhibitor, yet, both effects seen in the photoprotection are governed
by the same family of kinases—STN8, which induces the serine protease responsible for
cleavage of D1 and STN7 for phosphorylation of the LHC. It was implied that it interacts
specifically with enzymes of this family. We, therefore, suggest to conduct a molecular
investigation in order to establish a mechanistic model for Metamitron modulation of the
respected cascades and to expand our understanding of its mode of action within the
photosynthetic apparatus.
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4. Materials and Methods

4.1. Plant Material & Chemicals Application

The experiment was conducted on two apple cultivars ‘Golden Delicious’ (GD) and
‘Top Red’ (TR), from the Fichman experimental farm in Israel (33.13199, 35.8059; Malus
domestica Bork.). Branches were cut when fruitlet diameter was between 6–8 mm, corre-
sponding to nine days after full bloom. The branches were acclimated for 24 h prior to
experimentation in a growing room kept at 24.5 ◦C with 50 μmol photon m−2 s−1 cool white
fluorescence light (OSRAM L36, W/840) and a 16:8 light:dark cycle. Each vase included
three branches from three different trees of one cultivar in the experimental farms, for a total
of 18 vases and 54 branches total for the two cultivars. Brevis® (ADAMA, Ashdod, Israel)
consists of a 15% active ingredient Metamitron (4-Amino-3-methyl-6-phenyl-1,2,4-triazin-
5-one) that was dissolved in Double Distilled Water (DDW) according to the manufacturer
instructions. A set of nine different concentrations were prepared in 1 L volumes: con-
trol (only DDW), 0.01%, 0.02%, 0.04%, 0.08%, 0.16%, 0.32%, 0.64% and 1.28%; these were
sprayed in the morning after the 24 h acclimation in the growth chamber.

4.2. Chlorophyll a Fluorescence Measurements

A Pulse Amplitude Modulation (PAM)-based portable fluorometer (FlouroPen FP-
100Max, Photon Systems Instruments, Brno, Czech Republic) with various pre-configured
protocols was used. Experiments were carried out in green light by adhering green filter
papers to headlight torches. The temperature was kept constant at 24.5 ◦C. The following
protocols were used:

a. OJIP [28] (Supplementary Figure S1): The OJIP transient is a fast recording of the ini-
tial increase in fluorescence upon illumination of dark-adapted leaves. Leaves were
adapted to the dark for 20 min. The OJIP initials stand for: O (F0) measured 50 μs
after illumination starts, J—first intermediate step measured after 2 ms, I—second
intermediate step measured after 30 ms, and P—Fm (maximum fluorescence) [42];

b. Light response curve [23,43]: This protocol records maximum quantum yield in the
dark and then effective quantum yield in series, each after an illumination period.
In such a way, by gradually increasing the light, information regarding light use
efficiency, characteristic light intensity and maximum activity of PSII can be extracted
from the data. Maximum quantum yield is calculated as:

Fv/Fm =
Fm − F0

Fm
(1)

where Fm and F0 are maximum and minimum fluorescence measured after dark
adaptation time, respectively. Effective quantum yield is calculated in the same
manner as equation (1), where it is considered effective because it is recorded during
or at the end of a light period just before closing or changing the light intensity. LC3
pre-configured measurement was used with 7 steps increase in actinic light intensity
within the PAM-fluorometer: 10, 20, 50, 100, 300, 500, 1000 μmol photons m−2 s−1.
Parameterization of the light response curve followed Eilers and Peeters (1988)
formulation [43]: A linear regression curve was fitted to the logarithmic data with
the following fit equation:

p =
I

aI2 + bI + c
(2)

where p and I are the photosynthetic activity and light intensity, respectively. The
coefficients a, b and c are used to minimize the fit over the logarithmic data in order
to extract the required information. Their initial values at the start of the fitting
procedure are calculated directly from the acquired data:

a =
1

sI2
m

(3)
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b =
1

Pm
− 2

sIm
(4)

c =
1
s

(5)

where s, Im and Pm are the initial linear slope, the light intensity at maximum
photosynthetic activity, and the maximum photosynthetic activity reached. Then,
after the fitting procedure is finished, reverse equations are used to extract the
information needed:

LUE =
1
s

(6)

Effective Antenna Size(Ik) =
c

b + 2
√

ac
(7)

Maximum activity =
1

b + 2
√

ac
(8)

c. Light energy utilization distribution was calculated as suggested by Kramer et al.
(2004) [29] where the puddle model [44] was taken into account during calculation:

ΦII =
F′

m − F′
s

F′
m

(9)

NPQ =
Fm − F′

m

F′
m

(10)

ΦNO =
1

NPQ + 1 + ΦII(Fm/F0 − 1)
(11)

ΦNPQ = 1 − ΦII − ΦNO (12)

where ΦII is the effective quantum yield of PSII, F′
m and F′

s are the maximum and
steady state fluorescence measured during light, respectively; NPQ initials stand for
Non-Photochemical Quenching, ΦNO represents the quantum yield of non-regulated
loss in PSII, and ΦNPQ is the quantum yield of regulated non-photochemical energy
loss in PSII.

d. Relaxation kinetics [45] were calculated during an induction-relaxation pre-configured
measurement (NPQ1) in the portable fluorometer. The induction period was given
at 60 s at an intensity of 50 μmol photons m−2 s−1 (comparable to the ambient light
intensity the leaves experienced during acclimation in the growth chamber). Then,
the relaxation period after illumination in the dark was given at 88 s, during which
three saturating pulses are fired at a pre-set intervals of 26 s each in the dark. The
calculations for each of the coefficients are:

qE =
F′2

m − F′1
m

Fm − F0
(13)

qT =
F′3

m − F′2
m

Fm − F0
(14)

qI =
Fm − F′3

m
Fm − F0

(15)

where F′#m is the number of the saturating pulse during the relaxation part of the
induction- relaxation protocol.

4.3. The 77K Fluorescence Assay

Samples of apple tree leaves sprayed with 0.6% pure Metamitron (Sigma-aldrich,
Rehovot, Israel), 0.096% DCMU (Sigma-aldrich, Israel), and DDW, were cut two days
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after administration and kept in liquid nitrogen until measurement. Then, each leaf was
crushed with a mortar and pestle with liquid nitrogen and thawed in 1 mL PBS (1:10
with DDW, Sigma-aldrich, Israel). Immediately after thawing, a sample was loaded into
a Pasteur pipette and was mounted into a Dewar cuvette filled with liquid nitrogen in
spectrofluorometer (Cary-Varian, Agilent, Santa Clara, CA, USA). Preliminary tests were
performed on the leaves in order to determine the volume of buffer and, therefore, the
correct concentration used, which eliminates self-re-absorption of the fluorescence signal
by the sample. Finally, each spectrum was pre-processed before comparison, and the data
was normalized to the 685 nm peak and shifted on the Y-axis to zero by the first point in
the curve (662 nm).

4.4. SDS-PAGE and Western Analysis

Apple tree leaves were homogenized with a mortar and pestle in the dark at 4 ◦C
within liquid nitrogen, and then proteins were extracted with a lysis buffer (20% SDS,
1.5 M Tris pH 8.8), 1 mM PMSF and 1% phosphatase inhibitor (p0044, Sigma-aldrich).
Samples were centrifuged at 4 ◦C, 14,000 RPM for 10 min and total protein was assessed
with Bradford assay [46]. A total of 25 μgr total proteins were loaded in each well onto an
SDS-PAGE [47] and transferred to a PVDF membrane (Amersham Biosciences, Amersham,
UK), blocked for two hours in 5% (v/v) skim milk, and incubated with primary antibodies:
De-phosphorylated Psb-a (1:10,000) (AS05-084, Sigma-aldrich), phosphorylated Psb-a
(1:10,000) (AS13-2669, Agrisera) or Psb-o (AS05-092, Agrisera) (1:5,000) diluted according
to the manufacturer’s recommendations. The membrane was then incubated with a goat α-
rabbit –HRP conjugated secondary antibody (1:20,000) (AS09-602, Agrisera) and developed
with an ECL-bright (AS16-ECL-N-10, Agrisera).

4.5. Statistical Analysis

Each group of control or treatments within this study included 3 samples from each
of the three branches taken from different trees in the orchard. Statistical procedures
were performed as described in Liran et al. (2020) [48]. Groups were checked for normal
distribution with Shapiro–Wilk’s test and homogeneity of variances with Levene’s test. If
both tests were satisfied, analysis of variance (ANOVA) was selected. Pairwise comparisons
were checked with Tukey’s HSD test. If the homogeneity of variance test was violated,
Welch’s ANOVA was used instead and Games–Howell (for epsilon < 0.75) or Greenhouse–
Geisser (for epsilon > 0.75) post hoc comparison tests were used. If the normality criteria
were violated, a Kruskal–Wallis’s a-parametric ANOVA was used with Dunn’s procedure
and a Bonferroni adjustment were made for the pairwise comparisons.

For inspection of differences between groups in time, a repeated measures ANOVA
was used if Mauchly’s sphericity test was satisfied. If homoscedasticity was not violated,
pair-wise comparisons were checked with Pearson’s correlation tests and Bonferroni ad-
justments. If homoscedasticity test failed, a Spearman’s rank non-parametric correlation
test was used instead. If Mauchly’s sphericity test was violated, a Friedman’s a-parametric
ANOVA was applied with pair-wise comparisons with Bonferroni’s adjustments. Statistical
significance was set to p < 0.05. Statistical analyses were carried out in Statistical Product
and Service Solution (SPSS) (IBM, Chicago, IL, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10122803/s1, Figure S1: Brevis® active ingredient Metamitron obtains a PSII acceptor
side inhibition profile in OJIP measurement in “Top-Red” cultivar.
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Abstract: Plant species are distributed in different types of habitats, forming different communities
driven by different sets of environmental variables. Here, we assessed potential plant communities
along an altitudinal gradient and their associations with different environmental drivers in the
unexplored Manoor Valley (Lesser Himalaya), Pakistan. We have implemented various ecological
techniques and evaluated phytosociological attributes in three randomly selected 50 m-transects
within each stand (a total of 133) during different seasons for four years (2015–2018). This phytosocio-
logical exploration reported 354 plant species representing 93 different families. The results revealed
that the Therophytic life form class dominated the flora, whereas Nanophyll dominated the leaf
size spectra. There were a total of twelve plant communities identified, ranging from the lowest
elevations to the alpine meadows and cold deserts. The maximum number of species were found in
Cedrus–Pinus–Parrotiopsis community (197 species), in the middle altitudinal ranges (2292–3168 m).
Our results showed that at high altitudes, species richness was reduced, whereas an increase in soil
nutrients was linked to progression in vegetation indicators. We also found different clusters of
species with similar habitats. Our study clearly shows how altitudinal variables can cluster different
plant communities according to different microclimates. Studies such as ours are paramount to better
understanding how environmental factors influence ecological and evolutionary aspects.

Keywords: vegetation structure; environmental variables; PC-ORD; plant community assembly; Hi-
malaya

1. Introduction

The study of vegetation classification based on species co-occurrence [1,2] and its rela-
tionship to ecological variables [3] is known as phytosociology. This field has specified major
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strategies and methodologies that may be linked to vegetation mapping [4,5], and biodiver-
sity conservation [6]. Plant biodiversity research generally focuses on species diversity [7–9]
and species-level measurement [10]. It is greatly influenced by a variety of environmen-
tal variables [11–13], such as climatic, edaphic, and geographic variables [13–18]. Plant
associations/communities with a well-defined structure in respect to ecological variables
can be described physiognomically as well as floristically [19–21]. Floristic diversity and
biological spectra rely on topography as well as other environmental variables. For instance,
biological spectrum mirrors the existing ecological and natural surroundings [22,23]. They
are the plant characteristics that have been widely applied in vegetation research [24]. High
mountains are major hotspots for endemics across the world [25–28].

It is well understood that altitude is a complex factor along which many environmental
gradients [29] and species diversity [15,30] change accordingly. Biological as well as the
environmental gradients interact to govern the distribution of species richness all around the
altitudinal gradient [31–33]. The species richness of higher plant species has been reported
to have increased in temperate latitudes [34]. The relationship between vegetation and
ecological diversity is reflected as a percentage of the ecosystem’s overall quality [35]. The
altitudinal gradient has a greater influence on temperature in mountainous regions than
latitude, and the rate of decrease is considerably faster in summer than in winter, resulting
in altitudinal vegetation zonation [29].

Plant species are found in a diverse range of environments, forming different commu-
nities driven by different sets of environmental variables [6,36,37]. Many ecological experts
have recognized distinct types of forests in Pakistan [38–41], but it is not clear how and
which environmental variables drive plant diversity and community structure in most
alpine ecosystems. In this context, we used different multivariate approaches to assess po-
tential plant communities along an altitudinal gradient and their associations with different
environmental drivers, namely climatic, edaphic, and physiographic variables. In sum, we
assessed (i) which potential plant communities are present in the subtropical-temperate
ecotonal forests to the alpine pastures; (ii) which plant species are most representative each
plant community; (iii) which environmental variables most determine plant community
structure in this region; and (iv) which species are distribution in each community based on
their biological spectrum (life form and leaf size). Since there is a significant variability in
environmental gradients with respect to the altitude and different plant species are adapted
to a set of micro-climatic conditions [42–44], we hypothesized that there would be different
plant communities along the elevational gradient, with specific plants related to particular
sets of environmental variables. Importantly, statistical methodologies in vegetation ecology,
such as multivariate analysis [45], have evolved in recent decades, allowing researchers to
evaluate the impact of ecological variables on large groups of plants [6,43,46–48]. Therefore,
we took advantage of these advanced statistical approaches to assess viable low-dimensional
summaries of field information by advantageous and objective means [49].

2. Materials and Methods

2.1. Study Area

Geographically, the Manoor Valley [4,50,51] is situated in the north-western part of
Pakistan (34.68165 N to 34.83869 N latitude and 73.57520 E to 73.73182 E longitude; 1580 to
4677 m elevation above sea level) and is part of the Himalayan mountain range. The multiple
elevational layers of the research area are depicted on a georeferenced map (Figure 1).
The wide gap in in elevation demonstrates that the climate differs from lower altitudinal
ranges [4] to the alpine meadows [42]. The study area is located on the Indian Plate’s north-
western boundary [52], which has immense phytogeographic and floristic significance.
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Figure 1. GIS map (generated using ArcGIS version 10.1) depicting the altitudinal layers and distri-
bution pattern of communities of the studied area (Manoor Valley). Com 1: Salix–Sorbaria–Impatiens,
Com 2: Indigofera–Juglans–Isodon, Com 3: Cedrus–Cynodon–Isodon, Com 4: Indigofera–Parrotiopsis–
Bistorta, Com 5: Sambucus–Cedrus–Desmodium, Com 6: Indigofera–Cedrus–Pinus, Com 7: Cedrus–Pinus–
Parrotiopsis, Com 8: Pinus–Viburnum–Cedrus, Com 9: Abies–Picea–Juniperus, Com 10: Juniperus–Sibbaldia–
Juniperus, Com 11: Sibbaldia–Bergenia–Rheum, Com 12: Poa–Bistorta–Primula.

2.2. Vegetation Sampling and Herbarium work

The vegetation of the study area (Manoor Valley) was surveyed and quantified [53]
during four consecutive years, from 2015 to 2018, along the environmental variables [43].
The line transect method was adopted for vegetation sampling [54–58]. The study area was
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subdivided into 133 stands (sampling plots). Each stand was replicated thrice (three transects
of 50 m in each stand) [53,59]. The interval between each transect was 100 m and the interval
between the stands was 200 m. The phytosociological attributes (i.e., density, frequency and
their relative values, and importance value (IV)) were employed on the recorded data of
each stand [4,60,61]. The species were further ranked with the highest IV and considered
the representative species [19,62]. Similarly, plant communities were designated based on
three dominant species [63–66]. Moreover, both attributes of the biological spectrum (life
form and leaf size spectra) were recognized by the following [67]. Methods for collecting
specimens, their labelling, pressing, drying, poisoning, and mounting were adopted by the
following [68,69]. Their identification was achieved with the aid of Flora of Pakistan [70–72]
and submitted to the Herbarium of Hazara University, Mansehra (Pakistan).

2.3. Ecological Variables

The slope angle, aspect and exposure were recorded at each stand using a clinometer,
while the altitude, longitude, and latitude were recorded by the Global Positioning System
(GPS). Two hundred grams of soil samples from three randomly selected transects within
each sampling stand (0–30 cm depth) were collected [73] and mixed thoroughly to make
a composite sample [74], stored in a sterile polythene bag and labeled. All the samples
were submitted to the Soil and Water Testing Laboratory at the Model Farm Service Center
in Mansehra, Pakistan, for analysis of various physicochemical parameters such as soil
pH [75], and texture (loam, clay, silt and sand) [76], organic matter (OM%) [77], nitrogen
(N) [78], potassium (K), phosphorous (P) [79], calcium carbonate (CaCO3) [80–82], and
electric conductivity (EC) [76]. Moreover, other climatic variables were measured by a small
remote weather station (Kestrel 4000 weather and environmental tracker) like temperature,
humidity, wind speed (WS), barometric pressure (BP), wet bulb (WB), heat index (HI), and
dew point (DP) to record the data at each transect and then average values were calculated
at stand level [43].

2.4. Statistical Analyses

Multivariate analysis was carried out to analyze the recorded data of species and ecolog-
ical variables resulting from the field observations [49,83] to find out the relationship among
them [84,85]. The recorded species and sampled stands were constrained in association to
the ecological variables [86,87], which were divided into geographic, slope aspect, edaphic,
and climatic variables. For the identification and classification of plant communities [53],
the two-way indicator species analysis (TWINSPAN) was processed using PC-ORD version
5.0 [87–89]. A georeferenced map was generated with ArcGIS version 10.1 to depict the
distribution pattern of plant communities.

Canonical correspondence analysis (CCA) was used to ordinate species and samples
along the ecological variables [90,91] using CANOCO version 5 [92,93], and we performed
a variation partitioning test (partial CCA) to evaluate how explanatory attributes (climatic,
edaphic, geographic, and slope) drive the plant species distribution. First, we built the best
model with the lowest number of variables (those that most explain variance), through the
step function in R. Next, we also evaluated multicollinearity between variables of the final
model using Variance Inflation Factor (VIF), and we removed any variable with VIF >10,
one at a time. Non-multidimensional scaling ordination (NMDS) [89,94] was performed
using the software R 4.0.1 [95–97]. NMDS was conducted to evaluate the correlation of
recognized plant communities with their associated species.

3. Results

A total of 12 plant communities were recognized, each representing for different
indicator species. Each community was associated to a set of variables, but altitude, Slope
(ES), Slope (SE), Slope (SW), Slope (WN), electric conductivity (EC) and heat index were the
most significant variables driving species distribution in the present study. Therophytes and
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Hemicryptophytes, and Nanophyll, were the most frequent type of life form and leaf size,
respectively, present in the communities found. Below we discuss these results in detail.

3.1. TWINSPAN Classification

TWINSPAN, which is based partitioning reciprocal averaging ordination space, was
used to classify 354 species and 133 stands. Two large different clusters, which show a high
cluster heterogeneity value (Lambda = 0.814). One of these clusters had eight different
communities and was formed by 93 sampling sites, while the other cluster presented
four communities structured into 40 sites. Furthermore, different subdivisions observed
were within these two large groups with cluster heterogeneity values of less than 0.4: a
total of 12 major plant communities were recognized, from subtropical-temperate ecotonal
forests (1580 m) to the alpine meadows and cold deserts (4278 m) of the Manoor Valley,
Lesser Himalayas. Each community was composed of different groups of indicator species
recorded at different altitudes (Figure 1).

3.2. Vegetation Characterization of Plant Communities

In total, 12 major plant communities were established by TWINSPAN. All the twelve
recognized plant communities were indicated with distinct symbols and colours. The
GIS map shows the elevational layer and communities of the study area—illustrating the
recognition and distribution of plant communities (Figure 1) along the ecological variables
(Figures 2 and 3 and Supplementary data Figures S1–S4).

Figure 2. The relationship between the altitude and the species richness of 12 plant communities.
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Figure 3. The NMDS ordination reveals the relationship between communities and edaphic variables.
The length of the arrows illustrates the influence range, while the direction shows the correlation of
the variables with plant communities. Plant communities that are close together or on the same axis
have a positive correlation. The codes represent community types.

3.2.1. Salix–Sorbaria–Impatiens Community

This community (SSI) was recorded between altitudinal ranges of 1782.3–1869.5 m
(5 stands) with 65 associated species. The indicator plant species of the SSI community
were Salix alba, Sorbaria tometosa and Impatiens bicolor with highest IV values of 9.12, 5.51,
and 5.29, respectively. Other frequent species were Clematis grata, Bromus secalinus, Fragaria
nubicola, Rumex nepalensis, Ficus carica, Salvia moorcroftiana, Indigofera heterantha, Bistorta
amplexicaulis, Crotalaria sp., Filipendula vestita and Desmodium elegans. Rare species with lower
IV values included Withania somnifera, Trachyspermum amii, Clinopodium vulgare, Paspalum
dilatatun, Piptatherum aequiglume, Bauhinia variegata and Salix tetrasperma. The life form
spectra was dominated by Therophytes (36.92% of species), followed by Hemicryptophytes
with 15.38% of species (Table 1). Nanophyll dominated the leaf size spectra with 30.77%
of the species, followed by Mesophyll and Microphyll with 27.69% species each (Table 1).
The ecological variables that strong and positively influenced the SSI community were pH
(6.5–7), temperature (26.1–27.2 ◦C), HI (26.8–29.1), and BP (808.1–816.1) (Supplementary
data Figure S1). Other important variables such as altitude and windspeed (0–1.5 m/s)
were found in negative association with SSI community. Nevertheless, the SSI community’s
species diversity was restricted by low OM (0.65–1.15%) and P (9.6 mg/kg) (Figure 3 and
Supplementary data Figure S2).
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Table 1. Percentage of plant species recorded in each plant community according to the biological
spectrum (life form) and leaf size.

Plant Communities

SSI IJI CCI IPB SCD ICP CPP PVC APJ JSJ SBR PBP

Life form
Chamaephytes 9.23 10.71 12.68 10.23 10.68 7.09 8.79 5.94 9.84 0.00 12.00 12.82

Geophytes 4.62 5.36 9.86 6.82 7.77 9.22 0.00 11.39 9.84 11.36 8.00 10.26
Hemicryptophytes 15.38 22.32 25.35 25.00 0.00 25.53 27.47 30.69 40.98 56.82 48.00 53.85

Liana 3.08 0.89 2.82 1.14 1.94 0.00 1.65 0.99 0.00 0.00 0.00 0.00
Megaphanerophytes 0.00 3.57 2.82 1.14 5.83 2.13 1.65 2.97 6.56 0.00 0.00 0.00
Mesophanerophytes 13.85 7.14 0.00 3.41 9.71 4.96 2.75 1.98 3.28 0.00 0.00 0.00
Microphanerophytes 4.62 5.36 1.41 3.41 0.97 2.13 0.55 0.50 0.00 2.27 0.00 0.00
Nanophanerophytes 12.31 10.71 9.86 11.36 19.42 11.35 14.84 11.88 0.00 11.36 8.00 0.00

Parasitic 0.00 0.89 1.41 1.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Therophytes 36.92 33.04 33.80 36.36 43.69 37.59 42.31 33.66 29.51 18.18 24.00 23.08

Leaf size
Aphyllous 1.54 0.89 1.33 1.14 0.76 1.42 0.00 0.00 1.52 2.04 2.00 2.63
Leptophyll 10.77 10.71 10.67 15.91 19.08 17.02 17.77 16.84 24.24 26.53 28.00 21.05

Macrophyllous 1.54 5.36 6.67 1.14 6.11 7.09 5.58 5.61 3.03 2.04 2.00 2.63
Mesophyll 27.69 20.54 10.67 13.64 14.50 16.31 14.72 15.31 10.61 14.29 10.00 15.79
Microphyll 27.69 26.79 30.67 22.73 28.24 26.95 30.96 28.06 27.27 20.41 20.00 28.95
Nanophyll 30.77 35.71 40.00 45.45 31.30 31.21 30.96 34.18 33.33 34.69 38.00 28.95

Plant communities: Salix–Sorbaria–Impatiens (SSI), Indigofera–Juglans–Isodon (IJI), Cedrus–Cynodon–Isodon (CCI),
Indigofera–Parrotiopsis–Bistorta (IPB), Sambucus–Cedrus–Desmodium (SCD), Indigofera–Cedrus–Pinus (ICP), Cedrus–
Pinus–Parrotiopsis (CPP), Pinus–Viburnum–Cedrus (PVC), Abies–Picea–Juniperus (APJ), Juniperus–Sibbaldia–Juniperus
(JSJ), Sibbaldia–Bergenia–Rheum (SBR), Poa–Bistorta–Primula (PBP).

3.2.2. Indigofera–Juglans–Isodon Community

This plant community (IJI) was recognized in 24 stands at an altitude ranging from
1597 to 2456 m with 113 associated species (Table 1). Indigofera heterantha, Juglans regia, and
Isodon rugosus were recognized as the indicator species that dominated the community with
IV values of 6.94, 5.00, and 4.37, respectively. Other co-dominant species were Cynodon
dactylon, Ziziphus sp., Micromeria biflora, Leptopus chinensis, Rumex hastatus, Ailanthus altissima
and Impatiens bicolor. Moreover, species that were rarely recorded in this community were
Dactylis glomerata, Achyranthes aspera, Lamium album, Bupleurum longicaule, Ricinus communis,
Malus domestica, Pyrus pashia, Dodonaea viscosa, Filipendula vestita, Lactuca tatarica, Pinus
roxburghii and Xanthium strumarium. Therophytes dominated the biological spectrum with
33.04% of plant species, followed by Hemicryptophytes (22.32%), Chamaephytes and Nano-
phanerophytes (10.71%) each (Table 1). Nanophyllous class dominated the leaf size spectra,
accounting for 35.71% of plant species, followed by microphyll (26.79%), and mesophyll
(20.54%). The IJI community was supported by abundant limestone, granite, and sandstone.
High temperatures (32.5 ◦C), pH (5.7–7.1), K (200–235 mg/kg), and HI (26.8–29.1) all had
an impact on the indicators of the IJI community and their associated species, which were
distributed on a slope angle of 28–75◦ (Figure 3 and Supplementary data Figures S1–S4).

3.2.3. Cedrus–Cynodon–Isodon Community

This community (CCI) was recognized in 12 stands between altitudes of 1580.8–1982 m.
Cedrus deodara (11.77 IV), Cynodon dactylon (10.42 IV) and Isodon rugosus (6.02 IV) were
recorded as the leading indicators of this plant community. Other co-dominant species
were Dryopteris wallichiana, Oxalis corniculate, Medicago sativa, Cyperus rotundus, Fragaria
nubicola, Adiantum capillus-veneris, Impatiens bicolor, Trifolium repens, Clematis grata, Artemisia
absinthium, Leptodermis virgata, Convolvulus arvensis, Tagetes minuta, Cirsium arvense, Persicaria
capitata and Hedera nepalensis. Nonetheless, Silybum marianum, Dicliptera bupleuroides, Cicho-
rium intybus, Pteridium aquilinum, Geranium nepalense, Conyza japonica, Malvastrum coroman-
delianum, Saussurea sp., Pinus roxburghii, Achyranthes bidentata and Pyrus pashia were found
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as the rare species with lower IV values. Therophytes dominated the life form spectra with
33.80% of species, followed by Hemicryptophytes with 25.35% of species, Chamaephytes
with 12.68% of species, Nanophanerophytes and Geophytes each with 9.86% of species
(Table 1). Nanophyll dominated the leaf size spectra with 40% of the species, followed by
Microphyll with 30.67% of the species, and Leptophyll and Mesophyll with 10.67% of the
species. Atmospheric humidity (53.6–74.9%), DP (15.5–19.1%), temperature (20.9–28.4 ◦C),
EC (0.56–2.24 dsm−1), OM (0.6–1.25%) and pH (5.9–7.3), were the most influential ecological
variables that influenced the composition as well as distribution of plant species of CCI com-
munity. Aspect (N-E), slope angle (24–50◦), and silty loam soil texture were also important
significant variables of the CCI community (Supplementary data Figures S1–S4).

3.2.4. Indigofera–Parrotiopsis–Bistorta Community

The IPB community was recognized on the aspect (W-N) with a slope angle (45–80◦)
in four stands at an altitudinal range of 1789.6–1896.3 m, which has a total of 87 species
associated species (Table 1). Indigofera heterantha, Parrotiopsis jacquemontii, Bistorta amplex-
icaule were recorded as the dominant species in this community with highest IV values
of 12.34, 9.05 and 6.18, respectively. Other characteristic species based IV were Indigofera
hebepetala, Clematis grata, Bromus secalinus, Cynodon dactylon, Clinopodium vulgare, Cynoglos-
sum glochidiatum, Urochloa panicoides, Isodon rugosus, Pimpinella stewartia, Berberis lycium,
Dysphania ambrosioides, Pyrus pashia and Poa infirma. Rare species of this community with
minimum IV values were Leptodermis virgata, Cynoglossum apenninum, Commelina beng-
halensis, Cannabis sativa, Bergenia ciliata, Crotalaria sp., Malva neglecta, Ficus carica, Salix alba,
Achyranthes bidentata, Malvastrum coromandelianum, Cyperus odoratus, Fraxinus hookeri and
Malva parviflora. Therophytes dominated the life form spectra with 36.36% of plant species,
followed by Hemicryptophytes with 25% of species. Nanophyll led the leaf size spectra
with 45.45% of species, followed by Microphyll with 22.73% of the species (Table 1). The
strongest environmental variables of this IPB community were pH (6.4–6.6), DP (18.6–21.4),
and WB (20.8–23.8) and (Supplementary data Figures S1 and S4).

3.2.5. Sambucus–Cedrus–Desmodium Community

This plant community (SCD) was recorded with a total of 129 associates in 11 stands
between the altitudinal ranges of 1936 to 2373.8 m. Sambucus weightiana (5.25 IV), Cedrus
deodara (5.05 IV), Desmodium elegans (4.1 IV) were recognized as the topmost dominant
species. Sorbaria tomentosa, Dactylis glomerata, Heracleum candicans, Dryopteris wallichiana,
Pennisetum orientale, Onopordum acanthium, Fragaria nubicola, Foeniculum vulgare, Parrotiopsis
jacquemontiana and Phragmites latissimus were other co-dominant species with lower IV
values as compared to the community indicators. Nonetheless, Phytolacca latbenia, Pleuros-
permum stellatum, P. stylosum, Seseli libanotis, Torilis japonica, Vicia sativa, Vincetoxicum petrense,
Corydalis carinata, Polygonatum verticillatum, Salix tetrasperma, Sida cordata, Thalictrum pedun-
culatum, Lindelofia sp., Spiraea vaccinifolia and Trachyspermum amii were found as the rare
species with less IV values. Therophytic class dominated the life form spectrum, accounting
for 43.69% of plant species, followed by nanophanerophytes (19.42%). Nanophyllous leaf
size class dominated the SCD community with 31.30% of species, followed by Microphyll
(28.24%) and Leptophyll (19.08%). Moreover, one aphyllous plant species was also found
in SCD community (Table 1). The most influential ecological variables that influenced the
composition of SCD community were K (210–228 mg/kg), P (12.8 mg/kg), pH (5.2–6.9), and
EC (3.3 dsm−1), and loamy soil texture (Figure 3), which were distributed on a slope angle
of 25–85◦ (Supplementary data Figures S1–S4).

3.2.6. Indigofera–Cedrus–Pinus Community

This plant community was recognized in 12 stands on the N-W aspect between alti-
tudinal ranges of 1932.3–2437.8 m, which has 141 associated species (Table 1). Indigofera
heterantha (10.16 IV), Cedrus deodara (5.75 IV) and Pinus wallichiana (5.66 IV) were recorded
as the leading indicators of this plant community with the highest IV values. Other co-
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dominant species were Viburnum grandiflorum, Cynodon dactylon, Heracleum candicans, Bistorta
amplexicaulis, Poa infirma, Isodon rugosus, Lathyrus aphaca, Prunella vulgaris, Plantago major,
Juglans regia, Impatiens brachycentra, Pennisetum orientale, Euphrasia himalayica and Pimpinella
stewartii. Nonetheless, rare species with lower IV values included Epilobium hirsutum, He-
lianthus annuus, Salvia nubicola, Epimedium elatum, Sonchus asper, Avena sativa, Conyza japonica,
Portulaca oleracea, Prunus armeniaca, Alcea rosea, Bauhinia variegata, Cotoneaster acuminatus,
Lotus corniculatus, Lindelofia sp., Cornus macrophylla and Lavatera cachemiriana. Therophytes
dominated the life form spectra accounting 37.59% of all the species in the ICP community,
followed by Hemicryptophytes (25.53%), Nanophanerophytes (11.35%), and geophytes
(9.22%). The nanophyllous class dominated the leaf size spectra with 31.21% of species,
followed by Microphyll (26.95%), and Leptophyll (17.02%). Nonetheless, aphyllous species
accounted for the least number of species in the ICP community (1.42% of species, Table 1).
The strongest ecological variables that significantly influenced the composition of plant
species of ICP community associates were CaCO3 (7.5 mg/kg), humidity (49.2–68.5%), and
soil texture (silty loam) (Figure 3 and Supplementary data Figures S1–S4).

3.2.7. Cedrus–Pinus–Parrotiopsis Community

CPP community was recorded in 17 stands between the altitudinal ranges of 2292–3168 m.
The highest number of species (197 species) were recorded in this plant community
(Table 1 and Figure 2). Cedrus deodara (19.88 IV), Pinus wallichiana (17.26 IV) and Parrotiopsis
jacquemontii (8.5 IV) were recognized as the topmost dominant species. Other co-dominant
species with lower IV values than the community indicators included Cynodon dactylon,
Oxalis corniculata, Clinopodium vulgare, Isodon rugosus, Indigofera heterantha, Impatiens bicolor,
Fragaria nubicola, Geranium wallichianum and Clematis grata were. Moreover, species that
were rarely recorded in this community were Rhynchosia pseudo-cajan, Sorbus tomentosa,
Euphorbia helioscopia, Galium asparagifolium, Hyoscyamus niger, Silene conoidea, Poa infirma,
Rosa webbiana, Galium aparine, Rumex nepalensis, Smilax glaucophylla, Spiranthes sinensis and
Vicia sativa. Therophytes dominated the life form spectra with 42.31% of species, followed
by Hemicryptophytes with 27.47% of species. The microphyllous and Nanophyllous classes
dominated the leaf size spectra, accounting for 30.96% of species, followed by Leptophyll
(17.77%) and mesophyll (14.72%) (Table 1). Loamy and silty loamy texture, P (11.12 mg/kg),
and K (214.6 mg/kg) were all influencing variables for the CPP community (Figure 3 and
Supplementary data Figures S1–S4). As a result, the highest species diversity was observed
in this CPP community.

3.2.8. Pinus-Viburnum-Cedrus Community

The PVC community was recognized on the northern aspect between altitudinal ranges
of 2568–3191 m in 7 stands with a total of 195 associated plant species. Pinus wallichiana-
Viburnum grandiflorum-Cedrus deodara were recorded as the dominant species in this commu-
nity with highest IV values of 17.98, 16.43, and 9.92, respectively. Other co-dominant and
characteristic plant species were Abies pindrow, Arisaema jacquemontii, Juniperus squamata, Ju-
niperus communis, Picea smithiana, Fragaria nubicola, Cynodon dactylon, Quercus incana, Urochloa
panicoides and Bergenia stracheyi. Moreover, rare species of this PVC community with lower
IV values included Impatiens bicolor, Lotus corniculatus, Rumex nepalensis, Epilobium latifolium,
Helianthus annuus, Inula cuspidata, Platanus orientalis, Pleurospermum stylosum, Pteracanthus
urticifolius and Swertia paniculata. Therophytes dominated the life form with 33.66% of
species, followed by Hemicryptophytes with 30.69% of species, and Nanophanerophytes
with 11.88% of species (Table 1). Nanophyllous dominated the leaf size spectra, account-
ing for 34.18% of plant species, followed by Microphyll (18.06%) and Leptophyll (16.84%)
(Table 1). OM (2.12%), K (215.7 mg/kg), P (11.9 mg/kg), and EC (2.12 dsm-1) were the most
effective ecological variables that had a positive influence on the species diversity of the
PVC community (Supplementary data Figures S1–S4).
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3.2.9. Abies–Picea–Juniperus Community

This community (APJ) was recorded at the middle altitudinal range (2874–3260 m) of
the north-western aspect of the study area with 66 associated plant species (Table 1). The
indicators of the APJ community are Abies pindrow (26.17 IV), Picea smithiana (23.77 IV),
and Juniperus squamata (21.77 IV). Thymus linearis, Bistorta affinis, Bergenia stracheyi, Rheum
australe, and Poa infirma are some of the herb layer’s co-dominant species, while Juniperus
communis and Cotoneaster microphyllus are the distinguishing species of the shrubby layer.
Furthermore, Quercus incana and Pinus wallichiana are the major tree layer associates with
the APJ community. The APJ community is characterised by a preference for the shade.
In comparison to sub-alpine (JSJ) and alpine (SBR) communities, hill slopes get less direct
sunlight. The shade effect was significantly influenced by the tree layer’s larger canopy
cover. Hemicryptophytes dominated the life form classes with 40.98% of species, followed
by Therophytes (29.51%), Chamaephytes, and Geophytes (9.84%) each. The nanophyllous
class dominated the leaf size spectra, accounting for 33.33% of plant species, followed by
Microphyll (27.27%) and Leptophyll (24.24%) (Table 1). Low K (205.4 mg/kg) and low EC
(1.4 dsm−1) were the most significant ecological variables that played a vital role in the
formation of the APJ community. Moreover, the APJ community was hosted by a clay-loamy
soil texture (Supplementary data Figures S1–S4) with a low pH (Figure 3).

3.2.10. Juniperus–Sibbaldia–Juniperus Community

With a total of 40 associated species, this community (JSJ) was observed in six stands
varying in altitude from 3250 to 3644 m (Table 1). The indicators of the JSJ community are
shrubs, i.e., Juniperus squamata, Sibbaldia procumbens, Juniperus squamata. The tree layer was
represented by the only species (Rhododendron arboreum). Other shrubby layer associates
of the JSJ community includes Cotoneaster microphyllus, and Juniperus excelsa, while the
herb layer associates were Bergenia stracheyi, Bistorta affinis, Caltha palustris, Dracocephalum
nutans, Primula hazarica, Poa infirma and Rheum australe. Hemicryptophytes dominated the
life form spectra, accounting for 56.82% of plant species, followed by Therophytes (18.18%),
Geophytes and Nanophanerophytes (11.36%) each (Table 1). The leaf size spectrum was
dominated by Nanophyllous class (34.69% of plant species), followed by Leptophyll (26.53%
of plant species), Microphyll (20.41% of plant species) and Mesophyll (14.29% of plant
species). Low EC (0.85 dsm−1), temperature (7.4–13.8 ◦C), WS (2–3 m/s) and DP (12.8–15.5)
all had a significant impact on the JSJ community. As a result, these ecological variables
constrain the species diversity of JSJ community (Supplementary data Figures S1–S4).

3.2.11. Sibbaldia–Bergenia–Rheum Community

This community (SBR) was identified at the higher altitudinal ranges (3199–3688 m) above
the timber line at latitude (N = 34.69472–34.79333) and longitude (E = 73.60278–73.68639). The
SBR community represents subalpine vegetation, having Sibbaldia procumbens (10.78 IV),
Bergenia stracheyi (8.37 IV), and Rheum australe (7.75 IV) as the indicator species, for a to-
tal of 53 associated species. The herbaceous species dominated the vegetation, although
some nanophanerophytes occur at comparatively lower altitudes, i.e., Juniperus squamata,
J. communis, J. excelsa and Cotoneaster microphyllus. Nevertheless, other herbaceous co-
dominants were Poa alpina, P. infirma, Bistorta affinis, and Primula hazarica. This subalpine
community develops in between the timberline and alpine meadows, regardless of slope
aspect, and overlaps with the alpine community (Poa-Bistorta-Primula) at most of the eleva-
tions. Hemicryptophytes dominated the life form spectra with 48% of species, followed by
Therophytes (24% of species) and chamaephytes (12% of species). The Nanophyllous class
dominated the leaf size spectra, accounting for 38% of all species, followed by Leptophyll
(18%) and microphyll (20%) (Table 1). The altitude and WS (2.5–5 m/s) had a significant
impact on this plant community. The indicators, as well as other associated species were
also found to be temperature sensitive. The soil texture hosting the SBR community was
mainly clay, with the lowest K (197–216.6 mg/kg) and pH (4.8–5.8) values and maximum
OM (0.98–2.28%) concentration (Figure 3). Moreover, the SBR community was found to be
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negatively associated with ecological variables such as humidity, CaCO3, HI, WB, BP, and
slope angle (Supplementary data Figures S1, S3 and S4).

3.2.12. Poa-Bistorta-Primula Community

The Poa-Bistorta-Primula Community (PBP) was recognized as the highest altitudinal
(3724–4278 m) alpine and cold desert plant community recorded at a latitude (N = 34.69306–34.83861)
and a longitude (E = 73.60750–73.69444). Poa alpina (17.32 IVI), Bistorta affinis (15.03 IV),
and Primula rosea (9.07 IV) are the indicator species of PBP community. Other co-dominant
species are Rheum australe, Bergenia stracheyi and Androsace hazarica. This plant commu-
nity included a total of 39 species. However, tree and shrub layers (Phanerophytes and
Nanophanerophytes) were entirely absent from these alpine meadows. Moreover, this
alpine community (PBP) has a low species richness as compared to other plant commu-
nities (Figure 2 and Table 1). Extremely low temperatures are a hallmark of the growth
period due to high elevation. Xeric conditions compounded such harsh environments,
and a relatively short growth season was recorded from July to September. Hemicrypto-
phytes contributed 53.85% of the species, followed by Therophytes (23.08%), Chamaephytes
(12.82%), and Geophytes (10.26%). Microphyll and Nanophyll classes dominated the leaf
size spectra with 28.95% of species each, followed by Leptophyll (21.05%) (Table 1). Higher
altitude and WS (3.5–8 m/s), as well as low temperature had a strong impact on the indi-
cators and other associates of PBP community. The soil texture hosting this community
was sandy in nature (Figure 3), with the lowest K (196–206.9 mg/kg) and pH (4.9–5.6) and
maximum OM (1.15–2.64%) concentration. Furthermore, the PBP community was found to
be negatively associated with ecological variables such as humidity, CaCO3, HI, WB, BP,
and slope angle (Supplementary data Figures S1–S4).

3.3. Non-Metric Multidimensional Scaling (NMDS)

All the data based on 354 plant species in 133 sampled stands were categorized into
12 plant communities using NMDS. Plant communities that are close together or on the
same axis have a positive correlation, whereas communities that are far apart or on different
axes have a negative correlation. The Poa–Bistorta–Primula, Sibbaldia–Bergenia–Rheum, and
Juniperus–Sibbaldia–Juniperus communities, for example, had a positive association with one
another but negatively correlated with the Indigofera–Juglans–Isodon, and Indigofera-Cedrus–
Pinus communities (Figure 4). All these relationships could be attributed to patterns in the
variables of their host environment. For example, the former plant communities were found
at elevations of 3724–4278 m, 3199–3688 m, and 3250–3644 m, respectively, while the latter
plant communities were found at lower elevations (1597–2456 m and 1932.3–2437.8 m),
respectively. Moreover, four stands (S38, S39, S40, S41 and S42) are correlated with each
other and shaped the SSI community. The PBP community identified in 13 stands can be
seen far apart from the other plant communities. Only the three most representative plant
species for each community are plotted.
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Figure 4. NMDS ordination is based on plant species that are in association with sampled stands and
grouped into communities Plant communities that are close together or on the same axis and have a
positive correlation. Only the three most representative plant species for each community are plotted.
Some species are present in different communities and due to that, the total number of species are not 36.

3.4. Canonical Correspondence Analysis (CCA)

The CCA and variation partitioning tests showed that the total inertia results of CCA
was 8.626, where our final variables (Altitude, Slope ES, Slope SE, Slope SW, Slope WN, EC,
heat index) together explained 22.6% of variation. CCA model was significant (χ2 = 1.951;
pseudo-F value = 4.529; p < 0.001). For the 8 explanatory variables, we tested simple term
effects. Simple term effects showed that all variables were significant (χ2

range = 0.104–
0.785; pseudo-F value[range] = 1.93–14.59; p < 0.006; Table 1). Finally, the two first axis were
also highly significant (p < 0.001). Table 2 displays the significance level of the testing
results regarding the influence of environmental variables on the vegetation of the Manoor
Valley. The PBP, SBR and JSJ plant communities revealed positive association with altitude
(Supplementary data Figures S1–S4). All these plant communities were found at the higher
altitudes (3724–4278 m, 3199–3688 m, and 3250–3644 m), respectively. The slope angle, on
the other hand, has a negative relationship with altitude. The IJI and ICP plant communities
are in positive association with slope angle. This strong influential association might be
due to the occurrence of these plant communities in the lower (1597–2456 m) and middle
(1932.3–2437.8 m) altitudinal ranges.

Table 2. Detailed numerical results of variations partitioning (partial CCA) for groups of variables.

Gradient Class Variation (adj) % of Explained
Eigen Values

F p
Axis 1 Axis 2 Axis 3 Axis 4

Edaphic 9.8 18.7 0.6211 0.1887 0.1135 0.0904 2.1 0.002

Climatic 9.8 13.9 0.7210 0.1138 0.0841 0.0546 3.4 0.002

Physio-graphic 18.1 25.5 0.7641 0.2903 0.2176 0.1624 3.4 0.002

Aspect 9.1 15.3 0.4280 0.1675 0.1417 0.1206 2.5 0.002
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4. Discussion

Plant species are distributed in diverse types of habitats, forming different communities
driven by different sets of environmental variables [6]. The aspect stimulates habitat diversi-
fication and promotes micro-environmental variation in the vegetation structure [36,37]. As
a result, the composition of different units is observed as a reflection of changing habitat set-
tings along environmental variables [38]. Here, we used different multivariate approaches
to assess potential plant communities along an altitudinal gradient and their association
with different environmental drivers. Our study documented 354 plant species belonging
to 93 families. The current research area is located at the elevations ranging from 1580 m
to 4278 m, with varying environmental conditions that are reflected in a rich and diverse
flora. Our results showed that at high altitudes, species richness was reduced, whereas an
increase in soil nutrients was linked to progression in vegetation indicators. We also found
different clusters of species with similar habitats. Our study clearly shows how altitudinal
variables can cluster different plant communities according to different microclimates.

In the current vegetational sampling of a remote valley (Manoor Valley, Himalaya),
12 major plant communities were established by TWINSPAN from the lower ranges to the
alpine meadows. The CPP communities (197 species) in the middle altitudinal habitats
(2292–3168 m) have the most plant species. Ordination methods have commonly been used
to show species distribution and community structure along ecological variables [98,99].
Similarly, a researcher investigated the vegetation of the western Himalayas and identified
five distinct communities, the most abundant of which were found on north-facing slopes at
middle altitudes, where the moisture levels were highest [6]. Thirteen major groups were
identified in the vegetation of Kammanassie areas using the TWINSPAN classification [100].
These results, along with ours, show evidence that elevational variables are suitable places
to evaluate how changes in environmental variables drive plant community structure and
diversity. In addition, these results also show that multivariate approaches are powerful
tools for community analysis [43] and can be considered in new ecological studies as
statistical methods.

As the study area is in the Himalayan belt, the vegetation was primarily of a Sino-
Japanese nature. The plant communities were classified based upon climatic (i.e., temper-
ature, HI, DP, WB, BP, and WS), edaphic (i.e., soil pH, EC, OM, P, K, CaCO3, soil texture),
and topographic variables (i.e., altitude, altitudinal density, latitude, longitude, slope angle,
different exposures, and aspects). The vegetation was classified into different commu-
nities/associations [101,102] represented by dominant species based on their importance
values [20,103]. At lower elevational ranges (1580.8–2456 m), the plant communities with
dominant species were Salix alba, Sorbaria tometosa, and Impatiens bicolor (SSI), Indigofera
heterantha, Juglans regia, and Isodon rugosus (IJI), Cedrus deodara, Cynodon dactylon, and Isodon
rugosus (CCI), Indigofera heterantha, Parrotiopsis jacquemontii, and Bistorta amplexicaule (IPB),
and Sambucus weightiana, Cedrus deodara, and Desmodium elegans (SCD) respectively. Simi-
lar indicators were recorded by other researchers during a field survey in the Himalayas
of Pakistan [104].

The vegetation in the upper altitudinal ranges includes Pinus wallichiana, Abies pindrow,
Indigofera heterantha and Viburnum grandiflorum, which are the representatives of moist tem-
perate forests. These plant species are the temperate zone representatives [30,39,41,105,106].
These plant associations were shaped by the impact of various environmental gradients.
Ecosystems respond to numerous simultaneous changes in the environment as these
variations differ the diversity and distribution of communities [107,108]. Vegetation in
distributions more closely resembles the changes in soil characteristics [109–111]. Our
results revealed that soil characteristics such as EC, pH, soil texture, OM, K and P had a
great impact on plant community distribution and association. Soil variables, altitude, lati-
tude, slope aspect and angle also had a strong influence on species richness, as previously
reported by [112].

Dissimilar plant communities were described as those with less than 65% similar-
ity [113,114]. The communities’ similarities were due to shrubs, trees, and perennial plants,
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while the communities’ dissimilarities were due to Therophytes. The maximum similarity
index was noted between SBR and JSJ communities (55.53%), followed by JSJ and APJ
communities with 39.71% of similarity. The highest similarity between communities may
be due to similar environmental conditions [30], which leads to changes in the species’
habitat. The highest dissimilarity was observed between PBP and IPB communities, JSJ
and SSI communities (99.94% each), followed by IJI and PBP communities (99.92%), SSI
and PBP communities (99.91%). These results follow the findings of [6,53]. Maximum
dissimilarity between communities might be due to wide altitudinal variation among
communities [30,115], which represents the presence of different set of species adapted to
different set of climatic variables [112,116–118].

5. Conclusions

To the best of our knowledge, this is the only valley within the Himalayas of Pakistan
that has never been explored before, due to its harsh terrain and geographical location. The
current study revealed that the sampled area has rich species diversity. The study provides
the first ever detailed insights into the spatial distribution and vegetation mapping in re-
sponse to environmental variables in the study area. The flora of the Manoor Valley consists
of 354 plant species belonging to 93 families, distributed into a total of 12 major plant commu-
nities, from the lowest altitude to the alpine zones. The Cedrus–Pinus–Parrotiopsis community
resided at the middle altitudinal ranges (2292–3168 m) was recorded with highest number
of associates (197 species). Our study clearly shows how altitudinal variables can cluster
different plant communities according to different microclimates, which can be a proxy for
future studies evaluating the impacts of climate change on plant communities. Studies such
as ours are paramount to better understand how environmental factors influence ecological
and evolutionary aspects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11010087/s1. Figure S1: Canonical correspondence analysis:
(a) & (c) the contour plot shows the count of species at each axis, (b) Distribution of plant species
along the edaphic variables, (d). Distribution of plant species along the climatic variables. Figure S2:
Canonical correspondence analysis: (a). the contour plot shows the count of species at each axis, (b).
Distribution of plant species along the slope aspects. Figure S3: Canonical correspondence analysis: (a)
Distribution of stands along the edaphic variables, (b) and (c) Van Dobben circles show the correlation
of species in association to edaphic variables and among them, i.e., red circle shows the positive and
blue indicates the negative correlation. Figure S4: Canonical correspondence analysis: (a) Association
of sampling sites along the climatic variables, (b). Association of sampling sites along the slope aspects.
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Abstract: Hybridization and polyploidy have been considered as significant evolutionary forces
in adaptation and speciation, especially among plants. Interspecific gene flow generates novel
genetic variants adaptable to different environments, but it is also a gene introgression mechanism
in crops to increase their agronomical yield. An estimate of 9% of interspecific hybridization has
been reported although the frequency varies among taxa. Homoploid hybrid speciation is rare
compared to allopolyploidy. Chromosome doubling after hybridization is the result of cellular defects
produced mainly during meiosis. Unreduced gametes, which are formed at an average frequency
of 2.52% across species, are the result of altered spindle organization or orientation, disturbed
kinetochore functioning, abnormal cytokinesis, or loss of any meiotic division. Meiotic changes and
their genetic basis, leading to the cytological diploidization of allopolyploids, are just beginning
to be understood especially in wheat. However, the nature and mode of action of homoeologous
recombination suppressor genes are poorly understood in other allopolyploids. The merger of
two independent genomes causes a deep modification of their architecture, gene expression, and
molecular interactions leading to the phenotype. We provide an overview of genomic changes and
transcriptomic modifications that particularly occur at the early stages of allopolyploid formation.

Keywords: allopolyploidy; interspecific hybridization; unreduced gametes; cytological diploidiza-
tion; genomic changes

1. Introduction

Polyploidy, defined as the presence of three or more complete sets of chromosomes in
a cell or organism, is an important feature of genome evolution in many eukaryote taxa.
Polyploids have been documented in yeasts, insects, and vertebrates [1] but polyploidy
is pervasive and especially prominent in the evolutionary history of plants, with both
recent and ancient events occurring particularly in lineages such as the Angiosperms [2].
Polyploids are usually classified according to their mode of origin as autopolyploids, those
having three of more genomes of a given species, and allopolyploids, which originated
after interspecific hybridization followed by chromosome doubling [3].

Early cytogeneticists assumed the pattern of chromosome pairing at the first meiotic
division as a reliable criterion to identify homologous and homoeologous relationships
between the chromosome sets of a polyploid organism. The frequency of multivalents
was used as a cytological parameter to distinguish between auto- and allopolyploids [4].
A high level of multivalent pairing at metaphase I suggests homology between chromo-
some sets and hence autopolyploidy. In contrast, a preferential formation of bivalents
likely results from the presence of non-homologous (homoeologous) parental chromosome
sets, hence indicating allopolyploidy. Consistent with this notion, a survey consisting of
171 reports on neopolyploids yielded a higher frequency of multivalents at diakinesis and
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metaphase I in autopolyploids (28.8%) than in allopolyploids (8.3%) [5]. Such multivalent
frequencies suggested partial cytological diploidization of many autopolyploids and com-
plete cytological diploidization of most allopolyploids. However, differentiation between
auto- and allopolyploids is not absolute, since almost exclusive bivalent formation was
observed in some autopolyploids while some allopolyploids show multivalent formation.
This variable pairing pattern is more consistent with a gradient of divergence between the
genomes concurring in polyploids than with a strict differential behavior between auto-
and allopolyploids.

Since the Modern Synthesis, allopolyploidy has been considered for decades to be more
prevalent than autopolyploidy in the evolution of Angiosperms [6]. This trend continues
today, but it is now recognized that both are extremely important in nature [2,3]. Soltis and
coworkers [7] propose two main reasons for the widespread omission of autopolyploidy
as a significant speciation mechanism: (i) autopolyploidy was traditionally considered
extremely rare in nature, (ii) many of plant systematists adhered to a species concept based
on morphological features, in which diploids and polyploids were considered as different
cytotypes of a single species. In contrast, Lewis [1] proposed a significant contribution of
autopolyploidy to plant speciation, especially among herbaceous perennial taxa. Further
studies support that autopolyploids are frequently, though they may be lost or remain
undetected [2]. Ramsey and Schemske [3] estimated a rate of autotetraploid formation of
10−5 similar to the genic mutation rate, which implies that allotetraploid formation can
only reach such a incidence after a high frequency of interspecific hybridization (0.2% for
selfing taxa, 2.7% for outcrossing taxa). They concluded that autopolyploids may often be
formed at a higher frequency than allopolyploids.

Polyploid organisms may undergo major changes in genomic structure and phenotypic
development, relative to their diploid counterparts, which provide them a broader basis for
evolution. The presence of four alleles per locus in autotetraploids, or more in higher levels
of ploidy, confers an increased heterozygosity to autopolyploids in comparison with that
of their diploid progenitors. This fact allows the beneficial masking of deleterious genes.
A high level of heterozygosity derived from the presence of homoeoalleles is also present
in allopolyploids, which is accompanied of additivity of the merged parental genomes as
well as the occurrence of instantaneous reproductive isolation, and a tendency to suffer less
inbreeding depression than diploids [8]. Phenotypic and morphological changes known
to be induced by polyploidy are those associated with variation in flower number and
flowering time [9], root architecture and plant structure, or alterations in plant physiology
such as abiotic stress tolerance [10].

The advent of the new genomic tools has led to the development of a number of
molecular and genomic studies focused on the rapid changes induced by allopolyploidy,
which have been revealed to occur at the genetic and epigenetic level, together with
major alterations in the transcriptional landscape [11,12]. Allopolyploid formation requires
the adaptation of two nuclear genomes within a single cytoplasm, which may involve
programmed genetic and epigenetic changes during the initial generations following
genome fusion. Early generations of synthetic allopolyploids show rapid and extensive
restructuring of the merged genomes, including chromosome rearrangements and changes
in the chromosome number [13–18] as well as epigenetic modifications, such as, transposon
activation, chromatin modifications and altered methylation patterning [19–24]. In this
first phase of allopolyploid evolution, the conflict between the merged genomes modifies
the gene expression profile, which is often associated with phenotypic modifications of
the new polyploid plants [25–28]. However, allopolyploids of recent origin commonly
display phenotypic instability, low fertility and low embryonic viability [22], but their
persistence accompanied of successful genetic readjustments may lead to stable genomic
variants that express fertile and well adapted phenotypes on an evolutionary time scale of
hundreds or thousands of generations [29]. This second phase of genome evolution includes
either sub- or neofunctionalization of duplicated genes to form novel genetic functions
and gene complex [30–36] or the loss of redundant copies [37]. Reduction of genomic

64



Plants 2022, 11, 125

redundancy converts the polyploid organism into a diploid one, which is often referred
to as genetic diploidization. Thus, genetic diploidization is considered an evolutionary
process of a wider time scale than that of the cytological diploidization which happens
at the primitive allopolyploid stage and concerns genetic systems involved in control of
meiotic pairing [38,39].

The evolutionary history of seed plants and Angiosperms is full of Whole Genome
Doubling (WGD) events [40,41] with each subsequent polyploidy superimposed on the
genomic remnants surviving from earlier rounds of polyploidy. Genomic complexity
of modern Angiosperm genomes ranges from those that underwent few polyploidiza-
tion events (e.g., Amborella, Allium, Olea, Theobroma) to others that reflect as many as 128
(Saccharum), 144 (Gossypium), and even 288 (Brassica) genomic multiplication processes [42].
Recurrent polyploidization is usually accompanied of chromosome rearrangements and
reduction of chromosome number as well as a large-scale loss of duplicated genes and
repetitive sequences. Such genome reorganizations, while harboring the vestigial marks of
ancient polyploidy events, lead to chromosome constitutions that facilitate a cytological
diploid-like behavior of the extant species [42].

Advances in understanding the extent of polyploidy in plant speciation, driven largely
by the explosive development of genomic tools, have occurred in parallel with a number of
reports showing evidence of mitotic and meiotic cell division alterations involved in the
formation of polyploids [43]. On the other hand, recent identification of genes controlling
the diploid-like meiotic behavior of allopolyploids such as wheat or Brassica will contribute
to understand their origin and their mode of action [38,39]. In this review, we will discuss
the cytological and molecular mechanisms that underlay the pathways leading to poly-
ploids formation, including interspecific hybridization, chromosome doubling, cytological
diploidization and genetic and epigenetic changes produced at the onset of allopolyploidy.

2. Interspecific Hybridization

Plant hybridization has been important to humans since the commencement of domes-
tication of plants and animals during the Neolithic era. In the mid of the eighteenth century,
hybridization was considered as a reproduction mode that could yield sterile plants with
intermediate phenotype [44–46]. In the beginning of the nineteenth century, hybridiza-
tion was largely used as a source of variation for plants of agronomical or ornamental
importance. Its main biological relevance relied on its use as a tool to prove if two different
plants deserve the species status [44]. When the hybrid obtained in a cross between two
different plants was sterile such plants were considered to belong to different species while,
if the offspring was fertile, they were considered as varieties of the same species. However,
different naturalists challenged this idea in the second half of the nineteenth century [44].
The Mendel’s work on plant hybridization [47] and its rediscovery by de Vries, Correns
and Tschermak in 1900 [48–50] established the path to reveal the hereditarily determined
plant diversity, which, in fact, led to the emergence of genetics. The invariable offspring
of homozygotes formulated in the Mendelian principles led Lotsy [51] to propose that
hybridization has played a determinant evolutionary role assuming that a new combination
of traits arises only by crossing. Wingë [52] proposed that new and stable species emerge by
the duplication of the chromosome number of an interspecific hybrid (i.e., allopolyploidy).
Evidence supporting this hypothesis was quickly reported in different plant species [53,54].
Müntzing [55] proposed a second mechanism in which hybridization may produce new
and stable species. He postulated that later generation hybrids could, by chance, lead to
new combinations of parental chromosomes and alleles that were homozygous for a unique
combination of chromosomal sterility factors. The new hybrid population would be fertile,
stable, and at the same ploidy level as its parents but partially isolated from its progenitors
due to chromosome differentiation [55,56].

The formation of interspecific hybrids may be conditioned by an important aspect of
the biology of the organisms, the breeding system. In plant species the mode of reproduction
is sexual or asexual. Sexual reproduction takes place by self-cross, outcross or mixed. The
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type of sex system (hermaphroditism, monoecy or dioecy) contributes to reinforce the mode
of sexual reproduction. While dioecy, and to a large extent monoecy, determine outcross
reproduction, hermaphroditism ensures exclusive or dominant self-crossing. Breeding
system changes along evolution even between closely related species. All changes do not
occur with the same frequency, that is, the outcrossing system, which appears mainly in
the ancestral lineages, is often lost and evolves to inbreeding while the transition of highly
inbreeding species to outcrossing is rare [57].

Interspecific hybridization requires some rate of outcrossing of the concerned species.
Outcrossing rates vary among different taxa. Most Angiosperms (87.5% [58]) are pol-
linated by insects and other animals and show intermediate outcrossing rates while
wind-pollination species, which are mainly found among Gymnosperms and few An-
giosperms families such as Poaceae, show a bimodal outcrossing-inbreeding species
distribution [57–59].

Given the abundance of animal-pollinated species, pollinators often alternate visits to
flowers of plant species flowering at the same time and within the flight pattern, which
causes interspecific pollen transference. Hybridization between a given pair of species
is usually asymmetric in that one species may act preferentially as male or female [60].
Effective hybridization requires a transition through several steps, foreign pollen arrival on
a stigma, which generates competitive interactions with conspecific grains for adhesion
and germination. Pollen must germinate and form the pollen tube, which is more likely
between close relatives, as they may have similar pollen-pistil compatibility. Finally, sperm
should be released to fertilize the egg.

Competitive interactions between conspecific and heterospecific pollen grains have
a negative impact on fertility whereby Angiosperms evolved multiple prezygotic and
postzygotic barriers to minimize the effect of fitness reduction. Prezygotic barriers impede
hybridization and include prepollination isolation and gametic selection [61]. Hybrid steril-
ity, caused either by gene incompatibilities or chromosome rearrangements, is a common
form of postzygotic reproductive isolation in plants [62]. Prepollination isolation prevents
the anticipated arrival of competitive foreign pollen grains on a stigma. These barriers
include adaptations such as flowering asynchrony either during the day or along the year,
or divergence in floral traits conditioning the pollinator preference or the mechanical in-
teraction between flower and pollinator during visits. Various forms of gametic isolation,
including stigma incompatibility and suppression of pollen tube growth, counteract foreign
pollen germination deposited on a stigma. Modifications of the structure or chemical com-
position of stigma as well as factors controlling pollen recognition and self-incompatibility
may contribute to increase incompatibility with foreign pollen. Self-incompatibility and
interspecific incompatibility show similarities in the molecular mechanisms controlling the
pollen-pistil interactions, since pollen of self-compatible species deposited on stigma of
self-incompatible relatives is rejected but not in the reciprocal hybridization [63]. Pollen
deposited on the stigma of a distantly related species usually fails to germinate, but this is
not the case between closely related species. In such cases, divergence between species in
pollen tube performance in the style may cause either a more disruptive development of the
foreign pollen tube or mismatches in the size of both structures, which contribute to avoid
interspecific hybridization [61]. An additional evolutionary strategy to avoid interspecific
hybridization involves a shift in the mating system toward earlier self-pollination, which
reduces the opportunity of fertilization after the arrival of foreign pollen to stigma [61].

Despite genetic isolation barriers arisen in the evolution, interspecific hybridization is
a relatively frequent biological phenomenon. Whitney and coworkers studied the pattern
of hybridization in a sample of approximately 10% of 352,000 Angiosperm species [64].
They investigated 37,000 species included in 3212 genera of 282 families from eight regional
floras covering parts of North America and Australia, continental Europe and two island
groups (British Isles and Hawaii). Interspecific hybrids occurred with a frequency of
0.09 hybrids per non hybrid species. Both families and genera had different hybridization
propensity, but a given group usually showed the same hybridization pattern across
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regions, which suggests that genetic constitution of each group is more relevant than
environmental conditions. This hybridization frequency based on floristic surveys was
probably underestimated, and more accurate estimates are expected to be obtained through
implementation of genomic tools. Natural hybridization has been reported in 22 of the
25 most important crops of the world and is also common among invasive species [65].

Interspecific hybridization may represent a source of phenotypic innovation [62].
Although interspecific hybrids usually show a low fertility, the offspring obtained allows to
extend hybridization to further generations, which may display transgressive trait variation,
that is, a gain or a loss of valuable traits with respect to the parental species. On the other
hand, recurrent backcrosses of the hybrids with one of the parental species give rise to
introgression of alien genes in any of the parental species and represent a common way of
gene flow between species in hybrid zones [62].

While interspecific hybridization and subsequent WGD (allopolyploidy) represents a
common mode of speciation in plants, homoploid hybrid speciation is rare. Some hybrid
lineages found in Helianthus, and probably in other genera, have achieved reproductive
isolation without variation of the ploidy level [62]. Darlington [66] proposed an inverse
relationship between the fertility of an interspecific hybrid and the fertility of the allopoly-
ploid generated from the homoploid hybrid by doubling its chromosome number. He
argued that homoploid hybrids between closely related species will show a high level of
meiotic pairing and fertility, while the fertility of the corresponding allopolyploids will
be reduced because of uneven segregation of chromosomes from multivalents involving
both homologues (equivalent chromosomes from the same genome) and homoeologues
(equivalent chromosomes from related genomes). In contrast, homoploid hybrids between
distant species will be sterile due to chromosome pairing failure, but allopolyploids will be
fertile due to preferential formation of homologous bivalents at meiosis. Comparison of the
mean genetic distance between the parental species of homohybrids and allopolyploids in
different taxa led to the conclusion that polyploid formation occurs at random regardless
the level of phylogenetic divergence between the parental species while homoploid hybrids
tend to be formed among progenitors closely related [67].

3. Mechanisms and Frequency of WGD in Plants

3.1. Pathways for WGD in Plants

The occurrence of WGD in interspecific hybrids contributes to stabilize their meiotic
behavior strongly disrupted when homoeologous chromosomes fail to pair. Meiotic pairing
regularization ensures a high degree of fertility of new allopolyploids, whose genomic
integrity may persist through generations. Thus, upon hybridization, WGD drives allopoly-
ploid induction and speciation. However, our understanding of the processes affecting the
initial formation of polyploids within diploid populations is one of unexplored issues of
polyploidy evolution [68]. Cytological alterations reported in the last two decades, such as
meiotic non-reduction giving rise to 2n gametes and somatic doubling, have been impli-
cated in the formation of individuals with changed ploidy level [43]. Union of unreduced
gametes, rather than somatic doubling, has been considered as the most likely method of
polyploid formation in plants [69,70].

Meiotic non-reduction or meiotic restitution is the outcome of cellular alterations in any
of the two meiotic divisions that switch meiosis into a mitotic-like division, generating two
diploid spores out of a diploid mother cell instead four haploid spores. An autotetraploid
individual can be originated either in one-step process consisting in the fusion of unreduced
egg and unreduced sperm or in a two-steps process that involves formation of a triploid
intermediate after fusion of an unreduced gamete with a normal haploid gamete, followed
of self-fertilization of the triploid or crossing with a diploid [3]. Most gametes produced by
triploids are not functional because of their aneuploid constitution, but triploids generate a
low number of euploid gametes (×, 2× and even 3×) which are involved in the formation
of the autotetraploid. Allotetraploids can be formed in one-step process from interspecific
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hybrids, but the triploid bridge is also possible as triploid interspecific hybrids have been
observed in different taxa [3].

3.2. Cellular Mechanisms, and Their Genetic Control, Causing Plants Meiotic Restitution

Cellular defects giving rise to meiotic restitution have been classified in two main
groups, namely First Division Restitution (FDR) and Second Division Restitution (SDR),
which yield 2n gametes genetically equivalent to those produced by a loss of the first
meiotic division or the second meiotic division, respectively [43,71–73]. In the absence of
recombination, the FDR-type is comparable to a mitotic division and 2n gametes retain the
parental genome constitution, but when one crossover is formed between two homologues
the parental constitution is retained in only two of the four chromatids. Unreduced gametes
produced in the SDR-type contain the two sister chromatids of the same parental or
recombinant chromosome. Cellular defects causing meiotic restitution have been classified
in three main types: alterations of meiotic spindle dynamics, disturbed formation of meiotic
cell plate, and omission of any of the two meiotic divisions [43,71–73].

Spindle dynamics in any of the two meiotic divisions may be altered by structural
defects in microtubules nucleation, spindle organization and orientation, and kinetochore
functioning, which usually generate unbalanced chromosome segregation and aneuploidy,
but occasionally induce a meiotic restitution event. Formation of curved spindle and
disturbed attachment of microtubules to kinetochores impede chromosome segregation
and block cell plate formation in the first meiotic division of interspecific wheat-rye hy-
brids, yielding a restituted nucleus, which undergoes the second meiotic division to form
unreduced gametes [74]. Other alterations in the spindle organization disturb its bipolar
orientation causing monopolar, multipolar or apolar arrangements of microtubules. Meio-
cytes with monopolar spindle, in interspecific hybrids of Triticeae, or apolar spindle, in
maize meiotic mutants, omit chromosome segregation at anaphase I yielding unreduced
gametes [75,76]. Abnormal spindle geometry in the second meiotic division has been
documented as a source of unreduced gametes formation in dicotyledons microsporogene-
sis [71]. Proper chromosome number reduction is produced when the two spindles adopt a
perpendicular orientation in the second meiotic division, followed by cytokinesis to yield
the four microspores. Disturbed arrangements such as fused spindles and parallel spindles
generate a dyad with 2n nuclei while a tripolar spindle produce a triad containing two
n and one 2n nuclei [77–80]. However, fused, parallel and tripolar spindles may appear
in the same flower and probably represent different phenotypic expressions of the same
cellular defect [79–82].

Alterations of spindle dynamics are under strong genetic control. Up to date, a list of
23 genes of Arabidopsis, whose mutations cause meiotic restitution, have been reported [83].
Instances of Arabidopsis genes with mutations that induce the formation of unreduced
2n microspores through alteration of the second meiotic division spindles arrangement
are AtPS1, JASON and AFH14 [79,80,84]. Protein AFH14 is involved in the control of cell
division trough interactions with microtubules and microfilaments. The mode of action
of AtPS1 on spindle organization is unknown. The AtPS1 protein has been suggested to
play its regulatory function via RNA decay [80]. The JASON protein positively regulates
the AtPS1 expression, which suggests that JASON controls the organization of the second
meiotic division spindles through AtPS1 [80]. On the other hand, the origin of tetraploid
potato cultivars and related wild species has been attributed to a high frequency of the ps
(parallel spindles) allele, which induces the formation of 2n gametes [85,86]. In carnation,
Dianthus caryophyllus, the DcPS1 (Dianthus caryophyllus Parallel Spindle 1) gene, which
encodes a protein with domains suggesting a regulatory function, induces the formation of
unreduced gametes through alteration of spindle orientation in the male second meiotic
division [87].

Abnormal cytokinesis, either in the first or in the second meiotic division, represents
another major mode of unreduced gametes production both in microsporogenesis and
macrosporogenesis. In monocotyledons, cytokinesis occurs at the end of the two divi-
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sions of both male and female meiosis, but, in the spermatocytes of most dicotyledons,
cytokinesis takes place at the end of the second division. Premature cytokinesis in the first
meiotic division of microsporocytes although reported in some dicotyledons species is not
a relevant mechanism of meiotic restitution [71,78]. Incomplete or no cell plate formation
at any meiotic division has been observed in different species and represents an impor-
tant mechanism of FDR- or SDR-type unreduced gametes [88–93]. Cellular defects such
as disturbed microtubule array biogenesis or reduction of microtubules stability [94–97]
anomalous transport of cell wall material, disturbed fusion of membrane vesicles [98]
and reduced deposition of callose [99] may prevent cell plate formation in meiotic cells.
The chromatin regulator Male Meiocyte Death 1 (MMD1/DUET), a PHD-finger protein
that binds with H3K4methylation sites, is involved in the control of multiple processes
in Arabidopsis male meiosis. A hypomorphic mmd1/duet mutant allele causes defects in
microtubule organization and cytokinesis, which leads to meiotic restitution [83]. Disturbed
spindle elongation or orientation may also induce cytokinesis alterations. This is the case
of potato and Populus meiocytes, where disturbed spindle orientation causes defects in
interzonal radial microtubules array formation followed of cell plate formation failure and
unreduced gametes [78,100].

Loss of any of the two meiotic cell divisions is another source of meiotic restitution.
The absence of the first meiotic division abolishes both homologous recombination and
chromosome number reduction. Chromosomes divide at anaphase II separating sister
chromatids in two FDR-type nuclei with the parental genetic constitution [101–104]. This
phenomenon is observed in apomictically reproducing species and is termed diplosporous
apomeiosis [105–108]. In fact, the three components of apomixis, apomeiosis, parthenogen-
esis and functional endosperm development, are uncoupled in many crops leading to their
partitioning [109]. Mutation of the Arabidopsis gene DYAD/SWITCH1 (SWI1), a regulator of
meiotic chromosome organization, causes apomeiosis [102]. The transformation of meio-
sis into a mitotic division was also shown in the triple osd1/Atrec8/Atspo11-1 mutant of
Arabidopsis, called MiMe, where the Atspo11-1 and Atrec8 mutations produce sister chro-
matids separation at anaphase I, and the osd1 mutation prevents the second division [103].
Sister chromatids separate in the first meiotic division while the second meiotic division
is omitted. The Dominant nonreduction4 (Dnr4) of maize is defective in chromatin con-
densation during meiosis and shows a diplosporous phenotype with frequent unreduced
gametes formation [104]. Dnr4 codes for AGO104, a member of the ARGONAUTE family
proteins, which is needed for non-CG methylation of centromeric and knob-repeat DNA.
Mutation in protein-coding genes, such as Arabidopsis protein DYAD/SWITCH1 [110],
maize DMT102 and DMT103 DNA-methyltransferases [111], and APOLLO (APOmixis-
Linked Locus) histidine exonuclease of Boechera [112], induce a complete omission of the
first meiotic division and yield meiocytes that undergo equational cell division to produce
2n megaspores.

Failure of separation of sister chromatids in the second meiotic division because of de-
layed dissolution of centromeric cohesion yields dyads with SDR-type 2n nuclei [103,113].
Mutations in the Arabidopsis genes GIGC1/OSD1 (GIGAS CELL1/OMISSION OF SECOND
DIVISION1) and CYCA1;2 (A1-TYPE CYCLIN), also called TAM (TARDY ASYNCRONOUS
MEIOSIS), cause the second division blocking after normal chromosome segregation in the
first division, generating dyads containing SDR-type 2n nuclei [103,113]. OSD1 is involved
in the maintenance of the activity of cyclin-dependent kinases and promotes meiotic divi-
sion through inhibition of the APC/C (Anaphase Promoting Control/Cyclosome) [114].
The A-type cyclin CYCA1;2 encoded by TAM is involved in regulation of cell cycle progres-
sion through the formation of a complex with CDKA;1 [115].

3.3. Meiotic Restitution in Interspecific Hybrids

The absence of homologous chromosomes in interspecific hybrids restrict meiotic
pairing to homoeologous chromosomes, which show a variable synaptic pattern condi-
tioned by the degree of affinity between the parental genomes. Such a meiotic irregularity
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affects chromosome segregation at anaphase I and causes a high frequency of non-viable
gametes. However, some interspecific hybrids between Triticeae species are capable of
producing small or sometimes large numbers of seeds, which usually have a duplicated
chromosome number [116–122]. Hybrids between phylogenetically distant species, such
as wheat x rye, lack meiotic recombination and form, almost exclusively, univalents at
metaphase I. These univalents either show a monopolar orientation and segregate to
one pole at anaphase I [75,118] or once positioned at the cell equator do not move to the
poles [118], or after segregation at anaphase I undergo a centripetal migration from the
poles toward the cell center at telophase I [74], yielding in all instances one restituted cell,
which undergoes a normal second division. Sister kinetochores of chromosomes forming
bivalents orient syntelically at the first meiotic division, but those of univalents may show
either syntelic or amphitelic orientation [123]. Sister kinetochores of univalents undergoing
monopolar segregation, as well as those moving from the poles towards the cell center and
rejoined on the equator at telophase I, should adopt a synthelic orientation. In contrast,
univalents staying at the cell equator are oriented amphitelically. This was demonstrated
in a study [124] on the orientation of sister kinetochores in meiocytes of durum wheat
cultivar Langdon, which orient syntelically in the bivalents formed in tetraploid plants but
amphitelically in the univalents produced in polyhaploids and interspecific hybrids with
Ae. tauschii. Persistence of sister centromere cohesion until anaphase II counteracted the
tension created by amphitelic orientation and maintained univalents at the cell equator
contributing to generate the restituted nucleus. Univalents formed in interspecific hybrids
may also divide equationally at anaphase I. When all univalents behave in this way, the
second meiotic division is lost and meiosis is converted in a single mitotic division, which
is called single-division meiosis (SDM). SDM has been observed in interspecific hybrids
of durum wheat and Ae. longissima [120,125] and in hybrids of durum and bread wheat
with other Aegilops species or rye [126,127]. Both FDR and SDM meiotic restitution types
coexist in the same hybrid [125–127]. Failure of synapsis in polyhaploids and interspecific
hybrids was considered essential in determining the type of centromere orientation of
chromosomes at metaphase I and anaphase I. Cytomixis, a migration of cytoplasmatic
or nuclear materials between adjacent cells, has also been reported as source of meiotic
restitution in hybrids between the parental species of peanut (Arachis hypogea, L) [128].

Jauhar and coworkers [118] suggested that in interspecific hybrids, meiotic restitution
and its frequency largely depend on the presence of univalents caused by the lack of homol-
ogous partner rather than genetic defects. Consistent with this assumption is the behavior
of ABDD hybrids obtained in the cross of T. turgidum (AABB) × tetraploid Ae. tauschii
(DDDD), which do not undergo meiotic restitution while the ABD T. turgidum × Ae. tauschii
hybrids do [129]. A similar conclusion was inferred from the occurrence of meiotic restitu-
tion induced by the formation of univalents in durum wheat haploids, which is absent in
haploids of the 5D-5B substitution line where homoeologous bivalents are formed [118].
Similarly, asynapsis induced by low temperature in nulli 5D-tetra 5B plants of hexaploid
wheat Chinese Spring generates meiotic restitution [130]. Thus, failure of synapsis more
than absence of a homologous partner is responsible of meiotic restitution induced by univa-
lents formation in hybrids. However, genetic factors were also suggested to be involved in
the induction of unreduced gametes in genomic combinations involving durum wheat and
Ae. longissima chromosomes [125]. Accordingly, genetic differences between T. turgidum
genotypes are responsible of differences in the frequency of chromosome doubling ob-
served in hybrids with rye or Ae. tauschii [131–134]. An allele causing meiotic restitution in
such hybrids has been located on chromosome 4A in cultivar Langdon [135,136] and one
quantitative trait locus (QTL) on chromosome 3B [137]. Genetic variation in the promotion
of unreduced gametes formation through meiotic restitution in ABD hybrids was also ob-
served in Ae. tauschii, which seems to be under the control of six QTLs [138]. Ae. triuncialis
shows also genetic variation in its ability to promote chromosome doubling in hybrids with
wheat [139]. Studies in haploids of wheat-rye substitution lines revealed that univalents
divided equationally at anaphase I in the presence of chromosome 6R but reductionally
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when 2R was present [140]. Thus, these two rye chromosomes cause antagonist effects
on meiotic restitution, 6R is a promoter chromosome and 2R a suppressor one of meiotic
restitution. A further study confirmed these results and that chromosome 1R and 5R carry
also genetic information that promotes equational division of univalents and SDM [127].

Cytological mechanisms leading to meiotic restitution in interspecific hybrids between
species sharing a relatively high level of genetic affinity are similar to those reported in
hybrids between more distant species, but genotypes of unreduced 2n gametes formed
show usually a higher frequency of homoeologous recombination than those produced
in a strict FDR-type mechanism. Bivalents and multivalents formed by homoeologous
chromosomes in metaphase I, combined with separation of sister chromatids of univa-
lents, generate dyads with unusual chromosome constitution consisting in nulli-disomies
and associated translocations of homoeologues [141]. This process of unreduced gametes
formation was first detected in hybrids of Lilium and termed indeterminate (IMR)-type
of meiotic restitution [142]. Polyploids formed from such unreduced gametes show a
mixture of two copies- and four copies-chromosomal regions, are called segmental allopoly-
ploids [143], and have been detected in different taxa through cytological approaches or
genome sequencing [144–148].

3.4. Stress-Induced Meiotic Restitution

Plant meiosis is extremely sensitive to environmental conditions. Abiotic stresses,
such as low and high temperatures, salt stress, osmotic shock and water deficit, have
a negative impact on male gamete development and cause a considerable reduction of
male fertility [149,150]. Adverse conditions are also a source of meiotic restitution in
species or hybrids of genera Rosa, Solanum, Populus, Impatiens, Agave, Lotus, Ipomnoeoa,
Capsicum, Triticum, Arabidopsis or Medicago [43]. Heat stress or short period of cold induce
meiotic restitution through irregularities on spindle organization or orientation, alteration
of cell cycle regulation, defects on cell wall formation, or failure on synapsis and chiasma
formation [43]. A more frequent formation on unreduced gametes in extreme environments
has been suggested based on the observation that polyploids are more prevalent in such
conditions [151]. This assumption in association with the coincidence of a burst of ancient
polyploidization events with the Cretaceous-Paleogene extinction, occurred 66 million years
ago, suggesting that polyploid establishment is promoted during times of environmental
stress [152,153].

3.5. Premeiotic and Postmeiotic WGD in Plants

Apart from meiotic non-reduction, diploid gametes can also be generated by pre-
meiotic or postmeiotic WGD [154]. Premeiotic WGD may be the result of two different
cytological abnormalities, syncyte formation and cytomixis. The syncytium is formed
because of defects in cell wall construction and, when it is followed of nuclear fusion, poly-
ploid cells arise, which generate diploid gametes. This was observed in the tomato mutant
pmcd1 (pre-meiotic cytokinesis defect 1), tetraploid meiocytes originate from nuclear fusion
events in syncytial premeiotic germ line cells, ectopically generated by alterations in cell
wall formation [155]. Cytomixis leading to WGD was reported in Dactylis glomerata [156].
Migration of chromosomes through cytomictic channels was observed during the entire
first meiotic division from pachytene to telophase I. The number of bivalents in some
meiocytes at diakinesis indicated the formation of some polyploid cells, which generate
unreduced gametes. Postmeiotic chromosome doubling occurs by defects in cytokinesis
after the second meiotic division. Cold treatment disturbs the phragmoplast construction by
destabilization of radial microtubule arrays at the tetrad stage in Arabidopsis [91]. Defects in
microtubule organization cause also errors in cell wall formation in the tetraspore (tes)/stud
mutant of A. thaliana, the absence of cytokinesis generates a monad with four nuclei, some
of which may be fused [157]. Postmeiotic cytokinesis is regulated by the mitogen-activated
protein kinase (MAPK) signaling pathway. TES/STUD/AtNACK2, MKK6/ANQ1, and MPK4
are the three main components of this MAPK signaling cascade and mutations of these
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genes cause failure of microspore mother cell cytokinesis, which results in over-size mature
multinucleate pollen grains [95].

3.6. Frequency of Unreduced Gametes Formation in Natural Plant Populations

The importance of 2n gametes for polyploid evolution raises the question of how
frequent and variable 2n gametes are in natural populations. The estimation of the fre-
quency and variation of unreduced gametes in natural populations has been rather limited.
Most reports were based in a few number of populations in a small number of species and
suggested a low frequency of 2n gametes [158–163]. The most relevant study to compare
the frequency and variation of 2n gametes formation within and among taxa was carried
out by Kreiner and coworkers in 60 populations from 24 species of Brassicaceae [164]. The
presence of unreduced male gametes was detected by flow cytometry, which establishes
the level of ploidy by quantification of the DNA content of pollen nuclei. Variation of 2n
gametes production was assessed among species, among populations within species, and
among individuals within populations. Most of the variation in 2n gametes production
was among individuals within populations. The proportion of 2n gametes per plant ranged
from 0 to 85.6%, with an average frequency of 1.93% among all plants and 2.52% across
species. Variation in 2n gamete production was related to reproductive system; asexual
species produced significantly more 2n gametes than mixed-mating and outcrossing species.
The conclusion was drawn that in situations of low selective pressure, 2n gametes can be
maintained and individuals with high frequency of unreduced gametes are important to
generate polyploid offspring.

4. Cytological Diploidization of Allopolyploids

After WGD, multivalents at metaphase I lead to missegregation, gametic aneuploidy
and low fertility [165,166]. In this landscape, natural selection should favor a diploid-like
meiosis (cytological diploidization) with bivalent chromosome configurations, even though
there are four or more sets of homologous/homoeologous chromosomes, to overcome the
reduction in fertility derived from meiotic irregularities. As explained above, autopoly-
ploids and allopolyploids face different meiotic challenges for balanced segregation of
homologous chromosomes during diploidization [5,167]. We will address below specific
examples of these situations concerning mainly allopolyploid species among monocots
and dicots.

4.1. Monocots
4.1.1. Wheat

Bread wheat is one of the most important crops in the world. It is the only allopoly-
ploid species in which an extensive amount of work has been carried out to study cytological
diploidization and identify genes involved in the genetic control of recombination [168–170],
particularly among homoeologous chromosomes [171,172]. This allopolyploid species, and
tetraploid (pasta) wheat, arose by combining related genomes. Bread wheat
(Triticum aestivum L., 2n = 6x = 42) comprises three subgenomes (A, B, and D) derived
from three different but related diploid species. Each subgenome contains seven pairs of
homologous (equivalent) chromosomes. Similarly, allotetraploid wheat (T. turgidum L.,
2n = 4x = 28), commonly known as durum (or pasta) wheat, has also two subgenomes (A
and B) with seven pairs of homologues each. Chromosomes from different subgenomes are
named homoeologues since they evolved from a common ancestor and preserve a consid-
erable degree of genetic affinity [173]. The presence of homoeologous chromosomes, which
share a high degree of gene synteny and DNA sequence homology, makes the process of
recognition and pairing during meiosis more complicated because each wheat chromo-
some needs to distinguish between its equivalent (homologue) and the similar/related
(homoeologue) from the other subgenomes. Hence, despite its genome complexity, wheat
behaves as diploid during meiosis (Figure 1). This means that chromosomes associate
regularly in pairs of homologues to successfully recombine and segregate correctly in
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anaphase I. This high efficiency of chromosome associations in pairs during meiosis has
a great effect on wheat fertility but, on the other hand, has a negative effect preventing
pairing and recombination between wheat chromosomes and those from related species in
the framework of breeding.

Numerous challenges at the cytological, genetic, and epigenetic levels were over-
come to preserve fertility in the newly formed allopolyploids, particularly in annual and
predominantly self-pollinated species such as wheat and wheat related species [174]. At
the cytological level, the diploid-like meiotic behavior in wheat has been traditionally
explained through the action of several Ph (Pairing homoeologous) genes, which restricted
chromosome associations to homologous chromosomes [175–177]. Among these Ph genes,
the Ph1 locus, located on the long arm of chromosome 5B, was described as the major
chromosome pairing locus in wheat [178]. Other loci such as Ph2 located on the short arm
of chromosomes 3D, or another suppressor located on the short arm of chromosome 3A,
have also an effect on meiosis, although their impact is much weaker than the one of the
Ph1 locus [176,179,180].

The Ph1 locus has been intensively studied during some decades due to its key impli-
cations in meiosis and therefore in breeding. Several hypotheses have tried to explain how
Ph1 restricts recombination to homologous chromosomes (reviewed in [38]). The Ph1 locus
was described controlling homologous chromosome pairing in bread wheat [175,181–183].
The presence of the Ph1 locus affects also the dynamics of telomere bouquet formation by de-
laying it, what suggests that chromosomes might have more time to check potential pairing
and consequently, correct homologous chromosome pairing could be facilitated [184]. Sup-
pression of homoeologous crossovers (COs) instead of preventing chromosome associations
between homoeologues has been also assessed to the Ph1 locus [185–189].

Recently, the ZIP4 gene has been associated to the Ph1 phenotype. ZIP4 was included
during polyploidization in the same region of chromosome 5B and consists in one extra
copy of the major new meiotic gene ZIP4, named TaZIP4-B2, that duplicated and diverged
from chromosome 3B [172,186]. Hence, hexaploid wheat has four copies of ZIP4, one copy
on chromosomes 3A, 3B and 3D, and a fourth copy inserted on chromosome 5B, which
corresponds to the duplicated and diverged TaZIP4-B2 [190].

The new finding of the TaZIP4-B2 gene as the candidate to explain the effect of the
Ph1 locus on recombination suggests that TaZIP4-B2 has a stronger effect in meiosis than
previously explained for ZIP4 in other model species studies [190,191]. In Arabidopsis and
rice, ZIP4 is only necessary for homologous CO and not for pairing and synapsis, although
in yeast, ZIP4 is needed for both CO and synapsis [191–194]. In addition, ZIP4 can also
participate as a scaffold protein that facilitates the assembly of protein complexes and
promoting homologous COs [190,191,195]. Studies in wheat comparing two TaZIP4-B2
TILLING mutants, one TaZIP4-B2 CRISPR mutant and the Sears ph1b deletion mutant have
revealed that all four mutants display an equivalent level of COs between homoeologous
chromosomes in hybrids with the same wild relative [196]. Due to the fact that TaZIP4-B2
TILLING and CRISPR mutants are of recent origin, the possibility that chromosome re-
arrangements accumulated over generations in the ph1b mutant could also modify the
meiotic phenotype derived from the absence of the wild Ph1 allele, seems unlikely. In
addition, large-scale genome sequencing and RNA analysis have recently shown that
homoeologous wheat chromosomes did not display wide gene loss or expression changes
after polyploidization [197,198], suggesting that a key factor quickly evolved upon wheat
polyploidization to regulate the behavior of its several genomes at the onset of meiosis,
and consequently fertility is also preserved. Altogether, after several decades of studying
the diploid-like behavior of polyploid wheat, the duplicated and diverged TaZIP4-B2 copy
inserted on wheat chromosome 5B seems to be the key regulator, responsible for both the
suppression of homoeologous COs and the promotion of homologous pairing-synapsis
phenotypes, which has been historically defined on wheat chromosome 5B. Nevertheless,
the molecular mechanisms behind its phenotype remains to be elucidated.
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Figure 1. Diploid behavior during meiosis in allopolyploids and autopolyploids. (A,B) Chromosome
associations at metaphase I in the presence and in the absence of the Ph1 locus in wheat (T. aestivum;
AABBDD). (A) Representative image showing regular bivalent formation in the presence of Ph1.
(B) Formation of multivalents (arrow) in the absence of Ph1. (C–F) Fluorescence in situ hybridiza-
tion showing chromosome associations at metaphase I in wheat lines carrying chromosomes from
wheat related species, both in the presence and in the absence of the Ph1 locus. Introgressed ho-
mologous chromosomes are visualized associated in disomic lines independently of the presence
of the Ph1 locus, although aberrant chromosome associations can be observed in the absence of the
Ph1 locus (F). (C) Wheat + pair 6Hv from Hordeum vulgare (red), Ph1Ph1. (D) Wheat + pair 6Hch

from Hordeum chilense (green), Ph1Ph1. (E) Wheat + pair 6P from Agropyron cristatum (in red), Ph1Ph1.
(F) Wheat + pair 6P from Agropyron cristatum (in red), ph1ph1. (G,H) Chromosome associations at
metaphase I in a natural autotetraploid line from A. thaliana. 45S rDNA and 5S rDNA regions are
detected in green and red, respectively, to identify the chromosomes. (G) Metaphase I showing a
pair of univalents (arrows). (H) Metaphase I exhibiting univalents (white arrows) and a quadrivalent
(yellow arrow). Bars for (A–F): 10 μm. Bars for (G,H): 5 μm.
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4.1.2. Wheat-Related Polyploid Species

Among allopolyploid Aegilops species, regardless the degree of divergence between
homoeologous genomes, the control of the diploid-like meiosis operates by means of re-
striction of synapsis to homologous chromosomes and suppression of chiasma formation
in the infrequent homoeologous associations [199]. A similar system controlling restriction
of chromosome synapsis initiation to homologous chromosomes has also been reported
in allopolyploid species of Avena [200], Festuca [201], and wild forms of T. turgidum and
T. timopheevii [202]. Surprisingly, the strictly disomic inheritance displayed by the culti-
vated wheat T. timopheevii is achieved though synaptonemal complex (SC) multivalents
are relatively frequent during prophase I [203]. The high efficiency of the diploidizing
mechanism of Aegilops is noticeable, at least in Ae. ventricosa, since it also operates in the
synthetic amphiploid Ae. ventricosa-S. cereale despite its recent origin and the presence of
rye genomes [199].

4.1.3. Other Polyploid Species Included in the Poaceae Family

In the Zea genus, which includes allotetraploid species with 2n = 20 chromosomes,
such as maize, Zea mays L., and teosintes, and the alloautooctoploid species Z. perennis
(2n = 40), a paring regulator locus (PrZ), whose expression is suppressed by colchicine,
has been recently reported [204]. Poggio and González postulated that, in Z. perennis, PrZ
would affect independently the A and B maize genomes, being relevant the threshold of
homology, the fidelity of pairing in each genomes and the ploidy level [204]. To the best
of our knowledge, no other genes related to maize cytological diploidization have been
described so far.

Little efforts have been carried out to shed some light on the diploid-like behavior of
rice polyploids. The genus Oryza has 24 species, two of them (O. sativa and O. glaberrima) are
cultivated and 22 are wild species. Among the 22 wild species, six are in the primary gene
pool of O. sativa complex and share the A genome. Another group of 10 wild species, under
the O. officinalis complex, includes tetraploid species with genome constitution, BBCC
(O. punctata and O. minuta) or CCDD (O. latifolia, O. alta and O. grandiglumis). All species of
this complex belong to the secondary gene pool and are cross incompatible with O. sativa.
The other six wild species are most distantly related and highly cross incompatible to
O. sativa and include tetraploids with genome formula HHJJ and HHKK [205]. Particularly
in the O. officinalis complex, the largest of the Oryza genus, genomic relationships were
found extremely complicated. For example, the BBCC tetraploid species formed indepen-
dently with different parenthood in three polyploidization events [206–209]. Furthermore,
three tetraploid species with CCDD genomes were assumed to be formed by one poly-
ploidization event, where the CC genome progenitor was the maternal parent [206,209–212].
All these works revealed that the C genome seems to be the pivotal genome in all the
tetraploids rice species.

Nevertheless, a Ph1-like system has not been identified so far in the genus Oryza.
Recent studies have been focused on the temporal evolutionary dynamics of four polyploid
genomes at both genetic and expression levels. Orthologous genomic sequences adjacent to
the DEP1 locus, a major grain yield QTL in cultivated rice, from four Oryza polyploids and
their likely diploid genome donors or close relatives have been studied [213]. Genome dom-
inance of this locus was not detected in the lately formed BBCC polyploid, O. minuta, and
its short-term reactions to allopolyploidy is mainly displayed as a high fraction of homoeol-
ogous gene pairs showing imbalanced expression. In addition, an ongoing diploidization
progression has been detected in this genus, suggesting that the expression divergence
conducted by changes of selective restriction might plays an important function in the
long-term diploidization [213].
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4.2. Dicots
4.2.1. Brassica napus

As it happens in allopolyploid wheats, in allohaploids (AC, 2n = 1x = 19) from oilseed
rape (Brassica napus, AACC; 2n = 4x = 38) homoeologous chromosome pairing during
meiosis is genetically controlled by a major QTL named PrBn for PAIRING REGULATOR
IN B. NAPUS [17,214–216]. PrBn has an effect on the frequency but not on the distribution
of chiasmata between homoeologous chromosomes [217]. In addition to this locus, in
this species, other six minor QTLs have slight additive and PrBn-independent effects on
non-homologous chromosome recombination frequency [218]. PrBn was identified by
exploiting natural variation for high and low homoeologous recombination in B. napus
haploids. However, all B. napus allotetraploid accessions display a diploid-like meiotic
behavior regardless the genotype at the PrBn locus [214,217]. Therefore, the mode of
action of PrBn seems to be different from that of Ph1 in wheat. Unlike PrBn, no natural
polymorphism has been described for Ph1 in hexaploid wheat and, in contrast to Ph1, PrBn
is not required for regular bivalent formation during meiosis in the allopolyploid B. napus.
Since the suppression of homoeologous pairing by PrBn is not essential, the mechanism of
meiotic stability in Brassica remains unclear.

Attempts have been made to identify the candidate gene, but this has not been possible,
even though it has been mapped to chromosome C9 [214]. Annotated genes within the
QTL region includes RPA1C (REPLICATION PROTEIN A 1C) and MUS81 (MMS and UV
SENSITIVE 81). RPA1C functions in double-stranded break (DSB) repair during meiosis
in Arabidopsis thaliana [219] and MUS81 is an endonuclease involved in the formation of
crossovers (COs) [220]. However, expression analyses on meiocytes isolated from the two
lines used to map the PrBn locus, Darmor-bzh and Yudal, revealed no differences [221].

Cifuentes and coworkers [215] found that two meiotic phenotypes of B. napus, differing
in the chiasma frequency at metaphase I, could be explained by the segregation of two
alleles at PrBn. These alleles came from different parental B. oleracea (CC, 2n = 2x = 18)
genotypes. In a similar study, Sheidai [222] found variability in pairing and chiasma
frequency associated to different B. napus accessions. Mason and Batley [223] suggest that
genetic control of chromosome pairing in B. napus could arise either by mutation in the
newly formed allotetraploid or through the accumulation of minor alleles inherited from
the diploid parents. Interestingly, in contrast to the regular bivalent formation in B. napus
lines, resynthesized allotetraploids (obtained by hybridization of the parental species
B. oleracea and B. rapa) display a high frequency of homoeologous bivalents and even
multivalents [224]. Exploiting these differences, Higgins and coworkers [225] identified
recently three QTLs that contributed to the control of homoeologous recombination. One of
these QTLs, BnaPh1 (B. NAPUS PAIRING HOMOEOLOGOUS 1), is the major contributor
to variation of the recombination pattern. This QTL locates in a homoeologous region of
that carrying PrBn, which includes also RPA1C and MUS81. It is possible that one of these
genes or another not yet characterized could be responsible of the meiotic phenotypes of
established and resynthesized lines [225]. In addition, the regions around the minor QTLs
include MSH3, a gene involved in DNA repair [226], but it is not clear whether this gene
may be considered a candidate [225].

4.2.2. Arabidopsis

In the last decade, the Arabidopsis genus has risen as an excellent model for analyzing
the consequences of WGD on meiosis [227]. This genus includes several polyploids of
different ages and origins. In addition, the diploid progenitors of the polyploids are still
found in nature. Arabidopsis suecica (2n = 4x = 26) and A. kamchatica (2n = 4x = 32) are
allotetraploids, whereas A. arenosa and A. lyrata can be found in diploid (2n = 2x = 16) or
tetraploid (2n = 4x = 32) populations.

Arabidopsis suecica and A. kamchatica present a diploid-like meiotic behavior and dis-
omic inheritance [228]. However, A. suecica neotetraploids (obtained by the hybridization
of autotetraploid A. thaliana and A. arenosa) display multivalents and reduced pollen viabil-

76



Plants 2022, 11, 125

ity [229]. A QTL named BOY NAMED SUE (BYS), together with other multiple genomic
loci, seems to be involved in controlling homoeologous recombination in this allotetraploid
species [229]. Furthermore, different chromosomal rearrangements might have contributed
to the cytological diploidization [230]. A recent study has reported that A. suecica genome
is colinear with the ancestral genomes of A. thaliana and A. arenosa, showing no subgenome
dominance in expression and stable transposon dynamics, but with an upregulation of
meiotic genes in the A. thaliana subgenome [231]. All these data suggest that even though
the diploid progenitors of the A. suecica are quite divergent, a genetic control system should
evolve to achieve meiotic diploidization.

Arabidopsis arenosa is an outcrossing species highly diverse that can be found in both
diploid and tetraploid populations. Cytogenetic studies in tetraploids have revealed
that most of homologous chromosomes associate randomly as bivalents during meio-
sis [232,233]. It has been hypothesized that a slower progression through prophase I could
contribute to this diploidization [233]. In contrast, extensive multivalent formation and
reduced fertility is observed in synthetic neotetraploids obtained from colchicine treated
diploids [232]. On the other hand, A. arenosa diploid lines display a higher frequency
of chiasmata per bivalent compared to the established autotetraploid [232]. These data
support the idea that either the reduction of CO frequency or the increase of CO interference
promote the formation of bivalents over multivalents, to achieve balanced chromosome
segregation during meiosis in polyploids [234]. Indeed, CO interference, measured by
localizing E3 ligase HEI10 foci, is strong in established autotetraploid plants of A. arenosa,
but weak in synthetic neotetraploids of this species [235]. In this context, it is important to
highlight that the reduction in chiasma frequency has also been observed in other estab-
lished autotetraploid species [236]. However, there are species in which chiasma frequency
increases by 75% over that in diploids [237]. To add more complexity, it is remarkable to
note that some natural autotetraploids form multivalents with no substantial reduction in
fertility compared to diploids [238].

Interestingly, signatures of selection found in meiotic genes of A. arenosa might be the
consequence of genomic changes leading to genomic stability. These genes include elements
related to the cohesin complex (SMC3, REC8/SYN1, and PDS5), components of the meiotic
axes and synaptonemal complex (SC) (ASY1, ASY3, ZYP1a, and ZYP1b), and homologous
recombination factors (PRD3) [232,239,240]. For this reason, it has been suggested that
the diploid-like pairing of A. arenosa is the consequence of modifications in the structural
components of the meiotic chromosomes. Specifically, for ASY1, a single amino-acid change
within the HORMA protein domain was found at a very high frequency in tetraploid
populations, whereas it was detected at a very low frequency in diploids [239]. The
presence of this ASY1 mutant allele in tetraploids is associated with a reduced formation of
multivalents [241]. Likewise, in established autotetraploid plants of A. lyrata, the frequency
of multivalents and chiasma distribution is associated with the segregation of an ASY3
allele [242].

In the model species most commonly used for meiosis studies, A. thaliana (2n = 2x = 10),
some natural tetraploid accessions have been found, but the cytogenetic studies performed
have been scarce [243,244]. However, studies that focus on the analysis of colchicine-
induced polyploids are more abundant [245–247] (Figure 1). Santos and coworkers [246]
demonstrated that the high multivalents frequency observed in the first generation of
A. thaliana autotetraploids decreases in successive generations of self-crossing, suggesting
rapid adaptation to WGD. Remarkably, this cytological diploidization does not affect
all chromosomes equally, since the small chromosomes suffer a more rapid decline of
the frequency of multivalents. In a subsequent study, Parra-Nunez [248] reported that
genetic differences between accessions have also an influence on chromosome associations
during meiosis.
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4.2.3. Solanum tuberosum

Most cultivated potatoes, which represent the third most important food crop in the
world, are autotetraploid (2n = 4x = 48) with an intriguing origin and evolution [249].
Despite the presence of four sets of homologous chromosomes, bivalents are commonly
observed at metaphase I, although multivalent formation occurs sometimes [250]. The
absence of preferences for pairing/synapsis and recombination between homologous
chromosomes, together with outcrossing and a high level of heterozygosity, result in a large
number of allelic combinations due to a polysomic pattern of inheritance [250].

It is important to establish the mechanism leading to bivalent formation in this au-
totetraploid to compare it with that responsible of the diploid-like meiotic behavior of
allopolyploids. Cytogenetic studies have been difficult in potato due to the small size of
chromosomes, but the use of bacterial artificial chromosomes (BACs) as probes in FISH
experiments allowed the identification of individual chromosomes [251,252]. In an elegant
study, He and coworkers [253] applied oligonucleotide-based painting probes to identify
four different potato chromosomes. They demonstrated that the four homologous chromo-
somes form a SC quadrivalent configuration in 66–78% of pachytene meiocytes. However,
cells with one chiasmate quadrivalent at metaphase I were reduced to 21–42%. The re-
duction in the frequency of quadrivalents as meiosis progresses has also been observed
in wheat, and this mechanism (transformation of SC zygotene-pachytene quadrivalents
into pairs of bivalents at metaphase I) has been proposed as a possible mechanism of
diploidization of polyploid species [236,254].

Other studies have been focused on the comparison between diploid and tetraploid
potato varieties. Remarkably, the CO frequency per bivalent (at least for some individual
chromosomes) in certain tetraploid varieties was lower than in a diploid variety [255]. This
observation concurs with the idea of reduction in the mean chiasma frequency per cell
in the evolution of autotetraploid species [234]. Taking into account that in potato open
chromatin regions, marked by H3K4me3, present a higher CO frequency [256], several
epigenetic mechanisms, in addition to genetic factors, might be involved in the variation of
this recombination landscape.

5. Readjustments of the Merged Genomes

5.1. Genomic Changes

Genomes from two diverged species that merge are usually unstable at early stages of
allopolyploid formation and experience massive genetic changes including structural vari-
ation caused by deletions, inversions, translocations or homoeologous exchanges, together
with epigenetic changes, such as transposable element (TE) activation and transcriptional
gene silencing mediated by small RNAs, resulting in heritable loss of gene expression from
previously active genes [8,257–260].

Genome sizes of polyploids are typically smaller than expected, suggesting that
genome downsizing is a common readjustment in the diploidization process [261]. The
loss of genetic material is a non-random process. It particularly affects to house-keeping
genes or nuclear-encoded organellar genes [35,262], whereas genes involved in signal
transduction and transcription are preferentially retained [263].

In wheat, allopolyploidization causes an immediate and non-random loss of both,
coding and non-coding DNA sequences. Specifically, tetraploid wheat (T. durum) shows
a reduction of 2–10% in the DNA content relative to the summed amounts of its diploid
progenitors [264]. A similar situation occurs in the hexaploid wheat (T. aestivum) [265]. In
this species, the rDNA loci of the A and D subgenomes have been lost in the evolution [265].
The DNA loss has contributed to increase the divergence between the homoeologous
chromosomes, favoring its diploid-like meiotic behavior [174,264,266]. However, although
many duplicated genes were lost, several copies of some of them are retained. Gene
retention could serve as source of variation for natural selection to enhance possible
adaptation to environmental changes [263]. In this context, the three homoeologous copies
of most wheat meiotic genes are retained and show balanced expression to ensure proper
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meiotic progression [198]. There are, however, exceptions: the copy of the meiotic gene
SPO11-2 in subgenome A is not expressed, while its homoeologues in the other two
subgenomes are functional [267]. Gene retention could also involve the acquisition of a
novel expression domain or a new and beneficial role (neofunctionalization). This process
has been reported for specific transcription factors, allowing the acquisition of different
roles in regulatory development and plant morphology [268,269].

On the other hand, gene subfunctionalization involves the expression of duplicated
genes in a tissue-specific way or in different developmental stages. It also ensures balanced
expression among the different subgenomes [260,270]. The analysis of 727 RNAseq data sets
in T. aestivum indicates that around 15–20% of genes present a tissue-specific differentiated
homoeologous expression [271]. In the Brassica genus, the two paralogous genes SHORT
SUSPENSOR (SSP) and BRASSINOSTEROID KINASE 1 (BSK1) acquired different roles in
the evolution. While BSK1 retains its original role in hormonal transduction, SSP diverged
to acquire a new function in zygote elongation by losing the kinase domain [272].

In addition to rearrangements affecting the copy number of genes, exons or small
repeats, larger structural mutations resulting from reciprocal and non-reciprocal homoe-
ologous exchanges abound in polyploids [273]. These rearrangements, involving small
telomeric regions, intercalary segments of variable size, and even entire chromosome
arms, alter the copy number of large genomic portions containing genic and non-genic
DNA sequences, which is a representative feature of segmental allopolyploids. Extensive
and repeated pattern of chromosomal variation has been reported in different popula-
tions of the natural allopolyploid Tragopogon miscellus, formed multiple times in the past
90 years [148]. Other segmental allopolyploids are quinoa, Chenopodium quinoa [274], to-
bacco, Nicotiana tabacum [275], Brassica [276,277], peanuts, Arachis hypogaea [278,279], and
the synthetic allotetraploid rice obtained from the cross O. sativa subsp indica × O. sativa
subsp japonica [280,281]. The complexity of chromosomal rearrangements can increase
over generations, providing a very wide genomic diversity, on which natural selection can
act promoting adaptation of neopolyploids. In fact, in Brassica, segmental allopolyploidy
promoted phenotypic diversification of traits such as glucosinolate metabolism, flowering
time or disease resistance [276].

Investigation of the constitution and evolution of subgenomes present in different
allotetraploid plant species has shown that one subgenome, called dominant subgenome,
tends to preserve more genes than the other subgenome. In addition, genes of the dominant
subgenome tend to be more expressed than their homoeologous counterparts retained in the
recessive subgenome [282]. Genome dominance involves events such as chromosome rear-
rangements of the types indicated above, which increase the dominant genome size instead
of the submissive one, a preference in gene silencing of the submissive genome through
epigenetic changes, or preference in activation of TEs from the dominant genome [270]. The
occurrence of genome dominance normally appears following the hybridization process,
throughout the first generations [283,284], or through multiple rounds of polyploidy [282].
In most cases, genome dominance manifests by upregulation or downregulation of the
dominant or submissive genome, respectively [270,284,285]. The main elements responsible
for this dominance would probably be trans–acting factors, that is, regulatory proteins
such as transcription factors that operate through sequence-specific DNA-binding mo-
tifs. Dominance seems to arise in the genome with the most efficient factors [286]. For
example, in the new synthetic allopolyploid Cucumis sativus × C. hystryx drastic changes
at genomic level emerge rapidly after hybridization, while others occur in later genera-
tions at a slower rate. The study has revealed that the C. sativum subgenome is dominant,
preserving more sequences and showing a higher expression level than the C. hystryx
genome [287]. However, in tetraploid cotton, downregulation of the homoeologous gene
copies of the submissive genome is mediated by both, cis- and trans-regulatory elements
from the dominant genome [288]. Nevertheless, genome dominance is not present in all
plant species. In Oryza, the short-term responses to genome merger are manifested in a
high proportion of homoeologous gene pairs showing unequal expression [213].
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5.2. Changes in the Activity of Transposable Elements (TEs)

Hybridization and polyploidization frequently trigger TE activation [269]. This has
important consequences since TEs are the most abundant element in the genome of many
plants. For example, in wheat, these elements represent about 85% of the genome [289].

TEs play a key role in plant evolution, since they are source of genetic diversity, al-
lowing adaptation to new environments [290–293]. The repetitive nature of TEs offers
numerous sequences scattered through the whole genome, which are potential sites for
recombination and, therefore, represent a major source of chromosome rearrangements.
TEs may represent a substrate for new genes and gene functions [294] and can provide pro-
moters or transcriptional regulatory elements that change gene expression levels [295]. In
addition, TEs transposition can create insertions and/or other mutations along the genome
sequence, which might confer an adaptive advantage to new species [296]. Specifically,
TEs seems to be involved in the adaptation to different stresses by modification of the
expression of stress-related genes [297]. This phenomenon has been reported in the case of
aluminum resistance genes [298] or in genes involved in the response to different diseases
in pepper [299]. In wheat, Poretti and coworkers [300] showed how a specific class of TEs,
Miniature Inverted-repeat Transposable Elements (MITEs), contribute to the regulation of
neighboring genes via micro RNAs (miRNAs), increasing the immune response to the pow-
dery mildew pathogen. In a meiotic context, TEs, providing sequence homology, are also
involved in the modification of the recombination pattern along the chromosomes [301,302].

Hybridization and polyploidization not only allow the combination of two different
TE populations, and siRNAs controlling them, but also affect the expression of flanking
genes [295]. In addition to offer new regulatory sequences, TEs can also be the source of
small RNAs that affect gene expression [260]. The reactivation of LTRs (Long Terminal
Repeats) in resynthesized hexaploid wheat produces alterations in the expression of neigh-
boring genes [303,304]. Similar results were observed in different species such as synthetic
Arabiposis polyploids [22], synthetic Cucumis polyploids [287], or Gossypium [305], among
others. TEs can also experience an increase in copy number following the hybridization,
as it has been reported in tobacco [306] or Brassica [307]. Exceptions have been found, for
example in A. arenosa, where polyploidization caused no change in the copy number [308].

5.3. Changes at the Gene Expression and Regulatory Level

The expression level of duplicated genes in allopolyploids, instead of being exclusively
additive relative to that of progenitors, suffers a deep modification called “transcriptome
shock” [309]. Gene expression changes, including genome dominance and non-additive ex-
pression patterns, have been reported in synthetic and natural polyploid species of various
taxa, such as, Arabidopsis [310], Tragopogon [311], Coffea [312], Gossypium [288], Oryza [313],
Mimulus [314] and Triticum [315,316]. The transcriptomic adjustment to the polyploid con-
dition might take place either during the first generations, after the hybridization and/or
WGD, or after a long term period [317]. For example, Zhao and coworkers [262], reported
that among the homoeologous gene pairs of the A and B subgenomes, either from natural
tetraploid wheat or extracted from hexaploid wheat, with differential expression relative
to a synthetic tetraploid, most of them had only one differentially expressed copy, which
was more often that of the B subgenome. In addition, differentially expressed genes were
more abundant in the A and B extracted subgenomes than in those of the natural tetraploid
wheat. This suggests that chromatin remodeling produced to adjust gene expression levels
is an irreversible process that initiates at early generations and increases with the course
of evolution. The non-additive expression pattern means that the expression level of a
particular gene in a polyploid plant is not equal to the average of the gene expression levels
in the two parents [318]. This has been observed in synthetic Arabidopsis allotetraploids
(A. thaliana × A. arenosa) where around 6% of the genes differ in their expression level
relative to the mid-parental value. Most of these genes were also differentially expressed
among progenitors and non-additive gene regulation was derived from repression in 65%
of genes [310].
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As stated above, factors, such as TEs, genome dominance and cis- and trans-regulatory
elements, contribute to gene expression regulation. In fact, the merge of two genomes
could generate new forms of interactions between parental regulatory factors [286]. It
has been demonstrated that the level of interactions between trans-factors of polyploids
is about 54–64% higher than those found in diploids [319]. In wheat, polyploidization
caused mainly elimination of redundant genes as well as appearance of inter-subgenome
trans-regulation [262]. In addition, the merge of two different small RNA populations
(such as miRNAs and siRNAs) can trigger the emergence of new regulatory mechanisms
in allopolyploids [320,321]. Expression of these small RNAs can also be non-additively
regulated [322]. In this context, a high siRNA density at genes associated with TEs has
been reported to have a negative effect on gene expression of the D genome in nascent
allohexaploid wheat [323].

However, modification of gene expression can be also influenced by epigenetic changes
such as alterations in the pattern of methylation of histones and DNA [318]. Indeed, a study
carried out on hexaploid wheat and its progenitor Ae. tauschii showed that modification
of the methylation pattern is responsible of altered expression in 11% of genes [324].
Accordingly, changes of histone and DNA methylation are responsible of the Nucleolar
Organizing Region (NOR) silencing in the subgenome A of a synthetic allotetraploid
wheat, causing its further elimination [325]. Nucleolar dominance controlled by changes
on methylation of DNA and histones has been also observed in the allopolyploid A. suecica
(A. thaliana × A. arenosa), where the rRNA genes from A. thaliana are silenced while those
from A. arenosa, are transcribed [259,326]. Likewise, DNA methylation changes observed
in synthetic allopolyploid B. napus (AACC), affect mainly to silencing of genes of the C
genome [327].

Epigenetic changes may also modulate the polyploid phenotype. For instance,
A. suecica shows late flowering compared to its progenitors. In these species, the flowering
time is controlled by two genes, the FLOWERING LOCUS C (FLC), that repress flowering,
and FRIGIDA (FRI) that upregulates FLC. In A. suecica both FLC copies, from A. thaliana
and A. arenosa, are upregulated by H3K4 trimethylation (H3K4me3) and H3K9 acetylation
causing flowering delay [328]. The photoperiod in domesticated allotetraploid cotton
(G. barbadense × G. hirsutum, AADD genomes) is also modified relative to the parental
species. The CONSTANT-LIKE 2 (COL2) gene is hypermethylated in both wild species,
which is responsible of plant photoperiod sensitivity. During the domestication process,
hypermethylation disappeared in COL2 of the D genome, contributing to photoperiod
insensitivity of the allotetraploid. This epigenetic change has allowed to produce cotton in
different environments (such as subtropical) [329].

The merger and doubling of independent genomes profoundly impact their genetic
architecture, the expression mode of merged genes, and the physiological machinery re-
sponsible of the allopolyploid phenotype. However, changes in genome organization, gene
expression and molecular interactions do not occur only suddenly after hybridization but
are cumulative throughout the polyploid evolution. Feldman and Levy [174] distinguished
between revolutionary changes, that is, those arising in the early stages of allopolyploid
formation and evolutionary changes, namely, changes produced more gradually over time.
Understanding the impact that revolutionary and evolutionary changes have had on al-
lopolyploid evolution is essential for a comprehensive knowledge of the dimension of the
temporal progression needed to become a stable and well adapted allopolyploid species.
As suggested by Nieto-Ferliner and coworkers [260] revolutionary changes most likely
represent the tip of the iceberg as compared to later evolutionary innovations. Despite the
advances produced in the last decades with the use of genomic tools for probing genomes
and transcriptomes, the way by which polyploidization leads to phenotypic diversity and
evolutionary diversification is poorly understood [260]. Consequently, it is also unknown
how the different are the evolutionary patterns of allopolyploids relative to diploids.

81



Plants 2022, 11, 125

6. Conclusions

Speciation by allopolyploidy is a complex evolutionary process that initiates with
interspecific hybridization and is followed of the hybrid chromosome number duplica-
tion, cytological diploidization of the primitive allopolyploid and genetical diploidization
derived from cumulative genomic changes over evolutionary timescale. Interspecific hy-
bridization seems to be a relatively frequent phenomenon among plants conditioned by
the reproductive system. Interpecific hybridization has been exploited in several research
experiments for interspecific gene transfer. In addition, very valuable information on the
genetic and epigenetic changes triggered by the genome merger has been obtained from
synthetic hybrids and allopolyploids. WGD is also starting to be quantified and different
cellular defects have been identified as responsible of the production of unreduced gametes.
While the chromosome constitution of the hybrids may be responsible, at least in part,
or the production of 2n gametes, there is evidence that the parental genotypes are also
important to achieve WGD. On the other hand, there is accumulated evidence that meiotic
and mitotic cell divisions are indeed highly vulnerable to environmental stress. Inter-
specific hybridization and WGD may facilitate genetic diversification and even provide
an emergent saltational speciation as response to environment changes. The cytological
diploidization depends on genetic systems evolved at the early allopolyploid stage that
suppress recombination between homoeologous chromosomes. The locus Ph1 in wheat is
the best studied example, but the genetic basis of the diploid-like behavior is unknown in
most allopolyploids. Understanding the mode of action of homoeologous recombination
suppressors has also implication in their application for useful gene introgression into
crops through meiotic recombination. To establish how the different are the mechanisms
responsible of the cytological diploidization of autopolyploids and allopolyploids is also of
great importance, since many autopolyploids show also preferential bivalent formation
at meiosis. Genomic changes and transcriptomic modifications generated in the prim-
itive allopolyploid can increase in complexity in the course of evolution giving rise to
phenotypic innovations, which can be exposed to natural selection or drift. The advent of
high-throughput molecular genetics and advances in DNA sequencing technologies pro-
vide experimental tools to investigate changes produced during the evolutionary trajectory
of extant allopolyploid species and identify relevant genomics signatures of their cryptic
long-term modifications capable of generating adaptation and speciation.
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Abstract: Early root traits and allometrics of wheat are important for competition and use of resources.
They are under-utilized in research and un-explored in many ancient wheats. This is especially true
for the rhizosheath emerging from root-soil interactions. We investigated root morphology, root/shoot
relations and the amount of rhizosheath of four tetrapoid wheat seedlings (30 days after emergence):
the italian landrace Saragolle Lucana and modern varieties Creso, Simeto and Ciclope, and tested the
hypothesis that inoculation with Trichoderma harzianum T-22 (T-22) enhances rhizosheath formation
and affects wheat varieties differently. Overall growth of non-inoculated plants showed different
patterns in wheat varieties, with Saragolle and Ciclope at the two extremes: Saragolle invests in
shoot rather than root mass, and in the occupation of space with highest (p < 0.05) shoot height to the
uppermost internode (5.02 cm) and length-to-mass shoot (97.8 cm g−1) and root (more than 140 m g−1)
ratios. This may be interpreted as maximizing competition for light but also as a compensation for
low shoot efficiency due to the lowest (p < 0.05) recorded values of optically-measured chlorophyll
content index (22.8). Ciclope invests in biomass with highest shoot (0.06 g) and root (0.04 g) mass
and a thicker root system (average diameter 0.34 mm vs. 0.29 in Saragolle) as well as a highest
root/shoot ratio (0.95 g g−1 vs. 0.54 in Saragolle). Rhizosheath mass ranged between 22.14 times that
of shoot mass in Ciclope and 43.40 in Saragolle (different for p < 0.05). Inoculation with Trichoderma
increased the amount of rhizosheath from 9.4% in Ciclope to 36.1% in Simeto and modified root
architecture in this variety more than in others. Ours are the first data on roots and seedling shoot
traits of Saragolle Lucana and of Trichoderma inoculation effects on rhizosheath. This opens to new
unreported interpretations of effects of Trichoderma inoculation on improving plant growth.

Keywords: root length; root/shoot ratio; specific root length; Saragolle Lucana; seed coating

1. Introduction

Root morphological traits explain a large part of the physiology of roots [1] and the
plant’s ability to respond to inputs and environmental constraints [2]. Belowground indica-
tors and allometric relations between and within shoot and root are therefore commented
in terms of strategy of plants in dealing with anthropic and natural factors and their ability
to provide products and ecosystem services [3,4].

Root traits and allometric relations have therefore been strongly suggested for in-
clusion in selection criteria for plants (e.g., [5,6] and for the evaluation of agronomic
practices [2]). Translating seedling traits into mature plants morphology and behavior,
though, is the object of controversy. For wheat many studies report that seedling traits
are not related to root architecture at anthesis due to interactions with the environment
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(e.g., [7,8]). Nevertheless early traits correlate well with vegetative growth, field establish-
ment, exploration of the environment and competition [9] and may relate to later root traits
if referred to specific functions such as penetration of hard layers or specific environmental
conditions [5,10].

In wheat, root traits have been shown to differ between varieties (e.g., [7,11,12]) and
desirable traits are different based on environmental constraints [5]. Plant phenotyping
on 36 genotypes chosen along the key steps of evolution in tetraploid wheat from wild
emmer to emmer to durum wheat indicates that domestication has changed shoot and root
mass and biometric traits [13], although [14] showed that experimental growth conditions
such as soil type may affect the extent and direction of the observed changes therefore
conclusions are not easy to generalize. It is still considered essential to explore both genetic
variation within modern genotypes, and traits of landraces and ancient wheats [3]. Based
on root biometrics and allometric relations ancient or underutilized wheat germplasm has
been classified in the water-spending plant type [15] since their extended root systems
with high length density allows them cope with drought avoidance via rapid uptake of
water. This allows to face dry spells without reducing yield, but at the cost of high water
consumption, and is considered an efficient strategy in environments where wheat can
rely on in-season rainfall with occasional water shortages, as opposed to water-saving
wheat varieties which are more successful in environments where wheat grows on stored
water [4]. Nevertheless, in spite of the low harvest index of tall ancient phenotypes in high
input conditions, some ancient wheats may provide valuable traits in erratic environment
and input due to high plasticity in carbon allocation which results in favorable allometry or
root traits under drought [3,12]. Research on root and allocation traits of ancient wheats
though is still scarce.

Differences in soil-plant interactions between and within plant species are also related
to root exudation and relations with rhizosphere organisms. In tetraploid wheat [14]
showed that in addition to a strong effect of soil type, genotypic differences were found in
the composition of rhizosphere metabolites between domestication groups, as some of the
metabolites have high heritability and [16] found that wheat cultivar variability was linked
to root traits such as mass, surface area and volume, but also to carbohydrate exudation
and diversity of groups of associated rhizospheric organisms.

The rhizosheath is defined as the portion of soil that adheres to the root system of
certain plant species [17]. It is a trait emerging from root-soil interactions via the exudation
of mucilages which are responsible for key properties of the rhizosheath by binding soil,
affecting root hydration, plant water relations and resilience in dry environments [18–20],
soil stability [20] and relations with soil chemicals [21]. The extent of rhizosheath depends
on soil conditions, especially water content [22]. Since it is related to exudates produced by
roots and associated microflora, and given its key role in root physiology, the rhizosheath
may be considered as a plant-related trait [20]. It is affected by plant species [23,24] and
variety [19,25]. In wheat varietal differences have been shown [19] but the production of
rhizosheath in ancient wheats has not been investigated yet.

The filamentous ascomycetous Trichoderma spp. (family Hypocreaceae) are avirulent
opportunistic plant symbiont fungi able to colonize soil, plant roots and plant debris.
These fungi exhibit different activities for agriculture applications related to their biological
functions, such as plant growth promotion, biocontrol of plant disease, organic matter
decomposition, bioremediation of pesticides [26].

In particular, Trichoderma spp. are known to ameliorate plant performance thanks to
their double ability to improve plant growth and development, and to induce plant defense
responses against several pathogens, insects and abiotic stress [19,27–30]. For this reason
Trichoderma-based products are a major source of registered biofertilizers and biofungicides
that can be used in crop sustainable management as biostimulants and for plant disease
control [31–33]. Seed coating with a commercial product containing Trichoderma harzianum
T-22 has been shown to improve seedling vigor and also to enhance the protection against
the fungal pathogen Fusarium culmorum in the susceptible durum wheat (Triticum durum L.)
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cv. Karim [34]. When applied to seeds, the spores of some strains of Trichoderma can
germinate rapidly, and within few days hyphae and branching filaments grow from the
seed onto the emerging radicle [30]. On the other hand, Trichoderma atroviride applied as
growth medium or seed treatment induced a diverse and distinctively modulated wheat
(Triticum aestivum L.) root exudate metabolic profile during root colonization [35].

The effects of Trichoderma-based biostimulants and/or biopesticides on nutrient up-
take, crop growth and systemic resistance have been indicated as species- and genotype-
dependent [36,37]. Changes in phytohormone levels, in particular auxins and cytokinins
have been established to be one of the direct mechanism by which T. harzianum is able to
promote tree plant growth and cell wall suberification in the exoderm and endoderm [38,39].
Furthermore, different degrees of Trichoderma strain-dependent in root colonization of wheat
have been demonstrated due to a diverse production of eight different phytohormones,
including gibberellins, abscisic acid (ABA), salicylic acid (SA), auxin IAA (indole-3-acetic
acid), and cytokinins [40]. Trichoderma spp. has also been shown to increase plant lateral
root growth and root hair via IAA (promoting elongation) [41,42] and other mechanisms
like plasma membrane H+ATP-ase activation which promotes cell growth [43].

Trichoderma spp. are frequently found in agricultural soils as common inhabitants of
the rhizosphere because they grow along the entire length of plant root system, colonizing
the first or second layer of root epidermis cells [44]. They have also been isolated in
the rhizosheath of plants [22], but the ability of Trichoderma spp. to affect the amount of
rhizosheath soil binding to plants upon inoculation has not been investigated so far.

Among ancient tetraploid wheats Saragolle Lucana was the first italian landrace
enrolled in the Italian Wheat Landrace Conservation Registry in 2014 (https://www.
gazzettaufficiale.it/eli/gu/2014/01/28/22/sg/pdf, accessed date 1 December 2021). Its
early biometrics, root morphology and interactions with plant growth promoting organisms
have not been investigated.

We conducted a research on Saragolle Lucana compared with three italian tetraploid
wheats corresponding to different times of release and breeding history, inoculated with
Trichoderma harzianum T-22 (T-22) with the aim of testing the following hypotheses:

(1) that allocation, root traits and rhizosheath soil adhering to roots of Saragolle Lucana
are different from those of modern wheats

(2) That T-22 inoculation enhances rhizosheath formation
(3) That effects of T-22 inoculation on plant growth, allocation and early root traits

differ between an ancient wheat and modern varieties.

2. Results

2.1. Overall Growth

The height of plants at the uppermost node (Figure 1a) showed significantly highest
values for Saragolle and was not significantly different among the other wheat varieties
within the control treatment. Values were not significantly affected by Trichoderma inocula-
tion except for the Ciclope variety which showed a significant increase, but remained lower
than in Saragolle. The same trend was found for height at the tip of the last fully expanded
leaf (data not shown). Shoot dry biomass was not significantly different between varieties
in the control treatment, but Trichoderma caused a significant increase in shoot dry biomass
for Saragolle (Figure 1b), whereas it decreased biomass accumulation in Creso. Trichoderma
inoculation also resulted in a significant increase of the Chlorophyll content index CCI by
45% for Saragolle (Figure 1c) whereas for all varieties non-significant variations were found.
The lowest CCI values were recorded for Saragolle control plants (Figure 1c).

Root biomass (Figure 1d) in control plants was significantly lowest for Saragolle and
highest for Ciclope, and for the latter variety it was significantly higher in the control than
in the Trichoderma treatment. Upon inoculation the root mass of Simeto was not significantly
different from that of Ciclope. In the control treatment total plant biomass was highest for
Ciclope (0.114 g) and lowest for Saragolle (0.084 g), but for the latter variety it increased to
0.092 g upon inoculation with T-22.
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Figure 1. Interaction of wheat variety x Trichoderma harzianum T-22 inoculation on overall growth data:
(a) height to the uppermost node; (b) shoot dry mass; (c) Chlorophyll Content Index; (d) root dry
mass. Color code of bars: white = Ciclope; horizontal stripes = Creso; black = Saragolle; grid = Simeto.
Vertical segments on each bar indicate standard deviation n = 6. Different letters on each bar designate
significantly different values for p < 0.05 at the Tukey’s post hoc mean separation test.

2.2. Root Biometrics

Non-inoculated plants showed a significantly higher total length of root structures
(Figure 2a) in Ciclope and Saragolle compared to other varieties, whereas root surface
(Figure 2b) and volume (Figure 2d) were highest in Ciclope, and this corresponds to
a thicker root system characterized by a higher average diameter in the latter variety
(Figure 2c). Trichoderma made roots of Ciclope finer on average as shown by a root diameter
decrease by 9.0 % (Figure 2c) and thicker in Simeto with an increase in diameter by 8.7%.

The effect of T-22 was also to increase root length, surface and volume in Simeto
(Figure 2a,b,d), whereas for the other varieties such root trait values were reduced or did
not show significant differences.

Most of the root system length was due to very fine roots (<0.5 mm diameter) (Figure 3a),
and in control plants a significantly lower percentage of finest root length was found in
Ciclope with around 86% roots in this class than in the other varieties were finest roots
represented more than 90% of the total root length. Conversely a higher percentage of roots
were found for Ciclope in the diameter classes of 0.5 mm up to 1.5 mm (Figure 3b,c).

At diameters higher than 1.5 mm no significant differences were found due to high
variability. Trichoderma inoculation significantly increased the proportion of very fine roots
for Ciclope (Figure 3a) but values stayed significantly lower than those of Saragolle and
Creso. A corresponding reduction in the proportion of roots in the 0.50–1 mm and 1–1.5 mm
classes was shown for Ciclope upon inoculation (Figure 3b,c). The only variety showing
a decrease in very fine roots (<0.5 mm) and an increase in the 0.50–1 mm class in the
Trichoderma treatment was Simeto, and this corresponds to an increase in average root
diameter upon inoculation for this variety as shown in Figure 2c.

Length data in absolute values (Figure 4) show that Saragolle had more than 390 cm
of total length of very fine roots per plant (Figure 4a), which is the highest value between
varieties but not significantly higher than Ciclope in the control and Simeto in the T-22
treatment. Absolute total length corresponding to higher diameter classes up to 1.5 mm
(Figure 4b,c), instead, was significantly higher in Ciclope. Simeto is the only variety where
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the absolute value of root length increased upon inoculation in the <0.5 and 0.5–1 mm
diameter classes.

Figure 2. Interaction of wheat variety x Trichoderma harzianum T-22 inoculation on root biometrics:
(a) total length of root structures; (b) root surface; (c) average diameter; (d) root volume. Color code of
bars: white = Ciclope; horizontal stripes = Creso; black = Saragolle; grid = Simeto. Vertical segments
on each bar indicate standard deviation n = 3. Different letters on each bar designate significantly
different values for p < 0.05 at the Tukey’s post hoc mean separation test.

Figure 3. Interaction of wheat variety x Trichoderma harzianum T-22 inoculation on root length percent
distribution by diameter class: (a) diameter class < 0.5 mm; (b) diameter class 0.5 < d < 1 mm;
(c) diameter class 1 < d < 1.55 mm. Color code of bars: white = Ciclope; horizontal stripes = Creso;
black = Saragolle; grid = Simeto. Vertical segments on each bar indicate standard deviation n = 3.
Different letters on each bar designate significantly different values for p < 0.05 at the Tukey’s post
hoc mean separation test.
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Figure 4. Interaction of wheat variety x Trichoderma harzianum T-22 inoculation on root length values
by diameter class: (a) diameter class < 0.5 mm; (b) diameter class 0.5 < d < 1 mm; (c) diameter class
1 < d < 1.55 mm. Color code of bars: white = Ciclope; horizontal stripes = Creso; black = Saragolle;
grid = Simeto. Vertical segments on each bar indicate standard deviation n = 3. Different letters on
each bar designate significantly different values for p < 0.05 at the Tukey’s post hoc mean separation
test.

Figure 5 reports root surface in the finest root class. Control plants showed that
absolute values (Figure 5a) of Ciclope were higher than those of Simeto but in percentage
of the whole root system (Figure 5b) the former variety showed significantly lower values
than the other varieties in this diameter class. Patterns of absolute (Figure 5a) and percent
(Figure 5b) values of very fine root surface of plants treated with T-22 are parallel to the
corresponding values of root length (Figures 3a and 4a).

Figure 5. Interaction of wheat variety x Trichoderma harzianum T-22 inoculation on root surface in the
diameter class < 0.5 mm: (a) total length of root structures; (b) percent length of root structures. Color
code of bars: white = Ciclope; horizontal stripes = Creso; black = Saragolle; grid = Simeto. Vertical
segments on each bar indicate standard deviation n = 3. Different letters on each bar designate
significantly different values for p < 0.05 at the Tukey’s post hoc mean separation test.

2.3. Allometric Relations

Figure 6 reports mass and length relations between different plant traits. The two
extremes for root to shoot mass and length ratios (Figure 6a,b) in control plants are Saragolle
and Ciclope. Plant root mass (Figure 6a) corresponds to little over 55% of the shoot mass
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for Saragolle, and almost 95% in Ciclope, and root length (Figure 6b) is almost 8 times
the shoot length for Saragolle and almost 13 times for Ciclope. Upon inoculation with
Trichoderma Ciclope is shown to invest proportionally significantly less in roots in terms
of mass (Figure 6b) and length (Figure 6b) whereas Simeto invests proportionally more,
but these two varieties still show significantly higher values than Saragolle for the mass
ratio (Figure 6a) and than Saragolle and Creso for the length ratio (Figure 6b). The root
system’s ratio of length to weight (Figure 6c) shows higher values for Saragolle and Creso,
and lowest for Ciclope, corresponding to a thicker root system. The effect of Trichoderma
was to significantly increase specific root length only in the two varieties characterized
by lower values: Ciclope and Simeto, but even so they were still significantly lower than
values of Saragolle and Creso. The ratio of shoot height to biomass (Figure 6d) show that
values were significantly and considerably higher in Saragolle than in the modern wheats
showing a higher proportional investment in height than in biomass for this ancient wheat.
Values decreased significantly upon T-22 inoculation for Saragolle only (Figure 6d).

Figure 6. Interaction of wheat variety x Trichoderma harzianum T-22 inoculation on Allometric relations
of plant parts: (a) root to shoot mass ratio n = 6; (b) root length to plant height ratio Vertical segments
on each bar indicate standard deviation n=3; (c) specific root length n = 3; (d) shoot height to biomass
ratio n = 6. Color code of bars: white = Ciclope; horizontal stripes = Creso; black = Saragolle;
grid = Simeto. Different letters on each bar designate significantly different values for p < 0.05 at the
Tukey’s post hoc mean separation test.

2.4. Rhizosheath

Figure 7 reports data on rhizosheat amount and relations with root traits. The dry
weight of rhizosheath was lowest for Saragolle and highest for Simeto (Figure 7a).
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Figure 7. Rhizosheath mass data and indices. Interaction of wheat variety x Trichoderma harzianum
T-22 inoculation on (a) rhizosheath mass; (c) rhizosheath/root mass ratio. Main effect of wheat
variety on rizosheath percent weight gain upon inoculation RhizDMIncr (b). Color code of bars:
white = Ciclope; horizontal stripes = Creso; black = Saragolle; grid = Simeto. Vertical segments
on each bar indicate standard deviation n = 3. Different letters on each bar designate significantly
different values for p < 0.05 at the Tukey’s post hoc mean separation test.

Upon inoculation with T-22 the amount of rhizosheath was higher than in the control
for all varieties (Figure 7a). The percent increase (Figure 7b) was lower than 10% in Ciclope
and higher than 35% for Simeto. Figure 7c shows that the proportion of rhizosheath to
root weight was quite high: the rhizosheath amounted to more than 20 times the weight of
roots in Ciclope (the significantly lowest value) and more than 43 times in Saragolle (the
significantly highest value) for control plants. Upon inoculation with Trichoderma values
for Saragolle were significantly lower than in the control while for Ciclope and Creso they
were higher or not different, and in general the range of values between varieties was
narrower (Figure 7c); in inoculated plants Creso showed a significantly higher value than
other varieties. (Figure 7c).

3. Discussion

Shoot and Root Growth and Relations

Data in our experiment show different patterns of biomass allocation and root mor-
phology in the early growth of wheat varieties. The two opposite extremes of overall
behavior for non-inoculated plants are the ancient wheat Saragolle and the modern variety
Ciclope. Saragolle shows the tallest seedling (Figure 1a) and a shoot growth characterized
by a very high proportional investment in height per unit biomass (Figure 6d), as well
as the lowest root mass (Figure 1d) and proportional investment in root mass (Figure 6a)
and length (Figure 6b). Ciclope shows the highest shoot (Figure 1b) and root (Figure 1d)
dry mass and the highest proportional mass and length investment in roots (Figure 6a,b);
shoots show the lowest investment in height per unit biomass(Figure 6c).

Patterns of growth and morphology of wheat varieties have been commented in
terms of strategy [4]. Also, allocation of assimilates between above- and below-ground
plant parts is classically analyzed within the framework of hypotheses derived from the
functional balance theory [45], whereby the relative sizes of roots and shoots are an inverse
function of their activity. Typical activities for shoot and root within this framework are
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respectively capture and conversion of light into assimilated carbon, and uptake and
transport of nutrients [46] and water. According to this theory a plant exhibiting efficient
photosynthesis will have a relatively small shoot compared to a plant with inefficient
light capture, which will need a larger shoot mass to provide a unit mass of roots with
the assimilates it needs. Along this line the early patterns of mass accumulation and
partitioning shown by Saragolle with tall plants and a low root/shoot ratio indicate a
competition-oriented strategy, especially for light, and possibly the need to compensate
for lower efficiency in resource acquisition. This corresponds to a lower chlorophyll
content index of Saragolle (Figure 1c) compared to modern wheats, and points to a less
efficient capture and conversion of light. A functional-balance type interpretation is also
corroborated by a higher root/shoot ratio exhibited by Saragolle upon T-22 inoculation
in coincidence with a significantly higher CCI, therefore a more efficient shoot. Low
chlorophyll content values for ancient wheats compared to modern varieties were reported
by [3], as in our experiment, and commented in terms of lower yield potential. Conversely a
high CCI and investment in belowground biomass allocation for Ciclope suggests a higher
shoot efficiency and a strategy oriented towards root growth and soil resource acquisition.
This resulted in the highest total biomass produced in our experiment.

Regarding belowground morphology and allometry only, two different root phys-
iognomies emerge: Saragolle and Creso are characterized by a finer root system (lower
biomass-Figure 1d, diameter-Figure 2c and higher specific root length-Figure 6c) whereas
the more recent Ciclope and Simeto exhibit a thick system with high biomass and diameter
and lower specific root length, and show a high presence of roots larger than 0.5 mm
diameter in control plants for Ciclope and inoculated plants for Simeto. The high mass
investment and thickness-though-allows a high surface and volume. In spite of the lowest
mass investment in roots, thanks to a finer root system Saragolle has absolute values of
total (Figure 2a) and fine (Figure 4a) root length as high as Ciclope and a higher percentage
of fine roots like Creso and Simeto (Figure 3a). This allows a comparable absolute surface
but a higher percent surface than Ciclope (Figure 5). This adds to aboveground patterns in
drawing the strategy of Saragolle as strongly oriented towards the occupation of space by
maximizing the length of shoots and root per unit biomass. No data on the root system
of Saragolle are available in the literature for comparison but the root profile of Saragolle
emerging from our results corresponds to the profile set by [3,11] for ancient wheats includ-
ing underutilized species: a high root length and specific root length with investment in
lengths and surfaces rather than mass. Authors emphasize how this type of plants achieve
a more extensive root system, resulting in higher soil volume exploration and acquisition
capacities for below-ground resources compared to modern wheats, and this is achieved by
using fewer assimilates to build up root length, surface and volume.

Differences between ancient wheats and modern dwarf lines were investigated by [47]
who found a higher root length in modern lines from gel chamber experiments but a lower
length from field experiments. They also report that in spite of differences in length, root
diameter was not altered by dwarfing genes and hypothesized a direct effect of dwarfing
alleles on root growth during seedling establishment, rather than a secondary partitioning
effect. Root systems of high length or length density have been identified as successful
in limiting drought damage to yield, but there is no consensus as to whether root length
in surface [7] or deep [5] layers is more desirable, and this is also linked to weather and
water supply patterns [11,48]. Root mass seems more correlated with nutrient uptake than
with water relations [49]. A large percentage of fine roots in ancient wheats is discussed in
terms of advantage in fast water uptake during drought (water spenders) but not water
use efficiency [11].

The variation in rhizosheath mass between varieties found in our experiment is
comparable or lower than that reported in the literature. For wheat a three-fold variation of
rhizosheath to root mass between varieties has been reported [19] whereas in our case the
minimum value found in control Ciclope was about half that of control Saragolle which
showed the maximum value of relative rhizosheath mass (Figure 7c). This is due to the
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much lower root mass of Saragolle compared to Ciclope which more than compensates the
lowest absolute value of rhizosheath mass (Figure 7a). Finding Ciclope and Saragolle at
the opposite extremes for relative rhizosheath mass data confirms what discussed for the
opposite profiles of such two varieties regarding shoot and root growth. Simeto was the
variety with highest absolute values of rhizosheath and percent increase of rhizosheath
mass upon inoculation with T-22. Rhizosheath results add to growth and morphology in
showing that Simeto had a distinctive profile where a rather large and thick root system
is accompanied by a higher response to inoculation and a large amount of rhizosheath.
This is somewhat contrary to literature reports where a larger rhizosheath is found in finer
root systems (e.g., [23]). Also a comparison of ancient and modern wheats inoculated
with Plant Growth Promoting Rhizobacteria (PGPR) suggests a reduced ability of modern
cultivars to interact with PGPR [50]. The higher absolute and percent response of Simeto to
inoculation with a fungal product based on Trichoderma harzianum T-22 in our data does not
confirm a lower ability of modern wheats to entertain relations and respond to rhizosphere
interactions.

Rhizosheaths have been mainly reported in terms of adaptation to arid environ-
ments [20] by enhancing water retention and preventing root dehydration whereas the role
in water uptake is controversial [18]. Wheat varieties with larger rhizosheath have been
shown to sustain higher transpiration in dry condition and stay alive beyond the perma-
nent wilting point of varieties with smaller rhizosheath [19]. Alterations in soil porosity
due to mucilages involved in rhizosheath formation [20] may play a role in continuity of
water movement in conditions of alternating water supply. Rhizosheats also play a role in
plant nutrition and soil penetration (e.g., [51]) therefore species and varietal differences in
rhizosheath may be viewed as a generally advantageous trait, especially in conditions of
low input and alternating conditions.

All wheat varieties showed a significantly higher rhizosheat mass in response to
Trichoderma inoculation and this allows us to reject the null hypothesys with respect to the
effect of T-22 on rhizosheath enhancement. To the best of our knowledge this is the first
report of such an effect and it opens the way to new interpretations of effects of Trichoderma
inoculation on improving plant growth: besides documented mechanisms based on growth
hormones and resistance to pathogens (e.g., [30,39]), Trichoderma treatments may promote
a better performance of plants through rhizosheath-mediated improvements of water
relations [18], nutrition [51] and soil structure [20,21].

4. Materials and Methods

The experimental design was a factorial combination of (A) four tetraploid wheats
(Triticum durum Desf., 2n = 4x = 28; AABB genome) and (B) two inoculation treatments
with six replications.

4.1. Tetraploid Wheats

Italian tetraploid wheats consisted of three modern hard wheat varieties released in
different years and an ancient wheat landrace:

Creso (1974, Yaktana-54/Norin 10-B//2*Cappelli-63/3/3*Tehuacan-60/4/Capelli-
B144);

Simeto (1988, Capeiti-8/Valnova)
Creso and Simeto varieties were obtained by mutagenesis and crosses involving old

wheat materials;
Ciclope (Trinakria/Berillo//Valnova/Trinakria) variety released in 2006, selected

from crosses between breeding lines [52,53];
Saragolle Lucana: the first Italian landrace enrolled in the Italian Wheat Landrace

Conservation Registry in 2014 (https://www.gazzettaufficiale.it/eli/gu/2014/01/28/2
2/sg/pdf, accessed date: 1 December 2021). It is an ancient durum wheat population
safeguarded from the risk of genetic erosion through in situ/on farm conservation and
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cultivation in the northern Basilicata (Sud Italy) area by the “Associazione Lucana Cerealisti
di Antiche Varietà, ALCAV”.

All four tetraploid wheats are referred to as varieties in the text.

4.2. Inoculation Treatments

Inoculation treatments were:
(i) Seed coating with a spores suspension of the commercial formulation Trianum P

(Koppert, Berkel en Rodenrijs, The Netherlands) containing Trichoderma harzianum Rifai
KRL-AG2 (T-22);

(ii) Seed coating with water (control without T-22).

4.3. Seedling Growth Conditions

Seeds were selected for weight uniformity within variety (Saragolle Lucana
68.5 ± 0.46 mg; Creso 48.6 ± 0.32 mg; Simeto 50.6 ± 0.33 mg; Ciclope 64.6 ± 0.41 mg).
They were surface-sterilized with 0.6% Na-hypochlorite solution for 2 min, then with 70%
ethanol for 2 min and then rinsed three times with sterile dH2O.

Seeds for the Trichoderma treatment were coated with a mixture of a T-22 suspension at
concentration of 106 spores mL−1, or water as control, in 4 μL seed−1 of Tween-20, applied
to seeds guaranteeing a homogeneous distribution by continuous rotation, until complete
adhesion and absorption, according to [34,54].

Two seeds were sown per pot, irrigated and thinned to 1 seedling per pot after 9 days.
Pots were cylinders of 25 cm length and 2.8 cm diameter and were filled with 172.0 g +/−
of a field collected silty loam soil with the following characteristics: sand (50–2000 μm)
43.6%, silt (2–50 μm) 34.2%, clay < 2 μm) 22.1%., pH 6.8; N 1.9 g kg–1; phosphates (P2O5)
50.3 g kg–1; potassium oxide (K2O) 1430 g kg–1.

Pots were arranged randomly in a custom-built growth cabinet and grown for 20 days
after emergence (average T = 21.5 ◦C; average relative humidity 33.6%). After filling pots
were brought to field capacity and thereafter irrigated every 3 days to replace 100% of
gravimetrically-determined evapotranspiration.

4.4. Measurements

At the end of the experiment the following measurements were made:
Chlorophyll content index (CCI) on three leaves per plant with a leaf transmittance

leaf clip chlorophyll concentration meter (MC-100 Apogee instruments U.S.A.):

CCI = T931/T653

where T931 = Leaf transmittance at 931 nm; T653 = Leaf transmittance at 653 nm
Biometric measurements: plant height to the uppermost internode and to the tip of

the last fully expanded leaf, above-ground plant fresh and dry (after oven drying at 70 ◦C
until constant weight) biomass after clipping at the soil level. The bottom of pots was
removed and the soil was gently pushed from the bottom. On three replications the root
system was extracted by washing over a mesh of 0.5 mm and placed in a transparent tray
(200 × 250 mm) with a 4-mm to 5-mm deep layer of water and scanned by STD 4800 Image
Acquisition System at 1200 DPI. After scanning roots were blotted and weighed to obtain
the fresh root mass, then oven dried at 70 ◦C until constant weight to obtain the root dry
mass. Root morphology was determined on scanned images using WinRhizo.

ArabidopsisV2009c image analysis software (Regent Instruments Inc., QC, Canada).
The following traits were measured: total length (cm), surface area (cm2), mean diameter
(mm), volume (cm3). All parameters were assessed on a plant basis, and the distribution
of length, surface and volume were then classified into seven diameter classes from 0.0 to
3.5 mm in 0.5 mm increments. No roots with diameter larger than 3.5 mm were found.

We then calculated root to shoot biomass ratio (g g−1), root length to plant height ratio
(cm cm−1), specific root length (root length per unit of root biomass (cm g−1) and shoot
height to mass ratio (cm g−1).
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On three replications the mass of rhizosheat soil was determined as follows: the root
system was held by the plant basis and gently shaken free of bulk soil. The root was
then transferred to a clean sheet of paper and the soil which was not firmly attached to
roots was gently brushed off with a soft brush. The soil which remained attached to roots
after this treatment was considered rhizosheath soil. The rhizosheath-root complex was
then weighed to determine the fresh mass (RRhizFM g plant−1), oven-dried at 105 ◦C and
weighed again to obtain the dry mass (RRhizDM g plant−1). Roots were thereafter washed
over a 0.5 mm mesh, blotted and weighed to obtain the fresh root mass (RFM g plant−1),
then oven dried at 70 ◦C until constant weight to obtain the root dry mass (RDM g plant−1).
The rhizosheath soil fresh (RhizFM) and dry (RhizDM) mass were then calculated as:

RhizFM = RRhizFM-RFM g plant−1

and
RhizDM = RRhizDM-RDM g plant−1

We then calculated the percent increase of RhizDM following inoculation (RhizD-
Mincr) as:

RhizDMincr = 100 * (RhizDM of inoculated plants-RhizDM of control plants)/
RhizDm of control plants.

As a consequence of the described procedures we had 6 replicated for the following
variables: plant height, shoot dry mass, chlorophyll content index, root dry mass, and
derived indices; the number of replicates was 3 for root length, surface area, diameter,
volume, RhizFM, RhizDM, RhizDMincr and derived indices.

One-Way ANOVA was performed to test the significance of the main factor (A) wheat
variety on RhizDMinc. Two-way ANOVA was performed to test the significance of the fac-
torial combination of the two main factors (A) wheat variety and (B) inoculation treatments
and their interaction for all other traits. Mean separation was performed using the post-hoc
test of Tukey at p 0.05.
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Abstract: Potentially toxic elements are a widespread concern due to their increasing diffusion into the
environment. To counteract this problem, the relationship between plants and metal(loid)s has been
investigated in the last 30 years. In this field, research has mainly dealt with angiosperms, whereas
plant clades that are lower in the evolutive scale have been somewhat overlooked. However, recent
studies have revealed the potential of bryophytes, pteridophytes and gymnosperms in environmental
sciences, either as suitable indicators of habitat health and elemental pollution or as efficient tools
for the reclamation of degraded soils and waters. In this review, we summarize recent research on
the interaction between plants and potentially toxic elements, considering all land plant clades. The
focus is on plant applicability in the identification and restoration of polluted environments, as well
as on the characterization of molecular mechanisms with a potential outlet in the engineering of
element tolerance and accumulation.

Keywords: heavy metals; evolution; hyperaccumulation

1. Introduction

Elements that have a density of more than 5 g/cm3 are defined as heavy metals
(HMs) [1]. They are present mainly in rock formations, from where they can be released
either by natural erosive processes or anthropical intervention; only a limited number of
heavy metals are soluble under physiological conditions and thus, bioavailable to living
organisms. A certain number of HM is essential for the normal metabolic functioning of
organisms (i.e., iron [Fe], molybdenum [Mo], manganese [Mn], zinc [Zn], nickel [Ni], copper
[Cu] and cobalt [Co]); both their deficiency and excess can lead to physiological stress due
to nutritional imbalance and toxicity. Others (such as arsenic [As], silver [Ag], mercury
[Hg], antimony [Sb], cadmium [Cd] and lead [Pb]) have no known biological function
and are toxic even when present at low concentration. More recently, the nomenclature
heavy metals have encountered opposition between researchers, also because some toxic
elements, such as As or selenium (Se), are not actual metals, but metalloids or non-metal
elements; to overcome this issue, a great variety of definitions have been proposed (for
an overview about this topic, refer to an opinion by Duffus [2])). In 2019, Pourret and
Hursthouse [3] proposed the term potentially toxic elements (PTE) instead of heavy metals
in studies concerning environmental science. We will adopt this term throughout the
manuscript, therefore, including heavy metals under the chemical point of view, together
with metalloids and other elements important for their toxicity towards living organisms;
in cases where just genuine heavy metals are considered, we will refer to these with the
abbreviation HMs.

Environmental pollution caused by a variety of anthropic activities has substantially
increased the presence of PTEs in the biosphere, posing serious threats to all forms of

Plants 2022, 11, 237. https://doi.org/10.3390/plants11030237 https://www.mdpi.com/journal/plants
109



Plants 2022, 11, 237

life [4]. PTE contamination can easily reach aquatic systems and soils and subsequently
the food chain [5]. Pollution by metals or metalloids not only impacts crop production
and quality but also affects atmosphere and water quality and endangers the health and
life of plants, animals and human beings. Indeed, when essential PTEs are present in
excess or unessential ones are introduced in the body even in small doses, they can cause
adverse health effects in both acute and chronic dosing [6]. Symptoms of PTE toxicity in
humans include neurological defects, cardiovascular, liver and kidney failure, and, if not
promptly recognized as due to PTE exposure, can lead to severe clinical conditions [7,8].
Similarly, when the elevated concentrations of PTE are present in the soil they interfere
with plant nutrient uptake, leading to toxicity symptoms and growth inhibition on most
plant species [9].

At the cellular level, toxic or excess PTEs can displace and substitute metallic cofactors
from enzymes and other proteins, such as transcription factors, altering enzyme activ-
ity and the expression patterns of numerous genes; in addition, the imbalance of metal
homeostasis leads to damages to lipids, proteins and nucleic acids. The major toxicity
route is the production of free radicals and reactive oxygen species (ROS), causing oxidative
damage [10], followed by the activation of the activity of enzymes that contribute to ROS
detoxification [11]. Thus, to minimize the induced damages, plants, as well as other or-
ganisms, have developed tightly regulated mechanisms to selectively take up essential
elements and use them in metabolic functions, and to avoid or metabolically inactivate
toxic/excessive ions. Enzymatic and non-enzymatic defense mechanisms are in charge of
ROS control. Enzymatic scavenging of ROS is operated by antioxidants, such as superoxide
dismutases (SOD), catalases (CAT), peroxidases (POD) and glutathione reductases as well
as non-enzymatic antioxidant molecules including organic acids, glutathione, ascorbic
acids, alpha-tocopherols and others [12]. In addition, intracellular and extracellular chela-
tion mechanisms are crucial for PTE detoxification. The binding of PTEs to amino acids,
metallothioneins and phytochelatins guarantees that excess or toxic elements are metaboli-
cally unavailable and eventually sequestered outside the cytoplasm (e.g., in vacuoles or cell
wall) preventing their entrance into energy organelles [13]. Among land plants, different
species have evolved various degrees of tolerance to PTEs, with consequent implications in
their ability to survive and grow in contaminated areas. A variety of morphological and
physiological properties are responsible for the capacity of different species to bind metals
on their surfaces or to take them up intracellularly [14]. In this review we summarize actual
knowledge on the plant—PTE relationship, taking into consideration the main land plant
taxa, i.e., bryophytes and pteridophytes for spore-bearing plants, and gymnosperms and
angiosperms as seed-bearing plants.

2. Spore-Bearing Plants

2.1. Bryophytes

Bryophyte is a class of non-vascular green land plants constituted by around 15,000 species [15].
As revealed by recent phylogenomic reconstructions [16,17], the three lineages of bryophytes
(hornworts, mosses and liverworts) likely form a monophyletic clade which is the sister
group to tracheophytes. Bryophytes are small, possess both simple morphology and
anatomy with a dominant haploid life cycle, and are able to disperse either by spores or by
vegetative propagules, such as fragments of leaf and thallus or specialized structures with
a high regeneration capacity [15,18,19]. Bryophytes grow in diverse habitats, such as soil,
tree trunks, barks and branches, as well as rock surfaces, and take the mineral nutrients
required for their growth directly from the substances dissolved in the moist substrates
they live on [20]. Due to the absence of epidermal cuticles and the high surface-to-volume
ratio, bryophytes are highly susceptible to environmental impacts. In addition, their high
ion-exchange capacity, ion chelation and wide geographical distribution make bryophytes
excellent biological organisms for monitoring PTE pollution.

Because of anthropogenic activities associated with urbanization and industrial de-
velopment, more and more non-degradable hazardous PTEs have been released into
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the environment and entered natural habitats. Among the three lineages of bryophytes,
mosses [21–24] and liverworts [25,26] have been widely explored as biological tools to
assess PTE pollution in both terrestrial and aquatic environments. Bryophytes are, in
fact, able to accumulate large quantities of HMs over their entire surface, either from the
atmosphere or from the substrate, without visible negative impacts on their growth and
development [27]. Positive correlations between PTE cellular accumulation and environ-
mental levels have been identified in a range of bryophytes [28], confirming the relevance
of these simple plants as biomonitors. Interestingly, there is a great variation in the accumu-
lation of specific PTEs among different species and habitats [29]. For instance, the mosses
Funaria hygrometrica and Warnstorfia fluitans accumulate large quantities of Pb and As,
respectively [30,31]. The liverwort Marchantia polymorpha accumulates high levels of Cu, Zn
and Cd [32,33]. Bryophytes have also the capacity to concentrate rare earth elements [34].
Thus, the evergreen bryophytes allow following the presence of specific elements and their
deposition patterns in the respective environment over defined time spans.

Despite their apparent structural simplicity, bryophytes have developed a set of dif-
ferent strategies to tolerate elemental stress. As a general mechanism, they can produce
cell wall barriers to prevent PTEs from entering their protoplasts [35]. For example, the
moss Scorpiurum circinatum was shown to immobilize toxic metal ions in its cell walls [36];
similarly, excessive Zn intake was blocked by the cell wall and plasma membrane in the
moss Pohilia drummondii [37]. However, the molecular regulation of cell wall biosynthesis
and composition still needs further elucidation to understand their role in PTE tolerance
in bryophytes. In addition to cell walls, differences in cation exchange capacities and
transporter activity in the plasma membrane could generate different elemental tolerance
among different species of this clade [38]. Inside the cell, chelation of ions by cysteine-rich
oligopeptides glutathione (GSH) and phytochelatins (PCs) is a fundamental approach
employed for PTE detoxification; ligand synthesis, accumulation in the cytoplasm and
sequestration into vacuoles by ATP-binding cassette (ABC) transporters have been demon-
strated to confer tolerance to different extents [39,40]. Although both GSH and PCs have
been identified in all three lineages of bryophytes [41], the main contributor to metal chela-
tion is apparently different among the species. At least with regards to Cd, its detoxification
is mainly driven by GSH in the case of the moss Leptodictyum riparium [42], whereas PCs
play essential roles in the liverwort M. polymorpha [43]. In addition to ion chelation, the
antioxidant defense system, comprising a diverse array of enzymatic and non-enzymatic
components, is also an efficient and sophisticated regulator to cope with oxidative stress
induced by PTEs [44]. For instance, modulation of the activity of antioxidant enzymes
(CATs and PODs) was observed in the moss Hypnum plumaeforme [45], as well as in the
aquatic bryophyte Fontinalis antipyretica subjected to metal exposure [46]. Thus, despite the
application of these mechanisms being species-specific, the measurement of intracellular
ROS content and/or of antioxidant activity provides an effective overview for the overall
intracellular redox state in response to PTE stress.

2.2. Pteridophytes

Pteridophytes are a paraphyletic group of plants encompassing ferns and other related
clades (lycophytes and monilophytes; [47]), that constitute the second largest group among
land plants [48]. Despite the crown age of pteridophytes dating back to about 400 million
years before the present [49], the majority of extant pteridophyte species result from a sec-
ondary diversification that took place concomitantly to angiosperm diversification [50]. The
patterns of adaptive evolution and diversification in extant pteridophytes, therefore, largely
parallel those observed in flowering plants [51]. Ferns represent the large majority among
the ca. 13,000 species of pteridophytes currently recognized [47], thus constituting a group
of primary interest to study the evolution of metal(loid) tolerance and hyperaccumulation
in vascular plants and their potential use in phytoremediation [52–55]. In particular, some
aquatic ferns from genera Salvinia and Azolla (family Salviniaceae) can accumulate with
good efficiency a wide range of PTE like Au, Cd, Cr, Cs, Cu, Mn, Ni, Pb, Sr and Zn [56–58];
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in view of this, they could be useful for the phytoremediation of contaminated wastewaters
like industrial effluents and sewage water [53,58–64].

In the genus Salvinia, several species (S. auriculata, S. biloba, S. herzogii, S. minima, S.
molesta, S. natans and S. rotundifolia) have the capacity to accumulate PTEs in sufficiently
high amounts to be used for efficient wastewater depuration (e.g., [65–75]), reaching
accumulation ranges of 6000–18,000 mg Kg−1 dry weight for Cd, Cr, Cu, Fe, Ni and
Pb [57,64,76,77]. Natural variation in the capacity to accumulate PTEs exists among species,
as in the case of Azolla, another aquatic fern genus with good potential for wastewater
phytoremediation. Azolla caroliniana, for instance, can accumulate As, Cd, Cr, Hg and Pb in
the range between 284–963 mg Kg−1, while A. filiculoides has been reported to accumulate
about 10 times as much Cd, Cr, Cu and Pb (6500–9300 mg Kg−1). By contrast, A. pinnata is
a Pb accumulator (ca. 2700 mg Kg−1) but can accumulate amounts of Cr, Cu, Hg and Cd
(ca. 210–740 mg Kg−1) comparable to those of A. caroliniana [64].

Additionally, several species of land ferns have been reported to grow in soils contami-
nated by a variety of different PTEs and are thus, considered valuable ecological indicators of
metal pollution [78]. Recent surveys of fern species that are abundant in mining areas reveal
a good potential for the exploitation of some of them (especially from the Pityrogramma and
Pteris genera) for mine rehabilitation and/or metal recovery [79–81]. Among the seven orders
currently recognized of leptosporangiate ferns (subclass Polypodiidae, the most represented
among ferns), [82], metal tolerance and accumulation has been studied most intensively in
the Polypodiales order, where representative species from more than 13 genera have been
characterized so far [53,64]. The most promising Polypodiales genera for phytoremediation
are Adiantum, Asplenium, Athyrium, Azolla, Blechnum, Nephrolepis, Pellaea and Pteris, which
display a high degree of natural variation in their ability to accumulate or hyperaccu-
mulate different metals and the metalloid As. For instance, accumulation of Cd varies
from only 4.1 mg Kg−1 in Nephrolepis cordifolia to 1095 mg Kg−1 in Athyrium yokoscense;
Pb varies between 62 mg Kg−1 in Pteris falcata to 2040–3464 in Athyrium yokoscense; Zn
from 216 mg Kg−1 in Blechnum nudum to 2422 mg Kg−1 in Athyrium yokoscense; As from
814 mg Kg−1 in Athyrium yokoscense to 14,500 mg Kg−1 in Pteris vittata [64].

Among the species investigated, three gained recent and widespread attention for their
outstanding accumulation capacity of PTEs, namely Athyrium yokoscense, Pityrogramma
calomelanos and Pteris vittata. Among them, A. yokoscense is the one with the broadest
specificity and overall highest accumulation levels. Indeed, A. yokoscense can not only
accumulate Cd and Pb to about 1000 mg Kg−1 and 10,000 mg Kg−1, respectively [83,84],
but is also highly tolerant and accumulates Zn and Cu up to more than 9000 mg Kg−1 and
3300 mg Kg−1 in the roots, respectively [85]. A. yokoscense is also an efficient As accumulator,
with concentrations of this metalloid reaching up to 922 mg Kg−1 and 2192 mg Kg−1 in
above-ground and below-ground organs, respectively [86]. By comparison, P. calomelanos
and P. vittata display a lower capacity to accumulate metals, but they accumulate As to
higher levels than A. yokoscense [79,86]. P. calomelanos can accumulate large amounts of
As (>8000 mg Kg−1 dry mass) mostly in its fronds, while in the rhizoids As concentration
does not exceed 310 mg Kg−1 dry mass [87,88]. Similarly, P. vittata commonly accumulates
As mainly in above-ground organs in concentrations up to 7500 mg Kg−1 without any
detectable toxic effects, but even higher concentrations of As in fronds (>22,000 mg Kg−1)
have also been reported [89,90]. Both bioconcentration factor (BCF; the ratio between As
concentration in plant tissues and As concentration in soil) and translocation factor (TF; the
ratio between As concentration in fronds and As concentration in roots) of P. vittata can
reach impressively high values, respectively up to 63 and 25 [91,92]. For these reasons, in
recent years P. vittata has become a valuable model to elucidate the molecular mechanisms
for As hyperaccumulation [93]. Both the diploid sporophyte and the haploid gametophyte
of Pteris vittata can withstand the major forms of environmental arsenic, arsenate (As(V))
and arsenite (As(III)) [90]. According to a recent model of As hyperaccumulation in P.
vittata gametophyte cells [94], arsenate is taken up into the cytoplasm by the phosphate
transporter PvPht1;3 [95], while arsenite uptake is mediated by Tonoplast Intrinsic Protein
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4 (PvTIP4) [96]. Once inside the cell, arsenite is directly transported across the tonoplast
membrane by the PvACR3 transporter [97] for long-term storage in the vacuole as free
arsenite [98]. On the other hand, cytoplasmic arsenate can undergo two different fates:
(i) it can be reduced to arsenite by the arsenate reductase PvACR2 [99], or (ii) converted
to 1-arseno-3-phosphoglyerate (1-As-3-PG) by PvGAPC1, an unusual glyceraldehyde 3-
phosphate dehydrogenase with a very high affinity for arsenate [94]. The Organic Cation
Transporter protein (PvOCT4) transports 1-As-3-PG into cytoplasmic vesicles, where it
is reduced to arsenite by PvGSTF1, a glutathione S-transferase with arsenate reductase
activity, and/or by PvACR2. Fusion of the vesicles to the tonoplast releases the arsenite
into the vacuole [94].

3. Seed-Bearing Plants: Gymnosperms and Angiosperms

Progressing with evolution, Spermatophyta, i.e., seed-bearing vascular plants, com-
prise two sister groups, gymnosperms and flowering plants, angiosperms. If the first
represent roughly 1% of total plant diversity and are confined mostly to boreal environ-
ments and high-elevation lands, angiosperms account for almost 90% of all plant species
and are widespread in all Earth’s ecosystems (the rest are non-seed bearing plants, [100]).
On the other hand, the former group can be roughly approximated with conifers, which
are the most diverse group worldwide, clustering more than 600 species [100,101].

3.1. Gymnosperms

Published literature regarding PTE accumulation in gymnosperms is scarce if com-
pared to angiosperms. The majority of published papers deal with the exploitation of
gymnosperms as biological monitors [102]. In this context, as previously mentioned for
bryophytes, plants are helpful (i) to estimate the actual environmental contamination in
a particular site, due to the HMs or radionuclides deposition on leaves, and (ii) to record
contamination across time, e.g., the temporal evolution of PTE availability in the environ-
ment, analyzing metal content in bark sheets [103]. Interestingly, while for some authors
utilization of biological material for environmental quality monitoring is rather accepted as
reliable and affordable [101], recent works pointed out that the usefulness of coniferous
trees as bioindicators of pollution may be debatable, especially for those elements that can
act as micronutrients. More robust data can be obtained on non-essential elements, such
as Cd, Pb, or Hg, whose absorption and mobility across the plant tissues are limited [103].
The effect of PTEs on gymnosperms has been studied, revealing that also members of
this clade are characterized by great variability in terms of sensitivity to metal(loid) ions,
depending on the element utilized, the plant species considered and the cultural conditions.
Indeed, most experiments have been carried out on a laboratory scale, such as in vitro or
hydroponic cultures, analyzing germination and behavior of seedlings or young trees [102].
A range of publications deals with the accumulation of trace elements in needles of plants
growing in contaminated areas, highlighting that plant behavior in metal uptake largely
depends on the species, the metal considered and the environmental context. As for the
latter, the presence of airborne pollution and soil elemental levels influence direct uptake
via needles, root absorption and translocation processes [104]. For instance, four-year-old
Pinus sylvestris plants resulted to be more sensitive to Ni and less to Cu, even though both
metals determine injuries on fine roots and needles [105]. In Picea abies treated with Cd, Pb,
Cu, and Zn, the harshest effects were produced by Cd on germination and by Cu and Pb
on growth [106].

Common mechanisms, shared with angiosperm relatives, have been pointed out, such
as the activity of antioxidant enzymes; for example, superoxide dismutase induction by
excess Zn in P. sylvestris [107], or increase in peroxidase activity in P. abies grown in soil
contaminated with Cd [108] counteract the negative effects due to metal-induced ROS
production. The response to PTEs in the growth substrate is highly dependent on the
plant species and the metal concentrations applied. For example, treating a P. abies cell
culture with Cd and As induced the synthesis of GSH-S transferases, enzymes known to be
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involved in contrasting oxidative damages and membrane lipid peroxidation. Interestingly,
Pb treatment does not induce the same effect [109].

Additionally, PCs already mentioned non-protein thiols, are involved in metal ion
chelation and detoxification by transport and compartmentalization to specific cell districts,
such as the vacuole [110]. The production of PCs in response to treatment with metal
ions, such as Cd has been confirmed for a long time in coniferous plants (i.e., Pinus, Abies
and Picea), Gingko biloba and Cycas revoluta [111]. Additionally, Fe, Mn and Pb enhanced
PC accumulation in needles of P. sylvestris grown in contaminated sites, consistently with
the increased amount of metals accumulated in the same tissues [101]. A similar effect in
stimulating PC accumulation was reported in Picea rubens cell suspensions treated with
excess Zn and Cd [112].

Considering degraded soils and the possibility of reclamation by means of reforesta-
tion, the understanding of plant tolerance to PTE abundance helps in choosing the right
species for reforestation of a particular site. According to this, recent literature has emerged
dealing with pollution tolerance and maintenance of fitness upon growth on polluted sites.
For instance, Curguz et al., [106] found that seedlings of P. abies are particularly tolerant
to high soil concentrations of Zn, Cd, Cu and Pb, and the spruce could be selected for
reforestation in Serbia, whose subsoil was reported to be contaminated with these met-
als. Another example considered reclamation of polluted soils due to mining activities in
Northern Africa by phytostabilization of metals with ecto-mycorrhized Pinus halepensis.
Indeed, the presence of ectomycorrhizae significantly reduced root-to-shoot translocation
of Zn and Cd, enhancing P. halpensis tolerance toward these metals [113]. Coniferous plants
are particularly adapted to cold-climate regions. P. sylvestris, thanks to its high adaptability,
is frequently proposed for remediation of soil polluted by industrial activities, and can,
therefore, be suitable for reforestation of degraded boreal lands, even though its ability to
tolerate and accumulate PTEs is much lower compared to herbaceous species (see later
in the text) [114,115]. Indeed, recent experiments showed that P. sylvestris behaves as
more sensitive in comparison with angiosperm: root and shoot growth of P. sylvestris is
inhibited by Pb, Zn, and Cd treatment, which also perturbed plant mineral nutrition [113].
Moreover, germination and seedling growth were also inhibited in P. sylvestris challenged
with moderate (50 μM) Zn excess, and metal accumulation increased in seedling roots
rather than in stems, pointing to a retention of the contaminant in the root [107]. Similarly,
in four-week-old hybrid Larix (L. x eurolepis), double Cd accumulation has been detected
in roots compared to shoots [116]. Such accumulation in roots rather than in shoots of
gymnosperms has been described frequently [102], pointing to a retention of the excess
PTE in the roots to preserve photosynthetic tissues from potentially toxic ion concentra-
tions. The accumulation and compartmentation of toxic ions have evolved as a tolerance
strategy and allowed plant growth and reproduction in metalliferous soils (either naturally
contaminated or degraded by anthropogenic activities).

3.2. Angiosperms and the Evolution of the Hyperaccumulation and Hypertolerance Traits

Adopted by both pteridophytes and angiosperms, worth of note is the evolution of
the hypertolerance and hyperaccumulation traits (Figure 1), which are not represented in
woody plant species belonging to the gymnosperms [102,117,118]. In angiosperms, due to
the relative easiness of intra- and inter-specific crosses, both traits have been extensively
studied in experiments with segregating populations derived by crosses between phyloge-
netically closed species characterized by opposite behavior in terms of metal accumulation
and tolerance. Genetic determinants of the two traits, organized in quantitative trait loci,
are different; indeed, PTE tolerance can be achieved through two opposite mechanisms.
Some plants tend to exclude toxic ions from absorption, thereby limiting the root-to-shoot
translocation of the metals to physiological concentrations and are, therefore, tolerant but
not accumulators of the PTE. Conversely, other species evolved the ability to accumulate
great amounts of PTE in their aerial parts, where the ions are sequestered in apposite cell
tissues and/or compartments, removing them from the cytosolic environment [119]. These
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species are both tolerant and, due to their accumulation ability, defined hyperaccumulators
(for a review, see [120]).

 

Figure 1. Similarities and differences between hyperaccumulation in ferns and in angiosperm
hyperaccumulator plants. In Pteridophytes, As hyperaccumulation is a complex process involving
both As(III) and As(V). While As(V) is the major form taken up from the soil, As(III) is the prevalent
form transported and stored in the plant. A key process in determining the relative balance of
As(III) and As(V) is the reduction of arsenate to arsenite by arsenate reductases in the roots (B). As is
partly sequestered in the vacuoles both as free As(III) and As(III)/phytochelatin complexes (depicted
for simplicity in different cells), but the majority is loaded into the xylem with the contribution of
unidentified transporters. (A). After unloading from the xylem in the fronds, As(III) is stored in
the vacuoles of mesophyll and especially epidermal cells and trichomes, where As concentrations
reach the highest values [94,98]. In Angiosperms, the main genetic determinants of heavy metal
hyperaccumulation are constitutively overexpressed in hyperaccumulators species. Coded proteins
are involved in metal transport and homeostasis. For instance, as highlighted in (D), in the root
of hyperaccumulator plants a variety of membrane transporters are involved in the transport of
metal ions towards the shoot, decreasing root vacular accumulation in favor of an enhanced root-
to-shoot transport. Additionally, overproduction of ligands, both intracellularly and secreted into
the rhizosphere, (such as Histidine, required for Ni hypertolerance and hyperaccumulation [110])
plays a role as hyperaccumulation determinant, binding to HM ions and adjuvating their transport
through the xylem sap. (C). Once translocated towards the shoot, by the action of overexpressed
vacuolar and plasma membrane transporters, HM ions are sequestered in vacuoles of mesophyll and
epidermis cells and in leaf cell walls respectively, and, in some species, such as Arabidopsis halleri, in
cell trichomes [120]. As mentioned in the text, such sequestration is important to exclude the toxic
ions from energy handling organelles, such as chloroplasts and mitochondria.

Among angiosperms, species able to hyperaccumulate PTE are distributed in many
families and genera, showing that the trait has evolved independently many times. Up
to now, more than 700 species have been demonstrated to hyperaccumulate one or more
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PTEs and are listed in the Global Hyperaccumulator Database (http://hyperaccumulators.
smi.uq.edu.au/collection/ accessed on 30 December 2021) which is constantly updated.
Interestingly, two families are more represented in this database, i.e., Brassicaceae and
Phyllanthaceae, and members of these families are currently considered as models for
studying metal hyperaccumulation in angiosperms, such as Arabidopsis halleri, Noccaea spp.,
Alyssum spp.

Interestingly, several genes that take part in metal transport and homeostasis, and
those that encode metal chelators and are involved in the stress response, have been cor-
related with the hyperaccumulation trait; however, these determinants are not specific of
hyperaccumulators but are rather constitutively overexpressed in these species, conferring
them the ability to tolerate and accumulate in specific plant organs and/or tissues, huge
amounts of metal ions [121]. Mechanisms induced in angiosperms to tolerate excess PTE,
as well as those enacted by hyperaccumulators, have been extensively studied and reported
in the literature [120]. The first examples are the enhanced accumulation of ion chelating
compounds, such as histidine or nicotianamine, involved in hyperaccumulation of Ni
in Alyssum and Zn in A. halleri respectively [122,123]. The overexpression of transporter
proteins involved in root-to-shoot metal translocation was also correlated to hyperaccu-
mulation. Such overexpression has been reported, in some cases, as the result of genomic
DNA expansion and/or promoter modification, driving enhanced mRNA transcription,
as in the case of the Zn transporter HMA4 of A. halleri [124]. However, plant capacity for
PTE tolerance and accumulation cannot be ascribed to a limited number of genetic determi-
nants, but rather to a whole reorganization of developmental, nutritional and metabolic
processes [119,125], whose extent is still under study.

4. Conclusions and Future Perspectives

Deep knowledge of the interaction between plants and metal ions/metalloids in
soil, both toxic or nutrient elements, is an essential base for a successful application of
non-vascular and vascular plants for the identification and reclamation of PTE-polluted
environments. In addition to the more straightforward approaches, such knowledge allows
for manipulation of PTE tolerance and accumulation in target plant species. From a biotech-
nological point of view, there are two main fields of application of genetic engineering of the
plant actors, leading to either improved metal accumulation or exclusion from the cellular
environment. Firstly, biotechnology may aim to tailor PTE content in edible plant parts,
by enhancing the transport and accumulation of essential metal(oid)s for human nutrition
(i.e., biofortification), or reducing the accumulation of toxic elements in crops cultivated on
risky lands. Secondly, an increase in the accumulation of toxic elements in above-ground
plant tissues is significant for phytoremediation purposes, in view of adopting engineered
plants to remove HMs from contaminated soils or waters.

The in-depth insight that is being currently gained regarding the genetics of metal(loid)
tolerance and accumulation is a valuable source of genetic information (considering both
coding and non-coding sequences) that could be employed to control ion accumulation in
particular plant tissues or districts. Recent reviews detail the high number of experiments
aimed at modulating metal(oid) accumulation in plants, adopting as a system a variety of
model plants, trees and edible crops [126,127]. Moreover, even if most literature concerns
flowering plants as “gene donors” (generally overlooking the prokaryotic kingdom as well
as spore-bearing plants), attention has recently moved toward pteridophytes. For instance,
the P. vittata As transporter PvACR3, localized in the tonoplast of the gametophyte, is able
to enhance resistance to As-contaminated growth substrates in transgenic A. thaliana plants,
even though it localizes to the plasma membrane in A. thaliana cells [128]. Interestingly,
during evolution, the ACR3 gene was lost from the angiosperm genomes [128].

The new breeding techniques, such as CRISPR/Cas-mediated genome editing, enable
the targeting of specific sites on the DNA, allowing to precisely modify up to a single
nucleotide in the sequence, obtaining highly predictable modifications and transgene-free
organisms that could be of particular interest for a concrete application.
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Abstract: The present study investigates the effect of the addition of medicinal plants, such as lady’s
mantle, lavender, rosehip, and meadowsweet, on the chemical composition, antioxidant activity,
and color intensity of ready-to-drink aronia nectar during pasteurization and long-term storage.
Pasteurization caused a significant decrease in anthocyanin content of aronia nectar, which reduced
to 20% of the initial value after four months of storage. Herbs provided different protection to aronia
anthocyanins that degraded more slowly during the four-month storage compared to pasteurized
control without herbs. The addition of medicinal plants enriched aronia nectar with phenolic
compounds and increased its antioxidant activity by up to 52% in meadowsweet-aronia nectar.
Moreover, it was accompanied by a color intensity magnification due to co-pigmentation of aronia
anthocyanins and herbal phenolics. In contrast to anthocyanins, which constantly degraded during
the whole period, color intensity began to stabilize after 30 days, demonstrating that co-pigmentation
was progressively established during the time and rosehip provided the best stabilization of aronia
nectar color. Current research demonstrates for the first time that medicinal plants such as lady’s
mantle, rosehip, and especially meadowsweet can be used to increase antioxidant activity, color, and
anthocyanin stability of black chokeberry functional beverages.

Keywords: black chokeberry (Aronia melanocarpa); anthocyanin stability; antioxidant activity; herbs;
co-pigmentation; color stability; functional foods/beverages

1. Introduction

Aronia melanocarpa, also known as black chokeberry, is a deciduous shrub that belongs
to the Rosaceae family. Nowadays, chokeberries are cultivated as an important industrial
crop and are processed into juices, nectars, wines, jams, and food-grade colorants. Aronia
melanocarpa fruits are a good source of dietary fiber, vitamin B complex, carotenoids, toco-
pherols, vitamin C, and vitamin K, macroelements (K, Ca, P, Mg, Na), and microelements
(Zn, Fe, Se, Cu, Mo, Cr, Mn, Si, Ni, B, V) [1]. Black chokeberry fruits reveal numerous health
benefits and are among the richest sources of polyphenols and particularly anthocyanins in
the plant kingdom [2,3]. Besides strong antioxidant and immunomodulatory activities, the
beneficial health effects of chokeberry include gastroprotective, hypotensive, lipid-lowering,
anticarcinogenic, neuroprotective, and cardioprotective effects [4–8]. Therefore, Aronia
melanocarpa is recognized as a valuable medicinal plant [9]. The four major anthocyanins
in Aronia melanocarpa are cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside, cyanidin-
3-O-glucoside, and cyanidin-3-O-xyloside [10]. In the past 20 years, the health benefits of
anthocyanins have become a subject of numerous studies [11–13]. Anthocyanins act as
antioxidants and show numerous health benefits, including anticancer, antiatherogenic, and
anti-inflammatory effects [14]. Besides their health benefits, anthocyanins in foods are an
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important quality parameter that affects customers’ preferences. Anthocyanin stability in
foods is affected by numerous factors, such as pH, solvents, temperature, and the presence
of oxygen, enzymes, and other concomitant substances. The duration of heating during
food processing has a strong influence on anthocyanin stability. Sadilova, Stintzing, and
Carle have observed that elderberry anthocyanin content was very sensitive to thermal
treatment and several studies reported anthocyanin reduction with an increase in temper-
ature [15–17]. The heat-labile factors can force anthocyanin destruction, which could be
accelerated by endogenous enzymes in fruits that cause pigment destruction during juice
processing [17]. García-Viguera and Zafrilla have reported that temperature plays a critical
role in anthocyanin loss during storage [18], whereas Kasparaviciene and Briedis revealed
that eight-hour storage of black currant and black chokeberry juice concentrates at 60 ◦C
resulted in a reduction in anthocyanins by 31% and 35%, and antioxidant activity decreased
by 26% and 56%, respectively [19].

The combination of the attractive color of anthocyanins and their biological activi-
ties make the preservation of these pigments in foodstuffs and beverages an important
technological problem. Co-pigmentation is one of the main mechanisms for the natural
stabilization of anthocyanins. The co-pigmentation phenomenon occurs when a pigment
(anthocyanin) and a co-pigment (colorless substance) form non-covalent complexes. It is
observed as a bathochromic shift and hyperchromic effect, which stabilizes and modulates
anthocyanin color, contributing to more intense color. However, it should be noted that
most of the studies investigating co-pigmentation are performed in model systems, either
with isolated and purified anthocyanins, or with model foods/beverages involving pure
phenolic compounds [20,21].

As one of the richest sources of anthocyanins in the plant kingdom, black chokeberries
and their products are thoroughly studied in regard to chemical composition and health
benefits. However, studies regarding the stabilization of aronia anthocyanins through
co-pigmentation are scarce. In our recent study, we investigated in model systems the
co-pigmentation of anthocyanins isolated from black chokeberry with polyphenolic co-
pigments and herbal extracts [22]. The investigated compounds provoked different co-
pigmentation effects, accompanied by a color intensity (CI) magnification. The effect
was profound at high co-pigment/pigment ratios, not characteristic for plant matter, and
unachievable from a practical point of view. The addition of herbal extracts to purified
anthocyanins led to a significant hyperchromic effect at much lower pigment/co-pigment
ratios compared to pure compounds. Another study, using model beverages, revealed that
chlorogenic acid enhanced the CI of aronia juice and that purified pigment from aronia had
smaller co-pigmentation effects in comparison to fruit juice, indicating the participation of
natural co-pigments present in fruits [23]. Furthermore, two studies investigated the effect
of the addition of herbal extracts on the polyphenol content and composition of aronia
juices without evaluating the effect on CI [24,25].

As a result of our previous study and literature review, we hypothesized that, except
in model systems with purified anthocyanins, herbal extracts could exert their protective
effect on black chokeberry anthocyanins and color stability in real food matrices. Moreover,
this could be achieved in low concentrations, which are achievable in food processing, thus
opening perspectives for potential practical application in the production of aronia-based
functional foods. Therefore, the current study aimed to investigate the effect of the addition
of herbs (lady’s mantle, lavender, rosehip, and meadowsweet) on the chemical composition,
color stability, and antioxidant activity of ready-to-drink nectar from black chokeberry
fruits after pasteurization and four-month storage. Namely, meadowsweet, lavender, and
lady’s mantle extracts showed co-pigmentation with chokeberry anthocyanins in the above-
mentioned study, whereas rosehip was chosen because of its high antioxidant potential
and the observed synergistic effect in in vitro antioxidant activity, when mixed with aronia
extracts [26]. Furthermore, it is known that co-pigmentation is progressively established
during food storage and studies evaluating the co-pigmentation of aronia anthocyanins
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with herbal extracts during processing and storage of real food matrices such as aronia
drinks are required [27].

2. Results and Discussion

2.1. Effect of Herb Addition on Chemical Composition, Color Intensity, and Antioxidant Activity of
Black Chokeberry Nectar

In the European Union, there are strict regulations towards the requirements for fruit-
based drinks, including fruit juices and fruit nectars [28]. According to them, fruit nectar
is “The fermentable but unfermented product which is obtained by adding water with
or without the addition of sugars and/or honey to fruit juice, to fruit purée and/or to
concentrated fruit purée, and/or to a mixture of those products”. In our study, we chose
four popular herbs to enrich aronia nectar with polyphenolic compounds and to investigate
their effect on anthocyanin degradation and color stability after thermal pasteurization
and four-month storage. The content of anthocyanins, polyphenols, as well as antioxidant
activity and CI of black chokeberry nectar with 40% fruit content and aronia-herbal nectars
are presented in Table 1. As it is evident from the results, black chokeberry nectar is a very
rich source of polyphenols—3020.0 mg/L and particularly anthocyanins—700.4 mg/L,
rendering very high oxygen radical absorbance capacity (ORAC) antioxidant activity of
63,878 μmol trolox equivalents (TE)/l. The addition of all herbs in a concentration of 2%
significantly increased (p < 0.05) the polyphenol content of chokeberry nectar reaching 40%,
when rosehip or meadowsweet extracts were added to the nectar. The increase in peroxyl
radical scavenging activity (ORAC value) was even more significant (p < 0.05), exceeding
50% in the case of meadowsweet extract. Hydroxyl radical averting capacity (HORAC
value) of chokeberry with meadowsweet was 29.6% higher than the pure chokeberry nectar
(p < 0.05). Herb addition led to a decrease in anthocyanin content due to the soaking effect
of aronia extract on dry herbs. As a result, CI of mixed aronia-herbal products decreased in
all cases (p < 0.05), from 42.8 for pure aronia nectar to 36.8 for chokeberry with lavender
nectar. The addition of herbs to aronia nectar was related to an increase in colored hue,
which was significant (p < 0.05) for rosehip and lady’s mantle and could be attributed to
carotenoid content of rosehip and brownish pigments in dry lady’s mantle aerial parts.

Table 1. Anthocyanin and polyphenol content, antioxidant activity, color intensity, and color hue of
black chokeberry nectar with or without herb addition.

Chokeberry Chokeberry with Lavender
Chokeberry with

Meadowsweet
Chokeberry with Rosehip

Chokeberry with
Lady’s Mantle

Anthocyanin content,
mg/L 700.4 c ± 16.0 587.0 a ± 12.5 642.9 b ± 13.5 571.9 a ± 19.7 565.2 a ± 21.1

Total polyphenol content,
mg/L 3020.0 a ± 65.4 3395.7 b ± 59.4 4177.2 d ± 120.3 4281.4 d± 88.7 3851.5 c ± 53.3

ORAC 1, μmol TE/L 63,878 a ± 190 73,198 b ± 1750 96,973 d ± 1488 91,713 d ± 3322 78,227 c ± 2319
HORAC 2, μmol GAE 3/L 14,556 a ± 32 16,336 c ± 54 18,860 d ± 745 15,158 b ± 873 15,612 b ± 203
CI 4 42.8 b ± 1.0 36.8 a ± 2.3 39.6 a ± 2.4 40.0 a ± 1.6 39.3 a ± 1.6
Color hue 9.0 ab ± 0.8 9.8 abc ± 0.6 8.7 a ± 0.4 11.7 d ± 1.0 10.7 cd ± 0.6

1 Oxygen radical absorbance capacity; 2 Hydroxyl radical averting capacity; 3 Gallic acid equivalents; 4 Color
intensity. Results are presented as mean values ± standard deviation (SD). There are no significant differences
among values marked with the same superscript letters in individual lines.

The addition of herbs to increase polyphenol content and antioxidant activity of aronia-
based products have been investigated by other authors, as well. For example, Skapska
et al. used Cistus, green tea, and nettle to fortify 80% aronia extracts with additional
antioxidants [24]. Similar to our findings, the authors found that the addition of herbal
extracts to aronia extract increases its antioxidant activity, measured by several in vitro
assays, such as ORAC, ABTS, and DPPH. Moreover, a synergistic effect of selected herbal
extracts was noted in total antioxidant capacity. In our study, the ORAC value of 40%
aronia nectar was similar to their results for 80% aronia extract. This could be due to
either difference in the raw material or the technological processing since our recent study
demonstrated that black chokeberry fruits and functional drinks differ significantly in
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their chemical composition and antioxidant activity [29]. In another study, Sidor et al.
investigated the effect of adding aqueous cinnamon and clove extracts on polyphenol loss
in cloudy and clarified chokeberry juices [25]. The authors demonstrated that the addition
of plant extracts prior to the pasteurization process influenced the content of phenolic
compounds in the chokeberry juice and also observed a slight decrease in the anthocyanin
content after the addition of herbal extracts.

In general, medicinal plants lack or are poor in anthocyanins, but are rich in other
classes of phenolic compounds that could act as co-pigments to anthocyanins. The content
of the major phenolic compounds of black chokeberry nectar, without and with herb
addition, are presented in Table 2. Besides being a rich source of anthocyanins (cumulative
content—700.4 mg/L), pure chokeberry nectar is a very rich source of several other classes
of phenolic compounds (hydroxycinnamic acids, flavonols, and flavan-3-ols). Similarly to
anthocyanin content, the content of other phenolic components such as neochlorogenic
acid and quercetin decreased after the addition of herbs, again related to the soaking effect
of aronia extract on dried herbs. On the other hand, the addition of herbs during extraction
enriched chokeberry nectar with additional phenolics, such as p-coumaric and ellagic acids,
and rosmarinic acid in the case of lavender (corresponding chromatograms are shown
in Supplementary Figure S1). The addition of meadowsweet to aronia nectar increased
significantly both the content of epicatechin from 42.4 mg/L to 115.3 mg/L (p < 0.05) and
quercetin-3-glucoside from 116 mg/L to 145.5 mg/L, (p < 0.05), whereas the addition of
2% lady’s mantle during black chokeberry extraction increased the content of rutin in the
product with 225% (p < 0.05). It is known that these flavonoids and particularly quercetin
derivatives are strong chain-breaking antioxidants. Moreover, a recent study revealed
that quercetin and epicatechin are the strongest antioxidants in black chokeberry fruits.
However, due to the relatively low content, their contribution to the antioxidant activity of
the fruits is not so significant compared to proanthocyanidins [3]. As it is demonstrated
here, the addition of meadowsweet and lady’s mantle to aronia nectar enriched it in
these flavonoids, which could explain the significantly higher ORAC activity of these two
products when compared to pure aronia nectar (p < 0.05) (Table 1).

Table 2. Major phenolic constituents (mg/L) of black chokeberry nectar with or without herb addition.

Chokeberry
Chokeberry with

Lavender
Chokeberry with

Meadowsweet
Chokeberry with

Rosehip
Chokeberry with

Lady’s Mantle

Gallic acid - - 34.9 a ± 3.4 57.2 b ± 4.8 32.4 a ± 4.1
Neochlorogenic acid 322.1 b ± 18.5 242.1 a ± 12.4 273.3 a ± 16.5 254.3 a ± 21.0 240.2 a ± 20.3
Chlorogenic acid 269.1 b ± 11.2 181.6 a ± 10.8 280.6 b ± 19.6 273.8 b ± 28.1 283.1 b ± 21.2
Caffeic acid - 19.9 a ± 2.6 - - -
Epicatechin 42.4 a ± 3.1 50.7 ab ± 4.8 115.3 c ± 9.6 53.9 b ± 4.1 53.7 b ± 2.3
p-Coumaric acid - 17.4 b ± 1.2 16.9 b ± 2.1 11.7 a ± 0.9 20.5 b ± 0.8
Ferulic acid - 22.1 a ± 0.8 58.3 c ± 3.1 45.2 b ± 2.1 47.2 b ± 4.0
Rutin 178.0 a ± 8.1 124.7 a ± 9.6 188.4 b ± 9.2 172.8 b ± 5.1 579.8 c ± 14.6
Ellagic acid - - 34.2 a ± 1.2 49.5 b ± 2.9 65.9 c ± 4.1
Quercetin-3-glucoside 116.0 a ± 7.2 132.7 ab ± 5.6 176.2 c ± 9.9 145.5 b ± 13.1 118.8 a ± 10.5
Rosmarinic acid - 29.2 a ± 0.2 - - -
Quercetin 14.5 b ± 0.8 6.2 a ± 0.2 12.3 b ± 0.6 8.7 a ± 0.9 8.4 a ± 1.0

Results are presented as mean values ± SD. There are no significant differences among values marked with the
same superscript letters in individual lines (p < 0.05).

2.2. Changes in Chemical Composition, Color Intensity, and Antioxidant Activity of Black
Chokeberry Nectar, without and with Herbs, during Pasteurization and Storage
2.2.1. Changes in Anthocyanin Content and Polyphenol Constituents of Black Chokeberry
Nectar, without and with Herbs, during Pasteurization and Storage

Anthocyanins are particularly desired components in foods because on the one hand,
they render the food an attractive red color, but on the other, due to their numerous health
benefits, they increase functional and health-promoting properties of foods [22]. Because of
their unstable nature, anthocyanins are readily destroyed during processing and storage,
and the natural stabilization of anthocyanins with co-pigments is an important problem of
practical significance. The rate of degradation of anthocyanins increases during processing

126



Plants 2022, 11, 243

and storage as temperature increases and follows first-order kinetics [30]. The increase in
temperature causes hydrolysis of the glycosidic bonds, which leads to a loss in anthocyanin
color and formation of brown chalcones [31]. Several studies have shown that aronia
anthocyanins are prone to degradation during technological processing and especially
heating. For example, Hwan and Ki investigated the effects of different factors (pH, tem-
perature, light, sugars, organic acids, etc.) on the stability of anthocyanins extracted from
Aronia melanocarpa and revealed that high temperatures and prolonged heating substan-
tially reduced anthocyanin content [32]. Another study demonstrated that a decrease of
anthocyanins in aronia drinks as a result of thermal pasteurization treatment could be di-
minished by high-pressure carbon dioxide preservation, which can be explained by a much
lower heat dose during the latter process during storage [24]. Similar results were observed
by Wilkes et al. after pasteurization of chokeberry juice. Moreover, anthocyanin losses
were paralleled by increased polymeric color values, indicating that the small amounts
of anthocyanins remaining were present in large part in polymeric forms [33]. Therefore,
adding herbal extracts to anthocyanin-rich foods is an interesting approach to delay their
degradation [34,35]. Figure 1 depicts the changes in anthocyanin content of the studied
beverages after pasteurization (90◦C, 10 min). Since co-extraction of chokeberry mesh and
herbs led to a decrease of chokeberry nectar anthocyanin content, results are presented as
percent of the initial anthocyanin content of the corresponding sample before pasteurization
(Panel A) and compared to the content of anthocyanins in the control nectar without herb
addition (Panel B). Our results showed that indeed anthocyanins in aronia nectar were
degraded rapidly after thermal treatment at 90 ◦C and their degradation was constant
during the whole monitoring period of 120 days, reaching about 20% of the initial value.

Figure 1. Changes of anthocyanin content of black chokeberry nectar, with or without the addition
of herbs, after pasteurization and during storage: (A) expressed as a percent of the sample before
pasteurization; (B) expressed as percent from the control (nectar without herb) at the corresponding
time point.
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The addition of meadowsweet, rosehip, and lady’s mantle reduced anthocyanin
degradation in all time points. Interestingly, the protective effect of the herbal extracts was
most pronounced at shorter storage periods (30 days and 60 days), whereas after 120 days
of storage differences in anthocyanin degradation were smaller. For example, anthocyanins
from chokeberry nectar degraded with 32% and 19.8% less when meadowsweet was
added in the extraction, respectively, after 30 and 60 days of storage. As it could be seen
from Figure 1, Panel B, all herbs tended to protect black chokeberry anthocyanins during
pasteurization and storage. However, the effect was most pronounced with meadowsweet.
Although the initial content of anthocyanins in chokeberry-meadowsweet beverage was
lower than that in pure aronia nectar, the content of anthocyanins immediately after
pasteurization was higher than the control and increased significantly during storage. This
is evidence that meadowsweet extract protected aronia anthocyanins from degradation
during pasteurization and storage.

2.2.2. Changes in Color Intensity of Black Chokeberry Nectar, without and with Herbs,
during Pasteurization and Storage

Quite often, food color is only related to anthocyanin content, and CI or color ex-
pression is not taken into consideration. As already discussed, the co-pigmentation phe-
nomenon could significantly increase CI at the same levels of anthocyanins in the sample [3].
However, it should be noted that most of the studies investigating co-pigmentation are
in model systems with isolated and purified anthocyanins since real food matrices are
more difficult to investigate, especially when herbs are added to the system. Usually,
co-pigmentation is observed as a bathochromic shift and/or hyperchromic effect, which
stabilizes and modulates anthocyanin color, contributing to a more intense color [20,21].
However, the addition of colored herbs during extraction could mask both hyperchromic
and bathochromic effects. Therefore, we used CI as a marker for color expression. This
method was proposed by Glories for the evaluation of wine color and later adopted in
many studies [36–39].

The changes of CI of the studied beverages after thermal treatment and during storage
are shown in Figure 2. Although anthocyanins are the main color pigments in the studied
beverages, the trend of CI change was completely different from that of anthocyanin
degradation. Thermal treatment led to a significant drop in CI (Figure 2, Panel A), probably
due to anthocyanin degradation that occurred during pasteurization. In all cases, CI
decreased within the first 30 days of storage. However, this process occurred at a slower rate
in comparison to anthocyanin degradation (Figure 1). In the case of lavender, meadowsweet,
and lady’s mantle, this decrease continued to the 60th day of storage, and after that, CI
showed a trend towards stabilization. In the case of rosehip, stabilization of CI began
after 30 days of storage. Due to the decreased anthocyanin content of mixed aronia-
herbal beverages, their CI before pasteurization was lower than that of the nectar without
herbs (Figure 2, Panel B). In all studied beverages, there was a trend for increased CI in
comparison to control nectar. Although aronia-lavender nectar showed a trend for CI
stabilization during storage, the absolute value of CI did not pass the value of the nectar
at the corresponding time point. However, in all other cases (meadowsweet, rosehip, and
lady’s mantle), after approximately 30 days of storage, the absolute values of CI exceeded
that of the control nectar. For example, after 120 days of storage, aronia nectar with
added rosehip had a CI that was 31.2% higher than that of the pure chokeberry nectar.
Interestingly, the color of pure aronia nectar, which had the highest rate of anthocyanin
degradation, also showed a trend for stabilization after approximately 60 days of storage.
This is probably due to the high native content of hydroxycinnamic acids, epicatechin, and
proanthocyanidins in aronia berries, which are strong co-pigments for aronia anthocyanins
and could explain the elevated anthocyanin and color stability of aronia in comparison to
other berries with non-acylated anthocyanins [22].
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Figure 2. Changes in color intensity of black chokeberry nectar, with or without the addition of herbs,
after pasteurization and during storage: (A) Expressed as percent before pasteurization; (B) Expressed
as percent from the control (nectar without herb) at the corresponding time point.

2.2.3. Changes in Antioxidant Activity of Black Chokeberry Nectar, without and with
Herbs, during Pasteurization and Storage

Measuring the antioxidant activity of foodstuffs is important from two aspects. Firstly,
antioxidant components could protect food primary and secondary metabolites from
oxidation, rancidity, and resulting degradation, and, therefore, preserve food quality.
Secondly, food antioxidants taken with the diet could exert their antioxidant-related effects
in the body, thus promoting human health [40]. Interestingly, we demonstrated that
functional beverages obtained from the same batch of aronia fruits, which differed in
their polyphenol content and antioxidant activity due to different technological processing,
revealed different biological activity as well. This was demonstrated in a rat model of
indomethacin-induced gastric ulcers, and the gastroprotective effect of aronia juices was
related to their polyphenol content and antioxidant activity [5]. Furthermore, the effect was
increased by enriching aronia juice with polyphenols from lady’s mantle.

In order to monitor the antioxidant activity changes after thermal treatment and
during storage, we employed three different assays. ORAC is an indicator for the peroxyl
radical scavenging capacity of antioxidants via hydrogen atom transfer, whereas analysis
for total polyphenols relies on a single electron transfer. HORAC is an indicator of the
ability of an antioxidant to prevent the formation of hydroxyl radicals during Fenton-
like reactions [41]. Figure 3 presents data on the changes in antioxidant activity after
thermal treatment and during 120 days of storage. As already stated, the addition of
herbs significantly increased the polyphenol content of chokeberry nectar, and antioxidant
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activity measured by all three assays stayed comparatively stable during the whole period
of storage and monitoring. These results correlate well with the total polyphenol content,
which is kept more stable than anthocyanins during storage. From these results, it could be
concluded that anthocyanin degradation did not significantly affect the antioxidant activity
of aronia beverages. Anthocyanin degradation, caused by high temperature, results in the
formation of benzoic acid derivatives and coumarins, with preserved hydroxyl groups
and antioxidant activity [42,43]. In a previous study, we demonstrated that chokeberry
proanthocyanidins were the major contributor to aronia antioxidant activity and, therefore,
anthocyanin degradation did not significantly affect fruit antioxidant properties [3].

Figure 3. Changes in (A) ORAC (Oxygen radical absorbance capacity); (B) HORAC (Hydroxyl radical
averting capacity) antioxidant activities and (C) total polyphenol content during thermal processing
and storage of black chokeberry nectar with or without the addition of herbs. TE (trolox equivalents);
GAE (Gallic acid equivalents). Results are presented as mean values ± SD.
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It is very difficult to relate the observed herb-induced magnification of anthocyanin or
color stability with the observed antioxidant properties of aronia-herbal beverages. The
extract of meadowsweet protected to the highest extent aronia anthocyanins from degra-
dation during storage, but rosehip extract provided the best stabilization of aronia nectar
color. Usually, there is a good correlation between polyphenol content and antioxidant
activity, and it is known that certain phenolics could prevent or delay anthocyanin degra-
dation [44]. Furthermore, the effectiveness of phenolic compounds as co-pigments is not
related to the polyphenol content and resulting antioxidant properties, indicating that the
qualitative phenolic composition of the extracts is more important than the total polyphenol
content [22].

3. Materials and Methods

3.1. Chemicals

Cyanidin-3-O-galactoside chloride (≥97%), cyanidin-3-O-arabinoside chloride (≥97%),
and cyanidin-3-O-glucoside chloride (≥97%) were purchased from Extrasynthese S.A.
(Genay Cedex, France). Chlorogenic acid (≥95%), caffeic acid (≥98%), ferulic acid (≥99%),
p-coumaric acid (≥98%), rutin (≥94%), epicatechin (≥90%), quercetin-3-O-glucoside (≥90%),
quercetin (≥98%), rosmarinic acid (≥98%), ellagic acid (≥95%), neochlorogenic acid
(≥98%), gallic acid (100%), Trolox (≥98%), fluorescein (FL) disodium salt (100%), and
2,2′-Azobis(2-amidinopropane) dihydrochloride (AAPH) (≥98%) were purchased from
Sigma-Aldrich (Steinheim, Germany) and Folin–Ciocalteu’s phenol reagent was purchased
from Merck (Darmstadt, Germany). All other solvents used were of analytical grade and
purchased from local distributors.

3.2. Plant Materials

Black chokeberry fruits were cultivated from Dimitar Sokolov (Gotse Delchev, Latitude:
41.5667, Longitude: 23.7333, Bulgaria) and harvested in the stage of full maturity in August
2020. Fresh fruits were frozen and stored at −18 ◦C by Vitanea Ltd. (Plovdiv, Bulgaria) and
delivered frozen prior to extraction and analysis.

Cut herbs (size 1–4 mm): common lavender (Lavandula angustifolia Mill.) aerial parts,
lady’s mantle (Alchemilla glabra Neygenf.) aerial parts, and meadowsweet (Filipendula
ulmaria L.) aerial parts, produced by Herbal pharmacy No. 1, Plovdiv were purchased from
“Pharmacy 36.6”, Plovdiv, Bulgaria. Dried deseeded rosehips (Rosa canina L.) fruits (Size
2–8 mm, batch number RSPLH01032021L) were purchased from Balevski and Kirov Ltd.
(Tryavna, Gabrovo region, Bulgaria).

3.3. Preparation of Beverages

Black chokeberry nectar with 40% fruit content was prepared according to a previously
reported procedure [29]. Briefly, frozen aronia fruits were defrosted at room temperature
and homogenized in a laboratory blender. After that, 400 g of fruit homogenate were
mixed with 600 mL ultrapure water, transferred to a brown-glass bottle, and incubated
in a thermostatic water bath shaker (NUVE, Asagi Ovecler Ankara, Turkey) for 1 h, at
60 ◦C. After that, solid fruit residue was separated from the clear aronia nectar by pressing
through a cheesecloth.

For the preparation of mixed aronia-herbal beverages, 400 g of fruit homogenate were
mixed with 600 mL ultrapure water and 20 g (2% w/v) of the respective herb (lavender,
lady’s mantle, meadowsweet, or rosehip). Mixtures were transferred in brown-glass bottles
and incubated in a thermostatic water bath shaker (NUVE, Asagi Ovecler Ankara, Turkey)
for 1 h, at 60 ◦C. After that, solid fruit-herbal residues were separated from the clear nectars
by pressing through a cheesecloth.

All extraction procedures were repeated 5 times in order to collect approximately 3.5 L
of all nectars necessary for the whole experiment. 50 mL from all samples were separated
for analysis before thermal treatment, whereas the remaining amounts were subjected
to pasteurization.
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3.4. Pasteurization and Storage of Black Chokeberry Nectars with or without Herb Addition

Pasteurization of fruit nectars was performed according to Rabie et al., with slight
modifications [45]. Briefly, filtrated nectars were poured in 250 mL glass bottles, capped
with twist-off metal caps, transferred into a 90 ◦C water bath, and pasteurized for 10 min
minutes. Pasteurized nectars were cooled to room temperature in a cold water bath for
30 min. In total, 10 bottles were kept from each nectar—2 parallel samples for each time
point (after pasteurization; and 30, 60, 90, and 120 days of storage).

Pasteurized bottles were kept in a dark place at 20.0 ± 1.0 ◦C for the whole stor-
age period. Two bottles from each sample/nectar were randomly chosen, either after
pasteurization or at the corresponding time points of storage, and opened immediately
before analysis.

3.5. Color Evaluation

CI and color hue were calculated according to Bimpilas et al. via the following
formulas [37]:

CI = A420 + A520 + A620

Color hue = A420/A520

where: A420, A520, and A620 are the absorbance values measured at 420 nm, 520 nm, and
620 nm, respectively.

Using this method, the absorbance of samples was measured at 420 nm (yellow),
520 nm (red), and 620 nm (blue), thus reflecting the% contribution of different pigment
categories to the expressed color. All spectrophotometric measurements were performed at
a Biowave DNA spectrophotometer using a 0.05 mm optical path glass cell (Biochrom WPA,
Cambridge, United Kingdom). Results for color intensity and color hue were recalculated
for 1 mm optical path.

3.6. Total Polyphenol Content Analysis

Total polyphenols were determined according to the method of Singleton and Rossi,
with the Folin–Ciocalteu’s reagent [46]. Gallic acid was employed as a calibration standard,
and results were expressed in mg gallic acid equivalents (GAE) per liter of extract ± SD,
(n = 6).

3.7. HPLC Determination of Anthocyanins

The quantitation of anthocyanins was conducted on a Nexera-i LC2040C Plus UHPLC
system (Shimadzu Corporation, Kyoto, Japan) with a UV detector and a binary pump.
The system was controlled by LabSolutions (ver. 5.98) software (Shimadzu Corp.). A
wavelength of 520 nm was used. Anthocyanins were separated using an Agilent TC-
C18 column (5 μm, 4.6 × 250 mm) at 25 ◦C. The following mobile phases were used:
5% formic acid (A) and 100% methanol (B) at a flow rate of 1.0 mL/min. The gradient
condition started with 15% B and linearly increased to 30% B at 20 min. The sample
injection volume was 20 μL. The results were calculated from the relationship between
the peak area response and concentration, using linear regression for each analyte. The
R-squared values (R2) were >0.99 for all calibration curves. Anthocyanins were identified
by comparing the retention times of unknown analytes with analytical grade standards
(cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside, and cyanidin-3-O-glucoside). The
total anthocyanin content was expressed as the sum of the content of the three anthocyanins
and expressed as mg per liter of extract ± SD (n = 4).

3.8. HPLC Analysis of Phenolic Compounds

The main polyphenol compounds of aronia and herbal extracts were quantified on
a Nexera-i LC2040C Plus UHPLC system (Shimadzu Corporation, Kyoto, Japan) with a
UV detector and a binary pump. A wavelength of 280 nm was used. The separation of
phenolics was performed on an Agilent TC-C18 column (5 μm, 4.6 mm × 250 mm) at
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25 ◦C. The mobile phases constituted 0.5% acetic acid (A) and 100% acetonitrile (B) at
a flow rate of 0.8 mL/min. The gradient condition started with 14% B, between 6 min
and 30 min linearly increased to 25% B, then to 50% B at 40 min. The sample injection
volume was 20 μL. The results were calculated from the relationship between the peak
area response and concentration, using linear regression for each analyte. The R-squared
values (R2) were >0.99 for all calibration curves. All phenolic compounds were identified
by comparing the retention times of unknown analytes with analytical grade standards
(chlorogenic acid, caffeic acid, ferulic acid, p-coumaric acid, rutin, epicatechin, quercetin-3-
O-glucoside, quercetin, rosmarinic acid, ellagic acid, neochlorogenic acid) and expressed as
mg per liter of extract ± SD (n = 4).

3.9. Oxygen Radical Absorbance Capacity (ORAC) Assay

Oxygen Radical Absorbance Capacity was measured according to the method of Ou,
Hampsch-Woodill, and Prior [47] with some modifications [48]. Solutions of AAPH, FL,
and trolox were prepared in a phosphate buffer (75 mmol/L, pH 7.4). Samples were diluted
in the phosphate buffer as well. The reaction mixture (total volume 200 μL) contained
FL—(170 μL, final concentration 5.36 × 10−8 mol/L), AAPH—(20 μL, final concentration
51.51 mmol/L), and sample—10 μL. The FL solution and sample were incubated at 37 ◦C
for 20 min directly in a microplate reader, and AAPH (dissolved in buffer at 37 ◦C) was
added. The mixture was incubated for 30 s before the initial fluorescence was measured.
After that, the fluorescence readings were taken at the end of every cycle (1 min) after
shaking. For the blank, 10 μL of phosphate buffer was used instead of the extract. Trolox
solutions (6.25; 12.5; 25 and 50 μmol/L) were used for defining the standard curve. ORAC
was measured using a FLUOstar OPTIMA plate reader (BMG Labtech, Germany), excitation
wavelength of 485 nm and emission wavelength of 520 nm were used. ORAC values were
expressed in μmol TE per liter of extract ± SD (n = 8).

3.10. Hydroxyl Radical Averting Capacity (HORAC) Assay

HORAC was performed as described by Ou et al. [49]. Briefly, hydrogen peroxide
solution of 0.55 M was prepared in distilled water. 4.6 mM Co(II) was prepared as follows:
15.7 mg of CoF2·4H2O and 20 mg of picolinic acid were dissolved in 20 mL of distilled
water. FL—170 μL (60 nM, final concentration) and 10 μL of the sample were incubated
at 37 ◦C for 10 min directly in the FLUOstar plate reader. After incubation 10 μL H2O2
(27.5 mM, final concentration) and 10 μL of Co(II) (230 μM final concentration) solutions
were subsequently added. The initial fluorescence was measured, after which the readings
were taken every minute after shaking. For the blank sample, a phosphate buffer solution
was used. 100, 200, 600, 800, and 1000 μM gallic acid solutions (in phosphate buffer 75 mM,
pH = 7.4) were used for building the standard curve. Measurements were performed on a
FLUOstar OPTIMA fluorometer (BMG LABTECH, Offenburg, Germany). The excitation
wavelength of 485 nm and emission wavelength of 520 nm was used. The results were
expressed in micromole gallic acid equivalents (μmol GAE) per liter of extract ± SD (n = 8).

3.11. Statistical Analysis

All samples were prepared and analyzed in duplicates. The HPLC analyses were
performed twice for every single sample (n = 4), whereas other analyses were run at least
in triplicates for each sample (n = 6). Results were expressed as mean values ± standard
deviations. One-way analysis of variance (ANOVA) and Student’s t-test were used to eval-
uate the differences of the mean between groups. p values less than 0.05 were considered
to be significant. Microsoft Excel, 2013 (Microsoft Corporation, Redmond, WA, USA) was
used in the analyses.

4. Conclusions

The current work provides evidence for the first time that the addition of herbs during
the processing of black chokeberry fruits can successfully increase polyphenol content,
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antioxidant activity, color, and anthocyanin stability of resulting functional beverages,
thus increasing their functionality and consumers’ acceptance. However, different herbs
provided different protective effects. Meadowsweet extracts protected to the highest extent
aronia anthocyanins from degradation, but rosehip provided the best stabilization of
aronia nectar color during storage. Therefore, each herbal material should be investigated
for its ability to increase anthocyanin and/or color stability of foods. Interestingly, CI
decreased with a different pattern from anthocyanin degradation, thus revealing that the
co-pigmentation effect in chokeberry nectar with herbal phenolics was established after
the first month of beverage storage. Our research findings could find practical application
in the industrial production of aronia-based functional drinks with enhanced antioxidant
activity and stabilized anthocyanins, and color for the prevention and supplementation of
oxidative stress-related diseases.
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25. Sidor, A.; Drożdżyńska, A.; Brzozowska, A.; Szwengiel, A.; Gramza-Michałowska, A. The effect of plant additives on the
stability of polyphenols in cloudy and clarified juices from black chokeberry (Aronia melanocarpa). Antioxidants 2020, 9, 801.
[CrossRef] [PubMed]

26. Kratchanova, M.; Denev, P.; Kratchanov, C. Rosehip extract synergistically increase antioxidant activity of fruit and herb extracts.
Bulg. Chem. Commun. 2014, 46A, 59–64.

27. Gonzalez-Manzano, S.; Dueñas, M.; Rivas-Gonzalo, J.C.; Escribano-Bailón, M.T.; Santos-Buelga, C. Studies on the copigmen-
tation between anthocyanins and flavan-3-ols and their influence in the colour expression of red wine. Food Chem. 2009, 114,
649–656. [CrossRef]

28. Directive 2012/12/EU of the European parliament and of the Council amending Council Directive 2001/112/EC relating to fruit
juices and certain similar products intended for human consumption. Off. J. Eur. Union 2012, L115/1–L115/11.

29. Denev, P.; Kratchanova, M.; Petrova, I.; Klisurova, D.; Georgiev, Y.; Ognyanov, M.; Yanakieva, I. Black chokeberry (Aronia
melanocarpa (Michx.) Elliot) fruits and functional drinks differ significantly in their chemical composition and antioxidant activity.
J. Chem. 2018, 2018, 9574587. [CrossRef]

30. Ahmed, J.; Shivhare, U.S.; Raghavan, G.S.V. Thermal degradation kinetics of anthocyanin and visual colour of plum puree. Eur.
Food Res. Technol. 2004, 218, 525–528. [CrossRef]

31. Adams, J.B. Thermal degradation of anthocyanins with particular reference to the 3-glycosides of cyanidin. I. In acidified aqueous
solution at 100 ◦C. J. Sci. Food Agric. 1973, 24, 747–762. [CrossRef]

32. Hwang, E.-S.; Ki, K.-N. Stability of the anthocyanin pigment extracted from aronia (Aronia melancocarpa). Korean J. Food Sci.
Technol. 2013, 45, 416–421. [CrossRef]

33. Wilkes, K.; Howard, L.R.; Brownmiller, C.; Prior, R.L. Changes in chokeberry (Aronia melanocarpa L.) polyphenols during juice
processing and storage. J. Agric. Food Chem. 2014, 62, 4018–4025. [CrossRef] [PubMed]

34. Chung, I.-M.; Park, I.; Seung-Hyun, K.; Thiruvengadam, M.; Rajakumar, G. Plant-mediated synthesis of silver nanoparticles:
Their characteristic properties and therapeutic applications. Nanoscale Res. Lett. 2016, 11, 40. [CrossRef]

35. Jensen, M.B.; López-de-Dicastillo Bergamo, C.A.; Payet, R.M.; Liu, X.; Konczak, I. Influence of copigment derived from Tasmannia
pepper leaf on Davidson’s plum anthocyanins. J. Food Sci. 2011, 76, C447–C453. [CrossRef]

36. Glories, Y. La couleur des vins rouges. 2e partie: Mesure, origine et interprétation. J. Int. Sci. Vigne du Vin. 1984, 18,
253–271. [CrossRef]

135



Plants 2022, 11, 243

37. Pérez-Magariño, S.; González-San José, M.L. Polyphenols and colour variability of red wines made from grapes harvested at
different ripeness grade. Food Chem. 2006, 96, 197–208. [CrossRef]

38. Bimpilas, A.; Panagopoulou, M.; Tsimogiannis, D.; Oreopoulou, V. Anthocyanin copigmentation and color of wine: The effect of
naturally obtained hydroxycinnamic acids as cofactors. Food Chem. 2016, 197, 39–46. [CrossRef] [PubMed]

39. Remini, H.; Mertz, C.; Belbahi, A.; Achir, N.; Dornier, M.; Madani, K. Degradation kinetic modelling of ascorbic acid and colour
intensity in pasteurized blood orange juice during storage. Food Chem. 2015, 173, 665–673. [CrossRef] [PubMed]

40. National Academy of Sciences, Institute of Medicine. Panel on dietary antioxidants and related compounds: Vitamin C, vitamin
E, selenium, and α-carotene and other carotenoids: Overview, antioxidant definition, and relationship to chronic disease. In
Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids; National Academies Press: Washington, DC, USA,
2000; pp. 35–57.
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Abstract: Trees are vital resources for economic, environmental, and industrial growth, supporting
human life directly or indirectly through a wide variety of therapeutic compounds, commodities, and
ecological services. Pterocarpus marsupium Roxb. (Fabaceae) is one of the most valuable multipurpose
forest trees in India and Sri Lanka, as it is cultivated for quality wood as well as pharmaceutically
bioactive compounds, especially from the stem bark and heartwood. However, propagation of the
tree in natural conditions is difficult due to the low percentage of seed germination coupled with
overexploitation of this species for its excellent multipurpose properties. This overexploitation has
ultimately led to the inclusion of P. marsupium on the list of endangered plant species. However,
recent developments in plant biotechnology may offer a solution to the overuse of such valuable
species if such advances are accompanied by technology transfer in the developing world. Specifically,
techniques in micropropagation, genetic manipulation, DNA barcoding, drug extraction, delivery, and
targeting as well as standardization, are of substantial concern. To date, there are no comprehensive
and detailed reviews of P. marsupium in terms of biotechnological research developments, specifically
pharmacognosy, pharmacology, tissue culture, authentication of genuine species, and basic gene
transfer studies. Thus, the present review attempts to present a comprehensive overview of the
biotechnological studies centered on this species and some of the recent novel approaches for its
genetic improvement.

Keywords: biotechnological tools; DNA barcoding; ethnomedicine; in vitro culture; genetic improvement

1. Introduction

Forest trees provide valuable resources for economic, environmental, and industrial
development. Indeed, these plants sustain human life directly or indirectly, which supply
a wide range of goods and ecological services essential for survival and prosperity. The
medicinal plants used in traditional medicine all over the world are a potentially rich source
of therapeutic compounds. Population increase along with rapid technological advances
are putting tremendous pressure on natural genetic resources, especially in developing
countries, where such resources are rapidly declining, and more species face extinction [1].
The more than 70 species in the pantropical genus Pterocarpus (Fabaceae) are also faced
with development pressure [2]. The use of different plant parts in Pterocarpus spp. to treat
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illnesses since ancient times has been well documented [3–8]. The species has received
much attention in experimental studies because of the growing evidence of potential
bioactivities. The increasing demand for wood has led to unsustainable harvesting from
wild sources of three species of Pterocarpus, namely Pterocarpus marsupium, P. santalinus, and
P. indicus, which are now recognized as threatened species [9]. Besides the pharmaceutical
value of Pterocarpus species, the wood is also valuable for bridge and boat building, as well
as small-scale construction materials, plywood, veneer, and specialty wood for musical
instruments [10].

The increase in public awareness of phytochemical-based drugs and the rapid growth
of plant-based pharmacological industries have led to a greater demand for, and overex-
ploitation of, natural flora. An increase in subsistence or non-commercial harvesting, as well
as recent climatic changes have harmed many plant species, including Pterocarpus spp. One
possible biotechnical response to the decline of some species is micropropagation, which
capitalizes on the totipotent nature of plant cells [11]. In vitro propagation through tissue
culture plays an important role in mass multiplication, plant improvement, plant breeding,
regeneration of elite or superior clones, exchange of planting materials, secondary metabo-
lites production, and germplasm conservation [12,13]. However, conventional propagation
practice is time-consuming and labor-intensive and requires the availability of many plants
for plantation or afforestation. Notwithstanding these challenges, plant cell, tissue, and
organ culture techniques will become increasingly important in the cultivation of medicinal,
as well as aromatic, plants by providing healthy and disease-free planting stock that can
be widely utilized in commercial propagation and reforestation programs [14,15]. The
information on actual genetic structure and the cryptic number of the differentiated genetic
resources are valuable aids not only for developing in vitro regeneration protocols but
also for the conservation of these medicinal plants. Many adulterants of Pterocarpus plant
materials are available in the market, and they affect the efficacy of the drug; in some cases,
these adulterants might be toxic and can prove to be lethal. A DNA barcoding technique
can be effectively utilized to characterize and authenticate Pterocarpus and the detection of
adulterants [16]. This technique is an alternative for rapid and robust species identification
of genuine plant materials for the herbal drug industry [17].

P. marsupium propagates only by seed; the germination rate has been reported to be
less than 30%, apparently because of the hard fruit coat coupled with poor viability and
pod setting [18]. The mature fruits are harvested from the trees in April and May or before
they drop to the ground. Pathogenic infections of fallen fruit also affect the germination
rate under natural conditions [19]. Ahmad [20] recommended freshly collected seeds as a
good planting source for obtaining healthy plantlets. The oleo-resin exudates of this species
contain several unique active constituents, including vijyayosin, pterosupin, marsupsin,
and pterostilbene, all of which show a wide range of pharmacological activity [21]. In
addition, the National Medicinal Plant Board (NMPB) of India has estimated that the annual
trade value of P. marsupium is approximately 300–500 metric tons per year and that each
mature tree (10–15 years) produces approximately 0.5–0.6 tons of dry heartwood, valued at
US $ 1200–1500 for each mature tree in the international market. Due to the aforementioned
increased interest in recent years in the pharmaceutical, as well as the economic value
of P. marsupium, the government of India has begun to encourage programs for large-
scale cultivation and conservation of this species. The high demand for oleo-resin and
wood, unsustainable harvesting practices, anthropogenic threats, and lack of regeneration,
have together resulted in the rapid decline of natural populations. Furthermore, illegal
harvesting of oleo-resin by damaging or wounding the wood can cause the trees to be
susceptible to pests or diseases. Thus, uncontrolled extraction of oleo-resin could lead to
adult mortality in combination with fragmentation and a low regeneration rate, threatening
the persistence of the species.

Despite the enormous ethnobotanical value of P. marsupium, there is limited infor-
mation on its genetic structure. Data on intraspecific relatedness is vital for selecting the
best genotypes for plant breeding, effective population management, and conservation of
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germplasm. Given that genetic diversity allows populations to adapt to changing envi-
ronments, the investigation of the genetic diversity of P. marsupium is not only important
for species conservation, but also for the development and utilization of germplasm for
improvement of this valuable but threatened medicinal plant. P. marsupium is a highly valu-
able medicinal plant but is a threatened species in India. Efforts for the conservation and
propagation of this tree species will ultimately lead to the development of policies to make
the species available for general use at a low cost. In view of these facts, it is of paramount
importance to develop biotechnological techniques that ensure rapid propagation, mul-
tiplication, and authentication of the species for optimal germplasm conservation. With
this goal in mind, we review the biotechnological advances made to date in P. marsupium
concerning pharmacognosy, in vitro culture, multiplication, and genetic improvement.

2. Botanical Description of P. marsupium

Pterocarpus marsupium Roxb., a legume, commonly known as “Bijasal” or “Indian
Kino Tree,” (Figure 1) is a valuable multipurpose, as well as industrially important, forest
tree. Ahmad and Anis [22] suggested that it is a potential herbal drug yielding tree in
India. Generally, the tree is found in dry mixed deciduous tropical forests and flourishes in
the open sun under “80” to “200” cm moderate rainfall. It is commonly found in central
and peninsular India, mainly in the forested regions of Madhya Pradesh, Chhattisgarh,
Maharashtra, Andhra Pradesh, some areas of Uttar Pradesh, and sub-Himalayan tracts, up
to 1000 m altitude [20].

Figure 1. Pterocarpus marsupium Roxb. (22◦23′25′′ N and 84◦21′44′′ E, Chhattisgarh state of India).
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The species performs best in fertile, deep, clayey loam soil with good drainage and
can tolerate extreme temperatures during the summer season. Wild populations have
rapidly disappeared, and even single young saplings are rarely found in the forest. The
International Union for the Conservation of Nature (IUCN) evaluated P. marsupium as a
vulnerable species based on autogenic reproductive deficiency [10]. In addition, this species
has been categorized by several researchers or conservation agencies as vulnerable [23],
depleted [24], fast disappearing [25], endangered [26], critically endangered in Nepal [27],
and vulnerable in Sri Lanka [28]. P. marsupium can be identified in the wild by its upright
bole, longitudinally fissured bark, imparipinnate leaf arrangement (5–7 leaflets, 8–13 cm
long), coriaceous, dark green and shiny leaves, scented yellow flowers in large panicles
(1–5 cm long), and orbicular and winged fruits with flat pods. Each pod contains one to
three seeds, bony and convex in shape. Flowering begins in November and continues up to
March. The mature tree attains a height of up to 30 m and a girth up to 2.5 m, with clear
and straight bole [29].

3. Phytochemistry and Therapeutic Values of P. marsupium
3.1. Active Constituents

A large number of important phytochemicals, such as glucosides, sesquiterpene and
vijayoside (Table 1) have been isolated from aqueous extract of heartwood of P. marsupium [30].
The extract of heartwood contains pterostilbene (Figure 2A, pterosupin) (Figure 2O, mar-
supsin (Figure 2M), and liquiritigenin (Figure 2N), (−)-epicatechin) (Figure 2H) [31,32]. Bark
extract contains several reputed phytochemicals such as 3-o-methyl-D-glucose (Figure 3C),
n-hexadecanoic acid (Figure 3D), 1,2-benzenedicarboxylic acid (Figure 3E), tetradecanoic
acid, (Figure 3F), 9,12-octadecadienoic acid (Z,Z) (Figure 3G), D-friedoolean-14-en-3-one
(Figure 3H), and lupeol (Figure 2J) [33]. At least eleven bioactive compounds, namely
pterocarposide (Figure 2P), 2,6-dihydroxyphenyl glucopyranoside (Figure 2Q), ptero-
side (Figure 3I), vijayoside (Figure 3J), pterosupol, marsuposide, epicatechin, quercetin
(Figure 3M), vanillic acid (Figure 3N), formononetin (Figure 3O), and naringenin have
been extracted from the heartwood of P. marsupium [21]. The most important bioactive
compounds extracted from P. marsupium are presented in Table 1. Structures of bioactive
compounds of P. marsupium are shown in Figures 2 and 3.

Table 1. Important bioactive compounds extracted from Pterocarpus marsupium (in chronological order).

Plant Parts
Extract

Preparation Technique * Bioactive Compound References

Heartwood Ethyl acetate C-SG

Pterostilbene (Figure 2A)
(2S)-7-Hydroxyflavanone (Figure 2B)

Isoliquiritigenin (Figure 2C)
7,4′-Dihydroxyflavone 7-rutinoside

(Figure 2D)
5-Deoxykaempferol (Figure 2E)

p-Hydroxybenzaldehyde (Figure 2F)
3-(4-Hydroxyphenyl) lactic acid

(Figure 2G)

[34]

Bark Ethanolic extract C-SG (−)-Epicatechin (Figure 2H) [35]

P. marsupium extract Ethyl acetate C-SG Naringenin (Figure 2I)
Lupeol (Figure 2J) [36]

Roots Ethanolic extract C-SG

7-Hydroxy-6, 8-dimethyl flavanone-
7-O-α-L-arabinopyranoside

(Figure 2K)
7,8,4′-Trihydroxy-3′, 5′-dimethoxy

flavanone-4′-O-β-D-
glucopyranoside

(Figure 2L)

[37]
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Table 1. Cont.

Plant Parts
Extract

Preparation Technique * Bioactive Compound References

Heartwood Ethyl acetate Thin Layer
Chromatography

Marsupsin (Figure 2M)
Liquiritigenin (Figure 2N) [31]

Heartwood Ethyl acetate C-SG Pterosupin (Figure 2O) [32]
Heartwood Aqueous extract C-SG Pterocarposide (Figure 2P) [38]

Heartwood Aqueous extract
Coulman

chromatography over
Sephadex LH-20

1-(2′,6′-Dihydroxyphenyl)-β-D-
glucopyranoside

(Figure 2Q)
[39]

Heartwood Aqueous extract C-SG
Pteroisoauroside (Figure 2R)

Marsuposide (Figure 3A)
Sesquiterpene (Figure 3B)

[30]

Leaves Methanolic extract UV-spectrophotometer Phenolics [40]

Wood and bark Ethanolic extract GC-MS

3-O-Methyl-d-glucose (Figure 3C)
n-Hexadecanoic acid (Figure 3D)

1,2-Benzenedicarboxylic acid
(Figure 3E)

Tetradecanoic acid (Figure 3F)
9,12-Octadecadienoic acid (Z,Z)

(Figure 3G)
D-Friedoolean-14-en-3-one

(Figure 3H)

[33]

Apical stem bark Methanolic extract Followed standard
protocols

Alkaloids
Glycosides
Flavonoids
Terpenoids

[41]

Heartwood Ethanolic extract C-SG

Pteroside (Figure 3I)
Vijayoside (Figure 3J)

C-β-D-Glucopyranosyl-2,6-
dihydroxyl benzene

(Figure 3K)

[42]

Heartwood Ethanolic extract C-SG and HPLC (+)-Dihydrorobinetin (Figure 3L) [43]

Heartwood Methanolic extract LC-MS-MS

Pterosupol
Quercetin (Figure 3M)

Vanillic acid (Figure 3N)
Formononetin (Figure 3O)

[21]

Heartwood Methanolic extract HPLC and FTIR Liquiritigenin [44]

* Technique—Phytochemical compound identification techniques used, C-SG—Chromatography over Silica Gel,
GC-MS—Gas Chromatography-Mass Spectrometry, LC-MS-MS—Liquid Chromatography with Tandem Mass Spec-
trometry, HPLC—High-Performance Liquid Chromatography, FTIR—Fourier Transform Infrared Spectroscopy.

3.2. Medicinal Properties

Ethno-medicine: Given the substantial evidence of its pharmacological properties,
P. marsupium has potential as an herbal drug yielding tree; indeed, it has been used to
cure several diseases in the Indian traditional medicine system for many centuries [30,45].
The flowers of the tree are used in the treatment of fever, and the heartwood powder is
useful in treating chest pain, body pain, and indigestion [46]. Trivedi [47] reported that
a paste made from wood and seeds is useful in treating diabetic anemia. In addition,
Yesodharan and Sujana [48] have suggested that heartwood is useful in the treatment of
body pain and diabetes. Interestingly, a cup made of the wood of P. marsupium heartwood
is used for drinking water to control blood sugar levels in “Ayurvedic” medicine [49].
Aqueous infusions of the bark have also been used to treat diabetic patients since ancient
times [50]. The stem bark is used to treat urinary discharge and piles, and the resin-gum is
applied externally in the treatment of leucorrhoea [51]. The medicinal values of the active
constituents or aqueous extracts of P. marsupium are shown in Table 2.
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Figure 2. Molecular structure of bioactive compounds extracted from Pterocarpus marsupium Roxb.
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Figure 3. Molecular structure of bioactive compounds extracted from Pterocarpus marsupium Roxb.

143



Plants 2022, 11, 247

Table 2. Potential activities of some important bioactive compounds or aqueous extracts of Pterocarpus
marsupium (in chronological order).

S.N. Extracts/Bioactive Compound Potential Activities References

1 (−)-Epicatechin (Figure 2H)
No effect on central nervous system

Cardiac stimulant activity
Anti-diabetic

[35]

2 Flavonoids Anti-hyperlipidemic [31]
3 Phenolics Anti-hyperglycemic [32]
4 Pterostilbene (Figure 2A) Cyclooxygenase-2 (COX-2) inhibition [52]

5 Pterostilbene and
3,5-hydroxypterostilbene Induce apoptosis in tumor cells [53]

6 5,7,2-4 tetrahydroxy isoflavone 6-6
glucoside Cardiotonic [45]

7 Pterostilbene
Anti-cancerous

Anti-inflammatory
Analgesic

[54]

8 Phenolics Anti-oxidant [40]

9 Pterostilbene Anti-cancerous
Anti-proliferative [55]

10 Bark extract Anti-oxidant
Analgesic [56]

11 Extract of bark and wood Anti-diabetic
Anti-hyperlipidemic [57]

12 Extract of apical stem bark Anti-microbicidal [41]
13 Phenolic-C-glycosides Anti-diabetic [42]
14 Pterostilbene Novel telomerase inhibitor [58]
15 Heartwood extract Dipeptidyl peptidase-4 (DPP-4) inhibition activity [59]

16 Heartwood extract
Anti-glycation

Sorbitol accumulation
Inhibition of aldose reductase

[60]

17 Pterostilbene Inhibition of platelet aggregation [61]

18 Heartwood extract
Reduction in body weight

Anti-diabetic
Anti-hyperlipidemic

[62]

19 (+)-Dihydrorobinetin (Figure 3L) Radical scavenging activity [43]
20 Heartwood extract In vitro lipid lowering activity [21]
21 Liquiritigenin (Figure 2N) Hypoglycemic activity [44]
22 Pterostilbene Sun (UV rays) protective capacity [63]

Anti-diabetic properties: Heartwood extract of P. marsupium was primarily used in
the Ayurvedic system of medicine for treating diabetic patients and has been compared to
proprietary drugs often prescribed to treat diabetes, such as metformin, which is mainly an
anti-hyperglycemic medicine [64,65]. In earlier studies, an extract of P. marsupium bark was
found to contain (−)-epicatechin, an anti-diabetic compound that promotes regeneration
of pancreatic β-cells [66]. Subsequently, Manickam, Ramanathan, Farboodniay Jahromi,
Chansouria, and Ray [32] reported two of the most important phenolic constituents of the
heartwood, namely marsupsin and pterostilbene, which significantly reduced the blood
glucose level in hyperglycemic rats. In yet another study [67], both of these compounds
(marsupsin and pterostilbene) were shown to have insulin-like activities similar to those of
metformin (1,1-dimethylbiguanide), an important hypoglycemic compound that stimulates
glycolysis and inhibits glucose absorption in the intestine. These results indicate that both
pterostilbene and marsupsin are powerful anti-diabetic agents that might be useful in the
treatment of non-insulin-dependent diabetes mellitus patients.

Suppression of platelet aggregation: The oral administration of an extract from the
leaves or stem bark of P. marsupium has been shown to inhibit the reduction of platelets,
which suggests action against platelet aggregation. The heartwood extract, containing
pterostilbene, also exhibited suppressive effects on platelet aggregation [52]. Another
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study [68] suggested that pterostilbene is a derivative of resveratrol—commonly known as
one of the potent inhibitors of platelet aggregation. In a comparative study of pterostilbene
and resveratrol [61] it was found that 50 μM pterostilbene resulted in 91% inhibition of
platelet aggregation in rats, compared with 84% reduction after an equimolar dose of
resveratrol. These results clearly indicate that pterostilbene is a potential substitute of
resveratrol for platelet aggregation inhibition.

Dipeptidyl peptidase-4 (DPP-4) inhibition activity: Dipeptidyl peptidase-4 (DPP-4) is
an intrinsic membrane protein dispersed in several tissues, including intestinal epithelial
cells, renal proximal tubules, and the cells of the lungs, liver, kidney, and placenta [69].
Presently, there are three important DPP-4 inhibitors, namely Sitagliptin, Vidagliptin, and
Saxagliptin, that are commercially available in the international market and used for the
treatment of type-2 diabetes and Alzheimer’s disease (Type-2 diabetes is one of the major
risk factors associated with Alzheimer’s disease). In several scientific studies, we note that it
has been suggested that heartwood extract of P. marsupium has dipeptidyl pepdase-4 (DPP-
4) inhibition properties in the treatment of type-2 diabetes and Alzheimer’s disease [59,70].

Cardiotonic activity: The aqueous extract of P. marsupium heartwood contains 5,7,2-
4 tetrahydroxy isoflavone 6-6 glycoside, which is a potent antioxidant believed to prevent
cardiovascular disease [45]. Digoxin, isolated from Digitalis lanata, is a most effective
cardiotonic medicine but shows some acute side effects, such as gynaecomastia, irregular
heartbeat, and poor kidney function [71]. Mohire, Salunkhe, Bhise, and Yadav [45] re-
ported interesting results from a comparative study of the aqueous extract of P. marsupium
heartwood and digoxin on the positive intropic and negative chronotropic effects on the
heart (frog). They found that the heartwood extract showed a decrease in a heartbeat
(negative chronotropic) and an increase in the height of force of concentration (positive
intropic) effect. In comparison, a low concentration of digoxin increases the height of force
of concentration (20%), which is four times less than the height of force of concentration
produced by an aqueous extract of P. marsupium heartwood (80%). These results clearly
suggest that the therapeutic efficacy of P. marsupium heartwood extract is much higher than
that of digoxin. Thus, the limitations of digoxin can be overcome by using an aqueous
extract of P. marsupium heartwood, which has been found to have excellent cardiotonic
activity as well as a wide margin of safety compared with digoxin.

Lipid-lowering capacity: The condition of obesity is characterized by the deposition
of extra fat along with high levels of fatty acids, glycerol, and pro-inflammatory markers,
which can indicate a diabetic phenotype [72]. A continuous increase in body mass and
weight gain increases the likelihood of type-1 and -2 diabetes [73]. In a recent experiment,
Singh, Bajpai, Gupta, Gaikwad, Maurya, and Kumar [21] demonstrated that heartwood
extract of P. marsupium potentially reduced the extra fat accumulation in adipocytes cells
and was also conducive to the successful treatment of diabetic patients.

Cyclooxygenase (COX-2) inhibition and anti-inflammatory activities: Cyclooxygenase
(COX) plays an important role in body tissue inflammation and inflammatory pain. It is the
rate-limiting enzyme in the conversion of arachidonic acid to prostaglandin. A survey of the
literature shows that there are principally three isoforms of COX that have been identified:
COX-1 [74], COX-2 [75], and COX-3 [76]. Among these, COX-2 plays an important role
during inflammation since it is the main agent to induce prostaglandin production during
inflammation. In a study by Hougee, Faber, Sanders, de Jong, van den Berg, Garssen, Hoijer,
and Smit [52], it was reported that pterostilbene—the active compound found in heartwood
extract of P marsupium—shows selective COX-2 inhibitory activity in humans. In addition,
pterostilbene is a stimulating compound used in the treatment of several inflammatory
diseases [77].

Anticancer, anti-proliferative, analgesic, and antioxidant activities: Pterostilbene
is a naturally occurring stilbenoid phytochemical synthesized in plants via the phenyl-
propanoid pathway [78]. Research has shown that it is a structural analog of various highly
bioactive compounds such as stilbene and resveratrol [60,79]. Because pterostilbene (trans-
3,5-dimethoxy-4′-hydroxystilbene) has a close structural similarity with resveratrol (3,5,4′-
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trihydroxy-trans-stilbene), it yields a large number of health benefits (Table 2). A number
of researchers believe that pterostilbene has more potential bioactivities (i.e., anticancer,
antioxidant, anti-inflammatory) than resveratrol [54,80,81]. In addition, Ferrer, et al. [82],
Tolomeo, Grimaudo, Cristina, Roberti, Pizzirani, Meli, Dusonchet, Gebbia, Abbadessa,
Crosta, Barucchello, Grisolia, Invidiata and Simoni [53], and Chakraborty, Gupta, Ghosh
and Roy [55] reported that pterostilbene did not show any cytotoxic effect against normal
human cells and inhibited certain types of cancerous cells.

4. Propagation of Pterocarpus marsupium

The plant consists of various organs and tissues, which in turn are made up of differ-
ent individual cells. Plants are propagated through various methods: direct seed culture,
explant cultures (from plant cells, tissues, organs, mature or immature zygotic embryo) on
artificial media under aseptic conditions. Micropropagation is one of the best methods for
obtaining genetically identical clones of donor plants [13]. This method has been exten-
sively utilized for regeneration and conservation of various tree species, including Melia
azedarach [83], Acacia ehrenbergiana [84], Albizia lebbeck [85], Lagerstroemia speciosa [86], Cassia
alata [87], and Erythriana variegata [88]. Such propagation methods make possible the mass
multiplication of new cultivars of valuable medicinal woody trees that would otherwise
take several years to develop via conventional methods. In the following sections, the
important methods adopted for the propagation of P. marsupium are discussed concerning
the existing literature.

4.1. Mechanism of Seed Germination

Seed germination, the most common method for multiplication in flowering plants, is
a process in which physio-morphological changes result in the activation of the embryo.
As the seed absorbs water before germination, the seed embryo elongates. Shu, et al. [89]
have proposed that once the radicle has grown out from the seed layers, the process of seed
germination is complete. The processes involved in seed germination and how they are
affected by different physio-morphological barriers have been well documented in a wide
range of plant families, including Fabaceae [90,91]. The moisture content of seeds and the
ambient storage temperature are key factors in promoting seed viability. Generally, seeds of
many plants fail to germinate (due to a number of factors) and subsequently pass through
a phase of dormancy that delays the whole life cycle of the plant. Different treatments have
been found to improve germination and seedling growth. Furthermore, the promotive
role of plant growth regulators on the breaking of seed dormancy and germination has
been studied from time to time in many plant species. The general mechanism of seed
germination and different factors affecting the germination rate are discussed below.

Seed germination and formation of the seedling: The process of seed germination—the
resumption of growth of the embryo, leading to the formation of a seedling—is supported
by environmental conditions that favor vegetative development, such as suitable tempera-
ture, required level of humidity, and the availability of oxygen and inhibitory substance,
if any.

Seed development: Embryogenesis can be divided into three phases of approximately
equal duration. The first phase begins with the zygote undergoing embryogenesis con-
comitant with endosperm proliferation. This is basically a phase of cell division and cell
differentiation. The second phase, the accumulation of storage compounds to support the
process, marks the end of cell division. In the third or final phase, the embryo becomes
tolerant to desiccation. In this process, a seed dehydrates, losing up to 90% of its water. As
a consequence of dehydration, metabolism comes to a stop and the seed enters a quiescent
stage as a mature seed.
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Hormonal balance of seed development: Abscisic acid (ABA) is the principal hormone
involved in maturation and dormancy of an embryo. The content of ABA is very low
during early embryogenesis, peaks (reaches maturation) during mid-embryogenesis, and
declines when the seed attains maturity. However, some other hormones are also induced
in the overall response of seed development. An example is the peak of ABA production
in seeds, which coincides with a decline in the level of IAA and gibberellins [89,92]. Thus,
an interaction between two or more hormones is a recurring theme in seed development
in general. One difficulty in interpreting hormonal balance in seeds is that not all tissues
in the seed are of the same genotype [93]. In a seed, the embryo and endosperm are the
products of the female and male genotype products, whereas the seed coat is the exclusive
product of the genome.

Seed dormancy: Dormancy of the seed, an adaptive feature, is a temporal delay
in the process of germination and thus allows for (a) time for seed dispersal, (b) delay
of germination until the onset of favorable conditions, and (c) maximization of seedling
survival. If the environmental conditions are not suitable for germination, the seeds released
in a dormant state remain in a dormant state. Embryo-imposed dormancy is intrinsic to
the embryo. It is not affected by the seed coat or other surrounding tissues. The embryo
dormancy is primarily due to the presence of an inhibitor such as ABA and the absence
of a promoter such as gibberellin [89]. Finkelstein, et al. [94] reported that dormant seeds
can be made to germinate subject to certain environmental conditions. Many species, such
as tropical tree legumes, produce seeds with a tough seed coat, which protects against
germination by restricting uptake of water and exchange of O2. These limitations can be
removed by scarification. (In nature, abrasion by sand, microbial action, or passage through
an animal’s gut have the same effect.) In some cases, the seeds are treated with mineral
acid. Many seeds lose their dormancy while lying exposed on the ground during storage.
During seed germination, an activated embryo requires the food reserves of cotyledons in
dicot seeds and the endosperm in monocot seeds [95]. Food reserves, such as starch and
proteins, are broken down by a variety of hydrolytic enzymes into sugars and amino acids.

4.2. Propagation from Seed

The fruits of P. marsupium are orbicular winged pods (samara) and are the only plant-
ing material used (Figure 4A). The germination rate is very low (less than 30%) in natural
conditions [96], probably due to the seeds being enclosed within a hard fruit coat and
stony pericarp, resulting in what can be called mechanical dormancy [97]. The mechanical
excision of the hard fruit coat is a tedious and labor-intensive task. Sometimes, pathogenic
infection also restricts the natural propagation rate of P. marsupium [19]. Therefore, to
overcome these constraints and improve the seed germination rate, several methods have
been suggested, including seed viability test, wet-heat treatment, physical and acid scarifi-
cation of seeds, excision of fruit coat by sharp scissors, and using different culture media
compositions and seed orientations [19,20,98].

In the process of seed embryo growth, combinations of several cellular and metabolic
pathways are coordinated by a complex regulatory network that regulates seed dor-
mancy [89]. This period of growth is crucial to plant survival, given that the seed must
germinate only when conditions—temperature, light, gases, water, seed coats, mechanical
restrictions, hormonal structure, and level—are favorable. However, several plants show
adaptive traits that promote survival under stressful conditions [94]. Many wild species
that have been domesticated show a low level of seed dormancy compared to wild relatives,
which ensures higher emergence rates after sowing [99,100]. However, the loss of seed
dormancy is undesirable when it results in rapid germination of newly matured seeds and
consequently extensive losses in quality and quantity of the crop, which presents problems
for pre-harvest management, as well as industrial consumption [101].
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Figure 4. Different sources of explants (or planting materials) used for in vitro propagation of
Pterocarpus marsupium Roxb. (A) Winged fruit, (B) 24 h presoaked seeds, (C) Intact seedling, (D) Shoot
tip culture, (E) Juvenile nodal segment culture, (F) Cotyledonary node culture, (G) Cotyledonary leaf
culture, (H) Hypocotyl segment culture, (I) Axenic seedling culture, (J) Callus culture via hypocotyl
segment, (K) Synthetic seed culture, (L) Root culture, (M) Mature nodal segment culture.
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In the case of ex vitro germination, any mechanism that will improve the absorbency
of fruit coat could result in an improved percentage of seed germination. Wet heat therapy
and physical fruit scarifications weaken the enclosure structure, which improves imbibition
and thus enhances the germination rate of the seed. Generally, all these approaches are
used more commonly in many plants’ fruit and seed dormancy pretreatments. They help
to remove the many inhibitors partially and also to decrease the enclosure structure of
fruits [102]. Sometimes, seeds’ long exposure to hot water may affect the embryo and reduce
germination. The contrasting effects of hot wet therapy on the germination of P. marsupium
and P. santalinus were stated by Kalimuthu and Lakshmanan [97]. It was observed that 24 h
presoaked seeds (Figure 4B) showed decreased seed germination. Physically scarified seeds
have been shown to be more successful in many cases relative to non-scarified and wet
heat-treated seeds. Many physical limitations, such as gasses and the diffusion of moisture,
are regulated by the thick seed coat of several plants, particularly the Fabaceae family. The
high degree of impermeability is largely due to the presence of palisade coating in the
seed coat of some legumes [103,104]. The dormancy seed, therefore, induces significant
uncertainty in the germination of seed. Physical scarification of seeds has demonstrated
that the increased germination rate is possibly attributed to the diffusion of water and gases,
mainly by fissures, which causes various biochemical reactions after the rejuvenation of the
embryo into a seedling [105,106]. In addition, improved germination patterns in chemically
scarified seeds have also been documented relative to other treatments. Barmukh and
Nikam [107] suggested that untreated seeds had a 28.2% germination rate within 15 days,
whereas physically scarified seeds had a 55.3% germination rate. The treatment of H2SO4
for 30 min resulted in a maximum of 78–85% germination in ex vitro conditions. Treatment
of scarification 30 min with concentrated H2SO4 can be enhanced, consistent and fast ger-
mination of seed for the development of P. marsupium seedlings. At this stage, the seedlings
attained the height of 0.4 m after 8 months, and they were successfully acclimatized under
field conditions. The removal of a chemical inhibitor and a scarification of H2SO4 seed coat
is well explored in a variety of experimental studies on the seed germination of plants [108].
The practice of seed germination includes many important elements for the production
of a mature plant under sufficient acid treatment and environmental conditions. The
seed coat has an embryonic axis consisting of a radicle, plumule and cotyledons. Long
exposure of fruit/seed to acid scarification was morphologically compromised embryonic
axis, radicle, plumule, slow development of seedlings, cotyledonary leaf chlorosis, and
leaf burnt on the margins [109,110]. All these characteristics are detrimental and decrease
the food storage potential that sustains the embryo and its development until it has the
ability to absorb sunlight and become autotrophic. In an earlier study, Kalimuthu and
Lakshmanan [97] suggested that various combinations of sulphuric acid pretreatment
had not changed in the germination of P. santalinus and P. marsupium, whereas in another
study, P. santalinus fruit pods were pretreated with 1% H2SO4 for 4 days or concentrated
H2SO4 for 5 min, the most effective treatment for seed germination was found [111]. In
addition, Barmukh and Nikam [107] reported that the chemical scarification of seeds with
concentrated H2SO4 for 30 min is the most effective treatment for homogenous and rapid
germination of P. marsupium.

Several scientific studies have shown that early seed germination and seedling growth
are tightly controlled by numerous hormonal signal molecules [90,112]. Different combina-
tions of media, such as MS [113], B5 [114], and WH [115], were utilized for the assessment
of in vitro seed germination in P. marsupium [116]; the highest seed germination rate (96%)
was reported on half-strength-MS medium after 20 days. The orientation of the seed can
sometimes be a significant factor in improving in vitro seed germination in many plant
species [117]. In another study, Mishra, Rawat, Nema, and Shirin [19] reported that P. mar-
supium seeds cultured on a half-strength MS medium in a horizontal position showed
maximum germination (78.23%). The results clearly showed that the seed orientation
and strength of the medium both have a strong effect on in vitro seed germination (a
significantly higher germination rate was obtained with horizontally cultured seeds com-
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pared with vertically cultured seeds). Similarly, the horizontal orientation of Hardwickia
binata seeds significantly enhanced the germination rate compared with vertical orienta-
tion [118]. One more important aspect observed during in vitro germination practice is the
optimization of an appropriate culture medium and the combination with plant hormones.
Husain, Anis, and Shahzad [98] reported a maximum of 80% in vitro seed germination
on half-strength MS medium enriched with 0.25 mg/L gibberellic acid, after six days of
seed culture. This study clearly demonstrated that the combination of the appropriate
media at the right strength along with the incorporation of plant growth regulator (GA3)
enhanced the germination rate. Ahmad et al. [119] reported various allied parameters on
in vitro seed germination, i.e., highest percent germination (91.3%), speed germination
(29.0 seeds/day), coefficient germination (8.23%), mean germination time (12.15 days), and
mean seedling height (10.31 cm) within 21 days of P. marsupium seed culture on 0.50 μM
GA3 augmented MS medium. The enhanced concentration of GA3 promotes the rupture of
seed testa and endosperm [120]. The use of culture media augmented with GA3 has been
reported in many studies aimed at improving germination along with better elongation
of the plantlets of different species [121–123]. It is also reported that GA3 regulated the
synthesis of α-amylase in the aleuronic layer of seeds by upregulating the α-amylase gene,
SLN1, and GAMYB transcription factors, thereby promoting germination [124]. Further-
more, DELLA mediated inhibition of BZR1 transcription factor has been shown to promote
plantlet elongation [125]. GA3 stimulates the synthesis of mRNA, which is specific for
α-amylase release and is assumed to be one of the factors for improving the rate of seed
germination [126].

4.3. Micropropagation through Various Methods

In vitro propagation basically depends on the choice of appropriate explants (pieces of
tissue used to initiate cultures) to serve as the preliminary experimental planting material.
For multiple shoot bud induction (or bud breaking), the most frequently used explants are
those that contain meristematic cells, such as cotyledonary nodes (CN), nodal segments
(NS), immature zygotic embryo (IZE), hypocotyl segment (HS), shoot tips and root tip
explants. The different types of explants obtained from 7-day-old axenic seedlings of
P. marsupium are shown in Figure 4C–M. The cell division potential is highest in these
tissues, which apparently yield the much-needed growth-regulating substances, such as
cytokinins and auxins [127]. In vitro propagation highlights the potential of morphogenic
responses on various explants of P. marsupium under the regime of different plant hormone
combinations. However, the morphogenic potential of explants of various organs varies
and some do not grow at all. Explants derived from juvenile seedlings are frequently
used for organogenesis under the regime of different plant growth regulators, as they are
easily established in axenic culture and have a greater morphogenic potential than do
mature explants obtained from donor mother plants [128–131]. The axenic seedlings of
P. marsupium are a suitable source for obtaining axenic planting material (or explants) as
they are aseptically grown from sterilized seeds. Multiple shoot bud induction during plant
cell, tissue, and organ culture greatly depend on the type of plant growth regulators (PGR)
applied, and their concentration, uptake, transport, and metabolism, and the endogenous
hormone levels of explants [132,133]. Endogenous levels of cytokinins in explants are
available in various forms, such as free bases, nucleotides, ribosides, O-glucosides, and
N-glucosides [134]. Exogenously supplemented PGRs can modulate the action of enzymes
that control the level of endogenous hormones and enzymes [135]. In the next section,
we will cover the progress made to date in in vitro propagation of P. marsupium through
various explants under PGR regimes.
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4.3.1. Cotyledonary Node Culture

Cotyledonary node (CN) explants obtained from axenic seedlings of P. marsupium have
been shown to have the highest regeneration frequency among explants [22,25,136,137].
Similarly, CN explants have been reported to show significantly greater morphogenic
potential than do other explants in many tree species, including Dalbergia sissoo [138], Acacia
ehrenbergiana [84], Eucalyptus saligna [139], Lawsonia inermis [140], Prosopis cineraria [141],
and Aegle marmelos [142]. A variety of cytokinins, i.e., meta-topolin (mT), 6-benzyl adenine
(BA), Kinetin (Kn), 2-isopentenyladenine (2iP), and thidiazuron (TDZ) has been used for
P. marsupium micropropagation. In Table 3, we have summarized the in vitro propagation
successes in this species.

Table 3. In vitro propagation protocols for Pterocarpus marsupium (in chronological order).

Explants Source Media Compositions
(Multiplication) *

Culture
Response

Media Compositions
(Rhizogenesis)

Rooting
Response

Plantlets
Survival

Rate
References

Shoot tip AS/MT MS + 0.2 mg·L−1 BAP Ca-Dm - - - [96]

Aseptic seeds - MS basal medium ISG
(95–100%) - - >68% [26]

Nodal segment 35-d-old-AS MS + 0.2 mg·L−1 IBA IO MS + 0.2 mg·L−1 IBA RF
Cotyledonary node 20-d-old-AS MS + 4.44 μM BA+ 0.26 μM NAA SM (85%) 1

2 MS + 9.84 μM IBA RF (IVR) 52% [136]

Cotyledonary node 18-d-old-AS MS + 5.0 μM BA + 0.25 μM IAA SM (75%)
2-step-method:

PT on 1
2 MS (liquid) +

200 μM IBA

MRI
(40–50%) - [25]

FT on 1
2 MS (semi-solid) +
0.5 μM IBA

ER (IVR)

Aseptic seeds - 1
2 MS 0.25 mg·L−1 GA3 ISG (80%) - - - [98]

Cotyledonary node 18-d-old-AS 2-step-method:
SIM: MS + 0.4 μM TDZ MSI (90%)

2-step-method:
PT on 1

2 MS (liquid) +
200 μM IBA

MRI
(65%) 70% [137]

FT on SEM: MS + 5.0 μM BA ES (90%) FT on 1
2 MS + 0.5 μM IBA +
3.96 μM PG

ER (IVR)

Nodal segment 18-d-old-AS MS + 4.0 μM BA + 0.5 μM IAA +
20 μM AdS SM (85%)

2-step-method:
PT on 1

2 MS (liquid) +
100 μM IBA + 15.84 μM PG

MRI
(70%) 75% [143]

FT on 1
2 MS (semi-solid) +
0.5 μM IBA

ER (IVR)

Hypocotyl 12-d-old-AS MS + 5.0 μM 2,4-D + 1.0 μM BA Ca-Fm
(90%)

1
2 MS + 1.0 μM BA SEG

(56%) 60% [144]
MS + 0.5 μM BA + 0.1 μM NAA +

10 μM ABA SEs (51%)

Aseptic seed - 1
2 MS basal medium ISG (96%) - - - [116]

Cotyledonary node 18-d-old-AS MS + 1.0 mg·L−1 BAP +
0.5 mg·L−1 NAA

SM (70%) - - -

Aseptic seed - 1
2 MS basal medium ISG

(78.23%) - - - [19]

Immature zygotic
embryo Green fruits MS + 3.0 mg·L−1 BA +

0.5 mg·L−1 IAA
SM

(93.8%)

2-step-method:
PT on 1

2 MS (liquid) +
3.0 mg·L−1 IBA

MRI
(70.8%) 74% [56]

FT on 1
2 MS basal medium ER (IVR)

Immature
cotyledon 9-d-old-AS

3-step-method:
MS + 1.07 μM NAA

Ca-Fm
(60.41%) 2-step-method:

95% [145]
FT on MS + 8.9 μM BAP +

1.07 μM NAA
MSI

(60.41%)
PT on 1

2 MS (liquid) +
19.6 μM IBA

MRI
(75%)

FT on MS + 4.4 μM BAP ES FT on 1
2 MS + 2.85 μM IBA ER (IVR)

Nodal segment 10-y-old-MT
2-step-method:

MS + 13.95 μM Kn + 568 μM AA +
260 μM CA + 605 μM AmS +

217 μM AdS

MSBB
(64.44%)

1
2 MS + 4.92 μM IBA RF (42%)

(IVR) - [146]

FT on MS + 9.3 μM Kn +
0.54 μM NAA + 568 μM AA +
260 μM CA + 605 μM AmS +

217 μM AdS
ES

Nodal segment 4-w-old-AS
2-step-method:

PT on 1
2 MS (liquid) + 10.0 μM TDZ

MSBB
(96%)

2-step-method:
PT on 1

2 MS (liquid) +
150 μM IBA

MRI
(80%) 75% [147]

FT on MS (semisolid) + 5.0 μM mT
+ 1.0 μM NAA ES (70%) FT on 1

2 MS + 1.5 μM IBA ER (IVR)

Cotyledonary node 20-d-old-AS MS + 7.5 μM mT + 1.0 μM NAA SM (85%)
2-step-method:

PT on 1
2 MS (liquid) +

100 μM IBA

MRI
(75%) 80% [20]

FT on 1
2 MS + 1.0 μM IBA ER (IVR)
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Table 3. Cont.

Explants Source Media Compositions
(Multiplication) *

Culture
Response

Media Compositions
(Rhizogenesis)

Rooting
Response

Plantlets
Survival

Rate
References

Immature zygotic
embryo Green fruits MS + 5.37 μM NAA SEs

(67.3%)
1
2 MS + 5.8 μM GA3 SEG (70%) 78% [148]MS + 2.69 μM NAA + 4.4 μM BA +

3% Sucrose

Shoot tip 7-d-old-AS MS + 7.0 μM mT + 1.0 μM NAA SM (80%)

2-step-method:
PT on 1

2 MS (liquid) +
250 μM IBA

MRI
(67.7%) 96.7% [149]

FT on Soilrite ER (EVR)

In vitro seedling Seed MS + 0.5 μM GA3 + 0.5 μM TDZ SM (85%)

2-step-method:
PT on 1

2 MS (liquid) +
100 μM IBA

MRI
(80%) 86.7% [150]

FT on 1
2 MS + 0.5 μM GA3 ER (IVR)

Aseptic seeds - 1
2 MS 0.5 μM GA3

ISG
(91.3%) - - - [119]

* AA—Ascorbic acid, ABA—Abscisic acid, AdS—Adenine sulphate, AmS—Ammonium sulphate, AS—Axenic
seedling, BA—6-benzyladenine, CA—Citric acid, Ca-Dm—Callus-dead mass, Ca-Fm—Callus-fresh mass, d—days,
ER—Elongation of roots, ES—Elongation of shoots, EVR—Ex vitro rooting, FT—Followed to transfer, GA3—Gibberellic
acid, h—hours, IBA—Indole-3-butyric acid, IO—Indirect organogenesis, IVR—In vitro rooting, ISG—In vitro seed ger-
mination, Kn—Kinetin, MRI—Multiple root induction, MSBB—Multiple shoot bud break, MSI—Multiple shoot induc-
tion, MT—Mature tree, mT—Meta-topolin, NAA—α-naphthalene acetic acid, PG—Phloroglucinol, PT—Pretreatment,
RF—Root formation, SEG—Somatic embryos germination, SEM—Shoot elongation medium, SEs—Somatic em-
bryos, SIM—Shoot induction medium, SM—Shoot multiplication, TB—1,2,3-trihydroxy benzene, TDZ—Thidiazuron,
w—week, y—year, 2,4-D—2,4-dichlorophenoxyacetic acid.

Ahmad and Anis [22] reported that the highest number of shoots was obtained in CN
explants when cultured on 7.5 μM mT containing MS medium, which is better than BA
for shoot multiplication in P. marsupium. The superiority of mT over other cytokinins for
in vitro propagation has been well documented in many species [151–155]. Meta-topolin, a
benzyladenine analog [N 6-(3-hydroxybenzylamino) purine] is a highly active aromatic
cytokinin [156] and differs from BA by having a hydroxyl group in the aromatic side chain
(Figure 5), which facilitates the formation of a O-glycoside [155] capable of rapid conversion
to the active form of nucleosides, nucleotides, or free bases when required [152]. Further-
more, these bases can be converted by N6- and N9-glycosylation or alanine conjugates of
the purine ring into biologically inactive forms, i.e., stable derivatives [157–159]. Although
BA is a widely used cytokinin in micropropagation systems, it has sometimes inhibited
rooting efficiency, toxicity, and abnormal growths such as basal callus formation in many
species [154,156,160,161]. The undesirable properties of BA may be due to its N7- and
N9-glycosylation or conjugation with alanine that results in biological inactivation by the
formation of chemically stable derivatives [156,162]. Therefore, utilization of mT in plant
tissue culture has gained increasing interest due to reports of various important parameters,
such as improved rate (%) of seed germination [163,164], enhanced multiple shoot induc-
tion [165,166], increased shoot length and quality [167–169], successful rooting [170,171],
better quality of regenerated plantlets [164,172], easy acclimatization [171,173], alleviation
of hyper-hydricity [171,174], delayed senescence [175–177], improved histogenic stabil-
ity [178,179], alleviated shoot tip necrosis [179], improved physiological and biochemical
activities [156,158,176], increased yield [180], and improved biomass content [22,156,173].

Interestingly, while Husain, Anis, and Shahzad [137] observed several shoots from
CN explants when cultured on MS medium containing only 0.4 μM TDZ (Thidiazuron),
yet the proliferation and shoot elongation remained undifferentiated for one months be-
fore these TDZ-exposed cultures were moved to the 5.0 μM BA fortified medium, which
in turn induced the proliferation and subsequent shoot elongation. Studies specifically
suggested that constant TDZ exposure inhibited shoot elongation [181]. In order to coun-
teract such an antagonistic influence of TDZ, TDZ-exposed cultures have been moved to a
secondary medium either free of hormones or supplemented by another PGR such as BA
for development and elongation. Thidiazuron (N-phenyl N′-1,2,3-thiazol-5-yl urea) is a
synthetic phenylurea having a potent cytokinin-like activity [182]. TDZ is widely used as
an alternative to cytokinin in the plant tissue culture system (Figure 6A–C). It is a more
powerful plant growth regulator (PGR) relative to other cytokinins for the induction of
multiple de novo shoots in many plant species [88,183–185]. Murthy et al. [186] reported
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that exogenous usage of TDZ in culture media increased the endogenous amount of plant
hormones, especially auxins and cytokinins, in micropropagation practices. TDZ also
influences the cytokinins biosynthetic or metabolic processes of cytokinins responsible for
controlling the concentration of endogenous levels of purine metabolites [187]. Several
researchers concluded that augmentation of TDZ in culture media showed a favorable
response on axillary shoot bud induction or bud breaks. However, in many plant species
such as Rhododendron [188], Adhathoda beddomei [189], Dalbergia sissoo [138], and Rauvolfia
tetraphylla [190,191], these shoot buds have not been elongated and proliferated. Many re-
search studies have strongly indicated that such a detrimental impact of TDZ-exposed crops
could be due to the existence of phenyl groups and have demonstrated many drawbacks,
including bunching of microshoot, fasciation, hyperhydricity, low microshoot efficiency,
and inhibition of rooting ability [192–195]. Another study by Huetteman and Preece [196]
addressed the issue of shoot elongation by following a two-step culture strategy consisting
of a primary medium fortified with TDZ for the induction of multiple shoot buds, followed
by their transfer to a secondary medium fortified with another plant hormone (i.e., BA) that
promotes shoot elongation. Such a type of culture strategy of using primary medium (shoot
bud breaking/induction medium) and secondary medium (shoot elongation medium) has
been successfully applied to a several tree species [137,147,197–199].

Figure 5. Comparative molecular structure of 6-benzyladenine (BA) and meta-topolin (mT).

Figure 6. In vitro shoot morphogenesis in Pterocarpus marsupium Roxb. (A) Multiple shoots on
MS + 0.5 μM TDZ, after 3 weeks. (B) Multiplication on MS + 5.0 μM mT, after 6 weeks. (C) Multiple
shoots proliferation on MS + 0.5 μM GA3 + 0.5 μM TDZ + 1.0 μM NAA, after 9 weeks.
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Anis, Husain, and Shahzad [25] examined the responses of CN explants of P. mar-
supium to optimize the maximum shoot multiplication under BA and Kn regimen alone or
in combination with auxins and obtained good response when cultured on MS medium
fortified with 5 μM BA which produced 7.83 shoots per CN explant within 6 weeks of
culture. Whereas Kn induced a single shoot, and no significant response was detected.
Meanwhile, the explants cultured on the BA fortified medium showed significant shoot
growth, and were considered to be more responsive than Kn. The superiority of BA over
Kn for multiple shoot induction from CN explant has been reported earlier in Pterocarpus
species [136,200,201]. BA and Kn cytokinins are commonly used in plant tissue culture
systems. However, the efficacy of BA over Kn in in vitro morphogenesis has been well
documented in several plant species, such as Curcuma zedoaria [202], Aegle marmelos [203],
Andrographis paniculata [204], Albizia lebbeck [205], Terminalia bellirica [206], Acacia ehrenber-
giana [84], and Acacia gerrardii [207]. In addition, Kn has also been shown to be efficient in
successfully developing in vitro propagation protocols for several species [208–211].

Chand and Singh [136] have developed a protocol for in vitro plant regeneration
through CN of P. marsupium. An average of 9.5 shoots per CN explant were induced on
MS medium containing 4.44 μM BA and 0.26 μM NAA in 85% cultures after 15 weeks.
According to Chand and Singh, BA was more effective than Kn for multiple shoot for-
mation from the CN explant of P. marsupium. It has been found that auxins could not
induce shoot multiplication when used alone and that the cytokinin unaided produced
very few shoots, whereas the combination of cytokinin and auxin underwent profusion of
regeneration. Many studies have shown that a lower dose of auxins is needed in combina-
tion with cytokinin to boost the multiplication rate in many plant species [83,84,212–214].
α-naphthalene acetic acid (NAA), indole-3-acetic acid (IAA), and indole-3-butyric acid
(IBA) are widely used in shoot multiplication, proliferation, and rooting cultures. Recently,
the MS medium fortified with 7.5 μM mT and 1.0 μM NAA exhibited the highest frequency
of shoot regeneration in P. marsupium [22]. Thus, the use of cytokinin to auxin in a ratio
proven to be successful in high in vitro shoot regeneration instead of using cytokinin alone.
The need for a low auxin concentration in combination with cytokinin can also regulate the
endogenous cytokinin level by inhibiting the cytokinin biosynthesis gene, such as isopen-
tenyl transferase (PsIPT1 and PsIPT2) in micropropagated cultures [215,216]. Such type of
synergistic effect of cytokinins (BA, Kn, or mT) with auxins (IAA, IBA, or NAA) on shoot
multiplication and proliferation has been reported by several researchers in many plants’
species [217–219]. Cytokinin-auxin has also been associated with many physiological and
developmental mechanisms, such as in vitro somatic embryo induction, apical dominance,
cell cycle modulation, lateral root induction, control of senescence, and vascular tissues
formation [135,220]. Tippani, Nanna, Mamidala, and Thammidala [148] also reported that
the addition of auxin (NAA) with cytokinin (BA) to the medium increased the frequency
of somatic embryo differentiation rather than BA individually in the medium. In that
study, it was concluded that the MS medium containing 4.40 μM BA in combination with
2.69 μM NAA was the most suitable phytohormone combination for indirect organogene-
sis practice in P. marsupium. Several scientific studies have indicated that auxin controls
the biosynthesis pathway of cytokinin through the unique activation of IPT5 and IPT7
genes [221,222]. In addition to these, several other studies have indicated that cytokinin and
auxin jointly regulate their metabolism and signaling pathways [126,223]. As a result, both
hormones were considered to be a key signaling molecules regulating the morphogenic
response of plants.

4.3.2. Nodal Segment Culture

A successful and efficient regeneration protocol from the nodal segment of P. mar-
supium was established by Ahmad, Ahmad, and Anis [147]. The NS is a good source of
axillary shoot multiplication in the tissue culture system, and even a single explant can give
rise to multiple copies of true-to-type plantlets within a few months. A two-fold culture
strategy was applied to address the problem of shoot elongation. Primarily, the authors
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evaluated the effect of TDZ on nodal explant for axillary buds breaking on half-strength
MS (liquid) medium containing 10 μM TDZ for 8 days. Thereafter, pretreated NS were
transferred to a secondary medium containing different concentrations of meta-topolin.
TDZ-pretreated NS—when transferred to MS medium supplemented with 5.0 μM mT
in combination with 1.0 μM NAA—gave the best results, producing the highest num-
ber of shoots within eight weeks of culture. A similar culture strategy using shoot bud
breaking (primary medium) and subsequent shoot elongation (secondary medium) has
been effectively applied in many tree species, for example, Acacia catechu [224], Eucalyp-
tus grandis [225], Acacia sinuate [198], Lagerstroemia parviflora [226], Malus alba [199], Melia
azedarach [83], Balanites aegyptiaca [227], and Acacia ehrenbergiana [84].

Generally, in woody species, NS inoculated on hormone-free MS medium do not show
any response, but shoot induction has been observed in cytokinin-augmented MS medium.
Husain, Anis, and Shahzad [143] reported that the addition of 20 μM adenine sulfate (AdS)
in MS medium containing 4.0 μM BA and 0.5 μM IAA improved the establishment of nodal
explant cultures. A nucleotide base of adenine in the form of AdS can induce cell growth
and significantly promote multiple shoot growth. AdS provide an additional nitrogen
source to the cell, and this form of nitrogen can generally be taken up more rapidly than
inorganic nitrogen. In a number of studies, the application of AdS in culture medium
is recommended because it promotes the regeneration capacity of explants, especially in
woody species such as Tectona grandis [228], Bauhinia vahlii [229], and Melia azedarach [230].
However, in the place of AdS, some other adjuvants, such as silver nitrate (AgNO3),
casein hydrolysate (CH), polyvinylpyrrolidone (PVP), activated charcoals, coconut water,
amino acids, and vitamins have been used in the culture medium for inducing shoot/root
organogenesis and somatic embryogenesis [231]. Fuentes et al. [232] found that the addition
of AgNO3 and fructose promoted somatic embryogenesis in Coffea canephora, whereas CH
in combination with ammonium chloride has been shown to be the best combination in
culture media to promote embryo germination as well as plant regeneration in Sapindus
mukorossi [233].

4.3.3. Shoot Tip Culture

Now-a-days, shoot tip culture techniques have been attracting interest by plant tissue
culturists mainly due to their possible usage in large areas such as clonal multiplication of
vegetatively propagated crop plants, virus elimination, genetic modification, germplasm
conservation, etc. The most desirable aspect of shoot tip culture is that it has an advantage
over other in vitro processes, the ability to preserve a high degree of genetic integrity
among regenerants. Nehra and Kartha [234] have thoroughly reviewed the different facets
of shoot tip culture and its commercial applications in many fields. Many researchers have
used shoot tip explants to establish an effective in vitro regeneration protocol in several
woody species. Sharma et al. [235] induced multiple shoots of Bougainvillea glabra from
shoot tip explants culture on medium supplemented with of 0.5 mg/L BAP and 1.5 mg/L
IAA. Multiple shoots were successfully achieved in shoot tip explant of Catha edulis (mature
tree) when cultured on MS medium supplemented with 0.3 mg/L BA and 3.0 mg/L IAA
by Hamid [236]. Kaur and Kant [237] reported a successful micropropagation protocol
for Acacia catechu through shoot tip explants. It produced the highest number of shoots
when cultured on MS medium containing 1.5 mg/L BAP plus 1.5 mg/L Kn. Shoot tip
explants obtained from 20-day-old in vivo germinated seedling of Pterocarpus santalinus
proliferated into multiple shoots on 1.0 mg/L BAP in combination with 0.1 mg/L fortified
MS medium [238]. Similarly, Al-Sulaiman and Barakat [239] successfully induced multiple
shoots of Ziziphus spina-christi from shoot tip on MS medium supplemented with 1.0 mg/L
BA and 0.1 mg/L NAA. Recently, Hussain et al. [240] reported the highest differentiation
of shoots Tecoma stans by culturing shoot tip on 7.5 μM BA and 0.5 μM NAA enriched MS
medium. Their studies indicate that the formulation of PGRs in culture media for shoot
tip culture depends mainly on plant species. Shoot tip culture is the most appropriate
method for obtaining both virus-free and true-to-type clones. Up to now, only a single
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report has been published on successful in vitro regeneration of P. marsupium through shoot
tip explants [149]. The highest shoot bud differentiation was achieved in this investigation
at 7.0 μM mT plus 1.0 μM NAA, whereas Das and Chatterjee [96] attempted to regenerate
multiple shoots from the shoot tip of P. marsupium. Initially, it was observed that shoot
tip explants grew at 0.2 mg/L of BAP enriched MS medium, but after some time, it did
not grow and eventually became necrotic on the same medium. As a result, these studies
demonstrate that the formulation of culture media, PGRs and culture conditions plays an
important role in effective shoot tip culture.

4.3.4. Immature Zygotic Embryos Culture

In plant tissue culture systems, the combination of PGRs plays an important role in
determining the morphogenic response of explants. Mature tissues, which lack undiffer-
entiated totipotent cells, respond poorly to regeneration treatments. Tippani, Vemunoori,
Yarra, Nanna, Abbagani, and Thammidala [56] used immature zygotic embryos (IZEs)
of a P. marsupium as the explant source, which, unlike other types of explants, is rich in
meristematic cells. The researchers induced the highest frequency of shoot regeneration
(93.8%) on MS medium fortified with 3.0 mg/L BA in combination with 0.5 mg/L IAA,
which resulted in a maximum of 17.3 shoots per IZE explant. Subsequently, when these cul-
tures were sub-cultured on MS medium containing a reduced concentration of 1.0 mg L−1

BA, an improvement in the average number of shoot (27.2) per IZE explant as well as
increase in the average shoot length (4.5 cm) were documented. The potential use of IZEs to
establish a plant regeneration system through shoot organogenesis and somatic embryoge-
nesis has been verified in many tree species; for example, Bixa orellana [241], Chamaecyparis
obtusa [242], Pinus oocarpa [243], and Sapium sebiferum [244]. IZEs are considered a reliable
source of explants, and the combination of 2,4-D and Kn is generally recommended for
somatic embryogenesis in several woody species angiosperms and gymnosperms [245].

In addition, the rate of multiplication of in vitro shoots depends greatly on the sub-
culture of proliferating explants on a fresh medium. It is also imperative that as the
number of cells, tissues, or organs becomes excessively high, there is a need to increase
the amount of a culture or to increase the organ numbers for in vitro propagation. During
extended cultures, the level of nutrients in the medium is significantly depleted, and as
result of the development of certain harmful metabolites, a decline in relative humidity
in culture vessels has resulted in the drying of developing cultures. Apóstolo et al. [246]
advocated that the high humidity in culture flask or culture tubes helps to boost rapid
growth. Thus, a repetitive sub-culture strategy can help in inducing multiple shoots,
followed by improved rooting [217,247]. Several researchers have introduced a repeated
sub-culture approach to improve multiplication rates in several plant species such as Feronia
limonia [248], Pterocarpus santalinus [249], Balanites aegyptiaca [217], Spondias mangifera [250],
Arnebia hispidissima [251], and Tetrastigma hemsleyanum [252].

4.3.5. Intact Seedling Culture

Multiple shoot induction directly from the seed explant (also called intact seedling
culture) is another method for rapid in vitro propagation (Figure 4C). The significant aspect
of this regeneration protocol is that shoot differentiation occurs directly from the CN of the
seedling, eliminating the need for an explant preparation step. Our literature review found
that the intact seedling method greatly reduces many difficulties such as the cost of culture,
time of regeneration protocol, and other considerations such as the age and size of the
explant and its orientation in the culture vessel. However, it should be noted that these very
same factors are thought to have an important role in successful regeneration, especially
in leguminous tees. Malik and Saxena [253] reported that the rate of shoot multiplication
via the intact seedling method in Phaseolus vulgaris was higher than that obtained from the
explant method. Bhuyan et al. [254] developed a high throughput shoot multiplication
protocol through intact seedling propagation of Murraya koenigii cultured on 5.0 mg/L BA
and 0.4 mg/L GA3 in MS medium. The authors found that the application of GA3 to the
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medium had no stimulatory effect on shoot multiplication per intact seedling, whereas it
did exhibit a remarkable effect on shoot elongation. Hussain, et al. [255] reported that the
shoot multiplication rate from intact seedlings of Sterculia urens was highest when cultured
on MS medium containing 5.0 μM BA, 0.4 μM GA3, and 0.1% ascorbic acid. Perveen,
Anis, and Aref [85] successfully developed an in vitro regeneration protocol for Albizia
lebbeck through the intact seedling method. In this trial, the highest shoot multiplication
response was obtained from the highest dose of 5.0 μM TDZ (primary medium) followed
by transfer to a lower dose (0.5 μM) of TDZ (secondary medium). Cumulatively, the results
of these studies are clear evidence that intact seedling cultures are greatly influenced by
the formulation of the growth regulator and that excision of the explant is not necessary
for in vitro shoot multiplication. In case of P. marsupium, Ahmad, Anis, Khanam and
Alatar [149] reported only direct shoot multiplication from the intact seedling method.
The optimum culture, containing 0.50 μM GA3, induced the maximum seed germination
response along with better shoot growth when compared to cultures with TDZ. Similarly,
cultures treated with TDZ exhibited a higher shoot multiplication rate than did those
treated with GA3. However, it was found that the two hormones combined together at
an optimal level (TDZ at 0.50 μM and GA3 at 0.50 μM) resulted in the most effective
treatment for germination response, shoot multiplication, and subsequent shoot elongation
per explant. The authors [149] hypothesized that the improvement in protocol performance
was due to the interaction of the two hormones, with successful regulation both in terms of
biosynthesis and signal transduction.

4.3.6. Somatic Embryogenesis

In somatic embryogenesis (SE), a single cell or group of somatic cells initiate the devel-
opmental pathway that leads to the formation of NZEs. This means that the embryos have
no connection with pre-existing vascular tissue within the maternal callus. Williams and
Maheswaran [256] suggested that somatic embryos can differentiate from pre-embryogenic
determined cells, leading to direct embryogenesis. There are two well-defined methods for
SE: the direct method (without callus) and the indirect method (with a callus-intervening
phase). SE has been widely exploited in many plant breeding activities, such as mass-scale
propagation, shortening of the breeding cycle, development of synthetic seeds, and genetic
transformation of industrially important crops [127,231]. Currently, there are only a few
published reports of SE in P. marsupium (Table 1). Differentiation of the somatic embryo can
occur directly on the callus induction medium, whereas in many cases a combination of dif-
ferent media and hormones is required for callus induction, somatic embryo formation, and
morphogenesis of shoot and plantlet conversion [144]. Recently, Tippani, Nanna, Mamidala,
and Thammidala [148] developed an improved protocol for in vitro plantlet regeneration
via SE from IZE explants of P. marsupium. Dedifferentiated tissues were induced profusely
in 96.6% callus from IZE explants when cultured on a callus induction medium, i.e., MS
plus 5.37 μM NAA. The callus was successfully induced to produce somatic embryos when
cultured onto differentiation medium, i.e., MS consisting of 2.69 μM NAA and 4.40 μM BA.
Lastly, maturation of somatic embryos into plantlets has been accomplished with the use of
half-strength MS fortified with GA3 (5.80 μM). Chaturani et al. [257] reported that IZEs are
an ideal explant to obtain the highest culture initiation and multiplication under in vitro
conditions. There are many reports available on the utilization of IZE explants for inducing
SE in tree species such as Pinus oocarpa [243] and Fraxinus mandshurica [258].

In addition, there have been many reports of the efficacy of HSs, obtained from asep-
tic seedlings, to achieve indirect SE in many plant species [259,260]. Husain, Anis, and
Shahzad [144] achieved SE from the callus, derived from hypocotyl segment (excised
from12-day-old axenic seedlings) of P. marsupium. Primarily, callus formation occurred
on callus induction medium, i.e., MS containing 2,4-D (5.0 μM) and BA (1.0 μM). Secon-
darily, the calluses were successfully converted into somatic embryos when they were
sub-cultured onto differentiation medium; i.e., MS containing 0.5 μM BA and 0.1 μM NAA
in combination with 10 μM ABA. Husain, Anis, and Shahzad [144] also suggested that
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maturation of somatic embryos takes place by the addition of ABA, a growth inhibitor,
which creates stress conditions that are conducive to the development and maturation of
somatic embryos of P. marsupium. It may be possible that ABA interacts synergistically with
both hormones (auxin-cytokinin) and stimulates maximum somatic embryo maturation. SE
formation has occurred in many leguminous tree species via various explant sources such as
immature cotyledon in Acacia catechu [261], immature cotyledon in Hardwickia binata [262],
endosperms in A. nilotica [263], embryonic axes with cotyledons in Albizzia julibrissin [264],
IZEs in Acacia mangium [265], and immature cotyledon in Pterocarpus marsupium [145].

4.4. Rooting and Acclimatization

Rhizogenesis of in vitro raised microshoots is often problematic in woody species and
leads to significant economic consequences because of losses at this stage [266,267]. The
development of a well-rooted system is vital for the successful establishment of in vitro
raised microshoots in field conditions. Therefore, adventitious root formation is an impor-
tant step for in vitro regeneration of various woody plants [268]. The use of auxins affects
the in vitro root formation of microshoots raised in tissue culture [269]. Some important
factors (type and concentration of auxin and treatment duration) play crucial roles in root
induction [270,271]. IBA is an important exogenous auxin utilized for in vitro root induc-
tion in several plant species because it has shown more resistance to photodegradation,
adherence to microshoots, and inactivation by biological action [272]. The stimulatory
effect of IBA on induction of rooting may be due to successive rooting gene activation and
better uptake, transportation, and stability compared with other auxins [159,273]. This
type of two-step rooting strategy has been applied in many tree species [147,274]. In the
first step, the distal ends of microshoots are dipped in a half-strength MS (liquid) medium
containing a high dose of auxin (IBA) over a filter paper bridge for several days. In the
second step, these pretreated microshoots are transferred onto half-strength MS (semisolid)
medium, fortified with a lower dose of IBA, and cultured for one month (Figure 7A–F). Re-
generated microshoots of P. marsupium have been affected by high dose IBA pretreatments,
which improves the rate of rooting response, the number of roots per microshoot, and their
subsequent length [25,56,143].

Figure 7. Two step rooting strategy for root formation in microshoots of Pterocarpus marsupium
Roxb. (A) Pretreatment of microshoot in liquid medium employing filter paper bridge; (B) Pretreated
microshoot transferred onto semi-solid medium containing phytagel for in vitro root formation;
(C) 4-week-old in vitro rooted microshoot; (D) Pretreated microshoot transferred onto Soilrite (a
synthetic soil) for ex vitro root formation; (E) 4-week-old ex vitro rooted microshoot; (F) Acclimatized
plantlet in Soilrite.
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Ahmad and Anis [22] have reported that root forming efficiency in mT-derived mi-
croshoots is higher compared to BA-derived microshoots. Rhizogenesis in microshoots was
carried out via a two-step rooting procedure. For the purpose, distal ends of microshoots
were pre-treated with a high dose of IBA (100 μM) augmented 1

2 MS (liquid) medium
for 5 days, followed by their transfer onto the half-strength of MS (semisolid) medium
containing a low dose of IBA (1.0 μM) resulting in a successful root induction response.
Ludwig-Müller [273] proposed that several factors, such as better absorption of auxin,
transport, and stabilization over other auxins, and the subsequent genes, are responsible
for the in vitro root formation. However, an inhibitory effect of BA on in vitro root develop-
ment and low acclimation rates has also been recorded in many plant species [172,275]. On
the other hand, a profound impact of meta-topolin on in vitro rooting and acclimatization
of regenerated plantlets has also been identified in several species [161,173,276]. Exogenous
doses of auxin in the culture medium are commonly used in different plants to induce
in vitro rhizogenesis in regenerated microshoots [84,277,278]. Auxins serve as a central reg-
ulator of adventitious root formation. Specifically, it stimulates the preparation of pericycle
cells that induce lateral roots [279,280]. De Smet [281] has reported several research studies
on the use of auxin for the initiation and growth of lateral roots in isolated microshoots.
The addition of exogenous auxin to the culture medium induces new primordial lateral
root unrelated to acropetal branching in many plant species, including Arabidopsis [282].
In an experiment performed by Ilina, Kiryushkin, Semenova, Demchenko, Pawlowski
and Demchenko [280], the main lateral root of the pericycle cells undergoes asymmetric
anticline arises three adjacent pericycle cells. After some time, all active pericycle cells are
arrested in the basal portion of the elongation region [283]. Since some of the pericycle
cells that left the basal portion of the root apical meristem in the G1 phase of the cell cycle
may begin the cell division of the cells involved in the induction of primordia’s lateral
roots [284].

Jaiswal, Choudhary, Arya, and Kant [146] reported that being a woody perennial
P. marsupium is difficult for in vitro rhizogenesis. In vitro root induction in microshoots
found that IBA was more effective than the other auxin and 1

2 MS medium containing
4.92 μM IBA induced 2.14 roots per microshoots with an average root length of 1.24 cm
in 42.2% cultures. On the other hand, in an experiment performed by Tippani, Vemu-
noori, Yarra, Nanna, Abbagani and Thammidala [56], the best response was recorded on
MS medium containing 3.0 mg L-1 IBA pretreatment for 24 h, followed by transfer onto
hormone-free MS medium, produced a maximum number of 3.2 roots per microshoot
with mean root length of 2.9 cm in 70.8% cultures after 15 days of transfer. According to
De Klerk et al. [285], high doses of auxin pretreatment are needed during the initial root
induction process, but in many cases during root elongation, a high dose of any growth
regulator becomes inhibitory. A large number of researchers have proposed IBA as the best
rooting hormone in many plant species like Kigelia pinnata [286], Terminalia arjuna [287],
Albizia lebbeck [85], and Syzygium cumini [214]. On the other hand, in P. marsupium mi-
croshoots, Husain, Anis, and Shahzad [137] applied a two-step rooting protocol for in vitro
root induction. In the first step, the distal end of microshoots was pulse-treated with
200 μM IBA for 4 days and on filter paper bridge on 1

2 MS (liquid) medium, followed
by step-two with subsequent transfer of these pulse-treated shoots to 0.6% agar-gelled
1
2 MS containing 0.2 μM IBA in combination with 3.96 μM phenolic acids (phlorogluci-
nol). At this stage, the maximum number of 4.4 roots per microshoot with a mean root
length of 4.0 cm was obtained in 65% of cultures after 4 weeks. In several tree species,
the stimulatory effect of phloroglucinol has been documented [288–290]. Interestingly, De
Klerk et al. [291] suggested that phloroglucinol in combination with auxin had a synergistic
effect in inhibiting peroxidase activity in the culture, thereby protecting the endogenous
auxin from peroxidase-catalyzed oxidation. Subsequently, an in vitro rooting response in
microshoots of P. marsupium was also observed when it was grown on the primary liquid
MS medium followed by switch to the secondary hormone-free semisolid half-strength
MS medium. The highest root formatting frequency (70%) was achieved with a maximum
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3.8 roots per microshoot on an average root length of 3.9 cm on the MS medium containing
100 μM IBA and 15.84 μM phloroglucinol after 4 weeks of culture [143]. Ahmad, Ahmad,
Anis, Alatar, Abdel-Salam, Qahtan, and Faisal [150] recently reported an improvement in
the in vitro rooting response in P. marsupium by pre-treating microshoot with 100 μM IBA
for 5 days and then transferring to medium of containing 0.50 μM GA3. This combination
has been shown to be the highest in vitro rooting in microshoots. Improvement in rooting
response was hypothesized that IBA would be stored in basal ends of microshoots during
pretreatment and would be actively used when interacted with GA3.

Recently, many tissue culturists have focused on ex vitro rhizogenesis in microshoots
because ex vitro rooted plantlets produce a better developed root system compared with
those of in vitro raised plantlets [129,292,293]. The ex-vitro rooting strategy is practical and
cost-effective, requiring less time, less labor, fewer chemicals, and only minimal equip-
ment compared with the requirements of in vitro rooting practice. Many researchers have
reported that ex vitro rooted plantlets have good quality roots with minimum damage,
are easy to acclimatize, and have a high survival rate because they do not require any
additional acclimatization before being transplanted in natural conditions [85,129,294–296].
A major breakthrough in ex vitro rooting was achieved by Ahmad, Anis, Khanam, and
Alatar [149] via a two-step rooting procedure. In this process, microshoots were isolated
from in vitro grown cultures and subjected to the pretreatment of basal ends in optimized
doses of IBA, followed by transfer onto various potting substrates. The best rooting re-
sponse was obtained when the basal ends of microshoots were treated with 250 μM IBA for
5 days, followed by transfer to Soilrite, where a maximum of 3.63 roots per microshoot and
mean root length of 3.59 cm, as well as the highest rooting frequency 67.7%, were recorded
4 weeks after transplantation. The authors reported that the ex-vitro rooted plantlets of
P. marsupium were successfully acclimatized, with 96.7% survival rate [149]. Similarly, ex
vitro rooting in regenerated microshoots has been achieved in a large number of woody
species, including Tectona grandis [297], Nyctanthes arbor-tristris [298], Vitex negundo [183],
Malus zumi [299], Melia azedarach [83], and Tecomella undulata [300]. In the study by Ahmad
and Anis [22], the hardening of regenerated plantlets of P. marsupium was achieved by
the well-rooted shootlets being gently removed from the culture vessel and washed with
running tap water to remove any adherent; after which the plantlets were transplanted to
Thermocol cups (10-cm diameter) containing sterile Soilrite. Other researchers have covered
the culture cups with transparent polyethylene bags as a safeguard to ensure high humid-
ity and placed the cups under 16/8 h (day/night) in culture room conditions [147,301].
These polybags were gradually opened in order to acclimatize the plantlets to natural
conditions. Finally, the acclimatized plantlets were successfully shifted to normal garden
soil under natural daylight conditions. Generally, tissue culture-raised plantlets have low
photosynthetic rate because regenerated plantlets have underdeveloped photosynthetic
apparatuses [302]. The improvement in photosynthetic pigment contents in regenerated
plantlets is possible during acclimatization, as noted by several researchers [303,304]. The
substantial increment in photosynthetic pigment content with high light intensity promotes
the pigment biosynthesis enzyme, which is vital to synthesis of photosynthetic pigment
content [305]. There have been several investigations of the abrupt decrease in photosyn-
thetic pigment contents during the initial days followed by a continuous increase during
the acclimatization processes in many plants [131,306,307].

5. Molecular Studies of P. marsupium
5.1. Genetic Fidelity Assay

Plant tissue culture techniques are an important tool in the clonal propagation of
genetically uniform plants that possess desirable traits. Many researchers have suggested
that the existence of somaclonal variations among sub-clones of an elite parental line is a
potential drawback during micropropagation practice [240,308]. Javed, Alatar, Anis, and
El-Sheikh [88] advocated that genetic uniformity of regenerated plantlets is a prerequisite
to sustain the desired genotypes. The application of phytohormones at elevated concentra-
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tions and continuous sub-culturing of cultures for long periods hinders the maintenance of
genetic stability [22]. The consequences of unintended mutations and the mixing of regen-
erated plantlets could mean that much time and money is wasted before the mistakes are
discovered. Therefore, it is necessary to validate the uniformity of the regenerated plants at
the genetic level through molecular markers, given that variability induced by continuous
practice of in vitro propagation cannot be detected phenotypically because the structural
differences in the gene products are not sufficient enough to alter the phenotypes [309].
Although many approaches have been attempted to detect genetic homogeneity (i.e., true-
to-type clones) among regenerants, the most suitable technique appears to be DNA-based
molecular markers. Such markers are not affected by environmental factors and can be
analyzed using genomic DNA from any growth stage; therefore, these markers are very
useful in analyzing genetic fidelity in a large number of plant species. RAPD and ISSR
have become more popular among the different molecular marker techniques, as they do
not require any prior DNA sequence information [87,191,310].

There have been scores of studies on genetic fidelity analysis by using RAPD and
ISSR techniques in regenerated plants of different species such as Moringa peregrina [311],
Alhagi maurorum [312], Terminalia bellerica [313], Morus alba [314], Lawsonia inermis [140],
Platanus orientalis [315], Erythrina variegata [88], Tecoma stans [240]. Their simplicity, cost-
effectiveness, and requirement of low quantity DNA are some reasons for the selection of
these markers for genetic fidelity analysis [311,314,316–318].

Although DNA-based markers have been shown to be an effective technique to assess
genetic fidelity in a number of plant species, there are few documented techniques particular
to P. marsupium. In one recent study [149], assessment of genetic fidelity in P. marsupium
regenerants was achieved using DNA-based ISSR primers. The authors of this study
obtained a total of 35 bands, with an average of 4.38 bands per primer, in a monomorphic
banding pattern. In an earlier study, Ahmad and Anis [22] had used a total of 29 RAPD
primers to detect genetic fidelity among regenerated plantlets of P. marsupium; the results
were monomorphic DNA bands exhibiting complete genetic uniformity. In still earlier
work, Tippani, Vemunoori, Yarra, Nanna, Abbagani, and Thammidala [56] reported that
four ISSR primers produced a monomorphic banding pattern regenerated when compared
with mother plant. In a later experiment [148], eight ISSR primers were used for DNA
amplification, producing a clear, reproducible, and monomorphic DNA banding pattern
demonstrating genetic fidelity among regenerants of P. marsupium derived through the SE
method. Taken together, this research confirms the efficacy of regeneration protocols for
true-to-type plant breeding in general and P. marsupium in particular.

5.2. DNA Barcoding

Presently, several adulterants of Pterocarpus species are available in the international
trade market [16]. Scientific authentication of genuine species is vital for the herbal drug
industry; however, the conventional approach for the identification of authentic species
is not sufficient. The difficulty lies in the fact that most of the physical and anatomical
characteristics (i.e., wood density, grain, and color) of Pterocarpus species are very similar
to its adulterants. DNA barcoding offers an alternative and feasible taxonomic tool for
rapid and robust species identification in general [17,319–321] and could be an effective
technique to distinguish Pterocarpus and its adulterants. Jiao, Yu, Wiedenhoeft, He, Li, Liu,
Jiang, and Yin [16] developed a DNA barcode to distinguish adulterants of six commercially
important species of Pterocarpus (P. marsupium, P. santalinus, P. indicus, P. erinaceus, P. zenkeri,
P. angolensis). An array of genes, including ITS2, matK, ndhF-rpl32, and rbcL, have been
utilized to discriminate Pterocarpus species through TaxonDNA and tree-based analytical
methods. Jiao, Yu, Wiedenhoeft, He, Li, Liu, Jiang, and Yin [16] suggested that two of
these genes, namely matK and rbcL, are the core DNA barcodes for authentication of many
plant species. The ITS2 regions are standard DNA barcodes, especially used in identifying
adulterants of industrially important medicinal plants [9,322]. Similarly, ndhF-rpl32, an
intergenic spacer gene of cpDNA, has the potential to be used for DNA barcoding of

161



Plants 2022, 11, 247

a large number of species [323–325]. Consequently, many researchers in this field have
recommended DNA barcodes as well-known tools for authenticating genuine herbal raw
materials in quality control programs and forensic studies [326–328].

5.3. Genetic Transformation

Establishment of in vitro propagation protocols is a prerequisite for genetic manip-
ulation studies because in traditional breeding techniques—such as backcrossing and
selfing—it is difficult to fix desirable alleles in a particular genetic background [13]. Suc-
cessful transfer of genes of interest through genetic transformation technique has been
well documented in many tree species [329–331]. Gorpenchenko et al. [332] established
a successful genetic transformation process in Panax ginseng through callus-based shoot
organogenesis. Similarly, Tippani, Yarra, Bulle, Porika, Abbagani, and Thammidala [145]
demonstrated genetic transformation in P. marsupium through callus-based organogenesis
using immature cotyledon explants obtained from 9-day-old axenic seedlings. Callus
formation occurred on callus induction medium containing MS fortified with 1.07 μM NAA
for 2 weeks. Subsequently, the callus was co-cultivated with A. tumefaciens (harboring
the binary plasmid with uidA and hpt genes) and cultured on MS augmented with BAP
(8.9 μM), NAA (1.07 μM), and acetosyringone (200 μM) for 2 days. These cultures were
then transferred onto MS containing BAP (8.9 μM), NAA (1.07 μM), hygromycin (20 mg/L),
and cefotaxime (250 mg/L) for multiple shoot induction, followed by transfer to shoot
elongation MS medium containing BAP (4.40 μM), hygromycin (15 mg/L), and cefotaxime
(200 mg/L). Putatively transformed microshoots were rooted on MS medium containing
BA (2.85 μM) in combination with hygromycin (20 mg/L), after dip treatment of the distal
ends of P. marsupium for 24 h in MS medium fortified with IBA (19.60 μM). Tippani, Yarra,
Bulle, Porika, Abbagani, and Thammidala [145] validated the gene transfer into putatively
regenerated plants through RT-PCR and GUS assay. Interestingly, Jube and Borthakur [333]
proposed that the rate of transformation in woody species is meager because excised
explants produce several harmful phenolic compounds. On a contrary note, there are
many reports published on A. tumefaciens-mediated transformation in leguminous woody
trees [330,331].

6. Conclusions and Future Prospects

The commercial productivity of tree plantations could be increased by reducing the
genetic diversity of forest species and achieving greater homogeneity of tree phenotypes.
Currently, many factors, such as increasing demand from pharmaceutical companies
and timber-based industries and the overall decline of the global forest cover, as well as
the impacts of climate change, have all motivated forestry decision-makers to raise the
productivity of natural forests. There is also an increasing demand for aromatic and herbal
drug yielding plants because natural products are seen to be non-toxic and have fewer
side effects. Our comprehensive survey of the literature revealed that knowledge of the
pharmacognosy, ethnobotany, and micropropagation of P. marsupium—a species of high
value globally and in India—is rather limited and has only appeared in the past three
decades. Plant biotechnology has opened new avenues for the generation of novel genetic
variability, and techniques in this field now offer greater selection and are increasingly
more precise and reproducible. Such techniques have broad applications in a number of
important areas, for example, genetically modified food, feed, and fiber.

Micropropagation of P. marsupium can offer great advantages over traditional meth-
ods. Such advances can help researchers meet their goals in numerous specialties: plant
breeding, plant biotechnology, germplasm conservation, rapid propagation of genetically
modified plants, secondary metabolites biosynthesis, germplasm exchange, extensive col-
lection within minimum space, supply of important planting material for wild population
recovery, and molecular and ecological studies. Moreover, before developing any regen-
eration protocol, information on actual genetic variability and the cryptic number of the
differentiated genetic resources are essential for both the genetic improvement of the species
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and its conservation. Before developing an effective method to maintain the genetic diver-
sity of any targeted species, it must first be quantified. A promising method in regeneration
programs is the use of DNA-based molecular markers.

Advances in DNA barcoding will help in the authentication of key forest species
such as P. marsupium and may eventually lead to the formulation of legislation ensuring
the public’s access to this plant at a reasonable cost. There are several substituted for
P. marsupium wood on the market, and they can be less effective as medicines and, in
some circumstances, fatal due to the toxicity of the substituted plant material as an open
access, worldwide library of reference barcode sequences continues to be collected, DNA
barcoding may be a viable answer to species authentication, allowing non-taxonomists to
identify specimens. In vitro propagation and genetic diversity analysis of P. marsupium
can be used effectively to select superior populations of the species for breeding programs
aimed at improving productivity, wood quality, and chemical constituents, thereby helping
to inform plans for conservation and sustainable use of this valuable plant species. More
importantly, critical elements of an effective conservation strategies need to be discussed.
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Abstract: The pollen-specific calcium-dependent protein kinase PiCDPK1 of Petunia inflata has
previously been shown to regulate polarity in tip growth in pollen tubes. Here we report the
identification of a Rho Guanine Dissociation Inhibitor (PiRhoGDI1) as a PiCDPK1 interacting protein.
We demonstrate that PiRhoGDI1 and PiCDPK1 interact in a yeast 2-hybrid assay, as well as in an
in vitro pull-down assay, and that PiRhoGDI1 is phosphorylated by PiCDPK1 in vitro. We further
demonstrate the PiRhoGDI1 is capable of rescuing the loss of growth polarity phenotype caused
by over-expressing PiCDPK1 in vivo using stable transgenic plants. We confirmed that PiRhoGDI1
interacts with a pollen-expressed ROP GTPase isoform consistent with the established role of RhoGDIs
in negatively regulating GTPases through their membrane removal and locking them in an inactive
cytosolic complex. ROP is a central regulator of polarity in tip growth, upstream of Ca2+, and
PiCDPK1 over-expression has been previously reported to lead to dramatic elevation of cytosolic
Ca2+ through a positive feedback loop. The discovery that PiCDPK1 impacts ROP regulation via
PiRhoGDI1 suggests that PiCDPK1 acts as RhoGDI displacement factor and leads us to propose a
model which we hypothesize regulates the rapid recycling of ROP GTPase at the pollen tube tip.

Keywords: pollen; tip growth; calcium; calcium dependent protein kinase; Rho Guanine Dissociation
Inhibitor; ROP GTPase; RhoGDI displacement factor; polarity

1. Introduction

Highly polarized growth is a characteristic of a number of specialized eukaryotic cell
types including animal neurons, fungal hyphae, and higher plant pollen tubes and root
hairs. These cells grow by a process known as “tip growth” in which expansion/extension
is continuously restricted to an apical domain [1]. Pollen tubes extend to form a conduit
through which sperm cells are transported through female floral tissues to the ovules, and
thus are critical to sexual reproduction in higher plants. In addition to their biological
significance, they provide a tractable model with which to study tip growth. Though pollen
is multicellular, it consists of relatively inactive sperm cells located within a highly active
vegetative cell that grows to form a pollen tube, providing an opportunity to investigate
polar growth at the cellular level with relative ease.

Ca2+ has long been known to play a pivotal role in regulating pollen tube growth [2–6].
Growing tubes exhibit a steep-tip-focused free Ca2+ gradient, the perturbance of which
results in reversible cessation of tip growth [3,7,8]. Calcium dependent protein kinases,
particularly Calmodulin-domain-like protein kinases (CDPKs) have been implicated as
being one of the immediate sensors and response elements to this Ca2+ signal, their kinase
activity being activated by elevated Ca2+ levels leading to phosphorylation of down-
stream components of these signaling pathways [9]. Expression profiling data indicate that
16 CDPK isoforms are expressed in pollen in Arabidopsis thaliana and knock-out mutants of
6 of the 13 tested exhibit mutant phenotypes in pollen germination and or tube growth [9].
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Over-expression of Petunia inflata CDPK1 (PiCDPK1) in pollen causes depolarized growth,
whereas expression of a constitutively active mutant version of this isoform severely inhibits
growth [10]. An analysis of a double-knock out of the functionally redundant isoforms of A.
thaliana CPKs-17 and -34 (the AtCPK isoforms most closely related to PiCDPK1) provided
genetic corroboration of the biological and broader phylogenetic relevance of these results.
Double T-DNA insertion mutants of AtCPK-17 and -34 exhibited a ~3 fold reduction in
pollen tube growth rate and 350 fold reduction in transmission efficiency [11]. Identification
of the downstream targets of protein kinases is key to understanding their biological func-
tion. AtCPK34 was recently implicated in modulating the activity of two pollen-specific
aquaporins, NIP4-1 and NIP4-2, through phosphorylation of the Serine-267 residue [12]. Of
the other A. thaliana CPK isoforms that are expressed in pollen, reports suggest that AtCPK2
and 20 participate in regulating anion concentrations in pollen tubes by phosphorylating
and thereby mediating the activity of the anionic membrane channel SLAH [13]. AtCPK11
and 24, with the former capable of phosphorylating the latter, participate in regulating the
inward movement of potassium through the channel SPIK1 [9]. AtCPK32 interacts with
and phosphorylates a cyclic nucleotide-gated calcium channel and is key for maintenance
of the tip-focused calcium gradient [14]. Though the immediate downstream targets of
PiCDPK1 in tip growth have not been identified, over-expression of PiCDPK1 causes a
dramatic elevation of Ca2+ at the pollen tube tip, which as it is Ca2+-activated, suggests the
possibility that it may be involved in a positive feedback loop [10]. Combined these studies
suggest that CPK gene family members and their interactions with downstream effectors
are critical components of Ca2+ signaling pathways in pollen tube growth.

Signaling upstream of Ca2+ involves the action of a class of plant-specific Rho GTPases,
designated ROPs (Rho-like GTPase of Plants) [15–18]. There is substantial evidence that
ROP GTPases are central regulators of tip growth in pollen tubes [15–18] and that they reg-
ulate both the tip-focused Ca2+ gradient and apical actin cytoskeleton through antagonistic
effector pathways [19,20]. Specifically, ROPs mediate, through the actions of immediate
downstream effectors, F-actin organization so that actin is present in bundles at the tube,
as opposed to the cables present further back in the tube [20,21]. Plasma membrane local-
ization is essential to ROP biological function and is mediated by isoprenylation. Spatial
restriction of the biological activity of ROP is also critical to tip-growth, and in common
with other GTPases, is regulated by a number of classes of regulatory protein that mediate
alternation between GTP-bound biologically active and GDP-bound inactive states, as
well as membrane association. Rho guanine exchange factors (RhoGEFs) positively regu-
late ROP activity and are themselves positively regulated by pollen receptor-like kinases
(PRK) [22]). The localization of RhoGEFs is important for spatially restricting activation of
ROPs at the tube tip [23,24].

Negative regulation of ROP occurs by stimulation of the intrinsic GTPase activity
of these proteins (causing hydrolysis of bound GTP to GDP) by Rho GTPase activating
proteins (RhoGAPs), and secondarily by the removal of ROP from the plasma membrane by
Rho guanine dissociation inhibitors (RhoGDIs). In pollen, RhoGAPs activate ROP GTPases
activity in the pollen tube shank behind the tip, confining biological activity to the tube
apex [25]. A RhoGAP spatially coordinates the activity of ROP, acting as a rheostat for ROP
signaling in times of increased or decreased expansion [24]. RhoGDI binds preferentially
to GDP bound ROP behind the tip, causing its dissociation from the plasma membrane
and sequestration in the cytosol [26]. Interestingly, recycling of ROP from its complex with
RhoGDI appears to be critical to pollen tube growth, as mutant RhoGDI that binds but
cannot release ROP inhibits growth [26]. RhoGDI function has also been implicated in
regulating the distribution of cell wall components in pollen tubes, as a triple knockout
mutant in A. thaliana exhibits an increase in cell wall components at the tube tip, as well as
altered ROP activation [27].

Recycling and activation of ROP requires the action of RhoGDI displacement factors
(RhoGDFs) that promote dissociation of ROP from RhoGDI and its re-association with
the plasma membrane. RhoGDFs have not yet been identified in plants but it has been
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speculated that PtdIns(4,5) P2, which possesses RhoGDF activity in animal cells, may fulfill
this function [16,28]. However, this is unlikely to be the sole RhoGDF activity, as in animal
cells phosphorylation of Rho GTPase affects its affinity for binding to RhoGDI [29], in
addition post-translational modifications of RhoGDI, including phosphorylation by kinases
including protein kinase C [30] and p21-activated kinase also influence dissociation of
RhoGDI-Rho complexes [31]. Subsequent to plasma membrane recruitment, the biological
activity of ROP is activated by Rho guanine exchange factors (RhoGEFs), which promote
exchange of the GDP bound by ROP for GTP, and a novel class of plant-specific RhoGEFs
has been identified [19,32]. In pollen tubes, RhoGEF interacts with a pollen receptor kinase
(PRK) in a manner that leads to the recruitment of RhoGEF to the plasma membrane
at the tube apex as well as the release of an intrinsic C-terminal inhibition of RhoGEF
activity [32,33]. Three distinct RhoGEFs from Arabidopsis interact with PRKs, in some cases
forming protein complexes, and these interactions are essential for tube elongation and
seed set. The interaction between PRK and RhoGEF leads to an increase in ROP activity,
suggesting that RhoGEF becomes activated by this interaction [22,34]. Significantly, this
direct link between ROP pathways and a transmembrane receptor provides a mechanism by
which pollen tubes may perceive extracellular signals and orient polar growth in response.

We previously reported that the pollen-specific CDPK isoform PiCDPK1 plays a pivotal
role in regulating pollen tube growth polarity [10]. As a protein kinase directly regulated by
Ca2+, PiCDPK1 is necessarily an effector of this secondary messenger in pollen tubes. How
PiCDPK1 activity mediates tip growth is unclear and identification of PiCDPK1 substrates
is an important goal in elucidating these processes. Here we report the identification of
a RhoGDI from pollen of Petunia inflata (designated PiRhoGDI1) as a downstream target
of PiCDPK1 using the yeast 2-hybrid system. Several lines of evidence supporting this
interaction are presented including in vitro pull-down and phosphorylation assays, and
an in vivo rescue of the loss-of-polarity induced by over-expressing PiCDPK1 by co-over-
expressing PiRhoGDI1 in pollen tubes of stable transgenic plants of Nicotiana tabacum.

2. Results

2.1. Yeast 2-Hybrid Library Screening

In an effort to identify substrates, a pollen tube (yeast 2-hybrid) cDNA library was
screened with a bait construct encoding the N-terminal variable and kinase domains of
PiCDPK1. DNA sequencing revealed that one class of five independent positive clones
identified represented a cDNA encoding a full-length homolog of AtRhoGDI1 (At3g07880,
BLASTP E value = 7 × 10−42). This cDNA possessed an in-frame 5′ stop codon that theo-
retically prevented synthesis of a fusion protein with the yeast GAL4 activation domain,
however as RhoGDIs regulate ROP GTPases, which, similar to PiCDPK1, have been shown
to regulate pollen tube growth polarity [10,15–18], we chose to investigate this class further,
naming the gene P. inflata RhoGDI1 (PiRhoGDI1) (GenBank acc. # DQ905960). The coding
region of PiRhoGDI1 was re-cloned in the yeast 2-hybrid prey vector to create an in-frame
fusion with the GAL4 activation domain. The resulting construct was determined to facili-
tate yeast growth under histidine selection in the interaction assay when co-transformed
with the in-frame PiCDPK1 bait construct (Figure 1a), but neither prey nor bait construct
conferred this ability when co-transformed into yeast with the respective empty partner
vectors (Figure 1b). These results suggested that PiRhoGDI1 did interact with PiCDPK1
and that neither protein was capable of activating the GAL4 promoter alone. Whether the
initial identification of this gene was entirely fortuitous is unclear, an alternative possibility
being that the 5′ stop codon in the cDNA of the initial clone identified was removed during
RNA processing in yeast. We next sought to confirm, and investigate the nature of, the
interaction between PiCDPK1 and PiRhoGDI1 using alternative methodologies.
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Figure 1. PiRhoGDI1 interacts with PiCDPK1 in vivo. Yeast transformed with bait (pGBD) and
prey (pGAD) constructs or empty vectors (as labeled) were grown on (a) media lacking tryptophan
and leucine (plasmid selection), and (b) media lacking trytophan, leucine, and histidine, providing
selection for both plasmids and interaction of fusion proteins. Only cells transformed with pGBD-
PiCDPK1 and pGAD-PiRhoGDI1 grew well on histidine selection, suggesting these clones encode
proteins that interact.

2.2. PiRhoGDI1 Interacts with and Is Phosphorylated by PiCDPK1 In Vitro

In the presence of Ca2+, the calmodulin-like domain of CDPKs binds specifically
to phenyl sepharose by hydrophobic interaction [35]. Exploiting this characteristic, we
designed an assay using phenyl sepharose resin to selectively pull-down PiCDPK1 and
any interacting protein. We employed recombinant His-tagged PiCDPK1 and PiRhoGDI1,
allowing detection of both proteins on a single protein blot using an anti-His tag monoclonal
antibody. As shown in Figure 2a, PiCDPK1 bound to phenyl sepharose as expected and
PiRhoGDI1 was pulled-down only in the presence of PiCDPK1 providing a second line of
evidence of protein–protein interaction between PiRhoGDI1 and PiCDPK1.

Figure 2. PiCDPK1 interacts with and phosphorylates PiRhoGDI1 in vitro. (a) Pull down assay.
His-tagged protein samples were incubated with phenyl sepharose resin, washed, separated by
SDS-PAGE, and blotted to PVDF membrane. Immuno-detection was performed with anti-His tag
monoclonal antibody. Lanes represent the following samples: (1) PiCDPK1 alone, (2) PiCDPK1 and
PiRhoGDI1, (3) PiRhoGDI1 alone. PiRhoGDI1 was only detected in combination with PiCDPK1,
suggesting that the two proteins interact. (b) In vitro phosphorylation assay. Phosphorylation assays
were performed in the presence of 50 μM Ca2+ to stimulate PiCDPK1 or 1 mM EGTA to inhibit
PiCDPK1. Samples were separated by SDS-PAGE and subjected to autoradiography. Lanes: (1)
PiCDPK1 + Ca2+, (2) PiCDPK1 + EGTA, (3) PiRhoGDI1 + Ca2+, (4) PiRhoGDI1 + PiCDPK1 + Ca2+, (5)
PiRhoGDI1 + EGTA. PiRhoGDI1 was phosphorylated only in the presence of PiCDPK1 and Ca2+.

As physical interaction between a protein with a protein kinase does not necessarily
infer phosphorylation, we also assessed whether PiRhoGDI1 was substrate of PiCDPK1
in vitro. Phosphorylation assays were performed in the presence of P32 labelled ATP, 50 μM
Ca2+ or the Ca2+ chelator EGTA (1 mM) and with or without addition of PiCDPK1, and the
products of reactions analyzed by SDS-PAGE and autoradiography. PiCDPK1 exhibited
autophosphorylation only in the presence of Ca2+ as expected, and PiRhoGDI1 was found to
be phosphorylated in the presence of Ca2+ and PiCDPK1, but not in the absence of PiCDPK1
or the presence of 1 mM EGTA and PiCDPK1 (Figure 2b). These results are consistent
with PiRhoGDI1 being a PiCDPK1 substrate in vitro and the phosphorylation observed not
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being caused by a contaminating protein kinase. Using Michaelis–Menton conditions, we
then investigated the kinetics of this reaction and determined an approximate Km of 2.2 μM
and a Vmax of 1920 pmol min−1 mg−1, the latter being similar to the Vmax of PiCDPK1
phosphorylation of the synthetic CDPK substrate syntide-2 (2042 pmol min−1 mg−1) [10].

2.3. Confirmation of the Interaction of PiRhoGDI1 with ROP GTPase

RNA blot analysis indicated that PiRhoGDI1 is predominantly expressed in pollen,
being first detectable in anthers from 15–20 mm buds (corresponding to pollen mitosis I),
peaking in mature pollen and remaining high in pollen tubes (Figure S1), this expression
pattern mimics that of PiCDPK1 [10]. Expression in other tissues was not detected but
cannot be excluded in under-represented cell types, notably root hairs, which also grow
by tip growth. A RhoGDI isoform from tobacco (NtRhoGDI2) has been demonstrated
to interact with ROP GTPase and suppress loss of growth polarity caused by ROP over-
expression [26]. To confirm that PiRhoGDI1 also interacts with ROP, we cloned a ROP
GTPase isoform from P. inflata pollen (PiRop1; GenBank acc. # DQ905959), and determined
that it exhibited 94% amino acid identity with AtRop1 (At3g51300). PiRop1 was then cloned
into a yeast 2 hybrid vector and the interaction between PiRhoGDI1 and PiRop1 confirmed
using the two genes in prey and bait constructs (respectively) in a yeast 2-hybrid interaction
assay (Figure S2).

2.4. PiCDPK1 Suppresses the Effect of PiRhoGDI1 Over-Expression In Vivo

RhoGDIs are negative regulators of Rho class GTPases, acting to lock them in a
biologically inactive state in cytosolic complexes. RhoGDIs are themselves regulated
by RhoGDI-displacement factors (RhoGDFs), which promote the re-association of the
GTPases with the plasma membrane, making them accessible for biological re-activation
by RhoGEFs [36]. The molecular identities of RhoGDFs are not well understood in plants.
Of particular relevance to this study, however, phosphorylation of RhoGDI by kinases
is involved in fast recycling of Rho GTPases in animal cells [29]. For example, RhoGDI
phosphorylation by protein kinase C [30] and p21-activated kinase [31] stimulates release
of the GTPase from the inhibitor complex. This precedent led us to hypothesize that
phosphorylation of PiRhoGDI1 by PiCDPK1 may regulate release of ROP GTPase from the
RhoGDI complex in pollen tubes and design an experiment to test this hypothesis.

2.5. Co-Expression with PiRhoGDI1 Rescues the PiCDPK1 Overexpression Phenotype

As noted above, over-expression of PiCDPK1 in pollen and pollen tubes causes a loss
in growth polarity (ballooning). We reasoned that if PiCDPK1 negatively regulates RhoGDI,
over-expressing the two proteins together should at least partially neutralize the effect of
excess PiCDPK1 by both titrating kinase activity away from endogenous RhoGDI and by
increasing the non-phosphorylated pool of RhoGDI. We chose to use stable transformants to
investigate this possibility to facilitate accurate quantification of expression the transgenes.
Nicotiana tabacum was used for these transgenic experiments to take advantage of its ease
of transformation, suitability for pollen tube growth and microscopy assays (large pollen),
whilst retaining close phylogenetic proximity to Petunia. The strong pollen-specific Lat52
promoter [37] was chosen to drive the constructs as this promoter was previously used to
drive expression of PiCDPK1 in transient pollen transformation assays [10].

The goal of this experiment was to assay the ability of PiRhoGDI1 to rescue the
PiCDPK1 over-expression phenotype in pollen tubes. To interpret the results of this experi-
ment it was necessary to be able to accurately assess expression levels of the transgenes.
As pollen are haploid it was necessary to generate lines that were homozygous for the
transgenes to provide populations of pollen with uniform genotype. Further it was im-
portant that rescue lines expressing both transgenes expressed similar expression levels of
PiCDPK1 to those expressing PiCDPK1 alone, to improve our chances of achieving this we
employed sequential transformations. We first used Agrobacterium-mediated transforma-
tion of leaf strips to generate stable tobacco lines transformed with pLat52-PiCDPK1:GFP.
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Pollen of these lines was cultured in vitro and those that exhibited GFP fluorescence in
50% of the pollen (indicating a T-DNA single insertion) identified. The transformed pollen
also recapitulated previously reported the loss-of-polarity phenotype [10]. Selected T0
plants were then self-pollinated, and the resultant seed was used to generate T1 progeny.
T1 plants homozygous for the transgene were then identified based on 100% of the pollen
exhibiting GFP fluorescence and at least some loss-of-polarity (Figure 3C,D). Such plants
were self-pollinated and some of the resultant seed was used to grow a T2 population of
seedlings homozygous for the T-DNA. In a similar manner transgenic plants homozygous
for pLat52-GFP were also generated to control for potential effects of expressing high lev-
els of GFP on pollen tube growth (Figure 3G,H). T2 homozygous pLat52-PiCDPK1:GFP
seedlings were then used as the leaf material for a second round of Agrobacterium-mediated
transformation with pLat52-PiRhoGDI1 to generate rescue lines. Primary transformants
from this second round were assessed for presence of the pLat52-PiRhoGDI1 transgene by
RT-PCR of pollen cDNA and in vitro pollen tube growth phenotypes assessed.

Figure 3. Effect of expressing PiCDPK1 alone and with PiRhoGDI1. Images show pollen cultured
in vitro for 4 h at 28–30 ◦C. Paired images show light micrographs and equivalent fluorescence
micrographs (black background). (A,B), wild type pollen tubes, the slight fluorescence in (B) is
associated with a low percentage of dead pollen which auto-fluoresces. (C,D), pollen tubes from line
OE1 (homozygous for Lat52-PiCDPK1-GFP alone) exhibiting loss of growth polarity (OE1). (E,F),
pollen tubes from line Rescue 2 (homozygous for both Lat52-PiCDPK1-GFP and Lat52-PiRhoGDI1),
these tubes did not lose polarity and resemble wild type pollen tubes. (G,H) from a homozygous
pLat52-GFP transgenic line showing pollen tubes expressing GFP alone.
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Transformants expressing PiRhoGDI1 were found to bear pollen 50% of which exhib-
ited loss of polarity and 50% grew in a polar manner, but 100% exhibited PiCDPK1:GFP
fluorescence consistent with the pLat52-PiRhoGDI1 transgene being capable of rescuing
loss of polarity caused by PiCDPK1. These plants were self-pollinated, and the resulting
seed used to generate a T1 population. From this population, lines were then identified for
which 100% of the pollen exhibited both PiCDPK1:GFP fluorescence (indicating homozy-
gosity for pLat52-PiCDPK1:GFP) and grew in a polar manner (indicating homozygosity for
pLat52-PiRhoGDI1) (Figure 3E,F).

Pollen from the various homozygous lines was cultured in vitro for 4 h and the pheno-
types assessed. Pollen germination was not significantly different from wild type for any of
the transgenic lines (Figure S3), in contrast there were significant differences in pollen tube
phenotypes. Pollen expressing GFP alone grew with normal polarity to an average length
of 293 μm, 107% of the average wild-type tube length (273.4 μm), the difference between
the two was not statistically significant (Student’s t-test, p > 0.1) (Figure 3G,H). In contrast,
consistent with previous transient expression studies, overexpression of PiCDPK1:GFP (OE
lines) resulted in the majority of the pollen growing short, often almost spherical, pollen
tubes (Figure 3G,H) [10]. Pollen from two independent lines over-expressing PiCDPK1:GFP
(OE1 and OE2) alone grew to an average tube length of 68.6 μm (OE1) and 49.7 μm (OE2),
25% and 18%, respectively, of the average wild-type tube length (273.4 μm), both lines
being significantly decreased in length relative to wild-type (Student’s t-test, p < 0.001).
In contrast, lines expressing PiCDPK1:GFP and PiRhoGDI1 (Rescue lines) grew to an av-
erage length of 185.9 μm (Rescue 2) and 213 μm (Rescue 3), 68% and 78% respectively,
of wild-type (Figure 4a). Both rescue lines exhibited significantly increased tube length
compared with the overexpression lines (Student’s t-test, p < 0.001, Figures 3E,F and 4a).
Consistent with reduced length resulting from loss-of-polarity, tube width was also af-
fected. Pollen expressing PiCDPK1:GFP alone displayed an average tube width of 25.3 μm
(OE1) and 25.4 μm (OE2), 222% and 224% of and significantly different from wild type
(11.4 μm) (Student’s t-test, p < 0.001) (Figure 4b). In contrast, rescue lines overexpressing
both PiCDPK1:GFP and PiRhoGDI1 pollen grew to average widths of 14.9 μm (Rescue 3)
and 12.6 μm (Rescue 2) these widths being significantly decreased relative to the OE lines
(Student’s t-test, p < 0.001). Average pollen tube widths from rescue lines were more similar
to those of the wild-type tubes, being 111% (OE1) and 131% (IE2) of the average wild-type
tube width (Figures 3E,F and 4b).

In this experiment, both transgenes were driven by the pollen-specific promoter pLat52.
This provided an advantage in that it increased the likelihood of expressing them at similar
levels, but raised the possibility that addition of the second transgene could negatively
affect the expression of the first. As a result, it was important to verify that phenotypic
rescue was not trivially a result of a reduction in PiCDPK1 expression. To this end, qRT-PCR
primers were designed to amplify a region spanning the junction of pLat52 and the 5′ end of
the PiCDPK1 or PiRhoGDI1 coding sequences. This minimized the potential of endogenous
tobacco transcripts, which share high levels of identity with the transgenes, interfering
with assessment of transgene expression. qRT-PCR was then used to assess expression
levels of the two transgenes. Expression was normalized to internal N. tabacum reference
genes, elongation factor 1-alpha (EF1) and ribosomal protein 25 (L25) [38]. As shown in
Figure 5, the results of qRT-PCR indicated that expression levels of PiCDPK1 were very
similar in the rescue and OE lines. Both rescue lines displayed similar expression of the
PiCDPK1 transgene to the OE lines, and there was no significant difference between lines
(Student’s t-test, p > 0.1) (Figure 5). No significant qRT-PCR signals were found in wild-type
samples, supporting the idea that transgene expression was being measured specifically
and endogenous RhoGDI and CDPK1 genes were not interfering with the assays. Overall,
these results suggest that expression of PiRhoGDI1 at least partially rescues the effects
of over-expression of PiCDPK1, and supports the hypothesis that PiCDPK1 possesses
RhoGDF activity in vivo.
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Figure 4. (a) Average pollen tube length (μm) and (b) average pollen tube width of the transgenic
lines (as indicated) after 4 h of incubation at 28–30 ◦C. Plant lines shown: WT (wild type), GFP
(transformant expressing GFP alone), OE1 and OE2 (transgenic lines expressing PiCDPK1-GFP
alone), Rescue 2 and Rescue 3 (transgenic lines expressing PiCDPK1-GFP and PiRhoGDI1). Data are
presented as means ± SE collected from >100 pollen tubes of each line, asterisks indicate significant
differences between the samples labelled and the OE lines (Student’s t-test, p < 0.001).

Figure 5. Quantitative PCR results showing relative expression of the PiRhoGDI transgene compared
with the PiCDPK1 transgene in pollen from stable transgenic tobacco lines. Plant lines shown: OE1
and OE2 (transgenic lines expressing PiCDPK1-GFP alone), Rescue 2 and Rescue 3 (transgenic lines
expressing PiCDPK1-GFP and PiRhoGDI1) and WT (wild type). Results are normalized to the
ribosomal protein 25 (L25) internal reference gene and the OE1 line is used as the control (expression
level of 1.0). Data are presented as means ± SE from three biological replicates.

184



Plants 2022, 11, 254

3. Discussion

The data presented provide several lines of evidence that PiRhoGDI1 interacts with,
and is likely a substrate of, the calmodulin-domain protein kinase PiCDPK1. Though
the regulatory site(s) were not identified, PiCDPK1 interacted with and phosphorylated
PiRhoGDI1 in vitro. The ability of PiRhoGDI1 to rescue the effect of PiCDPK1 in pollen
tubes provides support for this interaction occurring in vivo. The homology based pre-
dicted activity of PiRhoGDI1 to bind ROP GTPase was confirmed using the yeast 2-hybrid
assay. As RhoGDI is an established regulator of ROP GTPase this suggests that the pathway
leading to the PiCDPK1 loss of polarity phenotype involves the activity of ROP GTPase.
Combined these results are consistent with PiCDPK1 regulating PiRhoGDI1 by phospho-
rylation, and that this phosphorylation mediates the ability of PiRhoGDI1 to bind ROP
GTPase. The observed phenotypes are consistent with the scenario that when PiCDPK1
alone is over-expressed, the negative regulatory activity of endogenous RhoGDI is neu-
tralized by excess kinase activity, leading to increased recruitment of ROP to the plasma
membrane. Co-over expressing PiRhoGDI with PiCDPK1, titrates much of the excess
kinase activity away from endogenous RhoGDI reducing ROP membrane recruitment and
resulting in a more polar growth phenotype. Extrapolating from these results, and integrat-
ing them with the current knowledge of the functioning of RhoGDI’s and the regulation of
ROP GTPases and Ca2+ in tip growth, allows us to propose a model for the integration of
these components into a pathway which mediates rapid recycling and regulation of ROP at
the pollen tube tip (Figure 6).

In this model, ROP GTPase is held inactive in a cytosolic complex with PiRhoGDI1.
Under high cytosolic Ca2+ concentrations at the pollen tube tip, PiCDPK1, which is lo-
calized to the plasma membrane [10], is activated to phosphorylate PiRhoGDI1. This
phosphorylation leads to release of ROP from the complex, exposure of its hydrophobic
prenyl side chain and plasma membrane recruitment. At the plasma membrane, ROP
is stimulated to exchange GDP for GTP by a GEF and biologically activated to promote
polarized growth. As the tube tip extends and secretory vesicles are deposited, biologically
active GTPase is progressively carried in a posterior direction by membrane flow. GTPase
activating proteins (GAPs) are absent at the tube tip, but present in the plasma membrane
in the tube shank (their recruitment to this localization being mediated by a 14:3:3 protein
and possibly phosphorylation by phosphoglycerate kinase [39,40]). In the tube shank,
where PiCDPK1 is inactive due to lower cytosolic Ca2+ concentration, GAPs stimulate the
GTPases to hydrolyze GTP to GDP leading to biological inactivation. Non-phosphorylated
RhoGDI can now extract the GDP-bound GTPase from the plasma membrane and recycle
the GTPase back to the pollen tube tip. As a whole, this pathway facilitates rapid recycling
of ROP GTPase to the growing tip, the role of PiCDPK1 being that of a GDF.

In this pathway, Ca2+ influx at the growing pollen tube tip provides the spatial infor-
mation that leads to the plasma membrane recruitment, placing it in position for subsequent
activation of ROP. This model is consistent with many previously reported observations.
First, though the majority of ROP in pollen tubes is cytosolic, the active fraction localizes to
the apical region of the plasma membrane, coincident with the peak of the tip focused Ca2+

gradient [17]. This tip region is the only location in pollen tubes that has cytosolic Ca2+

levels sufficient for PiCDPK1 activation [10]. As noted above, ROP has been reported to be
upstream of cytosolic Ca2+ through a pathway involving RIC3 [41]. This being the case,
Ca2+ and PiCDPK1 act downstream of ROP in addition to regulating its activation and these
molecules thus form a positive feedback loop (Figure 6). Such feedback loops are common
components of GTPase pathways involved in polarity and exist in pollen tubes [1,10,42,43].
Empirical support for involvement of PiCDPK1 in such a feedback loop is provided by its
over-expression not only leading to loss of growth polarity but also dramatic elevation of
cytosolic Ca2+ within the tube tip [10]. The model proposed is also consistent with a report
that mutant ROP, lacking the ability to interact with RhoGDI, accumulates at the plasma
membrane in the pollen tube shank and does not exhibit the tip localization of wild type
ROP [39]. Lastly, more than 25 years ago it was shown that asymmetric release of caged
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Ca2+ within a pollen tube tip leads to growth re-orientation, focused to the location of Ca2+

release [44]. The model proposed provides a mechanism to explain how this phenomenon
occurs.

Figure 6. Proposed model of PiCDPK1 regulation of ROP in growing pollen tubes. Calcium-
dependent protein kinase (PiCDPK1) is localized to the plasma membrane of the pollen tube. In
the cytosol in the tube shank, Rho Guanine Dissociation Inhibitor (RhoGDI) binds to ROP GTPase
removing to from the plasma membrane and locking it in an inactive state. At the tube tip, elevated
calcium levels activate PiCDPK1, which phosphorylates the cytosolic RhoGDI:ROP GTPase com-
plex. Upon phosphorylation ROP GTPase is released from the protein complex and recruited to the
membrane where it is available for biological activation by Rho Guanine Exchange Factor (RhoGEF).
Active (GTP bound) ROP GTPase interacts with and mediates the activity of downstream effectors to
coordinate growth. As the tube extends, active ROP GTPase is passed back in the membrane until
it interacts with ROP GTPase Activating Protein (RhoGAP), activating the enzyme activity of ROP
causing it to hydrolyze GTP to GDP and become biologically inactivated. GDP bound ROP can be
removed from the membrane by non-phosphorylated RhoGDI and recycled back to the tube tip. The
dotted line and question mark indicate the activity of an as yet unidentified phosphatase the activity
of which is needed to re-activate RhoGDI.

The signaling pathway proposed facilitates the perpetuation of rapid recruitment of
ROP to the plasma membrane at the tip of pollen tubes. Currently missing from this model
are potential mechanisms for negative regulation of the feedback loop. One likely mech-
anism is the dephosphorylation of PiRhoGDI1 by a protein phosphatase behind the tip,
reactivating its ability to extract ROP from the plasma membrane (illustrated in Figure 6).
In human cancer cells, dephosphorylation of RhoGDI occurs through the activity of a PPM
family phosphatase, protein phosphatase 1b (PPM1B), which acts antagonistically and
results in suppressed Rho GTPase activity [45]. Consistent with dephosphorylation of
RhoGDI playing a similar role in pollen tubes, type 2A protein phosphatase inhibitors
induce a phenotype similar to ROP over-expression [46]. Another significant question
not included in the model proposed is the nature of mechanism(s) by which polarity is
initially established at pollen germination. Establishment of polarity may require additional
signaling events, but the simplest scenario does not. Pollen plasma membranes possess
stretch-activated Ca2+ channels [47–50]. On the stigma surface, stress is likely to be focused
on the direction of water uptake, and as a result maximal activation of Ca2+ channels may
occur proximal to the point of attachment on the stigma. A Ca2+ gradient created in this
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fashion could potentially activate the feedback loop outlined in Figure 6. Support for this
scenario comes from the observation that pollen grains usually germinate from the pollen
wall aperture closest to the stigma surface, but in very high humidity they will sometimes
germinate in random directions [51]. For simplicity, we omitted the regulation of GEF
activation of ROP from this model, but considerable progress has been made in this area.
RhoGEF localization in pollen tubes has been shown to be mediated by their phospho-
rylation by AGC kinases, phosphorylation of the PRONE domain of RhoGEF leading to
localization to the apical tip of the pollen tube and loss of this interaction causing ectopic
targeting of RhoGEF [23]. Furthermore, tomato RopGEF/KPP interacts with the kinase
domain of pollen-specific receptor-like kinases LePRK1 and LePRK2 [31] and studies in Ara-
bidopsis have demonstrated that interaction between PRK and RhoGEF results in activation
of ROP GTPase [52]. Excitingly, as these receptor-like kinases possess extracellular domains,
these interactions provide a mechanism by which ROP GTPase activation can be mediated
by external ligands providing a mechanism for the chemotropism exhibited by pollen tubes.
Interestingly PiCDPK1 might itself play a direct role in regulating ROP it was recently
reported that its’ A. thaliana homologs CPK17 and -34, phosphorylates At ROP1 at S97,
though whether this phosphorylation has any biological relevance is currently unclear [53].

Regulation of RhoGDI by a CDPK isoform has significant implications to our un-
derstanding of the regulation of growth polarity in plant cells in general. ROP isoforms
have been implicated in polarity in a variety of plant cell types [54], and RhoGDI mutants
exhibit defective polar growth in root hairs in Arabidopsis [55] hence it is likely that similar
pathways employing isoforms of these enzymes are involved in many cell types. For
example, a RhoGDI was shown to be critical for nuclear migration in emerging root hair
cells [56], and was demonstrated to act in tandem with vesicular trafficking to regulate
Rop GTPase signaling in leaf pavement cells [57]. In a broader context, fluctuations of
cytosolic Ca2+ are associated with most aspects of growth and development, and responses
to environmental signals in plants [58–61]. The majority of Ca2+-stimulated kinase activity
in plant cells appears to be associated with CDPKs and these molecules are thought to be
pivotal to many Ca2+ regulated processes [62–66]. Though a considerable number of CDPK
isoforms have been identified from multiple plant species, only some have clearly defined
biological functions [58,67]. Many processes involving GTPase signaling are associated
with Ca2+ transients and Ca2+-regulated kinase activity [54,58], and we speculate that
CDPK-mediated membrane recruitment of ROP GTPases is likely to be significant to a
wide range of cellular processes in plant cells.

4. Materials and Methods

4.1. Yeast 2-Hybrid Library Screening

A pGBD/ΔN-PiCDPK1 bait plasmid was constructed by amplifying PiCDPK1 cDNA
clone (Genbank acc. # DQ147913) by PCR using primers: ΔN-PiCDPK1-F, 5′-GGATCCAGG
GGCCAACCTAAT-3′ and PiCDPK1-K 5′-GTCGACCTCCTTGATCCAAGG-3′. The am-
plicon was cloned into the Bam H1/Sal I sites of pGBD-C1 (20). Yeast strain AH109
was sequentially transformed with pGBD/ΔN-PiCDPK1 and a pollen cDNA library in
pGAD424 by the LiAc method. In the first phase of selection (-his) transformants were
plated onto synthetic dropout (SD) medium lacking leu, tryp, and his. After 7 days, cells
were replica-plated onto SD medium lacking leu, tryp, his, and ade. Plasmid DNA was
extracted from positive clones, transformed into E. coli and plated on LB agar supplemented
with 100 μg/mL ampicillin. Plasmid DNA extracted from E. coli was back-transformed
into yeast strain AH109 with the bait and cultured on SD medium lacking leu, tryp, his to
confirm interactions. To generate an in-frame PiRhoGDI1 bait construct, PiRhoGDI1 was
amplified with primers PiRhoGDI1-BH1-F (5′-GGATCCATGTCAGCTATTGTTGA-3′) and
PiRhoGDI1-Sal1-R (5′-GTCGACTCAGAGCTGAAGCCA), to add 5′ Bam HI and 3′ Sal I
sites. The amplicon was cloned into the Bam HI/Sal I sites of pGAD-C1 [68].
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4.2. Expression of Recombinant Proteins

pRSET-B vector (Invitrogen, Waltham, MA, USA) was used to express full-length
PiCDPK1 and PiRhoGDI1 6X N-terminal His-fusion proteins. Expression of PiCDPK1 was
performed as previously reported [10]. The PiRhoGDI1 expression construct was generated
by PCR by using PiRhoGDI1-NcoI-5′ (5′-CCATGGTAATGTCAGCTATTGTTGAAC-3′) and
PiRhoGDI1-NcoI-3′ (5′-CCATGGCCCAGAGCTGAAGCCA-3′). The amplified fragment
was verified by DNA sequencing and cloned into the Nco I site of pRSET-B. Expression
and purification of His-tagged-PiRhoGDI1 were performed as previously described [10].

4.3. Pull-Down Assay

Pull-down assays were performed by mixing 2 μg of each 6X His-tag fusion protein
with phenyl sepharose beads in 500 μL of binding buffer (20 mM HEPES, pH 7.5, 5 mM
MgCl2, 1 mM DTT, and 0.1% Triton X-100) with 1 mM Ca2+. Samples were rotated for 2 h at
4 ◦C, pelleted, and washed three times with wash buffer (binding buffer supplemented with
0.3 M NaCl). Proteins were eluted in 1X SDS sample buffer, resolved on a 12% SDS-PAGE gel
and transferred to Immobilon-P membrane (Millipore, Bedford, MA, USA). Fusion proteins
were detected using a monoclonal Anti-polyHISTIDINE Clone HIS-1 antibody (Sigma-
Aldrich, St Louis, MO, USA), anti-mouse IgG alkaline phosphatase conjugated 2◦ antibody
(Sigma, St. Louis, MO, USA) and WesternBlue stabilized alkaline phosphatase substrate
(BioRad, La Jolla, CA, USA) all following the manufacturers’ recommended protocols.

4.4. Phosphorylation Assay

A total of 0.6 μg PiCDPK1-6X His-tag fusion protein was incubated with 0.5 μg
PiRhoGDI1-6X His-tag in phosphorylation buffer (50 mM HEPES, pH 7.0, 1 mM MgCl2,
1 mM DTT) with either 50 μM Ca2+ or 1 mM EGTA. Reactions were initiated by addition of
10μCi [γ-32P] ATP, incubated for 10 min at room temperature then terminated by adding
5X SDS sample buffer. Samples were electrophoresed on 10% SDS-PAGE gels, blotted to
Immobilon-P membrane and exposed to autoradiography.

4.5. Stable Expression in Tobacco

The previously constructed pLat52-PiCDPK1:GFP construct [10] subcloned from pBlue-
script into the plant transformation vector pBI101. This construct was used to generate
transgenic Nicotiana tabacum using Agrobacterium-mediated plant transformation. We gen-
erated homozygous lines by identifying transgenic lines displaying GFP fluorescence as
well as the PiCDPK1 overexpression phenotype of ballooning pollen tubes. These were
self-fertilized and the resultant seed used to generate progeny. Once flowering, the pollen
phenotypes of the progeny assess to identify lines with 100% of pollen tubes displaying
GFP fluorescence and the PiCDPK1 overexpression phenotype (homozygous lines). A
line was selected for re-transformation. For the second transformation we used the plant
transformation vector pGreenII 0179 (kindly provided by Dr. Henning Kunz, SBS WSU)
to transform Agrobacterium strain GV3101 with our gene of interest coding for PiRhoGDI1
driven by the pollen-specific Lat52 promoter. The common sequencing primers M13 For-
ward and M13 Reverse were used to amplify the Lat52:PiRhoGDI1:Nos transgene cassette
from the pBluescript vector as previously built [10]. PCR reactions were resolved on an
agarose gel, excised and recovered using the ZymoClean DNA Gel Recovery Kit according
to the manufacturers protocol. DNA fragments were digested with restriction enzymes and
subsequently ligated into pGreenII. We then re-transformed the homozygous N. tabacum
overexpressing PiCDPK1:GFP with the GV3101 Agrobacterium containing our PiRhoGDI1
construct and regenerated the plants using tissue culture methods. Plants were screened by
RT-PCR to verify expression of PiRhoGDI1 and pollen tube phenotypes assessed. Once
plants possessing both transgenes were identified, they were self-pollinated to generate
lines homozygous for both transgenes.
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4.6. Analysis of Transformed Pollen Tubes

Confocal images were taken with a Leica TCS SP8 confocal laser-scanning microscope
(Leica Microsystems, Wetzlar, Germany) at the 514-nm excitation wavelength to image
GFP fluorescence. Light micrographs were also taken for each sample and the pollen tubes
quantitatively analyzed by measuring tube lengths with the FIJI distribution of ImageJ [69].

4.7. Quantitative RT-PCR

RT-qPCR was performed at the WSU Genomics Core on an ABI 7500 Fast thermocycler
(ABI, Vernon, CA, USA) with the ability to perform real time quantification of PCR products.
RNA was extracted from pollen using the Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturers protocol. cDNA was generated using the SensiFAST cDNA
Synthesis Kit (BioLine, London, UK) which was used as the template DNA to perform
qPCR using the SensiFAST SYBR Lo-ROX Kit (BioLine, London, UK), both according to
the manufacturers’ protocol. The forward primer for quantifying both the PiCDPK1 and
PiRhoGDI1 transgenes was designed to span the 3′ end of the Lat52 promoter coding se-
quence: Lat52 F (5′-CACACACAAAGAGAAGGAGCA-3′). Reverse primers were designed
to span the 5′ end of the PiCDPK1 coding sequence (5′-GCAGTGCTGATGGATTCTG-3′)
and the 5′ end of the PiRhoGDI1 coding sequence (5′-CCTCTTCTTGCTCAATTCCA-3′).
Control primers used for normalization were designed to amplify a small 215bp fragment
of the tobacco L25 coding sequence: L25F (5′-CAAGGCTGTCAAGTCAGGA-3′), L25R
(5′-AGGGTGTTGTTGTCCTCAATC-3′).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11030254/s1, Figure S1, RNA blots showing the develop-
mental profile of PiRhoGDI expression, Figure S2, yeast 2-hybrid assay of PiRhoGDI1 and PiRop1
interaction.
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Abstract: Guar is a commercially important legume crop known for guar gum. Guar is tolerant to
various abiotic stresses, but the mechanisms involved in its salinity tolerance are not well established.
This study aimed to understand molecular mechanisms of salinity tolerance in guar. RNA sequencing
(RNA-Seq) was employed to study the leaf and root transcriptomes of salt-tolerant (Matador) and
salt-sensitive (PI 340261) guar genotypes under control and salinity. Our analyses identified a total
of 296,114 unigenes assembled from 527 million clean reads. Transcriptome analysis revealed that
the gene expression differences were more pronounced between salinity treatments than between
genotypes. Differentially expressed genes associated with stress-signaling pathways, transporters,
chromatin remodeling, microRNA biogenesis, and translational machinery play critical roles in
guar salinity tolerance. Genes associated with several transporter families that were differentially
expressed during salinity included ABC, MFS, GPH, and P-ATPase. Furthermore, genes encoding
transcription factors/regulators belonging to several families, including SNF2, C2H2, bHLH, C3H,
and MYB were differentially expressed in response to salinity. This study revealed the importance of
various biological pathways during salinity stress and identified several candidate genes that may be
used to develop salt-tolerant guar genotypes that might be suitable for cultivation in marginal soils
with moderate to high salinity or using degraded water.

Keywords: guar; gene expression; qRT-PCR; RNA-Seq; salt stress; salt tolerance; stress; transcriptome;
salinity

1. Introduction

Soil salinization is a serious global problem as saline soil severely impacts crop produc-
tivity. It has been predicted that problems associated with soil salinity will increase in many
parts of the world due to climate change [1]. The effects of soil salinity are aggravated in
plants in response to high temperatures due to evapotranspiration, specifically in semiarid
and arid regions. Salinity stress affects plants at molecular, biochemical, physiological,
morphological, and productivity levels [2]. Although degraded waters negatively affect
the productivity of salt-sensitive crops due to their higher salt concentration, they could be
a valuable alternative to freshwater to grow salt-tolerant crops.

High concentrations of NaCl in the soil cause a reduction in water potential that in
turn leads to reduced availability of water from the soil to the plant, which ultimately
induces osmotic stress in plants [3]. Soil ions such as Na+ and Cl− enter plants through
outer root cells [4]. Then, these ions can be transported to the root xylem and subsequently
from roots to shoots. Increasing ions inside plant cells cause an ionic imbalance that leads to
immediate osmotic stress followed by ionic toxicity and the production of reactive oxygen
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species. A salinity-induced increase in Na+ in plant cells inhibits the biosyntheses and
activities of various metabolic enzymes, induces stomatal closure, and decreases photosyn-
thesis. To prevent the severity of salinity-induced osmotic stress, plants synthesize various
compatible solutes and osmoprotectants (betaine, glycine, inositol, mannitol, trehalose, and
polyamines) [2,5,6].

The detailed mechanisms by which plants sense salt are not well understood. In
plants, salinity stress activates multiple signaling pathways that collectively provide toler-
ance to salinity [7]. An extracellular salt sensor, monocation-induced [Ca2+]i increases 1
(MOCA1), senses Na+ and a few other monovalent cations [8]. Glycosyl inositol phospho-
rylceramide (GIPC) sphingolipids in the plasma membrane are synthesized by MOCA1.
GIPCs can bind monovalent cations, such as Na. It has been proposed that the binding
of Na ions to GIPCs causes the depolarization of cell-surface potential that leads to the
opening of calcium-influx channels, which increases intracellular Ca2+ levels. The salt
overly sensitive (SOS) pathway is activated upon the increase in intracellular Ca2+ levels.
Upon binding with Ca2+, SOS3 interacts with SOS2 and activates its kinase domain [9].
In turn, SOS2 phosphorylates SOS1, which transports Na+ from inside to outside of the
cell [10]. These facts indicate that calcium and SOS signaling pathways play critical roles
during salinity stress.

Calcium is a vital secondary messenger in response to salinity stress. The calcium
signaling pathway regulates many types of cellular machinery (e.g., transporters) and
signaling components (e.g., CIPKs and CBLs) that help in metal uptake regulation and
the maintenance of homeostasis of potassium-, magnesium-, and nitrogen-containing
homeostasis [11].

Reactive oxygen species (ROS) are secondary messengers in response to various stress
signaling pathways, including salinity stress [12]. Excess production of ROS in response to
salinity induces oxidative stress that leads to oxidative damage of nucleic acid, proteins, and
membrane lipids [13]. Plants also synthesize enzymatic and non-enzymatic antioxidants
that protect cellular components and macromolecules from oxidative stress. Enzymatic
antioxidants that perform detoxification of ROS, include catalase (CAT), peroxidase (POX),
superoxide dismutase (SOD), and enzymes associated with ascorbate (ASC)—glutathione
cycle, ASC peroxidase (APX), glutathione reductase (GR), dehydroascorbate reductase
(DHAR), and monodehydroascorbate dehydrogenase (MDHAR) [14,15].

Phytohormone signaling pathways play crucial roles in salinity tolerance in plants
by regulating development, growth, and adaptation [16]. During salinity stress, plant
stress hormones [abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), and ethylene]
and plant growth hormones [auxin (IAA), gibberellins (GA), and cytokinin] play modula-
tory roles (positive and negative) with intricate crosstalk that contribute to plant growth
adaptation during salinity stress. In response to salinity, differential expression of genes
associated with phytohormone biosynthesis, signaling, and transport mechanisms have
been reported in different plant species, which could be important determinants for salinity
tolerance [17–19].

Membrane transport mechanisms play a vital role in salinity tolerance in plants [20].
Several transporters have been identified in different plants linked to salinity tolerance. For
example, proton pumps transport solutes and ions across membranes. Non-selective cation
channels are permeable to many monovalent cations, which have been suggested to play
roles in an influx of Na+ across the plasma membrane in root cortical cells [21,22]. Hence,
the differential expression of various transporters linked to salinity tolerance is critical,
primarily regulated by a specific set of transcription factors.

Transcription factors are key regulators of gene expression in response to various
stresses, including salinity stress [23]. Transcription factors regulate the expression of genes
that are required for salt sensing, signal transduction, transport, ion homeostasis, and
various other genes involved in salinity tolerance [24].

Guar (Cyamopsis tetragonoloba (L.) Taub.) is a self-pollinated legume crop mostly
grown in resource-deficient conditions in semiarid and arid regions because of its drought
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and heat tolerance [25,26]. About 80% of the world guar is produced in Rajasthan, India,
as a rain-fed crop from July to early November. The rest is produced the USA, Brazil,
South Africa, Malawi, Zaire, Sudan, Australia, and China, with 38% of Indian guar be-
ing exported to the US in 2014–2016 (https://agriculture.rajasthan.gov.in/content/dam/
agriculture/Rajasthan%20Agricultural%20Competitiveness%20Project/valuechainreport/
RACP_VC_Guar.pdf; accessed on 13 January 2022). Recent research efforts focus on the
production of guar in the southwest US, which is often affected by high water and soil
salinity [27–29].

The endosperm of guar seeds is a rich source of a natural hydrocolloid (galactoman-
nan), popularly known as guar gum. Guar gum is used in various industries, including
food, textile, petroleum, natural gas, mining, pharmaceutical, cosmetics, paper, and paint,
making guar an important industrial crop [30]. The productivity of guar is negatively
affected by salinity [31–33]. Hence, identification and molecular analysis of salt-tolerant
genotypes are essential for guar productivity under saline conditions. Transcriptome
analysis, combined with phenotypic and physiological characterizations of salt-tolerant
vs. salt-sensitive genotypes, will further unveil the importance of different pathways that
are critical for salinity tolerance in guar. This understanding may become instrumental
in developing new salt-tolerant guar genotypes that could be grown under saline condi-
tions without a significant crop productivity compromise. Successful guar cultivation
in the U.S. will reduce the burden of importing guar gum from foreign countries and
increase farmers’ profitability by efficiently utilizing marginal soils and recycled water
for crop cultivation.

A few preliminary studies have been performed to examine the salinity tolerance of
different guar genotypes [32–37]. Salinity stress affects guar development, growth, and
productivity. Guar seed yield was reduced in response to irrigation-water salinity above
8.8 dS m−1, whereas vegetative growth was reduced above 4.9 dS m−1, with its root system
adapted to salinity tolerance [38,39].

Matador is an improved guar cultivar with higher yields than other U.S. guar cultivars
due to its prolific branching [27]. A recent field study indicated that the genotype PI 340261
had similar traits as Matador, except for branching [31]. In a previous study, ‘Matador’
was classified as salt-tolerant and ‘PI 340261’ as salt-sensitive, based on salt tolerance
index (STI) for root length, shoot length, root biomass, shoot biomass, and their tissue Na,
and Cl accumulation [31]. This study applied the RNA-Seq approach to study molecular
mechanisms of salinity tolerance and salinity-regulated transcriptomes in leaves and roots
of the salt-tolerant ‘Matador’ (genotype ‘3’) and the salt-sensitive ‘PI 340261’ (genotype
‘22’) under control and salinity conditions.

2. Results

2.1. De Novo Transcript Assembly and Functional Annotation

To understand the molecular mechanism of salinity tolerance of guar at the transcrip-
tome level of the salt-tolerant ‘Matador’ (‘03’, hereafter) and salt-sensitive ‘PI 340261’ (‘22’,
hereafter), a three-factor RNA-Seq experiment was performed with two levels/factors
to examine differential gene expression between variables: genotypes (03 and 22), tissue
types (root and leaf), and treatment types (control and salt treatment). The experimental
samples were named as C03L for Control ‘03’ Leaf, C22L for Control ‘22’ Leaf, T03L for
Treatment ‘03’ Leaf, T22L for Treatment ‘22’ Leaf, C03R for Control ‘03’ Root, C22R for
Control ‘22’ Root, T03R for Treatment ‘03’ Root, and T22R for Treatment ‘22’ R (Table S1).
Our analyses identified a total of 527,407,683 clean reads, consisting of 158 gigabases (Gb)
with an average of 6.6 Gb/library (Table S2). A total of 296,167 transcripts (≥200 bp) were
identified, with transcript sizes ranging from 200 bp to 19,633 bp, of which 46% had more
than 1000 bp. Our data analysis identified a total of 296,114 unigenes, which ranged from
301 bp to 19,363 bp with a mean length of 1494 bp (Figure S1).

To obtain broad functional annotation of all unigenes, seven databases were searched,
which revealed substantial sequence similarity in the databases ranging from 90,848 uni-
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genes (30.68%) in KO (KEGG ortholog) to 201,592 unigenes (68%) in NR (NCBI non-
redundant protein sequences) databases. In addition, our analyses indicated that 228,611 uni-
genes (77%) were annotated in at least one database, whereas 19,214 (6.4%) unigenes were
found to be annotated in all seven databases (Figure S2).

2.2. Differentially Expressed Genes (DEGs) in Response to Salt Stress

To analyze differential gene expression, gene expression levels of all 24 libraries were
calculated by mapping reads of each replicate compared to the assembled transcriptome.
Of all the reads, 93% were mapped to the assembly (Table S2) with 65,703 DEGs, and 22%
of the total identified clusters (296,114) being present at least in one of the comparisons:
treatment vs. control, ‘03’ (salt-tolerant) vs. ‘22’ (salt-sensitive), or leaf vs. root (Figure 1
and Supplemental Table S3). The cluster analysis based on gene expression indicated two
major groups according to tissue types: root and leaf (Figure 1). Genes of T03R and C03R
formed the first subgroup, whereas T22R and C22R formed the second subgroup within
the root group. In the leaf group, subgroupings were also based on genotypes, as observed
in the root group (Figure 1).

Figure 1. Heatmap-based clustering of differentially expressed genes (DEGs). The heatmap and
hierarchical clustering show the status of gene expression and clustering of DEGs (those that
were differentially expressed at least in one comparison) across all eight indicated samples in a
specific column.

DEGs were identified in treatment vs. control, ‘03’ (salt-tolerant) vs. ‘22’ (salt-sensitive),
and leaf vs. root comparisons by gene expression analyses (Figure S3 and Table 1). In
treatment vs. control comparisons, 853 (357 upregulated and 496 downregulated), 8283
(1805 upregulated and 6478 downregulated), 1070 (644 upregulated and 426 downregu-
lated), 1006 (511 upregulated and 495 downregulated) DEGs were identified when com-
paring T03L vs. C03L, T03R vs. C03R, T22L vs. C22L, and T22R vs. C22R, respectively. In
salt-tolerant (‘03’) vs. salt-sensitive (‘22’) comparisons, 1049, 1355, 1031, and 1727 DEGs
were identified in C03L vs. C22L, C03R vs. C22R, T03L vs. T22L, and T03R vs. T22R,
respectively. In leaf vs. root comparisons, 41,540, 35,936, 21,383, and 27,383 DEGs were
identified in C03L vs. C03R, C22L vs. C22R, T03L vs. T03R, and T22L vs. T22R, respectively
(Table 1, Figure S3, and Table S3).
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Table 1. Differentially expressed genes (DEGs) identified in different comparisons.

Comparison Groups DEGs Upregulated Downregulated

Treatment vs. Control

T03L vs. C03L
T03R vs. C03R
T22L vs. C22L
T22R vs. C22R

853
8263
1070
1006

357
1805
644
511

496
6478
426
495

Tolerant vs. Sensitive

C03L vs. C22L
C03R vs. C22R
T03L vs. T22L
T03R vs. T22R

1049
1355
1031
1727

541
583
430
538

508
772
601

1189

Leaf vs. Root

C03L vs. C03R
C22L vs. C22R
T03L vs. T03R
T22L vs. T22R

41,540
35,936
21,383
27,383

10,259
8978
8168
8702

31,281
26,958
13,215
18,681

2.3. Verification of DEGs Using Quantitative Reverse Transcription PCR (qRT-PCR)

RNA-Seq data validation was performed employing the qRT-PCR assay for 33 ran-
domly selected guar gene clusters for different comparisons (Tables S4 and S5). Out of
33 gene clusters, 27 were studied for single comparisons, and three were evaluated for two
different comparisons (Figure 2). Comparisons were performed for relative normalized
expressions data for all tested genes (clusters) (Figure 2). The general trend of differential
expression profiles observed by both qRT-PCR and RNA-Seq methods was similar for most
genes (clusters), indicating the validity of the RNA-Seq results.

2.4. Gene Ontology (GO) Enrichment Analysis of DEGs

To examine significant functional enrichment of DEGs in treatment vs. control and salt-
tolerant (‘03’) vs. salt-sensitive (‘22’) genotypes, GO enrichment analyses were performed
for three main categories: biological process (BP), molecular function (MF), and cellular
components (CC) (Table S6). In treatment vs. control comparisons, 3, 2, 6, and 7 GO
terms were significantly enriched in T03L vs. C03L, T03R vs. C03R, T22L vs. C22L,
and T22R vs. C22R, respectively (Table S6). Among these, GTPase activity (GO:0003924)
was significantly enriched in the T03R vs. C03R. In salt-tolerant (‘03’) vs. salt-sensitive
(‘22’) comparisons, two GO terms, including transmembrane transport (GO:0005794), were
significantly enriched in T03L vs. T22L (Table S6).

2.5. KEGG Enrichment Analysis of DEGs

KEGG enrichment analyses of DEGs were performed in all pairwise comparisons
to identify enriched biological pathways (Supplemental Table S7). In salt treatment vs.
control comparisons, 6, 43, 0, and 45 pathways were significantly enriched in T03L vs.
C03L, T03R vs. C03R, T22L vs. C22L, and T22R vs. C22R, respectively. Among these,
MAPK signaling pathway (ko04011) was enriched in T03L vs. C03L, plant hormone signal
transduction (ko04075), and glutathione metabolism (ko00480) pathways were enriched in
T03R vs. COR, and brassinosteroid biosynthesis pathway (ko00905) was enriched in T22R
vs. C22R. In salt-tolerant (03) vs. salt-sensitive (22) comparisons, 0, 40, 4, and 6 pathways
were significantly enriched in C03L vs. C22L, C03R vs. C22R, T03L vs. T22L, and T03R vs.
T22R, respectively. Among these pathways, zeatin biosynthesis (ko00908) was enriched in
C03R vs. C22R and sphingolipid metabolism (ko00600) in T03L vs. T22L (Table S7).

2.6. DEGs Associated with Stress Pathways

In plants, various pathways contribute to salinity stress signaling. All DEGs were
examined to find out their association with phytohormone signaling, calcium signaling,
and redox signaling, as these pathways are known to play critical roles in response to
salinity stress (Figure 3 and Tables S8–S10).
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Figure 2. qRT-PCR validation of gene expression observed through RNA-Seq analysis. The y-axis
indicates relative normalized expression, and the x-axis indicates cluster number (gene IDs). Graphs
for upregulated (U) and downregulated (D) genes are shown separately. An asterisk (*) indicates
a significant difference (t-test at p ≤ 0.05). T03L, Treatment ‘03’ Leaf; C03L, Control ‘03’ Leaf; T22L,
Treatment ‘22’ Leaf; C22L, Control ‘22’ Leaf; T22R, Treatment ‘22’ Root; C22R, Control ‘22’ Root, T03R,
treatment ‘03’ Root, and C03R, Control ‘03’ Root.
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Figure 3. DEGs associated with phytohormone, calcium signaling, and redox pathways. (a) DEGs
associated with phytohormone pathways (are indicated at the top). (b) DEGs associated with calcium
signaling (Ca). (c) DEGs associated with redox signaling pathways (indicated at the top). The red
color indicates downregulated DEGs, and the blue indicates upregulated DEGs. Left-side texts show
pairwise comparisons. The top four compared samples indicate treatment vs. control, and the bottom
four compared samples indicate salt-sensitive vs. salt-tolerant comparisons. IAA, indole acetic acid
(auxin); ABA, abscisic acid; GA, gibberellins; SA, salicylic acid; Ca, calcium; GSH, glutathione; PRDX,
peroxiredoxin; GRX, glutaredoxin.

2.6.1. Hormonal Signaling

In treatment vs. control comparisons, 10 DEGs were identified in T03L vs. C03L,
two downregulated for IAA, three downregulated for ABA, two downregulated and one
upregulated for ethylene, and two downregulated DEGs for cytokinin. In T03R vs. C03R,
11 DEGs were found for IAA (eight downregulated and three upregulated), seven were for
ABA (six downregulated and one upregulated), 17 were for ethylene (14 downregulated
and 3 upregulated), four were for cytokinin (three downregulated and one upregulated),
and three downregulated DEGs were for GA. In T22L vs. C22L, eight DEGs were detected
for IAA (four downregulated and four upregulated), two downregulated DEGs for ABA,
four upregulated DEGs for ethylene, and eight for GA (one downregulated and seven
upregulated). In T22R vs. C22R, 3 DEGs were identified for IAA (one downregulated
and two upregulated), seven were for ABA (four downregulated and three upregulated),
two were for ethylene (one downregulated and one upregulated), and one upregulated
DEG was for cytokinin. When comparing salt-tolerant vs. salt-sensitive groups, 12, 6,
15, and 20 DEGs associated with hormonal signaling were identified in C03L vs. C22L,
C03R vs. C22R, T03L vs. T22L, T03R vs. T22R, respectively. We observed that the highest
number of DEGs was associated with ethylene signaling, followed by IAA and ABA
(Figure 3a and Table S8).
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2.6.2. Calcium Signaling

In treatment vs. control comparisons, 5, 30, 8, and 4 DEGs associated with calcium
signaling were observed in T03L vs. C03L, T03R vs. C03R, T22L vs. C22L, and T22R vs.
C22R, respectively. In salt-tolerant vs. salt-sensitive comparisons, 2, 7, 7, and 11 DEGs
related to calcium signaling were identified in C03L vs. C22L, C03R vs. C22R, T03L vs.
T22L, and T03R vs. T22R, respectively (Figure 3b and Table S9).

2.6.3. Redox Signaling

In treatment vs. control comparisons, 5, 49, 6, and 10 DEGs associated with redox
signaling were identified in T03L vs. C03L, T03R vs. C03R, T22L vs. C22L, and T22R vs.
C22R, respectively. In salt-tolerant vs. salt-sensitive comparisons, 11, 11, 17, and 27 DEGs
related to redox signaling were identified in C03L vs. C22L, C03R vs. C22R, T03L vs. T22L,
and T03R vs. T22R, respectively. Our analysis revealed the highest number of DEGs was
associated with GSH, followed by ascorbate and thioredoxin (Figure 3c and Table S10).

2.7. DEGs Associated with Transporters

Transporters are vital for ion distribution and homeostasis throughout the plants. A
previous study indicated that in response to salinity stress, guar genotype 03 (Matador)
showed a lower accumulation of Na and other ions in comparison to a salt-sensitive geno-
type 22 (PI 340261), which encouraged us to identify genes encoding transporters [31]. We
identified a total of 2764 DEGs encoding transporters in treatment vs. control comparisons
and salt-tolerant vs. salt-sensitive comparisons (Figure 4 and Tables S11 and S12).

In treatment vs. control comparisons, 1614 DEGs encoding various families of trans-
porters were identified. In T03L vs. C03L, 48 families of transporters encoded by 168
DEGs were identified, including the monovalent cation: proton antiporter-1 (CPA1) family.
In T03R vs. C03R, 1114 DEGs encoding 87 transporter families, including the K+ uptake
permease (KUP) family, were found. In T22L vs. C22L, 228 DEGs encoding 56 transporter
families were detected, which included the auxin efflux carrier (AEC) family and the
voltage-gated ion channel. In T22R vs. C22 R, 184 DEGs encoding 58 transporter families
were found, including the monovalent cation (K+ or Na+): proton antiporter-3 (CPA3)
family (Tables S11 and S12).

When comparing salt-tolerant vs. salt-sensitive guar cultivars, 1150 DEGs encoding
numerous families of transporters were identified. In C03L vs. C22L, 239 DEGs encoding
52 transporter families were detected, including the voltage-gated ion channel (VIC) su-
perfamily and the P-type ATPase superfamily. In C03R vs. C22R, 286 DEGs encoding 55
transporter families were found, including the major intrinsic protein (MIP) family. In T03L
vs. T22L, 226 DEGs encoding 47 transporter families were identified, including the ATP-
binding cassette (ABC) superfamily. In T03R vs. T22R, 399 DEGs encoding 59 transporter
families were recognized, including the ankyrin family transporters (Tables S11 and S12).

2.8. DEGs Associated with Transcription Factors/Regulators

Transcription factors are major regulators of gene expressions during growth, de-
velopment, and in response to various stresses, including salinity. Thus, we focused on
identifying DEGs encoding transcription factors in salt-tolerant ‘03’ and salt-sensitive ‘22’
guar genotypes in response to salinity stress. Our analyses revealed a total of 962 tran-
scription factors/regulators in treatment vs. control and salt-tolerant vs. salt-sensitive
comparisons (Tables S13 and S14). In treatment vs. control companions, 69, 394, 69, and 68
transcription factors/regulators were identified in T03L vs. C03L, T03R vs. C03R, T22L vs.
C22L, and T22R vs. C22R, respectively. In salt-tolerant vs. salt-sensitive comparisons, 74,
96, 77, and 115 transcription factors/regulators were identified in C03L vs. C22L, C03R vs.
C22R, T03L vs. T22L, and T03R vs. T22R, respectively (Tables S13 and S14). Differential
expressions of genes encoding transcription factors such as MYB in C03L vs. C22L, GRAS
in C03R vs. C22R, bHLH in T03L vs. T22L, and GRAS in T03R vs. C03R were observed
(Figure 5 and Table S13).
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Figure 4. Transporter analysis of DEGs. The y-axis indicates transporter superfamilies. The x-axis
shows gene counts. Salt treatment vs. control comparisons are shown in the top four panels (a–d).
Salt-tolerant vs. salt-sensitive comparisons are shown in the bottom panels (e–h). The red color
indicates downregulated DEGs, and the blue indicates upregulated DEGs. Compared samples are
indicated at the top of each panel.
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Figure 5. Transcription factor analysis of DEGs. The y-axis indicates transcription factor families. The
x-axis shows gene counts. Salt treatment vs. control comparisons are shown in the top four panels
(a–d). Salt-tolerant vs. salt-sensitive comparisons are shown in the bottom panels (e–h). The red color
indicates downregulated DEGs, and the blue indicates upregulated DEGs. Compared samples are
indicated at the top of each panel.
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3. Discussion

RNA-Seq is one of the most suitable approaches to study gene expression at the
transcriptome level that enables researchers to discover genes that play critical roles in
specific tissues, physiological conditions, and metabolic pathways in response to various
stresses [26,40–47]. The primary goal of this work was to find molecular mechanisms of
salinity tolerance in guar. To achieve this goal, we performed RNA-Seq experiments, using
the salt-tolerant guar genotype Matador (‘03’) and the salt-sensitive genotype PI 340261
(‘22’), both previously confirmed for their respective salt tolerance and sensitivity [31].

Comparative transcriptome analyses were performed between ‘03’ and ‘22’ in root
and leaf of one-month-old guar plants in response to control irrigation water and saline
water with electrical conductivity (ECiw) of 13.65 dS m−1 (Table 2). As the guar genome
has not been sequenced, guar de novo assembly was constructed from all sequencing
libraries. Our analyses revealed a total of 296,114 non-redundant guar unigenes. A few
guar transcriptomics studies have been reported previously. RNA-Seq studies of two guar
varieties (M-83 and RGC-1066) had reported the identification of 62,146 unigenes for the leaf
tissue [40] and 102,479 unigenes for the root tissue [43]. Other guar studies focusing under
different environmental conditions revealed 48,007 to 85,395 unigenes [41,44,46]. Variation
in the number of unigenes observed in different reports could be due to multiple factors
including the number of genotypes used, number of tissues used, number of treatments
used, developmental stage of the tissues used, the quality of RNA, the quality of RNA-Seq
data, and the stringency used for data analyses.

Table 2. Salt ion composition of control and saline irrigation water treatments. Water pH = 7.4.

ECiw Ion Concentration in Mmolc L−1

Treatment dS m−1 NO3
− SO4

2− Cl− PO4
3− CO3H− Ca2+ Mg2+ Na+ K+

Control 1.46 5.4 1.44 1.41 1.5 4.2 3.35 2.1 1.88 6.6
Saline 13.65 5.4 27.32 128.4 1.5 3.5 29.6 23 106.9 6.6

Functional annotation analyses of our data showed that 77% of all identified unigenes
were protein-coding genes, as they were found in at least one database out of the seven
public databases (Figure S2). The remaining 23% of unigenes may not have known protein
domains and/or some of these could be non-coding RNA genes.

Differential gene expression analyses revealed a higher number of DEGs in treatment
vs. control comparisons than salt-tolerant vs. salt-sensitive comparisons, suggesting that
expression differences between salt treatment and control were more pronounced than
between the two genotypes. In treatment vs. control comparisons, the highest number of
DEGs was observed in the T03R vs. C03R (Table 1). Eight times higher DEGs observed
in T03R vs. C03R than T22R vs. C22R indicated that the root of ‘03’ was more responsive
to salinity than the root of ‘22’, resulting in better salinity tolerance of ‘03’. Our analyses
revealed that a wide variety of genes contributed toward the salinity tolerance of ‘03’
compared to ‘22’, including negative regulators of the SOS signaling pathway, negative
regulators of oxidative stress, metabolic enzymes, pathogen defense signaling, hormonal
signaling, calcium signaling, redox signaling, transporters, transcription factors, chromatin
remodeling factors, microRNA biogenesis, and translational machinery.

Phytohormones play key roles during salinity stress. A maximum number of DEGs
for ethylene signaling followed by IAA and ABA signified the higher importance of these
three phytohormones in response to salt stress in guar. More DEGs linked with plant
hormone signaling were observed in treatment vs. control comparisons than salt-tolerant
vs. salt-sensitive comparisons. In treatment vs. control comparisons, a higher number of
DEGs associated with phytohormone was observed in roots than leaves in ‘03’. In contrast,
we observed more DEGs associated with phytohormone in leaves than roots in ‘22’. These
findings indicate that the contrasting tissue-specific expression of genes associated with
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phytohormone signaling may be one of the contributing factors for differential salinity
tolerance abilities of 03 and 22 guar genotypes (Table S8).

A higher number of DEGs associated with calcium signaling was observed in treatment
vs. control comparisons than salt-tolerant vs. salt-sensitive comparisons, indicating that
induction or suppression of genes involved in calcium signaling is critical during salinity
stress in guar (Figure 3). A higher expression level of a gene encoding calcium-dependent
protein kinase 26 (CPK26) was observed in T03L compared to C03L and in T03R compared
to C03R (Table S9). Overexpression of Vitis amurensis CPK26 or Stipa purpurea CIPK26 in
Arabidopsis provided tolerance to salinity [48,49]. A higher expression of a gene encoding
CIPK26 in treatment than control in the leaves and roots of ‘03’ demonstrate its positive
regulatory role in salinity tolerance in the genotype 03 (Table S3).

Our redox signaling pathway data identified the highest number of DEGs linked
with glutathione followed by ascorbate, suggesting the importance of these genes in redox
signaling in response to salinity stress (Figure 3 and Table S10). Additionally, DEGs encod-
ing/associated with catalase were observed, suggesting their roles in ROS homeostasis in
guar in response to salinity stress. It is known that E3 ubiquitin ligase PQT3 (PARAQUAT
TOLERANCE 3) is a negative regulator of oxidative stress. The loss of function or down-
regulation of this gene protects plants in response to salinity stress by negatively affecting
the severity of salinity-induced oxidative stress that protects plants in response to salinity
stress [50]. We observed drastic downregulation of a gene encoding E3 ubiquitin ligase
PQT3 (cluster-30086.17545) in T03L compared to C03L, but no differential expression was
observed in T22L vs. C22L (Table S3). Our findings suggest that the downregulation of guar
E3 ubiquitin ligase PQT3 in genotype ‘03’ may have contributed to higher salinity tolerance
in ‘03’ compared to ‘22’.

The homeostasis of ions including Na+ and K+ is critical for salinity tolerance in plants.
In response to salinity, guar genotype 03 accumulates less Na in leaves than genotype
22 [31]. A higher number of DEGs encoding unique transporter families was observed
in treatment vs. control comparisons than salt-tolerant vs. salt-sensitive comparisons,
indicating inducible/repressible expression of various transporters in response to salinity
stress in guar (Table S12).

CPA1 (cation/proton antiporter gene 1) has been implicated in the positive regu-
lation of salinity tolerance [51]. We observed upregulation of various genes encoding
CPA1 family in ‘03’ compared to ‘22’ in different comparisons: cluster-30086.145590 in
T03L vs. C03L, cluster-30086.113349 in T03R vs. C03R, cluster-30086.145593 in C03L vs.
C22L, cluster-30086.82459 in C03R vs. C22R, and cluster-30086.145593 in T03 L vs. T22L
(Table S11). Additionally, it is also known that guar SOS1 (NHX7) is upregulated in re-
sponse to salinity [31]. Our findings suggest that genes encoding CPA family members
may have contributed to better salinity tolerance in ‘03’ compared to ‘22’. GIGANTEA is a
flowering time controller that negatively regulates salinity tolerance by inhibiting SOS2
protein kinase, an essential component of the SOS-signaling pathway [52]. We observed
downregulation of a gene encoding GIGANTEA (cluster-30086.81200) in T03L vs. C03L
but not in T22L vs. C22L (Table S3). The downregulation of poplar GIGANTEA-like gene
expression has been shown to improve salinity tolerance and enhance biomass under
salinity [53]. Our findings suggest that the downregulation of a gene encoding GIGANTEA
in genotype 03 may have increased salinity tolerance and biomass in salinity conditions.

Potassium homeostasis is necessary during salinity stress indicating that potassium is
a determinant factor for salinity tolerance [54]. Genotype 03 (Matador) showed higher K
accumulation than genotype 22 (PI 340261) in root tissues [31]. Our transporter analysis
revealed a higher expression of a gene encoding a potassium uptake permease (KUP)
family protein (cluster-30086.79861) in T03R compared to C03R. In Arabidopsis, KUP
family proteins (also known as HAK/KT) play roles in K translocation and transport [55].
Therefore, the gene (cluster-30086.79861) encoding KUP may have contributed to a higher
accumulation of K in ‘03’ in response to salinity stress. Higher expression of a gene encoding
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SKD1 (protein suppressor of K+ transport growth defect 1) in T03L compared to C03L
indicates that SKD1 contributes to salinity tolerance in the guar genotype 03 [56].

Differential expressions of various genes encoding transporters in treatment vs. control
and salt-tolerant vs. salt-sensitive comparisons may have resulted in differential growth
responses in guar. Genes encoding important transporters showed differential expression
between salinity treatment vs. control or/and salt-tolerant vs. salt-sensitive comparisons,
which included genes encoding ABC transporter family, MFS, T6SS, GPH, and P-ATPase
(Figure 4). Our analysis indicated upregulation of a gene (cluster-30086.87927) in T03R com-
pared to C03R (Table S11). The gene (cluster-30086.87927) encoding an ABC transporter C
family member may have contributed toward salinity tolerance in ‘03’. The overexpression
of an ABC transporter has been shown to provide tolerance to salinity stress [57].

Genes encoding GPH and P-ATPase showed a higher level of differential expressions
in salt-tolerant vs. salt-sensitive comparisons compared to treatment vs. control compar-
isons, suggesting that these transporters may be critical for genotype-specific differences.
We observed upregulation of a gene (cluster-30086.114412) encoding an MFS transporter
in T03R compared to T22R. Several transporters that belong to the major facilitator su-
perfamily (MFS) are known to play positive roles in salinity tolerance, which suggests
that genes encoding MFS transporters may have contributed toward salinity tolerance in
guar [58]. This study identified upregulation of a gene (cluster-30086.54118) encoding for a
GPH (glycoside–pentoside–hexuronide) transporter in T03L compared to C03L. The GPH
transporter is known as a sucrose:H+ symporter in plants [59,60]. In Arabidopsis, sucrose
transporters play positive regulatory roles in salinity tolerance [61]. These facts suggest
that genes encoding GPH/sucrose transporters play positive roles and provide tolerance
to salinity in guar. The upregulation of a gene encoding P-ATPase (cluster-30086.493) was
observed in T03L compared to T22L (Table S11). P-ATPase facilitates Na+ extrusion in
response to salinity which in turn helps maintain ion homeostasis [62]. These examples
suggest that various transporters play critical roles in salinity tolerance in guar.

Various transcription factors regulate gene expression in response to salinity stress.
Additionally, several proteins modulate transcriptional processes and are known as tran-
scriptional regulators. For instance, multiple proteins (chromatin remodelers) are asso-
ciated with chromatin remodeling processes that aid in converting the transcriptionally
inactive state of chromatin to active. The most prominent genes encoding transcription
factors in our study included C2H2, bHLH, C3H, and MYB. We identified the upregulation
of a gene (cluster-30086.79202) encoding for the C2H2-type zinc finger protein in T03L
compared to C03L in response salinity (Figure 5 and Table S13). Higher expression of
C2H2-type zinc finger proteins has been shown to improve salinity tolerance in plants,
indicating that genes encoding C2H2-type zinc finger proteins may have contributed to
better salinity tolerance in genotype 03 compared to 22 [63]. Higher expression of a gene
(cluster-30086.34912) encoding a bHLH transcription factor was observed in T03L compared
to T22L (Figure 5 and Table S13). Additionally, the higher expression of a gene encoding
transcription factor bHLH112 that was observed in T03L compared to C03L suggests its
positive role in salinity tolerance [64]. The positive regulatory roles of bHLH transcription
factors have been shown in different plants [65]. Our data analysis revealed higher expres-
sion of a gene encoding zinc finger C3H domain-containing protein 53 (cluster-30086.92972)
in T03R than T22R (Figure 5 and Table S13), suggesting that this gene might be a contributor
to salinity tolerance in guar [66]. We observed upregulation of a gene (cluster-30086.34639)
encoding an MYB transcription factor in T03R compared to C03R in response to salinity
(Figure 5 and Table S13). It is known that MYB transcription factors contribute to salinity
tolerance in plants [67]. Transcriptional regulators play essential roles in transcriptional
reprogramming during development, physiological and stress responses. The SNF2 protein
is a critical component of the chromatin remodeling complex [68]. The involvement of SNF2
has been shown in response to abiotic stress. Our data revealed upregulation of a gene
(cluster-30086.108041) encoding SNF2 in T03L compared to C03L, indicating a possible
regulatory role of SNF2 in providing salinity tolerance in guar mediated by chromatin
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dynamics (Figure 5 and Table S13). Chromatin remodeling factors alter the structure of
chromatin and are vital regulators of eukaryotic gene expression. The Arabidopsis chro-
matin remodeling factors have been shown to play regulatory roles in response to biotic
and abiotic stresses in plants [69,70]. Our data showed higher expression of chromatin
remodeling 5-like (cluster-30086.80282) in T03R than T22R, suggesting its role in regulating
gene expression in response to salinity (Table S3). Our findings indicate both transcription
factors and transcription regulators play critical roles in providing salinity tolerance in guar.

MicroRNAs (miRNA) are a class of non-coding RNA that play critical roles in reg-
ulating the expression of genes at the post-transcriptional level, which is important for
plant growth, development, and adaptation to various biotic and abiotic stresses, including
salinity stress [71]. Our data also showed higher expression of a gene encoding serine-
/arginine-rich splicing factor RS41-like isoform X2 (cluster-30086.82952) in T03R than T22R.
It has been reported that, in addition to pre-mRNA splicing, RS41 is also involved in miRNA
biogenesis along with RNA binding protein HOS5 and serine-/arginine-rich splicing factor
RS40 [72]. Our findings suggest that higher expression of serine-/arginine-rich splicing
factor RS41-like isoform X2 gene (cluster-30086.82952) in ‘03’ may contribute to salinity
tolerance via miRNA-mediated regulation in response to salinity in guar.

The differential expression of genes associated with translational machinery has been
shown to be involved in salinity tolerance [73]. For example, in Arabidopsis, elongation
factor 1-alpha is a positive regulator in response to salinity stress [73]. Our RNA-Seq data
showed higher expression of a gene encoding for an elongation factor 1-alpha (cluster-
30086.137964) in T03L than T22L, indicating that guar elongation factor 1-alpha may be a
contributor for salinity tolerance in guar genotype 03 (Table S3).

4. Materials and Methods

4.1. Plant Material and Salt Treatment

Seeds of a salt-tolerant genotype 03 (Matador, PI 28699) and a salt-sensitive genotype
22 (PI 340261) were sown in lysimeters at the USDA ARS greenhouse
(33.973265 latitude, −117.321158 longitude). Plants were watered two times a day with
modified half Hoagland’s solution for three weeks to provide macronutrients. Then, plants
were treated with saline water, while modified half Hoagland’s solution was used as a
control (Table 2). The salt concentration was increased incrementally in four days to avoid
osmotic shock. Root and leaf samples were collected for RNA isolation after 48 h of full
salinity treatment.

4.2. RNA Extraction and Transcript Sequencing

Total RNA isolation from root and leaf tissues was performed using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Nanodrop was used for the preliminary quantitation
of total RNA. Subsequently, Agarose gel electrophoresis was performed to examine RNA
degradation and any potential contamination. The 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) was used to check the integrity and quantitation of all total RNA
samples. Poly-T oligo-attached magnetic beads were used to purify mRNA from total RNA.
The mRNA samples fragmented using fragmentation buffer were used for first-strand
cDNA synthesis using reverse transcriptase and random hexamers. The product of first-
strand synthesis (the cDNA-mRNA hybrid) was used as the template for a nick translation
reaction [74]. The second-strand synthesis buffer (Illumina, San Diego, CA, USA), dNTPs,
RNase H, and E. coli polymerase I were used to generate the second strand. AMPure XP
beads were used to purify the cDNA. Then, A-tailing, ligation of sequencing adapters,
size selection, and PCR enrichment steps were performed. A Qubit 2.0 fluorometer (Life
Technologies, Carlsbad, CA, USA) was used to measure library concentration. An Agilent
2100 was used to check insert size using diluted cDNA library samples (1 ng/μL), and
qRT-PCR was also performed to quantify library samples. HiSeq platform (Illumina, San
Diego, CA, USA) was used for RNA-Seq (Novogene Corp. Inc., Sacramento, CA, USA).
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4.3. De Novo Transcriptome Assembly and Functional Annotation

The raw reads were cleaned by removing reads that had adaptor contamination; more
than 10 percent uncertain nucleotides or more than 50 percent of the reads constituted
low-quality nucleotides (base quality is less than 5). The rest of the analysis was performed
using the cleaned reads. The transcriptome assembly was performed using Trinity [75]. The
transcriptome was reconstructed by forming contig assemblies, clustering those assemblies
into components, constructing complete de Brujin graphs for each component, and then
reconciling the de Brujin graphs to reconstruct distinct isoforms for splice transcripts. The
final results were outputted in a FASTA file. Seven databases were used for functional gene
annotation. These databases consisted of NR (NCBI non-redundant protein sequences),
NT (NCBI nucleotide sequences), PFAM (Protein Family), KOG/COG (euKaryotic Or-
thologous Groups/Cluster of Orthologous Groups of proteins), Swiss-Prot, KEGG (Kyoto
Encyclopedia of Genes and Genome) and GO (Gene Ontology).

4.4. Differential Gene Expression Analysis

The cleaned raw reads were mapped onto the assembled transcriptome. The mapping
results returned a read count for each transcript. RSEM (1.2.28) was used to map reads back
to the transcriptome, quantify the expression levels, and convert them into Fragments per
Kilobase of transcript sequence per million base pairs sequenced (FPKM) [76]. The DESeq2
(1.26.0) R package was then used to normalize the read counts and performed a differential
expression analysis based on the negative binomial distribution for its estimation model [77].
To control the false discovery rate (FDR), Benjamini and Hochberg’s method was used to
calculate adjusted p-values. The significance threshold for the adjusted p-values was set
to α = 0.05. Genes deemed significantly differentially expressed needed to satisfy both
padj ≤ 0.05 and |log2(fold change)| ≥ 2.

Once the differentially expressed genes were gathered, Venn diagrams and a heatmap
were constructed. The Venn diagrams were made using the “VennDiagram” R package,
and the heatmap was constructed using the pheatmap R package (https://cran.r-project.
org/web/packages/pheatmap/index.html; accessed on 12 September 2021) using the top
100 most significant genes [78].

4.5. Gene Ontology Annotation and Enrichment Analysis of DEGs

The GOseq (1.32.0) R package was used to perform a Gene Ontology (GO) analysis
of the differentially expressed genes [79]. All three GO terminologies (biological pro-
cesses, cellular component, molecular function) were considered in the GO distribution.
Assuming that all genes have the same probability of being chosen within a category,
the Wallenius non-central hypergeometric distribution could perform the GO enrichment
test. Over-representation of the DEGs was tested with an adjusted p-value threshold of
α = 0.05. The effect size calculation was performed by taking the p-value and performing a
−log10 transformation.

4.6. KEGG Pathway Enrichment Analysis of DEGs

The Kyoto Encyclopedia of Genes and Genomes, or KEGG (http://www.genome.
jp/kegg/; accessed on 11 September 2021), is an accumulation of databases associated
with genomes and biological pathways. The hypergeometric distribution was applied to
perform a KEGG enrichment test using the clusterProfiler R package [80,81]. To control the
false discovery rate across multiple tests, adjusted p-values were computed and used when
determining significance.

4.7. Functional Analysis and Visualization

Using the built-in “grep” R function, specific keywords were searched for in the NR
descriptions of each comparison. Genes with log2 fold change greater than zero were
colored blue, while genes with log2 fold change lesser than zero were colored red.
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4.8. Transporter Analysis

Mappings to Transporter families were obtained from the Transporter Classification
Database (https://tcdb.org/; accessed on 23 September 2021). Protein family (PFam) IDs
were used to map the genes to their associated families and superfamilies.

4.9. Transcription Factor and Regulator Analyses

To perform transcription factor and regulator analyses, iTAK and HMMER (3.1)
were used to perform an hmmerscan and identity families from the Transcription Fac-
tor/Regulator Database. If applicable, differentially expressed genes were mapped to their
respective families and sub-families [82,83].

4.10. Quantitative Reverse Transcription PCR (qRT-PCR)

Thirty differentially expressed genes (clusters) were randomly selected for qRT-PCR
analyses (Table S4). Phytozome portal (v13) was used for BLAST analyses for each gene
(cluster) to identify the Glycine max gene with the best sequence homology. To identify
the intron-exon boundaries of the guar gene, the genomic sequence of G. max gene was
compared with the corresponding cluster sequence. In most clusters, a minimum of one
primer of each pair was designed from two exons flanking an intron (Table S5).

A previously described method was used qRT-PCR assays [17]. For qRT-PCR assays,
same RNA samples were used, which were also used for RNA Seq experiments. All RNA
samples were treated with DNase I to remove any DNA contaminations according to the
manufacturer’s instruction (Thermo Scientific, Waltham, MA, USA). Subsequently, the
RNA samples were diluted to 5 ng/μL. All qRT-PCR assays were performed in BioRad
CFX96 System using iTaqTM Universal SYBR® Green One-Step Kit (Bio-Rad Laboratories,
Hercules, CA, USA). Each qRT-PCR reaction was performed in a 10 μL volume containing
5 μL of 2× one-step SYBR® Green Reaction mix, 10 ng total RNA, 0.75 μM each of forward
and reverse primers, and 0.125 μL iScriptTM Reverse Transcriptase. The following condi-
tions were used qRT-PCR: 50 ◦C for 10 min, 95 ◦C for 1 min, afterward 40 cycles of 95 ◦C
denaturation for 10 s, 57 ◦C annealing for 30 s, and 68 ◦C extension for 30 s. RNA samples
from three biological replicates and two technical replicates were used for all assays. Guar
Actin 11 (Act11), elongation factor-1 alpha (EF-1a), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used as reference genes in expression analyses [84].

5. Conclusions

The transcriptomics approach was employed to study molecular mechanisms of
salinity tolerance in two contrasting guar genotypes: Matador (‘03’), which is salt tolerant,
and PI 340261 (‘22’), which is salt sensitive. Thousands of DEGs identified in ‘03’ vs.
‘22’ were linked to several biological pathways, including hormonal signaling, calcium
signaling, redox signaling, transcriptional regulation, microRNA biogenesis, and post-
transcriptional regulation in guar. This study also revealed upregulated expression of a
gene belonging to the cation/proton antiporter 1 (CPA1) family that plays a role in Na+

homeostasis and a gene encoding KUP which contributes to K+ homeostasis in response
to salinity. It also appears that the salt-tolerant ‘03’ has a better ability to suppress the
expression of genes that function as negative regulators of salinity tolerance in plants
(e.gs. GIGANTEA and E3 ubiquitin ligase PQT3) than ‘22’. The reverse genetics approach
can be employed to examine the biological roles of some promising genes in response to
salinity. Positive functional validation data for different genes would be useful to develop
salt-tolerant guar genotypes, which could be cultivated in moderately saline soils or with
recycled waters of elevated salinity.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11030291/s1, Figure S1. Length distribution of guar transcripts and unigenes. Figure
S2. Functional annotation data of Guar transcriptome assembly. Figure S3. Venn diagram analysis
of differentially expressed genes (DEGs). Table S1: The experimental arrangement shows leaf and
root samples from two guar genotypes 03 (Matador) (salt-tolerant) and 22 (PI 340261) (salt-sensitive)
subjected to control and salt treatment. Table S2: Summary of the RNA-Seq reads of 24 libraries
of guar. Table S3. Expression comparison and gene ontology annotation of DEGs. Different sheets
represent different comparisons. Table S4. List of guar genes (clusters) used for expression analyses
by qRT-PCR Assays. Table S5. List of primers used for the qRT-PCR analyses. Table S6. Summary
for gene ontology (GO) enrichment analysis of DEGs. Table S7. KEGG enrichment analysis of
DEGs. Different sheets represent different comparisons. Table S8. DEGs associated with hormonal
signaling. Table S9. Differentially expressed genes (DEGs) involved in calcium signaling. Table
S10. Differentially expressed genes (DEGs) involved in Redox signaling. Table S11. Differentially
expressed genes (DEGs) involved in transport. Table S12. Number of transporter families identified
in different comparisons. Table S13. Differentially expressed genes (DEGs) encoding transcription
factors/regulators. Table S14. Number of family members of transcription factors/regulators.
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Abstract: The use of natural bio-based compounds becomes an eco-friendly strategy to control
plant diseases. Rare sugars would be promising compounds as inducers of plant “sweet immu-
nity”. The present study aimed to investigate the induced resistance of grapevine leaves against
Plasmopara viticola and Botrytis cinerea by a rare sugar-based product (IFP48) and its active ingredient
D-tagatose (TAG), in order to elucidate molecular mechanism involved in defense-related metabolic
regulations before and after pathogen challenge. Data showed that spraying leaves with IFP48 and
TAG lead to a significant reduction of downy mildew, but not of gray mold disease. The induced
protection against P. viticola relies on IFP48’s and to a lesser extent TAG’s ability to potentiate the
activation of salicylic acid- and jasmonic acid/ethylene-responsive genes and stilbene phytoalexin
accumulation. Most of defense responses remained upregulated in IFP48-treated plants after infection
with P. viticola, but inconsistent following challenge with B. cinerea. The beneficial effects of IFP48 were
associated with an enhanced accumulation of tagatose inside leaf tissues compared to TAG treatment.
Meanwhile, the amounts of sugars, glucose, fructose, maltose, galactose and trehalose remained
unchanged or decreased in IFP48-treated leaves after P. viticola infection, although only a few genes
involved in sugar transport and metabolism showed transcriptional regulation. This suggests a
contribution of sugar homeostasis to the IFP48-induced sweet immune response and priming plants
for enhanced resistance to P. viticola, but not to B. cinerea.

Keywords: D-tagatose; IFP48; induced resistance; sweet immunity; sugar-enhanced defense;
Plasmopara viticola; Botrytis cinerea; Vitis vinifera

1. Introduction

The cultivated grapevine (Vitis vinifera L.) is highly susceptible to a large number
of economically devastating diseases, including downy mildew, caused by the oomycete
Plasmopora viticola, and gray mold, caused by the fungus Botrytis cinerea [1]. P. viticola is an
obligate biotroph that invades grapevine through the stomata, forms a long-term feeding
relationship and acquires nutrients via haustoria which are formed within mesophyll
cells [1]. However, the necrotrophic B. cinerea first kills the host cell with toxins and
hydrolytic enzymes, and then uses the macerating plant tissues as food [2]. These diseases
are mainly controlled by chemical fungicides, which cause negative impacts on human
health and environment, as well as the appearance of resistant pathogen strains [3–5]. The
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challenge for a sustainable viticulture is to reduce chemical inputs by the implementation
of new innovative and eco-friendly strategies aiming at inducing plant resistance and
inhibiting pathogen development. In this context, promising outcomes have been achieved
using natural bio-based elicitors or resistance inducers of different nature, capable of
triggering plant innate immunity [3–11].

Most resistance inducers characterized so far are bio-based compounds containing
sugar repeat units [3–11]. They include microbe-associated molecular patterns (MAMPs),
derived from fungi, bacteria or oomycetes such as β-glucans, oligochitosaccharides or
glycolipids [6–9], and damage-associated molecular patterns (DAMPs) derived from the
host cell wall, such as oligogalacturonides from pectin [10], cellodextrins from cellulose [3],
or xyloglucans from hemicellulose [11]. Their ability to induce resistance in plants seems to
be dependent not only on their backbone structure, but also on plant cultivars, pathogen
lifestyle and environmental conditions [3,4,8]. The successfully induced plant resistance de-
pends on the recognition of MAMPs or DAMPs, which trigger a cascade of early responses
and a transcriptional reprogramming, characteristic of MAMP-triggered immunity (MTI).
Phytohormones, jasmonic acid (JA), ethylene (ET) and salicylic acid (SA) are also produced
to different levels depending on the perceived MAMPs/DAMPs, and are also involved in
the regulation of MTI to ensure plant resistance to pathogens [12,13].

Increasing attention has been paid to the role of endogenous sugars in mediating
plant immune response and counteracting pathogen attack [14–17], resulting in the concept
of “sweet immunity” or “sugar-enhanced defense” [14,15]. Sugars are energy sources
for both plants and pathogens for which they compete, and sugar transporters are the
molecular actors involved in this competition and probably in the fate of the interaction.
Sugars also function as signaling molecules to regulate defense gene expression and plant
metabolism [16,17]. Another way that sugar signaling could mediate resistance is through
modulation of the ability of pathogens to produce effector molecules in the host [18]. Plants
also respond to the PAMP signals with induction of hexose/H+ symporters, that may limit
apoplastic sugar accumulation, thus affecting pathogen virulence directly [19]. Plants can
use monosaccharide transporters to quickly resorb sugars upon pathogen invasion [20,21].
By using hexose/H+ symporters, plants may also counteract the SWEET-mediated secretion
and thus retrieve apoplastic sugars, causing pathogen starvation [21,22]. It has also been
proposed that sugars may function as priming molecules leading to MTI in plants [15,22].
This concept of “sweet priming” predicts specific key roles to sugars in perceiving, mediat-
ing and counteracting pathogen attack [15].

In recent years, some rare monosaccharides and their derivatives have shown po-
tential functional and ecological properties in controlling plant pathogens [23–36]. Their
availability has been achieved through the implementation of new enzymatic and microbial
processes, making their use effective in food and agricultural sectors [25,30]. D-tagatose, as
a ketohexose, is among rare sugars found at low concentrations in many foods and gener-
ally recognized as safe by the Food and Drug Administration [30]. D-tagatose was shown
to inhibit the growth of various plant pathogens, such as Phytophthora infestans causing
late blight [24], Oidium violae causing powdery mildew in tomato [33], Plasmopara viti-
cola (downy mildew) and Erysiphe necator (powdery mildew) in grapevine [32,33] and
Hyaloperonospora parasitica (downy mildew) in Chinese cabbage [31]. It has been reported
that D-tagatose acted directly on the pathogen by inhibiting essential enzymes leading
to impairment of the whole metabolism [31]. In particular, D-tagatose inhibited fructose
metabolizing enzymes (for e.g., fructokinase and phosphomannose isomerase) leading to
inhibition of glycolysis and cell wall synthesis [31].

Rare sugars can also play a role in fulfilling “sweet immunity” processes and trigger-
ing plant defense [15]. It is speculated that after being exogenously applied, some rare
sugars could penetrate into plant cells [37], alter the sucrose-to-hexose ratio, differentially
influencing glucose [38], fructose [39] and sucrose signaling pathways [40], and thereby
inducing plant immune responses [15,30]. Furthermore, exogenous application of rare
sugars could be sensed through hexokinase-dependent or -independent pathways [41],
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thus producing an elicitor-like effect [42,43]. It is also likely that a coordinated interac-
tion of sugar and hormonal pathways in plants leads to effective induction of defense
responses [15]. Although the effectiveness of tagatose against some fungal and oomycete
pathogens was reported [25,26,31,35], the molecular mechanisms involved in grapevine
protection against downy mildew and gray mold remained to be elucidated.

In this study, we first investigated the ability of foliar applied D-tagatose-based product
(IFP48) and pure tagatose (TAG) as active ingredient to protect grapevine leaves against
P. viticola and B. cinerea. We then explored molecular mechanisms underpinning induced
protection before and after pathogen challenge. We especially targeted the expression
of defense hormonal-responsive genes and the synthesis of stilbene phytoalexins. We
further investigated weather IFP48 and TAG could induce change in the expression of
genes encoding sugar transporters and vacuolar invertase. The relationship between the
efficiency of IFP48 and TAG and the accumulation of D-tagatose, as well as of endogenous
sugars in leaf tissues was also assessed before and after P. viticola inoculation. We showed
that IFP48 triggers sweet immune response and priming plants for enhanced resistance
to P. viticola, but not to B. cinerea. The induced resistance against P. viticola relies on the
accumulation of tagatose in leaf tissues and the potentiation of SA and JA/ET-dependent
responses with the contribution of sugar homeostasis upon pathogen challenge.

2. Results

2.1. IFP48 and TAG Confer Leaf Protection against P. viticola, but Not B. cinerea

The capacity of IFP48 and TAG to protect grapevine leaves was assessed by foliar
spraying of both products at 5 g/L, as an optimal concentration previously optimized
in the lab conditions. Two days post treatment (dpt), leaves were detached from water-
(control), IFP48- and TAG-treated plants, washed with Tween 80 at 0.001%, and infected
with P. viticola and B. cinerea. Disease symptoms were monitored by quantifying sporulation
of P. viticola at 7 days post inoculation (dpi) and measuring necrotic lesions of B. cinerea
at 5 dpi and 14 dpi. Data showed that leaves from control plants were heavily colonized
by P. viticola, while IFP48 and TAG reduced sporulation density by about 50 and 35%,
respectively (Figure 1A). However, neither IFP48 nor TAG was able to reduce the severity
of gray mold disease (Figure 1B,C). Most leaves developed the same symptoms as the
control at both 5 dpi (Figure 1B) and 14 dpi (Figure 1C).

Figure 1. Downy mildew and gray mold diseases in grapevine leaves after treatment with IFP48
and TAG. Plants were sprayed with IFP48 or TAG at 5 g/L or water as control (CTRL). After two
days of treatment (dpt), leaves were detached, washed and inoculated with P. viticola (A) or B. cinerea
(B,C), then disease was evaluated by counting the P. viticola sporangia at 7 dpi (A), and by measuring
the B. cinerea necrosis size at 5 dpi (B) and 14 dpi (C). Data are means ± SD from three independent
experiments and different letters indicate significant differences according to the One-way ANOVA
and Tukey’s test (p ≤ 0.05).
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2.2. IFP48 and TAG Potentiate the Expression of SA- and JA/ET-Responsive Genes

The expression of defense genes responsive to SA (PR1 and PR2), JA/ET (PR3c,
lipoxygenase 9 (LOX9), 1-aminocyclopropane carboxylic acid oxidase (ACO), ET-response
factor (ERF1)), and ABA (NCED2) was evaluated by RT-qPCR in treated leaves before and
after pathogen infection (Figure 2).

Figure 2. Relative expression of defense- and sugar-related genes in grapevine leaves after treatment
with IFP48 and TAG (A,C) and inoculation with P. viticola and B. cinerea (B,D). Plants were treated
with IFP48 and TAG at 5 g/L or water (control, Ctrl), 2 days post treatment (dpt) samples were
inoculated with P. viticola, B. cinerea or mock (non-infected, Ni) and collected before (A,C) and after
24 h of inoculation (2 dpt + 24 hpi) (B,D). Data are means from three independent experiments. Ctrl,
control; Ni, non-infected; Pv, P. viticola; Bc, B. cinerea. Heatmaps represent changes in transcript
expression levels as indicated by the color legend.

The expression of ERF1, PR1 and PR3c was upregulated in leaf tissues at 2 dpt with
TAG and IFP48 compared to control (Figure 2A). The expression of PR1 increased by
approximately 5- and 13-fold, respectively. Those of ERF1 and PR3c reached 3 and 4-fold,
while PR2 was slightly upregulated by IFP48. However, no consistent changes were
observed in the expression of ACO, LOX9 and NCED2 in response to TAG and IFP48.

The expression of PR-1 was increased after P. viticola inoculation compared to mock
inoculated leaves, while it was downregulated after B. cinerea inoculation (Figure 2B). The
PR1 expression remained elevated in IFP48-treated plants following P. viticola inoculation,
but it downregulated after B. cinerea inoculation, compared to the inoculated mocks. TAG
had only slight effect on the PR1 level, especially after B. cinerea challenge. The expression
of PR2 increased more following infection with B. cinerea than with P. viticola. Interestingly,
PR2 expression slightly increased in IFP48-treated leaves following P. viticola inoculation,
but remained constant after B. cinerea inoculation. The pathogen infection did not affect
ERF1 expression, except in TAG- and IFP48-treated leaves inoculated with B. cinerea. Fol-
lowing P. viticola inoculation, the expression of PR-3c remained low, while it increased
after B. cinerea inoculation. However, compared to the inoculated mocks, IFP48 treatment
resulted in an enhanced expression of PR3c upon P. viticola inoculation, while PR3c expres-
sion remained constant after B. cinerea inoculation. No significant change was observed at
the transcriptional level of NCED2 involved in ABA synthesis, in response to both IFP48
and TAG (Figure 2A), and even after pathogen inoculation (Figure 2B).

2.3. IFP48 and TAG Induce Slight Changes in the Expression of Sugar Transport-Related Genes

Considering the importance of sugar resources in the outcome of the plant-pathogen
interaction, we investigated the possible contribution of sugar transport and cleavage
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processes in grapevine response to TAG and IFP48 treatment before and after pathogen
infection. We monitored the expression of two genes which encode high affinity hexose
transporters of the plasma membrane (VvHT1 and VvHT3), two genes encoding sugar trans-
porters of the SWEET (Sugar Will be Eventually Exported Transporters) family (Sweet2a
and Sweet4), and GIN1 gene which encodes vacuolar invertase 1. Data showed that both
VvHT1 and VvHT3 did not show any significant transcriptional regulation after TAG
and IFP48 treatment (Figure 2C) and after P. viticola or B. cinerea inoculation (Figure 2D).
The expression of Sweet2a was not affected by both treatments, while that of Sweet4 was
upregulated at 2 dpt with both IFP48 and TAG (Figure 2C). At 24 hpi with B. cinerea, the
expression level of Sweet4 remained low as in water-treated plants (Figure 2D). However,
after infection with P. viticola, Sweet4 was upregulated. The TAG-treated leaves showed
a low expression of Sweet4 after pathogen inoculation, while in IFP48-treated leaves
the expression of Sweet4 remained high following P. viticola infection, but not B. cinerea
(Figure 2D). The expression of vacuolar invertase gene GIN1 decreased in response to
IFP48, and more drastically following TAG treatment, compared to control (Figure 2C).
However, after pathogen challenge GIN expression did not show any relevant modification
among treatments (Figure 2D).

2.4. IFP48 and TAG Enhance Stilbene Phytoalexin Accumulation

IFP48 exhibited a stronger effect on the biosynthesis of stilbenes than TAG (Figure 3).
This was especially noticeable at 2 dpt, in case of resveratrol (Figure 3A). The amount of
resveratrol reached approximately 5.5 μg per gram fresh weight, which was 46 folds higher
than control. At 2 dpt, the amount of resveratrol was also slightly induced by TAG, reaching
approximately 3.5 folds compared to control (Figure 3A). After P. viticola inoculation, the
amount of resveratrol was slightly induced in both IFP48- and to a lesser extent in TAG-
treated plants at both 1 dpi and 2 dpi (Figure 3B). A slight increase of resveratrol content
was also observed after B. cinerea inoculation in IFP48-treated leaves (Figure 3C).

Both IFP48 and TAG had almost the same effect on the amount of ε-viniferin (a
resveratrol dehydrodimer) as on resveratrol before and after leaf inoculation with P. viticola.
The amount of ε-viniferin peaked at 2 dpt in response to IFP48, reaching approximately
3 μg per gram fresh (15 folds higher than control treatment) (Figure 3D). As for resveratrol,
the early induction of ε-viniferin was followed by a sudden drop at 3 dpt and 4 dpt,
while keeping the statistical significance over the control. Following P. viticola inoculation,
ε-viniferin was slightly higher in IFP48-treated plants compared to water control (Figure 3E).
After B. cinerea inoculation, a slight increase of ε-viniferin amount was detected at 1 dpi,
but not at 2 dpi (Figure 3F).

The content of δ-viniferin increased in IFP48- and TAG-treated plants compared
to control before pathogen inoculation (Figure 3G). δ-viniferin was accumulated later
compared to resveratrol and ε-viniferin. At 3 and 4 dpt, the amount of δ-viniferin increased
in response to IFP48 compared to water and TAG treatments. After pathogen inoculation,
the pattern of δ-viniferin was very similar to that of ε-viniferin (Figure 3H,I). The amount
of δ-viniferin was higher in IFP48-treated leaves at 2 dpi with P. viticola, but no significant
change was observed in TAG-treated plants (Figure 3H). In both TAG and IFP48-treated
leaves, the level of δ-viniferin was comparable among treatments after infection with
B. cinerea (Figure 3I).

The amount of piceid, a glycosylated form of resveratrol, increased over time of
treatment with TAG and IFP48 (Figure 3J). The level of piceid remained high after pathogen
infection and it was higher in IFP48-treated plants compared to water-treated plants at 1 dpi
with P. viticola (Figure 3K). However, no significant differences were observed between
treatments in the amount of piceid after B. cinerea inoculation (Figure 3L).
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Figure 3. Stilbene accumulation in grapevine leaves after treatment with IFP48 and TAG and
inoculation with P. viticola and B. cinerea. Plants were treated during four days with IFP48 and TAG
at 5 g/L, or water (A,D,G,J), or treated for 2 days then infected with P. viticola (B,E,H,K) or B. cinerea
(C,F,I,L). Data are means from three independent experiments and different letters indicate significant
differences according to the One-way ANOVA and Tukey’s test (p ≤ 0.05).

2.5. IFP48 and TAG Induce Differential Change in Tagatose and Endogenous Sugar Amounts in
Leaf Tissues before and after P. viticola Challenge

The modulation of sugar content in plants is considered to function as a signal to prime
immune response. In this study we investigated whether the level of tagatose (derived from
IFP48 and TAG) accumulated inside the leaf tissues and the changes in endogenous sugars
in association to plant resistance against P. viticola. Grapevine leaves accumulated a high
and similar amount of D-tagatose at 2 dpt with IFP48 and TAG, reaching approximately
1800 μg/g FW, while control leaves contained less than 1 μg/g FW (Figure 4A). However, at
3 dpt the accumulated D-tagatose level decreased by about 80% in IFP48-treated leaves and
by 95% in TAG-treated leaves, compared to D-tagatose quantified at 2 dpt. After P. viticola
inoculation, the amount of D-tagatose was higher in IFP48-treated plants compared to
control plants (Figure 4B).

Plants treated with IFP48 and TAG did not show any significant change in the amounts
of endogenous D-glucose, D-ribose, D-fructose, D-mannose and D-galactose (Figure 4C).
The amounts of D-maltose and D-trehalose were reduced at 2 dpt in IFP48- and TAG-treated
plants compared to control plants. After P. viticola inoculation, the amounts of D-glucose,
D-fructose and D-maltose decreased, while those of D-galactose and D-trehalose increased,
compared to mock plants (Figure 4D). No changes were observed in the levels of D-ribose
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and D-mannose after pathogen infection. The amounts of D-glucose, D-fructose and D-
maltose remained constant in both TAG and IFP48-treated plants after P. viticola inoculation,
compared to control-infected plants (Figure 4D). However, D-galactose and D-trehalose
contents were reduced by both treatments after pathogen inoculation. The amount of
D-trehalose was reduced by approximately 3- and 2-fold in IFP48- and TAG-treated plants
in comparison to water-treated plants, respectively (Figure 4D).

 
Figure 4. Amounts of D-tagatose and endogenous sugars in grapevine leaf tissues after treat-
ment with IFP48 and TAG and inoculation with P. viticola. Plants were treated during three days
with IFP48 and TAG at 5 g/L, or water (A,C), or treated for 2 days then infected with P. viticola
(B,D). D-tagatose (A,B), D-glucose, D-ribose, D-fructose, D-mannose, D-galactose, D-maltose and
D-trehalose (C,D) were quantified. Data are means from three independent experiments and dif-
ferent letters indicate significant differences according to the One-way ANOVA and Tukey’s test
(p ≤ 0.05).

3. Discussion

3.1. IFP48 Induces Grapevine Resistance against P. viticola, but Not B. cinerea, by Modulating the
Expression SA, JA/ET-Responsive Defense Genes and Potentiating Phytoalexin Accumulation

Rare sugars have been shown to reduce severity of various plant diseases and their ef-
fectiveness depends on the pathogen lifestyle [25,28–31]. For instance, D-tagatose was more
effective against biotroph oomycetes including grapevine downy mildew, than necrotrophs
like B. cinerea [31–34]. However, molecular mechanisms underlying the efficiency of D-
tagatose or D-tagatose-based products against grapevine diseases are not understood. The
broader effectiveness of D-tagatose was shown to be linked to its direct action on the
pathogen, rather than its capacity to activate plant defense mechanisms [31,32]. In this
study, we showed that foliar applications of TAG-based product IFP48 and pure TAG
reduce P. viticola infection, but not B. cinerea, in the susceptible cv. Chardonnay under
greenhouse conditions. The TAG-based product (IFP48) was more effective than the TAG
itself, suggesting a potential contribution of co-formulants, which would also be related to
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the bioavailability or the fate of D-tagatose in plant tissues. Given that grapevine leaves
were Tween80-washed before pathogen inoculation, it can be inferred that protective effects
triggered by IFP48 and TAG might rely at least in part on the induced grapevine resistance.

Our data provided evidence that the induced protection against P. viticola is associated
to the IFP48′s and to a lesser extent TAG’s ability to induce a sweet immune response (before
pathogen infection) and to potentiate the activation of various defense-related genes and
stilbene phytoalexin accumulation upon pathogen challenge. It is noteworthy that most of
defense responses remained highly upregulated in IFP48-treated plants after infection with
P. viticola, but inconsistent following challenge with B. cinerea. The induced resistance to
P. viticola is correlated to a strong activation of SA- and JA/ET-dependent defense pathways
by IFP48 and to a lesser extent by TAG before P. viticola inoculation, as emphasized by an
upregulation of PR1 and PR2 (markers of SA), ERF1 and PR3c genes (markers of JA/ET),
and stilbene phytoalexin accumulation in the absence of pathogen infection. In most
cases, some SA-dependent defenses and viniferin accumulation were highly upregulated
in response to IFP48 compared to TAG treatment, and even maintained to some extent after
P. viticola, but not B. cinerea infection. This indicates that IFP48-mediated resistance against
P. viticola is at least to some extent dependent on the ability of IFP48 to elicit grapevine
defenses, but also to prime the plants for enhanced SA-dependent immune reactions upon
P. viticola challenge. Data are in agreement with previous research showing that enhanced
resistance to downy mildew involves SA- and to some extent JA/ET-responsive immune
defenses, such as in the case for glucan-based elicitors [3,5,8,44] or β-amino-butyric acid
(BABA) [45]. The interplay between SA and JA/ET signaling pathways seems to play
a key role in the effective resistance against P. viticola [46]. This is in line with the TAG-
induced weaker resistance compared to IFP48, since despite a priming effect of TAG for
enhanced expression of PR1, the expression of JA/ET responsive genes was not affected.
Another assumption would be that TAG could be easily used, in absence of appropriate
co-formulant, as a nutrient source by phyllospheric microorganisms as reported in the
greenhouse [35], or by the pathogen itself, thus reducing its efficiency against the disease.

It is likely that the ineffectiveness of IFP48 or TAG against B. cinerea could also be due to
weak induction of JA/ET pathways or to the ability of B. cinerea to overcome SA-dependent
defenses. Our data are, at least in part in agreement with other reports [36] showing that
foliar treatment of tomato with D-allose primed plants for enhanced expression of PR-1
(SA-pathway), leading to a slight reduction of the gray mold symptoms (by approximately
15%). Although resistance to necrotrophs is generally associated to JA/ET pathways [1,13],
which were activated by IFP48 and to a lesser extent by TAG, no significant protection
against B. cinerea was conferred by both treatments. It has been reported that D-allose
treatment of riceinduced systemic acquired resistance (SAR)-like necrotic symptoms and
the upregulation of PR-1 gene [29]. Such plant responses are frequently related to hypersen-
sitive reaction (HR) [44,47], which could even facilitate plant infection by the necrotrophic
pathogen like B. cinerea [4,48].

Data also showed that NCED2 gene, involved in ABA biosynthesis, did not respond
to TAG or IFP48 treatments either before or after pathogen inoculation. This suggests that
TAG- or IFP48-activated immune response is independent on ABA. These results are in
contrast to the D-allose effect in rice, which induced a strong and transient accumulation of
ABA and upregulation of ABA biosynthetic genes, including NCED2 [49]. It is likely that
D-tagatose uses a different route than D-allose retarding defense induction. Nevertheless,
it seems that NCED2 is rather developmentally regulated, while NCED1 might be linked
to ABA biosynthesis under stress conditions [50]. Thus, further research is needed to
understand whether ABA can be involved in the induced resistance against P. viticola.

Increasing the synthesis of stilbenes is among the arsenal of defense response imple-
mented by grapevine plants against various pathogens, including B. cinerea and P. viti-
cola [6,51,52]. IFP48 and TAG induced a significant accumulation of stilbenes, which
remained high even after pathogen inoculation. This was especially important in the case
of resveratrol dimers, trans-ε-viniferin and trans-δ-viniferin, which are known to display
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antifungal activity and reduce the release and mobility of P. viticola zoospores [51–54]. How-
ever, upon B. cinerea challenge only resveratrol content remained high in the IFP48-treated
plants, while trans-piceid amount was unchanged. These results are in line with other
research [54] showing that resveratrol and piceid have little or no toxic activity against
P. viticola, whereas viniferins are highly toxic and can be considered important markers of
grapevine resistance to downy mildew.

3.2. IFP48 and TAG Induce Changes in Sugar-Related Gene Expression and Sugar Amounts

IFP48 and TAG treatments did not induce any consistent change in the expression of
genes encoding hexose transporters (VvHT1 and VvHT3), even after pathogen inoculation.
Among the two VvSweet (Sugar Will be Eventually Exported Transporters) genes tested,
only VvSweet4 was slightly upregulated at 2 dpt with IFP48 (and to a lesser extent with
TAG) before the pathogen challenge. The enhanced expression of VvSweet4 was correlated
with the increased level of D-tagatose inside the leaf tissues. It has been reported that
the expression of VvSweet4 in grapevine hairy roots mediates increase in sugar levels
and facilitates the expression of phenylpropanoid-related genes [55]. Thus, it becomes
tempting to assume that the upregulation of VvSweet4 could play a significant role in
sugar homeostasis into the cells, thereby contributing to IFP48-induced resistance against
P. viticola. VvSweet4 could also be involved in the accumulation of exogenous D-tagatose
into the cells, counteracting the infection structures of P. viticola [31]. VvGIN1, encoding a
vacuolar invertase, was downregulated by IFP48 and to the lesser extent by TAG, especially
after pathogen inoculation. The VvGIN1 regulation seems to correlate with the observed
influx of D-tagatose, as abundant hexose, into leaf tissues. Plant invertases are known
to hydrolyze sucrose into glucose and fructose moieties [56,57], thus shifting apoplastic
sucrose/hexose ratio in favor of hexoses. It is suggested that the newly accumulated
D-tagatose, due to IFP48 or TAG treatment, could reduce the expression VvGIN1.

Some differences between IFP48 and TAG treatments were also observed regarding
the amount of D-tagatose accumulated in leaf tissues, which remained slightly higher in
IFP48-treated leaves (3.5-fold) compared to the TAG treatment. This is consistent with
the efficiency of IFP48 in inducing resistance against P. viticola. Similar results have been
reported in a recent study [26], showing higher level (3 to 4-fold) of D-tagatose in cucumber
leaves following root treatment with IFP48 compared to pure TAG. This indicates that
co-formulant in IFP48 can facilitate D-tagatose influx into leaf tissues or protected it from
the consumption by phyllospheric microbes [35], thereby improving grapevine resistance
against P. viticola. Although co-formulant included in IFP48 is protected by industrial secret
and cannot be tested separately, the characterization of IFP48 clarified the mechanism of
action of the formulated D-tagatose against P. viticola. Further experiments with different D-
tagatose formulations are necessary to understand the exact contribution of co-formulants
in D-tagatose efficacy against P. viticola.

IFP48 and TAG did not induce major changes in sugar content, except the amounts of
D-maltose and D-trehalose which showed a significant decrease. This suggests possible
triggered sugar-specific singling events resulting in the induction of immune responses.
The slight reduction of glucose and fructose content in inoculated leaves of the IFP48-
and TAG-treated plants could be linked to the observed downregulation of VvGIN. A
direct connection between D-tagatose and D-glucose metabolism has been reported in
the oomycete P. infestans [27]. D-glucose may also be redirected to the phenylpropanoid
pathway for the synthesis of phytoalexins, resulting in enhanced resistance [58]. Structural
similarity of D-tagatose with common sugars is probably a crucial factor contributing
to its effect. D-fructose (a D-tagatose epimer) have been shown to hinder the efficacy
of D-tagatose against P. infestans [27], Streptococcus mutans [59], and grapevine downy
mildew [34]. This suggests that D-tagatose can interact with the fructose metabolism in an
antagonistic manner. However, IFP48 and TAG did not induce any significant change in
the amount of mannose and ribose, probably due to their relative structural dissimilarity.
Yet, D-tagatose was reported to interfere with D-mannose metabolism in Hyaloperonospora
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arabidopsidis [31] and reduce the amount of D-mannose in P. infestans [27], leading to the
inhibition of both oomycetes. The slight reduction of D-maltose might indicate possible
impairment of starch breakdown or to enhanced transglucosidase activity, using maltose as
a donor to transfer one glucose moiety to a polysaccharide [60]. The amounts of galactose
(monosaccharide) and trehalose (a non-reducing disaccharide composed of two glucose
units) were significantly reduced in IFP48- and TAG-treated grapevine plants and after
P. viticola infection. Although trehalose is considered as an important signal that regulates
defense response [61], it may also affect the biology of the pathogen by upregulating
the expression of virulence genes, or by activating its metabolism and promoting its
development within the host [62]. Galactose may also contribute to the biosynthesis of
pectin in the plant primary cell wall [63]. This suggests that the reduction of trehalose
and galactose in IFP48-treated plants could contribute to the reduction of downy mildew
disease.

In conclusion, foliar application of a D-tagatose-based product can increase grapevine
resistance to P. viticola, but not to B. cinerea. IFP48 can enhance SA- and to some extent
JA/ET-dependent immune responses and viniferin accumulation in grapevine leaves upon
P. viticola infection. IFP48 also improves the accumulation of D-tagatose in the leaf tissues,
which seems to interact with endogenous sugar contents, thereby enhancing its eliciting
defense activity. Further studies with different D-tagatose formulations are necessary to
clarify the contribution of co-formulants in D-tagatose efficacy.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Cuttings were collected from ten-year-old grapevine plants (Vitis vinifera L., cv. Chardon-
nay) and placed in the cold chamber at 4 ◦C. After a two-month period, cuttings were
surface-sterilized for 4 h with 0.05% cryptonol (8-hydroxyquinoline sulfate), washed with
distilled water and right away placed back in the cold chamber for another week in dark-
ness. Afterwards, cuttings were hydrated in the distilled water bath for 16 h at 25 ◦C
and potted in the 5 L pot (three cuttings per pot) containing horticultural soil (Sorexto
M4600, Grenoble, France). Pots were placed in a greenhouse (25 ◦C day/night, 60% relative
humidity, and 16 h photoperiod using natural daylight or artificial lamps). Plants were
watered with tap water twice per week and grown for 8 weeks.

4.2. Preparation of Rare Sugar and Treatment

D-tagatose-based product (IFP48, wettable powder containing 80% D-tagatose w/w;
Lot: 17F-5786) and pure D-tagatose (TAG) were provided by Bi-PA (Biological Products
for Agriculture, Londerzeel, Belgium). IFP48 and TAG were diluted in sterile ultra-pure
water, filtered through syringe filters with sterile membranes (0.45 μm pore size) (VWR
International) and prepared at 5 g/L as an optimal concentration. Plants were treated with
IFP48, TAG and water (control) by using the hand sprayer until the homogenous coverage
of axial and abaxial leaf sides was reached. Plants were left in the greenhouse for two
additional days after treatment before pathogen inoculation.

4.3. Pathogen Growth Conditions and Inoculum Preparation

Plasmopara viticola isolate was purified as a fresh single spore from infected leaves of
the susceptible Chardonnay in vitro plantlets [64]. Pathogen was maintained on the leaves
of V. vinifera cv. Chardonnay cuttings and subcultured every week for the fresh inoculum
supply [44]. To obtain sporangia for the inoculum, leaves with oil spot symptoms were
put in the dew chamber (100% RH, 25 ◦C) overnight. After the sporulation was promoted,
lesions were washed with sterile distilled water and the concentration of sporangia in the
suspension was adjusted to 1 × 105 with Malassez hemocytometer.

Botrytis cinerea strain 630 was grown on potato dextrose agar (PDA) medium for
14 days at 22 ◦C under continuous light for sporulation. Conidia were scratched and
suspended in 10 mL sterile water as described in Aziz et al. [44]. To eliminate the mycelium,
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the obtained suspension was filtered through sterile filter paper. Then, concentration of
conidia was measured with Malassez hemocytometer and adjusted to 1 × 106 conidia/mL.

4.4. Pathogen Inoculation

At two days post-treatment (dpt) with IFP48, TAG and water, 2 leaves per plant (3rd
and 4th leaves from the top) were detached and washed three times with 0.001% Tween80 to
remove external IFP48 and TAG, which could directly affect the pathogen growth. Leaves
were then placed in glass Petri dishes on wet Whatman paper and inoculated in two
different ways: (i) For the purposes of disease severity assessment, leaves were inoculated
by placing five 20-μL drops of a fresh suspension of P. viticola (1 × 105 sporangia/mL) and
three 5-μL drops of conidial suspension of B. cinerea (1 × 106 conidia/mL) on their abaxial
side. (ii) For the purposes of analyzing the expression of targeted defense responses and
sugar accumulation inside the leaf tissues, abaxial side of the leaves was inoculated by
spraying 1 × 105 sporangia/mL or 1 × 106 conidia/mL of fresh suspensions of P. viticola
and B. cinerea, respectively, using the hand sprayer. Mock was inoculated by spraying
distilled water.

4.5. Disease Severity Assessment

In case of B. cinerea, disease severity was measured at 5 and 14 dpi by measuring the
diameter of necrotic lesions as described by Aziz et al. [44]. In case of P. viticola, disease
severity was determined by measuring sporangial density by using leaf discs of 18-mm
diameter (10 leaf discs per plant). At 7 dpi leaf discs were randomly pooled in the groups
of 5 leaf discs (each group consisted of 5 leaf discs from different plants that underwent the
same treatment), placed in a falcon tube 50 mL, and covered with 1 mL sterile distilled water.
After 1 h shaking time, suspended sporangia were counted under the light microscope
using a Malassez hemocytometer. Each B. cinerea and P. viticola experiment was performed
with 12 leaves (derived from 6 plants) per treatment, and experiments were repeated
three times.

4.6. RNA Extraction and Analysis of Gene Expression by RT-qPCR

Sampling was done at zero-, 2-dpt with IFP48, TAG and water, and at 1 dpi and 2 dpi
with P. viticola, B. cinerea or mock inoculation. Total RNA was extracted from 50 mg of
leaf powder using PlantRNA (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
Complementary DNA was synthesized from 1 μg of total RNA. Reverse transcription
was done with Verso cDNA Synthesis Kit (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer’s instructions. Using CFX 96TM Real Time System
(Bio-Rad, Marnes-la-Coquette, France) and Absolute qPCR Mix, SYBR Green, ROX (Thermo
Fisher Scientific), with qPCR, we assessed the expression profiles of genes markers of SA
pathway including pathogenesis related protein-1 (PR-1) and 1,3-glucanase (PR-2) [48];
JA pathway: 9-lipoxygenase (LOX9) [45] and acidic class IV chitinase (PR-3) [48,65]; ET:
1-aminocyclopropane carboxylic acid oxidase (ACO) and Ethylene response factor 1 (ERF1)
(transcription factor in both JA/ET signaling) [48]; ABA: 9-cis-epoxycarotenoid dioxygenase
2 (NCED2); genes encoding for vacuolar invertase VvGIN1 and sugar transporters such as
VvHT1, VvHT3, VvSweet2a and VvSweet4. The specific primers listed in Supplementary Table
S1 were designed by Primer 3.0 software (Applied Biosystems) [48]. PCR reactions were
set at 95 ◦C for 10 s (denaturation) and 60 ◦C for 45 s (annealing/extension) for 42 cycles as
described in Lakkis et al. [64]. After the evaluation with Bio-Rad CFX MANAGER software
v.3.0, that expression of Elongation factor 1-alpha (EFα1) and 60S ribosomal protein (60SRP)
remained unchanged in all tested conditions, therefore, they were selected as reference
genes. Transcript levels of target genes were quantified using the standard curve method.
Normalization was done against EFα1 and 60SRP as internal controls. Water control at
0 hpt was considered as reference sample (1× expression level). For each experimental
condition, PCR reactions were performed in duplicate. Twelve leaves from 6 plants were
used for each condition. Three independent experiments were performed.
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4.7. Phytoalexins Extraction and Analysis

Leaf samples were collected at zero and 2-dpt with IFP48, TAG and water, and at 1 dpi
and 2 dpi with P. viticola, B. cinerea or mock inoculation. Stilbene phytoalexins were
extracted from 200 mg of leaf powder prepared in liquid Nitrogen. In the first step, 2 mL of
methanol-to-water 85 % v/v was added to each tube containing the plant material. Samples
were shaken at 800 rpm for 2 h in darkness at the room temperature, then centrifuged
for 15 min at 15,000 rpm and 4 ◦C. Supernatants were collected, protected from the light
and stored in the fridge. For the second step, pellets were resuspended in 1 mL of pure
methanol, shaken at 800 rpm for 1 h in the darkness, and centrifuged for 15 min (15,000 rpm
and 4 ◦C). Supernatants were collected and pooled together with supernatants obtained in
the first step, then dried with the speed vacuum at 45 ◦C (Speed-Vac, Eppendorf France
SAS, Montesson, France). Residues were re-solubilized with 1 mL of pure methanol, filtered
through 0.22 μm PTFE filters and stored into 2 mL amber vials for UPLC analysis. Trans-
piceid, resveratrols, ε- and δ-viniferins were analysed using ACQUITY™ UPLC system
(Waters Corporation, USA) with AcquityTM UPLC BEH C18 1.7 μm 2.1×100 mm column
heated at 40 ◦C. Water and acetonitrile with 0.1% phosphoric acid were used to elute
stilbenes at the flow rate of 0.5 mL min–1 over 7 min [64]. Detection of phytoalexins was
performed with an Acquity fluorimeter (Waters Corporation, Milford, MA 01757, USA)
with an excitation/emission wavelength of 330/375 nm and phytoalexins were quantified
with reference to retention time and calibrated with external standards. Twelve leaves from
6 plants were used for each condition, and experiments were repeated three times.

4.8. Sugar Quantification

Leaf samples were collected at 2 dpt with IFP48, TAG and water before infection and
after one day of P. viticola or mock inoculation. Leaves were collected from each plant,
washed three times with 0.001% Tween80 to remove external IFP48 and TAG and immedi-
ately frozen in liquid nitrogen for subsequent quantification of sugars inside the leaf tissues.
The amount of D-tagatose, D-glucose, D-ribose, D-fructose, D-mannose, D-galactose, D-
maltose and D-trehalose in ground leaf samples was assessed by ion chromatography [66].
Briefly, samples were dissolved in ultrapure water, filtered through a 0.45 μm PTFE mem-
brane (Sartorius, Goettingen, Germany) and analysed with an ionic chromatograph ICS
5000 (Dionex-Thermo Scientific, Waltham, MA, USA), equipped with an autosampler, a
quaternary gradient pump, a column oven and a pulsed amperometric detector with a
gold working electrode and a palladium counter electrode. The separation was obtained
by injecting 5 μL of diluted sample onto a CarboPac PA200 3 × 250 mm analytical column
(Dionex-Thermo Scientific, Waltham, MA, USA), preceded by a CarboPac PA200 3 × 50 mm
guard column (Dionex-Thermo Scientific), with a KOH gradient (from 1 to 100 mM) at
0.4 mL/min flow rate. Sugar content was expressed in μg per g fresh weight leaf material
by using a calibration curve of each pure sugar (Sigma-Aldrich, Merc, Kenilworth, NJ, USA)
dissolved in ultrapure water within a range between 0.2 and 40 μg/mL.

4.9. Statistical Analysis

Quantification of P. viticola sporangia was repeated three times. Data were analyzed
with R software version 3.6.0, and One-way ANOVA statistical test with pairwise compar-
isons and Student’s t-test were used to detect significant differences (p ≤ 0.05). In case of
disease severity caused by B. cinerea, quantification of sugars in leaf tissues, phytoalexin
and gene expression analyses, experiments were carried out three times. Data analysis
was performed with R software version 3.6.0. One-way ANOVA statistical test was used
with SPSS 20 software with post-hoc Tukey’s test HSD (Honestly Significant Difference) to
detect significant differences (p ≤ 0.05) between treatments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11030296/s1, Table S1: Primers used in this study.
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Abstract: Recipes on the composition of the “salad of the monks” (Capuchin monks) have been
reported in Italy since the 17th century. Different wild edible plants were highly regarded as an
important ingredient of this mixed salad. Among these, some species played a key role for both
their taste and nutritional properties: Plantago coronopus L. (PC), Rumex acetosa L., Cichorium intybus
L., and Artemisia dracunculus L. In the present study, the micromorphological and phytochemical
features as well as the antioxidant and anti-inflammatory properties of extracts of these fresh and
blanched leaves, were investigated. The extracts obtained by blanched leaves, according to the
traditionally used cooking method, showed the highest content of bioactive compounds (total phenols
1202.31–10,751.88 mg GAE/100 g DW; flavonoids 2921.38–61,141.83 mg QE/100 g DW; flavanols
17.47–685.52 mg CE/100 g DW; proanthocyanidins 2.83–16.33 mg CyE/100 g DW; total chlorophyll
0.84–1.09 mg/g FW; carbohydrates 0.14–1.92 g/100 g FW) and possess the most marked antioxidant
(IC50 0.30–425.20 μg/mL) and anti-inflammatory activity (IC50 240.20–970.02 μg/mL). Considering
this, our results indicate that increased consumption of the investigated plants, in particular of PC,
raw or cooked briefly, could provide a healthy food source in the modern diet by the recovery and
enhancement of ancient ingredients.

Keywords: human diet; edible wild plants; Plantago coronopus L.; Rumex acetosa L.; Cichorium intybus
L.; Artemisia dracunculus L.; phytochemistry; antioxidant activity; anti-inflammatory properties

1. Introduction

Since ancient time, humans have learned to recognize and use wild edible plant
species (WEPs) as an important source of supplementary food [1]. Although agricultural
production has more than tripled from 1960 to today, also thanks to the technologies of the
Green Revolution, widespread hunger and malnutrition still persist in many countries of
the world (FAO, 2017).

In this context, the WEPs play a pivotal role in human nutrition, especially in the
developing countries, and also represent important components of the Mediterranean Diet
today [2,3]. Recent studies have shown a renewed interest in the use of wild plant resources
and in the deepening the relationship between plants used as food and their medicinal
values [4,5].

Traditional knowledge related to the use of WEPs has been handed down for centuries
both orally and in writing in those cultures with a rich literary tradition such as Europe,
India, and China [6]. In Europe, from the Middle Ages to the Renaissance, this knowledge
was documented, codified, and protected, mainly by monastic communities, within their
vegetable gardens (horti) [7–11].

The 16th century was a period of progress in European medical knowledge, with
renewed interest in healthy foods, such as those vegetables and salads, that until then were
considered food of the lower social strata [12].

Plants 2022, 11, 301. https://doi.org/10.3390/plants11030301 https://www.mdpi.com/journal/plants
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The Franciscan Order of Capuchin monks (ca 1530) is placed in this cultural con-
text [13–15] and Father Zaccaria Boverio in his text De sacris ritibus (1626) described an
interesting traditional recipe for a mixed salad of wild edible leaves. It was known as
“insalatina dei frati” (salad of monks) or “misticanza”, widely used in Liguria and Lazio.
According to what was later reported by Father Vincenzo Celesia in Selva Botanica (1892),
this tradition was still in use at the time among the Ligurian Capuchin monks, who brought
this type of healthy salad to their benefactors as a sign of gratitude.

In the present study, we have selected, from this recipe, four species that played a key
role for both their taste and nutritional properties, Plantago coronopus L. (PC), Rumex acetosa
L. (RA), Cichorium intybus L. (CI), and Artemisia dracunculus L. (AD).

Plantago coronopus L. (PC), although it is normally considered a weed, has been culti-
vated for centuries in various traditional contexts for its food and medicinal value, especially
from the sixteenth century. Its leaves are cooked as a vegetable in Balkan traditional cuisine,
in France and Italy are mixed with other species to prepare salads, with a particular taste
and crunchiness. In addition, PC is used in traditional medicine for its analgesic, anti-
inflammatory, antipyretic, anticancer and emollient properties, as well as to treat respiratory
problems [16,17]. In Liguria PC leaves were in the past the main ingredient of Capuchin
monks’ salad, as reported by Father Vincenzo Celesia.

Rumex acetosa L. (RA) has been used and cultivated for thousands of years as a medici-
nal plant, as food and as a dye. Archaeobotanical remains of this plant have been found in
Neolithic and Mesolithic settlement sites throughout Europe, where it is still today a very
popular vegetable, widely used in traditional cuisine [18,19]. RA is used in folk medicine
for its health properties: diaphoretic, diuretic, anti-septic, antipyretic, anti-inflammatory,
antioxidant, antimicrobial, anti-hypersensitive, analgesic and antiviral [19–21]. In Liguria,
still today, the leaves and flowers of RA (“erba agretta”) are chewed against stomatitis [22].

Cichorium intybus L. (CI) has been considered a sacred plant and used for its medicinal
properties since ancient times [23]. Egyptians, Romans, and Greeks ate chicory root as
a useful remedy for liver, digestive, metabolic, and heart ailments. In the Middle Ages,
chicory was used to treat jaundice and malaria and its use in European folk medicine
has continued until recent times. Chicory root is a traditional remedy for digestive and
hepatobiliary diseases, kidney and rheumatic disorders, as well as gout. The aerial parts
are mainly used for their diuretic, analgesic, diaphoretic, and antipyretic properties [24–26].
In Liguria, leaves of CI are still today consumed as a fresh salad, and briefly boiled as a
side dish or to prepare vegetable pies and stuffing of “ravioli”. A decoction of leaves is
used for its depurative value [22,27].

Artemisia dracunculus L. (AD), native to Siberia and Mongolia, has been introduced
in Europe probably since around the XV-XVI centuries, and became a popular spice in
culinary tradition for the aromatic taste of its leaves [28,29]. AD has long been used
also in traditional medicine as an anti-inflammatory and anti-pyretic, in the treatment of
gastrointestinal diseases, and as an anaesthetic, hypnotic and anti-epileptic agent [30,31]. In
northern Italy, a still current use of this plant has been reported as a flavouring for making
a traditional cheese, called saurnschotte [28].

In recent decades, some studies have been conducted on the phytochemical profile
of PC, RA, CI, and AD, and their nutritional properties, but much remains to be explored
on the antioxidant and anti-inflammatory properties of their extracts, in particular de-
rived from fresh and cooked plants. Nowadays, nutraceutical science shows a growing
interest in the recovery and enhancement of ancient ingredients, such as many monastic
and conventual wild plants that can be a source of healthy food in the modern diet [32].
Therefore, we carried out the present study, analysing the macro- and micromorphological
features and phytochemistry of these species. We also investigated the antioxidant and
anti-inflammatory properties of the selected fresh and cooked plant extracts in order to
compare their health properties and establish whether the commonly cooking method used
affects them, positively or negatively.
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2. Results and Discussion

2.1. Macro- and Micromorphological Characterization

Recently, the new trend of being green and environmentally friendly has led many
people to search for wild edible plants (WEPs), but often this tendency is accompanied
by a misidentification between edible and toxic plants, causing poisonings [33,34]. Many
WEPs have useful antioxidant and anti-inflammatory properties and are rich in nutritional
principles, but their consumption cannot be separated from the correct identification, in
order to avoid health risks. Many examples of misidentifications have been reported, such
as leaves of Rumex acetosella and R. acetosa confused with those of Arum maculatum or
R. crispus [35]. Fresh salads are a frequent source of food contamination and poisoning,
e.g., Datura stramonium accidentally used as ingredient of traditional meals [36], Digitalis
purpurea and Mandragora autumnalis confused with Borago officinalis [33,34], and Veratrum
album mistaken for Allium ursinum [37].

Factors contributing to poisoning due to misidentification are often related to the
difficulties of identifying the plants in raw mixtures, as well as chopped and processed
herbs [38].

The edible leaves of the species considered in our study have a significant intraspe-
cific morphological variability as a plastic response to different environmental condi-
tions [19,29,39,40]. Therefore, macromorphological analysis combined with scanning elec-
tron microscopy (SEM) (Table 1 and Figures 1–3) allowed one to highlight some anatomical
details of PC, RA, CI, and AD, that can be used for the taxonomic determination of the plant
material, even when the leaves are mixed in salad, frozen, or processed. In particular, dif-
ferent typical features of the epidermal surfaces of each species were pointed out, including
the shape of the epidermal cells, the type of trichomes, and the stomatal apparatus.

Table 1. Macro- and micromorphological features of the leaves of the selected species (PC, RA, CI
and AD).

Species Leaf Macromorphological Features Leaf Micromorphological Features

Plantago coronopus L. (PC)
Buck’s-horn plantain

(Figure 1a)

Pubescent, toothed at the tip, slightly
fleshy; narrow and pinnately lobed,

arranged in a dense ascending rosette at
the apex of a short stem [41].

Figure 2a–c
Epidermal cells: rectangular with almost straight

cell walls. Stomata apparatus: diacytic-type.
Trichomes: two non-glandular types: bottle-like and

larger, long stalked, multicellular trichomes [42].
Rarely, secretory trichomes could be observed [41].

Rumex acetosa L. (RA)
Common sorrel

(Figure 1b)

Large, ovate, hairless, fleshy; the lobes of
basal leaves are pointed, and the petiole

elongated; the stem leaves are almost
stalkless [18].

Figure 2d–f
Epidermal cells: irregularly shaped, with slightly

undulating cell walls. Stomata apparatus: anisocytic
and paracytic types. Trichomes: non-glandular
trichomes lacking; glandular trichomes peltate,

normally showing four-celled secretory heads [43].

Cichorium intybus L. (CI)
Chicory

(Figure 1c)

Hairy, arranged in an ascending rosette;
oblong lanceolate, pinnate shape; basal
leaves oblanceolate, toothed, with short

petiole; cauline leaves smaller and sessile
[24].

Figure 3a–c
Epidermal cells: undulating cell walls. Stomata

apparatus: anomocytic-type [44]. Trichomes:
mutiseriate glandular trichomes on abaxial surface;

multiseriate non-glandular trichomes with
non-projecting cell apices on both surfaces [45].

Artemisia dracunculus L. (AD)
Wild tarragon

(Figure 1d)

Sessile, arranged alternately along the
stem, with a sharp tip and entire leaf
margins; lower leaves tripartite at the
apex, the middle and upper leaves are

lanceolate [30].

Figure 3d–f
Epidermal cells: highly undulating cell walls.

Stomata apparatus: anomocytic-type. Trichomes:
stellate non-glandular trichomes and biseriate
glandular trichomes with a subcuticular space

filled with secondary compounds [46].
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Figure 1. Representative pictures of the four selected plant species: (a) Plantago coronopus L.; (b) Rumex
acetosa L.; (c) Cichorium intybus L.; (d) Artemisia dracunculus L.
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Figure 2. Scanning electron microscopic view of leaves from PC (a–c) and RA (d–f). (a) Abaxial
surface showing epidermal cells, trichomes and stomata; (b) abaxial surface showing a non-glandular
multicellular trichome (MT) on the leaf midrib; (c) adaxial surface showing two types of non-glandular
trichomes: bottle-like trichomes (BT) and long stalked MT; (d) on the adaxial surface are visible
anisocytic and paracytic stomata, and peltate glandular trichomes (the arrow points an abnormal
glandular trichome); (e) abaxial surface with glandular trichomes and anisocytic and paracytic
stomata; (f) close-up view of a peltate glandular trichome on the adaxial surface.

2.2. Phytchemical Investigations

The edible leaves of the selected plants, once characterized from the micromorphologi-
cal point of view, were processed, partly fresh and partly blanched, by pulverization with
liquid nitrogen and extraction by sonication. These treatments allowed one to obtain high
extractive yields, between 1.40% and 4.10%, without modifying the native phytochemical
profile of the investigated plants, by exhaustively extracting the bioactive compounds.
The phytochemical screening carried out made it possible to quantify the total phenols,
flavonoids, flavanols (vanillic index) and proanthocyanidins present in the four plant
species of interest, also allowing to calculate the polymerization index, i.e., the preponder-
ance of monomeric/polymeric molecules in each extract. Moreover, since it is well known
that pigments, especially chlorophyll and carbohydrates, can contribute to the biological
properties of these matrices and may, more or less, be affected by the cooking method
used [47], even the latter have been determined on the starting matrices, as they are and
after blanching

As reported in Table 2, all extracts analyzed showed a very interesting phytochemical
profile, being very rich in bioactive compounds.
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Figure 3. Scanning electron microscopic view of leaves from CI (a–c) and AD (d–f). (a) Adaxial
surface showing a non-glandular multiseriate trichome on the leaf margin; (b) adaxial surface showing
another type of non-glandular multiseriate trichome and characteristic undulating epidermal cell
walls; (c) abaxial surface showing multiseriate glandular trichomes along the midrib; (d) abaxial
surface showing stellate non-glandular trichomes and biseriate glandular trichomes (arrow); (e) close-
up view of a stellate non-glandular trichome; (f) close-up view of a biseriate glandular trichome.

Table 2. Comparison between the phytochemical profiles of fresh (F) and cooked (C) leaf extracts
of the traditional mixed-green salad of the Capuchin monks: Plantago coronopus L. (PC), Rumex
acetosa L. (RA), Cichorium intybus L. (CI), and Artemisia dracunculus L. (AD). Results, which represent
the average ± S.D. of three independent experiments in triplicate (n = 3), were expressed as mg
of reference compound (gallic acid, quercetin, catechin and cyanidin for total phenols, flavonoids,
vanillin index and proanthocyanidins, respectively) equivalents/100 g of dry extract (DE). Total
chlorophyll and carbohydrates content were expressed as mg/g and g/100 g of fresh weight (FW),
respectively.

Plant
Extracts

Total Phenols Flavonoids Vanillin Index Proanthocyanidins
Total

Chlorophyll
Carbohydrates

PCF 1704.00 ± 93.22 a,d 8594.25 ± 43.49 a,d 446.96 ± 35.67 a,d 1.27 ± 0.01 a,d 0.93 ± 0.02 a 0.60 ± 0.02 a,d

RAF 644.71 ± 25.28 b,e 2364.09 ± 7.01 b,e 53.74 ± 3.88 b 6.00 ± 0.25 b,e 1.04 ± 0.03 b,e 0.39 ± 0.01 b,e

CIF 1025.83 ± 95.63 f 3613.59 ± 68.05 c,f 10.75 ± 0.67 c,f 3.73 ± 0.17 c,f 1.14 ± 0.02 f 0.54 ± 0.02 c,f

ADF 1170.29 ± 101.90 1567.33 ± 95.21 g 134.36 ± 5.24 g 0.07 ± 0.00 g 1.13 ± 0.01 0.48 ± 0.01

PCC 0.88 ± 686.37 a 0.83 ± 1002.87 a 557.38 ± 10.34 a 16.33 ± 0.58 a 0.94 ± 0.02 a 1.92 ± 0.03 a

RAC 1202.31 ± 50.21 b 2921.38 ± 83.13 b 60.65 ± 3.94 b 2.83 ± 0.05 b 0.84 ± 0.01 b 0.14 ± 0.00 b

CIC 1476.96 ± 61.66 c 6355.65 ± 93.30 c 17.47 ± 0.49 c 9.55 ± 0.12 c 1.05 ± 0.03 0.21 ± 0.00 c

ADC 1298.73 ± 84.36 8767.83 ± 430.86 685.52 ± 5.23 13.13 ± 0.24 1.09 ± 0.04 0.48 ± 0.01
a p < 0.05 vs. RAF or RAC, CIF or CIC, and ADF or ADC, between fresh and cooked extracts, respectively;
b p < 0.05 vs. CIF or CIC, and ADF or ADC, between fresh and cooked extracts, respectively; c p < 0.05 vs. ADF or
ADC, between fresh and cooked extracts, respectively; d p < 0.05 vs. PCC; e p < 0.05 vs. RAC; f p < 0.05 vs. CIC;
g p < 0.05 vs. ADC.

Specifically, the results obtained with the fresh extracts and those obtained with the
blanched extracts were compared with each other, and then the results obtained with each
fresh extract was compared to the corresponding blanched extract.
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Already in the extracts obtained from fresh leaves, important differences were found.
PCF, in particular, showed the highest content of total phenols, flavonoids, flavanols and
carbohydrates with statistically significant results (p < 0.05) compared to all other plant
species investigated (Table 2). The total phenols content, in particular, is about double with
respect to that previously reported by Janković et al. [48], who observed a total phenols
content for P. coronopus equal to 925 mg GAE/100 g DE.

The other plants, on the contrary, showed a very variable trend depending on the
class of bioactive compound investigated. With respect to the total phenols content, ADF
resulted as the richest one, followed by CIF and RAF, while it was the poorest in terms of
flavonoids after RAF and CIF. However, examining the class of flavanols, it appears again
as the richest one after PCF, RAF and CIF. Finally, in terms of proatocyanidins, RAF was
found to be the richest extract, followed by CIF, PCF and ADF.

On the contrary, CIF and ADF represent the richest source of chlorophyll without
any statistically significant difference between them, followed by RAF and PCF (p < 0.05).
Moreover, CIF contains the highest content of carbohydrates after PCF (p < 0.05), followed
by ADF and RAF (p < 0.05) (Table 2).

Surprisingly, the leaf blanching statistically, and significantly, increased (p < 0.05) the
bioactive compounds content in all the extracts investigated, with the exception of the
total phenols, chlorophyll and carbohydrates content in ADF, which showed comparable
amounts. The same trend was observed also for PCF, but only for chlorophyll content
(Table 2).

Indeed, apart from the total chlorophyll and carbohydrate content of RAC and CIC,
whose decreased in a statistically significant manner after blanching with respect to RAF
and CIF (p < 0.05), and ADC, which remained unchanged, in all other cases, the blanched
leaf extracts showed a bioactive compounds content from 1.2 to 13 times higher than the
fresh leaf extracts (Table 2).

These results are in accordance with previous studies, which highlighted that the
blanching process resulted in a significant increase in total phenols and flavonoids as result
of their easily extraction by plant cell membrane disruption [49–52]. Similar observations, in
particular, were reported also for coriander and majorana leaves [51,53]. During blanching,
indeed, exposure to high-temperature steam can cause tissue disruption and the release of
polyphenols from the vacuole or other cellular structures. However, this phenomenon, and
consequently the extent of tissue damage, is strictly related to the plant’s heat tolerance [54].
Furthermore, the degree to which phytochemicals change during processing depends
on their structure and, consequently, by the sensitivity of the compound to the heat-
induced modification or degradation [55]. The only decrease was recorded in terms of the
proanthocyanidins content in RAC. It must be said, however, that RAF, the corresponding
fresh leaf extract, showed the highest proanthocyanidins content, compounds well known
to give depolymerization after heating leading to an increase in terms of monomeric
polyphenols [56].

This phenomenon appears even more evident calculating the polymerization index
(vanillin index/proanthocyanidins). Indeed, the extracts obtained from fresh leaves have
a significantly higher polymerization index (p < 0.05) than the corresponding extracts
obtained from blanched leaves (350.62 vs. 34.13 for PCF and PCC, respectively; 8.96 vs.
4.62 for RAF and RAC, respectively; 2.89 vs. 1.83 for CIF and CIC, respectively; 2028.95
vs. 242.15 for ADF and ADC, respectively) having a much higher flavanols content than
proanthocyanidins. However, after blanching, this index is significantly reduced as a
result of a substantial increase in the proanthocyanidins content and a more restrained
flavanol content, leading to a greater presence of monomeric molecules. These results
are in accordance with White et al. [50], who observed a significant increase in both
proanthocyanidins oligomers and polymers after blanching.

From the calculation of the polymerization index, it is possible to deduce also that AD
is the plant characterized by the greatest number of polymeric molecules, followed by PC,
RA and CI.
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The plant species investigated showed a comparable amount of carbohydrates with
respect to previous studies carried out on fresh salads [57], and a higher content of total
chlorophyll with respect to previous investigations (1.04 and 0.93 mg/g vs. 0.56 and
0.76 mg/g for RA and PC, respectively; 1.14 mg/g vs. 0.30 mg/g for CI; 1.13 mg/g vs.
0.89 mg/g for AD) [58–60] that could be attributed to the freshness and young leaves used
in the present study, as well as also by the speed with which they were processed after
collection.

Even in the case of chlorophyll and carbohydrates, the results reflect those reported in
the literature, which state that rapid blanching does not influence or has very little influence
on the content of these substances, with a sometimes-significant increase in the same after
cooking, which allows an increase in the biological activity observed [61,62].

To conclude, after blanching, all plant leaves investigated, showed a higher content
of bioactive compounds, albeit with substantial differences in some cases in terms of the
phytochemical profile. However, among the investigated species, PC continues to be the ex-
tract that shows the highest content of total phenols, flavonoids, flavanols, chlorophyll and
carbohydrates, certainly proving to be the most interesting plant in terms of phytochemical
profile, becoming also the richest one in proanthocyanidins following cooking.

2.3. Health Properties

The extracts obtained by fresh and blanched plant leaves were also characterized from
a biological point of view using a battery of antioxidant and anti-inflammatory tests based
on different environments and reaction mechanisms. This is very important, since, given
the complexity of a plant extract in terms of phytochemicals, it is impossible to evaluate its
antioxidant and anti-inflammatory activity with a single method [52]. Considering this,
four different antioxidant assays based on electron transfer (FRAP), electrons’ and hydrogen
atoms’ transfer (TEAC), hydrogen atom transfer (ORAC) and iron-chelating activity, were
carried out. Regarding anti-inflammatory activity, the heat-induced BSA denaturation
assay (BDA) and the protease inhibitory activity test (APA), were carried out. The first
one is based on the sample’s ability to protect endogenous proteins against denaturation,
whereas the second one is based on the sample’s ability to inhibit directly the protease, an
enzyme well-known to be involved in several inflammatory-based diseases [63].

The results of the health properties of the extracts under examination, expressed as
IC50 (μg/mL) with the respective C.L., are shown in Table 3. Additionally, in this case,
the results obtained for the fresh extracts, as well as those obtained from the blanched
extracts were compared between them. Furthermore, the results of each fresh extract were
compared with those obtained with the extract of the respective blanched leaves.

All the samples showed a marked and concentration-dependent antioxidant and anti-
inflammatory activity (Figures 4 and 5, respectively), although there are important and
statistically significant differences between the different extracts investigated, both as fresh
and blanched extracts (Table 3).

First of all, when comparing the results of the extracts obtained from fresh leaves, the
same order of activity appears evident, with PCF, which showed the strongest antioxidant
activity, followed by ADF, CIF and RAF, both in the TEAC and FRAP test (Table 3 and
Figure 4). The situation changes radically instead in the ORAC test, where ADF shows the
highest antioxidant activity, followed by CIF, PCF and RAF, which holds the last position
(Table 3 and Figure 4). On the contrary, RAF exhibits the strongest iron-chelating activity,
followed by CIF, ADF and PCF (Table 3 and Figure 4). This order of potency positively
correlates with the total phenols and flavonoids content, and the slight differences found in
terms of activity between the extracts under study can be attributed to the greater or lesser
expression of some secondary metabolites, as seen in Table 2, as well as from the specific
chemical structures of the polyphenols present [51].
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Table 3. Comparison between the health properties of fresh (F) and cooked (C) leaf extracts of the
traditional mixed-green salad of the Capuchin monks: Plantago coronopus L. (PC), Rumex acetosa L.
(RC), Cichorium intybus L. (CI), and Artemisia dracunculus L. (AD). Results, which represent the average
of three independent experiments in triplicate (n = 3), were expressed as half maximal inhibitory
concentration (IC50, μg/mL) with confident limits (C.L.) at 95%.

Plant
Extracts

TEAC FRAP ORAC ICA BDA APA

PCF 230.20
(190.47–278.22) a,d

244.38
(171.30–348.57) a,d

2.41
(1.94–2.50) d,g

22.66
(19.28–26.62) a,d

970.22
(405.66–2330.12)

701.55
(350.55–1430.22)

RAF 1111.82
(831.15–1487.27) b,e

1970.96
(1493.70–2600.70) b,e

5.67
(4.60–6.98) b,e

6.63
(5.79–7.60) c

910.11
(762.33–1092.11)

1141.22
(891.99–1480.21) b

CIF 510.96
(419.14–622.89) f

841.48
(709.86–997.51) c,f

1.89
(1.50–2.38) f

7.80
(6.53–9.33)

1020.31
(862.05–1224.58)

540.34
(462.22–640.12)

ADF 331.66
(258.54–425.47)

546.40
(444.0–672.0)

1.36
(0.95–1.96)

9.85
(8.10–11.97)

980.08
(842.34–1162.66)

441.22
(380.05–510.11)

PCC 31.89
(27.06–37.59) a

31.35
(26.51–37.09) a

0.30
(0.25–0.37) a

9.05
(7.49–10.95)

760.25
(650.22–890.27)

440.04
(190.10–992.90)

RAC 377.70
(296.34–481.39)

383.59
(322.90–455.69)

1.94
(1.58–2.39) f

6.52
(5.76–7.38)

861.33
(731.22–1020.66)

871.22
(730.22–044.10) b

CIC 273.80
(228.12–328.63)

396.67
(331.67–474.40)

1.10
(0.89–1.36)

7.64
(6.47–9.02)

970.02
(812.49–1151.08)

371.02
(142.04–960.07)

ADC 278.10
(220.15–353.57)

425.20
(343.0–527.0)

1.22
(0.93–1.60)

7.11
(6.06–8.35)

812.42
(692.77–951.55)

240.20
(212.33–298.99) c

Standard 3.28
(2.44–3.89) h

3.88
(1.62–5.78) h

0.79
(0.39–1.65) i

6.48
(5.22–7.68) l

31.82
(26.58–38.10) h

32.88
(25.22–39.13) h

* Standard: trolox for TEAC, ORAC and FRAP assays, EDTA for iron-chelating activity (ICA), diclofenac sodium
for BSA denaturation assay (BDA) and anti-protease activity (APA). a p < 0.05 vs. RAF or RAC, CIF or CIC, and
ADF or ADC, between fresh and cooked extracts, respectively; b p < 0.05 vs. CIF or CIC, and ADF or ADC between
fresh and cooked extracts, respectively; c p < 0.05 vs. ADF; d p < 0.05 vs. PCC; e p < 0.05 vs. RAC; f p < 0.05 vs. CIC;
g p < 0.05 vs. RAF; h p < 0.05 vs. all extracts investigated; i p < 0.05 vs. PCF and RAF; l p < 0.05 vs. PCF and ADF.

What is certain, however, is that the marked iron-chelating activity found in RAF
is attributable to the high proanthocyanidins content found in this extract. Indeed, it
has been shown, both in vitro and in vivo, that proanthocyanidins, thanks to their strong
iron-chelating activity, act as antimicrobial agents [64] and protect against oxidative renal
damage induced by iron overload in rats [65].

Despite that no statistically significant difference was found between the extracts
under examination, in terms of the inhibition of heat-induced protein denaturation (BDA)
(Table 3), also in this case, the proanthocyanidins content seems to play a pivotal role in the
activity of RAF extract, which shows the lowest IC50 value and, therefore, the most marked
anti-inflammatory activity, followed by PCF, CIF and ADF. The activity found, attributable
to an anti-peroxidase activity of the extract under study, has been previously observed for
other proanthocyanidins-rich extracts [66].

On the contrary, the strong anti-tryptic activity was recorded for ADF, followed by CIF,
PCF and RAF. However, specifically, a statistically significant difference was found only
between RAF, CIF and ADF (Table 3 and Figure 5). This activity seems to correlate mainly
with the total content of phenols and flavanols, although what makes the difference is the
structure of the main polyphenols present in the extracts under examination, rather than
the class of compounds. Indeed, being an enzymatic activity, it implies a direct interaction
of the bioactive compound/s at the enzyme level.

Finally, it is interesting to note that, in accordance with what has been observed for
the phytochemical characterization, the extracts obtained from blanched leaves show a
much more pronounced free-radical scavenging (TEAC, FRAP and ORAC assay) than
the extracts obtained from fresh leaves, with statistically significant results for all tested
extracts except ADC (p < 0.05). On the contrary, no statistically significant difference was
found as regards the iron-chelating activity and the anti-inflammatory activity, in which the
extracts obtained from the cooked leaves did not show a statistically significant difference
compared to the corresponding extracts obtained from the fresh leaves.
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Figure 4. Antioxidant and free radical-scavenging activity of fresh (F) and cooked (C) leaf extracts
of the traditional wild salad of the Capuchin monks: Plantago coronopus L. (PC), Rumex acetosa L.
(RC), Cichorium intybus L. (CI), and Artemisia dracunculus L. (AD). Results were expressed as mean
inhibition percentage (%) ± standard deviation of three independent experiments (n = 3). (a) FRAP,
concentration ranges (I–III): 12.5–50.0 μg/mL for PCC; 150.0–600.0 μg/mL for PCF, RAC, CIC,
ADF and ADC; 300.0–1200.0 μg/mL for CIF; 600–2400.0 μg/mL for RAF; (b) TEAC, concentration
ranges (I-III): 12.5–50.0 μg/mL for PCC; 80.0–320.0 μg/mL for PCF; 150.0–600.0 μg/mL for ADC,
ADF, CIC and RAC; 300.0–1200.0 μg/mL CIF and RAF; (c) Ferrozine, concentration ranges (I–III):
3.0–12.0 μg/mL for PCF, RAF, RAC, CIF, CIC, ADF and ADC; 12.0–48.0 μg/mL for PCC; (d) ORAC,
concentration ranges (I–III): 0.12–0.50 μg/mL for PCC; 0.5–4.0 μg/mL for PCF, CIF, CIC, ADF, ADC
and RAC; 1.5–12.0 μg/mL for RAF. * p < 0.05 vs. fresh extract; § p < 0.05 vs. PCF or PCC; ◦ p < 0.05 vs.
ADF or ADC; $ p < 0.05 vs. CIF or CIC.

The increase or retention of total phenols, flavonoids and proanthocyanidins con-
tent, as well as of the antioxidant and anti-inflammatory activity of plant extracts during
blanching, may be mainly ascribed to the increase of individual polyphenols or to their
thermal degradation through, for example, deglycosylation or hydrolysis processes, which
contribute differently, with respect to the parent compounds, to the health properties inves-
tigated [50]. Although an in-depth phytochemical characterization is outside the topic of
this manuscript, comparing completely different plant species from a phytochemical point
of view, recent studies have shown that the plants subject to this study are particularly
rich in complex polyphenols, mostly glycosylated and esterified. In particular, P. coronopus
is characterized by the iridoid glucosides, aucubin and catalpol, as well as the phenyl-
propanoid glycoside, acteoside. Among flavonoids, luteolin- and apigenin-7-O-glucoside
represent the most abundant compounds [48]. The phytochemical profile of R. acetosa
includes anthraquinones, polyphenols and a high level of oxalic acid, which seems to be
reduced to a negligible amount during cooking. The main phenolic compounds present in-
clude resveratrol, vanillic and sinapic acid and catechin. The leaves contain also β-carotene,
but not in a significant amount for human health [18]. The phytochemical profile of A.
dracunculus showed, apart from the characteristic lactones, artemisinin, dihydroartemisinin
and artemether, several flavonoids among which the most abundant are rutin, luteolin,
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naringenin and chrysin [67]. Regarding C. intybus, other than some simple phenolics such
as malic, caffeic, quinic, caftaric and chlorogenic acid, all identified components were in
the glycosylated or ester form. Among these, the most abundant are the glycosylated
derivatives of cyanidin, delphinidin, quercetin, kaempferol, isorhamnetin and apigenin.
Furthermore, acetyl and malonyl derivatives were also found [68,69].

Figure 5. Anti-inflammatory activity of fresh (F) and cooked (C) leaf extracts of the traditional wild
salad of the Capuchin monks: Plantago coronopus L. (PC), Rumex acetosa L. (RC), Cichorium intybus L.
(CI), and Artemisia dracunculus L. (AD) towards BSA denaturation assay (a) and protease inhibition
assay (b). Results were expressed as mean inhibition percentage (%) ± standard deviation of three
independent experiments (n = 3). * p < 0.05 vs. fresh extract; § p < 0.05 vs. PCF or PCC; ◦ p < 0.05 vs.
ADF or ADC; $ p < 0.05 vs. CIF or CIC.

In addition, the contribution of non-phenolic substances such as sugars or ascorbic
acid must not be neglected, because they can contribute in particular to the reducing ability
of the plant extracts. Finally, synergistic and additive effects of polyphenols may enhance
the biological activity observed [51].
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3. Materials and Methods

3.1. Plant Material and Growth Conditions

Seeds of PC, RA, CI, and AD were purchased from Fratelli Ingegnoli Spa (Milano,
Italy) and sown according to Poorter et al. [70].

Briefly, they were sown in plastic plug within a greenhouse located in San Barnaba
convent (Genova, Italy, 190masl; 44◦25′26′′ N 8◦55′42′′ E, https://goo.gl/maps/UaN9
eCS9cWtQvcT56, accessed on 22 January 2022) (Figure 6a,b) and equipped with additional
UV artificial lighting to ensure constant daily irradiation and fine-textured shade-nets to
attenuate the excessive solar overheating according to Lenka et al. [71].

 

Figure 6. (a,b) San Barnaba Convent vegetable garden and greenhouses (Genova, Italy); (c) plants
collected after 60 days for carrying out laboratory analyses.

Plastic plug trays were filled with Irish peat (Vigorplant Italia Srl) and after fifteen
days 1 g/L NPK 20-10-20 water soluble fertilizer (Vialca Srl) was added once a week. In
the first two weeks, plants were watered (about 180 mL) twice a day for three days a
week (Monday, Wednesday, Friday). Subsequently, they were watered once a day, only on
Monday and Friday.

After two months, the plant leaves were collected (Figure 6c) and immediately sent to
the laboratory, where they were suitably processed for micromorphological, phytochemical
and biological analyses.
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3.2. Scanning Electron Microscopy (SEM) Analysis

Plant leaves were cut, using a razor blade, into small pieces (15–20 mm2). Such
dimensions have allowed to have sufficient surfaces of both leaf pages to analyze the
distinctive characters of the selected species. Samples were fixed in FineFIX working
solution (Milestone s.r.L., Bergamo, Italy) with 70% ethanol, and left overnight at 4 ◦C [72].
The next day, samples were serially dehydrated in ethanol (80, 90, 95 and 100%) for 1 h, and
then in CO2 using a Critical Point Drier processor (K850 CPD 2M Strumenti S.r.l., Roma,
Italy).

Dried specimens were mounted on stubs using double stick tape and coated with
10 nm gold. SEM analysis was carried out using a Vega3 Tescan LMU (Tescan USA Inc.,
Cranberry Twp, PA, USA) at an accelerating voltage of 20 kV.

3.3. Mixed Salad Traditional Recipe

The plants analyzed in this study are part of the recipe of a mixed salad reported by
Zaccaria Boverio in 1626 [73]. These plants were also cited in other contemporary texts
dealing with salads, such as Archidipno by Salvatore Massonio (1627) [74]. According to
Zaccaria Boverio, the plants used in the Capuchin monks mixed salad were: Coronopum
(Plantago coronopus L.), Intubum (Cichorium intybus L.), Oxalim (Rumex acetosa L.), Dracon-
culum (Artemisia dracunculus L.), Pimpinellam (Poterium sanguisorba L.), Lactucas crispas
(Lactuca sativa L. var. crispa), Lactucas laconicas (Lactuca sativa L. var. capitata), Nasturcium
(Nasturtium officinale W.T. Aiton), Rapa sylvestria (Brassica rapa L. subsp. sylvestris (L.)
Janch.) and Mentam (Mentha spp.). This mixed salad was known as “insalatina dei frati”.

One of the most frequently reported cooking methods throughout history has been
represented by a short boiling or blanching. This method is still commonly mentioned in
ethnobotanical studies concerning the use of WEPs in Mediterranean area [75]. In addition,
it is used both at domestic level and in the food industry to inactivate enzyme activity and
to preserve vegetables [76].

3.4. Chemicals

All reagents and solvents were of analytical grade and, as well as trolox, were pur-
chased from Merck (Darmstadt, Germany). Standard compounds (gallic acid, quercetin,
catechin, cyanidin chloride) were purchased from Extrasynthese (Genay, France).

3.5. Sample Processing and Extract Preparation

For each plant species collected (PC, RA, CI, and AD), leaves were cut, gently cleaned
with paper and weighed (50 g). In order to obtain the fresh extracts (PCF, RAF, CIF,
and ADF), the leaves were added directly in a blade mill pulverization chamber (A11,
IKA®-Werke GmbH & Co. KG, Staufen, Germany) to which was added liquid nitrogen
during powdering, in order to preserve the nutritional and chemical features by blocking
enzymatic activities. For cooked plant extracts (PCC, RAC, CIC, and ADC), leaves, before
powdering according to the above protocol, were added to boiling water and blanched for
1 min in compliance with the most traditionally used cooking method.

Thereafter, powdered raw or cooked leaves (10 g for each plant species) were added
with 100 mL 70% ethanol, mixed for 3 min and then sonicated in ice-cold bath for 5 min
using a 3 mm titanium probe set to 200 W and 30% amplitude (Vibra Cell™ Sonics Materials,
Inc., Danbury, CT, USA). Samples were centrifuged at 3000× g for 15 min at 4 ◦C and the
supernatants were evaporated to dryness by a rotary evaporator at RT. The extraction
procedure was repeated 3 times. Dry extracts (DE) were stored for 24 h in a vacuum
desiccator in the dark on anhydrous sodium sulphate and subsequently stored at −20 ◦C
until the subsequent analyses, which were carried out solubilizing and appropriately
diluting the dry extracts in the extraction solvent (70% ethanol).
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3.6. Phytochemical Screening
3.6.1. Total Phenols

Total phenols were quantified according to Bazzicalupo et al. [77] using the Folin–
Ciocalteu reagent, by mixing each extract solution (6.0–24.0 mg/mL for PCF, RAF, RAC, CIF,
CIC, ADF and ADC; 0.5–2.0 mg/mL for PCC) with deionized water and Folin–Ciocalteu
reagent in the following ratio: 1:9:10, v/v/v. After 3 min, 10% sodium carbonate (1:2, v/v)
was added and samples were incubated for 60 min in the dark at RT, mixing every 10 min.
The absorbance was recorded at 785 nm with a UV-VIS spectrophotometer (Shimadzu
UV-1601, Kyoto, Japan). Gallic acid was used as reference compound (0.075–0.60 mg/mL)
and results, which represent the average of three independent experiments in triplicate
(n = 3), were expressed as mg of gallic acid equivalents (GAE)/100 g DE.

3.6.2. Flavonoids

The flavonoid content was quantified according to Smeriglio et al. [78]. Briefly, 200 μL
of each extract solution (3–12.0 mg/mL for PCF, RAF, CIF, CIC and ADF; 6.0–24.0 mg/mL
for ADC and RAC; 0.20–0.80 mg/mL for PCC) were added to 2 mg/mL AlCl3 (1:1, v/v),
and brought up to 1.6 mL with 50 mg/mL sodium acetate. After 2.5 h, the absorbance
was recorded at 440 nm using an UV–Vis spectrophotometer (Shimadzu UV-1601, Kyoto,
Japan). Quercetin was used as reference compound (0.25–1.0 mg/mL) and results, which
represent the average of three independent experiments in triplicate (n = 3), were expressed
as mg of quercetin equivalents (QE)/100 g DE.

3.6.3. Vanillin Index

The flavanols content was evaluated according to Boudjelal et al. [79] by vanillin
index test. Briefly, 2.0 mL of sample solution, diluted in 0.5 M H2SO4 in order to reach
an absorbance ranging from 0.2 to 0.4 (1.75 mg/mL for ADC; 3.5 mg/mL for PCF, PCC
and ADF; 6.25 mg/mL for RAC, CIF and CIC; 12.5 mg/mL for RAF), were loaded onto
a conditioned Sep-Pak C18 cartridge (Waters, Milan, Italy). The column was activated
by 2.0 mL of 5.0 mM H2SO4 and then air-purged. Samples were slowly eluted by adding
5.0 mL of methanol. Six millilitres of a 4% vanillin methanol solution were added to 1 mL
of sample eluate, incubating in a water bath at 20 ◦C for 10 min. After this, 3 mL of
HCl was added and after 15 min, the absorbance was recorded at 500 nm with a UV-VIS
spectrophotometer (Model UV-1601, Shimadzu, Kyoto, Japan) against a blank consisting of
the same sample solvent. Catechin was used as reference compound (0.125–0.50 mg/mL).
Results, which represent the average of three independent experiments in triplicate (n = 3),
were expressed as g of cathechin equivalents (CE)/100 g DE.

3.6.4. Proanthocyanidins

The proanthocyanidin content was evaluated according to Baali et al. [80]. Briefly,
2.0 mL of sample solution diluted with 0.05 M H2SO4 (0.75 mg/mL for PCC; 5 mg/mL for
PCF, PCC, ADF and ADC; 10 mg/mL for RAC and CIF; 20 mg/mL for RAF), was loaded
onto a Sep-Pak C18 cartridge (Waters, Milan, Italy) preconditioned with 5 mM H2SO4
(2.0 mL), and purged with air. Samples were eluted with methanol (3.0 mL) and collected
in a 100 mL flask shielded from light, containing 9.5 mL of absolute ethanol. After that,
12.5 mL of FeSO4 · 7H2O solubilized in 37% HCl (300 mg/L) was added to the reaction
mixture and placed to reflux for 50 min. After cooling by immersion in cold water (20 ◦C)
for ten min, the absorbance was read at 550 nm with an UV-VIS spectrophotometer (Model
UV-1601, Shimadzu, Kyoto, Japan) against a blank consisting of the same sample solvent.
The basal anthocyanins content of samples was determined detracting the absorbance of
samples prepared under the same conditions reported above, without the reflux process.
Proanthocyanidins content was expressed as 5 times the amount of cyanidin formed by
means of a cyanidin chloride (ε = 34,700) calibration curve. Results, which represent the
average of three independent experiments in triplicate (n = 3), were expressed as mg of
cyanidin equivalents (CyE)/100 g DE.
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3.6.5. Chlorophyll Determination

The total chlorophyll content (chlorophyll a + chlorophyll b) was evaluated according
to Porra et al. [81]. Briefly, 0.2 g of leaves of fresh and blanched PC, RA, CI and AD were
homogenized in an ice-cold mortar with quartz sand by adding 1 mL of 80% acetone for
three times. Samples were then poured in a screw cap glass tube, washing with 1 mL of
acetone, and centrifuged at 3000× g for 10 min, 4 ◦C. The supernatants were recovered with
a glass Pasteur pipette and stored in a graduated glass cylinder in the dark. The sample
pellets were resuspended with 2 mL of 80% acetone and centrifuged as described above.
This procedure was repeated until exhaustive extraction. Finally, the supernatants were
pooled in the cylinder and the volume noted to calculate the dilution factor. The absorbance
was recorded at 663 nm to quantify chlorophyll a, and at 648 nm to quantify chlorophyll b
content, according to the following equations:

Chlorophyll a (μg/mL) = 12.25 × ABS(663 nm)− 2.55 × ABS (648 nm)

Chlorophyll b (μg/mL) = 20.31 × ABS(648 nm)− 4.91 × ABS (663 nm)

Results, which represent the average of three independent experiments in triplicate
(n = 3), were expressed as mg/g of fresh weight (FW).

3.6.6. Carbohydrates

The carbohydrates content was determined according to Bazzicalupo et al. [77]. Briefly,
10 mg of fresh and blanched PC, RA, CI and AD were placed in a glass test tube with screw
cap, together with 0.5 mL of 2.5 mol/L HCl, and the mixture was incubated in a water
bath at 100 ◦C for 3 h. After cooling, samples were neutralized with sodium carbonate and
brought up to 10 mL with distilled water. After centrifugation at 3500× g for 5 min, 20 μL
of each sample, blank (distilled water) or reference standard (glucose 5–100 μg/mL), were
brought up to 200 μL with distilled water. Two-hundred microliters of 5% phenolic solution
and 1 mL of 96% H2SO4 were added and the reaction mixture was stirred for 10 min and
incubated in a water bath at 30 ◦C for 20 min. The absorbance was recorded at 490 nm and
results, which represent the average of three independent experiments in triplicate (n = 3),
were expressed as g/100 g of fresh weight (FW).

3.7. Evaluation of Health Properties: Antioxidant and Anti-Inflammatory Activity

The health properties of fresh and cooked extracts were evaluated by several colori-
metric in vitro cell-free assays based on different reaction mechanisms and environments.
Absorbance and fluorescence data, acquired by a UV-VIS (Multiskan GO; Thermo Scientific,
MA, USA) and a fluorescence plate reader (Fluostar Omega, BMG labtech, Ortenberg,
Germany), respectively, were recorded against a blank consisting of samples’ extraction
solvent (70% ethanol). Results, which represent the average of three independent experi-
ments in triplicate (n = 3), were expressed as half-maximal inhibitory concentration (IC50,
μg/mL) with confident limits (CLs.) at 95%, calculated by the Litchfield and Wilcoxon test,
using PHARM/PCS software version 4 (MCS Consulting, Wynnewood, PA, USA). Sample
and reference compound concentration ranges reported below refer to the final concentra-
tions into the reaction mixture, which did not show any interference at the characteristic
wavelengths of the tests carried out.

3.7.1. Antioxidant Activity
Trolox Equivalent Antioxidant Capacity (TEAC) Assay

The TEAC test was performed according to the method described by
Smeriglio et al. [82], with some modifications. Briefly, the reagent solution consisting
of 1.7 mM ABTS and 4.3 mM (NH4)2S2O8 was incubated in the dark at RT for 12 h, diluted
with deionized water until an absorbance of 0.7 ± 0.02 at 734 nm, and used within 4 h. Five
microliters (5 μL) of each sample solution (12.5–50.0 μg/mL for PCC; 80.0–320.0 μg/mL for
PCF; 150.0–600.0 μg/mL for ADC, ADF, CIC and RAC; 300.0–1200.0 μg/mL CIF and RAF)
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were added to 100 μL of the reagent solution, mixed and incubated in the dark for 6 min
at RT. The absorbance was recorded at 734 nm using trolox (1.0–4.0 μg/mL) as reference
compound.

Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP test was carried out according to Muscarà et al. [83], with some modifi-
cations by using a fresh pre-warmed (37 ◦C) reagent consisting of 300 mM buffer acetate
(pH 3.6), 10 mM 2,4,6-Tris (2-pyridyl)-s-triazine (TPTZ)-40 mM HCl, and 20 mM FeCl3.
Briefly, 5 μL of each sample solution (12.5–50.0 μg/mL for PCC; 150.0–600.0 μg/mL for PCF,
RAC, CIC, ADF and ADC; 300.0–1200.0 μg/mL for CIF; 600.0–2400.0 μg/mL for RAF) were
incubated for 4 min with 100 μL of the above reagent and the absorbance was recorded at
593 nm by using trolox (1.0–4.0 μg/mL) as reference compound.

Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC test was carried out according to Smeriglio et al. [84]. Twenty microliters of
sample solution (0.12–0.5 μg/mL for PCC; 1.0–4.0 μg/mL for PCF, CIF, CIC, ADF, ADC and
RAC; 3.0–12.0 μg/mL for RAF) diluted in 75 mM phosphate buffer (pH 7.4), were mixed
with 117 nM fresh fluorescein solution (120 μL) and incubated for 15 min at 37 ◦C, before
adding 40 mM fresh AAPH solution (60 μL) to start the reaction. The probe decay was
monitored for 90 min by recording the fuorescence intensity every 30 s using the following
excitation and emission wavelengths: λex 485 nm and λem 520 nm. Trolox (0.25–1.0 μg/mL)
was used as reference compound.

Iron-Chelating Activity

Iron-chelating activity was evaluated by ferrozine assay according to Muscarà et al. [85],
with some modifications. Five microliters of each sample solution (3.0–2.0 μg/mL for PCF,
RAF, RAC, CIF, CIC, ADF and ADC; 12.0–48.0 μg/mL for PCC), ethylenediaminetetraacetic
acid (EDTA) as reference standard (3.0–12.0 μg/mL), or blank (70% ethanol), were added to
2.5 μL of 2 mM FeCl2 · 4 H2O and incubated at RT for 5 min. After that, 5 μL of 5 mM fer-
rozine and 137.5 μL of deionized water were added to the reaction mixture. The absorbance
was recorded after 10 min at 562 nm.

3.7.2. Anti-Inflammatory Activity
Bovine Serum Albumin (BSA) Denaturation Assay

The BSA denaturation assay was carried out according to Denaro et al. [86]. Briefly,
80 μL of each sample solution (0.075–0.60 mg/mL for CIF and CIC; 0.15–1.20 mg/mL
for ADF, ADC, RAC, PCF and PCC; 1.2–9.60 mg/mL for RAF) were added to 100 μL of
0.4% BSA fatty acid-free solution and 20 μL of phosphate-buffered saline (PBS, pH 5.3).
The absorbance was recorded at 595 nm at the starting time (T0) and after incubation for
30 min at 70 ◦C in order to measure the samples’ ability to counteract the heat-induced BSA
denaturation. Diclofenac sodium (15.63–62.50 μg/mL) was used as a reference compound.

Protease Inhibition Assay

The anti-tryptic activity was evaluated according to Smeriglio et al. [87]. Briefly, 200 μL
of each sample solution (0.20–1.60 mg/mL for PCF, PCC, ADF, ADC, CIF, CIC, RAF and
RAC) was added to the reaction mixture consisting of 12 μL trypsin (10 μg/mL) and
188 μL Tris-HCl buffer (25 mM, pH 7.5). After that, 200 μL of 0.8% casein was added to
the reaction mixture, starting the incubation time (20 min, 37 ◦C). Reaction was stopped
by adding 400 μL perchloric acid, which allowed the protein precipitation, leading to a
cloudy suspension, which was centrifuged at 3500× g for 10 min. The absorbance of the
supernatant was recorded at 280 nm. Diclofenac sodium (15.63–62.50 μg/mL) was used as
reference compound.
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3.8. Statistical Analysis

Results, which represent the average of three independent experiments in triplicate
(n = 3), were expressed as mean ± standard deviation (S.D.) for phytochemical analyses,
and as IC50 with CLs. at 95% for health properties evaluation. Data were analysed by
one-way analysis of variance (ANOVA) followed by Dunnett’s test for antioxidant and
anti-inflammatory assays, and Tukey’s test for phytochemical screening by SigmaPlot 12.0
software (Systat Software Inc., San Jose, CA, USA). Results were considered statistically
significant for p < 0.05.

4. Conclusions

In conclusion, the investigated ingredients of the Capuchin monks’ mixed salad rep-
resent a good source of polyphenols with interesting antioxidant and anti-inflammatory
properties if consumed both raw or briefly cooked. Blanching affects the bioactive com-
pounds content, both as class and individual phytochemicals and, consequently, influences
the health properties of the plant extracts differently, according to the matrix’s features.
However, this traditional cooking method for the Capuchin monks’ salads proved to be
a suitable method regarding the retention of phytochemicals and their health properties,
unlike extended boiling, which resulted in compounds’ leaching into the blanching water.

Considering this, our results indicate that increased consumption of the investigated
plants, even more if cooked according to the tradition, could provide a healthy food source
in the modern diet by the recovery and enhancement of ancient ingredients.

In particular, P. coronopus, which resulted the most interesting plant species from
this point of view, is an unconventional food plant, little known for its organoleptic and
nutritional properties, which is until today little known and appreciated for its organoleptic
and nutritional properties, that could be an excellent candidate to be exploited for new
crops and new gastronomic uses.
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Abstract: (1) Recent studies suggested that stem photosynthesis could favor bark water uptake and
embolism recovery when stem segments are soaked in water under light conditions, but evidence for
this phenomenon in drought-resistant Mediterranean species with photosynthetic stems is missing.
(2) Embolism recovery upon immersion in water for 2 h–4 h under light was assessed (i) via a classical
hydraulic method in leafless Fraxinus ornus and Olea europaea branch segments stressed to xylem
water potentials (Ψxyl) inducing ca. 50% loss of hydraulic conductivity (PLC) and (ii) via X-ray
micro-CT imaging of the stem segments of drought-stressed potted F. ornus saplings. Hydraulic
recovery was also assessed in vivo in intact drought-stressed F. ornus saplings upon soil re-irrigation.
(3) Intact F. ornus plants recovered hydraulic function through root water uptake. Conversely, the
soaked stem segments of both species did not refill embolized conduits, although Ψxyl recovered
to pre-stress levels (between −0.5 MPa and −0.2 MPa). (4) We hypothesize that xylem embolism
recovery through bark water uptake, even in light conditions, may not be a common phenomenon in
woody plants and/or that wounds caused by cutting short stem segments might inhibit the refilling
process upon soaking.

Keywords: stem photosynthesis; hydraulic recovery; soaking; X-ray micro-CT; bark water uptake;
embolism

1. Introduction

Most terrestrial plants rely on root-level water absorption to maintain their hydration
status. However, water can also be absorbed from the surface of aboveground plant organs
under particular biophysical conditions, i.e., when liquid water is wetting plant surfaces or
the water potential of the surrounding atmospheric boundary layer is higher than that of
cells [1]. This occurs when water vapor pressure in the air is at (or close to) saturation and,
most importantly, when liquid water forms or falls on a plant surface due to fog, rain or
snow melting, allowing local rehydration and partial xylem tension relief, especially when
plants are experiencing a soil water deficit [2].

Water uptake through leaves has been widely observed in many plant lineages [3,4].
Leaf trichomes, depending on their density, composition and structure, are the major media
for water absorption in a Mediterranean (Quercus ilex) and a temperate (Fagus sylvatica)
species [5,6]. In addition, in two species without leaf trichomes or hydathodes, open
stomata have been observed to play a major role in water uptake over cuticles when
exposed to fog [7]. Leaf water absorption can also be involved in the recovery of leaf [8]
and stem [9,10] hydraulic functions after drought- or frost-induced xylem embolism.
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The stems of woody plants, even when covered with suberized tissue, are also able to
absorb water when the bark becomes wet, allowing partial xylem tension relief [11]. There
is some evidence that leafless dehydrated branches soaked in water for at least some hours
partially recover their xylem hydraulic function in a conifer (Sequoia sempervirens, [12]) and
in an angiosperm (Salix matsudana, [13]). Xylem hydraulic recovery would require radial
water movement from the phloem to the xylem through parenchyma rays, as proven in
a dying experiment on wetted stems [11]. Liu et al. [13] soaked short S. matsudana stem
segments in water and observed faster embolism repair (within 2 h) when under light
conditions compared to dark conditions, where partial refilling nevertheless occurred.
The enhanced refilling effect under light was ascribed to the sugars produced by stem
photosynthesis, which provide the driving (osmotic) force for the process. In fact, embolism
repair can occur as the result of a water potential gradient between the xylem apoplast,
where sugars are accumulated, and parenchyma cells surrounding the conduits [14–16].
Independently of the mechanisms involved in the process, such soaking experiments on
short leafless stem segments on other woody species performing stem photosynthesis
are underrepresented, and they might constitute an interesting experimental model to
investigate the biology of post-drought hydraulic recovery.

In the past decade, some methodological issues have arisen regarding stem hydraulic
vulnerability assessment and the study of embolism recovery via classic hydraulic methods
due to the possible overestimation of embolism rates, which may be generated when cutting
xylem under tension [17]. At the same time, prolonged xylem relaxation prior to hydraulic
measurements, which is suggested to avoid artefactual embolism appearance, can favor
refilling, leading to the underestimation of embolism levels [18]. In well-established sample
preparation procedures for hydraulic measurements, stems are often kept under water prior
to hydraulic measurements, even for long time intervals, based on the principle that the very
low pressure head upon immersion would avoid embolism dissolution [19]. However, the
above-mentioned soaking experiments in short leafless branch segments [12,13] indicated
that the active accumulation of solutes at the wood parenchyma–conduit interface drives
water into the apoplast and might refill the conduits under soaking. If this happens, soaking
stems for a prolonged period would induce overestimation of xylem hydraulic conductivity.

These controversies can be overcome using X-ray micro-computed tomography (micro-
CT), an important tool to visualize embolized xylem conduits at a proper resolution and
to quantify in vivo xylem vulnerability, as well as possible hydraulic recovery in intact
plants [20,21]. Therefore, this method has been exploited to validate destructive hydraulic
methods (e.g., [22,23]) and related sample preparation procedures [24].

In this study, we hypothesized that bark water uptake in the presence of light would
induce the recovery of hydraulic function in two embolism-resistant Mediterranean an-
giosperm species performing stem photosynthesis, namely, Fraxinus ornus and Olea europaea.
We tested this hypothesis both with a classical hydraulic method in dehydrated leafless
cut branches of adult plants of both species, and in vivo through X-ray micro-CT imaging
of segments of drought-stressed potted young saplings of F. ornus. There is evidence sug-
gesting that O. europaea is capable of partial hydraulic recovery following drought-induced
xylem embolism [18], making this species a good candidate to investigate the eventual
process of conduit refilling under soaking conditions. Similarly, intact F. ornus plants have
already been reported to recover hydraulic function when the soil is re-watered after sub-
stantial drought-induced loss of xylem hydraulic conductivity [25], but in vivo evidence is
missing. For this reason, we additionally tested the hydraulic recovery capability of this
species through root water uptake via micro-CT imaging of intact potted plants.

2. Results

The stem segments used for the soaking experiments, i.e., 2-year-old F. ornus and
1-year-old O. europaea branch portions, as well as the 1-year-old stem portions of F. ornus
saplings, showed a relatively high capability of performing photosynthesis (Figure 1). In
particular, the maximum quantum yield of PSII (Fv/Fm) in the outer bark was about 0.8 in
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all three different samples. Similar values were also measured in the outer wood and in
the longitudinal section of the wood (sapwood + pith) of the 1-year-old branch and stem
segments of both species. Lower (but still relatively high) Fv/Fm values were measured
in the outer wood (0.65) and in the longitudinal section of the wood (0.49) of F. ornus
2-year-old branch portions.

Figure 1. Maximum quantum yield of PSII (Fv/Fm) measured in branch/stems used for the ex-
periment. Wood (exposing the side next to the vascular cambium), wood + pith (exposing the cut
side) and bark were analyzed separately (a). Measurements were performed on 2-year old F. ornus
branch segments (b), in 1-year old O. europaea branch segments (c) and in 1-year old stems of F. ornus
saplings (d). Values in b–c are the average value of the sample.

2.1. Hydraulic Measurements

Some native embolism was detected in the hydrated branches of F. ornus and O. europaea
(H samples), with PLC averaging 17% and 5%, respectively (Figure 2). After dehydration
on the bench, PLC at the target Ψxyl (−3.7 MPa and −4.4 MPa in F. ornus and O. europaea,
respectively) significantly increased to 56 ± 4% in F. ornus and to 54 ± 10% in O. europaea.
After the soaking treatment in distilled water for 2 h (S2h samples), Ψxyl increased to pre-
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stress levels, averaging −0.46 MPa in F. ornus and −0.33 MPa in O. europaea, but stem PLC
did not recover in either species. Moreover, prolonged immersion in water (four hours, S4h
stems) did not induce xylem hydraulic recovery in F. ornus, albeit xylem tension further and
significantly decreased with respect to the S2h samples (Ψxyl = −0.19 ± 0.06 MPa, p < 0.05).

Figure 2. Percentage loss of xylem hydraulic conductivity (PLC, (a,b)) and xylem water potential
(Ψxyl, (c,d)) measured in F. ornus (a,c) and O. europaea (b,d) in hydrated (H, n = 5), drought-stressed
(D, n = 5–6) and soaked (for 2 and 4 h, S2h and S4h, respectively, n = 6–7) stems. Note the different
scales for Ψxyl between the two species. The 4 h soaking treatment was performed only for F. ornus.
Different letters denote statistically significant differences among groups (p < 0.05).

2.2. Micro-CT Analyses

The micro-CT experiment on the potted plants of F. ornus proved the capability of
xylem hydraulic recovery in intact plants through root water uptake 24 h after soil rehy-
dration to field capacity. In fact, the embolized vessel area (EVA) was around 40–50% in
drought-stressed (Dpot) plants, which reached Ψxyl of −3.50 MPa, and it was restored to
pre-stress control (Cpot) values in the two re-irrigated (Rpot) plants (6% and 21% in the two
scanned plants, Figure 3), which relieved Ψxyl to −0.25 MPa and −0.70 MPa.

The consecutive micro-CT scans performed on the 2-year-old F. ornus drought-stressed
(D) plants after each progressive sample preparation step are shown in Figure S1. The
first cut at the base of the stem did not significantly increase the embolized sapwood area
(Aembol) or EVA. However, the second cut made to obtain the final D segment significantly
increased EVA from 44 ± 7% (measured in the shoots cut at the base) to 63 ± 11%, with an
overall increase of 27% compared to the intact plant (Figure S2).

The stem segments did not refill their embolized conduits after the 2 h soaking treat-
ment under light, as the values of Aembol and EVA (1.07 ± 0.06% and 58 ± 1%, respectively)
were similar to those calculated for D stem segments (p > 0.05; Figure 4 and Figure S3).
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Figure 3. Transverse reconstructed images of the 1-year-old stem portion obtained with X-ray micro-
CT in well-hydrated (Cpot, (a,d)), drought-stressed (Dpot, (b,e)) and re-irrigated (Rpot, (c,f)) intact
F. ornus plants. Ψxyl = xylem water potential, Aembol = percentage of embolized sapwood area,
EVA = percentage of embolized vessel area; all calculated excluding the immature sapwood close to
the cambium (see arrow delimiting mature/immature sapwood in (a)).

Figure 4. Percentage of embolized sapwood area (Aembol, (a)) and percentage of embolized vessel
area (EVA, (b)) measured in micro-CT transverse reconstructed images of F. ornus stem segments.
D = segments of drought-stressed plants (n = 3). Soaking = segments of additional D plants scanned
upon soaking in water for 2 h (n = 3). Values are means ± SE. n.s. = difference not significant
among groups.
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3. Discussion

No Evidence for Hydraulic Recovery in Stem Segments upon Soaking

The in vivo micro-CT analyses showed that F. ornus plants can recover xylem hydraulic
function through root water uptake after experiencing substantial embolism levels under
drought, confirming the previous classical hydraulic measurements of cut stems [25]. In
addition, embolism recovery occurred even though plants were still experiencing overall
negative xylem pressure, supporting previous observations. However, the leafless stem
segments of F. ornus and O. europaea that reached about 50% PLC (i.e., the same target PLC
used in the pot re-irrigation experiment) did not recover xylem hydraulics after immersion
in water under light conditions (Figure 2). This outcome was additionally validated by
the micro-CT scans of the F. ornus cut stems, obtained from the drought-stressed potted
saplings (Figure 4 and Figure S2).

The hydraulic measurements of F. ornus branches (Figure 2) were in agreement with
the micro-CT measurements of intact plants (Figure 3), confirming the lack of cutting
artifacts. Likewise, the PLC values obtained in our study for O. europaea at the target Ψxyl
were consistent with the vulnerability curves obtained for the same species both via hy-
draulic measurements and X-ray micro-CT scans [26,27], making us confident that sample
preparation artefacts were avoided. However, with the methodological test performed
at the micro-CT beamline on the dehydrated saplings of F. ornus, we aimed to examine
if the sample preparation procedure used to obtain the final stem segments for soaking
would induce additional non-native embolism. The progressive cuts made on the stem of
the potted saplings increased the embolized vessel area (Figure S1 and Figure S2). In this
test, we first made a cut underwater at the base of the shoot, and then a second cut was
made at a distal position (ca. 20 cm from the previous one) to obtain a stem segment in the
basal part of the stem. Given that the maximum vessel length of the saplings (40 cm on
average) was higher than the obtained stem segment, it is likely that air entry upon cutting
under substantial xylem tension induced embolism in the stem portion where the micro-CT
scans were made (at 8 cm–9 cm from the first cut). Given that we aimed to perform the
soaking experiment on the lower 1-year-old stem portion and that the plants were relatively
small, we were forced to obtain the stem segment in that proximal stem region. With this
simple test, we underline that experiments with in vivo imaging techniques should be
further exploited to better identify the possible artefacts of sample preparation. However,
the results of our cutting test do not influence the outcome of the soaking experiment
because the samples scanned prior (D) or after (Soaking) immersion in water (Figure 4)
were prepared with the same procedure.

The results of the soaking experiments contradict those obtained for S. matsudana stem
segments soaked in water under light conditions, where bark water uptake contributed to
refill about 75% of the previously embolized vessels after 2 h of immersion [13]. Here, we
also showed that F. ornus and O. europaea stems can perform photosynthesis both at wood
and bark levels (Figure 1), which should provide additional sugars to enhance the process
of water uptake by generating an osmotic gradient.

There is evidence that local xylem tension relief is important to refill xylem con-
duits [28,29]. In S. sempervirens, partial hydraulic recovery was observed upon soaking
when branch water potential slightly increased with respect to dehydrated conditions, but
it was still quite negative (ca. −4 MPa, [12]). Similarly, recovery under substantial tension
occurred in Picea glauca leafy twigs exposed to fog [10], suggesting possible localized hy-
draulic isolation in the xylem. Xylem tension in our two study species was even relaxed
to Ψxyl above −0.5 MPa (Figure 2). These values are comparable to those measured in the
intact potted plants of F. ornus, which recovered xylem hydraulics when re-irrigated in
pots (Figure 3). Therefore, we note that the residual xylem tension of the cut stems was
comparable to that of intact plants, and it was expected to promote the refilling of conduits
through bark water uptake.

Earles et al. [12] suggested that tall trees, such as redwoods, which, due to their height,
must develop low Ψxyl even under well-hydrated conditions, may profit from bark water
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uptake during prolonged fog periods to partially restore xylem functionality. It is suggested
that trees adapted to climates with prolonged periods of rain and/or fog [30] and trees
at the timberline with crowns covered with snow that melts in spring [9,31] may have
evolved bark characteristics that favor water uptake and subsequent hydraulic recovery.
Indeed, radial water uptake may depend on outer (rhytidome) and/or inner (phloem) bark
characteristics. For example, bark porosity and density influence hygroscopicity [32], while
the hydrophobicity of cork cells in the outer bark limits water absorption [33,34]. It is possi-
ble that species adapted to Mediterranean climates, commonly not exposed to prolonged
fogs/rainy periods, may not have evolved such bark characteristics that would favor radial
water uptake. However, we might rule out this hypothesis because, although we did
not directly measure bark water uptake, the marked Ψxyl relief upon soaking indicated
substantial stem rehydration (Figure 2b). Alternatively, sample preparation/experimental
conditions could have been responsible for the lack of hydraulic recovery. Previous experi-
ments have highlighted the role of phloem in xylem hydraulic recovery [35]. In particular,
stem girdling in O. europaea prevented embolism refilling upon branch rehydration, while
hydraulic recovery was observed in samples with intact phloem [18]. Hence, it is possible
that the wounds caused by the preparation of stem segments for soaking had similar
inhibitory effects on the refilling process. Tests on different species could help improve our
understanding as to whether refilling through bark water uptake might be species specific,
as well as the possible limits of the soaking method when applied to cut stem segments.

4. Materials and Methods

4.1. Plant Material

The experiment was carried out on two Mediterranean tree species, namely, manna
ash (Fraxinus ornus L.) and olive (Olea europaea L.), between mid-June and the end of July
2021. In order to test the hydraulic recovery capability upon soaking under light conditions,
embolism was measured both with a classical hydraulic conductivity apparatus and in vivo
via micro-CT, but on different plant material. Hydraulic measurements were performed on
sun-exposed branches taken from several F. ornus trees and one O. europaea tree growing
in the Botanical Garden of the University of Trieste (Italy, 45◦39′40.9′′ N, 13◦47′40.1′′ E).
For micro-CT experiments, 2-year-old and 1-year-old F. ornus saplings provided by a local
public nursery (Vivai Pascul, Regional Forestry Service, Tarcento, Italy) were transplanted in
3.4 L and 1 L pots in March 2020 and 2021, respectively. Pots were filled with a lightweight
substrate for green roof installations (for the 2-year-old plants) or with red soil (for the
2-year-old plants) sampled from a vineyard in the Italian Karst (Duino-Aurisina, Italy).
Plants were grown in a greenhouse of the University of Trieste, supplied with tap water
twice a day to soil field capacity through a clock irrigation system.

To check the capability of the study species to perform bark and wood photosynthe-
sis, some stem segments were analyzed with an imaging PAM chlorophyll fluorometer
(Photon Systems Instruments, Brno, Czech Republic) to obtain the maximum quantum
yield of PSII (Fv/Fm). Stem segments of approx. 2 cm length were dark adapted for 1 h,
longitudinally sectioned and positioned on a plate with a layer of paper towels, keeping
them hydrated through partial immersion in a film of water. Outer bark, outer xylem and
xylem longitudinal section (sapwood + pith) were measured (see Figure 1a).

4.2. Hydraulic Measurements

F. ornus and O. europaea branches were collected in the late afternoon and rehydrated
overnight while covered with a black plastic bag after cutting the basal 5 cm underwater. In
the early morning, full hydration was checked to ensure that xylem water potential (Ψxyl)
was above −0.3 MPa. A group of hydrated branches was used for hydraulic measurements
to check possible residual embolism (hydrated group, H, n = 5). The remaining branches
were dehydrated on the bench, covering several leaves with cling film and aluminum foil to
stop transpiration and favor equilibration between leaf and stem xylem in order to measure
Ψxyl with a pressure chamber (mod. 1505D, PMS Instrument Co., Albany, OR, USA). For
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olive, before bench dehydration, about 15 cm of the 2-year-old stem portions selected for
hydraulic measurements and soaking treatment were deprived of leaf blades by cutting
them at the insertion point at the petiole and sealing the cut section with impermeable
glue (Super Attack, Loctite). Branches were dehydrated until reaching the target Ψxyl, fixed
to -(3.5–3.9) MPa for F. ornus and to -(4.2–4.7) MPa for O. Europaea, based on preliminary
assessments. At that point, a group of branches was immediately processed for hydraulic
conductivity measurements (dehydration group, D, n = 5–6), while a third group was
subjected to the soaking treatment as follows. Stem segments, obtained as described below,
were sealed at the cut ends with wax tape (Parafilm® M), kept under water and then
immersed in a white rectangular bowl containing distilled water, lying horizontally 1 cm
below the water level. Stems were rotated by 180◦ every hour to allow whole stem light
exposure. A LED panel (red/blue 96/24) was mounted above the bowl to produce a
photosynthetic photon flux density (PPFD) at the water level of about 400 μmol m−2 s−1.
According to Liu et al. [13], most of the embolized vessels of S. matsudana refilled already
2 h after branch segment immersion in light conditions. Therefore, duration of soaking
was fixed to 2 h for both species (S2h group, n = 6). For F. ornus, a second set of branches
was immersed for 4 h to check if longer rehydration times were needed for hydraulic
recovery (S4h group, n = 7). After soaking, branch segments were prepared for hydraulic
measurements as described below, while a 3 cm adjacent stem segment was taken for
Ψxyl measurements, performed with a dew point hygrometer (WP4-C, Meter Group, Inc.,
Pullman, WA, USA). To this aim, the segment was quickly wiped with paper towel, cut
longitudinally in half, placed in a sample holder and measured upon Ψxyl stabilization
(reached in 30 min–40 min).

Measurements were performed on 3 cm–4 cm long segments of H, D, S2h and S4h
stems. For all samples, the base of the branch was trimmed under clean tap water at a
distance higher than the maximum vessel length. Maximum vessel length, determined
with the “air method” described by Wang et al. [36], averaged 29 cm and 45 cm in F. ornus
and O. europaea branches, respectively. Then, a selected ~15 cm long segment was cut and
kept under water. S2h and S4h segments were sealed at both ends with Parafilm and soaked
as described above. For hydraulic conductivity measurements, a shorter segment was
obtained; the bark was removed from both cut ends, and several thin sharp slides were
made with a razorblade at both ends to obtain a 3 cm–4 cm long segment; and the basal
end was inserted in a hydraulic apparatus (see [25]).

Xylem hydraulic conductance was measured gravimetrically under a water head
of 3.5 kPa, perfusing stems with filtered (0.45 μm) and degassed mineral water added
with 10 mM KCl [37]. Hydraulic conductance was measured before (initial hydraulic
conductance, ki) and after (maximum hydraulic conductance, kmax), flushing the sample
at high pressure (0.15 MPa) for 3 min to remove xylem embolism. Xylem hydraulic
conductivity (K) was calculated as

K = k × L/A (1)

where L is the length of the segment, and A is the sapwood area, calculated as the average
sapwood areas measured at the cut ends of the sample.

Percentage loss of hydraulic conductivity (PLC) was then calculated as

PLC = 100 × [1 − (ki kmax
−1)] (2)

4.3. Micro-CT Scans and Image Processing

Micro-CT scans were performed at the SYRMEP beamline of the Elettra Synchrotron
light source (Trieste, Italy).

To check the capability of F. ornus to recover xylem embolism after soil rewetting,
four 3-year-old saplings were dehydrated in pots to reach the target Ψxyl (−3.5 MPa) on
17–21 July 2020. The 2-year-old stem portion of two plants was scanned right after reaching
the target Ψxyl (Dpot plants), while the other two were scanned 24 h after re-irrigation to soil
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field capacity (recovery, Rpot plants). Two additional well-watered plants were measured
as controls (Cpot). In all plants, Ψxyl was measured prior to scanning.

The soaking experiment was performed on potted F. ornus saplings on 1 August 2021.
All plants were dehydrated by withholding irrigation for about 5 days. Three of them were
scanned to detect the embolism level at the target Ψxyl (D plants). These plants were also
used to tests the sample preparation effect on embolism formation, scanning the stem at
the same point in three different steps: (i) the intact plant, (ii) the plant cut underwater
right above the root collar after immersing the pot (sealed in a plastic bag) in water and (iii)
the final stem segment obtained by cutting the stem 14 cm–21 cm above the previous cut,
keeping the sample underwater. The length of the segment depended on the length of the
2-year-old stem segment portion, while the scan was always 8 cm–9 cm above the basal cut.
After every cut, the cut surface was tightly sealed underwater with Parafilm. An additional
scan was performed after cutting the stem segment a few mm above the scanned region in
order to observe the fully embolized xylem.

The remaining three plants were prepared in the same way as the D plants, but they
were only scanned after soaking the stem segment (obtained at step iii) in water for 2 h (S2h
samples) as described above for branches measured with the hydraulic apparatus. This
was carried out to avoid the possibility of multiple scans inhibiting cellular activity and
possible related processes involved in water uptake and hydraulic recovery [38].

Before micro-CT scanning, all samples were quickly wrapped in cling film and Parafilm
to avoid water loss and fixed to the sample holder. The CT studies were performed in
propagation-based phase contrast modality using an Orca Flash 4.0 SCMOS, coupled with
a 17 μm GGG scintillator, as a detector. The sample was placed 15 cm from the detector,
and the pixel size was set at 2.1 μm. The experiment was performed in white beam mode,
and 1.0 mm of silica was applied, resulting in a mean X-ray energy of about 22 keV. For
each scan, 1800 projections were acquired during the sample rotation over 180◦.

The slice reconstructions were performed using SYRMEP Tomo Project (STP) soft-
ware [39]. A phase retrieval pre-processing algorithm [40] was applied prior to the conven-
tional filtered back-projection algorithm to increase the image contrast.

Reconstructed images were processed using ImageJ (https://imagej.nih.gov/ij/, ac-
cessed on 30 November 2021). Due to the larger diameter of the stems compared to the
field of view (ca. 4 mm × 4 mm), analyses were conducted on about one-quarter of the
stem section, excluding the immature xylem next to the vascular cambium (see Figure 3,
Figure 4, Figure S1 and Figure S2). The embolized sapwood area (Aembol) was calculated by
dividing the embolized pixel area by the analyzed sapwood area, expressed as percentage.
The embolized vessel area (EVA) was calculated by dividing Aembol by the Aembol after the
final cut above the scanned region (representing the percentage of sapwood area occupied
by conduits), expressed as percentage.

4.4. Statistics

Statistical analyses were carried out with R (R Core Team, 2017). Boxplot panels were
obtained with the “ggplot2” package in R. Bar charts were prepared with SigmaPlot (v. 12.0,
Systat Software Inc., Berkshire, UK). For PLC and Ψxyl, the one-way ANOVA test (response
variable ~f(treatment)) through the aov function was applied, followed by Tukey’s HSD
post hoc test (only for significant ANOVA, p < 0.05) through the TukeyHSD function in the
“stats” package after checking for normality of residuals and homogeneity of variances.
When homogeneity of variance assumption was violated, generalized least squares (GLS)
models were calculated with the gls function, including a “varIdent” variance structure,
in the “nlme” R package [41], followed by Tukey’s HSD post hoc analysis (for significant
tests), with p-values adjusted using the Bonferroni–Holm method. The effect of progressive
cuttings on Aembol and EVA in the micro-CT test experiment was tested using linear mixed
models (LMMs) through the lme function. Specifically, one LMM was fitted by separately
setting Aembol or EVA as the response variable and by setting the cutting stage as the
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explanatory one, with the plant replicate as the random effect. Pairwise comparisons were
performed through lsmeans function in R package “emmeans” [42].

5. Conclusions

In this work, we tested the hypothesis that the immersion of photosynthesizing
stem segments in distilled water for some hours in the presence of light would induce
hydraulic recovery through bark water uptake in the embolized branches of two drought-
resistant Mediterranean tree species (F. ornus and O. europaea). Hydraulic recovery was
previously reported for the soaked stem segments of S. matsudana, and it was related to
the generation of an osmotic gradient [13]. However, for the two species analyzed in
this study, which are known to be capable of hydraulic repair under moderate tension
(additionally demonstrated here by an in vivo micro-CT analysis of the potted saplings of
F. ornus), refilling by bark water uptake did not occur. Our data suggest that refilling does
not commonly occur in cut stems soaked under water, thus suggesting that this common
procedure in hydraulic measurements is not likely to produce artefactual results. Clearly,
further soaking studies under light conditions should be performed on photosynthesizing
stems of other species to better understand both the potential and the limits of this process,
as well as the possible consequences in terms of the accuracy of hydraulic measurements of
xylem embolism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants11030307/s1, Figure S1: X-ray micro-CT transverse images of stems of drought-stressed
2-year-old F. ornus saplings, Figure S2: Cutting effect on embolism formation in F. ornus potted
saplings visualized with micro-CT. Figure S3: X-ray micro-CT transverse images of 2-year-old F. ornus
stem segments after the soaking treatment (S2h).
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Abstract: The French National Research Institute for Agriculture, Food and the Environment (INRAE)
conserves and distributes five vegetable collections as seeds: the aubergine* (in this article the word
aubergine refers to eggplant), pepper, tomato, melon and lettuce collections, together with their wild
or cultivated relatives, are conserved in Avignon, France. Accessions from the collections have geo-
graphically diverse origins, are generally well-described and fixed for traits of agronomic or scientific
interest and have available passport data. In addition to currently conserving over 10,000 accessions
(between 900 and 3000 accessions per crop), the centre maintains scientific collections such as core
collections and bi- or multi-parental populations, which have also been genotyped with SNP markers.
Each collection has its own merits and highlights, which are discussed in this review: the aubergine
collection is a rich source of crop wild relatives of Solanum; the pepper, melon and lettuce collections
have been screened for resistance to plant pathogens, including viruses, fungi, oomycetes and insects;
and the tomato collection has been at the heart of genome-wide association studies for fruit quality
traits and environmental stress tolerance.

Keywords: genetic resources; Solanaceae; Cucumis; Lactuca; diversity; vegetables; genebank

1. Introduction

The evolutionary history of vegetable crops is fascinating because it coincides with
the birth and development of agriculture and the world history of human migrations and
land discovery. For example, the wild ancestor of aubergine (eggplant), Solanum insanum,
originated in Asia after ancestral species spread from Northeastern Africa two million
years ago [1]. Domesticated chili pepper, Capsicum annuum, originated in Central–East
Mexico more than 6500 years ago [2] and the process of tomato domestication started in
Ecuador and Peru with Solanum pimpinellifolium before finishing with modern-sized fruit
in Mexico [3]. Melon, Cucumis melo, was domesticated in both Africa and Asia before
arriving in Europe [4,5]. The ancestor of lettuce was domesticated in Southwest Asia,
and then some primitive forms were identified in Egypt around 4500 BC. With the Greek
and Roman civilisations, lettuce spread rapidly through the Mediterranean, then Western
Europe, and became known in America from the late fifteenth century [6–8]. Today’s fruit
and vegetables bear little resemblance to their undomesticated wild relatives: for example,
the Lactuca ancestors of lettuce resemble a weed, with spines under the leaves, bitterness
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and small seeds [9]. The domestication process for the five crops has changed the size of the
edible part, total yield and also fruit shape and colour, ripening and plant architecture [10].

The domestication of plants has been at the expense of the plant’s resistance to abiotic
and biotic stresses [11] and latterly selection has also changed the organoleptic quality of
the product [12]. The conservation of crop wild relatives (CWR) and knowledge of the
evolutionary history of species mean that sources of genes for quality, resistance to pests
and pathogens or adaptation to environmental conditions can be fully or partially restored
by plant breeders, and knowledge at the genomic level facilitates their use. However, the
accessibility and exchange of genetic resources is increasingly complicated, being regulated
by international laws: exchange or collection of live material can no longer occur sponta-
neously. This means that ex-situ conservation is necessary, along with clear documentation
(including phytosanitary documents, passport data and material transfer agreements) relat-
ing to the stored germplasm, particularly since the ITPGRFA (International Treaty on Plant
Genetic Resources for Food and Agriculture) and the Nagoya protocol, adopted in 2010 for
fair and equitable sharing of genetic resources [13]. These facts explain the importance of
vegetable genebanks as a means of conserving and characterising phytogenetic resources.

Vegetable genebanks from around the world, a non-exhaustive list of which is included
in Supplementary Table S1, conserve part of the diversity found in species of local and
international importance. In France, a network called ‘RARe’ regroups the French Biological
Resource Centres for agricultural, environmental and life sciences (https://www.agrobrc-
rare.org/ (accessed on 5 December 2021)). The vegetable genebank situated in Avignon
in the south east of France, the INRAE Centre for Vegetable Germplasm—or Centre de
Ressources Biologiques Légumes in French—conserves seeds for five vegetable crops. Three
of these are from the Solanaceae family: aubergine is a staple food for much of Africa and
Asia, pepper is an important crop worldwide, used fresh or dried as a spice, and tomato is
one of the world’s most produced fruit vegetables and used fresh or transformed in sauces
and conserves. Melon (from the Cucurbitaceae family), grown worldwide in a diversity
of forms and consumed as a sweet or non-sweet fruit or vegetable, and lettuce (from the
Asteraceae family) complete the list of species conserved and are important for nutritional
diversification [14]. More generally, vegetables are an essential part of a balanced diet
and the collections are witness to progress in the domestication of vegetable crops and
their adaptation to the environment. The need for plants to suit new environmental or
agricultural conditions is proof of their value.

The aim of this paper is to unite the information on the five collections conserved
by the INRAE Centre for Vegetable Germplasm in a single article, which has not been
accomplished previously. The collections are at the heart of much of the research carried
out within the Genetics and Breeding of Fruit and Vegetables research unit and form the
basis of many collaborations with both research institutes and plant breeders. We will
include the history of the genebank’s constitution, the characteristics of the material now
present, the methods of conservation, the descriptors used, current databases and finally a
spotlight on how the material has been used in different research programmes.

2. Overview and Origins of the Five Collections

Each collection has developed independently over different periods, having been built
up by individual researchers working on different research programmes. Generally, the
collections started in the 1960s and 1970s and grew rapidly at the end of the last century;
introductions have mostly slowed since 2010 (Figure 1). The origins of accessions seen in
Figure 2 are closely linked with the domestication/diversification centres for each crop.
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Figure 1. Number of available accessions for each collection by year of introduction: each crop
appears with a different colour (see legend). Note that the introduced accessions that have since been
‘lost’ do not appear.

Figure 2. Supposed geographic M49 region of origin or of breeding of the accessions using the
colour code shown in the legend. Each square corresponds to 20 accessions. Note that sometimes the
recorded origin is that of the collection, even if the accession comes from a foreign country.

265



Plants 2022, 11, 347

Table 1 shows the number of accessions by geographic region of origin based on the
M49 regions of the United Nations Statistics Division (standard country or area codes for
statistical use) and Supplementary Figure S1 shows the number of accessions by precise
country of origin and by continent. There are two points of note on the origin of an accession:
firstly, the origin can correspond to the donating genebank’s origin when historical passport
data are not available, and, secondly, some accessions resulting from breeding programmes
mixing parents of different origins are listed as being of unknown origin, which was
seen as preferable to using the local geographic origin: this is the case for both aubergine
and lettuce.

Table 1. Number of accessions originating from the different regions of the United Nations Statistical
Division. Note that sometimes the recorded origin is that of the original collection, even if the
accession was introduced from a foreign country. The colour scale ranges from dark (most represented
region) to light (least represented region).

Geographic Region Aubergine Pepper Tomato Melon Lettuce 1

Australia and New
Zealand 59 4

Melanesia 2
Polynesia 1
Caribbean 75 79 26 18
Central America 9 115 97 4
Northern America 45 102 354 140 5
South America 29 170 208 21 2
Central Asia 4 3 36 5
Eastern Asia 150 151 39 175 9
Southeastern Asia 237 52 4 19 1
Southern Asia 230 69 14 518
Western Asia 51 57 378 370 18
Eastern Africa 195 50 6 7
Middle Africa 34 22 12
Northern Africa 33 85 6 285 3
Southern Africa 60 4 3
Western Africa 406 41 20 8 1
Eastern Europe 53 222 175 109 1
Northern Europe 3 53 13 5
Southern Europe 106 160 145 303 37
Western Europe 97 165 913 122 224

1 Not applicable for modern commercial cultivars (600 cultivated lettuces) because, for a given cultivar, breeding
can be carried out in different countries.

The collections are rich in phenotypic diversity: many lines have been fixed for mor-
phological characteristics often related to fruit size, shape or colour. Some of the visual
diversity of a selection of our collections is shown in Figure 3 and includes wild or other cul-
tivated species. The morphological diversity can be used to classify the collection into groups
based on morphological data such as fruit colour and shape (Supplementary Figure S2), which
is useful in certain cases—for example, for breeding or for comparing with genotyping data.

Table 2 summarises the number of accessions for the main individual species and the
number of crop wild relatives, and Supplementary Figure S3 provides extra information on
the number of accessions present in the collections for individual species.
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Figure 3. Illustrations of examples of the phenotypic diversity present in the five collections.
(Top) aubergine collection, from left to right—MM 01560: KOPEK PUTIH/TS58/X452; MM 00133:
DE BUKAREST = BUCA; MM 00500: ZEBRINA LONGUE; MM 01737: AUBERGINE LOCAL
OP10 (ABIDJAN); MM 00662: BIRM/S.0657; MM 01192: DIEGO ANTSINANARA (MARCHE).
(Second from top) pepper collection, from left to right—PM0235: CHILI ICONO; PM0802: SAFI;
PM0658: BOTIJILLO TINTO; PM1216: EX HD(YWx702)11; PM0611: MULATO ROQUE; PM1409: VA-
NIA; PM0225: PEPERONE DI LUCCA. (Middle line) tomato collection, from left to right—T300077:
LA1274 S. peruvianum; T300165: LA1447: S. cheesmanii; T101431: Marmande Jaune; T101560: Poivron
des Andes; T102434: EA2679; T102446: EA2751. (Second from bottom) melon collection, from left
to right—Unknown; ME0857: MR-1; ME2343: ACEM; ME2369: DAMIAN GUA; ME1038: SVI 0024;
wild African accession. (Bottom) lettuce collection, from left to right—LC0251: butterhead cv Grosse
brune têtue; LC0152: Batavia, cv craquante d’Ecully; LC0206: oak leaf, cv Feuille de chêne espagnole;
Production of seed in insect-proof tunnel; LC0858: L. virosa, LS360.

Table 2. Summary of taxonomy of the collections for the accessions whose taxonomy has been identified.

Collection Species/Crop Wild Relatives Number of Species Number of Accessions

Aubergine

Solanum melongena 1211
S. aethiopicum 335
S. macrocarpon 91
Crop wild relatives—Solanum 109 609
Other Solanaceae genus (8) 17 24

Pepper

Capsicum annuum 1683
C. baccatum 129
C. chinense 159
C. frutescens 86
C. pubescens 28
Crop wild relatives 6 24

Tomato
Solanum lycopersicum 3095
Crop wild relatives 9 285

Melon Cucumis melo 1 2359

Lettuce

Lactuca sativa 712
Crop wild relatives—Lactuca 10 225
Crop wild relatives—other
genus 3 15

1 includes 91 Cucumis melo subsp. agrestis (wild melon).

3. Summary of the Individual Collections

Each collection is described in detail below with information on geographic diversity,
taxonomy and scientific resources available: core collections are available for aubergine,
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pepper and tomato [15,16]. Many mapping progenies have been created for research
purposes and are available for collaborative projects.

(i). The aubergine collection (2388 accessions) contains two introductory peaks: one
from 1991, which corresponds to the scientific collaboration with the taxonomist
Richard N. Lester of the University of Birmingham, UK, and the second in 2004,
when the collection of Solanum species related to aubergine were transferred from the
University of Birmingham to INRAE [17]. More recently, we have introduced new
aubergine accessions from the H2020 G2P-SOL project (http://www.g2p-sol.eu/ (ac-
cessed on 5 December 2021)). Most of the aubergine accessions originate from Africa
and Asia. The aubergine collection is notable amongst the five collections because
it includes a large proportion of crop wild relatives (26%). This number of CWR is
rare in other germplasm centres, mostly because of the difficulties in maintaining
them. The collection includes more than 1000 accessions principally from Africa
(related cultivated species including Solanum macrocarpon L., Solanum aethiopicum L.,
Solanum scabrum Mill.). These species are indigenous African leafy vegetables and/or
fruits: S. aethiopicum and S. macrocarpon provide a usable secondary gene pool for
the improvement of S. melongena. Approximately 500 accessions, representing over
a hundred wild species, the majority related to cultivated aubergine, complete the
collection, as well as accessions of other Solanaceae of interest (Atropa, Datura, Lycium,
Nicandra, Physalis and Withania) [18]. A word of caution must be added about the
taxonomy of Solanum species. The taxonomic classification of aubergine dates back
to the work of RN Lester in the 1990s; the nomenclature has evolved since the early
2000s and the taxonomic status of several taxa is unclear [19,20].

The aubergine scientific collection contains five double-haploid populations and F1,
F2 and backcrosses of six biparental progenies. A total of 706 aubergine accessions from
our collection were supplied to the G2P-SOL project, of which 106 are included in the final
core collection from the project. The project has and will supply low- and high-density
genotyping data, which extends the knowledge available on the whole collection.

(ii). The pepper collection (2188 accessions) is representative of domestication centres
(South and Central America). In pepper, the collection focuses on Capsicum annuum (76%
of accessions), with a large collection, rich in phenotypic and geographic variability, that
is easily exploited in breeding programmes. Eleven species of Capsicum are available in
the collection, including the five cultivated species (C. annuum, C. frutescens, C. chinense,
C. baccatum and C. pubescens) [21]. Recombinant inbred lines in pepper [22] have allowed
the evaluation of fruit traits [23] and resistance to Phytophthora species [24,25]. Similarly
to aubergine, 912 INRAE accessions (889 cultivated) were included in the G2P-SOL
project, of which 59 are included in the final core collection [26]. The genotypic
diversity in pepper from the G2P-SOL core collection maximises the diversity of
around 10,000 accessions from 10 genebanks and research institutes from around the
world in a collection of 423 mostly C. annuum accessions [26]. INRAE is the official
distributor of the G2P-SOL pepper core collection. Another core collection of over
280 accessions has been constructed with INRAE material [27].

(iii). The tomato collection (3410 accessions) is representative of its domestication centre
(South and Central America). In tomato, the number of wild-relative species is lower
than in the other collections but a good diversity of S. pimpinellifolium is available.
For tomato, S. peruvianum has been separated into four species, including two new
species, S. arcanum and S. huaylasense, which requires database information to be
corrected: taxonomic identification is therefore an ongoing process [28]. More than
500 accessions have been genotyped with the SolCap Illumina array and a core
collection of 160 accessions constructed and amply characterised (see below) [29].
The tomato scientific resources include progenies of recombinant inbred lines [30],
advanced backcrosses, intra- and interspecific progenies and multi-parent progenies
(MAGIC) [31] representing more than 1000 accessions.
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(iv). The melon collection (2359 accessions) comes from all around the world, particularly
Africa and Asia, and includes around 100 genotypes of wild C. melo (mostly from
the agrestis cultigroup), which are compatible for crossing with cultivated melons.
Recombinant inbred lines obtained by crossing distant melon lines have been created
and studied for many segregating agronomic traits and for monogenic as well as
quantitative pest and disease resistance [32–37]. A mutant melon collection obtained
by chemical EMS mutagenesis of an INRAE Charentais melon line includes more than
7000 M2 families and is useful for the functional validation of genes or for generating
new diversity [38–41].

(v). The lettuce collection (948 accessions) comes essentially from Europe. For cultivated
lettuce, the introduction year is unknown for 151 cultivars received before 1980; for
wild Lactuca species, 64% of the wild accessions (mainly of L. serriola) were collected
directly by INRAE, mainly in France in the 1980s. Out of the 479 introduced wild
accessions, 343 collected accessions and 136 received from other laboratories, only 248
are still present with seed stock in the 2020s: seed for many accessions arriving in the
1970s was lost because the storage at room temperature before 1984 was inadequate
for long-term conservation in Lactuca. In lettuce, the 704 cultivated accessions are
L. sativa, with many modern cultivars cultivated in Western Europe over the last
40 years. For wild lettuce, the precise collection site is known for 92% of the INRAE
accessions. There are 11 Lactuca species, including the three species mainly used by
breeders: L. serriola, L. saligna and L. virosa. The lettuce collection is completed by
15 accessions from other genera of the Asteraceae family (Chondrilla, Mycelis, Sonchus).
The lettuce collection contains a few lines with resistance to potyviruses or Bremia
lactuca identified in L. virosa and introgressed into a cultivated background [42–44].

4. Collection Management

The genebank follows typical procedures for seed storage, multiplication and distribu-
tion [45]. An overview of the processes and procedures is provided in Figure 4, with an
indication given regarding the number of accessions or samples concerned by each process
for a typical year. These figures are specific to the INRAE Centre for Vegetable Germplasm.

(i). Conservation of seed stocks

The genebank focuses on medium- and long-term storage (4 ◦C and 50% relative
humidity for ~15 years or −20 ◦C and 50% relative humidity for >30 years [46]) with
procedures for checking germination rates following long-term storage (after one year and
then every 5 or 10 years depending on the results). Safety duplicates are held at a genebank
centre based in Montpellier, France.

(ii). Regeneration of seed stocks

Regeneration by seed multiplication is performed mostly by controlled self-pollination
in insect-proof greenhouses (three plants per accession, two for lettuce). For accessions
that are regenerated as wild populations, i.e., those accessions that were harvested from
a mixed genepool that potentially contains many rare alleles and/or accessions that are
self-incompatible, we use isolation fields with natural pollinators. We aim for a minimum
of 600 seeds per accession. Twenty seeds are used in germination tests.

The management of a collection of wild relatives of Solanum is complex: problems arise
at numerous levels—for example, difficulty in obtaining accessions, misidentification, poor
germination, physiological problems with flowering, pollination and fruit set [47]. Many
wild accessions missing from the collection are endangered because of the eradication
of their natural habitat, notably in East Africa [48]. Many species cannot be regenerated
in the short culture periods available in the greenhouses or fields in Avignon; this is
particularly true for the majority of Solanum species native to Australia and many species of
tropical origin. New culture conditions for those species that are difficult to regenerate have
been investigated in a recent project (https://www6.paca.inrae.fr/gafl_eng/Partnerships-
and-Projects/Closed-Projects/SESAM (accessed on 5 December 2021)) in which we have
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varied the photoperiod, growing season or watering regime to obtain success in saving
some accessions.

Figure 4. Current procedures for management of the collections at the INRAE Vegetable Germplasm
Centre, including the major missions of introduction, multiplication, description, conservation and
distribution and with an estimation of the number of samples or accessions involved. The multiplica-
tions are mostly carried out by self-pollination. Illustrations Camille Ulrich—Copyright INRAE.

(iii). Descriptions

Collections are systematically characterised using botanic and primary descriptors
(fruit, flower, plant and leaf characteristics). A large percentage of the collections has
been described using descriptors from either the International Plant Genetic Resources
Institute, the International Union for the Protection of New Varieties in Plants or with
in-house descriptors. The supplementary dataset includes the list of descriptors used for
each collection (Supplementary Figure S4) and the proportion of accessions that have been
described. Fruit diversity and colour are a particular focus for descriptions [23,26,49–51]
and we are now establishing techniques for phenotyping root system architecture [52].
Specific ways of describing wild lettuce and aubergine, which have characteristics quite
different to the cultivated species, have also been put into place (Supplementary Figure S4).
Cultivated lettuce has been described for bolting and flowering characteristics; the heading
characters were scored on progeny, either in the field for cultivars bred for outdoor culture,
or under plastic tunnels for cultivars bred for protected cultures (Supplementary Figure S4).
For the five collections, secondary descriptors include criteria such as pest and pathogen
resistance (Supplementary Figure S4). Fixing of traits of agronomic interest (for example,
fruit colour or shape) has been carried out for most of the accessions when possible, in
order to complete phenotypic gaps in the collections.

(iv). Networks and sub-collections

Each INRAE collection is wholly or partially regenerated and/or described in partner-
ship with private breeding companies, the French organisation ‘Variety and Seed Study and
Control Group’ (GEVES) and the CIRAD. With the INRAE Centre for Vegetable Germplasm,
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a different subset of these partners forms three national networks: (i) the Fruit Solanaceae
network (created in 1996), (ii) the melon network (since 1997) and (iii) the Lactuca network
(created in 2020). Each network partner not only contributes to the network by multiplying
seeds and describing accessions each year but also shares extra varieties or accessions with
the network’s members. The French national collection (approximately 100 accessions of
patrimonial value) is defined by the network members and includes accessions from INRAE
and the network’s collections. The national collection is freely available to all parties and
the public and appears in the databases (see below). In addition, the aubergine national col-
lection has been submitted to the International Treaty on Plant Genetic Resources for Food
and Agriculture (ITPGRFA), to encourage the open exchange of plant genetic resources for
food use.

(v). Seed and data sharing

Online local databases are used for storing passport data, descriptions and information
on seeds (seed batch date, seed quantity, exchange, storage conditions and germination
rate). Our local databases are linked to national or European databases where part of the
collections are found (for the moment often only the national collection). These databases
contain accession names and passport data as a minimum and currently include Sire-
gal (https://urgi.versailles.inra.fr/siregal/siregal/grc.do (accessed on 5 December 2021)),
where phenotyping data are also available, Florilège (http://florilege.arcad-project.org/fr
(accessed on 5 December 2021)), ECPGR (https://www.ecpgr.cgiar.org/ (accessed on 5
December 2021)) and Eurisco (https://eurisco.ipk-gatersleben.de/ (accessed on 5 Decem-
ber 2021)). As many changes are occurring in the management of these databases and
the links between them, we have provided a list of our accessions and passport data in
Supplementary Table S2. This includes the national, network and INRAE collections. Please
contact us for the distribution conditions specific to each accession.

Seeds can be ordered via our local website: https://www6.paca.inrae.fr/gafl_eng/
Vegetable-Germplasm-Centre/Use-our-genetic-resources (accessed on 5 December 2021).
A charge is made for sending accessions, which are provided with a phytosanitary passport
or certificate and MTA as necessary.

We estimate that approximately 2000–3000 samples are sent annually to partners
outside the research unit, of which around 50% are for private research companies, nearly
20% are for international and national research laboratories and around 5% go to members
of the general public, associations and amateurs. The remaining 25% of samples are
supplied to other INRAE laboratories.

5. The Collections as Material for Scientific Study

The genetic resources are used by INRAE, research institutes, universities and breeding
companies. The collections are currently used or studied for the following themes.

(i). Domestication and structure of the collections

Solanaceae genetic resources conserved at INRAE have been used to investigate do-
mestication scenarios by analysing transcriptome data from aubergine, pepper and tomato
with their close wild relatives to show both common and species-specific demographic
changes, the latter being particularly true for aubergine [53]. Geographic isolation has
played a role in determining the genetic structure of aubergine populations; there is also
evidence for outcrossing in aubergine between wild and cultivated gene pools [20,54–56].

In pepper, 1352 accessions of our collection, representing 11 Capsicum species with
wide geographic diversity, were genotyped using 28 microsatellite markers. This collection
was assigned to six clusters, with three clusters for C. annuum and three additional clusters
separating the other main species, including the cultivated species and wild relatives, ac-
cording to their taxonomic classification (C. frutescens/C. chinense, C. baccatum, C. pubescens).
The three C. annuum clusters were significantly distinct for plant and fruit descriptors corre-
sponding to cultivar types, showing that the genetic structure of cultivated pepper has been
affected by human selection in primary as well as secondary diversification centres [21]. A
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total of 869 accessions from our collection, together with more than 9000 accessions from
nine other collections worldwide, were genotyped with more than 26,000 GBS-derived
SNPs in the G2P-SOL project. This study revealed a reticulate interbreeding history in
C. annuum and a differentiation between two major genepools (i.e., European and Central
American/Asian). It also demonstrated that approximately 80% of the accessions we
maintain at INRAE are not represented in the main world collections [26].

In tomato, where the phenotypic effects of domestication have been well docu-
mented [57,58], it has been shown that domestication has affected gene expression within
gene regulatory networks: changes in gene co-expression levels were associated with lower
nucleotide diversity, often because of the fixation of useful mutations during domestica-
tion [53,59]. Tomato also appears to have been domesticated in a two-step process: first in
South America and then in Mesoamerica [60]. A similar reduction in nucleotide diversity
has been seen in candidate genes involved in meristem development in cultivated com-
pared to wild tomato: around half the genes analysed revealed footprints of selection and
polymorphisms putatively involved in fruit size variation by showing negative Tajima’s D
and a reduction in nucleotide diversity in cultivated tomato [61,62].

Genotyping of 713 melon accessions has given information on the collection’s genetic
subdivisions and led to the hypothesis that melon has probably been domesticated at least
twice [63]. More recently, one hundred accessions of our collection, together with more
than 1000 accessions worldwide, have been re-sequenced: the data confirmed the two
domestications in Africa and Asia and suggested the occurrence of a third domestication
event in India [5]. Iconographical and textual sources suggest the presence of melon in the
Mediterranean basin dating back to antiquity and are illustrated by two melon types in
Italy in the late medieval times: melons of the Chate group, the likely ancestor of our sweet
melons, and elongated and unsweet snake melons, still appreciated in East and North
Africa [64]. Complementary studies have shown the genetic diversity available within
melon cultigroups [65,66] and the phenotypic diversity, which is greater in cultivated melon
than wild melon [51].

(ii). Resistance to plant pests and pathogens

In aubergine, the collections are of particular interest in screening for Ralstonia solanacearum
resistance and mapping populations have been created to this end: R. solanacearum (bac-
terial wilt, southern wilt or potato brown rot) causes major yield losses in the tropics
and subtropics but is also a threat in temperate climates [67–69]. Numerous strains or
phylotypes exist, and, whereas one aubergine variety may be resistant or partially resistant
to one strain, it is often not resistant to all strains. The aubergine collection is a source
of resistance genes against Ralstonia: from a subset of 10 genotypes, none controlled all
strains but some are able to control the most virulent strains (six accessions were totally
resistant to six strains) [70–73]. Crosses between resistant and susceptible parents have
generated recombinant inbred lines [72] for QTL mapping related to resistance in different
environments; a major resistance gene, ERs1, has been identified. Further sequencing and
QTL mapping for resistance have shown that both broad-spectrum and strain-specific
QTLs exist and that, by combining three or more QTLs, large-spectrum resistance could be
obtained [74,75]. Remarkably, aubergine accession Ceylan SM 164 was resistant to all six
strains. Aubergine accessions SM6, Surya and AG91-25, as well as pepper accessions CA8
and MC4, were moderately to highly resistant to all six strains [76].

The pepper germplasm has been shown to include a diversity of genetic backgrounds
favourable to resistance durability to pests and pathogens. In the case of potato virus
Y, the evaluation of a core collection of Capsicum annuum landraces showed breakdown
frequencies of given resistance alleles that varied from 0 to 53% [15]. In the same core
collection, genome-wide association studies detected SNPs associated with the presence of
the virus at inoculation and/or systemically [27]. Screening of 1179 accessions of the pepper
collection for quantitative resistance to P. capsici revealed 26 new sources of resistance [77]
and furthermore a key conserved QTL cluster has been shown to exhibit broad-spectrum
resistance to P. capsici [78]. In a similar way, double-haploid lines obtained from the F1
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hybrid of a resistant accession (H3) crossed with a susceptible accession (Vania) revealed
QTLs for resistance to powdery mildew due to Leveillula taurica [79]. Other double-haploid
progenies have been used to study the genetics of resistance to viruses such as potato virus
Y, tobacco mosaic virus, tomato spotted wilt virus, cucumber mosaic virus and pepper
veinal mottle virus [80–84], and P. capsici [85]. Within the G2P-SOL project, the final core
collection is to be phenotyped for agronomic traits and biotic stress resistance, including to
Phytophthora capsici, Leveillula taurica, cucumber mosaic virus and Meloidogyne incognita by
INRAE and Verticilium dahliae, pepper mild mottle virus, Fusarium oxysporum and tomato
spotted wilt virus by other partners.

The melon collection has been extensively evaluated for resistance to pests and
pathogens, including several viruses (cucumber mosaic virus; potyviruses such as the
zucchini yellow mosaic virus; and the whitefly-transmitted begomoviruses, melon chlorotic
mosaic virus, tomato leaf curl New Delhi virus and watermelon chlorotic stunt virus); fungi
such as Fusarium wilt and downy and powdery mildew, and also insects [86–91]. QTLs
have been detected for both whitefly and aphid resistance in a biparental population: a
major QTL affecting aphid behaviour and biotic potential co-localises with the Vat gene,
although resistance is polygenic [32,92–95]. In melon, an example of a success story is
the cloning of the Vat gene, which was shown to be a CC-NBS-LRR gene mediating both
resistance to aphid infestation and virus infection using Aphis gossypii as a vector [94,96].

The lettuce collection in particular has been a target for screening for resistance to
plant diseases including viruses, oomycetes, bacteria, nematodes and fungi (summarised in
Table 3) [42,97–100]. Breeding for resistance in lettuce is a priority and many resistance gene
sources have been reported, particularly in wild lettuce species, for potyvirus, B. lactucae
and Meloidogyne incognita [100–102]. When resistance is found in wild species, the com-
patibility with L. sativa determines the success of breeding programmes: several species
are compatible with L. sativa (L. serriola, L. saligna and L. virosa) and can therefore be used,
but the crosses are only straightforward with L. serriola. The hybrids with L. virosa are
sterile and often show physiological disorders such as necrosis or stunted plants, which are
difficult to eliminate in any progenies that are obtained [101]. Resistant genes from L. virosa
have been introgressed into a butterhead background to produce lines with new resistance
to Bremia [103] and two potyviruses [43,44]. More than 400 lettuce accessions have also
been tested with three stimulators of plant defences; some interesting protection against
B. lactucae was obtained with a few cultivars [104].

(iii). Floral biology and crossing compatibility

The outcrossing potential of aubergine was investigated using 23 populations of wild
weedy aubergine [54]. Controlled crosses with cultivated aubergine resulted in seed set and
viable F1 progeny. The exerted stigmas of wild aubergines are likely to promote outcrossing
under natural conditions, highlighting the risk of growing Bt transgenic plants in Southern
India, where wild and cultivated aubergines coexist.

Variability in the melon germplasm collection (497 accessions of C. melo) has been used
to validate a locus controlling sex determination in melon: within C. melo, most plants are
monoecious (single sex flowers) or andromonoecious (male and hermaphrodite flowers).
This trait is under the control of a recessive locus and a single-nucleotide polymorphism
in the CmACS7 gene, which co-segregates with the sex determination phenotype of the
flowers [53]. The insertion of a transposon, which epigenetically controls the expression of
the CmWIP1 transcription factor, was shown to co-segregate with the gynoecious (female
flowers only) phenotype [41]. Together with advances in the understanding of sex determi-
nation in plants, these studies have provided markers of interest for breeders, facilitating
F1 seed production in melon.

The crossing potential of seven accessions of L. virosa with 10 lettuce cultivars was
compared by using in vitro cultures of immature embryos or harvesting mature seeds. Few
F1 progenies were obtained but, after backcrossing to lettuce and self-pollination, some
lines with virus resistance were obtained [106].

273



Plants 2022, 11, 347

Table 3. Screening of the lettuce collection for resistance to pests and pathogens.

Plant Disease Number of Accessions Comment

Bremia lactucae

Reactive cultivars to stimulator of plant
defences (SDP) for Bremia protection

400 and 66 accessions within the
European Evaluation Network project

402 cultivars tested with 3 SDP

EVA projet (2019–2023) https://www.
ecpgr.cgiar.org/european-evaluation-
network-eva/eva-networks/lettuce/
(accessed on 5 December 2021)

Some reactive cultivars with good
protection against Bremia [104]

Potyvirus lettuce mosaic virus

Potyvirus lettuce Italian necrotic virus

231 (116 cultivated and 115 wild)

20 (11 cultivated and 9 wild)

L. virosa PIVT1398 resistant to all lettuce
mosaic virus strains [42].

One resistant: PIVT1398 [97]
Same Mo3 locus, introgressed from L.
virosa, confers resistance to LMV and to
LINV [43]

Xanthomonas campestris 986 (789 cultivated and 197 wild) Few genitors in cultivars [99]
QTL analysis in RIL population [105]

Meloidogyne incognita 569 (409 cultivated and 160 wild) Resistance found in L. sativa and L.
serriola [100]

(iv). Fruit quality and abiotic stress tolerance

In pepper, the collections have been used to show that the gene encoding Capsanthin
Capsorubin Synthase is responsible for the yellow colour in pepper [50]. Following work on
sensory traits in an intraspecific RIL population [49], several core collections of tomato have
been used to evaluate the genetics of fruit quality traits [16,107–110]. An example is the
genetics of fruit metabolite content—including sugars, vitamin C, amino acids and volatiles.
These traits, using two different genotyped core collections, one composed mostly of cherry
tomato accessions and the other including breeding material, have been shown to be herita-
ble and under the control of multiple QTLs. The studies also pinpointed candidate genes
for traits such as fruit malate content and phenylpropanoid volatile production [16,108].
The GWAS studies have paved the way towards predictive genomic selection, which can
be used on crops such as tomato: this could be particularly useful for polygenic traits
such as fruit quality [111]. The tomato scientific collections have also been evaluated for
potential adaptation to environmental stress—in particular, under conditions of limited
water [107,112], elevated temperature [113] and, for the MAGIC population, multiple stress
conditions [114], revealing candidate genes involved in stress responses.

(v). Selection and breeding

The creation of new vegetable varieties has mostly stopped at INRAE and is now the
domain of private plant breeders. However, some of our past creations are well known.
Crosses of certain aubergine introductions combined with INRAE breeding in traditional
populations allowed the creation of the first French F1 hybrids, registered in the official
catalogue in 1973: F1 Bonica with purple globular fruits and F1 Baluroi with medium-
length purple fruits. In aubergine, crop wild relatives offer numerous possibilities for the
improvement of S. melongena [48], including providing resistance to pests and pathogens:
the challenge is creating interspecific hybrids (sexual or somatic) and research has been
dedicated to this area over recent decades [115–118].

Crop wild relatives are also particularly good as rootstocks [119]. The Solanaceae
family contains many candidates that can be used as rootstocks for cultivated aubergine
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and tomato. Part of the collection has been screened to find species having a good grafting
affinity with aubergine and a number of candidates identified [120,121].

In pepper, our best-known varieties are Lamuyo F1 hybrid (the first pepper hybrid
in the world) and Alby (cumulating five resistance genes) as well as the F1 sweet pepper
hybrid Ulysse. In tomato, Montfavet H63-5 is an F1 hybrid widely grown in France, and
elsewhere, in the 1970s. Recent tomato varieties include Garance and Jouvance (good
colour and flavour, firm, eight disease resistance genes) and Terradou (processing tomato,
high soluble solids).

The Margot (1988) melon was the first variety to integrate the Vat gene for aphid
resistance, and breeders have incorporated the resistance into many varieties, currently
including more than 50% of Charentais varieties. Our genetic resources are still used
for breeding through our private/public networks and particularly the melon network:
only the genetic diversity within the species C. melo is usable—there are currently no
inter-specific crosses.

For lettuce breeding, resistance to Lettuce mosaic virus (LMV), identified in L. virosa
PIVT1398 [42], was introduced into butterhead lines by INRAE [101]. The NILs with the
Mo3 locus were also resistant to another potyvirus: lettuce Italian necrotic virus (LINV) [44].
Some NILs with the Mo3 resistance gene have been made available for research and
breeding [43].

6. Conclusions and Perspectives

An overview of the highlights of each of the five collections with the scientific data and
resources that have been produced is presented in Figure 5. The availability of genotyping
data and phenotypic data has enhanced the usefulness and long-term perspectives of the
collections, although phenotyping is still to be carried out on the collections: for example,
root descriptors are mostly absent and little information is available on the adaptation of the
collections to the environment. Projects including phenotyping or genotyping also allow
us to improve the collections by eliminating duplicates or by using introductions to cover
gaps. We mainly aim at being complementary to other collections in the world, but there is
a need to know which accessions are complementary, and this shows the importance of
having an inventory of genetic resources (passport data and descriptors) or genotyping
data of collections, which also presents several advantages:

- Allows the study of allelic diversity for genes of interest for mining allelic diversity;
- Facilitates the determination of the “uniqueness” of an accession and better identifica-

tion of duplicates;
- Gives an idea of the phenomenon of introgression between species;
- Can help in the study of core- and pan-genomes.

For the longer-term perspectives for our genetic resource collections at a local level,
we can list as priorities:

- Increasing the duration between multiplication cycles by improved conservation;
- Mobile applications for management of collections (seed harvest, descriptions in the

field, etc.) and their direct link to databases for improved traceability and quality
standards with the aim of obtaining ISO 9001 certification;

- More complete and quantifiable phenotyping by use of image analysis to measure
size, shape and colour of plant organs.

We are continuing our efforts to reduce the cost of conservation, guarantee the long-
term preservation of crop resources and increase the knowledge on these resources to
facilitate their use in research and breeding projects.
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Figure 5. Collection highlights, total number of accessions, screening data and scientific resources
available for each of the five collections.
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Abstract: Portuguese lavenders remain undervalued in global markets due to the lack of high-quality
end-products and scarcity of scientific-based studies validating their bioactive potential. Moreover,
chemical variability is frequent in these species, and can compromise both safety and efficacy. In the
present study, the anti-inflammatory potential of L. luisieri and L. pedunculata, two highly prevalent
species in Portugal, was assessed and correlated with their chemical variability. Representative
samples with distinct chemical profiles were selected to assess the anti-inflammatory effect on LPS-
stimulated macrophages. L. luisieri essential oil with low quantities of necrodane derivatives was
the most potent at inhibiting NO production. Interestingly, the essential oil was more effective than
its main compounds (1,8-cineole and fenchone), assessed alone or in combination. Our results also
demonstrated a significant effect of the oil on the expression of the inflammatory proteins (iNOS
and pro-IL-1β) and on the NF-κB pathway. Overall, this study highlights the impact of chemical
variability on oils’ efficacy by showing distinct effects among the chemotypes. We also identify
L. luisieri essential oil, with low quantities of necrodane derivatives, as the most promising in the
mitigation of the inflammatory response, thus corroborating its traditional uses and paving the way
for the development of herbal medicinal products.

Keywords: essential oil; iNOS; interleukin; lavenders; NF-κB

1. Introduction

In recent years, there has been a growing demand for natural products, with the
global market impact of aromatic and medicinal plants increasing mainly in the health
sector [1]. Several industries have perceived this trend and are searching for bioactive and
biodegradable products that concomitantly present a safe profile to humans and animals [2].
Lamiaceae is among the families that comprise a higher number of aromatic plants with
commercial interest [3]. For example, several lavender products, such as essential oils,
fresh or dried flowers, and landscape plants, mainly from four Lavandula species, namely
L. stoechas, L. angustifolia, L. latifolia, and L. x intermedia (a hybrid between the two last
species), are highly appreciated. These species are extremely valuable and recognized in
global markets and, in some cases, regulated by international ISO standards [4,5]. Never-
theless, the genus comprises many other species that remain undervalued and have no
commercial value. For example, the Portuguese lavenders L. luisieri and L. pedunculata re-
main unbranded despite their economic potential, high prevalence, and popularity among
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local communities [6]. A lack of both scientific-based studies validating their traditional
applications and high-quality end-products is partially responsible for this scenario. In-
deed, the chemical variability of lavenders is high [7–9] and compromises their bioactive
potential. Therefore, a well-defined chemical profile and validated bioactive potential are
necessary to fulfil the requirements of competitive markets and guarantee efficacy and
safety profiles.

L. luisieri has been traditionally used as a expectorant, stimulant, spasmolytic, and
laxative, for relieving headaches and migraines, and for its disinfectant properties [7,10].
In addition, L. pedunculata has been applied to treat bronchitis, cough, asthma, headaches,
anxiety, insomnia, strokes, and dyspepsia, and as an analgesic [11–13]. Several of these
conditions are associated with an inflammatory response and their relief or even treatment
may be related to the anti-inflammatory properties of these aromatic plants. Although the
anti-inflammatory potential of other lavender species, namely L. angustifolia, L. stoechas,
L. multifida and L. viridis [14–18], is known, information on L. luisieri and L. pedunculata
essential oils is sparse. Only two studies were carried out on L. luisieri essential oils, one
showing its effect on primary human chondrocytes and the intestinal cell line [19], and
another highlighting its potential to reduce cytokines and chemokines in human acute
monocytic leukemia cells (THP-1) [20]. Taking this into account, and the fact that chronic in-
flammation has been associated with aging and related diseases [21–23] that greatly impact
the quality of life, it is imperative to search for effective and safe anti-inflammatory thera-
peutic strategies. Therefore, using an in vitro model of lipopolysaccharide (LPS)-stimulated
macrophages, the present study aimed to evaluate the anti-inflammatory potential of
these essential oils with distinct chemical profiles. For the most promising oil, the effect
of the main compounds, alone or in combination, was also investigated, and its mecha-
nism of action underlying the pharmacological effects, namely the nuclear factor kappa B
(NF-κB) signaling pathway, was further explored. Our results demonstrate relevant anti-
inflammatory properties for the chemotype of L. luisieri essential oil with low quantities
of necrodane derivatives, thus paving the way for the development of new plant-based
anti-inflammatory therapeutics.

2. Results

2.1. Essential Oil Characterization

Samples of L. luisieri and L. pedunculata were collected throughout Portugal and their
essential oils were further analyzed. The main chemical compounds present in the different
samples allowed the identification of two chemotypes for L. luisieri and three for L. pedun-
culata. L. luisieri chemotypes were distinguished by the amounts of necrodane derivatives,
with some samples presenting low concentrations of these compounds (6.9 ± 4.6%) and
others showing high amounts (24.9 ± 2.4%). For L. pedunculata, differences occurred in the
concentrations of three main compounds, with samples rich in fenchone (36.0% ± 12.9),
1,8-cineol (32.9% ± 8.3) or camphor (37.5% ± 8.1). The main compounds of representative
samples of the identified chemotypes are listed in Table 1. Overall, the essential oils from
both species were obtained with a yield of 0.8–1.10% and were characterized by high
contents of oxygen-containing monoterpenes (54.9–80.3%). Regarding L. luisieri, the concen-
trations of 1,8-cineole, fenchone and necrodane derivatives differed among samples, with
sample A1 characterized by low amounts of necrodane derivatives and high amounts of
1,8-cineole and fenchone, whereas in sample A2, necrodane derivatives occurred in higher
amounts. For L. pedunculata, three main compounds (1,8-cineole, fenchone and camphor)
were always identified, but their concentrations differed significantly between samples,
with B1 rich in 1,8-cineole, B2 in fenchone, and B3 in camphor.
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Table 1. Main compounds of Lavandula luisieri and Lavandula pedunculata essential oils.

Lavandula
luisieri

Lavandula
pedunculata

RI
SPB-1

RI
SW 10 Compound A1 A2 B1 B2 B3

930 1030 α-pinene 1.1 3.2 2.5 3.9 3.8
942 1075 camphene 0.5 - 0.8 1.8 6.1
969 1116 β-pinene 0.7 1.6 9.0 0.2 1.4

1020 1215 1,8-cineole 33.9 6.4 34.3 12 25.1
1065 1400 fenchone 18.2 - 7.6 49.5 6.2
1082 1542 linalool 3.0 6.2 3.8 2.4 1.2
1118 1514 camphor 2.2 2.5 9.9 15 34.0
1121 1645 cis-verbenol - 0.2 2.8 0.3 0.2
1125 1669 trans-verbenol - - 1.1 0.4 2
1130 1657 trans-α-necrodol 4.5 7.1 - - -
1146 1692 borneol - - 3.4 0.3 0.6

1154 1712 1,1,2,3-tetramethyl-4-hidroximethyl-2-
cyclopentane 1.1 2.0 - - -

1159 1645 2,3,4,4-tetramethyl-5-methylene-cyclopent-2-
enone 0.3 2.8 - - -

1165 1621 myrtenal - 0.3 2.4 0.4 0.8
1265 1590 trans-α-necrodyl acetate 3.2 17.4 - - -
1269 1602 lavandulyl acetate 2.2 7.6 - - -
1269 1657 lyratyl acetate 0.3 2.4 - - -
1301 1683 myrtenyl acetate 2.0 - - - -
1571 2068 viridiflorol 1.4 2.1 - - -
1628 2218 α-cadinol - 0.7 3.1 0.2 0.2

Monoterpene hydrocarbons 2.3 4.5 12.3 5.9 11.3
Oxygen containing monoterpenes (including necrodane derivatives) 72.3 54.9 65.3 80.3 70.1

Oxygen containing sesquiterpenes 1.4 2.8 3.1 0.2 0.2
Compounds listed in order of elution from the SPB-1 column. RI SPB-1: GC-retention indices relative to C9–C23
n-alkanes on the SPB-1 column. RI SW 10: GC-retention indices relative to C9–C23 n-alkanes on the SupelcoWax-
10 column. A1 and A2—representative samples of L. luisieri chemotypes; B1–B3—representative samples of
L. pedunculata chemotypes. (-)—not detected.

2.2. Nitric Oxide Scavenging Potential of Lavandula luisieri and Lavandula pedunculata
Essential Oils

The antioxidant potential of the essential oils towards reactive nitrogen species (RNS)
was assessed using an in chemico nitrite-scavenging assay. Overall, the essential oils were
ineffective and no nitric oxide (NO) scavenging effect was observed for all the tested
concentrations (Figure 1). Indeed, nitrite values remained very similar to those of the NO
donor, SNAP, in both L. luisieri (Figure 1A,B) and L. pedunculata (Figure 1C–E) chemotypes.
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Figure 1. NO scavenging potential of Lavandula spp. essential oils. Effect of L. luisieri essential oil with
(A) low (sample A1) or (B) high (sample A2) amounts of necrodane derivatives and L. pedunculata
rich in (C) 1,8-cineole (sample B1), (D) fenchone (sample B2) and (E) camphor (sample B3). Differ-
ent concentrations of essential oils (0.08–0.64 μL/mL) were incubated with the NO donor, SNAP
(100 mM), in culture medium for 3 h. Results are expressed as percentage of NO release triggered by
SNAP (positive control, dark grey bars). Each value represents the mean ± SEM of three experiments,
performed in duplicate (## p < 0.01, ### p < 0.001, compared to control).

2.3. Effect of Lavandula luisieri and Lavandula pedunculata Essential Oils on
Macrophages’ Viability

To evaluate the anti-inflammatory activity of the essential oils, we first evaluated their
effect on cell viability of murine macrophages stimulated with LPS (Figure 2), in order to
select non-toxic concentrations. For all the essential oils, a range of concentrations varying
from 0.08 to 0.64 μL/mL was tested. Overall, the essential oils were devoid of toxicity,
except for the highest concentration of L. luisieri essential oil rich in necrodane derivatives
(sample A2), which decreased cell viability by more than 70% compared to LPS-treated cells
(Figure 2B). The vehicle, DMSO, did not interfere with macrophages’ viability compared to
control cells (Figure S1A).
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Figure 2. The effect of Lavandula spp. essential oils on cell viability. Effect of L. luisieri essential oil with
(A) low (sample A1) or (B) high (sample A2) amounts of necrodane derivatives and L. pedunculata rich
in (C) 1,8-cineole (sample B1), (D) fenchone (sample B2) and (E) camphor (sample B3) on macrophages’
viability. Cells were maintained in culture medium (control), or incubated with 1 μg/mL LPS or
with LPS in the presence of different concentrations of the oil (0.08–0.64 μL/mL), for 24 h. Results
are expressed as percentage of MTT reduction by cells treated with LPS. Each value represents the
mean ± SEM of three experiments, performed in duplicate (* p < 0.05, ** p < 0.01 and **** p < 0.0001,
compared to LPS). The dotted line represents the threshold (70% of maximal viability) below which
cytotoxicity is recognized, in agreement with standard ISO 10993-5 [24].

2.4. Effect of Lavandula luisieri and Lavandula pedunculata Essential Oils on NO Production

Using an in vitro model of LPS-stimulated macrophages referred to previously, the
non-toxic concentrations of the essential oils determined in the previous section were used
to assess the effect of the oils with distinct chemical profiles on LPS-induced NO production.
Macrophages produce residual levels of nitrites (stable metabolite of NO). However, when
stimulated with LPS, NO production increases considerably when compared to control.
L. luisieri essential oils having both low amounts of necrodane derivatives (sample A1) and
high amounts of necrodane derivatives (sample A2), significantly decreased LPS-induced
NO production in a concentration-dependent manner (Figure 3A,B, respectively). However,
sample A1 was much more effective in decreasing NO production (Figure 3A) than sample
A2 (Figure 3B) at the concentrations tested without compromising cell viability (Figure 2A).
Regarding L. pedunculata essential oils, the samples with high amounts of 1,8-cineole (B1;
Figure 3C) and high amounts of camphor (B3; Figure 3E) were able to inhibit NO production
induced by LPS, in a concentration-dependent manner, with the latter being more active at
the lower concentration tested. By comparison, the sample with high amounts of fenchone
(B2; Figure 3D) significantly inhibited NO production, but only at the higher concentrations
tested (0.32 and 0.64 μL/mL). The vehicle, DMSO, did not interfere with LPS-induced NO
production when compared to LPS-treated cells (Figure S1B).
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Figure 3. Inhibition of NO production by Lavandula spp. essential oils. Effect of L. luisieri essential oil
with (A) low (sample A1) or (B) high (sample A2) amounts of necrodane derivatives and L. pedunculata
rich in (C) 1,8-cineole (sample B1), (D) fenchone (sample B2) and (E) camphor (sample B3) on NO
production induced by LPS in macrophages. Cells were maintained in culture medium (control),
or incubated with 1 μg/mL LPS, or with LPS in the presence of different concentrations of the oil
(0.08–0.64 μL/mL), for 24 h. Nitrite concentration was determined from a sodium nitrite standard
curve and the results are expressed as a percentage of NO production by cells treated with LPS. Each
value represents the mean ± SEM of three independent experiments, performed in duplicate (#### p
< 0.0001, compared to control; * p < 0.05, ** p < 0.01 and *** p < 0.001 and **** p < 0.0001, compared to
LPS).

Overall, regarding the ability of the essential oils to inhibit NO production, L. luisieri
essential oil with low amounts of necrodane derivatives (sample A1) was the most po-
tent (IC50 = 0.07 μL/mL; concentration range within the 95% confidence interval: 0.06 to
0.08 μL/mL).

2.5. Effect of 1,8-Cineole and Fenchone on NO Production

As L. luisieri essential oil with low amounts of necrodane derivatives (sample A1) was
the most potent in inhibiting NO production induced by LPS in macrophages, its main com-
pounds (1,8-cineole and fenchone) were also assessed to determine if the observed effect
was due to these compounds. Our results showed that 1,8-cineole was not able to decrease
LPS-induced NO production at non-toxic concentrations (Figure 4B,C). By comparison,
fenchone significantly decreased NO production at the highest non-toxic concentrations
tested (Figure 4E,F). Strikingly, when both compounds were combined in the same propor-
tions as they occurred in the essential oil (33.9% 1,8-cineole and 18.2% fenchone), no effect
was observed in LPS-induced NO production at non-toxic concentrations (Figure 4G,H).
Notably, the effective concentrations for 1,8-cineole, fenchone, and the mixture were higher
(≥0.64 μL/mL) in comparison to those tested for L. luisieri essential oil (sample A1), which
suggests that other compounds are responsible for the bioactive potential of this essential
oil, or that synergisms may occur between compounds.
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Figure 4. Effect of 1,8-cineole, fenchone, and their mixture on NO production. Chemical structure of
(A) 1,8-cineole and (D) fenchone. Effect of 1,8-cineole (B,C), fenchone (E,F) and 1,8-cineole combined
with fenchone (G,H) on NO production and cell viability, respectively. Cells were maintained in
culture medium (control), or incubated with 1 μg/mL LPS, or with LPS in the presence of different
concentrations of the compounds (0.08– 2.5 μL/mL), for 24 h. Nitrite concentration was determined
from a sodium nitrite standard curve and the results are expressed as a percentage of NO production
by cells treated with LPS. Cell viability results are expressed as percentage of MTT reduction by
cells treated with LPS. Each value represents the mean ± SEM of three experiments, performed in
duplicate (#### p < 0.0001, compared to control; * p < 0.05, ** p < 0.01 and **** p < 0.0001, compared
to LPS). The dotted line in cell viability graphs represents the threshold (70% of maximal viability)
below which cytotoxicity is recognized, in agreement with standard ISO 10993-5 [24].
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2.6. Effect of Lavandula luisieri Essential on the Expression of Inflammatory Mediators

As L. luisieri rich in 1,8-cineole and fenchone was the most potent essential oil tested
and was more active than its major compounds assessed alone or in combination, we sought
to confirm its anti-inflammatory potential. Thus, the effect on the levels of inflammatory
proteins, namely inducible nitric oxide synthase (iNOS), ciclooxigenase-2 (COX-2), and the
immature form of interleukin—1β (pro-IL-1β), was assessed.

In untreated cells (control) and in cells treated with the essential oil, without LPS stimu-
lation, iNOS, COX-2 and pro-IL-1β were not detected or were slightly expressed (Figure 5).
However, after LPS stimulation for 24 h, the levels of these mediators significantly increased
(Figure 5). Nevertheless, when macrophages were concomitantly treated with LPS and
L. luisieri essential oil (0.32 μL/mL), iNOS levels significantly decreased compared to LPS-
treated cells (Figure 5A,B), corroborating the previous results demonstrating NO inhibition
(Figure 3A). However, L. luisieri essential oil did not interfere with LPS-induced COX-2
levels (Figure 5A,C). Interestingly, the essential oil significantly increased the levels of
pro-IL-1β induced by LPS (Figure 5A,D), thus suggesting that the conversion of pro-IL-1β
into its mature form IL-1β may be inhibited.

Figure 5. Inhibitory effect of Lavandula luisieri essential oil (EO) on LPS-induced inflammatory
proteins. (A) Representative Western blots of iNOS, COX-2 and pro-IL-1β. Quantification of (B) iNOS,
(C) COX-2 and (D) pro-IL-1β protein levels. Cells were maintained in culture medium (control), or
incubated with 1 μg/mL LPS, or incubated with the essential oil (0.32 μL/mL) alone or simultaneously
with 1 μg/mL LPS, for 24 h. Results are expressed as percentage of protein levels relative to LPS. Each
value represents the mean ± SEM from at least 3 experiments (## p < 0.01; ### p < 0.001, compared
to control; * p < 0.05, ** p < 0.01, compared to LPS). Each value represents the mean ± SEM from
three experiments.

2.7. Effect of L. luisieri Essential Oil on NF-κB/p65 Nuclear Translocation

A complex network of intracellular signaling pathways and transcription factors
tightly regulate the expression of pro-inflammatory molecules. Among the signaling cas-
cades, the NF-κB assumes a decisive role during inflammation. In basal conditions, NF-κB
is retained in the cytoplasm by its inhibitor, IκB. Upon a specific stimulus, phosphorylation
and, consequently, proteasomal degradation of IκB occurs. Then, free NF-κB dimers, com-
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posed of p65 and p50, rapidly translocate into the nucleus where transcription of target
genes, such as NOS2 and COX-2, is promoted [25]. To assess the effect of the oil on this
signaling pathway, immunocytochemistry for the NF-κB subunit, p65, was performed. As
expected, in untreated cells, immunoreactivity for NF-κB/p65 was exclusively located in
the cytoplasm (Figure 6). However, after LPS treatment, NF-κB/p65 immunoreactivity
was mostly observed in the nucleus (Figure 6). Treatment with L. luisieri essential oil
(0.32 μL/mL) clearly impaired nuclear translocation of NF-κB/p65, as shown in Figure 6.
Moreover, pre-treatment with MG-132 (10 μM), a synthetic proteasome inhibitor peptide,
fully inhibited NF-κB/p65 nuclear translocation, as immunoreactivity is only visible in
the cytoplasm (Figure 6). The vehicle (DMSO) did not interfere with NF-κB/p65 nuclear
translocation when compared to control cells (data not shown). These results suggest
that L. luisieri essential oil decreased iNOS protein levels by interfering with NF-κB/p65
nuclear translocation.

Figure 6. Inhibitory effect of Lavandula luisieri essential oil (EO) on NF-κB/p65 nuclear translocation.
Macrophages were incubated on μ-slides and pre-treated with MG-132 (10 μM) for 1 h and, then,
treated with 1 μg/mL LPS for 20 min, alone or in combination with the essential oil (0.32 μL/mL)
or MG-132. Control cells (Ctrl) were left untreated. Immunofluorescence staining of NF-κB/p65
(green) was performed as detailed in the Materials and Methods section and DAPI (blue) was used as
a counter stain. Representative images of each condition are shown. Scale bar: 20 μm.
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3. Discussion

The Lamiaceae family comprises a high number of aromatic and medicinal plants
with commercial interest. Among these species, lavenders stand out due to their high
essential oil yield and pleasant odor, which are both important features for industrial
applications. Indeed, the typical lavender scent is globally recognized and is included
in many home and bath-care products. Lavender essential oil is considered a valuable
raw-material in cosmetics and perfumes, and for flavoring [3,26]. Although the Lavandula
genus comprises 39 wild essential oil bearing species, only four are commercially valued [3].
Nevertheless, some of the remaining species have economic potential mainly due to their
bioactive properties. In fact, L. luisieri and L. pedunculata are widely used in traditional
medicine by local communities, but scientific information validating these uses remains
sparse. Moreover, local communities use these plants but are unaware of their chemical
variability, which can compromise both safety and efficacy. Indeed, L. luisieri essential
oils have a peculiar chemical composition due to the presence of necrodane derivatives
that do not occur in other species [7,27–31] and, although these compounds are always
present, significant variations among samples can occur [7]. Therefore, in the present work,
two samples, one with low and another with high amounts of these compounds, were
studied. Regarding L. pedunculata, the chemical composition of the essential oils from
Portugal showed similarities with that reported for L. stoechas from other Mediterranean
countries, namely from Spain [27], Greece [32] and Turkey [33]. Although L. pedunculata
and L. stoechas are morphologically distinct, their essential oils present a similar chemical
profile. This is interesting because L. stoechas is one of the four species with commercial
value, thus suggesting that L. pedunculata can be used for the same purposes. Both species
present the same major compounds, namely 1,8-cineole, fenchone and camphor, and the
amount of these compounds can vary considerably. Therefore, three representative samples,
with high amounts of each one of these compounds, were also selected.

As L. luisieri and L. pedunculata are used in traditional medicine to treat several con-
ditions that share an inflammatory component, the present study aimed to validate the
anti-inflammatory potential of these species considering their high chemical variability [7,8],
which can affect oil quality and compromise both safety and bioactivity profiles. Inflam-
mation is considered an important mechanism that maintains homeostasis, regardless of
whether the insult is exogenous, as in the case of infections, or endogenous, as occurs,
for instance, in metabolic disorders [34]. During this process, the first line of defense
is provided by macrophages, which in the presence of a Toll-like receptor agonist such
as microbial LPS, produce several pro-inflammatory mediators, including NO, COX-2,
prostaglandins and cytokines, such as IL-1β [35]. Under normal conditions, the release of
these pro-inflammatory mediators for a short period of time is of utmost importance, and
aims to eradicate the harmful stimuli. However, the abnormal and sustained production of
these mediators may result in damage to the host tissue, leading to a vicious circle that, if
maintained over a long period, may evolve to chronic inflammation that has been associ-
ated with several aged-related diseases. One of the most important players in this process is
the transcription factor NF-κB. Therefore, inhibition of NF-κB transcriptional activity, and
its downstream mediators, represents a valuable therapeutic strategy for intervention in
inflammation-based pathologies. In this context, the knowledge of phytochemicals’ molec-
ular mechanisms is a good strategy in the search for novel anti-inflammatory compounds.
Taking into consideration the above, in this work we performed an initial screening assay
using an in vitro inflammation model, specifically macrophages stimulated with LPS. Under
these experimental conditions, LPS activates the pro-inflammatory transcription factor
NF-κB/p65, which rapidly translocates into the nucleus to trigger the transcription of its
target genes, such as NOS2, COX-2 and Il1. Overall, the results achieved demonstrated that
L. luisieri and L. pedunculata essential oils display anti-inflammatory potential, nonetheless
presenting distinct efficacies and safety profiles depending on their chemical composition.
In fact, L. luisieri essential oil with low amounts of necrodane derivatives was the most
potent in mitigating the anti-inflammatory response, as assessed by the inhibition of NO
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production evoked by LPS. Interestingly, the main compounds of the oil, namely 1,8-cineole
and fenchone, were not the only compounds responsible for the observed effect, because
they were much less effective than the oil, both alone and in combination, thus indicating
that other minor compounds are responsible for the effect of the oil, or that synergistic ef-
fects among compounds may occur. In addition, the results achieved demonstrated that the
observed anti-inflammatory effect was not related to a scavenging effect of the oil; therefore,
the putative mechanism underlying the anti-inflammatory potential was further explored
by addressing the effect of the oil on the expression of relevant inflammatory proteins.
Our results clearly demonstrated that the anti-inflammatory potential ascribed to L. luisieri
essential oil (with low amounts of necrodane derivatives) was achieved through inhibition
of nuclear translocation of NF-κB/p65, which consequently leads to a decrease in iNOS
protein levels and NO production. Interestingly, the essential oil also significantly increased
the LPS induced expression of pro-IL-1β, the precursor of the potent pro-inflammatory
cytokine IL-1β. It would be expected that pro-IL-1β levels were decreased because the
essential oil compromised the nuclear translocation of NF-κB/p65. Nevertheless, we hy-
pothesize that the observed accumulation indicates that pro-IL-1β is not being converted
into IL-1β, thus suggesting an effect of the oil on the inflammasome, a proteolytic complex
responsible for the maturation and secretion of the inflammatory and pyrogenic IL-1β.
However, further studies should be performed to prove this hypothesis.

The results presented herein were corroborated by previous studies describing the
anti-inflammatory potential of L. luisieri essential oil in both primary human chondrocytes
and in an intestinal cell line [19], and in THP-1 cells [20]. The first study showed a de-
crease in iNOS levels and, consequently, in NO production, and reported that the effect
was due to the inhibition of IκB phosphorylation and degradation, thus blocking NF-κB
activation [19]. The latter pointed out a reduction in the cytokine tumor necrosis factor-α
(TNFα) and the chemokine (C-C motif) ligand 2 (CCL2), following LPS stimulation. Regard-
ing other lavender species, studies on L. angustifolia have frequently reported inhibitory
effects on carrageenan-induced paw oedema [15], croton oil-induced ear oedema, and
dextran-induced paw oedema models [36]. Moreover, decreases in the levels of TNF-α and
IL-1β, and increases in IL-10, were also shown in a rat model of myocardial infarction [37].
L. stoechas also showed strong lipoxygenase inhibitory effects [14] and our group previously
reported the ability of L. viridis essential oil to inhibit LPS-induced NO production through
down-modulation of NF-κB-dependent Nos2 transcription and, consequently, iNOS protein
expression, in addition to a decrease in proteasomal activity, inhibition of Il1b and Il6
transcription, and down-regulation of COX-2 levels [18]. Overall, these previous studies
highlight the anti-inflammatory potential of lavender species, and the current study con-
tributes by providing additional scientific information regarding less recognized species.

To conclude, our results indicate potent anti-inflammatory activity of L. luisieri essen-
tial oil via down-modulation of the NF-κB pathway, with significant inhibitions in major
inflammatory mediators. In addition, the importance of well-defined chemical products is
highlighted, because chemical variability compromises essential oils’ quality and, conse-
quently, their safety profile and efficacy. Moreover, our findings corroborate the traditional
uses ascribed to these species and indicate that L. luisieri, with low amounts of necrodane
derivatives, is the most promising for the development of safe anti-inflammatory agents,
thus contributing to its industrial valorization.

4. Materials and Methods

4.1. Plant Material

Flowering parts of representative samples of L. luisieri (Rozeira) Rivas Mart. and
L. pedunculata (Mill.) Cav. (Table 2) were collected. Voucher specimens were included in the
Herbarium of the University of Coimbra (COI). Species authenticity was confirmed by Dr.
Jorge Paiva, a taxonomist at the University of Coimbra, and plant names were checked at
http://www.theplantlist.org accessed on 20 December 2021.
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Table 2. Site of collection of Lavandula spp.

Species Region Site of Collection Sample

L. luisieri
Coimbra Piódão A1

Algarve Cabo de São Vicente A2

L. pedunculata
Guarda Celorico da Beira B1

Bragança Serra da Nogueira B2

Coimbra Foz de Arouce B3
A1 and A2—representaive samples of L. lusieri; B1–B3—representative samples of L. pedunculata.

4.2. Essential Oil Isolation and Analysis

Flowering aerial parts of L. luisieri and L. pedunculata were submitted to hydrodis-
tillation for 3 h in a Clevenger-type apparatus [38]. Essential oils were analyzed by gas
chromatography (GC) on a Hewlett Packard 6890 gas chromatograph (Agilent Technolo-
gies, Palo Alto, CA, USA) with a HP GC ChemStation Rev. A.05.04 data handling system,
equipped with a single injector and two flame ionization detectors (FID). A graphpak
divider (Agilent Technologies, Part Number 5021-7148) was used for simultaneous sam-
pling in two Supelco (Supelco Inc., Bellefont, PA, USA) fused silica capillary columns
with different stationary phases: SPB-1 (polydimethylsiloxane; 30 m × 0.20 mm i.d., film
thickness 0.20 μm), and SupelcoWax 10 (polyethylene glycol; 30 m × 0.20 mm i.d., film
thickness 0.20 μm). The oven temperature program was: 70–220 ◦C (3 ◦C/min), 220 ◦C
(15 min); injector temperature: 250 ◦C; detector carrier gas: He, adjusted to a linear velocity
of 30 cm/s; splitting ratio 1:40; detector temperature: 250 ◦C. Gas chromatography-mass
spectrometry (GC/MS) analyses were performed on a Hewlett Packard 6890 gas chro-
matograph fitted with a HP1 fused silica column (polydimethylsiloxane; 30 m × 0.25 mm
i.d., film thickness 0.25 μm), interfaced with an Hewlett Packard Mass Selective Detector
5973 (Agilent Technologies, Palo Alto, CA, USA) operated by HP Enhanced ChemStation
software, version A.03.00. GC parameters were as above; interface temperature: 250 ◦C;
MS source temperature: 230 ◦C; MS quadrupole temperature: 150 ◦C; ionization energy:
70 eV; ionization current: 60 μA; scan range: 35–350 u; scans/s: 4.51. Retention indices
(RIs) and mass spectra were used to identify volatile compounds. RIs were calculated by
linear interpolation relative to retention times of a series of n-alkanes, and compared with
those of authenticated samples from the database of the Laboratory of Pharmacognosy,
Faculty of Pharmacy, University of Coimbra. Mass spectra were compared with reference
spectra from a home-made library or from literature data [39,40]. Relative amounts of
individual components were calculated based on GC peak areas without FID response
factor correction.

4.3. Nitric Oxide Scavenging Potential

The essential oils’ NO scavenging potential was evaluated using S-nitroso-N-acetyl-
DL-penicillamine (SNAP) as a NO donor. NO production was measured using Griess
reaction. Briefly, in 48-well plates, 300 μL of culture medium alone (control) or with
different concentrations of the essential oils and 300 μM of SNAP were incubated for 3 h at
37 ◦C. After this period, equal volumes of the supernatants and Griess reagent [1% (w/v)
sulphanilamide in 2.5% (v/v) phosphoric acid and 0.1% (w/v) naphthylethylenediamine
dihydrochloride] were mixed and incubated in the dark, for 30 min, at room temperature.
The absorbance was then read at 550 nm using a Biotek Synergy HT plate reader (Biotek,
CA, USA). The concentration of nitrites accumulated in supernatants was calculated by
interpolation of the absorbance of each sample in a standard curve of sodium nitrite. All
experiments were performed in triplicate.

294



Plants 2022, 11, 370

4.4. Cell Culture and Treatments

The mouse leukemic macrophage cell line, RAW 264.7 (ATCC—TIB-71), was cultured
in Dulbecco’s Modified Eagle Medium supplemented with 10% (v/v) non-inactivated
Fetal Bovine Serum, 100 μg/mL streptomycin and 100 U/mL penicillin. The cell line was
maintained at 37 ◦C, in a humidified atmosphere of 95% air and 5% CO2, and used after
reaching 80–90% confluence. Cells were plated at 3 × 105 cells/well and left to stabilize for
12 h.

For cell treatments, essential oils, 1,8-cineol (extra pure; Merck, Darmstadt, Ger-
many) and fenchone (99.9% purity; Fluka AG, Buchs, Switzerland) were initially diluted in
dimethyl sulfoxide (DMSO; Sigma-Aldrich Co., St. Louis, Mo, USA) at a 1:1 proportion and,
then, serial dilutions were performed in culture medium. MG-132 (Z-Leu-Leu-Leu-CHO,
Boston Biochem, Cambridge, MA, USA) was also dissolved in DMSO (Sigma-Aldrich
Co). In both cases, the final concentration of DMSO did not exceed 0.1% (v/v). LPS from
Escherichia coli 026:B6 (Sigma-Aldrich Co.) was dissolved in phosphate buffered saline
(PBS). The concentrations of the essential oils, 1,8-cineol, fenchone, MG-132 and LPS, and
the experimental treatment periods, are indicated in figures and/or figure legends.

4.5. Cell Viability

Assessment of cell viability was performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. After the treatment period, a MTT solution
(final concentration 0.5 mg/mL; Sigma-Aldrich Co.) was added to each well and further
incubated at 37 ◦C for 15 min in a humidified atmosphere of 95% air and 5% CO2. Acidified
isopropanol (0.04 N HCl in isopropanol) was added to each cell to dissolve formazan
crystals and quantification was carried out using an Biotek Synergy HT plate reader
(Biotek) at 570 and 620 nm (reference wavelength). A cell-free control was performed in
order to exclude non-specific effects of the essential oils, 1,8-cineol and fenchone on MTT
(data not shown). All experiments were performed in triplicate.

4.6. Nitric Oxide Production

NO production was measured as the amount of nitrite accumulation in the culture
supernatants using the Griess reaction described in Section 4.3.

4.7. Western Blotting

Total cell extracts were obtained using RIPA buffer (50 mM Tris-HCL, pH 8.0, 1%
Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate
(SDS) and 2 mM ethylenediaminetetraacetic acid) freshly supplemented with 1 mM dithio-
threitol (DTT), protease (Complete Mini, Roche Diagnostics, Mannheim, Germany) and
phosphatase (PhosSTOP, Roche Diagnostics, Mannheim, Germany) inhibitor cocktails. The
cell lysates were then sonicated (4 times, 40 μm peak to peak) in a Vibra Cell sonicator (Son-
ica and Material INC) and centrifuged for 10 min at 4 ◦C to remove nuclei and cell debris.
Protein concentration in the total lysates was determined using the bicinchoninic acid kit
(Sigma-Aldrich Co.) and cell lysates were denatured in sample buffer [0.125 mM Tris pH 6.8,
2% (w/v) SDS, 100 mM DTT, 10% glycerol and bromophenol blue] at 95 ◦C for 5 min. Equal
amounts of proteins were then separated by SDS-PAGE and electrotransferred onto PDVF
membranes. After blocking with 5% (w/v) non-fat milk in Tris-Buffered saline (TBS)-Tween
20 (0.1%) for 1 h, membranes were incubated overnight at 4 ◦C with the primary antibodies
indicated in Table 3 and then with anti-rabbit (dilution 1:20,000; NIF1317, GE Healthcare,
Chalfont St. Giles, UK) or anti-mouse (dilution 1:20,000; NIF1316, GE Healthcare, Chalfont
St. Giles, UK) alkaline phosphatase-conjugated secondary antibodies. Immune complexes
were detected with Enhanced ChemiFluorescent reagent (GE Healthcare) in the TyphoonTM

FLA 9000 imaging system. Mouse anti-actin was used as loading control. Image analysis
was performed with Image Quant TL software.
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Table 3. List of primary antibodies used in Western blot assays.

Protein Source Clonality Dilution Supplier
Catalogue
Number

COX-2 rabbit polyclonal 1:10,000 Abcam, Cambridge, UK ab6665

IL-1β rabbit polyclonal 1:1000 Abcam ab9722

iNOS mouse monoclonal 1:1000 R&D Systems, Minneapolis,
MN, USA MAB9502

Actin mouse monoclonal 1:20,000 Sigma-Aldrich Co. MAB1501

4.8. Immunocytochemistry

To evaluate NF-κB/p65 nuclear translocation, immunocytochemistry was performed
as previously described [41]. Briefly, at the end of the treatment period, cells were washed
with ice-cold PBS pH = 7.4 and, then, fixed in 4% paraformaldehyde at room temperature,
for 15 min. After fixing, cells were blocked with 5% Goat Serum, 0.3% Triton in PBS,
pH = 7.4 for 1 h at room temperature. Then, slides were incubated with a rabbit monoclonal
anti-NF-κB p65 (D14E12) XP® antibody (dilution 1:400; #8242, Cell Signaling Technology,
Inc.) in 1% Bovine Serum Albumin in PBS (pH = 7.4) overnight at 4 ◦C and then incubated
with anti-rabbit IgG (H+L) CFTM488A (dilution 1:400; SAB4600165, Biothium, Inc., Fremont,
CA, USA) for 1 h at room temperature in the dark. The cells were counterstained with
DAPI (dilution 1:1,000; Sigma-Aldrich D9542) to stain the nuclei. Specificity was confirmed
in negative controls set up by omitting the primary antibody. Fluorescence images were
obtained in a widefield fluorescence microscope (Axio Observer.Z1; Carl Zeiss, Germany)
and images were acquired using Zen Black 2010 software.

4.9. Statistical Analysis

Results are expressed as mean ± SEM. Statistical analysis was performed with Graph-
Pad Prism version 9 (GraphPad Software, San Diego, CA, USA), using a two-sided unpaired
t-test for comparisons between a control and treated group or using one-way ANOVA with
Dunnett’s post-test for multiple comparisons to a control group. Results were considered
statistically significant at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11030370/s1, Figure S1: Effect of DMSO on macrophages
viability and NO production.
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Abstract: All living cells generate structurally complex and compositionally diverse spectra of
glycans and glycoconjugates, critical for organismal evolution, development, functioning, defense,
and survival. Glycosyltransferases (GTs) catalyze the glycosylation reaction between activated sugar
and acceptor substrate to synthesize a wide variety of glycans. GTs are distributed among more than
130 gene families and are involved in metabolic processes, signal pathways, cell wall polysaccharide
biosynthesis, cell development, and growth. Glycosylation mainly takes place in the endoplasmic
reticulum (ER) and Golgi, where GTs and glycosidases involved in this process are distributed to
different locations of these compartments and sequentially add or cleave various sugars to synthesize
the final products of glycosylation. Therefore, delivery of these enzymes to the proper locations,
the glycosylation sites, in the cell is essential and involves numerous secretory pathway components.
This review presents the current state of knowledge about the mechanisms of protein trafficking
between ER and Golgi. It describes what is known about the primary components of protein sorting
machinery and trafficking, which are recognition sites on the proteins that are important for their
interaction with the critical components of this machinery.

Keywords: glycosyltransferases; ER-Golgi trafficking; mechanism of protein sorting; COPI and
COPII complexes; sequences and motifs involved in trafficking

1. Introduction

All living cells generate structurally complex and compositionally diverse spectra of
glycans and glycoconjugates, critical for organismal evolution, development, functioning,
defense, and survival. The glycans attached to proteins and lipids determine their activity,
solubility, subcellular localization, and structural organization in cells during normal and
stressed conditions. Glycan-rich cell walls control cell growth and morphogenesis and
protect them against environmental stresses. Glycosylation is the reaction that forms glyco-
sidic linkages between activated sugar (donor substrate) and acceptor substrate (protein,
lipid, polysaccharide, etc.). This reaction is performed by a large group of specialized
enzymes, called glycosyltransferases, and broadly takes place in most organisms, such
as yeast, humans, plants, etc. Because of the diversity of sugars and acceptor substrates,
the resulting products of glycosylation present high variability and complexity in structures
and functions.

Glycosyltransferases (GTs) are distributed among more than 130 gene families [1].
Most GTs are type II transmembrane proteins with several distinct domains: a short N-
terminal cytosolic tail, transmembrane domain (TMD), flexible stem region, and large
catalytic domain. Another group of GTs comprises integral membrane proteins with
multiple TMDs and a large catalytic domain frequently localized on the cytosolic side of
the membrane. Based on the type of catalytic domain folds, the GTs are grouped into GT-A,
GT-B, and GT-C [2,3]. Two tight β/α/β Rossmann domains form a central β-sheet in GT-A
folding, and mostly GT-A type proteins contain DxD catalytic motifs that cooperate with
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metal. Instead of being tightly associated, the two β/α/β Rossmann domains in GT-B are
separate and form a cleft. GT-C proteins are predicted and found based on sequence and
structure research and contain multiple hydrophobic helices. In addition, it was also found
that the structure of the peptidoglycan glycosyltransferase of Aquifex aeolicus contains a
lysozyme-like domain [4].

The primary types of glycosylation in various glycoconjugates are N-glycosylation
and O-glycosylation. N-glycosylation is the formation of the glycosidic linkage between the
amino group of an asparagine residue and the first sugar of the glycan. Asparagine in the
Asn-X-Ser/Thr consensus sequence is the candidate for N-glycosylation, although not all
Asn residues are glycosylated [5]. N-glycosylation is essential and usually impacts protein
solubility, structure, and folding. It is also essential for protein localization and interactions
with glycan-binding proteins. The glycan oligosaccharides in N-glycosylated proteins share
the core sugar sequence and structure-Manα1-6(Manα1–3)Manβ1-4GlcNAcβ1-4GlcNAcβ1-
Asn [6], which can be further branched with different sugars depending on the type of
mature glycan synthesized. The N-glycosylation reactions take place in the endoplasmic
reticulum (ER) and Golgi. The initiation of N-glycosylation occurs in the ER with the
biosynthesis of the precursor oligosaccharide [7], which is later transferred to the peptide’s
Asn by the oligosaccharyltransferase (OST) complex.

At the end of the multistep process, the glycoprotein is transported to cis-Golgi, and the
next steps of N-glycan processing continue in different Golgi cisternae. The GTs, such as
medial-Golgi-localized N-acetylglucosaminyltransferase I (GnTI) [8,9], GnTII [10,11], trans-
Golgi-localized Galactose-1-phosphate uridylyltransferase l (GALT) [12], β-galactoside-
α2,6-sialyltransferase l (ST6Gal-l) [13–15], and β-galactoside-α2,3-sialyltransferase-III
(ST3Gal-llI) [16,17] are localized in distinct Golgi cisternae and responsible for subsequent
steps of the synthesis of final glycan structures. It was demonstrated that most of these GTs
form homo- and heterocomplexes, most likely to support the error-proof synthesis [14,18,19].

The O-glycosylation process is different in plant and mammalian cells. In mammalian
type O-glycosylation, the glycan is attached to the hydroxyl group of the serine or threonine
residue in a glycoprotein. O-glycosylation primarily occurs in Golgi and is also found
in the cytoplasm and nucleus [20–22]. The first sugar, N-acetylgalactosamine (GalNAc),
links to serine and threonine residues in Golgi and is called O-GalNAc. Multiple core
sugar sequences are found in O-GalNAc-type glycosylation, and different biosynthesis
steps are involved [6,23]. In plants, the main O-glycoproteins are the hydroxyproline-rich
glycoprotein (HRGP) superfamily, including arabinogalactan proteins (AGPs), extensions
(EXTs), and the repetitive Pro-rich proteins (PRPs) [24]. The type II arabino-3,6-galactans
(AGs) get attached to noncontiguous Hyp residues in AGPs in Golgi [24]. In A.thaliana,
eight Hyp-galactosyltransferases added the Gal to Hyp residues as the initiation steps of O-
glycosylation of AGPs [24,25]. The variation of AGPs depends on the complexity of galactan
side chains attached to Hyp residues [24]. The β 1-6 galactosyltransferases are involved
in the elongation of the side-chain backbone; other GTs, such as arabinosyltransferases,
rhamnosyltransferases, and xylosyltransferases, further branch this galactan backbone [24].
The Ser residues and three to five contiguous Hyp residues are the candidate sites of O-
glycosylation in EXTs. The β 1-3-arabinosyltransferase attaches the first arabinofuranose
reside to Hyp [24]. The Reduced Residual Arabinose 1–3 (RRA1-RRA3), Xyloglucanase 113
(XEG113), and Extensin Arabinose Deficient (ExAD) add the second, third and fourth Araf
residues sequentially [24].

Cell-wall polysaccharides are synthesized in two locations: the Golgi and the plasma
membrane. On the plasma membrane, most GTs involved in synthesizing polysaccharides
are integral membrane proteins with multiple TMDs. For example, in plants, cellulose
synthases (CESA) [3,26–28] are organized in multiprotein cellulose synthase complexes
(CSCs) and synthesize cellulose microfibrils. These complexes are assembled in Golgi
and delivered to the plasma membrane via cargo carriers. Multiple isoforms of CESA are
identified: in primary plant cell wall synthesis, CESA1, CESA2, CESA3, CESA5, CESA6,
and CESA9 assemble CSCs in Golgi [28,29]. At the same time, CESA4, CESA7, and CESA8
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are involved in the biosynthesis of the secondary plant cell wall [28,29]. Other plant cell
wall polysaccharides representing pectins and hemicelluloses are synthesized in Golgi
by Golgi-localized GTs [3]. The latest studies suggest that Golgi-localized GTs are also
organized in multiprotein complexes to synthesize polysaccharides. For example, β -1,4-
xylosyltransferase (IRX) 9, IRX10, and IRX14 are xylosyltransferases and form the protein
complex to synthesize the backbone of xylan [30–32]. The other seven GTs (cellulose
synthase-like C4; xyloglucan xylosyltransferases XXT1, XXT2, and XXT5; galactosyltrans-
ferases XLT2 and MUR3 and fucosyltransferase FUT1) involved in xyloglucan biosynthesis
were also shown to form heterocomplexes [3,33,34]. The homogalacturonan synthesizing
galacturonosyltransferase (GAUT) 1 and GAUT7 proteins form a heterocomplex required
to anchor catalytically active GAUT1 to Golgi [35].

2. Main Components of the Secretory Pathway

The trafficking of enzymes involved in glycosylation is essential for their proper
delivery to the sites of their functioning in the cell, but it is still poorly understood. However,
the information about trafficking processes available for various other proteins can also be
applied to GTs. More information has recently become available concerning the primary
components and routes of secretory pathways. The GTs and glycosidases involved in
glycosylation, the focus of this review, most likely follow a similar secretory pathway and
therefore are subjected to similar sorting mechanisms like other membrane proteins.

Thus, it has become clear that the coat protein complex I (COPI) -coated cargo carriers
and the coat protein complex II (COPII)-coated cargo carriers mediate the trafficking path
between the ER and the Golgi (Figure 1). One part of this trafficking pathway is the sorting
signal in the protein sequence of GTs, which is recognized by the cargo receptor or COP
coatomer to trigger the trafficking of proteins. The transmembrane region and N-terminal
cytoplasmic domain of lipid phosphatase Sac1 are essential in the retention mechanism
of phosphatidylinositol-3-phosphatase (Sac1) in Golgi [36]. The core components of the
COPI-coated cargo carriers are the α-COP, β-COP, β’-COP, γ-COP, δ-COP, ε-COP, and ζ-COP
subunit. The activation of the GTPase ADP-ribosylation factor 1 (Arf1) is a prerequisite
for the assembly of the COPI coat [37–39]. Guanine nucleotide-exchange factors (GEFs)
stimulate the GTPase Arf1 activation by exchanging GDP to GTP; then, the activated
GTPase Arf1 embeds into the lipid membrane by using a myristoylated α-helix [40,41].
In turn, GTPase Arf1 recruits the coatomer complex with an inner coat and outer coat
to transport protein and lipid cargo from the Golgi to the ER and between the Golgi
cisternae [42,43]. COPII-coated cargo carriers deliver the cargo proteins from the ER to the
Golgi, with the inner and outer layers of the protein lattice acting as the core component
of COPII-coated cargo carriers [44–47]. The activation of the Ras-like small COPII coat
Sar1 GTPase is the prerequisite of the assembly of the COPII coat [48]. Guanine nucleotide-
exchange factor Sec12 assists the exchange of the GDP to the GTP on Sar1 to recruit the
coat protein Sec23-Sec24 inner layer of the protein lattice, and the heterotetramers of coat
protein Sec13 and Sec31 as the outer layer of the protein lattice is recruited to continue the
assembly of the COPII coat [44–47].

There are some differences in COPI and COPII transportation in plants compared to
animals and yeast. In plant cells, the COPII and COPI-coated cargo carriers’ transportation
impacts plant growth, stress response, and protein transportation. In A.thaliana, multiple
paralogs of COPI components have been discovered [49,50]. The silencing of the β1/2-
COP gene enhanced the sensitivity of A.thaliana to salt stress [49,51]. Double mutant of
β1/2-COP and a single mutant of α2-COP were dwarfed compared to Col-0 [49,52], and the
silencing of β1/2-COP or α2-COP or p24 protein altered the structure of the Golgi [49,52,53].
The knockout of α1-COP, γ-COP, and ε-COP resulted in a reduction in seed production due
to altered pollen grain adherence and pollen tube germination [54]. The β′-, γ-, and δ-COP
proteins were shown to interact with each other and were localized in Golgi [55]. The β′-,
γ-, and δ-COP proteins were required to support the Golgi structure, and the silence of
these genes caused the plant cell death [55]. The maintenance of the Golgi structure also
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requires the recruitment of Arf1 [56] and multiple paralogs of the cargo receptor p24 family
protein [53]. The multiple paralogs of the p24 family proteins are involved in the trafficking
of GPI-anchored proteins to the plasma membrane. For example, it was shown that these
paralogs could interact with GPI-anchored protein arabinogalactan protein 4 [50]. In the
Arabidopsis p24δ3δ4δ5δ6 quadruple mutant, ER lumen protein-retaining receptor A(ERD2a),
as the K/HDEL receptor, accumulated in Golgi and, as a result, the expression of Sec31
gene was upregulated [53]. The p24 family protein affected the ERD2a trafficking by
direct interaction with ERD2a via luminal GOLD domain, and their interaction showed
pH-dependence [57,58].

Figure 1. The cargo transportation between ER and Golgi via COP-coated cargo carriers. ER:
endoplasmic reticulum; COPI: coat protein complex I; COPII: coat protein complex II; ERGIC: ER-
Golgi intermediate compartment. Note that the ERGIC compartment has not been demonstrated in
plant and yeast cells.

The Multiple paralogs of COPII protein components were also discovered in plants [59].
The expression pattern, subcellular localization, and function of the COPII protein paralogs
showed a significant difference [60–63]. SEC23A/SEC23D [64], SEC31A/B [61,65] and
Sar1B/C [62] had been reported to be required in pollen development. In Physcomitrium
patens, Sec23D is localized in the presumptive ER-exit sites [60]. The knockout of the Sec23d
gene suppressed the protein transportation between ER and Golgi and protein secretion in
the mutant plants, leading to ER morphology defects and ER stress [60]. In A.thaliana, Sar1A
is also localized in ER-exit sites [63]. The residue Cys84 in the Sar1A is crucial for its specific
interaction with AtSec23A, essential for the ER-export process [63]. The mutation of this
residue disturbed their interaction resulting in the suppression of the ER-export process of
vacuolar protein [63]. In A.thaliana, the formation of unusually giant COPII vesicles, which
modulated the transport of channel proteins and transporters, was observed in response to
stress conditions [66]. Even though the importance of COPII components in plant growth
and development has been demonstrated, the existence of COPII-coated cargo carriers in
plant cells is still disputed [67,68]. The notion that the Golgi entry core compartments can
work independently from COPII-coated cargo carriers formation has been proposed [69].

The cargo sorting during COPI and COPII coat assembly is essential. The sorting
signal in the cargo protein plays a dominant role in the direct or indirect interaction between
cargo proteins and components in the coat. The Sec24 subunit in the COPII complex is
involved in cargo sorting and directly binds with the cargo protein [70–72]. The diverse
cargo binding sites in the Sec24 protein recognize different cargo sorting signal motifs in
cargo proteins, and multiple isoforms of Sec24 are involved in diverse cargo sorting [71–73].
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For example, the ER-exit signal DxE [74,75], LxxLE [75,76], YxxNPF [77], triple arginine
(RRR) motif [78], and ΦXΦXΦ motif of bovine anion exchanger 1 (AE1) [79] are recognized
by Sec24. Sar1 also participates in cargo sorting and directly interacts with cargo sorting
signal motifs. Sar1A directly interacts with the polybasic motif of planar cell polarity
protein Frizzled-6 to adjust the cargo packaging into coated cargo carriers [80]. The RNKR
motif of Drosophila type I transmembrane protein Crumbs is the ER-exit signal interacting
with Sar1 [81]. Cargo transportation via COPII-coated cargo carriers also requires the
protein–protein interaction between cargo sorting motifs and COPI coatomers or cargo
receptors. The KXD/E motif of A.thaliana endomembrane protein 12 binds with COPI
coatomers [82]. α- COP, β’-COP, and γ-COP bind with diverse motifs to assemble the COPI-
coated cargo carriers. For example, α- COP and β’-COP directly bind di-lysine motifs [83],
and γ-COP recognizes the FFxxBB(x)n of the P24 protein [38] and directly binds with
human ER α-1, 2-mannosidase [84].

Besides the direct interaction between the cargo protein and COP complex, the cargo
receptors mediate the cargo sorting. In mammalian cells, the ER-Golgi intermediate com-
partment (ERGIC) ERGIC-53 protein [85] and p24 protein families [76,77,86] are known
as the cargo receptors for the soluble cargo proteins, and Erv29 proteins are involved in
COPII vesicles assembly with the GFP-HDEL and glycosylated pro–α-factor (gpαf) cargo
proteins [87–89]. Transmembrane proteins Erv14 [90,91] and Erv26 [72] work as the cargo
receptors for the membrane proteins via their direct interaction with Sec24 and cargo
proteins. It has been shown that KDEL receptors recognize ER-retrieval signal KDEL and
directly interact with the KDEL motif. At the same time, the strength of interaction and
release of cargo protein is regulated by the difference of pH in the ER and the Golgi [72].
The Arg residues in the KDEL receptor anchored the KDEL peptides via salt bridge interac-
tions, whereas the Glu residues formed a hydrogen bond with tryptophan in the KDEL
receptor [92]. The Glu residues hydrogen bonding with histidine in the KDEL receptor
was shown to be pH-sensitive [92]. The cargo receptor Rer1 binds to the KKXX motif in
the ER membrane proteins [93] and the polar residue in the TMDs [94]. The positively
charged amino acids in the cytosolic tail, such as the di-arginine motif (RXR) and di-lysine
motif (KK or KXKXX), have proven to play essential roles in the trafficking of type I
membrane proteins [38]. In addition, so-called kin recognition has also been proposed.
The interactions between kin oligomers and GTs and glycosidases occur in specific Golgi
cisternae and prevent their entry into transportation carriers and their forward movement
to later cisternae [95].

3. Specific Sequence Motifs Involved in GTs and Glycosidases Sorting and Trafficking

The mechanism of trafficking GTs and glycosidases between the ER and the Golgi
is somewhat similar to the mechanism of diverse protein sorting in the Golgi and ER.
The transportation and localization of GTs and glycosidases rely on the presence of a single
amino acid (e.g., arginine, lysine, leucine, and phenylalanine residues) in the cytosolic tails
of GTs, or several amino acids together determine the localization of GTs. In yeast, the con-
sensus sequence of (F/L)-(L/I/V)-X-X-(R/K) is broadly found in many GTs and has been
shown to interact with the cargo receptor Vps74p protein in the assembly of COPI-coated
cargo carriers (Figure 2A) [96]. The single mutation of F4 or L5 and the double mutation of
K7 and R8 in the FLSKR motif in the cytosolic tail of α 1,2-mannosyltransferase (Kre2p)
impaired the protein interaction between vacuolar protein sorting-associated protein 74
(Vsp74) and Kre2p. Thus, the presence of the F4, L5, K7, and R8 residues is required in the
Kre2p cargo transportation via the coat complex COPI-coated cargo carriers [96]. In plants,
the localization of A.thaliana ER-α-mannosidase I (MNS3) depends on the four amino acid
sorting signal. MNS3 typically localizes in the early Golgi, and the LPYS Golgi-targeting
signal motif in the cytosolic tail of MNS3 is believed to be involved in the retaining mecha-
nism [97]. The fusion protein MNS3-GFP-HDEL contained the GFP and ER-targeting signal
HDEL at the C terminal of MNS3 and was primarily localized in the Golgi and weakly
in the ER [97]. This indicated that the retrieval function of the ER-target signal HDEL is
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inhibited in this fusion protein, and the LPYS Golgi-target signal drives the localization of
MNS3. However, the deletion of the LPYS Golgi-target signal and, specifically, the mutation
of leucine in the LPYS motif recruited fusion protein, MNS3-GFP-HDEL, to the ER [97],
which demonstrates the LPYS Golgi-target signal and primarily the leucine residue is
essential for localization of MNS3.

Figure 2. The protein–protein interaction between cargo sorting signal motifs in the GTs and COPI
coatomers or cargo receptors. (A): The cargo sorting signal motifs in the cytosolic tail of GTs interact
with cargo receptors (e.g., Vps74p and GOLPH3). (B): The GTs interact with putative cargo receptors
or directly interact with the COPI complex via cargo sorting signal motifs in the cytosolic tail and/or
TMDs. (C): The cargo sorting signal motifs in the cytosolic tail of GTs interact with the MHD domain
of δ-COP and β-COP. (D): The cargo sorting signal motifs in the cytosolic tail of GTs interact with the
MHD domain of δ-COP, ζ-COP, and β-COP. The figures are created in BioRender.com.

The arginine and lysine residues also play a dominant role in the transportation of GTs
in plants and animals. Di-arginine motifs (RR, RXR, or RXXR) are other ER-retaining signals
in plants [98]. The first 90 amino acids have been proved to be sufficient to localize A.thaliana
glucosidase I (AtGCSI) to the ER [99]. The di-arginine motifs (R6R7SAR10GR12) were found
in the cytosolic tail of AtGCSI, and the mutation of all four arginine residues altered its
ER-localization to the Golgi. In contrast, preserving only one of these di-arginine motifs was
sufficient for retaining the AtGCSI protein in the ER and punctate structures [98]. In animals,
three isoforms of GM3 synthase (SAT-I), a GT involved in ganglio-series ganglioside
synthesis, were discovered and named M1-SAT-I, M2-SAT-I, and M3-SAT-I. Surprisingly,
these three isoforms showed different localizations: M2-SAT-I and M3-SAT-I were localized
in the Golgi, and M1-SAT-I was found in the ER [100]. The arginine-rich motif RRXXXXR
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has proven critical for M1-SAT-I retention in the ER. The single mutation of any arginine in
this motif could not change the ER-localization of M1-SAT-I. However, the mutation of any
two arginine residues in this arginine-rich motif held M1-SAT-I in the Golgi [100].

In addition to being essential for the ER retention of GTs, the arginine and lysine
residues are also involved in the Golgi-targeting of GT and glycosidases in both plant
and animal cells. In N. tabacum, two arginine residues were found in the cytosolic tail
(MR2GYK5FCCDFR11) of Golgi-localized N. tabacum GnTI [101]. The mutation of R11 and
K5 resulted in GnTI being localized in the ER and the Golgi, while the mutation of R11, K5,
and R2 held GnTI predominantly in the ER. However, the mutation of K5 and R2 resulted
in GnTI being localized only in the Golgi [101]. These results demonstrate that the arginine
residues (R11) proximal to the TMD are essential for retaining GnTI in the Golgi [101].
The lysine residues in the cytosolic tail (MPRKRTLVVN) of A. thaliana a-mannosidase II
(GMII) are required for Golgi-localization. In contrast, the arginine and lysine residues in
the cytosolic tail (MSKRNPKILK) of A. thaliana glycosyltransferase XylT are essential for
this protein localization in the Golgi [101].

In mammalian cells, the [RK](X)[RK] sequence, as an ER-exit signal, is found in
the cytosolic tail of Golgi-localized β-1,3-galactosyltransferase (GalT2) [102]. GalT2 was
localized in the ER when the RR motif was mutated [102]. Meanwhile, the replacement
of RR to RAR/KAK/KK also held GalT2 in the Golgi, which indicates that the motifs
with similar [RK](X)[RK] properties have similar functions [102]. The mutations in the
[RK](X)[RK] sequence in the cytosolic tails of β-1,4-N-acetyl-galactosaminyltransferase
(GalNAcT), GM3 sialyltransferase (Sial-T2), and β1,4Galactosyltransferase (β1,4GT) also
altered their Golgi-localization [102]. Meanwhile, there are two [RK](X)[RK] motifs in
the cytosolic tail of Golgi-localized Sial-T2, and the mutation of any [RK](X)[RK] motif
resulted in the ER-localization of Sial-T2 [102]. The mutation of R7R8 held Sial-T2 in dual
localization—the majority of the Sial-T2 proteins localized in Golgi and partial Sial-T2
protein localized in the ER. In contrast, the mutation of R23R25 held Sial-T2 mostly in ER
and partially in the Golgi [102]. This indicated that the contribution of the [RK](X)[RK]
motif to localization could differ. The conserved sequence “φ-K4LLQR8” was critical for
the Golgi-localization of GlcNAc-1-phosphotransferase (Ptase). The localization of mutant
proteins with the single mutations of the K4/R8/S15 residues did not overlap with the
Golgi marker, GOLPH4 [103]. The Golgi-retention signal motif RPWS, which is in the
cytosolic tail of UbiA prenyltransferase (UBIAD1), determines the protein localization in
the Golgi, and the RPWS signal is highly conserved in its orthologs in different species [104].
The UBIAD1 protein with a mutation of the arginine residue in its RPWS motif failed to
retain UBIAD1 in the Golgi [104]. The positive charge and branched structure of the
arginine and lysine residues may be significant in the trafficking of GTs. Hence, the sorting
signal in the cytosolic tail of GTs determines the localization of GTs.

Arginine-based motifs are broadly involved in the trafficking of GTs and retaining
them either in the Golgi or ER. Therefore, the mechanism of recognizing arginine-based
motifs as specific to ER or Golgi-target signals is unclear. The distance between the arginine-
based motif and lipid bilayer and the distance between the arginine/lysine residues within
the motif can affect the function of arginine-based motifs. For example, the ER-localized
M1-SAT-I proteins changed localization primarily to Golgi when the amino acids 28-55 on
its N-terminus were deleted. Such deletion shortened the distance between the ER-target
signal RRXXXXR and membrane from 53 amino acids to 25 amino acids, indicating that the
function of ER-target signal RRXXXXR in localization of M1-SAT-I requires a long enough
functional distance [100]. The change in the distance between the arginine residues within
motifs can also alter the localization of plant and mammalian GTs. For instance, increasing
the distance between two arginine residues in the cytosolic tail of ER-localized A.thaliana
AtGCSI recruited this protein to the Golgi or partial Golgi [98]. In addition, shortening or
elongating the distance between K4 and R8 in the cytosolic tail of Ptase switched normal
Golgi-localization of the Ptase to ER-localization [103].
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4. Other Protein Domains Essential for the Trafficking of Enzymes Involved
in Glycosylation

Although the cytosolic tail of GTs and glycosidases is critical for their localization [98,101,102],
the transmembrane and luminal domains also impact the plant GTs localization. For exam-
ple, the lumen domain of A.thaliana AtGCSI, as well as its di-arginine motifs in the cytosolic
tail, affects the ER-localization of AtGCSI; the shortening of the AtGCSI lumen domain
results in a switch from its ER-localization to Golgi-localization when the di-arginine motifs
are deleted [98], which indicates the di-arginine motifs in the cytosolic tail and lumen
domain independently affect the localization of AtGCSI. The N-terminus protein sequence
of two proteins, Golgi-localized GnTI from N. benthamiana and trans-Golgi marker a–2,6-
sialyltransferase (ST), are grouped into three parts: the cytosolic tail, the TMD, and the
stem region. To study the function of the cytosolic tail, the TMD, and stem region in
localization of GnTI and ST, three parts of sequences of two proteins were switched in
different types of recombination [105]. The GnTI-ST-GnTI fusion protein generated by
swapping the TMD of GnTI with the TMD of ST was mislocalized and unable to function
correctly. Conversely, the switching of the cytosolic tail and stem region of GnTI to the
cytosolic tail and stem region of ST did not impact the localization of the fusion proteins in
the Golgi [105], indicating that the TMD is more critical for the correct localization of GnTI
(Figure 2B). The highly conserved sequence (FIYIQ) in the TMD of NtGnTI is responsible
for the protein localization in the cis/medial-Golgi [106]. The Q residue in the FIYIQ
sequence is conserved, and the mutation of Q25 altered the cis/medial-Golgi localization
of NtGnTI to trans-Golgi. In addition, the NtGnTI-Q25A-GFP was detected in the vacuole
and occasionally in the apoplast, indicating the secretion of full-length NtGnTI-Q25A or
a degradation product [106]. It was also observed that the mutation of Q25 impacted the
formation of the homodimer of NtGnTI [106]. In A.thaliana GnTI, the Q residue has a
similar function. The AtGnTI protein with a mutation on Q23 failed to restore the process
of complex N-glycans synthesis in the gntI mutant plants and was mislocalized to apoplast
instead of Golgi [106]. Furthermore, AtGnTI-Q23A-GFP protein was hardly detected on
the immunoblot, while its transcript level was comparable with the level of wild-type
mRNA. It was also estimated that the half-life of the AtGnTI-Q23A mutant protein was
much shorter in comparison with wild-type protein, indicating that AtGnTI-Q23A-GFP is
not stable and degrades more quickly [106]. To investigate how the Q residue affects the
localization of AtGnTI, the Q23 residue was replaced by either His, Leu, Glu, Tyr, Val, or Ser
residues. Only AtGnTI-Q23H was localized in Golgi and showed a result similar to that
of the wild-type AtGnTI function when expressed in mutant A.thaliana gntI plants [106].
It was determined that the stem region of GnTI contributed predominately to homomeric
and heteromeric protein complex formation [105].

In some cases, either the cytosolic tail, TMD, or lumen domain alone cannot deter-
mine the localization of GTs, and the cooperation of two domains is frequently required.
The cooperation of several GTs domains to determine their localization is broadly re-
ported in mammalian cells, but not much is known about such cooperation in plants.
Therefore, below, we describe what is currently known in animals. The polypeptide N-
acetylgalactosaminyltransferases (GalNAc-T) are type II transmembrane proteins localized
in the Golgi. Although GalNAc-T1, GalNAc-T2, GalNAc-T7, and GalNAc-T10 belong to
the same GT family, the mechanism that supports their Golgi-localization is different [107].
For example, neither cytosolic tail, TMD, or luminal stem domain could determine the
Golgi-localization of Gal-NAc-Ts. It has been shown that GalNAc-T1 and GalNAc-T2
proteins share a similar mechanism where the cooperation of their cytosolic tail and TMD
are required to determine their localization. The cytosolic tail or luminal stem together with
TMD recruit GalNAc-T7 to the Golgi, whereas the luminal stem and TMD are necessary for
the Golgi-localization of GalNAc-T10 [107].

The N-acetylglucosamine-1-phosphotransferase (PT) complex is involved in the biosyn-
thesis of mannose 6-phosphate; α-, β-, and γ -subunits are the essential components of
the Golgi-localized PT complex [108]. The maturation of α/β-subunits requires cleavage
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of the precursor protein. Both versions of the α/β -subunits, precursor and cleaved, were
detected in the Golgi. The cleavage of the precursor protein in the Golgi is necessary for the
assembly of the PT complex, and the ER-export of the precursor protein of α/β -subunit is a
prerequisite of cleavage of α/β -subunit in the Golgi [108]. Thus, the trafficking of precursor
protein to the Golgi considerably affects the proper function of the PT complex in the
biosynthesis of mannose 6-phosphate. There are four potential ER-export signals in the α/β
-subunit precursor protein: di-leucine motif (L5L6) in the N-terminus and [RK]X[RK] motifs
(K1236RK1238, R1242RR1244, and R1253IR1255) in the C-terminus. The double mutation
of L5L6 to AA and R1253IR1255 to AAA caused the precursor protein to be recruited to
the ER [108], indicating that the ER-export of α/β -subunit precursor protein requires two
ER-export signals on its N- and C-termini. UBIAD1 is involved in the biosynthesis of
vitamin K and CoQ10, and UBIAD1 has eight putative TMDs. The UBIAD1 N-terminal
domain contains the Golgi-retention signal RPWS, which, together with the first two TMDs,
is required for its Golgi-localization [104].

5. Recycling of Glycosyltransferase and Glycosidases Involved in Glycosylation

The transport cargo carriers (i.e., the COPI and COPII complexes) are critical for
GTs recycling. It was shown in plants when the N-terminal domain of GnTI and Sar1p
were co-expressed in N. benthamiana leaf epidermal cells, both proteins were co-localized
in the punctate structure at ER-exit sites (ERES) [101]. However, a mutant version of
GnTI, where basic amino acids within its cytoplasmic tail were mutated, was not able to
recruit Sar1 to ERES, indicating that COPII proteins are involved in GnTI transport. Even
though the studies about the transport of the plant GTs via the COPI and COPII complexes
are limited, the results indicate that the mechanism of membrane proteins transport in
plant and mammalian cells are similar. For example, the LxxLE motif functions as the
ER-export signal in animals and plants [75,76,109]. Hence, the advanced knowledge about
trafficking of GTs via COPI and COPII-coated cargo carriers in animal cells might offer
some clues to the GTs transport via COPI and COPII complexes in plants. For example,
the silencing of the coatomer subunits δCOP or εCOP results in the mislocalization of the
Golgi-resident A.thaliana MNS3-GFP protein [97]. During the formation of the COPI and
COPII-coated cargo carriers harboring GTs as cargo, indirect or direct interactions between
GTs and COPI/COPII complex proteins were observed. For example, the Vps74p protein
was detected as the intermediate protein in interaction with the COPI complex in yeast,
and the knockout of Vps74p impacted the localization of Kre2p, Mnn2, Mnn9, and Ktr6 [96].
Vps74p was shown to bind to Sec26p (β-COP) and Ret2p (δ-COP) in in vitro experiments
(Figure 2A) [96].

In animal cells, the Vps74p ortholog protein GOLPH3 functions similarly to Vps74p
in yeast. GOLPH3 binds to C2GnT and SiaTI in vitro, and all three proteins, GOLPH3,
C2GnT, and SiaTI, were detected in COPI vesicles [110]. Meanwhile, the knockout of
GOLPH3 triggered the mislocalization of C2GnT and SiaTI from ER/Golgi to Golgi only.
At the same time, the content of C2GnT and SiaTI in COPI vesicles was significantly
decreased [110]. In recent studies, GOLPH3 was proved to interact with not only the LxxR
motif but the positively charged amino acids upstream of the LxxR motif, [111], which
further confirmed the function of GOLPH3/ Vps74p in retaining the cargo protein in the
Golgi cisternae and preventing cargo from leaving to the TGN [111,112]. The protein was
transported to lysosomes when it escaped the GOLPH3-mediated cisternal inter-conversion
mechanism. This indicated that GOLPH3/ Vps74p controls the lysosomal degradation of
the protein [111,112]. The ER-target signal, R11R12XXXXR, in the cytosolic tail of M1-SAT-I
has been proven to interact with β-COP or δ-COP (Figure 2C), while the mutation, M1-SAT-I-
R11/12S, interrupted this interaction [100]. This indicates that the RR residues may directly
bind to β-COP or δ-COP (Figure 2C). The Golgi protein GlcNAc-1-phosphotransferase
(Ptase) synthesizes the mannose 6-phosphate recognition marker. The utilization of the
recently developed BioID2 assay revealed the interactions among the Ptase, δ-, and ζ-COP
subunit proteins [103]. The direct interaction between δ-/ζ-COP and Ptase was confirmed
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by pull-down assay, which also detected traces of β-COP and γ-COP (Figure 2D) [103].
It has been shown that Ptase directly binds to the highly reserved sequence, VRFSTE,
in the MHD domain of δ-COP [103]. The mutations of K4 to Q, R8 to G, and S15 to Y
in the cytosolic tail of Ptase impaired and weakened its interaction with δ-/ζ-COP [103].
The φ- (K/R)-X-L-X-(K/R) sequence is also found in the cytosolic tail of other GTs, such
as C2GNT1, GALNT3, GALNT6, and GALNT8 [103]. C2GNT1, GALNT3, and GALNT8
directly bind to β-COP, ζ-COP, and the MHD domain of δ-COP (Figure 2D); GALNT6
interacts with β-COP and the MHD domain of δ-COP (Figure 2C) [103]. The arginine
residues in the R3TLLR7R8R9 sequence in the cytosolic tail of C2GNT1 are essential for
recruiting C2GNT1 to the Golgi. The mutation of arginine residues impaired the interaction
between C2GNT1 and ζ-COP protein, and the interaction between C2GNT1 and the MHD
domain of δ-COP (Figure 2D) [103]. In previous studies on CHO-K1 cells, C2GNT1 was
shown to interact with GOLPH3 and later with COPI subunits [110]. However, in HeLa
cells, the knockout of GOLPH3 did not affect the localization of C2GNT1 [103]. UBIAD1 is
localized in the Golgi in L02 cells, but UBIAD1 is localized in the ER and the Golgi in both
HEK293 and T24 cells [104], which indicates that the mechanism of trafficking of GTs might
vary for different cell types. Although there is no φ- (K/R)-X-L-X-(K/R) sequence in the
cytosolic tail of GALNT4, the WTW motif was found to be responsible for its interaction
with the MHD domain of δ-COP and β-COP (Figure 2C) [103]. In addition, the Sar1 protein
has been proven to interact with GTs directly. Synthetic cytosolic tails with RR motifs of
GalNAcT and GalT2 interacted with Sar1 in vitro. The mutation of RR to AA impaired
the interaction between Sar1 and GalT2 or GalNAcT (Figure 3) [102]. The cytosolic tails
of GalNAcT and GalT2 bond to Sec23p in vitro, and the presence of active Sar1 increased
interaction between GalNAcT or GalT2 with Sec23p [102].

Figure 3. The protein–protein interaction between cargo sorting signal motifs in GTs and
COPII coatomers.

In addition to Vps74p and GOLPH3 being shown to affect GT-localization via direct
interaction with the COPI complex, other proteins are involved in determining the localiza-
tion of GTs. The Golgi-localized STELLO1 and STELLO2 proteins (STL1 and STL2) from
A.thaliana, which contain the glycosyltransferase-like domain, were shown to alter the CesA
distribution and assembly via direct interaction with the latter [113]. The genes encoding
the STL1 and STL2 proteins were co-expressed together with CesA genes in the A.thaliana
stl1stl2 mutant recovering the cellulose content that was reduced in the stl1stl2 mutant [113].
In animal cells, the GlcNAcT-I inhibitory protein (GnT1IP) shares a similar protein sequence
with GlcNAcT-IV glycosyltransferases and inhibits GlcNAcT-I activity [114]. Two GnT1IP
transcripts were named GnT1IP-L and GnT1IP-S, and the GnT1IP-L protein was shown
to be the type II membrane protein [114]. GnT1IP-L can interact directly with GlcNAcT-I,
causing its mislocalization from the medial-Golgi to the ER, ERGIC, and cis-Golgi [114].
Golgi-resident GRASP55 regulated the subcellular localization of glycosylation protein
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involved in glycosphingolipid biosynthesis by direct interaction [115]. The L95LGV98
sequence in the GRASP domain of GRASP55 interacted with the cytosolic tail of GlcCer
synthase (GCS), which catalyzes the critical step in glycosphingolipid biosynthesis [115].
The direct binding with GRASP55 promoted the correct subcellular localization of GCS by
preventing GCS from entering in the retrograde transportation [115]. The GTP exchange
factor GBF1 facilitated the phosphorylation of Arf1-GDP, and the Src tyrosine kinase (Src)
played an essential role in the ARF GTP formation [116]. Src phosphorylated the Y876 and
Y898 in the GEF domain C-terminus of GBF1, further increasing the binding between GBF1
and Arf1 and the GALNT relocation [116].

6. Protein–Protein Interactions Contribute to GT Trafficking

It was proposed that the protein–protein interactions between plant GTs are required
for the ER-export of protein complexes. GAUT1 and GAUT7 are involved in plant cell wall
pectin biosynthesis and form a protein complex in the Golgi [35]. The TMD of GAUT1
becomes post-translationally cleaved and, thus, the GAUT1-recruitments to the Golgi
require its interaction with GAUT7 [35]. Proteomic analyses of wheat glycosyltransferases
involved in the xylan synthesis [117] showed the network of protein–protein interactions
among the glycosyltransferases TaGT43-4 and TaGT47-1, mutases TaGT75-3 and TaGT75-4,
and the TaVER2 and TaGLP proteins. The protein–protein interactions among TaGT43-4,
TaGT47-13, TaGT75-3, and TaGT75-4 were confirmed, and a single complex was detected
via immunoblot analysis. TaGT43-4, TaVER2, and TaGLP were localized in the ER when
transiently expressed in tobacco leaves, while TaGT47-13 was localized in trans-Golgi,
overlapping with ST-GFP trans-Golgi maker [117]. Meanwhile, TaGT43-4 interacted with
TaGT47-1, TaGLP, TaVER2, and TaGT75-4 to form heterodimers in the ER, and co-expression
with TaGT47-13 recruited these heterodimers to trans-Golgi [117]. Thus, it is proposed that
TaGT43-4 functions as a scaffold protein, assisting in forming a xylan biosynthesis complex
in the ER [117]. It was proposed that the interaction between TaGT43-4 and TaGT47-13 was
required for the xylan-synthesizing protein exportation from the ER to trans-Golgi [117].

In Asparagus officinalis, AoIRX14A and AoIRX10 proteins with catalytic DxD motifs are
involved in xylan biosynthesis. AoIRX9, AoIRX14A, and AoIRX10 were detected within
a single multiprotein complex via the GFP-trap approach [30]. When AoIRX9, AoIRX10,
or AoIRX14A were individually expressed in N.benthamiana leaves, AoIRX9, and AoIRX10
localized in ER, while AoIRX14A localized in the ER and Golgi [30]. When AoIRX9,
AoIRX14A, and AoIRX10 were co-expressed, the signal of AoIRX9-VENUS or AoIRX10-
VENUS was detected in the Golgi, and direct protein interactions between AoIRX9 and
AoIRX14A were confirmed [30]. These studies strongly suggest that AoIRX9, AoIRX10,
and AoIRX14A function as components of the xylan-synthesizing complex, and the protein–
protein interaction among these GTs is required for their ER-export.

It is also proposed that ER and Golgi acidic environments impact protein–protein inter-
actions of GTs and, specifically, the formation of homo- and heterocomplexes. For example,
the GnT-I, GnT-II, GalT-I, ST3Gal-III, and ST6Gal-I proteins form the homodimers in the
ER, and no heterodimers among these GTs have been detected in the ER [118]. Meanwhile,
the heterodimers among GTs were detected in Golgi, and the formation of heteromeric
GT complexes inhibited the formation of homomers in the Golgi [118]. In the study by
Antti Hassinen [119], treatment with chloroquine (CQ) altered the pH in the observed cells,
thereby inhibiting the formation of heteromers. The increase in pH by 0.4 in the Golgi
inhibited the formation of heteromers and facilitated the formation of homomers. Thus,
the difference in pH between the ER and Golgi alters the probability of forming either
heteromers or homomers [118].

7. Conclusions

The common mechanism of GTs and glycosidases trafficking between the ER and
Golgi involves the motifs or specific amino acids in their cytosolic tails, their TMDs, and cat-
alytic domains. These different factors can act either independently or cooperatively via
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directly or indirectly interacting with COP coatomer proteins, ultimately affecting the
localization and transportation of GTs and glycosidases (Table 1). The common mechanism
of GTs and glycosidases trafficking is similar to the trafficking mechanism of other proteins.
Thus, the studies of other protein trafficking mechanisms can offer clues to investigate the
potential mechanism for GTs and glycosidases trafficking. Arginine and Lysine residues
are commonly found in most GTs and glycosidases and can directly interact with cargo
receptors and COP coatomers. The positive charge and branched structure of the arginine
and lysine residues are critical in the protein–protein interactions with the cargo receptors
and COP coatomers. Some motifs are the ER-retrieval signal and Golgi-retrieval signal,
but the mechanism of recognizing and distinguishing these two signaling sequences re-
mains unclear. One possible mechanism might depend on the different positions of these
motifs in the structure of GTs and glycosidases, determining the specific type of the retrieval
signal. Different isoforms of COP coatomers and cargo receptors recognize these motifs at
various positions. For the GTs that lack the motifs and specific amino acids recognized by
COP coatomers, the protein–protein interaction with other GTs or cargo proteins is critical
to their proper localization. These protein complexes work as a unit of cargo in COP-coated
cargo carriers. In addition, the localization and transportation of GTs are regulated by
various inhibitors and environmental conditions in the ER/Golgi. The altered distribu-
tion of GTs influences the outcome of glycosylation in the ER and Golgi, and ultimately,
signal diverse pathways, affecting cell development and growth. In different types of
cells, the mechanism for trafficking the identical or homologous GTs can be numerous,
affecting the cell differentiation and function differently. As a whole, the proper localization
and effective trafficking of GTs and glycosidases are the prerequisites of their proper and
efficient functioning. They require broader and intensive investigation to advance our
knowledge in this significant field of research.

Table 1. The cargo sorting signals of GTs and glycosidases in their trafficking via COP-dependent
transportation.

COPI-Dependent Transportation

Motif Species Interaction with Position GTs Ref.

(F/L)-(L/I/V)-X-
X-(R/K) Yeast Vps74p Cytosolic tail Kre2, Mnn5, Mnn9,

Mnn2, Ktr6 [96]

RRXXXXR Mouse β-and/or δ-COP
(data not shown) Cytosolic tail M1-SAT-I [100]

Di-arginine
motifs/lumen

domain
A.thaliana Receptor (putative) Cytosolic tail/

lumen domain AtGCSI [98]

φ- (K/R)-X-L-X-
(K/R) Human

β -, ζ-COP and
MHD domain of

δ-COP
Cytosolic tail

Ptase, C2GNT1,
GALNT3,
GALNT8

[103]

φ- (K/R)-X-L-X-
(K/R) Human β -COP and MHD

domain of δ-COP Cytosolic tail GALNT6 [103]

WTW Human β -COP and MHD
domain of δ-COP Cytosolic tail GALNT4 [103]

Q residue N. benthamiana/
A.thaliana TMD GnTI [105,106]

Human GOLPH3 SiaTI, C2GnT [110]
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Table 1. Cont.

COPII-Dependent Transportation

Motif Species Interaction with Position GTs Ref.

RPWS/ first two
TMDs Human Sar1 (putative) Cytosolic tail/

TMDs UBIAD1 [104]

[RK](X)[RK] Mouse/ Human Sar1 Sec23p Cytosolic tail GalT2, GalNAcT [102]

RLR Rat Cytosolic tail β1,4GT [102]

RR, RTR Chicken Cytosolic tail Sial-T2 [102]

R and K residues N.
tabacum/A.thaliana Cytosolic tail GnTI, XylT, GMII [101]

Di-leucine motif
/[RK]X[RK] motifs Human N-terminus/C-

terminus

Precursor protein
of α/β-subunit of

PT complex
[108]

Others

Motif Species Interaction with Position GTs Ref.

LPYS A.thaliana Cytosolic tail MNS3 [97]

Cytosolic tail or
luminal stem and

TMDs
Human GalNAc-T7 [107]

Luminal stem and
TMDs Human GalNAc-T10 [107]

Cytosolic tail and
TMDs Human GalNAc-T1,

GalNAc-T2 [107]
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Abstract: Auxin is a well-studied phytohormone, vital for diverse plant developmental processes.
The GH3 genes are one of the major auxin responsive genes, whose expression changes lead to
modulation of plant development and auxin homeostasis. However, the transcriptional regulation of
these GH3 genes remains largely unknown. WRI1 is an essential transcriptional regulator governing
plant fatty acid biosynthesis. Recently, we identified that the expression of GH3.3 is increased in the
roots of wri1-1 mutant. Nevertheless, in this study we found that AtWRI1 did not activate or repress
the promoter of GH3.3 (proGH3.3) despite of its binding to proGH3.3. Cross-family transcription
factor interactions play pivotal roles in plant gene regulatory networks. To explore the molecular
mechanism by which WRI1 controls GH3.3 expression, we screened an Arabidopsis transcription
factor library and identified TCP20 as a novel AtWRI1-interacting regulator. The interaction between
AtWRI1 and TCP20 was further verified by several approaches. Importantly, we found that TCP20
directly regulates GH3.3 expression via binding to TCP binding element. Furthermore, AtWRI1
repressed the TCP20-mediated transactivation of proGH3.3. EMSAs demonstrated that AtWRI1
antagonized TCP20 from binding to proGH3.3. Collectively, we provide new insights that WRI1
attenuates GH3.3 expression through interaction with TCP20, highlighting a new mechanism that
contributes to fine-tuning auxin homeostasis.

Keywords: Arabidopsis; gene regulation; protein-protein interaction; transcription factor; WRI1; TCP20

1. Introduction

The phytohormone auxin (indole-3-acetic acid; IAA) plays a pivotal role in plant
developmental processes, such as embryogenesis, organogenesis, shoot and root growth,
and organ patterning [1–3]. The Aux/IAA (AUXIN/INDOLE-3-ACETIC ACID), SAUR
(small, auxin-induced RNA), and GH3 (Gretchen Hagen 3) are the major auxin responsive
genes [2,4,5]. Changes in GH3 gene expression affect the plant developmental processes,
such as the growth of hypocotyl, root, and shoot [6–9]. The GH3 gene family in Arabidopsis
comprises 20 members [9]. Several GH3 genes control the formation of IAA-amino acid
conjugates which play roles in storing, transporting, compartmentalizing, and metabo-
lizing auxins [7,10]. These findings suggest that GH3s are essential for mediating auxin
homeostasis and auxin-associated growth responses [11,12]. A majority of the GH3 gene
promoters have been found to contain cis-acting auxin responsive elements (AuxREs) that
are recognized by auxin response factors (ARFs) [2,4,13]. In addition, bZIP transcription
factors (e.g., Arabidopsis bZIP11) have been found to bind the G-box-related element (GRE)
in the GH3 promoter to activate GH3 expression [11,14].
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2. Results and Discussion

We recently found that the GH3.3 gene is upregulated in the roots of Arabidop-
sis WRINKLED1 (AtWRI1) loss-of-function mutant (wri1-1) [15]. WRI1 is a member of
APETALA2 (AP2) transcription factor family, well known for transcriptional regulation
of plant oil accumulation [16,17]. WRI1 functions as a transcriptional activator of genes
involved in oil biosynthetic pathways [18–21]. However, how AtWRI1 regulates the ex-
pression of GH3.3 is unclear. AtWRI1 is differentially expressed in Arabidopsis embryo
over other vegetative tissues. AtWRI1 also displays significant expression in roots [15,16].
Interestingly, although AtWRI1 is able to bind to proGH3.3 [15], our dual-luciferase (LUC)
transactivation assay showed that AtWRI1 did not activate or repress the promoter of
GH3.3 (proGH3.3) (Supplementary Figure S1). We hence hypothesized that AtWRI1 regu-
lates the expression of GH3.3 through the coordination with an alternative transcriptional
regulator. To investigate the molecular mechanism by which WRI1 controls GH3.3 expres-
sion, we performed yeast-two-hybrid (Y2H) assay to screen an Arabidopsis transcription
factor library [22], using truncated AtWRI1 variants (AtWRI11-306 and AtWRI158-240) as
baits. The truncated AtWRI1 variants as baits are necessary to avoid high transactivation
activity mediated by the C-terminus of AtWRI1 [23]. We identified a class I TEOSINTE
BRANCHED1/CYCLOIDEA/ PROLIFERATING CELL FACTOR (TCP) family transcrip-
tion factor TCP20 as a previously unknown interacting partner of AtWRI1. We confirmed
that AtWRI1 physically interacts with TCP20 in yeast cells (Figure 1A). In the pull-down as-
says, His-tagged TCP20 was pulled down by the GST agarose-coupled AtWRI1 (Figure 1B),
providing further evidence for the interaction between AtWRI1 and TCP20. To further
validate the AtWRI1-TCP20 interaction in vivo, we conducted bimolecular fluorescence
complementation (BiFC) assays by co-producing the split YFP fusions of the two proteins,
nYFP-AtWRI1 and cYFP-TCP20, in Nicotiana benthamiana leaves. We detected YFP fluores-
cence in leaf samples that co-produced nYFP-AtWRI1 and cYFP-TCP20 (Figure 1C). Taken
together, our results verified the physical interaction between AtWRI1 and TCP20.

Figure 1. Physical interaction of AtWRI1 with TCP20. (A) TCP20 interacts with AtWRI1 variants
in yeast cells. Yeast growth on either permissive (-Leu/-Trp) or stringent selective (-Leu/-Trp/-
His) medium was shown. The numbers in the plates indicate the co-expression of DNA binding
domain (BD) fusions of AtWRI1 with varied amino acid length and activation domain (AD)-TCP20
fusion (indicated in shaded box). (B) GST pull-down assay showing the interaction of TCP20 with
AtWRI1. The bottom panel shows Coomassie blue stained SDS-PAGE gel of GST pull-down using
E. coli expressed protein. Red asterisk indicates the pull-down product of His-TCP20 that has
identical molecular mass as the purified His-TCP20 in the far-right lane. The upper panel shows the
immunoblotting of the pull-down products using anti-His antibody, verifying the presence of the
His-TCP20. (C) A BiFC assay showing the physical interaction of AtWRI1 with TCP20 in plant cells.
Confocal images show N. benthamiana epidermal cells transiently co-producing nYFP-AtWRI1 and
cYFP-TCP20. Scale bar is 20 μM.
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Previous studies show that TCP20 is highly expressed in Arabidopsis roots to regulate
numerous genes that are important for plant development and signaling pathways [24–26].
However, the molecular mechanism underlying TCP20 working with AtWRI1 to regulate
GH3.3 expression remains unknown. We thus analyzed proGH3.3 and found four putative
TCP binding motifs in the promoter (Supplementary Figure S2). To test whether TCP20
binds to proGH3.3, we synthesized four DNA probes (Probe 1–4), each containing an
individual putative TCP binding motif with flanking sequences on both sides (Figure 2A
and Supplementary Figure S2) and performed electrophoretic mobility shift assay (EMSA)
using TCP20 protein. Our result showed that TCP20 bound to all four DNA probes
(probe 1–4; Figure 2A); however, TCP20 failed to bind to the DNA probes with nucleotide
mutations at the TCP20 binding element (probe 1M–4M; Figure 2A), implying the binding
specificity to the TCP motifs in the proGH3.3. To explore the transcriptional regulation
of GH3.3 by TCP20, we subsequently characterized two homozygous Arabidopsis tcp20
T-DNA insertional lines (tcp20-2 (SALK_088460) and tcp20-4 (SALK_041906)). We examined
the expression of GH3.3 in roots of tcp20 loss-of-function mutants and found significant
downregulation of GH3.3 in both lines compared to wild-type (WT) (Figure 2B). We also
examined the transactivation of TCP20 on proGH3.3 using dual-LUC transient expression
assay in N. benthamiana leaves (Figure 2C). TCP20 significantly activated the LUC expression
driven by proGH3.3 in the transient assay (Figure 2D). Taken together, these results indicate
that TCP20 directly regulates GH3.3 expression through binding to the TCP binding motifs
in its promoter.

We next examined whether the transactivation activity of TCP20 on proGH3.3 is
attenuated by interaction with AtWRI1. The reporter vector, in which the LUC gene
expression is driven by proGH3.3, was transformed into N. benthamiana leaves, alone or
in combination with the effectors in which TCP20 or AtWRI1 is controlled by the CaMV
35S promoter (Figure 3A). While TCP20 significantly activated proGH3.3, the activation
was greatly reduced when AtWRI1 was co-expressed (Figure 3B), suggesting that AtWRI1
antagonizes TCP20 upon the interaction. We also conducted a promoter deletion assay
to identify the regions in proGH3.3 critical for TCP20-AtWRI1 mediated expression. We
generated three 5′-deletions in proGH3.3-LUC (Supplementary Figure S3). The full-length
and truncated proGH3.3-LUC were transformed into N. benthamiana leaves alone, with
AtWRI1, or with AtWRI1 and TCP20. The 1 kb deletion (from −1940 to −941 bp including
one TCP binding motif) caused a significant reduction of LUC activity compared to the full-
length promoter (Supplementary Figure S3). The 1.5 kb deletion (from −1940 to −441 bp)
did not result in additional loss of activity compared to the 1 kb deletion. When all TCP
binding motifs were deleted (−80 bp), less than 10% of the activity remained compared to
the full-length promoter. In all cases except the −80 deletion, co-expression of TCP20 and
AtWRI1 significantly reduced the transactivation of proGH3.3 by TCP20 (Supplementary
Figure S3). These results indicated that the deletion of motif 4 resulted in approximately
70% reduction of TCP20 activation, although the activation of the promoter fragment
containing motifs 1–3 was still 15-fold higher than the reporter-alone control. Further
removal of motifs 1–3 greatly reduced the activation and abolished the antagonizing effect
of AtWRI1. Therefore, while motif 4 contributes most to the TCP20-mediated activation, all
four TCP binding motifs contribute to the TCP20 regulation of proGH3.3. This conclusion is
consistent with the EMSA results showing TCP20 binding to all four TCP binding motifs
(Figure 2A).
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Figure 2. Direct promoter binding and regulation of GH3.3 by TCP20. (A) EMSA showing TCP20
binding to the TCP binding motifs in the GH3.3 promoter (proGH3.3). As indicated in the schematic
representation of proGH3.3, four biotin-labelled DNA probes (dark boxes indicated by underlined
numbers 1–4), containing consensus TCP binding motifs, and their corresponding mutant (M) probes
(Supplementary Figure S2) were used for EMSA experiments to test the interaction with purified
His-TCP20 protein. The shifted DNA-protein complexes are indicated by an arrow. (B) Quantitative
real-time PCR (qRT-PCR) analysis of GH3.3 transcript in the roots of wild-type (WT), tcp20-2
(SALK_088460), and tcp20-4 (SALK_041906) mutants. Results are shown as means ± SE (n = 3).
“*” indicates a significant difference (p < 0.05, Student’s t-test) compared with WT. (C) Schematic
representation of the constructs used in a transient expression assay in N. benthamiana leaves. The
LUC reporter gene was driven by a 2kb proGH3.3. The Renilla luciferase (REN) reporter gene was
controlled by the CaMV 35S promoter. (D) Transactivation of the LUC reporter by TCP20 in N.
benthamiana leaves. Relative reporter activity in N. benthamiana, infiltrated either using the reporter
alone or in combination with the effector, was shown. The LUC activity was normalized to the REN
activity. Results are shown as means ± SE (n = 5–6). “**” indicates a significant difference (p < 0.01,
one-way ANOVA) between reporter alone and co-transformation of TCP20 and reporter.
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Figure 3. Interference of TCP20 binding to proGH3.3 by AtWRI1. (A) Schematic representation of
the constructs used in a transient expression assay in N. benthamiana. (B) Co-expression of AtWRI1
with TCP20 repressed the transactivation activity of TCP20 on proGH3.3. Results are shown as
means ± SE (n = 5–6). “*” indicates a significant difference (p < 0.05, Student’s t-test) between sole
expression of TCP20 and co-expression of AtWRI1 with TCP20 as indicated. (C) EMSA demonstrated
the TCP20 binding to proGH3.3 fragments (probe 1 and 2; also see Supplementary Figure S2) in the
presence of increasing amount of AtWRI11-302 (0.53, 0.71, 1.06, and 2.12 pmol, respectively). The
decreasing amount of the protein-DNA complex is indicated by an arrow. (D) A proposed model
for co-regulation of GH3.3 expression by TCP20 and WRI1. TCP20 activates GH3.3 expression by
direct binding to proGH3.3; however, the activation is attenuated by WRI1 through 1) co-occupation
of the promoter and 2) formation of a possible non-DNA binding heterodimer. In any case, the
TCP20-AtWRI1 complex exhibits reduced TCP20 target transactivation activity because of the TCP20-
AtWRI1 interaction. Hence, in WT, WRI1 fine-tunes TCP20 activation of GH3.3, whereas in wri1-1 that
lacks WRI1, TCP20 exhibits stronger activation of GH3.3 (represented by thicker arrow and increased
size of GH3.3) compared to WT.

We demonstrated AtWRI1 attenuating the TCP20 activity on proGH3.3 possibly by
interacting sequestering TCP20. Our previous work shows the binding of AtWRI1 to
proGH3.3. Additionally, WRI1 did not activate or repress proGH3.3 in a transactivation
assay suggesting that WRI1 likely requires a partner to function [15]. We therefore in-
vestigated whether AtWRI1 antagonizes TCP20 from binding to proGH3.3 in EMSA. The
results revealed that AtWRI1 bound to probes 1, 2, and 3 in a TCP binding site-independent
manner, as AtWRI1 bound the mutant probes (1M, 2M, and 3M) with equal affinity as the
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WT probes (Supplementary Figure S4). Since there is no recognizable WRI1 binding motif
AW-box found in probes 1–3, AtWRI1 likely recognizes cryptic motifs that are close to the
TCP binding motifs. Moreover, upon the addition of an increasing amount of AtWRI11-302,
we detected reduced binding of TCP20 to probe 1 and 2 (Figure 3C), but not probe 3 and
4 (Supplementary Figure S5A), in a dose-dependent manner (Supplementary Figure S5B).
We therefore speculate that AtWRI1 antagonizes the function of TCP20 through two poten-
tial mechanisms: 1) both transcription factors co-occupy proGH3.3, resulting in reduced
activity of TCP20, and 2) the AtWRI1-TCP20 heterodimer reduces the amount of free
TCP20 to activate proGH3.3 (Figure 3D). In the absence of AtWRI1, e.g., in wri1-1 mutant,
GH3.3 is significantly upregulated (Figure 3D), leading to the increased production of
IAA-Asp conjugates.

TCP20 is known to be involved in cell division, immunity, jasmonic acid biosynthesis,
and nitrate foraging [27–29]. The regulation of auxin-responsive gene expression in this
study defines a new role for TCP20 in Arabidopsis. Prior to this work, it was unclear
how AtWRI1 affected auxin homeostasis through regulation of GH3.3 expression. By
demonstration of the direct binding of both AtWRI1 and TCP20 to proGH3.3 and the protein-
protein interaction of the two factors, we elucidate a previously unknown mechanism by
which AtWRI1 antagonized the activity of TCP20 on GH3.3 to modulate auxin homeostasis.

3. Materials and Methods

3.1. Plant Materials

Arabidopsis and N. benthamiana plants were grown in a growth chamber at 23 ◦C with
a photoperiod of 16 h light (100–150 μmol m−2 s−1 illumination)/8 h dark. Arabidopsis
wild-type (Columbia ecotype) was used in this work. Seeds of the tcp20-2 (SALK_088460)
and tcp20-4 (SALK_041906) mutants, which have been previously described [26], were
obtained from the Arabidopsis Biological Resource Center (ABRC). Genotyping assay
was conducted to confirm the homozygosity of tcp20-2 and tcp20-4 mutants. Reverse
transcription-polymerase chain reaction assay was subsequently conducted to verify that
the TCP20 expression was disrupted in tcp20-2 and tcp20-4 mutants. Seed sterilization and
germination were performed as previously described [30].

3.2. Bioinformatic Analysis

In silico analysis of TCP binding sites was performed using AthaMap [31].

3.3. Plasmid Construction

Entry constructs subcloning and recombination with destination vectors [Y2H vec-
tors, BiFC vectors (pSITE-nEYFP-C1 and pSITE-cEYFP-C1 [32]), and pEarleyGate binary
vectors [33] were via Gateway LR reactions (Life Technologies, Waltham, MA, USA). To
generate constructs for epitope-tagged recombinant protein production in E. coli, the full-
length AtWRI1 and TCP20 were sub-cloned into pET41a-GST and pET41a-6×His vectors,
respectively, [34]. AtWRI11-302 was sub-cloned into pNIC28-Bsa4 to produce an N-terminal
6×His-tagged protein (Protein Production Platform, Nanyang Technological University).
To generate proGH3.3:LUC reporter constructs, various lengths of PCR amplified proGH3.3
were subcloned into the pGreenII 0800-LUC vector [35]. A list of the primers used for
plasmid construction in this study is provided in Table S1.

3.4. Yeast Two-Hybrid Assay (Y2H)

For screening Arabidopsis transcription factor library, transcription factors were sub-
cloned into the pDEST22 vector (prey) and transformed into yeast strain Y187 (Clontech,
San Jose, CA, USA). AtWRI1 (AtWRI11-306 and AtWRI158-240) variants were sub-cloned into
pDEST32 vector (bait) and introduced into yeast strain AH109. The prey and bait were
mated and spotted on permissive (-Leu/-Trp) medium. After 3 days, the colonies were
streaked onto stringent selective (-Leu/-Trp/-His) medium to screen positive interactions.
TCP20 was subcloned into pDEST22 as the prey and AtWRI1 variants were subcloned into
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pDEST32 as the bait. The prey and bait constructs were transformed into Y187 and AH109,
respectively. Then the prey and bait were mated and plated on -Leu/-Trp medium. To
evaluate the interaction, transformants were streaked onto stringent selective (-Leu/-Trp/-
His) medium.

3.5. Transient Expression in N. benthamiana, BiFC, and Confocal Microscopy

For BiFC assay, Agrobacterium tumefaciens cells carrying the nYFP and cYFP fusion
constructs were resuspended in MMA medium (10 mM MgCl2, 10 mM MES, 100 μM
acetosyringone) to an OD600 of 1.2 and adjusted to an OD600 of 0.4 before infiltration into
N. benthamiana leaves. The plasmid pEAQ HT producing the P19 protein was co-infiltrated
with other constructs to maintain high expression in N. benthamiana leaves [36]. Healthy
leaves of N. benthamiana plants were infiltrated with A. tumefaciens suspensions carrying
nYFP and cYFP fusion constructs using a 1 mL blunt-end syringe. After agroinfiltration,
plants were placed in a growth chamber. YFP fluorescence signals were detected by a
confocal microscope 2–3 days post agroinfiltration.

3.6. Recombinant Protein Production, In Vitro Pull-Down Assays, and EMSA

Recombinant proteins, including the GST-AtWRI1 variants and His-TCP20, were
produced in E coli strain BL21 (DE3). Protein induction, extraction and purification were
conducted as described previously [23,34]. For in vitro pull-down assay, purified His-
TCP20 protein was incubated with GST beads coupled with purified GST-AtWRI1 or GST
protein in binding buffer [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.1 mM
EDTA (pH 8.0), 0.1% IGEPAL CA-630] at 4 ◦C overnight, followed by washing for 5 times
with washing buffer (same as binding buffer). Then the samples were boiled in SDS-PAGE
sample buffer at 95 ◦C for 5 min, followed by SDS-PAGE. The proteins were detected by
immunoblot probed with anti-His antibody (Proteintech, Rosemont, IL, USA). EMSA was
performed as described previously [34]. In brief, the 5′end biotin-labeled WT probes (1–4)
and mutated probes (1M–4M) were used for EMSA. The standard binding reaction (20 μL)
contained 0.05 μg/μL poly(dI-dC), 15 mM HEPES-KOH (pH 7.5), 7.5 mM KCl, 0.5 mM
EDTA, 5% glycerol, 2 mM dithiothreitol, 1 μg/μL BSA, 2 fmol/μL of the hot DNA probe and
~1 pmol of His-TCP20. The binding competition assays were performed using ~1 pmol of
His-TCP20 with addition of His-AtWRI11-302 as described in the figure legend. The reaction
mixture was incubated at room temperature for 30 min. The DNA-protein complexes were
resolved on 5% (w/v) non-denaturing polyacrylamide gels and subsequently transferred
to nylon membranes. The band shifts were detected by a chemiluminescent nucleic acid
detection module (Thermo Fisher Scientific, Waltham, MA, USA).

3.7. RNA Extraction, Quantitative Real-Time PCR (qRT-PCR)

Roots from 1-week-old Arabidopsis seedlings grown vertically on the regular growth
medium were harvested, immediately frozen in liquid nitrogen, and stored at −80 ◦C
freezer until use for RNA extraction. Total RNA was extracted using the Monarch Total
RNA Miniprep Kit (New England Biolabs, Ipswich, MA, USA) following the supplier’s
instructions. First-strand cDNA was synthesized using the qScript cDNA Synthesis Kit
(Quantabio, Beverly, MA, USA). Quantitative real-time PCR (qRT-PCR) was conducted
using Luna Universal qPCR Master Mix (New England Biolabs, Ipswich, MA, USA) ac-
cording to the supplier’s instructions. Isopentenyl pyrophosphate:dimethylallyl pyrophosphate
isomerase 2 (IPP2) gene was used as an internal control to normalize the gene expression.
The primers used for qRT-PCR is provided in Table S2.

3.8. Transient Dual-Luciferase (Dual-LUC) Assays

Transient dual-LUC assays in N. benthamiana were conducted as described previ-
ously [37,38], with minor modifications. After agroinfiltration, plants were placed in a plant
growth chamber, and leaf samples were harvested 3 d after infiltration for the dual-LUC
assay using Dual-Luciferase Reporter 1000 Assay System (Promega, Madison, WI, USA).
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In brief, three leaf discs at agroinfiltration areas (5–6 mm in diameter) were excised and
ground in liquid nitrogen to fine powder and homogenized in 100 μL Passive Lysis buffer
(Promega, Madison, WI, USA). Subsequently, 5 μL of the extract was mixed with 40 μL
Luciferase Assay Buffer, and the firefly LUC activity was measured by a cell imaging multi-
mode plate reader (BioTek Cytation 5, Santa Clara, CA, USA). The reaction was stopped
by addition of 40 μL Stop and Glo Buffer (Promega, Madison, WI, USA), and the Renilla
(REN) LUC activity was measured. The firefly LUC activity was normalized to the REN
LUC activity.

3.9. Accession Numbers

Accession numbers are as following: WRI1 (AT3G54320), TCP20 (AT3G27010), GH3.3
(AT2G23170).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11030454/s1. Figure S1. Transactivation of the firefly
luciferase (LUC) reporter by AtWRI1. Figure S2. In silico analysis of TCP binding sites in proGH3.3.
Figure S3. The transactivation activity of TCP20 on the proGH3.3 deletion fragments in N. benthamiana
leaves. Figure S4. Examination of AtWRI1 binding to proGH3.3 fragments that are also recognized
by TCP20. Figure S5. Effects of AtWRI1 on TCP20 binding to proGH3.3. Table S1. Primers used for
plasmid construction in this study. Table S2. Primers used for quantitative real-time PCR (qRT-PCR)
in this study.
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Abstract: GDSL esterases/lipases (GELPs), present throughout all living organisms, have been
a very attractive research subject in plant science due mainly to constantly emerging properties
and functions in plant growth and development under both normal and stressful conditions. This
review summarizes the advances in research on plant GELPs in several model plants and crops,
including Arabidopsis, rice, maize and tomato, while focusing on the roles of GELPs in regulating
plant development and plant–environment interactions. In addition, the possible regulatory network
and mechanisms of GELPs have been discussed.

Keywords: lipases; lipid metabolism; plant-environment interactions; reproductive development;
vegetative development

1. Introduction

GDSL esterase/lipases (GELPs) represent a variety of lipolytic enzymes that hydrolyze
diverse lipidic substrates including thioesters, aryl esters, and phospholipids [1]. GELPs
contain a unique and conserved GDSL motif GDSxxDxG at their N-terminus that dis-
tinguish them from classic lipolytic enzymes that harbor a conserved motif GxSxG [1].
GELPs are widely distributed in microbes, animals and plants, playing vital roles in growth,
development and stress responses [2,3].

Compared with bacteria and animals, plants retain substantial amounts of GELPs that
are composed of three subfamilies [2,3], indicating that GELPs have acquired essential phys-
iological functions in plants. To date, genome wide identification of GELPs has been carried
out in various plant species (Table 1), including Arabidopsis thaliana [4], Oryza sativa [5],
Brassica rapa [6], Vitis vinifera [7], Zea mays [8], Glycine max [2,9], and Rosaceae (such as
Fragaria vesca, Prunus persica, P. avium, P. mume, Pyrus bretschneideri, and Malus domes-
tica) [10]. However, the enzymatic or biological functions of most of GELPs have not been
characterized in planta [2,3].

The classical lipolytic enzymes have a catalytic Ser residue while GELPs have four
invariant catalytic residues—Ser, Gly, Asn, and His—that play important roles in enzyme
catalysis [1]. Therefore, GDSLs are also known as SGNH lipases. Unlike other lipolytic
enzymes, GELPs are more flexible in structure with more flexible active sites, broadly
diverse substrates and multifunctional properties [1–5]. In addition, while other lipolytic
enzymes hydrolyze lipids, GELPs can hydrolyze sulfur, aryl vinegar and amino acids,
in addition to lipids [1]. Understanding physiological and molecular functionalities of
plant GDSL lipases will not only facilitate functional characterization of these fascinating
lipolytic enzymes, but also the possible application in plant breeding for resilient crops with
multiple resistant/tolerant traits to environmental changes, to secure food supply under
changing climate conditions. In this review, we have focused on new, recent information
on plant GELPs and their roles in plant growth and development.
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Table 1. Numbers of plant GELPs predicted through whole genome identification.

Species Numbers Reference

Arabidopsis thaliana 105 [4]
Brassica rapa 121 [6]
Fragaria vesca 96 [10]
Glycine max 194 [2,9]

Malus domestica 150 [10]
Oryza sativa 114 [5]

Prunus avium 70 [10]
Prunus mume 90 [10]
Prunus persica 97 [10]

Pyrus bretschneideri 94 [10]
Vitis vinifera 83 [7]

Zea mays 103 [8]

2. Roles of GELP in Plant Land Colonization

One important evolutionary feature of plant land colonization was the formation of the
cuticle approximately 450 million years ago [11], which was together with the formation of a
cell wall before the first colonization of true land plants [12]. Cuticle formation, particularly
cutin and suberin, involves many proteins and enzymes including GELPs that play im-
portant roles in the polymerization. GELPs are found across all land plants [13], including
anciently conserved spermatophytes and bryophytes such as Selaginella moellendorffii and
Physcomitrella patens [14]. In addition, GELPs emerged as early as in Penium margaritaceum
charophytes, the last common ancestor of the Zygnematophyceae and land plants [15].
These results highlight important roles of GELPs in plant land colonization. In addition,
GELPs expand significantly in an ancient lycophyte (Selaginella moellendorffi) that diverged
shortly after land plants had evolved vascular tissues, which also indicates a role for GELPs
in the early evolution of vascular plants [3]. Evolutionarily, the emergence of GELPs in
charophytes is supposed to contribute to plant land colonization by providing biological
services including the conservation of water in a desiccating environment [11] and biologi-
cal interactions between cuticle and other cell wall components [12]. Nevertheless, more
comparative genomic and molecular studies are needed to better understand the exact
roles of GELPs in plant land colonization.

3. Roles of GELPs in Plant Development and Plant Metabolism

GELPs have been suggested to play crucial roles in almost all aspects of plant growth
and development [2,4,9,16]. Increasing studies confirmed their functions in both vegeta-
tive and reproductive development, and plant metabolism as well. The exploration of
metabolic and physiological functions of GELPs will provide new routes for redesigning
the regulatory networks of plant growth and development.

3.1. Vegetative Development
3.1.1. Seed Germination

In germinating seeds, the hydrolysis of stored lipids by lipases plays a crucial role
in the initial stage of seed germination. A study investigated the expression of 110 GELP
genes over three time points during rice seed germination, and found that most of them are
expressed during germination, and about one third of them are highly expressed across all
three germination stages [17], indicating an important role for GELPs in seed germination.
Nevertheless, none of them have been experimentally validated. In Brassica napus, Bn-
SCE3/BnLIP2, a sinapine esterase, catalyzed the hydrolysis of sinapine during early seed
germination, and overexpression of BnSCE3/BnLIP2 slightly enhanced seed germination
rate and seedling development [18]; however, its function in seed germination has not been
confirmed using loss-of-function mutant. In Arabidopsis, LIP1, whose expression is highly
induced by GA and repressed by DELLAs during seed imbibition, controls embryo axis
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elongation before germination, implying its involvement in seed germination [19]; however,
no functional analysis has been performed. The function of GELPs in seed germination
remains to be determined in more plant species.

3.1.2. Coleoptile Elongation

Plant coleoptile elongation is influenced by various genetic and environmental factors.
The regulatory mechanisms underlying this process and particularly the involvement of
GELP are poorly understood. Rice GER1 (GDSL containing enzyme rice 1) is the only GELP
that has been reported in this area. GER1 was inducible by jasmonic acid (JA) and light
(both red and far-red light), and negatively regulated coleoptile elongation in rice [20].

3.1.3. Lateral Root Development

Suberin plasticity is highly associated with plant lateral root development, and GELPs
have recently been found to be involved this auxin signaling-mediated process, in which
different sets of auxin responsive GELPs modulate both suberine deposition and degrada-
tion in the cell walls of endodermal cells overlying the lateral root primordium to facilitate
the lateral root development [21]. Auxin repressible GELP22, GELP38, GELP49, GELP51
and GELP96 were needed for suberin polymerization in the apoplast while auxin inducible
GELP72, GELP73 and GELP81 were required for suberin degradation during lateral root
emergence [21]. Single loss-of-function mutants of five suberin-biosynthetic GELPs did
not show defectiveness in lateral root development, while lateral root emergences in triple
mutants of suberin-degrading GELPs were all delayed [21]. Additionally, loss-of-function
mutants of GLIP2 were more sensitive to auxin with increased expression of auxin signal-
ing genes, such as IAA1 and IAA2, and increased numbers of lateral roots [22]. Notably,
although Arabidopsis CDEF1 was expressed in the zone of lateral root emergence, loss-of-
function mutants of CDEF1 did not show any defects in lateral root emergence [23], likely
due to redundancy among GELPs. The involvement of GELPs in lateral root development
in other plants remains unknown.

3.1.4. Root Development

Exogenous ethylene restricts root growth. A recent study provided novel mechanistic
insights into ethylene signaling in rice, in which the ER localized GELP MHZ11 (mao
huzi 11) was necessary for ethylene signal transduction, and the overexpression of MHZ11
resulted in shorter roots in the presence of air or ethylene [24]. Loss-of-function of MHZ11
did not alter coleoptile and root growth in the presence of air under dark, but significantly
altered the ethylene sensitivity in rice primary roots, in which wild type root growth was
drastically repressed while mhz11 root growth was barely inhibited [24]. In response to
ethylene, MHZ11 lipase inhibited OsCTR2 phosphorylation and ethylene signaling by
maintaining low sterol levels on the ER membrane [24], thus activating ethylene response
in root growth. The detailed network of GELPs in the ethylene signal-mediated root
development merits further investigations.

3.1.5. Plant Height

The epidermis is one of the multiple regulatory factors of plant height, an important
agronomic trait [25]. Theoretically, epidermal apoplast localized GELPs are expected to
influence plant height. Indeed, DR (drooping leaf), a rice GELP without localization
information, and WDL1 (wilted dwarf and lethal 1), an ER localized Arabidopsis GELP,
were reported to affect plant height. DR was required for leaf silica deposition; dr mutant
exhibited drooping leaves with small midrib, shorter panicle, and reduced plant height [26].
Notably, silica is deposited in the epidermis just beneath the cuticle layer. WDL1 was
involved in cutin patterning in the epidermis; wdl1 mutant was dwarf and died soon
after the seedling establishment due to over loss of water [26]. These studies indicated
that GELP-mediated cuticle and silica metabolism affects plant height, although the exact
mechanisms have not been resolved.
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3.1.6. Stomata Development

Epidermal cell patterning is closely associated with stomata development and plays
key roles in plant–environment interactions. Two studies demonstrated the involvement of
GELPs in stomata development. Arabidopsis wdl1 mutant exhibited smaller stomatal and
pavement cells but more stomatal and pavement cells per unit area [27]. Arabidopsis OSP1
(occlusion of stomatal pore 1), an ER and lipid droplet localized GELP, was reported to be
involved in the early wax biosynthesis and stomatal cuticular ledge formation [28]. Almost
half of the mature stomata in osp1 were occluded with reduced stomata conductance, due to
the fully covered cuticular layer formed between the edges of two guard cells surrounding
the pore [28]. It seems that disrupting GELP mediated-epidermal cell patterning affects
stomata development.

3.2. Reproductive Development
3.2.1. Flower Development

Up to date, several GELPs have been reported to be involved in flower development.
DAD1 (defective in anther dehiscence1) in Arabidopsis was reported to catalyze the initial
step of JA biosynthesis and coordinates JA-dependent flower development [29]. dad1
mutant was defective in anther dehiscence, pollen maturation, and flower opening [29].
CUS2 (cutin synthase 2), an orthologue of tomato CD1/CUS1 [14,30] in Arabidopsis was
found to be not required for initial formation but required for maintenance of cuticular
ridge on sepal epidermis [31]. At early stages, cus2 mutant sepals showed similar cuticular
ridge distributions and patterns similar to WT sepals. At mature stage, cus2 mutant sepal
epidermis lacked cuticular ridges. Thus, mutant flowers were found to be more permeable
to toluidine blue dye although the morphology of sepals and petals were normal [31]. Our
previous study found that expression levels of two Arabidopsis GELP genes, GELP15 and
GELP39, are significantly down-regulated in hsp70-16 mutant sepals grown under normal
and mild heat stress conditions [32], which was found to be concomitant with fused lateral
sepals and abnormal flower opening [33].

3.2.2. Anther and Pollen Development

Lipid metabolism is critical for the building of the anther cuticle and the pollen wall,
and mutants of genes associated with lipid metabolism often show male sterility [34,35].
It is reported that, about 10% of predicted oilseed rape GELPs are specifically expressed
in fertile but not in male-sterile buds, implying their functions in pollen development [6].
Mutants of some GELPs displayed similar male sterility phenotypes in different plant
species, indicating conservative roles for GELPs in plant male fertility.

Besides DAD1, which functioned in anther dehiscence and pollen maturation, more
GELPs have been reported to be involved in anther and pollen development in Arabidopsis.
RVMS (reversible male sterile) was found to encode a GELP with lipase activity that localizes
especially in microspore mother cells, meiotic cells and microspores, and participates in
pollen development [36]. rvms mutant displayed defective nexine formation, degenerated
microspore cytoplasm, and complete male sterility [36]. Notably, rvms was fertile at
low temperatures [36]. In addition, GELP77 was reported to be necessary for pollen
fertility and pollen dissociation. gelp77 pollen grains lacked well-organized reticulate
surface structure; they were shrunken and stuck to each other that could not be released
from mature anthers [37]. Furthermore, a pollen coat protein encoding the gene EXL6
(extracellular lipase 6), the target of a key Arabidopsis pollen development regulator AMS
(aborted microspores) [38], was reported to be highly expressed at stage corresponding to
microspore pollen development. Knockdown mutants of EXL6 exhibited defective pollen
grains due to cytoplasmic degradation after the tetrad stage [6].

In rice, RMS2 (rice male sterility 2) encodes an ER-localized GELP with esterase activity
that is required for male fertility. rms2 displayed complete male sterility with defective
middle layer and tapetum degradation, abnormal cuticle and exine formation, and irreg-
ular central vacuole development [39]. In addition, the ER localized OSGELP34 [40,41]
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and peroxisome localized OsGELP110/OsGELP115 [40] were found to catalyze differ-
ent compounds for pollen exine development. OsGELP34 was primarily expressed in
anthers during pollen exine formation; osgelp34 mutant showed abnormal exine and al-
tered expression of many key pollen development genes, their anthers were light yellow
and smaller with nonviable pollens [40,41]. OsGELP110 is the most homologous to Os-
GELP115; both are dominantly expressed in anthers with similar patterns. The single
mutant of either OsGELP110 or OsGELP115 did not affect male fertility, but double mu-
tants were male sterile, harboring smaller and light yellow anther with aborted pollen
grains [40]. Notably, compared with osgelp34, anthers in osgelp110osgelp115 were more
prominent with un-degenerated swollen tapetum and endothecium layer, and the foot
layer in osgelp110osgelp115 mutant was continuous without obvious intermission [40].

In maize, IPE2 (irregular pollen exine 2), encoding an ER localized GELP, is specifically
expressed in developing anthers. ipe2 mutants, exhibiting irregular anther cuticle and
pollen nexine, delayed degeneration of tapetum and middle layer, were male sterile [42].
ZmMs30 encodes an ER localized GELP, and is specifically expressed in maize anthers
similar to IPE2. ms30 mutant exhibited a defective anther cuticle, an irregular foot layer
of pollen exine, and complete male sterility [8]. Importantly, male sterility in ms30 was
stable in different inbred lines with diverse genetic backgrounds, without any penalty on
maize heterosis and production, providing a valuable male-sterility system for the hybrid
breeding maize [8]. Notably, IPE2 phylogenetically is distant from MS30 [42].

3.2.3. Pollen-Stigma Interaction and Pollinator Attraction

For successful pollination, the stigma cuticle has to be destroyed by lipases-like cuti-
nase. The identification of such plant cutinases is indispensable for elucidating the molec-
ular mechanisms of pollen–stigma interaction. Arabidopsis CDEF1 was found to be ex-
pressed in pollen and pollen tubes, and to be associated with pollen-stigma interaction [23],
however, its function in planta remains unknown. Pollination begins with the hydration
in which lipids and proteins are important. Arabidopsis EXL4 alone was reported to be
required for the hydration on the stigma, the initial step of pollination. EXL4 also func-
tioned together with GRP17 to promote the initiation of hydration. exl4 mutant exhibited a
delayed pollen hydration [43].

Attraction of pollinators is a unique feature for pollination in plants. A study in the
tropical tree Jacaranda mimosifolia demonstrated a role for GELPs in this process. JNP1
(jacaranda nectar protein 1) is an extracellular GELP protein present in the nectar of
J. mimosifolia that displays lipase/esterase activities. Because of the fact that J. mimosi-
folia nectar contains lipophilic particles and accumulates large amount of free fatty acids
within the nectar, JNP1 was supposed to release fatty acids from lipid particles to attract
pollinators [44]. In addition, a tomato GELP, Sl-LIP8, was reported to be involved in the
production of fatty acid-derived organic compounds [45]. Based on the above reports,
GELPs are supposed to be functional in pollinator attraction.

3.2.4. Fruit Development

A bioinformatics study of GELPs in Rosaceae genomes indicated that a set of GELPs
likely participated in fruit development [10]. Nevertheless, except for increasing the glossy
of the fruit surface, the mutation of GDSL1 [46], SlGDSL2 [47], CUS1/CD1 [14,30] in tomato
did not affect fruit size. The involvement of GELPs in the development of other fruits is
rarely reported.

3.2.5. Seed Development

Seed development is promoted significantly in transgenic plants overexpressing the
GLIP genes. Expression of a Brassica napus GLIP gene BnSCE3/BnLIP2 under a seed-specific
promoter in oilseed rape resulted in enhanced weight and size of the transgenic seeds [18].
Ectopic expressing of a cotton GhGLIP in Arabidopsis increased seed size and weight [48].
Arabidopsis RGE1 (retarded growth of embryo 1) is a nucleus localized bHLH transcription
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factor that controls embryo development from the endosperm; rge mutants displayed
smaller and shriveled seeds, in which the expression of two GELP genes was especially
suppressed [49]. However, the single mutant of either of GELP gene did not show any
defectiveness in seeds due to possible functional redundancy [49].

3.3. Plant Metabolism
3.3.1. Lipid Metabolism

GELPs possess extensive hydrolytic activity, such as thioesterase, protease, phos-
pholipase, and arylesterase activity, making the identification of their substrates and
biochemical functions in vivo a great challenge, especially in plants. Generally, their
primary functions are predicted to be related to lipid metabolism to produce storage oil
in seeds, cuticular lipids to cover and decorate organ surfaces, oxylipins, and other sig-
naling molecules [1–3,9–11]. Indeed, lipolytic activity of plant GELPs has been confirmed
using p-nitrophenyl butyrate as a common substrate. Those GELPs include CaGLIP1 [50],
SFAR4 (seed fatty acid reducer 4) [51], GLIP2 [22], CDEF1 [23], OsGLIP1 [52], OsGLIP2 [52],
ZmMs30 [8], EXL4 [43], JNP1 [44], and RMS2 [39]. Among them, cell wall or aqueous
apoplast localized GELPs often acted as esterases or hydrolases, such as CDEF1 (cuticle
destructing factor 1) in Arabidopsis and CUS1 in tomato. CDEF1 functioned as a cutinase
disrupting pollen cuticle [23] while CUS1 was reported to be essential for cutin deposition
on fruit epidermis via catalyzing the esterification of both primary and secondary alcohol
groups [30]. In addition, PLIP1 (plastid lipase 1), a plastid phospholipase, contributed to
seed oil biosynthesis; plip1 mutant seeds contain 10% less oil while overexpressive mutant
seeds contain 40–50% more seed oils [53].

3.3.2. Cell Wall Metabolism

So far, only three GELPs have been reported to be involved in cell wall patterning.
The first two are Golgi-localized GELPs in rice [54,55]. Rice BS1 (brittle leaf sheath1)
deacetylated hemicellulose xylan and maintains acetylation homeostasis of the xylan
backbone that is vital for secondary cell wall development. bs1 mutants showed reduced
plant height, smaller panicle, reduced tiller, and significantly decreased yield and grain
weight [55]. Rice DARX1 (deacetylase on arabinosyl sidechain of xylan1) deacetylated
arabinosyl residues of xylan and modulates the arabinoxylan acetylation profiles that is
important for secondary wall formation. darx1 mutants showed lower contents of cellulose,
disrupted secondary wall formation and patterning, reduced mechanical strength such as
easily broken internodes and drooping leaves, and slightly decreased plant height [54]. The
third one is a cotton GhGDSL, which exhibited secondary cell wall stage-specific expression
during cotton fiber development, and a 194 bp region in the 5′ of GhGDSL controls its
expression, playing an important role in the secondary cell wall formation during fiber
development [56].

3.3.3. Secondary Metabolism

However, many GELPs can catalyze other reactions, showing additional transferase
activities. Extracellular space localized GELPs often acted as acyltransferases, for ex-
ample, SlCD1 (cutin defective 1) [57] GDSL1 in tomato [46]. CD1 catalyzed polymer-
ization of cutin by transferring the hydroxyacyl group from its substrate 2-mono(10,16-
dihydroxyhexadecanoyl)glycerol to the growing cutin polymer, GDSL1 catalyzed the
multiple crosslinks present in the cuticular matrix via this transesterification activity.
A novel allelic mutant of SlCD1, slgdsl2, lacked intact fruit epidermal cutin, confirm-
ing the role for SlCD1/SlGDSL2 in cutin polymerization [47]. In addition, TcGLIP in
Tanacetum cinerariifolium harbored transferase activity in vivo and esterase activity in vitro,
which is involved in pyrethrins biosynthesis [58]. Tomato SlCGT (chlorogenate: glucarate
caffeoyltransferase), the first GELP that lost hydrolytic activity but acquired acyltransferase
activity, was found to participate in the synthesis of hydroxycinnamate esters by employing
amino acid residues [59]. Another tomato GELP Sl-LIP8 cleaved glycerolipids to produce

332



Plants 2022, 11, 468

short chain fatty acid derived volatile organic compounds (FA-VOCs), sl-lip8 mutant ex-
hibited significantly reduced contents of several C5 and C6 FA-VOCs [45]. Supportively,
comparative metabolomics studies between wild type and rms2 mutant anthers demon-
strated that, in addition to lipid metabolism, RMS2 functions in other metabolic processes
such as plant hormone biosynthesis and signaling and secondary metabolism [39].

Interestingly, a recent study revealed that dr—another allelic mutation of BS1 in the
Nipponbare background—lacks an intact silica layer in its leaf epidermis [26], implying a
novel function of GELP in silica accumulation to maintain erect leaf morphology in rice.
Nevertheless, bs1 [55] and dr [26] showed different phenotypes, indicating that functions
of the same GELP are controlled by different alleles and different genomic backgrounds,
which merit further validations. In addition, an apoplast localized GELP in wheat, XAT
(xanthophyll acyltransferase), was reported to catalyze the esterification of lutein for the
synthesis of xanthophyll esters. Notably, XAT possesses esterase and lipase activity [60].

4. Roles of GELPs in Plant-Environment Interactions

Extensive studies have demonstrated that multiple GELPs are inducible by various
abiotic and biotic stresses in some species, suggesting their defensive roles in both biotic
and abiotic stresses [9,17]. Elucidation of precise roles for GELPs in synchronizing plant
responses to both abiotic and biotic stresses would benefit breeding for more resilient crops
to deal with changing climates.

4.1. Plant-Abiotic Stress Interaction

Rapid water loss is one of the important features of cuticle defective mutants; it is
particularly true in mutants of GELPs with cutinase or transferase activity. Compared with
wild type, mutants of rice WDL1 [27] and tomato GDSL1 [46], SlGDSL2/CD1 [47,57] all
showed an increased transpiration rate. Nevertheless, the water permeance of the isolated
enzyme-treated cuticle from slcus1 was found to be similar to wild type [30]; suggesting that
the levels of cutin cross-linking do not affect water permeance, in agreement with reports
that waxes are major determinants of cuticle permeability. On the other hand, osp1 mutant
in Arabidopsis displayed lower transpiration rate and enhanced drought tolerance [28]. In
addition, overexpression plants of CaGLIP1 [50] and GmGELP28 [9] were highly tolerant to
drought; their exact functions in drought tolerance are not yet confirmed genetically.

Several GELPs are associated with salt stress or ABA-mediated abiotic stress. gelpquint

suberin-biosynthetic mutants [21] were more sensitive to salt stress while GmGELP28
overexpression [9] plants were highly tolerant to salt. Both PLIP2 and PLIP3 contributed to
ABA-induced JA accumulation, participating in ABA-mediated abiotic stress responses [61],
while overexpression of SFAR4 [51] and CaGLIP1 [50] enhanced tolerance to osmotic and
oxidative stress, respectively.

Nevertheless, the involvement of GELPs in plant–abiotic stress interaction is obtained
mainly from bioinformatics prediction and overexpression studies. More and more evi-
dence, particularly regarding the mechanisms behind and from mutant analyses are needed
for potentially breeding abiotic tolerant plants via genetic engineering.

4.2. Plant-Biotic Stress Interaction

Most plant–biotic stress interaction studies have been carried out in Arabidopsis and
rice with mutant analyses, which indicate an important role of GELPs-mediated lipid
metabolism and hormone signaling in plant immunity.

In Arabidopsis, GELPs are essential for ethylene-associated systemic resistance. The
SA-inducible GLIP1 was known to be involved in the plant resistance to necrotrophic
pathogen, the fungus (Alternaria brassicicola). glip1 plants were significantly susceptible to
pathogen infection [62]. GLIP1 regulated resistance by direct disruption of the structure
of fungal spore cell wall or membrane [62], and by positively and negatively feedback
regulation of ethylene signaling [62,63]. In addition, GLIP2 was reported to be inducible by
JA, SA and ethylene; glip2 mutants were more sensitive to auxin and more susceptible to
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necrotrophic bacteria Erwinia carotovora [22]. GLIP2 was found to function in pathogenic
responses through down-regulation of auxin signaling [22]. In rice, OsGLIP1 and OsGLIP2
negatively regulated plant’s resistance to both bacterial and fungal pathogens via mod-
ulating lipid metabolism; simultaneous down-regulation of both of them enhanced the
resistance to both bacterial and fungal pathogens while the overexpression of either of
them compromises tolerance [52]. In addition, expressions of 5 GELP genes in rice infected
with Fusarium verticillioides was accompanied with impaired mobilization of lipids [17].

Furthermore, sporadic relevant reports could be found in pepper and sunflower;
however, none of them has been confirmed with loss-of-function mutants. Transcripts
of CaGLIP1 accumulated in response to multiple defense hormones, such as SA, JA, and
ethylene, and to infection with virulent and avirulent strains of Xanthomonas campestris
pv. vesicatoria, while CaGLIP1 overexpression plants were hypersensitive to infection of
Pseudomonas. syringae pv. tomato [50]. In sunflower, a pan-genome analysis indicated the
contribution of introgressions from wild species to downy mildew resistance, in which a
GELP sits within the genomic region associated with resistance [64].

5. Possible Regulatory Factors and Networks

Very few studies have explored the regulatory aspects of GELPs, although bioinformat-
ics predication of putative cis-elements has been done in many plant species [5,9,19,48]. It
seems from the available information that GELPs are direct targets of multiple transcription
factors and are essential elements in the signaling pathways of several phytohormones.
Unearthing such regulatory networks is of importance in better understanding GELPs for
potential application in breeding.

So far, several transcription factors have been reported to regulate the expression of
GELPs directly or indirectly. First, SHN transcription factors were known regulators of
cuticle deposition [65,66]. In Arabidopsis, GELP60 and GELP95 were targeted by SHN for
cutin deposition and flower organ surface patterning [66]. In tomato, expression levels of
SlGDSL1 and SlGDSLa were downregulated in tomato SHN3RNAi mutant [67]. Second,
ATML1 and PDF2, two epidermis specification regulators, targeted Arabidopsis LIP1 at the
L1 box promoter sequence that is conserved in promoter regions of epidermis-specific genes.
LIP1 expressed specifically in the epidermis and its L1 box sequence mediated GA-induced
transcription in seed germination [19]. Third, UDT1 (Undeveloped Tapetum1) [68] and
PTC1 (Persistent Tapetal Cell1) [69], two important early anther development regulators
in rice, both targeted and regulated expression of RMS2 [70], regulating early anther
development. Fourth, MYB transcription factors were known to play important roles in
almost all aspects of plant development. A cotton MYB transcription factor, GhMYB1,
targeted GhGDSL at the MYB1AT sequence, regulating the expression of GhGDSL during
fiber development [56].

Other factors have also been found to regulate GELP during plant development and
response to the environment. Arabidopsis OSP1 acted upstream of MAH1 or CER1 to regu-
late epidermal permeability and OCL formation and drought tolerance [28]. Furthermore,
Arabidopsis GELP15 and GELP39, two sepal expressed GELPs, participated in a HSP70-16
mediated transcription regulatory network that maintains metabolic homeostasis for flower
opening [32].

Regarding signaling pathways, besides the involvement of Arabidopsis LIP1 in GA
signaling, rice MHZ11 was found to be involved in ethylene signaling, which acts up-
stream of OsCTR2 in the ethylene signaling pathway, reducing sterol levels to disrupt
receptor-OsCTR2 interactions and OsCTR2 phosphorylation for initiating ethylene signal-
ing, thus regulating root growth [24]. Recently, two studies highlighted the participation
of GELPs in plant immunity signaling. When overexpressing Hrip1, an elicitor isolated
from necrotrophic fungus Alternaria tenuissima, the expression levels of two GELPs (GLIP1
and GLIP4) were upregulated, which was associated with enhanced resistance to insect
Spodoptera exigua [71], indicating the involvement of GELPs in Hrip1 triggered insect resis-
tant responses. In addition, two pathogen-responsive MAPKs, MPK3 and MPK6, regulated
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expression of GLIP1, GLIP3 and GLIP4, contributing resistance to Botrytis cinerea, indepen-
dent of JA and ethylene [72].

6. Concluding Remarks and Future Prospects

The GELP family is diverse but conserved in land plants; their isozymes differ in
activity, substrate specificity, and product formation. GELPs and their hydrolyzing products
play multiple roles in plant growth and development and responses to biotic and abiotic
stresses. Our review provides contemporary information for the plant GELPs (Figure 1).
Over the past two decades, bioinformatics has predicted the presence of GELPs in various
plants including several important crop plants (Table 1), and a number of GELPs have been
successfully characterized, primarily in Arabidopsis, rice and tomato (Table 2). Even with
this, our understanding regarding their functions in plants, the mechanisms underlined and
the regulatory aspects, is unable to meet the need for maintaining sustainable agriculture
in changing climates. Natural variations in GELP genes provide valuable genetic resources
for better understanding their physiological and evolutional importance in plant adaption.
To better understand the exact roles of GELPs in plant development and stress response
and to facilitate breeding for resilient crops to effectively secure food supply, combined
genomics with genetic, biochemical and molecular approaches are needed.

Figure 1. Roles and possible regulatory networks for plant GELPs in plant development and plant-
environment interaction.

Table 2. Functional summary of plant GELPs.

Crop Species Reported GELPs Process of Development Reference

Arabidopsis
thaliana

CDEF1
Lateral root development (auxin
signaling-mediated); Pollen-stigma interaction
and pollinator attraction; Lipid metabolism

[23]

CUS2 Flower development [31]

DAD1 Flower development; Anther and
pollen development [29]

EXL4 Pollen-stigma interaction and pollinator
attraction; Lipid metabolism [43]

EXL6 Anther and pollen development [6,38]

GELP15, GELP39 Flower development [32,33]
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Table 2. Cont.

Crop Species Reported GELPs Process of Development Reference

GELP22, GELP38, GELP49, GELP51
and GELP96
GELP12, DELP55, GELP72, GELP73
and GELP81

Lateral root development (auxin
signaling-mediated) [21]

GELP77 Anther and pollen development [37]

GER1 Coleoptile elongation; Lateral root development
(auxin signaling-mediated) [20,22]

GLIP1 Plant-biotic stress interaction [62]

GLIP2 Lipid metabolism; Plant-biotic stress interaction [22]

LIP1 Seed germination [19]

OSP1 Plant-abiotic stress interaction;
Stomata development [28]

PLIP2, PLIP3 Plant-abiotic stress interaction [61]

RVMS Anther and pollen development [36]

SFAR4 Lipid metabolism; Plant-abiotic stress interaction [51]

WDL1 Plant height; Stomata development [26]

Brassica
napus BnSCE3, BnLIP2 Seed germination; Seed development [18]

Capsicum
annuum CaGLIP1 Plant-abiotic/biotic stress interaction;

Lipid metabolism [50]

Glycine max GmGELP28 Plant-abiotic stress interaction [9]

Gossypium
hirsutum

GhGDSL Cell wall metabolism [56]

GhGLIP Seed development [48]

Jacaranda
mimosifolia JNP1 Pollen-stigma interaction and pollinator

attraction; Lipid metabolism [44]

Oraza sativa

BS1 Cell wall metabolism [55]

DARX1 Cell wall metabolism [54]

DR Plant height [26]

MHZ11 Root development [24]

OSGELP34, OsGELP110, OsGELP115 Anther and pollen development [40,41]

OsGLIP1, OsGLIP2 Plant-biotic stress interaction; Lipid metabolism [52]

RMS2 Anther and pollen development; Lipid
metabolism; Secondary metabolism [39]

WDL1 Plant-abiotic stress interaction [27]

Solanum
lycopersicum

CD1
Secondary metabolism; Flower development;
Fruit development; Plant-abiotic stress
interaction

[14,30,47,57]

CUS1 Flower development; Fruit development [14,30]

GDSL1 Fruit development; Plant-abiotic stress
interaction; Secondary metabolism [46]

SlCGT Secondary metabolism [59]

SlGDSL2/SlCD1 Fruit development; Plant-abiotic stress
interaction [47,57]

Sl-LIP8 Pollen-stigma interaction and pollinator
attraction; Lipid metabolism [45]
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Table 2. Cont.

Crop Species Reported GELPs Process of Development Reference

Tanacetum
cinerariifolium TcGLIP Secondary metabolism [58]

Zea mays
IPE2 Anther and pollen development [42]

ZmMs30 Anther and pollen development;
Lipid metabolism [8]
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Abstract: Conventional agricultural production faces numerous challenges due to the pronounced
effects of climate change, particularly global warming, and drought more than ever before in history,
with the primary concern being to produce adequate yields and high-quality, nutritious plant material.
Likewise, people are increasingly looking for new sources of food and are becoming aware of the
importance of a varied diet and its connection to health. In this sense, stinging nettle (Urtica dioica
L.) stands out as a valuable species that is neglected as a food source, as it has a significant content
of specialized metabolites, and thus has an extremely high potential for use both nutritionally and
pharmacologically, but is still traditionally collected from natural habitats, so it can be of question-
able quality and undefined chemical composition. Therefore, sustainable agricultural practices are
increasingly shifting to modern hydroponic cultivation methods in greenhouses. The advantage lies
in the easier management and control of a number of factors during cultivation (air temperature and
relative humidity, balanced and rational fertilization, minimization of nitrate uptake, etc.), ensuring
better conditions for the growth and development of nettle according to its needs. The aim of this
review is to give an overview of the technology of stinging nettle cultivation in the field and to
show the possibilities of cultivation with modern hydroponic techniques to obtain a final product of
consistent and uniform quality, high content of specialized metabolites and significant nutritional
value. Research on this topic is still sparse but will certainly increase in the future. Therefore, this
review provides all the necessary data for such future studies.

Keywords: Urtica dioica; soilless systems; bioactive compounds; cultivated nettle; stress factors;
functional properties

1. Introduction

The current trend among consumers is to pay more attention to a balanced diet and
the consumption of wild leafy plants, as they are recognized as a source of a high content
of phytonutrients [1–4], which play an important role in the prevention of many chronic
diseases [5]. One of these wild edible species is stinging nettle (Urtica dioica L.), which
has been known since ancient times for its medicinal value as a herbal remedy for the
treatment of numerous health problems [3,6–8]. Nettle is perhaps one of the most widely
distributed wild plants, found in all regions of the temperate zones and growing in all
seasons [3]. Although it is consumed as a green vegetable in some parts of the world, it
is often considered a weed and neglected despite its high nutritional value [8–11]. All
parts of the plant (flowers, stems, leaves and roots) can be used in the food, cosmetic
and pharmaceutical industries for their health-promoting properties [8,12,13], as nettle is
rich in various biologically active compounds and specialized metabolites (SM) [10]. The
phytochemical profile of nettle leaves can be divided into several categories: terpenoids,
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chlorophylls and carotenoids, fatty acids, polyphenolic acids and compounds, essential
amino acids, vitamins, tannins, carbohydrates, sterols, polysaccharides, isolectins and
minerals [10,14,15]. According to various studies [1–3,16,17], the presence of chemical
components in plants is variable, of inconsistent quality and depends on many abiotic,
biotic and anthropological factors as well as on the conditions of raw material storage.
Phytochemicals, i.e., SM are products of various metabolic pathways whose synthesis is
directly influenced by these factors.

Most nettle herb is wild harvested [9], but it is challenging and even expensive to con-
trol the quality standards of wild collected plants and obtain a standardized product with a
high content of SM [6]. Large differences are observed in genotype-environment interac-
tions so that the same species has large differences in the availability of SM under different
environmental conditions and habitats [18]. Therefore, cultivation is recommended, but
often open field cultivation does not allow complete control over the growing conditions
and consequently the SM content of the plants. There is a need for alternative systems for
the production of medicinal plants, which could be an effective means to overcome the
increased risk associated with open field cultivation [6,19].

Hydroponics, soilless techniques, are suitable for the cultivation of many vegetable
species, but hydroponic cultivation of medicinal and aromatic plants is also attracting
great interest [20–22]. These techniques allow for more efficient use of water and nutrients,
resulting in accelerated plant growth, earlier and multiple harvests, more production cycles
as crops can be grown throughout the year, and higher biomass production, ultimately
leading to higher yields [21,23]. Previous research on hydroponic techniques was based on
leafy vegetables with short vegetation [21,24–29], but there are few studies on hydroponic
cultivation of perennial deciduous species, such as stinging nettle.

Based on the literature reviewed, which supports the fact that stinging nettle is a
mesophilic, nitrophilic species and a phytoremediator that can retrovegetate during a
growing season, it is our hypothesis that stinging nettle could reach its full biological
potential through greenhouse cultivation using modern hydroponic techniques. Through
the appropriate management of some hydroponic techniques (e.g., induction of water stress
in the ebb and flow system), it is possible to create positive stress conditions that help
increase SM and the nutritional value of the plant material.

Therefore, the aim of this study was to provide a detailed overview of the nutritional
and functional aspects of stinging nettle, the possibilities of growing stinging nettle in
the open field, and a detailed overview of hydroponic cultivation techniques for growing
stinging nettle in greenhouses, such as the nutrient film technique, floating hydroponics,
ebb and flow, and the aeroponic system as the best options for stinging nettle growing.

2. Nutritional Aspects of Nettle

Stinging nettle is a plant with great nutritional value, containing biologically significant
classes of chemical compounds. Nettle leaves contain 4–7% carbohydrates, 6% dietary
fiber, 0.6–9% fat, and 0.4–4% protein [30,31], while Zeipin, a et al. [32] stated that proteins
from Urtica leaves are of better quality compared to proteins from other leafy vegetables.
Among the most abundant fatty acids in nettle, palmitic acid and linoleic acid stand
out [4,7,9,33,34]. It is a valuable source of vitamins A, B group vitamins, C, D, E, and K,
and minerals [7,8,11,13–16,31,32,35–38], especially P, Ca, Mg, and Fe, the values of which
are listed in Table 1 according to various authors.
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Table 1. The content of the main minerals in nettle depends on the habitats and the part of the
plant analyzed.

Mineral Content Method Used
Cultivation or Wild Harvest

Location
Plant Part Reference

Ca

28,605 μg/g US EPA, 1994 wild harvested (Serbia) dried leaves [7]

853–1050 mg/100 g unknown unknown whole plant [9]

3.43% Nowosielski, 1988 open field (Poland) leaves [16]

2.15–3.09% AOAC, 1995 floating hydroponics (Croatia) leaves [17]

168.77 mg/100 g AOAC, 2005 wild harvested (Nepal) dry leaves powder [31]

278–788 mg/100 g AOAC, 2000 open field (USA) shoots before
flowering [33]

323 mg/100 g AACC Int., 2000 open field (South Africa) leaves [37]

3.04% 71/250/EEC open field (Lithuania) leaves [38]

2.63–5.09% AOAC, 1995 wild harvested (Macedonia) leaves [39]

5.21% AOAC, 1995 open field (Croatia) leaves before
flowering [40]

Fe

150.97 μg/g US EPA, 1994 wild harvested (Serbia) dried leaves [7]

227.89 mg/100 g unknown unknown leaf powder [8]

2–200 mg/100 g unknown unknown whole plant [9]

79.20–89.50 mg/kg AOAC, 1995 floating hydroponics (Croatia) leaves [17]

886–3651 mg/kg AOAC, 1995 open field (Croatia) leaves [28]

227.89 mg/100 g AOAC, 2005 wild harvested (Nepal) dry leaves powder [31]

1.2–3.4 mg/100 g AOAC, 2000 open field (USA) shoots before
flowering [33]

2.5 mg/100 g AACC Int., 2000 open field (South Africa) leaves [37]

224.78 mg/kg 73/46/EEC open field, (Lithuania) leaves [38]

2765 ppm AOAC, 1995 open field (Croatia) leaves before
flowering [40]

145–2717 mg/kg AOAC, 1995 open field (Croatia) leaves before
flowering [41]

Mg

8699.76 μg/g US EPA, 1994 wild harvested (Serbia) dried leaves [7]

0.34% Nowosielski, 1988 open field (Poland) leaves [16]

0.23–0.48% AOAC, 1995 floating hydroponics (Croatia) leaves [17]

104 mg/100 g AACC Int., 2000 open field (South Africa) leaves [37]

0.61% 73/46/EEC open field, (Lithuania) leaves [38]

2.51–3.56% AOAC, 1995 wild harvested (Macedonia) leaves [39]

P

50–265 mg/100 g unknown unknown whole plant [9]

0.39% Nowosielski, 1988 open field (Poland) leaves [16]

0.41–0.49% AOAC, 1995 floating hydroponics (Croatia) leaves [17]

82.6 mg/100 g AACC Int., 2000 open field (South Africa) leaves [37]

0.82% 71/393/EEC open field (Lithuania) leaves [38]

Table 2 lists the content of some SM in stinging nettle identified in various studies. In
addition to the SM listed in the table, nettle also contains essential amino acids, tannins,
various flavonoids [3,7,11,13,14,34,35,37,42], volatile compounds [3,11,16,36], essential oils
with carvacrol, carvone and naphthalene as major constituents [7,35,36], phytosterols,
saponins [36], coumarins [14,38], amines, glucokinins [11] and terpenoids [7–9,12,38]. Nine
carotenoids are present in stinging nettle, the most important of which are β-carotene, vio-
laxanthin, xanthophylls, zeaxanthin, luteoxanthin, and lutein epoxide [8,10,32,38]. Nettle
also contains caffeic acid, hydroxybenzoic acid, vanillic acid, coumaric acid, and quinic
acid, among others, as well as many caffeic acid and quinic acid derivatives [9,12,36,42].
It is important to emphasize that the amounts of these chemical compounds vary greatly
from author to author. This is because their amount depends on the origin of the plant
material, the plant part, the phenological stage, and the analytical method used for their
determination. Many authors emphasize the antioxidant properties of nettle, which are
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determined by phenols, vitamins, pigments, and other compounds [38]. The values of
antioxidant capacity of nettle leaves are also listed in Table 2.

Table 2. The content of SM and antioxidant capacity in nettle depends on the habitats and the part of
the plant analyzed.

Specialized Metabolite Content Method Used
Cultivation or Wild Harvest

Location
Plant Part Reference

Total carotenoids

1.62 mg/g spectrophotometry wild harvested (Latvia) leaves (ethanol extract) [1]

51.4–74.8 μg/g Wills et al., 1988 wild harvested (Spain) leaves [4]

5.47 mg/g Wellburn, 1994; Dere et al.,
1998; Pavlić et al., 2016 wild harvested (Serbia) dried leaves (96%

ethanol extract) [7]

2.95–8 mg/100 g unknown unknown whole plant [9]

33.03 mg/100 g Castro– Puyana et al. (2017) wild harvested (Croatia) leaves and stalks [13]

1.31 mg/g Rumiñska et al., 1985 open field (Poland) leaves [16]

3496.67 μg/g, db Ranganna (2001) wild harvested (Nepal) dry leaves powder [31]

0.55 mg/g spectrophotometry wild harvested (Latvia) shoots [32]

0.216–0.323 mg/g Holm, 1954 and Van
Wattstein, 1957

wild harvested (Bosnia and
Herzegovina) leaves [35]

15.36 mg/100 g Strumite et al., 2015 open field (Lithuania) leaves [38]

0.81–1.01 mg/g Porra et al., 1989 open field (Poland) leaves [43]

β-carotene

3.8–5.6 μg/g Wills et al., 1988 wild harvested (Spain) leaves [4]

5035–7860 IU/100 g colorimetry open field (USA) shoots before flowering [33]

58,059 μg/100 g colorimetry open field (South Africa) leaves [37]

Total chlorophyll

24.13 mg/g Wellburn, 1994; Dere et al.,
1998; Pavlić et al., 2016 wild harvested (Serbia) dried leaves (96%

ethanol extract) [7]

4.8 mg/g unknown wild harvested leaves [8]

611.19 mg/100 g Castro–Puyana et al. (2017) wild harvested (Croatia) leaves and stalks [13]

9.66 mg/g Rumiñska et al., 1985 open field (Poland) leaves [16]

1.02–1.174 mg/g Holm, 1954 and Van
Wattstein, 1957

wild harvested (Bosnia and
Herzegovina) leaves [35]

2.17 mg/g spectrophotometry wild harvested (Latvia) shoots [32]

8.03–9.45 mg/g Porra et al., 1989 open field (Poland) leaves [43]

Chlorophyll a

5.56 mg/g spectrophotometer wild harvested (Latvia) leaves (ethanol extract) [1]

16.55 mg/g Wellburn, 1994; Dere et al.,
1998; Pavlić et al., 2016 wild harvested (Serbia) dried leaves (96%

ethanol extract) [7]

0.698–0.882 mg/g Holm, 1954 and Van
Wattstein, 1957

wild harvested (Bosnia and
Herzegovina) leaves [35]

67.29 mg/100 g Strumite et al., 2015 open field (Lithuania) leaves [38]

Chlorophyll b

1.84 mg/100 g spectrophotometer wild harvested (Latvia) leaves (ethanol extract) [1]

7.58 mg/g Wellburn, 1994; Dere et al.,
1998; Pavlić et al., 2016 wild harvested (Serbia) dried leaves (96%

ethanol extract) [7]

0.285–0.320 mg/g Holm, 1954 and Van
Wattstein, 1957

wild harvested (Bosnia and
Herzegovina) leaves [35]

29.14 mg/100 g Strumite et al., 2015 open field (Lithuania) leaves [38]

Total phenolics

128.75 mg GAE/g unknown unknown leaf powder [8]

380.90 mg/100 g Repajić et al., 2020 wild harvested (Croatia) leaves and stalks [13]

14.47 mg/g Slinghart et al., 1977 open field (Poland) leaves [16]

140 mg GAE/g Folin–Ciocalteu wild harvested (Italy) leaves [12]

450.81–539.27 mg
GAE/g Folin–Ciocalteu unknown (Serbia) dried leaves (different

extraction methods) [14]

128.75 mg GAE/g Ranganna, 2001 wild harvested (Nepal) dry leaves powder [31]

26.78 mg GAE/g unknown wild harvested (Turkey) USB extract [34]

208.37 mg GAE/g Folin–Ciocalteu wild harvested (Bosnia and
Herzegovina) leaves [35]

118.4 mg GAE/g Folin–Ciocalteu open field (South Africa) leaves [37]

8.87 mg GAE/g Folin–Ciocalteu open field (Lithuania) leaves [38]

732.49 mg GAE/100 g Ough and Amerine, 1988 open field (Croatia) leaves before flowering [40]

22.01–24.94 mg/g Folin–Ciocalteu open field (Poland) leaves [43]

7.9 g/100 g Folin–Ciocalteu wild harvested (Portugal) dry aerial parts during
flowering [44]

28.42 μg/g Orčić et al., 2014 wild harvested (Serbia) herb [45]
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Table 2. Cont.

Specialized Metabolite Content Method Used
Cultivation or Wild Harvest

Location
Plant Part Reference

Vitamin C

20–60 mg/100 g unknown unknown whole plant [9]

8.4 mg/g Kampfenkel et al., 1995 wild harvested (Italy) leaves [12]

0.5–1.1 mg/100 g AOAC, 2000 open field (USA shoots before flowering [33]

14.2 mg/100 g HPLC open field (South Africa) leaves [37]

8.53 mg/100 g Latimer, 2016 open field (Lithuania) leaves [38]

63.75 mg/100 g AOAC, 2002 open field (Croatia) leaves before flowering [40]

Antioxidant capacity

60 mg TEAC/g Brand-Williams et al., 1995 wild harvested (Italy) leaves [12]

26.5 μM Trolox/g Re et al., 1999 open field (Poland) leaves [16]

66.3% DPPH Nuengchamnong et al., 2009 wild harvested (Nepal) dry leaves powder [31]

0.85% DPPH DPPH wild harvested (Bosnia and
Herzegovina) leaves (ethanol extract) [35]

65.1% DPPH Brand-Williams et al., 1995 open field (South Africa) leaves [37]

70.37% DPPH Zeipina et al., 2015 open field (Lithuania) leaves [38]

1936.58 mM Trolox/L Miller et al., 1993; Re et al.,
1999 open field (Croatia) leaves before flowering [40]

10.95–11.80 μM
Trolox/g Re et al., 1999 open field (Poland) leaves [43]

3. Functional Properties and Use of Nettle

Nettle, like other plants, was and is used as a general remedy, both in traditional folk
medicine and in industrially manufactured products [46]. Cancer, emphysema, cirrhosis
of the liver, atherosclerosis, atheroma, hypertension, neoplasms, and arthritis are all as-
sociated with oxidative damage, but foods rich in antioxidants can help the human body
reduce oxidative damage from free radicals and active oxygen [16,46]. According to various
studies [4,7,8,10,12–16,36,43,47], all parts of the nettle plant possess anti-radical and antioxi-
dant, anti-inflammatory, antimicrobial, antifungal, antiviral, anti-ulcer, anti-rheumatic, and
anti-cancer properties due to their rich phytochemical composition. The beneficial phar-
macological effects of nettle leaves are probably due to the content of flavanol glycosides,
phenolic and amino acids, tannins, vitamins, and carotenoids [48,49].

Fresh nettle has been used since Roman times to treat urticaria, to stimulate blood
circulation and warm the joints and extremities [7,32] and to help with rheumatism and
arthritis [3,14,45,46,48–51]. The aqueous and alcoholic extracts of nettle are used to treat
rhinitis [9,10] and lung diseases [3,16,32,51], while it is reported that dried nettle is good
for treating allergies [14,43]. It is also used as a moderate diuretic and for ailments
related to urinary and renal problems [3,8,13,14,16,32,42,43,45,46,48,49], cardiovascular
problems [9,10,43,45,48,52], diabetes [48], gout [8,10,13], eczema [10,32,46,48], and liver cir-
rhosis [16,50]. Chemotherapeutic agents from nettle are being developed for the treatment
of cancer patients [32,51].

Nettle is traditionally used as a green leafy vegetable in many Mediterranean and
Eastern European countries [7,9,10,14,53]. Young leaves and shoots are usually collected in
spring before flowering [3,32,53], as older plants may contain higher amounts of cystolytes,
which can irritate the kidneys [8]. Because of its very similar taste and texture, cooked nettle
is often used as a spinach substitute [8]. It is also used in the preparation of various dishes,
such as salads, soups, vegetable cakes [3,8,10,13,45,53] or rice and pasta dishes [3,53].
Very often, the herb is used to prepare tea, which can be a nutrient-rich substitute for
water [8–10,13], in the UK it is used to prepare drinks similar to ginger beer [3,8], or it can
be used for cocktails and herbal liqueurs [3,53]. Increasingly, nettle is used as livestock feed
and improves the quality of meat, eggs, and dairy products [32,53]. The food industry uses
nettle to produce milk curd and to extract chlorophyll (as used as green dye E140) or yellow
dye from its roots. It is also used in the medical, pharmaceutical, and cosmetic industries
for the production of hair shampoos and tonics [3,7,13,32,47,53]. Other traditional uses of
stinging nettle include the textile industry, where it is used for light and resistant fibers
from its stems [47], and the production of biopesticides [53].
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4. Cultivation of Nettle—From Open Field to Hydroponics

Due to the high nutritional value and functional properties, as well as the wide use of
stinging nettle described in Sections 2 and 3, the demand for its fresh biomass is increasing.
Nettle is traditionally collected from the wild for various purposes (organic fertilizer,
food, pharmacological and cosmetic products), but this type of plant material is often of
questionable quality and inconsistent chemical composition and even unsuitable for human
consumption. In fact, nettle is also mentioned as a hyperaccumulating plant that has a
strong tendency to collect heavy metals (Pb, Cd, Zn, As) from the soil in leaves and shoots,
so wild harvested plant material may be contaminated. This ability to accumulate heavy
metals and nutrients, such as nitrogen and phosphorus is sometimes used to purify the soil,
which is why nettle is considered a phytoremediation plant [54,55]. Moreover, stinging
nettle is a nitrophilous plant species that prefers to grow in soils rich in nitrogen and
organic matter, which can lead to the accumulation of potentially harmful nitrates in plant
material [40]. All this indicates the need to introduce nettle into agricultural production,
but the technology of nettle cultivation is still unknown and insufficiently researched [19].

Since most research studies analyze the chemical composition of wild-collected nettles,
it is important to emphasize that it is difficult to find detailed information on both appro-
priate cultivation techniques (field or greenhouse) and the nutrient quality or SM content
of the cultivated plant material. Literature indicates that nettle can be propagated both
generatively and vegetatively, by direct seeding, by seedlings, or by planting underground
stems (rhizomes) [10,41]. In generative propagation by seeds, it should be noted that nettle
seeds are quite small, and their absolute weight is about 0.15 g (Figure 1). Therefore, when
sowing in the field, it is important to prepare the sowing layer adequately (fine preparation
of the soil surface) and not to sow deeper than 1 cm. Since nettle seeds have a hard seed
coat, which makes germination difficult, sowing in autumn (but before the late autumn
frosts) is more favorable than sowing in spring. In this case, the dormancy of the seed is
canceled, and the seeds germinate the following spring.

 
Figure 1. Urtica dioica seeds.
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The distance between rows is 20 cm and it is recommended to sow about 1000 seeds/m2.
However, it is known that seed germination is affected by numerous abiotic (humidity, heat,
light, and substrate) and biotic (seed size and type, seed coat thickness and permeability,
dormancy) factors, which may result in lower seed germination (20–23% under controlled
conditions in the climate chamber; [56]), longer germination time, and uneven planting
density. It takes a long time for seeds to germinate and some time for them to reach
a favorable plant density, so weeds can also be a potential problem in field cultivation.
Radman et al. [28,40] concluded that although direct seeding is a faster and cheaper
method of nettle propagation, it is not used in practice because of the many limiting
factors mentioned above. Vegetative propagation by rhizomes is also relatively cheap
(the cost of producing and procuring planting material is eliminated), but it is a more
demanding propagation method, especially for intensive production, because it requires a
lot of physical labor. Rhizomes are taken from the existing planting in late fall, removing
above-ground, rotten and dead parts. Then the cleaned rhizomes are separated and cut
to a length of 25–30 cm. It is important to coordinate the removal with planting to keep
the rhizomes out of the soil as short as possible to avoid desiccation. Another risk of this
propagation technique is that the age of the rhizome and the number of dormant buds
cannot be determined at the time of removal [57].

In view of all this, it is recommended to grow nettles from seedlings sown in green-
houses in early spring and planted outdoors after about 40 days, but the optimal cultivation
technique is not yet well defined or researched [16,41].

Seedlings (Figure 2a) should be grown under controlled conditions in a greenhouse
at a temperature of 15 or 20 ◦C and a relative humidity of 60%. Stepanović et al. [57] state
that the optimal conditions for germination of nettle seeds are light or a 12-h light and dark
period at a temperature of 15–20 ◦C. Temperatures of 20–25 ◦C are recommended for herb
growth and development (Figure 2b) [30,56].

  
(a) (b) 

Figure 2. (a) Nettle seedlings in polystyrene containers; (b) Nettle herb growing in the open field.

Considering that in nature nettle prefers moist sites at forest edges and along springs
or rivers, the lack of precipitation during certain growth stages of the plant can be a serious
problem in field cultivation [8]. Therefore, irrigation must be provided, especially in dry
and semi-arid areas.

In cultivation, it is important to provide the plants with the necessary nutrients,
through an appropriate and, above all, balanced fertilization. Nettle requires various
nutrients for its growth and development, especially nitrogen, which is why it is considered
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a very nitrophilous plant species [41,57]. On the other hand, as mentioned earlier, in the
cultivation of leafy vegetables, a higher nitrogen supply can lead to excessive accumulation
of nitrates and negatively affect crop quality and groundwater contamination. Nitrate
itself is relatively nontoxic, but its metabolites can lead to a number of health problems,
such as methemoglobinemia in young children. The European Union prescribes maximum
allowable levels for nitrate in lettuce and spinach in Regulation 563/2002 [58], but there are
no regulations for other types of leafy vegetables [24,28]. For these reasons, the balanced
application of nitrogen fertilizers is of paramount importance to enable the availability of
high-quality plant material [28]. For optimum yields and high content of SM in the plant
material, it is recommended to apply 100 kg/ha of nitrogen fertilizer (KAN) at several
intervals during growth, depending on the amount of available nutrients in the soil and the
planned number of harvests. Nettle is also rich in minerals (Table 1), such as P, Ca, Mg and
Fe [28,33,40,59], which means that the soil must be supplied with these nutrients in a form
in which the plant can absorb them because the uptake of nutrients by the root system of
the plant depends on a number of its physicochemical properties [41].

Nettle is characterized by its ability to retrovegetate, so it can be harvested several
times during the growing season (Figure 3). The stage at which it is harvested depends on
the objective of cultivation, e.g., intensive growth of the plant before flowering when the
objective of cultivation is a fresh leaf for human consumption. Harvesting is carried out
above the first two nodules to allow the plant to regenerate [9,41].

 
Figure 3. Harvesting nettle in open field.

5. Possibilities and Challenges of Hydroponic Nettle Cultivation

In general, the quality of plants grown outdoors varies from year to year due to
fluctuating environmental conditions (early or late frost, hail, extreme temperature changes)
and it is difficult or even impossible to obtain fully standardized plant material [19].

Cultivation under controlled conditions in a greenhouse provides the opportunity to
increase and equalize the quality of the raw material by monitoring and managing abiotic
factors during plant growth [21]. New strategies and cultivation technologies are constantly
being developed to address specific constraints during production and, more importantly,
to reduce the negative impact of environmental factors (climate-related floods, wildfires,
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drought, and heatwaves, and in some cases, hurricanes) and adapt to new market demands
and consumer needs [30].

Hydroponic cultivation techniques, i.e., cultivation in nutrient solution with or without
substrates, is a successful alternative to traditional agriculture. Hydroponic cultivation
eliminates potential problems caused by soil contamination with heavy metals and pesticide
residues or by complex soil-nutrient relationships, allows lower water consumption, and
precise and balanced plant nutrition according to the needs of the cultivated species to
ensure high yields and nutrient-rich raw material [23,60–62].

Hydroponics takes advantage of the fact that plants can synthesize all necessary
metabolic products from inorganic ions, water and CO2 using solar energy. All nutrients are
provided in their inorganic form by the water solution according to the average requirement
of a particular crop during cultivation, but some organic compounds, such as iron chelates,
may also be present [63]. Hydroponic cultivation can have high efficiency in water use
and fertilization and low environmental impact [24]. According to Nicola et al. [21] and
Resh [64], hydroponic systems allow the reuse of the nutrient solution through recirculation,
where the spent solution is collected and returned to the system after sterilization. This
system is called closed and is suitable for environmentally sensitive areas to protect soil
and groundwater. If the nutrient solution is used only once, it is an open system. In an
open system, environmental impacts can also be reduced by minimizing water and nutrient
losses through the use of sensing technologies and nutrient solution delivery strategies,
with the goal of minimizing solution runoff from the system [65].

However, hydroponic techniques require a larger initial investment in greenhouse and
equipment, but on the other hand have long-term and multiple benefits. For successful
modern hydroponic production of nettles, it is very important to have appropriate tools
and equipment to adjust the vegetation factors (light, heat, humidity and composition) to
the optimal value.

Light is a vegetation factor needed for the basic process in plants—photosynthesis.
Cultivation under controlled conditions allows plant material to be available in the market
throughout the year, for example, in winter when sunlight is absent or when the change
in the spectrum causes undesirable stretching of plants, resulting in uneven growth [66].
Therefore, additional lighting must be used during a part of the year when there is not
enough light. Supplemental lighting in the form of LED diodes is common practice.
Different wavelengths of LEDs or their combination can increase the SM content (vitamin
C, anthocyanins, and total phenols) of leafy vegetables, and thus also in nettles. However,
this is species-specific, so the combinations and duration of light treatments for each
species need further research [67]. Although moderate light treatments can have a positive
effect on the content of the plant SM, on the other hand, an excessive amount of light is
associated with a reduction in the amount of chlorophyll. Therefore, it is common practice
to install shade curtains in greenhouses to protect plants during seasons with strong
sunlight. However, photoselective nets of different colors and shading efficiencies can
also be used to stimulate SM production [68]. For example, stinging nettle is a mesophilic
species that, according to its biological requirements, does not have a great need for light
and heat, and therefore, requires shaded places without direct sunlight [57].

Because of the greenhouse effect in the warm months (June to September in temperate
climates), ventilation is required. Usually, there is an automatic system controlled by a
computer. When a certain temperature is reached, the sidewalls and part of the roof are
opened to allow the warmer air to leave the greenhouse with the help of fans. In the
colder months, the shade curtain is often used as an energy curtain along with a heater to
minimize heat loss. The heater is accompanied by fans that drive warm air through the
greenhouse to distribute heat more evenly.

The ability to hold water vapor in the air is determined by the air temperature. The
proper balance of humidity and temperature in the greenhouse is critical to the health and
success of plant production. This is usually balanced by a ventilation system, sometimes in
combination with misting [69].
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The composition of the air in the greenhouse is also very important; carbon dioxide
(CO2) is necessary for plant photosynthesis. On a cold, sunny day when the ventilation is
not open, the concentration in the greenhouse can drop to only half of that outside. The
atmosphere contains about 340 ppm (0.03%) CO2. Increasing CO2 by 3 to 4 times accelerates
photosynthesis, but should be performed with caution, as plant organs can be damaged if
there is not enough light, heat, water, and plant nutrients. Pure CO2 (bottled, compressed,
dry ice) is mainly used for research purposes [70].

Depending on the hydroponic technique to be used, the greenhouse must be equipped
with a system of tanks, pumps, and pipes for preparing and transporting the nutrient
solution to the plants (Figure 4).

 
Figure 4. Graphical scheme of floating hydroponics cultivation. 1—water; A, B, C—tanks for
concentrated nutrient solutions and injectors; 2—tank for standard nutrient solution; 3—pump;
4—basin with polystyrene containers or boards.

5.1. Nutrient Solution Management

In hydroponic cultivation with water, nutrients and salt ions are needed to produce
the nutrient solution. The advantage of nutrient salts is that they are highly pure chemical
compounds consisting of two to three elements, i.e., nutrients. All nutrient solutions used
in hydroponic growing are essentially derived from the original protocol developed by
Hoagland and Arnon in 1938. A standardized solution consists of the following macronu-
trients: nitrogen (N), potassium (K), phosphorus (P), calcium (Ca), magnesium (Mg) and
sulfur (S); and trace elements: the soluble form of iron (Fe), boron (B), copper (Cu), man-
ganese (Mn), zinc (Zn), molybdenum (Mo) and chlorine (Cl). Sometimes silicon (Si) and
selenium (Se) are also added to the solution, although they are not biogenic elements. How-
ever, they are considered useful for plants because they increase stress tolerance, vegetative
growth, and seed production [71]. It is also important to emphasize that the availability of
certain biogenic elements, especially nitrogen, can negatively affect certain SMs, such as
polyphenolic compounds [40], so growing SM rich plant material is very often a trade-off
between a high yield and the content of SM in the harvested product [9].

According to Sonneveld and Voogt [72], it is necessary to perform a chemical analysis
of the water to be used before preparing the nutrient solution. For the preparation of
the nutrient solution, fewer salts are added to the solution, which contains ions that are
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also present in the water (most commonly Ca2+, Mg2+ and SO4
2−). When a significant

concentration of these ions is present, the pH of the nutrient solution easily becomes too
high due to the alkaline buffering capacity of the carbonate. Regardless of the hydroponic
technique, the finished nutrient solution is made from 100-fold concentrated solutions,
based on the concentration of a solution supplied to each plant through a fertigation
system. Therefore, in each hydroponic production, there are at least three containers for the
concentrated solution (Figure 4).

The salts are prepared in two concentrated base solutions in two separate containers
(A and B). Because of the chemical reactions and the possible sinking of the compounds
formed, the calcium salts must be separated from the sulfates and phosphates. The third
container I contains a solution of nitric or phosphoric acid, which serves to regulate the
pH of the solution (Figure 3). Although the HCO3 ion is not a plant nutrient, it must be
considered in the preparation of the nutrient solution. Its accumulation greatly increases
the pH of the solution, which can have a negative effect on nutrient uptake. The availability
of P and Mn is strongly influenced by pH. At values > 6.5, the concentration may be low
regardless of the concentration supplied with irrigation, because these elements are less
soluble at high pH values. Therefore, acids are used to neutralize it and achieve the desired
pH [72,73].

Plant species grown using hydroponic techniques can differ significantly in the uptake
of individual nutrients, which is influenced by many abiotic (temperature and humidity,
pH, oxygen content of the nutrient solution, amount of light, and CO2 concentration) and
biotic factors (stage of growth and development, presence of harmful organisms). Therefore,
during cultivation, it is necessary to monitor the above parameters of the nutrient solution
on a daily basis and correct them if necessary [74]. The same assertion is made by Tomasi
et al. [60], pointing out that the management of the cultivation conditions and, in particular,
the concentration of the nutrient solution is one of the most important aspects for successful
hydroponic production. The same authors note that electrical conductivity (EC, dS/m),
the chemical form of the elements (e.g., in hydroponics, N is usually supplied as NO3−
because the NH4

+ form is not immediately available to the plant), temperature, and pH of
the solution can affect growth, quality, and plant health, so it is necessary to monitor and
correct the solution throughout the growing season. EC indicates the amount of soluble
salts in the solution, and optimal values can vary widely among different crops [75].

The optimum pH of the final nutrient solution for hydroponic vegetable species ranges
from 5.8 to 6.5, the optimum EC values of the nutrient solution are 1.5–3 dS/m, while the
optimum amount of dissolved oxygen in the nutrient solution is 2–4 mg/L [76]. According
to Nguyen et al. [63], plant roots require a constant supply of oxygen. If the roots become
anoxic, they can no longer absorb nutrients and transport. In hydroponics, there are
different solutions for this depending on the growing technique, but in cases where the
roots are in constant contact with the nutrient solution, there is usually a pump system that
oxygenates the solution to a satisfactory level (above 1 mg/L).

In modern hydroponic growing systems, the amount of oxygen, EC and the pH of the
solution, as well as the dilution of the concentrated solution, are automatically controlled by
a computer system that uses special sensors. The software sets the target pH and EC of the
nutrient solution. The device for mixing concentrated solutions with water measures the
set factors of the diluted solution and independently corrects the volumes of concentrated
solutions (A and B) and acI(C) until the set values are reached. In floating hydroponics,
there are also probes that are immersed in the nutrient solution in basins with plants. The
data is transmitted in real time to the cloud, from where it can be read at any time via a
mobile app or computer. In this way, a faster response is possible when the parameters of
the nutrient solution need to be corrected, which undoubtedly has a positive effect on the
success of the cultivation [77].

It can be concluded that the nutrient solItion is certainly one of thI most important
factors in the quality and yield of the plant material, as it allows direct control of the
amount of each biogenic element, avoids nutrient antagonism, and ensures optimal plant
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nutrition [78]. To obtain a high content of SM and an adequate yield, it is necessary to
determine for each species the optimal composition of the nutrient solution, the seeding
density and the appropriate assortment depending on the growing period and the intended
use of the final product [72]. To date, a few studies [6,17] have been conducted on nutrient
solutions suitable for hydroponic nettle cultivation.

5.2. Suitable Hydroponics Techniques for Nettle Cultivation

In general, hydroponic systems for the production of green leafy vegetables can be
divided into two groups according to Resh [64]. Hydroponic systems in which the root of
the plant is submerged, i.e., in constant contact with the nutrient solution (nutrient film tech-
nique, floating hydroponics and aeroponic system). Systems in which the inert substrates
in which the plants are rooted are soaked at intervals (ebb and flow system). The following
text is a brief description of the rare studies on hydroponic stinging nettle cultivation and
the factors tested, which provide valuable results and the basis for future research.

Most research to date has been conducted using the floating hydroponic system. In
floating hydroponics, plants are grown on an aerated nutrient solution in tanks 20 to 25 cm
deep (Figure 5). Plants are grown in Styrofoam containers or boards that float on the
nutrient solution. This is an ideal technique for growing leafy vegetables, such as lettuce,
gentian, dill, arugula, radicchio, spinach, and basil, which features a shorter production
cycle and higher growing density [21,60].

Radman et al. [6] studied the effects of three seeding densities (0.2, 0.5 and 0.9 g/m2)
and two substrates (perlite, vermiculite) on nettle yield and number of harvests. Floating
hydroponics proved to be a good cultivation technique for nettles. High yields and a
greater number of harvests were obtained in the months when the nettle rested in the open
field. The highest yields (1.41 kg/m2 and 1.22 kg/m2) were obtained in the spring growing
season in combination with perlite × 0.2 g/m2 and vermiculite × 0.2 g/m2 seeding density.

The objective of the study by Radman et al. [17] was to determine the effect of two
standard nutrient solutions for leafy vegetables on the yield and mineral content of nettle in
multiple harvests (Figure 5a–d). The first nutrient solution was prepared according to Tesi
with slightly lower EC values (2.3 dS/m) and the second according to Osvald (2.5 dS/m).
Both nutrient solutions proved to be adequate for growing nettles in the floating system,
but the Tesi solution had higher values for most of the observed traits (dry matter, N, P,
K, Fe).

In the aeroponic system, plants are placed in lattice pots in holes in Styrofoam panels
placed horizontally or at an angle of 45 to 60 degrees (A-frames). The roots of the plants
hang in a closed chamber and are exposed to the air. The nutrient solution is sprayed every
few minutes for about 15 s so that the root system is in constant contact with it [64,79]. In
the study by Hayden [23], stinging nettle was grown in an aeroponic A-frame system, with
no information on the nutrient solution used. The control group was grown in a soilless
potting mix. The aeroponic nettle produced the same biomass in the air, but lower biomass
on the ground compared to the control group.

In a study by Pagliarulo et al. [20], two nutrient solutions modified from Resh (1998)
with different phosphorus and potassium contents were tested on nettles grown in hydro-
ponic systems (aeroponic and soilless systems in controlled environments). The change in
PK ratio had no significant effect on yield, but the soilless medium treatments produced
greater root biomass and the same shoot biomass compared to aeroponics.

352



Plants 2022, 11, 483

  
(a) (b) 
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Figure 5. (a) Placing of polystyrene boards in floating hydroponics basins after initial germination
of nettle seeds (b) Beginning of herb growth; (c) Nettle plants before flowering, ready for harvest;
(d) Harvest above plants first two nodules to allow retrovegetation.

Most research has addressed the cultivation of nettles in floating hydroponics [6,17]
and in aeroponic systems [20,23], but considering the techniques and nettle as a species, it
shows great potential for cultivation with both nutrient films and ebb and flow techniques.
The potential of cultivation with the aforementioned techniques comes from the rational
use of nutrients, which results in less nitrate accumulation, and the ability of stinging
nettle to retrovegetate, which allows for multiple harvests. In addition, the controlled
management and control of stressors through the use of these techniques (especially in the
ebb and flow system) can influence the increase of specialized metabolites.

In the NFT nutrient film technique, an aerated nutrient solution up to 1 cm high flows
continuously in shallow channels containing growing containers with a relatively small
amount of substrate and plants. Because the solution is constantly in motion, the ion
concentration in the root zone does not increase. NFT maximizes water use efficiency by
recycling a nutrient solution that is sterilized before being returned to the system [64,80].

The ebb and flow system (a”so c’lled flood and drain) works on the principle of the
time intervals between the availability of nutrient solutions and dry periods (water stress)
to which plants are exposed. The benches on which the containers with the plants are
placed are soaked with a nutrient solution. After a certain time, interval (programmed
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according to the plant grown), the nutrient solution drains from the bench. The system
is closed, and the solution is recycled [23,64]. The use of ebb and flow systems and the
regulation of the time interval between two irrigations with nutrient solution (which cause
water stress) can affect the morphological and nutritional characteristics of plants [81].
Water stress can have a positive or negative effect on the chemical composition of plants,
depending mainly on the length of the stress period, the genetic characteristics of the
plant material, and the phenological phase of the plant. Water stress was shown to have a
negative effect on the uptake of phosphorus and calcium in arugula and of phosphorus and
magnesium in spinach. On the other hand, water stress had a positive effect on the content
of bioactive compounds: vitamin C, total phenols, non-flavonoids and glucosinolates [82].

As you can see from the described chapter, research on hydroponic stinging nettle
cultivation is scarce, but it provides valuable guidance for the selection of appropriate
hydroponic techniques and also for their appropriate management to induce positive stress
in stinging nettle cultivation, which increases the content of SM.

5.3. Management of Hydroponic Techniques Affecting SM in Plants

The induction of positive stress by the cultivation method and the application of
agrotechnical measures at different stages of plant development can influence the content
of SM [82]. For example, Šic Žlabur et al. [66] proved that induced mechanical stress
by brushing is a good method for growing basil, the application of which provides high
quality plant material with high nutritional potential and a significantly higher content
of antioxidants and phytochemicals important for human health. Hydroponic growing
techniques also offer the possibility of positively affecting stress in plants in various ways,
which can lead to plant material with a richer SM composition and thus higher nutrient
quality [68]. Indeed, in plants exposed to stress, the total content of flavonoids, phenols and
polyphenols, vitamins C and E, carotenoids, and antioxidant enzymes, i.e., all compounds of
secondary metabolism responsible for the defense mechanism of plants, increases [66,83,84].

According to Hayden [23] and Maggini et al. [19], it is possible to improve the synthesis
and accumulation of SM in medicinal plants by manipulating the nutrient solution for
certain SM provoking stress conditions. According to Maggini et al. [19], the content of
basil SM, rosmarinic acid, can be increased when plants are exposed to moderate NaCl
salt stress, moderate hypoxia conditions, or altered nitrogen supply. More specifically,
when the nutrient solution was manipulated with NO3

− concentration, it was found that
rosmarinic acid content was higher when NO3

− was decreased. In general, plants SM,
such as β-carotene, vitamins, flavanols, lycopene and phenols are stimulated under N
deficiency conditions. This can be very interesting for controlling the amount of nitrate in
the plant material by changing the concentration and composition of the nutrient solution
to improve the SM content while reducing the accumulation of undesirable compounds [68].
Leafy vegetables and nettles tend to accumulate nitrate, so reducing nitrate levels is an
important aspect of vegetable production. Nitrate accumulation in plants is influenced
by many factors, including fertilization, soil properties, growth stage, air temperature,
light intensity, and harvest time [21]. The same authors state that nitrate content in leafy
vegetables grown in hydroponics can be reduced by stopping fertilization a few days before
harvest. Radman et al. [85] also indicate the possibility of reducing nitrate content in lamb’s
lettuce (Valerianella locusta L.) by replacing the nutrient solution with water 3 days before
harvest. However, the authors indicate that this process resulted in a lower amount of
dry matter and minerals in the plant material. Gonnella et al. [24] state that replacing the
nutrient solution with water 3 days before harvest of lamb’s lettuce had no effect on yield
and organoleptic characteristics.

Increasing the potassium or magnesium content in the nutrient solution can also have
a positive effect on the SM content of the plants. However, it is advisable to handle this
with caution, as nutrient antagonism may occur [68].

The ebb-and-flow method is best suited for studying the effects of water stress on
SM content in plants. The dry period, i.e., lack of water (water/drought stress), sig-
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nificantly affects the content and profile of SM. During this period, the plant begins to
accumulate a greater amount of SM in response to its defense mechanism [86]. Accord-
ing to Yadav et al. [84], De Abreu and Mazzafera [87], Selmar and Kleinwächter [88], and
Bloem et al. [89], it is possible to increase the content of SM in medicinal and aromatic
plants by causing moderate water stress during cultivation. It is of great importance to set
an appropriate time interval for irrigation so that plants are sufficiently stressed to produce
larger amounts of SM, but this stress does not lead to wilting or irreversible damage to
plant tissues.

Since even moderate stress can cause yield loss, it is important in agricultural produc-
tion to find the right balance between generated stress, which gives the plant material a
richer SM content, and a satisfactory yield [88,90].

6. Conclusions

Considering the peculiarities of nettle as a wild plant, such as the possibility of re-
vegetation, the tendency to accumulate nitrates and heavy metals in the soil, resulting in
a variable composition of various specialized metabolites, it is necessary to control the
nutritional properties of this plant material. Cultivation allows easier control of chemical
properties, which is a necessity in the case of stinging nettle. Cultivation of stinging
nettle in the open field proves to be a suitable option. However, as it is not possible to
fully control some important abiotic factors, such as temperature, light and humidity,
this method of cultivation faces many challenges, especially in the face of increasingly
volatile climate change and the increasing occurrence of extreme weather events. The
cultivation of nettles using modern hydroponic techniques in greenhouses offers itself as
a suitable solution to overcome the above challenges. The literature review has revealed
numerous advantages of using certain techniques of modern hydroponic cultivation for
stinging nettle. These include the ability to control and manage abiotic factors for both
the greenhouse and the nutrient solution, balanced and rational fertilization, optimized
water management and supply, and most importantly, the production of plant material
with adequate yields and high levels of specialized metabolites. With the ebb and flow
system, it is even possible to induce water stress, the optimized application of which
can be successfully used to stimulate the synthesis and accumulation of secondary plant
compounds, such as polyphenols. After all, the floating hydroponics and the ebb and flow
system prove to be optimal hydroponic techniques for greenhouse cultivation of nettles,
ultimately resulting in uniform plant material with consistent chemical composition, high
yields and a high content of specific metabolites.
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prinos rige u plutajućem hidroponu. Glas. Zaštite Bilja 2012, 35, 24–34.
77. Cafuta, D.; Dodig, I.; Cesar, I.; Kramberger, T. Developing a Modern Greenhouse Scientific Research Facility—A Case Study.

Sensors 2021, 21, 2575. [CrossRef]
78. Trejo-Téllez, L.I.; Gómez-Merino, F.C. Nutrient solutions for hydroponic systems. In Hydroponics—A Standard Methodology for

Plant Biological Researches; IntechOpen: London, UK, 2012; pp. 1–22.
79. AlShrouf, A. Hydroponics, aeroponic and aquaponic as compared with conventional farming. Am. Sci. Res. J. Eng. Technol. Sci.

(ASRJETS) 2017, 27, 247–255.
80. Putra, P.A.; Yuliando, H. Soilless culture system to support water use efficiency and product quality: A review. Agric. Agric. Sci.

Procedia 2015, 3, 283–288. [CrossRef]
81. Erken, O.; Oztokat Kuzucu, C.; Cakir, R. Impact of different water supply levels on yield and biochemical ingridients in broccoli.

Bulg. J. Agric. Sci. 2013, 19, 1009–1017.

358



Plants 2022, 11, 483
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Abstract: Based on prior knowledge and with the support of new methodology, solid progress in the
understanding of seed life has taken place over the few last years. This update reflects recent advances
in three key traits of seed life (i.e., preharvest sprouting, genomic imprinting, and stored-mRNA).
The first breakthrough refers to cloning of the mitogen-activated protein kinase-kinase 3 (MKK3)
gene in barley and wheat. MKK3, in cooperation with ABA signaling, controls seed dormancy.
This advance has been determinant in producing improved varieties that are resistant to preharvest
sprouting. The second advance concerns to uniparental gene expression (i.e., imprinting). Genomic
imprinting primarily occurs in the endosperm. Although great advances have taken place in the
last decade, there is still a long way to go to complete the puzzle regarding the role of genomic
imprinting in seed development. This trait is probably one of the most important epigenetic facets
of developing endosperm. An example of imprinting regulation is polycomb repressive complex
2 (PRC2). The mechanism of PRC2 recruitment to target endosperm with specific genes is, at present,
robustly studied. Further progress in the knowledge of recruitment of PRC2 epigenetic machinery is
considered in this review. The third breakthrough referred to in this update involves stored mRNA.
The role of the population of this mRNA in germination is far from known. Its relations to seed
aging, processing bodies (P bodies), and RNA binding proteins (RBPs), and how the stored mRNA
is targeted to monosomes, are aspects considered here. Perhaps this third trait is the one that will
require greater experimental dedication in the future. In order to make progress, herein are included
some questions that are needed to be answered.

Keywords: preharvest sprouting; MKK3; maternal and paternal expressed genes; imprinted genes;
polycomb repressive complex 2; mRNA processing bodies; ribonucleic binding proteins; monosomes

1. Starting: Key Biological Traits about Seed Dormancy and Germination Mechanisms

The seed stage is a key life-cycle stage for many plants. Higher plants use the seeds for
their perpetuation through successive generations. Mature seeds are highly resistant entities
favoring plant dispersal. Seeds constitute also the basis of agriculture, and genes affecting
seed dormancy and germination are among those under the strongest selection. The switch-
off of translation between seed maturation and seed germination makes seeds a unique
system to study developmentally regulated translation. Accordingly, seed germination is
the first critical step of the plant life cycle and the foundation of agricultural production. The
decision to germinate gravitates in a complex network of developmental and environmental
signals to ensure seedling survival. The in-depth study of the seed’s life is being carried
out under different scientific approaches, justified by the following molecular and genetic
findings: (i) the endosperm (i.e., triploid nutritive support tissue with a 2:1 maternal-
to-paternal genome ratio) is essential to repress dormant seed germination by releasing
abscisic acid (ABA), which blocks embryonic growth. Although the interaction between
endosperm–embryo is largely elusive, the flow of nutrients from mother to embryo is
essentially unidirectional during the whole process of seed-life. Thus, early seedling
growth is supported by catabolism of stored reserves of protein, oil, or starch accumulated
in stored tissues during seed maturation [1–4]. (ii) Germination on the mother plant
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(preharvest sprouting, PHS), can also occur in crops, which is an agronomically and
industrially undesired trait that compromises yield, nutritional and processing quality.
Annual losses due to PHS are likely to approach $1 billion US dollars worldwide. Orthodox
seeds acquire dormancy by thus avoiding PHS [5–7]. (iii) Orthodox and viable dry seeds
are alive because they have acquired desiccation resistance, a feature accomplished together
with longevity (storability) at the beginning of maturation [8–11]. (iv) Interestingly, dry and
viable seeds store a multitude of transcripts to be used at the beginning of the germination
process [12,13]. (v) Reactive oxygen species (ROS) and nitric oxide (NO) play fundamental
roles in seed-life [14–17]. (vi) All the above vital events that occur in seeds are coordinated
by transcription factors (TFs) such as ABI3, ABI4, and ABI5 [18–23], and phytohormones,
being the regulatory mechanisms underlying abscisic acid (ABA) and gibberellins (GAs)
crosstalk, intensively documented during seed dormancy and germination. However,
identification of the ABA and GAs synthesis/degradation pathways, their feedbacks, and
their impact on the regulation of dormancy and germination is far from clarified [23–26].
On the other hand, the involvement of ethylene in the regulation of seed dormancy and
germination was recently updated and discussed [27–30]; and (vii) the life of this propagule
is strongly influenced by external signals (e.g., light, nitrate, humidity, temperature) [31–35].
Taken together, all the events previously referred occur, among other instances, in human-
used seeds. That is, in agronomically important crops that are therefore related to the world
economy. Finally, the seeds of several species are used as biological systems in order to
advance knowledge of the complex puzzle that constitutes the seed life and perpetuation
of these entities that have been key in the colonization of dry land [36]. This update
summarizes recent breakthroughs in our knowledge of some aspects highly involved in
the life of orthodox seeds.

2. Preharvest Sprouting: Recent Progress and Economical Repercussions

Seed dormancy, a key quantitative trait for the prevention of PHS, has essential
repercussion in plant survival and crop production. PHS is a complex trait influenced by
genetic and environmental factors [37–40]. However, the intensity of this trait decreases
during plant domestication to ensure that crops successfully germinate in the field. This is
true in the case of wild and cultivated barley (Hordeum vulgare) [41]. If the rain comes before
harvest, the mature seeds can germinate (i.e., PHS or vivipary) on the mother plant, causing
substantial damages and crop losses. Considering that PHS broadly constitutes the opposite
process to primary dormancy, at an experimental level, the natural phenomenon of PHS can
be used to collaborate in the study the dormancy mechanisms. On the other hand, it seems
logical to understand that achieving tolerance to PHS (i.e., breeding PHS-resistant varieties)
is one of the goals of actual seed research. Consequently, it is not surprising that the focus
of PHS research in recent years has been on identifying individual genes impacting seed
dormancy. Osaba1 was the first PHS-related mutant to be identified in rice [42]. This mutant
harbors a point mutation in the zeaxanthin epoxidase gene, is strongly viviparous with
wilty phenotype, and displays a low ABA level with almost no further increase in its levels
upon drought.

PHS is a trait controlled by multiple QTLs [39]. In rice, an important cereal crop,
more than 165 QTLs associated with seed dormancy or PHS resistance and located on
different chromosomes have been identified. Similar to rice, several research groups
identified causal genes for the major dormancy QTL in other cereals such as barley and
wheat (Triticum aestivum). Dormancy QTLs have been found on all chromosomes in both
crops [43]. However, although PHS-associated QTL or genes have been reported and
cloned, the PHS molecular mechanism remains little-known. Since two major dormancy
QTLs (SD1 and SD2) have been detected in barley grains at the beginning of the present
century, the PHS process has been extensively investigated and new advances are constantly
emerging. In the past few years, it was eventually revealed that alanine aminotransferase
(AlaAT) is the causal gene for the major grain dormancy QTL Qsd1 (SD1) in barley [44],
and that mitogen-activated protein kinase–kinase 3 (MKK3) is the causal gene for the
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major grain dormancy QTLs Qsd2-AK (SD2) in barley and Phs1 in wheat [41,45]. MKK3
was found to control seed dormancy in wheat and barley using a map-based cloning
method [41,45]. Phs1 in wheat is an ortholog of SD2 in barley [45]. Qsd2-AK at SD2 acts
as a single major determinant explaining the difference in seed dormancy between the
dormant cultivar “Azumamugi” (Az) and the nondormant cultivar “Kanto Nakate Gold”
(KNG) [41]. QTL Qsd2-AK (SD2) is a component of the MAPK cascade (i.e., MKKK, MKK,
and MAPK) which is evolutionarily conserved in photosynthetic eukaryotes, including
Arabidopsis [41]. In summary, Nakamura’s group provided for the first time the key to
finding plants refractory to PHS. Therefore, cloning of the MKK3 wheat gene (TaMKK3) has
been essential to produce improved varieties that are resistant to PHS. Thus, transformation
with the TaMKK3 susceptible allele caused a large increase in PHS susceptibility in dormant
backgrounds [41]. The N(asparragine) 260 T(threonine) mutation reduces TaMKK3 kinase
activity [41]. Accordingly, the N260T-substituted dormant MKK3 recessive allele cannot
efficiently transmit phosphorylation signals in the MAPK module for germination, delaying
germination and conferring the hyperdormant phenotype. Introducing the N260T mutation
into all of the functional wheat homologs of MKK3 will be a novel way to increase seed
dormancy in wheat. On the other hand, a more recent update provides unique insight into
the genetic mechanisms governing PHS in bread wheat [46]. It is important to emphasize
that these recent advances can be directly applied in breeding programs to improve PHS
tolerance in studied species. Thus, causal genes are now available for marker-assisted
selection to improve PHS tolerance in barley and wheat [47].

Together with other map kinases, MKK3 also works in ABA signaling and seed dor-
mancy in Arabidopsis, and loss of AtMKK3 function has led to ABA-hypersensitive seed
germination [48–50]. In 2019, a solid advance occurred in seeds of rice. Thus, the overex-
pression of MKKK62 in the embryo and endosperm significantly decreased seed dormancy
levels, while the overexpression in the testa and husk did not. MKKK62-overexpressing rice
lines lost seed dormancy, increased PHS and ABA sensitivity was decreased. High levels
of MKKK62-mRNAs were found at the late stage of rice-seed maturation, suggesting that
MKKK62 affected seed traits. MKKK62 (rice has 75 MKKKs) interacted with MKK3, while
MKK3 interacted with MAPK7 and MAPK14 (from in yeast two-hybrid experiments) [51].
Knock-out experiments confirmed that MKKK62, MKK3, MAPK7, and MAPK14 (i.e., the en-
tire rice MAPK module) were involved in the regulation of seed dormancy in rice. In other
words, protein modification by phosphorylation plays a key role in controlling rice seed
dormancy. Interestingly, the results from [51] also indicated that regulation of seed dor-
mancy by MKKK62 is a common phenomenon among cereals. On the other hand, at least
five MKKKs (AtMKKK14/15/16/17/18) are able to activate AtMKK3 in Arabidopsis; but
none of these five genes affect seed dormancy when they are overexpressed [52]. The
results from [51] also prove that seed dormancy in rice is negatively regulated by MKKK62
and insinuate that the regulation of seed dormancy distinguish between Arabidopsis and
rice. Very recently, the ENHANCED RESPONSE TO ABA8 (ERA8) mutant increases seed
dormancy and, consequently, PHS tolerance in the soft white wheat ‘Zak’ [53]. This work
suggests that the ERA8 phenotype results from the MKK3-A-G1093A mutation and for
that reason, is being used to introgress ERA8 into soft white winter wheat to improve PHS
tolerance by increasing ABA sensitivity. An in-depth study of the relationship between
MKK3 and ABA will produce a great scientific step not only in breeding programs, but also
in model systems such as Arabidopsis or Medicago truncatula. Referring to this, two genes
in the Raf subfamily of MKKK genes, Raf10 and Raf11, were found to positively regulate
seed dormancy in Arabidopsis [54]. The functions of these genes are still unknown in crop
species like rice. But an influence on seed dormancy should not be ruled out.

Apart from the study of QTLs involved in seed dormancy, other approaches are
currently underway for understanding of molecular mechanisms underlying PSH. There
is a lot of evidence indicating that ABA and sugars participate in the regulation of seed
dormancy and germination [55,56]. Data presented in [57] strongly support that the sugar
accumulation is the essential cause of PHS in rice phs8 T-DNA insertion mutant and the
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ABA level is lower in the mutant than in the wild type. The alterations in the content of
free monosaccharides and oligosaccharides were more notable in the endosperm of phs8. It
is of interest to note that the OsABI3 and OsABI5 transcripts decreased in mutant seeds,
and that overexpression of OsABI3 and OsABI5 could partially rescue PHS in the phs8
mutant. Interestingly, both glucose and sucrose suppressed the expression of ABI3 and
ABI5, suggesting that sugar is sufficient to suppress the ABA signaling pathway (see Figure
6 from [57]). Curiously, PHS8 is located in seed-dormancy-related QTLs, which leads us
to suppose that any natural variation of PHS8 may affect seed dormancy. More recently,
another T-DNA insertion dominant mutant (phs9-D) was characterized in rice. The authors
conclude that PHS9 plays an important role in PHS regulation through the integration of
ROS and ABA signalings [58]. However, the role of ROS in PHS control requires much
more investigation [16]. On the other hand, it is well-known that the expression of ABI5,
the ortholog of VP1, is regulated by ABI3, expression of which is required for appropriate
ABI5 expression. ABI3 and ABI5 control the seed sensitivity to ABA [23]. ABI5-binding
protein (AFP) induces ABI5 degradation [24,59]. In order to understand the mechanisms
underlying seed dormancy or PHS tolerance in common wheat (Triticum aestivum), the
possible role of TaAFP in seed dormancy was developed, concluding that TaAFP is a
negative regulator in seed dormancy [60]. Likewise, this magnificent work concludes
that TaAFP-B had a 4-bp InDel in the 5′UTR, which affected the mRNA stability, mRNA
transcription expression level, and GUS activity and was significantly associated with
PHS tolerance. Finally, QTL-seq analysis was recently performed to identify for the first
time QTLs associated with PHS in cucumber (Cucumis sativus) using an F2-segregating
population, and two QTLs were detected and two candidate genes (Csa4G622760 and
Csa4G622800) were proposed [61]. Taking into account the remarkable research on PHS
carried out in the last decade, we should be hopeful regarding the avoidance of the great
losses produced by PHS in cereal crops. Although a number of QTL or genes related to
PHS have been reported in cereals, the molecular mechanism underlying PHS remains
largely elusive.

3. Endosperm–Embryo Relationships: Imprinted Gene Expression

In angiosperms, reproduction occurs by double fertilization whereby one of the two
sperm cells in the pollen grain fertilizes the egg cell to produce the embryo; while the other
one fertilizes the binucleate central cell to generate the triploid (3n) endosperm, which
nourishes the embryo. Although with very few exceptions, the endosperm and embryo
have essentially the same genotype and markedly different developmental programs.
However, the endosperm has two maternal doses of the genome, whereas the embryo has
one paternal dose [1,62]. The endosperm does not contribute with genetic material to the
next generation, but controls a good number of key processes for the development of the
embryo (e.g., providing genetic and molecular signals [63]) and it is an important site of
genomic imprinting in higher plants [64].

Genomic imprinting (i.e., uniparental gene expression) is an epigenetic phenomenon
in higher plants whereby genetically identical alleles (i.e., parental alleles) have unequal
expression depending upon their parental origin [65,66]. The first imprinted gene was
discovered in the maize endosperm 51 years ago by phenotypic identification [67]. Maize
is also among the several plant species in which gene imprinting has been studied most
comprehensively in recent years [68,69]. Arabidopsis thaliana has been reported to display
genomic imprinting on at least 436 genes in its seed endosperm. In mammals, approx-
imately 80% of the imprinted genes are clustered on chromosomes; but in plants, the
majority of the imprinted genes are scattered on chromosomes. At present, and unlike
in mammals, a wide debate exists regarding the conservation of the imprinted status in
plants (for update see [70]). That is, in developing the seeds of higher plants, some genes
show biased gene expression of the allele descended from a particular parent [71]. For
this reason, the imprinted genes are classified into maternal expressed genes (MEGs) and
paternal expressed genes (PEGs). Probably PEG and MEG are subject to different selec-
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tive pressures. In mammals, approximately 80% of the imprinted genes are clustered on
chromosomes, and in plants most of the imprinted genes are scattered on chromosomes.
Recently, PEG and MEG genes identified under positive selection are involved in processes
such as auxin biosynthesis (e.g., YUCCA10, TAR1) [72]. On the other hand, the number
of PEGs was much lower than the number of MEGs in species as A. thaliana, maize, B. na-
pus, sorghum and A. lyrata. The unbalanced MEGs and PEGs in plants agreed with the
maternal-offspring co-adaptation theory, indicating that the maternal genes were more
favored during natural selection [70]. In the present year, a work on the genomic imprinted
genes of dicot B. napus endosperm provided 297 imprinted genes, including 283 MEGs
and 14 PEGs. More specifically, (i) 36 of 297 imprinted genes were continuously imprinted
during endosperm development; (ii) only 26 imprinted genes were specifically expressed
in endosperm, while other genes were also expressed in other tissues of B. napus, rather
than specifically in endosperm; and (iii) a total of 109 imprinted genes were clustered
on rapeseed chromosomes [73]. Recently, imprinting status in two closely related dicot
species, Arabidopsis and Capsella rubella, was analyzed, revealing that less than one-third
of orthologous genes are imprinted in both species, and that genomic imprinting is a
highly dynamic process [74]. On the other hand, in dicot Ricinus communis were identified
209 genes in reciprocal endosperms with potential parent-of-origin specific expression,
including 200 and 9 maternally and paternally expressed genes, respectively. More in-
formation on MEGs and PEGs in mono- and dicot species can be reviewed [1]. Likewise,
increasingly imprinted genes have been identified and characterized in plant species (for
reviews see [64,75]). Although many imprinted genes have been identified in plants, the
functional significance of the majority of them remains unknown both in seed life and in
other plant organs, which constitutes a strong weakness of this remarkable breakthrough in
development biology. Functional studies are necessary to unravel relevant imprinted char-
acterized genes (reviewed in [76]). However, a positive aspect of the study of the imprinting
phenomenon is the conclusion that the genes subjected to imprinting are largely conserved
across kingdoms [65,77,78]. In contrast to B. rapa, genomic imprinting in diploid (Aegilops
spp.), tatraploid, and hexaploid wheat (Triticum spp.), showed evolutionary conserved
nature of imprinting status during polyploidization [78].

During the present century, it was evidenced that epigenetic modifications play notable
functions in developing seeds [79]. Interestingly, the endosperm has a significant level
of hypomethylated DNA in maternal alleles and a looser chromatin structure. As in
plant genome methylation, Arabidopsis and rice endosperm is hypomethylated at short
transposable elements and related sequences that reside near genes [76,80]. A. thaliana has
been reported to display genomic imprinting on at least 436 genes in its seed endosperm.
Maize, sorghum, and rice endosperm DNA are also hypomethylated [81,82]. Conversely,
the embryos are hypermethylated [81]. DNA methylation is essential for the repression of
transposable elements and the regulation of gene expression. At present, there is no direct
evidence for how dynamic DNA methylation and differentially methylated genes regulate
seed development. Curiously, the expression of the imprinted genes was not tightly linked
to DNA methylation in castor bean [83]. It is noteworthy that imprinted genes expressed in
the endosperm of A. thaliana are rapidly evolving due to positive selection; such positive
selection is preferentially associated with imprinted paternally expressed genes [72].

DNA methylation is a crucial epigenetic modification involved in many biological
processes, including genomic imprinting [84]. The imprinting process includes trimethy-
lation of histone (i.e., H3K27me3) and DNA methylation without altering the genetic
sequence [69,85]. In angiosperms, H3K27me3 predominantly marks the maternally im-
printed alleles of paternally expressed genes, whereas DNA methylation predominantly
marks paternally imprinted alleles of maternally expressed gene [76]. As summary, in mam-
mals and higher plants imprinted genes, likely established prior to fertilization, are silenced
through cytosine methylation, histone modifications or both. However, in mammals the
epigenetic modifications at imprinted loci are deleted and re-established in each generation
(i.e., imprinted alleles are targeted for silencing), while in plants most of the evidence so far
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is that pre-existing methylation present on both alleles in the parent plant is specifically
removed during gametogenesis from the allele destined to be active in endosperm [86].
In higher plants, DNA methylation is maintained by the maintenance methyltransferase
enzyme (MET1 in Arabidopsis) and is essential for propagating methylation marks on
imprinted genes. However, in mammals, de novo methylation is also required to place the
marks, while in Arabidopsis there is no evidence so far that de novo methylation has a role
in imprinting. On the other hand, the evolution of imprinting in animals and higher plants
still has many gaps. The characterization of the dynamic DNA methylome will be of the
great help [87]. Imprinting is an evolutionary puzzle, as it bears the costs of diploidization
without its advantages, namely, protection from recessive mutations. A recent review helps
to clarify the complexity of this epigenetic puzzle [88].

The reason for the importance of imprinting is that the chemical modification produced
in the DNA, which is transmitted to the offspring, changes the gene expression or the func-
tion of the gene product. Interestingly, for complex traits (e.g., rice grain size), some QTLs
may also exhibit imprinting effects (i.e., manifesting different genotypic values between
reciprocal heterozygotes) and hence are termed imprinted QTLs (iQTLs) [65]. Genomic
imprinting primarily occurs in the endosperm [76,89]. As a possibility, the endosperm
growth is suitable when PEGs (presumably promoting growth) and MEGs (presumably
repressing growth) are jointly expressed with appropriate dosages. That is: do imprinted
genes interact? Although PEGs and MEGs may be physically and functionally linked,
they are possibly regulated by different mechanisms [90]. Although the main functions
of imprinting in the endosperm are not fully understood, experiments in A. thaliana have
demonstrated that imprinting defects in the endosperm may cause seeds to abort [80,90].
Conversely, few embryo processes were linked to genomic imprinting [69,91,92]. Several
lines of evidence indicate that the endosperm and embryo exist in distinct transcriptional
and chromatin states immediately after fertilization [93]. Summarizing the information to
date, endosperm plays an active role in promoting embryo development and its epigenetic
regulation could have consequences for embryo developmental programs. Unfortunately,
little is known about gene imprinting in dicotyledons.

Given the interest in imprinting in higher plants, numerous updates have been pub-
lished recently [69,70,80,94–96]. By using: (i) the rapid development of modern technologies
(e.g., CRISPR/Cas9, protein-DNA interactions by CUT&RUN, high-throughput transcrip-
tome sequencing, and single-cell RNA sequencing, among others), together with yeast
two-hybrid tests; and (ii) the F1 hybrid seeds derived from reciprocal crosses of plants
with different ploidy levels to provide different dosages of the parental genomes, a direct
genome-wide survey of imprinted genes at the transcription level has become possible.
Furthermore, the studies of imprinting in diverse plant species, especially in several im-
portant crops, have intensified [75,97]. In biological terms, paternal-excess crosses strongly
promote seed development and big seeds; whereas maternal-excess crosses dramatically
inhibit endosperm growth and the production of small seeds. These features indicate that
an adequate balance between maternally and paternally derived genomes is responsible
for both embryo and endosperm development.

Although the progress about genetical properties of imprinted genes is unquestionable
(see above), aspects regarding the biological relevance of genomic imprinting still remain
to be answered. The increased understanding of the role of PRC2 (polycomb repressive
complex 2) in different plant species should be of great value to addressing many of the
unanswered questions. PRC2, a subset of the PcG proteins, possesses an evolutionarily
conserved epigenetic histone methyltransferase, is a major chromatin-modifying multi-
subunity complex that catalyzes H3K27me3, and plays a role in safeguarding cellular
identity [98], among other functions. H3K27me3 is a repressive epigenetic mark that re-
sults in compaction of chromatin, and is associated with genes with low expression levels
and high tissue specificity (e.g., endosperm) (Figure 1). Plants lacking PRC2 components
do not show severe embryonic phenotypes and most produce viable offspring [99]. The
mechanism of recruitment of PRC2 to endosperm target genes is an intense and actual
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area of study. Therefore, how PRC2 epigenetic machinery is recruited to specific targets in
plants remains largely unclear. However, some progress has occurred recently: (i) seed-coat
initiation is controlled by an epigenetic regulator commonly used in developmental transi-
tions [100]. This feature hints that recruitment of polycomb-group protein FERTILIZATION
INDEPENDENT ENDOSPERM (FIE), acts as an epigenetic switch that may have been key
to the evolution of the seed coat (revised in [1]); (ii) in lateral roots of A. thaliana, BASIC
PENTACYSTEINS (BPCs) recruit PRC2 to the ABI4 (ABA INSENSITIVE 4) locus and re-
press ABI4 expression epigenetically by catalyzing the H3K27me3. That is, BPCs bind to
the ABI4 promotor, repress ABI4 expression and physically interact with PRC2 [101]. It
will be important to demonstrate all these facts in seed development. (iii) Interestingly,
the PRC2 recruitment in Arabidopsis relies in large part on binding of trans-acting fac-
tors to cis-localized DNA sequence motifs [102]; and (iv) a short time ago, it was shown
that SDG711-mediated H3K27me3 changed significantly in genes related to endosperm
development, and that SDG711, a histone transmethylase, can directly bind to the gene
body region of several starch-synthesis and amylase genes, respectively [103]. For more
information on how PRC2 is involved in development and identification of its direct target
genes, see [104].

In Arabidopsis, DNA methylation and some maternally expressed components of PRC2
are involved in the regulation of some imprinted loci in the endosperm [69]. PRC2 re-
presses endosperm development both before and after fertilization. In other words, some
components of PRC2 are maternally expressed and involved in the control of endosperm
development [105]. However, the role of PRC2 in endosperm development in monocot is
still unclear. Recent results provide strong evidence that rice PRC2 represses central cell
proliferation and endosperm formation before fertilization [106,107]. PRC2 core compo-
nents are broadly conserved and essential for the H3K27 trimethyltransferase activity of
the complex [108]. Plants possess several different PRC2 complexes, such as FIS-PRC2
(FIS2), which is specifically involved in female gametophyte reproduction, and endosperm
and seed development [109]. Endosperm development prior to fertilization is inhibited
by FIS2, which acts in the female gametophyte and during endosperm development (for
extension, see the update from [100]). On the other hand, the protein–protein interactions
of each PRC2 component are important determinants of the activity of the PRC2 complex.
Seeds inheriting maternal mutant alleles of these FIS-class genes abort due to a failure in
endosperm cellularization and embryonic arrest, regardless of the paternal genotype. This
maternal effect is observed because FIS2 is regulated by epigenetic genomic imprinting.

In conclusion, although great advances have taken place in this decade, there is still
a long way to go to complete the puzzle regarding the role of genomic imprinting in
seed development. Future investigations will refine the interplay between transcriptional,
hormonal, signaling, and epigenetic controls operating in the regulation of endosperm
growth. Thus, the interaction between PEGs and MEGs must be definitively confirmed
in higher plants. Once it has been demonstrated that PRC1 and PRC2 directly interact, it
is important to clarify the role of PRC1 in the functioning of PRC2 in the endosperm and
demonstrate whether imprinting always preferentially affects the endosperm. Evolution-
arily speaking, it is necessary to investigate if imprinting takes place in organisms other
characterized [110–112]. Finally, it is worth knowing how PRC2 epigenetic machinery is
recruited to specific targets in endosperm. This aspect is probably one of the most important
epigenetic facets of developing endosperm.
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Figure 1. The role of polycomb repressive complex (PRC2) in rice endosperm. PRC2 is an evolutionar-
ily conserved multimeric protein complex that has methyltransferase activity for Lys27 of histone H3
(H3K27), repressing gene expression. Mutation of the imprinted gene OsEMF2a induces autonomous
endosperm development [108]. FIE: fertilization independent endosperm; EMF2: embryonic flower 2;
RBPA3: WD-repeat protein; CLF and iEZ1: enhancer of zeste-like homologs. Adapted from [107,108].

4. The Stored mRNA: A Surprising Singularity in the Seed Life

Excepting dry, viable seeds, molecules of mRNA are generally short-lived. Different
mRNAs transcribed during the last phase of development are stored in dry seeds of many
species [113]. Seed-stored mRNA can survive for long periods. Some of these stored
mRNAs are called ‘long-lived mRNAs’ because they remain active for a long time, the great
majority being selectively translatable at the onset of germination [114], and the others are
degraded. Although mRNA decay regulates mRNA levels, the regulation of stored-mRNA
decay machinery remains still elusive in seeds. Dry rice and Arabidopsis seeds contain
>17,000 and >12,000 stored mRNAs, respectively [115–117]. The seed-stored mRNAs
encode many proteins of diverse physiological processes and cues [13]. However, not all of
these mRNAs are considered ‘long-lived mRNAs’ because the temporality of translation is
different between members of this population. In addition to mRNAs, dry seeds accumulate
a large amount functional proteins involved in metabolism, transcription, and translation.
Before the onset of desiccation and triggering of dormancy, embryos transcribe and store
‘long-lived mRNAs’ involved in the germination process (e.g., ABA catabolism-related
enzymes, phospholipids, and calcium ion signaling-related proteins) [118]. The evidence
that seeds translate stored mRNA during germination using stored ribosomes has been
amply demonstrated [114]. However, ribosomes are inactive in dry seeds, and must be
reactivated in order to germination process takes place. A task for ‘long-lived mRNAs’ once
demonstrated that germination is not inhibited in the presence of transcription inhibitors;
but it does when translational inhibitors were added to the medium [119,120]. One of the
existing gaps is deciphering if the population of stored ‘long-lived mRNAs’ is sufficient
to initiate germination. Anyway, the population of stored mRNA within dry seeds can
sustain germination completion in several species [121]. The authors of [121] suggest
that the classes of ‘long-lived mRNAs’ are highly conserved between dicot and monocot
seeds. To clarify the distinct roles of proteins translated from long-lived mRNAs and de
novo transcribed mRNAs, a proteome analysis was recently performed in germinating
rice seeds. This leading work proposes that long-lived mRNAs support an initial energy
production (e.g., glycolysis-related proteins) and activation of the translational machinery
upon imbibition, whereas the de novo transcriptions accelerate the energy production after
glycolysis [122].

So far, it has been unknown how fragmentation of seed-stored mRNA affects germina-
tion once rehydration occurred. However, there is no doubt that the cellular redox state
affects RNA fragmentation by altering several key processes of seed life [16,123]. It seems
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also clear that the seed does not have mechanisms that resolve the mRNA fragmenta-
tion. Therefore, seed viability and aging are affected by fragmentation, and sometimes
death occurs. Seed aging is a convoluted biological trait in which several interconnected
molecular, biochemical, physiological, and metabolic events are involved. The seed-aging
process is usually associated with the oxidation of macromolecules. Recently, Fleming et al.
(2018) observed fragmentation of seed-stored mRNAs in soybean embryonic axis by tran-
scriptomic analysis, and suggested that mRNA breakage occurs at random positions [124].
Later, Zhao et al. (2020) elegantly showed in Arabidopsis that the degradation of seed-
stored mRNA is greatly correlated with seed-aging time. Stored mRNA of almost all the
ubiquitination-related and heat-shock protein (HSP) genes analyzed decreased gradually
in aged seeds. In addition, enzymes related to energy production and structural proteins
of the cytoskeleton are also involved in this seed-stored mRNA degradation process [125].
Interestingly, the data from [125] also indicate that the majority of Arabidopsis seed-stored
mRNA have a similar and constant rate of degradation (i.e., the time for the mRNA level
to decrease by 50% is constant) during seed aging. These findings were ratified in canola
and wheat, two valuable agricultural species [126]. This and previous work indicate that
the damage or degradation of stored mRNA occurred randomly along the length of this
RNA, and also propose that stored mRNA degradation during seed aging is a general
phenomenon for seeds [124,125]. On the other hand, the degradation of ribosomal RNA is
widely described during seed aging [127–129].

Although many physiological properties of stored mRNA are known, the cellular
conservation, stability, transcription, and translation of these molecules is not entirely clear
yet [12,130]. Degradation of mRNA is a key process in the regulation of gene expression
and elimination of defective mRNAs. The processing bodies (P bodies) are equipped with
machinery for RNA degradation (Figure 2). These cytoplasmic bodies are RNA mem-
braneless granules (i.e., liquid–liquid phase separation), constituted by ribonucleoproteins
associated with both mRNA decay and translation repression. Plant P bodies share many
protein components with yeast and mammalian P bodies and are conserved in eukaryotes.
It is worth highlighting that P bodies possess targets of the mRNA decapping machinery
(e.g., ASL9; [131]) and can also serve as translationally repressed mRNA reservoirs in
regulating the homeostasis of mRNA translation [132–134]. Interestingly, the mRNA decay
machinery directly targets ASL9 transcripts for decay to balance cytokinin/auxin responses
during developmental reprogramming [131]. In other words, P bodies are often considered
to be the site for mRNA decay due to their content of decapping complexes (i.e., proteins
related to mRNA decay), de-adenylation factors, 5′ to 3′ exoribonuclease, Argonaute 1 (key
protein gene silencing), and factors involved in nonsense-mediated mRNA decay [135–137].
Therefore, it is not surprising that plants deficient in P-body components display severe
developmental perturbations [132]. However, little is known about how decapping con-
tributes to plant development. Recently, it was reported that mRNA decay is required to
unlock cellular states during development [131]. On the other hand, mRNA may be se-
questered in P bodies for degradation, or re-enter polysomal translation complexes, which
may be related to the use of dry seed-stored mRNA during onset germination. However,
this assumption still needs to be proved and generalized in angiosperms. Interestingly,
P bodies are highly mobile and connected to actin filament and myosins via interaction with
DECAPPING PROTEIN1 (DCP1) [138]. Decapping enzymes DCP1/2 present their genes
in a single copy in the Arabidopsis genome, and together with VARICOSE (VCS) are part
of the conserved components among eukaryotes’ decapping complex located in P bodies.
The mRNA turnover carried out in this decapping complex is essential for postembryonic
development in Arabidopsis. DCP2 form a complex catalyzing the removal of m7GDP
caps from mRNAs [132,139]. Importantly, components of the cytoplasmic 5′-3′ mRNA
decapping pathway (i.e., DCP1/2/5, VCS, PAT1 (which accumulates in P bodies) and
exoribonuclease XRN4) [140] contribute to ABA signaling in Arabidopsis [141]. Other types
of RNA granules together with P bodies may also be involved in controlling the translation
in seeds [142].

369



Plants 2022, 11, 490

Figure 2. The stored mRNA, once in the cytoplasm, can be sent to P bodies located in the ER
for processing; or, alternatively, included in the translation machinery. What controls this mRNA
distribution is not known. Under stress, P bodies are agglutinated in granules and their translation is
reduced. DCP (decapping enzyme), ER (endoplasmic reticulum).

On the other hand, P bodies can contain several RNA-binding proteins (RBPs), which
stabilize and/or modulate the translation of target mRNAs for decay [136,143]. Impor-
tantly, binding of RBPs’ sequence elements in mRNA can both promote and repress trans-
lation [137]. RBPs are tightly bound RNAs that through one or multiple globular RNA-
binding domains form ribonucleoprotein complexes that dynamically regulate the RNA’s
fate and function. Thus, RBPs are versatile key players in the posttranscriptional control
of mRNAs and candidates for regulating translation during seed germination [144–146].
However, few RBPs have been functionally explored in the seed world. Knowledge of the
functional roles of RBPs in plants is lagging far behind regarding those in other organisms.
Recent findings in the field have been collected and commented on [147]. Suggestively,
some studies clearly indicate that many RBPs harboring RNA chaperone activity play
essential roles in the regulation of RNA metabolism during plant growth and development
(for more information, see [144]). Some RBPs as RZ-1A and glycine-rich (GR)-RBP (GRP1A),
have been detected in rice seeds by proteomic analysis [148]. In 2013, it was demonstrated
that RZ-1A and GRP1A are solid RBP candidates involved in seed desiccation while also
preserving the stability of “long-lived mRNAs” [149]. In 2020, a solid experimental work
was reported in A. thaliana leaves. This protocol developed the RNA interactome capture
to identify proteins that interact with RNAs-poly(A) in living cells [150,151]. The use
of this methodology in seeds will provide an outstanding breakthrough in the study of
RBPs. In a recent and detailed work carried out in A. thaliana, the Bentsink group smartly
identified 30 seed-specific RBPs and 22 dynamic RBPs from testa rupture to radicle pro-
trusion period [152]. These authors argue, in a well-built discussion, the possible role
of RBPs in the germination process. A major task in the seed world is to identify RNA
targets and to understand how RBPs recognize substrate RNAs and how they interact with
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other protein factors to regulate posttranscriptional RNA metabolism during plant growth
and development.

The Arabidopsis genome harbors hundreds of mRNA binding proteins, of which
a large majority do not yet have an assigned function (see comments from Bai et al.,
2017 [114]). Since it is known that monosomes are very abundant in Arabidopsis dry seeds,
a complicated protocol was started to demonstrate if any protein of monosomes was bound
to the seed-stored mRNA. Thus, Bai et al. (2020) proved that seed-stored mRNA can bind
to monosome proteins (i.e., 50% of seed-stored mRNAs are bound to 80S ribosomes, mostly
monosomes, whereas the other 50% are free-stored mRNA). In other words, transcripts
that are associated with ribosome complexes in the dry state are translated (associated
with polysomes) upon seed imbibition (see Tables 1 and 2 from [153]). On the other hand,
a determined monosome population in dry seeds is enriched with proteins related to
protection against oxidative stress. This feature suggests that specific mRNAs are preserved
from oxidation until the translation machinery begins with the seed hydration. But the way
to choose theses specific mRNAs is, at present, noteless. Chantarachot and Bailly-Serres
(2018) suggested several possibilities for it [137]. Moreover, these authors also suggested
that the conserved eukaryotic decapping VCS, a protein associated with monosomes and
polysomes, can be involved in the degradation of seed stored-mRNAs not compromised
in the germination process. However, how specific mRNAs are targeted to monosome
complexes and are specifically translated during imbibition is at present unknown.

The complexity of the involvement of stored mRNA in the seed-germination ma-
chinery is considerable. Further analyses are required to identify and characterize which
mechanisms are used by the seed to benefit from some of the mRNAs transcribed during
the maturation period. The following questions, among others, will need to be answered in
order to make progress. Thus:

(i) Is the population of stored-mRNA sufficient to initiate the germination process? Are
the stored-transcripts encoding ribosomal proteins involved in the onset germination?

(ii) Since selective mRNA translation is a key feature of the seed germination process,
which mRNAs are exclusively for that process, and how are they selected from among
stored mRNAs?

(iii) Are the chosen mRNAs epigenetically marked?
(iv) Is the signaling network involved in germination compromised in the choice of mRNAs?
(v) What is the mechanism for the spatio-temporal choice of each transcript during matu-

ration and onset germination? That is, how do the cells of imbibed seeds discriminate
between stored mRNAs to be utilized in germination and those to be destroyed?

(vi) Do differences exist among stored-mRNAs in terms of the rate of degradation?
(vii) The future challenge, therefore, will be to understand how these multiple noted

components are integrated.
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Abstract: Capsicum is one of the most perishable fruit which undergo rapid loss of commercial value
during postharvest storage. In this experiment our aim is to evaluate the effect of photoactivated TiO2

nano-particle complexed with chitosan or TiO2-nanocomposite (TiO2-NC) on extension self-life of
Capsicum fruit and its effect on related morphological, physiological and molecular attributes at room
temperature (25 ◦C). Initially, TiO2-NC coated fruits recorded superior maintenance of total soluble
solids accumulation along with retention of firmness, cellular integrity, hydration, color etc. On the
extended period of storage, fruit recorded a lower bioaccumulation of TiO2 in comparison to metallic
silver over the control. On the level of gene expression for ethylene biosynthetic and signaling the
TiO2-NC had more regulation, however, discretely to moderate the ripening. Thus, ACC synthase
and oxidase recorded a significantly better downregulation as studied from fruit pulp under TiO2-NC
than silver. On the signaling path, the transcripts for CaETR1 and CaETR2 were less abundant in fruit
under both the treatment when studied against control for 7 d. The reactive oxygen species (ROS)
was also correlated to retard the oxidative lysis of polyamine oxidation by diamine and polyamine
oxidase activity. The gene expression for hydrolytic activity as non-specific esterase had corroborated
the development of essential oil constituents with few of those recorded in significant abundance.
Therefore, TiO2-NC would be reliable to induce those metabolites modulating ripening behavior in
favor of delayed ripening. From gas chromatography-mass spectrometry (GC-MS) analysis profile of
all tested essential oil constituents suggesting positive impact of TiO2-NC on shelf-life extension of
Capsicum fruit. Our results indicated the potentiality of TiO2-NC in postharvest storage those may
connect ethylene signaling and ROS metabolism in suppression of specific ripening attributes.

Keywords: ethylene; elicitors; fruit ripening; ACC synthase/oxidase; GC-MS; polyamines

1. Introduction

Fruit ripening is a unique process in plant biology where differential gene expression
leads to a set of cellular and biochemical events, mostly catabolic in nature. Those are
regulated throughout the ripening period with some metabolic fluxes under coverage of
growth regulators such as auxin, ethylene (ET), gibberellin, abscisic acid and kinetins [1].
Ethylene, the key hormone is responsible for respiratory burst accompanying other cellular
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changes hastening the ripening of fleshy fruit. The changes during ripening essentially
include hydrolysis of storage polysaccharides, turnover of proteins, conversion of pig-
ments, de-acidification into organic acids, hydrolysis of esters leading to softening of pulp
tissues [2]. Regardless of climacteric and non-climacteric types ET evokes several signaling
cascades for fruit senescence through gene expression. Mostly those govern catabolic
processes of biomolecules which may expedite ripening within postharvest storage [3,4].
Therefore, ET-mediated cellular reactions have principally been in quest for identification
of specific gene(s) to alter metabolic functions for enhanced shelf life [5]. Likewise, key
biosynthetic genes, viz. ACC synthase and ACC oxidase are targeted by synthetic residues
to inhibit their activity to reduce postharvest losses. The metallic silver (Ag) has been a
choice for biosynthesis and functional inhibition for ET activities [6]. At the cellular level,
ET mediated signaling in ripening fruit are also blocked the ET receptors: ETR1, EIN3,
CTR1, etc. In downstream of ET signaling identification of specific transcription factors
(AP2/ERF) to their corresponding cis-elements is another point of approach for delayed
senescence/ripening under storage [7]. Ethylene regulated such genes are diverse, still,
principally falls under wall hydrolyzing/depolymerization (softening of texture), sugar-
acid interconversion (changes in taste), secondary metabolite turnover (for aroma) related
genes. In the background of ET sensitivity, the climacteric and non-climacteric types are
characteristically differed with the presence or absence of auto-catalytic ET generation [8].
Moreover, the regulation of ET also governs the changes of metabolic flux that correspond-
ingly contribute to the sensory character of ripening. Despite this, in postharvest biology,
exogenous application of ET might be aligned to several cellular responses for softening of
non-climacteric fruit also [9]. The major focus has been paid on cell wall depolymerization,
ET generation and pigment biosynthetic enzymes as responsive genes were identified from
non-climacteric fruit such as pepper [10].

The commercial practices to retard the postharvest softening are materialized by reg-
ulation of the ripening specific pathways. Ethylene would be the key one in a system to
avoid direct exposure to fruit or minimization ET induced ripening phenomenon in the
tissues [11]. Many approaches are established to down regulate ripening of the fruit by syn-
thetic inhibitors, action inhibitors of ET such as 1-amino vinyl glycine, Ag+ ion, respectively,
are the most common. The other physical and chemical treatments through oxidation,
decomposition and adsorption of gas are not bio-compatible for the corrosive nature of
chemicals used [12,13]. The adsorption technologies with activated carbon in various
forms as powder/granular, fibers, zeolite, silica gel, electron-deficient based compounds
such as dienes and trienes are very time consuming as well as complicated device-based
in application [14]. So, any system qualified for ET scavenging if proves non-toxic, less
absorbing, biocompatible for fruit quality must be in pursuit for postharvest storage. In the
modern state-of-art the exercise of nanocomposite with metallics is important to scavenge
ET by complete oxidation [15]. In an application of TiO2-NP under UV radiation observed
a significant removal of gas in in vitro system. This metal oxide produces superoxide and
hydroxyl radicals and other reactive oxygen species (ROS) under UV excitation on its
nano-surface. The produced ROS is more effective to oxidize ET into CO2, H2O, regardless
of room/low temperature, high humidity and no other specific environments. It is also
noteworthy that TiO2 within nano ranges varies ROS generation with surface bridging OH•.
Moreover, there recorded an intrinsic correlation for ROS activation under UV illumination
for TiO2 nanocomposite with oxidation of ET [16]. So, ROS generation and its involvement
in the ripening process is expected to be modulated by TiO2 in nano forms.

Many investigations have been carried out on effect of bulk TiO2 as well as TiO2-NC
on postharvest shelf life of fruit such as mango, tomato, cucumber etc. [17,18]. On the
other hand, chitosan/TiO2-NP composite also can effectively protect grapes from fruit
rotting micro-organism [19]. Although TiO2-NC have been used studies in various fruit and
vegetable, there is almost no data regarding its effect on quality of Capsicum fruit during
postharvest storage.
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In this paper, we focused on effects of TiO2-NC coating on quality indices, physio-
chemical properties and molecular characteristics of Capsicum fruit during postharvest
storage at 25 ◦C for 7 d. In this investigation, we have evaluated the effectivity of TiO2-NC
for ROS generation, polyamine metabolism, wall loosening enzyme, volatile substances
and gene expression for ET metabolism on delayed ripening during postharvest storage.

2. Materials and Methods

2.1. Plant Material and Treatments

Chilli or Capsicum fruits of Tejaswani cultivar were brought in mature green stage
from a local agricultural farm, then checked for any deformity, infection, damage and
disinfected with 1% sodium hypochlorite solution followed by a repeated wash with
deionized water. Treatment sets for the fruits are as follows: control (treated with distilled
water), treated with 2 mg mL−1 silver solution (silver), coated with 1% chitosan solution
containing 10 g L−1 TiO2-nanoparticle or TiO2 nanocomposite (TiO2-NC). Samples were
kept inside separate quartz bottles equipped with airtight cap containing rubber septa with
3 replicates per treatment and 30 fruits in each replicate. All the beakers are kept under
UV-A (365 nm) led light for 7 d at 25 ◦C. Sampling was carried out after 7 d taking at least
three replicates per treatment and stored in −80 ◦C for further analysis. All results are
expressed on fresh weight (FW) basis.

2.2. Study of Fruit Surface Morphology through Scanning Electron Microscopy (SEM)

Fresh samples from each treatment were cut into manageable pieces followed by de-
hydration through critical point drying method with K850 (Quarum Technologies, Switzer-
land). After drying samples were placed on metallic stubs and coated with 30 nm thick
gold with plasma sputter coater (MNT-JS1600, MNT, Canada). Finally, surface morphology
of the coated samples was analyzed through SEM (GeminiSEM 450, Zeiss, Oberkochen,
Germany) according to [20].

2.3. Quality Parameters
2.3.1. Firmness of Fruit Coat

The firmness of fruit coat was measured by handheld penetrometer (GY-1, Wenzhou
Tripod Instrument Manufacturing Ltd., China) with 8 mm wide stainless-steel plunger and
measurements were carried out at 3 different points on fruit surface opposite to each other
and the average value was expressed in N.

2.3.2. Color of Fruit Coat

Fruit from each treatment 3 replicates were taken and the color of each fruit at
3 different points was measured by chroma meter (CR-400, Konica Minolta, Osaka, Japan).
The color was reported as hue angle (◦).

2.3.3. Percentage of Water Loss

This was measured in gravimetric method comparing total water content (difference
of weight of the fruit before and after drying in hot air oven at 50 ◦C for 48 h) and the
difference in weight of fruit at initial day and after 7 d of treatment taking 3 replicates from
each treatment according to Scalisi and O’Connell [21].

2.3.4. Total Soluble Solid Content

Five g of fruit from each replicate was taken, and fruit juice was extracted from pericarp
region by pressing. The total soluble solid content was measured using refractometer (RHB-
32ATC MCP, Japan) by putting a few drops of fruit juice on the detection surface.

2.3.5. Quantification of Ti in Fruit

One g of fruit pericarp was digested with 10 mL tri acid mixture (H2SO4:HNO3:HClO4 = 3:3:1)
and cooled. After cooling the concentrated acid mixture was diluted in 90 mL of ddH2O
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and Ti content was measured with ICP-MS (Agilent 7800, Agilent Technologies Inc., Santa
Clara, CA, USA) against known standard according to Ghosh et al. [6].

2.4. Ethylene Measurement

One mL of gas sample from each replicate were drawn using as GC syringe from the
head space of each vail containing rubber septum and the ET was quantified with a flame
ionization detector gas chromatograph (GC-8A, Shimadzu, Japan) equipped with an active
aluminum column T.R. Ethylene content was expressed in nM kg−1 s−1.

2.5. Preparation of RNA

One g of fresh pericarp tissue of fruit was frozen with liquid nitrogen and frozen tissue
was crushed to powder with mortar and pastel. RNA was isolated from about 50 mg frozen
powdered tissue using trizol (Trizin, GCC Biotech, West Bengal, India) RNA extraction
method according to the manufacturer’s protocol. For removal genomic DNA isolated RNA
was digested with DNase I (Qiagen) according to manufacturer’s instructions. Quantifica-
tion of RNA was carried out by nano-drop spectrophotometer (Thermo Fisher Scientific,
Wilmington, NC, USA) and integrity RNA samples were analyzed by electrophoresis in
1.5% agarose gel.

2.6. Semi-Quantitative PCR

For semi-quantitative PCR analysis, total RNA samples were reverse transcribed into
cDNA using cDNA synthesis kit (GCC Biotech, India) following the manufacturer’s proto-
col in triplicate. cDNA samples are amplified by step one PCR system using PCR master
mix (GCC Biotech, India) with specific primers. Gene-specific primer for ACCS, ACCO,
ETR1, ETR2 and GAPDH used according to [22] where GPDH gene used as control. The tem-
perature for the PCR reaction was: initial denaturation 95 ◦C for 5 min, 35 × (denaturation
at 95 ◦C 30 s, annealing at 55 ◦C for 30 s and extension at 72 ◦C for 30 s), final extension
at 72 ◦C for 5 min. 2 uL of PCR product from each sample was run in 2% agarose gel and
photographed for using Gel Doc system. Densitometry scanning was carried out using
GelAnalyzer 19.1 (www.gelanalyzer.com, accessed on 11 December 2022 ) software.

2.7. Quantification of ROS
2.7.1. Quantification of H2O2

One g of the sample from each treatment were crushed 0.01 M phosphate buffer
(pH 7.0). After that the homogenate is centrifuged at 12,000× g for 15 min and obtained
supernatant was mixed with chromate reagent [19]. The mixture was then kept inside a
boiling water bath until the development of greenish color and quantification of H2O2 was
carried out spectrophotometrically at 570 nm according to Ghosh et al. [23]. The result was
expressed as μmol g−1 FW.

2.7.2. O2
•− Content

For detection of O2
•− fresh samples were thoroughly crushed in a 65 mM phosphate

buffer pH 6.5. The homogenate was centrifuged at 12,000× g for 15 min at 4 ◦C and obtained
supernatant was mixed with 65 mM phosphate buffer pH 7.8. The diluted supernatant
was then mixed with 10 mM hydroxylamine hydrochloride and incubated 30 min at 25 ◦C.
After that 7 mM alfa-napthylamine and 10 mM sulfanilamide were added and kept at 37 ◦C
for 20 min. From mixture O2

•– was quantified according to Ghosh et al. [23].

2.8. Quantification of Total Capsaicin Content

In this case, 500 mg of dried fruits from each replicate crushed into fine powder and
extracted with 10 mL of acetone for 5 h. Then all samples centrifuged at 10,000× g and
supernatant collected. 4 mL of supernatant for each sample were taken into separate test
tube and the capsaicin content was determined at 660 nm according to Sadasivam and Man-
ickam [24]. Capsaicin content is expressed in μg capsaicin g−1 dry weight (μg g−1 DW).
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2.9. Quantification of Polyamine and TLC Separation

500 mg of fruit tissue was crushed in 10% perchloric acid and homogenates were
reacted with dansylchloride and run through silica TLC plate and quantified according to
Wettlaufer and Weinstein [25].

2.10. Enzyme Activity Assay
2.10.1. Esterase (EC 3.1.1.1) Activity

One g of fruit pericarp tissues was frozen in liquid N2 and ground into fine powder.
From the powdered tissue, esterase activity was measured according to Kumar et al. [26].

2.10.2. Polyamine Oxidase Activity and Diamine Oxidase Activity

Fruit samples were frozen with liquid N2 and crushed into powder for enzyme
extraction. The enzyme extraction and activity were determined for polyamine oxidase
activity (PAO; EC 1.5.3.11) and diamine oxidase activity (DAO; 1.4.3.22) according to
Moschou (2018), respectively.

2.11. Extraction of Essential Oil

Fifty grams of fruit from each treatment including control were chopped into manage-
able pieces and gone through hydro distillation by clevenger type apparatus [27]. Then
essential oil was extracted by dichloromethane (DCM) and condensed with a rotatory
evaporator. Before GC MS analysis DCM fraction of essential oil was dehydrated over
anhydrous sodium sulphate.

2.12. GC-MS Analysis of Essential Oil

GC-MS analysis was carried out using Agilent 7000 (Agilent Technologies Inc., Chea-
dle, UK) and compounds were separated using Agilent 122-5532 DB–5MS column. Helium
was used as a carrier gas with a flow rate of 1 mL min−1 and injection volume was 2 μL
and slit injection was used with ratio of 10:1. The inlet temperature was 250 ◦C and the ion
source temperature 230 ◦C. Total run time was 60 min and the range of mass scanned was
50 to 550 amu GC-MS data were analyzed with Chem-Station (Agilent Technologies Inc.,
Cheadle, UK) following identification of compounds from retention index and custom mass
spectra with NIST, 2014 library. Retention indices were calculated using n-alkane series C7
to C40 under sample operating parameter. Experiment was carried out with two replicates.

2.13. Characterization of TiO2-NP

The morphology, size and atomic composition of TiO2-NP was determined by SEM
(GeminiSEM 450, Zeiss, Oberkochen, Germany) equipped with Energy Dispersive X-ray
(EDX) module according to Femi-Adepoju et al. [28]. Determination of functional group
was carried out Fourier transform infrared spectroscopy (FTIR, Agilent Cary 630, Agilent
Technologies India Pvt Ltd, Delhi, India) analysis with spectral scan od 450–4000 cm−1 at a
resolution of 4 cm−1 [29].

2.14. Statistical Analysis

All the acquired data were analyzed by Student’s t-test (SPSS, IBM, Armonk, New York,
NY, USA) for analysis of the difference between treatments. The statistically significant
differences were considered at p ≤ 0.05. The obtained data were presented at mean ±
standard error (SE). The correlation figure was created through software.

3. Results

3.1. Firmness, Color, Turgidity and Total Soluble Solids of Fruit on TiO2-NC Treatment

Developmental changes in fruit 7 d of ripening period under storage recorded signifi-
cant morphological variations (Figure 1). The changes in color, texture, fruit coat firmness
was notably affected with treatments such as silver or TiO2-NC (Figure 2). The surface
morphology as critically analyzed by SEM studies for fruit coat which recorded a distinct
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variation through the treatments (Figure 1). Interestingly, the surface was significantly
affected with 7 d on postharvest storage indicating the changes through ripening activities
including loss of water. This pledges a possible relationship with other qualitative char-
acters for ripening on fruit. This exclusively shows distinct crack and crevices on the cell
wall that might ooze out cell sap and odor as a mark of ripening, however, in general. This
feature was almost erased when fruit were observed from either silver or TiO2-NC, still
maximum for the latter. Remarkably, the changes on cell surface nearly exist in parallel
with variations in fruit color through the days of storage. Therefore, a possibility may arise
on recovery of any cellular lysis of fruit coat being quite usual as usual for ripening under
the aid of TiO2-NC.

Figure 1. Changes in morphology and changes in fruit coat surface as revealed through scanning
electron micrograph (SEM) in Capsicum fruit. The SEM images revealed the microscopic cracks and
crevices on fruit coat surfaces and their variations on 7 d (B) postharvest storage over 0 d control (A).
The 7d silver (C) and 7d TiO2-NC treatments (D) had their respective impacts on the possible repair
of cell wall lysis.
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Figure 2. Hue angle (A), fruit firmness (B), percentage of water loss (C) and total soluble solid (D)
of Capsicum fruit recorded under silver and TiO2-NC with respect to control during 0 d and 7 d of
postharvest storage at 25 ◦C. Vertical bars showing SE± 1 (n = 3) on each column and letters above
bars indicate statistical variations between treatments based on One Way ANOVA (p ≤ 0.05).

The changes in fruit color as measured by hue angle had significant variation under
both treatments (Silver and TiO2-NC) compared to control at 7 d of storage. Both silver
and TiO2-NC maintained the color with only 4 and 12% decrease in hue angle compared to
72% in 7 d control over control at 0 d (Figure 2A). The firmness of fruit in the pressure unit
(N) reveals the integrity of Capsicum fruit coat when observed under different treatments.
A significant (p ≤ 0.05) reduction by 76% was recorded from fruit on 7th d of storage
as compared to the initial day (Figure 2B). Interestingly, silver and TiO2-NC maintained
firmness with only 13 and 20% reduction with respect to control at 0 d. The individual
interaction of silver and TiO2-NC showed no significant (p ≤ 0.05) variations infirmness of
fruit at 7 d.

With the duration of storage time fruit also observed gradual dehydration or loss of
seeming freshness. This was documented with the percentage of water loss by gravimetric
method and maximum loss of water was recorded in 7 d control by 15% compared to 0 d
control (Figure 2C). Whereas, both silver and TiO2-NC had proportionately reduced water
loss by 50 and 100%, respectively, over control at 7 d. On the other hand, fruit accumulated
soluble solid that varied significantly through the treatments. (Figure 2D). The maximum
amount of TSS was recorded in 7 d control which accounts 76% increase over 7 d silver. The
treatment such as silver and TiO2-NC significantly (p ≤ 0.05) reduced TSS accumulation in
respective to 7 d control. Still, TiO2-NC had reduced the content by 47% over control (7 d)
and thus suggested more effectiveness in delayed ripening with a negative correlation
value (r = −0.97) with the firmness of the fruit coat.
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3.2. Absorption of Ti and Release of Ethylene from Fruit Tissues

The biosorption of the Ti within the fruit tissues was interesting when observed
after 7 d of TiO2-NC treatment compared to control (untreated). In one of those groups
treated (TiO2-NC) fruit, metal content was directly measured (Ti) without any washing and
these samples recorded 4.17 mg kg−1 DW which was only 0.14 mg kg−1 DW in untreated
control (Figure 3). In another group, samples were thoroughly washed, dried and measured
the metal content show a significantly (p ≤ 0.05) lower values, an almost negligible increase
of 0.22 mg kg−1 DW over control. Thus, as on a comparative basis, it accounted for 91%
reduction of Ti over TiO2-NC before washing. This implies a significant low absorbing
trend of Ti within the fruit tissues when applied with chitosan amalgamation as TiO2-NC.
Therefore, the application of TiO2-NC may involve the phenomenon of biosorption of metal
rather than bioaccumulation which may have entered into the fruit tissue through opening
present is pedicel region of fruit. This may recommend TiO2-NC would be a safe residue to
be applied as a postharvest preservative for its non-invasive nature.

Figure 3. Absorption of Ti in Capsicum fruit recorded from 7 d TiO2-NC treatment and 7 d TiO2-NC
washed with respect to control on 7 d storage under 25 ◦C. Vertical bars showing SE ± 1 (n = 3) on
each column and letters above bars indicate statistical variations between treatments based on one
way ANOVA (p ≤ 0.05).

Endogenous ET in the fruit tissues was recorded in varying concentrations from
different treatments. Thus, control fruit at 7 d recorded significant upregulation of ET
generation against 0 d control and measured 5.4 nmol kg−1 s−1 compared to 0 d control
2.1 nmol kg−1 s−1 (Figure 4). The treatments such as silver or TiO2-NC had significant
variations in ET content as expected over the control. So, the release of endogenous ET was
maximized under silver treatment with 83% increase from 7 d TiO2-NC but not with signif-
icant variation against 7 d control (Figure 4). On the contrary, the ET content was downreg-
ulated by 36% under the same condition when fruit were treated with TiO2-NC (Figure 4).
The changes in ET concentration were significantly impacted on quality characters TSS
(r = 0.75), firmness (r = −0.62), hue angle (r = −0.54) with as evident from the correlation
matrix (Supplementary Materials Table S1).
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Figure 4. Changes in ET evolution of Capsicum fruit under silver and TiO2-NC with respect to control
during 0 d and 7 d of postharvest storage at 25 ◦C. Vertical bars showing SE ± 1 (n = 3) on each
column and letters above bars indicate statistical variations between treatments based on one way
ANOVA (p ≤ 0.05).

3.3. Expression of Genes for Ethylene Biosynthesis and Signaling

Expression levels of the targeted homologs for transcripts for ET biosynthesis and
signaling genes, viz., CaACC synthase, CaACC oxidase and CaETR1 and CaETR2 were
checked. Through the semi-quantitative RT-PCR technique, the transcripts were evaluated
against CaGAPDH (as internal control) and those revealed about downregulation for ACC
synthase under TiO2-NC against 0 d control. During storage of 7 d, the expression changed
under the same treatment which was significantly (p ≤ 0.05) higher than silver (Figure 5).
Meanwhile, silver had changed the expression of a gene compared to respective 0 and 7 d
control. For conversion of ACC to ET the gene involved as CaACC oxidase had inclined a
similar pattern of expression. However, for both the treatments such as silver and TiO2-NC
expression was more pronounced by distinct suppression respective genes (Figure 5).
Contrarily, signaling pathways of ET governed by different genes: CaETR1 and CaETR2
had distinct variations in expression under treatment concerned. Interestingly, for ETR1
expression was quite abundant by transcript densities of 7 d control less than TiO2-NC
under same duration (Figure 5). Thereafter, the variations were more pronounced by 25%
downregulation under silver and upregulation under TiO2-NC over the 0 d control. For
other genes such as CaETR2, the relative expression recorded a steady fall from ongoing
days of storage under 7 d control (Figure 5). Interestingly, TiO2-NC had retrieved the
expression of CaETR2 as compared to silver. Still, silver was not able to upregulate ETR2 as
TiO2-NC rather subdued the expression on completion of storage i.e., after 7 d.

3.4. Accumulation of ROS (H2O2 and O2
•−) in Fruit Tissues under Storage

H2O2 and O2
•− followed almost a similar pattern in control and treatments up to

the completion of the storage period. In the case of H2O2, the maximum accumulation
occurred (17% over 7 d control) in fruit tissue when observed from silver treatment. Con-
versely, TiO2-NC reduced the content on 7 d storage which recorded 63% less than 7 d
control (Figure 6A). TiO2-NC had suppressed O2

•− accumulation by 69% over the silver
under the same condition (Figure 6B). Fruit proceeding through storage period recorded
0.67 μmol g−1 increase in O2

•− content, however, under control condition. Furthermore,
treatments such as silver had the impact on ripening to accumulate O2

•− by 0.87 μmol g−1

over 0 d control. On the contrary, TiO2-NC rather reduced the ROS (O2
•−) significantly

(p ≤ 0.05) by 53% in contrast with silver as compared to 7 d control.
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Figure 5. Expression of CaACCS, CaACCO, CaETR1, CaETR2 genes as compared to CaGAPDH as
control gene in Capsicum fruit under silver and TiO2-NC with respect to control during 0 d and 7 d of
postharvest storage at 25 ◦C.

 

Figure 6. H2O2 content (A) and O2
•− content (B) of Capsicum fruit recorded under silver and TiO2-NC

with respect to control during 0 d and 7 d of postharvest storage at 25 ◦C. Vertical bars showing
SE ± 1 (n = 3) on each column and letters (a, b, c and d) above bars indicate statistical variations
between treatments based on one way ANOVA (p ≤ 0.05).
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3.5. Catabolism of Polyamine during Ripening on Storage

Ripening of fruit with many physiological effects by ET intervention are antagonized
by polyamines. As Figure 7 shows the total polyamine content gradually decreased during
the ongoing storage period. This decrease was maximum at TiO2-NC which shows 27%
decrease with respect to 0 d control at 7 d. Increased polyamine often supports fruit firmness,
redox maintenance, sugar metabolism those all for the prevention of ripening. Therefore,
turnover of polyamines is likely to be hastening the fruit senescence, specifically through
ROS generation under storage conditions.

 

Figure 7. Separation and identification of total polyamine from Capsicum fruit on TLC plate and
resolved under UV illumination under silver and TiO2-NC with respect to control during 0 d and
7 d of postharvest storage at 25 ◦C. Vertical bars showing SE ± 1 (n = 3) on each column and letters
above bars indicate statistical variations between treatments based on one way ANOVA (p ≤ 0.05).

On this notion, we checked the catabolism of polyamines by enzymatic lysis with
polyamine oxidase activities. This is more to predict the correlation (p ≤ 0.05, r = −0.99) of
ROS (H2O2) generated by polyamine oxidation and its contribution to the peroxidation
of fruit. Thus, the activity of DAO enzyme had the downregulation through 7 d storage,
however, under control by 11% over the initial (Figure 8B). Treatment such as silver or
TiO2-NC had their respective effects on DAO activity. Thus, under silver treatment, the
subdued activity recorded 11% less over control whereas, it was upregulated by 33% for
TiO2-NC (Figure 8B). An almost similar or compatible trend was noticed for PAO also
where fruit attained a peak activity at 0 d control. Two treatments such as silver and
TiO2-NC were more capable to minimize the activities of the enzymes where 64 and 14%
fall in values over the 0 d control were recorded during storage (Figure 8A). Although
PAO activity is higher in TiO2-NC with respect to other treatments at 7 d, lower polyamine
content in fruit tissue may have minimized its impact on fruit ripening.
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Figure 8. Activity of PAO (A), DAO (B) from pulp tissues of Capsicum on tissues under silver and
TiO2-NC treatments with respect to control (0 d) and 7 d storage of postharvest at 25 ◦C. Vertical
bars showing SE ± 1 (n = 3) on each column and letters (a, b, c and d) above bars indicate statistical
variations between treatments based on one way ANOVA (p ≤ 0.05).

3.6. Esterase Activity and Its Polymorphic Expression on Fruit Softness

Changes in the functioning of various cell-wall bound or cytosolic hydrolases including
esterases are important in fruit softening. Ongoing days of postharvest storage Capsicum
fruit recorded a distinct variation of esterase activity in 7 d silver and 7 d TiO2-NC treated
fruits with respect to 7 d control. From the initial (0 d) period of ripening fruit showed a
sharp rise of esterase activity by 10 units reaching at 7 d, however, at control. Still, on the
activity of silver and TiO2-NC the activity of esterase reduced by 56 and 96% over control
(Figure 9). Interestingly, the activity of esterase under those treatments had an impact on
fruit firmness with a significant (p ≤ 0.05) effect as reading correlation matrix. The influence
of TiO2-NC for its altered activity had also been accompanied by polymorphic expression
of esterase at the gene level. Thus, esterase profile may set as a possible biomarker as
Capsicum fruit attained the delayed ripening under silver or TiO2-NC.

 
Figure 9. Activity of esterase from pulp tissues of Capsicum on tissues under silver and TiO2-NC
treatments with respect to control (0 d) and 7 d storage of postharvest at 25 ◦C. Vertical bars showing
SE ± 1 (n = 3) on each column and letters above bars indicate statistical variations between treatments
based on one way ANOVA (p ≤ 0.05).
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3.7. Changes in Essential Oil Contributing Major Metabolites in Ripening

The major metabolites were separated, resolved their identification and relative con-
centration were determined with GC-MS studies. From overall 52 identified metabolites, it
was only 13 had significant up/downregulation in the content through the storage period
which includes alkane, ester, fatty acid and alcohol etc. (Table 1). It is quite clear from the
Figure 10 constituents of essential oil follow a pattern which indicated ongoing ripening
process. On specific constituent of essential oil such as C1 (Cuben-11-ol), C2 (Spiroether)
and C6 (1,3-dihydroxypropane-2-ylhexadecanoate) it exhibited sharp decrease concentra-
tion by 30, 12 and 0.4% at 7 d storage, whereas, it is only 16, 6 and 0.13%, respectively,
under influence of TiO2-NC over the 0 d control (Figure 10). Contrarily, alkanes such as
C9 (Heptacosane), C11(Triacontane), C12 (Hentriacontane) recorded significant increase at
7 d control by 10, 7 and 3.21%, respectively over 0 d control. On the other hand, TiO2-NC
treatment recoded just 44 and 21% increase C9, C11, respectively, and C12 decrease by
0.09% compared to control (Table 1).

3.8. Capsaicin Content

Capsaicin content was quantified spectrophotometrically which is main contributing
factor for pungency. It has been observed that capsaicin content increase as the fruit
ripening during storage (Figure 11). Likewise, capsaicin content increased by 1312 μg kg−1

at 7 d control with over 0 d control. On the other hand, capsaicin content of 7 d silver and
7 d TiO2-NC increase by 15 and 59% over control at initial day. Changes in the capsaicin
content showed positive correlation with ET content and negative strong correlation with
hue angle and firmness of fruit.

Table 1. Major composition of essential oil in C. annuum fruit under various treatments.

No. Name of Compound Calculated KI Reported KI
Concentration (%)

0 d Control 7 d Control TiO2-NC

C1 Cuben-11-ol 1595 1595 34.02 4.12 17.66

C2 Spiroether 1880 1879 14.22 1.78 7.94

C3 1,3-dihydroxypropan-2-
ylhexadecanoate 2289 2289 3.15 2.79 3.02

C4 Methyl labdanolate 2382 2381 2.83 9.36 9.11

C5 Tetracosane 2388 2400 4.67 5.39 5.40

C6 Pentacosane 2488 2500 4.74 8.32 4.88

C7 Hexacosane 2588 2600 4.36 11.30 5.50

C8 Nonacosanoicacid 2673 2674 3.95 3.08 5.65

C9 Heptacosane 2745 2700 3.41 13.79 4.90

C10 Pentatriacontane-2-one 2873 2873 2.85 0.40 4.31

C11 Triacontane 2985 3000 2.50 9.31 3.10

C12 Hentriacontane 3084 3100 2.55 6.26 2.46

C13 Dotriacontane 3183 3200 1.84 4.02 2.02

Total percentage 85.10 79.93 75.94
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Figure 10. Radar plot showing the pattern of changes in concentration of major constituents of
essential oil under TiO2-NC treatments with respect to control at 0 d and 7 d storage of postharvest
at 25 ◦C.

 

Figure 11. Capsaicin content of Capsicum fruit recorded under silver and TiO2-NC with respect to
control during 0 d and 7 d of postharvest storage at 25 ◦C. Vertical bars showing SE ± 1 (n = 3) on
each column and letters above bars indicate statistical variations between treatments based on one
way ANOVA (p ≤ 0.05).

3.9. TiO2-NP and Its Opto-Physico-Chemical Characterizations

As described earlier molecular nature of TiO2-NP was confirmed by different physico-
optical properties. This assumed the uniform sizes of particles as bearing conformity with
earlier description [29]. Preliminarily, FE-SEM study was carried out for the shape and
size of nanomaterial. This revealed diameter of NP ranges between 15–30 nm which was
within the limit of ≤100 nm size as resolved in SEM image and appeared spherical to the
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globular unit (Figure 12A). From the SEM EDAX the presence of Ti in the NP has been
verified which is represented as green dots in Figure 12B and it also shows a sharp pick of
Ti in Figure 12C which confirms the presence of Ti in NP. The FTIR spectroscopy finally
revealed the associated bond energy changes (cm−1) from projected varying functional
groups of TiO2-NP (Figure 12D) [30]. Largest pick was observed at 726.96 cm−1 along with
another small pick at 482 cm−1 which confirms presence of characteristic O-Ti-O bond in
TiO2-NP. Other picks at 3402.82 cm−1 and 1624.96 cm−1 indicated surface absorbed water
and hydroxyl bonds, respectively (Figure 12D).

Figure 12. SEM image showing size dstribution of TiO2-NPs (A), EDAX map TiO2-NPs to confirmtion
the presence of Ti (B), quantification of Ti by EDAX in the TiO2-NP (C) and FTIR showing distribution
of different bonds present in TiO2-NPs (D).

3.10. Correlation among the Parameters

From the Pearson’s correlation matrix, it comes in a note that physiological and cellular
attributes in ripening are quite variable in contribution and more in a complex manner.
Ripening of Capsicum fruit involves oxidative reactions, so ROS metabolism influencing
ripening specific traits found significant, however, variably regulated under different
treatment. Thus, initially changes in ROS (H2O2 and O2

•−) related positively with ripening
parameters such as TSS but negatively with firmness. Similarly, total polyamine content
had a significant (p ≤ 0.05) negative correlation with ROS (Figure 13). The ROS-producing
activity polyamine oxidation had a variable influence on ripening. Thus, DAO and PAO
had an indirect contribution with ROS by the generation of H2O2 but not with others. On
the other hand, ET accumulation with ACC synthase and oxidase had their respective values
but not always directly contributed to ripening characters such as TSS, color, firmness etc.
Contrarily, ET receptors, specifically ETR2 had regulated negatively the ET accumulation
thereby showing an indirect feedback on ripening. Moreover, signaling through ETR2 had
impacted in suppression of ROS such as both O2

•− and H2O2 content as observed through
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negative correlation values (Figure 13). So, ROS intervention in ripening phenomena is not
simple but complex and discriminatorily in collusion with related physiological characters.

 

Figure 13. Correlation matrix heatmap of significant attributes in modulation ripening process under
treatments. Here, lower triangle represents correlation values and upper triangle represents the signif-
icance levels (* and ** represent significance level at p ≤ 0.05 and p ≤ 0.01, respectively) between dif-
ferent parameters. HA-Color in hue angle, TSS-Total Soluble Solid Content, FF-Firmness of fruit coat,
PWL-Percentage of water loss, Ti-Titanium accumulation, Eth-Ethelene content, ACCS-expression
of ACC Synthase, ACCO-Expression of ACC oxidase, ETR1-Expression of ETR1, ETR2-expression of
ETR2, H2O2-Hydrogen peroxide content, O2

•−-superoxide content, TP-Total Polyamine Content,
PAO-Activity of PAO, DAO-Activity of DAO, EA-Activity of Esterase, Cap-Capsaicin content.

4. Discussion

4.1. Modulation of Quality Characters for Ripening under TiO2 Nanocomposite

Nanoparticles of titanium (TiO2-NPs) are less frequent in use but focus exclusively on
their photocatalytic properties. Thus, TiO2-NPs in plants are exercised as a photocatalytic
agent for ET with strong reducing activity under UV irradiation [31,32]. In postharvest
storage of fruit and vegetables, the application of such an ET scavenger is thus entrusted
more with its non-toxicity as well as less invasiveness within the fruit coats [33]. This have
got evident in our experiment when Capsicum recorded a less bioaccumulation of Ti in the
fruit pulp over the control. This is more realistic when we used the chitosan coating in the
retention of hydration to support freshness during the storage of Capsicum fruit. Chitosan
being semi-permeable in nature could modify the fruit tissue atmosphere, more specifically
increasing hydration vis-a-vis regulating transpiration loss [23]. This makes it prudent for
ET and its role in initiation, modulation and coordination of gene expression related to
ripening. Therefore, initially for sensory characters such as color, firmness, relative water
content etc. were more significantly bothered under treatment of TiO2-NP with chitosan
(TiO2-NC) over silver treated samples. Stimulatingly, the experiment became optimistic in
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the delay of the ripening process when the TiO2-NC treatment sustained more firmness and
color of the fruit through ongoing days of storage. This may be caused by combinational
effect of chitosan (caused by inhibition of transpersonal loss of water and maintenance
of fruit coat integrity) and TiO2-NP which reduce the ET accumulation by photocatalytic
reductor process which cause delay in ET induced ripening responses such as turnover
of pigments [34]. This assumes the possible suppression of ET in delaying of ripening
process through other changes in the structural and functional integrity of fruit undergoing
maturation. One of the most import characters of Capsicum is pungency which is mainly due
to capsaicin, one of main metabolite in capsinoids family [35]. During postharvest storage
capsaicin content becomes increased, which is an indication of progress of fruit ripening [36].
In this experiment TiO2-NC effectively decreased accumulation of capsaicin with respect to
untreated control which is an indication of delayed ripening during postharvest storage.
Interestingly, the TiO2-NC treatment was more lenient to maintain the fruit coat intactness
as no significant rupture/scars were observed by SEM images as compared to silver-treated
fruit. This ensures the acceptability of NC as ecofriendly chemical residues owing to non-
invasive features. This is quite in agreement with previous cases where suppression of ET
by 1-MCP had secured the firmness of fruit coat with a decrease in soluble solid content
during storage [37]. The changes in soluble solid content are important for characterizing
the ripening metabolism. Soluble solids cover heterogenous complex organic residues
which in combination with titrable acidity make a reliable ripening index [38]. So, a
decline or subdued of soluble solid concentration may serve the characteristics of delayed
ripening. Thus, TiO2-NC would be reliable for maintaining the soluble solid throughout the
postharvest circumvents the paths of retarded senescence. So, from the biosafety purpose
Capsicum fruit in our experiment might acknowledge the efficacy of TiO2-NC in retention
of firmness, color over refereed toxic of chemicals such as silver. Loss of water otherwise
deducing the reduction of hydration or freshness of the fruit during postharvest storage had
more success with TiO2-NC than silver. In general, chitosan, basically a cationic polymer of
N-acetyl-d-glucosamine is served with an admirable film coating surface with hydrophilic
activity. In addition to the hydrophilic activity of chitosan through semi-permeable film,
it can control the tissue atmosphere decreasing the transpiration or vapor loss [19]. So,
from fruit quality aspect application of chitosan with the combination of nanomaterial
would be successful. Chitosan steeping with additional residues such as Ca2+ on fruit coat
had impacted on key metabolites pool such as organic acid and its turn over governing
moderation of shelf life in other fruit [39].

4.2. Transcript Dynamics of Ethylene Biosynthesis and Signaling Paths

Available information has emphasized the bioaccumulation of ET and its regulation
is a key element for the moderation of postharvest ripening. Inhibitors such as 1-MCP
not only played in the suppression of ET biosynthesis but also delay the fruit senescence
through the accumulation of different antioxidants [40]. The latter in turn suppresses the
membrane permeability as well as lipid peroxidation of the fruit coat. Herein also Capsicum
fruit had significantly moderated under treatment of TiO2-NC as compared to standard
ET action inhibitor such as metallic silver. The differential ET accumulation on storage is
quite consistent for the expression of ripening specific genes such as CaACC synthase and
CaACC oxidase [41]. This is quite satisfactory to receive a good regulation for both of those
transcripts and their relative abundance under TiO2-NC. The transcriptional upregulation
for ACC conversion would sensitize not only the ET accumulation but also induces gene
cascade linked to other metabolites web. Therefore, ACC metabolism contributing ET
moderation under any treatments would suffice the sustenance of greenness on storage
where TiO2-NC might efficaciously qualify. ACC metabolic genes in nexus with anti-
oxidation paths and their upregulation have maximum affinity when treated with blue
LED irradiation as recoded in citrus [42]. This could be accounted in the present case
when TiO2-NC with its s intrinsic property to be energized with UV irradiation which
photocatalytic degrade ET. Inhibition of ET on the biosynthetic pool for delayed senescence
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a level of regulation exists with its downstream signaling for ripening genes. It is well
agreed that ET signaling cascade is active in normal condition and binding of ET to its
receptors facilitated autocatalytic degradation of certain regulatory elements of ET by
feedback regulation. This contemplates for silver treatment is no longer with any inhibition
for ET synthesis but may act as an inhibitor of the signaling pathway of ET sensitivity
is based on activation of receptors such as ETR2 and EIN2 which at specific domain is
occupied by silver in a competitive manner such as 1-MCP [41]. Ongoing days of ripening
for Capsicum where TiO2-NC upregulated the transcriptional dynamics of ETR1 and ETR2
significantly over silver when compared to 0 d control. This establishes no regulation of
TiO2-NC on action or functioning level besides exclusively for the subdued synthesis of ET
by the compatible trend of ACC synthase and ACC oxidase expression. This is well consistent
with the revealed fact from others’ studies in tomato, apple where treated fruit with 1-MCP
had delayed the ripening both in terms of reduced ET biogenesis corresponding to the
decrease in gene expression. However, non-inhibitory nature of TiO2-NC in ET signaling
is otherwise advantageous over silver, however, in a different way. In fact, induction
of CaETR1 and CaETR2 is otherwise involved for significant expression of related gene
cascade of ET signaling. The latter includes the antioxidation-related gene in lysis of
ROS; reduces peroxidation, carbonylation reactions and accelerates senescence, otherwise
hastens ripening process. So, TiO2-NC may be more privileged over silver, 1-MCP such
as conventional agents in the application for dual roles: to reduce the endogenous ET
concentration and induce antioxidation activities to retards ripening in postharvest storage.

4.3. ROS Metabolism Is Related to Polyamine Oxidation in Progress of Fruit Ripening at Storage

Ripening being on penultimate stages of senescence characterized by hydrolysis and
diverse peroxidative reactions on macromolecules with the generation of ROS [42]. It
is with well evidential support that an active metabolism of ROS is involved in various
species such as sweet pepper, tomato, guava, mango, grape etc. [43]. Consistently, the
ROS metabolism and its antioxidation by nonenzymatic as well enzymatic paths charac-
terize the changes in quality characters of fruit such as softening, color, odor. However,
in-built antioxidation system or its improvisation by exogenous elicitors accommodated to
regulate the ripening behavior within postharvest storage. Understanding the hastening
of senescence by the advent of ROS fruit tissues in our experiment realized a significant
moderation superoxide (O2

•−), peroxide (H2O2) under TiO2-NC. ROS has its dual func-
tionalities in ripening incident of fruit mostly with peroxidative lysis and activation of
conserved ripening-related genes regardless of non-climacteric and climacteric types [44].
It is mostly the metabolism within mitochondrial energy-dependent paths and oxidation of
few biomolecules connecting between ET production and respiratory during the ripening.
The availability of ROS may also be circumvented by oxidation of residues polyamine being
predominant. Polyamine, a ubiquitous polycationic straight-chain hydrocarbon residue
with characteristics of few −NH2 functional groups with varied unsaturation exists in
various cell fractions. This molecule undergoes protonated at biological pH and being
nucleophilic in nature can bind most of the positively charged bioresidues in cells. This
facilitates rendering a shielding effect from oxidation by ROS or free radicals under abiotic
stress in plants [5]. In ripening fruit roles of polyamines are based on two facts: one,
antagonizing the ET biosynthetic paths and shielding the biomolecules from peroxidative
degradation by ROS developed from various catabolic reactions [45]. Polyamines use a
common precursor (such as arginine) and biosynthetic paths with ET. This may be diverged
depending on plants’ cellular demand from an intermediate such as ACC and directed
either into polyamine or ET. Postharvest period triggering more ET biosynthesis than
polyamine is obvious to expedite the fruit senescence. A consistent inverse interrelation-
ship has been common in many cases between ET and polyamine metabolism in ripening
fruit. Thereby, a depletion of polyamine on 7 d of storage in Capsicum fruit might link the
increased activities of DAO and PAO under treatment of silver and TiO2-NC in favor of
more ROS such as H2O2 [46]. H2O2, however, within a threshold concentration, in turn, be
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inductive of several antioxidation cascade-like activities of class III peroxidase to reduce
the oxidative damages of fruit tissues and thereby impeding the ripening process.

4.4. Metabolites Profiling: The Abundance of Essential Oils Induced by Nanocomposite

The ripening is highly regulated by abundance of specific metabolites influencing
quality characters. Instead of a single one metabolite collection of different metabolites have
wide coverage through ripening period as well as proportionate contribution to agronomic
values [47]. In Capsicum the development of essential oils with ripening progress happens
to be a good correlative index with few characters (Supplementary Materials Table S1). This
finding would be important and contested for ripening specificity of fruit where mostly
alkane group of residues were synchronously increased [48]. On contrary the alcohols and
esters were also documented in a negative manner for contribution on ripening specific
changes. Therefore, conclusively essential oil constituents with special reference to alkane
residues can be considered as screening indices for delayed ripening vis-à-vis extended shelf
life of fruit on postharvest storage. Those such as color, texture, softness etc. necessarily
indicative of ripening stages by significant changes with up/downregulation. Essential oils
its constituent residues are associated with capsinoids in support of hot favor and intense
burning sensation for pepper consumption. Factually, Capsicum fruit from many cultivars
have been frequently in more exercise for its essential oils and adjoining compounds (phe-
nolics, terpenoids, steroids) than that of capsinoids also. In the contribution of specific
aroma pepper fruit with their volatile oils, however, relatively low in concentration may
vary depending on harvest stages and supplementation of agronomic inputs [49]. The
chief constituents of pepper oil and related residues cover esters, small chain fatty acid,
alcohol, ketones, unsaturated hydrocarbons, benzene and naphthalene derivatives, sulfur
residues etc. This is interesting to note that Capsicum fruit are well responsive to TiO2-NC in
upregulation of essential oils, however, few of those. This would be more imperative having
a significant correlation with any ripening-related phenomena, particularly, in the contribu-
tion of quality characteristics. Identification of several hundred constituents in essential
oils as percentage varied from dry and fresh fruit categorically grouped into aldehyde,
terpenoid, hydrocarbon. Additionally, ketone, alcohol, unsaturated/saturated fatty acids,
esters are adjoining to complement the physicochemical properties of essential oil [50].

Contextually, metabolites flux as studied in GC-MS analysis in the Capsicum fruit
and its comparative allocation through ongoing days of ripening in the present experi-
ment is interesting. As compared to initial days of ripening fruit recorded a significant
metabolites allocation variably with silver and TiO2-NC. In general fruit ripening being
a penultimate stage of senescence is characteristically experienced with both re-synthesis
and turn of metabolites. Maximum accessible research has been attentive on analyzing
the organic acids, secondary metabolites, sugar residues, volatile compounds and changes
of their anabolic and catabolic paths. However, in pepper fruit residues are in different
proportions as principle depending on stages of maturity [51]. It also identifies terpene(s),
esters, ketones, naphthalene, phenolics, hydrocarbon, aromatic volatiles etc. This may
establish the metabolic imprint that necessarily validates the role(s) of specific compounds
satisfying paths of ripening under TiO2-NC. Expectedly, this makes it prudent to suffice
the biomarker concept through the exhibition of ripening specific residues matching with
existing GC-MS library attributing regulation of postharvest shelf life of Capsicum. Identi-
fied residues in essential oils varied under TiO2-NC may not be any exceptions in quality
but in quantity as compared to control. The changes in content according to storage would
be rather significant otherwise. It would be overbearing to focus any specific residues
if expressed in parallel to definite any quality characters for in moderation of ripening.
It offers a selective pressure for Capsicum fruit for delayed senescence based on such a
metabolomic profile of essential oil. In pursuit of overexpression of such a metabolite(s),
identification of key/regulatory gene(s) for its biosynthetic paths, would be the target in
better postharvest management.
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5. Conclusions

This work is first time report on effect of TiO2-NC for its biocompatibility and modera-
tion of ripening phenomena on postharvest storage at 25 ◦C. The exercise of a bio safe and
non-toxic TiO2-NC (since its concentration is insignificant in fruit tissues) in our experiment
with Capsicum fruit had evident it to be potential. This is proved exclusively in ripening
stipulated cellular responses attributing ET metabolism as studied herein. The spotlight of
the experiment on photocatalytic break down of endogenous ET and changes signaling by
TiO2-NC had verified the potentials of ripening postpone by ROS metabolism. It moderated
the ET biosynthetic (CaACCS and CaACCO) as well as signaling regulatory (CaETR1 and
CaETR2) genes in parallel to changes the sensory characters in fruit. The moderation of ET
signaling had carry forwarded in the upregulation of polyamine-mediated ROS generation
during storage. The enzymatic oxidation of polyamines by DAO and PAO and changes
had fairly characterized ripening during storage. TiO2-NP had received attention in the
identification of metabolite flux contributing to the moderation of any ripening volatile
residues. A distinct variation of those constituents under influence of TiO2-NC is a pertinent
feature for any change in ripening under treatments. This generation of metabolites could
serve as a biomarker in support of delayed senescence, however, directly or indirectly. As
a whole, this study verified the nature of biological interaction for TiO2-NC on Capsicum
fruit for alteration of ripening during postharvest storage. Still, it awaits deep insights for
underlying mechanism or reactivity in favor of TiO2-NC perception to peruse other specific
paths of ripening of fruit.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11040513/s1, Figure S1: CaERT1 and CaETR2 gene expression
bands under different treatments with 100bp DNA marker; Table S1: Correlation matrix of significant
constituents of essential oil and quality indices in modulation ripening process under treatments;
Table S2: Primer used in the PCR reaction.
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Abstract: Legumes are one of the most economically important and biodiverse families in plants
recognised as the basis to develop functional foods. Among these, the Vigna genus stands out as a
good representative because of its relatively recent African origin as well as its outstanding potential.
Africa is a great biodiversity centre in which a great number of species are spread, but only three
of them, Vigna unguiculata, Vigna subterranea and Vigna vexillata, were successfully domesticated.
This review aims at analysing and valorising these species by considering the perspective of human
activity and what effects it exerts. For each species, we revised the origin history and gave a focus
on where, when and how many times domestication occurred. We provided a brief summary of
bioactive compounds naturally occurring in these species that are fundamental for human wellbeing.
The great number of wild lineages is a key point to improve landraces since the domestication process
caused a loss of gene diversity. Their genomes hide a precious gene pool yet mostly unexplored,
and genes lost during human activity can be recovered from the wild lineages and reintroduced
in cultivated forms through modern technologies. Finally, we describe how all this information is
game-changing to the design of future crops by domesticating de novo.

Keywords: Vigna genus; introgression; hybridisation; phylogeny; de novo domestication; feralisation;
bioactive compounds

1. Introduction

Legumes (Fabaceae) are considered one of the most important families of plants for
human nutrition, especially considering the rapid growth rate of the world population [1].
However, almost all the efforts and resources invested in agriculture during the last century
were focused on improving the yield, resistance and quality of a few specific staple crops.
Neglected landraces are regarded as having interesting potential, and recent studies have
demonstrated that some wild legumes can be an important target to develop modern
functional foods because they possess various bioactive molecules that interact positively
with human health [2–5]. Among these, members of the Vigna genus show a growing social
and economic importance in several African regions, especially where the local population
is not able to afford animal proteins [6–8]. Their seeds are rich in essential amino acids and
contain a high concentration of minerals, lipids and vitamins [9,10].

The genus Vigna (Savi, 1824), which belongs to the tribe Phaseoleae of the family
Fabaceae, includes over 100 species [11] distributed in the tropical and subtropical areas
of the world [12] grouped in five subgenera: Vigna, Ceratotropis, Plectotropis, Lasiosporon
and Haydonia [13–15]. Phylogenetic findings propose the age of split between Phaseolus and
Vigna genera at about 8–10 million years (Mya) and the age of split between Ceratotropis
and Vigna subgenera at about 3–4 Mya [13–17], but the genetic relationships between
subgenera are particularly complex and far from being completely solved. Although most
domesticated or semi-domesticated species are distributed in Asia, the greatest diversity
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of the Vigna genus is located in Sub-Saharan Africa [14,18]. Vigna subgenus, distributed
in Africa, includes about 40 wild and 2 domesticated species, namely cowpea (also called
black-eyed peas, chawli and kunde) (Vigna unguiculata L.) and Bambara groundnut (V. sub-
terranea L.) [19] while Ceratotropis (Piper) Verdc., distributed in Asia, contains 21 wild
and 7 domesticated species used widely for food and forage, namely mungbean or green
gram (V. radiata L. Wilczek), black gram (V. mungo L. Hepper), moth bean (V. aconitifolia
Jacq. Maréchal), rice bean (V. umbellata Thunb. Ohwi and Ohashi), adzuki bean (V. angu-
laris L. Ohwi and Ohashi), creole bean (V. reflexo-pilosa Hayata), jungli bean (V. trilobata
L. Verdc.). [15,20–22]. Moreover, three species belonging to Plectrotropis (Schumach.) are
distributed in Africa, including tuber cowpea (V. vexillata L.) [23]. Most of the African Vigna
germplasm is based on wild plants and neglected or underutilized landraces, and many of
these lineages are declining with a high risk of extinction. The recovery of wild accessions
and research devoted to the phylogeny of the genus is therefore essential to prevent genetic
erosion and the loss of Vigna diversity.

Plant domestication is widely recognised as an accelerated evolutionary process
driven by a synergistic impact of human and natural selection, occurring in geographically
restricted areas from wild progenitors. In legumes, the main modification is the loss of seed
pod dehiscence or shattering [24,25]. The split at the dorsal and ventral sutures of the dry
pod and successive release of the seeds occurs due to the desiccation of lignified cells in
the pods [26]. The shattering habit is related to environmental aridity and persists in many
varieties of domesticated Vigna species, thereby determining severe yield losses [27,28].
Additional implementations in Vigna domesticated species include an increase in seed or
fruit size, change in seed colour, loss of seed dormancy, apical dominance and change in
flowering timing [29–33]. These modifications were inherited more or less effectively in the
various vine species currently cultivated, and this is the basis of the agrobiodiversity of
this genus.

Generally, the current existing crops show lower resistance to biotic and abiotic stress
compared to wild relatives, and often they have reached their full yield. The selection
of desirable traits and breeding processes to improve crop productivity have caused the
depletion of diversity and the increase in the frequency of deleterious genetic variants
that are fixed in the genomes of crops [34–36]. These constraints have a serious impact on
agriculture, limiting the possibility to grow such crops under more extreme environmental
conditions. Thanks to this residual genetic diversity and also to studies performed on Vigna
species, most of the accessions are well adapted to a wide range of extreme environmental
conditions, such as sandy beaches, arid lands and wetlands, harbouring tolerance and
resistance genes towards biotic and abiotic stresses. These genetic traits are used for
developing new stress-tolerant crops [37–43]. By contrast, less is known about the effects of
domestication on the nutritional value of seeds [7] even if recent studies have reported that
cultivated legumes show a lower carotenoid and protein content in seeds compared with
the wild relatives [44,45]. Where, when and how many times the domestication process
of African Vigna crops occurred continues to be debated among researchers. Although
archaeological remains of Vigna indicate that the domestication process in Africa was started
recently compared to other field crops [46,47]. Modern evolutionary models proposed for
other crops suggest that the predomestication phase may have lasted several thousands of
years [48,49]. Generally, the centres of origin are also recognized as centres of diversity, and
thus these areas require special precautionary measures of conservation [50]. Although
for many crops the single-origin model is usually the most parsimonious, the hypothesis
that provides multiple origins starting from independent founder lineages seems well
suited for the crops of Vigna originated in Africa [51,52]. Moreover, despite whether and
to what extent introgression influences the domestication process is still underexplored,
some studies already show that gene flow between cowpea and its wild relatives may
occur. Pervasive introgression can also intensify the feralisation process, promoting the
crops to return to a wild environment and causing serious problems for the conservation of
biodiversity [53].
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In this review, we re-examine the available scientific information on the domestication
process of three African Vigna crops and discuss the future perspectives and challenges
in the light of modern technologies in the time of climate change and new parading of
conservative agriculture strategies. Another crucial point in exploring natural biodiversity
is not only a matter of sustainability but also a matter of human health. A balanced diet
gives extreme benefits to people’s wellbeing by properly assuming the correct amount of
micro and macro nutrients as well as useful, healthy bioactive compounds. Finding and
characterising these compounds is an ambitious challenge for researchers thus we briefly
summarise the bioactivity of some compounds, and we discuss how human activity and
breeding has impacted the variability of molecules.

Although recent genetic studies have led to a deeper understanding of these crops,
the continuation of investigating the domestication process through a multidisciplinary
approach which includes genomic, transcriptomic, metabolomic and epigenomic anal-
yses is needed to highlight the wide agronomic opportunities related to these species.
Moreover, recent techniques of gene editing have opened new and crucial ways to re-
design modern crops because traditional genetic improvement is generally limited by
the cross-compatibility between species. Thus, because the de novo domestication process
may represent a turn toward more modern and sustainable agriculture, further efforts are
needed to explore the genome diversity of wild germplasm.

2. Vigna unguiculata (L.) Walp.

V. unguiculata, which was considered an orphan crop for several decades, has recently
become one of the most important legumes in the world. Its name derives from Latin and
means “with a small claw”, referring to the size of the claw of the petals [54] or commonly
named as “cowpea” because of its use as fodder for cows [55] and black-eyed pea/bean
for the black hilum. This crop is largely cultivated, especially in semiarid regions of Africa
and Asia where other crops fail to grow [10]. Currently, on a global scale, about 15 million
hectares are dedicated to V. unguiculata, with an annual production of 7 million Mg and an
average yield of 0.6 Mg ha−1 [56]. The most interesting environmental traits of this species
are represented by the generalized low agrochemical input requirements. In fact, this crop
shows relatively high adaptation to drought, especially in comparison to other legumes [57]
and can fix up to 200 kg N ha−1 [58] with a positive soil N balance of up to 92 kg ha−1 [59].
Nevertheless, several abiotic and biotic constraints (i.e., low soil fertility, pests, diseases,
parasitic weeds, and nematodes) limit the yield [43,60,61]. Moreover, low productivity is
often associated with the use of traditional and unimproved varieties, still widely cultivated
in Africa [62]. This crop has a fundamental role in human nutrition, showing seeds rich
in proteins and essential amino acids (i.e., tryptophan and lysine), carbohydrates, folic
acid and minerals. Recent studies carried on a large sampling have shown high variability
in protein and mineral concentrations, suggesting that some lineages could be potential
sources of genes useful to produce new varieties [63–66].

The high number of wild subspecies found exclusively in Africa strongly supports
the idea of an African origin. However, intraspecies phylogeny remains far from being
completely elucidated [67]. The centre of origin of the species is probably located in the
southernmost regions of Africa, where most subspecies are found and where most genetic
diversity could be still hidden [68]. Several taxonomic revisions based on morphological
and molecular traits permitted to identify 10 perennial and 1 annual subspecies, the latter
split into two varieties: ssp. unguiculata var. unguiculata (domesticated cowpea) and ssp.
unguiculata var. spontanea (Schweinf.) Pasquet., also known as subsp. dekindtiana sensu
Verdcourt non Harms [69–76]. Besides the domesticated cowpea, the dekindtiana group
includes some obligate short-day wild forms, well adapted to arid environments. While the
var. spontanea grows especially around cultivated fields and roadsides, and it is recognized
as the progenitor of domesticated cowpea [75,77–79], the subspecies alba, pubescens, tenuis,
stenophylla and dekindtiana are perennial plants [75,76]. The development of new molecular
tools to discriminate among wild, weedy, and cultivated accessions is considered a modern
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and fundamental target, particularly needed for disentangling the complex taxonomic
relationships among subspecies and to discriminate between true wild plants and ferals.

Although little is known about the domestication process, some scientists have hy-
pothesized that ancient cowpea progenitors, such as the modern wild forms, were adapted
to dry habitats and grew spontaneously south of the Sahara Desert [80]. These plants were
gathered, cultivated and dispersed by men near the villages, but they were unsuited for
cultivation. Although they did not show high yield, the wild lineages were spread in the
humid zones thanks to their pods that remained closed for the humid atmosphere. Through
several generations of cultivation, new mutants have arisen, showing interesting domestic
traits, including resistance to shattering. Subsequently, humans have selected and helped
spread these landraces by exchange and trade activities. Since the oldest archaeological
records of domesticated forms found in central Ghana are dated around 1500 BC, the
domestication process likely started before that period (Figure 1) [47,81]. However, the
precise origin is widely debated, and two independent domestication centres in West and
East Africa are proposed by different authors [68,74,79,82–86].

Figure 1. Primary and secondary domestication sites in Africa.

Morphological and DNA markers support the idea that domestication occurred only
once, but analyses on whole genomes provide evidence for more independent domestica-
tion events in Africa and diversification events out of Africa [51,87]. Analyses of genetic
variability are generally applied to identify the origin of species and the groups of acces-
sions that show high variability in certain geographic areas and are interpreted as the
most ancient populations. Although cowpea from West Africa showed a high genetic
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variability [88], cultivated accessions grown in East and West Africa were shown to be
most closely related to the respective local wild lineages [52,89], thereby indicating that
domestication could have occurred in both regions. Outside Africa, cultivated cowpea was
exposed to different ecological conditions, including new biotic and abiotic stresses that
probably have contributed to shaping the genetic structure of landraces. When cowpea
moved through Asian regions (especially in Thailand, China, the Philippines and India), it
encountered environments with more humidity and less brightness where the drying of
pots and grains was hindered. Some accessions were selected for the use of the immature
pods to produce a peculiar form of vegetable called yardlong bean (V. unguiculata ssp.
unguiculata cv. sesquipedalis) [51,90,91]. Although Chinese accessions show lower genetic
diversity compared to African cowpea, signals of genetic bottlenecks lead to the conclusion
that a limited number of relatively recent selection events occurred;however, where the
selection process arose is still unknown [92]. Moreover, other cultivar groups (e.g., ‘Textilis’,
‘Biflora’ or ‘Cylindrica’, ‘Melanophthalmus’) are classified by morphological traits [75,93].
Still, additional genomic analyses should be performed to confirm the genetic relationships
and understand how and where these accessions originated [67,85,88,94,95].

3. Vigna subterranea (L.) Verdc.

Vigna subterranea, also named Bambara groundnut, is an indigenous African grain
legume. Its common name derives from the groundnut (Arachis hypogaea L.) due to the
hypogean pods’ growth, whereas the “Bambara” name is derived from a Malian tribe [96].
Despite its potential in terms of nutritional value and resistance to biotic and abiotic
stresses [97,98], Bambara is cultivated mainly in small farms or in families as a subsistence
crop [99], and naturally grows in semi-arid regions in Africa. Regarding the origin of the
species itself, the domesticated or semi-domesticated Vigna subterranea var. subterranea was
most likely generated from its wild counterpart Vigna subterranea var. spontanea using both
morphological and isozyme data [100,101].

The origin of this species is hypothesised to be in Mali, in the Timbuktu region [102],
but the precise centre of origin is still unknown. In fact, there is no evidence of wild lineages
in Mali [103]. Dalziel, Begemann and Goli [104–106] analysed a lot of morphologic traits
such as seed morphology, seed pattern diversity and other diversity indices (number of
days to maturity, pod length, number of stems per plant and internode length). They
found that the most diversity is located in an area that spans from Jos Plateau and Yola
Adamawa (Nigeria) to Garoua (Cameroon). Somta and Olukolu [107,108] evaluated the
phylogeography of several accessions spread in Africa. The markers used (i.e., SSR and
DaRT) showed a cluster with higher diversity in the area between Nigeria and Cameroon.
The authors confirm the area of origin while suggesting a possible subsequent introduction
of Western domesticated accessions in East Africa (Figure 1). In contrast, Aliyu et al. [97],
in an overview of the past two decades of genetic diversity analysis, also proposed that
the Southern African region could constitute a divergent time-spaced domestication event.
However, the authors suggest that these hypotheses need further examination.

In terms of genetic diversity, Bambara has a peculiar behaviour. In fact, many authors
studied Bambara’s genetics with different techniques to clarify how wide the genetic pool
is and how homogeneous the single landraces are. Molosiwa et al. [109] evaluated genetic
distances between 24 landraces with phenotypic and genetic markers (i.e., SSR and DaRT).
The main results report that landraces are different to each other, suggesting the existence
of great allelic diversity among the various populations. At the same time, though, single
landraces tend to be very homogeneous, and in three generations of inbreeding became
pure lines. This is due mainly to its self-pollinating nature [110] but also small farmers, who,
by breeding the same landraces, also acted as selection drivers [111,112]. Molosiwa [113]
selected 12 SSR markers and 5 Bambara accessions to evaluate the potential for creating
pure lines, finding that these accessions at the second cycle of selection completely have
lost the heterozygosity.
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All these findings suggest that Bambara has incredible genetic potential. The genetic
screening through the different lineages and the consequent discovery of peculiar sites of
interest could be the basis for an improvement of crop programs. Moreover, the use of pure
lines in agriculture is fundamental not only for the optimisation and standardisation of
agricultural practices but also for the development of breeding programs. Currently, to the
best of our knowledge, there are no reports of ongoing improvement or breeding programs
for this species. The extremely wide pool of wild and domesticated accessions can be used
to create ideal crops that can better withstand climate change as well as being able to grow
with low agronomic inputs.

4. Vigna vexillata (L.) A. Rich.

Widely distributed in Africa, Asia, America and Australia, V. vexillata (Zombi pea)
is one the least known and underutilized Vigna crops. Likewise, V. unguiculata, Zombi
pea shows a high morphological diversity probably determined by geological, ecological,
climatic and anthropomorphic constraints that also determined exceptional patterns of
genetic variability [19,71]. Eight varieties including vexillata, angustifolia, ovata, dolichomena,
yunnanensis, plurifora, lobatifloria and macrosperma are recognized [12,19,23,114,115]. Var.
macrosperma shows typical traits associated with domestication syndrome such as bush-like
habit, early flowering and higher seed yield [116,117]. Moreover, loss of seed dormancy
and various degrees of pod shattering were detected in different crop accessions while the
wild seeds remained intrinsically dormant [118,119]. Several authors reported that two
forms were domesticated independently (i.e., seed type and tuber type), and some evidence
lines suggest that the seed type was domesticated in Sudan, whereas the tuber type was
domesticated in India (Figure 1) [120–124]. However, molecular analyses were performed
on a limited number of accessions and loci [124], and the phylogenetic intra-specific delim-
itation has resulted in much more complexity than that of other Vigna crops [125]. Thus,
modern genomic analyses are needed to resolve the genetic relationships and confirm the
origin of the two forms.

Several studies have also shown that the Zombi pea is the result of a long adaptation
process to different environmental stress, including acid, alkaline, saline, drought and
wet soils [115,117,126–128]. Moreover, since some accessions were found to be resistant to
different viral diseases and parasite insects, widely recognized as major pests of cowpea,
this species is an important harbour of resistances to various biotic stresses, particularly
useful to improve modern Vigna crops [129–134].

5. Healthy Natural Compounds for Designing Sustainable Crops

The process of domestication was selected during the early millennia due to all the
characteristics that made a species very productive or easier to harvest. Nowadays, a lot of
crops varieties that have a great yield and high contents of macronutrients exist, such as
carbohydrates or proteins. However, bioactive compounds that are naturally present in the
Vigna genus were never taken into account. In a world where the main concern is no more
denutrition but instead malnutrition, the adoption of crops with high-value nutraceutical
compounds becomes a challenge for the next generation. The Vigna genus is a great source
of small proteins and secondary metabolites with nutraceutical roles in everyday diet.

Often agricultural practices themselves could stimulate the production of these com-
pounds, such as hydric stress or no tillage with cover crops fields. However, they could
not be sufficient to enhance the output of bioactive molecules. In this perspective, de novo
domestication programs should consider these compounds to develop future healthy crops.
In the next paragraph, we listed and discussed some of these molecules based on the
nutraceutical activity they exert against three great world concerns.

5.1. Antioxidant and Anti-Inflammatory Activity

Nowadays, inflammation and oxidative stress are becoming great concerns due to
detrimental effects on human health, and diet is a powerful way to protect cells from the
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rise of reactive oxygen species (ROS) as well as inflammatory processes. In this view, seeds
of cowpea contain different phenols, and other pigments present in the seed coat [135]
are able to promote antioxidant action; among these, quercetin and flavonols are very
well represented [136]. Different works [137,138] demonstrated a clear correlation be-
tween antioxidant properties and the colour of the seed coat in different accessions of
Vigna vexillata and Vigna subterranea. Sowndhararajan and Leu [139,140] identified that
Vigna vexillata extracts three molecules with strong antioxidant properties. Daidzein, ab-
scisic acid and quercetin were highly active and displayed a pivotal capacity to deny the
inflammation pathway.

Studies performed on protein extracts of Vigna subterranea suggest that different protein
fractions exert crucial properties against ROS relevant in cellular metabolism [141]. Further-
more, a review by Quan et al. [142] summarised how polyphenols and proteins naturally
interact, providing a higher antioxidant and anti-inflammatory capacity as a result.

The presence of antioxidant compounds is clearly a good starting point for the bio-
prospecting approach. The research could start from accessions already studied and kept
in germplasm banks, with the aim of breeding the most promising ones (e.g., more colour-
ful, thicker coat or better nutrient profile) with domesticated landraces to create variants
that are, at the same time, easy to cultivate but with the most interesting characteristics
found from the available natural pool. In addition, this could lead to new experiments to
understand better the synergic role of the phenolic fraction with bioactive proteins.

5.2. Anti-Tumor Compounds

Concerning the anti-cancer activity, Bowman–Birk inhibitors (BBI), present exclusively
in the Fabaceae family and some cereals [143], have proven anticancer effects [144,145].
Panzeri et al. [146] demonstrated that aqueous extracts from boiled seeds containing BBI
are, as expected, effective against some colorectal cancer cell lines, but the healthy line
was not hit by the treatment. Mehdad et al. [147] proved its activity on breast cancer lines,
and they were the first to discover a potential intracellular target, the proteasome 20S.
Furthermore, they demonstrated cytostatic activity and increased apoptosis in cancer lines,
but BBI was ineffective on the healthy mammary epithelial line. It is important to underline
that this protein is kept by evolution due to its defensive role; in fact, it inhibits herbivores’
digestion by interacting negatively with trypsin and chymotrypsin. Preliminary results
obtained via the alignment of sequences downloaded from genebanks (NCBI) showed
a high variability of BBI gene in some cowpea accessions, confirming the greatness of
natural biodiversity. Unfortunately, little is known about the impact of domestication
on the variability of the BBI gene. The domestication process can have acted as a strong
constraint causing a bottleneck in the gene pool and reducing the variability of genes and
exchange of alleles between cultivated and wild accessions. However, the exploration of
haplotypes by sequencing several accessions is needed to verify the effective impact of
human activity on gene diversity. Moreover, methods of ancestral sequence reconstruction
(ASR) based on phylogenetic inference can predict the existence of stable, soluble, and
active variants of proteins. The comparison of the structure of modern proteins with the
corresponding ancestral intermediates can highlight functionally important substitutions
within proteins and consequently drive the protein engineers to design variants that confer
novel or more efficient activities (Figure 2). While different case studies are discussed in
the literature where ancestral reconstructions were applied in eukaryotes, few instances
are available in plants. Since ASR can be used to explore the remote evolutionary past
as well as to investigate molecular evolution on shorter timescales, we argue that the
proteins expressed in different genera of legumes are particularly well suited for ancestral
reconstruction studies.
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Figure 2. An example of reconstruction of putative ancestral intermediates by inferring the phylo-
genetic relationship between modern homologs. ASR studies can explore biodiversity to infer the
historical evolution of natural proteins. Statistical models of amino acid substitution can be applied
to calculate the sequences at internal nodes. Although domestication (D) has produced bottlenecks
and reduced the genetic variability, ASR analyses can be applied to wild crop relatives.

Phenolic acids (e.g., gallic acid, ferulic acid, caffeic acid and chlorogenic acid) and
flavonols (catechins, kaempferols and quercetins) are groups of molecules that are very
active against cancer. Teixera-Guedes et al. [148] found some of these molecules in the
phenolic fraction of cowpea sprouts. Sprouting is an alternative method to consume food,
especially seeds, grains and pulses. As a matter of fact, sprouting refers activating the
metabolism of the dormant seeds and this way, complex reserve molecules are degraded
into simpler ones, releasing other molecules and secondary metabolites [149]. The authors
demonstrated at first the efficacy of the extracts against CRC cell lines; then combined
it with 5-Fluorouracil (5-FU). This drug is potent but is susceptible to the occurrence of
resistance by the tumour mass [150]. Among all these compounds, quercetin is one of the
most common, was found to be the main representative of extracts and is well known to be
active against different cancer lines [151–153].

The capacity to exert different kinds of bioactivities appoints phenolics and small pro-
teins as very potential phyto complexes with an extreme wideness of possible applications.
In this paragraph, the fact that extracts can be much more effective than single drugs is
underlined. The use of a mixture of bioactive compounds in addition to the chosen drug
could help in the treatment of many diseases.
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5.3. Anti Hypercholesterolemic

One of the major world concerns is the role of the diet for healthy living. In particular,
the main problem is malnutrition, 1.9 billion adults are overweight, and 452 million are
underweight [154]. These numbers are going to increase during the next few years, so a
healthy diet must become a worldwide topic. One way to prevent obesity is to find food or
molecules that can lower LDL cholesterol concentration or production. Legumes are known
to have a good nutritional profile and possess some interesting anti hypercholesterolemic
capacities. For example, in the work of Tan et al. [155], Vigna subterranea was the object of
study to create a powdered drink mix. The authors managed to characterise the extracts
and proved the ability to lower the total cholesterol content in a population of rats. The
observed effects were comparable to those given by the commercial drug simvastatin,
demonstrating a potential commercial formulation usable in everyday life. In addition,
Bambara powder fat content was lower than the soybean, while it had more proteins.
Regarding Vigna unguiculata, Kanetro [156] studied the hypocholesterolemic feature of
protein extracts from the sprouts. The tests were performed on rats that mimicked a
diabetic condition. This kind of extract established the potential of Vigna unguiculata in
fighting high cholesterol concentrations. Vigna unguiculata was also studied in rabbit
models by Janeesh and Abraham [157]. Rabbits received a rich fraction polyphenols and
flavonoids extracted from the leaves that showed antioxidant capacity, hypolipidemic and
anti-atherogenic properties in ill animals. The road opened by the studies reported here is
encouraging and already tending to practical applications usable worldwide by combining
the natural nutritive features to bioactive compounds present in the seeds.

Although many important bioactivities are reported in this paragraph, the actual
knowledge is still incomplete. Small proteins and polyphenols were objects of these studies,
and their versatility in terms of the panel of bioactivities exerted was highlighted and
valorised over and over. A topic that we would like to stress more and encourage research
on is the variability of seed coat colours. In fact, human activity has selected a wide range
of shapes, textures and pigments in coats (including eye shapes and sizes), allowing us
to clearly distinguish seeds of domestication accessions from unattractive seeds of wild
lineages. The seed colours are correlated to the presence of tannins and flavonoids [158,159],
and phenolic profiles showed that seed coats contain up to 10 times more flavonoids if
compared to whole seeds [160]. The seed coat pattern is a fundamental aspect of consumer
preference, but in different regions, only some patterns are preferred. On the other hand,
local landraces contain a great variability of colours, selected through centuries by human
activity, but often this richness remains undervalued [135,137,161]. Our suggestion is
to use this kind of information to correlate the colours of seed coats with the proper
chemical characterisation regarding previously mentioned bioactivities. Moreover, modern
experimental planes should include wild accessions/species and underused landraces
because these mostly unexplored taxa could hide important micronutrients. Finally, we
underline that the introduction of new dishes based on a mix of seeds that show different
colours could be a new way to assimilate a great variety of nutrients into the diet.

6. Introgression and Feralisation Processes

Through the domestication process, one or more populations that showed desirable
traits are selected by humans producing new independent lineages. Farmers have strongly
influenced the survival of these cultivated lineages that continued to diverge from wild
ancestors because they were affected by different selective pressures. However, crops and
their wild relatives can exchange genetic information spontaneously or through human
activity. Generally, wild relatives of legumes show undesirable traits, but their genomes can
hide a precious gene pool that is mostly untapped that can be recovered and reintroduced
in cultivated forms.

Introgression of useful genes remains a fundamental way to improve the cultivar [162],
and successful crosses mediated by humans were acquired, especially in cowpea [163].
Although domesticated cowpea is known as an inbred crop, outcrossing is reported sug-
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gesting that frequency and distance can vary depending on the environment, climate,
subspecies, genotype and insect involved [73,164,165]. In Vigna unguiculata, spontaneous
introgressive events between wild perennial subspecies of the dekindtiana group, includ-
ing accessions of var. spontanea, are widely described observing different morphological
traits [71,84,166–168]. Molecular analysis using AFLP [74] and internal transcribed spac-
ers [53,169,170] have confirmed the natural propensity to hybridisation between subspecies
and have revealed intricate intraspecies phylogenetic relationships. Intragenomic 5S rRNA
repeat unit heterogeneity was interpreted as the consequence of extensive hybridisation
events [170], and recently, plastid DNA sequences have confirmed chloroplast capture
events [76].

In recent decades, several researchers have tried to produce introgressive lineages
obtaining interesting results and showing that the most important gene pool for breeding
programs could be harboured in wild subspecies. Intraspecific hybrids obtained crossing
ssp. unguiculata with ssp. pubescens and cv. sesquipedalis with ssp. tenuis have shown
vigorous growth and partial fertility [171–173]. Some authors attributed the incomplete
success to chromosomal disturbances that ensue in endosperms and embryos during early
seed development when crosses between wild perennial accessions and domesticated
cowpeas are performed [174]. However, different accessions showed diverse propensity to
hybridize, and a recent study suggests that temperature and humidity also have a prevalent
role in increasing the success of hybridisation [175]. A wild lineage of cowpea (TVNu-
1158) collected in the Republic of Congo showed resistance to Aphis craccivora, surviving
long after infestation [176], and was successively crossed with cowpea to produce new
lineages [177]. Moreover, resistance to Maruca vitrata was observed in the wild lineage of
ssp. dekindtiana (Tvnu 863) from Zimbabwe andresistance to Clavigralla tomentosicollis was
observed in ssp. dekindtiana (TVnu 151) from Ghana; however, literature about their use to
produce new cultivars is missing [178,179].

Limited information is available about the intraspecific introgression of V. subterranea
and V. vexillata. The success of the artificial cross of Bambara is constrained by scarce
pollen viability, the small size of the flower and the reduced stigma–anther separation,
which improves the transfer of pollen to the stigma but at the same time complicate the
emasculation process [180–183]. However, F1 and F2 lines were obtained by crossing Vigna
subterranea var. spontanea (Harms) Pasquet and Vigna subterranean var. subterranea (L.) Verdc.
varieties, allowing us to identify that the main morphological traits to distinguish the two
forms (internode length and stems per plant) are regulated by relatively limited numbers of
genes [184]. Intraspecific introgression success was also obtained by James and Lawn [185]
who crossed African and Australian accessions of V. vexillata with the aim to explain the
resistance to mottle carmovirus (CPMoV). Recently, modern hybridisation techniques were
applied to cross var. macrosperma cultivated and wild accessions obtaining encouraging
results [186,187]. Unfortunately, scarce findings are achieved by interspecific hybridisation.
Differently from Asian taxa, where the compatibility was confirmed in different studies, the
African taxa show a cross incompatibility barrier that has so far prevented the introgression
of useful genes (e.g., V. vexillata × V. unguiculata) [168,188–190].

In recent years, advances in sequencing technologies have allowed the generation of a
large number of genomic resources that, if combined with approaches that estimate the
rate of gene flow, enable us to detect which lineages are prone to hybridisation. Screening
the level of introgression already existing in nature is an important opportunity that
can help us to obtain advanced information useful in breeding activity. For example,
natural hybrid zones harbour genetic variance and, pervasive and occasional introgressive
events are identified in several crops such as kiwi, common bean, soybean, sunflower
and grape [191–196]. Differently from neutral introgression, which could be lost during
successions of generations, adaptive introgression events are maintained by selection,
and foreign gene variants introduced by gene flow can increase the fitness of receiver
populations as observed in potato, rice and millet [197–199].
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African Vigna species have a potential for introgression that today remains mostly
unexplored. V. unguiculata and V. vexillata show an elevated number of wild lineages that
probably have diverged well before the Pleistocene due to climate changes [71,125]. Several
subspecies are adapted to different environments, and Padulosi and Ng [68] proposed that
the southernmost region of Africa is presumably the origin center for V. unguiculata where
most subspecies grow, while Pasquet [71] indicated that some lineages from Namibia to
Zimbabwe are the result of spontaneous introgression events. However, genomic studies
are needed to confirm these hypotheses, including in the analyses of populations spread
at the margins of species distribution that could hide local adaptation to extreme condi-
tions. Principal component analysis, Bayesian clustering methods (e.g., NEWHYBRIDS,
STRUCTURE and ADMIXTURE) and divergence statistics such as FST are used to ex-
plore patterns of divergence in Vigna species, but they manifest shortness to provide the
effective migration rate. To overcome this limitation, different probabilistic approaches
recently developed are able to identify recent and ancient signals of introgression such as
tree-based methods (e.g., Treemix), coalescent-with-introgression simulations (e.g., MSci
model implemented in BPP), composite-likelihood test (e.g., VolcanoFinder), site frequency
spectrum to explicitly model migrations (e.g., ∂a∂i), gene genealogies (e.g., Twisst) and
ABBA–BABA statistics [200–204]. Moreover, only some genomic regions could be involved
in gene flow, and thus introgression might be localised in specific chromosomes [205]. Since
alleles shared through incomplete lineage sorting remain complex to distinguish from
alleles shared through introgression and none of the measures described above is without
simplifying assumptions, we suggest that different methods should be applied to ascertain
the origin of introgression.

Although introgression from wild to crops has important economic consequences
and many attempts are made to understand the evolutionary dynamics, in recent years,
attention to the gene flow from crop to wild is rapidly increasing. Introgression of domesti-
cated alleles can stimulate the evolution of weeds or increase the risk of extinction of wild
populations with dramatic evolutionary consequences, as demonstrated in several annual
and perennial plants [206–211]. Moreover, under specific circumstances, the spread of
ferals escaped from cultivation and adapted to wild environments can hardly be contained.
Although several authors consider feralisation the opposite process of domestication, few
population genomics studies show how these genetic changes occurred in plants [212].
Some authors show that multiple de-domestication events have occurred in rice, highlight-
ing that some crops are exceptionally prone to feralisation [213,214]. The introgression
process is probably improved when the wild forms grow along the road margins, villages
and fields where domesticated forms are cultivated. To date, few studies have investigated
the introgression effects on the wild populations of African Vigna species. Some researchers
have proposed that alleles from cowpea may be incorporated into wild forms especially
improved by their cohabitation, replacing the original alleles and making new lineages well
adapted to wild environments [215]. A molecular study based on analysis of isozyme loci
showed that outcrossing rates in West Africa range from 1% to 9.5%, confirming possibili-
ties of gene flow from domesticated cowpea to var. spontanea [216]. The distinction between
feral and truly wild lineages is ever more complicated because introgression produces
fertile offspring and the small seed-size typical of wild forms is dominant to large seed
size [76,217]. Moreover, var. spontanea is represented by both annual and perennial plants,
and it is acknowledged that while the annual and inbred habit is an adaptive strategy in
dry and warm environments (e.g., in warm tropical savannas), perennials tend to grow in
mountainous regions where the environment is often cooler and wetter [76]. Annual inbred
plants produce more seeds and show a competitive advantage on perennials when they
are sympatric in environments. Although few data about introgression are available, we
cannot exclude that perennial outcrossed subspecies can be fertilized by cowpea pollen, and
consequently, domesticated alleles can be introgressed. Moreover, feralisation can involve
adaptive changes in genes related to flowering timing, dormancy and metabolic pathways,
which are also unknown. Therefore, several aspects of the feralisation process, including the
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ability to spread domesticated alleles accross long distances by seeds and pollen through
mammals or birds and the predisposition to invade territories where perennial subspecies
grow, should be further explored.

7. Domestication-Related Traits and De Novo Domestication

As described by Darwin [218], most plants subjected to intensive domestication have
lost the ability to survive in the wild environment for more than a few generations. Traits se-
lected by humans allow us to clearly distinguish a domesticated plant from its wild progen-
itor, and several studies were recently proposed to highlight the genes at the base of these
changes. In recent years, modern genomic techniques were applied to Vigna germplasm,
accelerating research activity and opening new avenues to identify domestication-related
traits [33,161,219–221].

Among the main domesticated traits in legumes, the loss of pod shattering and increase
of organ size are most relevant for breeding. In cowpea, two main quantitative trait loci
(QTLs) were identified for pod shattering, whereas QTLs identified for seed weight, leaf
length, leaf width and pod length were located in the same region, suggesting a potential
pleiotropy that controls the organ size [177]. Lonardi et al., 2019 [222] managed to obtain the
entire genome sequence in order to analyse and identify the eventual putative syntelog for
organ gigantism. They found a region containing a cluster of QTLs controlling pod length,
seed size, leaf length and leaf width (CPodl8, CSw8, CLl8, CLw8). Similar results were also
observed in V. vexillata where the main domestication traits, including seed size, pod size
and leaf size, were controlled only by one or a major QTL and some minor QTLs [33,90,124].
More complex is the control of seed dormancy, which is generally managed by water-
impermeable layers of cells of the seed coat. In yardlong bean, a vegetable crop that
has experienced divergent domestication from cowpea, six QTLs were detected for seed
dormancy-related traits [90]. The seed coat pattern is an essential trait in cowpea, intensely
selected by human preferences that change in the different areas of Africa. For example,
pigmentation displays high variability of colours, including varied eye shapes and sizes.
Recent studies show that the colour and position of the pigmentation can be defined by
expression patterns, and some genes that encode for proteins involved in the flavonoid
biosynthesis pathway were identified [161]. Moreover, phenotypic observations show
that a lack of pigment in flowers is often correlated with a lack of pigment in the seed
coat, and a gene was recently proposed to have a dual function in cowpea controlling
the colour in both organs [177]. As observed for several species, the flower was involved
intensely in the domestication process, and it has a fundamental trait that allows us to
distinguish domesticated cowpea from their wild relatives. Recently, innovative studies
focused on exploring the genetic basis of floral scent. A group of five O-methyltransferase
genes involved in the biosynthesis of melatonin and located within the floral scent QTL
region was identified [221]. Melatonin is recognized as an essential molecule in several
plants used to interact with pollinators. Flowering timing undoubtedly plays a key role
in plant adaptation and diffusion of crops because several agronomic traits such as grain
quality, plant growth and plant height are directly influenced by this characteristic [223].
However, how the domestication process has affected the timing of flowering in legumes is
unclear [224]. Flowering timing is a complex trait generally regulated by genetic networks.
While in Arabidopsis thaliana L., the existence of up to 80 loci [225] was shown, in a cowpea
genome-wide association study (GWAS) seven reliable SNPs were revealed that explained
phenotypic variance [220]. Important agronomic implications are expected because the
candidate genes could be transferred by hybridisation in crops. Early flowering accessions
can mature earlier, avoiding periods of drought stress, whereas late-flowering accessions
can mature later and extend the vegetative period, thereby increasing biomass production.

It is widely recognized that the study of domestication-related traits is a fundamental
step that enables us to understand how to design ideal crops for the future. Throughout
the process of domestication and successive breeding phases, the genetic diversity of crops
was significantly reduced, and this homogeneity is becoming a serious threat. The increase
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of disease and inability of adaptation to environmental changes that consequently cause
an increased use of pesticides and water with a severe impact on the environment are
the main issues that affect the sustainability of modern agriculture. Fernie and Yan [226]
emphasized that wild species contain less deleterious allelic variants than their crops, and
Smykal et al. [227], in a recent review, reported that modern cultivars have lower levels
of key vitamins and micronutrients, suggesting that several wild and semi-wild African
species should be de novo domesticated.

Unfortunately, few studies of re-domestication are available, but recent advances in
gene editing combined with the decryption of pan-genomes are opening new perspectives
of manipulation of genes for the creation of modern crops [228,229]. Gene editing is used
to modify the function of genes already existing, incorporate new genes and delete short or
large DNA fragments [230,231]. For instance, undesirable traits can be reduced or removed
by intervening in genes that regulate the content of secondary metabolites, accelerating the
process of domestication. Otherwise, the life cycle of cowpea could be shifted coming back
from annual to perennial, as occurred for Triticum aestivum L. [232]. Perennial cowpea crop
would show deep roots, higher water and nutrients efficiency and would not need to be
sown every year.

Modern techniques such as CRISPR/Cas9 are applied successfully in several staple
food crops. In Oryza sativa L., mutations on three yield-related genes have produced more
and larger grains and erect panicles [233], whereas, in Solanum pimpinellifolium L., eight
genes were targeted improving architectural traits, day-length insensitivity, the size and
shape of fruits and content of vitamins [234,235]. Moreover, the CRISPR-Cas9 system was
also used in cowpea to disrupt the symbiotic nitrogen fixation by the modification of a
symbiosis receptor-like kinase (SYMRK) gene, thereby demonstrating that gene editing can
be applied to the Vigna genus [236]. However, this technique requires that the genome is
sequenced to identify the ortholog gene that controls the domestication trait [237].

African Vigna species are an ideal group of plants on which to apply gene-editing
techniques and to produce modern crops. A great number of wild species, besides showing
resistance to pests and diseases and having high nutritional values, are well adapted to
diverse environmental conditions [9]. Only Angola, with 28 native Vigna species docu-
mented, is recognized as one of the most important sources of germplasm in the world [238].
V. monantha occurs in permanently dry conditions [42], whereas V. marina and V. luteola
grow well in saline lands [9]. In particular, seedlings of V. marina can survive for several
weeks in flooded conditions and high NaCl concentration [39], accumulating high levels of
salt in leaves, roots and stem [41].

However, few farmers currently use these plants because of low yield and strong
pod-shattering behaviour, which requires high labour during the harvest. Adaptation to
extreme environments often involves multiple genes, whereas domestication-related traits
are due to mutations of a single locus that affects the loss of a function. Previously reported
domestication-related traits in Vigna seem to be controlled by a restricted number of QTLs.
Thus, introducing domestication-related mutations into wild species might be preferred
rather than modifying multiple genes related to complex adaptation traits. For example, the
first steps of re-domestication were achieved by Takahashi [4], starting from the accessions
of Vigna stipulacea (Lam.) Kuntze originated in Asia. The authors obtained one mutant with
reduced pod shattering and three mutants with reduced seed dormancy, characterizing
the respective SNPs in the candidate genes. V. stipulacea was selected for their fast growth,
edible seeds andbroad resistance to pests and diseases. Thus, de novo crops can be designed
to preserve several traits that nature has selected in millions of years. Moreover, in the
next few years, the pan-genomes of several economically important crops will be available.
The investigation by sequencing multiple individuals, including wild and domesticated
accessions, will allow us to acquire full knowledge of variations at the genome level. Since
it is widely accepted that the use of few reference genomes is limiting, the pan-genome of
the Vigna species should be achieved in a short time [239,240]. Consequently, given the
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large diversity of wild Vigna germplasm spread in Africa and the modern techniques of
gene editing, great margins of genetic improvement are expected in the near future.
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Abstract: Forest fragments are characteristic features of many megacities that have survived the
urbanisation process and are often represented by unique assemblages of flora and fauna. Such
woodlands are representations of nature in the city—often dominated by non-native and invasive
species that coexist with resilient native congeners and purposefully introduced flora. These forest
fragments also provide significant ecosystem services to urban society and therefore, understanding
their compositional patterns is of considerable importance for conservation and management. In
this work, we use a complex network approach to investigate species assemblages across six distinct
urban forest fragments in the South Delhi Ridge area of the National Capital Territory, India. We
generate bipartite ecological networks using conventional vegetation sampling datasets, followed by
network partitioning to identify multiple cliques across the six forest fragments. Our results show
that urban woodlands primarily form invasive–native associations, and that major invasive species,
such as Prosopis juliflora and Lantana camara exclude each other while forming cliques. Our findings
have implications for the conservation of these urban forests and highlight the importance of using
network approaches in vegetation analysis.

Keywords: novel ecosystems; complex networks; tree communities; Lantana camara; Prosopis juliflora

1. Introduction

The city of Delhi (National Capital Territory) in North India is constructed over
1100 square kilometres of erstwhile Dry Thorn Scrub Aravalli vegetation, which comprises
agricultural lands and the wetlands of the Yamuna river [1]. Over the past 500 years, Delhi
has been built and rebuilt several times with major changes in the landscape during the
Mughal and British periods. Among these changes were general beautification efforts and
the creation of parks. The Delhi Ridge Forest consists of sections known as the Northern,
Central, South-Central and the Southern Delhi Ridge, all of which are fragments of the
erstwhile Aravalli vegetation that survived these transformations. The ‘Delhi Ridge’ (as
these forest fragments are referred to) thus includes remnants of the Aravalli woodlands
that have survived urbanisation. The contemporary literature on ecology refers to such
urban ecosystems as ‘novel ecosystems’ [2], in that they represent unique formations
that are not fully understood by ecosystem ecologists and pose challenges to the general
principles of community ecology. The Delhi Ridge Forest is known to have been overrun
by invasive species such as Prosopis juliflora and Lantana camara, and much of the vegetation
now consists of a combination of invasive species, exotics or agricultural escapes, apart
from native Aravalli species.

Prosopis juliflora was first introduced in Delhi around the 1900s by William R. Mustoe,
an expert gardener during the colonial afforestation program of Delhi [3,4]. Even post-
independence, it remained an important part of greening efforts [5]. Owing to its drought
tolerance and rapid growth, this species was widely introduced in several Indian states
including Gujarat, Madhya Pradesh, Rajasthan and Delhi. Later on, it invaded agricultural
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fields, pasturelands and forest areas [6,7]. Today it is amongst the most aggressive plant
invaders and is considered a nuisance in several arid and semi-arid areas of Asia, Africa
and North America. It has been reported that Prosopis juliflora changes the physicochemical
and nutrient profiles of soils, and has allelopathic characteristics that lead to suppression of
understory vegetation [8–11]. In Delhi Ridge, Prosopis juliflora has been cited as the main
reason for the disappearance of native tree species such as Prosopis cineraria [11].

The history of the arrival and ecological impacts of Lantana camara in Delhi have not
been well studied, despite this species being amongst the top 100 most invasive plants in
the world [12]. It is estimated to have been introduced in the 1800s as an ornamental plant
in India due to its showy flowers [13]. It is a fast-growing shrub, produces many seeds
and can also propagate vegetatively. Lantana camara forms dense thickets that crowd out
seedlings of native species, has a wide environmental tolerance range and is reported to
have the allelopathic potential [14,15]. It has been reported as the most invasive weed in
national parks and nature reserves of India, wherein it colonises forest gaps, periphery and
other disturbed areas [14]. Urban forests and woodlands tend to be much smaller in size
and have a high degree of internal fragmentation compared to the more protected reserves
of non-urban regions. Accordingly, urban forests become ideal hotspots for the colonisation
and spread of invasive species such as Lantana camara. Species distribution maps of both
Lantana camara and Prosopis juliflora, with data presented on a temporal scale are publicly
available in the GBIF (the Global Biodiversity Information Facility) database and interested
readers can find interactive temporal distribution maps at these URLs [16,17].

Urban forests are particularly prone to invasion due to fragmentation, changes in
environmental conditions, heavy pollutant load and the constant inflow of non-native
species [18–20]. There is increasing evidence that urban nature plays a significant role
in modulating the microclimate, and enhancing the quality of life in cities [21–23]. The
actual relationship between these species however, is less known, and several questions
remain unanswered. For instance, do invasive species decimate native vegetation? If so, do
the present forest patches consist of singular stands of invasives? How do native species
respond to the propagule pressure of invasive species? In short, this work was undertaken
with the aim of understanding what kind of species associations form as a result of the
combined impact of urbanisation, biological invasions and active use by local communities.

In the context of network theory, a complex network is a graph (network) with non-
trivial topological features that are often associated with robust or real-world systems such
as computer networks, disease networks, technological networks, climate networks and
social networks [24].The use of network approaches in ecological studies has increased over
the past decade but these are largely focused on mutualistic networks (plant–pollinator)
of species or the stability of ecological networks in which species’ interactions are already
known [25–28].The novelty of this work lies in making use of a network approach to sup-
plement traditional multivariate analyses in plant ecology for the visualisation of special
assemblages. Since the early 20th century, the identification of plant communities and
the patterns of their organisation have been some of the core research areas in vegetation
ecology [29,30]. Ordination methods are commonly used for the identification of commu-
nities and vegetation–environment correlates using techniques such as cluster analysis,
principal component analysis (PCA), non-metric multidimensional scaling (NMDS), cor-
respondence analysis (CA), etc. These techniques are sensitive to species abundances,
some of which are biased towards rare species, or species-rich areas while others are based
on the assumption of linearity or appropriate for unimodal distribution. Each of these
techniques has advantages and disadvantages and requires careful consideration of the
various algorithms used based on the type of data; compute-intensive nature and software
availability. Biplots produced by ordination techniques may be efficient in visualising
community structure, but these are cumbersome in projecting large species associations
and individual interactions [31–33].

In this work, we propose a novel approach of adding graph theoretical methods to
detect and visualise ecological communities, and we use this approach to explore species
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associations across six distinct urban forest fragments of the South Delhi Ridge. We then
use network partitioning methods to identify and compare topologically significant ‘cliques’
formed by native and/or invasive species in these forests. Our results provide new insights
into competitive exclusion apart from identifying emergent invasive species that are likely
to become established in these urban ecosystems. Taken together, our work offers a new and
parallel method of simultaneously investigating patterns at the level of both community
and individual species.

2. Results

2.1. Study Area Networks

We identified over 5500 associations among 57 native, introduced and invasive plant
species spread across the six study sites in the urban forests of the South Delhi ridge, New
Delhi. These six sites have been identified as described in the Methods section and are
depicted on the Delhi NCT map in Figure 1. The plants were categorised into 50 native,
four invasive and three introduced (non-native) species, all of which were named and
assigned short codes as listed in the Table S1. The four invasive species, along with their
codes, are Lantana camara (LC), Prosopis juliflora (PJ), Opuntia (OP), and Leucaena leucocephala
(LL). The three non-native introduced species include Morus alba (MOA; Mulberry), Cassia
tora (CT) and Azadirachta indica (AI or Neem).

Figure 1. Study area map indicating the six urban forest fragments investigated in this work, in terms
of (A) location and (B) landscape topology. Red lines in (B) indicate line transects placed in each
sampling site using Google Earth Pro.

Each study site represents a distinct ecological community as established by a rarefac-
tion test, and relative abundance was measured across these communities. The six graphs in
Figure 2 depict ranked abundance patterns, indicating the extent to which invasive species
appear to dominate each sampling site, as compared to native or introduced species. For
example, one or more of the top three species in each community are invariably invasive,
with three study sites (TUQ, HK and JNU) having invasive Lantana camara or Prosopis
juliflora as the most abundant species in the community. In case of SV, HK and JCF, both
invasive species (LC and PJ) are among the most abundant. The three introduced species
are generally low in abundance, although at least one of these appears among the top five
most abundant species in the TUQ, HK and MEH communities. A UPGMA-based cluster
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analysis of the communities across the six sites revealed these to be roughly divisible into
two groups, namely, SV-(TUQ-HK) and JCF-(JNU-MEH). These relationships are depicted
as a dendrogram in Figure 3 using the Bray Curtis dissimilarity index as described in
Methods. The dendrogram in Figure 3 reveals greater compositional overlap between TUQ
and HK as compared to JNU and MEH, although their most abundant invasive species
are distinct (TUQ forest fragment is predominated by Prosopis juliflora while the HK forest
fragment has Lantana camara as the major invasive). The two remaining communities,
namely, JCF and SV, are distinct in the dendrogram, but these also stand out among the
other four communities, in terms of having high abundance of both Prosopis juliflora and
Lantana camara as can be seen in Figure 2.

Figure 2. Ranked abundance of native (green), invasive (red) and yellow (introduced) species in each
study site. For species codes, see Table S1.

Figure 3. Cluster analysis between sampling sites using Bray Curtis dissimilarity index.
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In order to understand the six forest fragments in terms of their native and invasive
plant communities, we generated six bipartite species association networks, one for each
forest fragment, as described in Methods. Nodes in these networks represent one of
two independent sets or ‘partites’, namely, plants and transects, in order to retain both
location and species identity. Accordingly, any two species found on a given transect were
considered ‘associated’ in the bipartite networks, as shown in Figure 4, the study area
network of Hauz Khas ridge forest (HK). As can be seen in this network, the HK forest
fragment has 256 edges or associations between 49 species identified across 12 transects.
Each edge in these bipartite (two-mode) networks ties a plant (green) to the location (brown)
where it was found. Each node is either a transect labelled by the forest code (i.e., HK1 to
HK12 in case of HK) or a woodland species that has been assigned a short code (two to
four letters) based on its species and genus names (Table S1).

Figure 4. Bipartite species association network of Hauz Khas (HK) Forest fragment. Circles (nodes)
represent plants (green) or location/transects (brown), and lines (edges) connect plants found at a lo-
cation. This network has 256 associations (edges) between 49 plant species located across 12 transects
of 200 m each, in the HK Ridge Forest. Note how the invasive species (yellow highlighted nodes)
Lantana camara and Prosopis juliflora are present in all transects (red edges) of this forest fragment.
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In general, invasive species were found to be present extensively in each forest frag-
ment, as evidenced by their occurrence across transects. For instance, note how the invasive
shrub Lantana camara (highlighted in yellow) is present in each of the 12 HK transects (red
edges) in Figure 4. Similarly, Prosopis juliflora was also present in all transects investigated.
In contrast, other native species such as Acacia nilotica (AN) or naturalised species like
Cassia tora (CT) are often present in low numbers as evident from the relative abundance
of these species across the study sites (Figure 2). This pattern holds true in each of the six
forest fragments investigated and supports the theory of local decline and displacement of
native species in urban forest fragments. However, the coexistence of native and invasive
species needs to be investigated further to understand their associations and to explore
patterns across different sites. The next section addresses this aspect to understand the
nature and extent of native species displacement across the forest fragments investigated.

2.2. Distinct Native–Invasive Communities

Community detection was performed as described in Methods and we found about
25 species-specific community cliques across the six urban forest sites. Three to six distinct
cliques were found in each forest fragment based on the Glay partitioning algorithm, as
can be seen in Table 1. Each ‘clique’ is identified as a set of densely connected nodes in the
network, which in turn represents woodland species comprising various combinations of
native, introduced and invasive plants. Interestingly, all forest fragments in the South Delhi
ridge have cliques with dominant invasive members, with two sampling sites (SV and HK)
having each of the three invasive species forming their own cliques. Some native trees
form communities without any invasive species, but such ‘native–native’ communities
are few, and they tend to have fewer species than the native–invasive cliques. Another
significant pattern among these species associations, in terms of invasives, is that the two
most aggressive plant invaders of this region, namely, Lantana camara and Prosopis juliflora
always occur in distinct communities, never together in the same clique. The correlation
was tested as described in Methods and is depicted in Figure 5, revealing a significant
negative association between Lantana camara and Prosopis juliflora, reaffirming that these
two major invasive species of the region exclude each other, which supports the competitive
exclusion theory.

Figure 5. Correlation between the relative abundance of Prosopis juliflora and Lantana camara reveal a
significant negative relationship.
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Table 1. Distinct communities within urban forests show distinct ‘native–invasive’ and ‘native–native’
cliques. Invasive species are marked in bold letters.

Site # Species Clique (Hub) Species in Each Community/Clique

SV 42 1 Leucaena leucocephala, Cassia fistula, Pongamia pinnata, Ailanthus excelsa, Carissa spinarum
2 Azadirachta indica, Lantana camara, Grewia tenax, Holoptelea integrifolia, Dalbergia sissoo
3 Adhatoda vasica, Capparis sepiaria, Balanites roxiburgii
4 Capparis decidua, Prosopis juliflora, Diospyros cordifolia, Maytenus senegalensis
5 Tectona grandis, Acacia senegal, Ziziphus mauritiana, Prosopis cineria

TUQ 31 1 Balanites roxiburgii, Prosopis juliflora, Capparis sepiaria
2 Acacia nilotica, Cassia fistula, Acacia lecucophloea, Prosopis cineraria
3 Grewia tenax, Holoptelea integrifolia, Pongamia pinnata, Ziziphus nummularia, Diospyros cordifolia
4 Azadirachta indica, Capparis decidua, Adhatoda vasica

Lantana camara, Bougainvillea spectabilis

HK 50 1 Senna siamea, Pongamia pinnata, Capparis sepiaria, Ehretia laevis
2 Leucaena leucocephala, Morus alba, Adhatoda vasica, Acacia nilotica, Dalbergia sissoo
3 Lantana camara, Diospyros cordifolia, Ziziphus nummularia, Azadirachta indica
4 Prosopis cineraria, Cassia fistula, Grewia tenax, Capparis decidua, Murraya koenigii, Drypetes roxburghii
5 Prosopis juliflora, Bombax malabarica, Milletia peguensis, Ailanthus excelsa, Terminalia arjuna

JCF 49 1 Prosopis juliflora, Capparis sepiaria, Carissa spinarum, Azadirachta indica
2 Holoptelea integrifolia, Pongamia pinnata, Albizia amara, Cassia fistula, Senna siamea, Tectona grandis, Prosopis cineraria
3 Lantana camara, Ziziphus nummularia, Bombax malabarica

MEH 37 1 Lantana camara, Adhatoda vasica, Acacia nilotica, Holoptelea integrifolia, Pongamia pinnata, Cassia fistula
2 Cassia tora, Ziziphus nimmularia, Acacia lecucophloea, Grewia tenax
3 Abutilon, Capparis sepiaria, Capparis decidua
4 Azadirachta indica, Prosopis juliflora

JNU 42 1 Balanites roxiburgii, Lantana camara, Ziziphus nummularia, Ziziphus mauritiana
2 Capparis decidua, Adhatoda vasica, Azadirachta indica, Acacia lecucophloea
3 Prosopis juliflora, Capparis sepiaria, Diospyros cordifolia

As a case study, Figure 6 shows the six species association cliques identified in the
SV forest fragment, and this is one of the communities with the largest number of cliques.
Of the six cliques in the SV region, three (cliques 1, 2 and 4) have a dominant invasive
member. The remaining three cliques are composed of native–native species associations
but the number and size of such communities that have remained invasion-free are often
small, and this may have a bearing on the stability and robustness of each of the six
forest fragments. In order to be able to compare the six forest fragments, and to identify
ecologically meaningful species associations, each of the six partitioned networks was
standardised for community analysis. Before performing any community analysis, the
Cytoscape ‘Glay’ plugin transforms the input network into a simplified model, with edge
directionality, duplication and self-looping removed. This enables network standardisation,
making the resultant community structures from different community detection algorithms
comparable. This was followed by identification of keynote species or hub species by using
the graph theoretical clustering algorithm, MCODE, based on vertex weighting by local
neighbourhood density and outward traversal from a locally dense seed node to isolate the
dense regions according to given parameters. The top-ranking cliques of this forest, along
with their respective hub species are listed in Table 1, with invasives highlighted in bold
font. Thus, dominant species for each clique identified as ‘hubs’ represent trees/shrubs
that tend to co-occur more often than by random chance. A pattern can be observed among
the 25 cliques listed in Table 1, (as well as other smaller cliques), indicating that the two
major invasives tend to avoid each other and form exclusive groups with native species.
The next section addresses the specificity, if any, of such invasive–native associations.
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Figure 6. Community detection in the Sanjay Van (SV) Forest fragment. The upper panel depicts the
complete bipartite species association network with 277 edges (grey lines) among 42 plant species
(green circles) found across 19 transects (brown nodes). The lower panel depicts the six distinct
cliques derived from the topology of this forest fragment, of which three are dominated by invasive
(red) species Leucaena leucocephala (LL), Lantana camara (LC) and Prosopis juliflora (PJ).

2.3. Patterns in Species Association

Table 1 and Figure 6 in the previous section indicate how native species in urban forest
fragments form distinct communities, some of which are dominated by ‘hubs’ that may
comprise at most, one invasive species. From a management point of view, it would be
interesting to understand the preference for native species, if any. The species association
networks and the identified cliques of the six forest fragments enabled us to perform
this analysis for each plant invader. Towards this, all 25 study area network cliques
(listed in Table 1) were superimposed and the pairwise species associations of Lantana
camara (LC) and Prosopis juliflora (PJ) were extracted from each community. This data was
then visualised jointly in order to estimate the overlap between native species found to
be associated with the two major invasives, as shown in Figure 7. Two main types of
assemblages are discernible in this figure depicted in yellow and blue-shaded modules,
respectively, of which the former represents the shared associations between LC and
PJ, while the latter (blue) modules represent the assemblages unique to either LC or PJ.
Furthermore, the nodes or species in the shared (yellow) module have lower edge weights
as compared to the species in the non-shared or exclusive (blue) modules. Species that
form common or shared associations include Grewia tenax (Gre), Acacia leucophloea (AL)
Acacia nilotica (AN), as well as the three introduced species Morus alba (MOA; Mulberry),
Cassia tora (CT) and Azadirachta indica (AI or Neem). However, it may be noted that
these common woodland species are never found with ‘both’ LC and PJ, in the ‘same’
location/forest fragment.
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Figure 7. Distinct species associations of the two most aggressive invasives Lantana camara (LC)
and Prosopis juliflora (PJ), both depicted as large red nodes with black borders. The two invasives
have shared associations (yellow cluster) as well as distinct species associations with native (green),
introduced (orange) species across the six investigated forest fragments. Edge weights represent the
number of times a given association was observed.

Species in the blue modules of Figure 7 represent two exclusive sets of plants, pre-
ferred by Lantana camara and Prosopis juliflora, that are not shared with each other, such
as for example Carissa (CAR) for PJ and Tectona grandis (Teak) for LC. Similarly, Acacia leu-
cophloea is preferentially associated with Prosopis juliflora while Acacia nilotica forms species
associations with Lantana camara. Interestingly, the invasive Leucaena leucocephala (LL) is
present in the blue module of Prosopis juliflora, suggesting an invasive–invasive association
that was not observed earlier in the individual study area networks. A comparison of the
relative strengths of each of these two sets of associations, reveals that the blue (exclusive)
modules are stronger than the shared (yellow) assemblages in terms of both module size
and edge weights. This observation implies that shared associations may be transient or
weak in nature, as compared to the exclusive associations formed by either Lantana camara
or Prosopis juliflora in urban forests.

Looking closely at the preferential associations of these two invasive species (Figure 7)
reveals some interesting insights. Firstly, the distinct sets of congeners for each invasive
can further be divided into two subsets; one that is more preferred (blue module), as
compared to the outer, more peripheral (white region) species with smaller edge weights,
as these associations are detected less frequently. When compared with Table 1, the species
in blue modules were often found among hubs in the 25 cliques. However, as noted
earlier, there is not a single native species that is preferentially associated (thick edges)
with both invasive species, providing further evidence for competitive exclusion, and this
is discussed further in the next section. Another notable pattern from Figure 7 is that
the invasive shrub Lantana camara tends to exclude other native shrub species and is only
preferentially associated with one native shrub, i.e., Ziziphus nummularia (a berry). Lantana
camara tends to form associations with small and medium-size tree species such as Pongamia
pinnata (PP), Holoptelea integrifolia (HI), Ziziphus mauritiana (ZM). On the other hand, the
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invasive tree species Prosopis juliflora forms large groups with several native trees and
shrubs and it is preferentially associated with non-native species (Thevetia). Prosopis juliflora
is preferentially associated with several native trees such as Ehretia laevis, Salvadora persica,
Balanites roxburghii and Acacia leucophloea. Prosopis juliflora forms associations with native
shrubs Capparis sepiaria, Adhatoda vasica, Carissa. It may be noted that while Prosopis juliflora
and Lantana camara exclude each other mutually, they are found to co-exist with other
invasive species such as Opuntia (OP; cactus) or Leucaena leucocephala (LL), thus forming
potential invasive–invasive cliques. However, OP and LL have not yet been identified
as fully invasive in these habitats, and a closer look at Table 1 suggests that LL is likely
to become a more aggressive invader in this region, as it was identified as the dominant
invasive in at least two communities, namely, the SV and HK forest fragments. In two
other cliques, it was identified as a non-hub member of PJ-associated cliques. On the other
hand, OP was found in very few cliques, and may be considered as a borderline non-native
species that is more likely to become naturalised in this region. In summary, the native
species common to both invasives are either (a) preferentially associated with one invasive
(blue boxes in Figure 7), or (b) equally rarely observed for both invasives (yellow box in
Figure 7, but these are weaker edges).

3. Discussion

Urban flora is known to be largely composed of migrants or non-native species that
become part of urban ecosystems as escapes from horticulture, forestry, agriculture sectors
or enter through transport networks [34–37]. These species further form associations in
different habitats types that range from being complete man-made (gardens, roadsides,
parks, etc.) to semi-wild such as urban forests [38–40]. The urban forest fragments of South
Delhi ridge are the key source of ecosystem services to the city but are constantly at risk of
being converted to homogenised, species-poor habitats dominated by invasive species. This
observation was supported in the present study in Section 2.1 (Figures 2 and 3), where each
sampling unit was found to be dominated by one or more invasive species, and overall,
Prosopis juliflora and Lantana camara were identified as the most dominating invasive species
in all six study sites. These observations reveal that the process of plant invasion is much
more complex in urban forests, as there are multiple invasive species involved.

Further investigation and partitioning of study area networks in Section 2.2 (Table 1
and Figure 6) revealed that the two dominant invaders Lantana camara and Prosopis juliflora
exclude each other and form distinct native–invasive, native–native and native–non-native
species associations. This competitive exclusion between the two invaders could be a
result of the difference in their habitat requirements. Lantana camara is a light-demanding
understory shrub, that requires moisture and thick soil, while, Prosopis juliflora is a tree
species known for its drought tolerance and ability to grow in rocky terrain, both species
are also known to have allelopathic characteristics. These distinct high-fidelity native–
invasive cliques suggest that plant invasion alters community composition by forming
novel assemblages instead of wiping out the native flora, thereby acting at the community
level by altering species associations. Prosopis juliflora is already known to have a differential
impact on native species, altering community composition by forming associations with
few ‘weedy’ native species [9,41,42]. Prosopis juliflora has a more detrimental effect on
annual species than perennials and forms associations with species of ‘disturbed forests’,
and has been reported to negatively affect ‘higher order seral’ species [41,42]. Our results
also affirm this ecological alliance between native and invasive species. Prosopis juliflora
is a nitrogen-fixing tree legume, capable of altering soil characteristics, thereby having
a competitive advantage [43]. In addition, it is reported to have higher soil microbial
biomass and mycorrhization intensity as compared to native tree species [44]. It alters
community composition by forming associations with few native species and it has been
suggested that in the Delhi Ridge, Prosopis juliflora is the main reason for the disappearance
of native tree species [9,11]. On the other hand, Lantana camara forms a dense canopy
that once established, not only limits native tree seedling recruitment but also inhibits the
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growth of other understory vegetation, forming small groups in comparison with Prosopis
juliflora. Lantana is a gregarious shrub known for negatively affecting native species by
outcompeting them for scarce resources and possessing allelopathic attributes. It forms
impenetrable thickets, thus crowding out seedling recruitments. This light-loving plant
often begins colonisation in forest edges and gaps, and takes advantage of disturbance
events as it can quickly regenerate following fires as well as chopping or cutting [15]. Thus,
in comparison to Prosopis juliflora, Lantana camara was observed to form smaller native–
invasive cliques with almost no association with native shrubs. When an invasive species
enters the ecosystem, it gradually takes over the assemblages and reduces the number
of species in those clusters. The continuous inflow of non-native species and changing
environmental conditions diverts historical assemblages to new associations, significantly
influencing ecosystem structure and function [45–47]

Recent research on urban ecology often categorises these new associations as novel and
views them as an opportunity to study ecosystem change. Thus, these ‘novel ecosystems’
usually describe an assemblage of non-native and native species that never existed before
in an ecosystem. Novel ecosystems are composed of a non-historical species configuration
that arises due to anthropogenic environmental change, land conversion, species invasion
or a combination of the three. They are created as a consequence of human activity but do
not depend on human intervention for their maintenance [46]. Under the framework, green
spaces can be categorised into three categories, i.e., historical, hybrid and novel ecosystems.
A hybrid ecosystem is similar to a historical system based on its function and species
composition, while a novel ecosystem is defined as a system that has crossed a threshold
beyond which ecological and social processes stops it from returning to its historical state.
Novel ecosystem frameworks argue that the focus of ecologists should shift from patterns
to processes and conservation practices should not focus on ‘fossilising nature’ but rather
work towards restoring ecosystem function [46]. While it is too early to categorise the
Delhi Ridge as a hybrid or novel ecosystem, such a framework can help provide more
achievable targets in terms of species conservation in an urban context, keeping in mind
the social, political and ecological conditions amidst which these forests are located. Many
case studies have pointed out that some invasive species act as transformers to establish
positive feedback loops by way of increased biomass, nitrogen fixation, etc. that may
move an ecosystem to an alternate stable state wherein maintaining diversity becomes
a near-impossible task [46,47]. Studies of interspecies association can prove effective in
tracking ecosystem change as in the case of naturalised species that have been reported to
generate positive influences, both natural-ecological and socio-cultural, and some of these
benefits have been quantified [48].

However, in case of invasives, studies like ours can also provide opportunities for
interventions before the establishment of permanent feedback loops. For example, at the
time of data collection, another species with high invasive potential, Leucaena leucocephala
was found to have a limited but significant impact; it was identified as the dominant
invasive in at least two cliques (see Table 1), while loosely forming associations with Prosopis
juliflora in other communities as a non-hub species (see Figure 7). Although it is not possible
to say whether the invasive–invasive cliques it forms with PJ are more recent, or whether it
has evolved into a more aggressive invader by forming its own dominant invasive cliques,
we hypothesise that in few years it will break the present association, reduce the number
of species, and may create a new clade of its own. The strength of the overall associations
emerging from Table 1 and Figure 6 in Section 2.2 reflect mutual exclusion, as a form of
association, among the invasive species, whereas Figure 7 (Section 2.3) reflects the extent of
shared associations between invasive cliques. It should be recalled that the data presented
in Section 2.2 only reflects individual locations whereas Section 2.3 combines all cliques
across all locations, and therefore it brings out generic patterns that were not discernible
in individual study sites. Competitive exclusion, particularly between invasive species is
well reported in the literature where one invasive is shown to suppress another invasive
species [49–51]. Some studies also indicate invasive meltdowns where a swarm of invasives
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can completely overtake native communities over a period of time [52]. However, in this
study, we observed that while PJ and LC form exclusive cliques in individual study sites
(Section 2.2), in the overall combined data presented in Section 2.3 we observed that there
is a cohort of species that form transient associations shared by these two strong invaders
(yellow-shaded region in Figure 7) and invasive exclusion is moderated by the presence
of these transient associations. However, in terms of network topological properties such
as module size and edge weights, it is quite evident that the invasive-specific associations
(blue-shaded region in Figure 7) are stronger than the shared transient (yellow) associations.
This observation could inform conservation planning as the existence of invasive-specific
associations indicates that (a) some species clusters or locations are vulnerable and thus
more likely to be colonised by invasives, and (b) once such associations have formed, it
could also be harder to eradicate the invasives and restore native vegetation.

To understand or predict urban forest fragment communities and identify key species
of concern, it is first essential to identify major groups of species that exist together or
exclude each other as has been done in this study. However, the present work is cross-
sectional, a single slice in time. Furthermore, the present investigation is focused on
compositional patterns identifying cliques and associations between species, and we hope
to pave the way for investigations into causal elements that lead to the formation of these
communities. Therefore, there is a need to extend this study to understand the underlying
processes that drive the formation of these assemblages—particularly plant functional traits
that significantly affect the outcomes of competitive trade-offs between native and invasive
plants. Further work is also needed to delineate the relative importance of landscape
features at fine scales and competitive interactions in driving these assemblages in the urban
context. This forms part of our ongoing work on Delhi Ridge and we are in the process of
investigating the role played by landscape heterogeneity in explaining the associations.

In summary, we present a novel approach that uses complex network analyses to detect
communities and explore associations between different species of plants more specifically
to identify clusters formed by invasive species. From a management perspective, although
we do find evidence for interventions to contain emergent invasives such as Leucaena
leucocephala before they become more established in the ecosystems, a more extensive
temporal analysis on similar lines needs to be performed in order to identify patterns
that may assist in containing the spread of established invasives such as Lantana camara
and Prosopis juliflora. This study is part of a long-term vegetation monitoring programme,
and the early results on vegetation associations have been presented here. Further work
on the interaction between different biotic and abiotic filters would provide insights into
community assembly in the urban context.

4. Material and Methods

4.1. Site Selection

The South Delhi Ridge consists of multiple forest fragments that represent residual
woodlands of Aravalli vegetation in the urban cosmopolitan city of New Delhi, namely,
the National Capitol Territory (NCT), Delhi, India. For this study, all forest fragments
>1 sqkm were included, leading to the identification of six study sites, as depicted in
Figure 1. The first panel (Figure 1A) shows the map of New Delhi indicating each of these
six study areas, namely, Hauz Khas (HK), Jahanpanah City Forest (JCF), Mehrauli Forest
(MED), Tughlaqabad Forest (TUQ), Sanjay Van (SV), and Jawaharlal Nehru University
(JNU). The climatic conditions of all six study areas are similar with rocky terrain (Pa-
hari zone/Denudational Hills) and same soil type of Aravalli Quartzitic origin [53]. All
forest fragments have the same nationally classified Forest Type, i.e., Northern Tropical
Thorn Forests.

4.2. Vegetation Sampling

The primary vegetation survey data for this study was collected from a standardised
ecological survey of six forest fragments in the South Delhi region, using the plotless
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sampling technique, i.e., line transect [54,55]. Line transects of 250 metres each were placed
systematically inside each of the six identified study sites with an a priori design using
Google Earth Pro. The transects were placed with a minimum distance of 100 m from
each other, and from boundary walls or jogging tracks to minimise pseudo-replication
and edge effects, respectively, as shown in Figure 1B. The alignment of the transects was
opportunistic to avoid unscalable obstacles and geographic features. Transects that were
found to be in modified landscape features, such as gardens, lawns, nurseries, buildings
and other similar sites, were removed. All remaining transects were treated as sampling
units, these were geo-referenced and subsequently used as a sampling guide for the entire
vegetation survey. The number of transects varied depending upon the size of the patch
and the area with built-up structures in each location. The starting points and bearing for
each transect were accessed using a handheld GPS and the transect length was measured
with the help of a Pedometer with a 3D motion sensor with predefined stride length.

4.3. Species Identification

For each site, the name of the species, number of individuals, girth at breast height
(GBH) and canopy cover was recorded. It is important to point out here that some of
the species names have changed during and after this study was conducted but to avoid
confusion across all the published literature, nomenclature as per Flora of Delhi (1963) was
followed [56]. Native and introduced species were categorised by referring to this key
floral text. The categorisation of invasive species was done based on a list of alien invasive
species of India published by the National Biodiversity Authority of India, under the
Ministry of Environment Forests and Climate Change, Government of India [57]. Reference
collections were made and herbarium samples were deposited in the Ecology Laboratory
at the Ambedkar University Delhi for follow-up in case of difficulties with identification.
In all, the data include presence/absence and abundance information from 57 woodland
plant species, based on their representation in a total of 94 transects of 250 metres each.

4.4. Multivariate Data Analyses

Species richness was measured across the six sampling sites using rarefaction tech-
niques followed by construction of distance dendrograms for each site, using the vegan
package (version 2.5–7) in R-studio (Version 1.3.959). The Bray Curtis dissimilarity index
along with a linkage method, the unweighted pair group method (UPGMA) was used for
performing cluster analyses [49]. Species association and exclusion patterns were tested
by Pearson correlation test (alpha = 0.05) between the relative abundance of both invasive
species using ggpubr library in R-studio (Version 1.3.959) [58]

4.5. Network Analyses

Species presence–absence matrices were converted to structured information file
(SIF) files using our in-house webserver NEXCADE [59]. Thus, each study area network
dataset was comprised of an unweighted edge list. An edge list is a data structure used to
represent a graph as a list of its edges. Unweighted edge lists are therefore two column
matrices that directly connect nodes for each edge. In this case, each row in the edge list
represented the physical location (or transect ID) and the name of the identified species,
respectively. The SIF edge lists were exported for visualisation in Cytoscape version
3.9 [60]. Community detection was performed by parsing each study area network through
algorithms that identify densely connected regions using topological parameters. For this,
we used the MCODE and GLay network partitioning algorithms, which enable versatile
community structure identification as well as graph layout functions for network clustering
and structured visualisation [61,62]. For each of the six forest community networks, this led
to the identification of node clusters, which we called ‘cliques’. The species with the highest
degree in each clique were treated as ‘hubs’ or key species of each clique and all study area
networks were compared in terms of clique composition. Finally, all the cliques comprising
the two major invasive species (Lantana camara and Prosopis juliflora) were superimposed in

435



Plants 2022, 11, 541

order to explore and assess the extent of the fidelity of species associations formed by these
invasives. This was done using the Markov cluster algorithm or MCL, an unsupervised
cluster algorithm for networks based on the simulation of (stochastic) flow in graphs [63].

5. Conclusions

There has been considerable interest in the last two decades in understanding the
ecology of urban ecosystems that were previously understood to be degraded as they
were poor representations of the original vegetation. While these urban ecosystems are
dominated by non-native and invasive species, there is renewed interest in these modified
or ‘novel ecosystems’ as they continue to provide ecosystem services and value to the
city. Urban woodlands and forest remnants in Delhi consist of a combination of species
that range from species native to the Aravalli, to those that were introduced to Delhi
purposefully during the urbanisation, to species that have escaped from cultivation. Of all
these groups, invasive species are seen to be a significant challenge for conservation efforts
because they are known to displace natives or cause declines in native species populations.
Using a network approach in this study, we identified distinct communities of plants among
the vegetation survey data from six urban forest fragments in the South Delhi Ridge of the
Aravalli region. Species that were found to occur together significantly more often than by
random chance, represent co-occurrence patterns. In contrast, species that were not found
to grow together on the same-line transects reflected a tendency to consistently avoid each
other, thereby suggesting a pattern of exclusion.

Importantly, we identified co-occurrence as well as exclusion patterns among species
across the six urban forest communities. Despite overlaps, these communities constitute
invasive–invasive, invasive–native and native–native associations in each of the woodland
patches investigated. We found that the invasive species Lantana camara and Prosopis juliflora
form species assemblages or ‘cliques’ that are mutually exclusive across all sites, in the
sense that these two major invaders do not form associations with each other. As such, these
two major invasive species form invasive–native and invasive–invasive associations that
seem consistent across different forests, indicating the formation of new stable associations
in Delhi’s woodlands, and supporting the widely held notion of novel ecosystems in
urban ecology. This work indicates that community identification algorithms can find
applications in pattern analysis in vegetation ecology and may provide an altogether new
way of investigating species associations using networks. In summary, our findings have
implications in the conservation of these urban forests and this work highlights a new
application of network approach for identifying species associations and visualisations that
could be explored further for its efficacy in vegetation analysis.
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Abstract: The traditionally edible aerial parts of rock samphire (Crithmum maritimum L.) could be
a valuable functional food or feed ingredient due to their high antioxidant capacity, ascorbic acid
content, and rich content in secondary metabolites such as phenolics and flavonoids. The first
objective of this study was to evaluate eighteen genotypes derived from different regions of Greece
regarding the phytochemical contents of their soluble extracts in total phenolics, total flavonoids,
and individual polyphenols as determined by LC-MS analysis, as well as ascorbic acid content
and their antioxidant capacity as determined by different assays, including ABTS (2,2-azino-bis-
3-ethylbenzothiazoline-6-sulfonic acid), DPPH (2,2-diphenyl-1-picrylhydrazyl radical scavenging
activity), and FRAP (ferric reducing antioxidant power) assays. The second objective of the study
was the molecular characterization of native Greek C. maritimum genotypes. Great variation among
genotypes was observed in terms of the antioxidant capacity, ascorbic acid content, and phenolic
compounds (total phenolic content and total flavonoid content), as well as in caffeolquinic acids
and flavonoids. The principal component analysis highlighted genotypes with a higher potential in
antioxidants and polyphenolics. The most promising genotypes were G9 from Kefalonia, followed by
G4 from Ikaria, where both clearly exhibited a similar response with high values of evaluated traits.
The molecular characterization of genotypes revealed low variability and low to moderate genetic
diversity between populations. Our data indicated that the rock samphire germplasm collection from
the Balkan Botanic Garden of Kroussia could serve as an important source of documented genetic
material and, thus, it is suggested for further investigation to provide insight regarding cultivation
and agro-processing aspects, artificial selection, or plant breeding aimed at developing C. maritimum
genotypes of high-bioactive value.

Keywords: Crithmum maritimum; phenolics; ascorbic acid; antioxidant capacity; genetic diversity;
molecular markers

1. Introduction

Crithmum maritimum L., also known as rock samphire or sea fennel, is a native Greek,
wild-growing plant of the Apiaceae family. It is a perennial, medicinal-aromatic plant
with fleshy leaves that are traditionally edible [1]. Rock samphire naturally thrives on
rocky crevices as a chasmophyte (rock-dweller) and in sandy substrates as a halophyte [2].
C. maritimum has a Euri-Mediterranean native distribution, extending to the Atlantic Euro-
pean coastline and the British Isles as well as along parts of the Black Sea coastline [3,4]. At
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the beginning of the twentieth century, C. maritimum has also been established as an alien
plant along the coasts of Belgium and the Netherlands, mainly in disturbed man-made
environments such as harbors and dikes [5].

Rock samphire attracts considerable scientific interest, mainly due to its properties.
Rock samphire is used as a food ingredient in several traditional recipes [6] and it is
known for its good sensory traits due to its high essential oil content [7]. Moreover,
as a food ingredient, it is associated with positive health effects [8] due to its richness
in biologically active compounds in the leaves, such as vitamin C, iodine, carotenoids,
flavonoids, minerals (mainly calcium), organic acids, and phenolics [9,10], whereas the
seeds are beneficial for human consumption as they are rich in essential fatty acids [11]. The
most commonly detected phenolic compounds of rock samphire are phenolic acids such as
chlorogenic, neochlorogenic, cryptochlorogenic, ferulic, and caffeoylquinic acids and its
derivatives [12]. This edible halophyte also contains interesting amounts of gallic, caffeic,
vanillic, rosmarinic, and p-coumaric acids, while small amounts of trans-2-hydroxycinnamic
and trans-cinnamic acids have also been reported [12]. Moreover, flavonoids such as rutin,
apigenin, quercetin-3-galactoside, epicatechin, epigallocatechin, catechin, pyrocatechol,
and 4-hydroxybenzaidehyde (polyphenols) are also present in C. maritimum, but in rather
low amounts [13,14].

Innovation-wise, the encapsulation of rock samphire’s essential oil is reported as a
promising alternative for the control of insects causing human diseases (e.g., the dengue
vector Aedes aegypti) and crop pests (e.g., the cotton leafworm Spodoptera litura) [15]. Addi-
tionally, rock samphire may be an alternative for both horticultural and industrial crops in
the case of low soil quality and/or irrigation water with high electrical conductivity [6],
whereas, at the same time, methods for its production with compost-based substrates has
recently been investigated [10].

A survey of the literature makes evident that the primary focus of most previous
investigations mainly concern the phytochemical profile and the biological activities of
C. maritimum e.g., [16–18], as well as the growing techniques of rock samphire e.g., [10,19,20].
Nevertheless, to the best of our knowledge, comparative studies are scarce regarding
the bioactive compounds, the antioxidant capacity, the metabolomic analysis, and the
genetic identification of different rock samphire genotypes/ecotypes, and this research
field remains almost unexplored e.g., [5,21,22]. Generally, the identification of genetic
variation could be based on the changes accrued on nucleotide sequences of DNA stands
during the process of genome proliferation. Various techniques have been developed to
identify the species diversity at the molecular level, such as genetic markers. These markers
are necessary tools for the investigation of the intraspecific genetic diversity across the
geographical distribution of plant species. In general, these markers mainly differ in their
application requirements, sensitivity, and the degree of reliability [23]. A highly reproducible
polymorphic DNA fingerprinting technique based on polymerase chain reaction (PCR) is
the Amplified Fragment Length Polymorphism (AFLP) [24]. The AFLP has been applied for
the discrimination of genetic diversity in various species [25,26]. The Inter-Simple Sequence
Repeat (ISSR) is another molecular marker that involves PCR amplifications of DNA [27].
It has proven to be a rapid, simple, and inexpensive technique to analyze the structure
and genetic diversity of species, as well as to analyze the genetic relationships among
cultivars [28]. With respect to rock samphire, previous studies [5] have developed nuclear
microsatellite loci by using 454 pyrosequencing, and they have shown a strictly coastal
geographical distribution with high levels of genetic differentiation (FST = 0.3) and a genetic
structure typical of a mostly selfing species [unbiased fixation index (FIS) ranging from
0.16 to 0.58].

Taking all of this information into account, the aim of this study was to provide insight
through a comparative analysis of the genetic diversity, the polyphenolic profile, and the
antioxidant capacity of native Greek rock samphire genotypes.
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2. Results and Discussion

A total of 18 rock samphire accessions with geographic origin from 8 different and
representative regions of Greece are presented with relative information in Table 1.

Table 1. Origin of the 18 native Greek rock samphire genotypes studied, with their IPEN (International
Plant Exchange Network) accession numbers and their abbreviations.

a/a IPEN Accession Number Genotype Abbreviation Origin in Greece

1 GR-1-BBGK-17,6006 G1 Karavostamo, Ikaria Island
2 GR-1-BBGK-16,5963 G2 Kalamaki, Tymbaki, Heraklion, Crete
3 GR-1-BBGK-12,5685_A G3 Karavostamo, Ikaria Island
4 GR-1-BBGK-12,5685_B G4 Karavostamo, Ikaria Island
5 GR-1-BBGK-12,5685_C G5 Karavostamo, Ikaria Island
6 GR-1-BBGK-16,5962 G6 Heraklion city, Crete
7 GR-1-BBGK-16,5961 G7 Vatopedi, Agio Oros, Chalkidiki
8 GR-1-BBGK-16,5964 G8 Rethimno city, Crete
9 GR-1-BBGK-17,5972 G9 Kefalonia, Ionian Islands
10 GR-1-BBGK-16,5965 G10 Kalamata, Peloponnese
11 GR-1-BBGK-05,3041 G11 Kefalonia, Ionian Islands
12 GR-1-BBGK-97,719_A G12 Agio Oros, Chalkidiki
13 GR-1-BBGK-97,719 G13 Agio Oros, Chalkidiki
14 GR-1-BBGK-14,5800 G14 Pantana, Heraklion, Crete
15 GR-1-BBGK-15_5902_A G15 Ikaria Island
16 GR-1-BBGK-15,5902 G16 Ikaria Island
17 GR-1-BBGK-05,3001 G17 Chania city, Crete
18 GR-1-BBGK-10,5458 G18 Vokaria, Chios Island

2.1. Antioxidant Activity, Ascorbic Acid Content, Total Phenolic Content, and Total
Flavonoid Content

An analysis of variance (ANOVA) applied to data obtained from antioxidant capacity
determined with three different assays [2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate)
radical scavenging activity (ABTS), 2,2-diphenylpicrylhydrazyl radical scavenging activity
(DPPH), and ferric reducing antioxidant power assay (FRAP)], as well as on ascorbic acid
(AsA) content, showed a significant effect due to tested genotype of rock samphire as source
of variation (Table 2).

Table 2. Results of an analysis of variance applied on the evaluated bioactive compounds, antioxidant
capacity parameters, and phenolic groups identified by an LC-MS analysis of the aboveground
portion of 18 native Greek rock samphire genotypes. F-ratios’ significance is given for the effects
exerted by replication and rock samphire genotype.

Significance of F-Ratio

Determined by LC-MS

Variation
Source

df z ABTS DPPH FRAP AsA TPC TFC CQAs OPAs FLAs Total

Replication 2 NS NS NS NS NS NS NS NS NS NS
Genotype 17 *** *** *** *** *** *** *** *** *** ***

CV% 8.68 9.49 10.35 17.5 5.63 7.80 4.58 5.82 5.96 4.14
z df, degrees of freedom; ABTS, 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid); DPPH, 2,2-diphenyl-1-
picrylhydrazyl radical scavenging activity; FRAP, ferric reducing antioxidant power; AsA, ascorbic acid content;
TPC, total phenolic content; TFC, total flavonoid content; CQAs, caffeolquinic acids; OPAs, other phenolic
acids; FLAs, flavonoids; Total, total phenolics; CV, coefficient of variance; ***, significance at p < 0.001; NS,
non-significant.

Comparing the various genotypes, the G9 genotype clearly presented the highest
antioxidant capacity, with nearly 1.8-fold higher values for all three assays than the general
average value of the other genotypes (Figure 1a–c). More specifically, ABTS values ranged
between 4.32 to 20.88 mg of trolox equivalant (TE)/g of dry weight (dw) basis (Figure 1a).
The ABTS activity of G9 (20.88 mg TE/g dw) did not differ from the corresponding value for
the G14 genotype, whereas the rest of genotypes–with the exception of G13 and G16–had
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values ranging from 8.95–15.96 mg/g. Other studies reported ABTS activity of C. maritimum
of about 0.43 mg TE/mL [29] and 0.095–0.418 mg/mL, expressed as IC50 [14].

 

Figure 1. Overview of the antioxidant capacity of extracts derived from the aboveground
portion of 18 native Greek rock samphire genotypes (Table 1) determined as 2,2-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging activity (ABTS) (a); 2,2-diphenyl-1-
picrylhydrazyl radical scavenging activity (DPPH) (b); and ferric reducing antioxidant power (FRAP)
(c); all values are expressed as mg of trolox equivelant (TE) per g of dry weight (dw). The content
of ascorbic acid (AsA), expressed as μmol of AsA per g of dw, is also shown (d). Data represent the
mean values ± standard deviation. Different letters on the bars characterize significant differences
among genotypes according to Tukey’s test for p ≤ 0.05.

In the same way, DPPH ranged from 2.24 to 14.92 mg of TE/g dw in different geno-
types of C. maritimum, exhibiting the following descending order: G14 > the majority of
genotypes > G13 and G16 (Figure 1b). Generally, DPPH values in native Greek genotypes
of C. maritimum presented an average value of 8.0 mg of TE/g dw, which is in accordance
with those of Sousa et al. [30], who found a value of 7.3 mg of TE/g dw. Previous studies
in the literature presented a DPPH scavenging activity of C. maritimum, expressed as IC50,
of around 7.6 mg/mL [29], or ranged from 0.15 to 1.21 mg/mL [14].

In agreement with the abovementioned results obtained for ABTS and DPPH were
those obtained by the FRAP assay, which presented the same trend (Figure 1c).

The AsA content of native Greek C. maritimum showed a mean value of 27.23 μmol/g
of dw basis, ranging from 8.83 to 40.70 μmol/g (Figure 1d). Specifically, the genotype G4
from Ikaria Island and G9 from Kefalonia Island had, numerically, the greater AsA content
of 40.70 μmol/g, a value that did not differ from the respective values of the other studied
genotypes (G12, G14, G15, G17, and G18). However, the AsA content was significantly
lower in several native Greek genotypes such as G6, G5, G13, G3, G1, and G16.

An ANOVA on data obtained from the evaluated parameters of bioactive compounds
[total phenolic content (TPC) and total flavonoid content (TFC)] showed significant effects
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due to genotype of 18 native Greek rock samphire as a source of variation (Table 2). The
TPC of genotypes ranged from 2.55 to 10.84 mg gallic acid equivalents (GAE)/g of dw basis
(Figure 2a). Specifically, genotype G9, derived from Kefalonia Island, had the greater TPC
value of 10.84 mg GAE/g dw, followed by the majority of genotypes, with the exception of
G13 and the G16, which showed the lowest values for TPC. Generally, the rest of the studied
germplasm presented small or ameliorated TPC differences, ranging from 4.89 mg/g in
G14 from Heraklion, Crete to 7.30 mg/g in G4 from Ikaria Island. Comparing the results
with that found in the literature, a previous report [29] presented the TPC of rock samphire
extracts to be about 47 mg GAE/g dw, a value that is eight-fold higher than the mean value
of 6.18 mg/g dw found in the present study. Recently, other researchers [31] stated that
C. maritimum leaves contained 31.7 mg/g dw of TPC, or a similar level of 23–33 mg/g
dw depending of the season (spring-summer) [14]. Conversely, Sánchez-Faure et al. [18]
found a TPC of rock samphire of about 8.6 mg/g dw, a value closer to the one found in
the current study harvested before flowering, in the middle of July. Moreover, another
study [32] reported a value of 2.3 mg/g dw for TPC in the aerial parts of rock samphire, a
content similar to the lower values found in the present study.

Figure 2. The content of total phenolic compounds (TPC) (a), expressed as mg of gallic acid equiva-
lents (GAE) per g of dry weight (dw), and total flavonoid compounds (TPC) (b), expressed as mg of
catechin equivalents (CE) per g of dw in the extracts of aboveground portion of 18 native Greek rock
samphire genotypes. Data represent the mean values ± standard deviation. Different letters on the
bars characterize significant differences among genotypes according to Tukey’s test for p ≤ 0.05.

Generally, the TPC content presents a wide variation of 0.5 to 132 mg GAE/g dw
among the different halophytes from the Mediterranean area [33], whereas it occurs at a
level of about 6 mg/g dw in different vegetables [34]. In the current study, the majority
of the tested genotypes of C. maritimum had about 6.0–7.3 mg/g dw of TPC, a content
slightly higher than that of other vegetables. Recently, Martins-Noguerol et al. [35] found
that the TPC content of rock samphire under optimum conditions was 6.1 mg/g dw, even
though plants under field conditions exhibited a high phenolic content of 30.2–48.0 mg/g
dw regardless of the variability of the contrasting habitats.

Moreover, Zhou and Yu [36] reported that some vegetables, such as spinach and
broccoli, had TPC contents of 13 and 10.84 mg/g dw, respectively. Notably, in our results,
G9 had a comparable level of TPC to the values reported for spinach and broccoli.

The TFC content of the various genotypes ranged from 2.25 to 15.08 mg of catechin
equivalents (CE)/g dw (Figure 2b). Similar to the TPC content, the highest TFC value was
observed in G9, followed by the majority of genotypes, while the lowest values were found
in G13 and G16 genotypes of C. maritimum, which is in line with the TPC results. More
precisely, most of the genotypes contained TFC in the 5.82–10.02 CE/g dw range. Rock
samphire derived from different climatic areas exhibited contrasting TFC contents. For
example, Nabet et al. [29] reported that the TFC content of rock samphire extracts from
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Algeria was 17 mg/g dw, a value near the maximum of TFC content that we found in G14,
whereas another study [32] reported a content of 2.3 mg/g dw of TFC in aerial parts of
rock samphire from the Croatian Adriatic coast, a value similar to the lower value found in
two native Greek genotypes in the present study. On the other hand, Souid et al. [31] found
that C. maritimum leaves from the French Atlantic coast contained 25.6 mg/g of TFC. In
addition, previous researchers [37] stated that the TFC content of infusions and decoctions
of different above-ground organs of rock samphire from the Portugeuse Atlantic coast
ranged from 25 (in stems) to 55 (in leaves) mg rutin equivalents/200 mL (a cup of tea).

2.2. Identification and Quantification of Phenolic Compounds

The chromatographic profile of the native Greek rock samphire’s extracts identified
by liquid chromatography-mass spectrometry (LC-MS) analysis is shown in Figure 3.
The LC-MS analysis allowed the identification of 18 main phenolic compounds, which
were separated and characterized regarding their retention time, UV, and MS spectra data
(Table 3). Eleven of them belong mainly to quinic acid derivatives (peaks 1, 2, 3, 5, 6, 8,
10, 11, 16, 17, and 18), four of them are characterized as flavones (peaks 7, 12, 13, and
14)–mainly quercetin derivatives–, two of them are classified as hydroxycinnamic acids
(peaks 9 and 15), and one of them as hydroxybenzoic acid (peak 4). All of the detected
peaks were identified by the use of reference standards; however, the peaks 8, 10, and
11 were identified based on data from the literature. Four peaks (peaks 2, 3, 5, and 6)
appeared at 4.01, 4.34, 5.65, and 5.85 min, respectively, with pseudo-molecular ion [M-
H]− at m/z = 353 and UV maximum at 325 nm corresponds to 1-caffeoyl-quinic acid
(1-CQA), 5-O-caffeoylquinic acid (5-CQA or neochlorogenic acid), 3-O-caffeoylquinic acid
(3-CQA or chlorogenic acid), and 4-O-caffeoylquinic acid (4-CQA or cryptochlorogenic
acid), respectively. The peaks 16, 17, and 18 that appeared at 10.45, 10.95, and 10.61 min,
respectively, with pseudo-molecular ion [M-H]− at m/z = 515 and UV maximum at 327 nm
were assigned to dicaffeoyl quinic acids as 3,4-dicaffeoyl-quinic acid (3,4-DCQA), 3,5-
dicaffeoyl-quinic acid (3,5-DCQA), and 4,5-dicaffeoyl quinic acid (4,5-DCQA), respectively.
Four peaks appearing at 6.36, 9.21, 9.63, and 9.78 min were characterized as flavonoids,
e.g., vicenin-2 (VIC), quercetin-3-O-rutinoside (QURU or rutin), quercetin-3-O-glucoside
(QUGL), and quercetin-3-O-galactoside (QUGA or hyperoside), respectively. Three minor
peaks detected at 5.01, 7.61, and 9.98 min presenting [M-H]− at m/z = 137, 179 and 163 were
identified as protocatechuic acid (PRCA), caffeic acid (CA), and p-coumaric acid (pCA),
respectively.

Figure 3. Representative total ion current chromatographic (TIC) profile of rock samphire extract
(genotype G16) obtained by HPLC-MS.

446



Plants 2022, 11, 573

Table 3. Eighteen main phenolic compounds with their abbreviations, identified by HPLC-DAD-MS
in methanolic extracts of native Greek rock samphire genotypes.

Peak Rt (Min) λmax (nm) [M-H]− (m/z) Attempt to Identify Abbreviation

1 2.78 330 191 Quinic acid QNA
2 4.01 325 353 1-caffeoyl-quinic acid 1-CQA
3 4.34 325 353 5-O-caffeoylquinic acid 5-CQA
4 5.01 260 153 Protocatechuic acid PRCA
5 5.65 325 353 3-O-caffeoylquinic acid 3-CQA
6 5.85 325 353 4-O-caffeoylquinic acid 4-CQA
7 6.36 270, 335 593 Vicenin-2 VIC
8 7.51 311 337 5-coumaroyl-quinic acid 5-cQA
9 7.61 320 179 Caffeic acid CA
10 8.24 297, 325 367 5-feruloy-quinic acid 5-fQA
11 8.84 311 337 5-coumaroyl-quinic acid isomer 5-cQA
12 9.21 256, 354 609 Quercetin-3-O-rutinoside QURU
13 9.63 260, 36 463 Quercetin-3-O-glucoside QUGL
14 9.78 260, 36 463 Quercetin-3-O-galactoside QUGA
15 9.98 309 163 p-coumaric acid pCA
16 10.45 327 515 3,4-dicaffeoyl-quinic acid 3,4-DCQA
17 10.95 327 515 3,5-dicaffeoyl-quinic acid 3,5-DCQA
18 11.61 327 515 4,5-dicaffeoul quinic acid 4,5-DCQA

The peaks 8 and 11 at 7.51 and 8.84 min, respectively, showing pseudo-molecular ion
[M-H]− at m/z = 337 and UV maximum at 311 nm were attributed to a coumaroyl quinic
acid isomers (5-cQA) [29,38]. Similarly, peak 10 detected at 8.24 min having UV maxima at
297 and 325 nm and pseudo-molecular ion [M-H]− at m/z 367 was attributed to a feruloyl
quinic acid (5-fQA) derivative.

An ANOVA applied to the 18 major phenolic compounds derived from 18 native
Greek rock samphire genotypes revealed significant differences among genotypes (Table 2).
Generally, caffeoylquinic acids (CQAs) were the major phenolic compounds quantified by
LC-MS, ranging from 414 to 1547.3 mg/100 g dw, with a mean value of 1089.4 mg/100 g
dw (Table 4). The predominant CQAs quantified were 5-cQA, followed by 3-CQA (or CLA),
3,5-DCQA, 1-CQA, and 5-fQA, presenting mean values of 369.2 (sum of isomers/peaks 8
and 11), 258.7, 211.1, 109.3, and 74.6 mg/100 g dw, respectively (Table 4).

Table 4. Content (mg/100 g of dw) of main caffeolquinic acids (CQAs) of 18 native Greek rock
samphire genotypes (for abbreviations and origin, see Table 1). Different letters in the same column
characterize significant differences among genotypes according to Tukey’s test for p ≤ 0.05.

Genotype CQAs

1-CQA 5-CQA 3-CQA 4-CQA 5-cQA 5-fQA 3,4-DCQA 3,5-DCQA 4,5-DCQA Total

G1 112.70 defg 16.02 ef 310.05 bc 45.95 a 474.79 abc 87.41 abcd 15.39 fghi 259.54 bc 12.83 d 1334.68 b
G2 125.33 cde 44.01 a 298.60 bc 31.43 b 488.84 ab 71.21 defg 15.10 fghi 259.25 bc 10.57 de 1344.34 b
G3 147.06 abc 14.99 ef 315.45 bc 22.97 e 361.85 efg 85.82 abcd 17.75 cdef 282.04 ab 13.03 d 1260.96 b
G4 130.28 bcd 37.23 b 286.16 bcd 32.45 b 358.99 efg 91.66 abcd 24.00 a 227.95 cde 19.71 ab 1208.43bcd
G5 148.05 abc 26.88 c 296.71 bc 26.07 d 399.60 def 83.76 abcde 19.38 bcde 218.75 de 17.36 bc 1236.56 bc
G6 112.43 defg 37.01 b 251.24 def 23.42 e 346.02 fgh 81.30 bcdef 16.82 efg 208.85 ef 7.89 f 1084.98cde
G7 137.09 bcd 13.05 fgh 299.81 bc 28.87 c 446.51 bcd 72.80 cdefg 16.11 fgh 226.85 de 12.02 d 1253.11 b
G8 61.90 h 20.30 de 305.51 bc 18.41 f 488.46 ab 88.77 abc 20.19 bcd 241.27 cd 16.30 c 1261.11 b
G9 171.86 abc 25.18 cd 372.65 a 24.61 de 520.49 a 100.96 a 22.46 ab 291.40 a 17.68 abc 1547.29 a
G10 157.01 abc 24.39 cd 288.83 bcd 26.82 cd 416.57 cde 83.43 bcdef 20.79 abc 223.18 dc 17.60 bc 1258.62 b
G11 121.41 cdef 7.79 hi 277.11 cde 17.30 fg 329.62 gh 63.90 fg 12.42 i 231.55 cde 8.65 ef 1069.75 de
G12 110.66 defg 14.63 efg 227.57 f 15.32 g 280.56 hi 79.34 bcdefg 12.28 i 165.20 g 7.26 f 912.82 f
G13 25.83 i 3.61 i 83.97 g 5.58 j 208.54 j 26.58 h 3.08 k 55.15 h 1.75 g 414.09 g
G14 92.32 g 11.32 fgh 236.84 f 18.07 f 278.14 hi 70.94 defg 17.24 def 239.49 cde 20.14 a 984.50 ef
G15 91.24 g 7.58 hi 230.40 f 9.83 i 287.10 hi 67.70 efg 8.86 j 179.57 fg 6.75 f 889.03 f
G16 28.13 i 3.59 i 79.20 g 3.20 j 233.39 ij 28.92 h 3.51 k 60.91 h 3.13 g 443.98 g
G17 100.80 efg 11.99 fgh 251.39 def 22.33 e 367.18 efg 93.84 ab 13.47 hi 213.77 de 7.69 f 1082.46cde
G18 93.83 fg 9.03 ghi 245.66 ef 12.22 h 358.03 efg 63.66 g 13.84 ghi 214.09 de 12.53 d 1022.89 ef
Mean
value 109.32 18.26 258.73 21.38 369.15 74.56 15.15 211.05 11.83 1089.42

447



Plants 2022, 11, 573

Other minor CQAs quantified in rock samphire’s genotypes were 4-CQA (cryp-
tochlorogenic acid), 5-CQA (neochlorogenic acid), 3,4-DCQA, and 4,5-DCQA, with mean
values of 21.4, 18.3, 15.1, and 11.9 mg/100 g dw, respectively. Regarding the flavonoid class,
QURU and VIC were the major compounds detected (20.3 and 14.2 mg/100 g dw, respec-
tively), along with QUGL and QUGA as the most abundant flavone derivatives (Table 5).
Finally, among other phenolic acids (OPAs), which are summarized in Table 6, only QNA
was found with 82.8 mg/100 g dw, whereas the concentrations of PRCA, CA, and pCA was
negligible. Concerning the rock samphire’s phenolics identification by LC-MS, our results
resemble those of other researchers [39], who identified three caffeoylquinic acid isomers
(3-CQA, 4-CQA, and 5-CQA) and three dicaffeoylquinic acids (3,4-DCQA, 3,5-DCQA, and
4,5-DCQA), which were also presented in the current work.

Table 5. Content (mg/100 g of dw) of flavonoids (FLAs) of 18 native Greek rock samphire genotypes
(for abbreviations and origin, see Table 1). Different letters in the same column characterize significant
differences among genotypes according to Tukey’s test for p ≤ 0.05.

Genotype FLAs

VIC QURU QUGL QUGA Total

G1 13.97 f 29.21 bc 0.82 fgh 2.71 def 46.71 bcd
G2 20.59 bc 33.68 ab 7.88 b 4.81 abc 66.96 a
G3 14.40 f 22.57 def 1.46 fg 3.55 bcde 41.98 de
G4 25.32 a 35.08 ab 2.97 cd 5.88 a 69.25 a
G5 19.28 bcd 28.58 bc 1.05 fgh 4.46 abc 53.37 b
G6 21.94 b 23.85 cde 2.88 cd 3.29 cde 51.96 b
G7 13.41 f 18.97 efg 2.99 cd 2.38 efg 37.75 ef
G8 21.80 bv 17.44 fg 1.79 ef 2.62 efg 43.65 cde
G9 16.06 ef 25.70 cde 18.27 a 5.11 abc 65.14 a
G10 18.92 cde 24.95 cde 3.87 c 3.36 cde 51.1 bc
G11 8.21 g 10.38 ij 2.54 de 1.26 fg 22.39 hi
G12 2.53 h 10.14 ij 1.06 fgh 1.15 fg 14.88 ij
G13 4.14 h 5.77 j 0.47 gh 1.01 g 11.39 j
G14 8.28 g 14.58 ghi 2.50 de 2.73 def 28.09 gh
G15 10.27 g 10.51 hij 0.62 gh 1.41 fg 22.81 h
G16 17.49 de 16.10 ghi 0.18 h 3.73 bcde 37.5 ef
G17 8.84 g 20.11 defg 0.88 fgh 4.00 bcde 33.83 fg
G18 9.62 g 18.10 fg 0.75 gh 4.34 abcd 32.81 fg

Mean
value 14.17 20.32 2.94 3.21 40.64

Table 6. Content (mg/100 g of dw) of other phenolic acids (OPAs) of 18 native Greek rock samphire
genotypes (for abbreviations and origin, see Table 1). Different letters in the same column characterize
significant differences among genotypes according to Tukey’s test for p ≤ 0.05.

Genotype OPAs

QNA PRCA CA pCA Total

G1 105.75 a 0.42 de 0.61 fg 0.06 g 106.84 a
G2 74.48 efghi 0.41 def 0.72 defg 0.12 efg 75.73 defgh
G3 73.33 fghi 0.60 bc 0.63 efg 0.07 fg 74.63 defgh
G4 86.76 cdefg 0.41 def 0.86 cdef 0.08 fg 88.11 bcde
G5 80.64 defgh 0.47 cd 0.88 cdef 0.20 cde 82.19 cdef
G6 71.51 ghij 0.51 bcd 0.99 bc 0.32 b 73.33 efgh
G7 101.27 abcd 0.57 bc 0.69 defg 0.09 fg 102.62 ab
G8 60.73 ij 0.63 b 0.79 cdefg 0.30 b 62.45 gh
G9 89.57 bcde 0.50 bcd 1.49 a 0.24 bcd 91.8 abc

G10 104.90 ab 0.77 a 0.88 cde 0.16 def 106.71 a
G11 95.72 abcd 0.60 bc 1.15 bc 0.13 efg 97.6 ab
G12 92.03 abcd 0.31 ef 1.01 bc 0.07 fg 93.42 abc
G13 74.32 efghij 0.85 a 0.65 defg 0.56 a 76.38 defg
G14 70.92 hij 0.50 bcd 0.63 efg 0.08 fg 72.13 fgh
G15 88.16 cdefg 0.28 f 0.90 bcd 0.29 bcd 89.63 bcd
G16 90.47 abcd 0.46 cd 0.59 g 0.53 a 92.05 abc
G17 59.02 j 0.50 bcd 1.01 bc 0.31 b 60.84 h
G18 71.44 ghij 0.39 def 0.72 defg 0.10 efg 72.65 fgh

Mean
value 82.83 0.51 0.84 0.21 84.40

448



Plants 2022, 11, 573

It should be noted that, as mentioned above, 5-CQA, 3-CQA, and 4-CQA are the
neochlorogenic, chlorogenic, and cryptochlorogenic acid, respectively, whereas, gener-
ally, quinic acid is a component of a chlorogenic acid moiety [9]. According to previous
research [9], rock samphire is among the richest phenolic-containing species within the
Apiaceae family, with caffeoylquinic acid derivatives being the sole class of phenolics [40].
In agreement with our results, Mekinić et al. [41] reported that 3-CQA ranged from 5.65 to
7.48 mg/g dw, while it was 16.28 mg/g dw at an April harvest.

Moreover, a previous study [1] reported that, among seventeen constituents identified,
the main phenolics were 3-CQA, 4-CQA, 5-CQA, and 1.5-dicaffeoylquinic acid. Our results
are in accordance with the findings of that study [1] concerning the concentrations of
4-CQA and 5-CQA; nevertheless, they are in contrast in the case of 3-CQA and 1-CQA.
More specifically, we found over fifteen-fold more 3-CQA and over two-fold more 1-CQA
concentrations (averaged over genotype) compared with the respective values reported by
Sarrou et al. [1]. These differences may be partially attributed to the different initial material
used in the two studies, as, in the current work, the whole edible above-ground part was
used at a ratio of leaves:stems 1:1 (w:w), whereas in Sarrou et al. [1], a ratio of 2:1 was
used. Moreover, our results are comparable with those of Nabet et al. [29], who revealed
that hydroxycinnamic acids were among the main phenolic compounds of rock samphire
from Algeria according the following order of importance: 5-CQA (636 mg/100 g dw)
> 3,5-DCQA (164 mg/100 g dw) > 5-cQA and 5-fQA (104 mg/100 g dw) > 1-CQA and
4,5-DCQA (each one of 103 mg/100 g dw). In the current work, 5-CQA was more than
thirty times lower (18.26 mg/100 g dw), but 5-cQA content was about three times higher
(369 mg/100 g dw) than in those results [29]. Concerning the 3-CQA (chlorogenic acid)
content, other researchers [9] found huge concentrations of 1880–2790 mg/100 g dw in
rock samphire growing in sand and 300–1000 mg/100 g dw in plants growing on cliffs,
compared to the 258.73 mg/100 g dw found in the current study.

Genotypes of native Greek rock samphire were rich in quinic and chlorogenic acids,
despite the fact that halophytic species are usually pure in these compounds. However,
quinate and/or chlorogenate were detected in several members of the Apiaceae family, in-
cluding carrot [42,43], fennel [44], and celery [45]. Based on the aforementioned knowledge,
Meot Duros and Magné [20] stated that these two molecules could play a chemotaxonomic
role in the Apiaceae family. In any case, rock samphire, similar to fennel and greater than
carrot, can be considered among the 3-CQA (or CLA)-richest Apiaceae members, with
concentrations up to 259 mg/100 g dw [44].

Contrary to a previous study [13], other phenolic compounds such as catechins, vanillic,
and rosmarinic acids were undetectable in the present work. Nevertheless, it should be not
disregarded that differences in the ranges of estimated parameters among the results of the
current study and similar studies could be attributed to factors such as climatic conditions,
harvesting time, and extraction method (solvent, temperature, time, etc.).

Altogether, the eighteen components of native Greek rock samphire’s extracts had a
total polyphenol content of 1214.4 mg/100 g dw, a half-reduced value compared with the
2503 mg/100 g dw reported by a previous study [31].

Regarding the differences among genotypes, the G9 genotype from Kefalonia Island
had cumulatively CQAs of 1547.3 mg/100 g dw, followed by G1-G5, G7, G8, and G10,
while G13 and G16 had the lowest content (Table 4). It is remarkable that the genotypes
G1, G3, G4, and G5 exhibited high CQAs values originating from the same island, namely
Ikaria. Concerning the major quinic acids, it seems that G9, G8, and G2 contained more
5-cQA than the others, whereas G9 and G3 had more 3,5-DCQA (Table 4). Similarly, G9 had
the highest 1-CQA concentration, although not statistically different than the respective
values of several other genotypes (such as G2–G5, G7, and G10). With regard to chlorogenic
acids, the G9 genotype had the highest content, even though the majority of genotypes had
also high contents (Table 4). In addition, G9, G2, and G4 had the highest total concentration
of FLAs (Table 5).

449



Plants 2022, 11, 573

2.3. Correlation Coefficients among Bioactive Compounds, Antioxidant Capacity, and
Phenolic Groups

The correlation Pearson coefficient (r) analysis was used to evaluate the relationship
between bioactive compounds, antioxidant capacity, and phenolic groups. Significant
positive correlations (p ≤ 0.001) were observed between the vast majority of traits (Table 7),
which indicated that when selection or breeding are applied for one of these traits, an
indirect improvement could also be observed in other traits [46]. Clearly, TPC was strongly
correlated with TFC, ABTS, DPPH, FRAP, CQAs, and FLAs (r = 0.65–0.99, p ≤ 0.001), but it
had no significant correlation with OPAs (r = 0.102, p > 0.05) and no correlation with AsA
(r = 0.332, p > 0.05).

Table 7. Correlation matrix (r coefficients) between bioactive compounds, antioxidant capacity, and
phenolic groups identified by LC-MS and AsA content in 18 native Greek rock samphire genotypes.

Parameters TPC z TFC ABTS DPPH FRAP CQAs OPAs FLAs AsA

TPC 1 0.992 *** 0.868 *** 0.955 *** 0.977 *** 0.897 *** 0.102 0.649 *** 0.332
TFC 1 0.880 *** 0.949 *** 0.964 *** 0.892 *** 0.141 0.633 *** 0.317

ABTS 1 0.882 *** 0.828 *** 0.815 *** 0.051 0.559 * 0.420
DPPH 1 0.949 *** 0.907 *** 0.066 0.727 *** 0.241
FRAP 1 0.879 *** 0.057 0.670 ** 0.277
CQAs 1 0.113 0.691 ** 0.150
OPAs 1 0.047 0.027
FLAs 1 −0.019
AsA 1

z TPC, total phenolic content; TFC, total flavonoid content; ABTS, 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic
acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; FRAP, ferric reducing antioxidant power;
CQAs, caffeolquinic acids; OPAs, other phenolic acids; FLAs, flavonoids; AsA, Ascorbic acid. Asteriks, *** indicate
significant at p ≤ 0.001, ** at p ≤ 0.01, and * at p ≤ 0.05.

Similarly, TFC was highly correlated with all the other traits (r = 0.633–0.964, p ≤ 0.001),
except from the case of OPAs and AsA, where no significant correlation was observed
(r = 0.141, p > 0.05 and r = 0.317, p > 0.05, respectively). ABTS was very strongly correlated
with DPPH, FRAP, and CQAs (r = 0.815–0.882, p ≤ 0.001), highly correlated with FLAs
(r = 0.559 p ≤ 0.001), but it was not correlated with OPAs (r = 0.066, p > 0.05) and AsA
(r = 0.420, p > 0.05). The same trend was observed for the rest of the traits, except for the
cases of OPAs and AsA, where no correlation with any other trait was detected.

These findings clearly show that TPC and TFC contribute, to a high extent, to the
antioxidant activity of rock samphire’s native Greek genotypes. Moreover, the phenolic
groups were identified successfully by LC-MS in the current study and they corresponded,
to a great extent, to the determined TPC and TFC, as well as to antioxidant capacity,
whereas our findings are in agreement with earlier reports [47,48]. Indeed, Xu et al. [47]
reported that CQA isomers (specifically 3-CQA, 4-CQA, and 5-CQA) and DCQA isomers
(specifically 3,5-DCQA, 3,4-DCQA, and 4,5-DCQA) exhibit antioxidant activities and DNA
damage protective effects to various extents. In the same direction, Kooti et al. [48] have
reported that the major phenolic compounds, such as CQAs, of fennel seed extracts show
important antioxidant activity.

2.4. Principal Component Analysis and Hierarchical Clustering

In total, 23 determined variables (3 bioactive compounds, 3 antioxidant capacity
assays, and 17 phenolic compounds identified by LC-MS) of 18 rock samphire genotypes
were subjected to a principal component analysis (PCA). Based on an eigenvalue > 1, we
extracted a total of two PCs with a cumulative distribution of 68.0%, (specifically 57.5%
for the first component and 10.5% for the second one) (Figure 4a). Generally, native Greek
rock samphire genotypes formed four distinct groups, where the majority of genotypes
were placed in the center of the PCA, mainly in the lower left (group 2) and in the upper
right quarter (group 3). Interestingly, G9 from Kefalonia Island was identified alone and
it was located in group 4, close to the positive side of PC1, presenting a rather similar
response with high values at most evaluated parameters. Additionally, the genotypes G5,
G4, G3, and G1, all originating from Ikaria Island, were included in group 3 and they were
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ordinated to the positive side of PC1 and PC2 in the upper right quadrant, indicating a
tendency for high values in most evaluated traits. Notably, among them, G4 from Ikaria
Island was separated from the rest by the higher positive loadings on PC1. Conversely,
the genotypes of group 2 presented values of phytochemical and antioxidant capacity
below the mean value, and were thus grouped at the lower left quarter. Moreover, G13 and
G16 genotypes–the only members of group 1 lined with the green color in Figure 4 and
located at the left side–presented the most distinct and significant reduced values for the
evaluated parameters.

 
(a) 

 
(b) 

Figure 4. Two-D PCA plot of the first two components of 18 native Greek rock samphire genotypes
(see Table 1) based on 23 determined traits related to bioactive compounds and antioxidant activity (a),
and a heat map showing fold changes of the same traits of the 18 rock samphire genotypes (b).
Columns are centered; unit variance scaling is applied to columns. Columns are clustered using
Euclidean distance and Ward linkage (23 rows, 18 columns).
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Stepping forward to investigate the differences on rock samphire genotypes, an ag-
glomerative hierarchical clustering (AHC, heatmap) analysis on the bioactive content,
antioxidant capacity, and main phenolics was employed to enable the grouping of geno-
types into clusters of similar responses based on calculations of the Euclidean distance
(Figure 4b). The resulting dendrogram using the Ward’s method for agglomeration, re-
vealed three distinct groups: Group I and Group II, which were comprised of five genotypes
each, and Group III, which contained eight genotypes. More specifically, the heatmap anal-
ysis identified a subgroup of genotypes G13 and G16 within Cluster I based on the lower
values in the vast majority of traits. The genotypes G11, G12, and G15 were grouped in the
same Cluster I. A subgroup of Cluster II contained only the G9 genotype from Kefalonia
Island, exhibiting high values for most of the parameters, which is highlighted with a
strong pink color in Figure 4b. The same Cluster II contained the genotypes G14, G8, and
G17 from Heraklion, Rethimno, and Chania (Crete), respectively, and G18 from Chios
Island. Additionally, Cluster III presented fluctuating responses in different estimated
variables, whereas half of the included genotypes originated from Ikaria Island. Specifically,
a subgroup consisting of G2 and G6 from Heraklion and G5 and G4 from Ikaria presented
medium to high values in most estimated traits. Notably, G4 from Ikaria presented impres-
sively high values on most estimated variables and is thus indicated with different shades
of pink color in Figure 4b. A different subgroup of Group III, comprised of the G1, G3,
G9, and G7 genotypes, presented small fluctuations around the mean values of estimated
variables. Finally, results from the AHC are in accordance with the PCA.

2.5. Genetic Diversity and Molecular Characterization

Concerning the GenAlEx analysis for allelic patterns of the examined samples from
C. maritimum native Greek populations, i.e., Agio Oros (3 genotypes), Chania (1), Chios
(1), Heraklion (3), Ikaria (6), Kalamata (1), Kefalonia (2), and Rethimno (1), the results
showed that the mean number of different alleles (Na) was 5.500, while the mean number
of different alleles with a frequency ≥5% was 4.375. Moreover, the number of effective
alleles (Ne) was 3.131, Shanon’s information Index (I) was 1.181, and the unbiased expected
heterozygosity (uHe) was 0.577 (Table 8). The combined probability of identity (PI) was
1.5 × 10−6, while the combined value for PIsibs was 4.8 × 10−3. The results, according to
a PCoA analysis, classified the genotypes into three groups. Most of the genotypes were
concentrated on the left side of the plot. G2, G6, and G8 formed another group in the right
part of the plot. A third cluster is detected in the bottom left quadrant, consisting of G4 and
G5. According to the percentage of explained variance (%), which is used to measure the
discrepancy between a model and actual data, a small variance between genotypes was
revealed, while the percentage of this variance was below 60% (Figure 5a).

Table 8. Diversity statistics for the 18 native Greek rock samphire genotypes based on GenAlEx
analysis for allelic patterns.

Locus Na Ne I Ho uHe PI PIsibs PIC

CM14 3.000 2.249 0.907 0.529 0.572 0.282 0.543 0.469
CM15 7.000 5.635 1.833 0.722 0.846 0.055 0.352 0.8
CM33 6.000 3.846 1.559 1.000 0.766 0.098 0.405 0.714
CM34 2.000 1.117 0.215 0.111 0.108 0.807 0.899 0.099
CM03 3.000 1.476 0.572 0.278 0.332 0.496 0.713 0.285
CM04 6.000 1.846 0.999 0.389 0.471 0.315 0.599 0.437
CM11 7.000 2.769 1.359 0.667 0.657 0.164 0.472 0.605
CM12 10.000 6.113 2.004 0.611 0.860 0.046 0.343 0.817
Mean 5.500 3.131 1.181 0.538 0.577 0.283 0.541 0.528
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Figure 5. (a) Principal Coordinate Analysis (PCoA) plot of 18 native Greek rock samphire genotypes
(Table 1) with the percentage of the explained variance (%) demonstrated on the right side of the
figure. (b) UPGMA dendrogram computed by using three distance measures, i.e., (i) Relative
dissimilarity matrix, (ii) Euclidean Distance, and (iii) Smouse and Peakall distance. (c) Distribution
of 18 rock samphire genotypes according to molecular data of 8 SSR loci in the Structure software
with (i) values of Evanno’s ΔK statistic indicating the most probable genetic structure model and
(ii) genetic assignment based on STRUCTURE. The individuals are represented by vertical bars; the
colors were assigned according to the group formed in the Structure software (three groups, K = 3).

The three unweighted pair group method with arithmetic average (UPGMA) dendro-
grams were in concordance with each other, with two main clusters appearing in all of
them. According to the first dendrogram using the relative dissimilarity matrix, a large
cluster included the majority of genotypes, while a second cluster consisted of G2, G6, and
G8. G1 was clustered separately from all the other genotypes [Figure 5(bi)]. The following
two dendrograms using the Euclidean Distance and the genetic distance of Smouse and
Peakall, respectively, seemed to support the same pattern, forming two clusters with the
main one comprising most genotypes and the second one including three genotypes (G2,
G8, and G6) [Figure 5(bii,biii)].
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To gain further insight, a STRUCTURE analysis was also conducted. In this analysis,
K = 3 was deemed as optimal according to the ΔK statistic of Evanno [49]. However, K = 2
also produced a solution that could have biological relevance. For K = 3, the first group
assembled all accessions, except from genotypes G2, G8, and G6 which formed a second
cluster [Figure 5(ci)]. A similar result was obtained for K = 2 in concordance with the
corresponding dendrogram [Figure 5(cii)].

Lately, there has been an escalation in phylogeographical studies regarding coastal
and halophytic plants, not only in the Mediterranean Basin, but also along the European
coasts [50]. Numerous hypotheses have been suggested to explain the present genetic
structure and natural distribution of halophytic species. Understanding the evolutionary
history of populations that have emerged from various complex events is challenging work.
Hence, researchers should be able to examine different molecular markers from different
genomes to comprehend the differences in evolution between species [51]. In contrast
to other types of molecular markers, microsatellites, or simple sequence repeats (SSRs),
have many advantages, such as simplicity, effectiveness, abundance, hypervariability,
reproducibility, co–dominant inheritance, and extensive genomic coverage [52]. The SSRs
markers have become one of the most useful molecular markers for cultivar fingerprinting
and genetic diversity assessments, molecular mapping, positional cloning, phylogenetic
analyses, and marker-assisted breeding [53]. They have successfully been used for many
plant species, such as rice (Oryza sativa), maize (Zea mays), barley (Hordeum vulgare), and
sorghum (Sorghum bicolor) [54–57].

Halophytic plants are ideal models for studying the colonization routes of species
because of their simple linear distributions across the coastlines. Thus, a couple of studies
have been carried out using SSR molecular markers to analyze the phylogenetic relation-
ships between species and populations of halophytes. In 2010, Escudero et al. [58], made a
successful attempt to examine the evolutionary history of 24 populations of the halophyte
Carex extensa, analyzing its genetic structure with the aim of understanding the hetero-
geneity of closely related halophytic species. The results indicated that C. extensa, together
with the South American Carex vixdentata and the southern African Carex ecklonii, form a
monophyletic group of halophytic species [58]. Another study [59] investigated Nitraria
sibirica’s chloroplast genome to provide insights into comparative genome analysis, and to
understand the phylogenetic relationships within the Sapindales. This evolutionary analy-
sis showed that N. sibirica belongs to the order Sapindales, providing valuable information
about halophytes in general [59]. Evolutionary studies have been performed at the genome
level to untangle the conserved features of Oryza coarctata within the genus Oryza, and
to uncover its similarity with other halophytic species and differences from the AA, BB,
and FF genome types present in members of the genus Oryza [60]. Further phylogenetic
analysis, based on the single copy genes among Oryza species, pointed to the existence
of the O. coarctata genome somewhere between the divergence of the FF and BB genomes
from the AA genome [60]. In addition, another study identified a number of genic SSR
markers from the transcriptomic dataset, providing valuable resources for future ecological
and evolutionary studies of Phragmites karka [61]. Regarding C. maritinum, few studies
have been performed to date to investigate and comprehend the phylogenetic relationships
between closely related species and populations. Two studies presented in 2005 using an
Amplified Fragment Length Polymorphism (AFLP) marker have shown several incipient
geographical lineages in the Mediterranean and European coastal regions for C. maritimum,
but without any noteworthy support, indicating, however, that its colonization happened
after the Last Glacial Maximum [21,62].

The results herein indicated a conformity between the analyses from GenAlEx, UP-
GMA, and STUCTURE software. As evident from the PCoA plot, most native Greek
genotypes have similarities to each other, forming a group on the left part of the plot,
comprised of genotypes from Kalamata, Chania, Agio Oros, Kefalonia, Ikaria, Chios, and
Heraklion. A little further away from these genotypes, there are G2 and G6, 2 genotypes
from Heraklion, and G8 from Rethimno. According to the GenAlEx analysis, the results
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showed low to moderate diversity between native Greek populations, while the expected
heterozygosity (He) was 0.560, and the unbiased expected heterozygosity (uHe) was 0.577.
Moreover, Shanon’s information Index was quite low in the amount of 1.131. The number
of different alleles was 5.500 and the number of effective alleles was 3.131, also pointing
to a low diversity pattern. In addition, the low levels of the percentage of the explained
variance (under 60%) also indicate the low variability detected between Greek populations
of C. maritimum.

A genetic structure of a population can generally be interpreted by the amount and
distribution of genetic variation within and between populations. According to STUCTURE
software, one main group is formed comprised of most of the genotypes and excluding only
three of them (G2, G6, and G8) from Heraklion and Rethimno. Therefore, a resemblance
between genotypes can be inferred, without significant divergence.

The method of unweighted average binding among clusters, better known as UPGMA,
has been used most frequently in ecology and systematics [63], as well as in numerical
taxonomy [64]. Regarding the results obtained in this study, we can notice once more the
two formed groups on the dendrograms below, which are in agreement with the PCoA and
STRUCTURE analysis, excluding genotypes G2, G6, and G8 from Heraklion and Rethimno.

Genetic diversity is crucial for a population to allow for adaptation to changing
environments. Gene flow within a population could increase genetic variation, with
numerous factors affecting it. Gene duplication, mutation, or other physical processes are
some factors leading to this increment. In addition, new variations could be created when
a population has high reproduction levels. On the other hand, small populations are more
likely to undergo diversity loss gradually, by random chance, via genetic drift. Factors
that cause genetic drift might be the unlike number of offspring by different members of a
population, such that specific genes increase or decrease in number over generations free of
selection, the unexpected immigration or emigration of individuals, resulting in changing
genes, etc. Besides genetic drift, gene flow is supposed to be lower in species that have a
small distribution range or low adaptability, that arise in fragmented environments, where
populations are geographically distant, and the population sizes are small. Overall, it is
argued in this study that many island populations of C. maritimum in Greece might have
low rates of gene flow and thus suffer high genetic drift due to geographic isolation and
small population sizes, with the latter being so isolated that the lack of gene flow may lead
to high rates of inbreeding.

3. Materials and Methods

3.1. Reagents

Analytical standards of quinic acid (QNA), 3-O-caffeoylquinic acid (3-CQA), 4-O-
caffeoylquinic acid (4-CQA), 5-O-caffeoylquinic acid (5-CQA), quercetin-3-O-rutinoside
(QURU), quercetin-3-O-glucoside (QUGL), and quercetin-3-O-galactoside (QUGA) were
purchased from Extrasynthese (Genay Cedex, France), whereas protocatechuic acid (PRCA),
gallic acid (GA), caffeic acid (CA), and p-coumaric acid (pCA) were obtained from Sigma-
Aldrich (Steinheim, Germany). 1-caffeoylquinic acid (1-CQA), 3,5-dicaffeoylquinic acid
(3,5-DCQA), 3,4-dicaffeoylquinic acid (3,4-DCQA), 4,5-dicaffeoylquinic acid (4,5-DCQA),
and vicenin-2 were obtained from Carbosynth (Berkshire, UK). All other reagents were of
HPLC or LC-MS grade.

3.2. Plant Material

The plant material used in this study is part of the C. maritimum germplasm collection
maintained ex situ at the grounds of the Balkan Botanic Garden of Kroussia in Northern
Greece (Pontokerasia: 41◦05′24′′ N, 23◦06′43′′ E and Thermi: 40◦32′08.7′′ N, 23◦00′06.4′′ E).
All plant materials of C. maritimum have been collected directly from wild-growing popula-
tions based on sustainable plant exploitation strategies. The collections were conducted
using a special permit to the Institute of Plant Breeding and Phytogenetic Resources, Hel-
lenic Agricultural Organization–Dimitra issued by the Greek Ministry of Environment and
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Energy, which is renewed annually after a detailed report (for the last two years Permit
82336/879 of 18 May 2019 & 26895/1527 of 21 April 2021). Each genotype after taxonomic
identification is allocated a unique IPEN (International Plant Exchange Network) accession
number given by the Balkan Botanic Garden of Kroussia (BBGK), Institute of Plant Breeding
and Genetic Resources (IPB & GR), Hellenic Agricultural Organization-Dimitra. A total
of 18 rock samphire accessions with geographic origin from 8 different and representative
regions of Greece were selected for further study and they are presented with relative
information in Table 1 and Figure 6.

 

Figure 6. Indicative visual phenotype of the 18 native Greek rock samphire genotypes studied.
Explanations for the abbreviations G1–G18 are given in Table 1.

3.3. Sample Preparation

From each of the rock samphire genotypes grown under the same ex situ conditions,
500 g of fresh aerial parts was collected in the stage before flowering in the middle of
July, when the plants reached their maximum foliage. Samples were collected and put in
sterile polyethylene carrier bags and transported to the laboratory in a portable refrigerator
(3–4 ◦C) not more than one hour after their collection. The fresh samples were divided into
leaves and stems and then they were weighed on a digital balance with an accuracy to 0.01 g
to calculate their ratio and to avoid tissue-specific differential content in samples. Separated
tissue samples were put in plastic bags and were freeze-dried for 72 h with a lyophilizer
(Freeze-dryer Alpha 1–2 LD plus, Christ, Osterode, Germany) until they obtained their
dw. Afterwards, samples were grounded in a laboratory mill (ZM 1000, Retsch GmbH,
Haan, Germany) to pass through a 0.50 mm sieve, and then they were stored at −20 ◦C
until analysis.

3.4. Evaluated Parameters

Several indicators regarding the antioxidant potential of C. maritimum (expressed as
ABTS and DPPH radical scavenging activity, as well as a FRAP assay), the AsA content,
and the bioactive profile (as TPC and TFC) were determined, along with the main phenolic
compounds identified and quantified by LC-MS (all described below).
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3.4.1. Sample Extraction

To extract each sample, 400 mg of freeze-dried and powdered sample derived of equal
portions of leaves and stems of C. maritimum were transferred to glass vials containing
4.5 mL of methanol/water (70:30, v/v). The suspension was vortexed for 1 min and then
incubated in an ultrasound bath (model FB15051, Thermo Fisher Scientific Inc. Loughbor-
ough, UK) for 20 min. Afterwards, the crude extract was centrifuged at 4000× g for 10 min,
the supernatant was collected, and the pellet was re-extracted as described above. Each
extraction was triplicated and all analyses were performed in three replications.

3.4.2. Antioxidant Capacity Determination

For a valid assessment of antioxidant capacity, a combination of methods was im-
portant [65]. For this reason, the antioxidant capacity was determined according ABTS
and DPPH reactive oxygen species scavenging assays and a FRAP redox potential-based
assay. Specifically, ABTS and DPPH scavenging assays are based on electron donation of
antioxidants to neutralize ABTS and DPPH radical cations, whereas the FRAP assay is a
typical, single electron transfer-based method that measures the reduction of a ferric ion
(Fe3+)–ligand complex to the intensely blue-colored ferrous (Fe2+) complex by antioxidants
in acidic media.

ABTS Radical Scavenging Activity

The radical scavenging activity of rock samphire’s extracts against the ABTS radical
cation was evaluated according to the protocol of Re et al. [66], which was appropriately
adjusted. Briefly, 100 μL of the sample extract was added to 3.9 mL of diluted ABTS+ solution
and the absorbance was measured at 734 nm after 4 min against a blank (methanol). The
results were expressed as mg trolox equivalents (TE) per g of dried sample (mg TE/g dw).

DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of rock samphire’s extracts against the DPPH
radical cation was evaluated according to the protocol of Yen and Chen [67], with some
modifications. Briefly, 150 mL of the extract was reacted with 2.85 mL of a 0.1 mM methano-
lic solution of DPPH. After 5 min, the absorbance at 516 nm was recorded, with methanol
being used as the blank. The percentage of scavenging effect was calculated by using the
following equation: DPPH radical scavenging capacity (%) = (A0 − As)/A0 × 100, where
A0 and As are the absorbance of the blank and the sample, respectively. Results were
expressed as mg of TE per g of dried sample (mg TE/g dw).

FRAP Assay

The FRAP assay was carried out according to Benzie and Strain [68], with slight
modifications. Briefly, the fresh FRAP reagent consisted of 20 mM ferric chloride solution,
10 mM TPTZ (2,4,6-tripyridyl-s-triazine) solution in 40 mM HCl, and 0.3 mM acetate buffer
pH 3.6 in a proportion of 1:1:10, respectively. An aliquot of 100 μL of sample extract was
reacted with 3 mL of the FRAP reagent at 37 ◦C for 4 min under dark conditions, and the
absorbance was recorded at 593 nm against a blank (methanol). Results were expressed as
mg of TE per g of dried sample (mg TE/g dw).

3.4.3. Ascorbic Acid Determination

The AsA content was determined spectrophotometrically using the ascorbate oxidase
(AO) enzyme as previously described [69]. Briefly, 1 g of frozen tissue (C. maritimum
stems and leaves, 1:1) were ground to a powder using liquid nitrogen, and were extracted
using 1 M HClO4. After centrifugation, supernatants were neutralized to pH 5.6 using
K2CO3. Calculations were based upon the difference in absorbance at 265 nm before, and
3 min after the addition of 1 U/μL AO (Sigma Chemical Co., St Louis, MO, USA) to a
200 μL aliquot of extract in 200 mM sodium phosphate buffer (pH 5.6). Absorbance values
were evaluated against a standard curve constructed using L-ascorbic acid (Merck KgaA,
Darmstadt, Germany) in the range of 0–100 nmol and expressed as μmol/g of dw.
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3.4.4. TPC Determination

The analyses of TPC were performed using the Folin–Ciocalteu’s method according to
Singleton et al. [70], with some modifications. Briefly, 0.2 mL of sample extract was mixed with
0.8 mL of the Folin–Ciocalteu reagent. After incubation for 2 min, 2 mL of sodium carbonate
(7.5% w/v) solution was added to the reaction mixture and the volume was adjusted to 10 mL
with distilled water. The mixture was allowed to stand for 60 min in a dark place, and then
the absorbance at 725 nm was recorded [71]. The results were expressed as mg of gallic acid
equivalent (GAE) per g of sample on a dw basis (mg GAE/g dw).

3.4.5. TFC Determination

The TFC of the sample extracts obtained as described above were evaluated by the
AlCl3 reagent method of Bao et al. [72], with slight modifications. An aliquot of 0.3 mL
of extract was pipetted into a test tube containing 2 mL of distilled H2O and mixed with
0.225 mL of 5% NaNO2. After 5 min, 0.225 mL of 10% AlCl3·6H2O solution was added,
the mixture was allowed to stand for another 5 min, and then 0.750 mL of 2 M NaOH
was added. The reaction solution was well mixed, kept for 30 min in the dark, and the
absorbance was determined at 510 nm. The results were expressed as mg of catechin
equivalents (CE) per g of sample on a dw basis (mg CE/g dw).

3.4.6. LC-MS Identification and Quantitation of Metabolomics (Phenolic Compounds)

Identification and quantitation of the phenolic profile from rock samphire extracts
was performed according Irakli et al. [46] on a Shimadzu Nexera HPLC system (Kyoto,
Japan) consisting of two pumps, a degasser, a column oven, an auto injector, a diode array
detector (DAD), and a single quadrupole mass spectrometer combined with an electrospray
ionization (ESI) interface. A Poroshell 120 EC-C18 column (4.6 × 150 mm, 4 μm) was used
for the separation of phenolic compounds and was thermostated at 35 ◦C, and the flow rate
was set at 800 μL/min. Each extract was filtered (pore size 0.2 μm), then an aliquot of 10 μL
was injected while the gradient was 0–5 min (15–25% B), 5–10 min (25–35% B), 10–28 min
(35–60% B), 28–28.01 min (60–15% B), and an isocratic elution until 35 min. Mobile phase A
was 0.1% formic acid in water and mobile phase B was acetonitrile.

The DAD acquisition ranged from 190 to 400 nm. The mass spectrometer was equipped
with an ESI source recorded on a negative ionization mode under the following conditions:
interface voltage, +4.5 kV; curved desolvation line (CDL) voltage, 20 V; nebulizing gas (ni-
trogen) flow, 1.5 L/min; drying gas flow, 15 L/min; block heater temperature, 200 ◦C; CDL
temperature, 250 ◦C. Mass acquisitions were performed in full scan mode (100–1000 m/z)
and selective ion monitoring mode (SIM). Data acquisition and processing was done using
Lab Solutions LC-MS software (Shimadzu, Kyoto, Japan).

The identification of all constituents was performed by LC-DAD-MS analysis by com-
paring the retention time, as well as the UV and MS spectra of the peaks in the extracts with
those of authentic reference samples. The method of internal standard (salicylic acid) was
applied to quantify the phenolic compounds of C. maritimum. Quantification was carried
out at SIM mode, constructing calibrations curves of corresponding standard solutions at
five concentration levels within the linear range of 0.01 to 4 μg/mL. Correlation coefficients
(r2) from calibration curves for all the compounds were between 0.9969 and 0.9999. The
limit of detection was in the range of 0.007–0.093 ng/mL and the limit of quantification was
from 0.021 to 0.282 μg/mL The results of intra-day and inter-day precision was less than
6.1% and 10.6%, respectively. The quantification of coumaroyl-quinic and feruoyl-quinic
acids was based on standard curves generated by the 3-CQA due to the lack of commercial
standards. Analyses were carried out in triplicate and the results were expressed as mg per
100 g of sample.

3.5. DNA Isolation

Isolation of DNA from leaves was performed with the NucleoSpin Plant kit (Macherey–
Nagel, Düren, Germany), according to the manufacturer’s instructions. DNA quantity
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(concentration) was estimated in a NanoDrop™ One/OneC Microvolume UV-Vis Spec-
trophotometer, by Thermo Fisher Scientific, by determining the absorbance at 260 nm, while
DNA quality was determined by 1% agarose gel electrophoresis using MIDORI Green Direct
by Nippon Genetics. Samples were then diluted to 25 ng/μL to form working solutions.

3.6. Multiplex Polymerase Chain Reaction (PCR) and Capillary Electrophoresis (CE)

Samples were genotyped with eight simple sequence repeat (SSRs) markers (CM03,
CM04, CM11, CM12, CM14, CM15, CM33, and CM34). The forward primers were labeled
with FAM, HEX, and ROX fluorescent dyes. Multiplex PCR was performed using KAPA2G
Fast Multiplex PCR Kit (KAPA Biosystems, Wilmington, MA, USA)). The 2× Multiplex
Mix contains KAPA2G Fast HotStart DNA Polymerase (1 U per 25 μL reaction), KAPA2G
Buffer A (1.5× at 1×), dNTPs (0.2 mM each dNTP at 1×), MgCl2 (3.0 mM at 1×), and
stabilizers. Amplifications were performed in a reaction volume of 25 μL containing 2×
KAPA2G Fast Multiplex Mix (12.5 μL), 10 μM Forward Primer (0.5 μL each), 10 μM Reverse
Primer (0.5 μL each), DNA (0.5 μL), and PCR-grade Water (up to 25 μL). The PCR was
performed in the following thermocycling conditions: 1 cycle of initial denaturation at
95 ◦C for 3 min, followed by 35 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C
for 30 s, extension at 72 ◦C for 30 s, and 1 cycle of final extension at 72 ◦C for 1 min. The
resulting PCR products were first visualized by 2% agarose gel electrophoresis and then
loaded into an SeqStudio Genetic Analyzer, a fluorescence-based capillary electrophoresis
system, for fragment analysis (Applied Biosystems, Foster City, CA, USA). SSR fragments
were scored via GeneMapper v6 software using the internal size standard GS 600 LIZ
(Applied Biosystems, Foster City, CA, USA).

3.7. Data Analysis and Cluster Analysis

ANOVA was carried out using the computer software MSTAT-C version 1.41 (Michi-
gan State University, East Lansing, MI, USA). Data of TPC, TFC, ABTS, and DPPH radical
scavenging activity, as well as of the FRAP assay, were subjected to an ANOVA by using the
experiment model number 7 of one factor (rock samphire genotype) randomized complete
block design. Tukey’s multiple comparison procedures were used to detect and separate
the eighteen means differences at p < 0.05. Pearson’s correlation coefficient was used
for the determination of the relationships between the variables by using SPSS Statistics
21.0 software (SPSS Inc., Chicago, IL, USA). The web tool Clustvis [73] was used for the
visualization of clustering on multivariate data using PCA and AHC. The construction of
two-dimensional (2-D) plots was based on the first two principal components (PCs). The
AHC analysis was performed using Euclidean distance and Ward’s method for agglomera-
tion to systematically analyze the combined bioactive compounds and antioxidant capacity
per C. maritimum genotype.

Principal Coordinate Analysis (PCoA), which is used when variables are qualitative or
discrete, thus offering a unique analytical solution, was applied for molecular data. PCoA
based on Euclidean distance was performed using the cmdscale function in R 4.1.0 [74]. For
the identification of unique genotypes of C. maritimum, all possible pairwise comparisons
between two genotypes were attempted. The number of alleles per locus (Na) and the
observed (Ho) and expected (He) heterozygosity (assuming Hardy–Weinberg equilibrium)
were calculated using GenAlEx software [75]. The probability that two individuals will, by
chance, have the same multilocus genotype was investigated by estimates for Probability of
Identity (PI) and Probability of Identity between siblings (PIsibs), which were also inferred
with the same software. Polymorphic Information Content (PIC) for each genetic marker
employed was estimated by the polysat R package [76], whereas UPGMA dendrograms
were constructed. Three different genetic distances, namely relative dissimilarity, Euclidean
distance, and the individual genetic distance measure of Smouse and Peakall were used [77].

Possible population structure was analyzed to examine how geographical distribution
affects the genotype similarity in genetically homogenous populations using a model-based
Bayesian procedure implemented in the STRUCTURE v.2.3.4 software [78,79]. Genotypes
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were divided into genetic clusters using the “admixture” model along with the “uncorre-
lated allele frequencies” model. Analyses were run with 500,000 burn-in iterations followed
by 1,000,000 iterations for Markov chain Monte Carlo in 20 independent runs for each num-
ber of clusters (K) from 1 to 5. The most likely K was determined by employing the Evanno
method [49] and visualizations were made using the pophelper v2.3.1 R package [80].

4. Conclusions

In summary, the present work constitutes the first characterization of native Greek
rock samphire germplasm in terms of metabolomic and molecular fingerprinting. The
wide variation observed in the bioactive compounds and the antioxidant capacity, as well
as the low variability and the low to moderate diversity observed in the genetic profile
of Greek rock samphire genotypes, revealed that the germplasm collection conserved in
the Balkan Botanic Garden of Kroussia in Northern Greece could serve as an important
source of genetic material for artificial selection and future plant breeding. Interestingly,
the most remarkable and distinctive genotype genotypes were G9 from Kefalonia Island,
followed by G4 from Ikaria Island; both clearly exhibited a rather similar response with
high values in the evaluated traits. Based on the reported outcomes here, these C. maritimum
genotypes stand out as well-documented, and therefore they can be prioritized for large
scale cultivation. Additionally, these genotypes can be the springboard for the development
of new C. maritimum cultivars with desirable traits with respect to polyphenolic content
and/or antioxidant potential.
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Abstract: Periodic removal of sediment from aquaculture ponds is practiced to maintain their pro-
ductivity and animal welfare. The recovery of sediment as a plant fertilizer could alleviate the costs
of sediment removal. The objective of this study was to test the effects of a dried sediment, extracted
from an aquaculture pond used for common carp cultivation, on the growth and physiology of potted
wheat grass and the quality of the juice obtained from wheat grass. The results showed that sediment
application did not produce significant morphological changes, although the values for plant height
(16.94–19.22 cm), leaf area (19.67–139.21 mm2), and biomass (3.39–4.26 g/plant) were higher in
sediment-grown plants. However, at a physiological level, the effect was negative, decreasing pho-
tosynthesis (0.82–1.66 μmol CO2 m2s−1), fluorescence ΦPSII (0.737–0.782), and chlorophyll content
(1.40–1.83 CCI). The juice yield was reduced in the sediment treatments (46–58 g/100 g), while the
quality was improved by increasing the content of phenols (2.55–3.39 μg/mL gallic acid equivalent),
flavonoids (1.41–1.85 μg/mL quercetin equivalent), and antioxidant activity (47.99–62.7% inhibition
of; 2,2-diphenyl-1-picrylhydrazyl). The positive results obtained in this study can be attributed to the
moderate nutrient content of the sediment and a negligible concentration of heavy metals.

Keywords: aquaculture pond sediment; recovery; Triticum aestivum; photosynthesis; heavy metals;
chlorophyll fluorescence; wheat grass juice quality

1. Introduction

Aquaculture pond sediment is a mixture of uneaten feed and fish feces, with decaying
plant, animal, and microorganisms remains. The accumulation of large amounts of sed-
iment has negative effects on aquaculture economic efficiency, as well as on fish health,
mainly because of the reduction of pond depth and living space for fish. Moreover, the
accumulation of sediment causes a decrease in the concentration of dissolved oxygen due
to its consumption by nitrifying bacteria, as well as the production of toxic compounds,
such as H2S and NO2 [1]. Therefore, periodic clearing of the aquaculture ponds is needed
in order to avoid these issues. Depending on the type of aquaculture, cleaning of pond
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sediments can take place several times a year as is the case in organic aquaculture or once
every several years, as is the case of aquaculture practiced in natural water bodies [2].

Estimates show that the world aquaculture production will increase by 32% by 2030 [3],
thus the continuous development of the aquaculture sector determines a high sediment
production. For this reason, there is a need for efficient fish pond sediment management
strategies that include both their removal and recovery [4]. This is especially important
as uncontrolled spreading of sediment on the field, a widespread practice, can lead to
soil pollution with nitrates and water eutrophication [5]. Moreover, leachate can reach
groundwater and drinking water sources, threatening human health [6,7].

The aquaculture sediment reuse in agriculture has multiple benefits. The use of
sediment in agriculture to fertilize crops and improve soil quality is possible due to the
high content of nutrients and organic matter [8]. Previous studies demonstrated the
usefulness of sediment application in agriculture [9–11]. For example, sediment from
pangasius (Pangasianodon hypophthalmus) mixed with organic amendments from rice straw
could be a good fertilizer for cucumbers (Cucumis sativus L.) [11], while fish sediments
from organic aquaculture have been shown to be beneficial for white beans [2]. However,
when considering the use of sediment in agriculture, physico-chemical analyses must
be performed due to the fact that their composition varies depending on the type of
aquaculture, the cultivated fish species and its age, the feed used, etc. [12]. According to
Dróżdż et al. 2020 [1], the pH of aquaculture sediments can vary between 4 and 7, the
humus content between 0.76 and 3.2 T/ha, N between 1.08 and 7.03 g/kg, p between
0.22–2.07 g/kg, and K between 0.62–2.25 g/kg.

Commune carp (Cyprinus carpio) is a very popular species in Eastern Europe and Asia,
being cultivated mainly in natural fresh water bodies or in constructed ponds. According to
the Romanian National Strategy for the Fishing Sector 2014–2020, aquaculture is practiced
on a total area of 89,615.23 ha of production farms and 8617.55 ha of nurseries. The structure
by species is dominated by Asian cyprinids, 32%, and Romanian carp, 31.8%, followed by
crucian at 12.56%, trout at 20.45%, and pike, perch, catfish, and sturgeon at 3.19% [13–15].
Pond aquaculture generates large amounts of sediments, and their recovery as a plant
fertilizer source can be a sustainable solution, in accordance with the new environmental
policies, such as the Green Deal [16].

Wheat plants Triticum aestivum Linn. are generally used as a model plant to test the
effect of different substrates or pollutants [17]. Moreover, wheat grass is used to produce
wheat grass juice (WGJ), which is an extract made from young (10–15 cm) wheat plants [18].
The WGJ is a solution with a complex chemical composition, rich in minerals, enzymes,
vitamins, phenolics, and chlorophylls, with considerable bioactivities [19]. In general,
the use of sediments for plant fertilization has positive effects due to the rich content
of nutrients and organic matter. However, depending on their origin, they can cause
physiological disturbances, such as decreased photosynthesis, which can reduce plant
growth rate and can even cause plant death if the content of heavy metals or pathogens
are too high [20]. Under these conditions, when sediment is used in agriculture, its quality
must meet certain requirements. The objective of this study was to evaluate the potential
recovery of sediment from a commune carp pond aquaculture as a growing substrate for
wheat, by assessing the effects on wheat grass production and physiology and the quality of
wheat grass juice. Furthermore, the quality of the leachate in terms of nitrogen compounds
was evaluated to determine the impact of the use of sediment on the environment.

2. Results

2.1. Sediment Composition

This study assessed the potential use of aquaculture sediment as a nutrient substrate
for wheat grass. The chemical characterization of the sediment is presented in Table 1.
Sun-dried sediment had a slightly alkaline pH (7.67–8.06). In terms of nutrients, humus
and total N were significantly higher in CS3, while the content of organic matter, p and K
are significantly higher in CS1 (p < 0.05). The concentrations of heavy metals were below
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the maximum allowable limit for use in agriculture according to the Romanian legislation
OM 344/2004 (Cu 500 mg/kg, Zn 2000 mg/kg, Pb 300 mg/kg, and Cd 10 mg/kg). The
total coliforms ranged from 760 cfu/g to 1536 cfu/g while E. coli was not detected.

Table 1. The chemical and microbiological composition of the commune carp pond sediments.

Sampling Station Collection Station 1 Collection Station 2 Collection Station 3

pH 8.06 a ± 0.05 7.68 b ± 0.05 7.67 b ± 0.04
Humus% 3.31 a,b ± 0.04 3.16 b ± 0.1 3.62 a ± 0.07

Organic matter% 6.43 a ± 0.01 5.57 c ± 0.02 6.26 b ± 0.03
N total% 0.16 b ± 0 0.16 b ± 0.00 0.19 a ± 0.00
P mg/kg 118.67 a ± 3.28 64.33 b ± 2.03 66.33 b ± 1.33
K mg/kg 276.33 a ± 2.6 235.67 c ± 1.76 250.67 b ± 2.03

Cu mg/kg 28.27 ns ± 0.05 27.29 ns ± 0.05 28.13 ns ± 0.05
Fe mg/kg 33,695.62 ns ± 0.05 33,083.57 ns ± 0.05 34,609.12 ns ± 0.05
Mn mg/kg 455.92 ns ± 0.05 448.52 ns ± 0.05 449.53 ns ± 0.05
Zn mg/kg 82.67 ns ± 0.05 81.41 ns ± 0.05 84.11 ns ± 0.05
Pb mg/kg 10.89 ns ± 0.05 10.58 ns ± 0.05 11.04 ns ± 0.05
Cd mg/kg bdl bdl bdl

Total coliforms cfu/g 1020 1536 760
E. coli cfu/g nd nd nd

The values represent the mean ± standard error. The lowercase letters represent a statistically significant difference
(Tukey Test, p < 0.05). bdl: below detection limit, nd: not detected, ns: not significant.

2.2. Morphology of Wheat Grass and Yield of Wheat Grass Juice

In this study, mixtures (v/v) of sediment from the three collection stations (CS1, CS2,
and CS3) with commercial peat (CP) were performed, resulting in 10 treatments: V1
(CP 100%, control); V2 (CS1 50% + CP 50%); V3 (CS1 75% + CP 25%); V4 (CS1 100%); V5
(CS2 50% + CP 50%); V6 (CS2 75% + CP 25%); V7 (CS2 100%); V8 (CS3 50% + CP 50%); V9
(CS3 75% + CP 25%); and V10 (CS3 100%).

The morphological parameters of wheat grass and the yield of wheat grass juice
grown on aquaculture sediment are shown in Table 2. In general, wheat plants have grown
uniformly in all treatments, with values of plant height between 16.9 cm and 19.2 cm, and
the highest increase compared with the control being in the V4 variant. Leaf area and
plant biomass increased the most in the V6 variant compared to V1 (control) (2.6% and 8%,
respectively), however without statistical significance. In contrast, in all variants wheat
grass juice yield decreased significantly (p < 0.05) up to 20% at V10 compared with V1.

Table 2. Morphology of wheat grass and yield of wheat grass juice cultivated on pond sediment.

Treatment Plant Height (cm) Leaf Area (mm2) Plant Biomass (g/Plant) Wheat Grass Juice Yield (g/100 g)

V1 17.53 ns ± 0.61 135.61 ns ± 7.31 3.93 ns ± 0.19 58.00 b ± 1.16
V2 18.06 ns ± 0.44 121.12 ns ± 10.88 3.39 ns ± 0.31 50.14 b,c,d ± 1.04
V3 18.72 ns ± 0.48 128.32 ns ± 2.15 3.82 ns ± 0.01 48.34 c,d ± 0.88
V4 19.22 ns ± 0.43 129.17 ns ± 2.34 3.97 ns ± 0.07 55.54 a,b,c ± 1.08
V5 18.06 ns ± 0.57 116.93 ns ± 14.35 3.57 ns ± 0.42 50.00 b,c,d ± 1.16
V6 18.06 ns ± 0.49 139.21 ns ± 3.19 4.26 ns ± 0.07 54.00 a,b,c ± 1.16
V7 17.38 ns ± 0.42 116.44 ns ± 5.78 3.55 ns ± 0.20 56.80 a,b ± 1.34
V8 19.03 ns ± 0.69 126.86 ns ± 12.02 3.83 ns ± 0.12 52.34 a,b,c,d ± 0.88
V9 18.81 ns ± 0.56 110.26 ns ± 8.83 3.51 ns ± 0.27 56.34 a,b ± 1.46
V10 16.94 ns ± 0.44 109.67 ns ± 4.10 3.47 ns ± 0.09 46.00 d ± 3.06

The values represent the mean ± standard error. The lowercase letters represent a statistically significant difference
(Tukey Test, p < 0.05), ns: not significant.

2.3. Color of Wheat Grass

The color of wheat grass is presented in Table 3. The parameters L (lightness) and
b (yellowness) did not vary significantly. The a (greenness) parameter was significantly
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higher in V7 and V10 than in V4, which means that V4 had a more pronounced green
color. There were no significant differences between the V1 (control) variant and the rest of
the variants.

Table 3. Color of wheat grass cultivated on pond sediment.

Treatment L a b

V1 37.81 ns ± 0.84 −9.11 a,b ± 0.2 18.11 ns ± 0.87
V2 34.75 ns ± 1.26 −8.59 a,b ± 0.19 17.19 ns ± 0.44
V3 36.62 ns ± 0.45 −8.64 a,b ± 0.08 16.89 ns ± 0.28
V4 38.56 ns ± 0.74 −9.27 b ± 0.05 18.91 ns ± 0.09
V5 37.33 ns ± 0.41 −9.03 a,b ± 0.07 18.49 ns ± 0.27
V6 38.47 ns ± 0.49 −9.04 a,b ± 0.05 17.96 ns ± 0.39
V7 35.06 ns ± 0.43 −8.48 a ± 0.07 17.09 ns ± 0.19
V8 36.7 ns ± 1.21 −8.8 a,b ± 0.22 17.37 ns ± 0.93
V9 36.86 ns ± 0.35 −8.79 a,b ± 0.09 17.23 ns ± 0.13

V10 35.97 ns ± 1.18 −8.43 a ± 0.22 16.44 ns ± 0.95
The values represent the mean ± standard error. The lowercase letters represent a statistically significant
difference (Tukey Test, p < 0.05), ns: not significant. L: lightness—darkness, a: redness—greenness, and
b: yellowness—blueness.

2.4. Physiology of Wheat Grass

The gas exchange and total chlorophyll parameters are presented in Table 4. Physi-
ological parameters were most affected in V10 (CS3 100%). The Ci dropped significantly
in all variants except V2 (CS1 50% + CP 50%) and V4 (CS1 100%). Transpiration (E) and
Gs increased significantly at V6 (CS2 75% + CP 25%) compared to V1 (control) by 62%
and 30%. Photosynthesis (A) was the highest at V6, however without a significant dif-
ference compared with V1, while at V10 it decreased by 40% compared with the control
variant. Regarding the chlorophyll content, there were no significant differences between
the variants. Regarding chlorophyll fluorescence (Figure 1), ΦPSII parameter (quantum
yield of PSII of light adapted leaves) decreased significantly in all variants compared with
the control variant.

Figure 1. Chlorophyll fluorescence (ΦPSII—quantum yield of PSII of light adapted leaves) of wheat
grass cultivated on pond sediment. The values represent the mean ± standard error. The lowercase
letters represent a statistically significant difference (Tukey Test, p < 0.05). a.u.: arbitrary units.
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Table 4. Gas exchange parameters and total chlorophyll content of wheat grass cultivated on
pond sediment.

Treatment Ci E Gs A CCI

V1 378.97 a ± 1.66 1.35 b,c ± 0.03 0.10 a,b,c ± 0.00 1.47 a ± 0.07 1.54 ns ± 0.14
V2 373.13 a ± 1.46 1.11 b,c ± 0.02 0.07 b,c ± 0.00 1.29 a ± 0.06 1.53 ns ± 0.20
V3 356.13 b,c ± 1.47 1.64 b ± 0.03 0.11 a,b ± 0.00 1.42 a ± 0.09 1.48 ns ± 0.09
V4 371.27 a,b ± 1.07 1.47 b,c ± 0.02 0.09 a,b,c ± 0.00 1.54 a ± 0.05 1.83 ns ± 0.23
V5 344.77 c ± 2.81 0.98 c ± 0.03 0.05 c,d ± 0.00 1.44 a ± 0.11 1.6 ns ± 0.17
V6 349.9 c ± 2.18 2.19 a ± 0.18 0.13 a ± 0.03 1.66 a ± 0.11 1.57 ns ± 0.16
V7 351.43 c ± 3.30 1.38 b,c ± 0.02 0.07 b,c ± 0.00 1.28 a ± 0.10 1.53 ns ± 0.14
V8 344.13 c ± 3.14 1.58 b ± 0.30 0.05 c,d ± 0.00 1.36 a ± 0.14 1.43 ns ± 0.08
V9 344.97 c ± 3.71 1.52 b,c ± 0.15 0.09 a,b,c ± 0.02 1.38 a ± 0.13 1.42 ns ± 0.08

V10 316.63 d ± 8.27 0.36 d ± 0.01 0.02 d ± 0.00 0.82 b ± 0.09 1.4 ns ± 0.05

The values represent the mean ± standard error. The lowercase letters represent a statistically significant
difference (Tukey Test, p < 0.05), ns: not significant. Ci: sub-stomatal CO2 concentration—μmol mol−1;
E: transpiration—mmol H2O m2s−1; Gs: stomatal conductance—mole CO2 m2s−1, A: photosynthesis—μmol
CO2 m2s−1; and total chlorophyll content—CCI.

2.5. Wheat Grass Juice Quality

To evaluate the quality of wheat grass juice depending on the sediment application,
the total content of phenols and flavonoids and the antioxidant activity were quantified
(Table 5). The total phenol content increased significantly in variants V7 (CS2 100%) and
V8 (CS3 50% + CP 50%) compared to variant V1 (control) by 14% and 10%, respectively,
and decreased in V3 (CS1 75% + CP 25%) and V9 (CS3 75% + CP 25%) by 9% and 14%,
respectively. The flavonoid content decreased significantly in V2 (CS1 50% + CP 25%)
and V3 by 19% and 20%, respectively. The highest flavonoid content was recorded in V7,
however the difference from V1 was not significant. In terms of antioxidant activity, it
increased in V4 (CS1 100%), V5 (CS2 50% + CP 50%), V6 (CS2 75% + CP 25%), and V7 and
decreased in V2, V3, and V9 compared to V1.

Table 5. Quality of wheat grass juice.

Treatment
Total Phenols Galic

Acid μg/mL
Total Flavonoids
Quercitin μg/mL

Antioxidant Activity
DPPH % Inhibition

V1 2.97 c ± 0.10 1.77 a,b ± 0.11 53.35 c ± 1.49
V2 2.94 c,d ± 0.10 1.42 c ± 0.13 47.99 e ± 0.42
V3 2.69 d,e ± 0.22 1.41 c ± 0.11 35.48 f ± 0.42
V4 3.06 b,c ± 0.02 1.71 a,b ± 0.12 60.26 a,b ± 0.34
V5 2.87 c,d ± 0.12 1.78 a,b ± 0.06 60.52 a,b ± 0.08
V6 2.80 c,d,e ± 0.05 1.63 a,b,c ± 0.13 58.04 b ± 0.23
V7 3.39 a ± 0.03 1.85 a ± 0.04 62.70 a ± 0.51
V8 3.28 a,b ± 0.02 1.7 a,b ± 0.02 52.37 c,d ± 1.64
V9 2.55 e ± 0.03 1.52 b,c ± 0.06 48.2 d,e ± 0.66
V10 2.80 c,d,e ± 0.04 1.61 a,b,c ± 0.06 52.88 c ± 1.11

The values represent the mean ± standard error. The lowercase letters represent a statistically significant difference
(Tukey Test, p < 0.05), ns: not significant.

The chlorophyll content of wheatgrass juice is shown in Figure 2. No significant
differences were recorded in the content of chlorophyll a. However, chlorophyll b, increased
significantly with 32% in V3 (CS1 75% + CP 25%) compared with V1 (control). This variant
also registered a significant decrease of carotenoid content at 52%.
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Figure 2. Chlorophyll a, chlorophyll b, and carotenoids in wheatgrass juice. The values represent the
mean ± standard error. The lowercase letters represent statistically significant differences according
to the Tukey Test, p < 0.05. ns: not significant.

2.6. Chemical Composition of Leachate

The chemical composition of the leachate resulting from the pots used in the experi-
ment is shown in Table 6. In general, the pH was alkaline, with values between 7.73 and
8.37. The nitrate content of the leachate decreased by up to 60% at V3 (CS1 75% + CP 25%)
and V4 (CS1 100%), however, the nitrate content increased significantly (p < 0.05) with
up to 225% at V9 (CS3 75% + CP 25%. The lowest NO2 content was recorded in control,
while the highest value was obtained at V8 (CS3 50% + CP 50%). The NH3 content was low,
ranging from 0.02 in V3 and V10 (CS3 100%) to 0.14 in V8.

Table 6. Chemical composition of leachate.

Treatment pH NO3 (mg/L) NO2 (mg/L) NH3 (mg/L)

V1 7.90 b,c,d ± 0.06 20.20 c ± 1.33 0.27 d ± 0.01 0.03 b ± 0.00
V2 7.97 b ± 0.03 19.03 d ± 1.48 1.19 b ± 0.00 0.04 a,b ± 0.00
V3 7.93 b,c ± 0.03 8.77 e ± 0.03 0.73 c ± 0.00 0.02 b ± 0.00
V4 7.97 b ± 0.03 8.77 e ± 0.03 0.28 d ± 0.01 0.03 b ± 0.00
V5 7.97 b ± 0.03 36.63 b,c ± 1.48 1.19 b ± 0.00 0.05 a,b ± 0.00
V6 7.73 c,d ± 0.03 35.2 b,c ± 2.54 1.17 b ± 0.02 0.05 a,b ± 0.00
V7 7.77 c,d ± 0.03 52.77 a,b ± 4.38 1.33 a ± 0.00 0.05 a,b ± 0.00
V8 8.37 a ± 0.03 52.47 a,b ± 8.97 1.37 a ± 0.02 0.14 a ± 0.06
V9 7.77 c,d ± 0.03 65.97 a ± 4.38 1.15 b ± 0.02 0.05 a,b ± 0.00

V10 7.87 b,c,d ± 0.03 33.67 c ± 2.92 1.35 a ± 0.02 0.02 b ± 0.00
The values represent the mean ± standard error. The lowercase letters represent statistically significant differences
according to the Tukey Test, p < 0.05.

3. Discussion

The objective of this study was to test the effects of a dried aquaculture sediment,
from a common carp cultivation pond, on the growth and physiology of potted wheat
grass and the quality of the juice obtained from wheat grass. Cypriniculture (cultivation
of common carp) occupation is about 8000 years old and is now widespread globally [21].
The traditional ponds used for carp aquaculture represent aquatic ecosystems in which,
besides the species of interest in—the carp, there are other populations of plants, ani-
mals, and microorganisms, with functions as producers, consumers, and decomposers,
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between which trophic relations had been established [22]. Sediments from aquaculture
consists mainly of fish feces, uneaten food, organic matter, and mineral elements resulting
from the decomposition of aquatic organisms [23]. Depending on the type of production,
such as aquaculture in ponds or recirculating systems, the physicochemical composition
of sediments can vary greatly [24]. In this study, the sun-dried sediments from a carp
(Cyprinus carpio) growing pond were tested as a nutrient source for wheatgrass production.
Physico-chemical analyzes of pond sediments showed an alkaline pH, which is higher
compared to other studies, while the organic matter content was relatively low. The pH
of sediments can be influenced by numerous factors, such as the quality of the water and
the geological substrate, season, the feed used, the productivity of the pond, etc. [25]. Due
to the fact that the oxygen content is low in the sediment because of the lack of air spaces,
organic material tends to accumulate [1]. The organic matter content was between 5.5
and 6.4%, which are relatively low values compared with the values reported in previous
studies [1,2]. This may be due to the sun drying treatment, which may speed up the
transformation of organic material into humus (3.16–3.62) and N (0.16–0.19). Regarding
the content of P and K, average values were registered (64–118 and 235–276, respectively),
while the content of heavy metals was low compared to other studies [2]. Moreover, the Cd
concentration in the sediment was below the detection limit of the AAS instrument. These
elements come mainly from unconsumed feed and feces, however also from the remains of
vegetation and other decomposed organisms as well as from the geological substrate.

The total coliform content in sediment was between 760 and 1536 cfu/g. Sediments,
unlike water, ensure a more favorable climate for the development of coliforms due to
the presence of organic matter and shelter from predators. The content of coliforms in
sediments can vary spatio-temporally, which is why their monitoring is necessary when
sediments are used as fertilizers. Harbi (2003) [26], identified a higher content of total
coliforms (3.2 × 105–2.88 × 107) in sediments from hybrid tilapia culture compared to
this study.

In this study, wheat plants had a relative uniform growth, with no significant differ-
ences in plant height, leaf area, and plant fresh production depending on the sediment
application rates. However, wheatgrass juice production was highest in the control and
decreased by up to 20% at V10. The sediments in the carp growing pond have a moderate
content of macronutrients (N, P, and K) and organic matter, which led to normal plant
growth in most variants. Small decreases in plant height, leaf area, and juice production
were recorded at variant V10 (CS3 100% pond sediment). In general, the sediments have
a high density and are free of porosity, which could negatively influence the growth of
the plants as in V10 [1]. For this reason, sediments are generally used in a mixture with
different materials such as compost, to improve their physical and chemical properties and
subsequently to ensure optimal plant growth [11].

Regarding the effect of sediments on wheat physiology, a decrease of up to 40% in
photosynthesis at V10 compared with V1 (control) was found, concomitantly with decreases
in the transpiration rate, substomatal carbon dioxide, and the stomatal conductance. The
gas exchange parameters enumerated above were lower at the same variant (V10) in which
the morphological and production parameters decreased compared with the control. The
pigment content and green color (a) were lower in V10 compared with those in the control.
Moreover, the chlorophyll fluorescence decreased in all variants compared with that in
the control. These variations could be caused by the physico-chemical properties of the
sediments, which was the only source of nutrients [8].

From a biochemical point of view, wheat grass juice is a complex solution with proven
nutritional and therapeutic properties. Fortuna et al. (2018) [19] highlighted rich mineral
content in wheatgrass juice (C, N, O, Na, Mg, Si, Cl, K, and Ca) and different types of chloro-
phyll (pheophytin a, hydroxychlorophyll a, chlorophyll a, and chlorophyll b). Moreover,
the same study showed that the content of phenols can vary from 706 to 818 mg/mL of
gallic acid and that of flavonoids from 346 to 809 mg/mL of quercetin, and the antioxidant
activity can be between 30% and 48% (DPPH) [19]. However, the nutritional and therapeu-

471



Plants 2022, 11, 634

tic value of plants can vary depending on the species and variety [27]. The sediments used
in this study as a nutrient source for wheat influenced the quality of wheatgrass juice. For
instance, the content of total phenols, flavonoids, and antioxidant activity increased the
most in V7 (CS2 100% pond sediment) compared with the control variant, while in other
variants these metabolites decreased. Phenols and flavonoids are products of secondary
metabolism and are defensive plant chemicals against ultraviolet radiation and herbivores.
Thus, plants synthesize these compounds in larger quantities especially when under stress
conditions [28,29]. Another factor that influences the synthesis of these compounds is
the chemical composition of the substrate. For example, in the case of a soils with low
organic matter content, the rosmarinic acid content increased considerably compared to
the plants grown on municipal sewage sludge [30]. Wheat grass juice did not show major
variations in the content of chlorophyll a, instead it had a significant increase in the content
of chlorophyll b at V3 (CS1 75% + CP 25%) and a decrease in carotenoids at the same
variant. Chlorophyll plays an essential role in photosynthesis, its synthesis being directly
dependent on the N content of the substrate [31]. In general, the sediments used in this
study had a relatively high content of organic matter and N, allowing the growth of wheat
in good conditions as well as increased chlorophyll synthesis. Carotenoids on the other
hand have a role in protecting plants against oxidative stress [32], and the lower content of
V3 is correlated with a lower value of antioxidant activity in the same variant.

In this study, the leachate obtained from the studied substrates had an alkaline pH
between 7.73 and 8.37. Regarding the nitrate content, the lowest values were recorded at
V3 and V4 (CS1 100% pond sediment), 60% lower than in the control. At the same time, at
V7, V8 (CS3 50% + CP 50%), and V9 (CS3 75% + CP 25%), values exceeding the maximum
limit of 50 mg/L according to Directive 91/271/EEC were registered. Relatively low values
were recorded for NO2 and NH3 content. In general, the content of nitrites and nitrates in
groundwater can vary from 1 to 150 mg/L. Pollution with N compounds can cause serious
environmental problems such as eutrophication of water or contamination of surface or
groundwater causing health problems because compounds such as nitrates and nitrites are
known to be carcinogenic [33]. In general, this type of pollution is caused by runoff from
intensive field crops and animal farms, or from some industrial activities. Improper storage
of sediment or sludge can also contribute to this type of pollution [34]. In this context, it is
important to monitor these compounds when sediments are used for plant cultivation to
avoid environmental contamination.

Considering that sediment removal is costly, $20,000/ha [35], and potting soil cost is
1–5$ (10 L), the sale of the sediment as a growing substrate for plants demonstrates that
this residue can be transformed into a value-added product.

4. Materials and Methods

4.1. Sediment Collection

The sediment was collected from a commune carp growing pond, which belongs to
the Research and Development Station for Aquaculture and Aquatic Ecology, Alexandru
Ioan Cuza University, Iasi, Romania. The pond is 25 m wide and 100 m long. The pond was
emptied of water and allowed to dry for 30 days. Then, the pond was divided into three
collection stations along the length of the basin (CS1—1 m from the shore, CS2—6.25 m from
the shore, and CS3—12.5 m from the shore) and five large samples of pond sediment were
collected from each station. The sun dried pond sediment collected from three collection
stations (CS1, CS2, and CS3) was crushed through a 0.5-cm mesh sieve and used to prepare
the mixtures (v/v) with commercial peat (CP) for the cultivation of wheat resulting in
10 treatments: (V1) CP 100% (control); (V2) CS1 50% + CP 50%; (V3) CS1 75% + CP 25%;
(V4) CS1 100%; (V5) CS2 50% + CP 50%; (V6) CS2 75% + CP 25%; (V7) CS2 100%;
(V8) CS3 50% + CP 50%; (V9) CS3 75% + CP 25%; and (V10) CS3 100%.
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4.2. Sediment Analysis

The pond sediment samples were air dried and passed through a 2-mm sieve to obtain
the fraction used for each analysis and then stored at 4 ◦C. Sediment pH was determined
in water using an electronic pH meter with a glass electrode (WTW pH 3320, GmbH,
Weilheim, Germany). Organic matter was determined according to the wet oxidation
method (Walkley and Black); the available N was measured by the Kjeldahl method; while
for p, the Olsen extractant method was used, following the standard methods according to
Soil Studies Development Methodology delivered by the National Institute of Research
and Development in Soil Science, Agrochemistry, and Environment [36]. Available K
(extracted with neutral 1N NH4OAc) was determined using a high-resolution continuum
source, atomic adsorption spectrometer (ContrAA 700, Analytik, Jena, Germany) equipped
with a xenon short lamp with a UV arc in hot spot mode and a high-resolution echelle
grating monochromator. The flame was generated using an air-acetylene mixture with
99.95% purity.

4.3. Elemental Analysis of Sediment

The analysis of minerals was performed at the National Research and Development
Institute for Animal Biology and Nutrition IBNA Balotesti. The concentration of the chem-
ical elements was determined according to the atomic absorption spectroscopy method
presented in Regulation (EC) no. 152/2009/SR EN ISO 6869: 2002 (Cu, Fe, Mn, Zn), and SR
EN 15550: 2008 (Pb and Cd). In brief, the sample was mixed with 65% HNO3: 30% H2O2
(5:2, v/v) and digested under pressure using a microwave oven (8 min: 130 ◦C, 5 min: 155 ◦C,
12 min: 170 ◦C, 800 W); the solution of the sample was aspirated in the flame of an atomic
absorption spectrophotometer with double beam and background correction and the radia-
tion absorption was measured at the wavelength specific to the analyzed element (SOLAAR
M6 Dual Zeeman Comfort, Thermo Electron Corp., Cambridge, UK) [37].

4.4. Microbiological Analysis of Sediment

Total coliforms and E. coli were determined at a National Research and Development
Institute for Animal Biology and Nutrition IBNA Balotesti according to the methods SR EN
ISO 4831/2006 UFC/g 1020, 1536, 760 E coli SR EN ISO 7251/2006.

The chemical and microbiological characterization of the sediment is presented in
Table 1.

4.5. Chemical Composition of Sediment Leachate

The pH was measured with Hach HQ11d (Hach Company, Loveland, CO, USA)
portable multiparameter, while ammonia, nitrites, and nitrates were assessed with Hanna
Iris HI801 Spectrophotometer and Hanna reagent kits (Hanna Instruments, Salaj, Romania).

4.6. Cultivation of Wheat Grass

Wheat (Triticum aestivum) seeds of Glosa cultivar were germinated and grown directly
in black plastic pots with a volume of 1 L, filled with the investigated substrates, each
pot containing 100 wheat seeds. For each experimental variant, 9 pots were used. The
plants were germinated in the dark for 3 days after which they were taken to natural light
and grown for 15 days. Natural light was supplemented with fluorescent tubes (4800 K)
12 h/day. The pots were watered daily with distilled water at 250 mL/pot. The average
temperature day/night during the growing period was 27/20 ◦C.

4.7. Fresh Yield and Morphological Parameters of Wheat Grass

At the end of the experiment, fresh biomass was assessed by weighing each plant at an
analytical balance and expressed in g. The height of the plants was measured with a ruler
and expressed in cm. For each treatment, 10 plants per pot from three pots were measured.
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4.8. Leaf Area of Wheat Grass

Leaf area was measured with LI-3100C Area Meter, LI-COR, (Lincoln, NE, USA), and
expressed in mm2. For each treatment, 10 plants per pot from three pots were measured.

4.9. The Color of Wheatgrass

Color was measured with the MiniScan XE Plus colorimeter (HunterLab, Reston, VA,
USA). The device was calibrated with black and white tiles and the parameters L, a, and b
were determined.

L * (lightness to darkness, 100 to 0), a * (redness to greenness, 0 to 100 = red; −80
to 0 = green), and b* (yellowness and blueness, 0 to 70 = yellow; −100 to 0 = blue).
L * (lightness—darkness), a * (redness—greenness), and b * (yellowness—blueness).

4.10. Total Chlorophyll Content of Wheat Grass

Total chlorophyll content was measured with CCM 200 (chlorophyll content me-
ter), a non-destructive portable device produced by ADC Bioscientific Ltd., Hoddes-
don, UK, which measures total chlorophyll and expresses it in CCI units (Chlorophyll
Content Index) [38].

4.11. Gas Exchange Measurement of Wheat Grass

The gas exchange parameters, photosynthesis, and transpiration were measured with
a portable compact system LCI Bioscientific UK Ltd., with a Narrow Leaf Chamber, with
an area of 5.8 cm2, between 9–10 a.m. [38].

4.12. Chlorophyll Fluorescence of Wheat Grass

A chlorophyll meter FMS2, Hansa Tech Ltd., Hoddesdon, UK was used to measure
ΦPSII—quantum yield of PSII of light adapted leaves [39].

4.13. Wheat Grass Juice Extraction

The plants were cut 1 cm above the substrate, weighed, and the juice was extracted
with a juicer by cold pressing.

4.14. Chlorophyll Content in Wheat Grass Juice

Assimilatory pigments were extracted in acetone (80%) from ground leaves (0.1 g) and
the optical density was read at 470, 646, and 663 nm. Pigment content was calculated using
equations described in Wellburn (1994) [40].

4.15. Total Phenolic, Total Flavonoid, and Antioxidant Activity of Wheat Grass Juice

The total phenolic and flavonoid content was determined according to Lobiuc et al.
(2017) [41]. Extracts (5% w/v) were prepared from wheat grass juice in methanol (80%) for
24 h at room temperature. Results were expressed as the gallic acid equivalent per ml of
fresh weight (μg/mL GAE f.w.) for total phenolic content, and in quercetin equivalent per
ml of fresh weight (μg QE f.w.).

Antioxidant activity of WGJ extracts was determined according to Teliban et al.
(2020) [42] by the discoloration of DPPH (2.2-diphenyl-1-picrylhydrazyl, Sigma, Schnelldorf,
Germany). Results were expressed as % inhibition of DPPH.

4.16. Statistical Analyses of Data

The software used for data processing was IBM SPSS v20 (IBM Corp, Armonk, NY,
USA), and results were presented as means ± standard errors. The differences between
variants were tested by ANOVA (p < 0.05) followed by a Levene test for homogeneity of
variances and a Tukey multiple comparison post hoc test [43].
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5. Conclusions

In this study, the effects of sediments from the carp pond on wheat grass production
and physiology and the quality of wheat grass juice were tested. The sediments had a
slightly alkaline pH, and a relatively rich content of nutrients. The content of heavy metals
was below the maximum allowed for use in agriculture and the content of total coliforms
was relatively low. The growth of the wheat grass on the pond sediment was relatively
uniform. The morphological parameters had values close to the control variant while
production increased in some variants. Some physiological parameters were affected. The
addition of pond sediment to the growth medium had a negative effect on wheat grass
juice yield. Wheat grass juice had a rich content of flavonoids, phenols, and chlorophyll
and increased antioxidant activity. We can conclude that the dried pond sediment in
combination with peat could be safely used for the cultivation of wheat grass. This study
demonstrates that the aquaculture sediment could be transformed into a value-added
product and the results are relevant for the sustainable management of this residue.
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Abstract: The depletion of the stratospheric ozone layer due to natural and/or anthropogenic causes
decreases the amount of UV-B radiation filtered, and consequently increases the risk of potential
damage to organisms. In the Mediterranean region, high UV-B indices are frequent. Even for species
typical of this region, such as the olive tree, the progressive increase in UV-B radiation represents
a threat. This work aimed to understand how high UV-B radiation modulates the phenolic and
lipophilic profile of olive varieties, and identify metabolites that enhance olive stress tolerance. Two
Italian olive varieties were subjected to chronic UV-B stress, and leaves were analyzed by gas and
liquid chromatography. The results indicated that the most representative phenolic and lipophilic
compounds of Giarraffa and Olivastra Seggianese were readjusted in response to UV-B stress. The
Giarraffa variety seemed better suited to prolonged UV-B stress, possibly due to the higher availability
of flavonoids that could help control oxidative damage, and the accumulation of hydroxycinnamic
acid derivatives that could provide strong UV-B shield protection. In addition, this variety contained
higher levels of fatty acids (e.g., palmitic, α-linolenic, and stearic acids), which can help to maintain
membrane integrity and accumulate more sorbitol (which may serve as an osmoprotectant or act a
free-radical scavenger), terpenes, and long-chain alkanes, providing higher protection against UV-B
stress.

Keywords: UV-B radiation; olive tree; metabolomic; phenolic profile; lipophilic profile

1. Introduction

The stratospheric ozone layer is deteriorating due to natural and anthropogenic origin
factors that decrease the amount of UV-B radiation filtered and consequently increase the
damage to living organisms [1]. Although measures have been implemented to reduce the
amount of chemicals released into the atmosphere and damage the ozone layer, the intensity
of ultraviolet B (UV-B) radiation reaching the Earth’s surface is estimated to increase until
the mid-21st century [2]. Excessive exposure to UV-B radiation has diverse negative impacts
that include a wide range of morphological, physiological, and reproductive aspects in
plants and animals, as well as humans. In addition, it can alter biogeochemical cycles, and
act synergistically with other environmental problems (such as global warming, ocean
acidification, and pollution), thereby deeply impacting ecosystems [1]. Concerning plants,
although UV-B radiation represents only a small fraction of the solar radiation that reaches
the Earth’s surface, it induces a photobiological effect relevant to the anatomy, morphology,
physiology, and biochemistry of plants [3,4]. Sunlight provides the energy needed for
plant growth, but intense light radiation (particularly in the UV-B spectrum) can induce

Plants 2022, 11, 680. https://doi.org/10.3390/plants11050680 https://www.mdpi.com/journal/plants
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stress responses that potentially can lead to severe damage to DNA, proteins, membrane
lipids, and other cellular components [5]. Although plants have developed several repair
mechanisms over time, the damage caused by UV radiation is still considerable [6].

The Mediterranean region is frequently exposed to high irradiance accompanied
by elevated UV-B indices, particularly during the spring and summer seasons [7]. The
olive tree (Olea europaea L.) is a typical species of the Mediterranean region with high
socioeconomic importance. This species is well adapted to the harsh climatic conditions of
this region, and its tolerance to drought has been extensively studied [8]. However, there is
a lack of comprehensive knowledge about the metabolic changes involved in the tolerance
strategies of olive trees to UV-B stress. It remains unclear how UV-B radiation can modulate
the metabolome and which metabolic changes enhance olive trees’ tolerance [9]. Functional
changes that occur during stress are closely linked to metabolic network adjustments that,
with the emergence of new metabolomic approaches, are beginning to be unraveled [10,11].
Indeed, the study of metabolomics has helped identify the most sensitive networks related
to physiological adaptations in different species and find key stress metabolites [12]. In
addition to studies on the model species Arabidopsis [13], a few crops have been studied
for metabolome changes in response to UV-B, such as Zea mays [14] and Lactuca sativa [15].
In recent years, several studies have employed a metabolomic approach, allowing the
identification of several groups of metabolites involved in the abiotic stress response (e.g.,
to UV-B, drought, and heat), such as epicuticular wax components (alkanes, terpenes, and
fatty acids), membrane fatty acids, polyphenols, and terpenes [9,16–21]. However, much
remains to be studied to fully understand the mechanisms of plant response to increased
UV radiation and to determine its impact on other metabolic pathways [17].

Metabolomic studies in olive plants are scarce, and were mainly focused on the im-
pact of abiotic stresses on central key pathways. These studies unraveled adjustments
in important phenolic compounds (e.g., secoiridoids, flavonoids, and hydroxycinnamic
acid derivatives), carbohydrates, and lipophilic metabolites related to cuticle wax (e.g.,
long-chain alkanes and terpenes), and identified some metabolites related to ROS scavenger
action (e.g., thymol glycosides) and maintenance of membrane integrity (e.g., fatty acids
and steroids) [9,16,17,22]. In previous works [23,24], we analyzed the physiological and
biochemical responses of two economically important Italian olive varieties to UV-B stress.
In the present study, the integration of metabolomics with these previous data allowed a
deeper understanding of metabolite dynamics and their connection in a more extensive
network of pathways involved in stress response. Thus, we hypothesized that UV-B radia-
tion would promote changes in metabolic pathways, particularly in protective lipophilic
and phenolic metabolites that may play an essential role in protection against UV-B stress.
Therefore, gas chromatography–mass spectrometry (GC–MS) and ultrahigh-performance
liquid chromatography–mass spectrometry (UHPLC–MS) analyses were undertaken in
O. europaea leaves (Giarraffa and Olivastra Seggianese varieties) exposed to chronic UV-B
stress (14 h per day for eight weeks).

2. Results

2.1. Phenolic Profile

The phenolic profile was evaluated in olive leaves (Giarraffa and Olivastra Seggianese
varieties) of control plants and subjected to UV-B stress, sampled at the 2nd, 4th, 6th, and
8th week after the onset of stress. In the Giarraffa variety (Table 1), a total of 16 compounds
were identified and quantified: 13 flavonoids, one secoiridoid, and two hydroxycinnamic
acid derivatives. In the Olivastra Seggianese variety (Table 2), a total of 12 compounds
were identified and quantified: 11 flavonoids and one secoiridoid.
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ANOVA was able to underline a significant interaction between the factors of treatment
and variety (Table S1) for apigenin 6,8-di-C-glucoside, apigenin, luteolin-7-O-rutinoside,
luteolin-4′-methyl ether, luteolin-7-O-glucoside, luteolin, quercetin-3-O-glucoside, and
diosmetin isomers 1 and 2. The stressed plants of both varieties present the highest
(p ≤ 0.01) levels of these compounds (except for luteolin-7-O-rutinoside is. 1 and luteolin-
7-O-glucoside not detected in stressed plants of the Giarraffa, and luteolin for Olivastra
Seggianese). Moreover, the stressed plants of the Giarraffa variety show an increase in
these compounds higher than the stressed plants of the Seggianese variety.

As regards dihydroquercetin, diosmetin isomer 3, and the two derivatives of hydrox-
ycinnamic acids, these compounds were detected only in plants of the Giarraffa variety.
An interaction between the factors of treatment and variety was also observed for these
compounds, and they presented the highest (p ≤ 0.01) levels in stressed plants. Concerning
caffeoyl-6′-secologanoside, it was detected only in the Olivastra Seggianese variety plants,
and an interaction between the factors of treatment and variety was observed. The stressed
plants presented the highest (p ≤ 0.01) levels of caffeoyl-6′-secologanoside.

Concerning the factors of treatment and sampling time, an interaction of these two
factors was observed for all phenolic compounds identified (except for the oleuropein
derivative, which was only present in control plants of Giarrafa; (Table S1). For apigenin
6,8-di-C-glucoside, luteolin-7-O-rutinoside (isomer 1 was not present in UV-B Giarrafa),
luteolin-4′-methyl ether, luteolin-7-O-glucoside (not present in UV-B Giarrafa), luteolin,
apigenin, and diosmetin isomers 1 and 2, the UV-B plants at T8 showed the highest levels. In
Giarrafa, the UV-B plants at T8 also showed the highest levels of β-hydroxy-verbascoside,
dihydroquercetin, quercetin-3-O-glucoside, and diosmetin isomer 3. For the Olivastra
Seggianese, the highest levels of caffeoyl-6′-secologanoside and quercetin-3-O-rutinoside
were found in UV-B plants at T8.

Figure 1 shows the fold changes in phenolic metabolites of the Giarraffa (A) and Olivas-
tra Seggianese (B) after UV-B treatment in the different sampling times (T2, T4, T6, and T8).
In general, for the Olivastra Seggianese variety (Figure 1B), the profiles of the response of
phenolic compounds progressively increased as stress progressed (except for the diosmetin
isomer 1, luteolin, and luteolin 7-O-glucoside); while in the Giarraffa variety (Figure 1A), a
more heterogenic profile of response was observed, with a progressive increase in some
metabolites with the progress of stress, such as apigenin 6,8-di-C-glucoside, quercetin-3-O-
glucoside, diosmetin isomers, and apigenin. In other phenolic metabolites, such as luteolin
7-O-rutinoside isomer 2, luteolin-4′-methyl ether, and β-hydroxyverbascoside isomers, the
response was more intense in the T6 and T8.

 
(A) (B) 

Figure 1. Fold changes (log2 (UV-B/control)) in phenolic metabolites of the Giarraffa (A) and
Olivastra Seggianese (B) varieties after UV-B treatment sampled at the 2nd (T2), 4th (T4), 6th (T6),
and 8th (T8) week after the onset of stress. ANOVA showed that most of chemical components were
significantly affected by the main factors and their interactions. An asterisk (*) indicates a significant
interaction between treatment vs. variety and treatment vs. sampling time.
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2.2. Lipophilic Profile

The lipophilic profile was evaluated in olive leaves (Giarraffa and Olivastra Seggianese
varieties) of control and UV-B stressed plants, sampled at the 2nd, 4th, 6th and 8th week
after the onset of stress (Tables 3 and 4). In the Giarraffa variety (Table 3), a total of
17 compounds were quantified: five terpenes, three carbohydrates, four fatty acids, and
five alkanes. In the Olivastra Seggianese variety (Table 4), a total of 18 compounds were
quantified: five terpenes, three carbohydrates, four fatty acids, five alkanes, and one sterol.

ANOVA showed (Table S2) a significant interaction between the factors of treatment
and variety only for the lupeol derivative, with the plants of the Giarraffa variety under
control and UV-B stress treatment presenting the highest levels of this terpene, followed by
the Olivastra Seggianese UV-B-stressed plants. For the other lipophilic compounds (except
the oleic acid derivative), an effect of the factor of treatment (control vs. UV-B stress) was
observed, and the olive plants exposed to UV-B stress showed a level of these compounds
significantly (p ≤ 0.05) higher than controls. In addition, an effect of the factor variety
(Olivastra Seggianese vs. Giarraffa) also was observed for the compounds neophytadiene;
palmitic and α-linolenic acids; long-chain alkanes 1, 2, 3, and 4; β-amyrin; and oleic
acid derivative. Regarding the neophytadiene, Olivastra Seggianese had a significantly
(p ≤ 0.05) higher compound content than Giarraffa. For the other compounds, Giarraffa
had a significantly (p ≤ 0.05) higher content than Olivastra Seggianese.

Concerning the factors of treatment and sampling time, an interaction of these two
factors was observed for all lipophilic compounds identified (Table S2). For the cases of
neophytadiene, lupeol derivative, oleic acid derivative, and stigmast-5-en (only present in
Giarraffa), the UV-B plants at T6 showed the highest levels, and for the other remaining
compounds, they were more abundant in the UV-B plants at T8.

Figure 2 shows the rate of change in lipophilic metabolites of Giarraffa (A) and
Olivastra Seggianese (B) after UV-B treatment at different sampling times (T2, T4, T6,
and T8). In the Olivastra Seggianese variety (Figure 2B), the response profiles of some
lipophilic metabolites progressively increased as stress progressed: phytol, ursolic acid,
α-D-mannopyranose, D-sorbitol, α-D-thalopyranose, α-linolenic acid, and long-chain
alkane 4. Other metabolites, however, did not show a progressive increase, but had peaks at
T4 or T6 or both time points, as in the cases of neophytadiene; β-amyrin; lupeol derivative;
long-chain alkanes 1, 2, and 3; and stigmast-5-ene. Others, such as palmitic and oleic
acids, had peaks at T4 and T8. In addition, the stearic acid response intensity decreased
progressively from T2 to T6 and then increased again slightly at T8, whereas the long-
chain alkane 5 response intensity decreased with progressing stress from T2 to T8. In the
Giarraffa variety (Figure 2A), the response profiles of some lipophilic metabolites increased
progressively with stress: α-D-mannopyranose, α-D-thalopyranose, and D-sorbitol. Other
metabolites, however, did not show a progressive increase, but had peaks at T4 and T8,
such as phytol; β-amyrin; ursolic, palmitic, β-linolenic, and stearic acids; and long-chain
alkanes 1, 2, 3, 4, and 5. For some lipophilic metabolites, such as f lupeol derivative and
oleic acid derivative, a steady decrease, albeit with fluctuations, was observed in stressed
samples compared to controls.
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3. Discussion

3.1. Olive Plant UHPLC–MS Metabolite Profile

The metabolomic approach provided information on how the content of phenolic
metabolites changed in response to UV-B stress, and identified specific compounds that
appeared relevant to the olive response. Concerning the profile, some qualitative differences
between the two varieties were detected. However, the flavonoids, secoiridoids, and
hydroxycinnamic acids identified were already similar to those described for other olive
varieties [25].

In the Olivastra Seggianese and Giarraffa varieties, flavonoids were the main phenolic
compounds present in leaves. The flavonoid family is a vast group of compounds with
different structures and roles [26]. Flavonoids are the principal phenols that contribute
to the overall leaf antioxidant potency through ROS scavenging [27]. Some previous
studies suggested that o-dihydroxy B-ring (catechol)-substituted flavonoids had a greater
antioxidant capacity [28], and they could be found in several cell compartments near
the centers of ROS generation or be transported from their sites of biosynthesis to these
compartments [26,28]. Flavonoids can also prevent oxygen radical formation by inhibiting
the activity of the enzymes involved in their generation [29]. In the Giarraffa variety,
except for the luteolin-7-O-rutinoside isomer 1, luteolin-7-O-glucoside, and the oleuropein
derivative, which were not detected in UV-B-stressed leaves, all the other flavonoids
accumulated in response to the UV-B stress. These levels were, in general, higher than
those found in Olivastra Seggianesse stressed plants. In turn, the Olivastra Seggianese
variety showed a more heterogenic response to UV-B, but with a progressive increase in the
majority of the flavonoids. The flavonoids, luteolin 7-O-rutinoside isomer 2, luteolin 7-O-
glucoside, and luteolin in this variety, despite some fluctuations during the stress, achieved
positive values at the end of the UV-B treatment (higher than those of the respective control).
All these data suggested that both varieties responded to stress by increasing flavonoids
pools, which represented a higher capacity to deal with the stress, particularly in the
variety Giarraffa.

Some olive varieties are rich in luteolin-7-O-glucoside, a catechol B-ring-substituted
flavonoid, which could be related to this species’ high tolerance to stress [16]. However, in
others, the luteolin methylated forms (e.g., 4′-methoxyluteolin and 4′- or 3′-methoxyluteolin
glucoside) seemed more responsive to stress, particularly the UV-B stress, decreasing their
levels possibly due to their use in the neutralization of ROS [30], or due to the inactivation
of the enzymes involved in the conversion of luteolin in their methylated forms [31]. In the
present study, luteolin methylated forms were also found in both varieties, but their levels
were consistently higher in stressed plants.

In general, the profiles of responses of flavonoids to UV-B obtained here for the
two olive varieties were in line with those obtained in our previous studies, which also
highlighted the accumulation of total flavonoids in response to UV-B radiation [23].

Another class of phenolic compounds identified as the secoiridoids. This family of
compounds plays a crucial protective role in olive plants against drought, salt [32,33],
and UV-B stress [17], suggesting some involvement in plant stress-defense mechanisms.
Contrary to other studies with other olive varieties, only two secoiridoids were identi-
fied [17,34,35]. The decarboxymethyl oleuropein aglycone was only identified in the control
plants of the Giarraffa variety. This compound is a derivative of oleuropein, which is one
of the main phenolic compounds present in olive leaves [16]. Some studies reported the
vital role of oleuropein in plant stress response, including to UV-B [17,25]. In turn, the other
secoiridoid, caffeoyl-6-secologanoside, was only identified in Olivastra Seggianese, and
UV-B plants showed a progressive increase in this metabolite compared to controls. In
response to abiotic stresses, an accumulation of caffeoyl-6-secologanoside was also found
in Cordovil of Castelo Branco olives [36], suggesting a possible protective stress role of
this secoiridoid.

The last phenolic compound class identified was the hydroxycinnamic acid derivatives
(HCAds). Hydroxycinnamic acids are predominantly involved in UV-B screening and
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accumulate mainly in the leaf epidermal cells, screening UV-B radiation that can reach
photosynthetic tissues [27,37]. Moreover, they can also act as antioxidants through the
scavenging of ROS, such as O2

•−, OH•, and 1O2 [27]. In the present study, the HCAd
β-hydroxyverbascoside was detected only in the leaves of the Giarraffa variety, and UV-B
stress stimulated the production of this compound, which may provide extra UV-B shield
protection [17]. These results suggested that the accumulation of β-hydroxyverbascoside
in stressed plants allowed the Giarraffa variety to cope better with UV-B stress when
compared with the Olivastra Seggianese. This was also in line with our previous work [23],
in which Giarrafa showed a better performance (e.g., a higher photosynthetic efficiency)
under prolonged UV-B stress. The β-hydroxyverbascoside was also identified in olive
leaves from several other olive varieties [38].

3.2. Olive Plant GC–MS Metabolite Profile

The qualitative lipophilic profiles found in Olivastra Seggianese and Giarraffa were
very similar. In Olivastra Seggianese leaves, the sterol stigmast-5-ene was also present in
relatively high amounts, but was not in Giarraffa. Moreover, similar compounds were found
in other varieties, and the fatty acids and long-chain alkanes were the most representative
compounds found in olive leaves [9,16,35].

Regarding fatty acids, UV-B stress stimulated the production of palmitic, α-linolenic,
and stearic acids in both varieties. Furthermore, stressed plants of Giarraffa produced more
palmitic, α-linolenic, and stearic acids than the stressed plants of Olivastra Seggianese.
This suggested that the UV-B stress response was weaker in Olivastra Seggianese, and it
is possible this variety was unable to engage the same defense mechanisms as Giarraffa,
based on readjustments of the levels of the fatty acids. These results aligned with our
previous work, in which lipid peroxidation was only noticeable in the Olivastra Seggianese
variety (particularly from T2 to T8) [24]. The absence of variations in lipid peroxidation [24]
in stressed Giarraffa plants could be related to the higher palmitic, α-linolenic, and stearic
acid contents found in these plants. Indeed, fatty acids have been described as constitutive
elements of complex lipids, but several studies also suggested their direct involvement
in abiotic and biotic responses to stress in plants [39,40]. Complex lipids, in turn, play an
essential role in the structure and functions of cells by maintaining the integrity of cells and
organelles [41].

Mannitol is one of the main polyols usually found in olive leaves [42]. In the present
work, we identified sorbitol, an isomer of mannitol, and the UV-B stress induced by the ac-
cumulation of this polyol in both varieties. This response profile aligned with our previous
work, particularly for the Giarrafa variety, in which mannitol levels increased after UV-B
stress [23]. Olive trees are well adapted to regions with high irradiance (particularly UV).
Maintaining high levels of polyols may be essential to cope with this stress, since these
compounds provide more efficient use of carbon, act as osmolytes, and defend against
photo-oxidative damage [23,42]. Besides mannitol, UV-B stress also induced an accumula-
tion of the carbohydrates α-D-mannopyranose and α-D-talopyranose up to T4 in stressed
plants of both varieties. Carbohydrates are involved in several stress-protective mecha-
nisms, and their increase following stress is a typical response of olive trees, particularly
under drought [35]. An accumulation in the sugar pool can increase carbon and energy
availability to cope with stressful conditions or decrease sugar use for growth [43].

UV-B treatment also induced adjustments in the levels of triterpenes (neophytadiene,
phytol, β-amyrin, lupeol derivative, and ursolic acid) and long-chain alkanes in both
varieties. Considering that the main components of olive leaf cuticular wax are triterpenes
(e.g., ursolic acid and α– and β–amyrin), long-chain alkanes, alcohols, aldehydes, and
fatty acids [20,44,45], we hypothesized that olive plants invested (increased the levels)
in these compounds to strengthen the cuticle structure. This improvement provided a
protective barrier against UV radiation, increased light reflectance, decreased UV radiation
penetration into the mesophyll, and reduced membrane damages [9,46,47]. In addition,
morphoanatomical studies performed in olive leaves showed an increase in cuticle thickness

489



Plants 2022, 11, 680

in response to a long period of UV-B exposure [48]. Furthermore, Giarraffa stressed plants
produced more β-amyrin, lupeol derivative, and long-chain alkanes (1–4) than Olivastra
Seggianese stressed plants. In particular, long-chain alkanes in Giarraffa stressed plants
showed values two times higher than those found in Olivastra Seggianese stressed plants.
This suggested that the higher content of terpenes and long-chain alkanes may have allowed
Giarraffa stressed plants to tolerate the UV-B radiation better than the Olivastra Seggianese
stressed plants.

4. Materials and Methods

4.1. Plant Growth Conditions and Application of UV-B Treatment

Olive trees (Olea europaea L.) that were 18 months old (both Olivastra Seggianese
and Giarraffa varieties) were taken from the nursery of the Società Pesciatina di Orti-
coltura (Pescia, PT, Italy). Subsequently, plants were transferred to climatic cells with
the following environmental conditions: temperature of 21 ◦C; relative humidity (RH)
of 60%; photoperiod of 14 light h, 10 dark h [49]; light intensity of 500 μmol m−2 s−1;
watering with 400 mL of water for each plant once a week; and commercial substrate
type “Vigor Plant Soil” (Vigorplant Italia Srl, Fombio, Italy) [23]. Ultraviolet radiation
was provided by two TL20W/12 lamps (Philips, Milano, Italy) that emitted in the wave-
length of UV-B rays, and that had already been widely used and described in the lit-
erature; lamps were used exactly according to the protocol of Allen et al. [49]. Plants
(n = 16 for each variety) were positioned under UV-B lamps in the climatic cell. Every day,
the homogeneity of UV-B radiation emitted by lamps was verified using a Power Meter 840
with an 818-UV sensor (Newport Optical, Newport Beach, CA, USA). The UV-B biologically
effective dose (BED), 25 kJ m−2 d−1, was calculated according to Correia et al. [50]. Control
plants (n = 16 for each variety), present in the same climatic cell, were carefully separated
from those treated by means of a plasterboard panel that shielded most of the UV radiation
(BED of 1 kJ m−2 d−1). The UV-B treatment corresponded to a high UV-B dose, but within
the natural values already reported on the earth’s surface [51]. The UV-B treatment was
carried out for a period of 8 weeks for 14 h a day. During the treatment, eight time points
were established: the first one before the onset of UV-B treatment (T0); and after 1, 2, 3, 4, 5,
6, 7, and 8 weeks of UV-B treatment (respectively indicated as T1, T2, T3, T4, T5, T6, T7,
and T8) [23]. Leaf samples were collected at four representative sampling times (T2, T4, T6
and T8), immediately frozen in liquid nitrogen, and stored at −80 ◦C.

4.2. Preparation of Leaf Extracts

Frozen olive leaves were macerated and mixed with n-hexane (5 g of leaves for 50 mL
of extraction solvent) at room temperature with magnetic stirring for 48 h. The n-hexane
was removed, and a new extraction cycle of 24 h was performed with the addition of
new n-hexane in the same volume. The n-hexane from the two extraction cycles was
placed in a glass balloon, and the n-hexane was evaporated to dryness at low pressure
in a rotatory evaporator. The extracts obtained were left to dry for one week. The pellet
obtained was also left to dry, and then mixed with 50 mL of methanol to extract phenolic
compounds. After a first extraction cycle of 48 h at room temperature with magnetic
stirring, the methanol was removed, and new methanol was added for a second extraction
cycle. This last cycle lasted 24 h. The methanol obtained from both extraction cycles was
put together in a glass balloon and evaporated to dryness at low pressure in a rotatory
evaporator. The extract was left to dry for two weeks.

4.3. Gas Chromatography−Mass Spectrometry

The extracts obtained from the n-hexane extraction were weighted and prepared for
silylation. In a glass tube, 200 μL of the extract was mixed with 200 μL of tetracosane
0.5 mg mL−1, 250 μL of pyridine, 250 μL of N,O-bis(trimethylsilyl)trifluoroacetamide,
and 50 μL of trimethylsilyl chloride and incubated at 70 ◦C for 40 min. A sample (1 μL)
of the silylated extract was injected into the gas chromatography−mass spectrometry
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(GC−MS) device (QP2010 Ultra Shimadzu). The chromatography conditions were set as
described in Dias et al. (2019). For the identification of the lipophilic compounds, the peaks
obtained in the chromatograms were compared with the library entries of the mass spectra
database (NIST14 Mass Spectral Library and Wiley Registry® of Mass Spectral Data) or
compared with the mass spectra and retention times of pure compounds analyzed and
prepared similarly to the samples. Calibration curves were prepared for quantification with
standard compounds representing the main families presented in the extracts (maltose for
carbohydrates, palmitic acid for fatty acids, octadecane for alkanes, and cholesterol for
terpenes) and obtained by injection of known concentrations of these standard compounds.
For maltose, the concentrations ranged from 0.06 to 11 mg/mL (y = 0.042x + 0.013 and
r2 = 0.99); for palmitic acid, they ranged from 0.3 to 9 mg/mL (y = 0.095x + 0.447 and
r2 = 0.99); for octadecane, they ranged from 0.08 to 8 mg/mL (y = 0.092x + 0.082 and
r2 = 0.98); and for cholesterol, they ranged from 0.04 to 0.7 mg/mL (y = 0.060x + 0.048 and
r2 = 0.99). The results obtained are expressed in g/Kg DW and presented as mean ± standard
deviation of three independent analyses.

4.4. Ultrahigh-Performance Liquid Chromatography–Mass Spectrometry

The dry methanolic extract was weighted, and 50 mg were collected and dissolved
in 1 mL of methanol. Samples with a concentration of 10 mg mL−1 were filtered through
a 0.2 mL nylon membrane (Whatman, Medstone, UK) and injected in the ultrahigh-
performance liquid chromatography–mass spectrometry (UHPLC–MS) device (Thermo
Scientific Ultimate 3000RSLC Dionex, Waltham, MA, USA). The chromatography analysis
was performed as described by Dias et al. [16]. The UHPLC–MS equipment contained
a Dionex UltiMate 3000 RS diode array detector coupled to a mass spectrometer, and a
Thermo Scientific Hypersil GOLD column (1000 mm × 2.1 mm) with a particle size of
1.9 μm and a temperature adjusted to 30 ◦C. The mobile phase was composed of degassed
and filtered acetonitrile and 0.1% formic acid (v/v) at a flow rate of 0.2 mL min−1. During
the first 14 min, the gradient of the solvent was 5% acetonitrile, followed by 40% formic
acid for 2 min, 100% for 7 min, and 5% for the last 10 min. Then, 1 μL of the sample
was injected into the UHPLC–MS device. UV–vis spectral data were collected between
250 and 500 nm wavelengths, and the chromatograms were recorded at 280 nm. The
equipment contained a mass spectrometer (LTQ XL Linear Ion Trap 2D) with an orthogonal
electrospray ion source (ESI) that operated in negative-ion mode with an electrospray ion-
ization source of 5.00 kV (ESI capillarity temperature of 275 ◦C). It covered a mass range of
50.00 to 2000.00 m/z, and collision-induced dissociation MS/MS and MSn experiments
were performed for precursor ions. The retention times, UV–vis spectra, and spectral data
were compared with those of standard compounds to identify the phenolic compounds.
Semiquantification was performed by peak integration through the standard external
method, using the closest standard compound. The detection and quantification limits
(LOD and LOQ, respectively) were determined using calibration curves prepared with
standard compounds (each family: quercetin and luteolin for flavonoids, and caffeic acid
for secoiridoid and hydroxycinnamic acid derivatives). Calibration curves were obtained
by injection of known concentrations (ranging from 5μg to 0.5 mg/mL) of these standard
compounds: quercetin (y = 3 × 10−7x + 0.0951 and r2 = 0.99), luteolin (y = 2 × 10−7x + 0.0236
and r2 = 0.98), and caffeic acid (y = 9 × 10−8x + 0.0358 and r2 = 0.99). The results ob-
tained are expressed in g/Kg DW and presented as the mean ± standard deviation of four
independent analyses.

4.5. Statistical Analysis

Statistical analysis was performed using the Systat 11 statistical package (Systat Soft-
ware Inc., Richmond, CA, USA). Data were checked for normality distribution by the
Shapiro–Wilk test before a repeated-measures ANOVA analysis to test the significance of
each of the three factors: treatment, variety, and time, as well as their interactions. When
ANOVA presented p ≤ 0.01 or 0.05, a post hoc test was performed, and the content of each
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dependent variable in the control and treated plants was discussed in relation to the variety
and date.

5. Conclusions

This study characterized the most representative phenolic and lipophilic compounds
in Giarraffa and Olivastra Seggianese leaves. We demonstrated how the levels of some
compounds were modulated by UV-B stress and that, in general, UV-B plants at the end
of the experiment (T8) contained higher levels of phenolic and lipophilic compounds.
The Giarraffa variety seemed better suited to prolonged UV-B stress, possibly due to the
higher availability of flavonoids that neutralized ROS and radicals, and the accumulation
of HCAds that provided extra UV-B shield protection. Besides phenolic compounds, this
variety also stood out due to the high levels of fatty acids (e.g., palmitic, α-linolenic, and
stearic acids), which could help to maintain membrane integrity; accumulation of sorbitol,
which may have osmoprotective and antagonistic functions against free radicals and
increases in some terpenes; and long-chain alkanes, which could provide better protection
from UV-B radiation. The investment in the synthesis of these phenolic and lipophilic
compounds to cope with the UV-B stress may occur at the expenses of other processes.
Besides the lipophilic and phenolic metabolite profiles, the expression and/or activity
of key enzymes involved in the biosynthesis of these metabolites (e.g., phenylalanine
ammonia lyase, chalcone-synthase, and acetyl-CoA carboxylase) deserve further studies to
understand their roles in O. europaea response to and tolerance of UV-B stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants11050680/s1, Table S1: ANOVA table produced with experimental data of UV treated
olive plants belonging to two different varieties compared to the control and analysed in four
different dates. When a chemical component was not detected in both varieties in every date only
the variables treatment and date were used with a lost in degrees of freedom into the ANOVA and
consequent missing data in the table., Table S2: ANOVA table produced with experimental data of
UV treated olive plants belonging to two different varieties compared to the control and analysed in
four different dates.
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Abstract: Plant salinity resistance results from a combination of responses at the physiological,
molecular, cellular, and metabolic levels. This article focuses on plant stress tolerance mechanisms
for controlling ion homeostasis, stress signaling, hormone metabolism, anti-oxidative enzymes, and
osmotic balance after nanoparticle applications. Nanoparticles are used as an emerging tool to
stimulate specific biochemical reactions related to plant ecophysiological output because of their
small size, increased surface area and absorption rate, efficient catalysis of reactions, and adequate
reactive sites. Regulated ecophysiological control in saline environments could play a crucial role in
plant growth promotion and survival of plants under suboptimal conditions. Plant biologists are
seeking to develop a broad profile of genes and proteins that contribute to plant salt resistance. These
plant metabolic profiles can be developed due to advancements in genomic, proteomic, metabolomic,
and transcriptomic techniques. In order to quantify plant stress responses, transmembrane ion
transport, sensors and receptors in signaling transduction, and metabolites involved in the energy
supply require thorough study. In addition, more research is needed on the plant salinity stress
response based on molecular interactions in response to nanoparticle treatment. The application
of nanoparticles as an aspect of genetic engineering for the generation of salt-tolerant plants is a
promising area of research. This review article addresses the use of nanoparticles in plant breeding
and genetic engineering techniques to develop salt-tolerant crops.

Keywords: salinity; ecophysiology; environment; salt tolerance; photosynthesis

1. Introduction

Soil salinization of land poses a serious threat and harms the environment, agriculture,
and the economy. Salinity stress in plants may cause changes at the molecular as well as
the physiological level [1]. Some plants contain salt tolerance genes while many have a salt-
sensitive genetic makeup. Various complex mechanisms may alter the genetic responses in
plants under abiotic conditions. Modifications in the expression of salt-responsive genes
make the plants more resistant to salinity stress. Ecophysiological traits of plants and
their importance for biomass production in response to variable climate change are critical
for sustainable agricultural productivity [2–4]. Plants can change their ecophysiological
mechanism in five known constraints including growth, water dynamics, mineral nutrition,
photosynthesis rate, and oxidative stability [5,6].

The adaptation of a plant to a stressful environment is a complex and sensitive phe-
nomenon [7,8]. This acclimation is governed by multiple genes and regulatory pathways [9].
Once the plant detects a stress, it first senses and then transduces a stress signal. Plants
utilize various components for signal transduction including transcription factors, ion
transporters, kinases, calcium, and hormones [10]. During abiotic stress, many physical
modifications occur such as alteration in protein and other metabolites along with changes
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in the cellular matrix and segregation of nucleic acid strands [11]. All these alterations may
result in altered regulation of abiotic stress-responsive genes. It was observed by Tang [12]
that superoxide dismutase is responsible for oxidative stress tolerance. Enhanced salt resis-
tance in plants is due in part to the overexpression of chloroplast protein-increasing stress
tolerance (CEST) [13]. The assimilation of methylglyoxal in a saline stressed potato plant
was inhibited by glyoxalase activity [14]. Hasanuzzaman et al. [15] reported that selenium
protects plants from damaging free radicals, improves the antioxidant defense system,
and methylglyoxal detoxification. It was observed that the use of selenium nanoparticles
with bitter melon induced alterations in the methylation of cytosine in DNA resulting
in epigenetic modifications. The up-regulation of the WRKY1 transcription factor was
induced by a high dose of selenium nanoparticles. The transcription of phenylalanine
ammonia-lyase (PAL) and 4-CoA-ligase (4CL) genes have also been affected by selenium
nanoparticles [10].

The application of nanoparticles to plants helps to mitigate salinity stress. Nanoparti-
cles can be used to alter plant genetic makeup to become resistant to salt stress. Nanoparti-
cles are identified as particles that have a size of less than 100 nm in diameter [16]. They
are found naturally in various resources such as minerals or as a product of bacteria and
clays. Nanoparticles have been used historically for coloring metals and other purposes,
with new applications over the past several years [17]. Nanoparticles that are engineered
have some significant specific properties. These nanoparticles have different sizes and
shapes and their composition also varies, and they differ widely from naturally occurring
nanoparticles [18]. Metal and metal oxide nanoparticles reveal various physiochemical
properties such as high density and possess microscopic edges on their surface. The sizes of
nanoparticles vary due to differences in composition, such as Cu+2O, Zn+2O−2, Sn+4O−2

2,
Al+3

2O−2
3, Mg+2O−2, Ti+4O−2

2, and Ce+4O−2
2. Due to the changes in nanoparticles size,

many properties including magnetic, electronic, and chemical properties are altered. Mag-
netic nanoparticles have achieved significant importance due to their variations in size
and shape [19]. Surface, optical, thermal, and electrical properties can also be incorporated
into these nanoparticles. The process of metal/metal oxide nanoparticle synthesis includes
the reduction as well as oxidation of respective metal salts [20]. There are many different
factors that contribute to nanoparticle reactivity with desired biomaterials. These factors
are the size, dimension, and stability of the nanoparticles [21]. In the past few decades,
synthesized nanoparticles have been used for various industrial and household purposes.
There is continuing effort to synthesize new nanomaterials to enhance quality products.
However, the environment can be contaminated due to the excess use of nanoparticles due
to improper disposal of industrial wastes and other by-products [22].

Nanoparticles can be adapted for environmental conditions and their aggregation and
oxidation state can be engineered [23]. The stability and behavior of nanoparticles can be
affected by chemicals in the environment and by physical parameters. The properties of
nanoparticles depend on their composition. The composition of nanoparticles also affects
their rate of reaction, penetration ability, and translocation inside the plant. Hence, the
same nanoparticles may show different responses in plants under different conditions. For
instance, it was observed by Barrios et al. [24] that plant responses were influenced by citric
acid-coated nanoparticles compared to bare nanoparticles. Plants constantly interact with
the surrounding medium, such as water, air, and soil. The engineered nanoparticles can
cause different effects caused by quantum dots, carbon-based and metal-based effects on
plant growth variations, physiological and biochemical traits, food production, and quality
of food. Thorough interaction studies between engineered nanoparticles and plants are
needed to analyze the toxicity levels and the remediation scheme to build a sustainable
environment for agriculture [25]. Plants play a significant part in the ecosystem and in the
food chain. However, the effects of nanoparticles on plants are not well known. The study
of nanoparticles is difficult due to a lack of detection methods in plants [26]. The most
suitable technique for the identification of nanoparticles in plants is inductively coupled
plasma mass spectroscopy (ICP-MS). Due to the size, shape, composition, and stability

496



Plants 2022, 11, 691

of nanoparticles, the plant may show positive or negative impacts due to nanoparticle
application. Several reported studies showed that some nanoparticles have a negative
impact on plants such as declines in plant growth, production rate, and pigments [27].
Conversely, some nanoparticles may be beneficial for plants. In order to maintain their
stability in agricultural crop production, synthetic nanoparticles are mostly used. These
nanoparticles are used as biofertilizers, growth stimulators, soil-improving agents, and are
also used as sensors [28].

2. Engineered Nanoparticles and their Effect on Plant Salt Tolerance Genes:
Enzymatic Expression

Engineered nanoparticles can interact chemically and mechanically with plants. These
interactions are based on their properties such as size, surface area, and catalytic interactions.
Few studies have been reported regarding the effect of nanoparticles at the molecular
level [29–31]. Various plant species are highly affected by ZnO nanoparticles. Nanoparticles
penetrate the plant leaf and accumulate in the edible parts while some assimilate into the
soil in the surrounding area of the plant. Some metal and metal oxide nanoparticles are
toxic to the environment, such as Ag+1, Fe+3, Zn+2, Al+3, and Ti+4 [32]. It was observed that
when Brassica juncea was treated with silver nanoparticles it resulted in increased levels of
antioxidant enzymes, for instance, guaiacol peroxidase, catalase, and ascorbate peroxidase,
which resulted in decreased levels of reactive oxygen species (ROS) activity [33]. The
activity of enzymes such as super oxide dismutase, catalase, guaiacol peroxidase, ascorbate
peroxidase, and glutathione reductase increased after the treatment of Brassica juncea with
gold nanoparticles [34]. It was found that H2O2 and proline content increases in gold
nanoparticle-treated plants. The activity of ascorbate peroxidase, glutathione reductase,
and guaiacol peroxidase is stimulated in the presence of up to 400 ppm of gold nanoparticles,
while on the other hand, the activity of guaiacol peroxidase increases with 200 ppm gold
nanoparticles. Plant molecular responses to silver nanoparticle treatment were analyzed
in Aradidopsis by reverse transcription-polymerase chain reaction [35]. A whole-genome
cDNA expression microarray was also used for the transcriptional response analysis of
Arabidopsis plants subjected to silver nanoparticles. This resulted in the identification of
286 upregulated genes, including those involved with metal and oxidative stress responses
such as the vacuolar proton exchanger, SOD, cytochrome P450-dependent oxidase, and
peroxidase. It also identified about 81 downregulated genes along with genes that help
in the plant defense system. These included auxin-regulated genes, ethylene signaling
pathway, and SAR against pathogens.

A proteomic analysis of rice treated with silver nanoparticles was carried out. It was
found that silver nanoparticle-responsive proteins were associated with various metabolic
functions such as transcription and protein degradation, the oxidative stress response
pathway, and the calcium signaling pathway [36]. Treatment with zinc oxide nanoparticles
in Arabidopsis thaliana identified 660 up- and 826 down-regulated genes. Seedling growth
and seed germination of tomato was enhanced by the up-regulation of stress-related gene
expression employing multi-walled carbon nanotube-based treatment [37]. The effect of
engineered nanoparticles on plant traits is shown in Figure 1.

Iron (Fe) is considered to be essential for plant growth and development as it plays a
significant role in enzymatic reactions, helps in photosynthesis, and aids to improve the
performance of photosystems. In plants, Fe is present in the insoluble form, i.e., Fe3+. The
increase in pH and aerobic conditions leads to a decreased concentration of Fe in the soil.
The use of iron nanoparticles helps to improve plant resistance to different environmental
abiotic stresses. The application of iron nanoparticles reacts at the molecular level of plants,
which helps to enhance the nutrient uptake ability [38]. Toxicity in plants may be caused by
an excess concentration of iron nanoparticles. A higher amount of free Fe ions such as Fe2+

and Fe3+ leads to the production of ROS in plants. It was reported by Rodríguez et al. [39]
that in some plants, down-regulation of detoxifying proteins such as CAT2 (CATALASE 2;
AT4G35090) protein and AP2 (PEROXIDASE 2; AT5G06720) protein has been observed.
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A deficiency of Fe in the roots of M. truncatula, P. dulcis, and P. persica was correlated
with superoxide dismutase expression, i.e., ATMSD1 (ARABIDOPSIS-SIS-MANGANESE
SUPEROXIDE DISMUTASE 1; AT3G10920) [39]. Fe deficiency may cause the production of
non-enzymatic ROS. Under Fe deficiency in A. thaliana, two enzymes have been reported
to be expressed: GST1 (ARABIDOPSIS GLUTATHIONE S-TRANSFERASE 1; AT1G02930)
and MDAR1 (MONODEHYDROASCORBATE REDUCTASE 1; AT3G52880) [40]. The
ROS-eliminating enzyme aids in the stimulation of the ascorbate-glutathione cycle from
GPX3 (GLUTATHIONE PEROXIDASE 3; AT2G43350) [40]. Due to the magnetic properties
of superparamagnetic iron oxides, Fe2O3 (maghemite) and Fe3O4 (magnetite) nanoparticles
are widely used in various applications including the mitigation of salinity effects of plants.
High Fe3O4 nanoparticle concentration has a high impact on seed germination and root
elongation of cucumber [41]. In cucurbits, the Fe3O4 nanoparticle aggregation occurred
in the stem and roots [42]. The toxicity of superparamagnetic iron oxide nanoparticles
has been tested in Lemna gibba [43]. It has been observed that plant chlorophyll content
decreased while the photosynthetic activity and growth were also highly affected. The
size and stability of nanoparticles are responsible for their toxicity level. The effect of
Fe3O4 nanoparticles has been investigated in Cucumis sativus, and it was observed that
seed germination and root elongation were highly affected [41]. It has been shown that
Fe3O4 nanoparticles are translocated towards the foliage, stem, and below-ground root.
Aggregation of Fe3O4 nanoparticles in plants may decrease the root hydraulic movement
and water transport. The growth parameters of S. lycopersicum were studied by the applica-
tion of Fe2O3 nanoparticles. It has been observed that these nanoparticles were clogged
in root hairs, root tips, and the nodal portion of plants. Increases in Fe2O3 nanoparticle
concentration improved iron content in plants [44]. In Arachis hypogaea, root length and
plant height increased due to the use of Fe2O3 nanoparticles in saline conditions [45].

 

Figure 1. Effects of engineered nanoparticles on plant ecophysiological mechanisms in response
to salinity.

While a number of genes with the potential for the engineering of salt tolerance
have been identified and tested, additional genes and regulatory pathways need to be
identified. Work in many labs is ongoing to develop genomic, transcriptomic, proteomic,
and metabolomic resources.

3. Plant Metabolomics and the Linkage of Molecular Functions to
Nanomaterial Application

The by-products of cellular regulatory mechanisms are metabolites. These metabo-
lites are secreted in response to the external stimuli faced by the organism. More than
200,000 metabolites are secreted by plants and these metabolites are divided into two
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classes; these are primary and secondary metabolites for plant growth and develop-
ment [46]. Primary metabolites are essential and include carbohydrates, fatty acids, vita-
mins, amino acids, and organic acids [47]. Polyketides, alkaloids, terpenoids, glucosinolates,
and phenylpropanoids are secondary metabolites synthesized from primary metabolites
and are required by plants for adaptation and defense responses [48]. Throughout the plant
kingdom, primary metabolites are common in all plants and conserved in their structure,
while on the other hand, plant secondary compounds may vary in their chemical composi-
tion and are species-specific. Figure 2 shows the metabolomics analysis of plants exposed
to engineered nanomaterials. In xenobiotic plants, the modifications in plant physiology
induced by engineered nanoparticles are monitored by molecular events. These molecular
events also reflect the metabolites that participate in biological pathways, for instance, the
citric acid cycle, glycolysis, gluconeogenesis, and amino acid and secondary metabolite
biosynthesis, nitrogen, and fatty acid metabolism. In order to defend against or adapt to
various abiotic stresses, plant roots excrete metabolites as signaling molecules. Plants also
alter soil chemistry and biochemical pathways to enhance nutrient bioavailability [49]. A
list of halophytic species and their secondary metabolites is shown in Table 1.

Figure 2. Metabolomics analysis in plants exposed to engineered nanomaterials.

Table 1. List of plant species and their secondary metabolites [50].

Fodder Crops Secondary Metabolites

Atriplex nummularia Saponin, Alkaloids, Tannins, Nitrate
Atriplex leucoclada Saponin, Alkaloids, Tannins
Atriplex halimus Saponin, Flavonoids, Alkaloids, Tannins, Nitrate
Diplache fusca Flavonoids, Alkaloids

Halocnemum strobilecum Saponin, Flavonoids, Alkaloids, Tannins, Nitrate
Haloxylon salicornicum Saponin, Flavonoids, Alkaloids, Tannins

Kochia eriophora Alkaloids, Tannins
Juncus acutus Flavonoids, Alkaloids, Tannins, Nitrate

Juncus arabicus Alkaloids, Tannins
Juncus subulatus Alkaloids, Tannins, Flavonoids

Limonium pruinosum Saponin, Alkaloids, Tannins
Nitraria retusa Saponin, Tannins
Salsola glauca Saponin, Flavonoids, Alkaloids

Suaeda fruticosa Alkaloids, Tannins, Nitrate
Tamarix aphylla Saponin, Tannins
Salsola tetrandra Nitrate

Tamarix mannifera Saponin, Tannins
Zygophyllum album Saponin, Flavonoids, Alkaloids, Tannins, Nitrate

Sesbania sesban Saponin, Alkaloids

4. Plant Genetic Responses to Salinity Stress

Under salt stress, genetic responses in plants occur by a complex mechanism. The
synthesis of specific gene products (RNA or protein) is up-regulated while others are down-
regulated. It was observed that these mechanisms may occur at different phases of the cen-
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tral dogma process, such as transcription initiation, RNA processing, post-transcriptional
processing, translation, and modification [51]. In order to identify the genes responsible
for the stress response, transcriptional profiling is most often used, leading to the creation
of extensive databases. To date, considerable information is available on the transcription
factors that are included in the up- and down-regulation of plant genes and salt-responsive
genes [52]. These genomic methodologies play a vital function in the encoding, cloning, and
characterization of salt-responsive genes. These factors are considered important for the
up-regulation and down-regulation of gene expression. bZIP, MYB, WRKY, AP2, C2H2 zinc
finger gene, NAC, and DREB family proteins are stress-responsive gene family members.
The cis-acting binding of a transcription factor at a promoter region can alter the expression
of individual genes [53].

Under salinity stress, up-regulation in bZIP gene expression was observed in a salt-
sensitive variety of wheat while in the salt-tolerant cultivar, down-regulation of the gene
occurred [54]. Rice contains transcriptional regulators that play a vital function under stress
responses. These regulators are DREB1/CBF, DREB2, and AREB/ABF [55]. Under salt stress,
up-regulation of transcription factors (OsNAC5 and ZFP179) occurs. The up-regulation of
these factors may affect the synthesis of proline, LEA proteins, and sugar, which in turn
plays a significant role in abiotic stress tolerance [56]. Zhang et al. [57] determined that one
member of one gene family, i.e., the MYB gene, responds to abiotic stress. Sixty full-length
cDNA sequences were isolated that encode wheat MYB proteins. The phylogenetic tree that
includes wheat, rice, and Arabidopsis MYB proteins was used to analyze their function and
evolutionary relationship. Up-regulation of AtWRKY8 gene expression occurs in Arabidopsis
plants under salinity stress [58]. In diverse species of plants, many genes and transcription
factors are up-regulated under salinity stress as presented in Table 2 [59], which shows
associated genes, molecular chaperones, and dehydration-related transcription factors. For
ion homeostasis, the SOS gene family plays a vital function in salt tolerance [60]. It was
observed by Schmidt et al. [61] that more than 10 genes involved in the osmotic regulation
process are up-regulated in Spartia alterniflora under salinity stress.

The salt-responsive transcription factor ERF1 (SERF1) gene was characterized by
Schmidt et al. [61] in Oryza sativa. It was observed that salt treatment and H2O2 may induce
the expression of this gene in roots. Plants lacking the transcription factor SERF1 are less
resistant to salinity stress than wild-type plants. However, the overexpression of SERF1
may improve salt resistance in plants. Kinases play a vital role in the adaptation of plants to
salinity stress and they also regulate the activity of transcription factors. In rice, OsRMC acts
as a negative regulator during salinity stress and it also encodes a receptor-like kinase [62].
Negative gene expression was also shown by two transcription factors, OsEREBP1 and
OsEREB, which belong to the AP2/ERF family. As with the OsRMC promoter, the above-
mentioned transcription factors bind to the same GCC-like DNA motif. One of the major
transcription factors, the basic region/leucine zipper (bZIP), contains a specific region that
binds to the DNA and a leucine zipper dimerization motif. One of the major ABRE-binding
transcription factors, OSBZ8, was also recognized in rice and is identified as the most
expressed gene in salt-tolerant cultivars [63]. To respond to environmental stresses such as
abiotic stress, the alternative splicing of RNA/mRNA plays a significant role by switching
on/off transcriptional activities. The spliceosomal proteins play a significant function in
plant development, response to harsh environmental factors, the plant immune system,
and tolerance efficiency [64]. Figure 3 summarizes the signaling pathway in rice under
salt stress.
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Table 2. Salt responsive genes in various plant species along with their respective gene functions.

Gene Name Plants Gene Functions References

SOS1,SOS2,
AtNHX1 Brassica campestris Brassica juncea Na+/K+ plasma membrane antiporter, calcium-binding

protein, and protein kinase [65]

AtSKIP Arabidopsis thaliana Transcription factor, splicing, and polyadenylation [66]

OsHsp17.0
OsHsp23.7 Oryza sativa L. Transporting proteins and heat-shock proteins [67]

DcHsp17.7 Daucus carota Cell viability and membrane stability under heat stress [68]

JcDREB Arabidopsis thaliana Transcription factor [69]

AtNHX1 Arabidopsis thaliana Calcium-binding protein, vacuolar Na+/K+ antiporter [70]

OsRab7 Oryza sativa L. Vesicle trafficking gene enhanced growth and proline [71]

PeXTH Populus euphratica Higher cell viability, water holding capacity, and
membrane integrity [72]

CYP94 Oryza sativa Enhanced CYP94C2b expression [73]

SOS1 Nicotina tabacum Plasma membrane, Na+/K+ and vacuolar
Na+/K+ antiporter [74]

mtlD Escherichia coli Higher mannitol 1 phosphate dehydrogenase levels [75]

TaSTRG Triticum aestivum Increase salinity and water deficit resistance [76]

AtSTO1 Arabidopsis thaliana Higher root, pith size, and photosynthesis [77]

 

Figure 3. Signaling pathways in rice under salt stress.

MicroRNAs and small interfering RNA (siRNAs) could play a significant role in the
abiotic stress responses of plants. However, post-transcriptional gene regulation has a
significant impact on plant salinity resistance [78]. It has been observed that miRNAs
are sensitive to biotic as well as abiotic stress. Plants face various environmental abiotic
stresses such as drought, salinity, and cold. The overexpression of miR402 is induced by
these environmental stresses. Figure 4 shows the post-transcriptional regulation of plant
salt stress-responsive genes mediated by miRNA as studied in Arabidopsis thaliana and
Oryza sativa to determine the significant role of miRNA in salt stress [79].
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Figure 4. Pathway showing post-transcriptional regulation of salt stress-responsive plant genes
mediated by miRNA.

5. Mechanisms for the Regulation of Salt Tolerance Genes

Plant transcription factors act to link salt-sensitive pathways to several tolerance
responses. Certain transcription factor family genes are expressed specifically in response
to external salinity stress. These transcription factor gene families include bZIP, WRKY,
APETALA2/Ethylene Response Factor (AP2/ERF), MYB, basic helix-loop-helix (bHLH), and
NAC. These transcription factors play a vital function in regulating the expression level
of genes that may enhance the plant salt tolerance level [80]. Salt stress-induced bZIP
transcription factor bZIP24 is a primary example involved in adaptation to salt resistance
in plants. In Arabidopsis, this transcription factor induces the expression of many stress-
responsive genes [81]. Salt tolerance is increased in Arabidopsis due to the expression of
bZIP24. It was observed that bZIP24 down-regulated AtHKT1;1 directly or indirectly [82].
bZIP24 was identified by comparison of transcript regulation patterns in Arabidopsis and in
the halotolerant Lobularia maritima. This halophilic model species can be utilized for the
identification of novel salt tolerance mechanisms [83].

5.1. Salinity Tolerance Mechanisms

AtHKT1;1 regulates the sodium level in leaves and salt tolerance in plants. In order to
modify a Na+-resistant crop, the molecular mechanism regulating AtHKT1;1 expression
should be determined [84]. The plant salinity tolerance mechanism was analyzed by
the study of the model plant Arabidopsis [85]. Rice transcription factor SALT-RESPONSE
ERF1 (SERF1) functions as an enhancer of ROS-activated MAP kinase under salinity stress.
The high salinity rate may induce the expression of SERF1. It was observed that rice
plants deficient in SERF1 exhibit a drop in salt stress tolerance genes. serf1 mutants
grown hydroponically for 3–4 weeks were observed to be salt-sensitive while SERF1-
overexpression lines showed increased salt tolerance. The Na+ over K+ ratio in the foliage
of the serf1 mutant was higher than the wild-type [86].

5.2. Traditional Plant Breeding

Many approaches including conventional plant breeding have been used to enhance
the salinity resistance of plants that are economically important. These traditional breeding
programs have been successful in improving salt stress tolerance [87]. However, multiple
salt-responsive genes are involved in tolerance to salinity in plants. These genes also
function with other parts of stress signal transduction pathways. The results obtained by
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traditional plant breeding may not identify genomic regions such as in perennial quantita-
tive trait loci (QTL) that control salt resistance. By the improvement of high-throughput
genotyping methods, molecular marker technology was developed to identify QTL, which
is considered to be accountable for salt tolerance. In breeding programs, the selection
efficiency is based on the identification of QTL regions [88]. The results of gene expres-
sion analysis and the correlation of QTLs may be easily detected at the seedling stage
as compared to the developmental stages, while at the reproductive stages they are fully
recognizable [89]. In recent studies, the antioxidant response in tomato plants under salinity
stress was identified. The QTLs related to antioxidant content were also analyzed. The
development of tomato cultivars having higher antioxidant levels may be accomplished
using QTLs [90].

By using traditional breeding methods, multiple traits have been introduced into crop
plants to manipulate salt tolerance. In addition, the overexpression of single genes can
be used for improving plant salt tolerance. High salt tolerance has also been observed
in genetically modified plants by the overexpression of genes that code for the synthesis
and assimilation of osmoprotectants (proline and glycine betaine are used for osmotic
adjustment). In addition, some enzymes such as glutathione S-transferase, peroxidase,
ascorbate peroxidase, superoxide dismutase, and glutathione reductase are also used to
modify plant salt resistance and oxidative protection [91]. Plant genetic engineering holds
great promise for producing salt-tolerant crops. Salinity tolerance is multi-genic in nature,
but most genetically engineered plants possess a single transgene. Various genetic tools are
developed that can be utilized in gene function analysis. In order to develop salt-tolerant
cultivars, the use of nanoparticle carriers to facilitate genetic engineering will be helpful to
understand the mechanisms and regulation of gene expression, candidate gene usage, and
tissue-specific and inducible promoters.

6. Salt Responsive Genes Present in Halophytes

Limited literature is available on the molecular defense mechanism of halophytes
against salinity stress. In various studies, the ecological, physiological, anatomical, and
biochemical responses of halophytes towards salinity were studied [92,93]. For the investi-
gation of salinity stress defense molecular mechanisms, Arabidopsis thaliana was used as a
model plant. This species was also utilized for the analysis of salt stress-responsive genes
to enhance salinity tolerance in genetically modified plants [94]. It is generally understood
that halophytes are salt-tolerant and glycophytes are salt sensitive. However, there are
some halophyte species that are sensitive to abiotic stresses and some glycophytes are
tolerant to salt. Halophytes are considered to be suitable model plants for the analysis of
salt tolerance mechanisms [95]. It was observed that almost all plants likely possess similar
salt tolerance regulatory mechanisms [96].

Many genomic methods have been used for the isolation and identification of salinity-
responsive genes from halophytes. The overexpression of these halophytic genes under the
control of the constitutive, non-specific 35SCaMV promoter in glycophytic recipients may
increase abiotic stress tolerance. Many of these genes code for Na+/H+ antiporters, vacuolar
pyrophosphatase, potassium transporters, ion channels, antioxidants, and ROS scavengers.
These genes also code for proteins that are included in signal transduction and various
protective functions. Many other salt-responsive genes have been identified from halo-
phytes such as Salicornia brachiata [97]. Many model plants including Arabidopsis thaliana
and salt-tolerant Thellungiella salsuginea were used for the study of abiotic stress tolerance.
Thellungiella exhibits high tolerance to salt and drought stress [98]. The genetic basis of
the abiotic stress defense mechanism was obtained from the analysis of the genomic se-
quence of Thellungiella salsuginea. This species was identified as the gene resource for cation
transporters, abscisic acid signaling genes, and many other genes that respond to abiotic
stresses [99]. The results obtained from microarray analysis revealed that only a few genes
were affected under salt stress in Thellungiella salsuginea compared to Arabidopsis [100].
In another study, it was observed that in Thellungiella salsuginea, about 154 genes were
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identified as compared to Arabidopsis under various stresses [101]. A diagram illustrating
salt stress tolerance mechanisms in halophytes is shown in Figure 5.

 

Figure 5. Salt stress tolerance mechanisms of halophytes in a saline environment.

Arabidopsis and Lepidium crassifolium have been studied as model plants to contrast
a glycophyte with a halophyte, respectively, and to identify genes involved in oxidative
and osmotic stress tolerance. Independent transgenic lines expressing random genes from
L. crassifolium in Arabidopsis thaliana enhanced plant salinity tolerance [102]. Other studies
were conducted with Salicornia brachiata, which grows in saline marshes under extreme
abiotic stresses. This plant is considered to be an efficient source of stress response genes
and promoters as it has the potential to grow under adverse environmental conditions [97].
Salinity-resistant transgenic plants including Jatropha, Cumin, and Castor were developed
using salt-responsive genes isolated from Salicornia brachiata [103]. Salicornia species are
considered functional foods as they contain metabolites and sulfur-rich seed storage pro-
teins [104]. Porteresia coarctata is a wild halophyte that has the ability to grow in extreme
saline soils. Around 152,367 unique transcript sequences were identified; 15,158 of these
genes are related to salinity and submerged tolerance and the analysis of these genes will
help unravel the key metabolic pathways involved in tolerance. These genes can also be
utilized to introduce salinity and submerged tolerance traits in rice [105]. Table 3 shows the
salt-responsive genes present in halophytes and recipient plants that express the genes.

Table 3. Salt-responsive genes present in halophytes and recipient plants.

Halophytes Genes Description Recipient Plants References

Aeluropus littoralis AlNHX1 Vacuolar Na+/H+ antiporter Nicotiana tabacum [106]

Atriplex hortensis AhBADH Glycine betaine synthesis Solanum lycopersicum [107]

Avicennia marina AmMDHAR ROS scavenging Nicotiana tabacum [108]

Salicornia brachiata SbASR1 Ascorbate regeneration and
ROS scavenging Nicotiana tabacum [108]

Salicornia brachiata SbpAPX Peroxisomal ascorbate peroxidase Nicotiana tabacum [109]

Salicornia brachiata SbpAPX Peroxisomal ascorbate peroxidase Arachis hypogea [110]

Salsola soda SsNHX1 Vacuolar Na+/H+ antiporter Alfalfa [111]

Suaeda liaotungensis SlBADH Glycine betaine synthesis Zea mays [112]

Suaeda salsa SsCAX1 Vacuolar H+/Ca2+ transporter Arabidopsis [113]
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Table 3. Cont.

Halophytes Genes Description Recipient Plants References

Suaeda salsa SsGST Glutathione S-transferase Oryza sativa [114]

Suaeda salsa SsVP Vacuolar-H+-pyrophosphatase Arabidopsis [115]

Thellungiella halophila ThSOS1 Salt overly sensitive gene Arabidopsis [116]

Thellungiella salsuginea TsTIP1 Tonoplast AQP gene Arabidopsis [117]

Tamarix androssowii TaMnSOD Manganese superoxide dismutase Populus [118]

Spartina alterniflora SaVHAc1 Vacuolar H+-ATPase subunit Cl Oryza sativa [119]

Salicornia europaea SeCMO Enhanced glycine betaine synthesis Nicotiana tabacum [120]

Kalidium foliatum V-ATPase Vacuolar-H+-pyrophosphatase Arabidopsis [121]

Atriplex gmelini AgNHX1 Vacuolar Na+/H+ antiporter Oryza sativa [122]

7. Promoters for Salt-Responsive Halophytic Genes

A strong promoter is needed for the genetic engineering of plant crops to attain the
desired level of transgene expression. In T. halophila, stress-related genes are expressed
constitutively as compared to A. thaliana where they are not [123]. This study revealed
that in halophytes, a transcriptional regulatory network for stress-responsive genes is fully
functional. Another study was carried out in halophytes that led to the identification of
cis-regulatory elements of stress-responsive genes and stress-inducible motifs [124]. The
promoter of the AcBADH gene from Atriplex centralasiatica contains two salt-responsive
enhancer regions and one silencer region. The enhancer regions are located from −1115
to −890 and −462 to −230, while the silencer region is from −890 to −462. The AcBADH
promoter is strongly induced by salinity stress [125].

Another strong and salt-inducible promoter is SIBADH; the promoter fragment
(−300 bp) was identified in Suaeda liaotungensis. This promoter supported a 6.3-fold higher
expression under salinity in contrast to non-stressed conditions [106]. To measure expres-
sion levels, GUS is widely used as a reporter gene in transformation in microorganisms and
animals. It is found in various bacterial species such as Shigella, Bacteroides and Clostridium,
S. liaotungensis, and Salicornia europaea that contain CMO genes [120]. GUS showed in-
creased expression in transgenic Arabidopsis, while a halophyte T. halophila contains a TsVP1
gene promoter having a 130 bp specific cis-acting element responsive to salt stress. The
SIPEAMT gene of S. liaotungensis with an 897 bp promoter region also showed an 18.6-fold
increase in the beta-glucuronidase (GUS) activity under 200 mM NaCl stress [126]. They de-
termined that even a small portion of the promoter contains a cis-acting element that allows
regulation of gene expression under salinity stress. A choline monooxygenase (CMO) gene
was found in Chenopodiaceae and Amaranthaceae. In plants, usually, the activity of CMO
is low and unstable but it can be a critical rate-limiting step in the biosynthesis of glycine
betaine [127]. Promoters of these genes are inducible under salinity stress. Crassulacean
acid metabolism (CAM) genes were studied in M. crystallinum, and the transcriptional
activation of salt-responsive genes occurs due to the enhancer and silencer regions of the
gene promoter [128]. CAM genes were found in various plant species. In model plant
species such as Arabidopsis and rice, it was revealed that CAM proteins are encoded by
gene families. These genes play a significant role in the regulation of growth, development,
and abiotic stress resistance in plants [129].

A tissue-specific promoter AISAP was examined in Aeluropus littoralis [130]. It was
found that the expression level of a gusA fusion with this promoter was the same in
transgenic rice under the control of the AISAP gene as in A. littoralis [131]. AISAP and
OsSAP9 are two orthologs of the regulatory region of the promoter and provide the ba-
sis for variation in regulation specificity and stress induction in rice. The TsVP1 gene
from the halophyte T. halophile contains a 130 bp cis-acting element in the promoter re-
gion of vacuolar H+-pyrophosphatase. It helps to enhance GUS fusion expression under
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salinity stress in transgenic Arabidopsis [132]. Under the conditions of biotic and abiotic
stresses, the expression of the reporter gene can be controlled by the CBL1 gene promoter
obtained from Ammopiptanthus mongolicust [133]. The enhancer and repressor binding
sites in the cis-regulatory region were also found in the SbpAPX gene. This gene was
found in S. brachiata [134]. The salt stress-responsive cis-regulatory motifs were present in
the SbGSTU promoter. In S. brachiata, these motifs regulate the expression of the GSTU
gene [124]. Thus, halophytes can be utilized as a source of genes for engineering abiotic
stress tolerance in crops. Table 4 shows the details of promoters used to stimulate salinity
resistance traits in plants.

Table 4. Promoters used to improve salt tolerance traits in crop plants [58].

Transgene Gene Isolated Promoters Transgenic Crop

Ion exclusion Na+/H+ antiporter (SOS1) Arabidopsis Constitutive Nicotiana tabacum

Na+/H+ antiporter (SOD2) Salicornia brachiata Stress inducible Oryza sativa

Tissue tolerance Na+/H+ antiporter (NHX) Arabidopsis Constitutive Fagopyrum esculentum

Tissue tolerance Trehalose-6-phosphate
synthase (TPS) Yeast Constitutive Medicago sativa

Tissue tolerance Trehalose-6-phosphate
phosphatase (TPP) Rice Stress inducible Solanum lycopersicum

Mannitol-1-phosphate dehydrogenase (mt1D) E.coli Shoot expression Oryza sativa

Myoinositol O-methyltransferase M. crystallinum Constitutive Triticum aestivum

Tissue tolerance Ascorbate (APX) Arabidopsis Constitutive Nicotiana tabacum

Glutathione S-transferase (GST) Tomato Protein targeted to
chloroplast/cytosol Oryza sativa

Mitogen activated protein kinase (MAPK) Chickpea Constitutive Nicotiana tabacum

Sucrose protein kinase Rice Inducible Oryza sativa

Transcription factors DREB Pennisetum glaucum Constitutive & inducible Nicotiana tabacum

8. Transgenic Approach for Engineered Plants Having Enhanced Salt Tolerance

It was reported by Rao et al. [53] that for salt tolerance in plants, the breeding strategy
is not particularly recommended due to reproductive restrictions and there is a high
probability for the transfer of undesirable traits. Genetic engineering is considered to be
suitable for single gene transfer [58]. Plants have been developed from a single plant cell
by the direct transfer of the gene of interest into the genome to create transgenic plants.
The use of genetic engineering techniques involves traits such as resistance to pesticides,
pests, better nutritional value, and improved product shelf life, which can contribute to
improvements in sustainable agriculture [135]. Figure 6 shows the factors involved in
enhanced salt tolerance in plants. The transgenic approach is also utilized to enhance the
resistance to abiotic stress in plants [136]. Table 5 summarizes reports on gene transfer into
target plants for enhanced salt tolerance.
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Figure 6. Factors involved in enhanced plant salt tolerance.

Table 5. Gene transfer into target plants for enhanced salt tolerance.

Desired Gene Donor Plant Target Plant References

codA Arthrobacter globiformis Solanum lycopersicum [137]
Cox Arthrobacter pascens Oryza sativa [138]

TPS1 Yeast Solanum lycopersicum [139]
AtTPS1 Arabidopsis Nicotiana tabacum [140]

mtID Triticum aestivum Escherichia coli [141]
S6PDH Malus domestica Japanese Persimmon [142]
P5CS Vigna acontifolia Nicotiana tabacum [143]
nhaA E.coli Arabidopsis [141]

AtNHX1 Arabidopsis Solanum lycopersicum [144]
BnNHX1 Brassica Nicotiana tabacum [145]

GlyII Oryza sativa Nicotiana tabacum [146]
GmbZIP1 Soybean Arabidopsis, Nicotiana tabacum [147]
BrERF4 Brassica Arabidopsis [148]

T30hsp70 Trichoderma harzianum Arabidopsis [149]
GhMPK2 Cotton Nicotiana tabacum [150]

9. Development of Salt Tolerant Glycophytes using Halophytic Salt Tolerance Genes

Plants are classified into two groups: salt-tolerant halophytes and salt-sensitive gly-
cophytes depending on their growth ability in saline environments. Halophytes have
the ability to grow in a saline environment including coastal marshes and inland deserts.
Monocot halophytes have the potential to achieve optimum growth at less than 50 mM
NaCl while in the case of dicot halophytes they can grow at approximately 100–200 mM
salt [151]. Glycophytes are highly affected by saline habitats and do not grow well at
100-200 mM NaCl [92]. Various studies were conducted to identify salt tolerance genes in
halophytes [96]. Over the last several years, genetic engineering has been commonly used
to introduce salt tolerance in glycophytes by the transfer of salt tolerance responsive genes
from halophytes [152]. For this purpose, different plants are used as model plants for the
introduction of salinity tolerance genes. Arabidopsis, tobacco, and many other crop plants
have been used to enhance ion homeostasis and salt tolerance [73].

The most commonly monitored phenomena related to salinity are the dispersion of
sodium ions in vacuoles, sodium ion efflux, and the prevention of sodium ion influx by
the antiporter [153]. Many antiporters have been characterized functionally after their
isolation from glycophytes and halophytes. It was observed that some of the glycophytic
transporters that are encoded by the NHX, ATPase, SOS, and HKT genes led to salt tolerance
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in the range of 150–250 mM NaCl when expressed under the control of the constitutive
CaMV35S promoter in transgenic plants [154]. For evolving salt tolerance in various crops
such as tomato, maize, brassica, and wheat, constitutive expression of the glycophytic
NHX gene obtained from Arabidopsis thaliana was used [155]. However, other genes such
as BnNHX1 (Brassica napus), HbNHX1(Hordeum brevisubulatum), and GhNHX1(Gossypium
hirsutum) were used to develop salt tolerance in tobacco. It was reported that salt tolerance
was conferred by the NHX1 gene obtained from both halophyte and glycophytes, although
they differ in the level of salt tolerance. A 75% amino acid sequence similarity was observed
for the antiporter AgNHX1 from Atriplex 15melina and AtNHX1 from Arabidopsis thaliana.
As compared to glycophytes, transgenic plants overexpressing AgNHX1, SaNHX1, or the
SsNHX1 gene showed up to 300–400 mM NaCl tolerance [156]. In genetically modified
tobacco plants, upregulation of the SbNHX1 gene showed salt tolerance up to 200 mM
NaCl while in transgenic jatropha and castor plants, salt tolerance was observed up to only
100 mM NaCl [157]. However, in transgenic plants, the upregulation of other halophytic
genes such as SbpAPX, SbUSP, and SbGSTU also showed salt tolerance up to 200–300 mM
NaCl [158]. The TIP1 gene obtained from the halophyte T. salsuginea revealed enhanced
salt tolerance in transgenic Arabidopsis plants as compared to the glycophyte Panax gin-
seng [159]. Genes from rice such as APX and GST showed tolerance of up to 150–200 mM
NaCl when compared to similar genes obtained from the halophyte S. brachiata in trans-
genic plants [160]. Different levels of abiotic stress tolerance in rice, tobacco, and wheat
were observed by up-regulation of the stress-associated protein AISAP from Allocasuarina
littoralis [131]. It was reported that many abiotic stresses induced AISAP transcripts but the
rice gene OsSAP9 is also influenced by cold and heat treatments. The negative regulators
of AtHKT1; 1 expression are shown in Figure 7.

Figure 7. Model showing AtHKT1;1 and the negative regulators of AtHKT1;1 expression.

The antiporter SOS1 gene and its over-expression were studied in Thellungiella and
contrasted to expression in Arabidopsis [161]. In Thellungiella, SOS2, NHX1, and HKT1,
which are involved in sodium exclusion and compartmentation, have been expressed at
higher levels [123]. Halophytes can serve as model plants to discover different stress-
responsive genes for enhancing the salt resistance of glycophytes to allow cultivation in
saline and arid areas for sustainable agriculture.

10. MicroRNAs (miRNA), a New Target for Improving Plant Tolerance to Salt Stress

Microarray and high throughput deep sequencing methods are used to identify plant
miRNAs induced under salinity, as presented in Table 6. It was observed that plant miRNAs
are present in all of the main plant parts such as the leaf, root, stem, and flower (Table 5). It
was reported by Fu et al. [162] that among all the crops, the highest numbers of miRNAs
have been identified in Zea mays (1077 miRNAs). Mesembryanthemum crystallinum, Medicago

508



Plants 2022, 11, 691

truncatula, Vicia faba, and Ipomoea batatas contain 882, 876, 693, and 650 miRNAs, respectively,
under saline conditions [163]. The numbers of miRNAs in plants may vary and depend on
plant species, tissue specificity, development stages, and intensity of salinity stress. The
degree of salt stress may up- and down-regulate the expression level of miRNAs in plants.
Jodder [164] observed that the expression of miR167 in oat panicles is negatively associated
with an increase in the degree of salt stress. With a 0.25% increase in NaCl, miR156, miR157,
and miR172 are up-regulated in cotton, and the expression decreases with a further increase
in salt concentration. Nanoparticles have the ability to affect the expression level of plant
miRNAs [165].

Table 6. Numbers of salt-responsive miRNAs identified under salt stress at varying concentrations
of NaCl.

Plants NaCl Concentration miRNA Number References

Arabidopsis thaliana 150 mM 118 [166]
Glycine max 125 mM 238 [167]

Leymus chinensis 100 mM 148 [168]
Medicago truncatula 20 mM 876 [169]

Musa nana 300 mM 181 [170]
Oryza sativa 200 mM 498 [171]

Panicum virgatum 0.5 % 273 [172]
Suaeda maritima 255 mM 147 [173]

Zea mays 250 mM 1077 [174]
Vicia faba 150 mM 693 [175]

Thellungiella salsugniea 200 mM 246 [176]
Raphanus sativus 200 mM 204 [177]

The expression levels of miRNAs highly depend on plant developmental stages, as it
was reported that few miRNAs are expressed in early growth under saline conditions while
others appear in the late stages. It was observed by Luan et al. [178] that zma-miR169 shows
initial up-regulation and then down-regulation under salinity stress. In cotton, miRNAs
and their targets such as miR156-SPL2, miR159-TCP3, miR162-DCL1, miR395-APS1, and
miR396-GRF1 show a negative correlation of expression levels [165]. Some of the miRNAs
are induced under salt stress such as miR156, miR319, and miR528 while miR164 and
miR397 are repressed [179]. The degree of salinity stress may increase or decrease the
expression level of some miRNAs in plants. For instance, in Arabidopsis thaliana, Triticum
aestivum, and Agrostis stolonifera, the expression level of miR393 increases under salt stress.
However, in contrast, the expression level of miR393 decreases in Oryza sativa, Gossypium
sp., and Spartina alterniflora under similar conditions [180]. The expression level of some
miRNAs such as miR167, miR390, miR402, and miR414 have been observed only in a few
plant species under salinity stress.

Glycophytes cannot tolerate high salinity levels while halophytes can tolerate and
survive at up to 1000 mM NaCl. Glycophyte plants may have the potential to adapt a
salt tolerance mechanism by following various strategies of gene regulation used by halo-
phytes. The role of halophyte miRNAs may follow various strategies of salinity resistance
improvements in crops by incorporating them in genetic engineering and plant selection
programs. For instance, Gharat [173] observed that the expression of Suaeda maritima
sma-miR2 and sma-miR5 increases in seawater, suggesting that their metabolic regulatory
roles are restricted to saline environments. About 246 miRNAs have been identified in
E. salsugineum. A significant response to salt stress in E. salsugineum was observed by
the expression of 26 conserved miRNAs and four novel miRNAs [181]. Seedlings of M.
crystallinum were treated with 200mM NaCl and it was observed that 135 conserved miR-
NAs and the hairpin precursor of 12 novel mcr-miRNAs were expressed [182]. In another
example, Halostachys capsica, a salt tolerant shrub, was treated with salt and it was observed
that 31 conserved miRNAs and 12 novel miRNAs were up-regulated while 48 conserved
miRNAs and 13 novel miRNAs were down-regulated by salinity stress in H. caspica [183].
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11. Conclusions and Future Perspectives

Plants integrate cellular, physiological, and molecular responses for salt stress tol-
erance. Various studies have been carried out on the plant salt resistance mechanisms
that control ion homeostasis, osmoregulation, ROS detoxification, hormone metabolism,
and stress signaling, but there is still a lack of information from genomic, transcriptomic,
and proteomic studies. Genetic engineering of salt tolerance in plants has great potential.
However, the continuous release of nanoparticles into the surrounding soil may affect plant
growth and development. Nanoparticles may alter seed germination as well as various
stages of crop production. Various kinds of nanoparticles have been found in the environ-
ment such as ZnO, CuO, TiO2, and Fe3O4. All of these nanoparticles showed some positive
and negative results against seed germination, root and shoot growth, biomass production,
and physiological as well as biochemical activities. These nanoparticles become adsorbed
onto the plant surface and are transported to different plant tissues. However, the low
concentration of nanoparticles does not show any negative effect on plants and appears
to be beneficial for their growth and developmental process. Higher concentrations of
nanoparticles cause toxicity by ROS which leads to the disruption of the cellular membrane.
It has been considered that some nanoparticles could replace the use of toxic chemicals and
fertilizers in the near future. Still, further research needs to be carried out to analyze the
effect of nanoparticles on plants and the surrounding environment.

Progress has been made in developing salt-tolerant cultivars, but there are still many
questions related to salt stress tolerance in plants that need to be addressed with the help
of molecular marker development for gene mapping, EST library development, and inte-
gration of complete genome sequences for Arabidopsis, rice, and maize. High throughput
sequencing is the most powerful technology for the identification of salt stress-responsive
miRNAs. After the identification of miRNAs in plants, there is still an empty space that
needs to be filled for the analysis of function carried out for salt tolerance improvement
through miRNA manipulation in crops. Applications of nanoparticles will play a significant
role in the modification of salt-tolerance genes in plants. Many advanced strategies have
been used to date to modulate genes in plants under salinity stress, including nanoparticle
transport across the plant cell and chloroplast membranes to target their genetic makeup.
In addition, miRNAs can be introduced to develop salt resistance in crops. The over-
expression and knocking down of miRNAs may promote the development of salinity
resistance in transgenic plants.

The various modifications in small RNA sequencing technologies and analysis of
miRNAs will be important for the development and growth of salt-tolerant cultivars. Many
advances in genomics and metabolomics analyses of crop plants may improve the resolu-
tion of complex networks and unravel the mechanism(s) of abiotic stress tolerance. It will
be essential to identify candidate gene(s) that have the ability to confer stress tolerance in
plants without affecting growth and yield. It has been observed that conventional breeding
methods did not significantly improve salt stress tolerance in plants and in addition, the
crossing method reduced crop yield. In order to develop salt-tolerant plants, some points
need to be addressed such as (i) how under the unstable natural environment genetically
modified plants respond to soil salinity conditions, (ii) how soil salinity affects the trans-
genic plants at different growth stages including seed germination and reproductive stage,
(iii) the effects of transgene expression on plant growth and development as well as nitrogen
use efficiency (NUE) under saline conditions, (iv) yield of transgenic plants, and (v) disease
resistance. Additional research still needs to be performed to understand stress perception,
signaling, transcription factors, and genes associated with the salinity stress response.
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Abstract: Arbuscular mycorrhizal (AM) fungi allocate mineral nutrients to their host plants, and
the hosts supply carbohydrates and lipids to the fungal symbionts in return. The morphotypes
of intraradical hyphae are primarily determined on the plant side into Arum- and Paris-type AMs.
As an exception, Solanum lycopersicum (tomato) forms both types of AMs depending on the fungal
species. Previously, we have shown the existence of diverse regulatory mechanisms in Arum- and
Paris-type AM symbioses in response to gibberellin (GA) among different host species. However, due
to the design of the study, it remained possible that the use of different plant species influenced the
results. Here, we used tomato plants to compare the transcriptional responses during Arum- and
Paris-type AM symbioses in a single plant species. The tomato plants inoculated with Rhizophagus
irregularis or Gigaspora margarita exhibited Arum- and Paris-type AMs, respectively, and demonstrated
similar colonization rates and shoot biomass. Comparative transcriptomics showed shared expression
patterns of AM-related genes in tomato roots upon each fungal infection. On the contrary, the defense
response and GA biosynthetic process was transcriptionally upregulated during Paris-type AM
symbiosis. Thus, both shared and different transcriptional reprogramming function in establishing
Arum- and Paris-type AM symbioses in tomato plants.

Keywords: arbuscular mycorrhizal symbiosis; comparative transcriptomics; Arum-type; Paris-type;
Solanum lycopersicum; Rhizophagus irregularis; Gigaspora margarita

1. Introduction

Approximately 80% of terrestrial plants establish a symbiotic relationship with Glom-
eromycotina fungi; this relationship is referred to as arbuscular mycorrhizal (AM) sym-
biosis [1]. Recently, how host plants and AM fungi communicate in the rhizosphere
has been elucidated. AM fungal-derived short-chain chitooligosaccharides (COs) and
lipo-chitooligosaccharides (LCOs) activate symbiotic signaling in host plants together
with some receptor-like kinases (RLKs) [2–5]. Although AM fungal colonization triggers
transient and weak defense responses in the host plants, AM fungi are known to exude
some signal components to suppress plant immunity [6–9]. On the contrary, host plant
roots exude strigolactones (SLs) to inform AM fungi of their presence and promote fungal
growth [10,11]. SLs are classified as phytohormones and enzymatically biosynthesized from
all-trans-β-carotene by DWARF 27 (D27), CAROTENOID CLEAVAGE DIOXYGENASE 7
(CCD7), CCD8, and MORE AXILLARY GROWTH 1 (MAX1) [12,13]. After AM fungi reach
the host roots, some AM-specific reprogramming begins in the host root cells. For instance,
several studies have demonstrated AM-promoted expression of some symbiotic genes,
namely, PHOSPHATE TRANSPORTER 4 (PT4) and AMMONIUM TRANSPORTER 2;3
(AMT2;3) for symbiotic phosphate and ammonium transport, REDUCED ARBUSCULAR
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MYCORRHIZA 2 (RAM2) and G-type ABC transporters (STR/STR2) for lipid production
and transport, and VAPYRIN (VPY) for arbuscule development [14–19]. These AM-related
genes are transcriptionally activated by several transcription factors, such as RAM1 and
REQUIRED FOR ARBUSCULE DEVELOPMENT 1 (RAD1), which belong to the GRAS,
GIBBERELLIC-ACID INSENSITIVE (GAI), REPRESSOR of GAI (RGA), and SCARECROW
(SCR) transcription factor families [20–24]. These are known to localize on the host-derived
peri-arbuscular membrane surrounding arbuscules in highly branched hyphal structures
formed in root cortical cells [25].

Depending mainly on the host plant species, the mutualism established results in
either Arum- or Paris-type hyphal structures of intraradical AM fungi [26–30]. In Arum-type
AM, AM fungal hyphae elongate in the apoplastic space of plant cells and form arbuscules
in the cortical cells. Paris-type AM is characterized by intracellular hyphal elongation
and hyphal coils in the host cortical cells. Despite the distinct AM morphologies, the
reasons why AM morphotypes vary among host plants has been unclear. In addition, how
host plants differentially regulate AM symbioses for each AM morphotype is not fully
understood.

To elucidate these enigmas, we have recently compared the regulatory mechanisms
underlying Arum- and Paris-type AM symbioses using several phylogenetically distant
host species [31,32]. Interestingly, the phytohormone gibberellin (GA) promotes the estab-
lishment of Paris-type AM symbiosis in Eustoma grandiflorum and Primula malacoides [31],
whereas GA suppresses Arum-type AM symbiosis in legume plants and rice [33–36]. No-
tably, one of our previous studies demonstrated that AM fungal colonization transcrip-
tionally promotes conserved symbiotic genes such as STR and RAM1 among three host
plants forming distinct AM morphotypes [32]. This previous study also showed that GA
treatment alters the transcriptional responses of the symbiotic genes among the examined
host plants. These studies lead us to predict that host plants have evolved to change
the upstream mechanisms that regulate AM symbioses according to AM morphotype.
However, previous comparative analysis on Arum- and Paris-type AM symbioses cannot
thoroughly investigate our hypothesis due to the possibility that the use of different plant
species influenced the results. For a more precise comparison of Arum- and Paris-type
AM symbiosis regulation, a single host plant that forms both types of AMs is needed to
overcome these issues.

Interestingly, Solanum lycopersicum (tomato) mainly has Arum-type AM in response
to Glomeraceae fungi, such as Rhizophagus irregularis (formerly Glomus intraradices) and
Paris-type AM, in response to Gigasporaceae fungi, such as Gigaspora margarita [6,37]. Here,
we conducted comparative analyses on Arum- and Paris-type AM symbioses in tomato
roots colonized by R. irregularis and G. margarita. R. irregularis and G. margarita infection
showed Arum- and Paris-type AMs in tomato roots, respectively, and significantly promoted
tomato shoot growth. In addition, transcriptome profiling of the tomato roots showed that
colonization by either AM fungus triggered some shared transcriptional reprogramming
in AM-related genes and the SL biosynthetic pathway in tomato roots. On the contrary,
the immune response and the GA biosynthetic process were transcriptionally upregulated
in Paris-type AM symbiosis in tomato roots. Therefore, our comparative transcriptomics
identified both shared and different reprogramming in a single host species during Arum-
and Paris-type AM symbioses.

2. Results

2.1. Comparison of Symbiotic Phenotypes in Tomato Plants Forming Distinct AM Morphotypes

Tomato mycorrhizal roots were sectioned and then subjected to microscopical obser-
vation of the AM fungal morphotypes of R. irregularis and G. margarita in tomato roots.
Tomato roots colonized by R. irregularis had fungal hyphae in the intercellular space and
arbuscules emerged from the intercellular hypha in the cortical cells (Figure 1a) in a manner
typical of Arum-type AM. On the contrary, G. margarita infection exhibited classic Paris-type
AM with a thick and clear hyphal coil to which the arbuscule adhered and intracellular
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hyphal elongation in the tomato root cortex (Figure 1b). As several reports have demon-
strated [37–39], we confirmed that AM fungal traits determine the AM morphotypes of
tomato plants under the same growth conditions.

 

Figure 1. Arbuscular mycorrhizal (AM) morphotypes formed in tomato roots colonized by Rhizopha-
gus irregularis or Gigaspora margarita. Tomato roots inoculated with R. irregularis (a) or G. margarita
(b) were collected five weeks post-inoculation (wpi). The collected root samples were stained with
0.05% trypan blue. Scales: 20 μm. White arrow, intercellular hypha; black arrowhead, intercellular
hypha penetrating the tomato cortical cell; asterisks, arbuscules; black arrow, hyphal coil; white
arrowheads, intracellular hypha penetrating the adjacent tomato cortical cells.

Next, we compared the root colonization levels of the two AM fungi (Figure 2a). The
quantification of AM fungal colonization revealed that the colonization rates of G. margarita
were slightly lower than those of R. irregularis, although there was no statistical significance
in Welch’s t-test. In addition, the fresh weight of the tomato shoots was significantly
increased by the colonization of both R. irregularis and G. margarita at five weeks post-
inoculation (wpi) (Figure 2b). Taken together, the symbiotic phenotypes were comparable
to each other, except for the AM morphotype.

 

Figure 2. Quantification of AM fungal colonization rates and AM-promoted shoot growth of tomato
plants. (a) The fungal colonization rates of Rhizophagus irregularis or Gigaspora margarita in tomato
roots at five weeks post-inoculation (wpi). Total (%), the percentage of all hyphal structures observed
in the tomato roots; arbuscule (%), the rate of arbuscules formed in the cortical cells. There is no
statistically significant difference in the colonization rates between R. irregularis and G. margarita
in Welch’s t-test. The error bars show the standard errors (n = 6). (b) The shoot fresh weight of
tomato colonized by R. irregularis and G. margarita at five wpi. AMF, non-colonized tomato roots;
R. irregularis, R. irregularis-colonized roots; G. margarita, G. margarita-colonized roots. The bars and
dots indicate the average and individual values, respectively. The error bars indicate the standard
errors (n = 9). The different letters indicate statistical significance (p < 0.05) in analysis of variance
(ANOVA) with a post hoc Tukey-Kramer test.
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2.2. Comparative Transcriptomics of Tomato Mycorrhizal Roots Accommodating Different
AM Fungi

Next, we conducted comparative transcriptomics between tomato roots separately
colonized by R. irregularis and G. margarita to elucidate the regulatory mechanisms under-
lying Arum- and Paris-type AM symbioses. Our RNA-sequencing resulted in a minimum
of 13 million and a maximum of 20 million raw sequence reads after trimming (Table S1).
More than 80% of the filtered reads were uniquely mapped against the reference genome
sequence of tomato [40]. The numbers of upregulated and downregulated differentially ex-
pressed genes (DEGs) in tomato mycorrhizae relative to non-colonized roots were 440 and
343, respectively (Figure 3a,b, Table S2). A comparison of DEGs between R. irregularis- and
G. margarita-infected root samples revealed that the expression levels of 40.2% of genes
were commonly promoted in both AM fungal colonizations compared with non-colonized
roots (Figure 3a,c). In addition, 9.8% and 50.0% of the AM-upregulated DEGs were specific
to R. irregularis and G. margarita, respectively (Figure 3a,c). On the contrary, AM-suppressed
DEGs were primarily different between R. irregularis- and G. margarita-infected tomato
roots (Figure 3b,c).

Figure 3. Differential expression analysis of tomato roots colonized by Rhizophagus irregularis or
Gigaspora margarita. (a,b) Venn diagram of 440 AM-upregulated (a) and 343 AM-suppressed (b) genes
compared with non-colonized roots at five weeks post-inoculation (wpi). Genes with |Log2Fold
Change (FC)| > 1 and a false discovery rate (FDR) < 0.05 were considered differentially expressed
genes (DEGs). (c) Hierarchical clustering of the total AM-responsive DEGs. The left-hand heatmap
shows the Log2FC of genes expressed in colonized tomato roots relative to non-colonized roots. Blue
indicates negative values; yellow, positive values; and black, zero change. The right-hand heatmap
illustrates FDR values less than 0.05, with significant DEGs presented in pink. Detailed information
about the DEGs can be found in Table S2.
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Gene ontology (GO) enrichment analysis was conducted to gain insight into how
tomato plants respond to the associating AM fungi (Figure 4, Table S3). Since half of
AM-upregulated DEGs was shared between R. irregularis- and G. margarita-colonized
roots, we first examined the enriched GO terms in the common DEGs. We found that
some GO terms related to the lipid biosynthesis and transport, and SL production was
significantly enriched during association with both AM fungi (Figure 4a). On the contrary,
AM-upregulated DEGs specific to G. margarita had enriched GO terms related to immune
response, such as the response to biotic stimuli, systemic acquired resistance, and cellular
response to reactive oxygen (Figure 4b). Interestingly, GA biosynthesis in tomato roots was
also transcriptionally upregulated upon G. margarita infection. Since the number of DEGs
unique to R. irregularis was not sufficient for enrichment analysis, the GO terms were not
analyzed.

 
Figure 4. Gene ontology (GO) enrichment analysis on AM-upregulated genes. (a) GO terms enriched
in the upregulated DEGs shared between tomato roots colonized by Rhizophagus irregularis or Gigas-
pora margarita. (b) GO terms enriched in DEGs upregulated only in roots infected by G. margarita. The
representative GO terms obtained from the tested DEGs are listed. Bigger circles in the hierarchical
clustering trees represent more genes annotated to the respective GO terms. The right-hand color
bars indicate p values (< 0.05). Detailed information is presented in Table S3.

We also conducted GO enrichment analysis for AM-suppressed DEGs (Figure 3b,
Table S3). Among the shared DEGs downregulated in tomato roots colonized by R. irreg-
ularis or G. margarita, some GO terms corresponding to defense-related functions were
again observed with statistical significance (Table S3). In addition, the GO terms associ-
ated with response to chitin and the salicylic acid biosynthetic process were significantly
and uniquely detected in R. irregularis- and G. margarita-specific downregulated DEGs,
respectively (Table S3).

2.3. Expression Patterns of AM-, SL-, and Defense-Related Genes in Tomato Roots against
Different AM Fungal Colonizations

Several GO terms corresponding to membrane transport, lipid biosynthesis, and SL
production were significantly enriched in the shared AM-upregulated DEGs. Therefore,
we studied the expression pattern of AM- and SL-related genes upon different AM fungal
colonizations. For this analysis, we selected S. lycopersicum PT4 (SlPT4), SlAMT2;3, SlRAM1,
SlRAD1, SlRAM2, SlSTR/SlSTR2, and SlVpy (Table S4). AM fungal colonization signifi-
cantly upregulated the transcription of all the selected genes irrespective of the associating
fungal species (Figure 5a, Table S4). These results were in line with our GO enrichment
analysis.

Next, we analyzed the expression patterns of SL-related genes upon AM fungal
colonization. For the analysis, we selected SlD27, SlCCD7, SlCCD8, and SlMAX1 for the
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SL biosynthetic process and SlD14, SlKAI2, and SlDLK2 for SL perception and signaling
(Table S4) [41,42]. The expression levels of SlD14 and SlKAI2 were comparable to levels
in non-colonized tomato roots (Figure 5b, Table S4). On the contrary, all of the selected
SL biosynthetic genes and SlDLK2 were transcriptionally upregulated by R. irregularis or
G. margarita infection relative to the non-colonized roots (Figure 5b, Table S4). Together,
these expression patterns of selected genes were consistent with the results of the GO
enrichment analysis on the common AM-upregulated DEGs (Figure 4).

Since our GO enrichment analysis also revealed transcriptional changes in defense-
related pathways (Figure 4b, Table S4), the expression patterns of the corresponding genes
were investigated. We determined that genes functioning in “systemic acquired resistance”
and “cellular response to reactive oxygen species (ROS)” were specifically expressed upon
G. margarita infection (Figure 5c). In addition, the gene expression patterns associated with
“response to chitin” and “salicylic acid biosynthetic process” were consistent with the GO
enrichment analysis (Figure 5c, Table S4). On the contrary, the expression levels of some
genes involved in “defense response to other organism” and “antibiotic metabolic process”
were commonly decreased by each AM fungal colonization (Figure 5c, Table S4). These
results indicate that R. irregularis suppressed defense responses in tomato roots, whereas G.
margarita also stimulated some parts of the immune pathways.

Figure 5. Expression patterns of AM-, strigolactone (SL)-, and defense-related genes during AM
symbioses established by different AM fungi in tomato roots. At five weeks post-inoculation (wpi),
the transcriptional response of the selected tomato genes against Rhizophagus irregularis or Gigaspora
margarita colonization was analyzed. Log2-transformed fold changes (FC) of AM-related (a) and
SL-related (b) genes versus the non-colonized roots are presented in each left-hand heatmap. (c) The
expression patterns of DEGs involved in the defense-related pathways (Figure 4b, Table S3). The
calculated values are written on the heatmaps. The Log2FC values of DEGs are shown in bold.
Asterisks indicate the significance in the Log2FC (*: false discovery rate (FDR) < 0.05, **: FDR < 0.01,
and ***: FDR < 0.001). The Log2FC and FDR values are listed in Table S4.
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3. Discussion

AM morphotypes are known to change depending mainly on host traits. In previous
studies, we used several host species and one AM fungal species to compare the molecular
mechanisms underlying AM symbioses forming different morphotypes [31,32]. In this
study, we focused on the transcriptional responses occurring in a single host species,
tomato, associating with two AM fungi, namely, R. irregularis and G. margarita. Our
findings revealed some shared and different transcriptional responses in tomato roots when
the associating fungi and resulting AM morphotypes are distinct.

3.1. Shared Transcriptional Reprogramming upon Different AM Fungal Colonizations

This study found some shared transcriptional programs during AM symbioses in
tomato roots colonized with R. irregularis or G. margarita. Membrane transport and lipid
biosynthesis were transcriptionally activated in mycorrhizae accommodating R. irregularis
or G. margarita (Figure 4a, Table S3). These results indicate that the nutrient exchange
between the host plants and fungal symbionts is activated, which contributes to symbiotic
growth promotion in tomato plants (Figure 2b). In line with these findings, the expression
levels of several symbiosis-related genes required for phosphate transport (SlPT4), ammo-
nium transport (SlAMT2;3), lipid production and transport (SlRAM2, SlSTR, SlSTR2), and
GRAS transcription factors regulating these symbiotic genes (SlRAM1, SlRAD1) were com-
monly and significantly increased by both AM fungal colonizations (Figure 5a, Table S4).
These findings indicate that the symbiotic exchange of nutrients between tomatoes and AM
fungi is irrespective of AM morphotype. As for SlVpy, both R. irregularis and G. margarita
infections enhanced the expression levels of SlVpy. This result indicates that SlVpy is
necessary for the development of arbuscule in both Arum- and Paris-type AMs.

Our transcriptome analysis also revealed another shared transcriptional reprogram-
ming upon AM fungal colonization, the SL biosynthetic process. R. irregularis and G. mar-
garita colonization transcriptionally upregulated all selected genes for SL production at five
wpi (Figure 5b, Table S4). These results were consistent with our GO enrichment analysis
(Figure 4a). Moreover, the expression of SlDLK2 was also upregulated by the two AM
fungi (Figure 5b, Table S4). Recent work has elucidated the involvement of SlDLK2 in the
negative regulation of arbuscule branching [43]. In addition to AM-upregulated SlVpy
expression, the mechanisms underlying arbuscule formation would be shared in Arum-
and Paris-type AMs.

3.2. Specific Responses to Paris-Type AM Symbiosis

With respect to the different responses of tomato to AM fungal species, some genes
involved in biotic stimuli such as the defense response to a pathogen and ROS were tran-
scriptionally upregulated during Paris-type AM symbiosis established by G. margarita
(Figure 4b, Table S3). In general, the perception of pathogen-associated molecular patterns,
such as chitin, by pattern recognition receptors (PRRs) and penetration of the plant cell
wall, triggers ROS production and transcriptional activation of some defense-responsive
genes [44,45]. In addition, the disruption of the plant cell wall by pathogen penetration
releases oligomeric fragments of plant cell wall polysaccharides, referred to as damage-
associated molecular patterns (DAMPs), and can cause PRR-mediated local defense re-
sponses [46]. Taken together, the continuous invasion of G. margarita hyphae into tomato
cortical cells in Paris-type AM roots might promote ROS production by increasing DAMPs.

Interestingly, a previous study has demonstrated that colonization by Gigasporaceae
fungi in tomato (S. lycopersicum cv. 76R) roots results in high but transient expression levels
of some defense-related genes, such as PATHOGENESIS-RELATED PROTEIN 1 (PR-1)
and extracellular acidic chitinase (CHI3) [6]. On the contrary, Gao et al. (2004) showed
that relatively weak accumulations of defense-related genes are observed in tomato roots
forming Arum-type AM with the Glomeraceae family, such as R. irregularis and Glomus
mosseae. Therefore, the continuous invasion of intracellular hyphae of G. margarita forming
Paris-type AM roots possibly activates biotic responses in tomato roots. In fact, we found
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that G. margarita colonization significantly upregulated some defense pathways in tomato
roots (Figures 4b and 5c, Tables S3 and S4).

Nevertheless, our study demonstrated that G. margarita could colonize tomato roots
comparably to R. irregularis (Figure 2a). Recent studies have shown that LCOs, CO4, and
several small, secreted proteins derived from AM fungi alleviate the immune responses in
host plants [3,5,9,47], which are consistent with the AM-suppressed chitin response and
salicylic acid biosynthesis (Figure 5c, Table S3). These findings lead us to predict that AM
fungal chitin oligomers and/or effectors might enable the two fungi to effectively colonize
tomato plants by compromising defense responses, which might show comparable fungal
colonization in tomato roots (Figure 2a). In addition, the function of SAR- and ROS-related
genes whose expression levels were increased by G. margarita infection might be irrelevant
or insufficient to inhibit fungal colonization. These ideas need further investigation.

Some GO terms associated with manganese or divalent metal transport were enriched
within DEGs in G. margarita-colonized roots (Figure 4b, Table S3). One of the annotated
genes, Solyc02g092800.3, is known as Natural Resistance-Associated Macrophage Protein 1
(NAMP) metal transporter [48]. The NRAMP genes in legume plants have been reported
to be transcriptionally upregulated in root nodules and localized on the peribacteroid
membrane, where host plants and rhizobia exchange nutrients [49,50]. Therefore, tomato
plants could take up divalent metals, such as iron and manganese, from intraradical
G. margarita hyphae and utilize them for their growth.

3.3. Transcriptional Activation of the GA Biosynthetic Process

Our previous work demonstrated that bioactive GA production is upregulated in
E. grandiflorum Paris-type AMs [31]. AM-promoted bioactive GA accumulation has also
been reported in Lotus japonicus forming Arum-type AM roots [34]. However, our GO
enrichment analysis revealed transcriptional upregulation of the GA biosynthetic process
only in tomato roots forming Paris-type AM with G. margarita (Figure 4b, Table S3). In
addition, we found that Paris-type AM symbiosis in E. grandiflorum and Primula malacoides is
promoted by exogenous GA treatment [31]. Taken together, bioactive GAs might contribute
to the establishment of Paris-type AM symbiosis in tomatoes colonized by G. margarita;
however, this hypothesis needs to be investigated further.

4. Materials and Methods

4.1. Biological Materials and Growth Conditions

Seeds of Solanum lycopersicum L. cv. Micro-Tom were obtained from the University of
Tsukuba, Tsukuba Plant Innovation Research Center, through the National Bio-Resource
Project. The seeds were cleaned with 70% ethanol and then rinsed twice with sterilized
distilled water. The pre-washed seeds were immersed and agitated in 1.5% (v/v) NaClO
solution for 15 min. After the solution was removed, the seeds were set on two pieces of
filter paper in a light chamber at 24 ◦C and a 14-h light/10-h dark/light cycle and incubated
for six days. Spores of Gigaspora margarita MAFF520052 were obtained from the Genebank
Project (National Agriculture and Food Research Organization, Japan) and sterilized in
0.1% (v/v) NaClO and 0.04% (v/v) Tween-20 for 15 min, followed by replacement of the
solution with sterilized distilled water. Rhizophagus irregularis DAOM197198 spores were
purchased from Premier Tech (Quebec, Canada).

For the inoculation of six-day-old tomato seedlings with R. irregularis, 50 mL of 1/5
strength Hoagland solution (20-μM inorganic phosphate) containing 3000 spores was
poured into a washed and autoclaved (121 ◦C for 20 min) 300-mL soil mixture of river
sand and shibanome soil (2:1, v:v). Three tomato seedlings were then transplanted to
the soil mixture. Each six-day-old tomato seedling was directly inoculated with 20 G.
margarita spores. The inoculated seedlings were grown under the same conditions for five
weeks. Subsequently, the lateral roots were harvested, and the fresh weight of shoots was
measured.
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4.2. Observation and Quantification of Mycorrhizal Roots

AM fungal colonization was quantified by staining the root samples with trypan blue
and microscopically observing them as previously reported [31]. Briefly, mycorrhizal roots
were fixed in a FAA solution (5% formaldehyde, 5% acetic acid, and 45% ethanol [v/v]),
rinsed twice with distilled water. The fixed root samples were heated at 90 ◦C for 15 min
and neutralized in 2% HCl solution. Subsequently, the root samples were immersed in
trypan blue diluted by lactic acid at 0.05% and heated at 90 ◦C for 15 min. The stained
samples were sliced with a scalpel under a SZX16 stereomicroscope (Olympus, Tokyo,
Japan), and images were taken using a BX53 light microscope (Olympus) equipped with a
digital camera (DP27; Olympus).

4.3. Extraction of RNA from Tomato Roots

To conduct transcriptome analysis by RNA-sequencing (RNA-seq), we prepared RNA
samples from fresh tomato roots. The lateral roots from three seedlings in a nuclease-
free tube (INA-OPTIKA, Osaka, Japan) containing two 5-mm beads were frozen in liquid
nitrogen and then homogenized in a ShakeMan6 (Bio-Medical Science, Tokyo, Japan);
afterward, 450 μL of Fruit-mate for RNA Purification (Takara Bio, Shiga, Japan) was added
to each tube. After thoroughly mixing the tubes, the slurry was transferred to another
tube and centrifuged at 12,000× g at 4 ◦C for 5 min. The supernatant was mixed with
450-μL ethanol and RNAiso Plus (Takara) in a new tube. The genomic DNA-free total RNA
was prepared using a Zymo-spin IIICG Column (Zymo Research, Orange, CA, USA). The
column membrane was treated with DNaseI (Takara) before extracting the RNA according
to the manufacturer’s protocols. The purity and quantity of total RNA were measured at
260 and 280 nm (A260: A280) using DeNovix DS-11 + (Scrum, Tokyo, Japan). The prepared
samples were stored at −80 ◦C until use.

4.4. RNA-seq, Data Analysis, and Gene Identification

The library preparation and RNA-seq were performed by Genewiz (Tokyo, Japan)
using DNBSEQ-G400 and resulted in more than 14 million strand-specific paired-end
(2 × 150 bp) reads per sample (Table S1). The obtained raw reads were filtered (<QV30),
and the adapter sequence was trimmed using Fastp [51]. The purified single-end reads
were mapped to tomato genome sequence version SL4.0 and annotation ITAG4.0 built by
the International Tomato Genome Sequencing Project (https://solgenomics.net/organism/
Solanum_lycopersicum/genome, accessed on 2 December 2021) using the STAR pro-
gram [52]. The resulting data were processed with featureCounts v1.6.4 [53] to quantify
gene expression. Then, we extracted the DEGs using the EdgeR package [54] in the R
software v4.0.2. In this study, genes with FDR < 0.05 were considered DEGs. In addition,
the GO terms significantly enriched within the DEG datasets were identified using Shiny
GO v0.61 [55]. Tomato genes with zero count in at least one of the root samples were
removed before expression pattern and GO enrichment analyses. To investigate the effects
of R. irregularis and G. margarita infections on the expression of AM symbiosis- or SL-related
genes, we selected several tomato genes required for the mutualism. To this end, known
genes in M. truncatula and Arabidopsis thaliana were used as queries for tBLASTx searches
in the Sol Genomics Network using the default setting (Table S4). Raw nucleotide sequence
data from this study are available from the DDBJ Sequence Read Archive under accession
number DRA013369.

4.5. Biological Replicates, Statistical Analysis, and Heatmap Production

To quantify the root colonization rate (%), we considered ten pieces of root fragment
from one tomato sample on a microscope slide as one biological replicate. When preparing
a sample for RNA-seq, one pool of total RNA extracted from three seedlings was one
biological replicate. Finally, we used three RNA samples for the RNA-seq. Statistical
analysis was conducted in the R software v4.0.2. Welch’s t-test and analysis of variance
(ANOVA) followed by a post hoc Tukey-Kramer test were applied for the colonization
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rates and shoot fresh weight, respectively. The R package heatmaply was used to draw the
heatmaps [56].

5. Conclusions

We found some common AM-specific transcriptional programs for the membrane
transport, arbuscule development, and SL biosynthetic pathway in Arum- and Paris-type
AM symbioses in tomato roots. These similarities indicate that the primary and downstream
mechanisms for accommodating AM fungi would be common, irrespective of the AM
morphotype. In addition, our study demonstrated that the colonization of phylogenetically
distant AM fungi differentially affected the defense-related pathways and GA biosynthetic
process in tomato roots. These different transcriptional responses would enable tomatoes
to fine-tune the mutualism between tomato roots and diverse AM fungi to optimize the
host growth. In addition, the upstream regulation underlying Arum- and Paris-type AM
symbioses in tomato plants might be differentially modulated by GA. Further investigation
of how GA regulates Paris-type AM symbiosis established by tomato roots and G. mar-
garita would improve our understanding of the regulatory mechanisms underpinning AM
symbioses.
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Abstract: Camelina sativa (L.) Crantz. is an annual oilseed crop within the Brassicaceae family. C. sativa
has been grown since as early as 4000 BCE. In recent years, C. sativa received increased attention
as a climate-resilient oilseed, seed meal, and biofuel (biodiesel and renewable or green diesel) crop.
This renewed interest is reflected in the rapid rise in the number of peer-reviewed publications
(>2300) containing “camelina” from 1997 to 2021. An overview of the origins of this ancient crop
and its genetic diversity and its yield potential under hot and dry growing conditions is provided.
The major biotic barriers that limit C. sativa production are summarized, including weed control,
insect pests, and fungal, bacterial, and viral pathogens. Ecosystem services provided by C. sativa
are also discussed. The profiles of seed oil and fatty acid composition and the many uses of seed
meal and oil are discussed, including food, fodder, fuel, industrial, and medical benefits. Lastly, we
outline strategies for improving this important and versatile crop to enhance its production globally
in the face of a rapidly changing climate using molecular breeding, rhizosphere microbiota, genetic
engineering, and genome editing approaches.

Keywords: Camelina sativa; semi-arid lands; biofuel feedstock; biodiesel; renewable diesel; crop
breeding; transgenesis; genome editing

1. Introduction

Camelina sativa (L.) Crantz., also known as false or wild flax, German sesame, gold-of-
pleasure, or linseed dodder, is an allohexaploid (2n = 40) oilseed crop within the Brassi-
caceae [1–6]. Interest in C. sativa increased in recent years due to its adaptability to diverse
environmental conditions, low requirements for water and nutrients, relatively strong resis-
tance to insect pests and microbial diseases, and unique oil composition and characteristics
suitable for the production of food and fodder, biofuels, and bio-based products [1,2,7,8].
These positive agronomic traits and environmental attributes, along with the recent de-
velopment of methods for transgenesis [9–13] and CRISPR/Cas genome editing [14–16],
triggered great interest in C. sativa as an industrial oilseed crop. The ongoing interest in
C. sativa is documented by the large number of peer-reviewed publications from various
databases retrieved when “camelina” was used as a search term, for example, in a query of
the ScienceDirect (2309 publications from 1997–2021), Web of Science (1525 publications
from 2000–2021) and Agricola (677 publications from 2000–2021) databases (reported on
December 30, 2021). The large number of publications and data reported on C. sativa
highlight the immense potential of this crop and the interest in genetic improvement to
allow it to gain more widespread acceptance and economic viability. Most publications
focus on the uses of C. sativa oil and meal, the composition of oil and fatty acids, its genetics
and breeding, its physiology, and its production and agronomic management. Agronomic
management refers to the practice of minimizing input factors such as fertilizer, irrigation,
tillage, herbicides, fungicides, and insecticides to maximize crop yield outputs such as
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seed yield, oil content, and biodiesel production. Many reviews report on various aspects
of its general use as an oilseed crop [2,4,17–24], and as a platform for the production of
biofuels [25–28] and industrial lipids [1,6,8]. After providing some essential background,
we summarize the present status of C. sativa research and identify areas for its future
improvement with a particular emphasis on enhancing the climate resilience of this highly
versatile crop.

2. Origin and Distribution

Camelina sativa is an ancient crop, known as early as 4000 BCE in Auvervier, Switzer-
land [29] with evidence of widespread cultivation throughout northern Europe from South-
ern Scandinavia [6,30] to central Asia (eastern Turkey), from 700–900 BCE [31] to the Iron
Age (100 CE–250 BCE) [24]. Archaeological sites revealed evidence that C. sativa was
cultivated for food and oil production in Scandinavia, Romania, and eastern Turkey during
the late Stone Age and middle Bronze Age (1800 BCE) [32], with widespread availabil-
ity during the late Bronze age (1200 BCE) [30]. C. sativa cultivation declined during the
Medieval Age, but grew during the last century throughout northern, central and eastern
Europe, the Balkans, and Russia and to some extent in North America [33]. However, much
of its former cultivation all but disappeared, being replaced almost entirely by rapeseed
(Brassica napus L.) [24].

C. sativa was likely introduced to the Americas as a weed in flax, thus giving rise to the
name false flax [4]. Today, C. sativa is cultivated throughout the northern USA and southern
Canada [34]. Within the USA, C. sativa is grown effectively in the Pacific Northwest, across
the North and Central Plains into the Corn Belt region [35], and in the arid Southwest
with irrigation [36,37]. Within Canada, C. sativa is grown widely from the western Prairie
Provinces [38,39] to the eastern Maritime Provinces [40].

3. Genetic Diversity and Morphological Variation

C. sativa belongs to the tribe Camelineae within the Brassicaceae. The similarity be-
tween C. sativa and Arabidopsis thaliana [41,42] makes A. thaliana a useful reference for the
development of genetic and genomic tools in C. sativa [34]. The genus Camelina has up to
11 species, revealing taxonomic dissimilarity with its center of diversity in Eurasia (Russia
or Ukraine) [43–45]. Among 11 species, five species, namely C. sativa, C. microcarpa, C.
rumelica, C. alyssum, and C. hispida, are found in Europe and three species, namely C. sativa,
C. microcarpa, and C. alyssum, are found in the USA and Canada [11]. Among these species,
only C. sativa and C. microcarpa are cultivated [11]. C. sativa is an allohexaploid species with
2n = 6x = 40 [34,46]. Other Camelina species such as C. hispida (Boiss.) Hedge (2n = 2x = 14),
C. neglecta (2n = 2x = 12) [44], and C. laxa C.A. Mey. (2n = 2x= 12) [47] are diploid. Other
species are polyploid, including C. rumelica Velen., tetraploid (2n = 4x = 26); C. microcarpa
Andrz. ex DC with three cytotypes: diploid (2n = 2x = 12), tetraploid (2n = 4x = 26), and
hexaploid (2n = 6x = 40) [48]; and C. sativa, hexaploid (2n = 2x= 40) [49,50]. Morpho-
logically, C. sativa and C. microcarpa are very similar except for the smaller seed size of
C. microcarpa [51]. This phenotypic similarity suggests that C. sativa could potentially be
the domesticated form of C. microcarpa [43]. Greater variations in chromosome counts
within species might arise from intraspecific ploidy variations or inaccurate records sug-
gesting past taxonomic misidentification [52]. Investigations into the genome structure
of 193 Camelina accessions revealed three subpopulations, with two represented by do-
mesticated C. sativa accessions and one composed of C. microcarpa species that included
a newly designated C. neglecta diploid (née C. microcarpa) species [53]. Recent molecular
phylogenies derived from chloroplast genome sequencing of 84 individuals revealed low
intragenic variation across the Camelina genus [54]. However, cytotypes and chromosome
counts across 82 individuals confirmed that the tetraploid C. microcarpa (or C. neglecta-like)
is the proposed maternal parent and the diploid C. hispida is the proposed paternal parent
of C. sativa [53,54].
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Resembling other genera within the Brassicaceae, Camelina species are dicotyledonous
with high morphological plasticity. Biologically, Camelina species can be annual spring
or biennial winter types [2], with some species requiring vernalization to induce flower-
ing [55]. Most domesticated C. sativa are spring types, whereas most wild relatives are
winter types. Winter types are well adapted as cover crops in double- or relay-cropping
systems, with soybean (Glycine max L. Merr.) and other short-seasoned summer crops due
to their early maturity in the Great Plains and the Upper Midwestern USA [3,35,56–58].
C. sativa typically has a short growing cycle of 85–120 days [4,5,22,50,59]. Growing degree
day (GDD) requirements for C. sativa during its complete life cycle (with up to 75% ripe
silicles) generally range from 1200 to 1300 ◦C with a base temperature of 5 ◦C [60]. Plant
height ranges from 30 to 120 cm depending upon cultivars, growing season, and amount
of nitrogen fertilizer used [4,36,59,61,62]. Stems are either hairy or smooth, are branched,
and become lignified when mature. Leaves are arrow-shaped and pointed, approximately
5–8 cm long with smooth to undulated edges. Flowers are 5–7 mm in diameter and are
mostly autogamous [49]. Flowers are pale yellow in color and arranged within inflores-
cences, called raceme. The silicles are 5–14 mm long, slightly flattened, and pear-shaped,
containing 8–15 golden to brown colored seeds at maturity. C. sativa seeds are very small,
with 1000 seed weight varying between 0.8 to 1.8 g, depending upon the cultivar and
growing environments during seed growth and development [4,22,24,63,64]. C. sativa has
a deep taproot system, varying with soil type and growing conditions, which is thought
to improve nutrient scavenging. The use of C. sativa as a cover crop can reduce nutrient
run-off, particularly for winter annual cultivars [2]. C. sativa can also reduce soil compaction
and improve infiltration capacity, similar to other species within the Brassicaceae [2].

4. C. sativa Yield Potential under Hot and Dry Conditions

Global climate change is related to increasing surface aridification and the increasing
duration and frequency of droughts in many regions of the world [65,66]. Interest in
C. sativa as a low-input crop for use on marginal lands has grown in recent years [50,67–71].
Thus, recent studies investigated C. sativa grown under semi-arid conditions with limited
water inputs, with the goal of assessing its performance under reduced water and fertilizer
inputs [36,37,59,62,72].

Many studies were conducted across semi-arid or arid regions of the globe with dis-
tinct mean annual precipitation levels to compare seed yield (kg ha−1), oil content (%),
protein content (%), and biodiesel production (L ha−1) (Figure 1, Table 1). Differences in
cultivars (genotypes), water availability, environment, physical and chemical characteristics
of soils, and management practices such as irrigation, nitrogen application, sowing date,
seeding methods and rates, clearly impact overall C. sativa productivity. Among these
studies, the overall mean seed yield of C. sativa was 1410 kg ha−1 (Figure 1, Table 1). The
highest reported seed yield ranges were attained in Austria (2419–3625 kg ha−1) [73] and
in southern Ethiopia (2795–3200 kg ha−1) [74]. The lowest C. sativa seed yield ranges were
reported by studies performed in Kansas [75] and Nevada, USA [36,37,59,62]. Low seed
yield of C. sativa may occur due to drought and high temperatures during the flowering
and pod filling stage [61,76], as well as poor soil quality [77]. Consistent with these findings,
environmental factors (e.g., temperature and rainfall) were responsible for approximately
73% of the variation in seed yield in north-eastern Poland [72]. In contrast, only ~6% of
the variation in seed yield was due to genetic factors [72]. Mild weather conditions, along
with moderate in-season precipitation, favor higher seed yields [35,39]. Additionally, high
C. sativa seed yields were associated with adequate moisture and mild temperatures during
seed filling, which is critical for the production and transport of sugars from source to sink
tissues [3,77,78]. In contrast, low seed yields were observed under conditions of hot tem-
perature and low precipitation [79,80]. Studies showed an increase in seed yields ranging
from 425 to 2867 kg ha−1 as a result of increasing amounts of applied irrigation ranging
from 187 to 536 mm [36,69,70,81]. Seasonal water requirements range from 332–490 mm
for C. sativa based upon cumulative evapotranspiration (ET) estimates [82–84]. Notably,
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C. sativa might serve as a reliable alternative to Canola in locations where seasonal water
supply is less than 250 mm [85]. In addition to increased water inputs, increasing nitrogen
fertilizer application can increase seed yield. Seed yields of 1800 kg ha−1 can be attained
with 150 kg N ha−1 and water inputs in the range of 320–376 mm [86]. Similar estimates
for optimal N input were reported for rainfed field settings [87,88]. The use of organic
fertilizers during the production of C. sativa for animal feed reduces its environmental
impact [89].

Figure 1. Average seed yield (kg ha−1), oil (%), and protein content (%) of C. sativa grown at various
locations across the world.

Another important measure of productivity for any oilseed crop is oil and protein
production of the seed meal. For C. sativa, oil and protein content varied widely across
various parts of the world, with overall mean seed oil and protein contents of ~36% and
~28%, respectively (Figure 1, Table 1). Highest seed oil contents were reported in the range
of 39.8–45.7% in Chile [61], followed by 45% in Arizona, USA [84], and 38–43% in western
Canada [39]. The lowest seed oil content, ranging from 25.7 to 31.8%, was observed in
Nevada, USA [37]. Similarly to seed yield, oil yield is strongly influenced by environmental
factors [64,90]. For example, oil content variation was chiefly associated with mean air
temperature and water availability during seed development [61].
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Table 1. C. sativa seed yield, oil, and protein content reported across various regions of the world.

Locations

Seed Yield
(kg ha−1)

Seed Oil
Content (%) 1

Seed Meal
Protein

Content (%) 2

Biodiesel
Yield

(L ha−1) 3

Major Sources of
Variation

Reference

Mean Range Range Range Mean

Austria 2986 2419–3625 37.0–40.0 25.0–27.9 505 Nitrogen and
sulfur rates [73]

Southern Ethiopia 2956 2795–3200 - - - Seeding rates and
nitrogen fertilizer [74]

Saskatchewan,
Canada 2466 2184–2747 38 to 43

(39.7)
27 to 32
(29.3) 430 Genotypes and

environment [39]

North–Eastern
Poland 2023 1700–2210 - - - Genotypes [72]

Maritime Provinces
of Eastern Canada 1775 1638–1911 33.8–39.0

(36.6)
25.0–26.8

(26.0) 285
Breeding lines,
nitrogen and
sulfur rates

[87]

Europe and Canada 1660 1100–2700 (41.8) (26.2) 305 Genotypes and
environment [77]

Arizona, USA 1583 1527–1638 (45) - 313
Nitrogen rates, water

use and irrigation
scheduling

[84]

Montana USA 1349 546–2942 33.5–37.6
(36.0) - 211 Cultivars and

locations [78]

Wyoming, USA 1129 832–1643 31.1–32.4 29.3–30.4 157 Nitrogen and
sulfur rates [91]

Chile 991 387–2314 39.8–45.7
(41.41) - 180 Cultivars, planting

dates, and locations [61]

Northern Italy 820 600–940 (39.2) 141 Low input and
growing seasons [71]

Nevada, USA

899 770–1013 31.8–33.3
(32.4)

27.1–28.1
(27.5) 128 Cultivars and

irrigation rates [36]

784 534–1010 31.8–32.6
(32.2)

26.2–30.4
(28.4) 111 Cultivars, nitrogen

sources and rates [59]

735 34–1921 26.6–30.8 - 69.7 Cultivars and year [37]

570 130–921 28.4–29.5 - 72 cultivars, sowing date,
and methods [62]

Minnesota, USA 812 650–944 39.4–40.7
(40.1)

26.2–27.9
(27.0) 143 Genotypes and

seeding rate [3]

Kansas, USA 427 317–503 27–29
(27.7)

29–30
(29.7) 52 Cultivar and

planting date [75]

Overall mean 1410 36.0 27.8 208.4

1 Oil and 2 protein content inside brackets indicate the average oil and protein content (%). 3 Biodiesel yield
was estimated by multiplying seed yield (kg ha−1) and oil content (%) using the volumetric conversion factor of
1 kg ha−1 to 0.439 L ha−1 [92].

Compared with seed oil values, protein content generally varied less widely relative to
the location of production across the globe, with the lowest and highest ranges of 25.0–26.8%
and 27–32%, respectively, reported in Canada, with an overall mean of 27.8% (Figure 1,
Table 1). However, more wide-ranging protein contents (23–47%) of C. sativa seeds were
reported depending upon local field conditions [60,77]. High air temperatures during
flowering and seed filling are generally associated with low oil contents but high protein
contents within C. sativa seed [62]. Furthermore, increased N application rates can increase
protein contents, with an associated decrease in oil contents [73,87,93,94]. Such increased
nitrogen applications are known to increase protein at the expense of fatty acid synthesis
due to the competition for carbon skeleton during carbohydrate metabolism [95].

A major use of C. sativa seed oil is biodiesel production. Biodiesel production, which
is closely linked with overall oil production, varied widely with a mean of 208 L ha−1

across the globe (Figure 1, Table 1). The highest biodiesel yield (505 L ha−1) was reported
in Austria [73], followed by western Canada (430 L ha−1) [39]. A multi-location study
performed in Europe and Canada reported a mean biodiesel yield of 305 L ha−1 [77]. The
lowest biodiesel yield (52 L ha−1) was reported in Kansas, USA [75]. The wide variation
in biodiesel production is likely accounted for by differences in temperature and water
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availability, including ambient precipitation, length of growing season, and managerial
factors such as fertilizer application rates and irrigation practices.

5. Biotic Production Constraints of C. sativa

Weeds are a major constraint to C. sativa production (Berti et al., 2016). C. sativa is
considered to be very competitive against weeds with good stand establishment [22,96],
due to its ability to produce and release secondary metabolites that prevent the growth
of seedlings of neighboring plants [97–99]. However, the competitiveness of C. sativa for
sunlight, nutrients, and water can be challenged by some weed species such as cheatgrass
(Bromus tectorum), green foxtail (Setaria viridis L.), and Russian thistle (Salsola kali L.),
among others [2,5,100,101]. Similarly, perennial broadleaf weeds such as field bindweed
(Convolvulus arvensis L.), Canada thistle (Cirsium arvense L. Scop.), and skeleton weed
(Chondrilla juncea L.) can also present challenges for C. sativa. Notably, C. sativa can exhibit
susceptibility to dodder (Cuscuta spp.), a parasitic weed of many crops (D. Neupane,
personal observation). C. sativa does not hybridize efficiently with cultivated Brassica
species or wild Brassica species within the tribe Camelineae [102]. However, C. sativa does
exhibit the ability to outcross with common Brassica weed species, such as North American
weeds C. alyssum and C. microcarpa [103]. Fortunately, C. sativa is less competitive and
shows lower invasive potential than Canola [104].

5.1. Weed Control

Both chemical and non-chemical approaches for weed control are available for
C. sativa production systems. For chemical control, Sethoxydim (Poast®) (2-[(E)-N-ethoxy-
C-propylcarbonimidoyl]-5-(2-ethylsulfanylpropyl)-3-hydroxycyclohex-2-en-1-one), a post-
emergent and selective grass herbicide, which belongs to the cyclohexanone group, is cur-
rently the only registered herbicide for C. sativa in the USA [59,62,105,106]. Tepraloxydim (2-
[(E)-N-[(E)-3-chloroprop-2-enoxy]-C-ethylcarbonimidoyl]-3-hydroxy-5-(oxan-4-yl)cyclohex-
2-en-1-one) was also used to control post-emergent grass weeds [61]. Similarly, Clethodim
(2-[(E)-N-[(E)-3-chloroprop-2-enoxy]-C-ethylcarbonimidoyl]-5-(2-ethylsulfanylpropyl)-3-
hydroxycyclohex-2-en-1-one), which is a related post-emergent cyclohexanone herbicide,
was successfully used for grassy weed control for C. sativa [36]. Quizalofop (2-[4-(6-
chloroquinoxalin-2-yl)oxyphenoxy]propanoic acid), which is a selective, postemergence
phenoxy herbicide registered in Canada and other parts of the world, was also used to
control annual and perennial grass weeds of C. sativa [2,5,107].

In contrast to selective grass herbicides, C. sativa withstands very few broadleaf her-
bicides, and few have been approved for use on C. sativa in the USA [2,5,22,107,108].
Dinitroaniline pre-emergent herbicides, such as Trifluralin (2,6-dinitro-N,N-dipropyl-4-
(trifluoromethyl)aniline), are widely used in the USA for early season weed control.
Pre-emergent herbicides, including dimethenamid-P (2-chloro-N-(2,4-dimethylthiophen-3-
yl)-N-[(2S)-1-methoxypropan-2-yl]acetamide), pendimethalin (3,4-dimethyl-2,6-dinitro-N-
pentan-3-ylaniline), pyroxasulfone (3-[[5-(difluoromethoxy)-1-methyl-3-(trifluoromethyl)
pyrazol-4-yl]methylsulfonyl]-5,5-dimethyl-4H-1,2-oxazole), quinclorac (3,7-dichloroquinoline-
8-carboxylic acid), and S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(2S)-1-
methoxypropan-2-yl]acetamide), were tested at three different concentrations with C. sativa
to examine weed control and injury to the crop [109]. Pendimethalin and S-metolachlor
caused some injury, but did not lower C. sativa seed yields. Dimethenamid-P, used at a
low rate, did not affect plant populations and seed yield; however, when applied at a
high rate, it caused 60% injury with a 31% reduction in seed yield [109,110]. Quinclorac
did not significantly injure the crop and was considered the safest of all the herbicides
tested [109]. C. sativa mutants with resistance to acetolactate synthase (ALS) inhibitors
were developed, displaying increased resistance to imazethapyr (5-ethyl-2-(4-methyl-
5-oxo-4-propan-2-yl-1H-imidazol-2-yl)pyridine-3-carboxylic acid), sulfosulfuron (1-(4,6-
dimethoxypyrimidin-2-yl)-3-(2-ethylsulfonylimidazo[1,2-a]pyridin-3-yl)sulfonylurea), and
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flucarbazone (3-methoxy-4-methyl-5-oxo-N-[2-(trifluoromethoxy)phenyl]sulfonyl-1,2,4-
triazole-1-carboxamide) [110].

Several non-chemical strategies for weed control were shown to be effective for
C. sativa [96]. Mechanical weeding is a well-established and useful approach for small
scale production systems (e.g., research plots). For large-scale production, early season
planting that promotes stand establishment is one of the most effective strategies for over-
coming weed competition in C. sativa fields [111]. Furthermore, increasing sowing rates
can effectively suppress weeds in C. sativa plots, likely through increased utilization of
resources by the crop at the expense of weeds [96]. Mixed cropping of C. sativa grain with
peas (Pisum sativum) (or barley (Hordeum vulgare)) afforded significant weed suppression
and acted as a smother crop and weed antagonist, leading to enhanced C. sativa seed
yields [96,112].

Use of C. sativa as a winter cover crop suppressed weed abundance while increas-
ing cash crop yields [113]. Including C. sativa in crop rotations for winter cereals can
suppress winter weed populations and increase grain yields in semi-arid Mediterranean
climates [114]. C. sativa was also used in innovative double- and relay-cropping systems
with forage sorghum (Sorghum bicolor), maize (Zea mays), and soybean (Glycine max) with
an increased potential for biofuel and energy feedstock production [115]. When C. sativa
was intersown as a cover crop with maize or soybean, establishment and winter survival
rates increased, with the greatest success being achieved with soybean [116]. C. sativa
was also used as an intercrop with Jatropha integerrima in semi-arid regions of India with
seed production improvements observed when grown alternatively with leguminous fod-
der crops [117]. Further exploration of the potential allelopathic effects of C. sativa in
intercropping systems for weed suppression is needed [99].

5.2. Insect Pests

Insects can limit C. sativa production, but these generally present lower production
barriers than weeds. C. sativa is known to be relatively resistant to insect predation and
infestation. C. sativa shows resistance to several common insect pests of Canola [118,119].
For example, C. sativa shows high resistance to flea beetles (Phyllotreta spp.), a common
insect pest of B. rapa, B. napus, and B. juncea [39,49,120,121]. This resistance is thought to be
due to the presence of repellents or the absence of stimulatory volatile phytochemicals [122].
More recent studies confirmed that the presence of quercetin glycosides in C. sativa leaves
is likely responsible for flea beetle resistance [123]. In addition to flea beetles, C. sativa was
shown to be a poor host for the diamondback moth (Plutella xylostella L.) and root maggots
(Delia spp.) [124]. Feeding damage by the Bertha armyworm (Mamestra configurata Walker)
on C. sativa was consistent with Canola, but larvae and pupae weighed less when reared on
C. sativa leaves [124]. Leafhopper (Macrosteles quadrilineatus Forbes) did not cause damage
to C. sativa; however, this insect can transmit aster yellows phytoplasma, which can result
in chronic, systemic disease resulting in chlorosis, phyllody, and virescence, malformed
seeds, and reduced seed set [124]. C. sativa also appeared to show resistance against the
cabbage seedpod weevil (Ceutorhyncus obstrictus (Marsh.) [125]. However, stem feeding
below the soil by several weevil species (e.g., Ceutorhynchus cyanipennis and C. americanus)
was associated with stand failures for fall-planted C. sativa [126]. Although aphids can
colonize C. sativa under field conditions, they are not known to cause significant economic
damage; however, such colonization can create a reservoir for different aphid species that
can negatively impact other crops in the rotation [127].

5.3. Fungal, Bacterial, and Viral Pathogens

Similar to its apparent resistance to many insect pests, C. sativa shows good resistance to
a variety of microbial pathogens that typically target crops within the Brassicaceae [18,128]. For
example, C. sativa showed strong resistance to blackspot fungal disease caused by Alternaria
brassicae (Berk.) Sacc. [129–131]. Such resistance is associated with the relative expression of
defense-related genes [132]. Resistance to blackspot disease caused by Alternaria brassicicola
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[(Schw.) Wiltsh] varies among C. sativa genebank accessions [133]. However, such resistance
can be transferred to hybrids of C. sativa and rapid-cycling Brassica oleracea in an effort to confer
resistance of this disease to Brassica vegetable crops [134,135]. Resistance to the blackspot
pathogen was associated with the production of phytoalexins, specifically to camalexin, an
antimicrobial phytoalexin [129,131,134,136]. Resistance was also correlated with the higher
expression of chitinase gene family members in C. sativa relative to B. juncea [137]. C. sativa
showed strong resistance to blackleg fungal disease [39] assessed using 80 different isolates
of Leptosphaeria maculans (Desmaz.) [138]. However, for those C. sativa genotypes that are
susceptible to blackleg disease, the fungicides metoconazole and a mixture of tebuconazole
and triadimenol provided very effective control against the fungus [61].

C. sativa genotypes show various, but low, degrees of susceptibility to common Bras-
sicaceae diseases, such as stem rot (Sclerotinia sclerotiorum (Lib.) de Bary), brown girdling
root rot (Fusarium spp. and R. solani), downy mildew (Peronospora sparsa, P. parasitica),
powdery mildew (Erysiphe sp.), grey mold (Botrytis cinerea), sore shin and damping-off
disease (Rhizoctonia solani), Verticillium wilt (Verticillium dahliae), and white rust (Albugo can-
dida) [18,128,139,140]. Some C. sativa genotypes are susceptible to downy mildew (Hyaloper-
onospora camelinae) [141]. Thirty diverse C. sativa genotypes showed varying degrees of
resistance to S. sclerotiorum [142]. Resistance to S. sclerotiorum was associated with cell
wall strengthening due to monolignol biosynthesis in C. sativa [143]. However, while ca-
malexin production was induced by S. sclerotiorum inoculation, the relative degree of disease
resistance was not correlated with levels of camalexin production, suggesting that other an-
timicrobial activities might be responsible for the observed disease resistance [142]. C. sativa
also shows resistance to the soil-born fungus Fusarium virguliforme [144]. However, C. sativa
is susceptible to other fungal diseases common to the Brassicaceae, such as damping-off
(caused by Rhizoctonia solani), clubroot (Plasmodiophora brassicae Woronin.), and white rust
(Albugo candida Pers. Kuntze) [128]. While susceptible, C. sativa showed greater resistance to
Rhizoctonia solani than B. napus did, due to the presence of the phytoalexins camalexin and
methoxycamelexin and two additional antimicrobial compounds in its roots [145].

C. sativa is susceptible to some bacterial diseases, such as bacterial blight (Pseudomonas
syringae pv. spec.), phytoplasma disease, which was reported for C. sativa grown in Ger-
many and Canada [139,140,146], and aster yellows diseases [124]. C. sativa also shows
susceptibility to the bacterial pathogen Xanthomonas campestris Dowson pv. campestris,
which causes black rot of Brassica crops globally [133].

Lastly, although relatively less well studied for viral diseases, C. sativa is susceptible to
the Turnip crinkle virus and Turnip rosette virus [147], which are viral diseases transmitted
by flea beetles via infested seed [2,148]. The beet western yellows mosaic virus reportedly
caused up to 34% yield reductions in C. sativa [149]. Aphid (Myzus persicae) vector behavior
and host palatability are key factors in the transmission of the Turnip yellows virus in
C. sativa [150].

6. Ecosystem Services Provided by C. sativa

In addition to its role in crop rotations, C. sativa may be used to provide a range of
ecosystem services, including prevention of soil loss and erosion, habitat for pollinators,
and phytoremediation. Regrowth of hardy winter C. sativa can help to limit soil erosion
and nutrient run off in the early spring [35]. In general, the use of C. sativa as a cover crop,
with its deep tap root, is expected to benefit soil structure, promote nutrient recycling, and
enhance nutrient scavenging [2]. Although C. sativa produces relatively small amounts of
biomass compared with larger crops, these crop residues can promote soil water absorption
capacity, which is particularly important in areas with dry soils [37]. Nonetheless, no-till
and low-till cultivation methods are recommended for C. sativa to avoid or reduce soil
erosion [111]. Both winter and spring C. sativa can provide pollinators with early season
nectar and pollen for honey bees and other pollinators, as its flowers open long before
most other crops grown in many regions [151,152]. Furthermore, C. sativa nectar sugar
produced throughout anthesis can exceed that of pennycress (Thlaspi arvense) or Canola
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(Brassica napus) [151]. Cocultivation of winter C. sativa with Persian clover was found to
decrease the heavy metal (i.e., copper, lead, nickel, and zinc) content of soils [153]. Lastly,
C. sativa can be used similarly to other cover crops, including those within the Brassicaceae,
to promote atmospheric carbon sequestration, suppress weeds, provide erosion control,
protect ground water quality, promote organic matter carbon and nitrogen accumulation in
soils, and suppress the accumulation of fungal pathogens, particularly saprophytic fungal
species, and nematodes [154,155].

7. Fatty Acid Synthesis and Seed Oil Profiling in C. sativa

C. sativa seed oil content varies from approximately 27 to 46% and has a high omega-3
fatty acid content [26,39,49,64]. C. sativa seed oil contains 90% unsaturated fatty acids (~60%
polyunsaturated fatty acids (PUFAs), 30% monounsaturated fatty acids (MUFAs)), and
10% saturated fatty acids (SFAs). In C. sativa oil, palmitic (C16:0), oleic (C18:1), linoleic
(C18:2), and α-linolenic (C18:3) acids are the predominant fatty acids [156]. C. sativa seed
oil is unique in its oil composition and chemical characteristics because polyunsaturated
α-linolenic acid (C18:3) is the major fatty acid, and the concentration of erucic acid (C22:1)
is present in a comparatively low amount for a Brassicaceae species, whereas eicosenoic acid
(C20:1) is produced instead as the major long-chain fatty acid [6].

The mean fatty acid composition of C. sativa oil includes α-linolenic acid (34.4%),
linoleic acid (18.3%), oleic acid (14.7%), gadoleic acid (C20:1, 14.0%), and palmitic acid
(5.8%) in descending order of relative abundance (Table 2). The mean erucic acid content
was 2.9%, which is below the maximum threshold value allowed for biodiesel (5%) [157],
and just above the 2% threshold required for food-grade oil in the USA [3]. Other fatty
acids such as stearic acid (C18:0, 2.6%), docosaenoic acid (C22:0), nervonic acid (C24:1),
ecosadienoic acid (C20:2), dihomo-gamma linolenic acid (C20:3), and docosadienoic acid
(C22:3) are also present in trace amounts. The relative content of the major fatty acids varied
widely depending on the study. For example, α-linolenic acid ranged from 22.8–38.4% [158]
to 41% [157]. Linoleic acid ranged from 12.8–20.6% [159–161]. Oleic acid ranged from
6.9–22.1% [158]. The ranges of other fatty acids, such as gadoleic acid, palmitic acid, and
erucic acid, are summarized (Table 2). The wide variations in fatty acid profiles of C. sativa
likely arise from differences in genotypes, agronomic practices, growing environment (e.g.,
soil quality), weather and climatic conditions [2,90,162,163].

Table 2. Fatty acid profiles of C. sativa seed oil reported by various researchers. Bold font (bottom
row) indicates mean values of fatty acid profile in C. sativa from the different reports. Dashes indicate
missing data.

Concentration of Major Fatty Acids (%)
Reference

C16:0 C18:0 C18:1 C18:2 C18:3 C20:1 C22:1 SFA MUFA PUFA

- - - 21–23 27–29 - - 11–12 35–36 51–52 [75]
- - 14–16 15–23 31–40 12–15 - - - - [2]

5.3–5.6 2.2–2.7 14.7–16.5 12.9–16.3 35 15 3 12 34 54 [159,160]
- - - - 30–43 11–19 <3 - - - [6]

5.4 2.4 14.3 20.6 36.9 13 2.2 - - - [3]
6.29 2.73 16.5 17.7 32.5 15.6 3.1 - - - [64]
5.16 2.68 15.2 17.9 34.6 15.1 2.6 8.6 33.0 54.1 [26]
5.68 - 13.9 16.6 35.1 14.3 3.0 10.1 33.5 55.9 [164]

- - 9.1–22.1 15.2–27.1 22.8–38.4 11.6–18.2 - - - - [158]
5.5 2.4 14.4 19.1 33.5 15 3.1 - - - [165]
7 2.5 6.9 14.5 41 10.9 3.5 - - - [157]

6.8 2.7 18.6 19.6 32.6 12.4 2.3 - - - [166]
5.1 2.4 17.6 18.7 28.6 11.9 4.2 - - - [167]
5.4 2.6 14.3 14.3 38.4 16.8 2.9 - - - [25]
5.7 3.4 15.0 18.5 34.7 12.7 3.2 - - - [168]

4.6–5.2 2.2–2.5 12.8–14.7 16.3–17.2 36.2–39.4 14.0–15.5 2.5–3.1 8.7–8.8 - - [39]
5.5–9.5 - 9.1–17.1 16.1–28.6 23.5–36.2 10.5–16.4 <2 - - - [161]

6.2 2.6 16.2 17.5 37.3 13.1 2.3 9.7 31.7 57.7 [71]
5.8 2.6 14.7 18.3 34.4 14.0 2.9 10.1 33.5 54.6
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The biosynthesis of triacylglyceride (TAG) in C. sativa occurs in the plastid via a Type
II fatty acid synthase complex [169]. In most oilseed crops, the fatty acid chain elongates to
16 or 18 carbons in length [162]. Oleic acid (C18:1) (MUFA) is synthesized in the plastid
from stearic acid (SFA) through steroyl-acyl carrier protein desaturase (SAD). Further
desaturation of oleic acid to linoleic acid (C18:2) is catalyzed by fatty acid desaturase-2
(FAD2), a key enzyme responsible for the biosynthesis of PUFA in non-photosynthetic
tissues, for example, the roots and developing seeds of oilseed plants in the ER and FAD 6
(plastidial enzyme) in the plastid [170,171]. α-linolenic acid (C18:3) synthesis from linoleic
acid is catalyzed by FAD3 (microsomal enzyme) in the ER and FAD7/FAD8 (plastidial
enzymes) in the plastid [172]. Fatty acid composition can change during seed development
and varies with C. sativa accession. Fatty acid production can be affected by location due to
climactic differences [157,173]. In oilseed crops, α-linolenic acid content differs depending
on the temperature conditions during seed development. For example, at temperatures
greater than 25 ◦C, the synthesis of α-linolenic acid declines because the activity of FAD3 de-
creases [2], whereas the synthesis of oleic and α-linoleic acid increases [174,175]. Similarly,
biosynthesis of α-linolenic acid declined in non-irrigated compared with irrigated C. sativa,
likely due to the higher temperatures of the non-irrigated plants [81]. Additionally, increas-
ing temperatures from 15 ◦C to 35 ◦C reduced the expression of the FAD2 gene, suggesting
a reduction in the synthesis of linoleic acid from oleic acid. A shorter duration of grain
filling and a greater number of days above 25 ◦C resulted in a decline in linoleic acid con-
tent [176]. More recently, water-deficit stress was shown to increase oleic and linoleic acid
content in C. sativa seeds, whereas linolenic acid content decreases, being dependent upon
genotype, as one accession showed an increase in a-linolenic content following drought
treatment [177]. Importantly, various environmental stress factors including heat, drought,
salinity, high light, low oxygen, and high nitrogen can lead to decreases in overall seed
oil content and changes in fatty acid composition [162]. Thus, an important consideration
for improving overall seed oil yield is the need to improve the abiotic stress tolerance of
C. sativa, particularly in the face of increasingly hot and dry conditions brought about by
global warming.

8. Uses of C. sativa

C. sativa is used in a wide array of products and applications ranging from industrial,
biomedical and nutraceutical products to animal feed, erosion control as ground cover,
phytoremediation and carbon sequestration. C. sativa is also used in processed foods for
human consumption. C. sativa is widely used as a biofuel, including biodiesel, green diesel,
and renewable jet fuel. Derived products include glycerin, soaps and lotions (Figure 2).

Figure 2. Diverse uses of C. sativa adapted from Chaturvedi et al., 2017 [17]. Created with BioRender.com.
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8.1. Food and Food Products for Humans

C. sativa cooking or salad oil has potential human health benefits due to its high levels
of PUFAs, omega-3-fatty acids, and antioxidants [156,178]. The consumption of C. sativa oil
can reduce blood serum cholesterol levels [179] and improve serum lipid profiles [180,181].
Furthermore, C. sativa oil consumption can attenuate inflammation in peripheral blood
mononuclear cells [182]. Such metabolic changes are thought to not only protect against
cardiovascular risk factors, but also improve mental health in patients suffering from
non-alcoholic fatty liver disease [183]. C. sativa oil was also used in folk medicine to
treat burns and wounds to the skin and eyes [184,185]. The high levels of tocopherols,
phytosterols, and carotenoids in C. sativa oil protect it from oxidation, imparting extended
shelf life [185,186]. C. sativa oil displays antioxidant activities similar to those found in
sunflower oil, which can effectively limit oxidation in food products, such as salad dressings
and mayonnaise [156,187]. For example, C. sativa oil and rapeseed meal prevented the
oxidation of lipids and proteins in cooked pork patties [188].

8.2. Feed for Animal Nutrition

Following oil extraction, C. sativa seed meal is toasted, dried, and cooled ready to use
as animal feed for cattle, dairy cows, sheep, swine, and poultry, as well as for aquaculture
of various fish stocks [2,189]. C. sativa seed and seed meal are generally considered useful
and beneficial as animal feed in limited quantities. C. sativa seed displays a balanced profile
of essential and non-essential amino acids [159,190].

8.2.1. Beef Cattle

The exceptionally high level of omega-3 fatty acids, particularly α-linolenic acid
(~32–40% of total oil content), protein (40%), oil (10–15%), fiber (0–15%), and phytate
(1–6%), combined with relatively low glucosinolate levels (20–44 mmoles kg−1 dry weight),
in C. sativa seed meal make it a suitable feed for animals [2,21,159,160,191,192]. C. sativa
seed meal is generally comparable to Canola meal in terms of its amino acid profile, crude
protein content, and digestibility, and was demonstrated to be a valuable feedstuff for ru-
minants [193–195]. However, some researchers report lower degradability and palatability
of C. sativa seed meal compared with soybean or Canola meal [196,197]. Supplementa-
tion of the diet of beef cattle with C. sativa seed meal resulted in reduced forage and dry
matter intake, but gave rise to greater serum PUFA concentrations [198]. In a related
study, addition of 10% C. sativa seed meal on a dry weight basis did not affect dry matter
intake and improved digestion of rumen organic matter, but did reduce body weights
of dairy heifers [199]. Other studies report no negative effects on animal performance
when C. sativa seed meal comprised up to 10% of the total diet [193]. C. sativa seed meal is
highly degradable and shows comparable total digestibility and protein absorption to other
cattle feed supplements [200]. Reduced intake or weight loss might be the result of the
reduced palatability of C. sativa seed meal, as it contains anti-nutritive compounds, such as
erucic acid, sinapine, and glucosinolates [196,201]. Due to these reasons, the U.S. Food and
Drug Administration (FDA) permits only a maximum of 10% C. sativa seed meal in rations
for livestock [202]. However, the sinapine content of C. sativa seed meal is lower than
other Brassica species, and thus, only the glucosinolate content is relevant when assessing
palatability [192]. Glucosinate content varies widely among accessions, and thus could be
reduced through conventional breeding [192,203,204]. A high erucic acid content in seed
meal can lead to fat deposition and reduced contractibility of the heart muscle and is thus
limited to a maximum of <2% [205]. The erucic content in C. sativa seed meal ranges from
1.8–4.8% in the USDA National Genetic Resources Program collection [161]. Thus, similar
to low glucosinolate accessions, accessions with low erucic acid content, such as C. sativa
accession PI 650141, could be used for conventional breeding efforts or genome-editing
approaches [161].
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8.2.2. Dairy Cows

C. sativa meal has a reasonably high level of histidine content, which is a good sup-
plement for silage and grain-fed lactating cows [196]. Inclusion of seed or seed meal in
the diet of dairy cows decreased dry matter intake, but did not have a significant effect
on milk production [206]. However, overall milk protein and fat yield declined and re-
sulted in a modified fatty acid profile with increased MUFAs and PUFAs, with resultant
increases in butter spreadability [206]. Addition of C. sativa seed meal or oil to dairy cow
diets did not alter dry matter intake, digestibility, or milk yield, but resulted in decreased
saturated fatty acids and increased milk MUFA and PUFA content [207]. In a related study,
supplementation of up to 6% C. sativa oil decreased milk yields and saturated fatty acid
content while increasing unsaturated fatty acid content. This study concluded that 2%
C. sativa oil could be used for commercial production without major adverse effects on
animal performance [208].

8.2.3. Sheep and Goat

Inclusion of 10–20% C. sativa seed meal in the diet of sheep increased the content
of linoleic, oleic, and α-linolenic acid content in lamb muscle [209] and reduced blood
triglycerides and glucose content, while increasing insulin levels [210]. Inclusion of C. sativa
seed meal in sheep diets improved the total omega-3 fatty acid and the ratio of omega-
6/omega-3 fatty acids in lamb and yearling meat, but resulted in reduced vitamin E content,
which negatively impacted color and oxidative stability upon storage [211].

Supplementation of an ewe’s diet with 3–6% of C. sativa seed meal (or seed) in dietary
dry matter increased the mono- and polyunsaturated fatty acid content of milk, resulting
in milk with lower atherogenic and thrombogenic indices [212,213]. Similarly, inclusion
of C. sativa seed meal in the diet of dairy goats increased total polyunsaturated fatty acids
and decreased total saturated fatty acids in milk and kefir produced from the milk [214].
Inclusion of 10–20% C. sativa seed meal in the diet of dairy sheep altered the content and
aroma of volatile compounds, primarily fatty acids, in raw and pasteurized ewe’s milk
with an overall loss of dairy or freshness aroma [215]. Sheep or goat milk with increased
fatty acid content resulted in increased fermentation time and alterations in the resulting
kefir, and altered its aroma [216]. Additional studies validated these effects and showed
that supplementation of sheep diets with varying amounts of C. sativa seed meal increased
the mono- and/or poly-unsaturated fatty acids content and oxidative stability of the milk,
resulting in a healthier milk for human consumption [217–220].

8.2.4. Swine

After cold or expeller pressing, a comparatively high amount of oil (100–150 g kg−1)
remains in the meal of C. sativa, which provides a potential energy source for swine diets [2].
Inclusion of 5–10% C. sativa seed meal in swine diets resulted in increased plasma omega-3
fatty acids and reduced plasma omega-6 fatty acids in blood plasma, while reducing serum
triglyceride levels [221]. During the finishing–fattening process, supplementation of the
swine diet with C. sativa oil increased α-linolenic acid content and reduced cholesterol con-
tent in the meat, thereby improving meat quality [222], and increased n-3 polyunsaturated
fatty acid and reduced cholesterol and triglyceride of the plasma, implicating improved
animal health [223]. Compared with sunflower seed meal, the inclusion of 12% C. sativa
seed meal in the swine diet did not affect growth performance, but elevated the expres-
sion of some antioxidant defense system components in the spleen [224]. Digestibility of
C. sativa seed meal in swine was comparable to that of Canola meal [225]. However, the
addition of 20% C. sativa seed meal lowered digestibility coefficients for amino acids and
crude protein, which limits its utilization in the swine diet [226]. Inclusion of 12% C. sativa
seed meal increased α-linolenic acid content in the heart and brain with little alteration in
performance [227]. Inclusion of C. sativa seed meal in the diets of weaned piglets at up to
18% increased n-3 fatty acids in carcass fat depots, but did not elicit clinical signs of toxicity,
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although it did result in lower average daily feed intake and weight gain than controls,
probably due to an aversion to the taste of the C. sativa seed meal [228].

Supplementation of C. sativa seed meal improved feed efficiency and liver weight in
28-day-old weaned piglets, but also increased the expression of selected liver enzymes [229].
Comparison of the effects of the addition of 5%, 10%, or 15% C. sativa seed meal to the diet
of growing–finishing pigs showed that the two higher percentages reduced average daily
weight gain and marketing weight, but no negative growth performance or carcass traits
were observed at 5% addition to a corn–soybean meal-based diet [230]. Incorporation of
up to 30% C. sativa seed meal in a mixed corn/soybean meal diet for growing swine did
not alter the digestible, metabolizable, or net energy, suggesting that dietary glucosinolates
from C. sativa seed meal did not affect these dietary parameters [231].

8.2.5. Poultry

Incorporation of C. sativa seed meal into poultry diets benefits from the provisioning of
energy and protein, increased health-promoting PUFAs and tocopherol content of meat and
liver, improved antioxidant activity and lipid stability, and increased market value of the
meat and eggs [189,232]. Unlike other livestock animals, chickens appear somewhat less
susceptible to the taste of C. sativa seed meal and generally do not show reduced feeding
efficiency or weight gain when provided in moderation. For example, the addition of 2.5%,
5%, and 10% C. sativa seed meal to a basal corn–soybean diet had little effect on weight
gain and feed efficiency [233]. However, C. sativa seed meal resulted in significant increases
in a-linolenic acid and n-3 PUFAs in white and dark meat and tissues [233]. Inclusion of
10% C. sativa seed meal increased egg production and increased α-linolenic acid and total
n-3 PUFAs in egg yolks, compared with a corn–soybean-based diet, but reduced crude
protein digestibility [234]. Addition of 8%, 16%, and 24% C. sativa seed meal resulted in
linear increases in α-linolenic acid content in various tissues including liver, breast, and
thigh, and in the proportion of n-3 PUFAs in liver and brain [235]. The supplementation
of cold-pressed C. sativa seed cake of broiler chicken diets with or without multienzyme
supplementation to improve digestibility was found to improve the energy and amino acid
content of the diets [236].

Related studies tested the effects of oil supplements on poultry diets. For example, the
addition of 6% of C. sativa oil to feed rations for broiler chickens reduced the cholesterol
content in the blood plasma and increased omega-3 PUFA content in the breast, without
producing an unpleasant flavor [237,238]. The addition of C. sativa oil to broiler chicken
diets resulted in increased α-linolenic acid content in muscle and abdominal fat to a greater
extent than diets supplemented with either soybean or rapeseed oil [237]. Other studies
showed that C. sativa oil and seed meal in broiler chicken diets improved the percentage of
PUFAs, particularly omega-3, and lowered the percentage of MUFAs, such as oleic acid, in
the lipids of the breast muscles [239].

In addition to chicken, a variety of other poultry species were evaluated for C. sativa
seed meal use. As with chicken diets, the inclusion of 15% to 20% C. sativa seed meal in
duck diets resulted in significant increases in α-linolenic acid and total omega-3 PUFA
in breast and leg muscles [240]. The addition of up to 5% C. sativa seed meal to the diets
of young turkeys showed similar weight gain and feed conversion as vegetable oil and
showed no negative effects [241]. However, the addition of 5% and 10% C. sativa cake to
turkey diets caused growth depression and reduction of feed intake [242,243]. In contrast,
no negative effects of weight gain or feed intake were observed when 5%, 10%, or 15%
C. sativa seed meal was added to quail diets [244].

8.2.6. Fish

C. sativa oil and seed meal can serve as good replacements for fish oil and fish meal in
fish feed. Diets of 5% C. sativa seed meal are acceptable substitutes to reduce reliance on fish
meal [245]. Substitution of C. sativa oil in fish feed improved the total lipid content in salmon
(Salmo salar L.) and Atlantic cod (Gadus morhua L.) without negatively affecting the sensory
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quality of fish fillets [246]. C. sativa seed oil can be used as up to 100% replacement for fish
oil without negative growth effects for Atlantic salmon raised in freshwater [245]. However,
while replacing fish oil with C. sativa oil at ~80% had no effect on growth performance,
PUFA content in the liver and muscle was reduced in Atlantic cod [247]. In another study
with Atlantic cod, feeding C. sativa seed meal up to 24% of the diet did not affect growth in
one experiment, while in a separate experiment, C. sativa seed diet greater than 30% resulted
in depressed feed intake and growth due to reduced palatability [248]. Replacement of
fish oil with oil from C. sativa genetically modified to express eicosapentaenoate (EPA; 20:5
n-3) and docosahexaenoate (DHA; 22:6 n-3) [249], in a feeding trial of European sea bass
(Dicentrarchus labrax), showed no change in feed intake or growth [250]. However, the
resulting fillets showed enhanced omega-3 PUFA content, indicating that C. sativa seed oil
can effectively replace fish oil for the production of European sea bass without negative
impacts on feed efficiency or growth rates [250]. C. sativa seed or seed meal of at least 10%
can be used for feeding rainbow trout (Oncorhynchus mykiss) without reductions in feed
conversion or weight gain [251].

8.3. Biodiesel/Renewable Diesel Fuel

One of the most important uses for C. sativa oil is the production of various biofuels.
As with other oilseeds, the fatty acid profile of C. sativa oil varies depending upon the
environmental conditions under which it is grown, thus resulting in variations in physical
and chemical properties of the biodiesel produced. The major properties used to evaluate
the quality and performance of biodiesel include cloud point (CP), cold-flow characteristics
or viscosity, cetane number (CN), and oxidative stability [2,26]. Unformulated C. sativa B100
fails to meet the American Society for Testing and Materials (ASTM) standards for CP and
oxidative stability due to exceptionally high (48–50%) polyunsaturated fatty acid content,
but does meets the standard criteria for CN. However, with the addition of antioxidants,
unformulated B100 can meet current ASTM standards while maintaining production costs
at a level comparable with other biodiesel feedstocks [165,252]. Biodiesel produced from
C. sativa oil generally resembles biodiesel from Canola oil (B. napus) [25]. The kinematic vis-
cosity of methyl esters obtained from C. sativa varies from 2.9–6.4 mm2 s−1 at 40 ◦C, which
lies within the acceptable 1.9–6.0 mm2 s−1 ASTM D651, and 3.5–5.0 mm2 s−1 EN14214
standard values [25,26,165,166,253–255]. The CN for C. sativa methyl ester ranged from
49.26 to 51.17, a value higher than ASTM biodiesel standards, resulting in good ignition
quality of fuel. Furthermore, the pour point of C. sativa methyl ester was typically between
−11 ◦C and −8 ◦C, suggesting a good quality fuel under cold season temperatures. Fuel
consumption and vehicle operation from C. sativa and Canola methyl esters are similar [25].
In addition to traditional biodiesel, C. sativa can be used to produce hydrogenation-derived
renewable diesel (HDRD) or green diesel, which generally has chemical properties more
similar to that of petroleum diesel and improved cold-flow characteristics [256], yet is more
sustainable than fossil diesel based upon emission parameters [257]. Life cycle analysis
of C. sativa for biodiesel production showed that it produces lower greenhouse gas emis-
sions than soybean- or Canola-derived biodiesel through reduced impacts on land-use
changes [258].

8.4. Hydro-Processed Renewable Jet (HRJ) Fuel

Renewable jet fuel production from C. sativa oil follows a two-step standard process:
(1) initial hydrodeoxygenation or hydrotreatment and (2) selective cracking or hydrocrack-
ing and isomerization, followed by product separation and formulation. The linear alkanes
produced during step one can be used in renewable diesel mixtures [2,166]. Compared
with JP-8 (typical jet fuel), C. sativa HRJ fuel had superior thermal-oxidative stability [259].
Engine tests with C. sativa fuel showed no obvious anomalies with engine operation, with
the added advantage of lower carbon monoxide emissions than JP-8. However, C. sativa
HRJ fuel contains elastomer seal swelling capability, which might cause fuel leaks in air-
crafts, but this was lower than that of JP-8 [259]. C. sativa HRJ fuels have similar properties
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to conventional fuels used in turbine engines [259–261]. In 2009, the U.S. Air Force (USAF)
tested the potential of C. sativa HRJ fuels as a replacement for jet fuels, with successful tests
performed in fighter jets, private jets, and commercial airlines using a blend of JP-8 and
C. sativa-based jet fuels [2,262]. C. sativa-based jet fuel with blending had a 75–80% lower
carbon footprint compared with conventional fuel [263]. Overall, these results confirm the
ability of renewable fuels derived from C. sativa to burn cleaner than conventional fossil
fuel resources, while also removing carbon from the atmosphere during their production,
resulting in overall lower carbon emissions. However, techno-economic analysis reveals
that considerable investments in land area would be needed to grow C. sativa at large scale
for economic viability [264].

8.5. Fast Pyrolysis Bio-Oil

In addition to the use of C. sativa for biodiesel and renewable diesel, the energetic value
of the seed meal and lignocellulosic biomass was also considered. Thermochemical fast py-
rolysis of the seed meal after oil extraction contains significant energetic value (29 MJ kg−1)
when compared with whole seeds (34.7 MJ kg−1) and can provide additional volumes
of high-energy, high-carbon liquid fuel intermediates for the production of renewable
biofuels and jet fuel [265]. C. sativa residual biomass is comprised of 36.3–41.6% cellulose,
23.2–24.9% hemicellulose, and 25.0–26.3% lignin, and can be converted to bio-oil using
thermal or catalytic fast pyrolysis [266]. However, the energetic value of C. sativa straw
(15.1–15.5 MJ kg−1) or straw pellets (16.6–17.1 MJ kg−1) is lower than that of seeds or seed
meal, but can produce gas, solid, and liquid fuel components with reduced nitrogen and
sulfur contents relative to other woody or herbaceous feedstocks tested [267]. C. sativa straw
was also used for ethanol production with an estimated total energy yield of 54.3 MJ L−1

ethanol [268]. Agronomic management can improve the overall energy potential of C. sativa
biomass. For example, high rates of nitrogen and sulfur fertilization can increase the energy
output of C. sativa seed and residual biomass by up to 186% and 155%, respectively [269].
The net energy efficiency and economic value of total C. sativa biomass (straw and seed) was
higher than that of crambe (Crambe abyssinica) [270]. Thus, C. sativa biomass utilization, as
part of an integrated biorefinery strategy where renewable diesel or jet fuel and thermal or
catalytic fast pyrolysis bio-oil production are co-localized, can improve the overall energetic
value of this bioenergy resource.

8.6. Industrial Applications

C. sativa oil has great potential for bio-based industrial applications. The high quantity
of unsaturated fatty acids (~90%) present in C. sativa oil [6], enables rapid drying, and is
useful for making dermatological products, cosmetics (lotions and soaps), polymers, paints,
and varnishes [22,27,271]. A key limitation of using C. sativa oil for industrial application
is its high content of PUFA, which promotes the oxidation of oils upon exposure to high
temperatures [272,273]. C. sativa oil can be epoxidized and used for making adhesives,
coatings, lubricants, and alkyd resins [274,275]. C. sativa meal has great potential for use in
the paper industry [276]. The addition of C. sativa meal to recycled newspaper produced
sustainable and bio-degradable green composite sheets and fibers [276]. Other applications
include bio-herbicides [277], soil fungicides [278], and bio-oils [265]. C. sativa oil contains
glucosinolates, which can be used to produce ionic thiocyanates that can serve as effective
bio-herbicides against redroot pigweed (Amaranthus retroflexus L.) and wild oat (Avena
fatua L.) [277]. C. sativa glucosinolate content ranged 9–31.4 μmol g−1 in seed [279,280],
14.5–23.4 μmol g−1 in seed meal [280], and 8.6–30.5 μmol g−1 in oil [281] depending upon
the genotype and environmental growth conditions.

8.7. Biomedical Uses

In addition to the beneficial use of C. sativa seed meal for improving the quality of
other foods such as meat and dairy products, the consumption of dietary oils, such as the
oil from C. sativa, which is rich in essential omega-3 fatty acids (e.g., α-linolenic acid), was
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associated with reduced risks of coronary heart disease and inflammatory diseases [282,283].
Supplementation of the human diet with C. sativa oil can also reduce serum cholesterol in
hypercholesterolemic subjects [179]. In addition, the oil contains high nutritional value due
to the presence of tocopherols, phytosterols, and carotenoids [284,285].

Leaves of C. sativa contain flavonols such as quercetin [286]. Methanolic and ethanolic
extracts of C. sativa seeds show significant antibacterial and antifungal activities and
potential as natural preservatives [287]. Additional therapeutic properties are associated
with phenolic compounds in C. sativa seeds and oil, such as chlorogenic, caffeic, sinapinic,
and phytic acids [288]. However, as mentioned earlier, C. sativa seeds contain glucosinolates,
which have antinutritive properties [201].

The ethanolic and methanolic extracts of defatted C. sativa seeds were shown to reverse
short-term memory impairment and reduce anxiety and depression-like behaviors in a
Swiss mouse model for irritable bowel syndrome exposed to various stress tests [289].
Furthermore, these extracts decreased superoxide dismutase, but increased glutathione
peroxidase activity in brain and bowel tissues as well as potentially increasing lipid peroxi-
dation in the bowel. The authors concluded that seed extracts could improve performance
and mood while exhibiting antioxidant capacity in both brain and bowel tissues [289]. In
a related study, the administration of cold-pressed C. sativa oil was shown to ameliorate
impairment of short-term memory, anxiety, and depression in a Swiss mouse zymosan-
induced model for irritable bowel syndrome exposed to various stress tests [290]. Further-
more, C. sativa oil treatment resulted in increases in superoxide dismutase and glutathione
peroxidase activity in brain and bowel tissues, resulting in decreased malondialdehyde
levels, a lipid peroxidation marker, in these tissues [290].

9. Strategic Innovations for Climate-Resilient C. sativa

The hotter and drier conditions brought about by climate change will require novel
strategies for improving the heat and drought durability of C. sativa in the future. Re-
cent research suggests that C. sativa is able to maintain a higher shoot/root ratio under
water-deficit stress and is more drought tolerant than Canola (B. napus) [291]. Comparisons
of C. sativa and Canola under deficit irrigation regimes suggest that C. sativa performed
better and gave higher seed yields than Canola under field conditions [292]. To assess the
relative tolerance to water-deficit and salinity stress, screening assays of different genotypes
at germination were developed. Such germination screens suggested that seedlings of
C. sativa cv. Calena exhibited germination up to 150 mM NaCl and thus might be suit-
able for cultivation in saline soils [293], but additional research is required to confirm this
suggestion. Comparison of two different genotypes of C. sativa showed that increased
water-deficit stress tolerance was associated with differences in stomatal conductance
and increased accumulation of osmoprotectants such as proline, sugars, amino acids, and
soluble proteins [294]. Screening of winter and spring genotypes revealed differences in
germination under artificial osmotic stress imposed by different concentrations of polyethy-
lene glycol (PEG) [295]. Application of sodium selenite (Na2SeO3) via seed priming or
foliar application was shown to increase drought tolerance in C. sativa (and Canola) via the
accumulation of osmoprotectants and antioxidants, and to improve crop yields [296,297].
Fertilization of C. sativa with thiourea at the seed filling stage improved heat tolerance [298].
While such selection or treatment efforts carry a certain degree of practical utility, more
direct advanced breeding and biotechnological innovations will be needed to dramatically
improve the yield potential and climate resiliency of C. sativa.

9.1. Molecular Breeding Approaches

Characterizing the genetic diversity and population structure of available genotypes
is often the first step towards developing breeding programs for improving key traits such
as yield potential, oil content, resistance to biotic and abiotic stresses, and adaptability
to diverse environments. Sequencing complete allohexaploid C. sativa transcriptomes
and genomes was a key first step for advanced molecular breeding efforts [34,53,299,300].
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Such information is critically important for future gene identification using genomic selec-
tion, marker-assisted selection, and genome-wide associations studies (GWAS) to guide
future C. sativa breeding programs. For example, a recombinant inbred population from
two C. sativa accessions (Suneson and Pryzeth) with contrasting traits, especially seed size
and oil content, was developed and used to assess phenotypic differences under two envi-
ronmental conditions (dryland and irrigated) [301]. Using 189 lines from this population, a
genetic map was created containing 2376 single nucleotide polymorphisms (SNPs) to iden-
tify quantitative trait loci (QTLs) associated with oil content, seed size, pod size, and seed
number per pod as a first step towards isolating genes that control for seed development
and oil accumulation [301]. In another example, a total of 213 spring C. sativa accessions
were collected and genotyped to assess the genetic diversity available for future breeding
efforts [302]. A total of 6192 SNPs were identified using genotyping-by-sequencing tech-
nology and used to reveal two distinct populations of C. sativa arising from Germany and
eastern Europe [302].

Various screening efforts for wildtype and mutagenized C. sativa were used to identify
lines with desirable traits of interest. For example, analysis of C. sativa seedlings from
10 different cultivars using germination screens under a gradient of NaCl conditions
found that 100 mM NaCl was optimal for differentiating the phenotypic performances
of seedlings [303]. Screening of a spring panel of 211 C. sativa accessions followed by
GWAS revealed a total of 17 significant trait-associated SNPs for germination rates and
dry weight with potential roles in root development through mediation of phosphate
metabolism, signaling, and cell membrane activities [303]. In addition, mutational breeding
using gamma-ray irradiation was successfully used to alter the fatty acid profile in C. sativa,
resulting in the identification of M2 mutants with increased α linolenic acid content or
decreased erucic acid content [304]. Screening of ethyl methanesulfonate (EMS) mutant
populations resulted in the isolation of a C. sativa mutant with reduced seed coat mucilage,
which could potentially improve the flow characteristics of the oil and reduce the washing
requirements of the resultant biodiesel [305].

9.2. Improving Productivity Using Rhizosphere Microbes

In order to reduce reliance on fossil fuel-based fertilizers, interest into the use of plant
growth-promoting rhizobacteria has increased in recent years. Early research indicated
that the presence of nitrogen-fixing bacteria was necessary to stimulate root growth in flax
(Linum usitatissimum L.) through aqueous washing of C. sativa leaves [306]. More recently,
inoculation of C. sativa with a consortium of rhizosphere soil bacteria containing Bacillus
species resulted in approximately a threefold increase in seed yield [307]. Similar enhance-
ment in C. sativa winter hardiness and seed productivity were observed when C. sativa
seeds were inoculated with nodule bacteria from crimson clover (Trifolium incarnatum L.)
roots before sowing [308].

9.3. Improving Quality Traits

To complement molecular breeding and rhizosphere manipulation approaches, ad-
vances in the genetic transformation of C. sativa were developed [9,10,12,13]. The stable in-
troduction of genes into C. sativa was used to modify or improve a wide range of agronomic
traits with a focus on the manipulation of seed oil yield potential and characteristics [11].
For example, C. sativa was genetically modified using a set of heterologous genes to express
eicosapentaenoate (EPA; 20:5 n-3) and docosahexaenoate (DHA; 22:6 n-3) as a replacement
for fish oil [249]. Improving the oil content and seed yield in C. sativa by co-expressing
A. thaliana diacylglycerol acyltransferase 1 (DGAT1) and yeast cytosolic glycerol-3 phos-
phate dehydrogenase (GPD1) genes under the control of seed-specific promoters resulted
in up to 13% higher seed oil content and up to 52% higher seed mass compared with
wild-type plants [309].
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9.4. Improving Stress Tolerance Traits

Soil amendments containing PGPR (Pseudomonas migulae 8R6) that produce 1-amino
cyclopropane-1-carboxylate deaminase (ACC deaminase) increased seed production in
C. sativa by 30–50% under salinity stress by reducing stress ethylene [310]. Furthermore,
plants expressing the bacterial version of the ACC deaminase (acdS) gene showed higher
seed production, better seed quality, and higher levels of seed oil production under salinity
stress than control lines [310]. The observed improvements in salinity tolerance were at-
tributed to changes in the gene expression of multiple plant signaling pathway components
and the modulation of genes involved in the production of reactive oxygen species (ROS)
scavenging and signaling [311].

Many engineering strategies targeting improvement of abiotic stress tolerance begin
with the characterization of stress-responsive genes. For C. sativa, stress-responsive gene
discovery was performed by subjecting 15-day-old plants to 3 or 17 days of water-deficit
stress and rehydration recovery for 3 days to identify hundreds of differentially expressed
genes in diverse metabolic and signaling pathways based upon their relative, steady-
state transcript abundance patterns [312]. Gene expression changes in C. sativa roots
and vegetative tissues in response to salinity stress revealed hundreds of changes in
relative, steady-state transcript abundance, the relative proportion of which could be
assigned to each of the three C. sativa subgenomes [313]. Ectopic overexpression of a MYB96
transcription factor from A. thaliana in C. sativa resulted in improved water-deficit stress
tolerance, due to the activation of genes involved in epicuticular wax biosynthesis [314].
Similarly, the ectopic overexpression of the CsMYB96A gene resulted in increased water-
deficit stress tolerance due to the increased expression of epicuticular wax biosynthetic
genes [315]. Such an approach might be useful for growing C. sativa on semi-arid and arid
lands; however, field trials would be necessary to assess the efficacy of these modifications.

9.5. Genome-Editing Approaches

To complement molecular breeding approaches, advances in genetic transforma-
tion and genome editing using clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein (CRISPR/Cas) are used to improve the oil contents
and fatty acid profiles in oilseed crops, including C. sativa [316–318]. An early demon-
stration of this technology in C. sativa was the simultaneous mutation of the diacylglyc-
erol acyltransferase (DGAT1) and phospholipid:diacylglycerol acyltransferase (PDAT1)
genes, which resulted in decreased oil content and altered fatty acid composition [319].
CRISPR/Cas9 disruption of all three homoeologous fatty acid desaturase 2 (FAD2) genes
in C. sativa resulted in a substantial increase in oleic acid content (15% to >50%) with
associated decreases in linoleic (~16% to <4%) and α-linolenic acid (~35% to <10%) content
in C. sativa seeds [16]. In a related study, disruption of all three pairs of FAD2 homeologs
in C. sativa resulted in an 80% enhancement in MUFA content in seeds, but this resulted
in severely stunted plants [319]. However, if only two homeologous gene pairs were
knocked out, up to a 60% increase in seed MUFAs was obtained and the plants showed
normal phenotypes [319]. This alteration in the fatty acid profile resulted in a healthier
oil profile while also improving the oxidative stability of the oil, which improves its util-
ity for biodiesel production [16]. A related study used CRISPR/Cas9 to knock out all
three FAD2 homeologs in the allohexaploid C. sativa, resulting in increased accumulation
of oleic acid in the seed oil [15]. CRISPR/Cas9-mediated knockout mutagenesis of all three
fatty acid elongase 1 (FAE1) genes reduced the total content of C20-C24 very long-chain
fatty acids (VLCFAs), which normally constitute 22% of fatty acids in wild-type plants, to
less than 2% of total fatty acids, with a corresponding increase in desirable C18 unsaturated
fatty acids for dietary or fuel uses [14]. CRISPR/Cas9 gene editing was also used to disrupt
the three homeologous genes encoding CRUCIFERIN C, which resulted in an alteration
in the relative abundance of other cruciferin isoforms, but did not alter total seed protein
content [320]. However, the overall amino acid composition of the seed was altered along
with an increase in the relative abundance of all saturated fatty acids. Other attractive
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targets of genome editing to improve production traits include strategies to reduce silicle
shattering and to prevent uneven seed maturation.

10. Conclusions and Future Directions

C. sativa is a highly attractive oilseed due to its low input requirements and costs and
adaptability to diverse environments and soil conditions, including abandoned, marginal-
ized, and semi-arid and arid regions. While genetic engineering and genome-editing ap-
proaches have yielded great improvements in its oil content and fatty acid profiles, C. sativa
can also be outcrossed with related species [103], raising the possibility of targeted breeding
programs to improve its yield and trait diversity. Improvements in agronomic management
and commercial investments are also needed to reduce production costs and inputs and
improve its overall seed yield and seed oil content relative to competing oilseeds [1,258]. In
addition, improved valorization of the C. sativa value chain, from seed processing, oil ex-
traction and refinement methods [321] to its co-products and lignocellulosic crop residues,
is needed to better understand its integrated economic value [322] within the framework of
the biorefinery concept and the bio-based economy for C. sativa [270,323]. More detailed
examination of phenotypes is also necessary to discover natural variation in quality traits,
such as the low erucic acid content of its oil [161], and production traits, such as improved
heat and drought tolerance [324]. Lastly, increasing market demands for bio-based prod-
ucts for the renewable fuels market and improvements in value-chain cost efficiencies will
likely increase future demands for this versatile crop, with great potential for agricultural
production systems of the future that will increasingly rely on more climate-resilient crops
such as C. sativa.
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Abstract: Xanthomonas euvesicatoria pv. rosa strain Xer07 causes a leaf spot on a Rosa sp. and is closely
related to X. euvesicatoria pv. euvesicatoria (Xee) and X. perforans (Xp), causal agents of bacterial spot of
tomato. However, Xer07 is not pathogenic on tomato and elicits a hypersensitive reaction (HR). We
compared the genomes of the three bacterial species to identify the factors that limit Xer07 on tomato.
Comparison of pathogenicity associated factors including the type III secretion systems identified
two genes, xopA and xer3856, in Xer07 that have lower sequence homology in tomato pathogens.
xer3856 is a homolog of genes in X. citri (xac3856) and X. fuscans pv. aurantifolii, both of which have
been reported to elicit HRs in tomato. When xer3856 was expressed in X. perforans and infiltrated in
tomato leaflets, the transconjugant elicited an HR and significantly reduced bacterial populations
compared to the wildtype X. perforans strain. When xer3856 was mutated in Xer07, the mutant strain
still triggered an HR in tomato leaflets. The second gene identified codes for type III secreted effector
XopA, which contains a harpin domain that is distinct from the xopA homologs in Xee and Xp. The
Xer07-xopA, when expressed in X. perforans, did not elicit an HR in tomato leaflets, but significantly
reduced bacterial populations. This indicates that xopA and xer3856 genes in combination with an
additional factor(s) limit Xer07 in tomato.

Keywords: Xanthomonas euvesicatoria; host associate factor; comparative genomics

1. Introduction

Florida is the leading producer of shrub roses in the U.S. [1]. A bacterial spot disease
on rose (Rosa sp.) was reported in southern states including Florida and Texas in which
Xanthomonas strains were isolated and shown to be pathogenic [2]. Multilocus sequence
analysis and 16S rRNA sequences along with fatty acid profiles suggested that these rose
pathogenic strains were highly similar to X. alfalfae subsp. citrumelonis. In a later study,
Barak et al. [3] compared the whole genome sequence of GEV-Rose-07, one of the rose
pathogenic strains, with other closely related Xanthomonas strains. Based on whole genome
sequence analysis, GEV-Rose-07 was closely related to the taxonomic group Rademaker 9.2,
which includes X. euvesicatoria (Xe) 85-10, X. perforans (Xp) 91-118, X. euvesicatoria pv. allii
(Xea) CFBP 6369, X. alfalfae subsp. citrumelonis (Xac) F1, and X. dieffenbachiae (Xd) LMG
12,749 [4]. With pairwise average nucleotide identity values >97% with X. euvesicatoria,
GEV-Rose-07 was designated as a pathovar of X. euvesicatoria; X. euvesicatoria pv. rosa
(Xer) [3].

Plants 2022, 11, 796. https://doi.org/10.3390/plants11060796 https://www.mdpi.com/journal/plants
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Host range can tremendously vary among strains within a species due to variation in
pathogenicity associated genes. Although taxonomically classified as X. euvesicatoria pv. rosa
and closely related to X. perforans and X. euvesicatoria that cause bacterial spot disease on
tomato and pepper, strain GEV-Rose-07, henceforth referred to as Xer07, is not pathogenic
on either pepper or tomato, showing only minor chlorosis or HR-like symptoms at the
inoculation site [2]. Due to its close relationship to strains infecting other hosts, identifying
pathogenicity associated factors of strain Xer07 may improve understanding of the key
factors influencing the host-pathogen interactions in this group of Xanthomonas and risk of
host range expansion.

Host specificity, to a large extent, is dictated by delivery of type III secreted effectors
(T3SEs) via the type III secretion system (T3SS) into host cells. T3SEs influence host-
pathogen interactions by manipulating cellular activities [5]. In some cases, host plants
carry resistance genes that recognize corresponding T3SEs (avirulence genes) and this
interaction results in hypersensitive response (HR), characterized by rapid cell death
to prevent bacterial spread [6,7]. For example, X. perforans and X. euvesicatoria contain
effectors which limit their host range to tomato and/or pepper [8–10]. X. perforans, which
does not infect Nicotiana benthamiana, contains two effectors, AvrBsT and XopQ, that
when mutated allowed for host range expansion to Nicotiana benthamiana [10]. Barak
et al. [3] computationally analyzed Xer07 for the presence, absence, or variation in effectors
compared to Xp and Xe to identify potential host-limiting factor(s) in Xer07 and observed
a stepwise erosion of T3SE genes in X. euvesicatoria, relative to the common ancestor of
the group. However, they did not identify any obvious factors that would limit Xer07
pathogenicity in tomato and pepper.

In addition to T3SEs, other pathogenicity-associated factors in xanthomonads include
genes encoding cell wall degrading enzymes such as endoxylanases, endoglucanases and
pectate lyases [5,11]. Members of the glycosyl hydrolase (GH) family, XynA and XynB,
were implicated in the reduction of virulence [12,13], and XynC also has been reported
to contribute to bacterial virulence [14]. Likewise, Steffens et al. [15], determined that
the lipopolysaccharide (LPS) synthesis clusters found in a Xanthomonas translucens pv.
translucens elicted a stress response and were involved in pathogen signaling.

In the study by Barak et al. [3], analysis of T3SEs in several strains including the Xer07
strain that were placed in X. euvesicatoria did not identify any obvious factors that would
limit Xer07 in tomato and pepper. Therefore, further comparative genomics are necessary
to identify potential factor(s) in Xer07 that limit it from being pathogenic in tomato and
pepper. The aim of this study was to identify host limiting factors in Xer07 that prevent
disease on tomato, despite Xer07 being closely related to tomato pathogens X. perforans and
X. euvesicatoria. We identified two genes in Xer07 that, when expressed in Xp, successfully
limited the ability of the bacterium to grow in tomato. Our results support a model in
which host-specificity in Xanthomonas involves a complex interplay of multiple factors.

2. Results

2.1. Whole-Genome Sequence Similarity

The Xer07 genome was compared with 6 Xanthomonas species or pathovars available
from the NCBI sequence database: X. perforans (36 straiens), X. euvesicatoria (37 strains),
X. gardneri (13 strains), X. alfalfae (1 strain), X. axonopodis (1 strain) and X. vesicatoria (7 strains)
(Supplementary Table S1). Whole-genome sequence information of Xer07 along with some
of the reference strains are listed in Table 1. Pairwise ANI comparisons based on Nucmer
(Supplementary Table S1) showed Xer07 shared overall higher sequence similarities with
strains of X. perforans (>99% sequence identity) and X. euvesicatoria (ANI between 98.7–99%).
Following the study by Barak et al. [3], we further compared the pairwise ANI and in-silico
DDH values within members of the Rademaker group 9.2 [2]. Both ANI and isDDH yielded
consistent results in which Xer07 had slightly higher similarity values with X. perforans
compared to X. euvesicatoria strains (Supplementary Table S1).
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Table 1. Whole-genome sequence information of Xer 07 along with reference strains.

Strain Host Name
GenBank

Accession No.

Total
Sequence

Length (bp)

GC
Content

(%)

Gene
Count

X. euvesicatoria pv.
rosa GEV-Rose-07 Rosa sp. GCA_001855615.1 4,970,862 64.87 4510

X. euvesicatoria pv.
allii CFBP 6369

Allium cepa
(onion) GCA_000730305.1 5,427,242 64.35 4696

X. alfalfae subsp.
citrumelonis F1

Rutaceae citrus
(citrus) GCA_000225915.1 4,967,469 64.92 4188

X. euvesicatoria
LMG 12749 Philodendron GCA_001401675.2 4,886,158 64.91 4388

X. perforans 91-118 S. lycopersicum
(tomato) GCA_000192045.3 4,898,349 65.04 4186

X. euvesicatoria
85-10

C. annuum
(pepper) GCA_000009165.1 5,420,152 64.56 4707

X. gardneri ATCC
19865 Tomato GCA_000192065.2 5,528,124 63.68 5424

X. vesicatoria ATCC
35937 Tomato GCA_000192025.2 5,531,089 64.07 5117

2.2. Type III Secreted Effectors Repertoires

We identified 26 putative type III secreted effectors in the genome of Xer07 based on
sequence homology with effectors found in other closely related xanthomonads (Table 2).
Xer07 effector sequences were compared with representative strains of the closely related
species Xanthomonas euvesicatoria pv. allii (Xea) CFBP 6369, X. alfalfae subsp. citrumelonis
(Xac) F1, X. perforans (Xp) 91-118, and X. euvesicatoria (Xe) 85-10 (Table 2). Among the
26 effectors identified in Xer07, 22 of these effectors were present in all of the reference
strains. Effector XopAE present in Xer07 was absent in Xe 85-10; XopAF was absent in Xe
85-10 and Xac F1; XopE2 was found in Xer07 and Xe 85-10; and XopAJ was found in Xer07,
Xe85-10, and Xac F1. Effectors found in multiple strains had high sequence homology, with
overall amino acid identity above 95% except for XopA.

We further examined XopA due to its +divergence from homologs in related strains.
XopA in Xer07 is significantly different from Xp 91-118 (51%) and Xe 85-10 (50%) but
identical to the XopA effector from Xac F1 and Xea CFBP6369. We aligned the amino
acid sequence of XopA from additional representative genomes including pathogenic
pepper strains Xe 85-10 and Xp 2010, pathogenic tomato strains Xp 91-118, Xp 17-12, Xp
GEV904, and Xp GEV839, and other strains including Xe LMG12749, Xea CFBP6369, Xac
F1, and Xooc RS105. The xopA gene in Xer07 contains a distinct glutamine and glycine
repeat region unlike Xe 85-10 and Xp 91-118 (Figure 1A) similar to the motif found in the
harpin, HpaG [16,17]. Previous sequence comparisons of the HpaG and Hpa1 amino acid
sequences from X. oryzae pv. oryzicola and X. oryzae pv. oryzae, respectively [18], identified
two distinct domains that are conserved in many harpin-like proteins within Xanthomonas.
The first region was required to prevent aggregation of the expressed proteins into inclusion
bodies when the genes are expressed in E. coli, as deletion of the twelve amino acids
(QGISEKQLDQLL) resulted in expression of insoluble proteins as inclusion bodies. The
second region had no effect on inclusion body formation or elicitation of a hypersensitive
response in tobacco leaves. Multiple sequence alignment of the amino acid sequences of
XopA from Xp 91-118 and Xe07 with the amino acid sequences of HpaG and Hpa1 from
X. oryzae pv. oryzicola and X. oryzae pv. oryzae (Figure 1B) show that all four proteins have
the two domains, with 100% amino acid identity shared between all four proteins in region
1 and an 88.5% amino acid identity shared between all four species in the second domain.
The presence of these canonical Xanthomonas harpin domains suggests that some other
factor may be responsible for the difference in hypersensitive response in tomato observed
between Xp 91-118 and Xer07.
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Table 2. Putative type III secreted effectors in the genome of Xer07 and other xanthomonads including
X. euvesicatoria 85-10, X. perforans 91-118, X. alfalfa subsp. citrumelonis F1 and X. euvesicatoria pv. allii
CFBP6369 based on sequence homology.

Effectors Synonyms Xer07 Xe 85-10 Xp 91-118 Xac F1 Xea CFBP6369

AvrBs2 + 1 704/714 (99%) 2 708/714 (99%) 708/714 (99%) 710/714 (99%)
XopE1 avrXacE1 + 397/400 (99%) 394/400 (99%) 393/400 (98%) 396/400 (99%)
HpaA + 273/275 (99%) 272/275 (99%) 272/275 (99%) 271/275 (99%)
XopA Hpa1 + 69/133 (52%) 68/133 (51%) 132/132 (100%) 132/132 (100%)

XopAD + 510/530 (96%) 530/530 (100%) 463/531 (87%) 461/530 (87%)
XopAE HpaF/G + − 3 644/650 (99%) 632/650 (97%) 643/650 (99%)
XopAP + 417/423 (99%) 417/423 (99%) 424/427 (99%) 419/423 (99%)
XopAU + 515/517 (99%) 513/517 (99%) 511/517 (99%) 513/517 (99%)
XopAW + 216/221 (98%) 221/221 (100%) 220/221 (99%) 221/221 (100%)

XopC2 + 206/206 (100%)
&196/200 (98%) 4 432/437 (99%) 432/437 (99%) 434/437 (99%)

XopF1 Hpa4 + 664/670 (99%) 661/672 (98%) 668/670 (99%) 666/670 (99%)
XopF2 + 653/667 (98%) 662/667 (99%) 660/667 (99%) 639/647 (99%)
XopK + 630/634 (99%) 634/634 (100%) 614/634 (97%) 614/635 (97%)
XopL + 634/661 (96%) 641/661 (97%) 633/661 (96%) 639/661 (97%)
XopN + 718/733 (98%) 731/733 (99%) 724/733 (99%) 728/733 (99%)
XopQ + 460/464 (99%) 460/464 (99%) 459/464 (99%) 456/464 (98%)
XopR + 399/404 (99%) 400/404 (99%) 401/404 (99%) 399/404 (99%)
XopS + 298/308 (97%) 301/308 (98%) 295/307 (96%) 302/307 (98%)
XopV + 338/346 (98%) 339/346 (98%) 341/346 (98%) 342/346 (99%)
XopX + 688/721 (95%) 683/714 (96%) 680/714 (95%) 683/721 (95%)
XopZ + 1376/1388 (99%) 1369/1388 (99%) 1372/1388 (99%) 1377/1388 (99%)
XopP + 567/577 (98%)

+50/51 (98%) 622/627 (99%) 617/627 (98%) 629/641 (98%)
XopAF avrXv3 + − 217/218 (99%) − 217/218 (99%)
XopI + 443/450 (98%) 443/450 (98%) 444/450 (99%) 443/450 (98%)

XopE2 avrXacE3
/avrXccE1 + 352/358 (98%) − − −

XopAJ avrRxo1 + 412/421 (98%) − 320/324 (99%) −
1 Symbol “+” indicates presence of type III effector in Xer07; 2 Type III effector nucleotide sequence identity of
each isolate when compared to Xer07; 3 Symbol “−“ indicates the absence of type III effector in respective isolates;
4 Symbol “&” indicates the type III effector distributed in two different contigs.

 

Xer07  1    MMNSL-NTQIGANSSFLQV-DPSQNSQPGSNQ---GNQGISEKQLDQLLTQLIMALLQQSNNAD  59
Xac F1 1    MMNSL-NTQIGANSSFLQV-DPSQNSQPGSNQ---GNQGISEKQLDQLLTQLIMALLQQSNNAD  59
CFBP6369 1    MMNSL-NTQIGANSSFLQV-DPSQNSQPGSNQ---GNQGISEKQLDQLLTQLIMALLQQSNNAD  59
LMG12749 1    MSNPFVTTSFNPNAPHMIVADPSQNTQAGPNQ---GNQGVSEQQLDQLLTQLIMALLQQSNNAE  61
Xe85-10 1    MINSLNTSHLGVDSSFMQV-NPDQFQKFDSNQ---SNQGISEKQLDQLLTQFIFSMLLQDDNAD  60
Xp91-118 1    MINSLNTSLLGVDSSFIQV-NPDQFQKFDSNQ---CNQGISEKQLDQLLTQFIFSMLLQDDNAD  60
Gev839 1    MINSLNTSLLGVDSSFIQV-NPDQFQKFDSNQ---CNQGISEKQLDQLLTQFIFSMLLQDDNAD  60
GEV904 1    MINSLNTSLLGVDSSFIQV-NPDQFQKFDSNQ---CNQGISEKQLDQLLTQFIFSMLLQDDNAD  60
Xp17-12 1    MINSLNTSLLGVDSSFIQV-NPDQFQKFDSNQ---CNQGISEKQLDQLLTQFIFSMLLQDDNAD  60
Xp2010 1    MINSLNTSLLGVDSSFIQV-NPDQFQKFDSNQ---CNQGISEKQLDQLLTQFIFSMLLQDDNAD  60
RS105  1    -MNSL-NTQFGGSASNFQV-DQSQNAQSDSSQGSNGSQGISEKQLDQLLCQLIQALLQPNKNAE  61

Xer07  60   --QGQGQGGDSG-GQGGNSQQAGQPNGSPSPYTQMLMNIVGDILQSQNGGGFGGG ---FGGGFG  117
Xac F1 60   --QGQGQGGDSG-GQGGNSQQAGQPNGSPSPYTQMLMNIVGDILQSQNGGGFGGG ---FGGGFG  117
CFBP6369 60   --QGQGQGGDSG-GQGGNSQQAGQPNGSPSPYTQMLMNIVGDILQSQNGGGFGGG ---FGGGFG  117
LMG12749 62   EGQGQGQGGTSGNGQGGNPQQAGQSNGSPSPYTQMLMNIVGDILQAQNGGGFGGG ---FGGGFG  122
Xe85-10 61   -----------------DSPNSDKPTDFPSPRTQMLMNVIGDILQAKNGGRLGGL---SDGGLN  104
Xp91-118 61   -----------------DCPNSDKPTDFPSPRTQMLMNIIGDILQAKNGGRLGGL---SDGWLN  104
Gev839 61   -----------------DCPNSDKPTDFPSPRTQMLMNIIGDILQAKNGGRLGGL---SDGWLN  104
GEV904 61   -----------------DCPNSDKPTDFPSPRTQMLMNIIGDILQAKNGGRLGGL---SDGWLN  104
Xp17-12 61   -----------------DCPNSDKPTDFPSPRTQMLMNIIGDILQAKNGGRLGGL---SDGWLN  104
Xp2010 61   -----------------DCPNSDKPTDFPSPRTQMLMNIIGDILQAKNGGRLGGL---SDGWLN  104
RS105  62   EGKGQ-QGGENGGGQGGN-QQAGK-ENGASPLTQMLMNIVGEILQAQNGGGAGGAGGSSGGDFG  122

Xer07  118  GGLGTSLASDTGSMQ  132
Xac F1 118  GGLGTSLASDTGSMQ  132
CFBP6369 118  GGLGTSLASDTGSMQ  132
LMG12749 123  GGLGTSLASDTGSMQ  137
Xe85-10 105  TSL--SLSGDTASMQ  117
Xp91-118 105  TSL--SLSGDTASMQ  117
Gev839 105  TSL--SLSGDTASMQ  117
GEV904 105  TSL--SLSGDTASMQ  117
Xp17-12 105  TSL--SLSGDTASMQ  117
Xp2010 105  TSL--SLSGDTASMQ  117
RS105  123  GSFASSFSNDSGSMQ  137

Xer07  1    MGRVMPCAATPRIPKHKETTPMKNRNRTSLLAATAALAAALALPAMAQSTSQDAAAQSGS  60
Xac F1 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATAALAAALALPAMAQSTSQDAAAQSGS  60
CFPB6369 1    ---------------------MKNRNRTSLLAATAALAAALALPAMAQSTSQDAAAQSGS  49
LMG12749 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATAALAAALALPAMAQSTSQDAAAQSGS  60
Xe85-10 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATTALAAALALPAMAQSTSQDAAAQSGS  60
Xp91-118 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATTALAAALALPAMAQSTSQDAAAQSGS  60
GEV839 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATTALAAALALPAMAQSTSQDAAAQSGS  60
GEV904 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATTALAAALALPAMAQSTSQDAAAQSGS  60
Xp17-12 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATTALAAALALPAMAQSTSQDAAAQSGS  60
Xp2010 1    MGRVVPCAATPRIPKHKETTPMKNRNRTSLLAATTALAAALALPAMAQSTSQDAAAQSGS  60
RS105 1    -----MCGNTAH-SQAKEISLMKNRNCTSLLAATVALAAALALPAMAQSTSHDAAAHSGS  54

Xer07  61   SATSAQSSGASSGGGQTWASVDTDSDGAISKQEAQVNAGLAQIFDQADGNTDGKLTPDEY  120
Xac F1 61   SATSAQSSGASSGGGQTWASVDTDSDGAISKQEAQVNAGLAQIFDQADGNTDGKLTPDEY  120
CFPB6369 50   SATSAQSSGASSGGGQTWASVDTDSDGAISKQEAQVNAGLAQIFDQADGNTDGKLTPDEY  99
LMG12749 61   SATSAQSSGASSGGGQTWASVDTDSDGAISKQEAQVNAGLAQIFDQADGNTDGKLTPDEY  120
Xe85-10 61   SATSAQSSGASSGGG  75
Xp91-118 61   SATSAQSSGASSGGG  75
GEV839 61   SATSAQSSGASSGGG  75
GEV904 61   SATSAQSSGASSGGG  75
Xp17-12 61   SATSAQSSGASSGGG  75
Xp2010 61   SATSAQSSGASSGGG  75
RS105 55   SATSAQ-----SGGGQTWASVDTDSDGAISKQEAQVNAGLAQIFDQADGNADGKLTSDEY  109

Xer07  121  KAFVAKQQGGG-ATGSQGN  138
Xac F1 121  KAFVAKQQGGG-ATGSQGN  138
CFPB6369 100  KAFVAKQQGGG-ATGSQGN  117
LMG12749 121  KAFVAKQQGGG-ATGSQGN  138
RS105 110  KAFVAKEQGGGAASGSQGN  128

A B

Figure 1. Comparison of XopA and Xer3856 amino acid sequences in Xer07 with sequences in
other xanthomonads including X. alfalfae subsp. citrumelonis F1, X. euvesicatoria pv. allii CFBP6369,
X. euvesicatoria 85-10, X. perforans 91-118 and X. perforans GEV904, X. perforans Xp17-12, X. perforans
GEV839, X. perforans Xp2010, X. euvesicatoria LMG12749, X. oryzae pv. oryzicola RS105. (A) xopA gene
missing distinct harpin motif (depicted by dashes) in X. euvesicatoria (85-10) and X. perforans (91-118)
but present in X. euvesicatoria (Xer07). (B) xer3856 gene found in Xer 07.
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We determined that 16 effectors were absent in Xer07 but present in either Xe or Xp
(Table 2). AvrBs1, AvrRxv, XopAA, HolPsyAE, XopAV, XopAX, XopB, XopC, XopG, XopH,
and XopO were found in Xe 85-10, while XopAK, XopJ4 and an ortholog of XopX were
present in strain Xp 91-118. Sequence length of XopAK varied within all of the strains that
were compared to Xer07, missing a significant coding region with only 142 amino acids out
of 485, suggesting that the gene may be non-functional in Xer07. Interestingly, the same
copy of this gene in addition to the XopAK effector was found in strain Xp 91-118. XopD, a
SUMO protease effector [19], that is present in both Xp 91-118 and Xe 85-10 is also absent in
Xer07 (Table 2).

2.3. xer3856 as Host-Limiting Candidate

A homolog of Xac3856 in X. citri and a homolog in X. fuscans pv. aurantifolii (Xfa) desig-
nated Xfa3856 were identified in Xer07 and designated as Xer3856 (Figure 1B,
Supplementary Figure S1). This was considered a potential host-limiting factor, since
the Xfa3856 was shown to induce a hypersensitive response in tomato independent of
type III secretion system, whereas homologs present in tomato strains do not elicit an
HR [20]. Homologs of xac3856 and xfa3856 were found to be present in all strains used
in this study. However, the sequences varied significantly in length (Figure 1B). Strains
infecting pepper (Xe 85-10, Xp 2010) and tomato (Xp 91-118, Xp GEV904, Xp 17-12, Xp
GEV839) were missing 63 amino acids compared to Xer07-xer3856. Rather interestingly, the
Xer07-xer3856 was over 99% identical to genes found in both Xac F1 from citrus and Xe
LMG12749 from Philodendron.

2.4. XopA and Xer3856 Are Host-Limiting Factors in Tomato

Given that comparative genomics indicated XopA and Xer3856 were potential can-
didates for limiting the ability of Xer07 to infect tomato, the two genes were cloned from
Xer07 and expressed in tomato strain Xp 91-118 to evaluate their role in limiting growth in
tomato. xopA and xer3856 clones were conjugated into tomato pathogenic strain Xp 91-118
via triparental mating to generate Xp 91-118::Xer07-xopA and Xp 91-118::Xer07-xer3856.
Bacterial suspensions of transconjugants adjusted to 108 CFU/mL were infiltrated into
the mesophyll of susceptible cultivar Bonny Best along with the wildtype Xp 91-118. Xp
91-118::Xer07-xer3856 induced a strong HR within 36 h post inoculation (Figure 2A) but
Xp 91-118::Xer07-xopA didn’t induce a visible HR (Figure 2B). Simultaneously, the strains
were also infiltrated at concentrations of 105 CFU/mL in tomato to determine bacterial
population over time. The results showed that the Xp 91-118::Xer07-xopA and the Xp
91-118::xer3856 populations were significantly lower than those in the wildtype Xp 91-118
strain (Figure 2C,D).

In order to determine if inactivation of xer3856 eliminates an HR when Xer07 is
infiltrated in tomato, the gene was mutated using pCR2.1TOPO-vector from Xer07 to
generate the insertion mutant Xer07 Ωxer3856 (Table 3). Both Xer07 and Xer07 Ωxer3856
induced an HR in tomato (Figure 3A). Furthermore, the Xer07 Ωxer3856, Xer07 and Xp
91-118::pUFR strains were infiltrated into leaflets of Bonny Best tomato cultivar to quantify
bacterial populations. Xp 91-118 populations were ~2 log CFU/mL higher than Xer07
Ωxer3856 and wildtype Xer07 over the sampling period following infiltration (Figure 3B).
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Figure 2. Hypersensitive reaction and population dynamics following infiltration of Bonny Best
tomato leaflets. Infiltration of suspensions of (A) Xp 91-118::Xer07-xer3856 and (B) Xp 91-118::Xer-xopA
in tomato at ~5 × 108 CFU/mL concentration. Note HR in leaflet infiltrated with Xp 91-118::xer3856
but not Xp 91-118::Xer-xopA (C) Bacterial populations of Xp 91-118::pUFR, wildtype Xer07, and Xp
91-118::xer-3856, and (D) Population of Xp 91-118::pUFR, wildtype Xer07, and Xp91-118::Xer-xopA
following infiltration with suspensions adjusted to ~105 CFU/mL at ~105 CFU/mL in tomato.

Figure 3. Hypersensitive reaction and population dynamics following infiltration of Bonny Best
tomato leaflets. (A) Hypersensitive reactions on tomato following infiltration with Xer07 Ωxer3856,
Xer07, and Xp 2010 (a pepper isolate susceptible on tomato) at concentration of ~5 × 108 CFU/mL.
HR was observed 24 h post inoculation with Xer07 Ωxer3856 and Xer07 no no significant damage
was observed in leaflet infiltrated with Xp 2010. (B) Population dynamics of Xer07 Ωxer3856, Xer07
and Xp 91-118::pUFR in tomato leaflets at various times after infiltration of bacterial suspension at
concentration of 105 CFU/mL. Populations were significantly lower for Xer07 Ωxer3856 and Xer07 in
comparison with Xp 91-118::pUFR. Vertical lines indicate standard error.
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Table 3. List of strains used in the study.

Strain Characteristics Source

Xer07 Xanthomonas strain isolated from Rose This study
Xp 91-118 X. perforans isolated from tomato This study
Xe 85-10 X. euvesicatoria isolated from pepper This study

E. coli DH5α Competent cell for hosting the plasmid Bethesda Research
Laboratories

Xer07Ωxer3856
(TOPO-xer3856) Xer07, xer3856 mutated using TOPO, KanR This study

Xp 91-118::xer3856
(pUFR034::xer3856) Xp 91-118 complemented with xer3856, KanR This study

Xp 91-118::xopA
(pUFR034::xopA)

Xp 91-118, complemented with xopA from
Xer 07, KanR This study

Plasmids

pCR2.1-TOPO TOPO plasmid, KanR Thermofisher

pCR2.1-TOPO-xer3856 PCR product of xer3856-int-F and
xer3856-int-R into pCR2.1-TOPO, KanR This study

pUFR034 Cloning vector, KanR

pUFR034-xer3856 PCR product of xer3856-out-F and
xer3856-out-R into pUFR034, KanR This study

pUFR034-xopA PCR product of xopA-F and xopA-R from
Xer07 into pUFR034, KanR This study

pGEM-T Easy Cloning vector, AmpR Promega
pGEM-T Easy-xer3856 xer3856 in pGEM-T for cloning, AmpR This study

pGEM-T Easy-xopA xopA from Xer07 in pGEM-T for cloning to
pUFR034-xopA, AmpR This study

2.5. Structure of XopA

XopA found in Xer07 carried an additional Glutamine and Glycine repeat region
different from the X. perforans and X. euvesicatoria strains that are pathogenic on tomato.
Four different protein structure prediction models from Phyre2, RaptorX, iTasser, and
trRosetta were used to evaluate the possible structural differences between the XopA
proteins found in Xer07 and X. perforans 91-118. The Phyre2 server could only model 6%
(8 amino acids) of the submitted sequence for the Xer07 XopA protein with 28% confidence
and 14% (16 amino acids) with 22% confidence of the Xp 91-118 XopA protein. The two other
homology modeling algorithms used, RaptorX and iTasser, varied widely in the models
returned for each protein, with each model of each protein having a completely different
predicted tertiary structure than the other model created for the same input sequence.
This is not surprising as harpin proteins vary widely in their amino acid sequence and
localization, either extracellularly or as an effector protein injected into the host cell via
the T3SS [18,21]. Superpositions of the models generated by RaptorX (Figure 4A) show
two alpha helices that are superposable, the first spanning amino acids 36-54 in Xp 91-118
(37-52 in Xer07), and the second spanning amino acids 37-52 in Xp 91-118 (88-103 in Xer07).
None of the remaining amino acids are superposable, in large part due to the fifteen amino
acid deletion in the Xp 91-118 XopA protein. In XopA from Xer07 and Xoo, an amino
acid sequence of QGQGGDSGGQGGNSQ is present (Figure 5), resulting in an extended
loop being formed between amino acids 59 and 86 (Figure 4B). Since the proteins from all
four organisms contain the two regions demonstrated to be necessary for function [18], we
hypothesize that this additional loop in the Xer07 XopA protein adopts an alpha-helical
secondary structure when in the presence of its cognate binding partner, much the same
as is seen in the X. oryzae pv. oryzae and X. oryzae pv. oryzicola homologs. The formation
of a complex between the Xer07 XopA protein and a plant protein may be the reason why
Xer07 XopA homolog is capable of eliciting a defense response in tomato, but Xp 91-118
XopA is not.
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Figure 4. (A) Superposition of the lowest energy homology models of XopA from X. perforans (91-
118) (Tan) and Xer07 (blue). The amino and carboxy-terminal residues of each protein are labelled.
(B) Superposition of the lowest energy de novo models of X. perforans (91-118) (Tan) and Xer07 (blue)
created by trRosetta.

 

Figure 5. Sequence alignment of the XopA genes from X. perforans 91-118, Xer 07, the HpaG gene
from X. oryzae pv. oryzicola and the Hpa1 gene from X. oryzae pv. oryzae. The two regions previously
shown to be conserved between the X. oryzae pathovars and that are found in X. perforans 91-118 and
Xer 07 are shown as is the deleted region (red box) in the X. perforans 91-118 sequence.

2.6. Comparative Genomics of Other Pathogenicity Associated Factors

We compared the genes for proteins secreted by the type II secretion system that are
conserved in Xanthomonas genus (Supplementary Tables S2 and S3). The arrangement
and content of genes encoding three xylanase genes (xyn10A, xyn10B and xyn10C) were
similar among Xer07, Xp 91-118, Xe 85-10, Xac F1, Xea CFBP 6369, and Xe LMG12749
(Supplementary Figure S2 and Supplementary Table S2). When comparing the genetic organi-
zation of the two type II secretion systems, xcs and xps gene clusters (Supplementary Figure S3)
of Xer07, Xcs- D, E, F, G and H shared homology to Xps proteins, whereas no homol-
ogy to XpsI, XpsJ, XpsK, XpsL, XpsM, and XpsN was identified. Meanwhile, gene clus-
ters encoding for diffusible signal factors (DSF) present in Xer07 were highly similar
to those in other strains except for Xg and Xv strains and ranged from 98.25 to 100%
(Supplementary Table S3); rpfH in Xer07 was 100% identical to Xea CFBP 6369 and Xac F1;
and rpfG in Xer07 also shared 100% similarity to Xea CFBP 6369.

Similarly, Xer07 contains two glycosyl transferase genes (wbdA1, wbdA2) in region 1 that
were present in Xe 85-10 strains but were different from Xg and Xv (Supplementary Figure S4).
Xer07 has a similar LPS gene cluster as Xe 85-10, Xg, and Xv strains but different from Xp
91-118 and Xe LMG 12749 strains (Supplementary Figure S4).
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3. Discussion

We compared genes involved in pathogenicity and host range in related xanthomonads
from pepper, tomato, and other host species to those in strain Xer07 from rose. Xer07 is
closely related to X. perforans based on ANI and in silico DDH, but causes an HR in tomato,
the primary host of X. perforans. We identified two host associated factors in X. euvesicatoria
pv. rosa that limited its ability to cause disease on tomato. Our results further confirmed
that Xanthomonas taxonomy is not driven by host range and showed that differences in
multiple specific pathogenicity factors among phylogenetically similar strains can alter
host specificity.

We identified two genes in Xer07 that contributed to limiting infection in tomato. The
first gene, xer3856, a homolog of genes in X. citri and X. fuscans pv. aurantifollii was identified
in Xer07. In two studies, xfa3856, when expressed in the tomato pathogen Xp 91-118 and
infiltrated in tomato leaves resulted in elicitation of an HR [20,22]. Xfa3856 homologs are
also present in X. euvesicatora and X. perforans with high sequence similarity, although the
latter two homologs encode for a truncated protein. Xfa3856 is predicted to have a putative
transmembrane helix and two EF-hand calcium binding motifs at the C-terminus [20].
When xer3856 was cloned and expressed in Xp 91-118, the transconjugant induced an HR
in tomato plants. However, the mutated version, Xer07 Ωxer3856, performed similarly as
wild-type Xer07, and still triggered HR in tomato. These results indicated that xer3856 from
Xer07 elicits a resistant reaction in tomato and is one of multiple host limiting factors for
Xer07 in tomatoes.

The type III secretion system is crucial for pathogenic Xanthomonas to colonize plants
and to translocate type III effectors to interfere with cellular functions. We identified
26 potential type III effectors/Xanthomonas outer proteins (Xops) present in Xer07. XopA is
the name designated for the Hpa1 protein that contains harpin-like protein and is secreted
through T3SS transfer [23]. Interestingly, XopA homologs were present in all Xanthomonas
strains in this study. XopA was found to be necessary for strain Xe 85-10 to grow in planta
and maintain full virulence [24]. Deletion of XopA delayed an HR and water-soaking
symptom and reduced bacterial growth in pepper leaves compared to wild-type Xe 85-10.
In this study, we observed that the xopA gene from strains pathogenic to different hosts
varied in sequence. Tomato and pepper pathogenic strains, including Xp 91-118, Xe 85-10,
Xp 17-12, Xp GEV904, Xp GEV839, and Xp 2010, shared only ~50% amino acid identity
in XopA with Xer07, Xac F1 and CFBP 6369. Similarity among species may be ancestral
(trans-specific variation) or the result of recombination event within or including the gene.
A study by [25], showed that HpaG (also referred as Hpa1) with the feature of harpins, was
able to elicit an HR in pepper but not in tomato plants, and Hpa1 from X. oryzae pv. oryzae
induced HR in tobacco plants. A recent study also confirmed that the expression of XopA
from X. oryzae pv. oryzicola RS105 in N. benthamiana was able to trigger HR symptoms [26].
We expressed XopA from Xer07 in Xp 91-118 to evaluate if it can independently act as a
host limiting factor. Interestingly, the bacterial populations of Xp 91-118::Xer07-xopA were
reduced by more than 2 log-folds compared to the Xp 91-118::pUFR (Empty vector).

In addition to their individual role as an effector, several possibilities have been stud-
ied to gain insights into the function of harpin-type bacterial proteins. The XopA/Hpa1-like
effectors have been found to play a significant role in translocation of associated effec-
tors [27]. Wang et al. [18], demonstrated that Hpa1 is a type III translocator which is critical
for translocation of two transcription activation like (TAL) effectors PthXo1 and AvrXa10
that affect the phenotype in susceptible and resistant genotypes. Although the XopA harpin
in Xer07 when expressed in X. perforans resulted in a reduction in bacterial populations
in tomato, the reason remains to be determined. In other studies, XopA homologs in
transconjugants expressing an extra copy of HrpG were shown to elicit an HR in tobacco or
citrus [25,28]. Kim et al. [25], determined that X. axonopodis pv. glycines expressing extra
copies of HrpG also overexpressed hpa1 which was associated with elicitation of an HR in
tobacco leaves. In this study there may have been a slight increase in expression of xopA,
although not to the level observed in transconjugants expressing multiple copies of HrpG.
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The results confirm multiple factors can limit pathogenicity towards a host and can either
induce a phenotypic reaction as Xer3856 or limit the population growth as XopA.

The Glutamine and Glycine repeat region found in the XopA of Xer07 was similar
to a motif, motif 2 found in the HpaG harpin protein from X. axonopodis pv. glycines. The
motif 2 region of HpaG is homologous to the prion-forming domain of the yeast prion
protein Rnq1p [16] and HpaG secretion was shown to induce HR in plants by formation of
amyloid-like fibrils [17]. Among the three motifs described in HpaG from X. axonopodis pv.
glycines, homologs to motifs 1 and 3 were found in other genomes compared in this study.

We identified differences in the effector repertoires of Xer07, X. euvesicatoria, X. perforans,
and other closely related species that could be explored in future studies. As an example,
XopD is absent from Xer07 but present in both X. euvesicatoria and X. perforans strains. Based
on protein analysis of XopD, it was shown to contain a small ubiquitin-like modifier (SUMO)
protease domain that belongs to the C48 protease family as reversible post-translational
modifiers [29]. Mutation of xopD gene in Xe 85-10 followed by inoculation resulted in plants
exhibiting severe chlorosis and tissue necrosis and increased salicylic acid levels compared
to wild-type, which suggested XopD’s ability to delay symptom progression and function
as a tolerance-promoting factor [19,23]. It is apparent that Xer07 strain expressing XopD
should be created to determine whether XopD is linked to virulence on tomato and pepper.
However, this can only be evaluated once we can successfully eliminate the HR phenotype
that restricts Xer07 in tomato. Additionally, the absence of XopD and 11 other effectors that
were found in Xe 85-10 and Xp 91-118 could be other potential genes that could influence
Xer07 pathogenicity in different hosts.

Among the two type II secretion systems found in many xanthomonads, T2SS-xps
is conserved in all Xanthomonas spp. [5]. In a study by Szczesnyet al. [14], the xps system
was shown to be required for extracellular protease and xylanase activity, as deletion of the
xps but not xcs in Xe 85-10 significantly reduced halo formation when incubated on NYG
plates containing milk or xylan. Sequence identity of DSF cell-cell signaling system and
the arrangement and content of xylanolytic enzyme clusters were found to be conserved
among the Rademaker group 9.2 strains that encompasses the Xer07, compared to Xv and
Xg strains. Meanwhile the xylanase genes xynC/xyn5A were not present in Xv ATCC 35937
and Xg ATCC 19,865 but in the Rademaker group 9.2 strains. A deletion of xynC in Xe
85-10 caused a reduction in bacterial growth in planta suggesting xynC/xyn5A is an active
xylanase and can contribute to virulence [14]. Similar high sequence and cluster similarity
was found in LPS gene cluster among the Xer07 and Xe 85-10 that was distinct from the
X. perforans strain 91-118. Potnis et al. [11] predicted a putative horizontal gene transfer
event resulting in the acquisition of novel LPS gene cluster in X. perforans that may have
played a major role in X. perforans specificity in tomato.

In this comparative study we demonstrate that Xer07 is closely related to Xp and
Xe. As we focused on identifying host limiting factors in GEV-Rose-07, we successfully
demonstrated that xer3856 gene induced an HR in tomato and XopA from Xer07 signif-
icantly limited bacterial growth in tomato. Recognition of these host-limiting factors in
Xer07 improves our knowledge in host pathogen interactions of Xp and Xe on tomato and
pathogen host range evolution that can be used to design durable resistance mechanisms
in plant hosts.

4. Material and Methods

4.1. Bacterial Strains and Growth Conditions

Bacterial strains that were used for assaying pathogenicity and quantifying internal
bacterial population dynamics included Xer GEV-Rose-07 strain (pathogenic on Rosa spp.),
Xe E3 (pathogenic to pepper), Xe 85-10 (pathogenic to pepper), and Xp 91-118 (pathogenic
to tomato) (Table 3). The strains were stored at −80 ◦C in 30% glycerol for long term storage.
Fresh cultures used in this study were obtained by streaking the bacterium on nutrient
agar (NA) plates followed by incubation at 28 ◦C for 48 h. Individual colonies were then
streaked on NA plates and incubated at 28 ◦C for 24 h for use during experiments. For
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Escherichia coli strains used during mutant constructions, the plates were incubated at 37 ◦C.
The list of strains and plasmid constructs are listed in Table 3.

4.2. Genome Collection and Genome Statistics

Representative complete and draft genome sequences of Xanthomonas spp. were
obtained from GenBank database (Supplementary Table S1). The assembled genomes were
compared with pairwise average nucleotide identity (ANI) analysis and in-silico DNA-
DNA hybridization (isDDH) analysis based on genome-to-genome comparisons [30,31].
The pairwise ANI values were obtained from nucmer (NUCleotide MUMmer). Similarly,
isDDH was estimated using the Genome-to-Genome Distance Calculator (GGDC) 2.0 Web
server (http://ggdc.dsmz.de/distcalc2.php) (accessed on 15 March 2019).

4.3. Effector Repertoire and Pathogenicity Associated Genes

With the objective of identifying host specificity factors in Xer07, the annotated se-
quences from IMG/JGI were downloaded and searched by BLAST analysis for effectors
using a list of 81 type III effectors compiled from different Xanthomonas species (Potnis and
Iruegas-Bocardo, personal communication; www.xanthomonas.org (accessed on 9 May
2018)). Effector sequences were extracted based on amino acid sequence homology using
local BLAST [32]. Effector with more than 70% sequence homology compared with the ref-
erence was considered as being present. The sequences for the effectors predicted for Xer07
were further evaluated manually and compared with annotations from IMG/JGI to the
confirm their presence. The xer3856 gene and its homology to the xfa3856 was determined
based on BLAST comparisons.

4.4. Mutants, Transconjugants and Population Dynamics

The xer3856 gene was mutated in Xer07 using pCR2.1-TOPO vector (TOPO® TA
Cloning Kit, invitrogenTM [33]) to generate Xer07Δxer3856. In order to determine if xer3856
is the factor responsible for eliciting an HR in tomato and pepper, we infiltrated Bonny
Best tomato leaflets with suspensions adjusted to ~108 CFU/mL of strains Xer07Δxer3856,
and Xer07 along with the tomato pathogen, X. perforans, Xp 91-118. Additionally, the
bacterial populations of Xer07Δxer3856, Xer07 and Xp 91-118 were evaluated in tomato by
quantifying bacterial growth as described above. In order to independently evaluate the
role of Xer3856 and XopA in tomato pathogenicity, plasmids carrying these individual genes
were conjugated into Xp 91-118. To create these plasmids, the genes xopA and xer3856 were
amplified using primers as specified in Supplementary Table S4. The amplicon was cloned
with pGEM-T easy vector and subsequently excised from pGEM-T vector and ligated into
pUFR034 and mobilized into Xp 91-118 through triparental mating for in planta analysis.

4.5. Comparative Genomics

In addition to the type III secreted effectors, additional pathogenicity factors were com-
pared between Xer07, Xp 91-118, Xe 85-10, Xac F1, Xea CFBP6369, X. gardneri ATCC19865
(Xg ATCC19865) and X. vesicatoria ATCC35937 (Xv ATCC35937). Type III secretion system
cluster, cell-wall degrading enzyme cluster, lipopolysaccharide biosynthetic clusters and
diffusible signal factors that are considered important for bacterial virulence were com-
pared among the four closely related strains. The reference genes and their homologs were
identified using BLAST and homology search was carried out using the IMG/JGI online
platform (www.img.jgi.doe.gov) (accessed on 1 April 2019).

4.6. Pathogenicity Assay

In order to evaluate pathogenicity/resistance in tomato, bacterial strains used in the
study were inoculated at variable concentrations. Bacterial inoculum was adjusted to 108

CFU/mL (A600 = ~0.3 at) and infiltrated with a hypodermic needle syringe into Bonny
Best tomato leaflets to determine HR. Plants were placed in growth chambers at 28 ◦C
and the infiltrated area was observed for HR or susceptible reaction. HR was confirmed
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by the presence of confluent necrosis in infiltrated area due to rapid cell death, 24 to 48 h
post inoculation.

Bacterial populations were also determined in Bonny Best tomato. Bacterial suspen-
sions at ~105 CFU/mL were infiltrated into the leaflets and plants were placed in growth
chamber at 28 ◦C. Inoculated leaf tissue was sampled every 48 h for 10 days. A 1-cm2 leaf
disk was sampled from each leaflet and the tissue was ground in sterile tap water and the
resulting suspensions were serially diluted between 10−1–10−5 fold. Fifty-microliters from
the suspensions were plated on NA and the plates were incubated at 28 ◦C. The assay was
replicated three times for determining bacterial populations in planta.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11060796/s1, Supplementary Figure S1: Open reading
frame search of of xer3856 protein homology in Xer07 including 100 bp upstream. Other xanthomon-
ads include X. alfalfae subsp. citrumelonis F1, X. euvesicatoria pv. allii CFBP6369, X. euvesicatoria 85-10,
X. perforans 91-118 and X. perforans GEV904, X. perforans Xp17-12, X. perforans GEV839, X. perforans
Xp2010, X. euvesicatoria LMG12749. Sequence highlighted in red indicates open reading frame accord-
ing to https://web.expasy.org/translate/, accessed on 23 November 2021; Supplementary Figure S2:
The arrangement and content of the xylanolytic enzyme cluster within different Xanthomonas genomes
including X. euvesicatoria GEV-rose-07, X. perforans 91-118 X. euvesicatoria 85-10, X. alfalfae subsp. cit-
rumelonis F1, X. euvesicatoria pv. allii CFBP6369, X. euvesicatoria LMG12749, X. vesicatoria ATCC35937,
and X. gardneri ATCC19865, Symbols ‘[’ and ‘]’ stand for the contig break. Color code represents
homologues genes; Supplementary Figure S3: The arrangement and content of the xcs and xps
clusters within different Xanthomonas genomes including X. euvesicatoria GEV-rose-07, X. perforans
91-118 X. euvesicatoria 85-10, X. alfalfae subsp. citrumelonis F1, X. euvesicatoria pv. allii CFBP6369,
X. euvesicatoria LMG12749, X. vesicatoria ATCC35937, and X. gardneri ATCC19865, Symbols ‘[’ and ‘]’
stand for the contig break. Color code represents for the different genes; Supplementary Figure S4:
The structure of the LPS cluster within different Xanthomonas genomes including X. euvesicatoria
GEV-rose-07, X. perforans 91-118 X. euvesicatoria 85-10, X. alfalfae subsp. citrumelonis F1, X. euvesicatoria
pv. allii CFBP6369, X. euvesicatoria LMG12749, X. vesicatoria ATCC35937, and X. gardneri ATCC19865,
Symbols ‘[’ and ‘]’ stand for the contig break. Color code represents homologous genes in different
genomes. ‘Hpo pro’ indicates a hypothetical protein. Supplementary Table S1: ANI and in silico DDH
comparisons of Xer07 with representative strains of X. axonopodis, X. alfalfa, X. euvesicatoria, X. gardneri,
X. perforans, and X. vesicatoria genomes available in NCBI database; Supplementary Table S2: Locus
tags of cell wall degrading enzymes in X. euvesicatoria GEV-ROSE-07 (Xer07) and in other xan-
thomonads including X. perforans 91-118, X. euvesicatoria 85-10, X. alfalfae subsp. citrumelonis F1,
X. euvesicatoria pv. allii CFBP6369, X. euvesicatoria LMG12749, X. gardneri ATCC19865 and X. vesicato-
ria ATCC35937; Supplementary Table S3. Locus tags and sequence identities (%) of X. euvesicatoria
GEV-ROSE-07 (Xer07), X. perforans 91-118, X. euvesicatoria 85-10, X. alfalfae subsp. citrumelonis F1,
X. euvesicatoria pv. allii CFBP6369, X. euvesicatoria LMG12749, X. gardneri ATCC19865 and X. vesicatoria
ATCC35937 genes associated with diffusible signal factor (DSF) involved in cell-cell signaling system;
Supplementary Table S4. List of primers used in this study.
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Abstract: New hemp (Cannabis sativa L.) strains developed by crossbreeding selected varieties rep-
resent a novel research topic worthy of attention and investigation. This study focused on the
phytochemical characterization of nine hemp commercial cultivars. Hydrodistillation was performed
in order to collect the essential oils (EO), and also the residual water and deterpenated biomass.
The volatile fraction was analyzed by GC-FID, GC-MS, and SPME-GC-MS, revealing three main
chemotypes. The polyphenolic profile was studied in the residual water and deterpenated biomass by
spectrophotometric assays, and HPLC-DAD-MSn and 1H-NMR analyses. The latter were employed
for quali–quantitative determination of cannabinoids in the deterpenated material in comparison with
the one not subjected to hydrodistillation. In addition, the glandular and non-glandular indumentum
of the nine commercial varieties was studied by means of light microscopy and scanning electron
microscopy in the attempt to find a possible correlation with the phytochemical and morphological
traits. The EO and residual water were found to be rich in monoterpene and sesquiterpene hydro-
carbons, and flavonol glycosides, respectively, while the deterpenated material was found to be
a source of neutral cannabinoids. The micromorphological survey allowed us to partly associate
the phytochemistry of these varieties with the hair morphotypes. This research sheds light on the
valorization of different products from the hydrodistillation of hemp varieties, namely, essential oil,
residual water, and deterpenated biomass, which proved to be worthy of exploitation in industrial
and health applications.

Keywords: Cannabis sativa L.; chemovars; secondary metabolites; trichomes; residual by-products
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1. Introduction

Hemp (Cannabis sativa L.) is a versatile crop, for a long time cultivated in different
parts of the world, and its cultivation has recently been considered as a good opportunity
for agriculture production. Legally cultivated hemp has been selected in order to keep
the psychotropic δ-9-tetrahydrocannabinol (THC) at levels lower than 0.2% [1]. The main
non-psychotropic cannabinoid found in hemp, namely, cannabidiol (CBD), has recently
been included in the list of the ingredients that can be used in cosmetics, thus offering
new opportunities for the development of hemp products. In fact, up to now, the use of
CBD has been approved in the cosmeceutical industry [2]. For medicinal applications, CBD
has been registered as a drug (Epidiolex®) in the EU for the treatment of some epilepsy
forms [3]. CBD regulation in the food or food supplements area is not uniform in European
countries; thus, CBD products can be produced in some countries as food supplements,
but they cannot be in others. Many studies have been developed in the last few years
on CBD’s potential uses as medicine, but CBD-fortified or CBD-labeled health products
and CBD-associated health claims lack a rigorous scientific foundation [4]. At present,
many research groups are studying CBD and other cannabinoids for possible applications
in healthcare, medicine, food supplements, and cosmetics. In this regard, improving the
knowledge on different hemp varieties or cultivars to obtain extracts enriched in specific
phytoconstituents may be advantageous.

Moreover, hemp inflorescences, usually regarded as waste material of the fiber indus-
try, are instead valuable sources of volatile constituents, secreted in the form of essential oils
(EO), that can be obtained by distillation procedures [5]. Specifically, hemp is endowed with
secretory structures, namely trichomes, representing the main site to produce secondary
metabolites. Among them, cannabinoids and terpenes are contained in a sort of resin re-
leased by capitate-stalked glandular hairs localized on flower bracts and, to a minor extent,
by capitate sessile and bulbous trichomes occurring also on other vegetative organs [6].
Notably, volatile terpenes of hemp glandular trichomes are recovered as a yellowish and
odorous EO [7,8]. Morphological descriptions of hemp trichomes play a significant role
in forensic investigations and legal/illegal cannabis identification. Given the high vari-
ability in C. sativa morphological features, the study of such anatomical characteristics
appears to be necessary and useful for varieties classification and characterization [9]. For
these reasons, traditional optical, electron, and fluorescence microscopy, and the more
common Raman spectroscopy [10], have been employed for the localization and analysis of
cannabinoids in cannabis trichomes.

As a source of certified new products, hemp EO is gaining more interest from agro-
chemical, cosmeceutical, pharmaceutical, and nutraceutical perspectives [11]. Indeed, this
EO exhibited repellent, acaricidal [12,13], and insecticidal activity [14,15], to be exploited
in the development of safe botanical pesticides in organic farming and parasite-control
programs, as a promising alternative to conventional synthetic agents [16]. Hemp EO can
also be employed as a scent in cosmetics, such as soaps and perfumes [17]. Moreover, the
displayed antifungal, anti-inflammatory [18], antiprotozoal and antioxidant [19] effects
support its use in infectious diseases, in the form of dermatological preparations and as
an ingredient in protective masks against COVID-19 [18]. In addition, recent studies on
the use of plant EOs as natural food preservatives evidenced the capability of hemp EO
to enhance the shelf-life of trout fillets, due to its antimicrobial properties, which were
improved by nano-encapsulation [20]. These results support further applications of hemp
EO in green active packaging to maintain food safety and quality.

Hemp inflorescence distillation of EO produces two by-products, namely, residual
water and deterpenated plant material, which are currently under-studied. The aqueous
residues could be rich in phenolic compounds and can be extracted with safe solvents, such
as ethanol and water [21]. Hemp polyphenols are interesting biomolecules, able to reduce
the progression of cardiovascular and neurodegenerative diseases, asthma, inflammatory
conditions, tumors, and others [22]. Among cannabis-typical flavones, cannflavin A and B
are particularly attractive compounds, with anti-inflammatory [23], antiparasitic [24], anti-
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cancer, and antiviral properties [25]. Flavonoids contribute to plant protection, especially
from UV light, due to their antioxidant and radical scavenger activity. In fact, cannflavin A
was detected at a high level in hemp varieties under the influence of strong solar radiation
and cold temperatures [26].

The inflorescences and, to a minor extent, the leaves can also be considered as good
sources of cannabinoids, especially CBD. In hemp plant material, cannabinoids are mostly
present in the acidic form, and the heating of biomass at temperatures near 100 ◦C induces
the decarboxylation of these compounds. So, this material can be used after distillation
for the extraction of CBD and other minor cannabinoids. Indeed, some authors recently
affirmed that hemp deterpenated biomass should no longer be considered as a waste [27],
since it represents a source of phytocannabinoids [28]. CBD is nowadays of great interest for
several applications, and less investigated minor cannabinoids, such as cannabigerol (CBG),
can be equally promising on a pharmaceutical level. Specific chemovars characterized by
other cannabinoids represent a challenging research area and can be the source of new
appealing products [29]. For example, the French cultivar Santhica, characterized by a sig-
nificant CBG content, could be employed to develop new hemp strains as reservoirs of this
cannabinoid [30]. Actually, CBD and CBG, used in combination, showed antioxidant and
anti-inflammatory activity [31], as well as antidiabetic and antimicrobial potential [32,33].
In particular, CBG reduced cachexia caused by chemotherapy [34], and was found to be
active against several tumoral cell lines, including glioblastoma [35]. In addition, CBG
could be a candidate in therapy against inflammatory bowel disease [36].

Most of the published papers on C. sativa are related to certified industrial hemp
varieties or legal cannabis for recreational and therapeutic purposes, while studies on
commercial cultivars of cannabis with low THC content are scarce. The crossbreeding of
selective varieties with interesting terpenoids and phytocannabinoids profiles could allow
obtaining new hemp breeding lines with diverse medicinal and pharmacological properties,
and with potential industrial applications, such as antiseptics and biopesticides [37]. On
this basis, this work aims to carry out a complete phytochemical characterization of several
commercial hemp strains, cultivated for research purposes and to produce craft beers. Our
study explored the opportunity to obtain three high-value products from hydrodistillation
of the hemp inflorescences, namely, EO, residual water, and deterpenated plant material.
The EO and residual water are sources of volatile terpenes and polyphenols, respectively.
Moreover, the strong heating during distillation may induce the decarboxylation of cannabi-
noids in the plant deterpenated material. In this study, nine different hemp commercial
varieties have been used as training model plants to establish the value of this complete ex-
traction process. This research also aimed at offering new opportunities to develop a smart
extraction approach to valorize hemp by-products, supporting their further utilization in
the pharmaceutical, nutraceutical, cosmeceutical, and food sectors.

Furthermore, to substantiate this approach, a comprehensive micromorphological
and histochemical study of glandular and non-glandular hairs has been carried out in the
attempt to correlate the phytochemistry and morphological traits of these commercial vari-
eties with the morphotype, abundance, distribution, and secretory products of trichomes.

2. Results and Discussion

2.1. Analysis of the Volatile Fraction
2.1.1. Analysis of EOs Yields

The yields of the EOs from the nine studied commercial varieties ranged from 0.485% w/w
in Pablito to 1.814% w/w in Amnesia Cookies (Table 1). It is worth noting that in the
literature, the maximum yield value for hemp EO was 0.60% [38], so the values registered
in this work were considerably high, with respect to those obtained for the EOs from
the certified European hemp varieties [7,39]. The EO yield can be influenced by several
factors, such as genetics, plant biomass status, environmental and climatic conditions,
post-harvesting, drying, etc. For this work, only non-pollinated female inflorescences
were processed, and this aspect could explain the significant EO yields obtained. In fact,
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it is known to hemp growers, and it has also been demonstrated, that the pollination
of Cannabis plants should be prevented to ensure EO yields twice those deriving from
pollinated flowers [40]. Some stress conditions, such as the temperature changes involved
in the harvesting periods of the nine varieties, could enhance the secretion of EO, with
cannabinoids and terpenes produced as plant defense agents [41]. Moreover, slow air
drying in a dark environment prevented humidity and degradation of the biomass by
microorganisms, by protecting the inflorescences against sun light, with the consequent
preservation of the aroma and organoleptic features of each variety.

Table 1. GC-FID analysis results for the 9 commercial varieties’ EOs and their yield values (%).

Compound Hemp Variety

White
Shark

Lemon
Conti

Kush New

Lemon
Conti
Kush

Venom
OG Pablito 24 K Fresh

Mountain
Amnesia
Cookies

Gorilla
Glue

(g/100 g)

α-pinene 8.53 3.24 11.48 21.19 8.35 0.73 9.32 21.16 0.74
β-pinene 3.59 2.78 4.67 4.79 3.21 0.68 3.66 7.45 0.82
myrcene 20.28 11.14 17.13 10.57 12.56 8.12 27.46 29.23 7.16
limonene 9.17 5.97 3.38 4.28 3.30 4.18 4.10 2.20 6.79

1,8-cineole 0.07 0.13 0.04 0.07 0.03 0.02 0.04 0.04 0.02
(E)-β-ocimene 0.10 4.51 0.16 0.05 0.06 0.03 0.02 0.02 0.03

terpinolene 9.51 30.47 1.33 1.65 0.52 3.69 0.25 0.18 0.27
(E)-caryophyllene 10.79 10.40 11.91 17.19 18.15 18.12 19.70 18.91 18.94

humulene 2.96 3.04 4.46 4.64 6.82 5.35 5.51 8.57 4.86
caryophyllene oxide 3.52 3.34 3.88 5.60 7.97 8.00 1.28 3.93 6.62

CBD 5.54 2.91 4.26 5.25 3.13 4.02 3.86 2.30 3.06
Δ-9-THC 0.13 0.09 0.10 0.13 0.12 0.12 0.12 0.20 0.20

Yields (%) 0.64 1.51 1.03 0.86 0.49 1.08 1.23 1.81 1.33

2.1.2. GC-FID Quantitative Determination of Hemp EO Main Constituents

The quantitative GC-FID analysis results for the nine EOs, shown in Table 1, highlight
the presence of α-pinene, myrcene, terpinolene, and (E)-caryophyllene as the major terpenes.
The highest content of α-pinene was detected in Venom OG (21.2 g/100 g), while Amnesia
Cookies proved to be the richest in myrcene (29.2 g/100 g). The best concentration value of
terpinolene was found in Lemon Conti Kush New (30.5 g/100 g), while (E)-caryophyllene
reached the greatest amount in Fresh Mountain (19.7 g/100 g). The limonene, α-humulene,
and caryophyllene oxide percentages were lower than those of the above compounds (for
a total of 9.2 g/100 g in White Shark, 8.6 g/100 g in Amnesia Cookies and 8.0 g/100 g in
24 K). The other quantified terpenes, namely, 1,8-cineole and (E)-β-ocimene, were detected
at a very low level in all the investigated EOs. CBD content ranged from 2.3 g/100 g in
Amnesia Cookies to 5.5 g/100 g in White Shark EOs. It is worth noting that in all the
analyzed EOs, the THC content was within the limit of 0.2%, which is far below that stated
by EU regulation for industrial hemp biomass (Table 1).

2.1.3. GC-MS Analysis of EOs

A comprehensive GC-MS analysis was carried out using two columns of different
polarities, namely, HP-5MS and DB-WAX, to obtain an overview of the chemical profiles of
the nine EOs. The results of the two analyses were comparable, confirming the presence
of the same main compounds in each variety. Interestingly, the more apolar HP-5MS
stationary phase allowed us to obtain, for several components, higher relative abundances,
with respect to those found by employing the more polar DB-WAX column. For this
reason, Table 2 reports the percentage values provided by the analysis performed with the
HP-5MS column.
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Among the monoterpenes, α-pinene, myrcene, and terpinolene were again the most
abundant compounds detected in the EOs from the nine commercial varieties. Only one
of them, namely Venom OG, showed prevalence of α-pinene over the other terpenes, as
reported in the GC-FID analysis (Section 2.1.2). Indeed, this component accounted for 23.3%
of the whole chemical profile, followed by (E)-caryophyllene (17.1%). Myrcene was the pre-
dominant constituent of the EOs from Amnesia Cookies, Fresh Mountain, White Shark, and
Lemon Conti Kush (27.1%, 26.0%, 21.5%, and 14.9% of the total composition, respectively)
confirming the GC-FID outcomes (Table 1). Along with myrcene, Amnesia Cookies’ EO was
characterized by a significant content of α-pinene (24.6%) and (E)-caryophyllene (15.6%).
In addition to myrcene, other abundant constituents were (E)-caryophyllene (16.0%) and
α-pinene (11.0%) in Fresh Mountain, and terpinolene (11.8%), (E)-caryophyllene (11.4%),
α-pinene (11.3%) and limonene (10.2%) in White Shark. Myrcene was followed by α-pinene
(12.5%) and (E)-caryophyllene (10.7%) in Lemon Conti Kush. Differently from the latter,
the Lemon Conti Kush New EO presented terpinolene as the predominant component,
accounting for a remarkable 30.2% of the total composition, followed by myrcene (9.5%).
This EO was also the one with the highest content of terpinolene among all the EOs, as
shown by the GC-FID analysis results.

Unlike the previous ones, 24 K, Gorilla Glue, and Pablito EOs were dominated by
sesquiterpenes. Among them, (E)-caryophyllene was the most prevalent compound, in line
with GC-FID analysis, representing 19.9%, 17.6%, and 15.5% of EO, respectively. It was fol-
lowed by 10-epi-γ-eudesmol (10.2%) and guaiol (9.7%) in 24 K, and by selina-3,7(11)-diene
(12.5%) and selina-4(15),7(11)-diene (7.1%) in Gorilla Glue. With respect to the other EOs,
Pablito contained a higher relative percentage of α-bisabolol (8.6%).

Regarding cannabinoids, the only compounds detected in the nine commercial vari-
eties’ EOs were CBD and cannabichromene (CBC). While CBC was found only in traces in
all the EOs, CBD content ranged from 0.1% to 0.6%, except in Venom OG, where it reached
1.0% (Table 2).

The above-described GC-MS outcomes highlight a certain variability in the chemical
profiles of the investigated EOs, among each other and also, in some cases, with respect to
those obtained by the certified industrial hemp varieties which were the relatives of the nine
commercial cultivars considered in this study. In fact, the Pablito EO was characterized by
the prevalence of (E)-caryophyllene and other sesquiterpenes, while its original monoecious
variety Santhica 70 was reported to be richer in monoterpenes, especially myrcene, although
its EO was obtained by steam distillation [42]. 24 K and Gorilla Glue, deriving from Car-
magnola CS, presented the sesquiterpenes class and, particularly, (E)-caryophyllene as
predominant constituents; notably, Carmagnola EO showed a higher amount of monoter-
penes (especially myrcene) in the case of steam-distilled fresh inflorescences [43], but a
higher sesquiterpene content (notably (E)-caryophyllene) when hydrodistillation of dry
inflorescences was carried out [44]. Regarding Lemon Conti Kush, Fresh Mountain, and
Amnesia Cookies, originated by the Kompolti variety, a considerable abundance of myrcene
and other monoterpenes was detected in their EOs. This was in accordance with some
literature findings in which the Kompolti EO from dried inflorescences appeared to be
richer in the same compounds, rather than in sesquiterpenes [45]. So, it could be deduced
that such differences in the distribution of mono- and sesquiterpenes in hemp EOs seem to
be dependent on the extraction method and plant material status.

Interestingly, in some EOs from the nine commercial varieties, the presence of several
sesquiterpenes structurally different from (E)-caryophyllene was found at noteworthy
levels (Figure 1). Among them, 10-epi-γ-eudesmol and guaiol in 24 K, selina-3,7(11)-diene
and selina-4(15),7(11)-diene in Gorilla Glue, and α-bisabolol in Pablito could be mentioned
as the most representative compounds (Table 2). These sesquiterpenes were not frequent
in hemp EOs from other studies. For instance, they were missing in the Kompolti EO
analyzed by Novak et al. [46], while in Bertoli et al. [5], selina-3,7(11)-diene and α-bisabolol
were detected, but in very low amounts (<1%), as for all the other minor sesquiterpenes
identified in Carmagnola EO.
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Figure 1. Chemical structures of the main sesquiterpenes found in the 9 EOs.

2.1.4. Chiral GC-MS Analysis of EOs

The EOs from the nine commercial varieties were subjected to chiral GC-MS analysis
to determine the enantiomeric distribution of α-pinene, β-pinene, limonene, linalool,
(E)-caryophyllene and caryophyllene oxide. This analysis could be helpful to detect the
origin of the EO samples based on the enantiomeric ratio shown by the main constituents. In
this regard, Table 3 reports the ratios within the enantiomeric pairs of these chiral terpenes.
Both the enantiomers of α-pinene and limonene were detected in all the varieties. For
α-pinene, the predominance of the (+)-form was observed, while the (−)-enantiomeric form
was the prevalent one in the case of limonene. No significant differences in the enantiomeric
ratios were obtained for these two compounds among the nine studied varieties. On
the other hand, β-pinene and linalool were characterized by higher variability in the
enantiomeric ratios. In fact, the (+)-enantiomer of β-pinene was generally predominant,
although the presence of only the (−)-form was found in EOs from two varieties, namely,
24 K and Gorilla Glue. Moreover, the prevalence of the (+)-enantiomer of linalool was
detected, and it was the only recognized form in Fresh Mountain, Gorilla Glue and Venom
OG EOs. It is worth noting that the elution order of the enantiomeric forms of α-pinene
and β-pinene was compliant with that found in one of our previous works, where the
same column was employed [8]. Interestingly, (+)-α-pinene and (+)-β-pinene, as the main
enantiomers in the nine EOs, were reported to be endowed with antibacterial and antifungal
properties [47]. Concerning sesquiterpenes, (E)-caryophyllene and caryophyllene oxide
were present exclusively in the (−)-enantiomeric form (Table 3), as confirmed by another
study on hemp EOs [8]. From the findings provided, it is possible to conclude that the
enantiomeric ratio of the main volatile terpenes does not allow us to differentiate most of
the varieties analyzed, apart from 24 K and Gorilla Glue, which showed the predominance
of the (−)-β-pinene.
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Table 3. Chiral GC-MS analysis results for the 9 commercial varieties EOs.

Variety Enant. %

α-Pinene
(−):(+)

β-Pinene
(+):(−)

Limonene
(−):(+)

Linalool
(−):(+)

(E)-Caryophyllene
(+):(−)

Caryophyllene Oxide
(+):(−)

White Shark 11.6:88.4 70.9:29.1 93.5:6.5 8.4:91.6 0:100 0:100
Lemon Conti Kush 4.9:95.1 78.4:21.6 92.4:7.6 6.9:93.1 0:100 0:100

Lemon Conti Kush New 3.2:96.8 66.4:33.6 91.4:8.6 34.8:65.2 0:100 0:100
Pablito 1.6:98.5 84.8:15.2 90.4:9.6 12.3:87.7 0:100 0:100

Fresh Mountain 7.8:92.2 74.6:25.4 93.0:7.0 0:100 0:100 0:100
Amnesia Cookies 2.9:97.1 88.6:11.4 74.1:25.9 28.2:71.8 0:100 0:100

24 K 7.0:93.0 0:100 97.4:2.6 2.8:97.2 0:100 0:100
Venom OG 4.6:95.4 81.0:19.0 87.9:12.1 0:100 0:100 0:100

Gorilla Glue 7.9:92.1 0:100 97.4:2.6 0:100 0:100 0:100

2.1.5. SPME-GC-MS Analysis of Untreated Material

The dry female inflorescences (untreated material, UM) of the investigated hemp
commercial varieties, provided by Everweed farm (Section 3.2), were evaluated for their
organoleptic and aromatic features through the solid-phase microextraction (SPME) tech-
nique coupled to GC-MS. The detected volatile compounds belonged to the monoter-
pene and sesquiterpene classes, and, among them, α-pinene, myrcene, terpinolene, and
(E)-caryophyllene represented the main fractions (Table 4). Myrcene dominated the volatile
fractions of Pablito (35.2%), White Shark (44.6%), Fresh Mountain (39.2%), and Amnesia
Cookies (37.2%) varieties, supporting the results on EOs (Sections 2.1.2 and 2.1.3). Similarly,
terpinolene was the most abundant compound in Lemon Conti Kush New (24.1%), and, to
a minor extent, in White Shark (17.1%), as reported by the previous analyses on EOs. Con-
cerning sesquiterpenes, 24 K, Gorilla Glue, Venom OG, and Lemon Conti Kush were char-
acterized by higher levels of (E)-caryophyllene (50.3, 43.8, 36.5 and 25.7%, respectively). In
compliance with the EOs’ GC-MS results, selina-3,7(11)-diene and selina-4(15),7(11)-diene
were detected especially in Gorilla Glue (10.0 and 6.3%, respectively) and, in minor amounts,
in Lemon Conti Kush and Lemon Conti Kush New (Table 4).

Regarding sesquiterpenes, the literature data suggest that a mountain environment
could promote the production of these compounds, in particular (E)-caryophyllene and
α-humulene, and other minor ones, such as selina-3,7(11)-diene [48]. In the cited study,
dry inflorescences obtained from Kompolti grown in a mountainous area, analyzed with
DVB/CAR/PDMS fiber as in the current work, presented significant amounts of the above
sesquiterpenes, with respect to those obtained by lowland plants. In contrast to our research
outcomes, the almost total absence of less common components, such as selina diene-,
bisabolene-, and eudesmol-type sesquiterpenes, should be pointed out in other publications
regarding the SPME analysis of inflorescences from several hemp varieties, including
Carmagnola and Carmagnola CS [5]. Incidentally, the employed DVB/CAR/PDMS fiber
was selected as the best one for the extraction of volatiles from C. sativa inflorescences [49].

2.2. Spectrophotometric Analysis of Lyophilized Extract and Deterpenated Material

The two hydrodistillation by-products, namely the water and plant biomass remaining
in the round flask, were recovered separately and treated to obtain the lyophilized extracts
(LE) and the dried deterpenated material (DM), as reported in Sections 3.3 and 3.5.1,
respectively. LE and DM, obtained from the nine commercial varieties, were analyzed
for their polyphenols and flavonoids content, and also for their antioxidant activity, in
order to evaluate their possible reuse in pharmaceutical, nutraceutical, and cosmeceutical
applications. In this regard, Table 5 shows the results of the spectrophotometric assays
performed on the LE. The lowest and highest polyphenols and flavonoids contents were
recorded in Fresh Mountain and Lemon Conti Kush New, respectively (between 40.4 and
72.2 mg of gallic acid equivalents (GAE) per g of dry extract (DE) for TPC, and from 18.2 to
46.3 mg of rutin equivalents (RE)/g DE for TFC). Moreover, the DPPH radical scavenging
activity of LE varied from 90.3 to 143.0 mg of trolox equivalents (TE)/g DE in Fresh
Mountain and Venom OG, respectively. As regards the studies on the antioxidant capacity
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of EU-approved hemp water extracts, Orlando et al. [50] found TPC, TFC, and DPPH
values of 21.2 mg GAE/gextract, 7.1 mg RE/gextract and 14.9 mg TE/gextract, respectively, for
Futura 75 freeze-dried aqueous extract. As another example, a TPC value of around 55.0 mg
GAE/gextract was detected by Gunjevic et al. [51] in the lyophilized extract obtained from
the residual water after Monoica hemp EO distillation. Notably, the TPC, TFC, and DPPH
levels of all the nine varieties of the present study were much higher than those found by
Orlando et al. [50]. The TPC values for only Fresh Mountain and Lemon Conti Kush LE
were lower than those found by Gunjevic et al. [51], as well. Interestingly, the TPC and
TFC levels for the LE obtained from all the investigated hemp varieties (apart from Fresh
Mountain) were significantly above those ascribed to aqueous extracts of mulberry fruits
(39.6 and 18.5 mg GAE/gextract for TPC and TFC, respectively), which are well recognized
and valorized for their antioxidant capacity [52].

As expected, due to the high-water solubility of these compounds, the polyphenols
and flavonoids levels and the antioxidant activity in DM (Table 6) were lower than those
belonging to LE. Nevertheless, DM could still represent potential sources of phenolic
constituents, responsible for preventing the damaging effects of oxidation. The TPC values
were in the range of 15.5–23.9 mg GAE per g of dry hemp (DW), reaching the minimum
and maximum in Lemon Conti Kush and Venom OG DM, respectively. In the case of
TFC, the results were between 8.3 mg RE/g DW in Amnesia Cookies and 22.0 mg RE/g
DW in 24 K, while DPPH scavenging activity varied from 24.1 to 41.7 mg TE/g DW
in Fresh Mountain and Venom OG, respectively. For comparative purposes, the same
spectrophotometric tests were also performed on the dry inflorescences of Carmagnola
CS, Santhica 70, and Kompolti, which were extracted with an ethanol-water 1:1 solution.
As a result, the nine commercial varieties showed an improved TPC, TFC, and DPPH
profile compared to the values obtained for the original certified ones (Table 6). These
findings were confirmed by literature data. For instance, André et al. [53] indicated
a TPC between 4.7 and 16.5 mg GAE/g DW for methanol:water extracts from Santhica
70 dried inflorescences. Moreover, Drinić et al. [54] reported TPC values ranging from
9.3 to 17.1 mg GAE/g DW for Helena aerial part extracts (50% ethanol in water). This
solvent:water ratio, which was also chosen in the current research to carry out the tests,
guaranteed the best extraction efficiency for phenolic constituents [54]. Based on the
provided outcomes, the LE and DM from the nine hemp commercial varieties could
represent interesting products that could be exploited for their antioxidant properties.
Interestingly, LEs, currently recognized as waste obtained during distillation, represent
valuable products to be used on an industrial level.

2.3. 1H-NMR Analysis of UM and DM

To assess the multiple ways to extract valuable compounds from residual biomass
resulting from distillation, the 1H-NMR approach was used as a first general attempt to
establish what changes in composition were observable before and after the hydrodistil-
lation of the nine hemp varieties. For this reason, UM and DM were used to perform
1H-NMR measurements, and samples were prepared using extractive solvents in sequence
with increasing polarity. As a result, the UM chloroform extract showed the presence
of cannabinoid acidic forms, the UM methanol extract presented a limited amount of
phenolics and sugars, while the UM water extract was characterized by the presence of
sugars (Figure 2). On the other hand, the DM chloroform extract showed the presence of
cannabinoids, but the CBDA was in large part decarboxylated, being converted into CBD
(Figure 3). The DM methanol and water extracts presented a limited amount of phenolics.
Thus, the preliminary investigation by 1H-NMR revealed that DM, in comparison to UM,
contained decarboxylated cannabinoids, with potential usefulness as a starting material for
the extraction of these bioactive phytoconstituents.
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Table 5. TPC, TFC, and antioxidant activity results for the nine commercial varieties’ LE.

Variety
TPC

(mg GAE/g DE)
TFC

(mg RE/g DE)
DPPH

(mg TE/g DE)

Lemon Conti Kush New 72.18 46.30 142.33
Lemon Conti Kush 54.74 30.00 111.89

Pablito 66.28 41.63 135.33
Fresh Mountain 40.38 18.15 90.33

24 K 65.00 40.37 138.11
Venom OG 69.62 42.96 143.00

Amnesia Cookies 57.82 25.56 109.67
White Shark 62.69 30.78 115.89
Gorilla Glue 57.56 31.48 120.78

Table 6. TPC, TFC, and antioxidant activity results for the 9 commercial varieties DM.

Variety
TPC

(mg GAE/g DW)
TFC

(mg RE/g DW)
DPPH

(mg TE/g DW)

Lemon Conti Kush 15.51 12.58 25.07
Pablito 16.31 13.58 36.84

Fresh Mountain 16.13 10.33 24.11
24 K 23.00 22.00 39.07

Venom OG 23.90 20.08 41.67
Amnesia Cookies 15.82 8.33 26.62

White Shark 18.10 13.58 34.40
Gorilla Glue 20.28 16.92 38.62

Carmagnola CS 9.54 3.25 13.04
Santhica 12.36 4.33 10.22
Kompolti 15.10 6.50 15.56

Figure 2. 1H-NMR spectra showing the composition of UM chloroform, methanol and water extracts.
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2.4. HPLC-DAD-MSn Analysis of LE, DM and UM

The HPLC-DAD-MSn analysis of flavones in the nine commercial cultivars allowed
us to identify 11 compounds, such as luteolin, apigenin, quercetin glycosides, and the
hemp-specific flavonoids cannflavin A and B. Furthermore, the lignanamides cannabisin
A and B were also identified and quantified. These compounds have been previously
identified mainly in the seeds and are considered markers for hemp [55]. UM presented
large variations in the amounts of these 11 phenolic derivatives. Among them, lute-
olin glucuronide was observed in a larger amount (more than 7.0 mg/g in Pablito UM
and 4.2 mg/g in Lemon Conti Kush UM). Considering the sum of all the phenolic and
lignanamide derivatives, Pablito UM presented these compounds in larger amounts, ac-
counting for a total of more than 12.0 mg/g. Considering DM, a general decrease in the
contents of the 11 detected compounds was observed, probably due to the washing away
caused by water during the hydrodistillation process. Nevertheless, DM still contained a
significant amount of certain phenolics. Notably, not all the compounds were washed away
during EO distillation; these include cannflavins, which present low water solubility, and
were quantified in a comparable amount in UM and DM of most varieties. On the other
hand, glycosidic flavonoids, such as luteolin glycosides or rutin, which are in general more
soluble in water at high temperatures, were less present in DM than in UM (Table 7).

LE presented significant amounts of phenolic compounds (Table 8). Very high levels
of rutin have been observed in Venom OG, White Shark, 24 K, and Lemon Conti Kush
LE. Other varieties, for example Fresh Mountain, contained only a limited concentra-
tion (0.3 mg/g) of rutin. Vitexin-2”-O-glucoside was observed in significant amounts in
Venom OG (5.0 mg/g), Lemon Conti Kush (3.5 mg/g), and 24 K (3.2 mg/g). As expected,
cannabinoids were present in negligible amounts in LE, due to their poor water solubility.

Figure 3. 1H-NMR spectra showing the cannabinoids profiles of UM and DM chloroform extract.

UM and DM were also studied for their cannabinoid composition, and the results
are summarized in Table 9. As previously indicated by the preliminary investigation by
1H-NMR all the varieties were rich in acidic forms of cannabinoids, mostly CBDA. The
cultivar Pablito presented CBGA as the most abundant cannabinoid. Very limited amounts
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of δ-9-THC have been detected, and the maximum observed levels were all below 0.2 mg/g.
Comparing the levels of cannabinoids in UM and DM, most of the CBDA was converted to
CBD in DM. In fact, DM possessed a larger amount of CBD, compared to the corresponding
UM, due to decarboxylation reaction and conversion of CBDA in CBD. The cannabinoid
levels were remarkably higher with respect to some data published on Finola and Futura
varieties [56] and were comparable with those of other studies reporting on the amount of
CBD in several hemp varieties cultivated in Slovenia [57].

2.5. Multivariate Statistical Analysis of EOs and UM

PCA was carried out to better visualize, within the nine commercial varieties, the be-
haviors of the main constituents belonging to the three studied fractions, namely, terpenes,
polyphenols, and cannabinoids, in the plant biomass (inflorescences).

The first PCA (Figure 4A) was performed to identify the correlation groups for terpene
distribution in EOs, based on the GC-FID analysis results. The plots reported 53.56% of data
variability on the first principal component (PC 1), and 29.61% on the second one (PC 2).
The variance was caused mainly by terpinolene and, to a minor extent, by α-pinene and
myrcene on PC 1, and by (E)-caryophyllene and caryophyllene oxide on PC 2. Specifically,
the Lemon Conti Kush New cultivar was distinguishable for its high content of terpinolene,
while Fresh Mountain and Amnesia Cookies were differentiated by the significant presence
of α-pinene and myrcene. The other varieties belonged to the third correlation group,
characterized by the sesquiterpenes prevalence.

 

Figure 4. (A) Representation of PCA score and loading plots reporting hemp varieties and compo-
nents found in the 9 EOs. (B) Representation of PCA score and loading plots depicting hemp varieties
and volatiles extracted by SPME.

593



Plants 2022, 11, 891

T
a

b
le

7
.

H
PL

C
-D

A
D

-M
Sn

ch
ar

ac
te

ri
za

ti
on

of
fla

vo
no

id
s

in
U

M
an

d
D

M
.

C
o

m
p

o
u

n
d

V
a
ri

e
ty

W
h

it
e

S
h

a
rk

2
4

K
L

e
m

o
n

C
o

n
ti

K
u

sh
L

e
m

o
n

C
o

n
ti

K
u

sh
N

e
w

P
a
b

li
to

V
e
n

o
m

O
G

G
o

ri
ll

a
G

lu
e

F
re

sh
M

o
u

n
ta

in
A

m
n

e
si

a
C

o
o

k
ie

s

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

m
g

/g

ca
nn

ab
is

in
A

0.
18

0.
02

0.
07

0.
02

0.
25

0.
03

0.
58

0.
06

0.
01

0.
57

0.
02

0.
86

0.
12

0.
03

0.
01

0.
05

0.
08

ca
nn

ab
is

in
B

0.
38

0.
12

0.
05

0.
05

0.
12

0.
14

1.
35

0.
23

0.
02

0.
82

0.
08

0.
81

0.
13

0.
02

0.
00

4
0.

54
0.

12
lu

te
ol

in
-C

-h
ex

os
id

e-
O

-r
ut

in
os

id
e

0.
72

0.
05

0.
05

0.
05

0.
16

0.
03

0.
63

0.
03

0.
50

0.
03

0.
66

0.
12

0.
51

0.
02

0.
18

0.
38

0.
06

ru
ti

n
0.

53
0.

04
0.

30
0.

02
0.

33
0.

03
0.

33
0.

06
0.

07
0.

11
0.

51
0.

03
0.

27
0.

04
0.

03
0.

03
0.

21
0.

03
lu

te
ol

in
-h

ex
os

id
e-

he
xo

si
de

0.
16

0.
04

0.
12

0.
04

0.
13

0.
02

0.
06

0.
03

0.
50

0.
02

0.
15

0.
06

0.
04

0.
02

0.
01

0.
18

0.
06

vi
te

xi
n

2′
′ -O

-g
lu

co
si

de
0.

12
0.

03
0.

12
0.

05
0.

09
0.

02
0.

17
0.

04
0.

30
0.

07
0.

29
0.

03
0.

15
0.

02
0.

17
0.

04
0.

05
0.

03
ap

ig
en

in
-h

ex
os

id
e-

gl
uc

ur
on

id
e

0.
20

0.
06

0.
15

0.
03

0.
17

0.
54

0.
06

0.
02

0.
12

0.
03

0.
18

0.
03

0.
13

0.
46

0.
16

0.
04

0.
13

0.
02

lu
te

ol
in

7-
gl

uc
ur

on
id

e
2.

77
0.

56
3.

11
0.

69
4.

18
0.

12
2.

58
0.

99
7.

26
1.

49
3.

52
0.

30
3.

10
0.

12
1.

43
0.

29
2.

00
0.

30
ap

ig
en

in
7-

gl
uc

ur
on

id
e

0.
94

0.
27

0.
46

0.
13

0.
67

0.
07

0.
23

0.
20

0.
21

0.
37

0.
02

0.
15

0.
37

0.
07

0.
48

0.
13

0.
63

0.
14

ca
nn

fla
vi

n
B

0.
89

0.
88

0.
72

0.
75

0.
67

0.
43

0.
36

0.
9

0.
51

0.
56

0.
58

0.
42

0.
33

0.
25

0.
34

0.
51

0.
35

0.
43

ca
nn

fla
vi

n
A

1.
13

1.
38

2.
08

2.
66

0.
38

1.
92

1.
46

2.
43

2.
15

2.
87

0.
53

0.
74

1.
35

1.
41

0.
97

1.
3

0.
68

0.
16

T
a

b
le

8
.

H
PL

C
-D

A
D

-M
Sn

ch
ar

ac
te

ri
za

ti
on

of
fla

vo
no

id
s

in
LE

.

C
o

m
p

o
u

n
d

V
a

ri
e

ty

W
h

it
e

S
h

a
rk

2
4 K

L
e

m
o

n
C

o
n

ti
K

u
sh

L
e

m
o

n
C

o
n

ti
K

u
sh

N
e

w
P

a
b

li
to

V
e

n
o

m
O

G
G

o
ri

ll
a

G
lu

e
F

re
sh

M
o

u
n

ta
in

A
m

n
e

si
a

C
o

o
k

ie
s

(m
g

/g
)

ca
nn

ab
is

in
A

0.
33

0.
39

0.
22

0.
30

0.
57

0.
11

0.
33

0.
33

0.
12

ca
nn

ab
is

in
B

0.
71

2.
57

2.
37

0.
35

3.
03

3.
57

0.
30

0.
22

0.
18

lu
te

ol
in

-C
-h

ex
os

id
e-

O
-

ru
ti

no
si

de
0.

23
1.

18
0.

51
0.

50
1.

48
1.

39
2.

51
0.

22
0.

32
ru

ti
n

7.
93

7.
93

8.
79

0.
35

5.
63

12
.1

8
0.

75
0.

30
0.

58
lu

te
ol

in
-h

ex
os

id
e-

he
xo

si
de

0.
21

0.
20

0.
49

2.
35

0.
21

0.
34

0.
21

0.
38

0.
21

vi
te

xi
n

2′
′ -O

-g
lu

co
si

de
0.

29
3.

19
3.

48
0.

63
0.

55
5.

01
0.

40
0.

57
0.

37
ap

ig
en

in
-h

ex
os

id
e-

gl
uc

ur
on

id
e

1.
12

0.
79

1.
43

0.
32

1.
84

1.
21

0.
79

0.
46

0.
32

lu
te

ol
in

7-
gl

uc
ur

on
id

e
0.

05
0.

30
0.

20
0.

27
0.

22
0.

05
0.

29
0.

34
0.

22
ap

ig
en

in
7-

gl
uc

ur
on

id
e

0.
22

0.
07

0.
04

0.
27

0.
23

0.
22

0.
31

0.
23

0.
08

ca
nn

fla
vi

n
B

0.
05

0.
04

0.
08

0.
23

0.
09

0.
16

0.
12

0.
06

0.
20

ca
nn

fla
vi

n
A

0.
24

0.
19

0.
15

0.
27

0.
12

0.
20

0.
62

0.
20

0.
24

594



Plants 2022, 11, 891

T
a

b
le

9
.

H
PL

C
-D

A
D

-M
Sn

ch
ar

ac
te

ri
za

ti
on

of
ca

nn
ab

in
oi

ds
in

U
M

an
d

D
M

.

C
o

m
p

o
u

n
d

V
a
ri

e
ty

W
h

it
e

S
h

a
rk

2
4

K
L

e
m

o
n

C
o

n
ti

K
u

sh
L

e
m

o
n

C
o

n
ti

K
u

sh
N

e
w

P
a
b

li
to

V
e
n

o
m

O
G

G
o

ri
ll

a
G

lu
e

F
re

sh
M

o
u

n
ta

in
A

m
n

e
si

a
C

o
o

k
ie

s

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

U
M

D
M

m
g

/g

C
BD

A
46

.1
2

0.
68

59
.0

7
2.

34
46

.9
2

1.
22

62
.4

5
2.

95
20

.6
8

0.
35

53
.7

0
1.

45
63

.5
2

2.
61

67
.7

7
2.

44
64

.1
4

2.
40

C
BD

0.
35

1.
56

0.
74

2.
89

0.
43

2.
38

0.
72

3.
71

0.
16

0.
61

0.
56

3.
25

0.
94

3.
93

1.
10

4.
58

0.
77

4.
04

C
BG

A
2.

11
0.

46
3.

07
0.

43
0.

99
0.

41
0.

54
0.

32
23

.5
0

0.
50

3.
25

0.
41

4.
91

0.
45

3.
26

0.
42

2.
24

0.
43

C
BG

0.
13

0.
16

0.
28

0.
12

0.
11

0.
82

0.
26

2.
57

0.
14

0.
58

0.
17

0.
93

0.
05

0.
48

0.
14

0.
85

C
BN

0.
44

1.
13

0.
35

0.
11

0.
38

0.
13

0.
04

0.
14

0.
08

0.
33

0.
07

0.
08

Δ
-9

-T
H

C
0.

10
0.

01
0.

13
0.

11
0.

09
0.

05
0.

01
0.

07
0.

02
0.

16
0.

14
0.

02
0.

05
C

BC
0.

46
0.

05
0.

34
0.

27
0.

25
0.

15
0.

56
0.

13
0.

65
0.

01
Δ

-9
-T

H
C

A
0.

88
0.

68
0.

31
0.

14
1.

30
0.

02
0.

23
0.

16
0.

01
0.

01
0.

10
0.

13
0.

38

595



Plants 2022, 11, 891

Another PCA (Figure 4B) was conducted on volatiles obtained by SPME of UM and
confirmed the clustering of the first PCA conducted on EOs. In fact, data variability,
accounting for 58.38% along the first PC and 24.03% along the second one, was again
produced by terpinolene, α-pinene, and myrcene among the monoterpenes, and by the
sesquiterpene (E)-caryophyllene. Thus, the nine varieties so grouped reflected the trend
observed in the first PCA.

The third PCA was carried out on terpenes, polyphenols, and cannabinoids fractions
simultaneously (Figure 5), using data related to the dry biomass weight. In this case, PC 1
and PC 2 showed 92.89% and 4.75% variability, respectively. The data distribution was
affected especially by CBDA on the first PC and CBGA on the second PC. The Pablito
variety was recognized as the one with the highest content of CBGA, and, on the other hand,
the CBDA-rich cluster included most of the studied cultivars, namely, Fresh Mountain,
Gorilla Glue, Amnesia Cookies, 24 K, and Lemon Conti Kush New.

The last PCA focused exclusively on the polyphenolic profiles of the nine commercial
varieties UM (Figure 6). The plots represented 78.49% of the variation in PC 1 and 8.95% in
PC 2. On the first PC, the data variability was influenced mostly by luteolin glucuronide,
which was predominant in the Pablito variety; on the second PC, cannflavin A emerged as
the main phenolic compound in 24 K and Fresh Mountain.

 

Figure 5. Representation of PCA score and loading plots reporting hemp varieties and their contents
of terpenes, polyphenols, and cannabinoids.

 

Figure 6. Representation of PCA score and loading plots reporting hemp varieties and the main
polyphenols in UM.

In summary, the nine hemp commercial varieties were clustered, through PCA analy-
ses, based on volatiles, phenols and cannabinoids content. Regarding the aromatic profile,
apart from Lemon Conti Kush New, characterized by terpinolene predominance, the culti-
vars could be classified as α-pinene/myrcene-rich and (E)-caryophyllene-rich chemotypes.
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Concerning polyphenols and cannabinoids, Pablito was one of the most interesting varieties,
because it was marked by the highest concentration of CBGA and luteolin glucuronide. For
this reason, it is differentiated from the other cultivars, in which CBDA was prevalent.

2.6. Micromorphological Analysis

The pistillate flowers of C. sativa are grouped into pairs in crowded, short pauciflore
inflorescences at the axillae or terminals of branches. The flower, subtended by a bract,
consists of one unilocular ovary and of two elongated, hairy stigmas. A hood-shaped
bracteole surrounds the base of the ovary, a typical characteristic of the family Cannabaceae.

The micromorphological survey on the investigated cultivars involved bracts, bracte-
oles, and inflorescence axes. Within the same variety, the indumentum features proved
consistent across the replicates, as regards trichome morphotypes, distribution pattern, and
density on the examined plant parts.

In all the investigated hemp varieties, the plant epidermis was densely covered by an
indumentum composed of diverse trichome morphotypes (Table 10; Figures 7–9).

Hooked hair-like lithocysts were observed on the bract, bracteole, and inflorescence
axis surfaces. They were simple and unicellular with an acute apex; the cell diameter was
progressively smaller moving from the base to the apex (Figure 7). The cuticle was smooth
in Venom OG (Figure 7), and characterized by micropapillae, sometimes lacking on the
basal cells, in all the other examined varieties. The overall length of this hair kind appeared
variable, being lower on the interveinal regions of bracts and bracteoles and higher along
the vein systems. Their distribution patterning and the compositions of the cystoliths have
been used in the past in the forensic identification of marijuana [58].

In previous literature contributions, glandular trichomes of various morphotypes have
been defined under diverse, controversial terms over time [6,9,59–61]. Therefore, an update
of trichome terminology would be highly desirable to redefine the gland morphotypes.
We decided, however, to adopt the current terminology and, consistently with the critical
considerations that appeared in the paper by Casiraghi et al. [60], recognized two main
trichome groups.

The first was capitate, with a head made up of 8–16 cells arranged in a single disc
and a multiseriate stalk composed of four to eight cell rows. The secretory head was
surrounded by a broad storing chamber, giving to the apex of each trichome a spherical
shape. Cuticular rupture is often observed in SEM micrographs, in the form of a detached
cap or following a horizontal line of apparent fragility in the diametrical region of the head.
The stalk was variable in length due to the diverse elongation degree of the epidermal
multiseriate stalk (pseudo-stalks) supporting it. Therefore, the so-called capitate-stalked
glands and capitate-sessile glands were grouped together. They invariably co-occurred
on the inflorescence axis, on the bracts and especially on bracteoles in all the investigated
varieties. The second group was bulbous, with a uni- or bicellular head, a short, biseriate
stalk and a two-foot cell lying at the level of the epidermis [59]. We recorded their distri-
butions on the surfaces of all the examined plant parts. As a whole, neither the density
rate nor the distribution pattern of the different types of trichomes represented features
with diagnostic value for varietal recognition (Table 10). However, the diverse elongation
degrees and the variable diameters of the pseudo-stalks of the capitate-stalked trichomes
appeared as microcharacters useful in the recognition of some examined cultivars. Indeed,
in Lemon Conti Kush and Lemon Conti Kush New, the pseudo-stalk appeared typically
shorter and wider at the base in comparison to the other examined varieties.
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Figure 7. SEM micrographs showing the trichome morphotypes in the investigated C. sativa va-
rieties. (a) General view of the bract abaxial surface with hair-like lithocysts, capitate-stalked,
capitate-sessile and bulbous trichomes; (b) short hair-like lithocysts; (c) long hair-like lithocysts;
(d) particular with groups of capitate-stalked and bulbous trichomes; (e,f) capitate-sessile trichomes;
(g–k) capitate-stalked trichomes with diverse elongation degree of the pseudo-stalk; (l) bulbous
trichome. Scale bars = 100 μm (a–k); 20 μm (l).

Due to the dense indumentum and the overall small sizes of the bulbous hairs, histo-
chemical observation under light microscope mostly involved capitate glands. Copious
secretory products fully covering the heads and the stalks of capitates were observed.
They were mainly composed of terpenes, both for capitate-stalked and capitate-sessile
hairs, as indicated by the intense positive responses to the NADI reagent, with a minor
polyphenolic fraction, as suggested by the green-brownish colorations after the application
of the Ferric Tricloride stain (Figure 10). The bulbous hairs occasionally exhibited faintly
positive responses to terpenes and polyphenols. Cannabinoid production, however, takes
place mainly in the capitate trichomes, especially the stalked ones, as was largely confirmed
by gas–liquid chromatographic evidence, by the identification of the candidate biosynthetic
genes [6], and by CARS microscopy [10].

599



Plants 2022, 11, 891

 

Figure 8. SEM micrographs showing the trichome distribution pattern on bracts and bracteoles of the
investigated C. sativa varieties. (a,b) 24 K hemp variety: abaxial surfaces of bract (a) and bracteole (b);
(c,d) Gorilla Glue hemp variety: abaxial surfaces of bract (c) and bracteole (d); (e,f) Lemon Conti
Kush hemp variety: abaxial surfaces of bract (e) and bracteole (f); (g,h) Fresh Mountain hemp variety:
abaxial surfaces of bract (g) and bracteole (h); (i,j) Amnesia Cookies hemp variety: abaxial surfaces of
bract (i) and bracteole (j). Scale bars = 200 μm (a,c–i); 250 μm (b,j).
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Figure 9. SEM micrographs showing the trichome distribution pattern on bracts and bracteoles
of the investigated C. sativa varieties. (a,b) Pablito hemp variety: abaxial surfaces of bract (a)
and bracteole (b); (c,d) White Shark hemp variety: abaxial surfaces of bract (c) and bracteole (d);
(e,f) Venom OG hemp variety: abaxial surfaces of bract (e) and bracteole (f); (g,h) Lemon Conti Kush
New hemp variety: abaxial surfaces of bract (g) and bracteole (h). Scale bars = 500 μm (a–g); 200 μm (h).
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Figure 10. LM micrographs showing the results of the histochemical investigation on the glandular
trichomes in the investigated C. sativa varieties. (a,b) Capitate-stalked trichome: Nadi reagent (a),
Ferric Tricloride (b); (c,d) capitate-sessile trichome: Nadi reagent; (e,f) bulbous trichome: Nadi
reagent (e), Ferric Tricloride (f). Scale bars = 20 μm.

3. Materials and Methods

3.1. Origin of the Commercial Varieties

The 9 investigated commercial varieties of C. sativa, namely, 24 K, Gorilla Glue, Lemon
Conti Kush, Lemon Conti Kush New, Fresh Mountain, Amnesia Cookies, Pablito, White
Shark, and Venom OG, were provided by the farm Everweed of G.Di Vietri & C. SS,
sited in the national park of Monti Sibillini, in the municipality of Amandola, district of
Ascoli Piceno, central Italy (GPS coordinates: 42◦58′42.6” N, 13◦24′19.3” E). They were
obtained by crossbreeding between EU-approved cultivars, which has not been fully
disclosed due to potential patent protection. Specifically, 24 K and Gorilla Glue derived
from male inflorescences of Carmagnola CS; Lemon Conti Kush, Fresh Mountain and
Amnesia Cookies originated from Kompolti male inflorescences; Pablito was generated
from Santhica 70. In addition, White Shark and Venom OG were produced by replanting
24 K seeds; Lemon Conti Kush New was obtained from Lemon Conti Kush seeds. Voucher
specimens of the 9 hemp varieties were stored in the Herbarium Camerinensis of the School
of Bioscience and Veterinary Medicine, University of Camerino.

3.2. Growing and Harvesting Conditions

Hemp plants were cultivated in semi-hilly fields belonging to the farm Everweed.
After 18 h of light at the vegetative stage, the agamic reproduction with cuttings was carried
out. The cuttings were then positioned in a hydroponic greenhouse, where they were left
to take root. The plants were transferred to the ground, and they grew to about 60 cm in
height. Drip irrigation and NPK macronutrients were employed, without using pesticides,
herbicides, and chemical fertilizers. The inflorescences were harvested from September to
the second week of October 2020. Larger leaves were then removed, and the plants were
air-dried in the dark, by means of fans and dehumidifiers. After slow drying, flowers were
separated from branches, and smaller leaves were mechanically and, if necessary, manually
eliminated. The product (untreated material, UM), represented by female inflorescences of
the 9 varieties, was placed in plastic bags under vacuum and stored in the dark, until use.
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3.3. Hydrodistillation

In order to obtain the EOs, 200 g of UM for each variety were subjected to hydrodis-
tillation in a 10 L round flask, filled with 6 L of distilled water. UM was left to soak for
30 min before extraction. A Falc MA heating mantle (Falc Instruments, Treviglio, Italy),
and a Clevenger-type apparatus were employed for the process, which was carried out for
5 h. The provided EOs were separated from the aqueous layer and collected in glass vials,
to be stored at 4 ◦C until further analysis. The EOs yields were calculated on a dry matter
basis (w/w).

Along with EOs, two other hydrodistillation products were recovered, namely, the
water and plant biomass remaining in the round flask. The aqueous residues were filtered
with filter paper and maintained at −20 ◦C, while the deterpenated material was dried for
24 h at 60 ◦C within a Biosec desiccator (Tauro Essiccatori, Vanzo Nuovo, Vicenza, Italy),
and stored at room temperature in the dark for the following analyses.

3.4. Analysis of the Volatile Fraction
3.4.1. GC-FID Analysis of EOs

The quantified EO marker compounds were α-pinene, β-pinene, myrcene, limonene,
1,8-cineole, (E)-β-ocimene, terpinolene, (E)-caryophyllene, α-humulene, caryophyllene
oxide, CBD and THC. Their analytical standards, provided by Sigma Aldrich (Milan,
Italy), were injected to build the calibration curves in the range 0.005–10 mg/mL. The
EOs obtained from the 9 commercial hemp varieties were diluted 1:100 in analytical-grade
n-hexane; 0.5 μL of this solution was analyzed in split mode (1:30), by employing an HP-5
coated capillary column (HP-5, 30 m l., 0.32 mm i.d., 0.25 μm f.t., Agilent Technologies),
placed in an Agilent 6850 Gas-Chromatograph (GC). A generator PGH2-250 (DBS Analytical
Instruments, Vigonza, Italy) was used to produce hydrogen flowing at 3.7 mL/min. The
injector temperature was set at 300 ◦C, while that of the GC oven was programmed as
follows: 60 ◦C for 3 min, then 350 ◦C at 25 ◦C/min for 1 min. The FID detector temperature
was 360 ◦C, and the hydrogen and air flow were 40 and 400 mL/min, respectively.

3.4.2. GC-MS Analysis of EOs

The qualitative chemical compositions of the EOs from the 9 varieties were evaluated
through an Agilent 8890 GC, with a single quadrupole Agilent 5977B Mass Spectrometer
(MSD) (Santa Clara, CA, USA), and a PAL RTC 120 autosampler (CTC Analytics AG,
Zwingen, Switzerland). The non-polar HP-5MS (5% phenylmethylpolysiloxane; length:
30 m, 0.25 mm i.d., 0.25μm f.t.) and the polar DB-WAX (polyethylene glycol; length: 60 m,
0.25 mm i.d., 0.25 μm f.t.) columns were employed as stationary phases. Helium (He) flow
rate was 1 mL/min. The oven temperature programs were set as below: for the HP-5MS
column, 60 ◦C for 5 min, then up to 220 ◦C at 4 ◦C/min, and on to 280 ◦C at 11 ◦C/min,
for 15 min, and finally to 300 ◦C at 15 ◦C/min for 0.5 min; for the DB-WAX column, 60 ◦C
for 5 min, increased to 220 ◦C at 4 ◦C/min, and later to 250 ◦C at 11 ◦C/min, for 15 min.
The EOs were diluted 1:100 in n-hexane (LC-MS) and the injection was done in split mode
(1:200). Data were acquired in SCAN mode (40–400 m/z) and analyzed through MSD
ChemStation software (Agilent, Version G1701DA D.01.00), using the NIST Mass Spectral
Search Program for the NIST/EPA/NIH EI and NIST Tandem Mass Spectral Library v. 2.3.
A mix of n-alkanes (C8-C30, Supelco, Bellefonte, CA, USA) was injected to calculate linear
retention indices (RI), and EO constituents were identified by checking the correspondence
between their RI and mass spectra (MS) and those of commercial libraries, in particular
ADAMS in the case of the analysis performed with the HP5-MS column, and NIST 17 when
the DB-WAX column was used [62,63]. Relative abundance (peak area percentages) was
obtained by normalization without using correction factors.

3.4.3. Chiral GC-MS Analysis of EOs

The separation of the enantiomeric pairs of α-pinene, β-pinene, limonene, linalool,
(E)-caryophyllene and caryophyllene oxide in the 9 EOs was achieved with an Agilent HP
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20β capillary column (20% β-cyclodextrin, length: 30 m, 0.25 mm i.d., 0.25 μm f.t.). The em-
ployed GC-MS system, along with the EOs dilution and injection mode, were the same as
those used in the previous analyses (Section 3.4.2). The oven temperature was set at 50 ◦C,
which was then raised to 220 ◦C at 2 ◦C/min for 1 min. The injector temperature was 250 ◦C,
while the ionization source and quadrupole temperatures were set at 230 ◦C and 150 ◦C,
respectively. The analytical standards (Sigma-Aldrich) of (+)-α-pinene, (−)-α-pinene,
(−)-β-pinene, (+)-limonene, (−)-linalool, (−)-(E)-caryophyllene and (−)-caryophyllene
oxide were injected as reference compounds.

3.4.4. SPME-GC-MS Analysis of UM

To analyze the volatile composition of UM, an SPME device from Supelco (Bellefonte,
PA, USA) with 1 cm fiber coated with 50/30 μm DVB/CAR/PDMS (divinylbenzene/
carboxen/polydimethylsiloxane) was used. The operative conditions for the sampling
were the following: equilibration time of 30 min, and sampling time of 60 min at 35 ◦C.
Lastly, the SPME fiber was inserted into the injector of the GC-MS system, maintained
at 250 ◦C and operating as below. A gas chromatograph equipped with a FID and coupled
with a mass spectrometer (Clarus 500 model Perkin Elmer-Waltham, MA, USA) was used.
The capillary column was a Varian Factor Four VF-1, and the optimized temperature
program was the following: from 70 ◦C to 120 ◦C at 6 ◦C/min; from 120 ◦C to 220 ◦C at
7 ◦C/min and held for 10 min. The components were identified by comparison between
their calculated linear retention indices (LRIs) and those relating to a mix of n-alkanes.
Furthermore, the matching of their mass spectra against commercial libraries (NIST) was
performed. All analyses were conducted in triplicate and the results were expressed as
average percentages calculated by peak area normalization from GC-FID chromatograms,
without the use of an internal standard or correction factors.

3.5. Spectrophotometric Analysis of LE and DM
3.5.1. Samples Treatment

The frozen remaining water after EO distillation was freeze-dried at − 54 ◦C and
0.05 mbar, through a BUCHI Lyovapor™ L-200 freeze-dryer (Büchi Labortechnik AG,
Flawil, Switzerland). The lyophilized extracts (LE) were ground in a mortar and the
obtained powders were maintained at 4 ◦C until further analyses.

3.5.2. Total Polyphenols Content

The total polyphenols content (TPC) in LE was measured by applying the Folin–Ciocalteu
method [64], with little variation. Briefly, 0.5 mL of aqueous solutions of LE (1 mg/mL),
after being added to 2.5 mL of Folin–Ciocalteu reagent solution (diluted 10 times in water)
and 7 mL of 7.5% Na2CO3 solution, were stored for 2 h at room temperature in the dark. The
spectrophotometric assay was carried out with a Cary 8454 UV-Vis (Agilent Technologies,
Woburn, MA, USA) at 735 nm. The calibration curve of gallic acid was employed in order to
determine the TPC, which was reported as the mean of two measurements, and indicated
as mg of gallic acid equivalents (GAE) per g of dry extract (DE). The TPC was evaluated
also for the dried deterpenated material (DM). In this case, 1 g of DM was extracted in
an ultrasound bath with 10 mL of a 50% ethanol aqueous solution, and 0.5 mL of the
supernatant was subjected to the spectrophotometric test, following the same previous
procedure. The results were expressed as mg GAE per g of dry hemp (DW).

3.5.3. Total Flavonoids Content

The total flavonoids content (TFC) determination was performed by following the
procedure by Chen et al. [65], with few modifications. More precisely, 0.5 mL LE solutions
in water at a concentration of 1.5 mg/mL were treated with 0.15 mL of NaNO2 (0.5 M), with
the following addition with stirring of 3.2 mL of 30% MeOH and 0.15 mL of AlCl3·6H2O
(0.3 M). After adding 1 mL of NaOH (1 M) 5 min later, the absorbance of the mixed solution
was evaluated spectrophotometrically at 506 nm. Rutin calibration curve (100–1000 ppm) was
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used, and the results are given as mg of rutin equivalents (RE) per g of DE. DM was extracted
with a 50% ethanol solution in water for TFC determination, operating in the same way as the
TPC analysis of DM. The spectrophotometric assay was carried out as already described in
this section and the obtained data were reported as mg RE per g of DW.

3.5.4. Radical Scavenging Activity

The antioxidant activity was determined in compliance with Mustafa et al. [64], by
using 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical. Specifically, 4.5 mL of DPPH in
EtOH (0.1 mM) were added to the aqueous solutions of LE (0.5 mL), to be then kept at
room temperature for 30 min in the dark. The analysis was performed at 517 nm, with the
same spectrophotometer employed for TPC and TFC evaluation. The radical scavenging
activity was expressed, referring to the trolox calibration curve, as mg of trolox equivalents
(TE) per g of DE. For DM, the same ethanol/water extracts were prepared, as for the two
previous spectrophotometric tests, and then they were analyzed as reported in the present
section. The antioxidant capacity was measured as mg TE per g of DW.

3.6. 1H-NMR Analysis of UM and DM

As a preliminary characterization approach, UM and DM were subjected to 1H-NMR
analysis. In detail, 100 mg of ground samples were extracted with 800 μL of CDCl3,
sonicated for 10 min and centrifuged. The liquid was then collected in an NMR tube, while
the plant material was dried under a nitrogen flow and then re-extracted with deuterated
methanol and water, sonicated for 10 min and centrifuged. In these cases, the liquid
fractions were collected in NMR tubes and analyzed. The spectra were acquired using a
Bruker Ultrashield Plus 400 MHz spectrometer.

3.7. HPLC-DAD-MSn Analysis of LE, DM and UM

An Agilent 1260 chromatograph with an autosampler and a diode array detector
(DAD), interfaced with a Varian MS 500 ion trap mass spectrometer, was employed to
quantify cannabinoids and phenolic compounds in the LE, DM, and UM of the 9 hemp
commercial varieties. For the analysis of flavonoids and minor compounds, the column
was an Agilent Eclipse XDB C18 (3.0 m × 150 mm × 3.5 μm), and the mobile phase
was represented by a mixture of 1% formic acid in water (A) and acetonitrile (B). At
the beginning, the gradient was 95% A, and in 30 min reached 100% B, with a flow rate
of 0.4 mL/min. Data were collected by DAD in the λ range of 200–400 nm. The mass
spectrometer was provided with an electrospray ion (ESI) source, which was employed in
negative ion mode. The MS parameters were the following: spray chamber temperature,
45 ◦C; needle voltage, 4700 V; capillary voltage, 85 V; RF loading, 80%; nebulizing gas
pressure, 25 psi (nitrogen); drying gas pressure, 15 psi; drying gas temperature, 300 ◦C.
Spectra were acquired in the 50–1000 m/z range. Chromatograms were acquired from
the turbo data depending on the scanning (TDDS) mode, allowing the generation of
fragmentation spectra for the most intense ionic species. For the analysis of cannabinoids,
an Agilent XDB (4.6 m × 250 mm × 5.0 μm) was used as the stationary phase. The
gradient of elution was performed using water 1% formic acid (A) acetonitrile (B) and
methanol (C). The gradient started with 30% A and 70% B, and in 20 min arrived at 70% B
and 30% C; in 23 min it reached 100% C and stayed isocratic up to 33 min. Data were
detected with DAD in the λ range of 200–400 nm. ESI-MS spectra were collected in positive
ion mode for the neutral cannabinoids, and in negative ion mode for the acidic forms.
Compounds were identified based on m/z values and retention times, and by comparison
with authentic standards. For quantitative purposes, standard solutions in concentration
from 0.1 to 100 μg/mL were set up to develop the calibration curves. For this purpose, CBD,
cannabidiolic acid (CBDA), THC, and δ-9-tetrahydrocannabinolic acid (THCA) were used
for cannabinoids’ quantification, while rutin and quercetin-3-O-glucoside were selected
for phenols content determination. For the analyses, LE, DM and UM samples were finely
ground and about 200 mg were weighed and extracted with 25 mL of MeOH/H2O 70:30.

605



Plants 2022, 11, 891

The extracts were sonicated in an ultrasound bath for 15 min and centrifuged, and then the
supernatants were taken and inserted into HPLC vials.

3.8. Multivariate Statistical Analysis of EOs and UM

Principal Component Analysis (PCA) was executed on the compositions of EOs and
UM of the 9 commercial varieties, using STATISTICA software v. 7.1 (Stat Soft Italia S.r.l.,
Vigonza, Italy). GC-FID (Section 2.1.2) and SPME (Section 2.1.5) results for terpenes, and
HPLC data (Section 2.4) for polyphenols and cannabinoids, were employed to build the
score and loading plots (missing values were replaced with 0.001).

3.9. Micromorphological Analysis

For each hemp cultivar, a micromorphological survey on female inflorescences (bracts,
bracteoles and inflorescence axes) was carried out by means of light microscopy (LM) and
scanning electron microscopy (SEM) in order to document the features of the glandular
indumentum. The samples were collected at comparable anthesis phenological stages. A
minimum of ten replicates per each plant part were studied to assess the variability in
the micromorphological features. Referring to the trichome distribution, we qualitatively
evaluated it using the following symbols: (+) present in all the replicates; (++) abundant in
all the replicates with a distribution on the whole organ surface.

3.9.1. Light Microscopy (LM)

The fresh examined plant parts were preliminarily observed by LM using hand-cut
sections. The following histochemical dyes were used to characterize the chemical nature of
the secretory products of the glandular trichomes: Toluidine Blue as a general dye [66], Nadi
reagent for terpenes [67], Alcian Blue for mucopolysaccharides [66], and Ferric Trichloride
for polyphenols [68]. Control stainings were simultaneously carried out. Observations
were performed under a Leitz DM-RB Fluo optical microscope equipped with a Nikon
digital camera.

3.9.2. Scanning Electron Microscopy (SEM)

Small hand-prepared segments of each plant part were FAA-fixed for 7 days, dehy-
drated in ascending ethanol series up to absolute, critical-point-dried, mounted on stubs
and carbon gold-coated. Observations were performed under a Zeiss® EVO MA15 SEM op-
erating at 10 kV at the Interdepartmental Center for Electron Microscopy and Microanalysis
Services (M.E.M.A.) of the University of Florence (Florence, Italy).

4. Conclusions

The findings of this work highlight new opportunities for the working area on hemp.
In addition to the most common applications and uses of hemp, its aerial parts, in particular
the inflorescences, can be exploited to obtain essential oil by hydrodistillation, a niche and
valuable product to be employed especially in the area of perfumes, and in agriculture as
natural pest-control agent, though new applications remain to be identified. Concerning
the residual fractions after hydrodistillation, the aqueous residue was found to be rich in
phenolic compounds, thus it can be a source of antioxidant constituents used as additive in
food and cosmetics. In addition, the deterpenated material has been proven to contain a
significant amount of decarboxylated cannabinoids, this being a valuable starting material
for the extraction of such compounds for the pharmaceutical market. From a phytochemical
point of view, the nine commercial hemp varieties showed significant differences in terms
of volatile profiles and, to a minor extent, the major cannabinoids. Interestingly, Lemon
Conti Kush New was characterized by high levels of the monoterpene terpinolene, while
Pablito was distinguishable from the others for the high levels of cannabigerol. In terms of
polyphenols, the latter was the only one showing high contents of luteolin-3-glucuronide,
while 24 K and Freh Mountain contained a high level of cannflavin A. The micromorpho-
logical and histochemical survey on the examined hemp commercial varieties allowed us,
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for the first time, to sketch a link between the hair morphotypes and their phytochemical
profiles. However, neither the trichomes’ density rate, nor their distribution patterns on
inflorescences, represented features with diagnostic value for varietal differentiation. Only
the smooth cuticle of the hooked hair-like lithocysts and the shorter pseudo-stalks of the
capitate-stalked trichomes proved valuable for the recognition of Venom OG and Lemon
Conti Kush/Lemon Conti Kush New varieties, respectively.
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