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Preface to “What Makes the Life of Stressed Plants a

Little Easier? Defense Mechanisms against

Adverse Conditions"

This Special Issue, entitled “What Makes the Life of Stressed Plants a Little Easier? Defense

Mechanisms against Adverse Conditions”, is devoted to various aspects of the effects of stress factors

on plants. Thanks to an interdisciplinary approach to the subject, our Special Issue disseminates new

research in the fields of anatomy, genetics, biochemistry, and physiology of both abiotic and biotic

stresses. It covers all plant species, from model plants, such as Arabidopsis thaliana and Brachypodium

distachyon, through the medicinal (Bryophyllum calycinum, Pelargonium graveolens, Rhodiola semenowii)

and ornamental (Armeria maritima), and ending with cultivated plants, including Beta vulgaris, Olea

europaea, and Triticum aestivum. It provides information on stresses related to drought, waterlogging,

low and high temperatures, alkalinity, salinity, heavy metals, oxidizing species, UV radiation,

wounds, and fungal diseases. We hope that this Special Issue will find a wide audience.

We would like to sincerely thank Ms. Snow Liu for her support in editing this Special Issue, as

well as the Authors and Reviewers of the articles for their cooperation. Special words of thanks go to

our families and relatives for their understanding and invaluable support.

Ewa Muszyńska, Kinga Dziurka, and Mateusz Labudda

Editors
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1. Introduction

Plants experience a wide array of external factors, some of which negatively affect their
metabolism, growth, and development. Such unfavorable circumstances, collectively called
environmental stress, require plants’ mechanisms to overcome these pressures and reach
homeostasis if they want to survive and reproduce in the stressful environments in which
they find themselves. The current Special Issue, entitled ‘What makes the life of stressed
plants a little easier? Defense mechanisms against adverse conditions’ is a compilation of
fifteen papers (original and review) related to structural, metabolomics, proteomics, and
genomics changes occurring under various stress conditions. In this way, it covers the
latest advances in our multifaceted understanding of responses and adaptation strategies
of plants, mainly to water scarcity and elements’ imbalance, but also to other stressors such
as non-optimal temperature or fungal disease.

2. Drought Stress

The problem of drought and maintaining efficient crop production in a changing
climate is a challenge for people around the world. Research is therefore focused on
understanding the mechanisms of plant defense reactions against water deficit, as well as
on the search for markers of drought resistance and substances modulating plant response
to a stress factor. Expanding the knowledge in this field by integrating different approaches
not only prevents crop losses, but also accelerates the process of breeding drought-resistant
varieties. Wahab et al. [1] reviewed the effects of drought stress on earlier germination
and flowering, the morphology of leaves, stems, and roots, as well as crop yields. The
authors discussed changes in physiological and biochemical parameters, such as leaf
relative water content (RWC), photosynthesis efficiency, stomatal conductivity, respiration,
membrane stability, accumulation of osmolytes (proline, soluble sugars, glycine betaine)
and antioxidant enzymes, and non-enzymatic reactive oxygen species (ROS) scavengers
(carotenoids, phenolics). Finally, they showed the possibility of inducing tolerance to
drought using exogenous phytohormones and changes in the content of endogenous
phytohormones under drought stress (auxins, cytokinins, gibberellins, abscisic acid (ABA),
ethylene, jasmonates).

Going deeper into the details, Hassan et al. [2] studied the application of nano-silicon
(nSi) as a regulator improving the biochemical and physiological parameters of drought-
sensitive ‘Kalamata’ olives grown in semi-arid climates with insufficient rainfall. The
‘Kalamata’ olive reacted to drought stress with oxidative stress manifested by an increase in
H2O2, malondialdehyde (MDA), electrolyte leakage, and fruit drop. The use of nSi in the
form of foliar spray at a concentration of 150–200mg/L−3 under moderate drought (90%

Plants 2023, 12, 1040. https://doi.org/10.3390/plants12051040 https://www.mdpi.com/journal/plants
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of irrigation water requirements) resulted in improved yield, total chlorophyll content,
and RWC, reduced fruit drop, and simultaneously lowered the content of proline, soluble
sugars, H2O2, MDA, ABA, and electrolyte leakage. The authors postulated that nSi in-
creases plant tolerance to drought by reducing the production of ROS and thus alleviating
oxidative stress.

Drought stress usually does not occur alone but is accompanied by temperature stress:
cold or heat. Hence, the influence of several stressors on the condition and physiology of
plants is being studied more and more often. Terletskaya et al. [3] studied the effect of water
deficit and cold on the morphology, physiology, and biochemistry of the medicinal plant
Rhodiola semenowii Boriss. The authors noticed non-specific reactions, such as a decrease
in photosynthesis efficiency or the accumulation of tocopherol in shoots, beta-sitosterol in
roots, and squalene in both shoots and roots, regardless of the type of stress. At the same
time, they observed specific changes in the anatomy of R. semenowii under studied stress
factors. The root, shoot, and leaf cells were flattened, with reduced turgor under drought
stress, and more hydrated, rounded, and densely packed in cold than control.

Drought is often accompanied by osmotic stress. Paunescu et al. [4] applied a polyethy-
lene glycol (PEG) solution in hydroponic cultivation to mimic drought stress to screen
winter wheat varieties of various origins for the activity of antioxidant enzymes. Increased
peroxidase activity under the 25% PEG treatment might suggest their resistance to drought
in most Romanian varieties. On the other hand, varieties considered to be drought-tolerant
showed low ascorbate peroxidase activity compared to the control. The authors concluded
that none of the tested biochemical markers can be a clear indicator of drought tolerance
due to the lack of correlation between the yield index and the ratio of antioxidant enzyme
content between PEG and control.

3. Chemical Elements’ Stress

The effect of elevated levels of metallic elements resulting from strong environmental
contamination of anthropogenic origin is one of the most frequently studied issues of both
basic and applied sciences. In the experiment by Niedziela et al. [5], triticale (×Triticosecale
Wittm. ex A. Camus) lines differing in aluminum (Al) tolerance were compared regarding
their ability to root regrowth and proteomic changes that may help in recovery after Al
stress. The authors demonstrated that the roots of the Al-tolerant triticale line could
recover without modification of proteome profiles. On the contrary, Al-sensitive genotypes
maintained the proteome alteration caused by unfavorable environments. The highest
upregulation was detected for proteins involved in protein folding (i.e., protein disulfide-
isomerase), stress-related response (such as glutathione S-transferase, oxalate oxidase,
and 1-Cys peroxiredoxin), and flavonoid metabolism (flavone O-methyltransferase 1),
while proteins involved in cell division (tubulin) and metabolic pathways associated with
amino acid metabolism and methylation control (S-adenosyl-L-homocysteine hydrolase),
as well as ascorbic acid biosynthesis (phosphomannomutase), were downregulated. In
turn, Chrysargyris et al. [6] noted that the physiological markers of plant response to metal-
induced stress are often beneficial bioactive secondary metabolites, mainly antioxidants
employed in the food, pharmaceutical, and cosmetic industries. Thus, they hypothesized
that the treatment of the medicinal plant Pelargonium graveolens with different levels of
copper (Cu) ions could stimulate the synthesis of phenolic compounds with high ability
to scavenge of ROS. P. graveolens plants; these proved to be surprisingly tolerant to Cu
stress, and in general, the applied concentrations of Cu up to 100 μM did not have a
negative influence on biomass production and the tested physiological parameters, such
as stomatal resistance, chlorophyll a fluorescence, and photosynthetic pigment contents.
The observed tolerance of P. graveolens was attributed to both the detoxification of most
of the Cu ions in roots, the restriction of their translocation to shoots, and an efficient
antioxidant system based on flavonoids and other, undetected classes of phenolics with
strong ROS neutralization properties. Taken together, these results showed that the leaves
of P. graveolens can be safely exploited as an herbal raw material which can be used for
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the extraction of bioactive compounds, the biosynthesis of which might be stimulated by
plant exposure to Cu. On the other hand, the review paper of Labudda et al. [7] showed
the significance of basic sciences in the development of applied sciences. According
to the authors, the understanding of plant adaptation and acclimation mechanisms in
response to harsh conditions is necessary to relieve the pressure of environmental changes
and ensure global food security for an increasing population, as well as to restore areas
degraded by human activity. Therefore, special attention was paid to the natural strategies
of metallophytes and hyperaccumulators that exhibit microevolutionary adaptation to high
concentrations of metals in the soil. The authors highlighted the possibility of the practical
application of metal-tolerant species in various phytoremediation techniques, as well as
indicating similarities between metal tolerance mechanisms and those activated during
salinity and drought. Finally, they discussed in detail the latest scientific achievements in
priming methods regarding the use of phytohormones, nanoparticles, reactive chemical
species, and (non-)ionizing radiations, which may effectively induce a defense response to
subsequently occurring stress, and provide plant acclimation and improved resistance to
heavy metals, salinity, and water deficit.

The chemical ion imbalance in soil can also result from the excessive accumulation of
Na+, K+, Cl−, NO3

−, and SO4
2− in the soil solution, and this disturbance is responsible

for salinity stress. The study conducted by Purmale et al. [8] aimed to compare salinity
tolerance and ion accumulation ability between the Armeria maritima subsp. elongata
accession from geographically isolated, salt-affected habitats. Interestingly, the authors
used both in vitro shoot culture and soil-cultivated plants for examination. It was found that
the increasing concentration of NaCl under in vitro treatment negatively influenced shoot
multiplication and biomass production, probably due to the lack of a natural mechanical
barrier (i.e., roots with Casparian strips) to ion translocation to shoots. On the contrary,
the growth of A. maritima under greenhouse cultivation was not significantly affected by
increasing salinity, and Na+ or K+ treatment had a similar effect on plants. However, there
were differences in osmotic adjustment (inorganic ions vs. organic osmolytes) between
these two cations. Tolerance to salinity in A. maritima was achieved by the deposition of
salt crystals on the leaf surface and flower stalks, as well as by the storage of toxic ions in
the oldest leaves, and therefore they were discarded by the plants.

4. Varia

Delving into the molecular basis of plant responses to biotic and abiotic stress factors,
Kesawat et al. [9] studied the proline-rich extensin-like receptor kinases (PERKs) gene
family in Triticum aestivum L. PERKs genes are known to be involved in plant development
and stress responses. The authors identified thirty seven genes in wheat from this family
(TaPERKs) and confirmed their increased expression under stress conditions. Many of
the TaPERK genes were up-regulated during the Septoria tritici blotch, powdery mildew,
or stripe rust infections. A few of them were also expressed under hot and cold stress.
The TaPERK gene family does not appear to directly participate in drought stress. In
addition, different genes of the TaPERK family have been shown to respond to various
stress factors. Their molecular role in plant responses was also assigned to the SKP1-
CUL1-F-box (SCF) type E3 ubiquitin ligases, which participate in multiple specific protein
degradation, including those that permit survival under stress conditions. SCF complexes
use F-box (FBX) proteins as renewable substrate adaptors to levy proteins for ubiquitylation.
The F-BOX STRESS INDUCED (FBS) subfamily of plant FBX proteins has an abnormal
structure, nevertheless, with an F-box domain placed in the center and extra conserved
regions at the N- and C-termini. Sepulveda-Garcia et al. [10] showed two WD40 repeat-like
proteins in Arabidopsis that are highly conserved in plants and interact with FBS proteins,
which were named FBS INTERACTING PROTEINs (FBIPs). FBIPs react only with the
N-terminus of FBS proteins, and this interaction takes place in the nucleus. The authors
concluded that FBS proteins may act in stress-responsive nuclear events, and described two
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WD40 repeat-like proteins as new tools to study how the abnormal SCF complex, SCFFBS,
functions through the interaction events of N-terminal FBX proteins.

Continuing with stress responses at the cellular level, the review paper of Li et al. [11]
indicated that calcium ions are one of the important regulators of plant reactions to various
abiotic stresses, such as water deficit and excess, salt stress, light stress, heavy metals,
non-optimal temperatures, and mechanical stimuli. In addition, the authors presented the
crosstalk between Ca2+ and other signaling molecules (ROS, ABA, nitric oxide, inositol 1,4,5-
trisphosphate, cyclic ADP-ribose, cyclic guanosine 30,50-monophosphate) in plants under
environmental challenges. In turn, from an organismal point of view, plants can react to
stressors through the formation of the secondary abscission zone (SAZ), which allows them
to eliminate a damaged organ or its fragment from parent individuals. Dziurka et al. [12]
elucidated the mode of action of methyl jasmonate (JA-Me) in inducing the formation of
SAZ, as well as analyzing changes in the content of endogenous phytohormones above
and below the SAZ in the stems of Bryophyllum calycinum. It was found that changes in the
metabolism of auxin and jasmonic acid-related compounds accompanied the formation
of SAZ under the influence of JA-Me. At the same time, the authors did not observe
any modification of the indole-3-acetic acid (IAA) content (which can also induce SAZ),
suggesting that the mode of action of JA-Me in inducing SAZ is different than in the case
of IAA.

A promising way to relieve plant stress is the involvement of microbiota, which—
working with the host plant—improves the condition of the plant and often enables it to
survive. A perfect example of this Brachypodium distachyon, in which the composition of the
leaf microbiome changed under the influence of acclimatization to cold temperatures [13].
The relative abundance of Streptomyces sp. M2, which releases antibiotics and siderophores
known to inhibit the growth of pathogens, increased by over 200-fold. At the same time,
the amount of Pseudomonas syringe, an ice nucleation active pathogen that can incite frost
injury to crops, drastically decreased. Streptomyces spp. produced heat shock proteins
and cryoprotectants which could protect the host plant during acclimatization to cold
temperatures. On the other hand, many microorganisms can be pathogenic and bring
about a serious threat to crop productivity. Regarding this issue, Rabby et al. [14] screened
a new bioactive secondary metabolites against the most damaging fungal disease of wheat.
The authors noted that two marine secondary metabolites—bonactin and feigrisolide C,
isolated from the marine bacteria Streptomyces spp.—significantly inhibited the growth of
Magnaporthe oryzae hyphae in vitro. In further analyses, the authors found that bonactin
and feigrisolide C decreased the mycelial growth of this pathogen in a dose-dependent
manner. Bonactin reduced mycelium growth more effectively than feigrisolide C. The
authors noted that, to be able to recommend these molecules as fungicides for wheat blight
control, the further study of additional M. oryzae isolates is needed to determine their exact
mode of action and disease control effectiveness under various field conditions.

Next, a literature review, which is more species-specific in its scope, concerns the
response to abiotic stress of cultivated beet (Beta vulgaris L.) [15]; this review shows selected
aspects of molecular, biochemical, physiological, and structural responses to heavy metals,
alkalines, non-optimal temperatures, and UV stresses. Here, attention was also paid to
changes in the expression of selected genes that seem to play important roles in response
to the abiotic stresses of beet plants. The use of this kind of approach and description
regarding this topic, as the authors also noted, may be useful in future works on the topic
of breeding.

5. Conclusions and Future Perspectives

The excellent articles published in this Special Issue summarize and broaden the
latest achievements in the field of stress biology. The shared knowledge gathered here,
showing what can make the lives of stressed plants a little easier, can provide clues for
the development of new strategies (or for the improvement of those already in existence)
to combat the global problems faced by the modern world, including drought, metal
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pollution, salinity, and climate changes. Such a multi-perspective view of plant complexity
may bring about a promising solution for the restoration of degraded lands, as well as the
conduction of sustainable agriculture and improved quality and productivity of plants
growing under diverse, even stressful conditions. On the other hand, more research is
needed on at least two different stresses acting simultaneously to fill the gaps in our
knowledge concerning plant responses to external stimuli that usually occur collectively in
nature. Another scientific challenge is also to discover both crosstalk connections between
particular metabolic pathways and signaling cascades responsible for efficient and rapid
plant adaptation and acclimation to changing environments.
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The Alleviation of Metal Stress Nuisance for Plants—A Review of Promising Solutions in the Face of Environmental Challenges.
Plants 2022, 11, 2544. [CrossRef] [PubMed]
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Abstract: Water, a necessary component of cell protoplasm, plays an essential role in supporting life on
Earth; nevertheless, extreme changes in climatic conditions limit water availability, causing numerous
issues, such as the current water-scarce regimes in many regions of the biome. This review aims to
collect data from various published studies in the literature to understand and critically analyze plants’
morphological, growth, yield, and physio-biochemical responses to drought stress and their potential
to modulate and nullify the damaging effects of drought stress via activating natural physiological and
biochemical mechanisms. In addition, the review described current breakthroughs in understanding
how plant hormones influence drought stress responses and phytohormonal interaction through
signaling under water stress regimes. The information for this review was systematically gathered
from different global search engines and the scientific literature databases Science Direct, including
Google Scholar, Web of Science, related studies, published books, and articles. Drought stress
is a significant obstacle to meeting food demand for the world’s constantly growing population.
Plants cope with stress regimes through changes to cellular osmotic potential, water potential, and
activation of natural defense systems in the form of antioxidant enzymes and accumulation of
osmolytes including proteins, proline, glycine betaine, phenolic compounds, and soluble sugars.
Phytohormones modulate developmental processes and signaling networks, which aid in acclimating
plants to biotic and abiotic challenges and, consequently, their survival. Significant progress has
been made for jasmonates, salicylic acid, and ethylene in identifying important components and
understanding their roles in plant responses to abiotic stress. Other plant hormones, such as abscisic
acid, auxin, gibberellic acid, brassinosteroids, and peptide hormones, have been linked to plant
defense signaling pathways in various ways.

Keywords: drought stress; abiotic stress; osmolytes; antioxidant enzymes; phytohormones; photosynthesis
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1. Introduction

Drought Stress

Changing climatic regimes are posing a threat to life on Earth because meeting the
rising food demand and achieving sustainable agriculture for a growing population is
becoming an uphill task in the present scenario of changing climatic conditions [1], which
include droughts, heavy floods, earthquakes, and temperature variations [2,3]. Drought
stress interrupts many physio-biochemical processes, hindering plant growth and devel-
opment [4,5]. Plants can frequently withstand limited water conditions but at the cost
of substantial loss in total biomass and productivity. Drought affects around half of the
world’s semi-arid and arid areas. Photosynthesis, growth, and other critical physiological
and biochemical activities are interrupted under drought stress conditions [6,7]. Previ-
ous studies [8–10] found that drought stress causes oxidative stress, damaging biological
membranes and macromolecules (DNA, proteins, lipids, and photosynthetic pigments).
Plants engage their natural defense systems in response to oxidative stress and create
osmolytes [11], such as soluble proteins, proline, soluble sugars, and glycine betaine [12].

Osmolytes, also known as osmoprotectants, are found mainly in the cytoplasm and
prevent cellular deterioration by maintaining the cell’s osmoregulation. Because osmolytes
are non-toxic and highly soluble, they do not interfere with other physiological and bio-
chemical processes [13,14]. Plants generate antioxidant substances such as flavonoids,
carotenoids, vitamins, and antioxidative enzymes such as glutathione reductase (GTX),
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxidase
(APX) in response to abiotic stress [15,16]. Water deprivation causes reduced turgor pres-
sure and oxidative damage from reactive oxygen species (ROS), including superoxide and
hydroxyl radicals, nitric oxide and singlet oxygen, causing alterations in leaf gas exchange
rates [17] (Figure 1). Natural drought-resistance mechanisms in plants have been well
developed, including morphological, physiological, and biochemical adaptations, such as
drought-resistant epigenetic plasticity and gene activation [18]. Drought resistance and
transformation in food legumes and crop plants are maintained through morphological,
physiological, and biochemical changes. These characteristics may assist crops in adapting
to harsh environmental conditions. Imbalances in nutrition are caused by drought stress,
causing significant ecological constraints on agricultural output worldwide [19].

Drought stress is the most challenging issue to agricultural productivity and has a
pronounced negative effect on plant growth, development, and productivity. Making it
difficult to maintain a sustainable agricultural system worldwide [19,20]. Drought-induced
changes in wheat characteristics were investigated, and their impact on agronomic at-
tributes and yield were studied. Spikelet fertility and grain filling were affected negatively
by drought stress [21]. Maize (Zea mays L.) and wheat (Triticum aestivum L.) crops water
limitations lead to reduced crop yields and quality]. Water stressed conditions reduce
agricultural output and put food production at risk [22,23]. Reduction in agricultural pro-
ductivity leads to shrinking revenue for local farmers. The loss of production substantially
impacts farmers’ livelihoods and economies [24]. Wheat (Triticum aestivum L.) crop is a
major cereal crop and a common food source worldwide. Wheat (Triticum aestivum L.) crop
with improved drought tolerance is essential for long-term food production and global
food security [25]. Many critical genes and transcription regulators controlling morpho-
physiological and biochemical features have been discovered due to recent developments
in drought tolerance research [26] (Figure 2).
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Figure 1. Effects of drought stress on sensitive and tolerant wheat (Triticum aestivum L.) crops.

Figure 2. Drought stress impacts plants’ morphological, physiological, and biochemical processes.

2. Drought-Induced Changes in Plant Morphology

Drought stress adversely affects morphological aspects of plants, such as early ger-
mination, plant height, relative root length, root diameter, the total biomass of leaves and
roots, number of leaves/plants, and branch number/plant [27,28].
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2.1. Early Seed Germination and Flowering

Water is essential for seed germination; however, while other conditions may be ideal,
drought stress inhibits the imbibition of seeds and, consequently, hinders germination [29].
Similarly, it reduces seedling vigour and impacts germination by lowering water intake [30].
In the early stages of crop development, drought stress manifests through reduced seed
germination resulting in poor stand establishment [31]. Poor seedling germination was
observed under exposure to drought stress in two crops: rice (Oryza sativa L.) and pea
(Pisum sativum L.) [30,32]. Low water content in the soil combined with other environmental
factors can alter germination success. Drought stress considerably influences Zea mays
L. seedling germination [33,34]. Some field crops are particularly vulnerable to cold and
dryness, especially during germination and seedling development (early phases). Every
seed has optimal soil moisture levels and temperature for germination [35].

2.2. Plant Morphological Characteristics of Leaves under Drought Stress

Drought stress substantially influences the internal plant components that increase
plant height [35]. Plant height loss might be related to decreased cell growth, a high
rate of leaf abscission under dryness, and poor mitosis [36,37]. Water stressed conditions
considerably reduced the number of leaves in Zea mays L. [34,38]. The study by [33] showed
that sweet basil (Ocimum basilicum) leaves are significantly more critical than shoot and roots
because leaves are responsible for photosynthesis and contain photosynthetic pigments.
Drought regimes reduce leaf area and plant total biomass [39]; by limiting leaf growth and
affecting the photosynthetic process. Previous research studies reported that leaf area was
significantly decreased under drought stress conditions in many crops, including Triticum
aestivum L. and Oryza sativa L. [39,40]. Loss of water from the upper epidermis of the leaf
results in diminishing leaf pressure potential, which causes the leaf to roll. Reduced leaf
temperature, increased interception of the incident light, and increased transpiration rate
benefit this phenomenon. Under drought stress regimes, leaf area and leaf rolling were
dramatically enhanced in maize (Zea mays L.) crop leaves [41].

2.3. Plants Shoot Morphology and Architecture under Drought Stress

Drought stress has a negative impact on shoot length and fresh weight. In Phaseolus
vulgaris L., however, there was a considerable drop in the dry weight of the shoot [42].
Conversely, the shoot length in maize (Zea mays L.) crop was discovered, which needs to
recover by supplying adequate water and nutrients for survival and defeating drought
stress conditions [43]. Similarly, it was observed that the seedling length of maize (Zea
mays L.) was dramatically reduced under drought stress. The water shortage tremendously
affects maize crops’ dry weight after drying in shades [44]. The results showed drought
stress considerably affects maize (Zea mays L.) crops’ fresh weight compared to control. In
such situations, the plant needs a well-developed root system attaching themselves and
collecting water and nutrients from their environment [45].

2.4. Plant Root Morphology and Architecture under Drought Stress

Drought stress alters agricultural plants’ root architecture and morphology. During
abiotic stress conditions, many plants’ root biomass increases as the roots’ length become
more prolonged, and more water and minerals are absorbed from the soil [18,46]. Further-
more, polyethylene glycol-induced drought stress decreased hypocotyl length and fresh
and dry weight roots in maize (Zea mays L.) while increasing root length [47]. Sometimes,
moderate drought has no pronounced negative impacts on root development [48]. Root
development in maize, for example, was unaffected by water stress [49]. Previous research
found that drought stress boosted root development in two plants, Catharanthus roseus L.
and Helianthus anuus L. [49]. Drought stress affects crops, but the most relevant charac-
teristic is increased legumes, shoot, and root-shoot ratios in different plant species [16].
Root architecture plays a crucial role in plant growth and development. When plants
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are subjected to water-stressed conditions, their roots elongate into the ground, reaching
deeper and absorbing enough water and minerals to survive [43].

2.5. Yield

In some plant species, yields may be reduced depending on the period and intensity
of the limited water condition; nevertheless, the lack after anthesis is deleterious to crop
yields regardless of the severity and time of the deficit. Drought stress lowers yields in
several ways [50]. In barley (Hordeum vulgare L.) and wheat (Triticum aestivum L.) crops,
drought stress reduced the number of spikes, tillers, and grains per plant, as well as the
grain weight [51,52]. Reduced millet (Pennisetum glaucum L.) production by drought stress
caused silking to be delayed and the anthesis-to-silking gap to be lengthened [53]. Drought
stress harmed soybean seed production and influenced the physiology and yield of crop
germplasms [50]. This trait was substantially related to grain production, namely the
number of ears and kernels per plant [54]. The association was investigated between grain
yield, grasslands, and harvest index [55].

Here we are discussing that drought stress dramatically impacts plants’ morphological
characteristics of wheat corps (Triticum aestivum L.). Drought stress significantly affects
the early stages of seed germinations [56]. In leaf morphology, drought stress also plays
a critical role, such as; a reduction in leaf expansions and leaf rolling [57]. Productions of
Yield quality and yield losses in wheat crop (Triticum aestivum L.) species have been linked
to a limited water conditions, with the severity and duration being the focus factors in this
association, as shown in Figure 3 [58].

Figure 3. Impact of drought stress on morphological aspects: Cycle of growth of a Triticum aestivum
L. plant.

3. Physiological and Biochemical Responses under Drought Stress

Drought causes water shortage since there is not enough water in the soil. A water
shortage in the soil is not always the cause of the physiological drought [59]. A physiological
drought occurs when a plant cannot get enough water; plants react to water stress in
various ways [50]. Physiological, biochemical, anatomical, morphological, and long- and
short-term developmental and growth-related adaptable techniques might be involved
(Figure 4) [60–62]. Reducing leaf relative water content, turgor loss, and stomatal closure
are the frequent consequences of drought stress in Barley (Hordeum vulgare L.) [51]. During
drought, leaf wilting and abscission reduce water loss via transpiration [17,63]. When
there is a significant water shortage, cell enlargement in higher plants is hampered by the
interruption of xylem water flow. When drought stress is minimal to nonexistent, stomatal
closure, cell membrane structural damage, and plant metabolic disturbances occur [64,65].
The results suggested by [43] concluded that numerous internal and external conditions
govern internal plant water interactions in Zea mays L., such as the stomatal resistance,

11



Plants 2022, 11, 1620

RWC, rate of transpiration, leaf temperature of wheat crop (Triticum aestivum L.), leaf water
potential, and the canopy temperature just above the plant [21,66,67].

Figure 4. Drought stress’s effects on Triticum aestivum L. plant morpho-physiological and
metabolic processes.

3.1. Leaf Relative Water Content (RWC)

Leaf RWC is a crucial controller of physiological processes in plants. RWC reduction is
the first symptom of the drought stress response [68]. The relative water content of leaves
strongly correlates simultaneously with leaf tissue growth rate and rate of transpiration [69].
Lower RWC reduces leaf water potential, causing stomata to contract. Transpiration is the
primary mechanism governing leaf temperature; increasing stomatal resistance minimizes
the transpiration rate in rice leaves due to ABA content and increases leaf temperature [63].
In a Triticum aestivum L., the leaf’s relative water content increases throughout development
and decreases as dry matter accumulates as the leaf ages [70]. Water-stressed wheat and rice
plants contained less water content as compared to those wheat and rice plants that were
grown under controlled conditions [71]. A decline in relative water content induced a drop
in water content and osmotic potential under stress regimes. In wheat (Triticum aestivum),
the state of reduced leaf turgor pressure disrupts plant metabolic functions. Under drought
conditions, crop development is impeded by a lower soil water potential, and the resulting
lowered plant osmotic potential leads to low nutrient absorption [72].

3.2. Effect of Drought Stress Conditions on Photosynthesis and Stomatal Aperture

In photosynthesis, CO2 and H2O within the chloroplast of plant cells produce sugars
and O2 as a by-product in the presence of light. Chlorophyll is an essential component of
chloroplasts required for photosynthesis [73,74]. Chlorophyll pigments are essential for
photosynthesis, affected by water-stressed conditions during stomatal closure and openings
in Nicotiana tabacum L. [75]. Plants must capture light and use it during the photosynthe-
sis process. Under drought stress, the chlorophyll concentration is dramatically reduced
due to increased oxidative stress, degeneration, or photo-oxidation of chlorophyll pig-
ments [76]. Drought sensitivity in (Triticum aestivum L.) was predominantly connected with
reductions in stomatal conductance, which decreased the delivery of carbon dioxides to
chloroplasts and, consequently, reduced net photosynthesis [77,78]. The results determined
that drought stress affected plant growth and development by lowering the rate of photo-
synthesis [79]. The major factors responsible for slowing photosynthesis might be stomatal
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closure (reduced stomatal CO2 fixation), non-stomatal (decreased photosynthesis activity
in mesophyll tissues), or both [80,81]. Water stressed condition is one of the numerous
environmental variables that impede photosynthesis. The high sensitivity of connecting
photosystems II (PS-II) following limiting tensions induced by external variables motivates
drought stress in harming these systems, which are reaction locations. Methods of chloro-
phyll fluorescence revealed a hazard and suggested that manufacturing operations were
not balanced [82,83]. Drought stress causes plants to be adapted accordingly by regulating
their stomata movement, adjusting their osmotic balance, and mounting an antioxidatant
defense [8,84]. However, a protracted period of high-intensity limited water conditions
might slow plant development, alter the morphological structure and biomass distribution
pattern in tomato crops (Solanum lycopersicum L.), or cause mortality [15,85]. Drought stress
significantly influences the photosynthetic system and its pigments, such as chlorophyll
a, b, and carotenoids [72,86,87]. Drought stress also impacts complex systems such as
photosystems I and II. Drought stress significantly influences plant starch production by
affecting the Calvin cycle and enzyme activity (Ribulose phosphate) [86]. The first sign of
a plant’s drought stress response is closing its stomata. When drought stress becomes
more severe during the day, stomata progressively close in sugar beet (Beta vulgaris L.) [88].
Stomata are entirely closed in extreme drought stress conditions. Still, full closure varies
among plant species depending on their specific tolerances to drought conditions, as shown
in pea crops (Pisum sativum L.) [30,89] (Figure 5). As a result, plant species tolerance influ-
ences the stomatal mechanism, which regulates carbon fixation rates, photosynthesis, and
water usage efficiency. When stomata restrict CO2 uptake into the leaves, more electrons
are available to produce active oxygen species [90]. When physiological processes at the
stomata are reduced by environmental conditions that increase transpiration rates, then the
pH of the leaf sap is elevated; [91] observed reductions of photosynthesis, ROS production
regulations decreased, and stomatal conductance under drought stress could be recovered
by following re-watering [92].

Figure 5. Drought stress and morpho-physiological responses in pea plants; drought stress affects
photosynthetic pigments and leaf stomatal openings and closings in pea crops (Pisum sativum L.).

3.3. Carotenoids

According to [34,93] studies, drought stress has reduced the concentration of carotenoids
in higher plants. Carotenes are classified into two types: hydro-carbon carotenes [83], which
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include lycopene and xanthophylls, and carotene, which differs from the former due to
the inclusion of lutein. The enzymatic antioxidant system contains carotenes, tocopherol,
ascorbate, and enzymes such as APX, POD, SOD, polyphenol oxidase, glutathione reductase
(GR), and CAT was, protecting carotenoids from the damaging of ROS [8,88,94–97]. The
enzymatic antioxidant system, which contains carotenoids, also protects carotenoids from
ROS. Beta-carotene, which is involved in the breakdown of triple chlorophyll, prevents
singlet oxygen formation, which helps in protecting the plant cells from oxidative stress. In
addition, carotene is required to avoid and maintain photochemical reactions [14].

3.4. Cell Size, Cell Membrane Stability, and Respiration

Many developmental processes and all aspects of the growth have been adversely
affected by droughts, such as cell division, cell expansion, cell differentiation, and genetic,
ecological, and physio-morphological approaches [57]. These events, influenced by limited
water regimes, govern the amount and quality of plant growth. As a result of the drought,
one of the most drought-sensitive physiological processes is cell development as turgor
pressure drops [62]. Drought stress is characterized by the limitations of a water path
from the xylem to the neighboring elongating cells, which ultimately results in the plant’s
death; it may impair cell elongation in higher plants [95]. According to [22], drought
stress reduces cell size in winter wheat crops (Triticum aestivum L.) verities; and enhances
interactions between Protein-protein aggregation and denaturation [96]. It is possible that
increasing solute concentrations, particularly in the presence of photosynthetic equipment,
will be harmful to enzyme activity, as evidenced by an increase in cytoplasmic viscosity [57].
Drought stress reduces the respiration rate in various plant components, including leaves,
shoots, and the whole plant [15,97]. According to research, plants’ respiration rates remain
unaltered or even increase [98]. Drought seems part of a systemic metabolic response
when dryness significantly restricts CO2 availability inside leaf cells, raising the danger
of secondary oxidative stress [17]. Root respiration and biomass may decrease during
excessive soil drying, resulting in more significant drought-resistant wheat growth, physio-
logical activity, and grain yield [21]. The drought-resistant wheat crop (Triticum aestivum
L.) spring varieties should be favored over drought-sensitive wheat (Triticum aestivum L.)
in dry settings [99,100]. The cell membrane stability (CMS) test can identify genotypes
susceptible to drought stress. CMS and cell membrane integrity are indicators of resistance
to limited water availability under water-stress situations. Lower CMS genotypes were
more sensitive to water deficit stress and vice versa. Similarly, the CMS index is essential in
breeding programs since it predicts drought tolerance or sensitivity requirements. Drought
sensitivity is higher in genotypes with a low CMS value, but drought sensitivity is higher
in genotypes with high CMs in wheat crops [23,101–103].

Even with limited water availability, CMS indicated a positive relationship between
wheat crops (Triticum aestivum L.) tillering ability and grain output but a negative relation-
ship between grain weight measured in kilograms (1000-grain weight) and grain yield [86].
As a side note, drought has been demonstrated to increase the oxidative process among
plant species. This results in reduced membrane stability due to lipid peroxidation and, as
a result, cell membrane damage [9].

4. Biochemical Responses under Drought Stress Conditions

Accumulating biochemicals such as proline, protein, sugar and glycine betaine (GB)
improve crop production by scavenging ROS-generated oxidative stress [10]. Moreover,
physiological processes including cellular respiration, rate of photosynthesis, mineral nutri-
tion, enzymatic activities, and, Redox (oxidation/reduction) homeostasis are influenced
by drought stress regimes. Likewise, biochemicals, including membrane lipo-proteins and
DNA and cellular protein content, deteriorate under water-limited conditions [98]. Plants
withstand drought stress regimes by developing various biochemical, structural, and molec-
ular strategies, including the accumulation of certain osmolytes such as proline, proteins,
sugars and glycine betaine. Applying salicylic acid improved drought-stress tolerance
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by upholding redox potential and activating proline biosynthesis [104,105]. Compatible
solutes such as proteins, proline, glycine betaine, phenolic compounds, soluble sugars and
organic acids accumulated chiefly in the cytoplasm in response to limited water availability
by scavenging ROS, improving the water potential, and protecting biological molecules
from lipid peroxidation [106]. Plant cells collect soluble chemicals during drought stress
and increase cytoplasm viscosity. Under some situations, the content of these unique
chemicals may become toxic, causing issues with enzyme development and the entire
photosynthetic process [107]. The rate of regeneration of ribulose-1,5-bisphosphate, the
maximum rate of ribulose-1,5-carboxylate, NADP-malic enzyme, phosphoenolpyruvate
carboxylase, Rubisco, fructose-1,6-bisphosphatase, and orthophosphate-Di kinase pyruvate
are all reduced as a result of the rapid decrease in “dry” photosynthesis [108]. Noncyclic
electron transport is similarly lowered to satisfy the needs of decreased NADPH synthesis,
ATP production, and ROS production. Different cultivars may respond and adapt differ-
ently to drought stress [109]. According to transcriptome studies, drought-tolerant and
sensitive wheat genotypes may use distinct molecular processes to deal with drought stress.
Differential expression of numerous drought-inducible genes involved in regulation, cell
defense, and cellular component remodeling is one of the most noticeable changes [92]. Ac-
cording to transcriptome research, drought-tolerant and sensitive wheat (Triticum aestivum
L.) genotypes may use molecular methods to cope with drought stress [69,84]. One of the
most noticeable changes is the differential expression of several drought-inducible genes
involved in cell defense regulation and cellular component remodeling [110]. While many
of these genes are activated in drought-sensitive wheat (Triticum aestivum L.) genotypes and
contribute to limiting drought impacts and perception, many of these genes are expressed
constitutively in tolerant genotypes [111].

Furthermore, signal transduction and hormone-dependent regulation mechanisms
change amongst Triticum aestivum L. genotypes [112]. Drought stress-tolerant genotypes
perceive drought quickly and activate signal transduction pathways that trigger down-
stream components, helping them withstand drought stress [113]. When there is a lack
of water, chemicals and metabolites including proline, glycine betaine (GB), and soluble
sugar accumulate in the cytoplasm, assisting in osmotic adjustment and preparing the
plant to cope with the adverse effects of oxidative stress in Triticum aestivum L. [62,114].
These metabolites are significant because their distinct biochemical processes promote plant
tolerance—drought signaling results in crosstalk between various biological molecules
and metabolites. Proline is an essential metabolite that accumulates in higher amounts in
water-stressed environments [83].

4.1. Reactive Oxygen Species (ROS)

Water scarcity is the primary constraint on agricultural growth and development in
irrigated and non-irrigated zones. This is because climatic conditions in irrigated and
non-irrigated agricultural regions have changed [115]. ROS production is combined with a
normal metabolic function in a drought-stressed climate, such as aerobic metabolism [116].
The reaction of plants to drought stress, whether through photosynthesis or other means,
results in oxidative damage in proteins, lipids, and nucleic acids. Because plants are sessile
creatures, they have devised techniques to assist them in surviving, adapting, or tolerating
drought stress [58]. Under drought stress environments, increased ROS formation is
unavoidable; phytotoxic levels of ROS are hazardous [117], resulting in cellular damage
and even death [94,118]. However, they function as an essential signaling molecule at low
concentrations, stimulating multiple stress-responsive pathways and initiating crosstalk
between them. ROS-producing and scavenging enzymes and the antioxidant system fine-
tune these for maintaining the cell’s redox state by removing or changing the intracellular
ROS concentration [119].
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4.2. Total Soluble Phenolic, Antioxidatant Enzymatic, and Osmolyte Regulation under Drought
Stress Conditions

According to previous findings, there was a 100% increase in phenolic content under
drought stress conditions [117,120,121]. Drought-stressed tomatoes had more total phenolic
(46.4 mg GAE/100 g DM) than well-watered tomatoes [122]. Total phenolic rather than
individual polyphenol concentrations were used in this study because of the wide range
of phenolic compounds and the structural diversity of phenolic compounds [123]. Food
polyphenol content cannot be determined using a single method, and the Folin-Ciocalteu
reagent can be affected by other reducing agents, such as ascorbic acid [124]. High phenolic
compounds in tomato fruits protect cells from oxidative damage. Peppers are a popular
vegetable worldwide [14,125]. Drought stress reduces pepper fruit pithiness and reproduc-
tive development parameters; however, antioxidant activity was boosted after 45 days of
blooming [79]. The coordination and management of multiple antioxidant enzymes in tea
plants during drought stress is not well understood; despite all the stressful situations, foliar
antioxidant content was noticed. Chemically reactive oxygen species are scavenged by
enzymes that maintain membrane integrity and modify the osmotic pressure via signaling
pathways that regulate gene expression and transcription [126].

Maize (Zea mays L.) crops under drought stress had the highest levels of antioxidant
enzymes (POD), hydrogen peroxide (H2O2), glutathione (GSH), proline, and malondialde-
hyde of any crop tested (MDA) [86,127]. The finishing purpose of this study, according to
the authors, was to assess the number of antioxidant chemicals discovered in the flesh of
tomato fruits that had either been well-watered or had been subjected to a 10-day drought
cycle throughout their development [128]. GPX produces lignin, guaiacol, and pyrogal-
lol, which function as electron donors to scavenge hydrogen peroxide inside and outside
the cell. Many studies have shown that GPX levels increase in drought-stricken plants
like wheat crops (Triticum aestivum L.) [58]. The report concluded that drought stress in-
creases GPX activity in rice and has been extensively researched and confirmed as a helpful
screening approach for tolerance characteristics [129]. Proline is known for its vital role
in osmoprotectants [130]. It is suggested that proline regulates cellular redox status and
directly acts as a ROS scavenger under oxidative stress conditions. High proline concen-
tration is associated with drought tolerance and a powerful defensive antioxidant system.
The rainfed genotypes exhibited a greater proline concentration than irrigated or humid
genotypes. Agricultural plants undergo various internal physiological processes [8,68].

Similarly, wheat (Triticum aestivum L.) cultivars with a high proline content in the
leaves efficiently utilized water. Proline accumulates more significantly in response to vari-
ous abiotic environmental challenges, including abiotic stress such as drought stress [131].
It is widely recognized that higher proline concentrations in agricultural plants cultivated
under water-stress conditions relate to drought tolerance. Those drought-tolerant varieties
have higher proline concentrations than drought-sensitive cultivars [132]. Many investiga-
tors identified a buildup of soil proline in the leaves of saline-stressed higher halophytic
plants. However, plants subjected to drought stress showed significantly higher proline
concentrations in the plants’ leaves, shoots, desiccating pollen, and root apical regions.
Increasing the quantity of proline in the plant saves less water potential, resulting in the
buildup of osmolytes in the osmoregulation process, allowing the plant to take up water
for growth and metabolic activities [103,110,124].

The previous study explained that several antioxidant defence system enzymes’ ac-
tivity changes when the wheat crop (Triticum aestivum L.) is exposed to oxidative stress
caused by environmental stresses [133]. Guaiacol peroxidase, peroxiredoxins, SOD, CAT,
GPX, ascorbate-glutathione cycle enzymes, including dehydro-ascorbate reductase, mon-
odehydroascorbate reductase, APX, and glutathione reductase are among the enzymatic
activities [15,134]. Tocopherols, carotenoids, and phenolic chemicals are non-enzymatic
components, as are the primary cellular redox buffers ascorbate and glutathione. The wheat
crop (Triticum aestivum L.), which is grown in the field and the lab, the activity of peroxidase,
superoxide dismutase, ascorbate glutathione reductase, catalase, and guaiacol peroxidase,
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as well as the amount of ROS, were discovered [86,135,136]. Furthermore, multiple in-
vestigations show that abiotic stress has a genotype-specific effect on Triticum aestivum
L., with different genotypes reacting differentially to the limited water supply. Drought-
tolerant genotypes have a better antioxidant capability, which results in less oxidative
damage [78,91]. Wheat crop (Triticum aestivum L.) responses vary by tissue type, dura-
tion, the severity of stress, and developmental stage, demonstrating the intricacy of ROS
generation and detoxifying pathways and the impact of ROS on antioxidant systems [137].

5. Improvement of Drought Tolerance Using Molecular Tools

Rather than a qualitative feature, drought tolerance combines quantitative plant
features regulated by several genes and other plant variables with minor individual im-
pacts [138]. Understanding drought stress responses has necessitated the development of
molecular regulatory understanding in recent years [139,140]. Transcriptome research, for
example, has improved performance and aided the discovery of potential genes that might
be used in plant breeding [141,142]. However, it was evident that the translational and post-
translational machinery, particularly for immediate molecular activity during abiotic stress
adaptation, is essential [112]. Understand stress-induced signal receipt and transduction,
translational movement, and induced protein levels. In addition to transcriptome investiga-
tions, proteomics has emerged as the most direct and consequential approach for acquiring
protein expression information on plants’ responses to drought stress [93]. Comparing
proteomics of drought-tolerant and sensitive wheat (Triticum aestivum L.) genotypes is one
technique for assessing the complexity of molecular pathways in wheat (Triticum aestivum
L.) crop in response to drought stress [143]. In irrigation water shortage and climate change,
efforts to enhance crop drought tolerance and related soil salinity are critical [144]. Specific
chromosomal sites (quantitative trait loci (QTL) were connected to express traits using a
combination of DNA fingerprints from various genotypes and phenotypic evaluations.
Using marker-assisted selection (MAS) technology, some DNA markers have been linked
to favorable QTLs [145]. Because of advancements in next-generation sequencing, the
synthesis of many genetic markers, such as single nucleotide polymorphisms (SNPs) [146];
and insertion-deletions (InDels), provides a realistic option for increasing drought tolerance
in cereal crops [147]. Drought-responsive genes and QTLs have recently been discovered
in wheat (Triticum aestivum L.) crop, revealing that QTLs have been the focus of research
over the last decade to identify the gene loci governing crops’ adaptive response to drought
stress [148]. In addition to traditional and molecular plant breeding methods, the transfer
of genes and gene regulatory sites vital for plant water management has emerged as an
essential strategy [149]. Candidate genes have been thoroughly investigated in transgenic
approaches [150].

In the previous research, many drought stress response genes were discovered and
introduced into cultivated plants [132]; drought-resistant like Triticum aestivum L., Oryza
sativa L., and Zea mays L. transgenic crops. Only a few drought-resistant grain cultivars
developed through genetic transformation have been approved commercially [106,138,151].
The cspB gene, which encodes the cold shock protein B, was introduced into maize to give
drought tolerance [129]. The cspB transgenic plant retains RNA stability and translation
during drought stress, maintaining normal cellular function [152,153]. More profound
knowledge of interactions between growth-promoting microbes and plants is another
promising approach to the abiotic stress problem in many plants (PGPM) [132,154]. Plants
can be protected against abiotic stress’s adverse effects, mainly drought and salinity stress.
The biotechnology approach may be used to improve plant-microbe interactions. Plants
inhabited by genetically changed soil bacteria that overproduce trehalose benefit from
genetically modified PGPM [20,54,155].

6. Phytohormonal Modulation under Drought Stress

Phytohormones play an essential role in the development and growth of plants and
their responses to environmental stress [156]. While not all plant cells respond to hormones

17



Plants 2022, 11, 1620

simultaneously, those genetically programmed to do so at certain moments throughout the
plant’s growth cycle. Plants need hormones at certain times and sites throughout their de-
velopment and reproduction [157]. Hormones must disengage their effects when no longer
required. Plants may also chemically break down hormones, leading to death [158]. Plant
hormones oversee regulating the levels of other plant hormones [159]. Plant hormones
are among the most significant biochemical influencing plant development and yield pro-
duction in various environments, including drought stress [160,161]. Plant hormones are
essential in developing and growing a plant when under water deficit stress [162]. Water
stressed-induced responses in plant growth regulators such as salicylic acid, gibberellins,
Cytokinin, and abscisic acid have been observed [149]. Besides stress responses, phyto-
hormones also control internal and external stimuli and signal transduction pathways.
Difficulty growing plants and low output are caused by different abiotic stresses, with
drought stress most prevalent worldwide [163,164].

For this reason, the drought tolerance mechanism understanding in plants is essential
for enhancing drought resistance in plants. According to [109] the growing body of research,
phytohormones appear to be critical signaling molecules that modulate various wheat
plant (Triticum aestivum L.) development processes and growth stages when plants are
subjected to drought stress. The production of phytohormones regulates wheat plant
(Triticum aestivum L.) growth in response to drought stress [106,165].

6.1. Salicylic Acid

Johann Buchner, a German scientist, first isolated SA from the bark of a Salix species
(willow tree) in 1928 and named the glucoside of salicylic alcohol “silicon” [126]. SA is
a phenolic molecule generated by secondary metabolism [166]; that plays a role in many
biological processes, including CO2 assimilation, antioxidation, stomatal regulation, and
photosynthesis [167,168]. Though SA’s role in abiotic and biotic stress has been thoroughly
studied, evidence of its impact on drought stress is limited. Several studies, however,
suggest that it may have a role in drought stress by modifying regulating drought-related
genes through transcriptional regulation and stomatal aperture; depending on the amount
of SA utilized, drought tolerance and sensitivity are affected [156,169,170].

Similarly, a higher SA treatment concentration reduces maize plants’ capacity to
withstand drought. Water shortage increased endogenous SA levels significantly in Phillyrea
angustifolia L. plants [171,172]. SA (500 M) applied externally to drought-stressed barley
enhanced stomatal conductance and CO2 assimilation, leading to a dry matter increase [173].
According to [174], SA controls proline production and maintains the cellular redox state in
the Brassica rapa L. plant. According to Castro et al., the light-induced stomatal opening
was reduced in plants with high SA levels and the siz1 mutant (impaired function in SUMO
E3 ligase, SIZ1), minimizing water loss and giving drought resistance [175].

Similarly, drought stress tolerance, increased SA buildup, and lower stomatal conduc-
tance was observed in cpr5 and acd6 mutants. Furthermore, many essential proteins were
revealed for drought stress physiology and metabolism by priming the wheat seedlings
with SA (0.5 mM) [133]. Proteins such as carbohydrate metabolism, photosynthesis, anti-
stress proteins, and the signaling cascade are differentially expressed in primed seedlings,
resulting in drought tolerance and improved growth [176–178]. SA applied exogenously
has also been found to boost plant drought resilience. Plants overexpress CBP60g (a tran-
scription regulator of SA biosynthesis) are more sensitive to ABA, accumulate more SA,
and have a robust drought resistance phenotype [179].

Applying Salicylic acid (SA) to the leaves has induced plant stress tolerance. Several
studies have found that Salicylic acid (SA) has beneficial effects on plants in terms of
resistance to salinity, drought, and high temperatures [105,180,181]. The previous results
suggested that Salicylic acid (SA) helps plants adapt to abiotic stresses [182]. Salicylic acid
(SA) and exogenously applied substances develop dry period resilience and upgrade the
submerged plants’ development and harvest [126,183]. Under drought-stressed conditions,
salicylic acid (SA) application increased wheat crops (Triticum aestivum L.) catalase activ-
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ity [184]. Salicylic acid (SA) and its derivatives in foliar and seed treatments improved
drought tolerance in drought-stressed wheat crops (Triticum aestivum L.) [179]. Purslane
(Portulaca oleracea L.) was utilized as a model plant in this study to see how foliar sali-
cylic acid (SA) affected plant drought tolerance. According to the findings, Salicylic acid
(SA) promoted purslane (Portulaca oleracea L.) growth by improving the pigments of pho-
tosynthetic apparatus and secondary metabolites production; suitable solutes and gas
exchanges [185,186].

6.2. Cytokinin and Auxin

Another prominent phytohormone is cytokinin, which functions critically in the plant’s
life cycle [81,187]. This low molecular weight plant hormone was initially found in maize
(Zea mays L.) and is now recognized to serve many essential roles in plant growth and
development [188]. Isoprenoid cytokinin contains an isoprenoid-derived side chain and
aromatic cytokinin, which has an aromatic side chain at the N6 terminus [189]. The investi-
gation of [190,191] revealed the existence of meta-tooling, a very active growth component
that belongs to aromatic CKs, suggesting that aromatic cytokinin is far more significant
than PGRs. The adenine moiety and the side chain are modified during CK metabolism.
The central location of CK synthesis is the root tips, from which it is delivered to xylem sap
by transpiration pull in an acropetal manner [192]. Cell division control, photosynthetic
sink strength, unit stability, cell differentiation, delayed senescence, nutrient absorption,
flower and seed germination and development, and prevention of lateral root initiation are
just a few of the many functions of cytokinin in plant physiological processes [14,193,194].
The first phytohormone identified, Auxin, impacts some plant processes, including cell
dedifferentiation and differentiation, root morphology or architecture, geotropism, root
growth, floral organ development, and seed dormancy [195]. Recently, a tangible link
between auxin content and plant drought stress response has been discovered. It has
also been shown that auxin homeostasis regulates ABA production and drought stress
responses [196]. TAA transforms tryptophan to IPA, which is then converted to IAA by
YUCCA (YUC) flavin monooxygenase-like proteins in the auxin biosynthesis pathway
(Arabidopsis) [197]. Drought-stressed rice (Oryza sativa L.) showed considerably decreased
transcript abundance of IAA biosynthesis genes (YUCCAs) but dramatically increased
transcription of IAA conjugating genes [198].

6.3. Gibberellins

Gibberellic acids (GAs) (tetracyclic diterpenoid carboxylic acid) can enhance plant
growth and development in a different stage of the life cycle by boosting the cell division
and elongation [199]. The most bioactive versions of the other GAs generated by plants
are GA1 and Gas [200]. The GAs hormone is related to drought stress tolerance and is
associated with seed germination, stem elongation, and reproductive development in the
rice (Oryza sativa L.) plant [201]. Growth inhibitors imparted drought resistance to plants
by lowering endogenous GA production, providing the first evidence of GA’s role in abiotic
stress tolerance. In growth-retarded plants GA- and deficient mutants, GA treatment cor-
rected dwarf growth and stress tolerance responses [202]. Plastid, endoplasmic reticulum
(ER), and cytoplasm are involved in gas generation, with trans-geranylgeranyl diphosphate
being the starting point in the chloroplast [203]. The overwhelming evidence implies
that dioxygenases control GAs synthesis and that GA2ox genes in plants are primarily
vulnerable to abiotic stress. Inhibition of plant growth and development by gibberellins
(GAs), which are carboxylic acids that can regulate plant growth and development, has
been observed. Gibberellins (GAs) affect leaf growth, seed germination, stem lengthening,
flower development, and trichome formation [204,205]. Genetically altered (GA) hormones
may interact with other hormones and impact several developmental processes [206]. These
interactions may entail both negative and positive regulatory activities. Gibberellins (GAs)
are a type of endogenous hormone found in plants that regulate the development of the
plant’s vegetative and reproductive systems [207]. When controlling stem elongation, the
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effects of gibberellins (GAs) processes on cell growth and division are critical [208]. Com-
pared to the shoot, Gibberellin insufficiency promotes the partitioning of reserves to the
root [209]. Impaired GAs biosynthesis causes significant changes in primary metabolism,
mainly due to drought stress [158,205]. Gibberellin deficiency enhances water content main-
tenance, improving drought stress tolerance [210]. Gibberellins (GAs) deficient symptoms
look phenotypically like drought stress symptoms [211]. Under prolonged drought stress,
plants show reduced height, leaf development, and flowering/fruit development [212].

Dwarfed plants with diminished stem elongation, leaf development, aberrant flow-
ering, and fruit set occur from a decrease in endogenous GA concentration [213]. Water
deficit stress lowers the rate of gene expression involved in GA biosynthesis, lowering the
amount of bioactive GAs produced [214,215]. Under drought stress conditions, gibberellin
content can be reduced, resulting in decreased internode elongation based on the degree of
Gas reduction. Plants with less elongation may be more suited to situations where drought
stress is standard. It inhibits stem cell elongation and growth [214]. Because GAs are critical
regulators of cell elongation, the goal of the previous research was to see if the loss in
development caused by drought is linked to changes in GA metabolism or signaling [106].
Drought stress, we postulated, influences plant development and stem elongation through
its interaction with GAs metabolism, based on earlier research [216]. As a result, the main
aim of this study was to find out how water-deficient stress affected stem elongation and
Gas metabolism-related gene expression in tomato plants [217].

6.4. Abscise Acid

The natural plant stress hormone abscisic acid (ABA) regulates various physiological
processes (Figure 6). Plants’ osmotic stress is linked to low water availability, triggering
ABA production and adaptation mechanisms [156,218,219]. Abscisic acid production
begins in the plastids once the plasma membrane receives stress signals, with the xanthorin
transition to ABA being excluded; and happens in the cytoplasm. Most ABA is created in
the roots and then transported to the plant’s upper portions via vascular tissues [220,221].
The former is a crucial player in expressing stress-responsive genes with the help of ABA
under many situations, including osmotic stress [134,222,223]. Several receptors have been
identified in the cytosol, plasma membrane, chloroplast envelope, and nucleus. Protein
phosphatase 2C (PP2C) inhibits the action of non-fermenting sucrose 1-linked protein kinase
2 (SnRK2) proteins in plants with low ABA levels, resulting in dephosphorylation [224].
Antibiotics increase tolerance to drought in cotton (Gossypium hirsutism L.) plants by ABA,
which regulates a stress-related gene [150]. In the Arabidopsis (Arabidopsis thaliana L.)
plant, overexpression of the ABA-induced cotton gene (GhCBF3) leads to the high drought
tolerance in transgenic lines by maintaining Ch, RW, and proline levels more significant
than in the wild-type plant [225,226]. The stress hormone abscisic acid (ABA) is implicated
in plants’ leaf abscission and abiotic stress [227]. ABA has the primary and critical role in
plants’ developmental and physiological activities, including seed dormancy [228], tumor
cell maintenance, stomatal opening, embryo morphogenesis, and fat and stored protein
production. Abscisic acid affects the expression of protein-coding genes [229]. ABA is
also required for root development and structural changes in nitrogen-deficient plants.
Dehydrins, osmoprotectants, and protective proteins are all made by this enzyme. ABA
plays two roles in drought stress: water balance and cell dehydration tolerance. Water
balance is achieved in virtually all cells by controlling guard cells and the expression of
genes that produce dehydration tolerance proteins [14,139,230].
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Figure 6. Abscisic acid (ABA) is vital for plant development and stress response. In response to biotic
and abiotic stimuli, ABA transfer to guard cells triggers stomatal closure in leaves.

Wheat crops (Triticum aestivum L.) with lower amounts of ABA in their leaves are
more drought tolerant than those with higher proline levels [231]. When plants are drying
out, soil moisture levels are more critical than leaf water levels, controlled mainly by ABA
production in the roots [17,232]. Under drought stress, the phytohormone abscisic acid
regulates crop morpho-physiology and biochemistry. Stomata closure is the most effective
and essential response to ABA in drought-stressed crops [233]. Plants employ ABA as a
signal molecule to help them cope with environmental stresses such as cold, salt, drought,
heat, and phosphate deficiency in the olive tree (Olea europaea L.) [234]. Exogenous ABA
treatment on leaves has been shown to elicit many adaptive changes in response to water
scarcity, including the enhanced GR, SOD, APX, and CAT activity in tomato plants (Solanum
lycopersicum L.) [81].

The exogenous ABA can also minimize ROS and increase cell membrane stability
(CMS) to aid plants in their recovery after being subjected to stress [117,235]. Exogenous
ABA spraying has been shown in some studies to improve plant stress tolerance in various
crop species. However, research evaluating the responses of different Zea mays L. and
Glycine max L. to drought stress using exogenous ABA and fluoridone is severely limited
(ABA synthesis inhibitor) [236,237]. ABA substantially enhanced the activities of SOD
and POD during drought stress, with a considerable drop after re-watering [235]. Under
drought stress, ABA priming substantially raised the relative water content in both wheat
cultivars [195]. Plant drought pathways use ABA as a primary stress sensor to improve
the plant’s response to desiccation. The rise in ABA concentration coincided with the
accumulation of lycopene and carotene in the fruits [238,239].

6.5. Ethylene

Gaseous phytohormone ethylene regulates the floral senescence, fruit ripening, petal
and leaf abscission, and plant stress responses [240]. ET plays a vital role in biotic and
abiotic stressors [28,241]. However, in these newly found activities of ethylene, there has
been significantly less investigation on the drought stress response. According to a recent
study, the dry shoot weight of six wheat genotypes ranging from tolerant to sensitive was
more significant in the tolerant group under mild drought stress, related to an increase
in ethylene [242,243]. Interestingly, several investigations on the influence of ethylene
on stomata closure have shown contradictory results. For example, Arabidopsis eto1
mutants with higher ethylene accumulation have slower stomatal closure under drought
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stress conditions than control plants, even though ethylene has been considered to improve
stomatal closure in guard cells [244,245]. More ethylene accumulates in the rice etol1 mutant,
resulting in more drought-tolerant plants than OsETOL1 plants susceptible to drought
stress treatment. Drought-tolerant transgenic plants were generated by modifying genes
in the ethylene signaling pathway. Our findings underscore the need to understand and
eventually use stress tolerance-related features in crops by interpreting ethylene signaling
under abiotic stressors [246,247].

6.6. Jasmonates Acid (JAs)

Jasmonic acid (JA) is a phytohormone found in plants, and its active derivatives are
known as jasmonates. It is essential in the fight against a variety of biotic and abiotic
stressors [248]. Furthermore, JA is linked to improved root structure, pollen production,
tendril coiling, and fruit ripening in many species [249]. Exogenously applied JA has
improved plant performance and modulated stomatal dynamics in dry surroundings. JA
signaling route and production have been extensively researched [250,251].

Nonetheless, in the absence of water, JAZ proteins are destroyed, resulting in active
transcription factors such as MYC2, which up-regulate genes associated with stress tol-
erance [252]. Plant hormones, in most cases, do not function in a single route but rather
interact with one another at different stages to control environmental and developmental
pathways [253]. Signal transduction emerges in plants and may coordinate a complex set
of events to adapt to a hostile environment. Jasmonates (JAs) are complex phytohormones
created by the breakdown of lipids in the cell membrane in various plant species [162,254].
Plant growth regulators known as JAs may be found in almost every country. Jasmonates
have also been shown to interact with other phytohormones to regulate plant growth and
development and adapt to biotic and abiotic stimuli [250]. Seed dormancy and germi-
nation are affected by JAs in different ways. Jasmonates (JAs) treatment has negatively
impaired seed germination in several species, including Solanum Lycopersicum, under
water-stressed conditions. However, we know little about how JAs impact germination
water deficit stress and salinity stress regimes [255,256].

7. Conclusions

Drought is a severe environmental stressor that threatens crop productivity worldwide.
However, drought is more damaging during the reproductive and grain-filling stages
(terminal drought). Terminal drought impacts grain set, pace, duration, yield production,
and quality. Drought influences grain yield depending on the crop stage, length, and
intensity. Drought-resistant genotypes and accompanying crop management practices
can help reduce drought stress’s adverse effects. Improving drought resilience requires
a thorough grasp of the impact of terminal drought. Although, research focusing on the
physiological and molecular components of the drought response has helped improve
wheat resistance to terminal drought. New advances in sequencing, marker creation, and
genomic analysis have opened the door to tackling drought-resistant components. Drought
stress has a long-term effect on CO2 absorption rates because it causes stomatal conductance
to decrease. Deteriorated photosynthetic pigments, and restricted gaseous exchange,
resulting in decreased plant growth and productivity. Plant growth, development, dry
matter, and harvestable yield are all affected by drought stress, even though each species
responds differently. Ramified root systems have been linked to drought resistance and
high biomass production due to their capacity to collect more water from the soil and
transport it to above-ground areas for photosynthesis. Many factors, including changes in
photosynthetic pigments, influence the amount of water available to plants during drought
stress regimes. A variety of roles in drought tolerance are played by carotenoids, one of two
families of photosynthetic pigments. These roles include light-harvesting and oxidative
damage avoidance, among other things. The phytohormone ABA influences drought
stress responses and resistance in plants, which acts at the cellular and intercellular levels.
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However, it is unclear how plants detect drought stress and communicate that information
into the cell to regulate ABA accumulation to withstand drought stress conditions.

8. Concluding Remarks and Outlook

Climate change and anthropogenic activity create a global danger to crop yield, exac-
erbated by shrinking agricultural areas, posing severe food security and safety challenge.
Drought severely affects plant productivity and lowers the overall economic viability of
agriculture. Many methodologies have been developed to challenge drought; each has
its advantages and limitations. Though plants have an inherent defense system to deal
with adverse environmental conditions, the genetic composition of the plant, the stage at
which stress is identified, and the duration and degree of the stress all impact the plant’s
reaction. The drought stress response is more than just a defense mechanism; it is also
a means of achieving long-term development and ensuring a healthy ecological succes-
sion for future generations. Several studies have discovered several molecular markers
associated with drought stress, with the phytohormonal syndicate having an important
role. Because of their inter-crosstalk response, phytohormone signaling modules promote
a complex cascade. The complicated reaction is enabled to improve the cellular potential
to withstand adversities when multiple phytohormones are juxtaposed in a single frame
of the event. As a result, proper drought stress response necessitates the interaction of
these phytohormones and their communication and coordination. The discovery of PGRs
crosstalk adds a new dimension to their previously well-understood functions and control.
However, a thorough knowledge of these phytohormones’ molecular interactions remains
completely unexplored. Although ABA helped relieve drought stress, the current work
demonstrates the significance of hormone crosstalk throughout the drought stress response.
Although most drought stress tolerance gene function research has been undertaken in
the model plant Arabidopsis thaliana, the target gene(s) must be tweaked in economically
relevant crops to benefit the end consumer directly.
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Abstract: In Egypt’s arid and semi-arid lands where the main olive production zone is located,
evapotranspiration is higher than rainfall during winter. Limited research has used nanomaterials, es-
pecially nano-silicon (nSi) to improve the growth, development, and productivity of drought-stressed
fruit trees, amid the global water scarcity problem. To assess the role of nSi on drought-sensitive
‘Kalamata’ olive tree growth, and biochemical and physiological changes under drought conditions,
a split-plot experiment was conducted in a randomized complete block design. The trees were foliar
sprayed with nSi in the field using nine treatments (three replicates each) of 0, 150, and 200 mg·L−1

under different irrigation regimes (100, 90, and 80% irrigation water requirements ‘IWR’) during
the 2020 and 2021 seasons. Drought negatively affected the trees, but both concentrations of nSi
alleviated drought effects at reduced irrigation levels, compared to the non-stressed trees. Foliar
spray of both concentrations of nSi at a moderate level (90% IWR) of drought resulted in improved
yield and fruit weight and reduced fruit drop percentage, compared to 80% IWR. In addition, there
were reduced levels of osmoprotectants such as proline, soluble sugars, and abscisic acid (ABA)
with less membrane damage expressed as reduced levels of malondialdehyde (MDA), H2O2 and
electrolyte leakage at 90% compared to 80% IWR. These results suggest that ‘Kalamata’ olive trees
were severely stressed at 80% compared to 90% IWR, which was not surprising as it is classified as
drought sensitive. Overall, the application of 200 mg·L−1 nSi was beneficial for the improvement of
the mechanical resistance, growth, and productivity of moderately-stressed (90% IWR) ‘Kalamata’
olive trees under the Egyptian semi-arid conditions.

Keywords: abscisic acid; antioxidants; chloroplast degeneration; drought; malondialdehyde;
nanoparticles; oxidative stress; photosynthesis

1. Introduction

The olive tree (Olea Europaea L.), family Oleaceae, is an evergreen tree and one of
the oldest fruit trees believed to be indigenous to the entire Mediterranean Basin. Its
cultivation was considerably developed in Syria and Palestine and spread to the island of
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Crete towards Egypt [1,2]. The olive tree is a symbol of honor and culture and has been
used as a prize for champions at the Olympic games [1]. Its global cultivated area is about
12,763,184 ha with a total annual production of approximately 23,640,307 t and an average
yield of 1.85 t·ha−1. In Egypt, olive cultivation increased during the past two decades and
reached 100,826 ha with an annual production of about 932,927 t and an average yield of
9.25 t·ha−1 [2]. Egypt ranked eighth and third in global olive oil and table olive production,
respectively. A total of 10% of the crop is planted for the purposes of producing olive oil,
whilst 90% is for pickling [3]. The most important grown cultivars in Egypt are Toffahi,
Aggizi, Picual, Manzanillo, Kroniaki, Coratina, Chemlali, and Kalamata.

As one of the most famous olive cultivars worldwide, ‘Kalamata’ olive was introduced
to Egypt from Greece about three decades ago. The tree is drought-sensitive, cold intolerant,
and fairly large, with distinguished large grey-green foliage, which grows to twice the size
of other olive cultivars. The tree has inconspicuous white flowers that produce large deep
reddish-purple fruit. The fruit is soft, almond-shaped, and slightly bitter in flavor. Fruit are
hand-picked to avoid bruising, and they contain moderate oil levels, so growers produce
them mainly for use as table olives (pickled) and some oil. The optimal harvest time is late
fall, whilst other cultivars are usually picked earlier [4].

Egypt’s Mediterranean climate of hot dry summers and warm humid winters is well
suited for olive cultivation. In general, olives are drought-tolerant plants and can withstand
hot and dry conditions; however, total annual production has been negatively affected in the
past few years amidst climate change-induced water shortage and soil salinity problems [5].
Water scarcity has become a recent problem in Egypt and may translate to a limiting factor
for the overall fruit industry in the future, particularly with the increased human demand
for freshwater, which creates competition with agricultural activities [6]. Water resources
and rainfall (20–200 mm annually) are limited, and the Nile River is the most important
water resource [7]. Under such conditions, there is a need to reduce agricultural water
demand and increase the economic productivity of water for the future expansion of olive
agriculture in the water-scarce Mediterranean area [8]. Improving on-farm management of
agricultural water through the utilization of advanced irrigation technology, (e.g., deficit
irrigation) and improved irrigation scheduling, offer the prospect of significant increases in
water productivity [9–13]. Deficit irrigation is a strategy where the amount of applied water
is less than the full water requirements of a crop, and the resulting stress has minimal effects
on crop yield [14]. Deficit irrigation effectively reduced water requirements, enhanced plant
water use efficiency [15], and improved fruit quality of various deciduous and evergreen
fruit trees [16–18], including olives, depending on the phenological stage when water
shortage was applied, drought severity, and the cultivar [19–24].

The scenario of deficit irrigation is still under research for a few olive cultivars, such
as ‘Kalamata’, which is classified as a drought-sensitive cultivar. Generally, drought mainly
impacts plant morphology, physiology, and biochemistry [25]. Under such conditions,
xylem vessels become susceptible to embolism or dysfunction, leading to lower hydraulic
conductance and carbon intake, which in turn affect plant growth characteristics and
productivity [26]. Drought stress causes a reduction in root and vegetative growth, number
of leaves per branch, leaf area, and leaf water content [27]. It also causes photoinhibition of
photosystem II (PS II), limits electron transfer from PSII to photosystem I (PSI) and induces
stomatal closure. These eventually decrease CO2 fixation in the chloroplast during the
Calvin cycle [28–30]. Drought stress causes an increase in the formation of reactive oxygen
species (ROS) negatively affecting plant metabolism through oxidative damage by lipids,
proteins, and nucleic acids [31,32].

Various reports have shown that the foliar fertilization of micronutrients such as Zn,
B, Cu, Mn, Si, Se, and Fe are effective and induce a very rapid plant response. Their
application can improve the nutrient balance of a plant, resulting in increased fruit yield
and quality, better disease resistance, and alleviation of the adverse effects of drought and
salinity stress [33–36]. During the past three decades, many problems in different fields of
science and industry have been resolved using nanotechnology. Materials that are smaller
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than 100 nm, at least in one dimension, are generally classified as nanomaterials [37].
Nanomaterials could be used for designing new fertilizers [38], to ensure the effective
delivery of the required nutrients to the plant and a very rapid plant response [33] with
only one-third of the required conventional counterparts added to the environment [39].
In the same context, it was reported that silicon is mostly toxic to plants in its bulk form,
whereas silicon nanoparticles were beneficial for plants [40].

Silicon (Si) is the second most abundant element in the soil; however, it is not consid-
ered an essential element for plant growth, development, or productivity [41]. Recently, Si
has gained global attention because it is safe for the environment, induces disease and pest
resistance in plants, and can reduce doses of pesticides applied for plant protection [42].
Silicon is beneficial for alleviating the nutrient imbalance stress and improving the growth,
development, and yield of various plants [43]. It improves organogenesis, embryogenesis,
growth traits, and the morphological, anatomical, and physiological characteristics of
leaves. It also enhances tolerance to chilling, freezing, salinity, and drought and protects
cells against metal toxicity, oxidative stress, and phenolic browning [40,44,45]. Foliar appli-
cation of Si is most powerful for plants under stressful conditions, such as salinity, drought,
flood, heat, cold, and even biotic stress [46]. Silicon can potentially decrease the negative
effect of oxidative stress and offer slight resistance to some abiotic and biotic plant stresses.
A large number of genes are activated by stress, and several Si-produced proteins that
participate in biochemical pathways lead to the enhancement of stress tolerance [47]. The
application of nano-silicon (nSi) has been suggested to enhance plant tolerance to drought
stress by reducing the production of reactive oxygen species (ROS) in barley, wheat, faba
bean, feverfew, strawberry, Mahaleb cherry, and mango [34,48–54]. The primary mecha-
nisms of Si-mediated abiotic stress reduction include plant antioxidant system activation,
co-precipitation and immobilization of toxic metal ions in the growth medium, and metal
absorption and separation within the plants [55–68].

Limited research findings have been reported on the effect of nanoparticles (NPs) on
woody plants, especially fruit trees. Most reports focused on the role of NPs to alleviate
the effect of stressful conditions on fruit tree seedlings, whilst some concentrated on
using NPs to improve the growth, yield, and fruit quality of fruit trees growing under
non-stressful conditions. To the best of the authors’ knowledge, this is considered to be
one of few reports to cover both goals and the first on a drought-sensitive olive cultivar.
The aim of this research was to estimate the role of nano-silicon in alleviating the drastic
effects of water stress on a drought-sensitive ‘Kalamata’ olive tree grown under semi-
arid conditions. The hypothesis was that nano-silicon may enhance the physiological
and biochemical characteristics of stressed ‘Kalamata’ trees by improving the resistance
mechanisms, growth, and productivity.

2. Results

2.1. Yield

Olive yield differed slightly from one season to another (Figure 1a). In the 2020 season,
the yield per tree increased with increased nSi concentration, regardless of the water stress
level, with the exception of trees that received 80% IWR. The highest yield per tree was
recorded in trees sprayed with 200 mg·L−1 nSi at 100% IWR, while the lowest yield was
recorded in the control trees. In the 2021 season, total yield increased with increased
nSi concentration, regardless of the water stress level, with the exception of trees that
received 80% IWR. Like the first season, the highest yield was recorded in trees sprayed
with 200 mg·L−1 nSi at 100% IWR, and the lowest for the control. In addition, trees that
received 200 mg·L−1 nSi at 80% IWR showed an improved yield when compared to those
that received 150 mg·L−1 nSi at 80% IWR. Results suggest that nSi application increased
‘Kalamata’ olive yield when trees were stressed.
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Figure 1. Effect of foliar sprayed nano-silicon (nSi) under different irrigation regimes on the yield (a),
fruit weight (b) and fruit drop (c) of ‘Kalamata’ olive trees during the 2020 and 2021 seasons (n = 10).
Means with similar letters for each season are not significantly different, using Duncan’s multiple
range test (DMRT) at p ≤ 0.05. Error bars represent the standard error of the means.
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2.2. Fruit Weight

Unlike total yield, average fruit weight was the highest at 100% or 90% IWR with the
application of either 150 or 200 mg·L−1 nSi (Figure 1b) during the 2020 season. Average
fruit weight was the least at 80% IWR combined with either 150 or 200 mg·L−1 nSi; however,
fruit were still heavier than those that were not sprayed with nSi, regardless of the water
regime. During the 2021 season, the highest fruit weight was recorded at 100% IWR,
combined with 200 mg·L−1 nSi. At the same concentration, fruit weight decreased as
water stress severity increased. Similar fruit weight was noticed at 100% or 90% IWR in
combination with either distilled water or 150 mg·L−1 nSi.

2.3. Fruit Drop

The more severe the drought condition was, the higher percentage the fruit drop was
at either distilled water or 150 mg·L−1 nSi spray during the 2020 season (Figure 1c). The
lowest fruit drop was noticed at 200 mg·L−1 nSi for non-stressed trees. Increasing the
concentration of nSi to 200 mg·L−1 nSi under drought stress conditions (either 90% or 80%
IWR) reduced fruit drop in comparison to the control. Increased fruit drop percentages
with the application of 150 mg·L−1 at 80% IWR, compared to that at 90% IWR indicated
that plant nSi was not that effective during the severe drought. However, the application of
200 mg·L−1 nSi was more effective at 80% IWR during the first season only.

2.4. Biochemical Characteristics
2.4.1. Total Chlorophyll

Results indicated that generally, the higher the nSi concentration, the higher the
leaf chlorophyll content was, regardless of the drought severity in both the 2020 and 2021
seasons. However, the difference between nSi (150 mg·L−1) at 90% IWR and the non-treated
plants at any irrigation level was insignificant (Figure 2a). Similar results were noticed in
both seasons; however, chlorophyll content was significantly decreased in trees received
200 mg·L−1 nSi at 80% IWR compared to the nonstressed ones during the second season.

2.4.2. Proline

As osmoprotectant, proline increased with the increased levels of water stress. Unlike
chlorophyll, leaf proline generally decreased with increased concentrations of nSi at all
irrigation regimes during both seasons (Figure 2b). Trees subjected to 90% IWR and received
nSi (200 mg·L−1) were less stressed and had lower proline compared to those that received
150 mg·L−1 in both seasons confirming the role of nSi in mitigating the drought effects and
suggesting that irrigation at 80% IWR was really stressful for olive trees.

2.4.3. Soluble Sugars

Like proline, leaf soluble sugars generally increased with increased levels of wa-
ter stress, but they decreased with the increased concentrations of nSi in both seasons
(Figure 2c). Trees sprayed with 200 mg·L−1 nSi at 80% IWR showed more soluble sugars
than that of the control leaves during the first season, whereas they showed less soluble
sugars during the second season, suggesting a cumulative effect of drought and nSi ap-
plication from one season to another. nSi application mitigated the stress effect at 90%,
compared to 80% IWR, suggesting that 80% IWR was really stressful to olive trees under
the Egyptian semi-arid conditions.

2.5. Leaf Water Status and Membrane Damage Indicator
2.5.1. Relative Water Content (RWC)

The water contents of olive leaves were generally the highest in the control trees but
decreased gradually with the severity of drought during both seasons. The application
of nSi improved the RWC, which was the highest at 200 mg·L−1 (Figure 3a). The most
pronounced effect was recorded for non-stressed trees that received nSi (200 mg·L−1) in
both seasons. Relative water content (RWC) was negatively affected in response to nSi and
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water stress levels, in comparison to proline and soluble sugars. Results suggest that the
application of nSi 200 mg·L−1 effectively increased the leaf RWC of moderately stressed
plants compared to the control for both seasons.

Figure 2. Effect of foliar sprayed nano-silicon (nSi) under different irrigation regimes on the leaf
total chlorophyll (a), proline (b), and soluble sugars (c) of ‘Kalamata’ olive trees during the 2020
and 2021 seasons (n = 10). Means with similar letters for each season are not significantly different,
using Duncan’s multiple range test (DMRT) at p ≤ 0.05. Error bars represent the standard error of
the means.
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Figure 3. Effect of foliar sprayed nano-silicon (nSi) under different irrigation regimes on the leaf
relative water content ‘RWC’ (a) and electrolyte leakage (b) of ‘Kalamata’ olive trees during the 2020
and 2021 seasons (n = 10). Means with similar letters for each season are not significantly different,
using Duncan’s multiple range test (DMRT) at p ≤ 0.05. Error bars represent the standard error of
the means.

2.5.2. Electrolyte Leakage

Like leaf proline and soluble sugar contents, the electrolyte leakage generally increased
with the severity of drought, but gradually decreased with increased concentrations of nSi
(Figure 3b). The most pronounced effect was recorded for trees sprayed with 200 mg·L−1

nSi at 100% IWR, followed by those at 90% IWR that were significantly different from non-
stressed trees that received 150 mg·L−1 nSi during the second season only. Trees sprayed
with 200 mg·L−1 nSi showed a significant reduction in electrolyte leakage compared to
those that received distilled water for both seasons, which may suggest a cumulative
nSi role.

2.6. Oxidative Stress Markers
2.6.1. Malondialdehyde (MDA)

The higher the plant stress level was, the higher the oxidative stress that the plant
faced, represented by the increased levels of lipid peroxidation and the production of
MDA, which significantly reduced with the increased nSi concentration (Figure 4a). With
regards to the stressed olive trees, the most pronounced reduction in MDA was recorded
for trees that received nSi (200 mg·L−1) at 90% IWR, followed by those at 80% IWR during
both seasons.
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Figure 4. Effect of foliar sprayed nano-silicon (nSi) under different irrigation regimes on the leaf
malondialdehyde ‘MDA’ (a), H2O2 (b), and abscisic acid ‘ABA’ (c) contents of ‘Kalamata’ olive
trees during the 2020 and 2021 seasons (n = 10). Means with similar letters for each season are not
significantly different, using Duncan’s multiple range test (DMRT) at p ≤ 0.05. Error bars represent
the standard error of the means.
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2.6.2. Hydrogen Peroxide (H2O2)

As another indicator of plant oxidative stress, H2O2 level increased significantly with
drought severity, but the application of nSi significantly decreased its levels compared
to the control, with the most conspicuous effect recorded at the highest nSi concentra-
tion (200 mg·L−1), followed by those that received 150 mg·L−1, for trees subjected to
90% and 80% IWR during both seasons (Figure 4b). Trees sprayed with nSi (200 mg·L−1) at
80% IWR had higher H2O2 than those at 90 and 100% IWR during both seasons, suggesting
that irrigation at 80% IWR was really stressful for olive trees.

2.6.3. Abscisic Acid (ABA)

The non-enzymatic antioxidant, ABA (Figure 4c), showed the same response as the
organic osmolytes, (e.g., proline, soluble sugars) (Figure 2b,c) to drought and nSi application
during both seasons. Plant response to stress, in terms of ABA biosynthesis, matched
the oxidative stress markers (MDA, H2O2) (Figure 4a,b) produced during both seasons.
Likewise, in other parameters, low ABA levels indicate less stressed trees. Thus, the most
effective treatments were the application of 200 mg·L−1, followed by 150 mg·L−1 nSi at
90% IWR, and then 200 mg·L−1, followed by 150 mg·L−1 nSi at 80% IWR, suggesting that
80% IWR was really stressful for olive trees under semi-arid conditions during both seasons.

3. Discussion

Silicon nanoparticles have been found to play an important role in a plant’s ability to
overcome the adverse effects of environmental stresses [12,69–72]. Several researchers have
reported the ability of nSi to improve a plant’s resistance to drought stress [29,73]. However,
this is the first time nSi has been sprayed on a mature woody plant to overcome water
stress. Other research work utilized nSiO2 to mitigate the drought effects on hawthorn
(Crataegus monogyna) seedlings [74], and Mahaleb cherry [48].

The increase in olive yield in response to water stress was not expected (Figure 1) and
contradicts the previous findings that indicated a negative effect on olive tree acclimation,
and thereby yield, fruit dry mass, and oil content [75]. The total yield was also influenced by
the percentage of fruit drop, which increased with the increased levels of water stress. Foliar
sprayed nSi decreased the percentage of fruit drop, and lower percentages were achieved
with the increase in nSi concentration (Figure 1). Trees’ response to nSi (150 mg·L−1), in
terms of yield, varied from one season to another, while those that received 200 mg·L−1

showed a consistent response between seasons with the highest yield recorded for non-
stressed trees, followed by those that received 90% IWR, and then trees at 80% IWR
(Figure 1). Trees sprayed with nSi showed higher yield values compared to the non-treated
stressed ones and the control. Foliar application of Si at tillering and anthesis stages
increased the grain yield of the stressed and non-stressed plants [76]. The reduction in
fruit weight, associated with increased fruit drop in stressed trees, resulted in reduced total
yield (Figure 1), and was reported to make some improvement in fruit composition and oil
quality [77–80]. However, average fruit weight was higher in nSi-treated trees (200 mg·L−1)
whether stressed or not during the 2020 season, while the treated trees at reduced water
levels produced heavier fruit than the non-treated stressed ones during the 2021 season,
suggesting that there is a positive role of nSi in combination with normal irrigation.

Water stress reduced the leaf’s relative water content (RWC) in both years, but the
application of nSi improved the RWC exponentially with increased concentration. Similar
results were reported on faba beans [53], wheat [70], plums [81], and olives [13,82]. In-
creased level of ABA-induced stomatal closure had eventually increased RWC [83]. Chloro-
phyll content was the best at 200 mg·L−1 nSi for both stressed (90% IWR) and non-stressed
trees during the 2021 season (Figure 2). Similar results were reported in faba bean, albeit a
reduction in chlorophyll content was noticed with drought conditions [52]. Ma et al. [84]
also reported that chlorophyll content in cucumber leaves decreased at moderate and
severe drought stress. This effect has been mitigated with Si spray, which contributed to
the protection of the chloroplasts. The variation in total chlorophyll content among the
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stressed faba bean [52], cucumber [83], and olive plants (Figure 2) could be attributed to
differences in species, genotype-specific traits, growth stage, the method and concentration
of nSi application, stress intensity and duration, and other environmental conditions [85].
The difference in chlorophyll content from one season to another could be due to the
pre-exposure to stress that eventually improved the plant’s acclimation [86].

Photosynthesis is needed for biomass productivity. Thus, increased chlorophyll con-
tent should also increase the photosynthetic capacity, as measured by leaf total soluble
sugars [87], which unexpectedly decreased. However, chlorophyll contents increased with
an increase in the levels of nSi and drought (Figure 2), perhaps due to an increase in leaf
RWC (Figure 3). Iron oxide nanoparticles resulted in accumulated soluble sugar contents
when plants were drought-stressed. However, iron also stimulates the redox process and
chlorophyll biosynthesis in plants, thus should have helped to increase leaf chlorophyll
and soluble sugar contents [88,89]. Similar results were reported in stressed cotton plants,
but the used nSi concentration that resulted in the highest soluble sugar contents was 3200
mg·L−1 [90]; about 16-fold of what has been used in the present study.

Drought stress in olives is often associated with increased cellular levels of oxidative
stress markers of lipids such as MDA and H2O2 [6]. When an imbalance between reactive
oxygen species (ROS) production and the antioxidant defense system occurs, increased
cellular membrane damage and electrolyte leakage occur [53,83]. It was also reported that
when drought-stressed olive trees were re-watered, they still exhibited higher levels of
H2O2, suggesting that this drought/wet rhythm is a possible means to keep the plant’s
antioxidative system on alert. It was reported that the enhanced level of H2O2 in drought-
stressed leaves was accompanied by enhanced levels of MDA and electrolyte leakage [56].
In the current study, the content of H2O2 increased massively only when trees were sub-
jected to 80% IWR (Figure 4), indicating that 90% IWR was mild water stress for olives,
and the antioxidant defense system is little affected [91] since Kalamata olive is generally a
drought-tolerant plant [5]. Trees sprayed with high nSi (200 mg·L−1) had lower leaf H2O2
when subjected to 80% IWR level (Figure 4), suggesting that the higher concentration of nSi
was better at alleviating the H2O2-plant response to drought. Similar results were reported
with soil application of nSi on drought-stressed barley seedlings [92]. In the current study,
the electrolyte leakage (Figure 3) and MDA levels (Figure 4) also increased in response to
water stress but decreased with increased nSi concentrations, which confirms the previous
findings [93,94].

Proline has been described as an osmoprotectant that accumulates in response to
abiotic stresses [95] and plays an essential role in the defense mechanisms of stressed
plants through changes in key anatomical features of roots and leaves, the osmotic reg-
ulation of the cell sap, membrane and protein stability, enhanced enzyme activity, and
scavenging the free radicals [96–98]. Enhanced endogenous proline levels improved leaf
chlorophyll content, yield, fruit weight and diameter, and total soluble sugars (TSS) of
non-stressed pomegranate [99] and orange [100], as well as salt-stressed mango [34] and
tomato plants [101]. Leaf proline concentration increased with the severity of drought
stress but decreased with elevated nSi concentrations (Figure 2). Increased levels of water
deficit improved the biosynthesis of proline in castor bean, while foliar sprayed chitosan
nanoparticles had no effect [102]. Additionally, higher concentrations of nFe mitigated the
stress effects and reduced the accumulation of proline in drought-stressed wheat plants [88].
The difference in proline accumulation levels in the current study (Figure 2), compared
to the previous findings could be due to the difference in water stress levels, as well as
differences between wheat as an herbaceous plant and olive as a woody plant, as previously
indicated [85]. However, the current results in Figure 2 contradict the previously reported
findings on drought-stressed faba bean [30] and wheat [73].

The concentration of ABA increased with increased water stress levels, but decreased
with increased concentration of nSi in both seasons (Figure 4), confirming the previous
findings on wheat [103]. It was reported that the combined application of Si, B, Zn, and
zeolite nanoparticles decreased the production of ABA in tomatoes under drought condi-
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tions [104]. Drought often leads to the formation of ROS, (e.g., H2O2, superoxide radical
[O.–

2], singlet oxygen [1O2], and hydroxyl radicals [OH]), which are highly toxic and can
react with proteins, lipids, and DNA, accelerating the aging process of chloroplasts, thus
reducing photosynthetic capacity and decreasing plant growth and productivity [105].
Abiotic environmental stresses affect the plant through osmotic stress. Cell homeostasis
is maintained against osmotic stress by the mechanism of osmotic adjustment, which is
a primary stress-adaptive motor that positively correlates with plant production under
drought conditions in various crops [106]. The mechanism of osmotic adjustment leads
to the synthesis of organic osmolytes, (e.g., sugars, proline) [107], non-enzymatic antiox-
idants, (e.g., ascorbate, glutathione), and enzymatic (scavenger enzymes) antioxidants,
(e.g., SOD, CAT, POD) [108] to balance the osmotic pressure of the cytosol and vacuole
with that of the external environment [109]. The biosynthesis of ABA usually occurs in
the roots under drought conditions and can increase up to 50 times, which is considered
the highest change in any phytohormones under such conditions [110]. The ABA con-
centration has been shown to promote root growth and adjust shoot growth [83,111] via
the regulation of transpiration and photosynthesis, as well as its potent effect on the pro-
duction of primary and secondary metabolites, antioxidant enzymes, and lipoxygenase
inhibitory activity [112–114]. A cross-talk mechanism between Ca+2 and ROS that orig-
inates from NADPH-oxidase in the ABA-induced antioxidant defense in the plant was
also reported [115]. The role of ABA on sugar contents came through the accumulation
of assimilates from the phloem into the fruit by strengthening sink capacity [116,117]. On
the other hand, an increase in ABA has been reported as an indicator of the beginning of
fruit senescence [118]. It was reported that the increased levels of ABA under drought
conditions may trigger ethylene production, which promotes the activity of hydrolytic
enzymes, such as endo-beta-glucan, cellulase, and polygalacturonase at the abscission zone
of the fruit petiole inducing preharvest fruit abscission [119–121].

Overall, it could be said that the foliar application of nSi at 200 mg·L−1 followed by
150 mg·L−1 was effective in alleviating moderate drought effects (90% IWR) in ‘Kalamata’
olive trees compared to severe drought (80% IWR). During severe drought at 80% IWR,
the tree’s yield and average fruit weight reduced whilst fruit drop, along with levels of
osmoprotectants increased with more membrane damage. The results of this study suggest
that ‘Kalamata’ olive trees were severely stressed at 80% IWR compared to 90% IWR
reinforcing its classification as drought sensitive [4] compared to most olive cultivars that
are classified as drought tolerant [5].

4. Materials and Methods

4.1. Experiment

This research was carried out on nine-year-old ‘Kalamata’ olive trees (Olea europaea L.)
grown in sandy soil in a private orchard located at Wadi El-Natrun, Beheira Governorate
(30◦46′98′ ′ N, 30◦27′43′ ′ E, 23 m below the Mediterranean Sea level and 38 m below the
Nile River), Egypt, during the 2020 and 2021 seasons. Ninety trees planted at a 6 m × 6 m
spacing, similar in vigor and size, free from any symptoms of physiological disorders
or nutrient deficiencies, were chosen for this experiment. Trees were subjected to drip
irrigation from deep groundwater well and received other agricultural practices as the
entire orchard during both seasons. Soil and water analysis were performed according to
the methods described by Wilde et al. [122] and displayed in Table 1.

Irrigation treatments started in spring by full bloom (≈mid-March) and ceased at
harvest by fall (≈late October). Trees were subjected to deficit irrigation based on differences
in crop evapotranspiration (ETc), and three irrigation treatments–100% (control), 90%,
and 80%–were used. The percentage of ETc was calculated based on the reference crop
evapotranspiration (ETo) [mm·day−1] that is presented in Table 2 and crop coefficient factor
(Kc) of olive, as suggested [123], using the following equations:

ETc = ETo × Kc (1)
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Table 1. Soil and water analysis of the experimental site.

Soil (0–40 cm) Water

pH 8.22 7.01
Sand (%) 92.0 –
Silt (%) 5.0 –

Clay (%) 3.0 –
EC (dS/m) 1.82 1.56
CaCO3 (%) 3.4 –

Ca2+ (meq·100 g−1) 8.6 9.4
Mg2+ (meq·100 g−1) 3.2 4.3
Na+ (meq·100 g−1) 6.9 9.80
K+ (meq·100 g−1) 1.5 0.22
Cl− (meq·100 g−1) 8.2 6.46

SO4
2– (meq·100 g−1) 6.4 14.3

CO3– (meq·100 g−1) 0.0 –
HCO3– (meq·100 g−1) 5.6 3.0

Table 2. Average meteorological data of Wadi El Natrun area (2020 and 2021), source: own elaboration.

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Temp. mean Max (◦C) 20.7 25.5 25.7 27.1 32.9 33.8 34.8 34.9 32.8 28 23.2 20.7
Temp. mean Min (◦C) 9.1 8.98 11.1 13.7 16.7 19.5 20.2 22.7 20.2 17 10 9.3

Temp. average (◦C) 14.9 17.24 19.4 20.4 24.3 26.65 27.45 28.5 26.4 23.4 20.05 15
Relative humidity (%) 65.1 62.5 62.56 58 58.1 59.2 58.8 59.9 63.1 62 65.1 65.2

Evaporation
(mm·day−1) 6.2 7.7 9.8 12.5 13.8 15 14.3 12.7 10.5 8.6 6.1 5.1

ETo (mm·day−1) 2.80 3.30 4.0 4.80 5.30 5.80 6.10 5.40 4.40 3.10 3.02 2.90

Irrigation water requirements (IWR) for each irrigation regime (m3·ha−1·season−1) dur-
ing the entire season were determined using the following equation:

IWR = (A × ETc × Ii × Kr)/(Ea × 1000 (1 − LR)) (2)

where ETC expressed as m3·ha−1 per irrigation time, A = cultivated area (ha), ETc = crop
evapotranspiration, Ii = irrigation interval (day), Kr = reduction factor, Ea = irrigation
efficiency, LR = leaching requirement = 10% of the total water amount delivered to
the treatment.

The reduction factor was determined by the following equation:

Kr = (0.10 + GC) ≤ 1 (3)

where GC = the ground cover.
The leaching requirements (LR) were estimated according to the following equation:

LR = ECw/2ECe max (4)

where ECw = the electrical conductivity of the irrigation water (dS·m−1), 2ECe max = the
maximum electrical conductivity of the soil saturated extract for a given crop.

The number of irrigation times varied among the three treatments with a frequency of
1–5 irrigation times per week, based on weather conditions (Table 2) and soil water content
that was monitored weekly using soil tensiometer Model 64xx series (Spectrum Technolo-
gies Inc., Aurora, IL, USA). Two lateral lines of irrigation pipes (one on each side of the
trees row) with 10 drippers per tree (8 L·h−1·dripper−1) were used for the control treatment
(100% IWR), whereas 9 and 8 drippers were used for the 90% and 80% IWR treatments,
which represent a total of 7007.14, 6306.43 and 5605.71 m3·ha−1·season−1, respectively.
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Foliar spray with nanoparticle chelate fertilizer of silicon (nSi = 5–15 nm) (Sigma-
Aldrich, St. Louis, MO, USA) at 150 and 200 mg·L−1, supplemented with Tween 20 as a
surfactant (Sigma-Aldrich, St. Louis, MO, USA), was applied three times; by the onset of
the vegetative growth in spring (≈late February), at full bloom (≈mid-March), and at fruit
set (≈early April). Control trees were also sprayed at the same times with distilled water,
supplemented with Tween 20 to avoid any effects between the treatments and the control,
which could be related to the surfactant. Every tree received about 15 liters of the spray
solution until dripping during the early morning period.

4.2. Yield and Average Fruit Weight

Total yield (kg·tree−1) was recorded by harvest time in late October, and average
fruit weight (g) was determined by weighing 90 randomly selected fruit samples from
each replicate using a bench-top digital scale Model PC-500 (Doran scales, Inc., Batavia,
IL, USA).

4.3. Fruit Drop

Fruit drop percentage was estimated per tree by randomly selecting four branches
from the four directions (N, E, S, and W), and then branches were wrapped using net bags,
and dropped fruit were collected and counted every 15 days until harvest. The number of
the remaining fruit on the branches was recorded by the last observation time. The fruit
drop percentage was calculated using the following equation:

Fruit drop (%) = [(Initial fruit number − Final fruit number)/Initial fruit number] × 100 (5)

4.4. Leaf Analysis

By the end of each harvest season, a sample of 50 mid-branch leaves was randomly
collected, from the four directions (N, E, S, and W) and three levels (top, medium, and
bottom) of the tree, for leaf analysis. All used chemicals were imported from Sigma-Aldrich,
St. Louis, MO, USA.

Leaf chloroplasts were extracted in 85% acetone solution, and the absorbance of the
aqueous phase of the extracted solution was estimated using a spectrophotometer Model
UV-120-20 (Shimadzu, Kyoto, Japan) at λ = 663 and 645 nm [124]. Total chlorophyll was
then calculated using the following equation:

Total chlorophyll (mg·100 g−1 fw) = [(20.2 × OD 645 nm + 8.02 × OD 663 nm) × V]/(fw × 1000) (6)

where: OD = optical density, V = the final volume of the solution (mL), and fw = tissue
fresh weight (g).

Leaf proline (mg·100 g−1 fw) was extracted using 0.5 g of young leaves with sulfuric
acid (3%), and the solution was quantified using ninhydrin reagent [125]. The solution was
then mixed with toluene, and the absorbance of the toluene phase of the extracted solution
was determined using the spectrophotometer at 520 nm.

The concentration of the soluble sugars (mg·100 g−1 fw) was determined using dried
leaf samples [126]. Every dried leaf sample (150 mg) was extracted twice with 80% ethanol
and centrifuged at 3500 rpm for 10 min and the volume of the supernatant was adjusted
to 25 mL. The supernatant (1 mL) was then transferred to a test tube with the addition
of 1 mL phenol (18%) and 5 mL sulfuric acid, and the mixture was shaken. The ab-
sorbance of the aqueous phase of the extracted solution was recorded at 490 nm using
the spectrophotometer.

The RWC of the leaf was estimated using a fresh leaf sample (0.2 g) incubated in
distilled water (50 mL) for 4 h. The turgid weight of the leaf sample was calculated, and
then the sample was oven-dried at 60 ◦C for 48 h, followed by the determination of the dry
weight [124]. Leaf RWC was calculated using the following equation:

RWC (%) = [(FW − DW)/(TW − DW)] × 100 (7)
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where FW, DW, and TW = fresh, dry, and turgid weights, respectively.
Ten discs per leaf (0.5 cm diameter) were collected from ten freshly expanded leaves

and used to determine the electrolyte leakage of the membrane [124]. Leaf discs were
washed three times with deionized water to remove dust, and then kept in closed tubes con-
taining 10 mL of deionized water and shook for 30 min using a lab shaker, Model Bioshake
3000-T (Kobenhavn, NV, Danmark), and left in a dark at room temperature (≈22–23 ◦C)
for 24 h. The initial electrical conductivity of the solution (EC1) was determined using an
electrical conductivity meter, Model HI9032 (Hanna Instruments, Woonsocket, RI, USA).
Samples were then kept in a ‘Precision TM General Purpose’ water bath (ThermoFisher
Scientific, Waltham, MA, USA) at 80 ◦C for 20 min to release all endogenous electrolytes.
Afterward, the solution was cooled down to 25 ◦C, its final electrical conductivity (EC2)
was estimated, and the percentage of EL was calculated using the following equation:

EL (%) = (EC1/EC2) × 100 (8)

Lipid peroxidation of the membrane was determined with MDA concentration
(μmol·mg−1 fw) using the thiobarbituric acid reactive substance assay (TBARS) [127]. A
fresh leaf sample (100 mg) was extracted in 1% trichloroacetic acid (TCA) and then cen-
trifuged for 10 min at 10,000× g using a benchtop general purpose centrifuge Model Allegra
V-15R (Beckman Coulter Life Sciences, Indianapolis, IN, USA). The supernatant (1 mL) was
mixed with 4 mL Thiobarbituric acid (TBA) [0.5%], heated for 30 min at 95 ◦C, and then
cooled in an ice bath, followed by centrifugation at 5000× g for 5 min. The absorbance
of the aqueous phase of the extracted solution was recorded at 532 and 600 nm using the
spectrophotometer.

The non-radical H2O2 (nmol·g−1 fw) was determined by homogenizing a fresh leaf
sample (100 mg) in 0.1% trichloroacetic acid (TCA). The homogenate was centrifuged at
12,000× g for 15 min, and a sample of the supernatant (0.5 mL) was mixed with 0.5 mL
potassium phosphate buffer (10 mM, pH 7.0) and 1 mL potassium iodide (1 M). The
absorbance of the aqueous phase of the extracted solution was recorded at 390 nm using
the spectrophotometer, and a standard curve was used to calculate H2O2 content [128].

Leaf ABA content (ng·g−1 fw) was determined according to Koshioka et al. [129]
using high-performance liquid chromatography (M5 Microflow HPLC system; SCIEX,
Framingham, MA, USA).

4.5. Experimental Design and Statistical Analysis

The experimental design was in a randomized complete block system, as a split-plot
experiment of three nano-silicon concentrations (main plots) and three irrigation regimes
(sub-plots); a total of nine treatments, 10 replicates each. Each replicate was represented by
one tree [130].

Data were analyzed using CoStat—Statistics Software (version 4.20) [131]. Data were
first run for numerical normality and homogeneity of variance using the Shapiro–Wilk’s
and Levene’s tests, respectively, and then the analysis of variance was performed, and
means were compared using Duncan’s multiple range tests (DMRT) at p ≤ 0.05. Standard
error bars were also added for mean comparisons in the figures [132,133].

5. Conclusions

Imposing water stress on a drought-sensitive ‘Kalamata’ olive trees induced oxidative
stress, which was expressed as elevated H2O2, MDA, and electrolyte leakage with an
increased fruit drop. The application of nSi generally improved fruit yield, fruit weight,
leaf total chlorophyll, and RWC, and lowered fruit drop, leaf proline, soluble sugars, H2O2,
electrolyte leakage, and ABA, with a more pronounced effect at moderate water stress
(90% IWR). Increasing the nSi foliar concentration from 150 to 200 mg·L−1 improved the
morphological, physiological, and biochemical characteristics of the olive trees, resulting
in improved growth, development, and productivity under semi-arid conditions. Future
research could study the molecular basis of olive defense mechanisms to enhance the
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drought tolerance of the ‘Kalamata’ cultivar in order to withstand more severe drought
conditions, like other olive cultivars, amid the global water scarcity. Future research could
also explore the cold tolerance mechanisms of this cultivar.
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Abstract: Plants of the Crassulaceae family are natural accumulators of many medicinal secondary
metabolites (SM). This article describes the study of morphophysiological, anatomic and phyto-
chemical responses of immature plants of Rhodiolla semenovii under water deficit and (or) cold-stress
conditions. Changes in biomass production due to water content in plant tissues such as a decrease
in water deficit and an increase in cold stress were revealed. A significant decrease in the efficiency of
the photosynthetic apparatus under stress conditions was noted, based on the parameters quantum
efficiency of Photosystem II and electron transport rate and energy dissipated in Photosystem II.
The greatest decrease in efficiency was pointed out in conditions of water shortage. The anatomical
modulations of root and shoot of R. semenovii under stress conditions were found. For the first time,
a detailed study of the chemical composition of the ethanol extract of root and shoot of R. semenovii
under stress was carried out using gas chromatography–mass spectrometry. The qualitative and
quantitative composition of SM associated with acclimation to the effects of abiotic stresses was
determined. Both nonspecific and specific phytochemical changes caused by the action of water
deficiency and cold treatment were identified. It has been shown that the antioxidant system in plant
tissues is complex, multicomponent, depending on a number of natural and climatic factors. Further
research should be focused on the use of abiotic stressors for the targeted synthesis of bioactive SMs
valuable for pharmaceutical use.

Keywords: water deficit; cold stress; water content; photosynthesis; anatomy; secondary metabolites

1. Introduction

Nowadays dry and arid regions cover a vast territory. According to the Netherlands
Environmental Assessment Agency [1], they make up about half of the earth’s environment
worldwide. Identification of the mechanisms of acclimation of plants to the habitat and
resistance to water and temperature stress acquires particular importance in conjunction
with the expected further global climate changes.

In addition to the agricultural aspect, the problem of resistance to abiotic stresses is
of great natural and ecological importance, since the ability of plants to adapt to specific
conditions in different parts of the planet is one of the factors that determine the distribution
areas of wild species and the possibility of their introduction [2].

The changes caused by adverse environmental influences, including geo climatic and
seasonal changes, external conditions of temperature, humidity, etc., negatively affect many
metabolic processes in plants. Alteration of photosynthesis is one of the earliest processes to
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be affected by negative stress, long before stress-induced changes in plants become visible.
For example, temperature fluctuations, a decrease in the availability of nutrients and water
affect the parameters of chlorophyll (Chl) fluorescence, CO2 assimilation, and a decrease
in stomatal conductance and transpiration [3,4]. Among other things, abiotic stresses
affect biomass production, often due to water content in plant tissues and PSM (plant
secondary metabolism). Likewise, qualitatively and/or quantitatively on SM (secondary
metabolites), which perform various functions important for physiological developmental
processes, and the content of which can also change during growth and development in
response to environmental changes [5,6]. Therefore, there is data that medicinal plants,
the vegetation of which takes place against the background of exposure to abiotic stresses,
usually exhibit significantly higher concentrations of SM than identical plants of the same
species grown in favorable conditions. Perhaps, plant SMs which are synthesized in
response to environmental stresses partly determine the ability of plants to survive and
adapt to abiotic stress factors [7]. However, so far there is very little information about this
well-known phenomenon [8].

There is no doubt that any plant, even those referred to by people as “medicinal”,
synthesizes its biologically active substances, first “for itself”. In this way, it can be assumed
that, depending on the nature of the stress effect (its intensity, duration, rate of exposure),
biologically active structures or compounds allow the plant to flexibly and adequately
respond to abiotic stress factors. In this case, the type and concentration of secondary
metabolites produced under stress conditions can be determined by the genotype, specific
features of physiology, and the stage of plant development. This also suggests that the
production of secondary metabolites may be an indicator of a protective response [9–12].

Therefore, the protective role of plant secondary metabolism (PSM) in oxidative stress
was established [13–16]. It was reported that the widely studied phenylpropanoids, in
addition to the formation of structural components in plants (for example, the synthesis
of lignin necessary for the formation of the cell wall), also participate in plant defense re-
sponses to abiotic stresses [17,18]. An increase in fatty acid unsaturation in the composition
of membrane lipids in hypothermia was noted [19]. It was shown that seasonal climatic
fluctuations influenced the production of sesquiterpenes, lactones, and phenols. The cor-
relation of the content of these substances in plants with the amount of precipitation and
temperature changes was established [20]. It was found that the effect of drought on plants
promotes a higher production of such classes of secondary metabolites as terpenes, complex
phenols and alkaloids [21–23]. The development and understanding of the contribution of
individual stress-protective systems to the constitutive and induced resistance of plants
was developed. In particular, the information on the role of such classical stress protectors
as sugars [24] and proline [25] has expanded significantly in recent years. However, the
formation of harmonious ideas about the functioning of plant protective systems under
abiotic stresses is complicated. On the one hand, there is a variety of effects depending on
the intensity and duration of exposure and the physiological state of plants at the time of
exposure. On the other hand, the formation is compounded by a significant dependence of
the nature of defense reactions on species characteristics.

The processes of protective stress reactions stimulate metabolic changes that can lead
to the biosynthesis of biologically active compounds with pharmaceutical or nutritional
value. For centuries, people in one way or another have been using the physiological accli-
mations of medicinal herbs as a source of improving the biosynthesis of useful bioactive
compounds [13,26,27]. Nowadays, the physiology of stress associated with PSM is attract-
ing more attention of researchers and more literary sources indicate the stabilizing role of
metabolites [16,28–31]. Impulses are outlined for new practical approaches to improving
product quality through the deliberate application of stress exposure during the cultivation
of medicinal plants [8].

Therefore, the changes cause great interest in the synthesis of SM induced by stressful
conditions. It causes the interest both from the point of view of understanding the biological
processes of aclimation of a plant organism to unfavorable environmental conditions, and
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from the point of view of the introduction of wild valuable species and the development
of pathways for the directed synthesis of plant biologically active substances valuable
for pharmacy.

Plants of the Crassulaceae family are natural accumulators of many medicinal SM. R.
semenovii (Regel and Herder) Boriss is a taproot, short-rhizome perennial that grows in
moist, rocky soils and along riverbanks in the alpine belt up to 3500 m above sea level,
preferring a sunny location. The studies carried out by phytochemists and pharmacologists
show that plants of the genus Rhodiola and representatives of R. semenovii, contain proantho-
cyanidins, coumarins, flavone glycosides, and organic acids, tannins of the pyrogallic and
pyrocatechol groups [32,33]. However, the metabolic profile of R. semenovii and possible
changes in its metabolites, including drug-active and stress-resistant components, have not
been illustrated in any way under different vegetation conditions yet.

The aim of this article was an experimental study of sudden water shortage or cold
exposure on immature plants R. semenovii. The outcome measures will help to deter-
mine the effect of these stressors on changes in the physiological state and content of
the main classes of secondary metabolites in the root and shoot of this member of the
Crassulaceae family. Moreover, it will be useful both for understanding the mechanisms of
defense against adverse conditions and for approaches to the targeted synthesis of valuable
secondary metabolites.

2. Results

2.1. Morphophysiological Reactions of R. semenowii Immature Plants under Stress Conditions

Comparison of immature R. semenowii plants under stress and control conditions
showed the absence of linear growth in stressed plants compared to control ones (Figure 1).
At the same time, under conditions of water deficit, a significant decrease in biomass was
noted, while under conditions of cold stress, its increase. The water content in the tissues
of R. semenowii under stress conditions of water deficit was low and amounted to 46%,
compared to 64% in the control plants. An opposite tendency to an increase in tissue
hydration was observed under cold stress, the water content was 68%.

Figure 1. Changes in growth parameters, biomass accumulation and water content of R. semenowii
under stress conditions.

The data presented in Figure 2 show that the stress of R. semenowii plants caused by
both water deficiency and exposure to cold could be accompanied by a significant decrease
in the efficiency of the photosynthetic apparatus. A decrease in the values of the maximum
quantum yield of photosystem II (PSII) (ratio Fv/Fm) is shown. The rate of noncyclic
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electron transport through PSII (ETR) decreased. The values of the parameter of the
quantum yield of the unregulated dissipation energy in PSII-Y(NO) increased. However,
according to the level of decrease in the quantum yield of regulated energy dissipated
in PSII Y(NPQ) and the value of the Fv/Fm index, as well as by the level of increase in
Y(NO), damage to the photosynthetic apparatus was less under conditions of cold stress
than under conditions of water deficiency.

Figure 2. Changes in the activity of the photosynthetic apparatus of R. semenowii under stress conditions.

2.2. Changes in the Aspects of the Anatomical Structure of R. semenowii under Stress Conditions

The results of anatomical and histological examination are presented in Figures 3–5.
It was determined that the rhizome of R. semenowii had a sparse cell structure in the
control plots (Figure 3a). The cross section shows a three-layer periderm. The cell walls
of the periderm are covered with suberin and are colored brown. There are three layers
such as fellam, phellogen and phelloderm under the periderm. Moreover, there is a
loose parenchyma with large cells with numerous small round and oval starch grains and
unformed inclusions under the integumentary tissues. The cells of the parenchyma have a
rounded-oblong shape.

Figure 3. Changes in the anatomical structure of the root of R. semenowii under stress conditions: (a) control, (b) water
deficit (cessation of watering, 72 h), (c) cold stress (cold treatment +3 ◦C, 72 h). 1—periderm; 2—fellam; 3—phellogen;
4—phelloderm; 5—parenchyma of the primary cortex; 6—starch grains; scale bar = 10 μm.
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Figure 5. Changes in the anatomical structure of the leaf of R. semenowii under stress conditions: (a) control, (b) water
deficit (cessation of watering, 72 h), (c) cold stress (cold treatment +3 ◦C, 72 h). 1—epidermis; 2—mesophyll, 3—inclusions;
4—conductive bundle; scale bar = 10 μm.
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The conditions of water deficiency led to a significant deformation of the peridermal
cells, their flattening and multiple ruptures. Turgor of parenchymal cells is reduced; starch
grains are hydrolyzed, and the dye penetrates into cells (Figure 3b).

The cells become more hydrated under conditions of cold stress. In addition, the cells
of the primary cortex acquire a more rounded shape, the periderm become denser and they
are intensely stained (Figure 3c).

The anatomical study of the stem of R. semenowii noted features such as the cells of
the epidermis are located in one row; the epiderm is characterized by the presence of
a slightly thickened cuticle of the outer wall. The cells of the assimilation parenchyma,
located in several rows under the layer of the epiderm, have a rounded-elongated shape
and alternate with large intercellular spaces. Single inclusions are found among the cells
of the primary cortex. The central cylinder is a conductive system of adjacent conductive
bundles arranged in a circle. The pith consists of round or oval shaped parenchymal cells
(Figure 4a).

Water deficiency led to changes in the cells of the primary cortex, which became
multifaceted, flattened and stretched towards the central cylinder. Conducting bundles
were “squeezed” by parenchymal cells, deformed, and destroyed. There were no inclusions.
Turgor of parenchymal cells was reduced, and their deformation was noted (Figure 4b).

Inclusions of the primary cortex were displaced to the periphery of the stem and
were located in the cells of the epiderm under conditions of cold stress. The cells of the
parenchyma increased in size, becoming more rounded and more hydrated, the intercellular
spaces were absent (Figure 4c).

The epidermal cells of the R. semenowii leaf are arranged in one row and have an oval
shape, from the outside they are covered with a cuticle. Cells of the spongy type, the length
of which decreases represent mesophyll from the outer to the inner layers. Palisade cells
form 2–3 layers. Numerous point inclusions, as well as very large areas of biologically
active compounds, were noted in leaf tissues. In the central part of the leaf, there are small
collateral-type vascular bundles (Figure 5a).

The water deficiency conditions lead to a change in the shape of cells. Plasmolysis of
cells develops; parenchymal cells flatten, stretch and shift towards the conducting beam.
Conducting beams are deformed and disintegrated. Biologically active substances are
concentrated in the middle of the leaf blade. The stomata plunge into the leaf mesophyll.
Cells of the palisade parenchyma are destroyed (Figure 5b).

The leaf blade had acquired sparse cell structure under conditions of cold stress.
Hydrated parenchymal cells were increased in size; being located in the central part of
the leaf blade they took sharper outlines and the areas of accumulation of biologically
active substances were more clearly distinguished (Figure 5c). Wilt and chlorosis of the
leaf blades was observed when exposed to both water deficiency and cold stress.

2.3. Changes in Plant Secondary Metabolism of R. semenowii under Stress Conditions

GC-MS analysis of R. semenowii organs (shoots and roots) growing on control and
stress backgrounds revealed the presence of up to 34 compounds (phytochemicals) in
each of the studied variants, which can contribute to the medicinal qualities of the plant
(Supplementary Table S1). The identification of phytochemicals was confirmed based on
peak area, retention time and molecular formula. Analysis of mass spectra showed that
stress conditions significantly alter the dominant spectrum of PSM shoots and roots of
R. semenowii (Supplementary Table S2).

Analysis of the biologically active substances found in R. semenowii plants according
to the classes of chemical compounds made it possible to reveal certain patterns.

Therefore, according to the data of the structural group composition in the ethanol
extract of the root and stem of R. semenowii against stressful backgrounds, a change in the
content of substances from the group of ubiquinones was illustrated. An increase in the
shoot content of the γ-Tocopherol vitamin under stressful conditions and a decrease in
its concentration in the root were noted (Figure 6). At the same time, an increase in the
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content in shoot 4,8,12,16-Tetramethylheptadecan-4-olide (Supplementary Tables S1 and
S2) was shown against the stress background.

Figure 6. Change in the content of γ-Tocopherol in R. semenowii under stress conditions. Values
presented are means (±SD). Different letters above the bars represent significant differences at
p ≤ 0.05, n = 3 plants in each of 3 replicates for all treatments.

Variations in the phytosterols content, exhibiting high biological activity in various
physiological processes, were observed. (Supplementary Tables S1 and S2). An increase
in the content of β-Sitosterol in root during cold stress was shown, the formation of in
root against stressful backgrounds γ-Sitosterol with a higher content during cold treatment
than with water deficiency.

The fatty acids were represented by 17-Octadecynoic acid and Propanoic acid, 3-
(acetylthio)-2-methyl-; the first one was identified in shoot under control conditions, and
the second in root under water deficit conditions (Supplementary Tables S1 and S2).

An increase in the content of all detected fatty acid esters in shoot under the conditions
of the studied abiotic stresses, and a decrease in almost all of them, except for Ethyl oleate
under water stress conditions in root, were noted (Supplementary Tables S1 and S2). This
trend is illustrated by the example of linolenic acid ethyl ester, a plant metabolite with
antioxidant activity (Figure 7).

Figure 7. Changes in the content of fatty acid esters in R. semenowii under stress conditions by the
example of Ethyl 9,12,15-octadecatrienoate (Ethyl 9α-linolenate, linolenic acid ethyl ester). Values
presented are means (±SD). Different letters above the bars represent significant differences at
p ≤ 0.05, n = 3 plants in each of 3 replicates for all treatments.
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The pharmacological action of biologically active substances R. semenowii is also deter-
mined by the content in their composition of aldehydes, glycosides, alcohols, hydrocarbons,
amino acids and their derivatives, which have a rather complex structure, the content of
which in plant tissues also changed under the influence of stress factors. For example, the
content of Tetracosyl acetate (Wax monoesters) was not detected experimentally in shoot of
R. semenowii. However, in root, we noted a significant change in the content of Tetracosyl
acetate under stress conditions: a decrease under water deficit and an increase under cold
stress (Figure 8).

Figure 8. Change in the content of Tetracosyl acetate in root of R. semenowii under stress conditions.
Values presented are means (±SD). Different letters above the bars represent significant differences
at p ≤ 0.05, n = 3 plants in each of 3 replicates for all treatments.

A decrease in Cyclopropyl carbinol in root under cold stress, an increase in the content
of 1-Docosanol acetate under cold stress, and Cyclopropyl carbinol in root under osmotic
stress were demonstrated (Supplementary Tables S1 and S2).

A change in the content of cyclic five-membered ketones, lactones and their derivatives
under stress conditions was revealed (Supplementary Tables S1 and S2).

The tendency to an increase in the content of ketones in root was noted under water
deficiency, while cold stress caused a decrease in the content of such detected ketones as
4-Cyclopentene-1,3-dione (shoot), 2-Propanone, 1-(acetyloxy)-(root), 2-Cyclopenten-1-one,
2-hydroxy-(root and shoot), 1,2-Cyclopentanedione, 3-methyl-(root and shoot) (Supple-
mentary Tables S1 and S2). An increase in the concentration of psychoactive oxybutyrate
2-Hydroxy-gamma-butyrolactone in root under water deficit conditions and a decrease in
it under conditions of cold stress with complete absence in stress conditions in shoot were
revealed (Figure 9).

Figure 9. Change in the content of 2-Hydroxy-gamma-butyrolactone in R. semenowii under stress
conditions. Values presented are means (±SD). Different letters above the bars represent significant
differences at p ≤ 0.05, n = 3 plants in each of 3 replicates for all treatments.
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Furan and Pyran derivatives containing active alcohol, aldehyde and ketone groups,
which also exhibit high biological activity, are of particular importance in the formation
of the direction and specificity of the pharmacological action of R. semenowii preparations
(Supplementary Tables S1 and S2, Figure 10).

Figure 10. Changes in the content of furan derivatives in root and in shoot using the example of 2
(5H)-Furanone in R. semenowii under stress conditions. Values presented are means (±SD). Different
letters above the bars represent significant differences at p ≤ 0.05, n = 3 plants in each of 3 replicates
for all treatments.

Phenols were presented only in shoot under control conditions and in the root against
the background of water deficiency (Supplementary Tables S1 and S2).

The ethanol extract of R. semenowii contains derivatives (esters) of Benzoic acid (aro-
matic carboxylic acid). At the same time, an increase in the concentration of Benzoic acid,
pentadecyl ester under water and cold stresses in root and disappearance in shoot were
revealed, while the content of Benzoic acid, tridecyl ester under conditions of both osmotic
and cold stress increased in both shoot and root. The content of Benzoic acid, heptyl ester,
increased under conditions of cold stress in root and was not detected in shoot, while under
conditions of water deficit it tended to decrease in all the studied organs. However, under
conditions of water deficit, neoplasms of Benzoic acid, tetradecyl ester in root were noted
(Supplementary Tables S1 and S2).

The change in the content of esters of saturated monobasic acids by the example of an
ester of palmitic (hexadecanoic) acid is illustrated in Figure 11.

Figure 11. Change in the content of Hexadecanoic acid, 1-(hydroxymethyl)-1,2-ethanediyl ester in
R. semenowii under stress conditions. Values presented are means (±SD). Different letters above the
bars represent significant differences at p ≤ 0.05, n = 3 plants in each of 3 replicates for all treatments.
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A significant increase in the content of Hexadecanoic acid, 1- (hydroxymethyl) -1,2-
ethanediyl ester under in shoot stresses and the appearance under conditions of water
deficit in root was revealed. The appearance under the influence of osmotic stress of Formic
acid, 2,6-dimethoxyphenyl ester in shoot (Supplementary Tables S1 and S2) was shown.

The content of esters of lower and middle carboxylic acids is presented in Supplemen-
tary Tables S1 and S2. An increase in the concentration of Diisooctyl Phthalate (DIOP) was
noted under the action of the studied abiotic stressors, both in root and in shoot (Figure 12).

Figure 12. Change in concentration content of Diisooctyl phthalate (DIOP) in R. semenowii under
stress conditions. Values presented are means (±SD). Different letters above the bars represent
significant differences at p ≤ 0.05, n = 3 plants in each of 3 replicates for all treatments.

A significant increase in the content of Phosphoric acid, diethyloctyl ester was shown
under conditions of osmotic stress, and Phosphoric acid, diethylnonyl ester was found
under conditions of cold stress in root (Supplementary Tables S1 and S2).

Abiotic stresses caused an increase in the content of diterpene (phytols) in shoot
(Supplementary Tables S1 and S2) and triterpene (Squalen) hydrocarbons in both root and
shoot (Figure 13).

Figure 13. Change in content of Squalen in R. semenowii under stress conditions. Values presented are
means (±SD). Different letters above the bars represent significant differences at p ≤ 0.05, n = 3 plants
in each of 3 replicates for all treatments.
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3. Discussion

As a rule, the plant at different sensory levels perceives both water deficiency and cold.
A decrease in biomass under water deficit is due to the loss of water by plant tissues and can
serve as one of the indicators of water stress [34,35]. Generally, hypothermia also limits the
growth and development of plants, although it does not always reduce the accumulation
of biomass, preserving or increasing the water content of plant tissues. Nevertheless, it
has such effects as a violation of the stability of proteins or protein complexes and a
decrease in enzymatic activity [36]. Both water stress and cold lead to photoinhibition
and disruption of photosynthesis, as well as significant membrane damage. The results
of the study with water deficiency indicate damage to chlorophyll-bearing tissues, an
increase in membrane permeability (the dye intensively penetrates into cells), a decrease
in the content of free water in plant tissues, and a deterioration in the functioning of
the conducting system in both root and shoot. In this case, water deficiency leads to a
decrease in turgor, the development of plasmolysis and an increase in the concentration
of cell juice and cytosol [37,38]. The high density of plant tissues of the leaf and the
stomata immersed in the mesophyll are adaptive features that ensure a decrease in water
loss during transpiration. Cold stress also causes damage to chlorophyll-bearing tissues,
provoking numerous violations of the ultrastructure of cell membranes. The most common
is an increase in the viscosity of their lipid part. The electron density of the cytoplasm
decreases; structural changes occur (disintegration of granules, accumulation of lipid
droplets, and the disappearance of starch grains). Therefore, membrane-bound processes
such as photosynthesis and respiration are sensitive to cold stress [39]. In this way, the
changes in the anatomical parameters of the leaf and stem of R. semenowii under stress
conditions can also indicate damage to the photosynthetic apparatus.

A reduction in the values of the maximum quantum yield of photosystem II (PSII) is an
indicator of photoinhibition and a decrease in the performance of PSII reaction centers [40].
At the same time, a decrease in the rate of noncyclic electron transport through PSII (ETR)
indicates the activation of non-photochemical mechanisms of quenching [41], which points
out a certain disruption in the functioning of the photosynthetic apparatus of R. semenowii
under the created stress conditions. Any increase in Y (NPQ) under stress is an attempt to
dissipate excess energy. Moreover, an increase in the quantum yield of uncontrolled heat
dissipation and fluorescence Y (NO) means that the excess energy flows are out of control.
High Y (NO) values at a relatively low Y (NPQ) in the studied plants indicate serious issues
with the redistribution of excess light energy entering PSII [42,43]. This means it indicates
possible damage to the photosynthetic apparatus of young plants of R. semenowii, caused
by both water and cold stresses.

During their evolution, plants have adapted to drought conditions by accumulating
SMs, however, increased SM accumulation is usually accompanied by reduced biomass [12].
Changes in the morphophysiological characteristics of plant organs growing under stress
conditions are considered important acclimatization indicators [44]. However, the synthesis
of SM under stress is also a significant component that is involved in defense reactions in
response to biotic and abiotic stresses [45].

Oxidative stress is considered as one of the major causes of plant damage from abiotic
stress, which is associated primarily with impaired electron transport in electron transport
chains, caused by a change in the state of lipids.

A change in the parameters of the water balance or temperature causes a sharp increase
in the generation of reactive oxygen species in the plant cell, and the cell needs antioxidant
protection. The inhibition of free radicals in the plant is carried out by the antioxidant
system. Due to the fact that SM has strong antioxidant properties, they may be associated
with a mechanism for combating the harmful effects of reactive oxygen species (ROS),
most of SM participating in maintaining redox balance by ROS scavenging (which also
confers stress tolerance in plants) [7,13]. Antioxidants can be divided into two classes such
as enzymatic antioxidants and nonenzymatic PSM [46,47], which we consider in this work.
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The initial stage of autooxidation in membranes is inhibited by ubiquinones (toco-
pherol), polyphenols and superoxide dismutase. The ability to inhibit lipid peroxidation
reactions is inherent only in the reduced forms of natural antioxidants and is associated
with the presence of a hydroxyl group in the molecule. Natural antioxidants have a labile
hydroxyl group and react relatively easily with hydrocarbon peroxide radicals [45].

For ubiquinones, the quinone form is the most stable. Tocopherols are found in lipids
mainly in cyclic form which is both in the form of free tocopherol and in the form of its
esters. In the body, the ester forms are easily hydrolyzed to free tocopherol with the help of
enzymes. The increased content of γ-Tocopherol in shoot under stress conditions both water
deficit and cold, confirms that tocopherols function as antioxidants in oxidative reactions.
They form phenoxyl radicals by reacting with peroxide radicals, which are then converted
into quinones, dimers, trimers. The study of lipid extracts from stress photodegradable
cells demonstrates that enhanced autooxidation of vitamin E occurs with the production of
4, 8, 12, 16-tetramethylheptadecan-4-olide [48]. In our experiment, this phenomenon was
found in shoot of R. semenowii against the background of stressful influences. Therefore,
given the decrease in the photosynthetic ability of the plant when exposed to water deficit
or low temperature, it is possibly also associated with photodegradation of cells.

Both the direction of the pharmacological action and its specificity are necessarily
determined by glycosides, which are formed by sterols in reaction with carbohydrates,
significant amounts of which have been identified in the ethanol extract. Phytosterols are
bioactive compounds that are an important structural component of plant cell membranes
in nature and play a vital role in the regulation of membrane fluidity and permeability.
Moreover, phytosterols have a chemical structure similar to cholesterol obtained from
mammalian cells. Among the various phytosterols, beta-sitosterol (SIT) and its stereoisomer
gamma-sitosterol is the main compound found in abundance in plants. The primary
precursor of sterol biosynthesis is cycloartenol, formed from squalene by cycloartenol
synthase (CAS) [49]. Therefore, an increase in the level of SIT in root under stressful
conditions both water deficit and cold stress, indirectly indicates its role in strengthening
the membranes of plant cells.

The major building blocks of botanical membranes are phospholipids and glycolipids,
both of which contain a glycerol core linked to two tails derived from fatty acids (FAs). As
a result, FAs have a strong influence on the properties of membranes [50].

Both exposure to cold and water stress can cause disturbances in the conductivity of
the biomembrane. It is proven by deactivation of proteins and ion leakage [51]. Reducing
the fluidity of the cell membrane after exposure to stress is considered the first line of
defense [52]. It has been shown in the literature that the fluidity of the plasma membrane
correlates with the proportion of unsaturated fatty acids (UFAs) [53]. We experimentally re-
vealed a decrease in the proportion of unsaturated FA in shoot both under water deficit and
cold stress conditions. Furthermore, it has been shown that under stress with an increased
content of UFAs in the lipids of the inner membranes of chloroplasts and mitochondria,
the weakening of PSII photoinhibition may be associated [54,55]. Linoleic and linolenic
fatty acids are essential and included in the composition of cell membranes, regulating
their microviscosity, permeability, electrical properties, reducing excitability, forming the
corresponding lipid environment of membrane proteins and enzymes [56]. In plants, fatty
acids (FAs) can be present not only in a free state, but in the form of their methyl, ethyl,
and other esters as well [57]. The nature of lipid components can vary greatly and include
waxes, hydrocarbons (including squalene), sterol esters, aliphatic aldehydes, primary and
secondary alcohols, 1,2-, 2,3- and α, ω-diols, ketones, β-diketones, triacylglycerols and
numerous others. It was experimentally revealed that under stress conditions of both water
deficit and cold, the content of FA in shoot esters significantly increases.

The interaction between plants and the environment is provided for the aerial organs
by epicuticular waxes, which typically contain esters of long chain fatty alcohol esters with
long chain fatty acids. However, little is known about the nature, biosynthesis and role of
waxes at the root–rhizosphere interface. In this context, the observed changes in the content
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of Wax monoesters in the root of R. semenowii under abiotic stresses stimulated the interest.
Li et al. [58] suggest a direct metabolic relationship between some root waxes and suberin.
The direct physical connection between wax and suberin implies extracellular location
under the primary cell wall, since suberin is deposited outside the plasma membrane. It
is possible that most root waxes can be embedded deeper into the peridermal cell walls,
where suberization occurs [58].

Chemicals from fatty acid metabolism can act as important chemical signals. Su-
peroxide radical anion and hydrogen peroxide, which are produced under oxidative
stress, can directly oxidize lipids or be converted to a hydroxyl radical via the Fenton
and Haber-Weiss reactions [59]. The hydroxyl radical easily initiates the peroxidation of
polyunsaturated, mainly linoleic and linolenic fatty acids. Spontaneous rearrangements
of oxidized polyunsaturated fatty acids (PUFAs) lead to the formation of various phyto-
prostanes and aldehydes and other reactive electrophile species (RES), which are often toxic
to plants [60]. Reactive oxygen species, especially singlet oxygen, formed in chloroplasts
under stressful conditions, can also oxidize carotenoids, which also leads to the formation
of such oxidized products as aldehydes, ketones, endoperoxides, and lactones [61]. As an
example of this in our experiment is the detection of Benzeneacetaldehyde in shoot under
cold stress as well as an increase in the concentration of 2-Hydroxy-gamma-butyrolactone
in root under water deficit conditions and a decrease in it under conditions of cold stress
with complete absence in stress conditions in shoot.

Perhaps, stress conditions that negatively influence the fragile and sensitive shoot are
able to stimulate the internal solvation of the critical transition state by the neighboring
hydroxyl group due to the binding and/or orientation of water molecules as a result
of stress. The biological effects of linoleic and linolenic acids are realized at the cellular
and organ levels. In response to abiotic stress in plants, lipases can be activated, which
release unsaturated fatty acids and trigger the synthesis of a number of oxylipins with
different functions [62]. Some of them have direct antimicrobial functions, while others are
powerful regulators of defense mechanisms. Oxylipins are involved in plant acclimation to
abiotic stresses as well. They are part of complex interactive networks of phytohormones,
including salicylic acid, ethylene, auxin, brassinosteroids, gibberellic acid and abscisic acid,
which control all aspects of plant growth and development and how plants adapt to their
environment. These are signaling molecules formed from the group of polyunsaturated
fatty acids, which are involved in the formation of the body’s responses to signals from the
external environment [62].

Compared with other kinds of raw materials, the content of fatty acids in plants
is low. Saturated and unsaturated fatty acids are part of the acyl lipids of plant tissue.
Lipids, in turn, actively change metabolism and increase plant resistance, particularly
to low temperatures [63,64]. Perhaps, it is the oxidative stress caused by the action of
abiotic stressors that initiates the increase in the plant tissues of R. semenowii of such furan
compounds as 2 (5H)-Furanone and Benzofuran. The appearance in the phytochemi-
cal spectrum of 2,5-Dimethyl-4-hydroxy-3 (2H)-furanone in root under cold stress also
stimulated the interest.

It is noteworthy that the pyrrolidine ring is one of the most frequent heterocycles in
the structure of medicines. This structural fragment is a part of many biologically active
natural compounds (alkaloids nicotine, hygrin, the amino acid proline, etc.), among which
there are osmolytes actively accumulated in plant tissues as a result of stress [65]. It is
possible that the functions of osmolytes can be performed in this case by Methylglucoside
(appearance in root under conditions of water deficiency).

In determining the directions of the potential pharmacological action of drugs based
on R. semenowii, special attention should be paid to essential oils, which are based on
various structures and in the presence of certain functional groups, terpenes, phenols,
polyunsaturated carboxylic acids containing 1–4 double and triple bonds, ethers, alco-
hols [65]. Vegetable essential oils are intended to mediate the plant’s attitude to abiotic
and biotic stress factors of various nature and to increase antioxidant activity [66–68]. In
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this context, free volatile substances are glycosylated, which are stored in the cell vacuoles
and the internal swelling of the cells reduces the stress effect, particularly, from water
deficiency [69]. This might be related to a decrease in leaf area [70].

Therefore, phenols exhibit antimicrobial and antioxidant (membrane stabilizing, cy-
toprotective) action. The antioxidant effect of phenols is responsible for stabilizing the
cell membrane; phenols prevent mitochondrial autolysis. Moreover, they are involved
in the suppression or blocking of free radicals, the most characteristic reaction of lipid
peroxidation (LPO), and generally have a cytoprotective effect [71]. It is possible that the
results of this experiment indicate precisely the antioxidant effect of phenols for plants
under osmotic stress caused by water deficiency.

In the metabolism of higher plants, Benzoic acid (BA) influences their growth, anatomy,
morphology, and stress resistance [72]. In plants, BA is a precursor of a wide range of
primary and secondary metabolites, including various esters. Various modifications in BA
molecules affect the volatility, permeability of substances in various cell compartments,
their solubility and activity, and are crucial for their transport and functioning. Senaratna
et al. [73] suggest that the structural part of benzoic acid is most likely the main functional
molecular structure that makes plants resistant to stress. In this regard, the revealed
changes in the concentrations of various BA esters in R. semenowii in shoot and root tissues
under water deficit and cold stressful conditions arouse the interest for further research.

Unsaturated fatty acids such as palmitic acid are required to maintain a certain level
of membrane fluidity. In the case of formic acid, in addition to acidic properties, it also
exhibits some properties of aldehydes, notably, reducing properties. Unsaturated fatty
acids are present in plant organisms in the form of esters. There is information about
their connection with the acclimation of plants to low temperatures [74]. The data of our
experiment also testify to their adaptive role to water deficit.

Esters of lower and medium carboxylic acids are constituents of the essential oils of
many plants. The known phosphoric acid esters are extremely numerous. The majority
of them play a central role in life processes and therefore they are of direct biological
interest. In addition, there are crop improvers, plant growth regulators, ripening agents
and others. Generally, in small quantities, they are involved in various processes taking
place in a living organism and are aroma-forming components. We detected experimentally
Diisooctylphthalate (DIOP) (diester) of phthalic acid (1,2-benzenedicarboxylic acid) which
is the simplest representative of dibasic aromatic carboxylic acids. Commonly, the presence
of phthalic acid is not typical of plant matter. In the case of detection of dialkyl phthalates
in various objects and the interpretation of the data obtained is considered a serious
problem [75]. However, it was noted that in response to stress induction by phytophages or
phytopathogens, the content of diethyl phthalate and diisooctyl phthalate in plants could
increase by more than five times [76]. For those in this experiment in conditions of both
water deficiency and cold in shoot and in root, an incompletely understood stress response
takes place.

Terpenes like other volatile components of green leaves (aldehydes, alcohols, and
ethers) can serve as a signal of stress transmitted from plant to plant [77]. Diterpene hydro-
carbons phytols are part of chlorophyll; therefore, there is no doubt about the relationship
of their accumulation in the plant R. semenowii under stressful backgrounds, when the
photosynthetic activity changes significantly. In this regard, the detected accumulation of
phytols in shoot against the background of cold stress is of interest.

Squalen is a naturally occurring triterpene hydrocarbon. It belongs to the group of
carotenoids. The accumulation of carotenoids in shoot is also closely related to stress
acclimation processes. The decay products of hexoses serve as the basis for the synthesis
of carotenoids and terpenes in a plant. In that case, carotenoids play an active part in the
absorption of light energy shoot and its transfer to the reaction centers of the photosystem
and serve as photoprotectors. Carotenoids protect the photosynthetic apparatus from pho-
tooxidizing damage by quenching the triplet of chlorophyll molecules [62]. Carotenoids
are potent scavengers of reactive oxygen species that protect pigments and unsaturated
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fatty acids from lipids from oxidative damage [78]. They can react with free radicals by
electron transfer, transfer of a hydrogen atom or its addition, as well as by modulating the
physical properties of photosynthetic membranes with the participation of the xanthophyl-
lic cycle in this process [79]. The positive effect of carotenoids on root growth was proven
experimentally. Physical and physicochemical studies of the reactivity of carotenoids in
redox processes are of priority today [80]. Therefore, the accumulation of Squalen in both
shoot and root can be considered an adaptive stress response of the species R. semenowii.

Therefore, we can talk about the nonspecificity of many physiological and phyto-
chemical reactions of plant tissues of R. semenowii to the effect of sudden cold or water
stress. These reactions are expressed in a decrease in the level of photosynthetic activity, an
increase in the content of such SM as γ-Tocopherol in shoot, SIT in root, a decrease in the
proportion of unsaturated FA and an increase in the content of FA in shoot esters, in the
accumulation of Squalen under stress in both shoot and root and others.

Nevertheless, specific adaptive mechanisms and nuances of reacting both shoot and
root of R. semenowii to the action of each of the studied abiotic stresses were also noted.
These are, for example, a change in the concentrations of various BA esters in the tissues
of R. semenowii, the accumulation of phytols in shoot under cold stress conditions, as well
as the pathways for the formation of such oxidized products as aldehydes, ketones and
lactones and their derivatives, esters of lower and medium carboxylic acids, etc.

The variety of mechanisms of acclimation of R. semenowii plants to the abiotic stresses
action by changing the SM content stimulates the interest for further experiments. In
general, further research should be focused on the use of abiotic stressors for the targeted
synthesis of bioactive SMs valuable for pharmaceutical use.

4. Materials and Methods

4.1. Plant Material and Growing Conditions

Plants R. semenovii grown in vegetation pots were studied. The plants had already
lost their juvenile characteristics but had not entered the generative period of ontogenesis
yet during the immature period of development, when an intensive growth of the shoot
was observed.

Plants at the time of the experiment were divided into three groups: (1) a control group
were grown under 26 ± 3 ◦C at day and 20 ± 3 ◦C at night, with average air humidity
37% and optimal irrigation (up to 60% of full moisture capacity); (2) a group subjected
to sudden cold treatment +3 ◦C in refrigerator cabinet with lighting (“Polair”, Moscow,
Pussia) under circadian illumination (using commercial fluorescent white light tubes): 16 h
light/8 h darkness regime [200 μmol m−2 s−1 PAR, light metre LI-205 (Li-Cor, Lincoln, NE,
USA)]) and (3) a group subjected to water deficiency (cessation of watering). The duration
of the stress exposure was 72 h.

The calculation of the soil moisture was carried out according to the formula: W= (a x 100):
b (%), where (W)—the soil moisture, in % of the dry soil mass; (a)—the mass of water in
the soil sample, g; (b)—dry soil mass, g.

Growth parameters were determined by measurements before and on the third day
after the onset of stress exposure [81]. The water content (WC) in plant tissues was
calculated using the formula:

WC = ((a − б)/a) × 100%, (1)

where a is the initial mass, mg; b is the mass after drying at 105 ◦C, mg.

4.2. Photosynthetic Activity Determination

Photosynthetic activity parameters were estimated by determination of fluorescence
levels. Rapid light curves (RLCs) were recorded using Junior-PAM (“Heinz WalzGmbH”,
Effeltrich, Germany) under actinic illumination of 450 nm. The RLC for each sample was
recorded after quasi-darkness to assess the effect of actinic light absence, while complete
darkness is difficult to achieve under field conditions [82]. For each measurement the
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fluorometer provided eight saturation light pulses of 10,000 μmol/m2s every 20 s, while
actinic light increased from 0 to 625 μmol/m2s gradually. For comparison, the data
obtained from the last pulse of the light curve were taken [83]. The following parameters
were calculated using WinControl-3.29 (Walz, Effeltrich, Germany) software: Fv/Fm:
maximum quantum yield of PSII photochemistry; Y(II): effective photochemical quantum
yield of PSII; Y(NPQ): quantum yield of non-photochemical energy conversion in PSII
due to downregulation of the light-harvesting function; Y(NO): quantum yield of non-
photochemical energy conversion in PSII that caused by downregulation of the light-
harvesting function; PSII relative electron transport (ETR). In the experiment, each time
the region of the middle third of the active leaf was selected. All measurements were
performed on a sunny day from 09:00 to 11:00 a.m.

4.3. Analysis of Changes in the Elements of the Anatomical Structure

Fixation of roots was performed in 70% ethanol and preservative fluid was a Strasburger-
Flemming’s mixture: 96% ethanol:glycerol:water in ratio of 1:1:1 [84]. The material was
infused for a 24 h. Anatomical specimens were prepared with a microtome MZP-01 (“Tech-
nom”, Ekaterinburg, Russia) with a freezing unit OL-ZSO 30 (“Inmedprom”, Yaroslavl,
Russia). The thickness of anatomical sections varied between 10 and 15 microns. Sudan
IV-stained sections were placed on a glass slide in a drop of pure glycerin and covered with
a cover slip to obtain a temporary preparation. Micrographs of anatomic sections were
made on a microscope with Micro Opix MX 700 (T) (West Medica, Brown Boveri-Straße
6, B17-1 2351 Wiener Neudorf, Austria), CAM V1200C HD-camera (West Medica, Brown
Boveri-Straße 6, B17-1 2351 Wiener Neudorf, Austria). All anatomical data were obtained
in 3–5 replicates (5 plants in each) with a 40× objective.

4.4. Determination of Organic Compounds in Extracts

Analysis methods: Gas chromatography with mass spectrometric detection (Agilent
6890N/5973N, Santa Clara, CA, USA). Sample volume 1.0 μL, sample injection tempera-
ture 260 ◦C, without flow division. Separation was carried out using a chromatographic
capillary column DB-35MS with a length of 30 m, an inner diameter of 0.25 mm, and a
film thickness of 0.25 μm at a constant carrier gas (helium) velocity of 1 mL/min. The
chromatographic temperature was programmed from 40 (exposure 0 min) to 150 ◦C with
a heating rate of 10 ◦C/min (exposure 0 min) and up to 300 ◦C with a heating rate of
5 ◦C/min (exposure 10 min). Detection was carried out in the SCANm/z 34-850 mode.
AgilentMSDChemStation software (version 1701EA) (Santa Clara, CA, USA) was used
to control the gas chromatography system, register and process the obtained results and
data. Data processing included determination of retention times, peak areas, as well as
processing, spectral information obtained using a mass spectrometric detector. The Wiley
7th edition and NIST’02 libraries were used to decode the obtained mass spectra (the total
number of spectra in the libraries is more than 550 thousand).

All experiments were done in three replicates. The processing of data and graphing
was performed using Microsoft Excel (Microsoft Corp., Redmond, Washington, DC, USA).
Atypical values were excluded from the data based on t-tests, the standard error of the
average sample was calculated. Differences were considered significant at p < 0.05.

5. Conclusions

The results of this study demonstrated that under water deficit and cold stress condi-
tions, morphophysiological responses and elements of anatomical structure of organs of
R. semenovii changed at some degrees.

For the first time, a detailed study of the chemical composition of the ethanol extract of
root and shoot of R. semenovii under stress was carried out using gas chromatography–mass
spectrometry, which made it possible to state that the antioxidant system in plant tissues is
multicomponent and includes SM. All components are in functional interaction and are
due to the body’s adaptive stress responses.
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The results obtained for SM, which are medicinal biologically active substances, are
useful both for understanding the mechanisms of protection against adverse conditions
and for approaches to the targeted synthesis of secondary metabolites valuable for phar-
maceutical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10061196/s1, Table S1: Change in content of SM in shoot under stress conditions,
Table S2: Change in content of SM in root under stress conditions.
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Abstract: This study presents the variability of some biochemical indicators in the winter wheat
assortments tested in south-western Oltenia (Romania) and identification of the sources showing a
high antioxidant activity. The peroxidase activity has intensified as the stress induced by treatment
with PEG of different concentrations and in different doses increased. Regarding the peroxidase
content, among the varieties treated with PEG 10,000 25%, the majority of the Romanian varieties
tested showed higher values of the PEG/control treatment ratio, which suggests tolerance to drought.
In reverse, the activity of ascorbate peroxidase is lower in tolerant varieties. The varieties with a
subunit report have been noted. Among them are the Izvor variety, known as the drought-tolerant
variety, as well as other Romanian varieties: Alex, Delabrad, Lovrin 34, etc. An increased activity of
catalase was present in most varieties, so there is the possibility of drought tolerance. Among the
varieties highlighted are Romanian varieties (Dropia, Trivale, Nikifor, etc.) but also foreign varieties
(Kristina, GH Hattyu, Karlygash, etc.). However, the correlation between yield index in the limited
assortment and the antioxidant enzyme content ratios between PEG and control treatments does
not exist, suggesting that none of these biochemical indicators are a selective indicator for drought
tolerance under the experimental condition.

Keywords: wheat; peroxidase; ascorbate peroxidase; catalase; yield index

1. Introduction

Wheat is a cheap source of essential amino acids (which are not synthesized in the
body), good quality minerals, vitamins, and vital dietary fibres to the human diet [1].
Besides this, it is also considered a natural source of both enzymatic and non-enzymatic
antioxidants [2]. The enzymatic antioxidants include superoxide dismutase (SOD), glu-
tathione reductase (GR), and ascorbate peroxidase (APX), catalase (CAT), and peroxidase
(POD), while non-enzymatic antioxidants include vitamin C (tocopherols and tocotrienols),
vitamin E, and carotenoids [3].

Drought tolerance is a complex trait that refers to the degree to which a plant is
adapted to arid or drought conditions that lead to different morphological and physiolog-
ical changes. Adaptation processes to drought stress conditions involve the genetics at
different molecular, physiological, biochemical, and biological levels and processes [4,5].

Plants 2021, 10, 2443. https://doi.org/10.3390/plants10112443 https://www.mdpi.com/journal/plants
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Under drought conditions, oxidative degradation products occur at the cellular level,
leading to oxidative stress. Numerous experiments on the study of wheat drought resis-
tance showed cell-based induction of enzyme oxidative stress protection systems [6–8]. A
drought-tolerant genotype had the highest activity of peroxidase and catalase ascorbate
and high ascorbic acid content and showed the lowest accumulation of hydrogen peroxide
and lipid peroxidase, compared to a sensitive genotype that had the lowest activity of an-
tioxidant enzymes and ascorbic acid content and the highest content of hydrogen peroxide
and lipid peroxidase [7,8]. Reactive oxygen species (ROS) are generated in plants upon
exposure to stressful conditions [9]. ROS are byproducts of numerous enzymatic reactions
in various cell compartments [10].

The combating ROS in plants during stressful conditions is maintained by the enzy-
matic components comprising of the superoxide dismutase (SOD), ascorbate peroxidase
(APX), guaiacol peroxidase (GPX), glutathione-S-transferase (GST), and catalase (CAT).
The omnipresent nature of these enzymatic components underlies the necessity of the
detoxification of ROS for cellular survival [9,10].

One of the most important goals of plant breeding is to produce new wheat cultivars
with a high degree of drought tolerance. Thus, the first step is to select the potential
germplasm that contains genotypic differences for drought tolerance [11].

Some authors [12] studied Triticum genotypes with three levels of polyploidy: hexaploid,
tetraploid, and diploid, submitted to a stress of 4, 8, and 12 days, respectively. In gen-
eral, catalase showed an increase or maintenance in the early stages of drought and then
a decrease as the magnitude of stress increased. In contrast, peroxidase increased to
water stress.

According to [13], who studied the role of the plant’s antioxidant system in stress
tolerance, drought induced in two different stages after anthesis resulted in increased
accumulation of oxygenated water and decreased ascorbic acid content. Antioxidant
enzymes such as ascorbate peroxidase and catalase have increased under water stress
conditions. A drought-tolerant genotype had the highest activity of ascorbate peroxidase
and catalase and high ascorbic acid content and also showed the lowest accumulation
of oxygenated water and lipid peroxidase. By comparison, a sensitive genotype had the
lowest antioxidant enzyme activity and ascorbic acid content and the highest content of
oxygenated water and lipid peroxidase.

A solution of polyethylene glycol (PEG) can be used to induce drought stress that is
measured using a timescale of days after treating the seeds with the PEG solution. There
are many different concentrations of PEG; therefore, it is essential to test a wide range of
concentrations. In germination experiments using PEG, the seeds of genotypes are tested
to different concentration [14,15].

Some authors [16] analysed five wheat cultivars submitted to 3, 6, and 9 days water
stress, respectively. The activity of peroxidase and ascorbate peroxidase showed an initial
increase. In cultivars that were found to be more stress-tolerant than others, peroxidase
activity increased with increasing stress duration while ascorbate peroxidase activity
decreased. The study conducted by [17] on an assortment of wheat cultivars and lines
created at S, imnic regarding the phenol content and the activity of the antioxidants revealed
that they are significantly influenced by genotype and environment. The Dropia variety
was superior to the Boema variety and to the lines tested by point of view of phenol content.

Results reported by some authors suggest that water stress alters the balance between
free radical production and enzymatic protection mechanisms in wheat plants [18]. Studies
conducted by [19] investigated the effects of salicylic acid (SA) and cold on apoplastic
protein levels and activities of apoplastic catalase (CAT), peroxidase (POX), and polyphenol
oxidase (PPO) in winter wheat (Triticum aestivum cv. Dogu-88) leaves. When the activities
with cold + SA treatment are compared to their cold treatments, CAT and POX activities
were decreased while PPO activity was increased by SA.

The activities of antioxidant enzyme defence system depended on wheat cultivar,
duration of drought, and the stage of leaf development [20].
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Drought-tolerant genotypes also kept higher ascorbate compared with sensitive geno-
types under stress and non-stress conditions, while peroxidase activity was not affected by
drought stress [21]. Antioxidants and stress markers can be efficiently and economically
used as biochemical indices to screen or to enrich wheat germoplasm for drought tolerance
at the early seedling stage [21]. Plant materials should be phenotyped accurately using
an appropriate assay and trait that has a direct relation to drought tolerance. Single-trait
evaluation for drought tolerance to distinguish between tolerant and susceptible genotypes
is not recommendable [22,23].

This study aimed at investigating the variability of some biochemical indicators
(peroxidase, ascorbate peroxidase, and catalase) at the winter wheat assortments and
identification of the sources showing a high antioxidant activity.

2. Results

In our experiment in south-western Oltenia, the activity of peroxidase increased as
the stress induced by PEG treatment of different concentrations and at different doses
increased. The varieties that showed an increase in the activity of the peroxidase are shown
in Table 1.

Table 1. The activity of peroxidase in an assortment of 50 wheat cultivars analysed.

No. Cultivar

PEROXIDASE (ΔA/1 min/1 gsp)

In Normal Conditions
(Water–Control)

In Water-Stress-
Induced Conditions

(25% PEG 10,000)

In Water-Stress-
Induced Conditions

(40% PEG 4000)

Ratio PEG
(25%/Control)

Ratio PEG
(40%/Control)

35. KRISTINA 57.60 211.43 319.02 3.671 5.539
39. MOLDAU 91.69 308.8 0 3.368 0.000
40. MV PALMA 66.21 220.78 0 3.335 0.000
50. TRIVALE 23.27 71.31 0 3.064 0.000
31. GK HATTYU 104.88 293 431.14 2.794 4.111
36. LADA 72.94 188.09 141.2 2.579 1.936
48. SHOHAM 71.46 177.44 0 2.483 0.000
30. GRUIA 75.75 176.8 200.6 2.334 2.648
47. ROMULUS 75.16 168.75 0 2.245 0.000
34. KARLYGASH 72.01 158.66 275.62 2.203 3.828
41. NIKIFOR 85.89 180.38 100.54 2.100 1.171

29. GK GOBE 119.08 238.71 174.45 2.005 1.465
43. ORQUAL 69.33 134.46 0 1.939 0.000
25. GIAVA 111.83 216 321.96 1.932 2.879
33. IZVOR 114.15 216.16 190.17 1.894 1.666
27. GK ELET 105.89 199.7 387 1.886 3.655
21. EXOTIC 76.19 141 332 1.851 4.358
42. ORATORIO 72.12 128.97 0 1.788 0.000
18. ELIANA 85.96 125.55 87.59 1.461 1.019
26. GK DAVID 207.61 301 543.27 1.450 2.617
46. ROMANSA 111.45 157.97 76.76 1.417 0.689
11. CUBUS 108.57 151.5 219.64 1.395 2.023
1. AGRON 134.4 176 218.3 1.310 1.624
5. BITOP 140.21 176.25 162.7 1.257 1.160

38. LOVRIN 34 126.92 144.34 0 1.137 0.000
6. BOEMA 151.28 171.53 165 1.134 1.091
13. DELABRAD 122.7 137.88 166.65 1.124 1.358
28. GLOSA 137.53 151.6 372 1.102 2.705
2. ALEX 130.9 141.28 191.75 1.079 1.465
23. FLAMURA 85 171 176 316 1.029 1.848
3. AZTEC 138 140.77 161 1.020 1.167
32. MIRANDA 90.6 92.25 170.25 1.018 1.879
22. FAUR 107.55 108 184.48 1.004 1.715
14. DEMETRA 129.66 128.76 215.12 0.993 1.659
7. SIMNIC 50 121.1 113.92 255.1 0.941 2.107

16. DROPIA 120.4 111.57 140.68 0.927 1.168
19. ENESCO 132.89 121.96 321.83 0.918 2.422
24. GABRIELA 149.67 135.62 265 0.906 1.771
20. ESQUISIT 199.74 168.06 219.21 0.841 1.097
12. DARIEL 132.97 110.44 163.74 0.831 1.231
4. BEZOSTAIA 162.83 130.92 175 0.804 1.075
15. DOR 160.66 126.42 166.11 0.787 1.034
17. DUNAI 164.75 125.78 211.99 0.763 1.287
49. SIMNIC 30 59.58 43.96 0 0.738 0.000
10. CRINA 133.22 84.7 138.87 0.636 1.042
44. JULIUS 207.74 121.65 0 0.586 0.000
8. CAPO 179.5 103.76 182.28 0.578 1.015
37. LITERA 139.04 77.74 0 0.559 0.000
45. NATHAN 238.33 113.04 0 0.474 0.000
9. CAROLINA 126.33 56.63 163.25 0.448 1.292
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The cultivars from the limited assortment were yellow highlighted (winter wheat cul-
tivars tested for 14 years, year by year). It is observed that they are distributed everywhere
in the range of the results obtained by the 50 cultivars, this fact indicating that the varieties
that are part of this assortment and the obtained results could have a high probability of
identifying the sources of stress tolerance for the south-western Oltenia drought conditions.

Among the varieties treated with PEG 10,000 25%, most of the Romanian varieties
tested, components of the limited assortment, Gruia, Izvor, Lovrin 34, Boema, Delabrad,
Glosa, Alex, Miranda, and Faur, presented super unitary values of the ratio between
PEG/control treatment, which suggests drought tolerance.

Conversely, the activity of ascorbate peroxidase is lower in the tolerant varieties, so
in Table 2, the varieties with subunit ratio were noted. Among them are the Izvor variety,
known as the drought-tolerant variety, as well as other Romanian varieties: Alex, Delabrad,
Lovrin 34, Miranda, Dor, and Romulus (Table 2).

Table 2. The activity of ascorbat peroxidase in an assortment of 50 wheat cultivars analysed.

No. Cultivar

ASCORBAT PEROXIDAZE (μgAsA/1 min/1 gsp)

In Normal
Conditions—

Water–Control

In Water-Stress-
Induced

Conditions—25%
PEG 10,000

In Water-Stress-
Induced

Conditions—40%
PEG 4000

Ratio PEG
25%/Control

Ratio PEG
40%/Control

50. TRIVALE 4693 40,522 0 8.635 0.000
49. SIMNIC 30 4754 35,528 0 7.473 0.000
29. GK GOBE 2990 21,994 3661 7.356 1.224
8. CAPO 16,313 57,206 4550 3.507 0.279
9. CAROLINA 5834 17,921 11,101 3.072 1.903
7. SIMNIC 50 9829 29,888 14,349 3.041 1.460

11. CUBUS 4606 11,865 13,154 2.576 2.856
40. MV PALMA 52,089 129,907 0 2.494 0.000
10. CRINA 13,795 33,881 30,699 2.456 2.225
41. NIKIFOR 75,225 179,104 41,893 2.381 0.557
37. LITERA 26,825 62,474 0 2.329 0.000
14. DEMETRA 9350 20,147 6711 2.155 0.718
48. SHOHAM 34,285 70,888 0 2.068 0.000
23. FLAMURA 85 31,788 60,423 80,790 1.901 2.542
5. BITOP 13,523 24,456 20,302 1.808 1.501
6. BOEMA 11,930 20,898 0 1.752 0.000

22. FAUR 29,801 51,107 34,830 1.715 1.169
24. GABRIELA 33,376 51,546 43,200 1.544 1.294
30. GRUIA 18,476 28,177 13,396 1.525 0.725
21. EXOTIC 20,906 31,348 52,677 1.499 2.520
3. AZTEC 12,420 17,802 4565 1.433 0.368

28. GLOSA 28,813 37,094 14,970 1.287 0.520
39. MOLDAU 63,595 70,754 0 1.113 0.000
43. ORQUAL 35,074 38,866 0 1.108 0.000
16. DROPIA 23,299 25,689 22,446 1.103 0.963
17. DUNAI 28,531 31,389 18,868 1.100 0.661
36. LADA 13,827 13,470 16,152 0.974 1.168
12. DARIEL 7299 6995 12,564 0.958 1.721
27. GK ELET 25,027 23,328 7278 0.932 0.291
2. ALEX 9663 9001 5758 0.931 0.596

25. GIAVA 56,518 50,899 61,391 0.901 1.086
45. NATHAN 34,463 29,747 0 0.863 0.000
13. DELABRAD 20,398 17,253 20,925 0.846 1.026
15. DOR 20,618 17,412 39,525 0.845 1.917
35. KRISTINA 37,092 29,585 0 0.798 0.000
47. ROMULUS 46,875 35,744 0 0.763 0.000
38. LOVRIN 34 29,747 21,739 0 0.731 0.000
33. IZVOR 43,547 29,441 26,106 0.676 0.599
1. AGRON 10,847 6428 6007 0.593 0.554

46. PKB
ROMANSA 70,721 39,318 60,942 0.556 0.862

32. MIRANDA 51,011 27,675 15,796 0543 0.310
26. GK DAVID 35,090 18,654 0 0.532 0.000
4. BEZOSTAIA 9221 45,85 5098 0.497 0.553

42. ORATORIO 73,625 31,888 0 0.433 0.000
44. JULIUS 80,042 30,550 0 0.382 0.000
19. ENESCO 65,789 24,314 12,227 0.370 0.186
18. ELIANA 36,772 13,413 29,207 0.365 0.794
31. GK HATTYU 17,537 6002 12,975 0.342 0.740
34. KARLYGASH 34,110 11,376 6852 0.334 0.201
20. ESQUISIT 10,981 2838 20,284 0.258 1.847
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Increased activity of catalase has been present in most varieties, so that the possibility
of drought tolerance exists. Among the varieties listed in Table 3 are Romanian varieties:
Dropia, Trivale, Nikifor, Simnic 30, Simnic 50, Faur, Glosa, Gruia, Miranda, and Flamura
85. Of the foreign varieties that maintain a high activity of catalase at higher dose stress
intensification, we can see: Kristina, GH Hattyu, Karlygash, Esquisit, Lada, Enesco, GK
Elet, Cubus, and GK Gobe (Table 3).

Table 3. The activity of catalase in an assortment of 50 wheat cultivars.

No. Cultivar

CATALASE

In Normal
Conditions—

Water–Control

In Water-Stress-
Induced

Conditions—25%
PEG 10,000

In Water-Stress-
Induced

Conditions—40%
PEG 4000

Ratio PEG
25%/Control

Ratio PEG
40%/Control

48. SHOHAM 656 3318 - 5.058 -
16. DROPIA 298 1407 1492 4.721 5.007
35. KRISTINA 896.8 3155.81 5534.08 3.519 6.171
4. BEZOSTAIA 1536.98 4471 1087.7 2.909 0.708
50. TRIVALE 987 2765 - 2.801 -

42. ORATORIO 1652 4578 - 2.771 -
31. GK HATTYU 1945.44 5378.13 5536.33 2.764 2.846
18. ELIANA 1046 2862 290 2.736 0.277
41. NIKIFOR 1288 3422 3422 2.657 2.657
9. CAROLINA 435.73 1142.05 - 2.621 -
34. KARLYGASH 1819.21 3519.15 2557.91 1.934 1.406
49. SIMNIC 30 982 1876 - 1.910 -
20. ESQUISIT 1749 3309 3137 1.892 1.794
36. LADA 1482.57 2753.87 4020.1 1.857 2.712
7. SIMNIC 50 366.97 680.13 - 1.853 -
33. IZVOR 929 1685.36 1021.05 1.814 1.099
22. FAUR 763 1362.8 - 1.786 -
46. PKB

ROMANSA 1128 1864 - 1.652 -
19. ENESCO 701 1141 4565 1.628 6.512
28. GLOSA 1782.55 2868.62 3832.3 1.609 2.150
27. GK ELET 1993.32 3110.42 4885.5 1.560 2.451
43. ORQUAL 1808 2784 - 1.540 -
30. GRUIA 1839.45 2604 2703.61 1.416 1.470
11. CUBUS 1253 1654 1497 1.320 1.195
45. NATHAN 1387 1829 - 1.319 -
32. MIRANDA 1432.37 1668.02 1904.12 1.165 1.329
26. GK DAVID 3992.5 4158.68 1923.07 1.042 0.482
29. GK GOBE 3472.56 3501.76 3645.2 1.008 1.050
12. DARIEL 1370 1380 965 1.007 0.704
39. MOLDAU 1208 1211 - 1.002 -
23. FLAMURA 85 5086 5086 5086 1.000 1.000
24. GABRIELA 5086 5086 5086 1.000 1.000
21. EXOTIC 1115 1103.4 1274 0.990 1.143
2. ALEX 1020.46 921.75 3071.01 0.903 3.009
40. MV PALMA 2200 1877 - 0.853 -
15. DOR 1173 990 1265 0.844 1.078
8. CAPO 1020 854.3 - 0.838 -
44. JULIUS 2100 1685 - 0.802 -
38. LOVRIN 34 1625 1265 - 0.778 -
1. AGRON 3010 2285.71 4605.66 0.759 1.530
3. AZTEC 2700 1898.88 2207.8 0.703 0.818
37. LITERA 987 674 - 0.683 -
10. CRINA 820.55 542.1 382.04 0.661 0.466
13. DELABRAD 1450 938 - 0.647 -
5. BITOP 3300.23 2086.96 1082.78 0.632 0.328

47. ROMULUS 4562 2647 - 0.580 -
25. GIAVA 3014.31 1266.82 3274.2 0.420 1.086
14. DEMETRA 1662 286 1577 0.172 0.949
6. BOEMA 3800 334.38 - 0.088 -
17. DUNAI 3570 312 1342 0.087 0.376

However, the correlation between YI in the limited assortment and the ratio of antioxi-
dant enzyme content between PEG and control treatments does not exist, suggesting that
none of these biochemical indicators represent a selection indicator for drought tolerance
under the conditions of south-western Oltenia (Table 4).
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Table 4. The correlation between the YI index and the antioxidant activity for the limited assortment.

Cultivar YI
Ratio PEROX
PEG 25%/ct

Ratio PEROX
PEG 40%/ct

Ratio ASC
PEG 25%/ct

Ratio ASC
PEG 40%/ct

Ratio CAT
PEG 25%/ct

Ratio CAT
PEG 40%/ct

GLOSA 1.252 1.102 2.705 1.287 0.520 1.609 2.150
GRUIA 1.220 2.334 2.648 1.525 0.725 1.416 1.470
IZVOR 1.219 1.894 1.666 0.676 0.599 1.814 10.991
FAUR 1.153 1.004 1.715 1.715 1.169 1.786 0.000

DELABRAD 1.116 1.124 1.358 0.846 1.026 0.647 0.000
CRINA 0.996 0.636 1.042 2.456 2.225 0.000 0.000
ALEX 0.955 1.079 1.465 0.931 0.596 0.903 3.009

DROPIA 0.941 0.927 1.168 1.103 0.963 4.721 5.007
SIMNIC 30 0.895 0.738 1.029 7.473 5.972 1.910 -

BEZOSTAIA 0.854 0.804 1.075 0.497 0.553 2.909 0.708
BOEMA 0.847 1.134 1.091 1.752 1.400 0.000 0.000

ROMULUS 0.800 2.245 3.130 0.763 0.609 0.580 0.000
LOVRIN 34 0.753 1.137 1.585 0.731 0.584 0.000 0.000

Corelation
with YI 0.25 0.31 −0.11 −0.18 0.14 0.42

From previous studies [24,25], it was clear that there is a close correlation between the
YI index, which expresses drought tolerance, and the ratio between the stem length at PEG
treatment 20% and the length of the stem at the control of 15 days from the sowing date
(T1) or on average at three moments of determination (15, 24, and 35 days from sowing)
and the ratio of the weight of the stem to PEG treatment 20% against the weight of the stem
on the control, on the other hand.

In turn, these reports were correlated, as follows (Table 5):
The ratio of stem length to 20% PEG treatment and control on average of three

determination times (Med) was correlated with:

- Ratio between peroxidase content after 25% PEG treatment and peroxidase content in
the control-significant correlation.

The ratio of the stem weight to PEG treatment 20% and the weight of the stem to the
control was correlated with:

- Ratio between catalase content at 25% PEG treatment and control catalase content—
distinctly significant correlation;

- Ratio between catalase content at 40% PEG treatment and control catalase content—
significant correlation.

Directly or indirectly, all these determinations mentioned above can be used as se-
lection indicators for drought tolerance, and, depending on the results obtained from the
varieties tested, certain parents may be suggested.

The biochemical indicators were correlated, as follows:
The ratio of peroxidase content to 25% PEG treatment to peroxidase content in the

control was significantly correlated with:

1. The ratio between the stem length at 15% PEG treatment and the length of the stem at
the control after 24 days from sowing (T2);

2. The ratio of stem length to 15% PEG treatment and control stem length on average on
determinations made at 15, 24, and 35 days;

3. The ratio of stem length to 20% PEG treatment and control stem length on average on
determinations made at 15, 24, and 35 days;

4. The ratio of stem weight to the 15% PEG treatment and the weight of the stem to
the control.

When the PEG dose is increased to 40%, another correlation appears:

- Distinctly significant positive with the ratio of peroxidase content to 20% PEG treat-
ment and peroxidase content to control.

The ratio of ascorbate peroxidase content to 25% PEG treatment and ascorbate peroxi-
dase content control and ratio of ascorbate peroxidase to 40% PEG treatment and ascorbat
peroxidase determined in control were significantly negatively correlated with reduction
of seedling length in 40% PEG treatment compared to the control (treated with water).
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3. Discussion

Drought (water deficit) one the emerging threat worldwide and adversely affects the
morpho-physiology and biochemical activity of plants, finally leading to a decrease in the
grain yield of wheat [26,27]. Additionally, [28] showed that drought stress is one of the
main threats that negatively affected the morphological, physiological, and biochemical
behaviours of plants than other abiotic stresses. Drought adversely deteriorated the plant
metabolic process by affecting the photosynthesis and water relations of the plant and also
the uptake of nutrients [29].

At the biochemical indices, there is a change of meaning of the classification because a
high ratio of peroxidase and catalase but a lower ratio of ascorbate peroxidase are desirable.
In our study, the best of this pattern is the folded Kristina cultivar. On the other hand, the
Izvor cultivar, known for its drought tolerance, is not noticeable by very good values for
the enzymatic reaction possibly involved in drought conditions. Our results suggest ways
to improve the Izvor cultivar performance under water stress conditions by hybridizing it
with Kristina or Dropia varieties. Thus, descendants can be selected that accumulate good
growth in the presence of water stress (simulated by PEG treatment), with a better reaction
of the enzyme apparatus.

The results of many authors suggest that ascorbate peroxidase, a central enzyme
for ROS scavenging in plants, can be induced under abiotic and biotic stresses [30–34].
Thus, the antioxidant enzymes APX, SOD, POD, and CAT are produced under different
environmental stresses (such as drought, salt, etc.) for scavenging the activity of ROS in
plants [35,36].

Additionally, the peroxidase activity has intensified as stress induced by PEG treat-
ment of different concentrations and in different doses increased. Among the varieties
treated with PEG 10,000 25%, most of the Romanian varieties tested presented super unit
values of the PEG/control ratio, suggesting tolerance to drought. In reverse, the activity
of ascorbate peroxidase is lower in tolerant varieties. Among the varieties evidenced by
the increased activity of catalase were the Romanian varieties: Dropia, Trivale, Nikifor,
Simnic 30, Simnic 50, Faur, Glosa, Gruia, Miranda, and Flamura 85. Among the foreign
varieties that have maintained a high catase activity to increase stress through a higher
dose of PEG were Kristina, GH Hattyu, Karlygash, Esquisit, Lada, Enesco, GK Elet, Cubus,
and GK Gobe.

Drought stress can occur at any growth stage and depends on the local environment.
According to [11], genotypes may be tested for their drought tolerance at relevant and often
different growth stages because some genotypes may tolerate drought at the germination
or seedling stage, but these may be very sensitive to drought at the flowering stage or
vice versa. The ability of seeds and young seedlings to cope with oxidative stress during
early vegetative growth and biotic (attachment of the soil and seed-borne pathogens) and
abiotic stresses (drought, salinity, heat, and chilling) is vital for crop performance and
production [37]. High activities of antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX) have been
recorded during seed germination, early growth, and biotic and abiotic stresses [38–40].
APX plays a considerable role in wheat drought tolerance by detoxifying plants from the
accumulation of H2O2 [41]

There are many studies that suggest that the yield index is correlated to antioxidant ac-
tivity [38–42]. Generally, the genotypes respond differently to drought tolerance at different
growth stages [11]. Some wheat genotypes exhibited a similar pattern of stress response,
comprising proline accumulation, rise in hydrogen peroxide content, oxidative damage
to membrane lipids, and increase in total antioxidant and antiradical activities, phenolic
and flavonoid content, ascorbate and glutathione pools, and mobilization of superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POX) enzyme isoforms [42]. Other
results reveal the important role of certain chloroplast chaperone proteins in drought stress
response and different strategies of stress adaptation depending on the wheat genotype [43].
According to [44], the combination of lower N supply and water deprivation (osmotic stress
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induced by polyethylene glycol treatment) led to greater damage of the photosynthetic
efficiency and a higher degree of oxidative stress than the individually applied stresses.
Plant materials should be phenotyped accurately using an appropriate assay and trait that
has a direct relation to drought tolerance [22].

Reactive oxygen species (ROS) plays an important signalling role in plants, controlling
processes such as growth, development, and especially response to biotic and abiotic
environmental stressors [45,46]. However, ROS are unable to cause damage, as they are
being scavenged by different antioxidant mechanisms [47–49].

Plants treated with herbicides, similarly to those grown under various abiotic stress
conditions, are subjected to enhanced attacks by ROS. According to [50], the stress markers,
enzymatic and non-enzymatic antioxidant defence, were additionally increased during the
stress period after the combined herbicide and drought treatment.

4. Materials and Methods

The experiments were located in the South-West area of Oltenia region (Romania).
This belongs to the temperate climate zone, with Mediterranean influences due to its
south-western position. The position and the depressional feature of the land it occupies,
close to the curvature of the Carpathian–Balkan mountain range, determine, on the whole,
a warmer climate than in the central and northern part of the country, with an annual
average of 10–11.5 ◦C.

4.1. Plant Materials

Fifty wheat varieties of various origins were tested in the laboratory to detect dif-
ferences between biochemical indicators: peroxidase, ascorbate peroxidase, and catalase.
Fresh tissue, necessary for enzymatic analysis, was collected after 30 days in which the
seedlings were grown in a controlled environment, under three experimental conditions
(H2O, 25% PEG 10,000, and 40% PEG 4000).

From 50 varieties, 13 varieties were also field tested for the period 2002–2015, and the
YI-specific drought tolerance index was calculated from yield data from the field, taking
into account the average yield of years with the most severe drought 2002 and 2003 as Ys.
This is the limited assortment.

Field experiments were placed in triple balanced grid without repeating the basic scheme.

4.2. Laboratory Researche Methods

Plants can be protected by antioxidant synthesis and by increasing the activity of
antioxidant enzymes (peroxidase, superoxide dismutase, and catalase). The response of
plants to exposure to water stress can be determined by different mechanisms, including
the ability to maintain high levels of antioxidants and to regenerate them.

Peroxidase is the most extensively used enzyme as a biochemical marker of plant
growth and development processes. The implications of peroxidases in plant physiology
are multiple, but the most intensively studied refer to participation in the control of
cell growth.

The laboratory analyses were carried out in 2017. The soil used in the planting pots
had the same origin and was subsequently dried and brought to a uniform humidity.

Fifty variants were sown in plant pots containing the same amount of soil. After
sprouting, six seedlings were kept in each vegetation pot. These were placed in the Sanyo
growth chamber, previously adjusted to the optimal temperature, light, and atmospheric
humidity parameters for proper growth of wheat plants (Table 6).
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Table 6. Optimal parameters for proper growth of wheat plants.

Parameters Values

Time (h) 0:00 3:00 6:00 9:00 11:00 13:00 15:00 17:00 19:00 22:00
Temperature (◦C) 15.0 14.0 15.0 18.0 20.0 25.0 25.0 20.0 18.0 16.0

Light (lux) 0 0 1 2 4 5 4 3 1 0
Humidity (%) 60 65 65 60 55 55 55 55 55 55

The enzymatic determinations were performed according to the working methodology
specific to the biochemical analyses. Fresh tissue was homogenized with 0.1 M phosphate
buffer (pH = 7.0) containing 0.1 mM ascorbic acid and 0.1 mM EDTA. The homogenate was
centrifuged 20 min at 10,000 r.p.m. (rotation per minute), and the supernatant was used for
enzyme assays.

- The activity of peroxidase (guaiacol-peroxidase type E.C.1.11.1.7) was determined
colorimetrically at λ = 470 nm and was expressed as the variation in absorbance
per minute due to the oxidation of guaiacol from the extract of one gram of fresh
substance [51].

- The activity of catalase (E.C.1.11.1.6) was determined by the Sinha method by colori-
metrically determining the amount of H2O2 decomposed for 1 min by the enzyme
in 1 g fresh substance. The method is based on the fact that potassium chromate in
acidic medium is reduced by hydrogen peroxide to chromic acetate, which can be
colorimetric at 570 nm [52,53].

4.3. Statistical Analysis

The paper contains the YI computation and the calculation of correlation coefficients.
Yield index [54],

YI =
Ys
Ys

where Ys is the production in the dry year and Ȳs is the average of the production in the
dry year, best reflects the behaviour under stress conditions, compared to the average of all
varieties. It is not influenced by other conditions and therefore seems the most adequate
to characterize the ability of indirect methods to describe the drought resistance. The
correlations between yield index and the antioxidant activity for the limited assortment
were calculated.

The correlations were performed with the Pearson correlation test after [55].

5. Conclusions

Peroxidase activity has intensified as stress induced by PEG treatment of different
concentrations and in different doses increased. Among the varieties treated with PEG
10,000 25%, most of the Romanian varieties tested (Gruia, Izvor, Lovrin 34, Boema, Delabrad,
Glosa, Alex, Miranda, and Faur) presented super unit values of the PEG/control ratio,
suggesting tolerance to drought. In reverse, the activity of ascorbate peroxidase is lower in
tolerant varieties. The varieties with a subunit report were remarked upon. Among them
are the Izvor variety, known as the drought-tolerant variety, as well as other Romanian
varieties: Alex, Delabrad, Lovrin 34, Miranda, Dor, and Romulus.

Among the varieties evidenced by the increased activity of catalase were the Romanian
varieties: Dropia, Trivale, Nikifor, Simnic 30, Simnic 50, Faur, Glosa, Gruia, Miranda, and
Flamura 85. Among the foreign varieties that have maintained a high catalase activity
to increase stress through a higher dose of PEG were Kristina, GH Hattyu, Karlygash,
Esquisit, Lada, Enesco, GK Elet, Cubus, and GK Gobe.

There was no significant correlation between field behaviour to stress, expressed
by the YI index on the limited assortment and ratios of antioxidant enzyme content be-
tween PEG and control treatments, suggesting that none of these biochemical indicators
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individually represent a selection marker for drought tolerance under the conditions of
south-western Oltenia.

From the improver’s point of view, thus, given that the Izvor cultivar does not
stand out for very good values for the enzyme (activity of catalase—1814 ratio PEG
10,000 25%/control and 1099 ratio PEG 4000 40%/control) device possibly involved in
drought behaviour, one can expect that from its hybridization with the Kristina (activity
of catalase —3519 ratio PEG 10,000 25%/control and 6171 ratio PEG 4000 40%/control)
or Dropia (activity of catalase—4721 ratio PEG 10,000 25%/control and 5.007 ratio PEG
4000 40%/control cultivars), it is possible to select progeny that will cumulate good growth
in the presence of water stress (simulated by PEG treatment), causing a better device
enzymatic reaction.
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Abstract: Triticale is a wheat–rye hybrid with a higher abiotic stress tolerance than wheat and is
better adapted for cultivation in light-type soils, where aluminum ions are present as Al-complexes
that are harmful to plants. The roots are the first plant organs to contact these ions and the inhibition
of root growth is one of the first plant reactions. The proteomes of the root apices in Al-tolerant
and -sensitive plants were investigated to compare their regeneration effects following stress. The
materials used in this study consisted of seedlings of three triticale lines differing in Al3+ tolerance,
first subjected to aluminum ion stress and then recovered. Two-dimensional electrophoresis (2-DE)
was used for seedling root protein separation followed by differential spot analysis using liquid
chromatography coupled to tandem mass spectrometry (LC-MS-MS/MS). The plants’ tolerance to the
stress was evaluated based on biometric screening of seedling root regrowth upon regeneration. Our
results suggest that the Al-tolerant genotype can recover, without differentiation of proteome profiles,
after stress relief, contrary to Al-sensitive genotypes that maintain the proteome modifications caused
by unfavorable environments.

Keywords: acidic soils; abiotic stress tolerance; proteomic studies; two dimensional electrophoresis
(2-DE); × Triticosecale Wittmack

1. Introduction

Aluminum is the third most abundant element on earth, after oxygen and silicon. Its
toxic effect in plants results from the physicochemical properties of common aluminum
minerals, presented in the lithosphere as, for example: gibbsite and bauxite (hydroxylated
Al-ions), kaolinite, or muscovite (hydrated complexes of aluminum and potassium). All
minerals containing aluminum are insoluble at a neutral pH (6.5–7.0); hence, aluminum
ions in such soils are biologically passive, non-available and thus non-harmful to plants.
In acidic (pH 5.0–6.0) or very acidic (pH 4.0–5.5) soils, aluminum containing minerals can
become soluble, releasing hydroxyl complexes of Al-ions in trivalent cationic forms, which
are complexed in humus soils but picked up by plant roots from acidic sandy soils [1].
Since acidic soils constitute 30–40% of the world’s arable land, with a constantly growing
share due to anthropogenic impact, crop plants’ aluminum tolerance is one of the features
that affect higher/stable yielding in changing environments [2].
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Tolerance to Al-ions relies on the inhibition of Al uptake by the roots (external toler-
ance) and/or on the inhibition of transport to the aerial parts (internal tolerance). In fact,
most of the tolerant crop plants are Al-exuders, avoiding the stress by prevention of ion
intake into the symplast [3]. Their basic mechanisms are citrate, malate, and/or oxalate
secretion into the rhizosphere for chelating Al-ions into non-absorbable complexes as well
as a pH increase in the rhizosphere as an effect of plasma membrane H+-ATPase activity,
higher in the roots of tolerant plants [4]. The base of the internal tolerance is Al-cation bind-
ing by negatively-charged carboxyl groups of the plant cell wall pectins in the root apex.
Pectin content and the degree of methylation differentiate the Al tolerance response [5].
Another mechanism for Al tolerance is ion chelation in the cytosol and relocation to leaf
vacuoles. Al-ions are present mostly in hydroxylated forms in the apoplast, whereas in
symplast, they form complexes with sulfate, phosphate, and organic ligands [2]. When the
tolerance mechanisms fail, the Al-ions gradually move inside the cells, misbalancing and
eventually blocking ion channels, alternating lipid fluidity, and inducing changes in the
cytoskeleton structure by binding to G-proteins and their substrates as well as to ATP-ases
and nucleotide polyphosphate groups. Finally, the disruption of DNA synthesis and cell
division in the root apex and the lateral roots is accompanied by increased rigidity of the
cell walls and DNA double helix, which leads to rapid inhibition (within an hour) of root
growth, even with micromolar Al3+ concentrations [2,6]. The biochemical consequences of
aluminum intake are an increase in reactive oxygen species, increased fatty acid peroxida-
tion, and inhibition of proton adenosine triphosphatase H+-ATPases. The displacement of
Ca2+ in cell membranes contributes to Al3+ accumulation in the apoplast, stimulates callose
synthesis, and finally inhibits intercellular transport. The decreasing concentration of Ca2+

in the cytosol alters the pH balance, which in turn interferes with sugar phosphorylases
and the deposition of cell wall polysaccharides [2,6,7].

The genetic bases of Al tolerance concern ion chelation and ion transport. The gene fam-
ilies responsible for Al-ion exudation are ALMT (aluminum-activated malate transporter),
responsible for malate, and MATE (multidrug and toxin efflux) for citrate exudation [8–10].
The transcriptional expression of ALMT and MATE is controlled by a master zinc-finger
transcription factor, STOP1 (sensitive to proton rhizotoxicity 1) [9,11]. Internal Al tolerance
is less well characterized. The NRAT1 (Nramp aluminum transporter 1) transporter has
been identified as a putative Al transporter involved in rice’s internal resistance mechanism,
which lowers Al-ion concentrations in the root cell wall, transporting the ions inside the
root cells for sequestration in vacuoles [12]. Those genes are conserved in numerous plant
crop genomes [13]. The STOP1 transcription factor, in addition to several phytohormones,
hydrogen peroxide, and other reactive oxygen species (ROS), take part in the upregulation
of genes of the ALMT family or root growth inhibition. In addition, ROS detoxifying
enzymes are activated to respond to aluminum ion stress, activating the gene network
towards the induction of aluminum tolerance in plant tissues [13].

Hexaploid triticale, a rye–wheat hybrid species of wheat (AABB genomes) and rye (RR
genome), is characterized by an intermediate tolerance between wheat considered as an Al-
sensitive and rye as an Al-tolerant parent. The beneficial influence of the rye genome was
confirmed by Quantitative Trait Loci (QTL) localization on the 7R chromosome, explaining
up to 36% of the phenotypic variance, including the malate transporter gene [14]. The other
loci were found on chromosomes 3R [15,16], 4R, and 6R [15], without a recognized function
in the triticale genome. Triticale’s tolerance to Al-ions is less than that of rye, suggesting a
suppressive effect of the wheat genome on the expression of rye genes.

In the present work, two-dimensional electrophoresis (2-DE) with immobilized pH
gradients (IPGs), combined with protein identification by mass spectrometry (MS), was
used to detect changes in the proteomes of triticale root tips after Al stress removal. This
method has been successfully used to identify proteins involved in various stress responses
in plants [17,18]. Al-responsive proteins identified in both monocots [19–22] and dicots [23]
were functionally associated with cell division and structure, carbohydrate metabolism,
antioxidant system, amino acid metabolism, protein degradation, signal transduction,
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and transporters [21,24,25]. The upregulation of the enzymes involved in cysteine and
methionine metabolism, such as cysteine synthase, S-adenosylmethionine synthase, and
O-methyltransferase, is a common response despite Al-ion tolerance [21–23,25,26]. These
enzymes are required to maintain methyl cycling and glutathione metabolism, which are
important mechanisms that lead Al detoxification [27]. The recent proteomic studies of
soybean plasma membrane changes in response to Al-ions revealed about fifty different
membrane traffic and transporter proteins [28].

To our knowledge, there are no reports concerning protein identification in triticale
roots in the context of aluminum tolerance; however, the triticale root proteome response
to drought was studied by Grębosz et al. [29]. For our comparative proteomic studies, we
used the seedling root tips of triticale plants differing in Al tolerance subjected to recovery
after the stress treatment.

2. Results

2.1. Biometric and Biochemical Evaluation of Tested Materials

The materials used in the studies were selected based on a biometric screening of
232 triticale lines in earlier published experiments [15] (Figure S1). One Al-tolerant line
(L198, spring form) and two Al-sensitive lines (L17, spring form and L444, winter form)
were chosen for the present studies. Root growth in response to 24 h of Al treatment
was inhibited and in sensitive lines the root regrowth remained suppressed 48 h after
the stress release, contrary to the roots of tolerant line, which resumed root growth after
the stress release (Figure 1). Eriochrome cyanine R dye penetrates damaged or partially
damaged root tips. The root regrowth ranged from 0.3 to 2.5 cm for individual seedlings
of the tolerant line (Table 1). Additionally, the root apex redox potential of the seedlings
released from Al stress was assessed in comparison with the control seedlings as a measure
of the dynamics of the response to the Al stress removal [30]. Antioxidant capacity was
determined using 2,2-diphenyl-1-picrylhydrazyl anion radical (DPPH*−), and the cation
radical 2,2′-azino-bis(3-ethyl benzothiazoline-6-sulphonic acid (ABTS*+) [31]. According
to one-way analysis of variance (ANOVA), no significant differences (with p ≤ 0.05) were
detected between the control and stress treated seedlings in the case of reactions with
DPPH*− anion radical, despite a 20% difference in the L444 line between the control and
Al-treated samples (Table 1). In the case of reactions with ABTS*+, 13% higher activity, with
statistical importance at p ≤ 0.05, was detected after the stress release in the case of the
L444 line, and 10% (with no statistical importance) in the case of the L17 line. There were
no differences in redox potential between the control and treated roots of the tolerant line
L198 (Table 1).

Table 1. Root regrowth (cm) and antioxidant potential of triticale root tips from control seedlings and
from seedlings 48 h after 16 (ppm) Al treatment. The total antioxidant capacity of tolerant (L198) and
sensitive (L444 and L17) genotypes was expressed as the μmol Trolox equivalent antioxidant capacity
(TEAC) per mg of root tip tissue.

Line Control/Stress
Root Regrowth

(cm)

DPPH*−
(μmol

TEAC/mg)

ABTS*+

(μmol
TEAC/mg)

L198 control - 15.264 ± 1.17 a 8.706 ± 0.39 ab
L198 stress (16ppm Al) 0.3–2.5 15.786 ± 1.29 a 9.170 ± 0.39 a
L444 control - 13.854 ± 1.00 a 8.072 ± 0.11 b
L444 stress (16ppm Al) no regrowth 16.643 ± 3.34 a 9.124 ± 0.25 a
L17 control - 12.544 ± 2.05 a 8.086 ± 0.58 b
L17 stress (16ppm Al) no regrowth 12.602 ± 0.9 a 8.870 ± 0.10 ab

a,b—statistically different mean values (p < 0.05); DPPH*−—(2,2-diphenyl-1-picrylhydrazyl); ABTS*+—(2,2′-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid).
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Figure 1. Damaged regions of triticale seedling roots (denoted by arrows) stained with Eriochrome
cyanine R after Al-ion treatment prior to recovery. After 48 h recovery, the purple root tips and
no rooth regrowth were visible in case of the Al-sensitive lines (L444 and L17 (A,B), respectively),
whereas the dark purple bands on regrown roots were detected in the case of the Al-tolerant line
(L198 (C)).

2.2. Two-Dimensional Electrophoresis (2-DE)

The analysis of 2-DE gels revealed approximately 590 spots in each experimental
and biological replication of both the control samples and those stress released after the
Al-treatment (Table 2). Ninety-five percent of the protein spots were matched and quan-
tified. Isoelectrophocusing using IPG strips of pH 3–10 revealed the protein spots at pI
values in the range of 4.0–8.5 and protein masses between 6.5 and 95 kDa (Figure S2A–F,
Table 3). In the tolerant line (L198), the proteomes of stress-subjected and control roots
were not differentiated according to the established criteria (p ≤ 0.01 and difference in spot
intensity ≥ two-fold). When the criterion of probability was weakened from 99% to 95%,
only four differential protein spots were found (three spots as downregulated and one spot
as upregulated). On the other hand, in the root tip proteomes of the Al-sensitive triticale
lines, a higher number of differentiated protein spots were found. Regardless of the protein
spot intensity, with a p ≤ 0.01 probability criterion, in total seventy-one differential protein
spots were found in the L17 proteome (23 upregulated, 21 downregulated, 15 induced, and
12 silenced) and forty-three in the L444 proteome (23 upregulated, eight downregulated,
three induced, and nine silenced). When the criterion of two-fold difference in spot intensity
was added, 14 upregulated and eight downregulated spots were found in the L17 proteome.
In L444, upon a double criterion (probability and spot intensity), 18 spots of upregulated
proteins, exclusively, were found. For induced or silenced protein spots, a second criterion
of spot intensity ≥ 0.2 was decided. In the proteome of L17, nine spots had a relative
signal intensity > 0.2 among induced proteins, and three among those silenced, whereas in
the proteome of L444 root tips, three induced and nine silenced protein spots were found
(Table 2, Figure S3).
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Table 2. The number of identified protein spots on 2-DE gels from analyzed root tip proteomes
of tolerant (L198) and susceptible (L17 and L44) triticale lines, in accordance with the t-test with
probability p ≤ 0.01. In parenthesis are the number of spots selected with double criterion: high
probability (p ≤ 0.01) and at least two-fold difference in spot intensity (≥2×). For induced and
silenced protein spots, the second criterion was spot relative intensity ≥ 0.2.

Line Tolerant Sensitive L17-L444

Spots Characteristic L198 L17 L444
Common Spots
(with p ≤ 0.01)

• Total number 579 584 602
• Upregulated 0 23 (14 ≥ 2×) 23 (18 ≥ 2×) 13
• Downregulated 0 21 (8 ≥ 2×) 8 (0 ≥ 2×) 2
• Silenced upon Al3+

0 12 (3 ≥ 0.2) 9 (1 ≥ 0.2) 3
• Induced upon Al3+

0 15 (9 ≥ 0.2) 3 (0 ≥ 0.2) 2

The highest, nearly 8-fold, difference in upregulated protein spot intensity was de-
tected for spot #6, and a 5.2-fold decline for #24 were detected in the L17 proteome (Table 3,
Figure S2B). In the L444 proteome, a spot identical to spot #6 was induced de novo in
response to Al stress with a relative intensity of 0.26, and was numbered as spot #31
(Table 4, Figure S2D). Furthermore, seven of the differential proteins (numbered: 2, 4, 9,
12, 16, 17, and 18 in the proteome of L17 and 3, 8, 13, 14, 15, 19, and 21 in the proteome of
L444) showed a more than two-fold increase in signal intensity in the L17 proteome and
about a two-fold increase in the L444 proteome (Table 3, Figure S2B,D). Ten spots revealed
significant differentiation (with p ≤ 0.01) for one of the two lines. Out of the eight protein
spots of L17 that were downregulated with two-fold or higher intensities, none differed in
this intensity in L444 (Table 3). This number of spots was counted according to the acute
cut-off double criterion (probability p < 0.01 and intensity difference > 2); however, with
weakened criteria and a single cut-off (probability p < 0.05), more than 80% of the protein
spots were common for L17 and L444 lines. Since the spot identification was performed
according to a cut-off by strong, double criteria, the weaker criteria data are not shown in
detail (Tables 3 and 4).

2.3. Identification of Differential Proteins

The identification of differential proteins was carried out using liquid chromatography
coupled to tandem mass spectrometry LC-MS-MS/MS system for 25 selected spots, with
at least a two-fold change in intensity for at least one of the Al-sensitive lines (Table 3).
Differential proteins from the spots marked as identical by the gel analysis software (Image
Master 2D Platinum 7.0) were analyzed, except three upregulated protein spots (#2, #16,
and #17) that represented both sensitive lines L17 and L444. The spots were extracted from
the 2-DE gels followed by the separation of L17 and L444 root tip proteomes. Moreover, six
induced and five silenced protein spots, with a signal intensity ≥ 0.2, were identified. In
total, out of 36 protein spots, thirty-two represented 23 differentially expressed proteins,
whereas three were unassigned (#24 and #25 from L17, and #36 from L444) (Tables 3 and 4).
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Table 3. Identification of differential protein spots from 2-DE gels obtained by separation of seedling
root tip proteins extracted from Al-sensitive triticale lines, L17 and L444, after stress release. Protein
spots were chosen according to the double criterion of p ≤ 0.01 and difference in spot intensity ≥ 2,
and for induced or silenced proteins the criterion of relative spot intensity ≥ 0.2 was decided. Protein
spots were detected using Image Master 2D Platinum 7.0 software, followed by MS-MS separation
and further identification, characterization, and quantitation using Mascot Distiller v. 2.3 software.

Spot
No.

Pathway/Protein Name
UniProt

ID

Mascot
Score

Mass pI 1 MP
Fold Changed

L17 L444

Cell signaling
1 Calmodulin P04464 25 16,893 4.9 1 +2.52 * n.s.

Metabolic pathway

2 ATP synthase subunit alpha,
mitochondrial P12862 201/96 55,515 6.6 4 +3.54 +2.73

3 Adenosylhomocysteinase P32112 34 54,086 7.85 1 −2.00 −0.83
4 Phosphoglycerate kinase, cytosolic P12783 372 42,153 5.6 7 +3.13 +5.00
5 Fructose-1,6-bisphosphatase P09195 24 44,703 7.1 1 +2.03 * n.s.

Metabolic pathway/Flavonoid metabolism

6 Flavone O-methyltransferase 1 Q84N28 1053 39,177 5.7 22 +7.61 see
Table 3

Methyl cycle
7 S-adenosylmethionine synthase B0LXM0 448 43,609 5.51 7 +2.91 n.s.

Protease inhibitor
8 Serpin-Z1C Q9ST58 185 42,969 5.45 4 +2.03 +1.72

Protein degradation/cell signaling
9 Ubiquitin P69326 42 8648 7.2 1 +2.01 +3.6

10 Ubiquitin P69326 38 8648 6.79 1 +2.05 n.s.
11 Ubiquitin P69326 55 8648 7.25 1 +2.43 n.s.

Protein synthesis
12 Protein disulfide-isomerase P52589 113 56,726 4.9 4 +2.51 +3.61
13 Eukaryotic initiation factor 4A P41378 114 47,183 5.25 2 +4.12 +1.92
14 Protein disulfide-isomerase P52589 81 56,726 5.11 3 +2.65 +1.78

Stress related
15 Dehydrin COR410 P46524 50 28,166 6.9 1 +2.50 +1.34
16 Oxalate oxidase P26759 341/394 23,711 6.35 5 +2.75 +5.00
17 Glutathione S-transferase O04437 218/474 24,022 6,2 11 +2.85 +4.52
18 1-Cys peroxiredoxin Q6W8Q2 298 24178 6 5 +2.87 +3.51

Transcription control
19 Splicing factor U2af large subunit B Q2QKB4 334 60,720 5.2 4 +2.01 +1.51

20 DNA-directed RNA polymerase
subunit beta Q9XPS9 14 170,794 6.25 1 +2.05 n.s.

Transport

21 Mitochondrial outer membrane
porin P46274 16 28,944 6.5 1 +2.33 +1.62

Lignin synthesis
22 2 DIMBOA1b, chloroplastic Q1XH05 56 64,898 5.25 2 n.s. +2.87
23 2 DIMBOA 1c, chloroplastic Q1XH04 80 64,980 5.4 2 n.s. +2.16

Unassigned peptides
24 Unassigned peptide - - - - - −5.2 n.s.
25 Unassigned peptide - - - - - +2.65 n.s.

1 MP—matched peptides; 2 DIMBOA—4-hydroxy-7-methoxy-3,4-dihydro-2H-1,4-benzoxazin-2yl beta glucosidase;
* n.s.—protein spot not significantly changed.

94



Plants 2022, 11, 165

Table 4. Aluminum ion-responsive proteins from seedling roots of Al-sensitive triticale lines, L17
and L444, present in roots of control (proteins silenced upon Al3+) or in roots after the stress removal
(proteins induced upon Al3+). Double cut-off criterion p ≤ 0.01 and relative spot intensity ≥ 0.2 were
used. The relative intensity of protein spots on the gels are shown.

Spot
No.

Pathway/Protein Name UniProt/String
(MLOC) ID

Mascot
Score

Mass pI 1 MP

2 Spot Intensity

L17 L444

Cell division/Cytoskeleton
26 Tubulin beta-3 chain Q9ZRB0 791 50,555 4.9 18 −0.21 * n.s.
27 Tubulin alpha chain Q9ZRB7 2061 50,396 4.95 26 −0.20 n.s.

Lignin synthesis
28 3 DIMBOA 1b, chloroplastic Q1XH05 328 64,898 5.55 7 +0.21 n.s.
29 3 DIMBOA 1b, chloroplastic Q1XH05 215 64,898 5.45 4 +0.23 n.s.

Metabolic pathway
30 Phosphomannomutase Q1W374 505 28,405 6 11 n.s. −0.20

Metabolic pathway/Flavonoid metabolism

31 Flavone O-methyltransferase 1 Q84N28 1053 39,177 5.7 22 see
Table 2 +0.26

Methyl cycle
32 Adenosylhomocysteinase P32112 137 54,086 6.8 3 −0.20 n.s.

Protease inhibitor
33 Ubiquitin P69326 67 8648 7.6 1 +0.21 n.s.
34 Ubiquitin P69326 70 8648 6.45 1 +0.22 n.s.
35 Ubiquitin P69326 40 8648 7.25 1 +0.28 +0.26

Unassigned peptides
36 Unassigned peptide - - - - n.s. −0.24

1 MP—matched peptides; 2 relative spot intensity on the gel; (−) silenced; (+) induced; 3 DIMBOA—4-hydroxy-
7-methoxy-3,4-dihydro-2H-1,4-benzoxazin-2yl beta glucosidase; * n.s.—protein spot visible on the gel but not
changed in a significant manner.

The identified proteins represented ten protein functional groups involved in cell
division, protein folding, protein synthesis, stress-related response, metabolic pathways,
lignin synthesis, transcription control, protease inhibition, protein degradation, and trans-
port (Tables 3 and 4). The highest upregulation was detected for the protein folding
(protein disulfide-isomerase), stress-related response (glutathione S-transferase, oxalate
oxidase, 1-Cys peroxiredoxin PER1), and metabolic pathways (flavone O-methyltransferase
1). On the contrary, the downregulated proteins belonged to the cell division (tubulin)
and metabolic pathways associated with amino acid metabolism and methylation control
(adenosylhomocysteinase) as well as ascorbic acid biosynthesis (phosphomannomutase).
The Protein-Protein Interaction Networks analysis (using STRING database) [32] revealed
a functional network containing 19 nodes (flavone O-methyltransferase 1, oxalate oxidase,
and serpin-Z1C were not connected) with 39 edges (vs. 34 expected) (Figure 2). We dis-
covered two major proteins (1-Cys peroxiredoxin and phosphoglycerate kinase) with nine
interactions in the network. Moreover, seven interactions were detected for ubiquitin.
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Figure 2. Computational prediction of the functional network between differential proteins.
The proteins used for analysis are presented in Tables 3 and 4. The number of connect-
ing lines is in proportion to the amount of information about the protein interactions avail-
able. The line color indicates the type of interaction evidence. The explanation of symbols
used in STRING database annotations are as follows: Traes_4BS_7AE61936D.1—oxalate oxidase;
GST1—glutathione S-transferase; atp1— ATP synthase subunit alpha, mitochondrial; PER1—
1-Cys peroxiredoxin; Traes_3B_FC37FEAEE.2—protein disulfide-isomerase; U2AF65B—splicing
factor U2af large subunit B; Traes_1DS_C327E495D.1—serpin-Z1C; Traes_7DL_6AC3E4622.2—
eukaryotic initiation factor 4A; Traes_1BL_CB7AE51FA.1—calmodulin; Traes_1AS_36865F81C.2—
ubiquitin; SHH—adenosylhomocysteinase; Traes_1AL_672A850FF.2—phosphoglycerate kinase,
cytosolic; GLUD1—DIMBOA 1b, chloroplastic; TUBB3—tubulin beta-3 chain; TUBA—
tubulin alpha chain; Traes_3AS_D1E1079AA1—S-adenosylmethionine synthase; VDAC1—
mitochondrial outer membrane porin; FBP—fructose-1,6-bisphosphatase; COR410—dehydrin
COR410; rpoB—DNA-directed RNA polymerase subunit beta; OMT1—flavone O-methyltransferase
1; Traes_2AL81CAF6C30.2—phosphomannomutase.

3. Discussion

3.1. Evaluation of the Al Stress Response of Tolerant (L198) and Sensitive (L17, L444)
Triticale Lines

The earliest symptoms of Al toxicity concern the meristematic zone in the root apex [6,7,33],
which results in the inhibition of root growth and, finally, in declined crop yield. Such root damages,
confirmed by microscopic studies, have been described for many plant species [34,35]. Our
experiment, performed in the frame of Al tolerance biometric phenotyping [36] developed
for breeding selection purposes, also showed the inhibition of seedling root regrowth
(Figure 1). This method enables one to distinguish the Al-tolerant genotypes, without
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completely damaging the root meristems [37]. The test developed by Aniol [37] is broadly
used in the breeding selection of cereal crops. Depending on the plant species, different
concentrations of Al-ions are used [36]. For triticale, which is less tolerant than rye but
much more tolerant than wheat, a 16 ppm ion concentration is common and allows for
clear differentiation between tolerant, intermediate, and sensitive lines, among which the
tolerant forms are in minority [14,36,38]. Recent studies by Szewińska et al. [35], performed
in line with the biometric phenotyping method, revealed that after the Al stress release, the
epidermal cells of root tips in tolerant rye and triticale seedlings are replaced by new cells
and the root growth is maintained [35], and this process is independent on organic acid
exudation [39]. In our studies, the roots of Al-tolerant L198 triticale line regrew, and the
proteomic data showed identity between the control and root tips recovered after the stress
release. In contrast, the root tips of susceptible lines were permanently damaged and roots
did not regrow, along with evidenced alterations between the control and stress-treated
proteomes, which is in line with the literature data [24].

Additionally, the detected differences in the redox balance in root tips showed com-
plete recovery in the case of the tolerant line after the stress release, and differentiation
between the control and stress treated seedlings in the case of the susceptible lines [30];
however, these differences in the present experiment carried out according to the biometric
test protocol were found only in the case of line L444 root extract reactions with the ABTS*+

cation radical (Table 1). The proteomic data were analyzed with double, strong cut-off
criterion (probability p ≤ 0.01 and difference in intensity ≥ 2), which influenced the small
number of identities between the proteomes of L17 and L444. When the criterion was
weakened and the intensity ratio was neglected, more than 80% of proteome patterns were
common for L17 and L 444 lines (Table 2).

3.2. Annotation of Protein Spots

The flavone O-methyltransferase 1 (OMT1), with homology to the Triticum aestivum
enzyme, was the strongest upregulated protein found in triticale root tips of the L17
sensitive line, whereas in L444 it was synthesized de novo. This enzyme catalyzes the
sequential O-methylation of tricetin to mono-, di-, or trimethylated derivatives, with tricin,
a dimethyl derivative, as a component found in monocotyledonous lignins [40]. Cell wall
lignification along with hemicellulose deposition is an important and well-documented
mechanism of plant tissue protection against harmful Al-ions, is positively correlated with
the inhibition of root elongation, is more strongly expressed in sensitive genotypes [41], and
was also detected in our experiment. TaOMT1 was initially considered as a putative caffeic
acid O-methyltransferase [42] involved in lignin biosynthesis; however, Zhou et al. [43]
documented its low activity in methylation of lignin precursors such as caffeic and 5-
hydroxyferulic acids. The next intensity difference was assigned to oxalate oxidase (OXO).
Despite the fact that oxalate synthesis and degradation in plant cell walls is not clearly
understood [44], it is specified as the enzyme oxidizing the oxalate to CO2 and H2O2. It
was reported that an Al-induced increase in OXO was correlated with Al uptake, growth
inhibition, damage of the plasma membrane, and disruption of membrane permeability in
barley seedling roots [45]. The increased activity of OXO has been observed in the roots
of barley [45] and wheat [21]. The increased concentration of H2O2 disturbs cell redox
homeostasis, leading to the activation of stress response pathways on the one hand and
apoptosis on the other. Delisle et al. [46] concluded that a high level of OXO expression may
support trapping the Al-ions in the root cells rather than induction of H2O2-dependent
cell death, which was observed in wheat epidermal cells after only 8 h exposure to Al.
The other antioxidant enzymes, glutathione-S-transferase (GSH) and 1-Cys peroxiredoxin
(PER1), were also found. GSH is known as a universal antioxidant and detoxifier, induced
in response to various stresses [47]. It is one of the most common enzymes identified
in protein and transcript analyses of different plant species exposed to Al stress, with
increased activity in both Al-tolerant and -sensitive genotypes of soybean [23], flax [48],
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maize [49], Arabidopsis [27], and pea roots [50]. However, an unexpected suppression of
GSH protein was also observed in tomato (−1.56-fold) and wheat (−2.5-fold) [21,43].

The identified proteins S-adenosylmethionine synthase and adenosylhomocysteinase
are enzymes of methyl cycling. S-adenosylmethionine synthase (SAMS) catalyzes the
formation of S-adenosylmethionine (SAM) from methionine and ATP. Adenosylhomocys-
teinase may play a key role in the control of methylations via regulation of the intracellular
concentration of adenosylhomocysteine, an inhibitor of SAM-dependent methyl transferase
reactions. In earlier proteomic studies, a dynamic induction of SAMS in Al-treated roots
of wheat [21], tomato [26], and rice [25] was found. The same analysis showed downreg-
ulation of adenosylhomocysteinase in wheat [21]. It was proposed [51] that stimulation
of SAM synthesis could be involved in the alteration of the cell wall and polymer struc-
tures in roots and/or ethylene-mediated inhibition of root growth. S-adenosylmethionine
(SAM) may also serve as an important methyl donor for O-methyltrasferases (OMT), in-
volved in lignin synthesis [52]. Due to the fact, that the synthesis of DIMBOA-Glc requires
O-methylation catalyzed by O-methyltransferases with the presence of SAM as methyl
donor, we speculate that methyl cycling also plays an important role in DIMBOA synthesis
in triticale plants exposed to Al stress. The increase or de novo synthesis of DIMBOA
(2,4- dihydroxy-7- methoxy-1,4- benzoxazin-3-one) glucosidases, GLU1b and GLU1c, in
protein extracts from Al-sensitive root tips suggests that the hydrolysis of terminal, non-
reducing beta-D-glucosyl residues releases the DIMBOA benzoxazinoid, a key defense
compound, along with the DIBOA (2,4-dihydroxy-1,4-benzoxazin-3-one), present in major
agricultural crops, such as maize and wheat, and biologically active in both the above-
ground and underground parts of plants. Poschenrieder et al. [53] documented its role
in maize root tip protection by chelating Al-ions in the rhizosphere, and Neal et al. [54]
found their attractive function for Pseudomonas putida in the maize. The inhibition of root
growth entails enhanced cell wall rigidity [7] and changes in the organization of cortical
microtubules [55]. A significant decrease in α- and β-tubulins, the main components of
microtubules, was observed in proteomes of both sensitive lines. Similar results were
obtained for Al-sensitive maize [56] and rice [20] under Al stress. Interestingly, differ-
ent subunits of tubulin were differentially expressed and changed dynamically in the
Al-sensitive soybean [23].

A significant induction of several proteins involved in protein synthesis and degrada-
tion was observed as well. Among them, DNA-directed RNA polymerase subunit beta,
which catalyzes the transcription of DNA into RNA, as well as splicing factor U2af large
subunit B, necessary for the splicing of pre-mRNA, were upregulated. Moreover, we found
a high induction of the eukaryotic initiation factor 4A (eIF4A), an ATP-dependent RNA
helicase that is a subunit of the eukaryotic translation initiation factor 4F (eIF4F) complex
involved in cap recognition, required for mRNA binding to ribosomes [57]. As aluminum
stress affects the cellular gene expression machinery, it is evident that molecules involved
in nucleic acid processing, including helicases, are likely to be affected in root tips [58].
The two eIF4As/helicases from pea have been shown to play a role in abiotic stress toler-
ance, especially for salinity and cold stress- [59–61]. The expression of Pennisetum glaucum
eukaryotic translational initiation factor 4A exhibited superior growth performance and
higher chlorophyll retention under simulated drought and salinity stresses compared to the
control plants. Abiotic stress usually leads to protein unfolding, misfolding, and aggrega-
tion [62]. Protein disulfide isomerase-like proteins (PDIs) catalyze protein disulfide bonds,
inhibit aggregation of misfolded proteins, and function in isomerization during protein
folding in the endoplasmic reticulum and responses during abiotic stresses [63]. In triticale
plants affected by aluminum, PDIs were found to be upregulated in both susceptible lines.
PDIs from Brachypodium distachyon L., Brassica rapa ssp. pekinensis, and Arabidopsis thaliana
were upregulated under abiotic stresses, such as drought or salt, as well as under the
influence of abscisic acid (ABA), and hydrogen peroxide (H2O2) an reactive oxygen species,
suggesting their involvement in multiple stress responses [62,64,65]. The activation of ubiq-
uitin enzymes illustrates the proteolytic activity in response to Al stress. Ubiquitination
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plays a critical role in protein inactivation, the degradation of damaged proteins, and the
regulation of several mechanisms related to abiotic stress responses [66]. The enzymes
of glycolysis and the tricarboxylic acid TCA cycle were activated as well, showing the
influence of Al-ions on these main biochemical pathways. The phosphoglycerate kinase,
which catalyzes the ADP-dependent dephosphorylation of 1,3-bisphospho glycerate to
3-bispsphoglycerete in glycolysis, was activated. We also observed upregulation of fructose-
1,6-bisphosphatase, a key metabolic enzyme that catalyzes the reversible aldol cleavage
of fructose-1,6-bisphosphate into glyceraldehyde-3-phosphate, either in glycolysis or glu-
coneogenesis and in the Calvin–Benson cycle [67]. Stimulating glycolysis in Al-treated
plants may accelerate pyruvate and acetyl CoA production for organic acid synthesis, such
as citrate or malate, which serve as Al chelators in the tolerant genotypes [7]. Moreover,
acetyl-CoA may be used for the synthesis of malonyl-CoA, an essential substrate of fatty-
acid synthesis [68]. The regulation of lipid membrane composition and modification of
membrane fluidity by changes in unsaturated fatty acid levels is an efficient barrier that
prevents metals from entering to the symplasm [69]. The mechanisms of Al tolerance based
on increasing the plasma membrane (PM) permeability by binding Al to negative sites on
the PM surface of root cells have been well documented for numerous plant species [69–72].
A similar response of sensitive plants in the regeneration phase may suggest that plants
still attempt to eliminate aluminum accumulated in root tips.

The other proteins, such as mitochondrial ATP synthase, mitochondrial outer mem-
brane porin, calmodulin, and dehydrin COR410 were upregulated in susceptible triticale
lines at 48h after Al treatment, which suggest their important role in the response to Al
toxicity. Mitochondrial ATP synthase subunit alpha produces the energy storage molecule
adenosine triphosphate (ATP), which is suggested to provide energy for active Al efflux
and detoxification [22]. Mitochondrial outer membrane porin is responsible for forming a
channel through the cell membrane that allows the passage of small molecules. This protein
was upregulated in Al-susceptible triticale lines. The abundance change of these mitochon-
drion transport-related proteins under Al stress indicates that the ion/metabolite exchange
between the mitochondria and cytosol was modulated in the roots to cope with the stress.
It was also observed that Al induces calmodulin synthesis, a major sensory molecule that
decodes Ca2+ signals in the presence of different biotic and abiotic stresses [73]. Dehydrins
(DHNs) play an important protective role in plant cells during dehydration [74]; however,
those containing relatively large amounts of reactive residues on their surface exhibit also
reactive oxygen species (ROS) scavenging and metal ion binding properties. However,
the role of dehydrin in Al stress has not been explained so far, though its documented
properties may suggest a positive correlation with Al tolerance.

Our results indicate that seedlings of Al-tolerant genotypes can recover after 16 ppm
Al3+ stress relief without differentiation of proteome profiles (according to criteria: p ≤ 0.01
and difference in spot intensity ≥ two-fold), contrary to seedlings of Al-sensitive genotypes
that maintain the proteome modifications caused by unfavorable environments. Enzymes
involved in cell wall lignification were highly induced whereas proteins involved in cell
division were strongly downregulated.

4. Materials and Methods

4.1. Plant Materials

The experiments were performed using triticale inbred lines differing in aluminum
(Al3+) stress tolerance: one Al-tolerant line, L198 (MAH3405 (Milewo) × Matejko), spring
form, and two sensitive lines L17 (Gabo × 6944/97), spring form and L444 (MAH3198
× CHD2807/98-7-1), winter form. Seeds were obtained from Plant Breeding Strzelce
Ltd., Experimental Station Małyszyn (Poland). The lines were highly homozygotic (F10
generation) and screened for Al tolerance annually in line with our previous and present
projects [15,75].

The research was carried out using the common Al tolerance detection method devel-
oped by Anioł [37]. Seeds sterilized and germinated for one day to form a 3 mm sprout
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were sown on polyethylene nets floated in a tray filled with a base medium of 2.0 CaCl2,
3.25 KNO3, 1.25 MgCl2, 0.5 (NH4)2SO4, and 0.2 NH4NO3, in mM concentrations, and a
final pH of 4.5. After three days, the seedlings were transferred for 24 h onto the same
medium containing 16 ppm Al3+ ions in the form of AlCl3. Next, after washing of Al3+ ions,
seedlings were placed again into the base solution for 48 h to induce root regrowth. The
roots of tolerant forms regrow in the opposite to the roots of sensitive forms. The control
in this experiment was seedlings grown in medium without Al-ions [37]. The experiment
was run in a growth chamber (Pol-Eko Aparatura, ST500 B40 FOT10) at 25 ◦C with a
12 h day/night photoperiod and a light intensity of 40 W·m−2. The seedlings’ aluminum
tolerance was assessed on the basis of the regrowth rate of roots stained prior to evaluation
in 0.1% Eriochrome cyanine R within 10 min (Figure 1). For antioxidant activity estimation
and proteomic analysis, the root tips (0.3–0.4 cm) from 7-day old days seedlings, both
exposed and non-exposed to Al3+ ions, were excised. The root staining was omitted in this
case. The results were based on four independent biological experiments.

4.2. Antioxidant Potential Determination

Antioxidant potential was determined using two radicals, stable anion radical DPPH*−
(2,2-diphenyl-1-picrylhydrazyl radical) and cation radical ABTS*+ (2,2′-azino-bis (3-ethylbenzo
thiazoline-6-sulphonic acid radical) (Sigma-Aldrich Ltd., Poznań, Poland), and was ex-
pressed in (μmol/mg) of Trolox equivalents (6-hydroxy-2,5,7,8-tetramethychroman-2-
carboxylic acid) (Sigma-Aldrich Ltd., Poznań, Poland) [31]. A UV-2101PC UV-Vis scanning
spectrophotometer (Shimadzu, Kioto, Japan) was used for absorbance measurements. The
root tips were mashed into powder in liquid nitrogen, extracted in 80% methanol (MetOH)
(100 mg/1 mL) at room temperature for 2h, and centrifuged. The reaction mixture consisted
of 200 (μL) of the root extract and 3.2 (mL) of DPPH*− in 80% MetOH (10 mg/25 mL).
Absorbance was measured at 515 nm after 20 min. The ABTS*+ cation radical was prepared
by oxidation of 7 mM ABTS water solution by 2.45 mM potassium persulfate overnight
(16 h), at room temperature in the dark, and then dilution with 80% methanol to absorbance
ca. 0.70 at 734 nm. The reaction mixture consisted of 50 μL of the root extract and 3.7 mL
ABTS *+, and the measurement was performed at 734 nm after 6 min.

One-way analysis of variance (ANOVA) was performed with Addinsoft 2020 XL-
STAT (New York, NY, USA. https://www.xlstat.com, accessed on 20 December 2021). A
Tukey HSD (honestly significant difference) multiple comparison test was used to identify
statistically homogeneous subsets at α = 0.05.

4.3. Proteomic Studies
Phenol-SDS Buffer Extraction with Sonication (PSWS)

The phenol extraction of proteins was carried out as described by Hurkman and
Tanaka [76]. Root tissue (300 mg) was ground in a mortar in the presence of liquid nitrogen
and transferred to a 1.5 mL Eppendorf tube. Proteins were extracted with 3 mL of SDS
buffer (30% sucrose, 2% SDS, 0.1 M Tris-Cl, 5% β-mercaptoethanol, and 1 mM phenyl-
methylsulfonyl fluoride (PMSF), pH 8.0) by triple sonication for 15 s at 60 amps. After
sonication, 0.8 mL of Tris buffered phenol was added to the mixture and vortexed for
10 mins at 4 ◦C. The set was centrifuged at 14,000× g for 5 min at 4 ◦C, and the phenolic
phase was collected and re-extracted with 0.8 mL SDS buffer and shaken for 5 min. Cen-
trifugation was further repeated using the same settings, with the phenolic phase collected
and precipitated overnight with four volumes of 0.1 M ammonium acetate in methanol
at −20 ◦C. The precipitate obtained by centrifugation at 14,000× g for 10 min at 4 ◦C was
washed thrice with cold 0.1 M ammonium acetate and finally with cold 80% acetone. The
pellet was dried and resuspended in 100μL of sample buffer (Biorad) and used for further
analyses. Protein concentrations were quantified using the Bradford protein assay method,
using BSA as a standard.
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4.4. Two-Dimensional Electrophoresis (2-DE)

IPG strips (ReadyStripTMIPG, pH = 3–10, 17cm, Biorad) were passively rehydrated
overnight with rehydration sample buffer (7M urea, 2 M thiourea, 4% CHAPS, 0.5% IPG
Buffer, 20 mM DTT, 0.002% bromophenol blue) containing 250 μg of isolated protein.
First-dimension

Isoelectric focusing (IEF) was conducted using the following parameters: step 1-
gradient volt, 1000 V for 60 mins, step 2-gradient volt, 12,000 V for 60 min, step 3-constant
volt, 12,000 V for 25,000 volt hours, and step 4-constant volt, 1000 V for 60 min. All steps
were performed at 20 ◦C using IEF 100 (Hoefer Scientific Instruments, San Francisco, CA,
USA). Following IEF, the strips were reduced with 130 mM DTT in 10 mL of equilibra-
tion buffer (29.3% glycerol, 75 mM Tris-Cl, 6 M urea, 2% SDS, pH 8.8) for 15 min and
alkylated with 135 mM iodoacetamide in 10 mL equilibration buffer for 15 min. The 2-DE
was performed according to the Laemmli [77] protocol in lab cast 1.5 mm 12.5% (w/v)
polyacrylamide gels using a Hoefer SE 600 Chroma Vertical Electrophoresis System (Hoefer
Scientific Instruments, San Francisco, CA, USA). The following program was implemented:
15 mA/gel for 15 min and 30 mA/gel for 90 min in Tris glycine-SDS running buffer. Three
gels, one from each independent biological replication, were used for the identification of
differential proteins. The gels were stained with 0.1% (w/v) Coomassie brilliant blue R-250
(Sigma-Aldrich Ltd., Poznań, Poland) overnight, destained, and stored in 5% acetic acid at
4 ◦C for further analysis [78].

4.5. Analysis of 2D PAGE Gel Images

Stained gels were digitalized, annotated, and analyzed using Image Master 2D Plat-
inum 7.0 software (GE Healthcare). Data were normalized by expressing abundance as
relative volume (% vol). A difference in protein expression was accepted when the Stu-
dent’s t-test was at a significance level of 99% (p ≤ 0.01). Spots were only accepted as
present or absent if they were present or missing in all four gels from control or treated
material/groups. Moreover, in the case of spots appearing only in the control (silenced) or
stressed (induced) roots, only those with a signal intensity value >0.2 were considered as
significant. The gels obtained for both NT lines were compared visually for identification
of the identical spots showing the highest signal intensity changes.

4.6. Protein Identification by Mass Spectrometry and Database Search

To identify the protein content in interesting spots, gel pieces were manually cut out
and subjected to a standard procedure during which proteins were reduced with DTT,
alkylated with iodoacetamide, and digested overnight with trypsin (Sequencing Grade
Modified Trypsin, Promega, Madison, WI, USA). The analyses were made by the Mass
Spectrometry Laboratory, Institute of Biochemistry and Biophysics Polish Academy of
Science (MS Lab IBB-PAN, Warsaw, Poland). The peptide mixtures were analyzed by
liquid chromatography coupled to tandem mass spectrometry (LC-MS-MS/MS) with a
classic mass spectrometer and LTQ (linear trap quadrupole ion trap-Orbitrap) (Thermo
Electron Corporation, San Jose, CA, USA). Briefly, the peptide mixture was applied to
an RP-18 precolumn (nanoACQUITY Symmetry® C18, Waters, Milford, CT, USA) using
water containing 0.1% (m/v) formic acid (FA) as a mobile phase and then transferred
to a nano-HPLC RP-18 column (nanoACQUITY BEH C18, Waters) using an acetonitrile
gradient (0–60%, v/v, in 120 min) in the presence of 0.05% (m/v) formic acid with a flow
rate of 0.25 mm3 min−1. The column outlet was directly coupled with the ion source of the
spectrometer working in the regime of data dependent MS to MS/MS switch.

After pre-processing the raw data with the Mascot Distiller v. 2.6.1.0 software (Matrix
Science, London, UK), the obtained peak lists were used to search the non-redundant pro-
tein database of the National Centre for Biotechnology Information (NCBI) using the Mascot
search engine (v. 2.5.1, Matrix Science). The taxonomic category selected was Triticum aes-
tivum. Only peptides passing a Mascot-defined expectation value of 0.05 were considered
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as positive identifications [78]. The functional networks of differentially expressed proteins
were constructed using the STRING database [32].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11020165/s1, Figure S1 The stages of the experiment:
(A) triticale seeds germinating on the polyethylene grid tray; (B) 5th days old triticale seedlings;
(C) the growth chamber view; Figure S2 Protein separation by 2-DE on gels stained in Coomassie
Brilliant Blue (A-F). Proteome of L17 Al-sensitive line control (A) and 48h after Al stress treated
(B); proteome of L444 Al-sensitive line control (C) and 48h after Al stress treated (D); proteome of
L198 Al-tolerant line control (E) and 48h after Al stress treated (F). The differential protein spots,
which were common for both studied Al-sensitive lines, are marked in red on gel pictures of L17 and
L444 line (control vs. Al-treated). The differential protein spots, which were characteristic only for
one studied Al-sensitive lines, are marked in green on gel pictures of L17 and L444 line (control vs.
Al-treated). The Image Master 2D Platinum 7.0 software was used for differential spots identification;
Figure S3 Comparison in: (A) number of up/down-regulated and silenced/induced proteins and
(B) number of common protein spots according to established criterions (p ≤ 0.01 and difference in
spot intensity ≥ 2-fold or 0.2 relative intensity of silenced/induced proteins).
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Abstract: Heavy metal contamination is a major health issue concerning the commercial production
of medicinal and aromatic plants (MAPs) that are used for the extraction of bioactive molecules.
Copper (Cu) is an anthropogenic contaminant that, at toxic levels, can accumulate in plant tissues,
affecting plant growth and development. On the other hand, plant response to metal-induced stress
may involve the synthesis and accumulation of beneficial secondary metabolites. In this study,
hydroponically grown Pelargonium graveolens plants were exposed to different Cu concentrations in
a nutrient solution (4, 25, 50, 100 μM) to evaluate the effects Cu toxicity on plant growth, mineral
uptake and distribution in plants, some stress indicators, and the accumulation of bioactive secondary
metabolites in leaf tissues. P. graveolens resulted in moderately tolerant Cu toxicity. At Cu concen-
trations up to 100 μM, biomass production was preserved and was accompanied by an increase in
phenolics and antioxidant capacity. The metal contaminant was accumulated mainly in the roots.
The leaf tissues of Cu-treated P. graveolens may be safely used for the extraction of bioactive molecules.

Keywords: antioxidants; bioaccumulation; copper toxicity; hydroponics; translocation factor

1. Introduction

Copper (Cu) is an abundant transition metal of the lithosphere that is considered a
relevant anthropogenic contaminant, as large amounts of this element have been released
into the environment over the past decades [1,2]. In addition to the environmental impact
of mining and smelting operations, the extensive application of Cu-containing fertilizers,
pesticides and fungicides in agricultural practices has contributed to water body and soil
contamination [1–4]; therefore, agricultural soils are particularly exposed to pollution by
this contaminant. For example, Chen et al. [5] reported that in China, over 16% of agricul-
tural soil is contaminated by heavy metals, and 2% is polluted by Cu only. Among heavy
metals, Cu is often the only contaminant in vineyards, where it is extensively used against
downy mildew [1–4]. According to the European Council Directive 86/278/EEC [6] on
the protection of the environment, the permitted Cu concentration in agricultural soils
amended with sewage sludge is 50–140 mg kg−1 for pH values in the range 6–7. For un-
contaminated soils, Kabata-Pendias and Szteke [7] indicated a Cu concentration range of
1–140 mg kg−1, depending on soil texture; the same authors reported that soil Cu concen-
trations in the range 25–40 mg kg−1 may be toxic to plants below pH 5.5, as Cu availability
increases with soil acidity.

In nature, Cu commonly exists in the elemental metal form or as Cu+ or Cu2+ ions,
although the oxidation states +3 and +4 can also be found [8]. Due to its redox properties,
Cu at low concentration has a fundamental biological role for all living organisms, taking
part in several metabolic reactions [9,10]. In higher plants, Cu is an essential micronutrient
that is necessary for normal growth and development [11], being involved in mineral
nutrition and electron transfer reactions that occur in vital processes, such as respiration
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and photosynthesis, chlorophyll and primary metabolites biosynthesis, or the scavenging
of radicals [4]. The Cu concentration range that is considered normal for plants ranges from
2–5 to 30 mg kg−1 dry weight (DW) [12,13], while at higher concentrations Cu can cause
toxicity symptoms [14]. Toxic levels of Cu in plants can impair biochemical reactions, affect
gas exchanges, reduce plant growth [15,16]. Plants grown in Cu-polluted soils undergo
oxidative stress and accumulate reactive oxygen species (ROS) [17], which induces the acti-
vation of antioxidant enzymes and the biosynthesis of antioxidant molecules. Cu toxicity
has also been associated with an increased content of proline in plant tissues [18,19].

To counteract the effects of metal toxicity, plants have developed tolerance mechanisms
such as metal complexation, storage in vacuoles, precipitation in cell walls, and down-
regulation of metal transporters via the plasma membrane [20,21]. On the other hand,
plant species capable of effectively up taking heavy metals from the soil and accumulating
these contaminants in tissues generally show a high translocation rate from roots to shoots.
These species can be profitably used for phytoremediation through the removal of toxic met-
als from the soil, which represents a green and cost-effective strategy for the amelioration
of marginal lands [22,23]. According to recent literature [2], about 500 species are currently
used for the phytoremediation of metal polluted soils. Conversely, the accumulation of
toxic metals by plant species that are employed for human usage represents a serious threat
for the consumers safety and has become a health concern worldwide. Medicinal and aro-
matic plants (MAPs) are typically used in the food, pharmaceutical and cosmetic industries
as a natural source of biologically active compounds [24], and are increasingly cultivated on
a commercial scale to sustain the expansion of the market demand. Contamination of the
plant material is a major health issue concerning the commercial production of MAPs [25].
On the other hand, the physiological markers of plant response to metal-induced stress
are often beneficial bioactive secondary metabolites, mainly antioxidants such as phenolic
compounds or essential oils constituents [26–29].

The Pelargonium genus in the family Geraniaceae comprises several hundreds of
aromatic species, distributed worldwide in subtropical and temperate regions [30]. The es-
sential oil from Pelargonium spp. is among the top 20 essential oils used all over the
world [31] due to its well-known bioactive properties [32–34]. In addition, the pharma-
cological activity of Pelargonium spp. is attributed also to phenolic constituents such as
flavonoids and hydroxycinnamic acid-derivatives [35]. Pelargomium spp. are tolerant to
toxicity by heavy metals and have been successfully applied as hyperaccumulators for
several metal contaminants [36], including Cu [37]. Particularly, Pelargomium graveolens
L’Hér., popularly known as rose-scented geranium, has been reported by several authors as
a good candidate for phytoremediation; in addition, the effect of heavy metals on the yield
and quality of its essential oil has been widely investigated [38–40]. However, in recent
years the pharmacological activity of P. graveolens has been increasingly linked also to the
leaf content and composition of the pool of antioxidant phenolics [27,41–44], and much less
is known about the influence of heavy metals on the concentration of these compounds.
Therefore, the aim of the present study was to verify the tolerance of P. graveolens to Cu
toxicity and to test the hypothesis that Cu-induced stress could stimulate the synthesis of
antioxidant phenolic constituents, thus improving the medicinal properties of this species.
With these objectives, we evaluated the effects of Cu exposure in P. graveolens, in terms
of metal translocation to different plant organs, plant growth, and synthesis of bioactive
phenolic metabolites.

2. Results

2.1. Visible Injury and Plant Growth

The plants appeared healthy during the whole growing cycle. Typical toxicity symp-
toms, such as leaf chlorosis and necrosis, were not observed in Cu-treated plants. Two-way
ANOVA revealed that sampling date (D) significantly (p < 0.05; p < 0.001) affected the num-
ber of leaves produced and total upper fresh biomass, while neither Cu nor the interaction
of date x Cu (D x Cu) affected the plant height, leaf number and total upper fresh biomass
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and dry matter content (Table 1). Copper concentration in the nutrient solution affected
pelargonium growth parameters (Table 1). Plants grown with ≥25 μM Cu in the nutrient
solution produced lower number of leaves at 35 DAT (days after transplanting), but this
effect did not persist at 49 DAT. Total upper fresh biomass (including leaves, petioles and
stems) decreased at the highest Cu (100 μM Cu) levels compared with the plants grown at
25 μM or 50 μM Cu after 35 DAT. Dry matter content at 49 DAT increased in plants grown
in ≥50 μM Cu compared to 25 μM Cu and control treatment.

Table 1. Effect of increasing copper (Cu) concentration (4–25–50–100 μM Cu+2) in the nutrient solution and sampling date
after transplanting (DAT, 35 days and 49 days) on plant height (cm), leaf number, total upper fresh biomass (g plant−1),
and biomass dry matter content (%) in pelargonium plants grown hydroponically in perlite.

DAT Cu2+ (μM)
Plant

Height
Leaf

Number
Total Upper

Fresh Biomass
Total Upper Biomass
Dry Matter Content

35 days 4 43.16 ± 2.19 Y 32.50 ± 4.66 a 57.14 ± 3.78 ab 12.19 ± 0.48
25 44.33 ± 1.72 24.66 ± 1.17 b 68.39 ± 2.75 a 12.19 ± 0.28
50 42.33 ± 2.67 25.50 ± 3.52 b 70.02 ± 4.69 a 12.16 ± 0.91
100 42.83 ± 2.15 22.33 ± 2.84 b 50.72 ± 6.10 b 13.16 ± 0.91

49 days 4 53.00 ± 4.57 58.00 ± 6.29 160.04 ± 0.80 12.89 ± 0.07 b
25 50.00 ± 5.19 41.83 ± 6.87 152.92 ± 21.32 12.68 ± 0.15 b
50 54.83 ± 9.22 42.33 ± 8.36 156.89 ± 10.77 13.77 ± 0.08 a

100 56.40 ± 2.22 52.80 ± 4.66 133.55 ± 20.87 13.72 ± 0.19 a

Significance

Days (D) ns * *** ns
Copper (Cu) ns ns ns ns

D x Cu ns ns ns ns
Y At each sampling date, values (n = 6) in columns followed by different letters are significantly different, p < 0.05, for each plant growth
stage. ns, * and *** indicate non-significant or significant differences at p < 5%, and 0.1%, respectively, following two-way ANOVA.

Looking at the fresh and dry biomass of individual plant organs, it was found that
leaves and stems were increased at 35 DAT at 25–50 μM Cu compared to 100 μM Cu
(Figure 1). Petiole fresh weight (FW) was also increased at 25–50 μM Cu compared with
control or 100 μM Cu. Copper levels did not affect the root FW at 35 DAT. Following
49 DAT, leaf, stem, petiole and root FW were at similar levels (averages of 64.24, 26.13, 60.48
and 14.44 g, respectively), independent of the Cu concentration in the nutrient solution.
Petiole dry matter content increased in 25–50 μM Cu, compared to the control treatment at
35 DAT. However, root dry matter content increased in 100 μM Cu compared to 25 μM Cu
at 49 DAT.

2.2. Effects on Plant Physiology Attributes

Plants grown at the high Cu concentration of 100 μM Cu revealed higher stomatal
resistance at both 35 and 49 DAT, compared to the control treatment (Table 2). Contrarily,
chlorophyll fluorescence as measured by Fv/Fm (representing the maximum quantum
yield of PSII), decreased at 100 μM Cu when compared to control and/or 25 μM Cu at
35 DAT and 49 DAT. The content of chlorophylls, as measured by chlorophyll a, chlorophyll
b and total chlorophylls, did not change among the treatments at 35 DAT, but decreased at
higher Cu levels (i.e., 100 μM Cu) at 49 DAT compared to the control and/or 25 μM Cu.

Two-way ANOVA revealed that sampling date (D) significantly affected stomatal
conductivity and chlorophyll fluorescence (p < 0.001); copper levels significantly affected
stomatal conductance and chlorophyll a (p < 0.05), while the interaction of sampling date
and copper (D x Cu) did not affect the examined physiological parameters (Table 2).
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Figure 1. Effect of increasing copper (Cu) concentration (4–25–50–100 μM Cu2+) in the nutrient solution and sampling date
after transplanting (DAT, 35 days and 49 days) on the fresh (FW; g plant−1) and dry weight (DW; g plant−1) of leaves, stems,
petioles and roots respectively, of pelargonium plants grown hydroponically in perlite. Significant differences (p < 0.05)
among Cu concentrations for each plant tissue are indicated by different letters; ns indicates non-significant. Error bars
show SE (n = 6).

2.3. Effects on Total Phenols, Flavonoids and Antioxidant Activity

Two-way ANOVA revealed that sampling dates (35 vs. 49 DAT) significantly ef-
fected total phenols and DPPH (2,2-diphenyl-1-picrylhydrazyl) (p < 0.01), Cu levels signif-
icantly effected ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (p < 0.05)
and flavonoids (p < 0.01), while the interaction of the sampling date x Cu effected ABTS
and flavonoids (p < 0.05) and total phenolics (p < 0.01). The content of flavonoids and
antioxidant activity (as assayed by ferric reducing antioxidant power; FRAP, DPPH, ABTS)
revealed their highest values at 50 μM Cu, when compared with control and 100 μM of Cu,
and differed significantly also from 25 μM Cu in the case of flavonoids and DPPH at 35 DAT
(Figure 2). The content of total phenols and flavonoids, as well as antioxidant activity
as assayed by FRAP and ABTS, revealed an increased trend as the Cu level increased at
49 DAT, with significant differences at the high Cu levels compared to the control treatment
(Figure 2A–C,E).
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Table 2. Effect of increasing copper (Cu) concentration (4–25–50–100 μM Cu2+) in the nutrient solution and sampling date
after transplanting-DAT (35 days and 49 days) on leaf stomatal resistance (cm s−1), chlorophyll fluorescence (Fv/Fm),
chlorophylls (Chl a, Chl b, Total Chl) content (μg g−1 fresh weight) in pelargonium plants grown hydroponically in perlite.

DAT Cu2+ (μM) Stomatal Resistance Fv/Fm Chl a Chl b Total Chl

35 days 4 0.90 ± 0.13 b Y 0.83 ± 0.003 a 23.47 ± 0.35 36.32 ± 0.77 59.77 ± 1.04
25 1.33 ± 0.08 ab 0.83 ± 0.001 a 23.80 ± 2.21 35.12 ± 2.57 58.90 ± 4.77
50 1.34 ± 0.15 ab 0.83 ± 0.050 ab 23.97 ± 0.39 35.59 ± 0.71 59.54 ± 0.83
100 1.61 ± 0.19 a 0.82 ± 0.003 b 23.49 ± 2.57 34.56 ± 2.15 58.03 ± 5.72

49 days 4 6.75 ± 0.50 b 0.80 ± 0.006 a 28.14 ± 1.10 a 39.76 ± 0.96 a 66.55 ± 1.39 a
25 9.11 ± 1.20 ab 0.78 ± 0.005 ab 26.81 ± 0.43 ab 36.62 ± 0.14 ab 66.81 ± 2.60 a
50 9.05 ± 0.78 ab 0.78 ± 0.007 ab 24.79 ± 0.85 b 38.68 ± 1.52 ab 66.81 ± 2.60 ab

100 10.58 ± 1.38 a 0.75 ± 0.019 b 21.46 ± 0.91 c 35.22 ± 1.30 b 56.66 ± 2.17 b

Significance

Days (D) *** *** ns ns ns
Copper (Cu) * ns * ns ns

D x Cu ns ns ns ns ns
Y At each sampling date, values (n = 6) in columns followed by different letters are significantly different, p < 0.05, for each plant growth
stage. ns, * and *** indicate non-significant or significant differences at p < 5%, and 0.1%, respectively, following two-way ANOVA.

2.4. Plant Stress Indices

Two-way ANOVA revealed that sampling dates (35 vs. 49 DAT), Cu levels and
their interactions significantly affected hydrogen peroxide (H2O2) and malondialdehyde
(MDA) levels (p < 0.01, p < 0.001). Hydrogen peroxide levels increased at 25 μM Cu in
comparison to the 50–100 μM Cu, but did not differ from the control at 35 DAT (Figure 3A).
Following 49 DAT, H2O2 increased at 100 μM Cu compared to lower Cu levels and/or
control. Lipid peroxidation (as assayed by MDA) increased at 50 μM Cu in comparison to
higher or lower Cu levels at 35 DAT, while MDA decreased with ≥25 μM Cu compared to
the control treatment (at 4 μM Cu) at 49 DAT (Figure 3B).

 

Figure 2. Cont.
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Figure 2. Effect of increasing copper (Cu) concentration (4–25–50–100 μM Cu2+) in the nutrient solution and sampling
date after transplanting (DAT, 35 days and 49 days) on the leaf content of total phenols, total flavonoids and antioxidant
activity in pelargonium plants grown hydroponically in perlite. (A) Total phenols, (B) total flavonoids, (C) FRAP (D) DPPH,
and (E) ABTS. Significant differences (p < 0.05) among Cu concentrations at each sampling date are indicated by different
letters; ns indicates non-significant. Error bars show SE (n = 4).

 

Figure 3. Effect of increasing copper (Cu) concentration (4–25–50–100 μM Cu2+) in the nutrient solution and sampling
date after transplanting (DAT, 35 days and 49 days) on the leaf content of hydrogen peroxide (H2O2; (A)) and malondi-
aldehyde (MDA; (B)) in pelargonium plants grown hydroponically in perlite. Significant differences (p < 0.05) among Cu
concentrations at each sampling date are indicated by different letters. Error bars show SE (n = 4).
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2.5. Copper Content in Plant Tissues

Two-way ANOVA revealed that sampling date (D) significantly affected AR, BAC-
roots, BAC-stems, TF-leaves, TF-stems, TF-petioles (p < 0.001), and BAC-petioles (p < 0.05);
Cu levels significantly affected BAC-roots, BAC-leaves, BAC-stems, BAC-petioles, TF-
leaves, TF-stems, and TF-petioles (p < 0.001), while the interaction of sampling date and
Cu (D x Cu) affected BAC-roots, BAC-stems, BAC-petioles, TF-leaves, TF-stems and TF-
petioles (p < 0.001) (Table 3). The copper accumulation rate increased at 50 μM of Cu
compared with the control at 35 DAT. All bioaccumulation coefficients and translocation
factors for leaves, stems, petioles and roots were significantly decreased with ≥25 μM of
Cu in the nutrient solution at 35 and 49 DAT (Table 3).

Regarding tolerance index, two-way ANOVA revealed that sampling date (D) signif-
icantly affected TI-petiole FW and TI-petiole DW (p < 0.001); copper levels significantly
affected TI-total biomass, TI-stem FW and TI-petiole FW (p < 0.05); while the interaction of
sampling date and Cu (D x Cu) affected only the TI-petiole FW (p < 0.05) (Table 4). Toler-
ance index values of plant growth were affected at 35 DAT, as TI increased at 25–50 μM
Cu for leaf, stem and petiole FW and as a consequence of the plant total biomass when
compared with 100 μM Cu in the nutrient solution (Table 4). Similarly, TI-leaf DW and
TI-petiole DW were also increased at 20–50 μM Cu. The TI of leaf number was decreased
with ≥25 μM Cu in the nutrient solution at 35 DAT. At 49 DAT, the TI for total biomass was
increased with 25 μM Cu in the nutrient solution, while TI-root DW increased at 100 μM
Cu when compared to ≤25 μM Cu (Table 4).

2.6. Responses of Other Nutrients

The accumulation of nutrients in different plant organs (leaves, stems, petioles and
roots) under different Cu levels at two sampling periods (35 and 49 DAT) is described
in Figures 4 and 5. At 35 DAT, the leaf content of N and K increased in 25 μM Cu and
decreased or remained unaffected in ≥50 μM Cu compared to the control (Figure 4A,C).
Stem N decreased at 100 μM Cu when compared with 25 μM Cu, however the N level in
petioles and roots remained similar in plants grown with different Cu levels in the nutrient
solution (Figure 4A). Leaf and stem N levels were similar at 49 DAT in all examined Cu
levels in the nutrient solution (Figure 4B). Petiole K increased in 25–50 μM Cu compared to
the control (Figure 4C). Phosphorus content in leaves, stems and petioles was unaffected
by the Cu levels in the nutrient solution, while P in roots decreased at 50 μM Cu and
increased at 100 μM Cu compared to the control treatment (Figure 4E). Increased P levels
were found at 49 DAT in roots at 50 μM Cu (Figure 4F). Sodium accumulated more in
petioles, compared to leaves, stems and roots, while Na content decreased at high Cu levels
(Figure 4G,H).

Copper accumulated in stems, petioles and roots as the Cu concentration increased in
the nutrient solution; at 35 DAT, greater effects were observed in roots (2.2-fold increase at
100 μM Cu compared to the control treatment) (Figure 5A). A similar trend was found in
Cu accumulation even at 49 DAT, but the increment in roots at 50–100 μM Cu was 6.9-fold
greater compared with the control treatment (Figure 5B). Zinc accumulated more in leaves,
stems, and petioles at 35 DAT as Cu levels increased in the nutrient solution, whereas
Zn content decreased in roots with increasing Cu concentration in the nutrient solution
(Figure 5C). However, the reverse was evidenced at 49 DAT, as Zn accumulated in roots
following increases of Cu levels in the nutrient solution (Figure 5D).
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2.7. Regression Analysis

Pearson’s correlation coefficients were determined between individual pairs of pa-
rameters associated with Cu uptake (leaf and root Cu concentrations), leaf antioxidant
systems (content of total phenols and flavonoids, antioxidant capacity according to FRAP,
DPPH and ABTS assays), and oxidative stress (H2O2 and MDA) (Table 5).

Leaf Cu concentration was positively correlated to the root content of the element
at both sampling dates. The correlation coefficients between leaf or root Cu and the
biochemical parameters were generally higher at 49 than 35 DAT, and in older plants all
correlations were positive except those involving MDA content.

 

 

 

Figure 4. Cont.
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Figure 4. Effect of increasing copper (Cu) concentration (4–25–50–100 μM Cu2+) in the nutriment solution and sampling
date after transplanting (DAT, 35 days and 49 days) on the content of macronutrients and sodium in different organs
of pelargonium plants grown hydroponically in perlite. (A,B) Nitrogen–N, (C,D) potassium–K, (E,F) phosphorus–P,
(G,H) sodium–Na. Significant differences (p < 0.05) among Cu concentrations at each sampling date are indicated by
different letters; ns indicates non-significant. Error bars show SE (n = 4).

 

 

Figure 5. Effect of increasing copper (Cu) concentration (4–25–50–100 μM Cu2+) in the nutriment solution and sampling
date after transplanting (DAT, 35 days and 49 days) on the content of micronutrients in different organs of pelargonium
plants grown hydroponically in perlite. (A,B) Copper–Cu, and (C,D) zinc–Zn. Significant differences (p < 0.05) among Cu
concentrations at each sampling date are indicated by different letters; ns indicates non-significant. Error bars show SE
(n = 4).
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Table 5. Pearson’s correlation table for leaf and root content of copper (Cu), leaf content of total phenols, flavonoids, H2O2

and malondialdehyde (MDA), and leaf antioxidant capacity determined using FRAP, DPPH or ABTS assays, in pelargonium
plants grown hydroponically in perlite and exposed to four different Cu concentrations (4–25–50–100 μM Cu2+) in the
nutrient solution, sampled at 35 and 49 days after transplanting (DAT).

Leaf Cu Root Cu Phenols Flavonoids FRAP DPPH ABTS H2O2 MDA

35 DAT
Leaf Cu 1
Root Cu 0.8406 1
Phenols −0.3210 −0.0500 1

Flavonoids 0.4770 −0.0714 −0.4142 1
FRAP 0.4453 −0.0852 −0.2426 0.9835 1
DPPH 0.5612 0.0339 −0.3562 0.9920 0.9866 1
ABTS 0.5018 0.0037 −0.1406 0.9551 0.9901 0.9750 1
H2O2 −0.3121 −0.0544 0.9996 −0.3893 −0.2161 −0.3310 −0.1139 1
MDA 0.5334 0.1429 −0.9396 0.6778 0.5357 0.6432 0.4571 −0.9308 1

49 DAT
Leaf Cu 1
Root Cu 0.7078 1
Phenols 0.8042 0.8743 1

Flavonoids 0.7933 0.9364 0.9890 1
FRAP 0.4427 0.9454 0.7185 0.8086 1
DPPH 0.8973 0.3775 0.4626 0.4440 0.0855 1
ABTS 0.7591 0.8380 0.9954 0.9751 0.6881 0.4034 1
H2O2 0.4695 0.3948 0.7745 0.6815 0.2355 0.1705 0.8267 1
MDA −0.1303 −0.6349 −0.1807 −0.3241 −0.7818 0.0074 −0.1173 0.4215 1

3. Discussion

Plant growth and development are regulated by plant physiology, which in turn is
tightly linked to both environmental conditions and, in hydroponic cultivation, to the
composition of the nutrient solution that is supplied to the plants [45,46]. For evaluation
of the effects of Cu toxicity, the choice of appropriate Cu levels depends on the species
being tested, the duration of the Cu treatment, and other growing parameters such as the
pH of the nutrient solution. In this study, hydroponically grown plants of P. graveolens
were exposed to Cu concentrations of up to 100 μM. Similar concentrations were tested
in several species including Moso bamboo [5], maize [15], or Carthamus tinctorius L. [1].
Although higher Cu levels have been reported for turfgrass (120 μM) [16], and particularly
for tomato (250 or 350 μM) [47,48], lower concentrations (up to 40 μM) were employed for
both tree species [49] or vegetable crops [46].

In our experiments, all growth parameters were, of course, significantly higher at
49 than 35 DAT, with the only exceptions being plant height and total upper dry matter
percentage, which were not affected by plant age. At 35 DAT, despite the lower number
of leaves in Cu-treated plants than in the control, Cu concentrations up to 50 μM in
the nutrient solution increased the fresh biomass production of the aerial part (Table 1);
however, a relevant increase in dry matter was observed only for stem tissues, suggesting
that the overall effect was partially due to increased water absorption. In contrast, at 49 DAT
the fresh weight of the distinct aboveground plant organs did not change across treatments
(Figure 1), while the increase in dry mass percentage above 50 μM Cu (Table 1) indicated
a lower water content in those tissues. An increase in the percentage of dry matter was
observed also in the leaf tissues of tomato plants grown in hydroponics, after 15 days
exposure to 100–350 μM Cu concentrations [48]. The detrimental effect of high Cu levels
in the root zone on biomass production was observed in several food crops [4], and in
MAPs such as Carthamus tinctorius [1]. Similarly, in this work both fresh (Table 1) and
dry (Figure 1) biomass production were tendentially lower in the 100 μM Cu treatment
than the control at both sampling dates, although the difference was never significant.
These results showed that P. graveolens is a species tolerant to Cu toxicity of up to 100 μM
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concentration, consistent with the tolerance indices toward metal stress reported in Table 4.
For each plant organ, the values of the latter parameters were generally similar to those of
the corresponding control. Toxic Cu concentrations well below 100 μM have been reported
in the literature for several species. For example, Reichman et al. [50] reported that the
highest Cu concentration in the nutrient solution without negative effects on plant growth
was 35 μM for Cu-tolerant populations of Silene cucubalus; the no-effect threshold was about
5 μM for Cu-sensitive cultivars of mung bean, sweet potato and wheat, and was below 1 μM
in Australian tree species such as ironbark, Acacia holosericea, and Melaleuca leucadendra.

Plant age significantly influenced both stomatal resistance, which was much higher
at 49 than 35 DAT for all the Cu treatments, and photosynthetic efficiency, expressed as
chlorophyll fluorescence Fv/Fm, which was lower in older plants. At both sampling
dates, increasing Cu concentrations in the nutrient solution interfered with the process
of photosynthesis by increasing stomatal resistance and decreasing leaf chlorophyll fluo-
rescence (Table 2). Along with the determination of stomatal resistance, the assessment
of chlorophyll fluorescence is a key parameter in the rapid detection of response to phys-
iological stress in higher plants; specifically, the Fv/Fm ratio is a physiological marker
of photoinhibition of photosystem II (PSII) induced by stress conditions [51]. It has been
reported that excess Cu can impair photosynthetic electron transport particularly at the
PSII level, and Cu toxicity has been associated with quenching of variable fluorescence
Fv [52]. The values of Fv/Fm reported in Table 2 remained within the typical range for
healthy plants, that is 0.75–0.85 [53], and suggested that, despite a significant decline of
the indicator at the 100 μM Cu concentration at both sampling dates, the function of the
PSII reaction centers was preserved with all Cu treatments. Although plant age did not
affect the content of chlorophylls, a significant decrease with increasing Cu concentration
was observed at 49 DAT for these pigments. The above data could be reasonably inter-
preted as early indicators of Cu toxicity that became more severe with the duration of
exposure; despite the effects of a possible photosynthetic imbalance this did not translate
into a significant biomass decrease, or in the typical visible symptoms of toxicity such as
leaf chlorosis [54]. Under impaired photosynthesis, plant metabolism is affected and one
possible biochemical process that can be activated is the Mehler reaction, with formation of
oxygenated molecules such as H2O2 [55]. This process is consistent with the significant
increase in H2O2 concentration that was observed at 49 DAT in plants treated with 100 μM
Cu (Figure 3A).

It is generally acknowledged that excess Cu causes oxidative stress in plants [1,2,13,17].
However, due to the time course of the antioxidant response, the levels of stress indicators
in plant tissues may undergo fluctuations. This could account for the significant effect
of sampling date, Cu concentration, and their interaction on the observed contents of
both H2O2 and MDA, and could also explain the contrasting results reported in the
literature concerning the levels of ROS or MDA in several plant species [4]. The antioxidant
activity of pelargonium at 35 DAT showed the same behavior across the Cu treatments
(Figure 2C–E), regardless of the assay used for the determination (FRAP, DPPH or ABTS)
and the stimulation of the plant antioxidant response was strictly related to the occurrence
of lipid peroxidation, since a similar pattern was observed also for the concentration of
MDA (Figure 3B). The content of total flavonoids followed the same trend (Figure 2B),
suggesting that this class of compounds could play a key role in the pool of antioxidant
molecules of P. graveolens that are involved in plant response to excess Cu in the early
stages of exposure. Interestingly, the highest values of antioxidant power and flavonoid
concentration were obtained with the 50 μM Cu treatment, which also resulted in the
highest rate of Cu accumulation in plant tissues (Table 3). On the other hand, a different
behavior was observed for total phenols (Figure 2A), whose amount, unlike the content of
flavonoids, was affected also by the sampling date. These dissimilarities indicated that,
along with flavonoids, other classes of phenolic compounds could contribute significantly
to the pool of phenolics of this species.
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At 49 DAT, all parameters except DPPH scavenging capacity increased with Cu
concentration (Figure 2), suggesting the occurrence of an effective dose-dependent response
of the antioxidant system to excess Cu and a central role of phenolic compounds in
the plant tolerance to Cu toxicity. These findings showed the effectiveness of high Cu
concentrations in the nutrient solution in stimulating the synthesis and accumulation of
beneficial antioxidant molecules in the plant tissues of P. graveolens. In addition to phenolics,
other non-enzymatic antioxidant compounds could have an impact on plant response to
Cu toxicity; for example, an increased content of proline has been observed in different
species exposed to excess Cu [18,19]. In our experiments, the level of MDA decreased
with Cu concentration in the nutrient solution up to 50 μM, showing that Cu-exposed
P. graveolens could well counteract lipid peroxidation. Likewise, the leaf concentration of
H2O2 was effectively controlled in up to 50 μM Cu. In contrast, the increase in the content
of H2O2 at 100 μM Cu may indicate a less efficient plant response at this high concentration
of the element (Figure 3A,B).

The relationships among the indicators linked to Cu uptake and antioxidant response
to Cu treatments are confirmed in the Pearson’s correlation table (Table 5). Leaf Cu con-
tent followed root content at both sampling dates, and, in younger plants, the content
of flavonoids rather than the level of total phenols was strongly correlated with the an-
tioxidant capacity as obtained using either the FRAP, DPPH or ABTS assays. However,
at 35 DAT, Cu exposure did not elicit a marked response, as extremely weak relationships
were evidenced between Cu levels in the tissues and all other biochemical parameters.
The correlation coefficients between the concentrations of Cu and those of H2O2 and MDA
also remained low at 49 DAT, suggesting that even older plants could efficiently prevent
oxidative stress. On the other hand, higher values of the correlation coefficients were
generally evidenced between root or leaf Cu levels and the other biochemical parame-
ters (phenols or flavonoids content, or antioxidant capacity). Therefore, the results of the
regression analysis are consistent with an initial antioxidant response to Cu toxicity at
49 DAT.

The TF and BAC indexes are important parameters for the evaluation of plant phy-
toremediation potential. In hyperaccumulator species, both parameters are greater than 1;
in contrast, in our study only the BAC factor was higher than 1, indicating that P. grave-
olens acted as a Cu excluder. According to Saleem et al. [13]. Cu excluders, which have a
low potential for metal extraction, could be effectively employed for phytostabilization.
The BAC and TF indexes showed significant decreases with increasing Cu concentration in
the nutrient solution at both sampling dates (Table 3). At low concentrations (up to 25 μM),
young plants accumulated more Cu in root tissues and showed a much larger variation
of the root BAC index among the Cu treatments than those sampled at 49 DAT. However,
the decrease of root BAC values at both sampling dates indicated a strong inhibition of
Cu uptake as the concentration of the element in the nutrient solution increased. A much
larger variation was observed for the BAC index of the aerial parts, which decreased more
than 10-fold in all aboveground tissues during the whole growing cycle, suggesting a syn-
ergistic effect of reduced Cu uptake and reduced element translocation in Cu-treated plants.
This outcome was confirmed by lower TF values in the Cu treatments as compared to the
control. Although in the latter treatment the TF in the aboveground tissues was higher in
older plants, Cu translocation was markedly limited with increasing Cu concentration at
both sampling dates. Therefore, the observed tolerance of P. graveolens to Cu toxicity was
both due to the plant’s ability to exclude Cu from the leaf tissues by limiting translocation
to the aerial parts, and to an efficient antioxidant system. A similar behavior was observed
in Solanum cheesmaniae subjected to Cu stress [56]. This effect was further evidenced by the
results shown in Figure 5A,B, as Cu accumulated particularly in root tissues independent of
the concentration of the nutrient solution. In contrast, the stems were only slightly affected
by the 100 μM Cu treatment, and the leaf tissues were totally unaffected.

According to Lange et al. [57], most Cu-tolerant species act as Cu excluders, with very
low Cu translocation from root to shoots. Contrarily, Chen et al. [5] reported on 25 plant
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species identified as Cu hyperaccumulators and provided literature data concerning tol-
erant and accumulator species, with leaf Cu content ranging from 45 to 596 mg/kg DW
and root content ranging from 33 to 3768 mg kg−1 DW. In plants, Cu uptake is generally
dependent on the species, plant organ, concentration in the growing medium, and the time
of exposure. For example, according to Adrees et al. [4], maize plants exposed for six days
to 100 μM Cu in hydroponics accumulated 1070 and 56 mg kg−1 DW in roots and shoots,
respectively; the same species was reported to accumulate 7790 mg kg−1 DW in the roots
after 15 days treatment with 80 μM Cu. Chen et al. [5] reported that in hydroponically
grown Moso bamboo with 100 μM Cu in the nutrient solution, the Cu content in leaf and root
tissues were, respectively, 24 and 417 mg kg−1 DW after 15 days, and 91 and 809 mg kg−1

DW after 30 days exposure. Saleem et al. [13] reported that pot-grown flax accumulated
Cu mainly in the root tissues after 35 days cultivation, while the contaminant was accumu-
lated mainly in the shoots in mature plants (105–140 days). In our experiments, despite a
dose-dependent Cu accumulation in the roots of up to 468.14 mg kg−1 DW, Cu content in
the leaf tissues remained at the same level as the control both at 35 and 49 DAT, further
characterizing P. graveolens as a Cu excluder species.

In a very recent paper, Tschinkel et al. [58] reported that the permitted concentration
of impurities for drug substances and excipients set by the United States Pharmacopoeia
Convention (USP) is 300 mg kg−1. Additionally, according to a recent review from the
European Food Safety Authority [59], the maximum residue level (MRL) for Cu compounds
(Cu) in leaves and herbs for herbal infusions is 100 mg kg−1. These limits are much higher
than the Cu concentrations that were found in the leaf tissues of P. graveolens, which were
below 50 mg kg−1 DW (Figure 5A,B). Therefore, the leaves of Cu-treated P. graveolens
plants had higher contents of antioxidants and, at the same time, the same Cu content
of the control plants, and may be safely used in the pharmaceutical/herbal industry for
the extraction of phenolic compounds and other beneficial constituents such as essential
oils. Although the latter were not examined in this work, some authors showed that heavy
metals had minimal impact on the quality of P. graveolens essential oil, even when the
contaminant was partly translocated to the aboveground organs [38,39]. In general, despite
a high translocation factor from the root system to the aerial parts being indispensable
for species with edible roots, the opposite is preferable for plant species that are used for
leaf tissues, like the one examined in this study. Considering the excess of Cu application
in agriculture and the consequent contamination of soils and water bodies, selection of
MAPs according to their tolerance and potential accumulation in the organs of interest
becomes a crucial issue in managing the problem of Cu pollution and preserving the
quality of plant materials. It is noteworthy to mention that expanded and unexpanded
perlite have some properties that can favor the adsorption of metal ions, including Cu [60].
However, the strong root Cu uptake shown in Figure 5A,B showed that this microelement
was available to the plants in all Cu treatments.

Copper had a strong influence on Zn uptake (Figure 5C,D). In the root tissues of
younger plants, Zn content was inversely related to that of Cu; this indicated a competitive
absorption mechanism for the two micronutrients, in agreement with what reported by
Kabata-Pendias and Szteke [7]. The amount of Zn in the aerial parts at 35 DAT increased
significantly across the Cu treatments, suggesting that higher Cu levels promoted Zn
translocation to the stems. Conversely, Cu and Zn uptake followed the same trend in older
plants, despite a much lower Zn accumulation at 49 than 35 DAT. A decrease of Zn uptake
in plants exposed to excess Cu has been observed in several species [4]. The content of Na
decreased with increasing Cu in all plant organs, especially at 49 DAT, in agreement with
what reported by Chrysargyris et al. [49] for the roots of Mentha spicata. The opposite trend
was observed by other authors in the leaves of Vicia faba [61] and the shoots of pistachio
seedlings [62]. The addition of Cu to the nutrient solution generally did not have a sig-
nificant influence on the uptake of the macronutrients N, P and K, which was confirmed
the scarce effects observed on the biomass production (Table 1 and Figure 1). The only
exception was root P content at 49 DAT, which was higher in Cu-treated plants than in
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controls (Figure 4E,F), in contrast with the results reported by Chrysargyris et al. [49]
and Eskandari and Mozaffari [62]. According to Adrees et al. [4], although Cu supply
generally affects mineral nutrition, the effect of this microelement on the uptake of other
mineral nutrients is strongly dose-, time- and species-dependent. In addition, in polluted
environments, Cu could interact with other heavy metal contaminants [9,26,51,63]. In gen-
eral, we observed that the Cu treatments did not impair mineral nutrition and, overall,
P. graveolens showed a high capacity to grow in Cu-enriched mediums of up to 100 μM.

Further work is necessary to provide a deeper insight into the response of P. graveolens
to Cu stress. For example, the effects of severe Cu exposure conditions could be investigated
through an extension of the growing period beyond 49 DAT, or with Cu concentrations
higher than 100 μM in the nutrient solution; additionally, a similar experiment could be
carried out in open field, where Cu bioavailability is conditioned by soil properties; finally,
the profiling of individual metabolites of interest under Cu stress could help in highlighting
the effects of this element on the bioactive properties of P. graveolens.

4. Materials and Methods

4.1. Plant Material and Cultivation Conditions

Pelargonium graveolens L’Hér. plants were selected for the present study, which was im-
plemented at the experimental greenhouse of Cyprus University of Technology, in Limassol,
Cyprus. Cuttings of 10 cm length were collected from mother plants (National Agricultural
Department, Nicosia, Cyprus) and were grown in peat:perlite (4:1 v/v) substrate, in plastic
seedling trays for 25 days, till roots formation. Plants at the stage of four-to-five leaves
were transplanted in pots (one plant per pot; 1.5 L capacity) filled with expanded perlite
and placed on plastic trays to achieve proper drainage (see Chrysargyris et al. [64]). Per-
lite properties have been described previously [65]. Plants were grown in an open (free
drainage) hydroponic system and the drainage nutrient solution was available to plants
through capillary suction. Plants were sampled at two different growth stages.

Plants were initially grown with the application of a full-strength nutrient solution
(electrical conductivity (EC) and pH of 2.1 mS cm−1 and 5.7, respectively) for 21 days.
Nutrient solution composition was: NO3

−-N = 15.00, K = 9.50, PO4
−3-P = 1.80, Ca = 4.20,

Mg = 1.63, SO4
−2-S = 1.55 and Na = 1.85 mmol L−1, respectively; and B = 30.00, Fe = 35.05,

Mn = 6.10, Cu = 4.00, Zn = 4.10, and Mo = 0.52 μmol L−1, respectively. The described above
concentrations were obtained using mineral salts and chelate for iron with ethylenediamine-
N-N’bis(2-hydroxy-4-methylphenylacetic) acid (6.5% Fe EDDHMA). After that period,
plants were subjected to different Cu levels (treatments) in the nutrient solution, namely
(i) 4 μM Cu (control); (ii) 25 μM Cu; (iii) 50 μM Cu; and (iv) 100 μM Cu (in the form of
CuSO4). Plants were grown under Cu excess for additional 28 days (in total 49 days
after transplanting, DAT). A total of 96 plants were used (4 Cu levels × 2 sampling
periods × 12 replicates).

4.2. Plant Growth and Physiological Measurements

Plant growth and physiological parameters were measured at two sampling periods
(35 DAT and 49 DAT) with six replicates per treatment and growth period. Plant height
and leaf number were recorded. After harvest, upper fresh and dry biomass parts (leaves,
petioles, leaf stem) and roots were measured. Different parts of the plants were separated
to evaluate the uptake and translocation of Cu from the roots to upper plant parts and the
relevant effects on nutrient accumulation. Individual samples were collected and put at
85 ◦C in a forced-air oven until constant weight was achieved to determine their dry weight.

Leaf stomatal conductance was measured with a ΔT-Porometer AP4 (Delta-T Devices
Cambridge, Burwell, Cambridge, UK) [66]. Leaf chlorophyll fluorescence (chlorophyll fluo-
rometer, opti-sciences OS-30p, Hertfordshire, UK) was measured on two fully developed,
light-exposed leaves per plant. Following leaf incubation in the dark for 20 min, the Fv/Fm
ratio was measured [66]. Leaf chlorophyll was extracted with dimethyl sulfoxide (DMSO)
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and chlorophyll a (Chl a), chlorophyll b (Chl b) and total chlorophylls (total Chl) were
assayed and expressed as μg g−1 FW [66].

4.3. Antioxidant Activity, Total Phenols and Total Flavonoids Content

The antioxidant activity of the methanolic leaf plant extracts was determined with four
replicates per treatment and sampling date by the assays of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and ferric reducing antioxidant power (FRAP), as previously described by Chrysar-
gyris et al. [67], as well as the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
assay according to the methodology described by Woidjylo et al. [68]. The Folin–Ciocalteu
method was used for determining the total phenols content, as previously described [69]
and results were expressed as gallic acid equivalents (mg GAE per g FW). The total
flavonoid content was determined according to aluminum chloride colorimetric method [70]
and results were expressed as rutin equivalents (mg rutin per g FW).

4.4. Plant Stress Indicators

Cell damage index of lipid peroxidation in leaves was assessed in terms of malondi-
aldehyde (MDA) content, which was determined by the thiobarbituric acid reaction [71].
Hydrogen peroxide (H2O2) content was measured according to the method of Loreto
and Velikova [47]. The results were expressed as nmol MDA or μmol H2O2 per g FW.
Four replicates were analyzed for each treatment and sampling date.

4.5. Nutrient Content

Dried tissue (0.5 g) from leaves, stems, leaf petioles and roots from each treatment (4 bi-
ological replications; each replication was a pool of 2 individual plants) at both sampling
dates, was subjected to dry ashing at 450 ◦C and acid extraction (2N HCl). The extracts
were used for the determination of sodium (Na) and potassium (K) by flame photome-
try (Lasany Model 1832, Lasany International, Panchkula, India), phosphorus (P) with
the molybdate/vanadate method (yellow method) by spectrophotometry (Multiskan GO,
Thermo Fischer Scientific, Waltham, MA, USA), zinc (Zn) and copper (Cu) by atomic
absorption spectrometry (PG Instruments AA500FG, Leicestershire, UK). Nitrogen (N)
was determined using the Kjeldahl method (BUCHI, Digest automat K-439 and Distilla-
tion Kjelflex K-360, Flawil, Switzerland) following Chrysargyris et al. [64]. In particular,
the measured Cu content in this study refers to total dissolved Cu content, which was
almost totally (≥98.21%) available as Cu2+ [49]. Plant nutrient content was expressed in
g kg−1 and mg kg−1 DW, for macronutrients and micronutrients, respectively.

The Cu accumulation rate (AR), bioaccumulation coefficient (BAC), translocation
factor (TF) and tolerance index (TI) of pelargonium were calculated by equations described
by Benimeli et al. [72], Amin et al. [2] and Azooz et al. [73], as follows.

The accumulation rate (AR) was calculated as the sum up of Cu concentration in each
plant tissue x plant DW divided by the number of days under Cu levels by the total plant
DW [72].

Accumulation rate mg per (kg DW x day) =
([Cu] leave x DW leave + ([Cu] stem x DW stem + ([Cu] petiole x DW petiole + ([Cu] root x DW root)

Days x (DW leave + DW stem + DW petiole + DW root)

(1)

The bioaccumulation coefficient (BAC) was calculated as the ratio of Cu concentration
in plant tissue to that of Cu concentration in nutrient solution, according to Amin et al. [2]:

Bioaccumulation coefficient =
Cu concentration in plant tissue (mg kg DW)

Cu concentration in nutrient solution (mg per L)
(2)

The translocation factor (TF) was calculated as the ratio of Cu concentration in plant
tissue to that of Cu concentration in plant roots according to Amin et al. [2]:

Translocation factor =
Cu concentration in plant tissue (mg kg DW)

Cu concentration in plant root (mg per kg DW)
(3)
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Copper tolerance index (TI) was calculated as the quotient of the dry weight of plants
grown under copper treated and control conditions according to the following the equations
described by Benimeli et al. [72] and Azooz et al. [73], with the following modifications:

Tolerance index (%) =
Dry weight of Cu − treated plants × 100

Dry weight of Cu − untreated plants (control)
(4)

4.6. Statistical Analysis

For plant growth and physiological measurements, six samples were used per treat-
ment, whereas chemical composition/antioxidants were recorded from four samples per
treatment. The analysis of the data was accomplished with the use of SPSS v. 22.0 program
(IBM Corp., Armonk, NY, USA) and the one-way analysis of variance (ANOVA) was
carried out for the Cu concentration for each sampling date, while means were compared
with the Duncan multiple range test (DMRT) at p < 0.05, when significant differences were
detected. Results were expressed as mean values and standard error (SE). The two-way
ANOVA was also performed, with both Cu concentration and sampling date as the sources
of variation. Finally, a regression analysis was applied to the content of Cu in plant tissues
and the biochemical parameters associated with antioxidant response and oxidative stress.

5. Conclusions

Hydroponically grown P. graveolens resulted in a species tolerant toward high Cu
concentrations in the root zone and the initial symptoms of Cu toxicity. Namely, declines of
photosynthesis-related parameters and increases in leaf H2O2 along with considerable Cu
accumulation in root tissues were evidenced only at the 100 μM Cu concentration in the
nutrient solution. However, the extent of the toxicity symptoms did not have an impact on
biomass production; in addition, high Cu levels stimulated plant secondary metabolism,
enhancing the production of bioactive antioxidant molecules. Due to low Cu translocation
to the aerial organs during the whole growing cycle, this microelement did not reach the
leaf tissues, which resulted in suitable plant material for the safe extraction of bioactive
compounds. These results show that plant stress from excess Cu does not necessarily
preclude the use of MAPs for medicinal purposes, depending on the target organ where
the metal accumulates. The outcome of this study showed that the leaves of P. graveolens
plants exposed to excess Cu could be safely employed for their medicinal properties in
herbal or pharmaceutical preparations.
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Abstract: Environmental changes are inevitable with time, but their intensification and diversification,
occurring in the last several decades due to the combination of both natural and human-made causes,
are really a matter of great apprehension. As a consequence, plants are exposed to a variety of abiotic
stressors that contribute to their morpho-physiological, biochemical, and molecular alterations,
which affects plant growth and development as well as the quality and productivity of crops. Thus,
novel strategies are still being developed to meet the challenges of the modern world related to
climate changes and natural ecosystem degradation. Innovative methods that have recently received
special attention include eco-friendly, easily available, inexpensive, and, very often, plant-based
methods. However, such approaches require better cognition and understanding of plant adaptations
and acclimation mechanisms in response to adverse conditions. In this succinct review, we have
highlighted defense mechanisms against external stimuli (mainly exposure to elevated levels of metal
elements) which can be activated through permanent microevolutionary changes in metal-tolerant
species or through exogenously applied priming agents that may ensure plant acclimation and
thereby elevated stress resistance.

Keywords: abiotic stress; adaptation; priming; defense mechanisms; metallophyte; oxidative stress;
phytoremediation; tolerance

1. Introduction

Rapid industrialization and urbanization, chemicalization of agriculture, and the
lack of a proper attitude to the surroundings in which we live are the main causes of
unpredictable climate changes, as well as the deterioration of natural environments and
ecosystems [1]. As a consequence of such imprudent human domination of the Earth,
plants are constantly exposed to a wide array of adverse environmental events, including
water deficits, salinity, imbalances in elements (resulting from their deficiency and/or
pollution), extremes of temperature, ultraviolet radiation, etc. All the above-mentioned
physical and chemical factors, collectively referred to as abiotic stress, may occur singly,
sequentially, or simultaneously, and their effects may also act synergistically or additively
on plant fitness [2]. Moreover, the effect of each stress factor depends on its intensity and
the exposure time of the plants. Despite the impact of such a wide variety of stressors, plant
exposure to any of them has one similar outcome, namely the overgeneration of reactive
oxygen species (ROS) that are responsible for oxidative damage of cellular components such
as proteins, lipids, nucleic acids, carbohydrates, and other metabolites [3–5]. Therefore, as
shown in Figure 1, oxidative stress is a secondary but common reaction of plants subjected

Plants 2022, 11, 2544. https://doi.org/10.3390/plants11192544 https://www.mdpi.com/journal/plants
127



Plants 2022, 11, 2544

to various factors which, by interacting with each other, contribute to disturbances in the
optimal growth and development of plants, finally leading to a considerable reduction in
their productivity and yield [6,7].

Figure 1. A simplified diagram of complex plant responses to stressful environmental stimuli:
oxidative burst and its consequences as a universal reaction to different stressors are shown, as well
as stressor-dependent reactions leading to plant growth retardation and a decline in productivity.

It should be emphasized that, among the various xenobiotics released to the envi-
ronment due to anthropogenic activity, heavy metals and metalloids, classified also as
metallic trace elements because of their presence at trace concentrations (parts per billion
or less than 10 parts per million) in various matrices, have pulled ahead of other well-
known contaminants such as plant protection products and carbon and sulfur dioxides [8].
Environmental pollution with metals is particularly prominent in point source terrains
such as metalliferous mines, smelters and foundries, and other metal-based industrial
operations. However, among the sources of these most common inorganic contaminants,
fossil fuel burning and the use of fertilizers, pesticides, livestock manure, municipal wastes,
and sewage should also be mentioned [9]. The problem of heavy metal accumulation
may be aggravated by salinity stress, which causes disturbances in the homeostasis of
macro- and micro-elements in the soil and facilitates metallic ion uptake by plants [10,11].
Such changes in soil composition are peculiarly important in the case of crops for which a
sufficient supply of essential elements has to be ensured, whilst potentially toxic elements
should be present only at very low levels. Since heavy metals are now ranked in second
place when taking into account the degree of risk they pose to the human population all
over the world, in recent years there has been increasing concern about environmental
contamination from them [12].

Metallic trace elements can spread over long distances through interactions with wind,
surface and ground waters, and herbivores. These metals pose a serious threat to our
health due to food chain accumulation, dust inhalation, and skin contact which result in
cardiovascular, respiratory, and neurodegenerative diseases [13]. They also have a negative
impact on the majority of plant species and other living organisms. In the concentrations
exceeding the maximum tolerable amount, they cause disturbances in the ultrastructure
of cells and affect physiological and biochemical processes such as the biosynthesis of
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chlorophylls, photosynthetic capacity, transpiration, nutrient and water uptake, and the
activity of enzymes involved in various metabolic pathways, as well as lead to increased
ROS formation by direct involvement in redox reactions (in the case of highly reactive
metals) or indirectly through depletion of antioxidant pools [5,9,14–17]. All these cellular
effects result in morphological changes, such as shortening of shoots and roots, necrotic
and chlorotic stains, decreases in leaf number and size, and premature aging [5,18,19]. As a
consequence, it leads to limiting the productivity of agricultural crops [20]. The danger of
metallic elements lies also in the fact that many of them are dispersed in the environment
for a long time and, therefore, they are considered to be persistent [12]. As an example,
half-life time varies from 75 to 380 years for cadmium (Cd) and from 1000 to 3000 years for
copper (Cu), nickel (Ni), lead (Pb), zinc (Zn), and selenium (Se) in the soils of temperate
climates [21].

Recently, research on the mechanisms by which plants recognize and cope with toxic
metals and other stressful and dynamic circumstances has undergone a very exciting
period leading to significant breakthroughs. The development of knowledge in this field
is necessary to relieve the pressure of environmental changes and to ensure global food
security for an increasing population, as well as to restore areas degraded by human activity.
Since it is well known that plants have developed different adaptation strategies which
can occur as a result of adaptation and acclimation, the purpose of this concise review is
to indicate what can make the life of stressed plants a little easier, especially in respect to
metallic trace elements. We have highlighted only two main possibilities, although many
more issues are taken into consideration in the current research. The first one is based on
natural defense mechanisms arising through evolutionary changes, the understanding of
which enables the development of new strategies to alleviate metal danger for both plants
and surroundings (and/or the improvement of those remediation techniques that already
exist). The second one refers to the use of novel priming techniques that may provide
plants with intracellular acclimation and thereby enhanced stress tolerance. Both of them
represent the latest solutions for sustainable, cost-effective, and efficient approaches to
environmental challenges.

2. Functional Traits of Plants Developed in Response to Severe External Pressures

Climate change has caused serious impacts on the ecosystem, including devastating its
stability and affecting biodiversity. Plants, as an important component of terrestrial ecosys-
tems, respond to climate change in an all-round way; therefore, changes in the functional
traits of plants can be indicative of climate changes. The novel developmental direction
of this research is to determine the interrelationships among various indicators based on
physiological, biochemical, and ecological plant characteristics and to establish a network
indicator system from individual plants and communities towards ecosystem functions.

Since plants are unable to avoid environmental stressors due to their sessile lifestyle,
they have evolved effective mechanisms to combat stress which ensure their survival in
uncomfortable conditions. Defense response can be attributed to phenotypic plasticity
leading to changes within a single organism, that are reversible and result from subse-
quently occurring, occasional stress events (‘priming’), or from chronic exposure to a new
environment, to which plant metabolism adjusts (‘acclimation’) [22,23]. Both of these
terms differ from ‘adaptation’, which describes permanent genotypic changes resulting
in phenotypic traits that improve plant fitness or survival over multiple generations [24].
Morphological, anatomical, and physiological adaptations are characterized for metallo-
phytes that have been gradually developed in habitats naturally or artificially enriched
with metallic elements. Although in these first conditions metal tolerance may evolve over
thousands or even millions of years, on human-influenced metalliferous soils it may be
achieved in a relatively short time, i.e., less than 100–150 years [25]. Such genetically altered
ecotypes of common species (i.e., pseudometallophytes or facultative metallophytes), as
well as genera restricted only to metalliferous soils (i.e., obligate or absolute metallophytes),
exhibit a higher toxicity threshold or even slightly beneficial metal effects compared to
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their counterparts from unpolluted areas due to a special tolerance mechanism which is
not available to non-metalliferous genotypes [26].

2.1. Specific Characteristics of Metal-Tolerant Species and Their Application in Soil Remediation

Metallophytes utilize several adaptation mechanisms to control the uptake, mobility,
and activity of potentially toxic ions in the cell. Firstly, modifications to cell wall components
and structure favor the retention of metals and provide a mechanical and chemical barrier
against their free penetration into the protoplast [27,28]. Similarly, various membrane
transporters belonging to the following families: HMAs (heavy metal ATPases, also known
as P-type ATPase), NRAMP (natural resistance-associated macrophage protein), CDF
(cation diffusion facilitators), YSL (yellow stripe-like), ABC (ATP-binding cassette), COPT
(copper transporter), and ZIP (zinc-regulated transporter, iron-regulated transporter-like
protein), play an important role in the regulation of toxic ion influx into the protoplast and
organelles, and therefore have been extensively discussed in recent research and numerous
review articles [7,29–31]. Subsequently, in the cytosol, harmful ions are effectively detoxified
and stored in places safe for metabolism in order to prevent deleterious physiological
damage. The important cytoplasmic ligands responsible for the chelation and neutralization
of metallic elements include phytochelatins, glutathione (GSH), amino acids, and organic
acids [14,26,32]. In turn, metal sequestration may take place in the vacuole, dictiosomal
vesicles, or the endoplasmic reticulum [33,34]. From an organismic point of view, ions can
be withdrawn into aging leaves and trichomes or drawn outside by secretary glands, which
has been observed in Arabidopsis thaliana and A. halleri [35], Alyssum montanum [36], and
Biscutella laevigata [37].

Other cellular features that make the life of metallophytes easier are related to efficient
antioxidant defense systems that confront oxidative stress. Cell redox homeostasis is kept
by a synchronous action of various enzymes, such as superoxide dismutase (SOD), catalase
(CAT), peroxidases (POD; such as guaiacol peroxidase, GPOX, glutathione peroxidase,
GPX, and ascorbate peroxidase, APX), glutathione S-transferase (GST), glutathione reduc-
tase (GR), and nonenzymatic antioxidants, such as ascorbate (AsA), glutathione (GSH),
carotenoids (CAR), α-tocopherols, phenolics, and amino acids such as proline [4]. Although
oxidative stress as a reaction to metals is one of the most studied issues recently [3,5,38,39],
ROS transformation pathways, as a basis of adaptation to their excess amounts, have not
been frequently compared between the representatives of different species sharing the
same ecological niches or described for ecotypes of the same species representing different
habitats. In this regard, our previous studies on serpentine and calamine ecotypes of
Silene vulgaris (Caryophyllaceae) and the calamine ecotype of Alyssum montanum (Brassi-
caceae) have shown both species- and ecotype-dependent features [14,18,19,36,40,41]. The
response of S. vulgaris to metallic elements was mainly related to the activity of antioxidant
enzymes during in vitro cultivation on media enriched with Zn, Pb, and Cd at the same
concentration as in the post-industrial habitat of the calamine ecotype [41]. In turn, the
response of A. montanum was associated with the transformations of phenolic compounds,
which, in the metallicolous ecotype, led to the synthesis of phenolic acids with a high
ability to ROS scavenging and, in the non-metallicolous ecotype, to the synthesis of other
compounds not involved in alleviating oxidative stress [19]. Interestingly, the common
reaction of the metallicolous S. vulgaris and A. montanum individuals was the activity of
GPX. Nevertheless, the importance of this enzyme in particular ecotypes differentiated
both calamine specimens from the serpentine ones. In the former, the increased activity
of this enzyme correlated with the increased accumulation of phenylpropanoids which,
acting together, contribute to the formation of a lignified cell wall preventing the easy
penetration of ions into the protoplast; whereas GPX activity in the serpentine ecotype
provided only ROS neutralization [36,41]. Curiously, we have also found that the exposure
of the calamine ecotype of S. vulgaris to the concentration of metallic elements reflecting
their level in the zinc–lead substrate resulted in a significant increase in the efficiency of
all analyzed components of the antioxidant apparatus. As a consequence, the studied
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ions stimulated the growth of calamine specimens, which was manifested in accelerated
growth and biomass accretion [40,41]. It is therefore likely that the trace element ions, at
the doses which the calamine ecotype has adapted to in the selection process, play a pivotal
physiological role, perhaps even as micro- or ultra-elements.

The above-mentioned mechanisms guarantee a high propensity of metallophytes to
take up metallic trace elements; however, tolerant species, ecotypes, or particular popula-
tions differ in their degree of accumulation and the element distributions in their organs,
even if they grow on the same soil. Furthermore, the enhanced ability of metal-tolerant
species to accumulate one metal does not mean that other ions will be stored with the
same intensity and distributed over the organs in a similar way [32]. As proposed by
Baker [42], plants appearing in metal-enriched environments can be divided, on the basis
of the relationship between ion content in tissue and soil, into:

(1) ‘excluders’ that detoxify most of the toxic ions in roots and minimize their translo-
cation to shoots; for these plants the accumulation coefficient, i.e., the ratio of metal
concentration in the shoot to the soil, is always lower than one;

(2) ‘indicators’, whose shoots contain a similar concentration of metals as the soil (the
accumulation coefficient is close to one);

(3) ‘accumulators’, which are characterized by effective metal uptake, transport, and
storage in shoots (the accumulation coefficient is higher than one); among them,
approximately 720 species are considered to be hyperaccumulators that are able to
accumulate extraordinary amounts of metallic ions without suffering any phytotoxic
effects [43].

The amazing biology and behavior of metallophytes, in respect to metal accumulation
and detoxification, make them to useful in various phytoremediation techniques. It is
plant-based, environmentally friendly, non-invasive, and low-cost technology which is
applied to remediate contaminated soils by accumulation, immobilization, or degradation
of these pollutants [44]. In phytoextraction, which constitutes the most popular method of
phytoremediation relying on the total removal of contaminants from the environment, hy-
peraccumulating plants may work the best due to their ability (about 100–1000-fold higher
than in other plants) regarding effective uptake and translocation of metallic elements [45].
Many studies have demonstrated the phytoextraction potential of metallophytes from
various genera, such as Alyssum murale [46], Arabidopsis halleri [35], Biscutella laevigata [37],
and Stackhousia tryonii among others [47]. Nowadays, phytoextraction achieves two goals at
once. It is not only exploited to clean up soil, but also to mine metal (so-called phytomining),
mainly in places where the use of conventional methods for ore exploitation is economically
unprofitable. As an example, the cultivation of Ni-hyperaccumulators Alyssum corsicum
and A. murale allows the extraction of about 400 kg of Ni per hectare [48]. In turn, metal
excluders are excellent candidates for phytostabilization, which is aimed at reducing metal
mobility in the soils in order to prevent them leaching deeper into the ground water and to
also prevent the dust blowing into the atmosphere [44]. Despite metal stabilization, this
technique involves the permanent establishment of a vegetative cover, which performs
anti-erosive and soil-forming functions. Currently, some studies have indicated that the
recovery of vegetation on heavy metal polluted terrains should be performed by native
metalliferous species, which spontaneously occur on degraded areas and are thus better
adapted to local ecological conditions than introduced ones [49]. Such an approach was
first used in the 1960s, when Zn-Pb tolerant populations of Agrostis tenuis, A. stolonifera,
Anthoxanthum odoratum, Festuca rubra, and F. ovina were investigated [50]. Recently, the
potential of native metal-tolerant species for revegetation has been successfully verified for
Agropyron smithii and Artemisia tridentate [51], Lygeum spartum [52], Achillea wilhelmsii [53],
and Matthiola dagestanica and Draba stylaris [46]. The usefulness of metallophytes for reveg-
etation and the phytostabilization of Zn-Pb rich soils in the Olkusz Ore-bearing Region,
one of the biggest industrial areas in Poland, has been also proven in our earlier studies for
Biscutella laevigata [49,54], Dianthus carthusianorum [49], Gypsophila fastigiata [55], and Silene
vulgaris [56]. Undoubtedly, phytoremediation combined with the biological reclamation of
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destroyed or degraded ecosystems may constitute a new and safe opportunity for humans
to positively interact with the environment.

2.2. Relationship between Chosen Metal Tolerance Traits and Other Stresses

Besides evolving metal tolerance, metallicolous species or their ecotypes were co-
selected for tolerance to other adverse site conditions because soils contaminated with
heavy metals are often salinized and dry [49]. Therefore, metallophytes share tolerance
mechanisms with other specialized groups of plants, which makes their biology even
more interesting.

Apart from activation of the antioxidant defense system constituting the basic response
to various types of stress, metal-tolerant species exhibit specific adaptations that ensure a
high degree of resistance to salinity and drought as well, both of which may cause a lack or
deficiency of water for plants. The increased resistance to water deficit in metallophytes
may result from their ability to accumulate toxic ions in large amounts. Since metallic
ions can be preferentially accumulated within epidermal leaf cells, reduced cuticular
transpiration can be achieved [47]. Furthermore, one hypothesis justifying reasons for
metal (hyper)accumulation postulates that elements stored within cells overcome the effect
of water constraints by acting as an osmolyte [45]. Confirmation of the osmoregulatory role
of metals can be found in a study conducted by Bhatia et al. [47], who proved that Ni content
in the shoots of Stackhousia tryonii, a Ni hyperaccumulator, increased significantly as the soil
moisture levels decreased. Another excellent osmolyte that also accrues during metal stress
is proline. This important amino acid contributes to maintaining water balance and cell
turgor through osmotic regulation, and also contributes to the stability of cell membranes by
preventing electrolyte leakage, which in turn can help during water deficit [57,58]. Besides
osmoregulation function, proline also acts as a metal chelator and an antioxidative defense
molecule which prevents oxidative burst due to ROS scavenging, thus mitigating a wide
array of adverse effects from toxic ions [4,41,59]. Subsequent features of metallophytes
which may provide simultaneous protection against water losses or their better adjustment
to drought are related to morpho-anatomical structure. Leaves of metal-tolerant species
often have reduced transpiration surfaces, are less numerous, narrower, thicker, and waxy,
and possess a limited number of stomata and increased mesophyll cell size [17,60,61].
Furthermore, plants from metalliferous areas, probably in response to dry substrate, may
produce deeper roots covered with dense root hairs; however, root architecture and size do
not form a rule enabling metal-tolerant individuals to be distinguished from non-tolerant
ones [32].

Metallophytes also show some similarities with halophytes, natives of saline soils
mostly rich in sodium (Na+) and chloride (Cl−) ions. Both these specialized groups of
plants possess specific and more common functional mechanisms of tolerance towards
numerous stresses, which refer not only to strong antioxidant defense systems and the syn-
thesis of compatible solutes, but also to ion sequestration and detoxification pathways [62].
The vacuolar compartmentalization of salt and heavy metals through the enhanced ac-
tivity of membrane transporters is one of them [63]. Nevertheless, it has not been fully
explained if the same proton pumps are involved in this process, although the role of
vacuolar H+-ATPase was proven to protect against salt and Cd stress in the halophyte
Tamarix hispida [64]. Moreover, halophytes, similarly to metal-tolerant species, are able
to excrete excess deleterious ions from photosynthetically active tissues on leaf surfaces
by different structures, such as salt glands, bladders, and trichomes; however, they are
not specific to salt alone, as other toxic ions can be also removed in this way [62]. As an
example, Armeria maritima ssp. halleri, an obligate metallophyte, can remove Cu ions via
salt glands [65], while Limoniastrum monopetalum, a halophytic plant, uses these structures
to excrete salt, Cd, and Pb as a detoxification mechanism [66]. On the other hand, all the
above-mentioned mechanisms indicate clearly that the adaptation of halophytes for sur-
vival in the presence of high salt concentrations may also confer their tolerance to metallic
elements. For this reason, halophytes can be good candidates for the phytoremediation
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of heavy metal polluted soils. These specimens with exclusion ability, rapid growth, and
deep root systems can form dense vegetation cover and therefore be utilized for the pur-
poses of phytostabilization. Atriplex halimus [67], Cochearia anglica, C. x hollandica, C. danica,
C. py-renaica [63], and others are good examples (Table 1). Among halophytes, species that
are able to accumulate both heavy metals and salt in extraordinary amounts in the shoots
without suffering phytotoxic effects can be also found. One of the most effective in remov-
ing toxic ions seems to be an annual halophyte, Chemopodium botrys, which accumulates
several times more Cd than Noccaea caerulescens, a well-known hyperaccumulator of Cd and
Zn [68]. The study of Mazharia and Hoameed [68] indicated that the total amount of Cd
removed by shoots of Ch. botrys was 120 g/ha; whereas the average Cd extraction ability of
N. caerulescens may stay at a level of about 35 g/ha. Such salt/metal-accumulating species
are extremely important for the decontamination of metal polluted saline soils, although
recent findings also encourage their use for reclamation of purely saline soils, mainly in arid
and semiarid regions [69]. Some more examples of halophytic species and their potential
usefulness in particular soil phytoremediation methods are shown in Table 1, whilst the
HALOPH database, which is available at http://www.sussex.ac.uk/affiliates/halophytes/
(accessed on 3 August 2022), presents probably the largest collection of halophyte examples
for various applications. In turn, more aspects of halophyte responses to metallic elements
(including common and specific mechanisms of metal and salt tolerance in this group of
plants), their potential utilization for the phytoremediation of metal-contaminated soils,
and their relevance to the phytodesalination of saline lands have been broadly discussed in
some recently published reviews and books [62,70–72].

Table 1. Examples of the usefulness of halophytes in particular phytoremediation techniques for the
removal of various metallic trace elements.

Technique Halophyte Species Accumulated Metal (s) References

phytostabilization

Atriplex atacamensis As [62]

Atriplex halimus Cd, Pb [67]

Cochearia species Zn, Pb [63]

Halimione portulacoides Zn, Cu, Ni, Co [73]

Tamarix hispida Zn, Pb [64]

phytoextraction

Chenopodium botrys Cd [68]

Halogeton glomeratus Cr, Ni, Cu, Zn, As, Cd, Hg [74]

Limoniastrum monopetalum Cd, Pb [66]

Sesuvium portulacastrum Cr, Cd, Cu, Zn [75]

Tamarix gallica As [76]

3. Chemical and Physical Agents for Enhancing Plant Resistance to Abiotic Stress

Until now, many different techniques developed by humans have been applied to
improve plant tolerance to abiotic stress factors. Some of them are based on conventional
breeding; however, they have many limitations, such as being time-consuming, possessing
the possibility of transferring numerous undesirable genes along with desirable ones,
and having no guarantee of obtaining a particular gene combination responsible for better
resistance [77]. Other techniques are related to plant biotechnology and genetic engineering,
but these last options are unacceptable in many countries and remain in the laboratory
experiments phase [78,79]. As an alternative, increasing attention is being paid to the
priming process, i.e., short-lasting pre-exposure of plants to a variety of exogenously
applied agents in order to induce a rapid and/or effective defense response to subsequently
occurring stress [23,80]. There are many different types of priming methods, which are
generally classified into chemical, physical, and biological methods, depending on the
source of priming agents. Thus, plants can be primed by natural or synthetic chemical
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compounds (e.g., phytohormones), by physical factors such as (non-)ionizing radiations,
and by colonization with beneficial microorganisms such as bacteria and mycorrhizal
fungi [81]. Moreover, priming can be applied to various organs and at various stages of the
plant life cycle. The most frequently used is seed priming, which provides faster and more
uniform seed germination, ensures efficient nutrient and water uptake, releases photo- and
thermo- dormancy, as well as improves seedling vigor in relation to their further growth
and yield under both optimal and adverse conditions [82–84]. Less often, priming concerns
seedlings, young plants, or their parts although they show significantly greater tolerance
to different abiotic stresses than untreated ones [85,86]. Importantly, priming acts on the
phenotypic level without any permanent DNA modification, and therefore its effects can be
reversed [22]. Moreover, its performance can vary in respect to plant species, temperature,
priming duration, priming agents, and their concentration [81].

Currently, priming seems to be the most promising approach for the mitigation of
abiotic stress due to various possibilities regarding application. In the present review, we
have briefly summarized the latest achievements in the techniques which have attracted
the greatest interest recently. Their types, and the general mode of action discussed in this
text, are shown in Figure 2.

Figure 2. Types of exogenously applied priming agents discussed in this review, as well as their
possible applications and the beneficial consequences of treatments that protect plant cells and
provide improved defense potential.

3.1. Chemical Priming Agents

Chemical priming is one of the most popular strategies and one which has some ad-
vantages. One of them is versatility, since chemical compounds work in a broad number of
species and improve tolerance to multiple stress types. Furthermore, chemical agents might
be applied directly to selected plant tissues/organs, or during specified developmental
stages, in order to minimize growth inhibition [87]. It is a good technique, especially for pro-
ducing tolerant plants when more conventional methods are difficult to perform [88]. On
the other hand, little is still known about the impact of priming agents on ecosystems and
their persistence in the environment, although it is anticipated that their application may
be a widespread tool in agriculture in the near future. The mode of action for three main
groups of chemical priming agents, the ones that are most frequently used, is presented
below on the basis of the latest scientific achievements.
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3.1.1. Phytohormonal Priming

As has been shown in recent years, exogenous application of phytohormones may
increase the metabolic status of plants in response to various abiotic and biotic stresses.
In this respect, abscisic acid (ABA) is one of the more promising priming agents. The
effectiveness of ABA lies in both reducing the ROS pool and activating non-enzymatic
and enzymatic ROS scavenging. In research conducted by Saha et al. [89], seedlings
of two rice genotypes were pre-treated with 10 μM ABA for 24 h and then exposed to
arsenite (As (III)). In contrast to the untreated control, seedlings of both ABA-primed
genotypes had reduced accumulation of superoxide anion (O2

•−) and hydrogen perox-
ide (H2O2) under arsenite toxicity. Furthermore, lipid oxidative damage, measured by
2-tribarbituric acid reactive substances (TBARS), was reduced by 25% and 48% under metal
stress for ABA-treated individual genotypes compared to non-pre-treated ones. Mitigation
of oxidative stress in primed seedlings was associated with higher concentrations of to-
tal glutathione, non-protein thiols, cysteine, and phytochelatins, as well as the increased
activity of glutathione reductase [89]. Similarly, previous studies by Rehman et al. [90]
and Leng et al. [16] demonstrated that Cd inhibited plant growth parameters; whereas the
application of ABA (10 μM ABA) on seedlings considerably counteracted the Cd-caused
negative effect and improved the root length, plant height, and biomass of shoots and roots
of mung bean. Also in this case, the enhanced growth of Cd-stressed individuals sprayed
with ABA was due to modification of the antioxidant defense systems. Interestingly, it is
supposed that leaves-applied ABA can be then transferred to roots in order to regulate
the response of the whole plant to metal stress [90–92]. ABA may also act positively on
growth and physiological parameters under alkaline stress via effective control of ROS
homeostasis, as found for alfalfa seedlings in which the enhanced activity SOD and POD
was observed [93]. Furthermore, a significant increase in Ca2+ and Mg2+ content, as well as
higher Ca2+/Na+ and Mg2+/Na+ ratios, was noticed in primed seedlings under alkaline
conditions. In addition, genes encoding some important proteins involved in the sequestra-
tion of Na+ in vacuoles, i.e., vacuolar Na+/H+ exchanger (NHX) and vacuolar H+-PPase
(AVP), which might help in neutralization of its excess amount, were overexpressed in
primed seedlings [93].

Recent studies showed that, as well as ABA, priming with gibberellins (GAs) has
a positive effect on plant growth under stress conditions. A study by Ahmad et al. [39]
showed that foliar application of GA3 (1 μM) on chickpea seedlings resulted in the increased
activity of antioxidant enzymes (SOD, CAT, GST), which provided effective ROS scavenging
and reduced membrane disruption, thus ensuring tolerance to Cd stress. The better
response of plants treated with GA3 to Cd presence can be also attributed to the reduced
uptake and translocation of toxic ions, as well as increased accumulation of nutrient
minerals (Ca, Na, Mg, K, Cu, P, Fe) [39]. This could possibly be achieved through the
regulation of H+-ATPase activity, as shown for soybean [94]. The advantageous impact
of GA3 application on morpho-physiological parameters and stress mitigation was also
determined in Lolium perenne under Ni and Cd exposure and in Lepidium sativum under As
treatment [95,96].

The latest articles also indicate the beneficial role that priming with salicylic acid (SA)
has regarding plant tolerance to abiotic stresses; however, in the case of this phytohormone,
seed priming seems to be the most effective technique. It has been recently found that the
soaking of wheat seeds in SA at a concentration of 100 μM for 24 h results in significant
improvements in germination rate and growth parameters in the presence of chromium
(Cr) and Zn due to the prevention of ROS imbalance associated with the increase in the
concentration of non-enzymatic antioxidants, mainly AsA and GSH [97]. In turn, SA-
primed sunflower seeds exposed to Zn showed better germination properties because the
exogenous SA application modulated the endogenous profile of the phytohormones [98].
It was noted that concentrations of SA and GA were increased, while ABA accumulation
was inhibited as a result of the overexpression of genes related to SA and GA biosynthesis
and the decrease in the expression of ABA-related genes that occurred in combination

135



Plants 2022, 11, 2544

with a simultaneous increase in the expression of genes engaged in the catabolism of this
phytohormone. Additionally, the role of SA in metal stress mitigation may also result
from the upregulation of genes encoding proteins related to ion transport, such as heavy
metal ATPases and metal tolerance protein (MTP), the overexpression of which provided
a reduced accumulation of Zn in sunflowers [98] and Cr in tomato [99]. In these latter
examples, seed soaking or foliar spraying with SA at a concentration of 0.5 mM ameliorated
growth and the physiological reaction to Cr, in respect to chlorophyll biosynthesis and
photosynthetic efficiency, through modulation of the ascorbate-glutathione (AsA-GSH)
cycle that contributes to a decline in ROS accumulation and lipid peroxidation [99].

It is well known that the exogenous application of auxin, especially indole-3-acetic

acid (IAA), or its precursors improves growth and development of plants; however, its
role in the mitigation of metal stress is not fully understood, and the physiology of these
tolerance mechanisms remains largely unknown. Nevertheless, a study by Mir et al. [85]
revealed that foliar application of IAA (at a dose of 10 nM) on Brassica juncea plants under
Cu stress significantly mitigated adverse responses due to the activation of cell division
and elongation, as well as lateral root formation in which this phytohormone is involved.
Furthermore, in B. juncea plants sprayed with IAA, effective ROS scavenging was observed
which, together with improved photosynthesis and chlorophyll fluorescence parameters,
sugar metabolism, and N, P, and K content, led to biomass accretion [85]. In turn, priming
with indole-3-butyric acid (IBA), an IAA precursor, provided antioxidant protection through
the stimulation of glutathione peroxidase activity and greater accumulation of nitric oxide
(NO) that effectively reduced the elevated level of superoxides and organic peroxides in
the root cells of barley seedlings under Cd stress [100].

3.1.2. Nanoparticle Priming

Nanotechnology is an emerging field with potentially wide-ranging applications in
agriculture. The use of nanoparticles (NPs) in plant production, as well as in enhancing
plant growth under stressful conditions, including those related to environmental pollution
with heavy metals, has increased significantly in recent years [101,102]. Several studies
on the seed priming of various plant species with zinc oxide NPs (ZnO NPs) have been
published, with results indicating the beneficial effects of this NP on germination and
growth. Wheat seeds primed with ZnO NPs (at a concentration of 10 mg/L) exhibited
better germination rates and vigor index values compared to untreated seeds. In seeds
primed with ZnO NPs, increased α-amylase activity was observed that could facilitate
the efficient mobilization of starch reserves. Moreover, in plants 30 days after seed prim-
ing, increased photosynthetic pigment content (chlorophyll a, chlorophyll b, and total
chlorophylls) and improved photosynthetic efficiency compared to untreated plants were
determined. Additionally, the use of nanopriming had a positive effect on redox home-
ostasis in wheat plants [103]. ZnO nanoparticles, sodium selenite (Na-selenite), sodium
selenate (Na-selenate), and their combinations as priming agents for direct-seeded rice
seeds were also investigated [84]. It was observed that all tested combinations of the prim-
ing agents (10 μmol ZnO-NPs; 50 μmol Na-selenite; 50 μmol Na-selenate; and the following
combinations at the mentioned concentrations: Na-selenite + Na-selenate; ZnO-NPs +
Na-selenite; ZnO-NPs + Na-selenate; ZnO-NPs + Na-selenite + Na-selenate) resulted in the
early emergence of seedlings with increased vigor compared to the control. Furthermore,
in the field experiment, all tested combinations improved the plant growth parameters
and yield, which was the result of increased photosynthetic pigments, increased phenol
and protein content, and the increased uptake of nutrients such as N, P, and K [84]. Salam
et al. [80] showed that priming maize seeds with ZnO NPs nanoparticles (500 mg/L for
24 h) significantly improved plant growth, biomass, and photosynthesis efficiency under
cobalt (Co) stress. In this case, priming also caused a reduction in ROS accumulation and
lipid peroxidation due to increased antioxidant activity in maize shoots. Additionally,
priming with ZnO NPs reduced the toxic effect of Co by reducing its absorption. More
importantly, the ultrastructures of cell organelles, guard cells, and stomatal aperture were
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stabilized and able to reduce the adverse effects of Co stress. In turn, the study by Zafar
et al. [86] showed the effect of seed priming and the foliar application of Zn NPs (0.1–0.3%)
on spinach salinity tolerance. It was found that external use of ZnNPs enhanced the growth
of spinach plants, as well as improved biochemical parameters under stress conditions
compared to untreated plants. Seed soaking and foliar application of ZnNPs provided a
decline in H2O2 content accompanied by the activation of enzymatic and non-enzymatic
antioxidant defense systems, as well as simultaneous accumulation of osmolytes.

The positive effect of priming was also demonstrated in the case of titanium dioxide

NPs (TiO2 NPs). Shah et al. [104] investigated the effect of seed priming with TiO2 NPs on
the germination and growth of maize seedlings under salinity conditions. Priming with
TiO2 NPs (60 ppm) resulted in improved germination percentage and energy, improved
seedling vigor index values, increased root and shoot length, and improved fresh and dry
weights of seedlings. Moreover, priming increased the activity of antioxidant enzymes and
ROS scavenging capacity. This experiment showed that priming with TiO2 NPs reduced
the adverse effects of salinity stress in maize seedlings, as evidenced by a reduction in
membrane lipid peroxidation and the relative electrolyte leakage level.

Recently, the effect of priming sunflower seeds with sulfur NPs (S NPs) on the cellular
defense of seedlings against manganese (Mn) toxicity was also investigated. Priming with
S NPs (50 and 100 μM) had a significant impact on reducing oxidative damage caused by
excess H2O2, which was reflected in decreased lipid peroxidation. In primed seedlings, the
values of these parameters under Mn stress were similar to those observed in seedlings
growing under the control conditions [105].

3.1.3. Priming by Reactive Chemical Species

A significant amount of research has confirmed that the pre-treatment of plants or
seeds with low concentrations of reactive oxygen, nitrogen, and sulphur species (such as
H2O2, sodium nitroprusside (SNP), one of the donors for NO, or sodium hydrosulfide
(NaHS), a donor for hydrogen sulphide (H2S)) strengthens their resilience to later stress
events [106–109]. Improved resistance to abiotic stress may be due to the fact that, at low
concentration, these compounds can act as a stress signal transduction which induces stress
acclimation and alleviates abiotic stress injury [87]. They play a significant protective role,
mainly due to the induction of tolerance to oxidative stress caused by drought, salinity,
temperature, or metal toxicity [107,110]. On the other hand, too high a concentration of these
reactive chemical species results in oxidative burst and damage to cellular compounds [87].

The exogenously sourced H2O2 (at a concentration ranging from 100 to 500 μM) has
the potential to counteract the toxicity of metallic trace elements in a number of plants,
and its mode of action was briefly summarized in some review articles, such as those
written by Hossain et al. [111] and Cuypers et al. [112] which discussed H2O2 interaction
with signaling components (e.g., transcription factors, phytohormones, mitogen-activated
protein kinases) as well as its involvement in the regulation of ROS homeostasis and gene
expression during metal stress. Based on various studies, it can be assumed that the positive
effects of H2O2 priming prior to metal exposure include the reduced accumulation of ROS
accompanied by an enhanced activity of antioxidant enzymes, such as SOD, CAT, GPX, APX,
and GST, as well as elevated levels of reduced forms of non-enzymatic antioxidants such as
GSH and AsA [111]. This may be related to proactive protection of the thiol groups present
in proteins that are particularly exposed to oxidation under stressful conditions [113].
Besides suppressing oxidative damage, the accumulation of GSH plays a role in metal
detoxification in the cytosol through direct ion binding to thiol groups of its cysteine
residues and acts as a precursor of metal-chelating phytochelatins [112]. Indeed, the
reduced translocation of Cd ions from root to shoot was demonstrated in Oryza sativa
cultivars pre-treated with H2O2 [114]; whereas an opposite result was obtained for Cr in
Brassica napus seedlings in which foliar application of H2O2 increased metal movement
from roots to aerial organs [115].
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Interestingly, more and more recent studies concern the simultaneous application of
H2O2 and other compounds in order to explore their cumulative role in metal stress resilience.
As an example, the combination of H2O2 with 24-epibrassnolide (EBL), an effective by-
product from brassinolide biosynthesis, provided tolerance and helped Solanum lycopersicum
plants to cope well with Cu stress [58]. The positive morpho-physiological response of
tomato to Cu treatment was related to a decreased accumulation of these metallic ions
in the roots and shoots. Such an effect resulted from the complementary action of both
applied molecules, since H2O2 may affect the absorption and transport of excess Cu ions
to above-ground organs due to Cu precipitation at the root surface and preferentially
affect the uptake of Ca; whereas EBL improves the accumulation of K, Ca, Fe, and Mg,
which are translocated to younger leaves to minimize oxidative damage in photosynthetic
machinery [58]. Although, in the study conducted by Nazir et al. [58], H2O2 and EBL were
implemented through distinct modes, i.e., root dipping and foliar spraying, respectively,
they both minimized ROS content (H2O2 and O2

•−) and electrolyte leakage in Cu-stressed
plants by modulating the activities of antioxidant enzymes (CAT, POD, SOD) and providing
osmotic adjustment through increased storage of proline. In turn, Verna and Prasad [116]
investigated the involvement of H2O2 and NO when applied jointly in the regulation
of Cd toxicity in cyanobacteria (from genera of Nostoc and Anabena). Their findings
demonstrated the synergistic action of both molecules towards the improved growth and
enhanced tolerance of cyanobacteria to Cd. In this case, H2O2 and NO reduced the intracel-
lular content of Cd through an increased secretion of exopolysaccharides, which make a
slimy physical barrier against ion penetration into the protoplast. Furthermore, tested cells
were characterized by a well-operating antioxidant defense system, and ROS homeostasis
was provided by the enhanced activity of antioxidant enzymes and the endogenous content
of reactive nitrogen species that indirectly responded to the balancing of antioxidants in
order to cope up with Cd stress [116].

Taking into account other abiotic stresses, research by dos Santos Araújo et al. [117]
showed that H2O2 promoted salt tolerance in maize by protecting chloroplast ultrastruc-
tures, as reflected in more efficient photosynthetic performance. Furthermore, plants
treated with 15 mM H2O2 and then exposed to salinity showed increased accumulation of
metabolites, such as arabitol, glucose, asparagine, and tyrosine, which may contribute to
the maintenance of osmotic stability and reductions in oxidative stress [117]. The role of
H2O2 in salt stress prevention can also be attributed to ion homeostasis. After priming, a
decline in Na+ and Cl− content in the leaves of sunflowers was observed during salinity
stress, as well as positive control of K+ and NO3

− uptake [109]. In turn, the beneficial
activity of H2O2 and NO towards drought stress was noticed by Habib et al. [107]. Despite
stress conditions, pre-treated wheat plants exhibited increased growth and grain yield as a
result of osmolyte storage and the effective functioning of an antioxidant defense mecha-
nism, leading to a reduced accumulation of H2O2 and membrane lipid peroxidation [107].
Drought stress effects on agronomic features of plants were also minimized in the case of
Oryza sativa after both seed soaking and foliar spraying with H2O2 [118]. Regardless of
the application form, rice plants pre-treated with this molecule showed improved yield
components such as tiller numbers, number of panicles, number of filled grains, filled grain
weight, and harvest index [118].

The beneficial role of exogenously applied NO, used in the form of donor compounds
(mainly SNP) due to its gaseous nature, has also been well-documented. In experiments
that involve increasing stress tolerance, NO is applied the most frequently via foliar spray-
ing [119] or seed soaking [120] at a concentration of 50 μM to 200 μM. Similar to other
reactive chemical species, NO can prevent the spread of oxidative stress in cells. As an
example, SNP enhanced the activity of enzymatic antioxidants and the AsA-GSH cycle
in soybean cultivars under Cu stress [121]. The alleviation of Co stress by foliar-applied
SNP in Lactuca sativa var. capitata resulted in a notable reduction in H2O2 and malonyldi-
aldehyde (MDA) content, enhanced accumulation of photosynthetic pigments, and biomass
accretion that was accompanied by the better nutritional status of plants [122]. In turn,
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Basit et al. [120] studied the impact of SNP under Cr stress on rice seedlings. It has been
shown that seed priming improved carbon assimilation and minimized oxidative damage,
since NO-treated plants were characterized by lower accumulation of oxidative markers
(such as H2O2, O2

•−, and MDA) and electrolyte leakage as compared to control plants.
Consequently, their morphological traits were also improved [120]. It was also proven that
NO stimulated seed germination and counteracted the inhibitory effect of Cd and Pb (and
salinity as well) on the root growth of Lupinus luteus. Additionally, in this case, the increased
activity of antioxidant enzymes, mainly SOD which is responsible for the neutralization
of O2

•−, was correlated with a decreased level of ROS [123]. Although it would appear
most likely that NO modulation of antioxidant enzyme activities and phenol and flavonoid
production provides stress amelioration, Hassanein et al. [124] observed the opposite ten-
dency in Lupinus albus subsp. termis in response to SNP and Ni treatment. Therefore, it was
postulated that NO may act as an antioxidant molecule, interacting directly with ROS and
giving rise to a number of reactive nitrogen species and their derivatives, which are rapidly
degraded to nitrite and nitrate [124]. This is in accordance with the study by He et al. [125]
which found that, regardless of aluminum presence, SNP significantly suppressed the
generation of O2

•− and H2O2 by mitochondria in peanut root tips.
The addition of NO (pre-sowing and foliar) can also minimize the adversaries of

salinity stress, not through the activation of antioxidant machinery, but mainly due to
osmotic adjustment and Na ion homeostasis. As an example, NO-increased tolerance
in broccoli was associated with higher amounts of proline and glycine betaine keeping
water potential in cells below the external solution under stress conditions [57]; whereas,
in wheat, the antagonistic uptake of toxic Na+ with key mineral elements, such as N, K,
and Ca, reduced the deleterious effects of salt [119]. Importantly, Alnusairi et al. [119]
showed that the application of NO may dismiss salt stress-mediated ravaging by the
overexpression of genes encoding both antiporters that are responsible for excluding Na
ions from the cytosol to outside the plasma membrane or inside the vacuole (SOS1/NHX1),
and aquaporin (AQP) as well as osmotin (OSM-34) which are involved in the maintenance
of proper plant–water relations. In turn, the protective effect of exogenous NO under
drought stress may be dose-dependent. Majeed et al. [108] found that a foliar spray of
100 μM of SNP markedly improved water status and chlorophyll content and alleviated
drought-induced oxidative damages through increased antioxidant enzyme activities (CAT,
APX, SOD) in maize hybrids. Moreover, an exogenous supply of SNP increased nitrite
and nitrate reductase activities and upregulated GR, GST, and GPX compared to plants
not supplied with SNP [108]. In contrast, higher SNP doses (150 and 200 μM) intensified
the toxic effects of oxidative stress through increased MDA, H2O2, and NO content and
inhibited the enzymatic activities of antioxidants.

Many studies have indicated the significant role of H2S priming in the response of
plants to various abiotic factors [126]. It has been reported that pre-treating seedlings or
a mature plant with NaHS as a H2S donor may increase the tolerance of the plant upon
following exposure to heavy metals such as Pb, Ni, and As [96,127]. Although many studies
have assessed the positive effect of the pre-treatment of seedlings or mature plants with H2S
in relation to enhancing plant tolerance, few studies have employed H2S for seed priming.
Valivand et al. [128] reported that seed priming with Ca2+ and NaHS influenced the
induction of cross-adaptation in seedlings under Ni stress. The authors reported that seed
priming with H2S and Ca2+ triggered signaling pathways, which resulted in the systemic
accumulation of dormant stress memory in embryo cells in seeds. Upon subsequent
exposure to Ni ions, stress memory was activated and primed plants showed enhanced
tolerance-related responses, e.g., enhanced AsA-GSH cycle activity, redox homeostasis,
and expression of phytochelatin genes [128]. In turn, Zanganeh et al. [127] reported that
pre-treatment with NaHS, applied separately and together with SA, reduced Pb toxicity
and improved Fe homeostasis in maize plants. The mechanism of their action was related
to modulation of the glyoxalase system consisting of enzymes detoxifying methylglyoxal,
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which is a potent reactive cytotoxin capable of a complete disturbance of cellular roles,
including oxidation of lipids and proteins [127,129].

Christou et al. [130] studied the effect of NaHS (100 μM for 48 h) on the tolerance
of strawberry plants to subsequent exposure to salinity. Pre-treatment of roots resulted
in increased leaf chlorophyll fluorescence, stomatal conductance, and leaf relative water
content, as well as lower lipid peroxidation levels. Additionally, synthesis of NO and
H2O2 in leaves was reduced and high ascorbate and glutathione redox states were main-
tained. The observed positive changes correlated with the stimulated gene expression of
antioxidant enzymes (cytosolic APX, CAT, MnSOD, GR), enzymes involved in ascorbate
and glutathione biosynthesis (glutamylcysteine synthetase; L-galactose dehydrogenase;
glutathione synthetase), a transcription factor (DREB), and salt overly sensitive (SOS)
pathways (SOS2-like, SOS3-like, SOS4) [130]. Hydrogen sulfide pre-treatment (500 μM
NaHS for 72 h) also mitigated growth inhibition and regulated root architecture under salt
stress in Malus hupehensis seedlings, not only through the activation of antioxidant defense
(mainly CAT and POD activities), but also through maintaining the balance of water (by
proline accumulation) and Na+/K+ (by higher uptake of K than Na ions) as well [131].
Under drought conditions, H2S may improve tolerance by regulating stomatal closure and
reducing water loss thanks to ABA synthesis and signaling, which was noticed in Oryza
sativa seedlings together with an increase in endogenous H2S production and antioxidant
capacity [132]. However, an innovative approach in the use of H2S as a priming agent is
its application in combination with NO. In this respect, NOSH is a novel hybrid synthetic
compound that simultaneously releases NO and H2S. Antoniou et al. [133] demonstrated
that NOSH synthetic compounds provide significant protection in Medicago sativa plants
against drought stress. This protection appears to be achieved through a coordinated
modification of improved physiological performance, reactive oxygen/nitrogen species
homeostasis, and transcriptional regulation of defense-related pathways [133].

3.2. Physical Priming

Priming with physical factors includes a number of methods, especially those related
to radiation. Among them, both non-ionizing radiations, such as UV radiation, microwaves,
magnetic field radiation, and sonication, and ionizing radiations, i.e., X-ray radiation and
γ-radiation, can be distinguished [134]. Physical priming is considered to be an accessible,
affordable, and eco-friendly technique which brings beneficial effects on seed parameters,
the metabolic activities of plants, and plant development and growth [135]. It has the
advantage, over chemical priming, that it does not pollute the environment, which is an
important aspect in agriculture, especially if the contemporary injudicious application of
chemical compounds during food production is taken into account [136]. Therefore, until
recently, physical treatment was successfully employed in crops, mainly for stimulating
seed germination and seedling establishment since these stages are considered to be the
most critical stages in the life cycle and ultimately determine field production. This aspect of
physical priming application has been widely discussed over the past few years [6,134–137].

Despite increasing understanding of the effects of physical priming performance on
plants under optimal conditions, data in the literature on its application to alleviating stress
nuisance are still limited, especially in respect to metal toxicity. Thus, in the present review
we have focused on the latest achievements that are related mostly to drought and salinity,
during which physical priming strengthens antioxidant response. It is therefore likely
that physical treatment of plants subsequently exposed to excess amounts of metallic trace
elements will bring comparable responses. Nevertheless, the mode of the physical agent’s
actions in plants under metal stress is also mentioned whenever the most recent studies
were available.

3.2.1. Priming with Non-Ionizing Radiation

Ultraviolet (UV) radiation is a type of electromagnetic radiation with a vibration
frequency between 30 PHz and 750 THz, photon energy between 3 and 124 eV, and a
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wavelength between 10 and 400 nm, which is shorter than visible light but longer than
X-ray radiation. UV radiation is divided into UV-A, UV-B, and UV-C, with UV-A radiation
being the least harmful to living organisms and UV-C the most [134]. Both seed and
seedling UV-B priming, applied for 45 min at 4 kJ/m2 intensity, was shown to effectively
alleviate oxidative stress and its resulting damage by significant reductions in superoxide,
H2O2, and MDA content in stress-sensitive rice variety (Oryza sativa cv. Aiswarya) seedlings
under stressful conditions caused by NaCl, PEG, and UV-B treatments [138]. The study also
demonstrated that UV-B priming led to significant increases in glutathione and ascorbate
contents, SOD, CAT, and APX activity, gene expression levels, photosystem activities,
foliar gas exchange parameters, and, finally, in mitochondrial activity. The increases
were the most pronounced in seedlings subjected to NaCl stress. Similar results were
reported for UV-B primed seeds for two varieties of rice: Neeraja and Vaisakh. Additionally,
reductions in leaf osmolarity level, increases in proline, total sugar, and free amino acids
content, and induced expression levels of stress-related proteins (Hsp90 and Group 3 late
embryogenesis abundant proteins) under NaCl and PEG stress were observed [139]. The
observed differences were significantly higher in the tolerant variety (Kanchana) than in
the sensitive one (Aiswarya) and were also reported by Thomas et al. [138], who found
that UV-B priming at low doses (4 and 6 kJ/m2) led to increased levels of flavonoids and
anthocyanins, the increased activity of phenylalanine ammonia lyase, and increased levels
of cuticular wax in rice seedlings under UV-B, NaCl, and PEG stress. The UV-C seedling
priming of a cumulative dose of 10.2 kJ/m2 was also found to significantly reduce leaf spot
disease severity in strawberry plants due to induced accumulation of pathogenesis-related
proteins, terpenes, phenolic compounds with triggered ROS, and antioxidant enzymes,
while also inducing plant hormone synthesis [140]. Moreover, the transgenerational effect
of UV-B priming was shown by the rice seedlings of the drought-tolerant Vaisakh variety
being characterized by the increased expression of genes encoding antioxidant enzymes and
stress-related proteins in F0 generation, with even more of an increase in the F1 generation
after re-priming. This resulted in better protection against PEG stress [141]. The UV-B
priming protection against UV-B stress was proven to be related to the UV RESISTANCE
LOCUS (UVR8) pathway in Arabidopsis thaliana, since 14-day old seedlings without UVR8,
primed for 10 min with UV-B at 35 μW/cm2, did not acquire UV-B resistance [142].

Microwave radiation is a form of electromagnetic radiation with a frequency ranging
between 300 MHz and 300 GHz [143]. Physical seed priming with microwave radiation at
2.45 GHz for a short time had stimulatory effects on seed germination, seedling growth,
and biomass accumulation in different cereals, such as barley, rice, and wheat [144]. A
study by Bian et al. [145] proved that treatment of Fagopyrum tataricum with microwaves
with a power of 300 W and a frequency of 2.45 GHz for 75 s optimally increased the activity
of antioxidant enzymes (SOD, CAT, POD, and APX), leading to the increase in the total
reduction potential of plants and the ability of the seedlings to neutralize radicals such
as 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS), O2

•−, and •OH [145]. Microwaves have been used as factors for improving the
resistance of crops to a number of stress factors. Maswada et al. [146] applied microwave
priming prior to sowing two Triticum aestivum genotypes, Giza 168 and Gharbiya. The
results of the conducted experiments proved that microwave priming (with 700 W of power,
a variable frequency of 2.45 GHz, and a wavelength of 125 nm with a power intensity of
126 mW/cm2) improved wheat resistance to drought, increasing both the yield and growth
parameters through improvement of tissue water content and a reduction in membrane
permeability. Furthermore, osmotic adjustment and decreased H2O2 accumulation through
increasing proline content and ROS scavenging activity were also observed [146]. In turn,
Farid et al. [147] showed that microwaves can also help to alleviate heavy metal stress
in Brassica napus. Pre-saw treatment of the genotype Faisal Canola (RBN-03060), with
microwaves with a frequency of 2.45 GHz for 30 s, led to a greater ability to grow and
biomass accretion for plants treated with Ni. Heavy metal-stressed plants also showed
a higher concentration of photosynthetic pigments, including chlorophyll a and b and
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carotenoids, and higher antioxidant enzyme activity (SOD, POD, APX, CAT), which was
associated with a reduction in ROS (H2O2) content and the oxidative damage caused by
them (MDA, electrolyte leakage). Moreover, it was shown that microwave priming resulted
in greater accumulation of Ni from the soil, especially in roots, stems, and leaves [147].

Magnetic fields can be used for priming in several variants: as alternative magnetic
field (AMF), electromagnetic field (EMF), pulsed magnetic field (PMF), static magnetic
field (SMF), and sinusoidal magnetic field (SSMF) priming. All of those techniques were
used in research on crops, and their application improved the germination and vigor of
plants, as well as the response to unfavorable environmental factors, although SMF is
the most common one [148]. Mohammadi and Roshandel [149] applied SMFs of 90 mT,
200 mT, and 250mT on Hyssopus officinalis plants for 5 min. The best effect was obtained
at 200 mT. In response to drought stress, the plants subjected to magnetopriming showed
higher dry matter content, total chlorophyll and phenol content, and a higher reduction
capacity (DPPH, O2

•− scavenging) resulting from, among other factors, higher CAT, APX,
and GPX activity. At the same time, magnetopriming led to a reduction in oxidative damage
to biological membranes, which reduced electrolyte leakage [149]. Kataria et al. [150] ap-
plied an SMF of 200mT on soybean for 1 h, which resulted in increased resistance to salinity.
Plants subjected to magnetopriming showed greater leaf area, leaf mass, photosynthetic
activity, and nitrogenase activity than plants subjected to salinity stress only. However,
the content of H2O2 and AsA, and the activity of antioxidant enzymes, was reduced due
to magnetopriming. These changes resulted in higher biomass accumulation, yield, and
harvest index values for soybean under both the saline and non-saline conditions [150].
Baghel et al. [151] showed that the use of a 200 mT SMF for 1 h on Zea mays plants reduced
their susceptibility to salinity. Magnetopriming increased the content of photosynthetic pig-
ments, as well as increasing photosynthesis parameters such as the quantum yield of PSII
photochemistry (Fv/Fm), electron transport per leaf CS (ETo/CSm), the density of reaction
centers (RC/CSm), and the performance index (PI). Moreover, the maize leaves showed
lower H2O2 accumulation, which proves the reduction in oxidative stress. These changes
resulted in better plant growth and increased maize yield under salinity conditions [151].

Ultrasound priming involves treating plants or seeds with the energy of acoustic
waves with a frequency greater than 20 kHz [134]. Xia et al. [137] applied high-intensity
ultrasound (HIU) with a frequency of 28 kHz and a power of 17.83 W/cm2 for 5 to 30 min
on brown rice seeds. Ultrasound priming led to both an increase in starch content and
a simultaneous reduction in the size of grains and in the content of reducing sugars.
Moreover, the accumulation of free amino acids, γ-aminobutyric acid, antioxidants, and
proline (as stress-responsive secondary metabolites) may also have potentially positive
effects on plant response to adverse environmental factors [137]. Dashab and Omidi [152]
primed Brassica napus with ultrasound at 40 kHz and 59 kHz with a power of 60, 80, and
100 W for 2, 4, 6, 8, and 20 min. Depending on the combination of those parameters,
different physiological effects were achieved. The greatest increase in seed germination was
observed with 40 and 59 kHz at 100 W for 2 min of exposure, while an increase in vigor and
seedling weight was observed with 59 kHz at 100 W. At 40 kHz with 80 W and an exposure
time of 8 min, an increase in the content of photosynthetic pigments was determined [152].
In turn, Rao et al. [135] treated canola cultivars Youyanzao18 and Zaoshu104 for 1 min with
ultrasound at a frequency of 20 kHz in order to reduce susceptibility to Cd stress. It has
been shown that ultrasound, depending on the Cd dose, can improve such parameters as
germination, shoot and root length, and fresh mass. Moreover, in the Youyanzao18 cultivar,
ultrasound priming increased the activity of SOD, POD, CAT, and APX, as well as the
increased content of proline, GSH, and soluble protein. This translated to a reduction in
MDA content, which indicates less oxidative damage to biological membranes in response
to Cd. In both cultivars, ultrasound increased pods per plant, seeds per pod, and rapeseed
yield. Importantly, the accumulation of Cd in all parts of the plant decreased [135]. Similarly,
Chen et al. [153] demonstrated that ultrasonic vibration can help wheat seedlings eliminate
an excess amount of ROS resulting from Cd and Pb treatment, as well as improve the
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biosynthesis of molecules and division of cells, leading to biomass accretion despite the
metal stress.

3.2.2. Priming with Ionizing Radiation

Gamma (γ) radiation is a high-energy type of ionizing radiation capable of penetrat-
ing and interacting with living tissues, whose absorbed dose is expressed in units of Gray
(Gy). Usually, Cobalt-60 is used for this type of priming [144]. When Hussein [83] used 5, 10,
and 20 Gy gamma radiation on barley plants, it was shown that both lower doses improved
plant growth and yield, while the highest one (20 Gy) increased shoot growth and tiller
number; however, only at the lowest radiation dose (5 Gy) was an increase in the content
of photosynthetic pigments observed. Gamma radiation enhanced the accumulation of
phenols, flavonoids, free amino acids, and antioxidant enzymes (APX, POD, CAT), but it
also elevated H2O2 content. Moreover, it led to a reduction in the content of sugars and
proline [83]. Researchers have proven that low doses of γ-rays not only modify redox home-
ostasis, but they also change the protein pattern and the metabolic profile in plants, leading
to improved growth and yielding. As an example, a study by Hanafy and Akladious [154]
showed that a dose of 100 Gy improved growth and yield for Trigonella foenum-graecum
plants, as well as the content of soluble proteins in leaves and the content of phenols and
flavonoids. Moreover, a significant rise in the content of AsA, α-tocopherol, retinol, and
proline was observed. In turn, the highest dose of radiation (400 Gy) caused a decrease in
the content of all tested parameters and induced changes in the DNA profile that consisted
of the appearance and disappearance of polymorphic bands [154]. Pradhan et al. [155]
used gamma radiation at a dose of 10 Gy on the microalgae Chlamydomonas reinhardtii
(which is considered to be a model organism for studying the effects of heavy metals on
photosynthetic organisms) and exposed it to Cd stress. As a result of Cd treatment, redox
homeostasis was disturbed due to a decline in antioxidant enzyme activity and in the
content of photosynthetic pigments. Consequently, cell death was induced and growth
was minimized. On the contrary, the application of γ-radiation had positive effects on the
mentioned parameters, and cell growth and biochemical synthesis were not injured. As a
consequence, an increased resistance to toxic Cd ions was achieved [155].

X-rays are characterized by a wavelength ranging from 0.01 to 10 nm of the electro-
magnetic spectrum, which corresponds to frequencies ranging from 30 to 30,000 PHz and
energies oscillating from 120 eV to 120 keV [144]. Currently, there are very few new studies
concerning the effects of this type of priming on plants; however, in 2019, Rezk et al. [82]
used X-rays in doses from 0 to 100 Gy on two genotypes of okra (Hibiscus esculentus), geno-
types of Hassawi and Clemson. It was shown that radiation doses up to 5 Gy improved
plant morphological parameters, the content of photosynthetic pigments, the activity of an-
tioxidant enzymes (CAT, SOD, APX), and the content of low-molecular weight antioxidants
(AsA, GSH, anthocyanins). In contrast, higher doses of radiation (at levels above 5 Gy) had
the opposite effect, and plants treated with this type of priming showed greater lipid perox-
idation caused by the increased concentration of ROS (mainly H2O2 and O2

•−) [82]. This
confirmed the previous discoveries of Al-Enezi et al. [156] regarding the influence of X-rays
on date palm (Phoenix dactylifera cv. Khalas). In this case, the inhibitory impact of radiation
on seed germination was noticed even at a dose of 0.25 Gy, and a graduated increase in
X-ray dose up to 15 Gy contributed to further reductions in germination; however, at the
same time, an increase in root length was observed. A similar stimulatory effect was found
for the leaf length of the date palm plants, but it concerned only X-ray doses between 0.05
and 0.25 Gy [156]. It can be summarized that only low doses of this type of radiation may
improve plant growth parameters, but little is still known about its ameliorative actions
under various stress conditions and further research is therefore required.

4. Concluding Remarks

In the present review, we have briefly discussed the adaptative traits of metallophytes,
whose application may be an antidote to environmental pollution with heavy metals,
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perceived as one of the most dangerous factors for all living organisms. The amazing
biology of metallophytes, especially in respect to metal detoxification and accumulation, as
well as tolerance to drought and salinity, make them applicable for the phytoremediation
and reclamation of chemically degraded areas which, after returning to their original state
before contamination, can be reused for different goals. Furthermore, deeper insight into
plants with evolutionarily developed tolerance mechanisms, may help to obtain specimens
with ideal survival levels and fertility under stressful conditions. It seems to be particularly
important to take into account that the majority of plants do not exhibit tolerance to abiotic
stresses developing as a result of severe selection pressure due to the complexity associated
with the inheritance of adaptive traits. Therefore, to combat the most important global
problems, including metal pollution, drought, and salinity, through biological methods
and to provide sustainable agriculture and food security for continuing global population
growth, increasing attention is being given to priming strategies which make plants capable
of responding more effectively and more rapidly to stress. Since priming offers a large
variety of priming factors, doses, and application forms, the diversified morphological and
biochemical responses of plants can be observed. Thus, the chemical and physical treatment
for stress amelioration requires extensive future research for the elaboration of specific
protocols in respect to optimal dosage and duration of exposure, which certainly vary
between genotypes and environmental conditions. Furthermore, further understanding
of both the mode of actions of particular priming agents and the mechanisms underlying
the better performance of primed plants can lead to combined usage of various priming
methods, preferably with synergistic effects that would allow a reduction in the dose of
each agent compared to the dose used individually. Undoubtedly, the joint knowledge
gathered here clearly indicates that all priming agents contribute to the scavenging of excess
amounts of ROS via efficiently operating antioxidant machinery and thus put oxidative
mitigation at the core of enhanced tolerance to various stressors.

Author Contributions: Conceptualization, E.M.; formal analysis, E.M.; writing—original draft prepa-
ration, M.L., K.D., J.F., M.G., A.R.-P., M.N., B.P., I.M. and E.M; visualization, M.G. and E.M.; su-
pervision, E.M.; funding acquisition, M.L., K.D. and E.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chakraborti, S.; Bera, K.; Sadhukhan, S.; Dutta, P. Bio-priming of seeds: Plant stress management and its underlying cellular,
biochemical and molecular mechanisms. Plant Stress 2022, 3, 100052. [CrossRef]

2. Savvides, A.; Ali, S.; Tester, M.; Fotopoulos, V. Chemical priming of plants against multiple abiotic stresses: Mission possible?
Trends Plant Sci. 2016, 21, 329–340. [CrossRef]

3. AbdElgawad, H.; Zinta, G.; Hamed, B.A.; Selim, S.; Beemster, G.; Hozzein, W.N.; Wadaan, M.A.M.; Asard, H.; Abuelsoud, W.
Maize roots and shoots show distinct profiles of oxidative stress and antioxidant defense under heavy metal toxicity. Environ.
Pollut. 2020, 258, 113705. [CrossRef]

4. García-Caparrós, P.; De Filippis, L.; Gul, A.; Hasanuzzaman, M.; Ozturk, M.; Altay, V.; Lao, M.T. Oxidative stress and antioxidant
metabolism under adverse environmental conditions: A review. Bot. Rev. 2021, 87, 421–466. [CrossRef]

5. Liu, D.; Gao, Z.; Li, J.; Yao, Q.; Tan, W.; Xing, W.; Lu, Z. Effects of cadmium stress on the morphology, physiology, cellular
ultrastructure, and BvHIPP24 gene expression of sugar beet (Beta vulgaris L.). Int. J. Phytoremediation 2022, 30, 1–11. [CrossRef]

6. Farooq, M.; Usman, M.; Nadeem, F.; Rehman, H.; Wahid, A.; Basra, S.M.A.; Siddique, K.H.M. Seed priming in field crops:
Potential benefits, adoption and challenges. Crop Pasture Sci. 2019, 70, 731–771. [CrossRef]

7. He, G.; Tian, W.; Qin, L.; Meng, L.; Wu, D.; Huang, Y.; Li, D.; Zhao, D.; He, T. Identification of novel heavy metal detoxification
proteins in Solanum tuberosum: Insights to improve food security protection from metal ion stress. Sci. Total Environ. 2021,
779, 146197. [CrossRef]

144



Plants 2022, 11, 2544

8. Sytar, O.; Kumari, P.; Yadav, S.; Brestic, M.; Rastogi, A. Phytohormone priming: Regulator for heavy metal stress in plants. J. Plant
Growth Regul. 2019, 38, 739–752. [CrossRef]

9. Chandra, R.; Kumar, V. Phytoextraction of heavy metals by potential native plants and their microscopic observation of root
growing on stabilised distillery sludge as a prospective tool for in situ phytoremediation of industrial waste. Environ. Sci. Pollut.
Res. 2017, 24, 2605–2619. [CrossRef] [PubMed]
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Abstract: The aim of the present study was to compare tolerance to salinity and ion accumulation
potential of Armeria maritima subsp. elongata. Three accessions (AM1 and AM2, both from Latvia,
and AM3 from Sweden) from relatively dry sandy soil habitats in the Baltic Sea region were selected
and compared using both in vitro cultivated shoot explants and long-term soil-cultivated plants at
flowering stage. Growth of root non-forming explants treated with increasing concentrations of
NaCl was significantly inhibited starting from 110 mmol L−1, and the rate of shoot formation was
even more sensitive. Significant differences in morphology and responses to salinity were found
between different accessions. For soil-grown plants, biomass accumulation in above-ground parts
was relatively little affected by salinity in AM1 and AM2 in comparison to that in AM3. Differences
in ion accumulation were evident between the accessions as well as in respect to cultivation system
used. Maximum accumulation capacity for Na+ was up to 2.5 mol kg−1 both in shoot explant tissues
and in old leaves of soil-grown plants treated with NaCl, but that for K+ reached 4.0 mol kg−1 in old
leaves of soil-grown plants treated with KCl. Non-ionic component of osmotic value was relatively
high in old leaves and significantly increased under NaCl treatment, especially for AM2 and AM3
plants at moderate salinity, but in AM1 only at high salinity. In contrast, it significantly decreased in
old leaves of AM2 plants treated with increasing concentration of KCl. It can be concluded that a
wide salinity tolerance exists within A. maritima accessions from dry sandy soil habitats, associated
with the ability to accumulate surplus ions both in salt glands and old leaves.

Keywords: Armeria maritima; electrical conductivity; functional differences; ion accumulation;
non-ionic osmolytes; osmotic adjustment; potassium; salinity; sodium; tissue culture

1. Introduction

Increasing soil salinity is one of the major threats to agricultural production, especially,
in a light of global climate change-dependent increase in environmental heterogeneity [1–3].
Therefore, studies aiming to understand the mechanisms of salt tolerance are gaining
special importance. In this respect, plant species native to salt-affected habitats are espe-
cially valuable models for understanding physiological characteristics of adaptive value
important for life in saline environments [4].

In contrast to salt exclusion approach used by salt tolerant glycophytes, tight control
of compartmentation of salinity-related ions is one of the adaptive mechanisms used by
plants native to saline habitats [5]. As ionic species are both electrolytically and osmotically
active, appropriate internal adjustment of osmotic balance is an important strategy for
salinity tolerance. A major nonessential substance in soils of sea-water affected habitats is
NaCl, but other types of soil salinity may be common in other situations [3]. Usually, when
characterizing plant responses and resistance to salinity, emphasis is placed on Na+ toxicity
in the form of NaCl. In the context of salinity, K+ has been analyzed mostly in a view of
necessity to maintain high cytoplasmic K+/Na+ concentration ratio [6,7]. It was shown that
coastal plant species from salt-affected habitats represent either Na+ excluders, regulating
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tissue electrical conductivity (EC) by changes in K+ concentration, K+ excluders, regulating
EC by changes in Na+ concentration, or tight EC regulators [8]. There is a reason to suggest
that for typical high salt-adapted species native to saline habitats (halophytes) high level of
K+ in substrate will have the same negative effects than Na+ [9]. It was also shown that for
halophytes, NaCl toxicity is related mainly to the effect of Cl− [10].

Halophyte species, native to salt-affected habitats, represent a valuable resource for
studies of physiological mechanisms related to salinity tolerance [11,12]. Usually the most
common approach has been to use single halophytic model species or one halophyte and
one glycophyte species [13], and to assess changes in different biochemical and physio-
logical parameters, preferably over a gradient of salinity. Comparative studies of salinity
tolerance have been performed recently involving a number of halophyte species from the
same or similar habitats [14,15]. However, studies comparing different accessions or geno-
types of a single halophyte species have been seldomly performed [16–18]. Recently, we
performed a study involving a number of accessions of crop wild relative legume species
Trifolium fragiferum and concluded that high intraspecies variability in morphological and
physiological responses to salinity exist between geographically isolated populations [19].

Tissue culture has been often used as a tool for screening crop plant genotypes for their
salinity tolerance [20–22]. In addition, it offers an opportunity to study salt tolerance-related
responses at tissue level excluding whole plant-level responses, which can be important
aspect of salinity tolerance [23]. However, in vitro studies of salinity tolerance with halo-
phytic plant species have been relatively seldom performed. Thus, shoot explant culture
was used for multiplication and selection of salt-tolerant genotypes of Atriplex halimus [24].
Axillary shoot culture was used to study antioxidative defense and osmotic adjustment of
Sesuvium portulacastrum during high salinity [25]. Shoot cultures of Salicornia europaea [26],
Salicornia brachiata [27] and Limoniastrum monopetalum [28] were used to reveal essentiality
of NaCl for efficient in vitro propagation of these halophyte species. However, NaCl gradu-
ally reduced shoot proliferation in explants of Crithmum maritimum [29]. Several studies
used seeds as explants to assess salinity tolerance of seedlings in tissue culture [30,31].
Comparative salinity tolerance studies using both tissue culture and whole plants grown
in the substrate are rarely carried out [32].

Rosette-forming evergreen perennial species Armeria maritima (Mill.) Willd. (Plumbag-
inaceae) is characteristically found in temperate open habitats with dry, saline, sandy or
metal-rich soil [33]. In a study with A. maritima plants from eight populations representing
five different habitats in Britain (mountain, sea-cliff, salt marsh, shingle, and pasture) it was
found that each population showed different ecological responses viewed as a result of
local adaptation [34]. However, some traits of A. maritima exhibit phenotypic plasticity [33].
Presence of A. maritima in salt-affected habitats raises the question of salt tolerance of the
species and its mechanisms. Previously, all ecotypes of A. maritima from different habitats
have shown relatively high salinity tolerance, similar to that of species from brackish condi-
tions of upper salt marsh, and even shoot growth stimulation at low salinity [35]. However,
it is still an open question whether salinity tolerance of A. maritima plants from different
populations is related to phenotypic plasticity or local genetic adaptation. In this respect, it
is reasonable to ask whether there are differences between A. maritima accessions growing
in habitats with relatively similar conditions but being geographically isolated, in respect
to their responses to salinity. Recently we performed a comparative study of heavy metal
tolerance and metal accumulation potential of three geographically isolated A. maritima
accessions from a dry coastal meadow, and showed significant species-wide metal tolerance
and extremely high accumulation potential of A. maritima but with some accession-specific
differences [36]. Therefore, the aim of the present study was to analyze salinity tolerance of
the three A. maritima subsp. elongata accessions from a dry coastal meadow in controlled
conditions. A special attention was paid to possible different growth responses and ion
accumulation potential to variable treatment with NaCl or KCl. It was hypothesized that
similar effect of Na+ and K+ on growth of A. maritima plants will be found.
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2. Materials and Methods

2.1. Plant Material

Seeds of A. maritima subsp. elongata from three geographically isolated micropop-
ulations growing on sandy soils in water reservoir-associated meadows were used as
propagation material (Table 1). Two small micropopulations in Latvia were located on a
shore meadow of River Vecdaugava (AM1) and a shore meadow of Bul,l,upe (AM2). Microp-
opulation from Sweden (AM3) was located on a coastal meadow of the Baltic Sea. Seeds of
AM1 and AM2 were used for initiation of tissue culture as described further. Multiplied
shoot explants were used for tissue culture experiment or were rooted and acclimatized
for soil culture experiment. Seeds of AM3 were used for establishment of plants for soil
culture experiment. Salt treatments for soil-grown plants were performed at the beginning
of appearance of reproductive structures.

Table 1. Accessions of Armeria maritima used in the present study, characterization of their habitats
and experiments performed.

Code
Associated

Water
Reservoir

Habitat
Electrical

Conductivity
(mS m–1)

Location Coordinates
Performed Experiments

(Treatments)

AM1 River
Vecdaugava

Dry shore
meadow 97 ± 5 c

City of Riga, Ziemel,u
District, Vecdaugava,

Latvia

57◦03′29” N
24◦05′47′ ′ E

In vitro (NaCl 44, 110,
174, 217 mol L−1).In

planta (NaCl 22, 44, 87,
217 mol L−1; KCl 22, 44,

87, 217 mol L−1)

AM2 River Bul,l,upe Dry shore
meadow 127 ± 4 b

City of Riga,
Kurzeme District,

Island of Bul,l,u Sala,
Vakarbul,l, i, Latvia

56◦59′54” N
23◦57′31” E

In vitro (NaCl 44, 110,
174, 217 mol L−1).In

planta (NaCl 22, 44, 87,
217 mol L−1; KCl 22, 44,

87, 217 mol L−1)

AM3 The Baltic Sea
Dry

coastal
meadow

223 ± 11 a
Nybrostrand, Ystad
Municipality, Skåne

County, Sweden

55◦25′40” N
13◦57′27” E

In planta (NaCl 22, 44, 87,
217 mol L−1; KCl 22, 44,
87, 217 mol L−1); NaCl +
KCl 44, 87, 217 mol L−1)

Different letters for soil electrical conductivity indicate statistically significant differences (p < 0.05).

Soil electrical conductivity (EC) was measured in natural habitats using HH2 m
equipped with WET-2 sensor (Delta-T Devices, Burwell, UK) at five spots at least 5 m apart.
For all micropopulations, soil was non-saline or slightly saline (Table 1).

2.2. In Vitro Experiment

Seeds of AM1 and AM2 were used as explants for establishment of tissue culture. All
details on culture initiation and multiplication were as described previously [36]. Briefly,
Murashige and Skoog medium supplemented with 30 g L−1 sucrose and 6 g L−1 agar
was used for initial culture, followed by multiplication on Murashige and Skoog medium
containing sucrose and agar supplemented with 0.1 mg L−1 1-naphthaleneacetic acid
and 1 mg L−1 6-benzylaminopurine. Rooting was performed on the same medium with
0.2 mg L−1 1-naphthaleneacetic acid. Rooted explants were acclimatized ex vitro in a peat
substrate for two weeks and further used for in planta experiment.

Shoot explants at multiplication stage were used for treatment with NaCl. Necessary
concentration of NaCl (Table 1) was added to multiplication medium before autoclaving.
Medium was poured in 200 mL jars (five per treatment) and five shoot explants were placed
in each jar. Cultures were placed in a growth cabinet under 16 h photoperiod provided by
a fluorescent light with photon flux density 50 μmol m−2 s−1 of photosynthetically active
radiation at 25 ◦C. After 4 weeks, the experiment was terminated. Multiplication rate was
evaluated by counting number of shoots per explant. Fresh and dry mass (after drying at
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60 ◦C for 72 h) of tissues were measured. Tissue water content was expressed as g of H2O
per g dry mass.

2.3. In Planta Experiments

For accessions AM1 and AM2, rooted and acclimatized explants were used for estab-
lishment of experimental material as described previously [36]. Plants were individually
planted in 1.3 L plastic containers filled with 1 L of a mixture of quartz sand (Saulkalne S,
Saulkalne, Latvia) and heat-treated (60 ◦C, 24 h) garden soil (Biolan, Eura, Finland) 1:3 (v/v),
and placed in an experimental automated greenhouse (HortiMaX, Maasdijk, Netherlands)
with supplemented light from Master SON-TPIA Green Power CG T 400 W (Philips, Ams-
terdam, Netherlands) and Powerstar HQI-BT 400 W/D PRO (Osram, Munich, Germany)
lamps (photon flux density of photosynthetically active radiation 380 μmol m−2 s−1 at the
plant level), 16 h photoperiod, day/night temperature 24/16 ◦C, relative air humidity
60 to 70%. Salinity treatment (Table 1) was started after a week-long period of additional
acclimatization in greenhouse. Salt treatment was performed gradually, by 44 mmol L−1

increments during 5 weeks, using NaCl and KCl solution. Necessary amount of salt was
dissolved in deionized water and 0.1 L per container was applied to soil. During treatments,
plants started to develop generative structures. Plants were cultivated for 8 more weeks
after reaching full treatment.

Plant material for accession AM3 was established by seeds as described previously [36].
Seeds were surface sterilized with a half-diluted commercial bleach (ACE, Procter & Gam-
ble, Warszawa, Poland) and sown in 1 L plastic plant tissue culture containers filled with
autoclaved (1 atm, 20 min) garden soil (Biolan, Eura, Finland), closed with lids and further
cultivated for two weeks in a growth cabinet (light/dark period of 16/8 h, photosyntheti-
cally active radiation with a photon flux density 100 μmol m−2 s−1, day/night temperature
5/15 ◦C). After change of temperature regime to day/night temperature 15/20 ◦C for
two additional weeks, seedlings were transplanted to 0.25 L plastic containers with a
mixture of quartz sand (Saulkalne S, Saulkalne, Latvia) and garden soil (Biolan, Eura,
Finland) 1:3 (v/v) and acclimatized to greenhouse conditions. Final transplantation to
0.5 L plastic containers with the same substrate was performed after two weeks. Fully
developed 2-month-old plants in a vegetative stage were assigned to one of 12 treatments
(Table 1), five individual plants per treatment. Salt treatment was performed gradually,
by not more than 44 mmol L−1 increments during 5 weeks, using NaCl and KCl solution.
During treatments, plants started to develop generative structures. Plants were cultivated
for 7 more weeks after reaching full treatment.

During cultivation, individual containers were randomly redistributed weekly on
a greenhouse bench. Substrate water content was monitored with HH2 moisture meter
equipped with WET-2 sensor (Delta-T Devices, Burwell, UK) and kept at 50 to 60%. Every
third week plants were fertilized with Yara Tera Kristalon Red and Yara Tera Calcinit
fertilizers (Yara International, Oslo, Norway). A stock solution was prepared for each
fertilizer (100 g L–1) and working solution contained 25 mL of each per 10 L deionized
water, used with a rate 100 mL per container.

At termination of each experiment, plants were individually separated in different
parts (roots, flower stalks, inflorescences (flowers), leaves of different age). In experiment
with AM1 and AM2, older leaves did not fully decay, as only part of the particular leaf
was becoming brown and dry. Therefore, instead of designating these leaves as “decayed”,
all leaves were sorted either as “old” or “young” according to their position and general
morphological appearance. In experiment with AM3, individual older leaves decayed fully,
therefore, all leaves were sorted either as “decayed” or “living” but for sake of comparison
were indicated as “old” or “young”, respectively. Inflorescences were counted, and the
length of flower stalks was measured. Plant material was weighed separately before and
after drying in an oven at 60 ◦C for 72 h. Water content was calculated as g H2O per g
dry mass.
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2.4. Measurements

All analyses were performed in triplicate, using representative tissue samples from
individual biological replicates. Plant tissues were homogenized by crushing and a sample
(0.2 g) was taken for analysis of EC, Na+ concentration and K+ concentration in water
extract by respective compact meters and analysis of osmotic activity by a freezing point
osmometer. Tissues were ground with mortar and pestle to a fine powder and 10 mL of
deionized water was added. The homogenate was stirred with pestle for 1 min. After
filtration through nylon mesh cloth (No. 80) homogenate was used for measurement
of ion concentration by LAQUAtwin compact meters B-722 (Na+) and B-731 (K+), and
electrical conductivity by LAQUAtwin conductivity meter B-771 (Horiba, Kyoto, Japan)
and measurement of osmotic value. For osmotic value analysis, 50 μL of extract were
transferred in a 1.5 mL Eppendorf tube and placed in a freezing point osmometer Osmomat
3000 Basic (Gonotec Meβ- und Regeltechnik, Berlin, Germany) and operated according
to the manufacturer’s instructions. Using a standard curve for different concentrations of
NaCl and KCl, the osmotic value caused by the total concentration of Na+ and K+ was
calculated according to the actual Na+ and K+ concentration of each sample extract. For
each sample, the difference between the total osmotic value and the osmotic value due to
Na+, K+ and Cl– ions was calculated and designated as “non-ionic osmotic value”, which
showed the osmotic effect of other osmotically active ions (besides Na+, K+ and Cl–) or
non-ionic compounds. At least three analytical replicates were performed for each sample
and the average value was calculated.

2.5. Data Analysis

Results were analyzed by KaleidaGraph (v. 5.0, Synergy Software, Reading, PA, USA).
Statistical significance of differences was evaluated by one-way ANOVA using post-hoc
analysis with minimum significant difference. Significant differences were indicated at
p < 0.05.

3. Results

3.1. In Vitro Experiment

Growth and proliferation of root non-forming explants of A. maritima cultivated on
multiplication medium was negatively affected by increasing concentration of NaCl in the
medium (Figure 1). Biomass of explants from accession AM1 tended to be higher at all
NaCl concentrations in comparison to AM2, but significant difference was evident only
at 44 mmol L−1 (Figure 1A). At the highest NaCl concentration (217 mol L−1) biomass
accumulation was inhibited by 46 and 49%, and proliferation by 56 and 54%, for AM1 and
AM2, respectively. Water content in explants showed a tendency to increase at 44 mmol L−1

NaCl, followed by a significant decrease at 110 mmol L−1 (Figure 1C). Further increase in
NaCl concentration did not result in changes of water content.

Concentration of Na+ increased in explant tissues cultivated in presence of increasing
medium NaCl, but the accumulation response seemed to be saturable at 110 mmol L−1

(Figure 2A). However, at the highest medium NaCl concentration, explants of AM1 showed
significant further increase in tissue Na+ concentration. In contrast, explant K+ concentra-
tion decreased with increasing medium NaCl concentration up to 174 mmol L−1 (Figure 2B).
As a result, summed Na+ + K+ concentration was relatively stable over a range of medium
NaCl concentration (Figure 2C). However, increase in tissue electrical conductivity with
increasing salinity was relatively more pronounced (Figure 2D).
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Figure 1. Effect of added Na concentration in tissue culture medium on dry mass (A), number of
shoots (B) and tissue water content (C) of explants of Armeria maritima accessions AM1 and AM2 after
4 weeks of cultivation. Data are means ± SE from 5 replicates, with five explants each. Different letters
of respective color between accessions and treatments indicate statistically significant differences
(p < 0.05).

3.2. In Planta Experiments: Effect of Salinity on Growth

Effect of Na+ and K+ in a form of chloride on growth of A. maritima plants cultivated
in substrate was identical. Total biomass of substrate-cultivated plants for accessions AM1
and AM2 was relatively stable over increasing NaCl and KCl concentration range, and
no significant decrease was evident even at 217 mol L−1 salinity (Figure 3). However, as
biomass tended to increase for AM1 plants cultivated at 22 mol L−1, there was a significant
difference between plants at 22 and 217 mL L−1 (Figure 3A).

 

Figure 2. Cont.
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Figure 2. Effect of added Na+ concentration in tissue culture medium on Na+ concentration (A), K+

concentration (B), summed Na+ + K+ concentration (C) and electrical conductivity (D) in explant
tissues of Armeria maritima accessions AM1 and AM2 after 4 weeks of cultivation. DM, dry mass.
Data are means ± SE from 4–5 replicates. Different letters of respective color between accessions and
treatments indicate statistically significant differences (p < 0.05).

 

Figure 3. Effect of added NaCl and KCl concentration in soil on total dry mass of Armeria maritima
plants from accessions AM1 (A) and AM2 (B) after 8 weeks of cultivation. Data are means ± SE
from 5 replicates. Different letters of respective color between accessions and treatments indicate
statistically significant differences (p < 0.05).

Number of flower stalks and dry mass of leaves (Table 2), as well as dry mass of both
flower stalks and flowers was not significantly affected by increasing salinity for both AM1
and AM2 (Table 3). However, total length of flowers talks was significantly decreased
for AM2 at 217 mol L−1 KCl (Table 2). Biomass of roots was significantly decreased for
AM1 at 87 and 217 mmol L−1 salinity for both NaCl- and KCl-treated plants, but was not
significantly affected for AM2 plants (Table 3).
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Table 2. Effect of salinity treatment on morphological parameters of Armeria maritima accessions AM1
and AM2 cultivated for 8 weeks in soil.

Salt
Concentration

(mmol L−1)
Flower Stalks (n)

Total Length of Flower Stalks
(m Plant–1)

Dry Mass of Leaves (g)

AM1 AM2 AM1 AM2 AM1 AM2

Control 0 8.0 ± 0.7 abc 8.4 ± 1.0 ab 1.77 ± 0.14 abc 2.00 ± 0.25 ab 6.26 ± 0.47 ab 3.77 ± 0.52 a
NaCl 22 13.2 ± 1.2 a 9.8 ± 1.3 a 2.52 ± 0.30 a 2.13 ± 0.25 ab 7.64 ± 0.56 a 3.70 ± 0.35 a

44 10.4 ± 0.5 ab 7.6 ± 0.6 ab 1.91 ± 0.09 ab 1.71 ± 0.17 abc 6.88 ± 0.55 ab 3.58 ± 0.40 a
87 9.8 ± 0.9 abc 7.8 ± 0.5 ab 1.76 ± 0.12 abc 1.61 ± 0.13 abc 6.65 ± 0.61 ab 3.36 ± 0.27 a
217 6.2 ± 0.6 c 6.6 ± 0.6 ab 1.02 ± 0.06 c 1.18 ± 0.16 bc 5.59 ± 0.30 ab 3.75 ± 0.37 a

KCl 22 10.8 ± 0.6 ab 10.0 ± 0.7 a 2.07 ± 0.15 a 2.26 ± 0.15 a 7.61 ± 0.75 a 3.66 ± 0.23 a
44 9.8 ± 1.2 abc 9.6 ± 0.7 ab 2.07 ± 0.17 a 2.16 ± 0.20 a 6.73 ± 0.62 ab 3.66 ± 1.02 a
87 9.4 ± 1.3 abc 8.4 ± 1.3 ab 1.86 ± 0.26 ab 1.89 ± 0.32 abc 6.48 ± 0.20 ab 4.13 ± 0.69 a
217 7.6 ± 0.7 bc 5.4 ± 1.0 b 1.16 ± 0.13 bc 1.00 ± 0.21 c 5.06 ± 0.28 b 3.61 ± 0.26 a

Data are means ± SE from 5 replicates. Different letters between treatments for a particular parameter for each
accession separately indicate statistically significant differences (p < 0.05).

Table 3. Effect of salinity treatment on dry mass of generative parts and roots of Armeria maritima
accessions AM1 and AM2 cultivated for 8 weeks in soil.

Salt
Concentration

(mmol L−1)
Dry Mass of Flower Stalks (g) Dry Mass of Flowers (g) Dry Mass of Roots (g)

AM1 AM2 AM1 AM2 AM1 AM2

Control 0 0.70 ± 0.03 abc 0.97 ± 0.06 abc 0.83 ± 0.08 ab 1.01 ± 0.05 ab 1.79 ± 0.20 a 1.18 ± 0.14 ab
NaCl 22 1.01 ± 0.13 a 1.13 ± 0.11 a 1.30 ± 0.17 a 1.08 ± 0.12 ab 1.93 ± 0.10 a 1.01 ± 0.19 ab

44 0.80 ± 0.05 ab 0.89 ± 0.13 abc 1.03 ± 0.06 ab 0.95 ± 0.16 ab 1.73 ± 0.15 a 1.18 ± 0.14 ab
87 0.68 ± 0.05 abc 0.89 ± 0.09 abc 0.99 ± 0.08 ab 1.04 ± 0.11 ab 1.19 ± 0.09 bc 0.93 ± 0.11 ab
217 0.43 ± 0.01 c 0.57 ± 0.09 bc 0.79 ± 0.06 b 0.69 ± 0.05 b 0.75 ± 0.07 c 0.60 ± 0.03 b

KCl 22 0.91 ± 0.06 ab 1.33 ± 0.10 a 1.11 ± 0.08 ab 1.46 ± 0.11 a 1.44 ± 0.18 ab 1.45 ± 0.22 a
44 0.87 ± 0.08 ab 1.07 ± 0.04 ab 1.13 ± 0.08 ab 1.14 ± 0.04 ab 1.51 ± 0.11 ab 1.12 ± 0.20 ab
87 0.82 ± 0.12 ab 0.96 ± 0.20 abc 1.13 ± 0.16 ab 0.98 ± 0.14 ab 1.16 ± 0.07 bc 0.88 ± 0.03 ab
217 0.58 ± 0.07 bc 0.49 ± 0.10 c 1.06 ± 0.08 ab 0.63 ± 0.13 b 0.77 ± 0.06 c 0.56 ± 0.05 b

Data are means ± SE from 5 replicates. Different letters between treatments for a particular parameter for each
accession separately indicate statistically significant differences (p < 0.05).

Significant decrease in water content of old leaves of accession AM1 at 217 mmol L−1

salinity for both NaCl- and KCl-treated plants indicated similar degree of stimulation of
leaf decay (Figure 4A). However, for plants from accession AM2, the degree of decay was
significantly more pronounced for plants treated with 87 and 217 mol L−1, in comparison
to NaCl-treated plants (Figure 4B).

A. maritima plants of accession AM3 was treated with identical concentrations of NaCl,
KCl or combination of NaCl with KCl, and all treatments had identical negative effect
on total biomass starting from 44 mol L−1 (Figure 5A). Biomass of decayed leaves had a
tendency to increase at 217 mol L−1 salinity, especially, for KCl-treated plants, but the effect
was not statistically significant (Figure 5B). Biomass of living leaves tended to increase at low
salinity and decreased with increasing salt concentration, but the effect was not statistically
significant due to high variability between individual plants (Figure 5C). As a result,
total dry mass of leaves did not change significantly in salt-treated AM3 plants (Table 4).
However, growth of reproductive structures and roots was more negatively affected by
increasing salinity (Table 4). Thus, number of flower stalks significantly decreased from
87 mml L−1 salinity, total length and dry mass of flower stalks significantly decreased from
44 mol L−1 salinity, but dry mass of flowers significantly decreased from 217 mmol L−1

for NaCl, 44 mmol L−1 for KCl and NaCl + KCl treatments. Root biomass tended to
decrease from 44 mmol L−1, and the effect was not statistically significant for NaCl, but
was significant starting from 87 mmol L−1 for plants treated with KCl and NaCl + KCl.
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Figure 4. Effect of added NaCl and KCl concentration in soil on water content in old leaves of
Armeria maritima plants from accessions AM1 (A) and AM2 (B) after 8 weeks of cultivation. DM, dry
mass. Data are means ± SE from 5 replicates. Different letters of respective color between accessions
and treatments indicate statistically significant differences (p < 0.05).

 

Figure 5. Effect of added NaCl, KCl and NaCl + KCl concentration in soil on total dry mass (A), dry
mass of decayed leaves (B) and dry mass of living leaves (C) of Armeria maritima plants from accession
AM3 after 7 weeks of cultivation. Data are means ± SE from 5 replicates. Different letters of respective
color between accessions and treatments indicate statistically significant differences (p < 0.05).

Table 4. Effect of salinity treatment on morphological parameters of Armeria maritima accession AM3
cultivated for 7 weeks in soil.

Salt
Concentration

(mol L–1)
Flower Stalks

(n)

Total Length
of Flower
Stalks (m)

Dry Mass of
Leaves (g)

Dry Mass of
Flower Stalks (g)

Dry Mass of
Flowers (g)

Dry Mass of
Roots (g)

Control 0 10.6 ± 0.7 a 4.34 ± 0.26 a 2.63 ± 0.16 a 3.50 ± 0.14 a 2.64 ± 0.11 a 2.28 ± 0.34 ab
NaCl 22 8.2 ± 0.9 ab 3.80 ± 0.33 ab 3.11 ± 0.60 a 2.80 ± 0.31 ab 2.39 ± 0.18 abc 2.93 ± 0.49 a

44 7.2 ± 0.6 abc 2.49 ± 0.24 bc 2.36 ± 0.33 a 1.77 ± 0.17 bcd 1.74 ± 0.18 abcde 1.38 ± 0.34 bcd
87 5.4 ± 0.5 bc 1.81 ± 0.27 cd 2.16 ± 0.38 a 1.07 ± 0.24 cde 1.29 ± 0.40 abcde 1.02 ± 0.22 bcd

217 4.5 ± 1.2 bc 1.19 ± 0.29 d 1.91 ± 0.20 a 0.65 ± 0.19 de 0.83 ± 0.26 de 1.13 ± 0.21 bcd
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Table 4. Cont.

Salt
Concentration

(mol L–1)
Flower Stalks

(n)

Total Length
of Flower
Stalks (m)

Dry Mass of
Leaves (g)

Dry Mass of
Flower Stalks (g)

Dry Mass of
Flowers (g)

Dry Mass of
Roots (g)

KCl 22 10.6 ± 1.1 a 4.03 ± 0.44 ab 2.74 ± 0.11 a 2.83 ± 0.23 ab 2.59 ± 0.35 ab 1.87 ± 0.39 abc
44 7.4 ± 1.8 ab 2.51 ± 0.68 bc 2.36 ± 0.20 a 1.69 ± 0.44 cd 1.97 ± 0.60 abcde 1.23 ± 0.20 bcd
87 5.4 ± 0.9 bc 1.69 ± 0.40 cd 2.27 ± 0.61 a 1.05 ± 0.27 cde 1.23 ± 0.29 bcde 0.90 ± 0.20 cd

217 2.8 ± 0.7 c 0.64 ± 0.22 d 2.44 ± 0.64 a 0.39 ± 0.12 e 0.60 ± 0.18 e 0.82 ± 0.17 cd
NaCl + KCl 44 6.6 ± 0.8 abc 2.44 ± 0.17 bc 2.52 ± 0.26 a 1.97 ± 0.12 bc 2.18 ± 0.23 abcd 1.05 ± 0.12 bcd

87 4.4 ± 0.3 bc 1.44 ± 0.37 cd 2.25 ± 0.26 a 0.92 ± 0.03 cde 1.00 ± 0.16 cde 0.61 ± 0.11 cd
217 4.4 ± 0.7 bc 1.26 ± 0.22 d 1.89 ± 0.15 a 0.74 ± 0.14 de 0.86 ± 0.14 de 0.48 ± 0.03 d

Data are means ± SE from 5 replicates. Different letters between treatments for a particular parameter indicate
statistically significant differences (p < 0.05).

3.3. In Planta Experiments: Effect of Salinity on Ion Accumulation and Osmotic Adjustment

Possible differences in accumulation of electrolytically and osmotically active ions
Na+ and K+ in A. maritima plants from three different accessions treated with NaCl or
KCl were evaluated after long-term cultivation in substrate. Plants treated with 217 mmol
L−1 NaCl as well as plants treated with 87 and 217 mmol L−1 KCl actively deposited salt
crystals on surface of leaves and flower stalks (Figure S1), but intensity of deposition was
not estimated. Nevertheless, growth at increased substrate salinity caused either by NaCl
or KCl resulted in increased accumulation of respective cations in all plant parts, but with
clear organ specific pattern of accumulation (Figures 6, 7D–F, S2 and S3). The highest Na+

concentration reached was 2.48 mol kg−1 (57 g kg−1) in old leaves of plants from accession
AM3 treated with 217 mmol L−1 NaCl (Figure 6A), and that for K+ was 4.03 mol kg−1

(157 g kg−1) in old leaves of plants from accession AM2 treated with 217 mmol L−1 KCl
(Figure 7D). Accumulation capacity of either Na+ or K+ in plants treated with NaCl and
KCl, respectively, increased in an order roots < flowers < flower stalks < new leaves <
old leaves. There was a stable tendency that AM3 plants accumulated more Na+ in old
leaves of NaCl-treated plants in comparison to AM1 and AM2 plants (Figure 6A), and AM2
plants accumulated more K+ in old leaves of KCl-treated plants in comparison to AM1
and AM3 plants (Figure 7D). It is also important that accumulation capacity for K+ in all
plant parts was higher than that for Na+ at identical salinity caused either by KCl or NaCl
treatment, respectively.

 

Figure 6. Effect of added NaCl concentration in soil on accumulation of Na+ in old leaves (A), new
leaves (B) and flowers (C) of Armeria maritima plants from different accessions after 7–8 weeks of
cultivation. DM, dry mass. Data are means ± SE from 3 replicates. Asterisks of respective color
indicate statistically significant differences (p < 0.05) from control.
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Figure 7. Effect of added NaCl (A–C) and KCl (D–F) concentration in soil on accumulation of K+

in old leaves (A,D), new leaves (B,E) and flowers (C,F) of Armeria maritima plants from different
accessions after 7–8 weeks of cultivation. DM, dry mass. Data are means ± SE from 3 replicates.
Asterisks of respective color indicate statistically significant differences (p < 0.05) from control.

For NaCl-treated plants, increased salinity resulted in a significant reduction in K+

concentration in old leaves for all accessions (Figure 7A) and new leaves for AM1 and AM2
(Figure 7B). Effect of NaCl treatment on K+ concentration in generative parts and roots
differed between accessions. Thus, it significantly increased in flowers (Figure 7C) and
flower stalks (Figure S3B) of plants from accession AM3, but decreased in flowers of AM1
(Figure 7C) and flower stalks of AM1 and AM2 (Figure S3B). Moreover, K+ concentration
tended to decrease in roots of NaCl-treated AM1 and AM2 plants (Figure S3A).

Level of intensity of electrical conductivity was partitioned in A. maritima in a same
way as Na+ and K+, and it tended to be higher in KCl-treated plants in comparison to the
NaCl-treated plants (Figure 8 and Figure S4). Distribution and levels of summed Na+ + K+

concentration showed the similar character (Figure S5). Control plants of A. maritima
showed pronounced gradient in K+: Na+ concentration ratio between plant parts, de-
creasing in an order flowers > new leaves > flower stalks > old leaves > roots, and plants
from accession AM2 had higher values of the ratio in generative parts and new leaves
(Figure S6).

Total osmotic value in A. maritima tissues under rising salinity increased in all plant
parts in a concentration-dependent manner, but the increase was relatively less pronounced
than that for electrical conductivity (Figures 9 and S7). The highest values were reached
in old leaves followed by new leaves and generative parts, and was the lowest in roots.
There were no pronounced differences in osmotic value between various accessions, but it
tended to be higher in some combinations of KCl-treated plants in comparison to NaCl-
treated plants. However, there were pronounced differences in non-ionic osmotic values
between plant parts, accession and treatments (Figures 10 and S8). In old leaves of AM2
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and AM3 plants treated with NaCl, non-ionic osmotic value significantly increased at low
to moderate salinity, but decreased at high salinity (Figure 10A). However, for AM1, there
was initial decrease of non-ionic osmotic value at low salinity, followed by increase at high
salinity. In contrast, for KCl-treated plants of AM2, non-ionic osmotic value decreased
with increasing salinity and completely disappeared at moderate and high salinity, while it
did not significantly change for AM3 and increased for AM1 at high salinity (Figure 10D).
For new leaves, non-ionic osmotic value tended to increase in AM2 plants at moderate
salinity, and significantly increased in AM1 and AM3 plants at high salinity, when NaCl
treatment was taken into account (Figure 10B). In contrast, in new leaves of KCl-treated
plants, non-ionic osmotic value decreased in AM2 and in part in AM3, followed by recovery
in high salinity, and increased in high salinity for AM1 (Figure 10E). Contrasting pattern
in respect to non-ionic osmotic value was evident also for flowers between NaCl-treated
(Figure 10C) and KCl-treated (Figure 10F) plants, as well as flower stalks (Figure S8B,D). In
roots, non-ionic osmotic value increased at high salinity of AM1 plants at both treatments,
but there was no non-ionic osmotic activity present in roots of AM3 (Figure S8A,C).

 

Figure 8. Effect of added NaCl (A–C) and KCl (D–F) concentration in soil on electrical conductivity
in old leaves (A,D), new leaves (B,E) and flowers (C,F) of Armeria maritima plants from different
accessions after 7–8 weeks of cultivation. DM, dry mass. Data are means ± SE from 3 replicates.
Asterisks of respective color indicate statistically significant differences (p < 0.05) from control.

Relationships between summed Na+ + K+ concentration and osmotic value in tissues
confirmed differences in osmotic regulation between NaCl and KCl treatments in plants
from accession AM2 and, partially, for AM3 (Figure 11).
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Figure 9. Effect of added NaCl (A–C) and KCl (D–F) concentration in soil on osmotic value in old
leaves (A,D), new leaves (B,E) and flowers (C,F) of Armeria maritima plants from different accessions
after 7–8 weeks of cultivation. DM, dry mass. Data are means ± SE from 3 replicates. Asterisks of
respective color indicate statistically significant differences (p < 0.05) from control.

 

Figure 10. Effect of added NaCl (A–C) and KCl (D–F) concentration in soil on non-ionic osmotic
value in old leaves (A,D), new leaves (B,E) and flowers (C,F) of Armeria maritima plants from different
accessions after 7–8 weeks of cultivation. DM, dry mass. Data are means ± SE from 3 replicates.
Asterisks of respective color indicate statistically significant differences (p < 0.05) from control.
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Figure 11. Relationship between Na+ + K+ concentration and osmotic value in all parts of Armeria maritima
accessions AM1 (A), AM2 (B) and AM3 (C) treated with different salts. DM, dry mass.

4. Discussion

4.1. Salinity Tolerance of A. maritima

Given high ecological variability of A. maritima accessions, two earlier studies ad-
dressed question on possible differences in adaptations of A. maritima to high soil salinity
between different geographically and ecologically isolated micropopulations [35,37]. In
general, both salt marsh and inland populations of A. maritima showed relatively high
salinity tolerance, possibly related to the ability of plants to allocate Na+ to leaves and to
accumulate organic osmolytes. However, root growth of inland plants was extremely sensi-
tive to salinity and leaf biomass significantly decreased by increasing salinity in contrast
to salt marsh plants. Another difference was that only plants from a salt marsh habitat
accumulated more Na+ in leaves in comparison to that in roots. Still, the question on
whole-species abiotic stress tolerance vs. local genetic adaptation of A. maritima has not
been definitively solved. Recently we have shown that the same accessions of A. maritima
used also in the present study native to uncontaminated soil are highly tolerant to heavy
metals and have an extreme metal accumulation ability, exceeding threshold concentration
values for hyperaccumulation of Cd, Cu, Mn, Pb, and Zn [36]. As a next step, within
the present study, we concentrated on characterization of ion distribution and osmotic
protection of A. maritima plants under the effect of Na+ and K+ salinity.

According to the typology used for coastal plant species in respect to control of to-
tal concentration of electrolytically-active ions [8], A. maritima can be designated as EC
controlling species, with both Na+ and K+ internal concentration concomitantly chang-
ing to keep relatively stable tissue concentration of soluble ions. Based on characteristic
accumulation of ions in leaves and exclusion of them from roots and partially from re-
productive structures, A. maritima can be characterized as salt-accumulating halophyte.
Increased succulence is usually regarded as one of the mechanisms of salinity tolerance in
Na+-accumulating halophyte species allowing to dilute salts and efficiently decrease salt
concentration in tissues on a tissue water basis [38]. Thus, both NaCl and KCl treatments
increased water content in leaves of halophyte Atriplex halimus at moderate salinity [39].
However, this was not the case with A. maritima. This difference is most probably related
to the fact that A. maritima is a salt-secreting species, but it only secretes about 4% of the
absorbed Na+ [40], thus, it can be characterized as salt-accumulating recretohalophyte.

Perennial plants with rosette type of growth are able for indeterminate production
of new leaves from multiple apical meristems, allowing for induction of senescence and
replacement of older leaves [41]. This mechanism seems to be especially important for
evergreen species A. maritima, allowing deposition of harmful compounds in older leaves
together with physiological exclusion of them from actively photosynthesizing leaves and
reproductive structures. This phenomenon has been reflected in preferential accumulation
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of both heavy metals [36,42] and Na+ [35] in decaying leaves of A. maritima, and confirmed
also by the results of the present study.

4.2. Differences between Accessions

In the earlier study, an ability to tolerate salinity was compared for sandy soil, heavy
metal and salt marsh ecotypes of A. maritima cultivated in artificial soil in controlled
conditions [35]. Low salinity (40 and 100 mM NaCl in soil solution) stimulated biomass
accumulation in leaves for all ecotypes. However, root growth of sandy soil and heavy metal
ecotypes was inhibited even at low salinity. High salinity (150 and 200 mM NaCl) resulted in
growth inhibition of plants from both sandy soil and heavy metal populations, but growth
of plants (both shoots and roots) from salt marsh population was not affected. In the present
study, growth of plants from accessions AM1 and AM2 was not significantly affected by
increasing salinity (Figure 3), but that of plants from accession AM3 was significantly
inhibited already at 50 mmol L−1 (Figure 5A). Another difference between salt-adapted and
inland populations was that only salt marsh plants accumulated more Na+ in green leaves
in comparison to roots, and only at moderate to high salinity, but Na+ accumulation ability
in leaves was similar for plants from all ecotypes, reaching 0.6–0.9 mol kg−1 at 200 mM
NaCl [35]. In the present study, all accessions of A. maritima preferentially accumulated
Na+ in above-ground parts, especially, leaves (Figures 6 and S2), and Na+ concentration
in young leaves reached 1.0–1.3 mol kg−1, with no significant differences between the
accessions. In comparison, the potential for Na+ accumulation in proliferating explants in
tissue culture reached 2.0 mol kg−1 (Figure 2A) showing very high tissue tolerance to Na+.
Interestingly, Na+ concentration in decayed leaves and inflorescences was not ecotype-
dependent and was 0.7–1.0 and 0.1–0.4 mol kg−1, respectively [35]. Consequently, according
to the morphological responses and ion accumulation characteristics in conditions of
increasing salinity, A. maritima accessions from sandy soil salt-unaffected habitats used
in the present study have large similarities with these of salt-marsh specific ecotype of
A. maritima studied earlier [35].

Leaves of plants from salt-marsh population had higher K+ concentration in control
conditions, and it decreased with increasing salinity [35]. Similar decrease was evident for
plants from sandy-soil population, but K+ concentration in leaves was stimulated by low
to moderate salinity for plants from heavy-metal population. Similarly, K+ concentration
significantly decreased in explant tissues (Figure 2B) as well as in leaves (Figure 7A,B) and
flower stalks (Figure S3B) of soil-grown plants with increasing salinity.

4.3. Effect of Na+ vs. K+

Traditionally, Na+ is opposed to K+ in the manner of the classical battle of “evil” and
“good” [6]. Of course, it is not debatable that K+ is an essential element for all plant species,
but Na+ is necessary only for certain C4 species. However, “toxicity” of Na+, while widely
advertised, has not been much experimentally proven, especially, in comparison to that of
K+, and in salt-adapted species. As it has been correctly pointed out by Kronzucker et al.
(2013) [43], “... several leading paradigms in the field, such as on the roles of Na+ influx
and tissue accumulation or the cytosolic K+/Na+ ratio in the development of toxicity, are
currently insufficiently substantiated and require a new, critical approach”.

One of the most important finding of the present study was that effect of Na+ and K+

in a form of chloride salt on growth of A. maritima plants was nearly identical. However,
there were differences in water content in older leaves as well as in osmotic adjustment
between the two cations. First, leaves of accession AM2 showed decreasing water content
with increasing KCl concentration, reflecting increase of partial dieback of these leaves
(Figure 4B). Second, treatment with KCl did not induce increase of non-ionic osmotic values
in old leaves (Figure 10D) in comparison to that with NaCl (Figure 10A).

Evidence for equal effects of Na+ and K+ on plant growth contradicts the generally
accepted view of Na+ as a particularly toxic chemical element in contrast to K+. While
both elements have similar chemical properties and remain in a soluble form in plant
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cells, K+ is an essential plant nutrient with important physiological functions. For typical
glycophyte species, effect of Na+ is characteristically more negative in comparison to that
of surplus K+ [44]. However, for several halophyte species, KCl has the same of even
more pronounced negative effect on plant growth in comparison to that of NaCl, as for
Atriplex nummularia [9], Sesuvium portulacastrum [45], Atriplex halimus [39].

It appears that there are no Na+-specific effects, but the adverse effect of Na+ and K+

salts on growth is related to the general effect of surplus salinity, possibly, due to high
electrolyte activity. It has been shown, at least, for glycophyte species, that the negative
effect of salinity is related to osmotic stress [46], but several studies have shown that
treatment with isoosmotic concentration of organic osmolytes (as sorbitol or polyethylene
glycol) result in more negative effect on halophyte growth in comparison to Na+ or K+

salts [47]. In fact, presence of ions can alleviate negative consequence of osmotic stress on
plants [48]. However, it is reasonable to suggest that particularly anionic component of
salts plays an important role in determining the nature of salinity responses. For example,
both carbonate and hydrogen carbonate of Na+ have been shown to be more harmful in
comparison to chloride form, which has been associated mainly with the alkalinity of these
salts [10,49]. However, the role of chloride itself in salinity tolerance of halophytes has been
recently questioned, and it was concluded that in the case of halophytes, Cl– represents an
essential osmoticum [50]. On the other hand, in halophyte species Sesuvium portulacastrum
NaCl toxicity has been fully attributed to negative effects of Cl– [45].

4.4. Osmotic Adjustment

According to the generally accepted mechanism of salinity tolerance in halophytes,
Na+ and Cl– are compartmented in vacuoles while osmotic balance is maintained by accu-
mulation of organic solutes in cytoplasm [51]. Role of organic osmolytes in environmental
stress tolerance has been shown also for species of genus Armeria. In high mountain
specialist species, including Armeria caespitosa, both osmotically active carbohydrates and
proline simultaneously act as osmoregulators in drought conditions [52]. Early studies
with A. maritima have shown that proline accumulates in plant tissues as a result of salinity
treatment [53]. There is no doubt that tissue proline concentration increases with increasing
salinity or under the effect of other adverse environmental conditions in many species, but
its contribution to osmotic control could be relatively small. Instead, a role of proline as a
regulator of plant defense responses has been considered recently [54]. In addition, later it
has been shown that A. maritima contain betaines [55] and even respond to increasing salin-
ity by accumulation of betaine [35]. However, the role of “compatible solutes” in osmotic
adjustment has been seriously questioned [56]. According to this analysis, it appears that
inorganic osmolytes (K+, Na+, Cl–) are responsible for most of osmotic adjustment both in
halophytes as well as glycophytes. In A. maritima, degree of adjustment by inorganic ions
vs. organic osmolytes varied between NaCl and KCl treatments and different accessions, as
well as between different plant parts, (Figure 10). Non-ionic component of osmotic value
was relatively high in old leaves (about 40% of the total value) and significantly increased
under NaCl treatment, especially for AM2 and AM3 plants at moderate salinity, but in
AM1 only at high salinity (Figure 10A). In contrast, it significantly decreased in old leaves
of AM2 plants treated with increasing concentration of KCl (Figure 10D). It has been also
shown that for succulent halophytes, as Salicornia bigelovii, contribution of K+ to osmotic
regulation is low in comparison to that of Na+ [57].

In Na-accumulating halophyte species, Na+ is stored in vacuoles of mesophyll cells [51],
and there is an experimental evidence that surplus K+ is also stored in vacuoles, both regu-
lating osmotic potential and acting as the main cellular reserve of K+ [58]. Earlier it was
shown that A. maritima plants from salt marsh redistributed K+ from shoots to roots with
increasing salinity [59], but no such response was found in the present study in spite of
significant decrease of K+ concentration in leaves (Figure 7).
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4.5. In Vitro vs. In Planta Effects

It has been a matter of long scientific debate if plant salinity tolerance assessed in
conditions of tissue culture fully reflects that in whole plants cultivated in soil-like sub-
strate [23]. For six halophytic species, higher tolerance to NaCl was evident in in vivo
conditions, in comparison to in vitro culture [32]. In vitro cultivated explants of two out of
six species could not propagate and survive at 400 mM NaCl, but the other species showed
drastic inhibition of growth and development. In contrast, all plants survived 600 mM
NaCl treatment when cultivated in substrate. This phenomenon was confirmed also in
the present study, as multiplication intensity of A. maritima accessions AM1 and AM2
was negatively affected by increasing NaCl concentration (Figure 1B), and also biomass
of AM2 decreased (Figure 1A) in conditions of tissue culture, but total biomass of both
accessions was not significantly negatively affected by increasing salinity when cultivated
in substrate (Figure 3). One of the reasons for this difference could possibly be related
to root system acting as a barrier for Na+ transfer to shoots. Stimulated development of
Casparian strips in roots under salinity can act as a barrier for passive apoplastic flux of
Na+, resulting in a large concentration gradient between roots and shoots [60,61], similar
to the limitation of heavy metal uptake [62]. However, this clearly was not the case in the
present study, as roots of plant grown in soil accumulated much lower concentration of Na+

(Figure S2) in comparison to that in leaves (Figure 6), and Na+ concentration in cultivated
shoot explants (≤1 mol kg−1, Figure 2A) at the highest salinity was similar to that in new
leaves of soil-grown plants (Figure 6B).

5. Conclusions

It can be concluded that a species-wide salinity tolerance exists within dry sandy soil
accessions of A. maritima, associated with the ability to accumulate surplus ions both in
salt glands and old leaves. Both Na+ and K+ in a form of chloride salts had similar effect
on plant growth, but with significant differences in osmotic adjustment by inorganic ions
vs. organic osmolytes. Further studies aiming at dissecting physiological and biochemical
mechanisms related to salinity tolerance of A. maritima and differences in osmotic and an-
tioxidative protection of internal environment in different accessions due to various salinity
types are necessary. Most importantly, functional diversity needs to be related to possible
genetic diversity of different ecologically and geographically isolated micropopulations of
A. maritima at the Northern range of distribution, to get further insight into abiotic stress
adaptation mechanisms of the species.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plants11192570/s1, Figure S1: Typical Armeria maritima
(AM2) individuals 6 weeks after full treatment with 217 mol L−1 NaCl (A) and 217 mol L−1 KCl (B)
showing formation of salt crystals on surface of leaves and flower stems; Figure S2: Effect of added
NaCl concentration in soil on accumulation of Na+ in roots (A) and flower stalks (B) of Armeria mar-
itima plants from different accessions after 7–8 weeks of cultivation; Figure S3: Effect of added NaCl
(A,B) and KCl (C,D) concentration in soil on accumulation of K+ in roots (A,C) and flower stalks (B,D)
of Armeria maritima plants from different accessions after 7–8 weeks of cultivation; Figure S4: Effect
of added NaCl (A,B) and KCl (C,D) concentration in soil on electrical conductivity in roots (A,C) and
flower stalks (B,D) of Armeria maritima plants from different accessions after 7–8 weeks of cultivation;
Figure S5: Effect of added NaCl (A–E) and KCl (F–J) concentration on summed concentration of
Na+ + K+ in old leaves (A,F), new leaves (B,G), flowers (C,H), roots (D,I) and flower stalks (E,J) of
Armeria maritima plants from different accessions after 7–8 weeks of cultivation; Figure S6: Effect of
added NaCl (A–E) and KCl (F–J) concentration in K+: Na+ concentration ratio in old leaves (A,F),
new leaves (B,G), flowers (C,H), roots (D,I) and flower stalks (E,J) of Armeria maritima plants from
different accessions after 7–8 weeks of cultivation; Figure S7: Effect of added NaCl (A,B) and KCl
(C,D) concentration in soil on osmotic value in roots (A,C) and flower stalks (B,D) of Armeria maritima
plants from different accessions after 7–8 weeks of cultivation; Figure S8: Effect of added NaCl (A,B)
and KCl (C,D) concentration in soil on non-ionic osmotic value in roots (A,C) and flower stalks (B,D)
of Armeria maritima plants from different accessions after 7–8 weeks of cultivation.
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Abstract: Proline-rich extensin-like receptor kinases (PERKs) are a class of receptor kinases implicated
in multiple cellular processes in plants. However, there is a lack of information on the PERK gene
family in wheat. Therefore, we identified 37 PERK genes in wheat to understand their role in various
developmental processes and stress conditions. Phylogenetic analysis of PERK genes from Arabidopsis
thaliana, Oryza sativa, Glycine max, and T. aestivum grouped them into eight well-defined classes.
Furthermore, synteny analysis revealed 275 orthologous gene pairs in B. distachyon, Ae. tauschii, T.
dicoccoides, O. sativa and A. thaliana. Ka/Ks values showed that most TaPERK genes, except TaPERK1,
TaPERK2, TaPERK17, and TaPERK26, underwent strong purifying selection during evolutionary
processes. Several cis-acting regulatory elements, essential for plant growth and development and
the response to light, phytohormones, and diverse biotic and abiotic stresses, were predicted in
the promoter regions of TaPERK genes. In addition, the expression profile of the TaPERK gene
family revealed differential expression of TaPERK genes in various tissues and developmental stages.
Furthermore, TaPERK gene expression was induced by various biotic and abiotic stresses. The
RT-qPCR analysis also revealed similar results with slight variation. Therefore, this study’s outcome
provides valuable information for elucidating the precise functions of TaPERK in developmental
processes and diverse stress conditions in wheat.

Keywords: PERK; kinase; RT-qPCR; promoter; drought; heat stress
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1. Introduction

Protein phosphorylation is a key post-translational modification that regulates cell sig-
naling networks and cellular processes in response to internal and external environmental
stimulation through the reversible regulation of protein function by activation or deacti-
vation, formation of protein complexes, and determination of the subcellular location of
proteins [1–3]. Phosphorylation is the most common event in which the phosphoryl group
transfers from adenosine triphosphate to hydroxyl residue of the protein substrate [4]. Al-
though plants deploy receptor kinases at the cell surface to perceive, the signal, generated in
the sudden changing environment, activates the various signaling pathways and regulates
the growth, reproduction, and response against diverse stresses [2,5]. Receptor kinases
are the most prominent gene family in crop species, including Arabidopsis, rice, maize,
soybean, cotton, and sorghum [6–8]. For example, the Arabidopsis receptor kinase gene
family encompasses ~610 members, and their homologs have been identified and charac-
terized in many plant species [7,9–11]. The biological functions of these predicted receptor
kinase genes remain to be elucidated. However, receptor kinases play a crucial roles in cell
differentiation, pollen tube growth, pollen development, symbiosis, pathogen recognition,
phytohormone response, signal transduction, self-incompatibility and response towards in-
ternal and external stimuli [8,9,12–16]. A few studies have identified and characterized the
ligands that activate specific receptor kinases, as well as some signaling components [8,13].
Receptor kinases bind to different kinds of biomolecules such as polypeptides, steroids,
carbohydrates, and cell wall components. These receptor kinases perceive and transduce
the signals across the plasma membrane via diverse signaling complexes, which have been
developed during the long course evolution of complex multicellular organisms [2,9].

Receptor kinases were divided into different groups based on the motifs structure
in their extracellular domains [9,17]. For instance, the leucine-rich repeat receptor kinase
family comprises the main class of receptor kinases in plants, including BAK1 and BRI1,
which have been implicated in brassinosteroid signaling [18–20]. Proline-rich extensin-like
receptor kinases (PERKs) are one of the main classes of receptor kinases. Fifteen PERK
genes have been found in the Arabidopsis genome. However, their functions are poorly
understood [6,12]. Most of the AtPERK gene family members are ubiquitously expressed,
while few genes are specifically expressed [6]. For instance, AtPERK1 is broadly expressed,
whereas the expression of AtPERK2 is mainly observed in rosette leaf veins, stems, and
pollen [21]. In addition, the expression of AtPERK8 and AtPERK13 were detected in root
hairs [6,22,23]. The expression of AtPERK5, AtPERK6, AtPERK7, AtPERK11, and AtPERK12
were highly elevated in pollen. However, unnoticeable expressions were observed in the
sporophytic tissues [23–25]. Furthermore, AtPERK4 regulates the root growth function at
an early stage of ABA signaling by perturbing calcium homeostasis in Arabidopsis [14]. A
few studies have demonstrated that increased concentrations of calcium in the cells also
enhances antioxidant enzyme activities and eventually regulates the lipid peroxidation of
cell membranes and stomatal apertures [26–28]. The PERKs suppress the accumulation of
reactive oxygen species (ROS) in the root, which is necessary for root hair growth [29,30].
MAPK cascade is an essential regulator of high light-induced Cu/Zn SODs and anti-PERK
antibodies from animals, used to detect the presence of homologous proteins such as MPK3
and MPK6 in plants [30,31]. AtPERK5 and AtPERK12 are essential for the pollen tube
growth in Arabidopsis [16]. Furthermore, AtPERK8, AtPERK9, and AtPERK10 negatively
regulate root growth in Arabidopsis [23]. PERK1 rapidly induces early perception and
response to a wound in Chinese cabbage [12]. Antisense suppression of BnPERK1 has
exhibited various growth defects, such as amplified secondary branching, loss of apical
dominance, and defects in floral organ formation. At the same time, the overexpression line
showed increased lateral shoot production, seed set, and unusual deposition of callose and
cellulose in Brassica napus [21]. A PERK-like receptor kinase specifically interacts with the
nuclear shuttle protein (NSP), led viral infection, and positively regulates the NSP function
in cabbage leaf curl virus and geminivirus [32].
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Plants are sessile organisms, and constantly face fluctuating environmental conditions
and various biotic and abiotic stresses during growth and development [33–35]. For
example, wheat is an important cereal crop cultivated worldwide [36,37], and its quality
and productivity are largely influenced by different biotic and abiotic factors [38,39]. With
the recent advent of sequencing technology, a rapid increase in sequenced plant genomes
has been accessed in the past few years [40]. However, identifying the genes in plant
species’ genomes is now a great challenge, particularly in terms of their structure to
functionally characterization [41,42]. For example, the wheat genome sequenced, completed
and identified 124,201 genes [43]. Thus, this project’s completion has made it possible
to complete genome-wide analysis and identification of the PERK gene family in wheat.
We performed a comprehensive analysis of 37 PERK genes using several computational
approaches in this work.

Furthermore, phylogenetic analysis, physical and biochemical properties, exon/intron,
conserved motifs, chromosomal distribution, subcellular localization, gene duplication,
Ka/Ks values, synteny analysis, and three-dimensional (3D) structure were also determined.
In addition, tissue-specific expression profiles and responses to diverse stress conditions
were also examined for the TaPERK genes. The outcome of the present study will be helpful
in the detailed understanding of the TaPERK gene’s role in plant growth, development,
and survivability under different stress conditions.

2. Results

2.1. Identification of TaPERK in Wheat

In this study, we identified 37 PERK genes in the wheat genome using various compu-
tational approaches (Table 1).

Table 1. Nomenclature and characteristics of the putative proline-rich extensin-like receptor kinases
(PERKs) proteins in wheat were predicted using various computational tools.

Proposed
Gene
Name

Gene ID
Genomic
Location

Orientation
CDS

Length
(bp)

Intron
Number

Protein
Length

(aa)

Molecular
Weight
(KDa)

Isoelectric
Point
(pI)

GRAVY
Predicted

Subcellular
Localization

TaPERK1 TraesCS1A02G127900 1A:155693812–
155696618 Forward 1977 7 658 69.44 7.53 −0.531 Nucleus

TaPERK2 TraesCS1B02G1470000 1B:209130189–
209130266 Reverse 1431 8 476 52.14 6.17 −0.5 Nucleus

TaPERK3 TraesCS1D02G00430 1D:2110107–
2112027 Forward 1971 7 656 68.93 9.04 −0.393

Chloroplast
outer

membrane

TaPERK4 TraesCS1D02G126300 1D:137437684–
137440387 Reverse 1962 7 653 69.07 7.21 −0.52 Nucleus

TaPERK5 TraesCS2A02G418200 2A:674030843–
674031911 Forward 3048 23 1015 110.33 6.33 −0.193 Plasma

membrane

TaPERK6 TraesCS2A02G418300 2A:674050369–
674051442 Forward 3042 23 1013 110.39 7.06 −0.135 Plasma

membrane

TaPERK7 TraesCS2A02G418400 2A:674061248–
674062244 Forward 3159 23 1052 113.73 5.96 −0.127 Plasma

membrane

TaPERK8 TraesCS2B02G437200 2B:629023953–
629025021 Forward 3045 23 1014 110.38 6.3 −0.178 Plasma

membrane

TaPERK9 TraesCS2B02G437300 2B:629106216–
629107285 Forward 3048 23 1015 110.62 6.61 −0.147 Plasma

membrane

TaPERK10 TraesCS2D02G415600 2D:529537635–
529538701 Forward 3048 22 1015 110.34 6.6 −0.167 Plasma

membrane

TaPERK11 TraesCS2D02G415700 2D:529548057–
529548998 Forward 2775 23 924 101.07 7.29 −0.182 Plasma

membrane

TaPERK12 TraesCS2D02G415800 2D:529558487–
529559547 Forward 3156 23 1051 113.45 6.11 −0.102 Plasma

membrane

TaPERK13 TraesCS3A02G003900 3A:1925607–
1927275 Reverse 2064 7 687 72.42 5.96 −0.429 Plasma

membrane

TaPERK14 TraesCS3A02G152200 3A:142891955–
142894634 Forward 1893 7 630 67.43 6.28 −0.569 Endomembrane

system
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Table 1. Cont.

Proposed
Gene
Name

Gene ID
Genomic
Location

Orientation
CDS

Length
(bp)

Intron
Number

Protein
Length

(aa)

Molecular
Weight
(KDa)

Isoelectric
Point
(pI)

GRAVY
Predicted

Subcellular
Localization

TaPERK15 TraesCS3A02G229800 3A:429615911–
429617422 Reverse 2163 6 720 74.97 7.93 −0.401

Chloroplast
thylakoid

lumen

TaPERK16 TraesCS3A02G278100 3A:507637093–
507638935 Reverse 2028 7 675 72.42 7.31 −0.481 Plasma

membrane

TaPERK17 TraesCS3A02G290300 3A:519244808–
519246110 Reverse 2184 7 727 75.8 6.11 −0.535 Endomembrane

system

TaPERK18 TraesCS3B02G008600 3B:4324660–
4326408 Forward 2061 7 686 71.88 5.97 −0.437 Plasma

membrane

TaPERK19 TraesCS3B02G179300 3B:187347873–
187350697 Forward 1896 7 631 67.46 6.35 −0.569 Endomembrane

system

TaPERK20 TraesCS3B02G259100 3B:416806224–
416809608 Reverse 2097 6 698 72.98 7.63 −0.448 Plasma

membrane

TaPERK21 TraesCS3B02G312300 3B:501498044–
501499926 Reverse 2034 7 677 72.6 7.31 −0.493 Endomembrane

system

TaPERK22 TraesCS3B02G325100 3B:525990462–
525991846 Reverse 2436 7 811 84.77 6.09 −0.51 Plasma

membrane

TaPERK23 TraesCS3D02G005400 3D:2141185–
2143272 Forward 1206 6 401 44.37 5.55 −0.403 Nucleus

TaPERK24 TraesCS3D02G160000 3D:130928685–
130931461 Forward 1899 7 632 67.49 6.36 −0.555 Endomembrane

system

TaPERK25 TraesCS3D02G278400 3D:385473929–
385474240 Reverse 2031 8 676 72.56 7.1 −0.471 Endomembrane

system

TaPERK26 TraesCS3D02G290100 3D:400311470–
400312883 Reverse 1317 6 438 47.14 5.97 −0.447 Nucleus

TaPERK27 TraesCS4A02G077500 4A:76627667–
76628358 Forward 1866 5 621 64.49 5.58 −0.457 Endomembrane

system

TaPERK28 TraesCS4A02G449700 4A:715718345–
715719349 Forward 2604 19 867 94.75 7.03 −0.145 Plasma

membrane

TaPERK29 TraesCS4B02G233600 4B:486206279–
486206961 Reverse 1857 5 618 64.45 5.63 −0.487 Plasma

membrane

TaPERK30 TraesCS5A02G411300 5A:599978835–
599979642 Reverse 1722 4 573 60.33 7.96 −0.387

Chloroplast
outer

membrane

TaPERK31 TraesCS5B02G415000 5B:589228532–
589228944 Reverse 1842 3 613 64.68 7.86 −0.368

Chloroplast
outer

membrane

TaPERK32 TraesCS7A02G038600 7A:17358644–
17359648 Reverse 3030 23 1009 109.7 6.22 −0.108 Plasma

membrane

TaPERK33 TraesCS7A02G231900 7A:202852283–
202853761 Reverse 2187 6 728 76.24 5.32 −0.484 Nucleus

TaPERK34 TraesCS7B02G130400 7B:156752944–
156754400 Reverse 2208 6 735 76.89 5.22 −0.49 Nucleus

TaPERK35 TraesCS7D02G034800 7D:17864178–
17865182 Reverse 3021 23 1006 109.26 6.1 −0.09 Plasma

membrane

TaPERK36 TraesCS7D02G232700 7D:194224547–
194225929 Forward 2256 6 751 78.2 6.16 −0.645 Endomembrane

system

TaPERK37 TraesCSU02G104700 Un:92294980–
92296477 Reverse 2205 6 734 76.55 5.32 −0.483 Nucleus

ID: identity; bp: base pair; aa: amino acids; pI: isoelectric point; MW: molecular weight; KDa: Kilo dalton.

This number is relatively higher than the earlier reported PERK genes in Arabidopsis,
soybean, rice, sorghum, maize, and cotton (Table 2).

This might be due to the higher chromosome number and big size of the wheat
genome, which indicates that the PERK genes underwent a substantial expansion in wheat.
In addition, wheat is derived from the hybridization of three progenitor genomes: A, B, and
D. The TaPERK family had protein lengths ranging from 401–1052, and amino acid with
molecular weight (MW) 44.37–113.73 kDa for TaPERK23 and TaPERK7, respectively. The
isoelectric point (pI) ranged from 5.22 and 9.04 for TaPERK34 and TaPERK3, respectively.
We also plotted the MW of TaPERK with their pI to understand the MW distribution of
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different TaPERK proteins (Figure S1). The plots showed that most of the TaPERKs had
similar MW and pI. Hence, pI values ranged from acidic to basic, and the heaviest TaPERK
was over twice the weight of the lightest. Furthermore, the grand average of hydropathy
index values ranged from −0.09 to −0.645, indicating that TaPERK proteins are hydrophilic
in nature. Moreover, the subcellular localization prediction of TaPERK proteins indicated
that most of the TaPERKs were situated on the plasma membrane (Table 1).

Table 2. Number of PERK proteins in different plant species.

Plant Species
Genome Size

(Approx.)
Coding Genes PERK Genes

Triticum aestivum (6n) 17 Gb 107,891 37

Arabidopsis thaliana (2n) 135 Mb 27,655 15

Oryza sativa 500 Mb 37,960 8

Zea mays (2n) 2.4 Gb 39,591 23

Glycine max (2n) 1.15 Gb 55,897 16

Sorghum bicolor (2n) 730 Mb 28,120 15

Gossypium arboretum (2n) 1746 Mb 41,330 15

Gossypium raimondii (2n) 885 Mb 40,976 16

Gossypium hirsutum (4n) 2.43 Gb 75,376 33

To understand the origins and evolutionary dynamics between plant species PERKs,
the phylogenetic tree was produced with TaPERKs, AtPERKs OsPERKs, and GmPERK
proteins (Table S2). The phylogenetic analysis revealed that TaPERK proteins were classified
into eight groups (Figure 1).

Figure 1. Phylogenetic analysis of TaPERK proteins with Arabidopsis (15), rice (8), and soybean (16).
The phylogenetic analysis was executed using the ClustalW program as well as MEGAX software
by the neighbor-joining method and bootstrap values of 1000 replicates. The numbers on the nodes
indicate the bootstrap values. Distinct groups are represented by the different colors.
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Group III was the biggest with 14 members, while Group I, II, IV, V, VI, VII, and VIII
contained 10, 3, 0, 6, 0, 4, and 0 members, respectively (Figure S2).

2.2. Chromosomal Distribution, Gene Duplication, and Synteny Analysis

To map the chromosomal distribution of the identified TaPERK genes in wheat,
corresponding to chromosomal locations of PERK genes were determined using the
PhenGram online server. The TaPERK genes were found on 17 wheat chromosomes
(Figure 2A and Table 1). TaPERK genes showed a higher presence on A sub-genomes
(Figure 2B). Maximum TaPERK genes (Fourteen) were located on the chromosomes of
the A sub-genome.

Figure 2. Cont.
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Figure 2. Genomic distribution of identified PERK genes on the 21 chromosomes of wheat and within
the three sub-genomes. (A) Schematic representations of the chromosomal distribution of PERK
genes on the 21 chromosomes of wheat and the name of the gene on the right. The colored circles
on the chromosomes indicate the position of the PERK genes. The chromosome numbers of the
three sub-genomes are indicated at the top of each bar. (B) Distribution of PERK genes in the three
sub-genomes. (C) Distribution of PERK genes across 21 chromosomes, Un: unaligned contig.

The B and D sub-genome had a minimum number of TaPERK genes (Eleven). Five
TaPERKs were mapped on chromosomes 3A and 3B (Figure 2C). The lowest number
of TaPERKs was detected on the chromosomes 1A, 1B, 4B, 5A, 5B, and 7B (single gene,
respectively). On the contrary, none of the TaPERK genes were located on the chromosomes
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4D, 5D, and 6D. In addition, one TaPERK was located on an unaligned contig. Thus, all the
PERK family members were uniformly distributed on the wheat’s A, B, and D sub-genome.

To explore why the wheat was polyploidy with the largest genome, we further inves-
tigated the duplication events in the TaPERK gene family. The phylogenetic analysis of
the TaPERK genes also revealed many duplication events (Figure S3). We observed that
26 PERK genes in wheat involved duplication events (Figure S4 and Table S3), indicating
expanding the PERK gene family in wheat. Furthermore, to examine the selective pres-
sure on the duplicated TaPERK genes, we analyzed the synonymous substitution (Ks),
non-synonymous (Ka), and the Ka/Ks ratios for the 13 TaPERK genes pairs (Table S3).
The value of Ka/Ks = 1 indicates that genes underwent a neutral selection; <1 denotes
negative selection or purifying, and >1 suggests a positive selection [44]. The Ka/Ks values
for all 11 gene pairs were <1, which indicates that TaPERK genes experienced a robust
purifying selection pressure with slight alteration after duplication. However, 2 gene
pairs, TaPERK1/TaPERK2 and TaPERK17/TaPERK26, had more than 1, which suggests
that two pairs of TaPERK genes experienced a positive selection (Table S3). These findings
showed the conserved evolution of TaPERKs.

To further elucidate the synteny relationships of TaPERK genes with wheat relatives
and other model plants, including B. distachyon, Ae. tauschii, T. dicoccoides, O. sativa, and A.
thaliana, multiple collinearity scan tools were run to identify the orthologous genes between
genomes of these plant species (Figure 3 and Table S4).

 

Figure 3. Syntenic relationships of TaPERK genes between Aegilops tauschii, Brachypodium distachyon,
and Oryza sativa. The gray lines in the background represent the collinear blocks within Triticum
aestivum and other plant genomes, while the red lines highlight the syntenic PERK gene pairs.

We found 35, 30, 61, 66, and 83 orthologous gene pairs between TaPERKs with other
PERK genes in B. distachyon, Ae. tauschii, T. dicoccoides, O. sativa, and A. thaliana, respectively.
The results showed that 26, 24, 37, 42, and 66 TaPERK genes were collinear with PERK genes
in B. distachyon, Ae. tauschii, T. dicoccoides, O. sativa, and A. thaliana, respectively. Some of the
TaPERK genes had five pairs of orthologous genes, for example; TaPERK5, TaPERK6, TaPERK8,
TaPERK9, and TaPERK11, while few of the TaPERK genes had four pairs of orthologous genes,
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TaPERK7, TaPERK10, TaPERK12, TaPERK15, TaPERK20, TaPERK28, TaPERK32 and TaPERK35
that might have played an essential role in the evolution of PERK genes. Thus, these results
indicated that PERK genes in wheat-derived from a common ancestor.

2.3. Exon/Intron Structure and Motif analysis of TaPERK Genes

To elucidate the structural character of the TaPERK genes, the exon/intron organiza-
tion and conserved motifs (Figure 4) of TaPERK genes were examined.

Figure 4. Diagrammatic representation of the exon–intron organization of the TaPERK genes. Yellow
boxes represent exons, untranslated regions (UTRs) are indicated by blue boxes, and black lines
represent introns. The lengths of the boxes and lines are scaled based on gene length. The exon and
intron sizes can be estimated using the scale at the bottom.

Exon–intron analysis showed that the TaPERK gene family greatly varied in terms of gene
structure. For instance, most TaPERK genes contain 3–23 introns. Maximum twenty-three
introns were detected in the TaPERK5, TaPERK6, TaPERK7, TaPERK8, TaPERK9, TaPERK11,
TaPERK12, TaPERK32, and TaPERK35, while TaPERK31 had three introns (Figure S5). Further-
more, we also analyzed the conserved motif of TaPERK genes using the Multiple Em for Motif
Elicitation (MEME) webserver. Eventually, ten well-preserved motifs were found in 37 TaPERK
genes (Figure 5A,B).

Furthermore, the TaPERK gene family was detected by the presence of the tyrosine
kinase domain (Pfam PF07714), and all TaPERKs consist of at least one tyrosine kinase do-
main (Table S5) involved in signal transduction. Furthermore, to understand the biological
function of TaPERK genes in wheat, 3D protein models of all TaPERKs were produced
using a phyre2 webserver. TaPERKs 3D protein structure had two distinct subdomains,
a smaller N-terminal lobe and a bigger C-terminal lobe connected by a small hinge loop
(Figure S6B). In addition, protein sequence alignment also showed that all TaPERK proteins
consisted of a conserved tyrosine kinase domain (Figure 6 and Figure S6A).
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Figure 5. Cont.
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Figure 5. Conserved motifs of TaPERK genes elucidated by MEME. Up to 10 motifs were shown in
different colors. (A) Colored boxes representing different conserved motifs with different sequences
and sizes. (B) Sequence logo conserved motif of the wheat PERK proteins. The overall height of each
stack represents the degree of conservation at this position, while the height of individual letters
within each stack indicates the relative frequency of the corresponding amino acids. The sequence of
each motif, combined p-value, and length are shown on the left side of the figure. MEME Parameters:
number of repetitions, any; maximum number of motifs, 10; optimum motif width, between 6 and 50.

This result will help understand and explain the substrate specificity and molecular
function of TaPERK genes in activating the PERK signal transduction pathway.

2.4. Cis-Acting Regulatory Elements (CAREs) Analysis of TaPERK Genes

To further understand the function of TaPERK genes, upstream 2000 bp sequences
from the transcription start site of TaPERKs were analyzed using the PlantCARE web server.
This analysis revealed that the promoter region of TaPERKs gene families contained the
multiple cis-elements related to phytohormones, developmental processes, and different
stresses (Figure 7A and Table S6).
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Figure 6. Cont.
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Figure 6. Multiple sequence alignment of the TaPERK protein sequences. The conserved protein
tyrosine kinase domain is boxed in red. Colored and shaded amino acids are chemically similar
residues. Dashes indicate gaps introduced to maximize the alignment of the homologous region.
* indicates positions which have a single, fully conserved residue.

The TaPERKs gene family consists of five hormone response elements, including the
auxin response element (AuxRE), gibberellin response element (GARE), methyl jasmonate
response element (MeJARE), abscisic acid response element (ABRE), and salicylic acid
response element (SARE). The response elements belong to light responses, MeJARE,
defense, and stress response and ABRE were the most abundant CAREs in the TaPERK
gene family (Figure 7B). This result indicates that TaPERKs play a crucial role in plant
growth and development.

Furthermore, TaPERKs contain cis-elements related to zein metabolism, endosperm
expression, circadian control, meristem expression, seed-specific, and cell cycle regulation.
Thus, the CAREs found in the TaPERK gene family indicate that TaPERKs might be partici-
pating in a wide range of biological processes. Furthermore, various types of CAREs in
the TaPERK genes suggest that these genes might be involved in diverse developmental
processes. Therefore, these results provide valuable insights to understand the regulatory
mechanism of the TaPERK gene family in response to phytohormone, defense, stress, and
various developmental processes.

2.5. Gene Ontology (GO) Enrichment of TaPERK Genes

Gene ontology (GO) assists in understanding the biological function of any genes by
comparing their sequence similarity with the known function of genes and gene products
with other species [40,42]. All TaPERKs were successfully annotated and allotted GO
terms using AgriGO, and further verified using eggNOG-Mapper (Figure S7; Table S7 and
Table S8), giving almost the same results as AgriGO. In the biological process category,
TaPERK genes were enriched in cell communication (GO:0007154), signaling (GO:0023052),
cellular process (GO:0009987), and regulation of biological process (GO:0050789) categories
(Figure S7A). In the cellular component category, TaPERK displayed enrichment in the
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cell (GO:0005623), cell junction (GO:0030054), and membrane (GO:0016020) (Figure S7B).
Furthermore, subcellular localization prediction (Table 1) also provided indistinguishable
results. In the molecular function category, molecular transducer activity (GO:0060089)
and catalytic activity (GO:0003824) were the most prevalent category which was primarily
involved in signal transduction (Figure S7C). Apart from cell communication and sig-
naling, the GO term analysis also suggested a variety of roles of TaPERK genes, such as
maintenance of dormancy, tissue development, organ formation, post-embryonic organ
development, gametophyte development, seedling development, and regulation of devel-
opmental process and metabolism. Thus, these results demonstrate that TaPERK genes
play a critical role in plant growth and development.

Figure 7. Cis-acting regulatory elements (CAREs) in the promoter region of the TaPERK genes family.
The CAREs analysis was performed with a 2kb upstream region using PlantCARE online server. The
different numbers of cis-regulatory elements represent different colors. (A) Hormone-responsive
elements, stress-responsive elements, growth and development-related elements, light-responsive
elements, and other elements with unknown functions are differentiated by color. (B) Most commonly
occurring CAREs in TaPERKs.
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2.6. Expression Profiling of TaPERK Genes in Various Developmental Stages and under Diverse
Stress Conditions

To investigate the precise function of TaPERK genes, the expression pattern of TaPERK
genes was examined during different developmental and in diverse stress conditions. The TPM
values of all TaPERKs were retrieved from the wheat gene expression database. These TPM
values were directly used to generate the PCA and heatmaps (Figure S8A,B, Figures 8 and 9).

Figure 8. Heatmap representing expression profile of the TaPERK genes at various developmental
stages. Columns represent genes, and rows represent different developmental stages. TPM values
were used directly to create the heatmaps. The “z” nomenclature refers to Zadok’s growth stage.
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Figure 9. Quantitative real-time PCR analysis of selected TaPERK genes in response to drought stress
(DS), heat stress (HS), and cold stress to verify RNA seq data. The wheat actin gene was used as
the internal control to standardize the RNA samples for each reaction. Asterisks indicate significant
differences compared with control. Bars represent results of Tukey’s HSD test at the <0.05 and <0.001
level (* p < 0.05, ** p lies in between the values of 0.05 and 0.001, and *** p < 0.001). Error bars show
standard deviation. Data are mean ± SD (n = 3).
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To examine the expression pattern of TaPERKs, five tissues from three different develop-
mental stages were taken in this work. The TaPERK genes displayed differential induction
among the different tissues; for example, TaPERK2, TaPERK4, TaPERK13, TaPERK21, TaPERK23,
and TaPERK25 exhibited induction at the spike z39 stage, while TaPERK15, TaPERK20, Ta-
PERK27, TaPERK29, and TaPERK36 exhibited induction at spike z65 stage (Figure 8).

The expression of TaPERK5, TaPERK6, TaPERK7, TaPERK8, TaPERK9, TaPERK11, Ta-
PERK12, TaPERK17, TaPERK22, TaPERK26, TaPERK28, TaPERK32, TaPERK33, TaPERK34,
TaPERK35, and TaPERK37 were elevated in roots at z13 and z39 stage, respectively. Ta-
PERK10, TaPERK30, and TaPERK31 were also up-regulated in the leaf at the z23 and z71
stages, respectively. In addition, TaPERK13, TaPERK14, TaPERK23, TaPERK24, and Ta-
PERK31 showed induction at the grain z71 stage. TaPERK18 and TaPERK24 showed higher
expression at the stem z30 stage, whereas TaPERK24, TaPERK30, and TaPERK31 expression
was raised at the stem z65 stage (Figure 8). These results showed that the TaPERK gene
family members might be involved in developing different tissues and stages.

Expression patterns of TaPERKs were also investigated under the different stress con-
ditions, including septoria tritici blotch (STB), stripe rust, powdery mildew, drought, and
heat stress. The expression of several members of the TaPERK gene family was elevated
in biotic and abiotic stress (Figure S9). The expression of TaPERK9, TaPERK13, TaPERK15,
TaPERK17, TaPERK20, TaPERK22, TaPERK23, TaPERK26, TaPERK28, TaPERK33, TaPERK35,
and TaPERK36 were induced during the septoria tritici blotch, while the expression of
TaPERK2, TaPERK6, TaPERK7, TaPERK8, TaPERK10, TaPERK11, TaPERK12 TaPERK27, Ta-
PERK35, and TaPERK37 were significantly raised upon the powdery mildew infection.
TaPERK1, TaPERK8, TaPERK16, TaPERK21, TaPERK24, TaPERK25, TaPERK29, TaPERK30,
TaPERK31, and TaPERK34 were highly elevated during the stripe rust infection. In the case
of abiotic stress, the expression profile indicates the expression of a few members of the
TaPERK family, for instance, TaPERK3, TaPERK4, TaPERK18, and TaPERK32 were raised
during the initial hours of heat stress. It seems that the TaPERK family does not participate
in drought stress. However, only TaPERK4 and TaPERK18 genes were elevated during the
combined drought and heat stress (Figure S9). The expression level of TaPERK14, TaPERK19,
TaPERK24, and TaPERK29 was significantly raised during cold stress. Furthermore, the
expression patterns of a few selected TaPERK genes were validated through RT-qPCR, and
the results displayed nearly similar expression patterns (Figure 9). Overall, these results
demonstrated that different TaPERK genes respond to diverse stress conditions.

2.7. Protein–Protein Network Analysis of the TaPERK Family Genes

A protein network was produced using the STRING online webserver to examine the
interactions between TaPERKs and other T. aestivum proteins (Figure 10 and Table S9).

We found eighteen TaPERKs interacting with 10 different wheat proteins accord-
ing to the STRING results. TaPERK29 can interact with seven other wheat proteins
(Traes_3AL_394642923.1, Traes_3AL_5E8DEE3E8.1, Traes_3B_514AAB5F3.1, Traes_3B_9EBD47B52.1,
Traes_4AS_E28B34320.1, Traes_6BL_DFDCD5B11.1 and Traes_4DL_05BF7F181.1), which
were cGMP-dependent protein kinase/PKG II, protein of unknown function (DUF1645) and
BRASSINOSTEROID INSENSITIVE 1, and play critical roles in the Brassinosteroids signal-
ing. TaPERK2 and TaPERK4 can interact with four other wheat proteins (Traes_7AL_5E0DD589E.1,
Traes_4DL_E447FD9FD.1, Traes_6BL_DFDCD5B11.1 and Traes_7DL_909EA97B3.1) which
were cGMP-dependent protein kinase/PKG II and non-specific serine/threonine-protein
kinase. cGMP-dependent protein-kinase is a phosphorylated diverse biologically important
pathway [45–47]. PKG is activated by cGMP and has been implicated in the regulation of
cell division, nucleic acid synthesis response to biotic stress, stomata closure during osmotic
stress, and development of adventitious roots [45–49]. These results provide important
insight for further elucidating the complex biological functions of TaPERK genes.
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Figure 10. Protein–protein interaction analysis of TaPERKs proteins. Protein–protein interaction
network produced by STRINGV9.1, each node represents a protein, and each edge represents an
interaction, colored by evidence type. The figure highlights the connections between differentially
represented proteins.

3. Discussion

PERKs are a class of receptor kinases that have been implicated during various stages of
growth and developments in plants, including cell differentiation, pollen tube growth, pollen
development, symbiosis, pathogen recognition, phytohormone response, signal transduction,
self-incompatibility, and response to internal and external stimuli [8,9,12–16]. PERKS gene family
members have also been identified in other plant species, such as 15 genes in Arabidopsis, 8
in O. sativa, 23 in Z. mays, 16 in G. max, 15 in S. bicolor, 15 in G. arboreum, 16 in G. raimondii,
and 33 from G. hirsutum [6,7,12]. However, this is the first time we have identified the PERK
gene family in the wheat genome. Many studies have reported PERKS genes in ancient land
plants, which have expanded during evolutionary processes [6,7,15]. However, in this study, we
identified 37 TaPERK genes in the wheat genome (Table 1), which, upon phylogenetic analysis,
classified the TaPERK gene family into eight subfamilies or groups (Figure 1). Phylogenetic
analysis revealed that groups III and VII were monocot-specific TaPERKs, while groups IV, VI,
and VIII contained dicot-specific TaPERKs (Figure 1). The evolution of this type of gene indicates
the monocot’s specific functions that might play an essential role in establishing physiological
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and morphological development [40,42,50]. Although, TaPERK genes were distributed into
the well-known rice, Arabidopsis, and the soybean cluster, indicating that TaPERKs might
be derived from a common ancestor. In addition, most of the TaPERKs showed orthologous
relationships with rice, Arabidopsis, and soybean PERKs.

Furthermore, the phylogenetic tree also displayed that all subfamilies have an ex-
panded number of members (Figure 1 and Figure S2), suggesting that the duplication of
TaPERKs results from a long course of evolution. Similar results were reported in Arabidop-
sis, B. rapa, and cotton [6,7,15]. Collectively, these results demonstrated a lineage-specific
expansion of TaPERKs via the partial alteration of the genome to adapt to internal and
external environments during evolution [40,42,50,51].

The wheat PERKS gene family was widely expanded and had comparatively more
PERKs than the previously reported PERKs in A. thaliana, O. sativa, G. max, S. bicolor, Z.
mays, G. max, G. arboreum, G. raimondii, and G. hirsutum [6,7,12]. Many previous studies
have demonstrated that polyploidy enabled numerous plant species to adapt to adverse
environmental conditions [44,52,53]. Mostly, polyploidy is linked with gene duplication
and, in our study, we also found that tandem, segmental and whole-genome duplication
was the critical driving force responsible for the duplication of TaPERK genes. Segmen-
tal duplication is the fundamental drive factor, and occurs in numerous plant genomes
during evolution consisting of several duplicated chromosomal blocks [54]. For instance,
several Arabidopsis gene families experienced coherent evolutionary dynamics directed
to expanding the gene family [55,56]. Moreover, several gene families, including cot-
ton GRAS, RH2FE3, MADS-Box, MIKC-Type, YABBY, WOX, sesame heat shock proteins,
and soybean WRKY, experienced segmental expansion and whole-genome duplication
events [7,57–62]. The chromosomal map of TaPERK genes revealed that the 37 TaPERKs
were unequally distributed throughout chromosomes, excluding chromosome 6 (Figure 2).
The gene number on each chromosome varied from one to five: chromosomes 3A and
3B had five genes; chromosome 3D had four genes; chromosome 2A and 2D contained
three genes; chromosomes 1D, 2B, 4A,7A and 7D had two genes; and 1A, 1B, 4B, 5A, 5B
and 7B consisted of a single gene. Hence, uneven distribution of the TaPERK genes on
the 17 chromosomes of wheat indicates probable gene addition or loss via whole genome
or segmental duplication events and errors during genome sequencing and assembly.
Gene duplication analysis showed 13 pairs of duplicated genes, which shared high se-
quence similarity at the nucleotide level. The duplicated pairs were TaPERK1:TaPERK2,
TaPERK14:TaPERK24, TaPERK27:TaPERK29, TaPERK30:TaPERK31, TaPERK17:TaPERK26,
TaPERK7:TaPERK12, TaPERK32:TaPERK35, TaPERK8:TaPERK10, TaPERK9:TaPERK11, Ta-
PERK15:TaPERK20, TaPERK34:TaPERK37, TaPERK13:TaPERK23, and TaPERK16:TaPERK21.
Furthermore, the Ka/Ks value of 11 gene pairs was <1, indicating that TaPERK genes
experienced a robust purifying selection pressure (Figure S3 and Table S3). However,
two gene pairs, TaPERK1:TaPERK2 and TaPERK17:TaPERK26, had more than 1, suggesting
that two pairs of TaPERK genes underwent a positive selection. Therefore, these results
indicate that TaPERK genes were not changed much in function after duplication and
exhibited the conserved evolution of TaPERK genes. Qanmber and colleagues (2019) also
reported similar results in cotton. Furthermore, ten gene pairs were the results of segmental
duplications in cotton [7]. Furthermore, 146 out of 149 duplicated gene pairs had a Ka/Ks
ratio of <1.0, and only three duplicated gene pairs displayed more than 1, which indicates
the positive selection pressure. Similar type gene duplication events were also described in
the BrPERKs genes [15]. Our gene duplication analysis also demonstrated that the TaPERK
gene duplication events were similar, as previously reported in the cotton and Brassica
rapa [7,15]. Thus, these results showed that segmental and whole-genome duplications
might play a critical role in the evolution and expansion of the PERK genes in wheat.

To further elucidate the synteny relationships of TaPERK genes with wheat relatives
and other model plants, we identified 35, 30, 61, 66, and 83 orthologous gene pairs between
TaPERKs with other PERK genes in B. distachyon, Ae. tauschii, T. dicoccoides, O. sativa, and
A. thaliana, respectively (Figure 3 and Table S4). Additionally, Ae. speltoides (BB, diploid)
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and Ae. tauschii (DD, diploid) were the foundation of B and D subgenomes of wheat. The
synteny relationship displayed that nine orthologous gene pairs between Ae. tauschii with
a wheat D subgenome were found on the same chromosomes with two on 1D, one on 2D,
four on 3D, and two on 7D (Figure 3 and Table S4). Furthermore, twenty-two orthologous
gene pairs between T. dicoccoides with a wheat AABB subgenome were detected on the
same chromosomes with one on 1A, two on 2A, five on 3A, two on 4A, one on 5A, two on
7A, one on 1B, one on 2B, four on 3B, one on 4B, one on 5B, and one on 7B (Figure 3 and
Table S4). These findings suggest that PERK genes might have come from Ae. tauschii and
T. dicoccoides during natural hybridization events. Furthermore, more orthologous gene
pairs were found in T. aestivum with A. thaliana and O. sativa, which exhibited that TaPERK
and other PERKS genes might be derived from these orthologous genes during evolution.

The gene structure analysis of TaPERKs revealed that TaPERKs greatly varied in gene
structure. The majority of the TaPERK genes contained more than five exons, except for
TaPERK31 with four exons, while TaPERK30 had five exons (Figure 4). A maximum of
twenty-four exons were detected in TaPERK5, TaPERK6, TaPERK7, TaPERK8, TaPERK9,
TaPERK11, TaPERK12, TaPERK32, and TaPERK35. Furthermore, a maximum of twenty-
three introns were found in TaPERK5, TaPERK6, TaPERK7, TaPERK8, TaPERK9, TaPERK11,
TaPERK12, TaPERK32, and TaPERK35, while TaPERK31 had a minimum of three introns
(Figure S5). The size of an intron is a critical player that affects the gene size; for example,
a notable difference in gene size was found between the biggest gene TaPERK17 (4 kb)
and the smallest gene TaPERK23 (2.1 kb), and this was mainly caused by the total intron
length (4 kb vs. 1.1 kb). Many studies have shown the significance of introns in the
evolution of numerous plant genes [63,64]. Several gene families had less, lack, or more
introns in their gene families [7,59,65,66]. The exon and intron differences might be due to
deletion/insertion events, which would predict the evolutionary processes [67]. All PERK
gene family members in cotton had no introns, indicating that GhPERK genes might have
evolved comparatively quickly [7].

Furthermore, it has been established that gene families containing larger or more
introns can acquire new functions during evolution processes. There were more intron
gains than losses in the plant lineages and chordates, while in arthropods and fungi, losses
prevailed over gains [63,64,67]. In our study, almost all TaPERK genes had more and
larger introns. Hence, we can speculate that PERK genes gained new functions during
evolution in wheat. Furthermore, conserved motif analysis showed ten different types of
motif compositions amidst the TaPERK proteins. We observed that five motifs were found
in all the TaTERK proteins (Motif 1, 2, 3, 4 and 6), and proteins of the same subfamilies
usually shared the same motifs and were more conservative. Thus, we hypothesize that
proteins of the same subfamilies may have the same function.

Additionally, amino acid sequence alignment of TaPERK with other plant species PERK
proteins also showed that all TaPERK proteins consisted of a conserved tyrosine kinase domain
(Figure 6 and Figure S6). The amino acid residues of PERK were highly conserved in rice,
Arabidopsis, soybean, and wheat, which might be helpful to find the pattern of PERK protein
sequence conservation in different plant species. Yang and colleagues also found that YABBY
and WOX gene families were evolutionarily conserved in cotton [57,58]. Furthermore, 3D protein
structure analysis revealed that TaPERKs had two distinct subdomains, a smaller N-terminal lobe,
and a more prominent C-terminal lobe connected by a small hinge loop (Figure S6A,B). These
findings will be helpful to understand and explain the substrate specificity and molecular function
of TaPERK genes in activating the PERK signal transduction pathway.

The cis-acting regulatory element in the promoter plays an important role in regulating
and functioning genes [68]. The promoter region of TaPERKs gene families contains the
multiple cis-acting elements related to plant hormones, growth, development, defense, and
stress-related functions (Figure 7A and Table S6). We predicted more than eight CAREs in
the promoter region of each TaPERK (Table S6). A total of 15 CAREs related to light response
were detected, including AE-box, Box 4 and ATCT motif, chs-Unit 1 m1, TCT-motif, I-box,
chs-CMA1a, chs-CMA2a, GA-motif, GATA-motif, LAMP-element and TCCC-motif, ACE
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and GT1-motif, Sp1 and 3-AF1 binding site [69,70]. We also detected the six CAREs related
to growth and development, such as MSA-like (cell cycle regulation), GCN4-motif (en-
dosperm expression), O2-site (zein metabolism regulation), CAT-box (meristem expression),
RY-element (seed-specific regulation) and CAAAGATATC-motif (circadian control) [71,72].
In addition, we also found the CARE related to phytohormone response, for instance,
CGTCA-motif (MeJA-responsive element), ABRE (abscisic acid-responsive element), TCA-
element (salicylic acid responsiveness), TGA-motif (auxin-responsive element), P-box, and
GARE-motif (gibberellin-responsive element). The MeJA-responsive element was predicted
in most TaPERK genes except TaPERK8, TaPERK11, TaPERK23, and TaPERK28. Moreover,
we also predicted that other cis-elements had been involved in different stress conditions,
such as LTR (low-temperature responsiveness), MBS (drought inducibility), and TC-rich
repeats (defense and stress responsiveness) in the TaPERK promoters. Several studies
have demonstrated that light plays a crucial role in plant growth and development pro-
cesses [73]. Several CAREs related to low temperature, fungal elicitors, stress and defense,
auxins, MeJA, gibberellin, ethylene abscisic acid, and the salicylic acid-responsive element
were also predicted in GhPERK and BrPERK gene promoter regions [7,15]. In this study,
almost all TaPERK genes contained the multiple CAREs involved in plant growth and
the responses to diverse stress. GhPERK8, GhPERK 9, GhPERK12, GhPERK23, GhPERK27,
and GhPERK29 expression levels were elevated upon exposure to plant hormones such as
indole-3-acetic acid, gibberellin, salicylic acid, and MeJA; however, the expression level of
GhPERK5 declined [7]. PERK4 regulates the root growth function at an early stage of ABA
signaling by perturbing calcium homeostasis in Arabidopsis [14]. PERK1 rapidly induced
early perception and response to a wound stimulus in Chinese cabbage [12]. Antisense
suppression of BnPERK1 exhibited various growth defects such as amplified secondary
branching, loss of apical dominance, and defects in floral organ formation. At the same
time, the overexpression line showed increased lateral shoot production, seed set, and
unusual deposition of callose and cellulose in Brassica napus [21]. Collectively, these results
showed that PERKS gene family members might regulate diverse biological processes,
responses to phytohormones, and work against different biotic and abiotic stress. Of course,
this needs to be established by experimental studies in the near future. Therefore, these
data provide the valuable information to understand TaPERKs’ function in plant growth
and development, response to phytohormones, and different stresses.

Receptor kinases play a critical role in different biological processes and responses to
internal and external stimuli [8,9,12–16,21,25]. Different TaPERK genes displayed differen-
tial expressions in various tissues. For example, TaPERK2, TaPERK4, TaPERK13, TaPERK21,
TaPERK23, and TaPERK25 exhibited induction at the spike z39 stage, while TaPERK15,
TaPERK20, TaPERK27, TaPERK29, and TaPERK36 exhibited induction at spike z65 stage
(Figure 8). The expression of TaPERK5, TaPERK6, TaPERK7, TaPERK8, TaPERK9, TaPERK11,
TaPERK12, TaPERK17, TaPERK22, TaPERK26, TaPERK28, TaPERK32, TaPERK33, TaPERK34,
TaPERK35, and TaPERK37 were elevated in the roots at the z13 and z39 stages, respectively.
TaPERK10, TaPERK30, and TaPERK31 were also up-regulated in the leaf at the z23 and
z71 stages, respectively. In addition, TaPERK13, TaPERK14, TaPERK23, TaPERK24, and
TaPERK31 showed induction at the grain z71 stage. TaPERK18 and TaPERK24 showed
higher expression at the stem z30 stage, whereas TaPERK24, TaPERK30, and TaPERK31
expressions were raised at the stem z65 stage. PERKs proteins have been involved in
various developmental processes, including cell differentiation, pollen tube growth, pollen
development, symbiosis, pathogen recognition, phytohormone response, signal trans-
duction, and self-incompatibility [9,12,14,16,17,21]. AtPERK gene family members are
ubiquitously expressed, while few genes are specifically expressed [6]. For instance, At-
PERK1 is broadly expressed, whereas AtPERK2 is mainly expressed in rosette leaf veins,
stems, and pollen [21,32]. AtPERK8 and AtPERK13 expression were found in the root
hairs [6,22,23]. In addition, AtPERK5, AtPERK6, AtPERK7, AtPERK11, and AtPERK12
expression were up-regulated in the pollens [23–25]. Furthermore, PERK4 modulates the
root tip growth at an early stage of ABA signaling via the disruption of calcium homeostasis
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in Arabidopsis [14]. Some researchers have shown that increased calcium concentration in
the cells also enhances antioxidant enzyme activities to regulate the lipid peroxidation of
cell membranes and stomatal aperture [26–28]. AtPERK5 and AtPERK12 play an essential
role in pollen tube growth in Arabidopsis [16]. Furthermore, AtPERK8, AtPERK9, and At-
PERK10 negatively regulate root growth in Arabidopsis [23]. The expression level of twelve
GhPERK genes was significantly elevated in leaves and ovule development in cotton [7].
BrPERK genes were differentially expressed in various tissues of Chinese cabbage, but
some BrPERK genes were specially expressed in reproductive organs [15]. Our GO analysis
also indicated the critical roles of the TaPERK gene in the cell (Figure S7A–C). Thus, this
spatial and temporal expression of the TaPERK genes suggests that these PERKs might
have an essential function in different wheat tissue.

Receptor kinases are crucial in plant adaptations and responses to internal and external stim-
uli [8,9,12–15,74]. Our results also showed that several TaPERK gene family members’ expressions
were elevated in different stress conditions (Figure S9). TaPERK9, TaPERK13, TaPERK15, TaPERK17,
TaPERK20, TaPERK22, TaPERK23, TaPERK26, TaPERK28, TaPERK33, TaPERK35, and TaPERK36 were
induced during the septoria tritici blotch, while the expressions of TaPERK2, TaPERK6, TaPERK7,
TaPERK8, TaPERK10, TaPERK11, TaPERK12 TaPERK27, TaPERK35, and TaPERK37 were significantly
raised after powdery mildew infection. TaPERK1, TaPERK8, TaPERK16, TaPERK21, TaPERK24, Ta-
PERK25, TaPERK29, TaPERK30, TaPERK31, and TaPERK34 were up-regulated during the stripe rust
infection. Furthermore, TaPERK3, TaPERK4, TaPERK18, and TaPERK32 were induced during the
initial hours of heat stress. However, none of the genes were expressed in drought stress. It seems
that the TaPERK family does not participate in drought stress, and only TaPERK4 and TaPERK18
genes were elevated during the combined drought and heat stress (Figure S9). Furthermore, Ta-
PERK14, TaPERK19, TaPERK24, and TaPERK29 expression levels were significantly elevated in cold
stress. Most TaPERKs respond similarly to biotic and abiotic stress; hence, all stress-responsive genes
cluster together (Figure S8B). Several PERKS genes in A. thaliana, G. hirsutum, and B. rapa were
responsive to diverse abiotic stresses, including cold, salt, heat, and PEG, indicating that PERK genes
play a critical role in other plant species to adapt to different stress conditions [6,7,15,23]. PERK1
rapidly induced early perception and response to a wound stimulus in Chinese cabbage [12]. A
PERK-like receptor kinase specifically interacts with the nuclear shuttle protein (NSP), led viral
infection, and positively regulates the NSP function in cabbage leaf curl virus and geminivirus [32].
The expression profile of TaPERK genes under different stresses indicated that they might participate
in the diverse biotic and abiotic stress tolerance in wheat. Therefore, these findings demonstrated
that TaPERK genes respond to various stresses, and this might be used for breeding wheat lines to
develop stress-tolerant varieties in wheat.

Many studies have shown that receptor kinases at the cell surface perceive a sudden
changing environment that activates the various signaling pathways, regulating growth,
reproduction, and response to diverse stress conditions [2,5,75]. Our protein–protein
network analysis revealed that eighteen TaPERKs interacted with 10 different wheat pro-
teins (Figure 10 and Table S9). TaPERK29 can interact with seven other wheat proteins
(Traes_3AL_394642923.1, Traes_3AL_5E8DEE3E8.1, Traes_3B_514AAB5F3.1, Traes_3B_9EBD47B52.1,
Traes_4AS_E28B34320.1, Traes_6BL_DFDCD5B11.1 and Traes_4DL_05BF7F181.1), which
were cGMP-dependent protein kinase/PKG II, protein of unknown function (DUF1645)
and BRASSINOSTEROID INSENSITIVE 1, playing a critical role in Brassinosteroid sig-
naling. Brassinosteroids play an essential role in various cellular processes, such as cell
division, seed germination, vascular differentiation, flowering, xylem cell differentiation,
stomata formation, photomorphogenesis, and pollen tube growth [76–79]. In addition, Ta-
PERK2 and TaPERK4 can interact with four other wheat proteins (Traes_7AL_5E0DD589E.1,
Traes_4DL_E447FD9FD.1, Traes_6BL_DFDCD5B11.1 and Traes_7DL_909EA97B3.1) which
were cGMP-dependent protein kinase/PKG II and non-specific serine/threonine-protein
kinase/Threonine-specific protein kinase. cGMP-dependent protein kinase is a phospho-
rylated diverse biologically important pathway [45–47]. PKG activated by cGMP has
been implicated in cell division regulation, nucleic acid synthesis response to biotic stress,
stomata closure during osmotic stress, and the development of adventitious roots [45–49].
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TaPERK29 was highly elevated during the stripe rust infection, and cold stress might
interact with Traes_6BL_DFDCD5B11.1, that is, cGMP-dependent protein kinase/PKG
II specifically activates the signal transduction pathways implicated in different stress
tolerance in wheat.

Moreover, TaPERK2 was co-expressed with TaPERK4 in spike development (Figure 8
and Figure S9), indicating that TaPERK2 and TaPERK4 might have an essential function in
spike development through interacting with each other. These results provided valuable
insight and the complex biological functions of TaPERK genes. In summary, this study
provides valuable information about the TaPERK gene family, functions in plant growth,
and response to phytohormones and different stress. Therefore, the outcome of this work
is significant to dissect and understand the precise functions of TaPERK in developmental
processes and various biotic and abiotic stress in wheat.

4. Materials and Methods

4.1. Identification of PERK Genes in Wheat

To carry out the genome-wide survey in bread wheat (Triticum aestivum) cv. Chinese
Spring, genome data including genomic, CDS, and protein sequences of TaPERK genes
were downloaded from the Ensembl plants biomart (http://plants.ensembl.org/biomart/
martview, accessed on 27 September 2021). Two approaches were used to identify the
PERK genes family in wheat. In the first method, we prepared a local database of the wheat
protein sequences in BioEdit ver. 7.2.6 [80]. The sixty-two PERK genes from A. thaliana,
G. max, O. sativa, and Z. mays were used for BLASTp against the local database. To find
PERK genes, the e-value of 10−5 and >100-bit score were kept cut-off, and eventually, the
BLASTp result was tabulated. In the second approach, the protein sequences of PERK from
the above plant species were retrieved from the Ensembl Plants (http://plants.ensembl.
org/index.html, accessed on 27 September 2021) and the BLASTp search was performed
against the T. aestivum proteome with an e-value 10−5 and bit-score > 100. Based on the
above method, putative PERK candidates were selected. Further putative PERK candidates
were confirmed for the presence of protein tyrosine kinase domain using other online
databases: InterPro (https://www.ebi.ac.uk/interpro, accessed on 25 September 2021),
Simple Modular 132 Architecture Research Tool tool (SMART, http://smart.emblheidelberg.
de/, accessed on 25 September 2021), HMMscan (https://www.ebi.ac.uk/Tools/hmmer/
search/hmmscan, accessed on 25 September 2021) and NCBI CDD (https://www.ncbi.nlm.
nih.gov/Structure/cdd/cdd.shtml, accessed on 25 September 2021). Finally, the protein
sequences with protein tyrosine kinase domains were taken and renamed according to
their chromosomal positions.

4.2. Genomic Localization, Gene Duplication, and Synteny Analysis

To map the chromosomal locations of TaPERK genes, genomic positions of PERK genes
were downloaded from Ensembl plants biomart (http://plants.ensembl.org/biomart/
martview, accessed on 26 September 2021). The PERK genes were named with a ‘Ta’ prefix
and numbered according to their chromosomal positions. PhenoGram was used to map the
TaPERK genes on the chromosomes (http://visualization.ritchielab.org/phenograms/plot,
accessed on 26 September 2021). MCScanX tool kit was used to examine gene duplication
events and synteny analysis within species and other plant species [81,82]. We used default
parameters in MCScanx for synteny analysis. The non-synonymous (Ka) and synonymous
substitution (Ks) ratio was calculated to estimate the selection pressure of duplicated
TaPERK genes using the TBtools [82].

4.3. Biophysical Characteristics, Subcellular Localization, and 3D Structure

The biophysical characteristics of TaPERK proteins were predicted using ExPASy [83] and
an isoelectric point calculator [84]. Subcellular localization was evaluated using CELLO [85],
softberry (www.softberry.com, accessed on 27 September 2021), and BUSCA [86]. Finally, the
three-dimensional structure of TaPERKs was generated using the Phyre2 web server [87].
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4.4. Exon/intron Structure, Protein Motif, and Gene Ontology Analysis

The coding sequence, genomic and protein sequences of TaPERK genes were down-
loaded from the Ensembl plants biomart (http://plants.ensembl.org/biomart/martview,
accessed on 27 September 2021). Exon, intron positions, and untranslated regions were
elucidated using the Gene Structure Display Server 2.0 (http://gsds.gao-lab.org/, accessed
on 27 September 2021). The protein motifs in the TaPERK were visualized using MEME
(Multiple Em for Motif Elicitation ver.5.3.3; http://meme-suite.org/tools/meme, accessed
on 27 September 2021) with default settings. TaPERK protein sequences were explored to
detect GO terms enrichment using EggNOG (http://eggnogdb.embl.de/#/app/emapper,
accessed on 27 September 2021) and agriGO [88].

4.5. Promoter Cis-Acting Regulatory Elements (CAREs) and Protein Interaction Network Analysis

To identify cis-elements, 2 kb upstream sequences of PERK genes were retrieved from
Ensembl plants and examined using a PlantCARE online webserver (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/, accessed on 28 September 2021). The number
of occurrences for each cis-element motif was counted for TaPERK genes, and the most
frequently occurring CAREs were used to generate Figure 7 using TBtools [82]. The
TaPERK protein interaction network was predicted using the STRING webserver (https:
//string-db.org/cgi, accessed on 28 September 2021).

4.6. Expression Analysis of TaPERK Genes

Transcripts per million (TPM) values for five different tissues, including leaf, stem, root,
spike, grain, and under various stress conditions, were downloaded from the Wheat Ex-
pression database (http://www.wheat-expression.com/, accessed on 30 September 2021).
Heatmaps and principal component analysis (PCA) were performed using ClustVis [89]
and TBtools software [82].

4.7. Plant Growth Conditions, Stress Treatment, and RT-qPCR Analysis

Wheat (Triticum aestivum L.) cv. HI 1612 was used for the experiments. Seeds of HI
1612 were sown on soil in plastic pots and reared in a greenhouse. Ten-day-old wheat
seedlings were acclimatized for two days in growth chamber conditions. They were further
subjected to drought and high-temperature stress (40 ◦C) for 1 h and 6 h [90], and cold
stress for 3 days (4 ◦C). For the combined drought and high-temperature stress, first, wheat
seedling was exposed for the drought stress, then given a heat shock for 1 h and 6 h at 40 ◦C
in an incubator. Controls were kept at 25 ◦C. The cold, drought, and high-temperature
stressed seedlings were collected for RNA extraction and stored at −80 ◦C. The RNA
was isolated from control, drought, and heat-stressed seedlings, as described by [91,92].
cDNA was synthesized using the iScriptTM cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA). Quantitative real-time PCR (RT-qPCR) was performed using the Applied Biosystems
7500 Fast Real-Time PCR (Applied Biosystems) with the SYBR Premix (Toyobo, Osaka,
Japan). Wheat actin (AB181991) was used as a control to normalize the gene expression
data. Transcript abundance was analyzed using the RT-qPCR. Each qRT-PCR reaction was
carried out with three biological samples with two technical replicates and repeated three
times. The fold change was calculated based on mean 2−ΔΔCT values and, eventually, this
fold value was used to plot the graph [93,94]. Furthermore, one-way ANOVA, followed by
Tukey’s HSD for multiple pairwise comparisons were applied. Means, standard errors and
statistical significances for each sample were represented in figures (* p < 0.05, ** p < 0.01).
All primers used in this study are mentioned in Table S10.

5. Conclusions

Wheat is the most important cereal crop and widely consumed staple food worldwide.
However, global warming is becoming a severe threat to food security due to the constant
climate changes, largely influencing plant development and productivity. This has raised a
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major challenge for plant biologists to increase yield and improve wheat’s quality, biotic
and abiotic stress tolerance. The PERKS gene family plays a critical role in plant develop-
ment and responses to various stresses. We identified and characterized the PERK gene
family in wheat in this work. Expression patterns also revealed the role of TaPERKs in
different developmental stages and stress conditions. Thus, this study facilitates a detailed
understanding of PERK genes’ biological functions in wheat under different developmental
processes and stress conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11040496/s1. Figure S1: Molecular weight (kDa) vs. isoelectric point plots of
TaPERK genes. The distinct round shape colors represent the TaPERK gene family members.
Figure S2: Distribution of TaPERKs in a different group of the phylogenetic tree. The y-axis indi-
cates the number of TaPERK genes, and the x-axis indicates the phylogenetic groups. Figure S3:
Phylogenetic analysis of TaPERK genes. A phylogenetic tree was constructed using MEGAX
with the neighbor-joining (NJ) method and 1000 bootstrap replications. A black asterisk indicates
the duplicated genes. Figure S4: Chromosomal distribution and duplicated PERK gene pairs in
wheat. Duplicated PERK gene pairs are connected with lines with distinct colors. The figure
was generated using TB tools. Figure S5: Distribution of exon and introns in TaPERKs gene
family. The y-axis indicates the number of exons and introns, and the x-axis indicates the TaPERK
genes. Exons and introns are represented by purple and orange boxes, respectively. Figure S6:
Alignment and 3-dimensional structure of the TaPERK protein sequences. A. The conserved
protein tyrosine kinase domain is boxed with red color. Colored and shaded amino acids are
chemically similar residues. Dashes indicate gaps introduced to maximize the alignment of the
homologous region. B. Predicted 3D structures TaPERK proteins. Figure S7: Gene ontology
term distribution TaPERK gene family predicted using AgriGO A. Biological Process. B. Cellular
component. C. Molecular function. Figure S8: PCA plots displaying grouping of different (A)
developmental stages (B) biotic and abiotic stress conditions based on the TaPERK expression
pattern. DS: drought stress, HS: heat stress, Zt: Zymoseptoria tritici, PM: powdery mildew; SR:
stripe rust, h: hour and d: days. Figure S9: Heatmaps representing the expression pattern of
TaPERK genes in different stress conditions. TPM values were directly used to construct the
heatmaps. DS: drought stress, HS: heat stress, Zt: Zymoseptoria tritici, PM: powdery mildew;
SR: stripe rust, h: hour and d: days, Table S1: TaPERK genomic, CDS protein and promoter
sequence. Table S2: PERK proteins from Arabidopsis, rice, soybean, and wheat used to generate
a phylogenetic tree. Table S3: Ratio of Ka/Ks and distribution of duplicate wheat PERK genes.
Table S4: Orthologous relationships of TaPERK genes with other PERK genes in B. distachyon, Ae.
tauschii, T. dicoccoides, O. sativa and A. thaliana. Table S5: Domain organization of TaPERK genes
predicted using Pfam with default parameters. Table S6: cis-regulatory elements present in the
TaPERK gene promoter region. Table S7: Significant Go term predicted in TaPERK gene family
by AgriGo analysis. Table S8: TaPERK gene annotation using eggNOGmapper. Table S9: The
protein-protein interaction network between TaPERK and other proteins in wheat. Table S10:
qRT-PCR primers of TaPERK genes.
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Abstract: SCF-type E3 ubiquitin ligases provide specificity to numerous selective protein degradation
events in plants, including those that enable survival under environmental stress. SCF complexes use
F-box (FBX) proteins as interchangeable substrate adaptors to recruit protein targets for ubiquitylation.
FBX proteins almost universally have structure with two domains: A conserved N-terminal F-box
domain interacts with a SKP protein and connects the FBX protein to the core SCF complex, while a
C-terminal domain interacts with the protein target and facilitates recruitment. The F-BOX STRESS
INDUCED (FBS) subfamily of plant FBX proteins has an atypical structure, however, with a centrally
located F-box domain and additional conserved regions at both the N- and C-termini. FBS proteins
have been linked to environmental stress networks, but no ubiquitylation target(s) or biological
function has been established for this subfamily. We have identified two WD40 repeat-like proteins
in Arabidopsis that are highly conserved in plants and interact with FBS proteins, which we have
named FBS INTERACTING PROTEINs (FBIPs). FBIPs interact exclusively with the N-terminus of
FBS proteins, and this interaction occurs in the nucleus. FBS1 destabilizes FBIP1, consistent with
FBIPs being ubiquitylation targets SCFFBS1 complexes. This work indicates that FBS proteins may
function in stress-responsive nuclear events, and it identifies two WD40 repeat-like proteins as
new tools with which to probe how an atypical SCF complex, SCFFBS, functions via FBX protein
N-terminal interaction events.

Keywords: F-box protein; SCF complex; stress response; WD40 repeat-like protein

1. Introduction

At the onset of environmental stress, the ubiquitin 26S proteasome system (UPS)
selectively degrades key cellular proteins to initiate plant responses that promote resilience
and survival. Protein targets destined for removal are ubiquitylation substrates for E3
ubiquitin ligases, where one prevalent E3 ligase subtype is the SKP1-CUL1-F-box (SCF)
complex [1]. SCF complexes use an interchangeable F-box (FBX) protein subunit as a
substrate adaptor to specifically interact with unique protein targets [2–5]. FBX proteins
almost universally have a structure with two domains: An N-terminal F-box domain
facilitates interaction with a SKP protein and the core SCF complex, and a C-terminal
domain interacts specifically with the target(s) [2]. This two-domain structure directly
bridges core UPS components to precise protein targets under specific conditions, and it
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places FBX proteins at a dynamic interface that regulates diverse cellular pathways critical
for plant life.

A very small number of FBX proteins, however, deviate from this typical two-domain
protein structure. Many of these atypical FBX proteins have a centrally located F-box
domain, a C-terminal target interaction domain, and an additional protein interaction
domain at the N-terminus [6–8]. In humans, N-terminal domains can control subcellular lo-
calization [9], bind to an accessory protein that assists with C-terminal targeting events [10]
or mediate regulatory interactions with other proteins [6,11,12]. The only plant FBX pro-
teins with established N-terminal interaction dynamics belong to the ZEITLUPE (ZTL),
FLAVIN-BINDING KELCH REPEAT F-BOX1 (FKF1), and LOV KELCH PROTEIN2 (LKP2)
subfamily, which regulate the circadian clock and flowering time [8,13–16]. In addition
to a central F-box domain, the ZTL/FKF1/LKP2 subfamily has a N-terminal blue-light
sensing LOV domain and C-terminal kelch repeats [16], which are both used to recruit
distinct ubiquitylation substrates [8,15,17,18]. The N-terminal LOV domain has additional
roles that regulate the FBX function through an interaction with GIGANTEA (GI), which
controls subcellular localization and protein stability [13,14]. Therefore, across kingdoms, a
few atypical FBX proteins with a N-terminal protein interaction domain, in addition to a
C-terminal targeting domain, achieve an expanded function by having further regulatory
capacity and/or coordinating multiple cellular outputs through dual targeting.

F-BOX STRESS INDUCED (FBS) proteins constitute a far less understood subfamily
of plant FBX proteins with an atypical structure [19–21]. Arabidopsis FBS1 is the founding
member of this subfamily and is noteworthy for its broad biotic and abiotic stress-inducible
gene expression profiles [19,21]. In FBS1, a centrally located F-box domain is flanked by two
conserved regions present at the N- and C-termini, which do not match any known protein
interaction domains or motifs [19]. FBS1 interacts with Arabidopsis SKP1 (ASK1) and can
auto-ubiquitylate [19,20], suggesting that it forms a functional SCF-type E3 ligase in vivo.
At least five of 13 Arabidopsis 14-3-3 regulatory proteins bind to FBS1 [20]. However, since
this interaction requires both the N-terminal region and the F-box domain of FBS1 [20],
and ubiquitylation presumably requires an unhindered F-box domain to interact with the
SKP subunit of the SCF complex [1], the 14-3-3 proteins are unlikely ubiquitylation targets.
Furthermore, an inducible FBS1 gene construct had no discernable effect on FBS1 interactor
14-3-3λ protein abundance [20]. Importantly though, FBS1-interacting 14-3-3 proteins
are negative regulators of Arabidopsis responses to cold and salt stress [22–26], which
demonstrates another important link between FBS1 and environmental stress response
networks in plant cells.

A more complete understanding of the FBS family protein function in plants has been
stymied by two primary limitations. First, not knowing selective targeting relationships
between SCFFBS complexes and their putative substrates has left FBS action on cellular
output pathways completely enigmatic. Second, functional redundancy within this family
has likely thwarted past efforts seeking to establish a biological function. Arabidopsis
fbs1 plants have no obvious phenotype [19,21], however, three additional FBS family
members that may be functionally redundant are encoded in the genome. Here, we identify
two highly conserved WD40 repeat-like proteins that interact with multiple FBS family
members in Arabidopsis, which we have named FBS INTERACTING PROTEINs (FBIPs).
Interactions between all four FBS subfamily members and FBIP proteins occur in the
nucleus, and interactions occur exclusively via the N-terminal domain of FBS proteins.
These findings connect a stress network involving FBS proteins to nuclear processes, and
they provide new tools with which to probe unique N-terminal interactions in FBX proteins
in the context of plant stress responses.

2. Results

2.1. FBS Protein Interaction with ASK1

FBS1 is the founding member of a four-member FBX protein subfamily (FBS1–FBS4) in
Arabidopsis. FBS2–FBS4, similar to FBS1, share a non-canonical structure with a centrally
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located F-box domain and conserved regions at their N- and C-termini (Figure 1A). The
conserved region at the N-termini of FBS proteins spans approximately 20 residues, while
the conserved region at the C-terminus encompasses about 35 residues (Figure 1A). FBS1
interacts with ASK1 and auto-ubiquitylates, indicating that FBS1 likely participates in func-
tional SCF complexes [19,20]. However, the ability of other FBS family members to interact
with ASK proteins remains unknown, as does the possibility of functional redundancy
among family members. To interrogate this possibility, all four FBS family members were
tested as bait constructs (DBD, GAL4 DNA-binding domain) for the interaction with ASK1
as prey (AD, GAL4 activation domain) under less stringent (-TLH) and more stringent
(-TLHA) nutritional selection. Interactions were apparent between all four FBS family
members on -TLH, although only very minimal growth was observed for FBS2 (Figure 1B).
Only the interactions between FBS1 and FBS4 with ASK1 were apparent under the most
stringent selection (-TLHA) (Figure 1B). Since Arabidopsis has 21 ASK proteins, it is possi-
ble that the FBS proteins showing minimal partnering with ASK1 interact more strongly
with the other untested ASKs [27]. These interactions show, however, that FBS2–FBS4 are
viable candidates for functional SCF complex substrate adapters, similar to FBS1.

Figure 1. The Arabidopsis F-BOX STRESS INDUCED (FBS) protein family. (A) Full-length protein
sequence alignment of the four Arabidopsis FBS family members (FBS1–FBS4) created with the
T-COFFEE sequence alignment program. Asterisks are fully conserved residues, colons are strongly
conserved residue properties, and periods are weakly conserved residue properties. (B) FBS family
interactions with ASK1 in yeast two-hybrid assays. Diploid yeast strains with indicated test con-
structs as bait (DBD) and prey (AD) were grown in liquid culture, diluted (OD600 = 100, 10−1, 10−2,
10−3), and spotted on SD medium minus Trp/Leu (-TL), minus Trp/Leu/His (-TLH), and minus
Trp/Leu/His/Ade (-TLHA).
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2.2. Identification of a New FBS1 Interactor

In addition to ASK1, the only established FBS1 interacting proteins belong to the
14-3-3 family [20]. However, since the interaction dynamics are not consistent with ubiq-
uitylation of 14-3-3 proteins by SCFFBS1 [20], we sought additional FBS1 interactors as
candidate targets that could connect FBS proteins to biological processes. Two additional
related proteins were identified as partners for FBS1, which we have named FBS IN-
TERACTING PROTEINs (FBIPs). FBIP1 (At3g54190) was identified in the same yeast
two-hybrid screen that found 14-3-3 proteins as FBS1 interactors [20]. FBIP1 is also listed
as an FBS1 interactor by the SUBA4 database (http://suba.live/, accessed on 16 September
2021) from high-throughput protein-protein interaction (PPI) screening [28,29]. FBIP1 is
467 residues in length and is a member of the transducin/WD40 repeat-like superfamily
of proteins. WD40 repeats typically form a β-propeller domain that acts as a scaffold
in mediating protein-protein or protein-DNA interactions [30]. Seven putative WD40
repeat-like sequences were predicted in FBIP1 by the WD40-repeat protein Structures
Predictor database version 2.0 (WDSPdb 2.0) [31], although these predictions fall into the
low confidence category (Figure 2). A second protein highly similar to FBIP1 was identified
in the Arabidopsis genome by BLAST search, which we have named FBIP2 (At2g38630).
The protein sequence identity and similarity between FBIP1 and FBIP2 are just over 91%
and 96%, respectively (Figure 2).

Figure 2. FBS INTERACTING PROTEIN (FBIP) sequence features. Full-length protein sequence
alignment of the two Arabidopsis FBIP family members created with the T-COFFEE sequence alignment
program. Blue indicates locations of seven WD40-like repeat sequences predicted by the WD40-repeat
protein Structure Predictor version 2.0 (WDSPdb 2.0). Asterisks are fully conserved residues, colons are
strongly conserved residue properties, and periods are weakly conserved residue properties.

We gained no additional insight on the FBIP function using various bioinformatics
resources. Other than putative WD repeat-like sequences, no sequence features were
identified using various domain or motif prediction programs. BLAST and PSI-BLAST
searches with FBIP1 and FBIP2 sequences failed to identify additional significant hits
in Arabidopsis. We did, however, find very highly conserved FBIP protein sequences
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throughout the plant kingdom, including in bryophytes (the top BLAST hit in Physcomitrella
patens is about 77% identical and 85% similar to Arabidopsis FBIP1). By investigating
AtGenExpress ATH1 array datasets [32–34], we found that FBIP1 is constitutively expressed
in most tissues and organs of Arabidopsis, and throughout its life cycle, but we found no
conditions where FBIP1 is more highly expressed compared to the other conditions. FBIP2
is not represented on the ATH1 array.

2.3. FBS Interactions with FBIPs

We confirmed that the full-length FBS1 and FBIP1 interact with yeast two-hybrid
analysis. The interaction between FBS1 and FBIP1 elicited growth in yeast strains on both
less stringent (-TLH) and more stringent (-TLHA) nutritional selection, and FBS1 yielded
growth with FBIP2 on -TLH (Figure 3A). Family-wide interactions between each FBS
protein and the two FBIP proteins were also assessed (Figure S1). Growth was observed for
FBS3 and FBIP1, but not with FBS2 or FBS4. No additional interactions were observed with
FBIP2. Collectively, the yeast two-hybrid results suggest that FBS1 and FBIP1 might be the
primary FBS/FBIP protein interaction pair or possibly bind with the strongest affinity, but
that some other family-wide interactions might be possible.

Figure 3. Yeast two-hybrid (Y2H) interactions between FBS1 and FBIP proteins. (A) Full-length
FBS1 interactions with full-length FBIP1 and FBIP2. Diploid yeast strains with indicated test con-
structs as bait (DBD) and prey (AD) were grown in liquid culture, diluted (OD600 = 100, 10−1, 10−2,
10−3), and spotted on SD medium minus Trp/Leu (-TL), minus Trp/Leu/His (-TLH), and minus
Trp/Leu/His/Ade (-TLHA). (B) Truncated FBS1 bait (DBD) construct interaction with full length
FBIP1 prey (AD). Amino acid deletions are indicated on the left.

FBS proteins have two regions of unknown function outside of the F-box domain
and, presumably, at least one of these interacts with a target. In order to determine which
parts of FBS1 are important for the FBIP1 interaction, we created truncated versions of
FBS1 with the N-terminal (NT), F-box or C-terminal (CT) regions removed in different
combinations and tested under stringent (-TLHA) selection (Figure 3B). Removing the
N-terminal region (ΔNT-FBS181–185) abolished the ability of FBS1 to interact with FBIP1,
while removal of the F-box domain (ΔF-FBS1Δ84–135) or C-terminal region (ΔCT-FBS11–128)
did not. The FBS1 N-terminal region (NT-FBS11–80) in combination with the full-length
FBIP1 yielded growth on -TLHA, indicating that the FBS1 N-terminal domain alone is
sufficient to mediate this interaction.
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Near the conserved N-terminal domains of FBS1 and FBS2 we found a LXLXL se-
quence (Figure 1A), which is the most prominent form of an EAR motif found in many
different types of transcriptional regulators [35,36]. The EAR motif mediates the interac-
tion with the WD40 repeat-containing protein TOPLESS (TPL) and TOPLESS RELATED
(TPR) co-repressor proteins [37–39]. We considered whether this LXLXL sequence in the
N-terminal region of FBS1 might: (1) Function as a canonical EAR motif to interact with
TOPLESS, and/or (2) if it could be important for mediating interactions with FBIPs. How-
ever, substituting all three leucine residues for alanine in FBS1 did not alter its interaction
with FBIP1, and FBS1 did not interact with TPL (both as bait or as prey) in our yeast
two-hybrid system.

2.4. FBS Interactions with FBIP Occur in the Nucleus

Next, we used bimolecular fluorescence complementation (BiFC) to test the FBS inter-
action with FBIP in plants and determine where the interaction occurs in a cell. The FBS and
FBIP family proteins were expressed in Nicotiana benthamiana leaves as C-terminal fusions
to either N-terminal (nYFP) or C-terminal (cYFP) halves of yellow fluorescent protein (YFP).
In multiple independent experiments, the YFP fluorescence was observed for pairings
between FBS1 and FBIP1 and FBIP2 (Figure 4). This YFP signal co-localized with that of
a co-infiltrated H2B-RFP construct, which localizes exclusively in the nucleus [40], and
shows that interactions between FBS1 and FBIP proteins also occur in the nucleus. Similar
experiments found that FBS2–FBS4 also interact with FBIP1 in the nucleus (Figure S2).
We observed interactions for FBS3 and FBS4 with FBIP2 (Figure S3), although we note
that these interactions were more variable in the number of YFP positive nuclei across
independent replicates, and with consistently fewer interactions for FBS3 and FBIP2. We
did not observe any interactions between FBS2 and FBIP2. All FBS and FBIP fusion protein
constructs were tested as pairs with empty nYFP or cYFP vectors, and in all pairings we
were unable to detect any fluorescent signal similar to the FBS/FBIP test pairs (Figure S4).
These findings show that in plants the FBS proteins participate in family-wide interactions
in the nucleus.

Figure 4. Bimolecular fluorescence complementation (BiFC) interactions between FBS1 and FBIP
proteins. Laser-scanning confocal microscopy of N. benthamiana epidermal cells expressing N-terminal
nYFP- or cYFP-tagged FBS1 and FBIP proteins. FBS1 interactions with FBIP1 (top row) or FBIP2
(bottom row) are visualized on the BiFC yellow channel (YFP, left column). A co-expressed H2B-RFP
(as nuclear marker) is visualized on the red channel (RFP, middle column) and YFP/RFP images are
overlaid (Merge, right column). Arrow indicates selected nuclei in the expanded inset image. Scale
bar = 100 μm.
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2.5. FBS1 Destabilizes FBIP1

With the interaction established between multiple FBS and FBIP protein pairs, we next
asked if the protein abundance relationship between FBS1 and FBIP1 is consistent with
FBIP1 being a ubiquitylation target of SCFFBS1. If a protein is ubiquitylated by a particular
SCF complex and subsequently degraded by the 26S proteasome, then increasing the abun-
dance of the F-box component typically increases in vivo targeting and decreases substrate
abundance [41]. Therefore, we tested the effects of varying FBS1 protein levels on the
FBIP1 abundance in our N. benthamiana expression system by co-infiltrating Agrobacterium
harboring these test constructs in different relative concentrations. Increasing the presence
of FBS1 protein resulted in a corresponding decrease in the FBIP1 protein abundance by
Western blot analysis (Figure 5). In comparison, when the FBS1 abundance was increased
relative to the co-infiltrated 14-3-3λ in an identical setup, we did not observe any decrease
in 14-3-3λ abundance as the amount of expressed FBS1 was increased (Figure S5). This
finding is congruous with previous observations that FBS1 and 14-3-3 interactions are
not consistent with targeting [20]. Therefore, since the abundance of FBIP1 decreases in
an FBS1-dependent manner, we conclude that FBIPs are viable candidates for SCFFBS1

ubiquitylation targets.

Figure 5. FBS1 influence on FBIP1 protein abundance in plants. N. benthamiana leaves were infiltrated
with Agrobacterium (C58C1) strains to express the tagged proteins. Agrobacterium mixes contained
varying cell densities of strains harboring expression constructs (myc-FBS1 and/or FBIP1-HA), a
suppressor protein (p19) or untransformed cells. Total protein was isolated from leaves 3 days after
infiltration, separated by SDS-PAGE, transferred, and probed with antibodies against myc (top row,
FBS1) or HA (second row, FBIP1). Bottom two rows show Ponceau S staining of the major subunit of
Rubisco from the same two blots as a loading control.

3. Discussion

As substrate adapters for SCF-type E3 ligases, FBX proteins act at the interface between
core UPS components and specific cellular outputs, including those that help plant cells
mitigate the effects of environmental stress. Previous work with FBS1 strongly alluded
to some role in plant stress responses, possibly by regulating the expression of stress
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genes [19–21], but a more detailed understanding was limited by the unknown identity of
ubiquitylation target(s) and by possible redundancy within the FBS gene family. Here, we
have identified a pair of WD40 repeat-like superfamily proteins, FBIP1 and FBIP2, that both
interact with FBS family proteins. These family-wide interactions indicate that functional
redundancy within these two families is likely, but at the same time suggest a more robust
stress response module. The FBS protein interaction with FBIPs in the nucleus points to
a role for these proteins in the regulation of gene expression and/or other chromosomal
events. Finally, FBIP proteins are strong candidates for SCFFBS ubiquitylation targets that
act in plant stress responses, and they provide new tools with which to investigate unique
FBX protein N-terminal events in plants.

The exclusive nuclear localization FBS and FBIP protein interactions under the condi-
tions we tested offer a critical clue as to the molecular functions of both protein families.
One hypothesis for the FBIP function stemming from this result is that they regulate gene
expression, which is an idea supported by the finding that hundreds of JA/ABA and
other stress genes are mis-expressed in the fbs1-1 background [21]. Some plant nuclear
localized WD40 repeat proteins have direct actions in transcription regulation [39,42,43]
or chromatin modification [44–46], and in these cases the WD40 repeat proteins are es-
sential components of multi-protein assemblies. For example, TOPLESS (TPL) is a well-
studied WD40 repeat-containing co-repressor protein that acts in diverse developmental
and environmental-response pathways [39]. TPL interacts with different DNA-bound
transcriptional complexes and it recruits chromatin modifying enzymes and/or Mediator
to repress gene expression [40,47,48]. TRANSPARENT TESTA GLABRA 1 (TTG1), another
WD40 repeat protein, serves as a scaffold and mediates different combinations of bHLH
and R2R3-type MYB DNA-binding transcription factors to regulate flavonoid metabolism
and various developmental processes [43,49]. The FBIP proteins may function similarly to
TPL or TTG1 and act as scaffolds and/or in recruitment roles for complexes that regulate
transcription. Knowing additional FBIP interactors, which may include more recognizable
proteins with readily inferred functions, will help address this hypothesis.

Future work will also be guided by questions that address interaction dynamics be-
tween FBIPs and the N-terminal region of FBS proteins, and the consequences of these
associations. There are 13 residue positions in the FBS N-terminal region, ranging from
moderately to absolutely conserved, that could be critical for the interaction with FBIPs.
Future work will include identification of the exact residue or residues in FBS proteins me-
diating this interaction. Given numerous FBS connections to stress, but that FBIP1 appears
to be constitutively expressed across different plant organs and environmental conditions,
it could be the case that FBIP proteins are components of a stress-response system working
at the post-translational level. Next steps include a rigorous assessment of conditions
under which SCFFBS complexes form and interact with FBIP proteins in vivo. Furthermore,
whether some additional factor (i.e., post-translational modification) stimulates SCFFBS

association with FBIP proteins, as in the case of some other SCF targeting events [50], is
well worth investigating. The idea that additional in vivo factors or modification mediates
the FBS/FBIP interaction is consistent with the finding that we observed more family-wide
interactions in plant BiFC experiments compared to yeast two-hybrid. Knowing that SCF
complexes in some atypical contexts ubiquitylate targets via the FBX protein N-terminal in-
teractions [8,17], and that FBS1 appears to destabilize FBIP1, a leading hypothesis for future
work is that FBIP proteins are bona fide ubiquitylation substrates for SCFFBS. Considering
our work here and the general knowledge surrounding SCF action, our current model is
that stress stimulates increased SCFFBS-dependent ubiquitylation of FBIP proteins, which
are then degraded in response to this environmental trigger, resulting in cellular changes.

The atypical structure of FBS proteins, along with the identification of FBIPs as FBS N-
terminal interactors, leads to a few intriguing hypotheses regarding how this SCF complex
may impact cellular pathways in plant stress. If FBIP is a bona fide target with a biological
function distinct from a more typical C-terminal target, then SCFFBS complexes provide
an exciting opportunity to study how plants coordinate more than one cellular pathway
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related to stress. N- and C-terminal targeting events might be simultaneous under a given
condition, and in this situation SCFFBS may integrate a response by ubiquitylating two
distinct protein types, each interacting with a different region of the FBS substrate adapter.
Alternatively, N- and C-terminal targeting may be asynchronous and condition dependent,
in which case SCFFBS may entail a switch that works in or leads to two different cellular
states. At this point, however, we cannot completely exclude the possibility that FBIPs
are not targets (see above), but instead serve in an alternative capacity that enables or
inhibits the FBS action. One idea then is that FBIPs are accessories that help recruit other
proteins as ubiquitylation targets. In humans, Cks1 directly associates with the N-terminus
of FBX protein Skp2 to direct SCFSkp2 interaction with ubiquitylation target p27 in human
cell cycle regulation [10,50]. In Arabidopsis, KAI2 and D14 interact with FBX protein
MAX2 in SCFMAX2 complex to mediate ubiquitylation of SMXL transcription factors [51],
though in these cases KAI2 and D14 are also FBX C-terminal interactors. To address these
scenarios or others a critical piece of information to learn is the identity of a FBS C-terminal
region-interacting protein that we presume to exist. Future work can then investigate
higher order SCFFBS complex assembly and action.

The 14-3-3 proteins directly regulate a range of cellular processes in plant cells [52], in-
cluding core signaling pathways and transcriptional reprogramming events in cold and salt
stress responses [22–26]. FBS protein interactions with FBIPs will almost certainly be a vital
tool used to fully understand the connections between FBS proteins and the 14-3-3 protein
regulatory network. Five of 13 Arabidopsis 14-3-3 proteins interact with FBS1. However,
14-3-3 proteins are unlikely ubiquitylation targets of SCFFBS1 and the consequences of these
interactions are unknown [20]. One hypothesis regarding this interaction is that 14-3-3
proteins promote dimerization of SCFFBS ligases [20], which in other situations enhances
ubiquitylation targeting by SCF complexes [53,54]. As our understanding further develops
regarding FBIPs as putative targets, their cellular abundance will be an essential readout
in studies that investigate 14-3-3 effects on SCFFBS activity. The 14-3-3 proteins exert reg-
ulatory effects through other mechanisms, however, through controlling the subcellular
localization of client proteins or by shifting the location themselves [52]. In salt stress,
FBS1 interactors 14-3-3λ and 14-3-3κ act at the plasma membrane and release signaling
component SOS2 to activate salt stress tolerance [26,55]. Cold temperature triggers the
FBS1 interactor 14-3-3λ to translocate from the cytosol into the nucleus where it interacts
with and adjusts cold-responsive C-repeat-binding factor (CBF) action [25]. Considering
that the FBS1 interaction with FBIPs was exclusively nuclear under the conditions tested
here, an investigation of temporal and spatial aspects of 14-3-3/FBS interactions relative to
FBS/FBIP interactions in plant cells before and during environmental stress will add more
broadly to our understanding of the 14-3-3 stress response network in plant cells.

4. Materials and Methods

Bioinformatics: Gene and protein sequences were obtained from The Arabidopsis In-
formation Resource (http://www.arabidopsis.org, accessed on 16 September 2021). Protein
sequences were aligned using T-COFFEE (http://www.ebi.ac.uk/Tools/msa/tcoffee, ac-
cessed on 16 September 2021) accessed through the European Bioinformatics Institute (EBI)
website (http://www.ebi.ac.uk, accessed on 16 September 2021) [56]. WD40 repeat-like
sequences were identified in FBIP1 and FBIP2 using the WD40-repeat protein Structures
Predictor database version 2.0 (WDSPdb 2.0; http://www.wdspdb.com/wdsp/, accessed
on 16 September 2021) [31]. Basic Local Alignment Search Tool (BLAST) and Position-
Specific Iterative (PSI)-BLAST were accessed through the National Center for Biotechnology
Information (NCBI) website (http://www.ncbi.nlm.nih.gov, accessed on 16 September
2021) and used to search the RefSeq database. Candidate protein interactors were identified
by searching the SUBA4 database (http://suba.live/, accessed on 16 September 2021) [29].

Gateway cloning: Gene-specific primers (Supplementary Table S1) were used with
PCR to amplify coding sequences from pooled Arabidopsis thaliana (accession Col-0) cDNA.
Amplicons were inserted into the pENTR/D-TOPO vector (Thermo Fisher Scientific,
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Waltham, MA, USA) according to the manufacturer’s protocols. Then, the genes were
transferred with the LR Clonase II enzyme mix (Thermo Fisher Scientific, Waltham, MA,
USA) into pCL112 or pCL113 [57] destination vectors for BiFC experiments, and into
pGBKT7-GW (Addgene plasmid #61703) or pGADT7-GW (Addgene plasmid #61702)
destination vectors for yeast two-hybrid experiments. Alternatively (Figure 3B), FBS1
and FBIP1 sequences were cloned into pBI770/pBI771 and tested for the interaction, as
done previously [20]. Primers used to create FBS1 truncation constructs are indicated in
Supplementary Table S1.

Yeast two-hybrid assays: Saccharomyces cerevisiae cells were grown, transformed,
mated, and selected by standard yeast protocols. Bait constructs (GAL4 DNA-binding
domain, DBD) were transformed into Y2H Gold and prey constructs (GAL4 activation do-
main, AD) and Y187 strains by the LiAc method (Takara Bio; San Jose, CA, USA). Haploid
strains were mated to produce diploid strains to test for the interactions. Diploid strains
were grown for 24 h at 30 ◦C in the liquid synthetic defined (SD) medium minus Trp/Leu
(-TL) medium with shaking. Thereafter, cells were washed in sterile water, cell concentra-
tions were adjusted to OD600 = 100, 10−1, 10−2, 10−3, and 10 μL was spotted on SD -TL
(control), SD minus Trp/Leu/His (-TLH), and SD minus Trp/Leu/His (-TLHA) selective
plates. The plates were incubated for 2 days at 30 ◦C and then scanned to produce images.

Bimolecular fluorescence complementation (BiFC): Recombinant plasmids were trans-
formed into the Agrobacterium tumefaciens strain GV3101 (pMP90) by electroporation and
selected under appropriate antibiotics. A. tumefaciens seed cultures were grown in LB with
the appropriate antibiotic selection for 2 days with shaking at 30 ◦C. Then, they were used
to inoculate 50 mL LB containing the appropriate antibiotics plus 10 μM acetosyringone and
grown for an additional 24 h. The cells were pelleted and resuspended in the infiltration
medium (10 mM MES, 10 mM MgCl2, 100 μM acetosyringone) and incubated for 5 h with
rocking at room temperature. The cells were pelleted a second time, resuspended in the
infiltration medium, and the appropriate nYFP/cYFP, H2B-RFP constructs were combined
at a final OD600 of 1.0 for each test/control construct with suppressor strains (p19, γβ,
PtoHA, HcPro) at a final OD600 of 0.5. Nicotiana benthamiana leaves from 4-week-old plants
were infiltrated by a syringe with the A. tumefaciens mixes. The underside of whole leaf
mounts was visualized using laser-scanning confocal microscopy 3 days after infiltration
with a Nikon D-Eclipse C1 Confocal laser scanning microscope (Nikon Instruments) with
either: (1) Excitation at 488 nm with an emission band pass filter of 515/30 or (2) excitation
at 561 nm with an emission band pass filter of 650 LP.

Co-infiltration: FBS1, FBIP1, and 14-3-3λ were cloned into pN-TAPa (9X myc tag),
pGWB14 (3X HA tag) or pGWB12 (VSVG tag) vectors [58], respectively, using a Gateway
strategy as above. Recombinant plasmids were transformed by electroporation into the
A. tumefaciens strain C58C1Rif/pGV2260. A. tumefaciens was grown to a stationary phase
in the LB medium containing the appropriate antibiotics plus 50 μg/mL acetosyringone.
Bacteria were pelleted and washed with 10 mM MgCl2, and then resuspended in 10 mM
MgCl2 and 150 μg/mL acetosyringone. Cell densities were adjusted to OD600 of 0.5. After
3 h of incubation, A. tumefaciens strains containing each construct were adjusted to varying
concentrations and mixed with the same volume of an A. tumefaciens strain containing the
viral suppressor p19, treated in the same way, but adjusted to OD600 of 1.0. The abaxial side
of leaves from 3–4 week-old N. benthamiana were infiltrated with this bacterial suspension.
After 3 days, the leaf material was collected and immediately frozen in liquid N2 for
protein extraction.

Protein extraction and Western blotting: Approximately 100 μg of frozen tissue was
homogenized in 200 μL of 1× Laemmli loading buffer plus 4 M urea, boiled for 5 min,
and centrifuged at 10,000× g for 5 min. Then, 10 μL of the supernatant were loaded
onto 8%, 10% or 15% polyacrylamide gels and subjected to SDS-PAGE using the standard
protocols. The separated proteins were blotted onto a Hybond-P+ membrane (Amersham
Pharmacia Biotech, Amersham, UK) using the standard protocols, and then the membranes
were probed with anti-c-Myc, anti-HA antibody or anti-VSVG antibodies (all from Sigma-
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Aldrich, St. Louis, MO, USA). The blots were developed using an alkaline phosphatase kit
(BCIP/NBT kit; Invitrogen; Waltham, MA, USA).

AGI numbers: FBS1 (At1g61340), FBS2 (At4g21510), FBS3 (At4g05010), FBS4 (At4g35930),
FBIP1 (At3g54190), and FBIP2 (At2g38630).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10102228/s1, Figure S1: Yeast two-hybrid FBS1–FBS4 interactions with FBIP1 and
FBIP2. Figure S2: Bimolecular fluorescence complementation (BiFC) interactions between FBS1–FBS4
and FBIP1. Figure S3: Bimolecular fluorescence complementation (BiFC) interactions between FBS1–
FBS4 and FBIP2. Figure S4: YFP channel positive and negative controls. Figure S5: FBS1 influence on
14-3-3 λ protein abundance in plants. Table S1: Primer sequences used for cloning.
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Petronia Carillo, Kinga Dziurka and

Mateusz Labudda

Received: 25 February 2022

Accepted: 18 May 2022

Published: 19 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Review

Crosstalk between Ca2+ and Other Regulators Assists Plants in
Responding to Abiotic Stress

Yaoqi Li †, Yinai Liu †, Libo Jin * and Renyi Peng *

Biomedicine Collaborative Innovation Center of Zhejiang Province, Institute of Life Sciences, College of Life and
Environmental Science, Wenzhou University, Wenzhou 325035, China; 20461337004@stu.wzu.edu.cn (Y.L.);
21461338012@stu.wzu.edu.cn (Y.L.)
* Correspondence: libo9518@126.com (L.J.); 20170032@wzu.edu.cn (R.P.)
† These authors contributed equally to this work.

Abstract: Plants have evolved many strategies for adaptation to extreme environments. Ca2+, acting
as an important secondary messenger in plant cells, is a signaling molecule involved in plants’
response and adaptation to external stress. In plant cells, almost all kinds of abiotic stresses are able
to raise cytosolic Ca2+ levels, and the spatiotemporal distribution of this molecule in distant cells
suggests that Ca2+ may be a universal signal regulating different kinds of abiotic stress. Ca2+ is
used to sense and transduce various stress signals through its downstream calcium-binding proteins,
thereby inducing a series of biochemical reactions to adapt to or resist various stresses. This review
summarizes the roles and molecular mechanisms of cytosolic Ca2+ in response to abiotic stresses
such as drought, high salinity, ultraviolet light, heavy metals, waterlogging, extreme temperature and
wounding. Furthermore, we focused on the crosstalk between Ca2+ and other signaling molecules in
plants suffering from extreme environmental stress.

Keywords: Ca2+; abiotic stress response; Ca2+ sensors; signal transduction; abiotic stress tolerance
calcium; heat stress; cold stress

1. Introduction

Calcium ions (Ca2+) are important ions that maintain the normal physiological func-
tions of plant cells and are involved in physiological metabolism in plants [1]. Ca2+ also
functions as a ubiquitous secondary messenger involved in plant responses to various
stresses [2]. Usually, there is a significant increase in the cytosolic Ca2+ concentration
([Ca2+]cyt) in plant cells that is caused by low temperature [3], salt [4], drought [5] and other
abiotic stresses. Ca2+ spikes are triggered by Ca2+ influx through channels or Ca2+ efflux
through pumps. This increase is recognized, amplified and transmitted downstream by
Ca2+-binding proteins, also known as calmodulin or Ca2+ sensors, which regulate plant
cell division, cell elongation, stomatal movement, various stress responses and growth and
development through a series of conduction cascades [6].

The main function of Ca2+ in plant stress resistance is to stabilize plant cell walls and
membranes. It can activate or inhibit various ion channels on the membrane to achieve a
balance of ion concentrations inside or outside the cell. The activities of specific enzymes
are activated or inhibited by Ca2+ in cells to regulate biochemical reactions in plants [7,8].
Moreover, the transcriptional expression of multiple anti-stress genes is regulated by
changes in calcium signaling to enhance the adaptability of plants exposed to extreme
environments [9]. Under abiotic stress conditions, changes in the calcium ion concentration
in the plant cytoplasm can be generally recognized as a cellular secondary messenger to
distinguish different original signals; it also continues to transmit the signal downstream
by interacting with calcium-binding proteins, causing a series of biochemical reactions in
the cells to adapt or resist various stresses [10].
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Ca2+, considered a secondary messenger for plant signal transduction, transmits
extracellular information and regulates many physiological and biochemical responses
to primary signals, such as light, hormones, and gravity [11]. Cytosolic Ca2+ cannot be
maintained at a high level for a long time. If the concentration is too high, the Ca2+ will
react with phosphoric acid, which is necessary for the metabolism of energy substances, and
produce a precipitate that inhibits the normal physiological growth of cells or even causes
cell death. In normal plant cells, most Ca2+ exists in a bound form, collectively known as the
calcium pool, and calcium-storing proteins with high capacity and low affinity for Ca2+ can
enhance Ca2+-buffering capacity. Due to this low affinity, when Ca2+ channels in calcium
banks open, Ca2+-binding proteins can be rapidly dissociated from Ca2+, releasing it into the
cytoplasm so that Ca2+ signals can be accurately and rapidly transmitted [12]. Ca2+ enters
the cell through the Ca2+ channel, which is actually a protein on the plasma membrane
that is maintained in the on or off state according to changes in its conformation. This
channel rapidly stimulates and induces Ca2+ release from the vacuole. There are two major
vacuolar uptake mechanisms, including P-type Ca2+ pumps and a family of cation/H+

exchangers, which are responsible for high-affinity Ca2+ uptake and low-affinity with
high-capacity Ca2+ uptake, respectively. Although research on the Ca2+ transport pathway
mainly focuses on the regulation of [Ca2+]cyt by calmodulin (CaM) on the cell membrane,
Ca2+ flow through internal membrane systems, such as the endoplasmic reticulum and
mitochondrial membrane, is also critical when studying the transport patterns of Ca2+

signals [13,14].
Because the distribution and transfer of intracellular Ca2+ are the basis for the forma-

tion of Ca2+ signals, the increase or decrease in intracellular Ca2+ concentrations directly
affect the generation and termination of Ca2+ signals. When there is no external stimulation,
cytosolic Ca2+ is insufficient to activate CaM, which lacks its own catalytic activity. How-
ever, under extreme environmental conditions, [Ca2+]cyt increases rapidly, producing Ca2+

signals, and the reaction with CaM transmits the signal downward to allow subsequent
physiological and biochemical reactions to occur [15]. Finally, restoration of the normal
[Ca2+]cyt levels occurs by reloading calcium stores after completing Ca2+ signalling, and
through the calcium efflux system, which consists of Ca2+-ATPase pumps and Ca2+/H+

exchangers, to remove excess Ca2+(Figure 1) [14,16].
Calcium sensors in plants are composed of Ca2+-binding proteins, such as CaMs,

calmodulin-like-proteins (CMLs), calcineurin-B-like proteins (CBLs), and Ca2+-dependent
protein kinases (CDPKs). CBLs interact with CBL-interacting protein kinases (CIPKs) to
form a CBL/CIPK signaling network, which plays a key role in the plant response to
abiotic stress. These networks may contain many interactions, with CBLs activating CIPKs
and CIPKs phosphorylating CBLs. Phosphorylation is the major mechanism affecting
downstream proteins [17].

There are three major elements, influx, efflux and decoding, that affect Ca2+-signal trans-
lation. Ca2+ influx is mediated by depolarization-activated, hyperpolarization-activated
and voltage-independent Ca2+-permeable channels, which are encoded by genes, in-
cluding cyclic nucleotide-gated channels (CNGCs), glutamate receptor-like channels (GLRs),
mechanosensitive channels of small (MscS) and conductance-like channels (MSLs), annexins,
mid1-complementing activity channels (MCAs), Piezo channels and channel 1 (OSCA1) [18]. The
Ca2+-efflux system, the calcium-dependent protein kinase ZmCDPK7 consisting of autoin-
hibited Ca2+-ATPases (ACAs), ER-type Ca2+-ATPases (ECAs), and P1-ATPases (HMA1),
enables Ca2+ efflux to form an informative signature. Specificity in Ca2+-based signaling is
achieved via Ca2+ signatures with cognate Ca2+-binding proteins. The decoding step is car-
ried out by protein families such as CDPKs, CBL, CIPKs, CaM and CMLs (Figure 2) [19,20].

Plants constantly suffer from various abiotic stresses during their growth and develop-
ment. Ca2+, acting as a secondary messenger, plays an essential role in the plant response
to abiotic stresses; it can not only transmit and recognize various regulatory signals but
also participate in gene expression and normal protein functions [21,22]. This review
summarizes the biological process of cytosolic Ca2+ in response to abiotic stresses, such
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as drought, high temperature, high salinity, heavy metals, waterlogging, and mechanical
damage. Furthermore, we focus on both the crosstalk of cytosolic Ca2+ with other signaling
molecules and biomacromolecules in plants suffering from extreme environmental stresses.

Figure 1. The Ca2+ signaling network in plant cells. Abiotic stress, including high-temperature
stress (heat), low-temperature stress (cold), salt stress (salt), waterlogging stress (water), drought
stress (drought), heavy-metal stress (metal), ultraviolet-B radiation stress (UV-B) and wound stress
(wound), gives rise to an increase in [Ca2+], which is subsequently decoded by Ca2+ sensors such as
Ca2+-dependent protein kinases (CDPKs), calmodulin-like-proteins (CMLs), calmodulins (CaMs),
and calcineurin-B like proteins (CBLs) and their interacting protein kinases (CIPKs). These sensors
activate various downstream responses that in turn result in an overall response precisely according
to the original stimulus.

 

Figure 2. The generation and translation of Ca2+ signals in plant cells. Three major processes,
including influx, efflux and decoding, can alter the effects of Ca2+-signal translation. GLRs: glutamate
receptor-like channels, CNGCs: cyclic nucleotide-gated channels, OSCAs: hyperosmolality-induced
Ca2+ increase channels, ACAs: Ca2+-ATPases, ECAs: Ca2+-ATPases, HMA1: P1-ATPases, MCUC:
mitochondrial calcium uniporter complex, CAX: Ca2+ exchangers, CDPKs: calcium-dependent
protein kinases, CBL: calcineurin B-like, and CIPKs: protein kinases. Reproduced with permission
from [20], copyright 2017 Elsevier.
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2. Molecular Mechanisms of Crosstalk between Ca2+ and Other Regulators in
Response to Abiotic Stresses in Plants

2.1. Drought Stress

Drought is a common adverse factor inhibiting plant growth and development; high
levels of drought lead to an increase in the content of reactive oxygen species (ROS) that
promote membrane peroxidation and damage membrane structure [23]. Ca2+ plays an
important regulatory role in the signaling related to the plant drought stress response, re-
flecting its ability to regulate the activity of some enzymes and improve the ROS-scavenging
ability. In addition, damage caused by drought can be reduced with Ca2+ channel activation
mediating stomatal closure, which reduces transpiration flux to control water loss, thus
improving plant water use efficiency [24].

By monitoring the water potential of the root vascular system, plants can transmit
stress signals from roots to leaves, regulate stomatal closure and induce the expression of
related genes to avoid dehydration [25]. Ca2+ efflux was observed in epidermal cells and
mesophyll cells of barley roots under drought stress conditions. Extracellular pH affects K+

absorption, Ca2+ outflow and H+ influx/alkalization in the leaves, which may be a chemical
signal in the barley response to drought stress [26]. The application of molybdenum to
wheat decreased the transpiration of wheat leaves but increased the Ca2+ concentration
and other osmotic substances in wheat roots, which increased the osmotic pressure and
further enhanced the water absorption capacity of wheat roots [27].

The abscisic acid (ABA)-dependent Ca2+ signaling pathway is the main response to
drought stress in plants. ABA activates plasma membrane calcium channels in various ways
to stimulate the release of Ca2+ from intracellular calcium stores, and several secondary
messengers, including ROS, nitric oxide (NO), inositol 1,4,5-trisphosphate (IP3) and cyclic
ADP-ribose (cADPR), are involved in this process. When water deficit occurs, ABA accu-
mulates in the leaves. On the one hand, it activates phospholipase C and decomposes IP3,
which can activate the intracellular calcium pool in guard cells to allow stomatal closure.
On the other hand, intracellular Ca2+ can also be increased by cADPR, but no receptors
for IP3 and cADPR have been identified until now in plants [28,29]. ABA can also rapidly
induce an intracellular Ca2+ increase through hydrogen peroxide (H2O2), leading to plasma
membrane hyperpolarization and direct activation of plasma membrane hyperpolarization-
activated calcium channels (HACCs) and vacuolar membrane Ca2+ channels to achieve
stomatal closure regulation [30]. At present, the pathway of NO modulating the crosstalk
between ABA and H2O2 and activating the calcium signaling pathway has also been further
revealed [31]. Wang et al. mentioned that extracellular Ca2+ and ABA promote stomatal
closure by promoting H2O2 to produce calcium signals dependent on NO synthesis [32].
In Arabidopsis ABI mutants, H2O2 and NO activate calcium signals depending on cyclic
guanosine 3′,5′-monophosphate (cGMP), which likely acts upstream of calcium signals.
After exogenous calcium treatment, ion channels can be activated by intracellular calcium
signaling, and calcium signal production processes mediated by ABA and H2O2 may be
performed in the following sequence: ABA→H2O2→NO→cGMP→Ca2+. The upstream
calcium-sensing signal is converted to a calcium-receiving signal, and then the downstream
calcium signal can produce biological reactions promoting stomatal closure [33].

Ca2+ not only acts as a secondary messenger in the rapid response to upstream
stimulation, but more importantly, the Ca2+ signaling system also contains a large number
of different types of calcium signal receptors, such as CDPKs, CaM, CBL, and CIPK, which
receive exogenous calcium signals and convert them into endogenous calcium signals.
These signals are then phosphorylated and dephosphorylated or eventually interact with
other proteins to regulate stomatal movement [34–36]. The interaction between CBL9 and
CIPK3 negatively regulates Ca2+-dependent ABA signaling in Arabidopsis [37]. It was found
that VvK1.1 in grapevine corresponds to the AKT1 channel in Arabidopsis, and dominates
K+ uptake in root periphery cells. VvK1.1 and AKT1 have common functions, such as
regulation by CIPK23, which occurs independently in grapevine under drought stress; this
process is essential for stomatal movement regulated by K+ flow [38]. During stomatal
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closure, the relationship between ABA and Ca2+ is not a simple upstream and downstream
regulatory process. In the early stage of drought stress, Ca2+ can rapidly induce ABA
biosynthesis and activate Ca2+ channels on the plasma membrane by utilizing turgor
pressure or pH change to increase the intracellular Ca2+ concentration instantly. Then, the
expression of related transcription factors and genes, including zeaxanthin epoxidase, nine-
cis-epoxy carotenoid dioxygenase, abscisic aldehyde oxidase and molybdenum cofactor
sulfurase, is increased by the protein kinase cascade reaction. ABA inhibition of type 2C
protein phosphatase leads to phosphorylation and activation of sucrose-nonfermenting-
1-related protein kinase 2, which in turn stimulates the expression of ABA-responsive
genes, thereby promoting ABA biosynthesis; then, the generated ABA in turn promotes an
increase in Ca2+ concentration [39]. Another hypothesis is that ABA induces the activation
of calcium decoding signal elements, including calcium-permeable ion channels, Ca2+/H+

antiporters and Ca2+-ATPases, and transduces calcium signals to alter stomatal aperture
and transpiration efficiency to regulate water use efficiency in plants. Moreover, calcium
channel proteins, such as Arabidopsis thaliana two-pore channel 1 (AtTPC1) and TaTPC1 from
wheat, also regulate stomatal closure [40]. This hypothesis may explain the role of these
genes in plant responses to drought and cold stress.

In addition to stomatal closure, plants can increase their water retention capacity by
regulating stomatal density and other developmental processes to respond to drought.
GT-2like 1 (GTL), a trihelix transcription family member, regulates stomatal motility by
regulating the expression of stomatal density and distribution1 (SDD1) genes. When PtaGTL1
identified in Populus tremula × P. alba was transferred to Arabidopsis thaliana, GTL increased
SDD1 gene expression by binding to Ca2+-CaM, thus reducing stomatal density and the
transpiration rate and improving water use efficiency under drought stress [41]. Therefore,
to adapt to different degrees of water deficit, plants adjust the stomatal number and leaf
area through growth and development and balance the relationship between water use
efficiency and photosynthesis to achieve the optimal adaptation point, which may be an
effective strategy for plants to cope with long-term drought stress [42].

2.2. Salt Stress

Salt stress usually causes ion toxicity, osmotic imbalance and oxidative stress, resulting
in limited plant growth and thereby affecting the sustainability of crop yields. In the exter-
nal environment, hypersaline stress occurs when a high enough salt content significantly
changes the water potential, thus affecting the plant [43]. Ca2+ also plays a significant
regulatory role in plant resistance to salt stress. For example, Ca2+ inhibits Na+ influx
by regulating Na+ entry into the main cell channel nonselective cation channels (NSCCs).
Moreover, Ca2+ prevents the outflow of K+ by inhibiting K+ permeable outwardly rectifying
conductance (KORC) channel and initiates the salt overly sensitive (SOS) signal transduc-
tion pathway, which regulates the development of plasticity in roots during salt stress
adaptation; for example, SOS3 is required for auxin biosynthesis, root polar movement and
the formation and maintenance of auxin gradients [44–46].

Usually, Ca2+ influx is related to hydroxyl radicals (OH·) and Ca2+ influx channels
on the plasma membrane in wheat roots. Salt-stress-induced nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase on the plasma membrane produces a large number
of superoxide anion radicals (O2

−) extracellularly during electron transfer to O2, which are
then rapidly converted into H2O2 and OH·. Notably, both OH· and H2O2 can activate the
Ca2+ channels to induce extracellular Ca2+ flow into the cells [19]. Overall, ROS have been
identified as key regulators of Ca2+ influx.

When suffering from salt stress, roots are the sensory part of plants that initiate the
response and adaptive behavior to defend against stress damage as part of first-line defense.
The SOS signaling pathway is activated by the increase in Ca2+ in the root cytoplasm caused
by salt stress, which mediates cell signal transduction by SOS3/SCABp8-SOS2-SOS1 at the
cellular level [47]. In this process, SOS3 functions as a Ca2+-binding protein, interacts with
SOS2 to form a complex and then activates downstream SOS1 through phosphorylation,
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thus maintaining K+ and Na+ homeostasis inside and outside the cell. Furthermore, SOS3
has also been shown to play a key role in mediating the recombination of Ca2+-dependent
actin filaments during salt stress [48].

CDPKs are a large polygenic family whose members contain a serine/threonine pro-
tein kinase catalytic domain as an effector region and a calmodulin-like domain for binding
to Ca2+. These proteins can directly activate and regulate target proteins when sensing
Ca2+ signals, thus playing an essential role in a variety of physiological processes in plants.
OsCPK12 has been shown to be a crucial factor in salt stress tolerance, acting as a positive
regulator of stress tolerance by regulating ABA signaling and reducing ROS accumula-
tion in rice [49]. For example, rice overexpressing OsTPC1 show enhanced tolerance to
stress through positive regulation of ABA signaling and salt signaling pathways. Some
researchers suggest that ABA receptors may be upstream factors that regulate intracellular
Ca2+ levels in plants under salt stress conditions [50]. Other experiments have shown that
ABA receptors may exist inside cells or outside the plasma membrane. On the surface of
the plasma membrane, when ABA acts on its receptor, the activated part interacts with G
protein, which binds to the plasma membrane to activate phospholipase C and stimulate
the release of Ca2+ from the calcium pool [51].

Ca2+-ATPase (PCA1) has been identified as essential for the adjustment of salt tolerance
in the moss Physcomitrella patens. PCA1 encodes a PIIB-type Ca2+-ATPase, which is a plant-
specific Ca2+ pump with an N-terminal autoinhibitory calmodulin-binding domain that
has been confirmed with in vivo complementation analysis of Ca2+ transport-deficient
yeast strains. This class of Ca2+ pumps may trigger the initiation of stress adaptation
mechanisms in Ca2+ signaling pathways. In contrast to the transient [Ca2+]cyt increase
caused by NaCl in the wild-type, hyperaccumulation of cytosolic Ca2+ in PCA1 mutants
remained high and did not return to prestimulus [Ca2+]cyt levels. Therefore, Ca2+ pumps
contribute to the production of stress-induced Ca2+ signatures [52]. In addition, based on
the isolation of monocation-induced [Ca2+]i increases 1 Arabidopsis mutant, which affects Ca2+

influx under salt stress, an association between salt sensing and GIPC-gated Ca+2+ influx
has been inferred. It has been demonstrated that Ca2+ channels are gated by GIPCs in
plants [53].

2.3. Extreme Temperature Stress
2.3.1. Low-Temperature Stress

A large number of free radicals are produced in plants exposed to low-temperature
stress, thereby damaging the membrane system. When plants are subjected to low-
temperature stress, Ca2+ channels are opened, and intracellular [Ca2+]cyt increases rapidly
to induce calcium signaling [54]. Finally, the process is completed after signal transfer from
the extramembrane into the membrane. On the one hand, the results of Ca2+ treatment of
tobacco seedlings subjected to low-temperature stress showed that Ca2+ could increase the
content of intracellular bound calcium and improve the activities of catalase, superoxide
dismutase (SOD), peroxidase (POD) and other antioxidant enzymes, but reduce the con-
tent of malondialdehyde [55,56]. Furthermore, the decrease in enzyme activity after Ca2+

treatment was lower than that after Ca2+-free treatment, and the membrane permeability
of tobacco seedlings also recovered quickly after growth had stopped. Therefore, it is
speculated that Ca2+ can improve plant cold resistance and maintain the stability of the
membrane system [57,58]. Another study demonstrated that Ca2+ and CaM could regulate
the freezing resistance of citrus protoplasts, while treatment with the exogenous CaM
blocker TFP or the Ca2+-chelating agent ethylene glycol diethyl ether diamine tetra-acetic
acid (EGTA) could also inhibit the freezing resistance of citrus [59]. CBLs are a special
class of Ca2+ receptors that specifically interact with CIPK protein kinases to activate down-
stream target proteins and decode Ca2+ signals. The expression of CIPK7 is induced by low
temperature, can interact with the CBL1 protein in vitro and may be associated with CBL1
protein in vivo. Compared with wild-type plants, CBL1 mutant plants showed CIPK7
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expression is affected by CBL1, suggesting that CIPK7 may bind to the calcium receptor
CBL and participate in plants’ cold response [60,61].

In contrast to CaM and CBL, which have to couple with Ca2+ to change their confor-
mation and be activated, CDPKs, which are constitutively activated and directly phospho-
rylated, transduce calcium signals by interacting with the site of the calcium receptor or
forming a peptide chain [62]. CDPKs are involved in the intermediate process instead of
participating in the initial response to low temperature in rice. Moreover, several Ca2+-
related genes, such as CDPK13, are regulated by low-temperature stress in plants [63]. In
rice, the CDPK13 gene is expressed in leaf sheaths and calli during the initial 2 weeks of
growth, and CDPK13 is phosphorylated in response to low temperature and gibberellin
(GA) signaling. Simultaneously, low temperature or exogenous GA3 treatment resulted
in the elevation of CDPK13 gene expression and protein accumulation. Compared to
wild-type and cold-sensitive rice, CDPK13-overexpressing-line rice showed stronger cold
tolerance and a higher rate of plant recovery from cold injury, implying that CDPK13 might
be a key protein in the rice signaling network responding to low-temperature stress [64,65].

Calcium channels are not only the key to the generation of calcium signals but also
the rapid transport pathway and regulatory element for Ca2+ across the membrane [66].
At present, Arabidopsis thaliana two-pore channel 1 (AtTPC1) is the most studied calcium
channel protein. Stomatal closure of attpc1-2 functional deficient mutants treated with
ABA, methyl jasmonate (MeJA) and Ca2+ was detected, and the results demonstrated that
both ABA and MeJA can induce the accumulation of ROS and NO to cause an increase in
[Ca2+]cyt and cytoplasmic alkalization and activate anion channels in both wild-type and
mutant plants, thus causing the stomata to be closed. However, compared with that in
wild-type Arabidopsis, exogenous Ca2+ could not induce stomatal closure or activate anion
channels on the plasma membrane in attpc1-2 mutants. Taken together, we can conclude
that AtTPC1 protein is involved in both stomatal closure and plasma membrane anion
channel activation and is regulated by exogenous calcium signals in guard cells; however,
it is not regulated by ABA and MeJA [67]. Stomatal closure is a common adaptive response
of plants to low temperature. Stomatal guard cells respond quickly to abiotic stress stimuli,
such as low temperature and drought [68].

Studies in eukaryotic cells suggest the overall translation rate can be regulated by an
increased AMP/ATP ratio, which leads to activation of 5′-AMP-activated protein kinase
and the release of Ca2+ from the endoplasmic reticulum, which triggers the phosphorylation
of eukaryotic extension factor 2 by its activated specific kinase eukaryotic elongation factor
2 kinase [69].

2.3.2. High-Temperature Stress

High-temperature stress also gives rise to plant cell membrane damage, osmotic reg-
ulation imbalance, an accumulation of ROS, an inhibition of photosynthesis, cell aging
and death, thus limiting plant distribution, growth and productivity [70]. Exogenous
application of Ca2+ effectively improves high-temperature stress resistance in laver and
tomato [71,72] and alleviates the damage caused by high-temperature stress in ornamental
plants such as chrysanthemum [73]. In tomato, spraying calcium chloride on the leaf
surface can increase the activities of protective enzymes and soluble protein contents in leaf
intima and reduce the malonic acid content, thus enhancing high-temperature-stress adapt-
ability [71]. Further research showed that Ca2+ treatment can significantly improve the net
photosynthetic rate, transpiration rate and stomatal conductance of tomato leaves suffering
from high-temperature stress [74]. On the other hand, significant upregulation of PhCAM1
and PhCAM2 expression is related to the change in [Ca2+]cyt when high-temperature stress
occurs, while the expression of PhCAM1 and PhCAM2 is not obviously changed after
EGTA is added, implying that the Ca2+ signaling system and CAM play a major role in
the regulation of resistance to high-temperature stress in Pyropia haitanensis [58,75]. Based
on the above descriptions, it can be clearly seen that Ca2+ can not only stabilize the cell
membrane structure but also prevent damage to photosynthetic organs from ROS un-
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der high-temperature stress by regulating osmotic balance and the antioxidant system.
Additionally, Ca2+, acting as an essential signaling substance, participates in signal trans-
duction when high-temperature stress occurs and enhances high-temperature resistance in
plants [76,77].

High-temperature stress also induces heat stress transcription factor (HSP) expression,
and many of these factors act as molecular chaperones to prevent protein denaturation and
maintain protein homeostasis [78]. Similarly to mammalian heat shock transcription factors
(HSFs), plant HSFs are released from the binding and inhibition of HSP70 and HSP90 and
combine with misfolded proteins under high-temperature stress. Therefore, HSFs can be
used to activate the high-temperature stress response. In contrast, high-temperature stress
also activates mitogen-activated protein kinases (MAPKs) and regulates the expression
of HSP genes. This may be closely related not only to changes in membrane fluidity but
also to calcium signaling induced by high-temperature stress, which is especially required
for HSP gene expression and high-temperature stress tolerance acquisition [79,80]. The
common features between signals of low- and high-temperature stress are not limited to
membrane fluidity changes, calcium signaling and MAPK activation, as they also include
ROS, NO, and phospholipid signaling [81,82].

The calcium-dependent protein kinase ZmCDPK7 positively regulates heat stress
tolerance in maize. ABA regulates ZmCDPK7 expression by phosphorylation of the respi-
ratory burst oxidase homologue RBOHB in a Ca2+-dependent manner, thus triggering ROS
accumulation, which further promotes ZmCDPK7 expression. Moreover, ZmCDPK7 plays
a crucial role in maintaining protein quality and reducing heat stress damage by activating
the chaperone function of sHSP17.4 through Ca2+-dependent phosphorylation [83].

The Ca2+/calmodulin-dependent phosphatase calcineurin plays a role in morphogen-
esis and calcium homeostasis during temperature-induced mycelium-to-yeast dimorphism
of Paracoccidioides brasiliensis. Intracellular Ca2+ levels increased immediately after the onset
of dimorphism. The extracellular or intracellular chelation of Ca2+ inhibits dimorphism,
while extracellular Ca2+ addition accelerates dimorphism. In addition, the calcineurin
inhibitor cyclosporine A disrupts intracellular Ca2+ homeostasis and reduces mRNA tran-
scription of the CCH1 gene in the Ca2+ channel of the yeast cell plasma membrane, effec-
tively reducing cell growth or resulting in abnormal growth morphology P. brasiliensis [84].

2.4. Heavy-Metal Stress

Increasing the Ca2+ content in soil can enhance the heavy-metal tolerance of plants.
The accumulation of active Al3+ and Mn2+, as well as the lack of nutrients in acidic soil,
are important limiting factors for crop growth [85]. Earlier studies showed that Al3+

could induce Ca2+ loss in plants and inhibit Ca2+ absorption and root growth, thereby
suppressing plant growth and development. However, salicylic acid (SA) can alleviate
Al3+-induced inhibition of soybean root elongation and reduce the Al3+ content in plants.
The plant response to Al3+ stress requires endogenous SA and Ca2+ for the transmission
and amplification of the Al3+ stress signal, which strengthens the subsequent physiological
response [86]. In addition, citric acid (CA) secreted from soybean roots can alleviate
Al3+ toxicity. Both CA secretion and SA content changes are affected by Ca2+, and it has
been speculated that SA and Ca2+ might be linked to the Al3+ tolerance mechanism of
soybean. Moreover, both Ca2+ and SA can alleviate the physiological reaction of root
growth inhibition caused by aluminum, promote the secretion of citric acid, improve
the enzyme activities of SOD, POD, ascorbate peroxidase and other antioxidant systems,
reduce the accumulation of ROS, and alleviate oxidative stress damage to improve the Al3+

tolerance of soybean. Additionally, SA may participate in the Al3+ tolerance mechanism
by increasing the endogenous Ca2+ level [87,88]. Exogenous Ca2+ can increase the relative
expression levels of PLC and PLD genes, indicating that Ca2+ has some effects on the
changes in phospholipase in soybean root tip cells, which may be related to changes in
microtubule structure [89].

222



Plants 2022, 11, 1351

The addition of exogenous calcium can reduce the content of heavy metal ions in
plants growing in soils with excessive amounts of heavy metals, such as Cu2+, Cr6+ and
Pb2+, and improve their ability to resist heavy metal stress [90,91]. According to research
findings, when the Cu2+ concentration increased, the Ca2+ content in plant roots increased,
which may be significant for improving plant resistance to Cu2+ stress [92]. In addition,
Cr6+ stress activates plant endogenous hydrogen sulfide (H2S) synthesis and Ca2+ signal
transduction. H2S and Ca2+ alone or in combination can significantly reduce the injury
caused by Cr6+ stress; however, the effect is better when they are used in combination.
In contrast, treatment with H2S synthesis inhibitors or Ca2+ chelating agents enhances
environment-induced stress. This result suggests the synergistic effects of H2S and Ca2+ in
response to Cr6+ stress in Setaria italica [93].

2.5. Wound Stress

Usually, wounds from mechanical damage caused by harsh weather conditions, such
as wind and rain, or by geological disasters, including debris flows and landslides, induce
the release of calcium signals to regulate the overall response to stress and further improve
the survival ability of plants [94,95]. Wound signaling is required for initiating plant regen-
eration. Plants promote changes in downstream cell fate due to signal transduction cascades
induced by wounds [96]. Wounds also promote changes in cell membrane potential (Vm),
fluctuations in Ca2+ concentration, ROS bursts, and drastic increases in the concentrations
of jasmine, ethylene, SA and other plant hormones [97]. Therefore, Ca2+, as a vital part of
wound signaling, may regulate the transcription of downstream genes accompanied by
signal transduction and trigger some physiological and biochemical reactions locally or
systemically. Studies have shown that the loss of cell membrane integrity at the site of injury
may allow cytoplasmic inclusions of damaged cells to enter the intercellular space, thus
changing the original ion concentration and composition, which further affects the state
of various ion channels on the cell membrane and leads to fluctuations in transmembrane
potential and calcium concentration [98,99]. Furthermore, GdCl3, a calcium channel in-
hibitor, has been shown to inhibit plasma membrane depolarization induced by single-cell
injury [100].

Ca2+ signals respond to wounds rapidly (often within just 2 s) in plants suffering
from mechanical damage and then propagate to specific undamaged distal tissues after
2 min. The ethylene synthesis-related genes ACS2, ACS6, ACS7 and ACS8 were rapidly
upregulated within 30 min after leaf injury in Arabidopsis. At the same time, wounding
rapidly activated the expression of mitogen-activated protein kinase (MPK) along with
calcium-dependent protein kinase (CPK) [101]. To some extent, its transmission depends
on glutamate receptor-like 3.3/3.6 (glR3.3/3.6) proteins, which are regulated by glutamate
concentration. Mutation of both glr3.3 and glr3.6 leads to the long-distance transport
of Ca2+ being blocked, and the expression of defense genes is subsequently reduced in
undamaged areas, while glutamate contents are reduced concurrently [102]. Moreover,
Ca2+ also functions as an intracellular secondary messenger to regulate the biochemical
state of cells near wounds, and Ca2+-dependent MC4 in the cytoplasm has catalytic activity
due to the wound-induced [Ca2+]cyt increase. The defense response occurs by catalyzing
the elicitor peptide precursors into mature peptides located on the cytoplasmic side of the
vacuole membrane; in turn, these peptides are recognized by the cytoplasmic vacuolar
membrane-targeted receptor-elicitor peptide receptors [103,104]. Although Ca2+ transfer
over long distances depends on ROS produced by NADPH oxidase, inhibition of calcium
ion signaling can weaken the wound response to jasmonic acid (JA) and ethylene pro-
duction [97,105]. Therefore, these results indicate that there is a closely linked interaction
among various substances related to wounding signals.

Ca2+ is directly involved in the generation and propagation of long-distance signals
in plants. Under strong local stress, variation potential (VP), a long-distance intercellular
electrical signal, is the potential mechanism for coordinating functional responses to dif-
ferent plant cells, which can cause functional changes in unstimulated organs and tissues,
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namely, systematic responses of plants. Specifically, ligand-dependent or mechanically
sensitive Ca2+ channels are activated by the propagation of chemical or hydraulic sig-
nals or a combination of these potentially distant signals. Subsequent Ca2+ influx can
trigger VP production, thus inducing H+-ATPase inactivation and possibly Cl− channel
activation [106].

In long-distance ROS signal transduction, RESPIRATORY BURST HOMOLOG D
(RBOHD) is a ferric oxidoreductase that can be activated directly by calcium ions binding to
its EF-Hand motif and phosphorylated by various protein kinases, such as CPK5 and CIPK.
Botrytis-induced kinase 1 (BIK1) is also under Ca2+-dependent regulation by CPK28 and
phosphorylates RBOHD. ROS-activated Ca2+-permeable channels on the plasma membrane
provide a mechanism for RBOHD to trigger its further activation [107]. The crosstalk
between Ca2+ and ROS to transmit these signals among cells across long distances, namely,
that of RBOH, is activated by Ca2+-dependent protein kinases in the presence of Ca2+. This
leads to the accumulation of nonprotoplast ROS, leading to induced Ca2+ release from
adjacent cells. Then, another Ca2+-dependent protein kinase is activated circularly [99,108].
In this way, signals are transmitted over long distances within plants (Figure 3) [109].

Figure 3. Schematic model of Ca2+- and ROS-mediated cell-to-cell signal propagation over long
distances in plants. Stimulating the production of cytosolic Ca2+ signals results in the activation of
RBOHD by Ca2+-regulated kinases, which produce ROS and then propagate the signal by activating
Ca2+ channels in neighboring cells.

Generally, Jasmonate-associated VQ domain protein 1 (JAV1) associates with JAS-
MONATE ZIM domain protein 8 (JAZ8) and WRKY51 to form the JAV1-JAZ8-WRKY51
(JJW) complex, which inhibits the expression of jasmonate (JA) synthesis genes. Once the
plant sustains an injury, the sudden increase in the concentration of Ca2+ causes calmodulin
to sense Ca2+ and combine with JAV1, thus phosphorylating JAV1, depolymerizing the JJW
complex, and releasing the transcriptional inhibition of the JA synthesis gene lipoxygenase
2 (LOX2), which finally results in the accumulation of large quantities of jasmine in response
to wound stress [110,111].

2.6. Waterlogging Stress

Plants will be damaged by a lack of sufficient oxygen (O2) for respiration when they
are exposed to waterlogging or submergence stress [112]. Under flooding conditions,
when O2 is lacking, it will likely cause a massive buildup of CO2 as respiration and
metabolism proceed, and when this occurs, intracellular Ca2+ in plants is required for the
response to waterlogging-induced hypoxia stress in nonphotosynthetic organs [113,114].
Hypoxia promotes a real-time [Ca2+]cyt increase and ROS accumulation, which may be
interdependent [115]. For example, ROS in guard cells and root cells can activate Ca2+

channels, and Ca2+ can also promote ROS accumulation. Furthermore, in mutants with
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a loss of function of the PM-NAD(P)H oxidase subunits, ROS produced by the defective
enzyme can activate Ca2+ channels on the cell membrane to achieve Ca2+ flow, thus
contributing to the promotion of root tip growth. It has been demonstrated that ROS
accumulation is coupled with Ca2+ dynamics in pollen tubes and root tips; however,
relevant and reliable biochemical evidence about whether ROS directly activate NADPH
oxidase is necessary [116].

Previous research showed that [Ca2+]cyt acts as a key transducer of hypoxic signals in
rice and wheat protoplasm exposed to hypoxia stress [117], and alcohol dehydrogenases
(ADH), whose activity is involved in resistance to waterlogging, displayed significant
improvement in maize [118]. In corn cells, hypoxic signaling rapidly elevates [Ca2+]cyt by
the release of intracellular stores of Ca2+; however, Ca2+ is not only involved in hypoxic
signal transduction but also affects the activity of related Ca2+-dependent enzymes, such
as alcohol dehydrogenase, reflecting tolerance to hypoxia [119]. Studies indicate that
Ca2+ influx can promote the reduction in H2S in plants suffering from waterlogging-
induced hypoxia stress [120]. H2S production by CBS is 3.5 times higher in the presence
of Ca2+/CaM than in the absence of Ca2+, but it is inhibited by treatment with CaM
inhibitors. The application of exogenous Ca2+ and its ion carrier A23187 markedly increased
H2S-induced antioxidant activity, while the calcium-chelating agent EGTA, the plasma
membrane channel blocker La3+, and calmodulin antagonists attenuated this resistance [58].
During waterlogging, hypoxia stress causes the accumulation of H2O2, activates the ROS-
induced Ca2+ channel and triggers the self-amplifying “ROS-Ca2+ hub”, which further
increases K+ loss and cell inactivation. The increased content of gamma-aminobutyric acid
(GABA) induced by hypoxia is beneficial to the recovery of membrane potential and the
maintenance of homeostasis between cytosolic K+ and Ca2+ signaling. In addition, the
ROS-Ca2+ hub can be better regulated by elevated GABA through transcriptional control of
RBOH gene expression, thus preventing the excessive accumulation of H2O2 and allowing
plants to more easily survive waterlogging [121].

2.7. UV-B Radiation Stress

UV-B radiation stress not only has adverse effects on plant morphology, such as plant
dwarfing and leaf thickening, but also harms plant physiological processes, including
chloroplast structure damage, photosynthetic rate decreases, and transpiration weaken-
ing [122–124]. Studies suggest that there are at least two pathways involved in the cyto-
plasmic Ca2+ response to UV-B radiation stress in plants. On the one hand, enhanced UV-B
radiation triggers a significant increase in the free Ca2+ concentration in the cytoplasm
of wheat mesophyll cells, which may release Ca2+ from the intracellular calcium pool or
increase intracellular Ca2+ influx. UV-B radiation inhibits CaM, leading to it dissociating
from the inhibitory region and in turn binding to the active site, which leaves the Ca2+

pump in a resting state [125]. On the other hand, UV-B radiation possibly promotes phos-
phatase dephosphorylation in the inhibitory region and combines with the active site to
play an inhibitory role [126]. In addition, the calcium pump is directly activated to change
the transport of intracellular Ca2+ under UV-B radiation conditions, thereby increasing
[Ca2+]cyt. Furthermore, a slightly increased [Ca2+]cyt can not only act on the membrane
skeleton and significantly reduce the deformability of cells but is also involved in the lipid
redistribution of the membrane and the decline in membrane stability [127].

The total phenol content of wheat under UV-B+CaCl2 treatment increased by 10.3%
compared with UV-B treatment alone. Most of the genes related to phenolic biosynthesis
were upregulated during wheat germination, suggesting that exogenous Ca2+ promotes
the accumulation of free phenols and bound phenols in germinal wheat exposed to UV-B
radiation. In addition, treatment with Ca2+ can significantly alleviate membrane lipid per-
oxidation, activate antioxidant enzymes and regulate plant hormone levels. However, the
Ca2+ channel blocker LaCl3 significantly reduced TPC and APX activity [128]. These con-
trasting results suggested that Ca2+ was involved in the regulation of phenolic metabolism,
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antioxidant enzyme activity and endogenous plant hormone levels of germinal wheat in
response to UV-B radiation stress [129].

SA is considered to be a synergist of H2O2, which may contribute to the generation or
maintenance of ROS signaling levels and participate in many signaling responses to abiotic
stresses, such as UV-B [130] and heavy metals [86]. Ca2+ is essential for H2O2- and SA-
mediated signal transduction. Arabidopsis thaliana BTB and TAZ domain proteins (AtBTs)
are Ca2+-dependent CaM-binding proteins. The AtBT family may be a signal transduction
center, and the signal transduction chain includes Ca2+, H2O2 and SA. These signals may
regulate transcription by altering AtBT expression and conformation [131].

3. Calcium Ion Downstream Signaling Response

Under abiotic stress conditions, plants transmit information through a second mes-
senger, allowing cells to transmit external information into the cell interior. The cells then
respond by triggering downstream reactions, consisting of transcriptional regulation and
protein modification, to influence appropriate adaptive responses [132]. For example, in
response to heat stress, altered membrane fluidity is sensed through Ca2+ channels and
receptor-like kinases. Heat stress transcription factor A1 (HsfA1) transcription factors
are the main heat-stress-resistance regulatory factors in plants. When activated by heat,
they target downstream transcription factors, microRNAs and ONSEN (a copia-like retro-
transposon) to induce the expression of heat stress-responsive genes that are critical for
ROS clearance, protein homeostasis and heat stress memory [133]. Downstream events
of Ca2+ signal transduction are mainly mediated by Ca2+-binding proteins. In Arabidopsis,
membrane hyperpolarization and ROS-activated Ca2+-permeable channels under K+ defi-
ciency result in an increase in cytoplasmic Ca2+, and Ca2+ signals are sensed by specific
sensors and transmitted downstream. CBL1/CBL9 recruits the cytoplasmic kinase CIPK23
to the plasma membrane, where CIPK23 activates AKT1-mediated uptake of K+ through
phosphorylation. [134,135].

Calcium regulates the actin cytoskeleton either directly by binding to actin-binding
proteins (ABPs) and regulating their activity or indirectly through calcium-stimulated
protein kinases, such as CDPKs. The oscillation of the Ca2+ concentration gradient in
the tip region of the pollen tube affects actin dynamics, and the remodeling of the actin
cytoskeleton is associated with pollen tube elongation, showing that the Ca2+ concentration
gradient may precisely regulate actin dynamics and promote pollen tube growth [136].

4. Conclusions and Perspectives

As one of the most important signaling molecules in cells, the Ca2+ signal transduction
pathway is widely involved in the regulation of growth and development, abiotic stress
response and many other physiological processes. Various studies have confirmed that
abiotic stresses such as drought, high salt, ultraviolet light, heavy metal, waterlogging and
extreme temperature can lead to a rapid increase in intracellular Ca2+ via the regulation
of a variety of Ca2+ channels and trigger the Ca2+ signaling process. Then, the signals are
decoded by Ca2+ sensors, following a series of physiological reactions through appropriate
transduction pathways. Ca2+ is involved in crosstalk between other signaling molecules
and phytohormone interactions when plants suffer from abiotic stress. In general, calcium,
as the central node of the regulatory network, assists other regulators in adapting to adverse
abiotic stresses.

Although the many molecular mechanisms behind Ca2+ involvement in abiotic stress
responses have been elucidated, it remains unclear how plants can accurately distinguish
the types and intensities of external stimuli and thus regulate [Ca2+]cyt in a precise and
complex way so that they can respond to a series of complex upstream signals accurately
and exclusively and ensure signal transduction sensitivity and specificity concurrently.
Furthermore, because crosstalk between Ca2+ and other signaling molecules is vital for the
stress response, the mechanism of stress perception and the system of signal transduction
at the biological level should be investigated. Therefore, the next important task for Ca2+
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signaling research is to determine which physiological reactions are involved in the various
Ca2+-targeted proteins downstream of calcium signaling and which downstream molecules
are regulated to affect gene expression. Moreover, with recent advances in techniques and
the development of molecular biology, cell biology, genetics and other disciplines, the role
of Ca2+ signaling will certainly be elucidated more thoroughly.
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Abbreviations

[Ca2+]cyt Cytosolic Ca2+ concentration
ABA Abscisic acid
ABPs Actin-binding proteins
ACAs Ca2+-ATPases
ACS 1-aminocyclopropane-1-carboxylic acid synthases
ADH Alcohol dehydrogenases
APX Ascorbate peroxidase
AtBTs Arabidopsis thaliana BTB and TAZ domain proteins
AtTPC1 Arabidopsis thaliana Two pore channel 1
BIK1 Botrytis-induced kinase 1
CA Citric acid
cADPR Cyclic ADP-ribose
CaMs Calmodulins
CAX Ca2+ ex-changers
CBLs Calcineurin-B like proteins
CDPKs Ca2+-dependent protein kinases
cGMP Cyclic guanosine 3′,5′-monophosphate
CIPKs CBL-interacting protein kinases
CMLs Calmodulin-like-proteins
CNGCs Cyclic nucleotide-gated channels
CPK Calcium-dependent protein kinase
ECAs ER-type Ca2+ -ATPases
EGTA Ethylene glycol diethyl ether diamine tetraacetic acid
ET Evapotranspiration
GA Gibberellin
GABA Gamma-aminobutyric acid
glR3.3/3.6 Glutamate receptor-like 3.3/3.6
GLRs Glutamate receptor-like channels
GTL GT-2like 1
H2O2 Hydrogen peroxide
H2S Hydrogen sulfide
HACCs Hyperpolarization-activated calcium channels
HMA1 P1-ATPases
HsfA1 Heat stress transcription factor A1
HSFs Heat shock transcription factors
HSPs Heat stress transcription factors
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IP3 Inositol 1,4,5-trisphosphate
JA Jasmonic acid
JAV1 Jasmonate-associated VQ domain protein 1
JAZ8 JASMONATE ZIM domain protein 8
JJW JAV1-JAZ8-WRKY51
KORC K+ permeable outwardly rectifying conductance
LOX2 Lipoxygenase 2
MAPKs Mitogen-activated protein kinases
MCAs Mid1-complementing activity channels
MCUC Mitochondrial calcium uniporter complex
MeJA Methyl jasmonate
MPK Mitogen-activated protein kinase
MscS Mechanosensitive channels of small
MSLs Conductance-like channels
NADPH Nicotinamide adenine dinucleotide phosphate
NO Nitric oxide
NSCCs Nonselective cation channels
O2

− Superoxide anion radicals
OH Hydroxyl radical
OSCAs Hyperosmolality-induced Ca2+ increase channels
PCA1 Ca2+-ATPase
PLC Phopholipase C
PLD Phopholipase D
POD Peroxidase
ROS Reactive oxygen species
SA Salicylic acid
SOD Superoxide dismutase
SOS Salt overly sensitive
TPC Total phenolic contents
UV-B Ultraviolet-B radiation stress
VP Variation potential
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Abstract: Plants can react to environmental stresses through the abscission of infected, damaged, or
senescent organs. A possible mode of action of methyl jasmonate (JA-Me) to induce the formation
of the secondary abscission zone (SAZ) in the stems of Bryophyllum calycinum was investigated
concerning plant hormone dynamics. Internode segments were prepared mainly from the second
or third internode from the top of plants with active elongation. JA-Me applied to the middle of
internode segments induced the SAZ formation above and below the treatment after 5–7 days. At
6 to 7 days after JA-Me treatment, the above and below internode pieces adjacent to the SAZ were
excised and subjected to comprehensive analyses of plant hormones. The endogenous levels of
auxin-related compounds between both sides adjacent to the SAZ were quite different. No differences
were observed in the level of jasmonic acid (JA), but the contents of 12-oxo-phytodienoic acid
(OPDA), a precursor of JA, and N-jasmonyl-leucine (JA-Leu) substantially decreased on the JA-Me
side. Almost no effects of JA-Me on the dynamics of other plant hormones (cytokinins, abscisic acid,
and gibberellins) were observed. Similar JA-Me effects on plant hormones and morphology were
observed in the last internode of the decapitated growing plants. These suggest that the application
of JA-Me induces the SAZ in the internode of B. calycinum by affecting endogenous levels of auxin-
and jasmonate-related compounds.

Keywords: auxin-related compound; Bryophyllum calycinum; indole-3-acetic acid; methyl jasmonate;
plant hormone dynamics; secondary abscission

1. Introduction

Plants encounter plentiful biotic and abiotic stresses, leading to shedding (separation)
of no longer needed or damaged organs such as leaves, branches, flowers, and fruits, from
the parent plants. This process is known as abscission, and it is strongly associated with
plant growth and development [1–9]. In the process of abscission, mechanical weakening of
cell walls at the abscission zone is brought about by the degradation of the middle lamella
by multiple cell-wall-degrading enzymes such as cellulase, polygalacturonases, pectin
methyl esterases, and so forth, resulting in shedding [4,9–15].

The position and the time of the formation of abscission zones are determined genetically in
each organ, and abscission zones once formed commonly do not differentiate further. Contrarily,
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in response to tissue injury or infection, differentiation of abscission zones in abnormal positions
on stems, petioles, pedicles, and branches, designated as the secondary abscission zone (SAZ),
can occur in vivo [1,16]. The secondary abscission has been observed primarily in various
in vitro systems involving pedicels of Malus sylvestris [17] and Pyrus communis [18], stems
of Impatiens sultani [10,11,19], Morus alba [20], Citrus sinensis [21], and Phaseolus vulgaris [16],
and petiole explants of P. vulgaris [22], Pisum sativum pedicle, or Euphorbia pulcherrima
flower [23].

The SAZs are induced by some signals, especially plant hormone cues, between neigh-
boring cells [8,24–26]. According to histological analyses, the formation of the SAZ in the
stems of Bryophyllum calycinum was characterized by the presence of newly synthesized cell
plates resulting from periclinal cell division within one layer of mother cells in stems [27].

Plant hormones are well known to play an essential role in plant growth and devel-
opment, including the abscission or induction of transdifferentiation in mature cortical
cells. Ueda et al. [28,29] reported that jasmonic acid (JA) and methyl jasmonate (JA-Me) as
senescence-promoting substances promoted the abscission of bean petiole explants. JA-Me
also promotes leaf abscission in intact Kalanchoe blossfeldiana [30] and B. calycinum plants [31].
Furthermore, Saniewski et al. [31] have reported that JA-Me at a concentration of 0.5%
(w/w) applied as a lanolin paste in different stem explants or the debladed petiole induced
the formation of the SAZs in B. calycinum. These suggest that JA and JA-Me (designated as
jasmonates, JAs) have a powerful effect of inducing the SAZ and developing an abscission
zone that has already been initiated in plant tissues, resulting in leaf abscission. Ito and
Nakano [32] have suggested that a decrease in auxin levels might be considered to provide
the first signal for abscission in pedicel abscission in tomatoes. In the stem of B. calycinum,
indole-3-acetic acid (IAA) applied to a decapitated shoot or internode explants totally
prevented the formation of the SAZ in the stems induced by JA-Me [31,33]. However, it
should be mentioned that only IAA application substantially induces the formation of
the SAZ not only in internode explants, petiole segments, and the petiole after excision
of the leaf blade but also in decapitated stems in intact plants of B. calycinum [31,33]. It
is suggested that in mechanisms of the SAZ formation induced by exogenously applied
IAA in the internode of B. calycinum, an auxin gradient is vital, and the gradient results
from polar IAA transport from the application site [27,31,33]. However, those phenomena
induced by JA-Me have not been reported.

As mentioned earlier, plants belonging to the Crassulaceae family show fascinating
phenomena, such as leaf abscission and secondary abscission zone formation, easily in-
ducted. This was the reason we chose for experiments the important medicinal plant
Bryophyllum calycinum (syn. Kalanchoe pinnata) [34].

To clarify JA-Me’s possible mode of action to induce the formation of the SAZ in terms
of its plant hormone dynamics, we focused on differences in plant hormone dynamics
between adjacent tissues to the SAZ induced by JA-Me in stem segments, as well as
decapitated growing plants of B. calycinum. In this paper, comprehensive analyses of
plant hormones in JA-Me treated stems, mainly internodes segments, of B. calycinum
were reported.

2. Results

2.1. The Effect of JA-Me on Induction of the Secondary Abscission in Internode Segments and
Decapitated Plants of Bryophyllum calycinum

In Bryophyllum calycinum, JA-Me application (0.5%; w/w in lanolin) to the middle of
internode segments induced formation of the SAZ, observed at length from 0.5 to 2 cm
above and below the JA-Me treatment, 5–7 days after the treatment (Figure 1). JA-Me
application induced senescence or loss of chlorophylls in the internode segments in both
acropetal and basipetal directions. Treatment with JA-Me (0.5%, w/w in lanolin) at the
middle of the last internode in decapitated growing plants also induced the SAZ below the
treatment (Supplementary Figure S1).
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Figure 1. Secondary abscission zone (SAZ) induced by the application of methyl jasmonate (JA-Me)
in internode segments of Bryophyllum calycinum. The treatment was made in the middle of internode
explants. Photograph was taken 8 days after treatment. Red and blue arrows indicate the SAZ and
JA-Me treatment place, respectively. Stem pieces (ca. 3–4 mm in length) above and below the SAZ
were subjected to comprehensive plant hormone analyses.

2.2. Changes in the Levels of Endogenous Plant Hormones in Relation to the Formation of the
Secondary Abscission Zone Induced by JA-Me

Comprehensive analyses of the endogenous plant hormones and their related com-
pounds concerning the induction of the SAZ were performed in the internode segments
of B. calycinum. At the appropriate time or 6 or 7 days after the treatment, small pieces of
the internode segments adjacent to the SAZ were harvested for plant hormone analyses,
as illustrated in Figure 1. Similar internode pieces above and below the SAZ in decapi-
tated growing plants of B. calycinum were also subjected to the plant hormone analyses
(Supplementary Figure S1).

2.2.1. Effect of JA-Me on Auxin-Related Compounds

As shown in Figure 2, the following auxins and their related compounds were success-
fully identified in internode segments of B. calycinum: indole-3-acetic acid (IAA), indole-3-
acetamide (IAM), indole-3-acetonitrile (IAN), 2-oxindole-3-acetic acid (OxIAA), indole-3-
carboxylic acid (ICA), indole-3-acetyl-aspartic acid (IAAsp), indole-3-acetyl-glutamic acid
(IAGlu), and indole-3-propionic acid (IPA).

In the internode segment treated with JA-Me, endogenous levels of IAA, IAGlu,
IAAsp, OxIAA, and IAM, in the above (senescent side, yellow color) and below pieces
(non-senescent side, green color) adjacent to the secondary abscission in internode segments
were similar. However, the contents of IAN and ICA were lower in the senescent than in
the non-senescent side (Figure 2). These results suggest that the SAZ formation induced by
JA-Me is closely related to the modification of IAA biosynthetic pathways via IAM, IAN,
and ICA from tryptophan.

It should be mentioned that the endogenous level of IPA is much higher in the senes-
cent than in the non-senescent side, suggesting that IAA metabolism to IPA is possible to
be related to the SAZ induced by JA-Me (Figure 2).

Similar results of the effect of JA-Me on the endogenous levels of auxin-related com-
pounds in the internode segments were obtained in the last internode of decapitated
growing plants of B. calycinum (Supplementary Figure S2). These results suggest that
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the application of JA-Me substantially affects the IAA metabolism in the internode of B.
calycinum and then might induce secondary abscission.

Figure 2. Endogenous levels of auxin-related compounds in the senescent and non-senescent sides
of the SAZ induced by JA-Me in the internode explants of Bryophylum calycinum. IAA: indole-3-
acetic acid; IAM: in-dole-3-acetamide; IAN: indole-3-acetonitrile; IPA: indole-3-propionic acid; ICA:
indole-3-carboxylic acid; OxIAA: 2-oxindole-3-acetic acid; IAAsp: indole-3-acetylaspartic acid; IAGlu:
indole-3-acetylglutamic acid. Values are the mean with standard error (n = 6). Different letters on the
column (a, b) indicated statistically significant at p < 0.05 after ANOVA.

2.2.2. Effect of JA-Me on Jasmonate-Relating Compounds, Abscisic Acid, Salicylic Acid and
Benzoic Acid

The contents of 12-oxo-phytodienoic acid (OPDA) and N-jasmonyl-leucine (JA-Leu)
were substantially lower in the stem above the senescent than in the non-senescent side,
but the content of jasmonic acid (JA) was similar in the stem pieces below and above the
SAZ (senescent and non-senescent) in the internode explants (Figure 3).

An almost similar tendency was observed in the decapitated growing plants of
B. calycinum (Supplementary Figure S3), suggesting that the application of JA-Me sub-
stantially increases endogenous levels of JA.

The endogenous levels of abscisic acid (ABA), salicylic acid (SA), and benzoic acid
(BA) occurred in similar amounts in the stem pieces below and above the SAZs induced
by JA-Me both in stem explants and in the internode of decapitated growing plants of
B. calycinum (Figure 4 and Supplementary Figure S4).
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Figure 3. Endogenous levels of jasmonate-related compounds in the senescent and non-senescent
sides of the SAZ induced by JA-Me in the internode explants of Bryophyllum calycinum. JA: jasmonic
acid; OPDA: 12-oxo-phytodienoic acid; JA-Leu: N-jasmonyl-leucine. Values are the mean with
standard error (n = 6). Different letters on the column (a, b) indicated statistically significant at
p < 0.05 after ANOVA.

Figure 4. Endogenous levels of abscisic acid (ABA), salicylic acid (SA), and benzoic acid (BA) in
the senescent and non-senescent sides of the SAZ induced by JA-Me in the internode explants of
Bryophylum calycinum. Values are the mean with standard error (n = 6). Different letters on the column
(a) indicated statistically significant at p < 0.05 after ANOVA.

2.2.3. Effect of JA-Me on Cytokinins

The contents of identified cytokinins such trans-zeatin (t-Z), cis-zeatin (c-Z), trans-zeatin
riboside (t-ZR), and cis-zeatin riboside (c-ZR) were similar in the senescent and non-senescent
sides of SAZ induced by JA-Me both in internode explants and in the internode of decapitated
growing plants of B. calycinum (Figure 5 and Supplementary Figure S5).
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Figure 5. Endogenous levels of cytokinins in the senescent and non-senescent sides of the SAZ
induced by JA-Me in the internode explants of Bryophylum calycinum. t-Z: trans-Zeatin; c-Z: cis-Zeatin;
t-ZR: trans-Zeatin riboside; c-ZR: cis-Zeatin riboside. Values are the mean with standard error (n = 6).
Different letters on the column (a) indicated statistically significant at p < 0.05 after ANOVA.

2.2.4. Effect of JA-Me on Gibberellins

Thirteen gibberellins (GAs), gibberellin A1 (GA1), GA3, GA4, GA5, GA6, GA7, GA8,
GA9, GA15, GA19, GA20, GA44, and GA53, were also successfully identified in the internode
segments of B. calycinum. Similar levels of these GAs were found in both the senescent
and non-senescent sides of SAZ induced by JA-Me, except that GA8 was lower above the
SAZ (senescent side; Table 1). A similar tendency was observed in the decapitated growing
plants of B. calycinum treated with JA-Me (Supplementary Table S1).

Table 1. Endogenous levels of gibberellins in the senescent and non-senescent sides of the SAZ,
induced by JA-Me in the internode explants of Bryophylum calycinum. Values are the mean with
standard error (n = 6). Different letters (a, b) on the column indicated statistically significant at
p < 0.05 after ANOVA.

Endogenous Levels (ng/g DW)

Senescent Side Non-Senescent Side

Gibberellin A1 36.26 ± 1.52 a 35.88 ± 1.11 a
Gibberellin A3 4785.54 ± 382.88 a 5420.84 ± 420.90 a
Gibberellin A4 54.37 ± 25.21 a 35.49 ± 20.50 a
Gibberellin A5 61.05 ± 7.16 a 57.94 ± 19.21 a
Gibberellin A6 547.32 ± 25.36 a 595.66 ± 44.81 a
Gibberellin A7 54.37 ± 9.60 a 35.49 ± 20.50 a
Gibberellin A8 23.71 ± 9.47 a 74.10 ± 6.85 b
Gibberellin A9 65.62 ± 4.20 a 62.66 ± 3.40 a
Gibberellin A15 1.23 ± 0.31 a 2.02 ± 0.42 a
Gibberellin A19 61.30 ± 2.87 a 63.42 ± 4.55 a
Gibberellin A20 83.55 ± 11.62 a 125.63 ± 32.06 a
Gibberellin A44 61.49 ± 2.17 a 59.94 ± 1.97 a
Gibberellin A53 98.90 ± 16.75 a 87.910 ± 12.97 a

3. Discussion

As mentioned in the Introduction (Section 1), many plant species develop the sec-
ondary abscission zone that extends between organs and the main body of the plants to
shed. Plant hormones may play an essential role in the transdifferentiation in mature
cortical cells to induce the SAZ. JA-Me and JA (designated as jasmonates, JAs) show the
powerful effect of inducing the SAZ in stems and developing an abscission zone that has
already been initiated in plant tissues in B. calycinum [31,33]. JAs were applied in lanolin
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paste, where lanolin alone did not affect morphological changes in the internode segments.
This situation was demonstrated in previous works [27,31,35]. In the stem of B. calycinum,
IAA applied to a decapitated shoot or internode explants prevented the formation of the
SAZ induced by JA-Me [31,33]. Contrarily, IAA application has also been demonstrated
to substantially induce the formation of the SAZ not only in internode explants, petiole
segments, and petiole after excision of the leaf blade in intact plants but also decapitated
stems in intact plants of B. calycinum [31,33]. A decrease in auxin levels might be con-
sidered as providing the first signal for abscission, as suggested in Arabidopsis [36] and
tomatoes [32,37]. JAs, together with the disruption of endogenous auxin status by the
decapitation or excision, may trigger the formation of the SAZ. The results confirm our
previous observations [27,31,33], indicating that JA-Me is translocated in stem explants of
B. calycinum in both ways, acropetally and basipetally, from the place of treatment. The
SAZ development place is considered the final result of the stem’s secondary abscission
formation and senescence. Thus, it could be asserted that fresh, green tissues of the stem
below the SAZ are not affected by JA-Me and can also be treated as a control.

What kinds of hormonal control factors are responsible for the formation of the
SAZ induced by JA-Me? The SAZ formation by JA-Me has already been reported to be
closely related to auxins [27,31]. Therefore, it is worthwhile to study the dynamics of
plant hormones, especially auxins in the senescent and the non-senescent sides of the SAZ
induced by JA-Me. Notably, the IAA gradient was not observed in the explants between the
induced SAZ on both sides. The same situation occurred in the internode of the decapitated
growing plant (Figure 2 and Supplementary Figure S2).

It has been reported that JA-Me is converted into JA and jasmonyl-isoleucine (JA-Ile),
activating the jasmonates signaling pathway and emission of volatile organic compounds
in Achyranthes bidentate [38]. The application of JA-Me resulted in the differences in en-
dogenous levels of auxin-related compounds such IAN, ICA, and IPA in the senescent
and non-senescent sides of the SAZ (Figure 2 and Supplementary Figure S2). Endogenous
levels of OxIAA, which is one of IAA metabolites, were also different. These results suggest
that the SAZ induced by JA-Me is closely related to the disruption of IAA metabolism in
the stem adjacent to the SAZ.

IPA and IBA, other auxins that share similar structural scaffolds, are strongly conju-
gated and hydrolyzed with enzymes with similar or even higher activities than with IAA or
IAA conjugates [39]. The occurrence of IBA has been reported in various plants, including
B. calycinum [27]. In the present study, we report for the first time the occurrence of IPA in
B. calycinum. The natural occurrence of IPA is scant, and until now, little is known about
the physiological activity of IPA compared to IAA [39]. The content of IPA was relatively
high in the stem of B. calycinum, and evidently, the content of IPA further increased on the
stem side of JA-Me treatment, suggesting that IPA is responsible for the SAZ formation
in B. calycinum.

Jasmonates (JAs) might function as a core signal in the plant hormone signaling net-
work, a signal of JAs interacting with other hormone signaling to regulate plant growth,
and abiotic and biotic stress tolerance [40–43]. Evidence for a close functional relation-
ship between JAs signaling and auxin homeostasis has been well documented [44,45].
Du et al. [46] showed that biosynthesis and signaling of JA and IAA are differentially regu-
lated by different abiotic stresses in rice, suggesting that the balance between JA and IAA
homeostasis and their signaling are critical for plant development and stress responses. The
application of JA-Me substantially induces an increase in the endogenous levels of JA in the
stem of explant and internode of the decapitated growing plant of B. calycinum, as well as
the disruption of auxin metabolism, but negligibly affected dynamics of ABA, cytokinins,
and GAs (Figures 3–5, Table 1, Supplementary Figures S3–S5 and Table S1). Thus, cross-talk
between JAs and auxin might be essential for the induction of the SAZ formation.

Based on the results of comprehensive analyses of endogenous plant hormones,
Marasek-Ciolakowska et al. [27] strongly suggested that GAs and cytokinins did not con-
tribute to the formation of the IAA-induced SAZ in B. calycinum. In this experiment, JA-Me
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also little affected the endogenous level of GAs, ABA, and cytokinins in stems above and
below the SAZ (Figures 3 and 4, Table 1, Supplementary Figures S3 and S4, and Table S1).
Thus, these plant hormones seem not to contribute to the formation of the JA-Me-induced
SAZ in B. calycinum as the IAA-induced one [27].

Until now, four tryptophan (Trp)-dependent pathways of IAA biosynthesis, namely
the indole-3-acetamide (IAM) pathway, the indole-3-pyruvic acid (IPyr) pathway, the
tryptamine pathway, and the indole-3-acetaldoxime (IAOx) pathway, were identified in
plants [39,47–50], although biosynthesis pathway(s) of IAA in plants of the Crassulaceae
family (succulents) is unknown. The Trp-independent IAA biosynthesis from indole was
also documented in some plants [50]. In Arabidopsis thaliana, indole-3-carbaldehyde and
indole-3-carboxylic acid (ICA) are synthesized from Trp via intermediates such IAOx and
IAN, although ICA can also be attributed to the degradation of IAA [51]. Whether ICA can
be converted to IPA and vice versa, as indole-3-butyric acid (IBA) and IAA interconversions,
has not been shown as yet [39]. ICA has been identified in Pinus sylvestris needles, in the
leaves of Ginkgo biloba, and in the stem of B. calycinum [27,31,52].

The occurrence of IAM and IAN in the stem of B. calycinum may suggest that biosyn-
thesis of IAA in the plant is going through the IAM and IAOx pathways since IAM and
IAN are downstream intermediate metabolites of IAOx [50,53]. The IAOx-dependent IAA
biosynthesis pathway was indicated in some plants, but it is not a common pathway [50].
Other pathways of IAA biosynthesis are also possible in B. calycinum. Intensive studies
on JAs-dependent changes in metabolism or biosynthesis of IAA and the physiological
function of ICA, related to the secondary abscission formation, will be needed in the future.

4. Materials and Methods

4.1. Plant Materials and Hormone Treatment

Three- to six-month-old plants of Bryophyllum calycinum Salisb. (Crassulaceae), propa-
gated from epiphyllous buds arising in the marginal notches of the leaves, were used in the
experiments. Stem segments and decapitated stems of growing B. calycinum plants were
used in methyl jasmonate (JA-Me) treatment.

Internode segments at the length of ca. 4–5 cm with two nodes (leaves removed) were
excised, from mainly the second or third internodes from the top of growing plants with
active elongation. The segments were treated with JA-Me at 0.5% (w/w) in lanolin paste in
the middle of the internode and kept vertically in a 50 mL glass chamber with moistened
papers at the bottom of these explants under natural light conditions in a greenhouse, as
shown in Figure 1. In June, August, and September, experiments were repeated three times
with 15 to 20 explants.

A similar experiment with decapitated growing plants was carried out. After decapita-
tion of the apical part of the growing plant shoot, JA-Me (0.5%, w/w in lanolin) was applied
in the middle of the last internode, as shown in Supplementary Figure S1. The experiment
was repeated twice from August to October with 20 explants.

4.2. Analyses of Plant Hormones in Relation to the Formation of the Secondary Abscission Zone
Induced by Methyl jasmonate

Analyses of plant hormones were performed according to the methods reported
previously [27,35,54–56]. At 6 to 7 days after treatment with JA-Me, the below (non-
senescent, green) and above (senescent, yellow) parts of ca. 3–4 mm internode pieces
adjacent to the SAZ formed by JA-Me application in the stem of B. calycinum were excised,
respectively. Excised samples were immediately frozen in liquid N2 and then lyophilized.
Lyophilized materials in each piece of internode were combined, and an aliquot of a small
amount (ca. 10 mg DW) was used for comprehensive plant hormone analyses. Lyophilized
materials with appropriate amounts of a mixture of each stable isotope-labeled plant
hormone as an internal standard were extracted with an organic solvent consisting of
methanol/water/formic acid = 15: 4: 1 (v/v/v) three times. Respective extracts were
combined and then evaporated under N2. The extract obtained was re-suspended in 3%
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methanol in 1 M formic acid and then cleaned up on hybrid SPE cartridges (BondElut
Plexa PCX, Agilent, Santa Clara, CA, USA). Qualitative and quantitative analyses of plant
hormones and other related compounds were performed on a HPLC-MS/MS system
with UHPLC apparatus (Agilent Infinity 1260, Agilent, Waldbronn, Germany) coupled
to a triple quadruple mass spectrometer ESI-MS/MS (6410 Triple Quad LC/MS, Agilent,
Santa Clara, CA., USA). Plant hormones were separated on an Ascentis Express RP-Amide
analytical column (particle size: 2.7 μm; 2.1 mm × 150 mm; Supelco, Bellefonte, PA., USA)
at 60 ◦C, at a linear gradient of water vs. acetonitrile both with 0.01% of formic acid.
As internal standards, [15N4] dihydrozeatin, [15N4] kinetin, [2H5] trans-zeatin riboside
(t-ZR), [2H5] indole-3-acetic acid (IAA), [2H4] indole-3-acetonitrile, [2H4] salicylic acid
(SA), [2H2] gibberellin A1 (GA1), [2H2] gibberellin A4 (GA4), [2H2] gibberellin A5 (GA5),
[2H2] gibberellin A6 (GA6), [2H6] cis, trans-abscisic acid (ABA), [2H5] benzoic acid (BA),
[2H5] jasmonic acid (JA), and [2H5] dinor-12-oxo-phytodienoic acid (dinor-OPDA) were
used. All standards, except for [2H5] JA supplied by CND Isotopes (Quebeck, Canada)
and [2H5] dinor OPDA supplied by Cayman Chem. Comp. (Ann Arbor, USA), were from
OlChemim (Olomouc, Czech Republic) at the highest available purity. Multiple reaction
monitoring (MRM) transitions were used to identify and quantify all compounds of interest.
Quantitation was based on calibration curves obtained with each pure standard compound
taking account of the recovery rates of an internal standard used. Further technical details
are given by the references cited above.

4.3. Statistical Analysis

The analysis of variance (ANOVA) was conducted using STATISTICA software
(StatSoft, Kraków, Poland). To compare the means, Duncan’s multiple range test was used.
Values of p < 0.05 were considered to be statistically significant. Values are expressed as the
mean with standard error. Different letters in the columns in the figures and tables indicate
statistical differences.

5. Conclusions

A comprehensive study of the dynamics of plant hormones in the stem pieces above
and below the SAZ induced by the application of JA-Me in B. calycinum revealed that the
application of JA-Me substantially affected auxin metabolism and the endogenous status
of JAs. However, it negligibly affected the endogenous IAA levels. These suggest that the
mode of JA-Me action to induce the SAZ is different from that of IAA, whereas IAA also
induces the SAZ. JA-Me functions as a trigger modifying metabolism of IAA and JAs to
induce the formation of the SAZ in the stem of B. calycinum.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11030360/s1, Figure S1: The secondary abscission zone induced by the application of
methyl jasmonate (JA-Me) in the last internode of decapitated growing plants of Bryophyllum calycinum,
Figure S2: Endogenous levels of auxin-related compounds in the stem pieces above and below
the secondary abscission zone induced by JA-Me in the last internode of decapitated growing
plants of Bryophyllum calycinum, Figure S3: Endogenous levels of jasmonate-related compounds
in the stem pieces above and below the secondary abscission zone induced by JA-Me in the last
internode of decapitated growing plants of Bryophyllum calycinum. Figure S4: Endogenous lev-
els of abscisic acid, salicylic acid, and benzoic acid in the stem pieces above and below the sec-
ondary abscission zone induced by JA-Me in the last internode of decapitated growing plants of
Bryophyllum calycinum. Figure S5: Endogenous levels of cytokinins in the stem pieces above and
below the secondary abscission zone induced by JA-Me in the last internode of decapitated growing
plants of Bryophyllum calycinum. Table S1: Endogenous levels of gibberellins in the stem pieces above
and below the secondary abscission zone induced by JA-Me in the last internode of decapitated
growing plants of Bryophyllum calycinum.

243



Plants 2022, 11, 360

Author Contributions: Conceptualization, A.M.-C., K.M. and M.S.; Methodology, M.D., A.M.-C. and
M.S.; Software, J.G.-K.; Investigation, M.D., A.M.-C. and U.K.; Writing—Original Draft Preparation,
A.M.-C., J.G.-K., K.M. and M.S.; Writing—Review and Editing, M.D., A.M.-C., K.M., J.U. and M.S.;
Visualization, A.M.-C., K.M. and M.S.; Supervision, M.S.; Funding Acquisition A.M.-C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was partly supported by the Polish Ministry of Science and Higher Edu-
cation through statutory funds of the Research Institute of Horticulture, Skierniewice, Poland
(Grant ZBS/7/2021).

Data Availability Statement: The data sets generated for this study are available in this article and
Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Addicott, F.T. Abscission; University of California Press: Berkeley, CA, USA, 1982.
2. Osborne, D.J. Morphogenetic signals and markers in vitro and in vivo. In Morphogenesis in Plants Molecular Approaches;

Roubelakis-Angelakis, K.A., Van Thanh, K., Eds.; Springer Science & Business Media: New York, NY, USA, 1993; Volume 253,
pp. 1–17.

3. Van Doorn, W.G.; Stead, A.D. Abscission of flowers and floral parts. J. Exp. Bot. 1997, 48, 821–837. [CrossRef]
4. Roberts, J.A.; Whitelaw, C.A.; Gonzalez-Carranza, Z.H.; McManus, M.T. Cell Separation Processes in Plants—Models, Mechanisms

and Manipulation. Ann. Bot. 2000, 86, 223–235. [CrossRef]
5. Taylor, J.E.; Whitelaw, C.A. Signals in abscission. New Phytol. 2001, 151, 323–340. [CrossRef]
6. Tucker, M.L.; Kim, J. Abscission research: What we know and what we still need to study. Stewart Postharvest Rev. 2015, 11, 7.

[CrossRef]
7. Patharkar, O.R.; Walker, J.C. Advances in abscission signaling. J. Exp. Bot. 2018, 69, 733–740. [CrossRef] [PubMed]
8. Meir, S.; Sundaresan, S.; Riov, J.; Agarwal, I.; Philosoph-Hadas, S. Role of auxin depletion in abscission control. Stewart Postharvest

Rev. 2015, 11, 15. [CrossRef]
9. Lee, Y. More than cell wall hydrolysis: Orchestration of cellular dynamics for organ separation. Curr. Opin. Plant Biol. 2019,

51, 37–43. [CrossRef]
10. Warren Wilson, J.; Warren Wilson, P.M.; Walker, E.S. Abscission sites in nodal explants of Impatiens sultani. Ann. Bot. 1987,

60, 693–704. [CrossRef]
11. Warren Wilson, J.; Walker, E.S.; Warren Wilson, P.M. The role of basipetal auxin transport in the positional control of abscission

sites induced in Impatiens sultani stem explants. Ann. Bot. 1988, 62, 487–495. [CrossRef]
12. Warren Wilson, J.; Palni, L.M.S.; Warren Wilson, P.M. Auxin concentrations in nodes and internodes of Impatiens sultani. Ann. Bot.

1999, 83, 285–292. [CrossRef]
13. Bleecker, A.B.; Patterson, S.E. Last exit: Senescence, abscission, and meristem arrest in Arabidopsis. Plant Cell 1997, 9, 1169.

[CrossRef] [PubMed]
14. Roberts, J.A.; Elliott, K.A.; Gonzalez-Carranza, Z.H. Abscission, dehiscence, and other cell separation processes. Annu. Rev. Plant

Biol. 2002, 53, 131–158. [CrossRef] [PubMed]
15. Patterson, S.E. Cutting Loose. Abscission and Dehiscence in Arabidopsis. Plant Physiol. 2001, 126, 494–500. [CrossRef] [PubMed]
16. Webster, B.D.; Leopold, A.C. Stem Abscission in Phaseolus vulgaris Explants. Bot. Gaz. 2015, 133, 292–298. [CrossRef]
17. Pierik, R.L.M. Induction of secondary abscission in apple pedicels in vitro. Physiol. Plant. 1977, 39, 271–274. [CrossRef]
18. Pierik, R.L.M. Hormonal regulation of secondary abscission in pear pedicels in vitro. Physiol. Plant. 1980, 48, 5–8. [CrossRef]
19. Warren Wilson, P.M.; Warren Wilson, J.; Addicott, F.T.; Mckenzie, R.H. Induced abscission sites in internodal explants of Impatiens

sultani: A new system for studying positional control: With an appendix: A mathematical model for abscission sites. Ann. Bot.
1986, 57, 511–530. [CrossRef]

20. Suzuki, T. Shoot-tip abscission and adventitious abscission of internodes in mulberry (Morus alba). Physiol. Plant. 1991, 82, 483–489.
[CrossRef]

21. Plummer, J.A.; Vine, J.H.; Mullins, M.G. Regulation of stem abscission and callus growth in shoot explants of sweet orange [Citrus
sinensis (L.) Osbeck]. Ann. Bot. 1991, 67, 17–22. [CrossRef]

22. McManus, M.T.; Thompson, D.S.; Merriman, C.; Lyne, L.; Osborne, D.J. Transdifferentiation of mature cortical cells to functional
abscission cells in bean. Plant Physiol. 1998, 116, 891–899. [CrossRef]

23. Hvoslef-Eide, A.K.; Munster, C.M.; Mathiesen, C.A.; Ayeh, K.O.; Melby, T.I.; Rasolomanana, P.; Lee, Y. Primary and secondary
abscission in Pisum sativum and Euphorbia pulcherrima-how do they compare and how do they differ? Front. Plant Sci. 2016,
6, 1204. [CrossRef] [PubMed]

24. Pang, Y.; Zhang, J.; Cao, J.; Yin, S.Y.; He, X.Q.; Cui, K.M. Phloem transdifferentiation from immature xylem cells during bark
regeneration after girdling in Eucommia ulmoides Oliv. J. Exp. Bot. 2008, 59, 1341–1351. [CrossRef] [PubMed]

244



Plants 2022, 11, 360

25. Yamaguchi, M.; Goué, N.; Igarashi, H.; Ohtani, M.; Nakano, Y.; Mortimer, J.C.; Nishikubo, N.; Kubo, M.; Katayama, Y.;
Kakegawa, K.; et al. VASCULAR-RELATED NAC-DOMAIN6 and VASCULAR-RELATED NAC-DOMAIN7 effectively induce
transdifferentiation into xylem vessel elements under control of an induction system. Plant Physiol. 2010, 153, 906–914. [CrossRef]

26. Reusche, M.; Thole, K.; Janz, D.; Truskina, J.; Rindfleisch, S.; Drübert, C.; Polle, A.; Lipka, V.; Teichmanna, T. Verticillium infection
triggers VASCULAR-RELATED NAC DOMAIN7-dependent de novo xylem formation and enhances drought tolerance in
Arabidopsis. Plant Cell 2012, 24, 3823–3837. [CrossRef] [PubMed]

27. Marasek-Ciolakowska, A.; Saniewski, M.; Dziurka, M.; Kowalska, U.; Góraj-Koniarska, J.; Ueda, J.; Miyamoto, K. Formation of
the secondary abscission zone induced by the interaction of methyl jasmonate and auxin in Bryophyllum calycinum: Relevance to
auxin status and histology. Int. J. Mol. Sci. 2020, 21, 2784. [CrossRef]

28. Ueda, J.; Miyamoto, K.; Aoki, M.; Momotani, Y.; Kato, J.; Kamisaka, S. The mode of actions of jasmonic acid and its methyl ester
on the growth and the abscission. In Proceedings of the 14th International Conference on Plant Growth Substances, Amsterdam,
The Netherlands, 21–25 July 1991; p. 80.

29. Ueda, J.; Miyamoto, K.; Hashimoto, M. Jasmonates promote abscission in bean petiole explants: Its relationship to the metabolism
of cell wall polysaccharides and cellulase activity. J. Plant Growth Regul. 1996, 15, 189–195. [CrossRef]

30. Saniewski, M.; Wegrzynowicz-Lesiak, E. Methyl jasmonate-induced leaf abscision in Kalanchoe blosfediana. Acta Hortic. 1995,
394, 315–324. [CrossRef]

31. Saniewski, M.; Ueda, J.; Miyamoto, K. Methyl jasmonate induces the formation of secondary abscission zone in stem of
Bryophyllum calycinum Salisb. Acta Physiol. Plant. 2000, 22, 17–23. [CrossRef]

32. Ito, Y.; Nakano, T. Development and regulation of pedicel abscission in tomato. Front. Plant Sci. 2015, 6, 442. [CrossRef]
33. Saniewski, M.; Góraj-Koniarska, J.; Gabryszewska, E.; Miyamoto, K.; Ueda, J. Auxin effectively induces the formation of the

secondary abscission zone in Bryophyllum calycinum Salisb. (Crassulaceae). Acta Agrobot. 2016, 69, 3. [CrossRef]
34. Monroy, L.A.V.; Cauich, J.R.C.; Ortega, A.M.M.; Campos, M.R.S. Medicinal plants as potential functional foods or resources

for obtaining anticancer activity metabolites. In Oncological Functional Nutrition; Campos, M., Ortega, A., Eds.; Academic Press:
London, UK, 2021; pp. 161–194. [CrossRef]

35. Marasek-Ciolakowska, A.; Dziurka, M.; Kowalska, U.; Góraj-koniarska, J.; Saniewski, M.; Ueda, J.; Miyamoto, K. Mode of
action of 1-naphthylphthalamic acid in conspicuous local stem swelling of succulent plant, Bryophyllum calycinum: Relevance
to the Aspects of Its Histological Observation and Comprehensive Analyses of Plant Hormones. Int. J. Mol. Sci. 2021, 22, 3118.
[CrossRef] [PubMed]

36. Basu, M.M.; González-Carranza, Z.H.; Azam-Ali, S.; Tang, S.; Shahid, A.A.; Roberts, J.A. The manipulation of auxin in the
abscission zone cells of Arabidopsis flowers reveals that indoleacetic acid signaling is a prerequisite for organ shedding. Plant
Physiol. 2013, 162, 96–106. [CrossRef] [PubMed]

37. Meir, S.; Philosoph-Hadas, S.; Sundaresan, S.; Selvaraj, K.S.V.; Burd, S.; Ophir, R.; Kochanek, B.; Reid, M.S.; Jiang, C.Z.; Lers, A.
Microarray analysis of the abscission-related transcriptome in the tomato flower abscission zone in response to auxin depletion.
Plant Physiol. 2010, 154, 1929–1956. [CrossRef] [PubMed]

38. Tamogami, S.; Noge, K.; Abe, M.; Agrawal, G.K.; Rakwal, R. Methyl jasmonate is transported to distal leaves via vascular
process metabolizing itself into JA-Ile and triggering VOCs emission as defensive metabolites. Plant Signal. Behav. 2012, 7, 1378.
[CrossRef] [PubMed]

39. Ludwig-Müller, J. Synthesis and hydrolysis of auxins and their conjugates with different side-chain lengths: Are all products
active auxins? Period. Biol. 2020, 121, 81–96. [CrossRef]

40. Yang, J.; Duan, G.; Li, C.; Liu, L.; Han, G.; Zhang, Y.; Wang, C. The crosstalks between jasmonic acid and other plant hormone
signaling highlight the involvement of jasmonic acid as a core component in plant response to biotic and abiotic stresses. Front.
Plant Sci. 2019, 10, 1349. [CrossRef] [PubMed]

41. Liu, H.; Timko, M.P. Jasmonic Acid signaling and molecular crosstalk with other phytohormones. Int. J. Mol. Sci. 2021, 22, 2914.
[CrossRef]

42. Huang, H.; Liu, B.; Liu, L.; Song, S. Jasmonate action in plant growth and development. J. Exp. Bot. 2017, 68, 1349–1359. [CrossRef]
43. Yu, X.; Zhang, W.; Zhang, Y.; Zhang, X.; Lang, D.; Zhang, X. The roles of methyl jasmonate to stress in plants. Funct. Plant Biol.

2019, 46, 197–212. [CrossRef]
44. Hentrich, M.; Böttcher, C.; Düchting, P.; Cheng, Y.; Zhao, Y.; Berkowitz, O.; Masle, J.; Medina, J.; Pollmann, S. The jasmonic acid

signaling pathway is linked to auxin homeostasis through the modulation of YUCCA8 and YUCCA9 gene expression. Plant J.
2013, 74, 626–637. [CrossRef]

45. Pérez, A.C.; Goossens, A. Jasmonate signalling: A copycat of auxin signalling? Plant. Cell Environ. 2013, 36, 2071–2084. [CrossRef]
[PubMed]

46. Du, H.; Liu, H.; Xiong, L. Endogenous auxin and jasmonic acid levels are differentially modulated by abiotic stresses in rice.
Front. Plant Sci. 2013, 4, 397. [CrossRef] [PubMed]

47. Woodward, A.W.; Bartel, B. Auxin: Regulation, action, and interaction. Ann. Bot. 2005, 95, 707–735. [CrossRef] [PubMed]
48. Chandler, J.W. Auxin as compère in plant hormone crosstalk. Planta 2009, 231, 1–12. [CrossRef]
49. Ludwig-Müller, J. Auxin conjugates: Their role for plant development and in the evolution of land plants. J. Exp. Bot. 2011,

62, 1757–1773. [CrossRef]

245



Plants 2022, 11, 360

50. Di, D.W.; Zhang, C.; Luo, P.; An, C.W.; Guo, G.Q. The biosynthesis of auxin: How many paths truly lead to IAA? Plant Growth
Regul. 2016, 78, 275–285. [CrossRef]

51. Böttcher, C.; Chapman, A.; Fellermeier, F.; Choudhary, M.; Scheel, D.; Glawischnig, E. Thebiosynthetic pathway of indole-3-
carbaldehyde and indole-3-carboxylic acid derivatives in Arabidopsis. Plant Physiol. 2014, 165, 841–853. [CrossRef]

52. Sandberg, G.; Jensen, E.; Crozier, A. Analysis of 3-indole carboxylic acid in Pinus sylvestris needles. Phytochemistry 1984,
23, 99–102. [CrossRef]

53. Sugawara, S.; Hishiyama, S.; Jikumaru, Y.; Hanada, A.; Nishimura, T.; Koshiba, T.; Zhao, Y.; Kamiya, Y.; Kasahara, H. Biochemical
analyses of indole-3-acetaldoxime-dependent auxin biosynthesis in Arabidopsis. Proc. Natl. Acad. Sci. USA 2009, 106, 5430–5435.
[CrossRef]

54. Dziurka, M.; Janeczko, A.; Juhász, C.; Gullner, G.; Oklestková, J.; Novák, O.; Saja, D.; Skoczowski, A.; Tóbiás, I.; Barna, B. Local
and systemic hormonal responses in pepper leaves during compatible and incompatible pepper-tobamovirus interactions. Plant
Physiol. Biochem. 2016, 109, 355–364. [CrossRef]
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Abstract: Shifts in microbiota undoubtedly support host plants faced with abiotic stress, including
low temperatures. Cold-resistant perennials prepare for freeze stress during a period of cold accli-
mation that can be mimicked by transfer from growing conditions to a reduced photoperiod and a
temperature of 4 ◦C for 2–6 days. After cold acclimation, the model cereal, Brachypodium distachyon,
was characterized using metagenomics supplemented with amplicon sequencing (16S ribosomal
RNA gene fragments and an internal transcribed spacer region). The bacterial and fungal rhizosphere
remained largely unchanged from that of non-acclimated plants. However, leaf samples representing
bacterial and fungal communities of the endo- and phyllospheres significantly changed. For example,
a plant-beneficial bacterium, Streptomyces sp. M2, increased more than 200-fold in relative abundance
in cold-acclimated leaves, and this increase correlated with a striking decrease in the abundance of
Pseudomonas syringae (from 8% to zero). This change is of consequence to the host, since P. syringae
is a ubiquitous ice-nucleating phytopathogen responsible for devastating frost events in crops. We
posit that a responsive above-ground bacterial and fungal community interacts with Brachypodium’s
low temperature and anti-pathogen signalling networks to help ensure survival in subsequent freeze
events, underscoring the importance of inter-kingdom partnerships in the response to cold stress.

Keywords: Brachypodium distachyon; cold acclimation; microbiome; amplicon and shotgun sequenc-
ing; metagenomics; Pseudomonas; Streptomyces

1. Introduction

As sessile organisms, plants are at the mercy of an array of abiotic stresses, and, as win-
ter approaches in mid- to high-latitudes and altitudes, one such stress is low temperature.
Plants employ various strategies that allow them to recognise and cope with the cold [1]. As
autumn progresses, perennials undergo a period of cold acclimation, which in a few days of
low temperature exposure allows them to physiologically prepare for freezing conditions.
Such preparations include changed levels of hundreds of proteins, the accumulation of
fatty acids, lipid remodelling for plasma membrane protection, increased production of
cryoprotective metabolites, such as soluble sugars and amino acids, as well as chaperones
and reactive oxygen scavengers [2]. This acclimation process also appears to coincide with
changes in host-associated microbial communities. Such a turnover in microbiota could
assist plants in preparing for sub-zero temperature conditions and their vulnerability to
psychrophilic pathogens. Indeed, winter seasonality in the plant microbiome has been
previously reported [3–5]. Although the impact of cold acclimation on the microbiomes
of perennial grass has not been hitherto explored, the identification of their bacterial and
fungal communities offers the promise of understanding how the battle against coming
winter conditions can be won by partnerships.

The perennial grass and model cereal, Brachypodium distachyon (hereinafter, Brachy-
podium), is capable of cold acclimation, reaching peak freezing tolerance after two days
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at 4 ◦C, and is associated with changes in the abundance of multiple plasma membrane
proteins at 2–6 days [6]. In turn, these proteins are involved in complex crosstalk networks
that prime the Brachypodium defensive response to a variety of abiotic and pathogenic
stresses. Studies of cold acclimation have, for the most part, ignored the host-associated
microbiota [1,7,8]. Nevertheless, the plant microbiome is emerging as an important factor
in stress responses, including symbiont-mediated tolerance [9,10].

The general beneficial effects of microbes on plant fitness under a variety of stressful
conditions have recently come to be known as the “Defence Biome” [5,10–17]. Symbiont-
mediated fitness benefits may be a collective result of microbial exudates and function,
for example, by facilitating early stress sensing and more efficient nutrient uptake and
transfer, as well as by the induction of plant stress genes [9,10]. Specifically, symbiont-
mediated cold tolerance has been directly demonstrated with some plant species and
plant growth promoting bacteria (PGPBs) [9]. For example, Burkholderia phytofirmans-
inoculated grape vines expressed cold stress-responsive genes earlier than non-inoculated
vines [18] and Streptomyces neyagawaensis J6-inoculated turfgrass showed enhanced cold
tolerance over non-inoculated plants [19]. Microbes thus have a demonstrated role in
plant protection. They excrete a variety of products to benefit host plants, including
anti-pathogenic microbial compounds and osmolytes, including proline and trehalose, as
well as scavengers of reactive oxygen species, such as superoxide dismutase, catalase, and
peroxidases [9,10,20]. Taken together, plant-associated microbial communities undoubtedly
help plants survive cold stress.

The identification of host-associated microbiota that enhance freezing tolerance may
lead the way to the development of synthetic cocktails of species that could eventually
be used to inoculate crops or seeds to enhance cold tolerance [21]. Here, shotgun se-
quencing and metagenomic analysis of the phyllosphere/endosphere and rhizosphere in
cold-acclimated Brachypodium is an important first step towards this goal. Our experimental
inoculation of a commercial growing mix with old pasture soil allowed for the exposure
and subsequent identification of bacterial and fungal taxa that thrived after transfer of
the growing plants to low temperatures and thus are prospective native partners in the
cold acclimation process. In addition, we contribute to the general appreciation of the
robustness of the plant abiotic stress response, which employs communities of diverse
organisms for survival.

2. Materials and Methods

2.1. Soil Inoculation and Preparation

Commercial potting soil (Sun Gro Horticulture, Agawam, MA, USA) was autoclaved
twice and sealed in a double layer of plastic autoclave bags before being inoculated with
bulk field soil (5% w/v). Bulk field soil was sampled using a sterilized trowel from the
active layer (3–7 cm depth) in autumn (29 October 2020) after 96 h of day and night
temperatures of ~5 ◦C and ~0 ◦C, respectively. The sampled fallow field had been left
unfertilized and unplowed for 26 years and without domestic grazing animals for 15 years
(Figure S1). It was characterized by grasses, including orchard grass, brome, and timothy
(Dactylis, Bromus, and Phleum species, respectively) on clay soils and was located north of
Sydenham, Ontario, Canada (44◦24′26” N, 76◦36′1” W). Soils were thoroughly mixed for
15 min using a cement mixer that had been rinsed with 70% ethanol, with the inoculated
soil then stored in a lidded container that had also been rinsed with 70% ethanol. The
inoculated soil mixture was kept at room temperature until use.

2.2. Plant Material and Growth Conditions

Surface-sterilized Brachypodium seeds of an inbred line (ecotype: Bd21) (RIKEN, Wakō,
Japan) were sown in the inoculated potting soil and grown in a temperature-controlled
chamber (Conviron GEN2000, Queen’s University Phytotron, Kingston, ON, Canada) on
a 20 h light (~100 μmol m−2 s−1; 22 ◦C) and 4 h dark (22 ◦C) light cycle. Brachypodium
that had been grown under standard conditions for three weeks (Figure S2) were then
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cold acclimated by transferring the plants to a low temperature chamber (Coldmatic
Refrigeration, Etobicoke, ON, Canada) (4 ◦C, 12 h light as indicated above; 12 h dark) for 6
days [6]. Plants maintained at standard conditions until time of use were considered the
non-acclimated controls.

2.3. Microbiome Extraction and Preparation

Microbiome extractions were performed under sterile conditions. Above-ground
extractions were from tissue excised from the tips of primary leaves. Phyllosphere microbes
are found on the leaf surface and endosphere microbiota include communities that enter
the plant through the leaves, as well as those that circulate within the xylem. Rather than
separate these, we reasoned that both phyllosphere and endosphere communities would
be driven by the changing environmental conditions, in addition to plant interactions.
Accordingly, these leaf microbiota were extracted together using a DNeasy Plant Pro Kits
(Qiagen, Hilden, Germany), following the manufacturer’s recommended directions, using
10 mg of leaf tissue per plant (10 plants per replicate for a total of 100 mg of tissue) and
three replicates.

Extractions of the below-ground, tightly bound root soil of the rhizosphere (Figure S3)
were performed as previously described [22] using a DNeasy PowerSoil Pro Kit (Qiagen,
Hilden, Germany), following the manufacturer’s recommendations. Adhering root soil
(25 mg per plant) was released from the roots following careful removal of the plants from
the pots and gentle shaking. Extra care was taken to remove any root tissue, or non-soil
material from samples, such as wood or perlite. Three replicates were performed, each
using 10 individual plants. DNA purity and concentration was quantified using a Synergy
H1 microplate reader with a Take3 Micro-Volume Plate (both BioTek Instruments Inc.,
Winooski, VT, USA).

2.4. Shotgun Metagenomics Library Preparation and Sequencing

Libraries were prepared using an Illumina DNA Prep (M) Tagmentation library prepa-
ration kit (Illumina Inc., San Diego, CA, USA), following the manufacturer’s user guide.
Initial DNA concentration was evaluated using the Qubit dsDNA HS Assay Kit (Life
Technologies, Carlsbad, CA, USA). Eukaryotic DNA was depleted in leaf tissue samples
using an NEBNext Microbiome DNA Enrichment Kit (New England Biolabs, Ipswich, MA,
USA), following the manufacturer’s user guide to decrease the probability of recovery of
host genomic, chloroplast, and mitochondrial DNA sequences [23]. DNA (500 ng) was
used for depletion of the eukaryotic DNA, as recommended by Molecular Research LP (MR
DNA; Shallowater, TX, USA). The enriched microbial DNA was quantified using the Qubit
dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, USA) (Table S1). Subsequently,
50 ng of DNA was used to prepare the libraries. The samples underwent simultaneous frag-
mentation and addition of adapter sequences, which were utilized during a limited-cycle
polymerase chain reaction in which unique indices were added to the sample. Following
library preparation, library concentration and mean library size were determined using the
Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, USA) and the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), respectively. Libraries were
pooled in equimolar ratios (0.6 nM), and sequencing was performed on a NovaSeq 6000
platform (Illumina Inc., San Diego, CA, USA) to a depth of 10 million 2 × 150 bp reads.

2.5. Preprocessing and Quality Control

Analysis of sequencing data was performed following the Sunbeam pipeline (v2.1.0) [24]
with 26 available cores (15.425 Gb of memory each) on Ubuntu (v18.04.05). Raw fastq files
of paired-end reads were quality controlled to remove adapter sequences using Cutadapt
(v3.4.0) [25] and Trimmomatic (v0.3.9) [26], following which read quality was assessed
using FastQC (v0.11.9) [27]. Low-complexity sequences were masked using Komplexity
(v0.3.6) [24] and contaminating plant host reads were removed by Sunbeam following map-
ping of reads to the Brachypodium genome (RefSeq assembly accession GCF_000005505.3)
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using BWA (v0.7.17) [28]. Following initial host read decontamination, individual reads
were interrogated using the National Center for Biotechnology Information (NCBI) BLAST
(blastn; available at https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 18 August 2021),
revealing numerous hits to mitochondrial genomic sequences. Subsequently, several mito-
chondrial genomic sequences (detailed below) were subsequently downloaded and added
to the host genome path for removal of contaminating mitochondrial sequences. This
process was repeated until a subset of individual reads did not return any mitochondrial
genomes with high coverage.

Most mitochondrial genomes used to filter contaminating sequences were retrieved
from NCBI from the following species with GenBank IDs: Saccharum officinarum cv. Khon
Kaen 3 (NC_031164.1), Sorghum bicolor (NC_008360.1), Triticum aestivum cv. Chinese Yu-
mai (NC_036024.1), Oryza sativa (NC_011033.1), Zea mays (NC_007982.1), Lolium perenne
(JX999996.1), Oryza coarctata (MG429050.1), Sporobolus alterniflorus (MT471321.1), Aegilops
speltoides (AP013107.1), Stipa capillata (MZ161090.1, MZ161091.1, MZ161093.1, MZ161092.1),
Bambusa oldhamii (EU365401.1), and a Brachypodium sequence (AC276583.1), suggesting
a partial Brachypodium mitochondrial draft genome. In addition, the Hordeum vulgare
mitochondria genome sequence was downloaded from Ensembl Plants (ID: IBSC_v2,
chromosome Mt). Pre-processing and quality control data is summarized in Table S2.

2.6. Taxonomic Classification

Taxonomic assignment was performed on the quality-controlled and host-decontaminated
reads using a Kraken2 (v2.1.2) [29] database containing RefSeq libraries [30] of archaea
(628 sequences), bacteria (58,811 sequences), fungi (1579 sequences), and protozoa (11,151
sequences) for a total of 72,217 sequences and ~110 billion bp (as of 24 June 2021). A
Bayesian re-estimation of abundance with the Kraken (Bracken) (v2.6) [31] database was
subsequently built with the Kraken2 database using the default 35 k-mer length and
150 bp read lengths. Kraken2 was run as an integrated module of Sunbeam using the
development branch. Bracken was run on the Kraken2 output files, and the Bracken
outputs were combined using the combine_bracken_outputs.py function for downstream
analysis. Barplots were produced using the thresholds indicated in the legends to group
together low abundant taxa for visual presentation. For diversity analysis, the kraken-biom
tool (v1.0.1) (https://github.com/smdabdoub/kraken-biom; accessed on 27 September
2021) was used to convert Bracken outputs at the species level into .biom files for use with
the Phyloseq (v1.36.0) [32] and Vegan (v2.5.7) [33] R packages.

2.7. Core and Functional Microbiome

To further characterize the microbiomes, PAST (Paleontological Statistics, v4.08, available
at https://www.nhm.uio.no/english/research/infrastructure/past/; accessed on 15 Novem-
ber 2021) [34] was used for similarity percentage (SIMPER) analyses using the Bray–Curtis
similarity matrix to compare leaf and rhizosphere-associated microbiota and to facilitate the
identification of a core microbiome [35–37]. Core microbiomes were calculated based on species
and ASVs present in 100% of the tissue-specific samples with >5% relative abundance.

Paired-end quality-controlled and decontaminated reads outputted by Sunbeam were
concatenated using the command “cat sample_R1.fq sample_R2.fq > merged_sample.fq” and
inputted into HUMAnN (v3.0.0) [38] running MetaPhlan (v3.0) [38], Bowtie2 (v2.4.4) [39],
DIAMOND (v2.0.11) [40], and SAMtools (v1.13) [41,42]. Sequences were processed using
the default UniRef90 database and the following parameters for MetaPhlAn: –stat_q 0,
–bt2_ps very-sensitive-local; the following parameters for HUMAaN 3: –nucleotide-subject-
coverage-threshold 5.0, –translated-subject-coverage-threshold 5.0; and the following pa-
rameters for and Bowtie 2: -D 20 -R 3 -N 1 -L 20 -i S,1,0.50 –local.

Gene families were regrouped and renamed to the uniref90_Pfam database using
the humann_regroup_table and humann_rename_table commands. Special features, in-
cluding ungrouped genes and unintegrated pathways, were retained by skipping normal-
ization in favour of downstream normalization using MaAsLin2 (v1.6.0) [43]. The final
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renamed gene family and unnormalized pathway abundance tables were joined using the
humann_join_table command and split into the stratified and unstratified tables using
the humann_split_table command, the latter of which was used for differential abun-
dance testing. Standard HUMAnN3 MetaCyc assigned metabolic pathways were used for
analysis and were assigned classes based on the respective associated MetaCyc pathway
superclasses. All scripts can be found in Supplementary File S1.

2.8. Amplicon Sequencing

Aliquots of the DNA extractions used for shotgun sequencing were sent to MR DNA
for amplification and barcoded amplicon sequencing of the 16S rRNA V4 region using
primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) [44] and 806R (5′-GGACTACNVGGG
TWTCTAAT-3′) [45], and of the ITS region using primers ITS1F (5′-CTTGGTCATTTAGAGG
AAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) [46]. Peptide nucleic acid
clamps pP01 (5′-GGCTCAACCCTGGACAG-3′), as previously described [47], were used
to reduce amplification of Brachypodium-contaminating sequences during the amplification
of the 16S rRNA V4 regions. Blank kit controls for both Plant Pro and PowerSoil Pro kits
were performed in triplicate and subjected to the same amplification and sequencing as the
corresponding samples. Sequencing was performed on a MiSeq platform (Illumina Inc.,
San Diego, CA, USA) for ITS and NovaSeq 6000 platform (Illumina Inc., San Diego, CA,
USA) for 16S.

2.9. Amplicon Sequence Processing

Sequences were processed using QIIME2 (v2021.4) [48]. Raw .fastq files were de-
multiplexed and non-biological sequences were removed, including primers, adapters,
spacers, and linkers, using FASTqProcessor (v20.11.19). Sequences were trimmed and
denoised to remove any chimeras and singletons using DADA2 (v1.18) [49] before being
grouped into amplicon single variants (ASVs). ASVs were used for taxonomic classification
with SILVA (v138) for 16S rRNA sequences and UNITE (v8) for ITS sequences [50–55]. In
the leaf samples, any taxa classified as eukaryota, chloroplast, mitochondria, archaea, or
unclassified were filtered out of the 16S rRNA feature tables. Shannon’s diversity index was
used as a measure for alpha diversity and Bray–Curtis dissimilarity distance was used as a
measure for community dissimilarity. Principal coordinate analysis (PCoA) was performed
using Bray–Curtis dissimilarity matrices and plots made in R using ggplot2. Differential
abundance between cold-acclimated and non-acclimated samples and between blank kit
controls and samples was also assessed at the genus taxonomic levels using ANCOM-BC
in R (v1.2.2) [56]. All commands and codes used can be found in Supplementary File S1.

2.10. Statistical Analysis

All statistical analyses were performed in RStudio (v1.3.1073) running R (v4.1.1) and
all scripts used are available in Supplementary File S1. All plots, when necessary, were
cleaned up using Inkscape (v0.92.2). Alpha and beta diversity analysis was performed
using the Vegan and Phyloseq packages and PCoA plots were performed using ggplot2
(v3.3.5). To find differentially abundant taxa between the two temperature conditions,
ANCOM-BC was run on Bracken outputs with default parameters for shotgun data and
feature tables for amplicon data. Output coefficients representing the natural log fold-
change model were converted to log2 fold changes. ANCOM-BC outputs were parsed to
remove any low abundant taxa from differential abundance results.

3. Results

3.1. Pre-Processing, Shotgun Sequencing, and Kit Controls

Initial DNA samples representing the cold-acclimated (CA) leaf and rhizosphere were
sent for shotgun sequencing without eukaryotic depletion, revealing high host contam-
ination in the leaves (not shown). Subsequent replicate samples undergoing eukaryotic
depletion proved successful as the classification of processed reads showed a full order
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of magnitude better recovery of microbial sequences. DNA and library concentrations
and average size, quality control, host read decontamination, and Kraken2 classification
results are summarized in the Supplementary Materials (Figure S4, Tables S1 and S2).
Although shotgun DNA library construction was attempted on the blank kit controls, a
lack of sufficient DNA resulted in no results for this sequencing method. However, the
same control samples were subject to amplicon marker gene sequencing. Following QIIME2
processing, it was determined through diversity analysis and PCoA using Bray–Curtis dissimi-
larities that the microbial compositions associated with the kits were significantly different than
the Brachypodium leaf (p < 0.001 16S, p < 0.05 ITS, pairwise PERMANOVA) and rhizosphere
microbiomes (p < 0.001 16S, p < 0.05 ITS, pairwise PERMANOVA) (Figure S5).

3.2. Compatible Results with Shotgun and Amplicon Sequencing

The correlation between taxa identified in both the shotgun data and the amplicon data
was assessed at the genus level in order to compare the two methods. In the CA rhizosphere,
the genera identified by shotgun metagenomic and 16S rRNA amplicon sequences, as well
as shotgun metagenomics and ITS amplicon sequencing, were well correlated (R2 = 0.93
and R2 = 0.88, respectively) (Figure S6). The non-acclimated (NA) rhizosphere shotgun and
16S rRNA, and the shotgun and ITS amplicon results (R2 = 0.91 and R2 = 0.45, respectively)
also correlated, but less well. It is notable that for the leaf microbiome, bacterial taxa in the
CA shotgun and 16S rRNA samples, as well as for the NA leaf samples, showed mixed
correlations (R2 = 0.31 and R2 = 0.75, respectively). Insufficient fungal reads in the leaves
following Bracken re-estimation resulted in no correlation between the shotgun and ITS
reads in the leaves.

3.3. Cold Acclimation and the Rhizosphere Microbiome

In total, 4646 microbial species were identified in the rhizosphere shotgun data with
45 ± 3% of reads remaining unclassified. The majority of identified reads, 99.70 ± 0.06%,
represented bacterial microbes with 0.15 ± 0.03% and 0.13 ± 0.02% representing fungi
and archaea, respectively. Alpha diversity, assessed using Shannon’s diversity index,
across all rhizosphere samples was 4.98 ± 0.21 and was not significantly different between
conditions with 5.07 ± 0.29 in the CA and 4.91 ± 0.94 in the NA samples. The rhizosphere
was dominated by Streptomyces sp. M2, a PGPB, accounting for approximately one-third
of the taxa in all samples. Rounding out the top abundant species across the rhizosphere
samples were taxa present at 1–10% abundance, which included Actinocatenispora sera,
Actinocatenispora thailandica, Rhodanobacter denitrificans, and Rhodanobacter sp. FDA-ARGOS
1247 (Figure 1A; Table S3). Nearly half of all species in the rhizosphere shotgun data were
below a cut-off value (0.2%) for low relative abundance leaving a balance of 53% and 56%
of species found in NA and CA samples, respectively.

The amplicon analysis identified 651 distinct ASVs at the genus level. Alpha diversity
appeared similar in the NA and CA samples (6.79 ± 0.25 and 6.40 ± 0.16, respectively) and
differences were not significant. Both conditions were dominated by the genera Strepto-
myces, Actinocatenispora, and Rhodanobacter (Figure 1B; Table S3). After CA, low abundant
taxa (<1% relative abundance) remained equal at 29%. Again, a similar number of ASVs
were considered at low abundance under NA and CA conditions (20% and 15%, respec-
tively). ITS analysis showed 25 distinct ASVs at the genus level (Figure 1C). Ascomycota
and Apiotrichum each represented a third of the ASVs in the rhizosphere irrespective of
conditions (Figure 1C; Table S3). Alpha diversity was significantly different (p < 0.05,
two-tailed t-test) at 3.43 ± 0.06 in the CA and 3.05 ± 0.17 in the NA.
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Figure 1. Average relative abundance of the taxonomies of the non-acclimated and cold-acclimated Brachypodium distachyon
rhizosphere microbiomes: (A) species identified from shotgun sequencing and metagenomics classified using a custom
Kraken2 database, (B) distinct amplicon sequence variants assigned down to the genus or lowest possible level by QIIME2
using the SILVA database for 16S rRNA sequences amplified using the V4 region of prokaryotes, and (C) distinct amplicon
sequence variants assigned down to the genus or lowest possible level by QIIME2 using the UNITE database for ITS regions
of eukaryotes.

Although there were few changes in the rhizosphere community following 6 days at
4 ◦C, differential abundance testing using ANCOM with bias control and parsed for taxa
above the assigned low relative abundance thresholds (Figure 1) identified two modestly
differentially abundant species (out of 143; 1.4%) in the shotgun data. Kribbella qitaiheensis
(log2 fold change: 0.37) and Kribbella flavida (log2 fold change: 0.38) increased in relative
abundance after CA (Figure 2A). In addition, the relative abundance of three fungal genera
(out of 25; 12%) changed following CA, including a decrease in Penicillium (log2 fold
change: −1.8) and Phialemonium (log2 fold change: −1.7) and a more substantial relative
increase in Pseudogymnoascus (log2 fold change: 8.43) (Figure 2B).

Figure 2. Differentially abundant taxa between the non-acclimated and cold-acclimated Brachypodium distachyon rhizosphere
microbiomes as determined by ANCOM-BC and showing their average relative abundance in both conditions and log2 fold
changes with error bars representing standard error: (A) species identified by Kraken2 from shotgun sequencing data that
are differentially abundant and above an average relative abundance threshold of 0.2%, and (B) ITS amplicon sequence
variants that are differentially abundant. Only statistically significant changes are shown, as determined by ANCOM-BC.
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Although shifts in the rhizosphere community appeared modest, the Bray–Curtis
dissimilarity analysis showed that the shotgun rhizosphere communities were significantly
different under the two temperature regimes (p < 0.01, pairwise PERMANOVA) (Figure 3A).
In contrast, there were no differences in Bray–Curtis dissimilarity for the amplicon analysis,
either for 16S (Figure 3B) or ITS data (Figure 3C). Taking all the results together, it appears
that overall, the CA regime resulted in only a very minor shift in the rhizosphere microbial
community. We speculate that a longer period of low temperature with concomitant
changes in root exudates would be required for a more dramatic change in the root-
associated microbiota.

Figure 3. Principal coordinate analysis comparing non-acclimated and cold-acclimated conditions in
each sample type for each sequencing method, for the following samples: (A) shotgun sequencing in
the rhizosphere, (B) 16S rRNA sequencing of the V4 region in the rhizosphere, (C) ITS sequencing of
the rhizosphere samples, (D) shotgun sequencing of the leaf samples, (E) 16S rRNA sequencing of the
V4 region in the leaf samples, and (F) ITS sequencing of the leaf samples. Pairwise PERMANOVAs
were conducted between conditions with significance as noted.

3.4. Cold Acclimation and the Leaf Microbiome

Although shotgun sequencing of the leaf, representing the endosphere and phyllo-
sphere microbiomes, identified 143 microbial species with the most abundant taxa shown
(Figure 4A; Table S4), an average of 92 ± 4% of the reads remained unclassified, with a
portion of these likely attributable to as yet unsequenced host mitochondrial sequences
(Figure S4C). Bacteria accounted for ~100% of the microbiota except in a couple of samples
from which a few fungal sequences were recovered. Overall, alpha diversity was signif-
icantly lower (p < 5 × 10−6, two-tailed t-test) in leaf samples (3.18 ± 0.36) compared to
rhizosphere samples (4.99 ± 0.21).

Leaf alpha diversity did not significantly change after CA treatment (mean Shannon
indices at 3.30 ± 0.29 in NA samples and 3.06 ± 0.47 in CA samples). However, the
taxa profile changed with the cyanobacteria Microcystis aeruginosa, decreasing from ~27%
to ~13% relative abundance after CA. Streptomyces sp. M2 showed the opposite profile,
increasing from ~4% to ~15% average relative abundance after transfer to 4 ◦C. NA leaves
were dominated by the plant pathogens Pseudomonas syringae and ‘Candidatus Liberibacter
africanus’, as well as the plant beneficial Rhodococcus qingshengii, whose levels substantially
decreased in the CA conditions. Lower abundant reads (<1%) made up about a quarter of
the taxa, similar to the CA samples.
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Figure 4. Average relative abundance of the taxonomies of the non-acclimated and cold-acclimated Brachypodium distachyon
leaf microbiomes representing the endosphere and phyllosphere: (A) species identified from shotgun sequencing and
metagenomics classified using a custom Kraken2 database, (B) distinct amplicon sequence variants assigned down to the
genus or lowest possible level by QIIME2 using the SILVA database for 16S rRNA sequences, amplified using the V4 region
of prokaryotes, and (C) distinct amplicon sequence variants assigned down to the genus or lowest possible level by QIIME2
using the UNITE database for ITS regions of eukaryotes.

Amplicon sequencing of the 16S rRNA from the leaves identified 188 distinct ASVs at
the genus level (with the most abundant shown in Figure 4B and Table S4). Again, alpha
diversity was not significantly different between conditions (5.04 ± 0.25 and 4.60 ± 0.70
in the CA and NA samples, respectively). Taxa present under both conditions included
the genera Solimonas, Rhodanobacter, and Streptomyces. Pseudomonas and Rhodococcus were
abundant (21% and 15% average relative abundance, respectively) in NA conditions, but
decreased in relative abundance after transfer of the plants to 4 ◦C with log2 fold changes
of −4.18 and −5.41, respectively. The cereal growth-promoting genus Nocardioides and an
unidentified genus from the same family, Nocardioidaceae, both increased in abundance to
represent 11% of the taxa in CA plants. ASVs at low relative abundance (<1%) made up a
similar 18% and 21% of CA and NA 16S samples, respectively. ITS analysis resulted in 20
distinct ASVs at the genus level (Figure 4C).

After shotgun sequence analysis, 3.5% (5/143) of the taxa were identified as differ-
entially abundant between the NA and CA conditions (Figure 5A). After transfer to 4 ◦C,
reads attributed to P. syringae (log2 fold change: −8.68) and R. qingshengii (log2 fold change:
−8.33) decreased so that there was a change in the estimated average relative abundance
of P. syringae and R. qingshengii from 8.2% and 5.0% to 0%, respectively. At the same time
there was a corresponding increase in the relative abundance of Streptomyces sp. M2 (log2
fold change: 2.81), A. sera (log2 fold change: 3.20), and A. thailandica (log2 fold change:
3.87). In 16S CA samples, nine other taxa increased, including the genus Solimonas, which
increased in relative abundance but was below the low abundance threshold. In total, 5.9%
(11/188) of the identified sequences above the threshold were found to be differentially
abundant. For the ITS analysis, the genus Phialemonium represented 5% (1/20) of the ASVs
and decreased in relative abundance (log2 fold change: −10.6) (Figure 5C).
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Figure 5. Differentially abundant taxa between the non-acclimated and cold-acclimated Brachypodium distachyon leaf
microbiomes representing the endosphere and phyllosphere as determined by ANCOM-BC and showing their average
relative abundance in both conditions and log2 fold changes with error bars representing standard error: (A) species
identified by Kraken2 from shotgun sequencing data that are differentially abundant and above an average relative
abundance threshold of 1%, (B) distinct 16S rRNA amplicon sequence variants assigned by QIIME2 and the SILVA database
to the genus level that are differentially abundant, and (C) distinct ITS amplicon sequence variants assigned by QIIME2 and
the UNITE database to the genus level that are differentially abundant. Only statistically significant changes are shown as
determined by ANCOM-BC.

Despite the apparent community differences, Bray–Curtis dissimilarity analysis suggested
that the microbial communities identified with the shotgun sequencing approach were not
significantly different, undoubtedly due to the low number of sequences (Figure 3D), similar
to the leaf ITS communities. Supporting that conclusion, 16S rRNA communities were
shown to be significantly different between conditions (p < 0.01, pairwise PERMANOVA)
with the analysis supported by high ASV numbers (Figure 3E).

3.5. Dissimilarity Comparisons and Core Microbiome

The root and leaf-associated microbiomes were further independently characterized
with SIMPER to identify taxa that contributed the most dissimilarity between NA and CA
regimes (Table 1). For microbiota isolated from the rhizosphere, the taxa contributing to
the top ~25% of dissimilarity were Streptomyces sp. M2, A. sera, and A. thailandica for the
shotgun data, the genera Actinocatenispora and Streptomyces for the 16S data, and the genera
Phialemonium and Apiotrichum for the ITS data. For leaf samples, taxa contributing to the
top ~25% dissimilarity were M. aeruginosa and Streptomyces sp. M2 for the shotgun data,
the genera Pseudomonas and Rhodococcus for the 16S data, and the genera Aspergillus and
Goidanichiella for the ITS data.

Highly conserved taxa that are present in most samples, typically ~70%, can be con-
sidered part of the “core” microbiome that orchestrates the interactions between the host
and the microbiota [57]. As described in the methods, we employed strict criteria that the
taxa must appear in all of the samples for each condition (Table 2). In the rhizosphere,
the core microbiota identified in the shotgun analysis included Streptomyces sp. M2 and
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Actinocatenispora sera. Core taxa in the leaves included Streptomyces sp. M2 and ‘Candidatus
Liberibacter africanus’, both of which persisted across the two different conditions and all
samples. The larger number of taxa associated with the rhizosphere ASVs were consistent
with the microbes identified by shotgun analysis and indicated bacterial (Streptomyces,
Actinocatenispora, and Rhodanobacter) as well as fungal taxa (Ascomycota, Apiotrichum, Phiale-
monium, and Candida) as contributors to the core microbiome. Leaf ASVs revealed that
bacteria (Streptomyces, Rhodanobacter, and Solimonas), as well as a single unidentified fungal
sequence, comprised the core.

Table 1. Similarity of percentage (SIMPER) analysis of microbiota contributing to the top ~25% of dissimilarity (Bray–Curtis)
between non-acclimated (NA) and cold-acclimated (CA) samples (showing average relative abundance in %) in both leaf
tissue and rhizosphere performed in PAST (v4.08).

Taxa NA (%) CA (%) Average Dissimilarity Contribution (%) Cumulative (%)

Shotgun Rhizo (Overall Average Dissimilarity 7.1%)

Streptomyces sp. M2 32.5 32.8 0.9 12.8 12.8
Actinocatenispora sera 5.7 7.3 0.8 11.2 24.0

Actinocatenispora
thailandica 3.6 4.9 0.6 9.1 33.1

16S Rhizo (Overall Average Dissimilarity 10.7%)

Actinocatenispora 8.1 11.4 1. 7 15.7 15.7
Streptomyces 24.2 26.6 1.4 13.4 29.2

ITS Rhizo (Overall Average Dissimilarity 19.0%)

Phialemonium 21.3 13.4 4.0 21.1 21.1
Apiotrichum 29.9 30.8 4.0 21.1 42.2

Shotgun Leaf (Overall Average Dissimilarity 52. 6%)

Microcystis aeruginosa 12.1 27.4 9.6 18.2 18.2
Streptomyces sp. M2 4.4 15.1 5.4 10.2 28.4

16S Leaf (Overall Average Dissimilarity 60.9%)

Pseudomonas 19.7 1.0 9.4 15.4 15.4
Rhodococcus 15.0 0.4 7.3 12.0 27.4

ITS Leaf (Overall Average Dissimilarity 80.3%)

Aspergillus 15.9 47.5 16.6 20.7 20.7
Goidanichiella 25.1 0.0 12.6 15.7 36.4

Table 2. Core microbiota taxa (species or distinct ASVs as indicated) present in 100% of samples for each sequencing and
analysis method of shotgun, 16S rRNA, and ITS sequencing methodologies with an average relative abundance >5%.

Phyla Class Order Family Genus Species

Core rhizosphere species (shotgun)

Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae Streptomyces Streptomyces sp.
M2

Actinobacteria Actinomycetia Micromonosporales Micromonosporaceae Actinocatenispora Actinocatenispora
sera

Core rhizosphere genera (16S)

Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae Streptomyces
Actinobacteria Actinomycetia Micromonosporales Micromonosporaceae Actinocatenispora
Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Rhodanobacter

Core rhizosphere genera (ITS)

Ascomycota
Basidiomycota Tremellomycetes Trichosporonales Trichosporonaceae Apiotrichum

Ascomycota Sordariomycetes Sordariales Cephalothecaceae Phialemonium
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Table 2. Cont.

Phyla Class Order Family Genus Species

Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae Candida

Core leaf species (shotgun)

Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae Streptomyces Streptomyces sp.
M2

Proteobacteria Alphaproteobacteria Hyphomicrobiales Rhizobiaceae Liberibacter * ‘Candidatus L. a.’

Core leaf genera (16S)

Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae Streptomyces
Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Rhodanobacter
Proteobacteria Gammaproteobacteria Salinisphaerales Solimonadaceae Solimonas

Core leaf genera (ITS)

Unidentified Fungi

* ‘Candidatus Liberibacter africanus’.

4. Discussion

The plant-microbiome partnership is responsive to stress, with the details of the
signalling between the kingdoms of Eubacteria, Fungi, and Planta only beginning to be
investigated [9,10,58,59]. Sub-zero temperatures are a particular challenge, resulting in
cellular dehydration, membrane rupture, and increased vulnerability to psychrophilic
pathogens and death, but some perennials respond to earlier non-freezing temperatures,
and/or shortened day lengths to initiate a signalling response. This CA stress triggers
changes in plant metabolism, resulting in cold-hardening and survival during subsequent
freeze events and is accompanied by significant changes in the leaf microbiome community
profile, but with less substantial community shifts in the rhizosphere (Figures 1 and 3).

4.1. Little Change in Rhizosphere Communities after Cold Acclimation

The different sequencing methodologies employed, either amplicon or shotgun anal-
yses, generally yielded compatible results. As indicated, there were few changes in the
rhizosphere community after the shift to low temperatures, as shown by the overlapping
PCoA groupings with rare exceptions, and for the most part these did not make up a
large proportion of the taxa. The rhizosphere communities from both NA and CA plants
contained taxa previously reported in bound soils associated with Brachypodium and similar
to those found in wheat [22]. Some species of the order Burkholderiales have been isolated
from ryegrass rhizospheres and are associated with nutrient acquisition such that there is
interest in their potential as beneficial probiotics for crop enhancement [60]. Ascomycota is
dominant in grassland soils, which can be low in organic matter and nutrients, playing key
roles in cyanobacteria-dominated soils as well as having important roles in cycling carbon
and nitrogen in addition to nutrient transport [61]. The fact that these taxa are shared in
wheat and Brachypodium underscores the co-evolution of the plant–host relationship, since
microbiota in the dicot, Arabidopsis, is distinct [22]. As noted, neither the Brachypodium
bacterial nor fungal communities changed significantly after the plants were moved to 4 ◦C,
suggesting that there was insufficient time for the soil to reach that temperature. Indeed,
investigations of cold-responsive rhizosphere microbiota in maize used 5 weeks exposure
to “chilling” conditions compared to our 6-day treatment [17]. In addition, it is notable that
the myriad of CA-dictated changes made in the above-ground portion of Brachypodium are
not apparently signalled to the rhizosphere during the treatment regimen.

4.2. Shifts in Leaf Communities Accompany Cold Acclimation

Compared to the rhizosphere, which is relatively protected from rapid abiotic and
biotic stresses, leaves are exposed to daily temperature fluctuations, visible and ultraviolet
light, herbivore and mechanical damage, and arguably more pathogens. Within two days
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of the shift to CA conditions, the Brachypodium leaf membrane is protected from freeze-
induced electrolyte leakage, contains elevated levels of soluble sugars, and shows changes
in the abundance profiles of hundreds of proteins [6]. The leaf community response
was also rapid, as revealed by numerous abundance changes in the bacterial and fungal
microbiota, as well as in the proportion of individual core taxa, as supported by the
distinct groupings shown in PCoAs (Figures 3 and 5; Table 2). Similarly, cold-associated
shifts occurred in leaves from European grasslands over winter while the rhizosphere was
relatively unchanged [4]. As in the rhizosphere data, results from the two sequencing
methods were generally consistent. However, a notable exception was for sequences
corresponding to the toxic cyanobacteria Microcystis aeruginosa, which were abundant
in NA and increased after CA, but only when using the shotgun methodology. It is
possible that these sequences were misclassified as chloroplast DNA and were mistakenly
filtered from the amplicon data. We speculate that the increase in relative abundance of
cyanobacteria after CA is likely due to the reduction in evaporation on the leaf surfaces at
low temperatures, consistent with their preference for aquatic habitats, and their known
colonization of the phyllosphere [62].

For other taxa, there was clear evidence of a change in relative abundance after CA
that was generally consistent irrespective of the sequencing methodology. This included
three prominent Actinobacteria species that increased in relative read numbers, including
the grassland-associated Actinocatenispora thailandica and Actinocatenispora sera, as well as
the mycelium-producing Streptomyces sp. M2, a known PGPB [63]. Although present in
the rhizosphere samples under both conditions, Streptomyces sp. M2 increased 216-fold
in relative abundance following CA in leaves. Presumably, it promotes plant growth
with its extensive repertoire of antibiotics, plant growth hormones, siderophores, and
insecticides [63–65]. Strikingly, this Streptomyces strain can inhibit the plant pathogen P.
syringae, perhaps due to siderophores that chelate iron required by Pseudomonas [63]. Such
inhibition could explain the disappearance of P. syringae after CA treatment, representing a
log2 fold change of −8.7.

Other bacteria also showed inverse abundance profiles depending upon the condition,
as described in the Results section. Fungal ascomycete taxa similarly exchanged their
relative abundance, with a decrease in the genus Goidanichiella and an increase in the genus
Aspergillus detected after CA. These changes may be related to the temperature regime
since Goidanichiella was reported to dominate summer-collected wheat leaves whereas
cold-tolerant Aspergillus are of interest as growth promoters likely due to their ability to
solubilize phosphates [66,67].

4.3. Leaf Cold Acclimation Associated with Low Temperature and Pathogen Responses

After transfer to 4 ◦C, the leaf microbiome was impacted by the temperature shift and
also showed changes in the relative abundance of potential pathogens. These observations
reflect the results of network analysis of hundreds of plasma membrane proteome changes
after CA that showed crosstalk between pathways for low temperature stress and disease
and defence [6]. Brachypodium responds to CA by diverting resources away from growth
and to the stress response. It appears then that the host–microbiome works together in a
joint effort to prepare for the worsening conditions associated with winter.

One of the most obvious examples of the connection between low temperature and
disease is found in the ice nucleation-active plant pathogen P. syringae, which can facili-
tate the formation of ice at temperatures just below 0 ◦C, presumably to lyse plant cells
and thus access nutrients [68]. In NA leaves, P. syringae was a large contributor to the
bacterial taxa (8% of the shotgun reads). However, as the temperature drops, such a large
proportion of P. syringae in the leaf microbiota would surely present a grave risk to the host
plant. Remarkably, after CA there was no evidence of this bacteria. This disappearance
is undoubtedly fostered by Brachypodium’s defence pathways that lead to the production
of multiple proteins, including antifreeze proteins, that target the ice nucleator, but we
propose that the microbiome also supports this protective strategy.
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Coincident with the collapse of the P. syringae population, there was a 216-fold increase
in the relative abundance of Streptomyces sp. M2 (0.1% to 15.1%). It is important to
note that this increase after CA cannot be explained by sensitivity to the NA growth
conditions since it is routinely cultured at 30 ◦C [69]. Thus, the change in its abundance is
independent of the temperature shift and may be fostered by Brachypodium. As mentioned,
this PGPB secretes antibiotics and siderophores and is known to inhibit P. syringae [63].
Rhodococcus also decreased 40-fold in relative abundance, but to date there is no information
on its interaction with Streptomyces or other plant beneficials. Nevertheless, as well as
directly targeting P. syringae, it is likely that Streptomyces alerts plant defences against
other phytopathogens since the inoculation of Streptomyces spp. induces the expression of
defense-related genes—at least, so it was found to do in a pea crop [70]. This ability could
also explain why Streptomyces spp. are not limited to inhibition of bacterial species but also
inhibit fungal phytopathogens in planta [71,72].

Therefore, in addition to combating the cold-associated pathogen P. syringae, Strep-
tomyces sp. M2 likely contributes to the overall cold tolerance of Brachypodium and thus
would be central to the cold-acclimated microbiome. Streptomyces spp. have a variety
of adaptations for cold resistance, including the production of cold shock proteins and
small solutes for cryoprotection [73–75]. These products may assist host survival, since
a strain of Streptomyces was shown to alleviate the effects of cold stress in turfgrass [19]
and drought stress in maize [76]. In addition, BioCyc genome-wide predictions indicate
that Streptomyces sp. M2 produces key oxidative stress enzymes that can be secreted in
Streptomyces spp. [77–79]. In addition, Streptomyces sp. M2 synthesizes cryoprotective solu-
ble sugars that coincidentally increase rapidly in CA Brachypodium [6,80]. The synthesis of
the osmoprotectant proline may also benefit host plants, as inoculation of sugarcane with
Streptomyces increased proline content and drought tolerance [81]. Streptomyces spp. are
also reported to increase drought tolerance in maize and aid in the accumulation of soluble
sugars [76].

Another bacterial taxon, the genus Solimonas, increased 3.3-fold after CA, and although
these species have a wide temperature optimum, they are characterized by polar lipids
and fatty acids, which are known to contribute to cold tolerance [82]. In parallel findings,
Brachypodium shows changes in metabolic pathways leading to restructuring of the plasma
membrane after CA, a common vulnerability for both microbes and their hosts [6,83,84].
Already mentioned was the cold tolerance of the plant-beneficial fungus Aspergillus. More
insight could be revealed by an investigation of the functional microbiomes of CA Brachy-
podium. However, due to low reads and sequencing depths, our results can only be
considered preliminary (see Supplementary File S2 and Figures S7–S9). Nevertheless, in
parallel with the CA Brachypodium plasma membrane proteome [6], microbial proteins
involved in pathways that intersect with low temperature tolerance, such as the synthesis
of soluble cryoprotectants, oxidative stress, and pathogen resistance, were detected in the
microbiome in response to cold stress. Again, this underscored the inter-dependent and
symbiotic character of the CA response.

4.4. Prospects and Conclusions

Taken together, both the changes in microbial community profiles following CA and
the functional role of these plant beneficials suggest that commercial growers could see
some benefit from the inoculation of mixed community strains, including Streptomyces sp.
M2, for protection against P. syringae and other phytopathogens, while at the same time
benefiting from other plant growth-promoting characteristics as well as enhancing cold
resilience. With the presentation of this first CA Brachypodium microbiome, it is hoped
that the insights gained will inspire treatment options to enhance cold tolerance and other
intersecting stresses tailored toward specific agriculturally important grain crops [1,9,85,86].

This special issue of Plants asks, “What makes the life of stressed plants a little easier?”
The answer for Brachypodium undergoing acclimation to low temperature in preparation for
the coming winter is very clear. It is the strong partnership with a shifting above-ground
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bacterial and fungal community that works in concert with plant networks that intersect cold-,
drought-, and antipathogen-signalling pathways to ensure that within only a few days host
plants survive freeze events. Not only does it make the life of plants a “little easier”, we also
argue that it may very well be essential for survival. Therefore, we propose that the battle
against winter condition stresses is won by important inter-kingdom partnerships.
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Abstract: Wheat blast caused by the Magnaporthe oryzae Triticum (MoT) pathotype is one of the most
damaging fungal diseases of wheat. During the screening of novel bioactive secondary metabolites,
we observed two marine secondary metabolites, bonactin and feigrisolide C, extracted from the
marine bacteria Streptomyces spp. (Act 8970 and ACT 7619), remarkably inhibited the hyphal growth
of an MoT isolate BTJP 4 (5) in vitro. In a further study, we found that bonactin and feigrisolide C
reduced the mycelial growth of this highly pathogenic isolate in a dose-dependent manner. Bonactin
inhibited the mycelial development of BTJP 4 (5) more effectively than feigrisolide C, with minimal
concentrations for inhibition being 0.005 and 0.025 μg/disk, respectively. In a potato dextrose agar
(PDA) medium, these marine natural products greatly reduced conidia production in the mycelia.
Further bioassays demonstrated that these secondary metabolites could inhibit the MoT conidia
germination, triggered lysis, or conidia germinated with abnormally long branched germ tubes that
formed atypical appressoria (low melanization) of BTJP 4 (5). Application of these natural products
in a field experiment significantly protected wheat from blast disease and increased grain yield
compared to the untreated control. As far as we are aware, this is the first report of bonactin and
feigrisolide C that inhibited mycelial development, conidia production, conidial germination, and
morphological modifications in the germinated conidia of an MoT isolate and suppressed wheat blast
disease in vivo. To recommend these compounds as lead compounds or biopesticides for managing
wheat blast, more research is needed with additional MoT isolates to identify their exact mode of
action and efficacy of disease control in diverse field conditions.

Keywords: antifungal secondary metabolites; biocontrol; abnormal germ tube suppression of
appressoria; Streptomyces sp.

1. Introduction

Wheat is an essential staple dietary source for approximately 2.5 billion individuals in
89 different nations in the world. In low- and middle-income nations, it outperforms maize
or rice as a source of protein. Wheat ranks second only to rice in the context of calorie
supply. It is a primary food source in North Africa and West and Central Asia, accounting
for up to half of the calories consumed (https://wheat.org/; accessed on 16 May 2022).
Nonetheless, wheat is prone to various fungal diseases; the most notorious one is a wheat
blast, caused by the pathogenic filamentous fungus Magnaporthe oryzae Triticum (MoT)
pathotype. In 1985, the first case of the wheat blast was recorded in Brazil [1,2]. In 2016,
Bangladesh experienced an alarming epidemic of the wheat blast that was the first incidence
of the disease in Asia [3]. That epidemic destroyed 15,000 hectares of wheat fields with
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a yield loss of up to 100% [4]. Wheat blast is causing concerns among seed scientists
as it has the potential to spread to important wheat-growing areas in South Asian and
African countries [5]. Plant pathologists have warned that the disease might spread to India,
Pakistan, and China, which are the second-, seventh-, and first-highest wheat producers in
the world, respectively [4,6–8].

The MoT is a filamentous haploid ascomycete fungus. Its infection cycle has previously
been described [9,10]. Briefly, MoT’s three-celled hyaline airborne conidium lands on a
wheat leaf and attaches to it using adhesive. It then begins to grow, developing into a
slender germ tube with an appressorium at the tip. A tiny penetrating peg develops at
the base of the appressorium, compressing the cuticle and allowing entry into the wheat
epidermis. Wheat plasma membranes are penetrated by bulky, virulent mycelium, which
then enters epidermal cells to complete tissue invasion [10–12]. It affects the aerial parts
of the wheat plant, specifically the leaves, stems, nodes, and kernels encompassing all
growth phases [7,13,14]. MoT usually affects spikes and bleaches the infected spikes,
which results in malformed grains or producing no grain at all [4,15]. Wheat heads with
severe infection may die, resulting in a considerable decrease in productivity. The early
bleaching of spikelets above the infection point and the whole panicle is the most common
symptom [4,7,16]. Contaminated seeds or grains as well as airborne conidia spread this
disease, and the pathogen may persist in infected crop residues and seeds [17].

There is an ongoing demand for new plant chemotherapeutic agents that are unique
from frequently used fungicides in their underlying mechanisms for advanced plant disease
management. Another important reason for these needs is the occurrence of fungicide-
resistant pathogens, which results from the requirement of using many synthetic fungicides
at high rates, with adverse environmental repercussions [18,19]. Several microorganisms
have been authorized as biocontrol agents in many countries including the EU to date due to
their relatively low toxic residues, environment-friendly properties, and low manufacturing
cost [20]. However, scientific research suggests that these benefits are not always achieved
as biological pesticides are mostly living organisms, and their performance varies owing to
the influence of numerous biotic (nutritional requirements, host species, and pathogenic
microbes) and abiotic (moisture, temperature, relative humidity) factors, which limit their
fitness under field conditions [21,22]. In addition, some biological control microbes, such
as Bacillus cereus, are known to cause human diseases, precluding their release in the
environment. In this regard, microbial metabolites can be another suitable alternative to
live microbes or synthetic fungicides that are also capable of controlling plant diseases
with low detrimental effects on human health and the environment [23]. The versatility of
biological activity and chemical structure of microbial metabolites as a pesticide is worth
considering due to the potential benefits [24]. The second aspect of microbial metabolites
as agricultural fungicides is the requirement of a relatively short period for biodegradation.
According to Tanaka and Omura [25], they often decay within a month or even a few days,
leaving low residue that should be less harmful to the environment. Metabolites derived
from diverse microorganisms have been utilized extensively to address commercially
important diseases of several plants [26].

Secondary metabolites extracted from Streptomyces species have shown a broad range of
biological functions by blocking particular enzymes or proteins in signaling cascades [27–30].
Wheat blast management research of our working group took a comprehensive strategy
including biologicals and biorational approaches. During the screening of new bioactive
natural products against MoT, we discovered that a few metabolites of Streptomyces spp.
inhibited the growth of MoT mycelia [31]. Two natural secondary metabolites, bonactin and
feigrisolide C, extracted from marine Streptomyces spp., Act 8970 and ACT 7619, respectively,
exhibited substantial growth inhibitory effects against a MoT isolate among many different
compounds tested. The first acyclic ester of nonactic acid is bonactin, whereas feigrisolide
C is a non-symmetric lactone associated with the nactic acid group [32,33]. Bonactin has
shown antimicrobial properties against both bacteria and fungi. Many different microbes
including Bacillus megaterium, Klebsiella pneumoniea, Escherichia coli, Micrococcus luteus,
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Staphylococcus aureus, Saccharomyces cerevisiae, and Alicagenes faecalis are sensitive to bon-
actin [33]. In antiviral, antibacterial, and enzyme inhibition tests, feigrisolides were found
to have varying degrees of effectiveness. Synthesis of feigrisolide C has been achieved [34].
Nonactic acid esters are in general environmentally benign since soil microbes convert them
to H2O and CO2 [35]. Inhibitory effects of bonactin and feigrisolide C on zoosporogenesis
and motility of phytopathogenic Peronosporomycete zoospores have been reported [29]. A
few studies have documented the toxicity level of these compounds to date. Bonactin is re-
ported as non-carcinogenic and non-toxic to aquatic model organisms. It has been reported
as a suitable natural compound for schizophrenia disorder, suggesting little or no toxicity
to humans [36]. However, further research is needed to ascertain their safety for humans
and the environment before using them as a potential lead component for the synthesis
of agricultural fungicides for controlling wheat blast. There is currently no information
available about the use of nonactic acid esters’ antimicrobial activities to control wheat
blast disease. To our best knowledge, this is the first report of marine natural antibiotics
bonactin and feigrisolide C from Streptomyces spp. inhibiting a destructive wheat blast
causing a MoT isolate and suppressing the disease in field conditions. The major targets
of the current study were to: (i) assess the inhibitory effects of bonactin and feigrisolide
C on the mycelia growth of BTJP 4 (5); (ii) evaluate the influences of these marine natural
products on conidia production, germination, and the developmental transitions of conidia
of BTJP 4 (5); (iii) assess the effect of these compounds on the suppression of wheat blast
disease development caused by BTJP 4 (5) on leaves and spikes; and (iv) compare the
disease inhibition efficiencies of these natural compounds with a commercialized fungicide
Nativo®75WG.

2. Results

2.1. Mycelial Growth Inhibition and Morphological Alteration of Hyphae

Both bonactin and feigrisolide C considerably inhibited MoT mycelium development
in the PDA medium in a dose-dependent manner (Figure 1). Bonactin inhibited mycelium
development of the MoT isolate BTJP 4 (5) more efficiently than feigrisolide C. When bon-
actin and feigrisolide C were applied separately at 2 μg/disk, mycelial growth inhibition
was 70.8 ± 0.8% and 68.1 ± 1.0%, respectively (Figure 2). Both bonactin and feigrisolide
C demonstrated slightly lower inhibitory capacity than Nativo® WG 75 (82.7 ± 0.6% at
2 μg/disk). The inhibitory effects of these natural compounds enhanced as concentrations
were raised from 0.005 to 2 μg/disk, reaching up to 71% for bonactin (Figure 2). Bon-
actin had more inhibitory efficacy than feigrisolide C but was slightly less effective than
Nativo®WG 75 against the BTJP 4 (5) isolate. Both substances were ineffective against MoT
at quantities lower than 0.005 μg.

Bonactin extensively impeded BTJP 4 (5) hyphal growth at 2 μg/disk (70.8 ± 0.8%),
1.5 μg/disk (65.4 ± 1.0%), and 1 μg/disk (58.6 ± 1.3%), showing that inhibition and acceler-
ated concentrations had a positive correlation. At 2, 1.5, and 1 μg/disk, feigrisolide C inhib-
ited 68.1 ± 1.0%, 63.4 ± 1.3%, and 54.2 ± 1.0% hyphal growth of BTJP 4 (5). Bonactin and
feigrisolide C had minimum suppressive concentrations of 0.005 and 0.025 μg/disk, respec-
tively, and these compounds suppressed mycelial growth by 9.81 ± 1.3% and 13.3 ± 0.8%
at 0.005 and 0.025 μg/disk, respectively. However, the minimal inhibitory concentration
of Nativo® WG 75 was 0.05 μg/disk, but at higher doses starting at 0.1 μg/disk it outper-
formed the suppression percentage of the two other test compounds at equal concentrations.
It is worth noting that at less than 0.1 μg/disk concentration, bonactin and feigrisolide
C inhibited mycelial development more efficiently than Nativo® WG 75, and bonactin
inhibited BTJP 4 (5) at a 10-fold lower dose.
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Figure 1. Mycelial growth suppression and morphological changes of hyphae of a wheat blast fungus,
Magnaporthe oryzae Triticum (MoT) isolate BTJP 4 (5) approaching the paper disks containing two
marine natural products, bonatin and feigrisolide C, and Nativo® WG75 (20 μg/disk), a commercial
fungicide known to growers as local standard in Bangladesh. Normal mycelial growth (a) of BTJP
4 (5) on PDA plate (10 days) and microscopic view of the growing typical tubular hyphal tips (a′)
in the untreated control. Mycelial growth inhibition (b) and abnormal hyphal tips (b′) closer to the
paper disk containing bonactin. Inhibited mycelia (c) and curly and irregular growth of hyphal tips
(c′) by feigrisolide C. Mycelial growth inhibition (d) and severely damaged hyphal tips (d′) by the
Nativo® WG75. Bar = 50 μm. The micrographs shown in panels A and B were captured with a digital
camera (CAMEDIA C-3040 zoom; Olympus Optical Co. Ltd., Tokyo, Japan), and those in panels C
and D were taken from a light microscope (IX70-S1F2; Olympus) by using the same digital camera
connected to it.

Figure 2. Suppression effects of bonactin, feigrisolide C, and Nativo® WG75 on mycelial growth
of Magnaporthe oryzae Triticum (MoT) isolate BTJP 4 (5) in PDA media. The data represents the
mean ± standard errors of three replications for each rate of the test compound based on the Tukey
HSD (honest significance difference) test at a 5% level.
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Microscopic examinations of untreated BTJP 4 (5) revealed polar, cylindrical growth
with smooth, hyaline, branching, plump, septate, and unbroken hyphae (Figure 1a,a′).
Hyphae treated with bonactin and feigrisolide C grew irregularly and exhibited a higher
frequency of branching per unit of the hyphal length. Cell walls of the hyphae were not
smooth but had ridges that gave them a crinkled look as well as causing irregular cell
swelling (Figure 1b,b′,c,c′). Similar effects of the fungicide Nativo®WG75 on hyphal growth
were observed. Mycelia closer to the filter disk of Nativo®WG75 showed a comparable
modification of MoT hyphae (Figure 1d,d′). However, compared to Nativo®WG75, the two
natural products generated slightly different morphological aberrations in MoT, suggesting
a possibly different mode of action.

2.2. Conidiogenesis Inhibition

Bonactin, feigrisolide C, and Nativo®WG75 considerably decreased the conidia pro-
duction of BTJP 4 (5) at concentrations of 1, 5, and 10 μg/mL, respectively, and suppression
increased with increasing concentrations from 1 to 5 to 10 g/mL (Figure 3). Almost no
or only a few conidia were produced at 10 μg/mL in media amended separately with all
three compounds. Microscopic examination also revealed broken hyphal tips and complete
suppression of conidiophore formation in fungal colonies in Petri plates that were treated
with these three compounds at 10 μg/mL.

Figure 3. Effects of bonactin, feigrisolide C, and Nativo® WG75 on suppression of conidiogenesis of
M. oryzae Triticum isolate BTJP 4 (5) in the 96-multiwell plates at 1 μg/mL, 5 μg/mL, and 10 μg/mL.
Image (a) control. Images in panels (b–d) are bonactin, feigrisolide C, and Nativo® WG75, respectively.
Bar = 50 μm.

2.3. Inhibition of Conidia Germination and Morphological Aberrations in Germinated Conidia

To determine the MoT isolate BTJP 4(5)’s conidial germination inhibition capacity of
test products, bonactin, feigrisolide C, and Nativo® WG75 were added to the multi-well
plates at concentrations of 0.5 μg/mL. The rate of conidial germination was recorded after
6, 12, and 24 h of incubation at 25 ◦C (Table 1). Bonactin and Nativo® WG75 treatments
dramatically inhibited conidia germination compared to the control, while no conidia
germinated in feigrisolide C-treated plates after 6 h of incubation. All (100%) conidia
germinated in the water while it was 49.7 ± 0.6% in Nativo® WG75-treated plates. The
BTJP 4 (5)’ conidia germination rates with bonactin and feigrisolide C were 79.1 ± 0.6%
and 0 ± 0%, respectively, at 0.5 μg/mL.
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Table 1. In vitro effects of bonactin and feigrisolide C on conidia germination and the developmental
transitions of M. oryzae Triticum (MoT) isolate BTJP 4 (5) at 0.5 μg/mL.

Compound Time (h)

Effects of Secondary Metabolites on the Developmental Alterations of Conidia of a
MoT Isolate

Germinated Conidia (% ± SE a)
Major Morphological Changes Occurred in the

Treated Conidia

Water

0 0 ± 0 e No germination

6 100 ± 0 a Normal germ tube and development of normal
appressoria

12 100 ± 0 a Hyphal growth was observed

24 100 ± 0 a Huge hyphal growth occurred

Bonactin

0 0 ± 0 e Zero germination

6 79.1 ± 0.6 b Germinated conidia had short germ tube

12 79.1 ± 0.6 b 12.7 ± 0.4% Normal germ tube and 66.5 ± 0.5% of
germ tube formed unusually elongated branches

24 69.6 ± 0.5 b
9.5 ± 0.2% Normal appressoria and 60.1 ± 0.3%
abnormal appressoria (low melanization) but no

hyphal growth

Feigrisolide C

0 0 ± 0 e No germination

6 7.4 ± 0.5 d 7.4 ± 0.5% conidia lysed; No germination took place

12 0 ± 0 d No germination took place

24 0 ± 0 c No germination took place

Nativo® WG75

0 0 ± 0 e Zero germination

6 49.7 ± 0.6 c Germinated, but germ tube was very short

12 49.7 ± 0.6 c Normal germ tube formed

24 0 ± 0 c Zero appressoria formed; zero hyphal growth
a Data are mean value ± SE of three replications in each natural compound. Means within a column followed by
a different letter(s) are significantly different according to Tukey’s HSD (honest significance difference) post-hoc
(p ≤ 0.05).

In the dark at 25 ◦C, 100% of conidia germination occurred in water during all incu-
bation periods (6 h, 12 h, and 24 h), with normal germ tube and mycelial growth (Table 1,
Figure 4a). At 0.5 μg/mL, both bonactin (panel b) and feigrisolide C reduced on the ger-
mination of the conidia and the post-germination developmental processes, resulting in
abnormal transitions from one stage to another. During 6 h of incubation in the presence
of bonactin, the conidia germination rate was 79.1 ± 0.6%, which had short germ tubes.
After 12 h, 12.7 ± 0.4% of normal germ tubes were observed, whereas 66.5 ± 0.5% had ab-
normally long branched germ tubes. After 24 h, there were 9.5 ± 0.2% normal appressoria
and 60.1 ± 0.3% atypical appressoria (low melanization), without any hyphal development
(Table 1, Figure 4b).

In the case of feigrisolide C, 7.4 ± 0.5% of the conidia lysed after 6 h, and no ger-
mination occurred between 6 h and 24 h (Table 1, Figure 5c). In the presence of Nativo®

WG75, 49.7 ± 0.6% of conidia germinated with normal germ tubes after 6 and 12 h, but no
appressorial development took place. Nativo® WG75 also inhibited sporulation similar to
feigrisolide C to prevent further mycelial growth after 24 h (Table 1, Figure 5A). It is worth
mentioning that these compounds resulted in excessively long branching in germ tubes
and conidia lysis, whereas Nativo® WG75 had no such effect.
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Figure 4. Micrographs showing the changes in germination and developmental transitions of MoT
conidia with time-course in the untreated control (panel (a)) and the presence of bonactin (panel (b)),
feigrisolide C (panel (c)), and a commercial fungicide Nativo® WG75 (panel (d)) at 0.5 μg/mL.
Bar = 10 μm.

(A) (B) 

Figure 5. (A). Representative images showing wheat blast disease (symptoms) suppression by
varying doses (1–10 μg/mL) of bonactin, feigrisolide C, and Nativo® WG75. The compounds were
liquefied in 1% DMSO and applied on the detached leaves of wheat (cv. BARI Gom 26) 24 h before
artificial point inoculation with 20 μL/point of suspension of conidia containing 1 × 105 conidia/mL.
(a) Control, 1% DMSO, (b) bonatin, (c) feigrisolide C, (d) Nativo® WG75, and (e) uninoculated
and untreated leaf. (B) Average lengths of blast lesions on detached wheat leaves pretreated with
bonatin, feigrisolide C, and Nativo®WG75 compared to 1% DMSO treatment control. The data are the
means ± standard errors of at least five replications for each dosage of the compounds at p ≤ 0.05.
Vertical bars represent ± standard error.
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2.4. Wheat Blast Progression on Excised Wheat Leaves

The two metabolites applied at 1, 5, and 10 μg/mL considerably decreased the
wheat blast disease symptoms in excised leaves of wheat infected with BTJP 4 (5). The
lesion lengths in the leaves pretreated with bonactin were 5.3 ± 0.2 mm at 1 μg/mL
and 1.2 ± 0.2 mm at 5 μg/mL, respectively (Figure 5A,B). The blast lesion lengths with
feigrisolide C were 6.1 ± 0.2 mm and 2.5 ± 0.1 mm at 1 μg/mL and 5 μg/mL, respectively
(Figure 5A,B). Leaves of wheat treated with bonactin, feigrisolide C, and Nativo®WG75
at 10 μg/mL did not show any blast symptoms (Figure 5A,B). Normal blast lesions were
visible on the water-treated leaves with average lengths of 9.3 ± 0.2 mm (Figure 5A,B). In
comparison to both compounds, the fungicide effectively reduced lesion progression at 1
and 5 μg/mL.

2.5. Wheat Blast Disease Suppression in the Field at the Heading Stage

To determine the efficacy of these compounds in suppressing blast disease in artifi-
cially infected wheat spikes by BTJP 4 (5), a field experiment was conducted by using a
commercial fungicide Nativo®75WG at 50 μg/mL as a local standard. In the field, bonactin
and feigrisolide C considerably reduced wheat blast disease incidences (41% and 51.3%,
respectively) (Figure 6c,d, Table 2), compared to 87.3% disease incidence in the untreated
control (Figure 6b, Table 2).

Figure 6. Inhibition of wheat blast disease with bonactin, feigrisolide C at 5 μg/mL, and
Nativo® 75WG at 50 μg/mL; (a) Uninoculated, untreated spike, (b) BTJP 4 (5) inoculation + wa-
ter control + (c) bonactin + BTJP 4 (5) inoculation, (d) feigrisolide C + BTJP 4 (5) inoculation,
(e) Nativo®75WG + BTJP 4 (5) inoculation.

Table 2. Effect of bonactin and feigrisolide C on wheat (variety-BARI Gom-26) yield and yield
components in field conditions following the artificial inoculation with BTJP 4 (5).

Treatment
Yield/1 m2

Plot (gm) *
1000-Grain

Weight (gm) *
Blast Incidence

(%) *
Blast Severity

(%) *

Healthy control 133.07 ± 2.33a 46.63 ± 1.57a 0.00 ± 0.00e 0.00 ± 0.00d

Untreated control 64.60 ± 1.71c 31.77 ± 1.29c 87.33 ± 3.18a 82.67 ± 3.53a

Bonactin 112.97 ± 2.26b 40.09 ± 1.72ab 41.00 ± 1.15c 32.33 ± 2.40b

Feigrisolide C 106.40 ± 2.58b 38.78 ± 3.16b 51.33 ± 3.53b 38.67 ± 1.20b

Nativo® 75WG 126.10 ± 2.70a 43.28 ± 2.52ab 24.00 ± 4.04d 14.33 ± 2.33c
* Yield data are the mean ± SE collected from five replications of each treatment of the test compounds. Data
followed by the same letter in a column are not significantly different according to Tukey HSD (honest significance
difference) post-hoc statistic at the 5% level.
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Furthermore, 32.3 ± 2.40% and 38.6 ± 1.20% blast severities were recorded in wheat
plants pretreated with these compounds in comparison to 82.6% in the untreated con-
trol. Bonactin (112.9 ± 2.26 gm), feigrisolide C (106.4 ± 2.58 gm), and Nativo® 75WG
(126.1 ± 2.70 gm) had significantly increased grain yields compared to the untreated con-
trol (64.6 ± 1.71 gm). Grain yields in the Nativo® 75WG were statistically similar to the
healthy control (133.1 ± 2.33 gm). Nevertheless, both bioactive natural compounds’ treat-
ments had statistically lower but similar grain yields compared to the Nativo® 75WG
fungicide and healthy control (Table 2).

Thousand-grain weights for Nativo® 75WG, feigrisolide C, bonactin, and the negative
control were 43.2 ± 2.52, 38.7 ± 3.16, 40.1 ± 1.72, and 46.6 ± 1.57 gm, respectively. Grain
yields in treated plots were considerably greater than the yield of the untreated control plot
(31.7 ± 1.29 gm) (Table 2).

3. Discussion

In this study, we demonstrated for the first time that two nonactic acid esters extracted
from marine Streptomyces spp. and named bonactin and feigrisolide C inhibited the growth
and development of a destructive wheat blast pathogen M. oryzae Triticum (MoT) isolate
BTJP 4 (5). Additionally, we discovered that these natural compounds were comparable to
the commercial fungicide Nativo® WG75 in their efficacy in successfully reducing wheat
blast disease in wheat leaves and spikes that had been artificially inoculated by BTJP
4 (5). These treatments also resulted in a modest increase in grain yield although the
highest yield was obtained from fungicide treatment followed by two test compounds.
Formation of conidia asexually in hyphal conidiophore and germination of conidia are
critical for plant infection by the blast fungus [37–40]. Suppression of hyphal growth,
conidia formation, and germination of many fungi, such as rice and wheat blast fungi, by
various natural products, have been reported [29,31,33,41–45]. The nonactic acid esters
are precursors of macrotetrolide antibiotics which have a broad spectrum of antimicrobial,
anticancer, acaricidal, insecticidal, immunosuppressive, antiprotozoan (coccidiostatic), and
antiparasitic properties [35,46–48]. In the current study, we did not focus on unraveling
the underlying molecular mechanism associated with in vitro growth inhibition of wheat
blast causing fungal pathogen and suppression of the disease in vivo. However, from a
similar study, Islam et al. [29] found that the hydrolysis of mitochondrial ATP via increased
ATPase function was likely associated with the mode of action of antimicrobial activities of
macrotetrolides against phytopathogenic Peronosporomycete zoospores. Despite having
outstanding biological properties, macrotetrolides have received extremely less attention in
plant protection studies. To the best of our knowledge, it is the first report of two natural
bioactive nonactic acid esters and precursors of macrotetrolides (bonactin and feigrisolide
C) originated from marine Streptomyces spp. suppressing the highly aggressive wheat blast
pathogen MoT isolate BTJP 4 (5) in vitro and in vivo. Additional study is needed to test the
efficacy of these compounds against other strains of MoT as well as whether their antiblast
activities are linked with the induction of increased mitochondrial ATPase activity in the
asexual spores and hyphae of MoT.

One of the key discoveries of this study is that at almost equal concentrations of
Nativo® WG75, both bonactin and feigrisolide C dramatically reduced hyphal growth, coni-
dia production, and germination, and also caused morphological changes in germinated
conidia. Our findings indicate that these natural substances inhibited conidial germination
and mycelium growth, which consequently suppressed wheat blast disease in vivo.

The swelling phenomenon by these compounds on BTJP 4 (5) hyphae is another
remarkable observation from our study (Figure 1b’–d’). We utilized doses ranging from
0.005 to 2 μg/disk in our experiment. Swelling increased with increased concentrations,
showing a positive correlation of swelling with concentrations. Tensin [49], fengycin [50],
gageopeptides, gageotetrin [44], and oligomycins [31] have all been reported to induce
developmental aberrations in the tubular growth of the fungal hyphae. Developmental
transitions in Aphanomyces cochlioides hyphae, such as increased swelling and excessive
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branching, have been observed in response to xanthobaccin A from Lysobacter sp. SB-K88
or m Pseudomonas fluorescence phloroglucinols [51–54]. According to Schumacher et al. [33],
bonactin from Streptomyces sp. greatly suppressed the hyphal development of Saccharomyces
cerevisiae, but no data on the mycelial growth inhibitory activity of feigrisolide C has been
documented to date. So far, this is known to be the first report of some nonactic acid
and nonactic acid ester exhibiting swollen-like abnormal hyphae against a destructive
wheat pathogen.

Conidiogenesis is the process of producing conidia, which are fungal spores that are
grown asexually on the conidiophore [39]. The majority of fungal plant pathogens attack
plants by these asexual spores. Inhibiting or preventing conidiogenesis and conidia germi-
nation can reduce the likelihood of host infection by fungal pathogens [55,56]. Future plant
protection strategies should explore and rely on similar natural compounds that interfere
with these processes. Therefore, another noteworthy finding from this study was that these
compounds greatly decreased conidiogenesis (Figure 3), and conidial germination, and
also triggered morphological alterations of BTJP 4 (5)’s conidia (Table 1, Figure 4).

Lysis of conidia and uneven branching of germ tube tips as well as unusually long
hypha-like germ tubes were among the other distinct and interrelated phenomena found
in this work (Figure 4B,C). Dame and co-workers [57] discovered a similar occurrence
when they found that oligomycins derived from a marine Streptomyces sp. triggered lysis
of phytopathogenic Plasmopara viticola zoospores that causes grapevine downy mildew
disease. Homma and colleagues reported that lecithin induced abnormal branching in
germ tube tips of rice blast fungus, and prevented the development of appressoria [58].
Similarly, A. cochlioides’ cystospores germinated with hyperbranched germ tubes by the
effects of diacetylphloroglucinol (DAPG) [54]. Bonactin caused atypical appressoria (low
melanization), which restricted MoT fungal infection since appressorium melanization is
essential for M. oryzae pathogenicity [11]. This compound may affect the gene expression
related to the synthesis of melanin. This is also the first study to show that two esters
impeded conidiogenesis, germination, and the development of appressoria of BTJP 4 (5)
conidia. Future research should concentrate on the mechanisms by which these compounds
suppress conidia formation, germination, and appressorium formation of MoT, as well as
the impact of these natural bioactive compounds on the expression of genes associated with
conidia germination and appressorium formation of BTJP 4 (5) or similar MoT isolates.

Nonactic acid esters are relatively safe for the environment since soil microorganisms
can quickly convert them to H2O and CO2 [59]. Plant growth stimulation and specific in-
secticidal actions of nonactin antibiotic precursors have been documented [35,60]. Bonactin
was reported to have antibacterial action and also antifungal action [33]. In a lab investi-
gation, we noticed that nonactin had remarkable antifungal properties against MoT both
in vivo and in vitro (our unpublished data). According to Schumacher et al. [33], antimicro-
bial activity can be achieved without the requirement for a macrotetrolide ring structure,
such as the non-asymmetric lactone feigrisolide C, which has antibacterial and antiviral
properties [61]. Islam and his colleagues [29] discovered that bonactin and feigrisolide
C with other known macroletrolides suppress zoosporogenesis, hamper motility, as well
as trigger lysis of Plasmopara viticola zoospores. The findings of the current work do not
elucidate the detailed mechanism of action, but they do suggest that stimulation of ATPase
activities in mitochondria or/and imbalance/translocation of cell cations could inhibit
hyphal development and impede conidia germination. Identifying the role of ATPase
in inhibiting hyphal growth, conidiogenesis, conidial germination, and appressoria for-
mation may aid in our understanding of the biology and pathogenesis of filamentous
plant pathogens. This naturally occurring ATPase inducer may thus be a promising pi-
oneer ingredient for developing novel, efficient agrochemicals to fight this aggressive
fungal pathogen.

In this study, wheat leaves pretreated with the test compounds showed shorter lesions
than untreated checks (Figure 5). The majority of those lesions were small, and appeared
as brown patches with spots of a pinhead size (scale 1) to roundish and fairly expanded

274



Plants 2022, 11, 2108

grey dots that ranged in size from 1–2 mm in diameter (scale 3). The untreated control
leaves had typical blast lesions covering 26–50% of the leaf surface (scale 7), according to
the 9-scale blast disease assessment system developed by the IRRI SES (standard evalu-
ation system) [55,56]. However, in the Nativo® WG75 treatment, no visible blast lesions
were present. When disease control studies were conducted at the wheat heading stage,
similar results were obtained. In artificially infected wheat spikes, blast disease progression
was dramatically inhibited by bonactin and feigrisolide C (Figure 6). A popular systemic
fungicide, Nativo® WG75, was used in this study as a local standard and positive control.
In terms of suppression efficacy of the MoT fungus, the two marine natural compounds
evaluated in the current study were comparable to that of the commercial fungicide. The
active components of Nativo® WG75 are tebuconazole and trifloxystrobin. Belonging to the
systemic triazole fungicide group, tebuconazole’s mode of action is known as demethylase
inhibitor (DMI). The development of the fungus is slowed down and can eventually be
killed as DMI fungicides interfere with the production of sterol in fungal cell walls [62].
Trifloxystrobin, a fungicide in the strobilurin group, suppresses the spore germination of
phytopathogenic fungi by disrupting energy production through blocking mitochondrial
electron transport [62]. The modes of action of bonactin and feigrisolide C are possibly
distinct from Nativo®WG75, despite the observation of a similar disease inhibition response.
More research is needed to determine the fundamental mechanism through which these
compounds suppress wheat blast. Before acknowledging these compounds as prospective
fungicides for wheat blast, a large-scale field evaluation of their efficiency in preventing
wheat blast infection is necessary. Recently, it has been found that secondary metabo-
lites from both marine and terrestrial species can biologically suppress the wheat blast
disease [55,56].

In today’s agriculture, the development of fungicide resistance across pathogenic
microorganisms is a major concern. Due to the inappropriate use of fungicides with a
single-site active mode of action such as triazole and strobilurin (QoI), some resistant
MoT mutant species have been found widely distributed [19]. Investigators are actively
searching for new, effective antifungal chemicals possessing alternative modes of action
to protect wheat plants against this lethal pathogenic fungus due to the risk of resistance
development in conventional fungicides. The marine natural products, bonactin and
feigrisolide C, exhibited almost equivalent bioactivity to the commercialized fungicide
Nativo®WG75. The effectiveness of these compounds as inhibitors of the MoT isolate BTJP
4 (5) has suggested using them as candidates for agrochemical with a novel mode of action
towards this wheat pathogenic fungus provided they are equally effective on other MoT
strains under various agro-ecological regions. Further studies are needed with structurally
diverse nactic acids, their esters, and macrotetrolides for understanding the structure-
activity relationship of bonactin and feigrisolide C. However, very few reports have been
published yet regarding their impacts on humans and the environment, and more research
is also required to assess their toxicity level before using them to produce fungicides.

4. Materials and Methods

4.1. Fungal Isolate, the Revival of a Synthetic Medium, and Host Plant Materials

In 2016, during the first wheat blast epidemic in Jhenaidah, Bangladesh, we collected
many MoT strains including BTJP 4 (5) from wheat cv. Prodip (BARI Gom-24) that showed
blast infection on spikelets These isolates were preserved at 4 ◦C on dried filter paper for
later use. We revived five isolates on a potato dextrose agar (PDA) medium and tested them
in the lab for their normal colony characters and aggressiveness to select a representative
one (BTJP 4) for this work (4). We also tested isolates collected from the field-infected
wheat from 2016 to 2022 and found that they were equally sensitive to the commercial
fungicide, Nativo® WG 75 (Figure 7). It appeared the clonal population introduced in
Bangladesh from South America had not been mutated [37]. Therefore, we chose BTJP
4(5) for the whole study. On a potato dextrose agar (PDA) medium, the selected isolate
was grown for seven days at 25 ◦C. Ten-days-old PDA-grown fungi fungal colonies were
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washed in an aseptic environment in a laminar flow hood with 500 mL of deionized
water to remove aerial mycelia, and then kept at ambient temperature (25–30 ◦C) for
2–3 days to induce abundant conidia production [4,40,55,56]. The conidia were scraped out
from each plate using a glass slide after adding 15 mL of water to each plate. Two-layer
cheesecloth was used to filter out the hyphal mass, and the dilution was conducted to
achieve 1 × 105 conidia/mL. Conidial germination was examined under a compound
microscope by counting the number. Seedlings of blast disease-susceptible wheat variety
Prodip (BARI Gom-24) at the five-leaf stage were used for the bioassay on leaves [31,55,56].
For assessing the wheat blast disease suppression efficacy of bonactin and feigrisolide C,
these compounds were sprayed on field-grown wheat spikes at the flowering stage one
day before inoculation of the plants with MoT conidia. The detailed method of artificial
inoculation of wheat plants by MoT conidia was described recently by Paul et al. [40].

Figure 7. Sensitivity of different strains (1–5) of wheat blast fungus Mahnaporthe oryzae Triticum
obtained from the field-infected spikes to various doses of a commercial fungicide Nativo. 1, BTKP
22(3) collected in 2022; 2, BTJP 194-2 collected in 2019; 3, BTJP 1910-3 collected in 2019; 4, BTJP 2 g
collected in 2017; and 5, BTJP 4 (5) collected in 2016. The PDA plates were cultured at 25 ◦C for 3 days
after inoculation of the plates by various wheat blast strains.

4.2. Chemicals

Bonactin and feigrisolide C (Figure 8) were derived from the marine bacteria Strep-
tomyces spp. Act 8970 and ACT 7619. Dr. Hartmut Laatsch, a Professor of Georg-August-
Universitaet Goettingen in Germany, generously provided these pure chemicals as gifts [29].
The fungicide Nativo® WG 75 (50:50 mixtures of trifloxystrobin and tebuconazole) was
purchased in Dhaka, Bangladesh from Bayer Crop Science Ltd. Stock solutions of test
compounds were prepared using small amounts of DMSO (dimethyl sulfoxide), and
then the solutions were diluted with water. The final mixture included a maximum of
1% (v/v) DMSO, which had no impact on the development or sporulation of BTJP 4 (5)
mycelium [55,56].

 

 

(A) (B) 

Figure 8. Structures of bonactin (A) and feigrisolide C (B).
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4.3. Suppression of Mycelial Growth and Hyphal Morphological Alteration

Using a modified disk diffusion technique as reported by Chakraborty et al. [31], the
mycelial growth inhibition of MoT isolate BTJP 4(5) was determined by the application
of bonactin, feigrisolide C, and the commercial fungicide Nativo®WG75 on filter paper
disks. To prepare a range of concentrations from 0.005 to 2 μg/disk, the required amounts
of natural compounds and the fungicide Nativo® WG75 were dissolved in ethyl acetate
and water. Nine-millimeter-diameter filter paper disks (Sigma-Aldrich Co., St. Louis, MO,
USA) were used to absorb the test compound solutions. In 9 cm-diameter Petri dishes with
10 mL of PDA, the treated disks were placed 2 cm apart from one side. The filter paper
disks containing the test chemicals were placed on the opposite side of the actively growing
5 mm-diameter, 7-days-old mycelial plugs of BTJP 4(5). Petri dishes with fungal hyphal
plugs against filter paper disks with Nativo®WG75 were used as a control. As a negative
control, filter paper disks were coated with ethyl acetate and then allowed to evaporate
at ambient room temperature. A fungal hyphal development reduction was observed
after 10 days of culture. The Petri plates used as untreated controls were incubated at
25 ◦C until the fungus had colonized and covered the whole surface of the agar. The test
was conducted five times with five replications for each concentration. Using a ruler and
two perpendicular lines drawn on the lower side of each plate, the radial growth of the
fungal culture was measured in centimeters. Measurements were also recorded for the
inhibition zone and associated fungal colony diameter influenced by the test compounds
and the fungicide. Inhibition percentage radial growth (RGIP) [55,56] was calculated as:

RGIP % =
Control plate radial growth − Treated plate radial growth

× 100
Control plate radial growth

Results including radial growth suppression from the disk diffusion test were captured
using a digital camera of CAMEDIA C-3040 zoom. At 40× and 100× magnification, an
Olympus IX70-S1F2 microscope was used to study the mycelial morphology at the sharp
end of the cultures approaching the control and treated disks. The mycelial growth includ-
ing aberration was photographed using the same digital camera attached to the microscope.

4.4. Suppression of Conidiogenesis

The stock solutions of each compound were prepared in 10 μL of DMSO and then
diluted with distillate water to obtain concentrations of 1, 5, and 10 μg/ml. The final
mixtures had a maximum of 1% (v/v) of DMSO, which had no impact on BTJP 4 (5)
sporulation or hyphal development. A 5 mL solution of Nativo®WG75 was prepared
to achieve each 1, 5, and 10 μg/mL concentrations by dissolving the required amount
of formulation in distilled water that was used as a positive control. A conidiogenesis
inhibition test of a MoT isolate was established in our lab and used for this work [31,39,56].
Briefly, to deplete nutrients and promote conidiogenesis, the mycelium of a 10-day-old
BTJP 4 (5) Petri plate culture was rinsed [4,39]. After being treated, ten mm BTJP 4 (5)
hyphal agar blocks were treated with 50 μL of each test compound and Nativo®WG75 at
the aforementioned doses and then placed on Nunc multi-well plates. The mycelial agar
block of MoT with 1% DMSO in the same amount of sterile water was used as a negative
control. Treated BTJP 4 (5) mycelial plugs were incubated at 28 ◦C and >90% RH under
alternating light and dark cycles for 14 and 10 h, respectively. After 24 h, conidiogenesis
was observed under a 40× Zeiss Primo Star microscope for analysis, and pictures were
taken with a Zeiss Axiocam ERc 5s. With five replications for each treatment, the test was
repeated five times.

4.5. Suppression of Conidial Germination and Morphological Changes in Germinated Conidia

Each natural compound was first liquefied in 10 μL of DMSO before being diluted with
distilled water to a concentration of 0.1 μg/mL. As a positive control, a 0.1 μg/mL solution
of Nativo®WG75 was prepared in distilled water. We used the methodology developed
previously by us for MoT isolate conidial germination investigations [31,55,56]. Briefly, a
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100 μL solution containing 1 × 105 conidia/mL of BTJP 4 (5) was directly mixed with a 100
μL solution containing 0.1 μg/mL of product to obtain a 200 μL final solution in the well of
a 96-multiwell plate containing test compounds comprising 0.5 μg/mL. Immediately after
blending with a glass rod, the suspension was incubated for 6, 12, and 24 h at 25 ◦C in a
Ziploc plastic bag with layers of moist paper towel. Sterile water that contained 1% DMSO
was employed as a control. A total of 100 conidia from each of the five replications were
examined with a Zeiss Primo Star microscope at a 100× magnification. The photographs
were acquired with a Zeiss Axiocam ERc 5s, and the percentage of conidia germination,
and the morphological alterations of spore germ tubes and appressoria, were determined.
The experiment was repeated five times, with at least five replications for each treatment.
The conidia germination percentage was calculated as: CG% = (C − T)/C × 100; where
%CG = conidia germination, C = average conidia germination percentage in control, and T
= average conidia germination percentage in treated samples.

4.6. Wheat Blast Progression on Detached Wheat Leaves

Bonactin and feigrisolide C stock solutions were made using a small quantity of DMSO.
The final DMSO content never exceeded 1% when the natural substances were dissolved
in sterile distilled water to obtain concentrations of 1, 5, and 10 μg/mL. Nativo®WG75
was prepared in concentrations of 1, 5, and 10 μg/mL as well. As a negative control,
sterilized water that contained 1% DMSO was utilized. This experiment was carried out
according to the procedures outlined by Chakraborty et al. [31,55,56]. The first step was to
separate wheat leaves from seedlings at the five-leaf stage and place them on plates covered
with wet paper towels. Each leaf was treated with three 20 μL drops of the appropriately
prepared test compound at the aforementioned concentrations, and the leaves were left to
dry for 15 min. Following that, inoculation was conducted on each spot with 1 μL conidial
solution containing 1 × 105 BTJP 4 (5) conidia/mL, and the plates were incubated at 28 ◦C
in the darkness for the first 30 h, then under constant lighting for the following two days.
The experiment was repeated five times with five different samples each time. For each
treatment and compound concentration, the diameter of blast lesions induced by MoT was
measured on three leaves per experiment.

4.7. Determination of Wheat Blast Control Efficacy of Bonactin and Feigrisolide C under
Field Conditions
4.7.1. Soil Preparation and Seed Sowing

The experiment was carried out in the research field of the Bangabandhu Sheikh
Mujibur Rahman Agricultural University (BSMRAU) in Gazipur, Bangladesh. The trial
site was situated 8.4 m above sea level at a latitude of 24.09◦ north, and a longitude of
90.26◦ east. Weeds and stubbles were pulled out of the soil after it had been gently plowed.
During soil preparation, adequate quantities of well-decomposed cow dung were applied.
Gypsum, muriate of potash, triple super phosphate, and urea were applied as chemical
fertilizers at a rate of 11-50-28-70 kg/ha. [63]. 3 to 4 days before seed sowing, the final
soil preparation included the application of additional fertilizers along with two-thirds
of the urea as a baseline dose. 20 days after the first irrigation, the final one-third of the
urea was applied. In the first week of December, BARI Gom-26 wheat seeds were sown.
Before sowing, the seeds were treated with Vitavex 200 (3 g/kg seed). There were three
replications per treatment and the size of the experimental plot was 1 m2. All of the plots
were properly labeled. The required irrigation work was performed, along with additional
cross-cultural tasks. The experiment was conducted using a randomized complete block
design (RCBD).

4.7.2. Infection Assay in the Wheat Reproductive Phase

The test compounds were applied at a concentration of 5 μg/mL in each plot and
allowed to dry overnight, whereas sterile water containing 1% DMSO served as a nega-
tive control. BTJP 4 (5) spore suspension was sprayed to wheat fields immediately after
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flowering. The positive control was the fungicide Nativo® 75WG, whereas the negative
control was deionized distillate water. To establish a humid atmosphere suitable for spore
germination, polyethylene sheets were placed over plots before inoculation.

4.7.3. Data Collection and Analysis for Disease Severity

During the reproductive phase, data were recorded on the total number of tillers,
productive tillers, infected tillers per hill, the full length of the spikes, diseased area of
the spikes, seeds per spike, 1000-grain weight, and grain production per hill. During the
vegetative phase, data were collected on the total number of seedlings, the number of
infected seedlings per pot, the overall length of the leaves, and the infected area of the
leaves. The disease intensity (DI) was calculated using the formula:

DI =
Total infected plants × 100

Total plants observed

A 5-point scale was used to assess the severity of blast disease, with % infection
accounting for the length of the spike that was infected by blast. The scales were 0 for
the absence of lesions, 1 for infection rates between 1% and 25%, 2 for infection rates
between 26% and 50%, 3 for infection rates between 51% and 75%, and 4 for infection rates
between 76% and 100% on the length of damaged leaves. Blast severity was measured by
the following formula:

DS =
n × v × 100%
N × V

where DS = disease severity
n = number of blast-infected leaves
v = value score for blast severity
N = number of observed leaves
V = value of highest score.

4.8. Statistical Analysis, Experimental Design, and Replications

The efficacy of the pure compounds was examined in the laboratory and the field,
respectively, using completely randomized design (CRD) and randomized complete block
design (RCBD). All statistical analyses were performed using Microsoft Office Excel 2015
and IBM SPSS Statistics 25. Tukey’s HSD (honest significance difference) test was used to
compare the treatment means. The tables and figures utilized the mean value ± standard
error and there were five replications per treatment.

5. Conclusions

In this study, we demonstrated for the first time that marine natural products, bon-
actin and feigrisolide C, from Streptomyces species, suppressed the mycelial growth and
asexual development of an isolate of MoT fungus and inhibited the progression of wheat
blast disease caused by that isolate in vivo. Large-scale in vitro and field testing of these
compounds with multiple isolates is necessary to determine whether they are potential
candidates or lead compounds for developing an effective fungicide against wheat blast
disease. More investigation is also needed to determine their level of toxicity towards
humans and the environment, as well as their specific method of action and the structure–
activity association between these bioactive natural compounds and the wheat blast fungus
M. oryzae Triticum.
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Abstract: Cultivated beets (sugar beets, fodder beets, leaf beets, and garden beets) belonging to the
species Beta vulgaris L. are important sources for many products such as sugar, bioethanol, animal
feed, human nutrition, pulp residue, pectin extract, and molasses. Beta maritima L. (sea beet or wild
beet) is a halophytic wild ancestor of all cultivated beets. With a requirement of less water and having
shorter growth period than sugarcane, cultivated beets are preferentially spreading from temperate
regions to subtropical countries. The beet cultivars display tolerance to several abiotic stresses such
as salt, drought, cold, heat, and heavy metals. However, many environmental factors adversely
influence growth, yield, and quality of beets. Hence, selection of stress-tolerant beet varieties and
knowledge on the response mechanisms of beet cultivars to different abiotic stress factors are most
required. The present review discusses morpho-physiological, biochemical, and molecular responses
of cultivated beets (B. vulgaris L.) to different abiotic stresses including alkaline, cold, heat, heavy
metals, and UV radiation. Additionally, we describe the beet genes reported for their involvement in
response to these stress conditions.

Keywords: beet cultivation; abiotic stress; alkaline; cold; heat; heavy metals; stress tolerance;
ultraviolet radiation

1. Introduction

Economically important cultivated beets such as fodder beets, sugar beets, garden
beets (e.g., red beet), and leaf beets (e.g., Swiss chard) belong to the sub-species Beta
vulgaris L. ssp. vulgaris [1,2]. All beets originate from a halophytic plant, Beta vulgaris L. ssp.
maritima (sea beet or wild beet), also known as Beta maritima L. [3]. Among them, leaf
beets and garden beets are used as vegetables [2,4], fodder beets as animal feed [1,2],
and sugar beets serve as the source of sucrose, bioethanol, biodegradable polymers, and
biofertilizers [5–8]. In addition to these advantages, beets such as Swiss chard and red
beet are a rich source of pigments, termed betalains [9–12]. Cultivation of beets is widely
distributed throughout Turkey and Mediterranean and European countries [13]. Fodder
beet plants, which grow at a temperature between 8 ◦C and 25 ◦C [1], are cultivated
in coastal areas of many countries [14] as well as continental habitats [15]. Wild beet
(Beta maritima L.) is especially distributed along the coasts of Mediterranean Sea and the
European North Atlantic Ocean [3], and it shows significantly higher salt tolerance during
germination and seedling stages when compared to other beet varieties [15–19]. Although
previous reports have shown genetic diversity in beet species, due to insufficient genetic

Plants 2022, 11, 12. https://doi.org/10.3390/plants11010012 https://www.mdpi.com/journal/plants
283



Plants 2022, 11, 12

variation in cultivated beets [15,20,21], the use of wild beet can provide a remarkable source
of genetic variability for crop improvement under stressful conditions [20].

Crop plants are subjected to various abiotic stresses, resulting in loss of yield or de-
creased productivity. Plants have different adaptive and protective strategies at morpholog-
ical, physiological and molecular levels to cope with environmental stress conditions [21].
Although stress conditions negatively affect beet growth, yield, and quality, the beet culti-
vars are able to tolerate abiotic stress conditions such as salinity, drought, cold, heat, and
heavy metals [18,22–28]. Sugar beets exhibit tolerance to cadmium (Cd) and are capable of
accumulating heavy metals such as Cd and nickel (Ni) [27]. The improvement of beet vari-
eties with better heat tolerance is also an important task due to climate change and global
warming [29]. Therefore, we need breeding techniques and agronomic practices for better
tolerance to biotic and abiotic stresses in beets [30]. Thus, cultivated beets and their wild
ancestor are important genetic sources for crop breeding programs and studying abiotic
stress tolerance [15,31]. In the present review, we summarize the morpho-physiological,
biochemical, and molecular alterations in cultivated beets (B. vulgaris L.) under alkaline,
cold, heat, heavy metal, and UV stresses.

2. Responses of Cultivated Beets (B. vulgaris L.) to Different Abiotic Stresses Including
Alkaline, Temperature, Heavy Metal, and UV

Although several studies report different responses of beet cultivars to environmental
stresses, research articles and reviews mostly focus on salt and drought response mecha-
nisms in beets [22,23,32–34]. However, a comprehensive review describing the responses
of cultivated beets to several abiotic stress factors including cold, heat, alkaline, heavy
metal, and UV is lacking. Therefore, this review focuses on the responses of cultivated beets
(B. vulgaris L.) to alkaline, cold, heat, heavy metal, and UV stresses at morpho-physiological,
biochemical, and molecular levels. In Table 1, we demonstrate the list of beet genes known
for their involvement in response to alkaline, cold, and heavy metal stress.

Table 1. Beet genes known to be involved in response to alkaline, cold, and heavy metal stresses.

Type of Abiotic Stress Gene Name References

Alkaline stress WRKY transcription factor family
(WRKY10 and 16) [35]

Alkaline stress Metal Tolerance Protein 11 (MTP11) [36]

Alkaline stress Ethylene-insensitive protein 2 (EIN2) [36]

Alkaline stress Polyphenol Oxidase (PPO) [36]

Cold stress Integral membrane protein (IMP) [37]

Cold stress A novel ER-located aquaporin gene (COLD1) [38]

Cold stress Raffinose synthase 1 and 2 (RS1 and RS2) [39]

Freezing Galactinol synthase 2 and 3 (GOLS2 and GOLS3)
Raffinose synthase 2 and 5 (RS2 and RS5) [40]

Heavy metal Metal tolerance protein (BmMTP10 and
BmMTP11) [41]

Heavy metal Toxic nickel concentration
(NIC3, NIC6 and NIC8) [42]

Heavy metal Natural resistance-associated macrophage
protein 3 (NRAMP3) [43]

2.1. Alkaline Stress

Alkaline stress (high pH) is one of the abiotic constraints of plants, which co-exists
with salt stress and elicits severe detrimental damages to global agricultural production [44].
Over 954 million hectares of land on the globe is affected by salinity [45]. Salt stress results
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from a neutral salt such as NaCl. Although alkaline salt stress is a type of salt stress, it is
caused by alkaline salts such as NaHCO3 and Na2CO3, which is shortly called alkaline
stress and causes more damage than neutral salt [46,47]. Numerous research groups across
the globe have been perusing tolerance mechanisms to understand the salt stress responses
in various crops and model land plants [48,49]. However, the studies focused on high
salinity together with alkaline stress are minuscule [44,46]. Apparently, when the plants si-
multaneously encounter high salinity and high pH, their cumulative damage is more severe
than their single occurrence [44]. Several previous reports determined that sugar beet can
sustain moderate exposure to saline and alkaline conditions [35,37,48]. However, only a few
reports investigated the responses of beets under alkaline stress conditions [47,50]. Hence,
to alleviate the alkaline stress-induced damages in commercially important crops such as
beets, we need to build a comprehensive knowledge repository that helps devise better
strategies for generating stress-tolerant cultivars to attain sustainable agriculture [35,51,52].
Furthermore, developing high salinity-resistant cultivars will efficiently and rationally
utilize salinity-affected areas in cultivated lands [45].

Although alkaline stress and salt stress share many common features, such as osmotic
stress and ion toxicity, the alkaline condition has unique differences to consider as a different
stress form [51]. The alkaline stress includes three principle factors that negatively impact
plant growth and development: high soil pH, Na+ toxicity, and water deficiency [51]. For
example, it has been shown that alkaline stress-induced Na+ toxicity and oxidative stress
decreased photosynthesis and growth in tomato plants. Moreover, alkaline stress led to
higher Na+/K+ ratio and lower K+ content in tomato seedlings [51], and the expression
of genes encoding Na+ transporters such as SlNHX1, SlNHX2, SlSOS1, SlHKT1,1, and
SlHKT1,2 were found to increase in tomato roots exposed to NaHCO3 [52,53]. However,
we still do not know how sugar beet plants maintain Na+-K+ homeostasis under alkaline
stress conditions and whether Na+ transporters contribute to the alkaline stress response
in beets. High alkaline pH causes the occurrence of oxidative stress through reactive
oxygen species (ROS) and the production of malondialdehyde (MDA), which damage the
membrane integrity and intracellular components in plants [47]. To decrease the ROS-
induced oxidative stress, plants use several enzymatic and non-enzymatic antioxidants [54].
Enzymatic antioxidants including superoxide dismutase (SOD), catalase (CAT), peroxidase
(POX) and ascorbate peroxidase (APX) are involved in scavenging of superoxide radicals
and hydrogen peroxide (H2O2) [54–56]. Under salt stress, cultivated beets and wild beet
show higher antioxidant enzyme activities [57–59]. Similarly, Zou et al. [30] reported that
the alkaline stress-tolerant beet cultivar KWS0143 displayed higher antioxidant enzyme
activities such as CAT and APX than the sensitive cultivar Beta464 under the same growth
conditions [30]. This implies that the tolerant plants are bestowed with durable antioxidant
defense equipped with APX, CAT and SOD enzymes to circumvent the cellular damages
under salt-alkaline stress [30]. Hence, we need to identify genetic resources with a strong
innate antioxidant defense system to fortify beet cultivars with alkaline stress tolerance.
In addition to oxidative stress, soils with high pH perturb the macro and micronutrient
balance in the soil, which drives the plant to a physiological depression [50]. Previously,
Oster et al. [60] classified the alkaline stress into three categories based on the alkaline
salt percentage in soil. According to this classification, the alkalinity is considered as
mild (3% salt content and pH 7.1–8.5), moderate (3–6% salt and the pH is 8.5–9.5), and
severe (>3–6% salt and the pH over 9.5) [60]. In contrast to the detrimental effects of
alkaline stress, mild alkaline stress can help the plants to grow bigger and healthier [50,61].
Likewise, in a recent report, Geng et al. [50] examined the differential proteomic responses
of sugar beet seedlings by treating them with pH 5, pH 7.5, and pH 9.5 (acidic, neutral,
and alkaline) conditions. In the study, they found that the acidic pH caused more growth
retardation and enzymatic aberrations than that of neutral and alkaline pH conditions [50].
In contrast to other reports, the alkaline conditions (pH 9.5) significantly improved plant
height, fresh weight, total leaf and root area, net photosynthetic rate, stomatal conductance,
intercellular CO2 concentration, and chlorophyll contents compared to neutral and acidic
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soils [50]. Moreover, a few more reports found that mild alkaline stress caused better
growth, leaf chlorophyll contents, photosynthetic index, and antioxidant activities in
sugar beet seedlings [30,61]. Geng et al. [61] found that neutral salt (NaCl:Na2SO4, 1:1,
Na+ 100 mM) remarkably decreased growth and photosynthesis when compared with
mild neutral salt (NaCl:Na2SO4, 1:1, Na+ 25 mM) and alkaline conditions (Na2CO3, Na+

25 mM) in sugar beet plants. In contrast, plants displayed a significant increase in total
biomass, leaf area, and photosynthesis under mild neutral salt and alkaline conditions [61].
Interestingly, sugar beet plant growth was not impacted by high alkaline salt (Na2CO3,
Na+ 100 mM) as compared to control [61]. We speculate that by virtue of being tolerant to
mild saline–alkaline stress, the sugar beet cultivars might display better growth, and we
need further experimental evidence to learn the growth patterns of different beet cultivars
altered under mild alkalinity. Nevertheless, the growth retardation of plants is found
to be proportionately elevating along with the increase in alkaline stress severity [62].
Additionally, alkaline stress responses in plants are usually governed by a multigenic
effect, but not by a single gene expression, which implies the intricate stress signaling
mechanism [36,63,64].

Numerous reports suggest that under alkaline stress, several physiological parame-
ters, including stomatal conductance (Gs), transpiration rate (Tr), relative water content
(RWC), water use efficiency (WUE), accumulation of photosynthetic pigments, and the
net photosynthetic rate (Pn), were dropped [47,62]. Specifically, the photosystem-II (PSII)
quantum efficiency (Fv/Fm) ratios are negatively affected by alkaline stress, which reduce
the electron transport rate [65]. Furthermore, high alkaline conditions dampen the leaf area
(LA) and chlorophyll contents (Chl a and b), specifically Chl b, which lowers the photo-
synthetic rate and WUE [66]. All these physiological parameters will eventually curtail the
seedling growth and seedling emergence under alkaline stress [30,62]. In another study,
Liu et al. [66] assessed the physiological responses of white Swiss chard under saline and
alkaline conditions. Their study identified that although Swiss chard retains higher RWC
under alkaline stress, the seedlings suffered from alkaline stress in terms of plant growth.
The growth retardation was likely caused by high pH, CO3

2−, and HCO3
– toxicity [66].

Additionally, the physiological indicators such as chlorophyll contents, WUE, and the ionic
balance were also perturbed in Swiss chard under 50–100 mM alkaline stress [66]. While
comparing the glycine betaine (GB) and proline levels, they found that the GB levels in
sugar beet were lower in 50 mM alkaline stress than that of 50 mM salt stress, whereas
they did not find any significant alterations in proline levels [66]. This bolsters the notion
that the GB plays a more critical role in mediating the alkaline stress tolerance than proline
for Swiss chard [66]. It is a well-known fact that compatible solutes including GB, pro-
line, and soluble sugars are remarkably increased under salt stress conditions to maintain
photosynthesis and stomatal conductance in beets [67–69].

In addition to physiological and biochemical responses of beets under alkaline stress,
only few genes have been reported to be involved in alkaline stress response in beets.
For example, Wu et al. [35] identified 58 putative WRKY genes in the sugar beet genome,
and among them, nine genes were found to be responsive to the alkaline stress stimulus
(~15 mM to 100 mM NaCHO3) in both root and shoot tissues [35]. In the study, they found
augmented expression of the BvWRKY10 gene in shoots and BvWRKY16 expression in root
tissues under alkaline stress [35]. The differential expression of BvWRKY genes in different
tissues implies their functional roles in mediating the alkaline stress responses in different
tissues and needs further experimental attention. The WRKY family of transcription factors
is plant-specific and plays many critical roles in diverse aspects of plant physiological
processes, including abiotic stress responses [70]. Through a transcriptomic approach,
some of the differentially expressed genes (DEGs) were shown in alkaline stress-treated
beets. Recently, Zou et al. [36] identified differential expression of 1270 genes in alkaline
stress-tolerant cultivar KWS0143 in response to alkaline stress. They irrigated the plants
with 75 mM alkaline solution (Na2CO3:NaHCO3, 1:2, pH 9.67) and harvested the leaf
tissues three (short-term) and seven days (long-term) after the treatments [36]. Compared
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to the control groups, the short-term and long-term treatments induced the expression of
‘Ethylene-insensitive protein 2’ (LOC104884677) and ‘Metal tolerance protein 11’ (LOC104886952)
genes, respectively [36]. The results suggest that some of these DEGs would be useful
for developing alkaline-tolerant beet cultivars. In another report, Zou et al. [47] assessed
the roles of long non-coding RNAs (lncRNAs) in sugar beets under different alkaline
stress conditions as previously described in Zou et al. [36] by high-throughput RNA
sequencing [47]. In this study, they identified 93 differentially expressed alkaline stress-
responsive IncRNAs. Furthermore, additional functional attribution of candidate target
genes revealed their association with diverse biological processes, including kinase activity,
ribosomal and ribonucleoprotein constituents, and protein metabolic activity, and denotes
the association of specific target genes with lncRNAs [47]. In addition, Zou et al. [71]
treated the sugar beet seedlings with an alkaline solution and performed small RNA
sequencing [71]. They found 53 novel microRNAs (miRNAs) responsive to long-term and
short-term alkaline stresses [71]. Similarly, the gene ontology (GO) analysis uncovered
enrichment of miRNAs related to the “redox process” and they reported the involvement
of ‘polyphenol oxidase’ (LOC04900758) gene as the target of alkali-responsive miRNAs. In
addition to this, the other 29 miRNAs responsive to long-term alkaline stress can be useful
as potential targets to fortify crops with alkaline stress resistance. In Table 2, we summarize
the alkaline stress responses in sugar beet varieties.

Table 2. Alkaline stress responses in cultivated beets.

Beet Variety Stress Treatments Experimental Results Reference

B. vulgaris, KWS0143 NaHCO3:Na2CO3
(0.5%, 0.7%, 0.9%)

High activity levels of antioxidant enzymes,
such as CAT and APX [30]

B. vulgaris, H004 pH 5, pH 7.5, and pH 9.5 Acidic pH resulted in more growth retardation, photosynthesis,
and enzymatic aberrations than neutral and alkaline pH [50]

B. vulgaris, KWS0143
75 mM alkaline solution

(NaHCO3:Na2CO3,
2:1, pH 9.67)

Significant inhibition of plant growth

[47]
A decrease in stomatal conductance (Gs), transpiration rate (Tr),

and net photosynthetic rate (Pn)

Identification of 93 differentially expressed alkaline
stress-responsive IncRNAs

B. vulgaris, H004
Neutral salt (NaCl:Na2SO4,

1:1) and alkaline salt
(Na2CO3)

Mild neutral salt and alkaline conditions led to a significant
increase in total biomass, leaf area, and photosynthesis [61]

B. vulgaris, KWS0143
and Beta464

0, 25, 50, 75 and 100 mM of
mixed (Na2CO3:NaHCO3,

1:2) alkaline conditions

The levels of photosynthetic pigments were remarkably
diminished by high alkaline stress (75 and 100 mM)

[62]Sugar beet displayed resistance to alkaline stress through
osmotic adjustment and antioxidant enzymes under mild

alkaline stress

B. vulgaris L. var. cicla 50 and 100 mM alkaline salt
(NaHCO3 and Na2CO3, 9:1)

Growth retardation due to high pH, CO3
2−,

and HCO3
– toxicity

[66]
Lower GB levels under 50 mM alkaline stress than 50 mM salt

stress, whereas no significant alterations in proline levels

B. vulgaris, Gantang7 0, 15, 25, 50 and 100 mM
NaHCO3

Among 58 putative WRKY genes, 9 genes were found to be
responsive to alkaline stress (~15 mM–100 mM NaCHO3) in

both root and shoot [35]
Enhanced expression of BvWRKY10 gene in shoots and

BvWRKY16 expression in roots under alkaline conditions

B. vulgaris, KWS0143
75 mM alkaline solution

(Na2CO3:NaHCO3,
1:2, pH 9.67)

Differential expression of 1270 genes in alkaline stress-tolerant
cultivar KWS0143 under alkaline stress [36]

B. vulgaris, KWS0143

75 mM alkaline solution
(Na2CO3:NaHCO3, 1:2, pH

9.67) for short-term (3 d), and
long-term (7 d)

53 novel miRNAs responsive to long-term and short-term
alkaline stress [71]
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2.2. Cold and Heat Stresses

Because plants are sessile organisms, the ambient temperature has a profound impetus
on their entire life cycle, reflecting on their spatial distribution and seasonal behaviors [72].
Their surrounding temperatures also influence the plant growth rate and development,
and each plant system has its own set of minimum, optimum, and maximum range
of temperatures for survival [73]. Crop production varies depending on the severity
of temperatures [74]. Furthermore, plants differentially respond to cold or heat stress
according to their developmental stage. Hence, to circumvent the yield damages associated
with capricious climates, we need to accumulate the morpho-physiological responses for
individual crop varieties. Furthermore, more studies should be performed in order to
characterize stress-responsive genes and determine the molecular mechanisms under low
and high-temperature stresses in beets, as we have limited knowledge on beet responses to
temperature changes.

2.2.1. Cold Stress

Low temperature is one of the most important constraints, impeding plant growth,
distribution, biological activity, production, and, ultimately, economic yield [75]. The
sensitivity and responses of sugar beet to cold temperatures depend on its developmental
stage. Cold is known to drive several developmental events in sugar beet in early and later
stages, such as germination, growth, bolting, and accumulation of molassigenic products
in the roots [76]. In sugar beets, exposure to cold temperatures at the early seedling stages
causes severe root growth retardation and reduced sugar yield [75,77]. Although cold
temperatures (i.e.,−2 ◦C) result in loss of cotyledon viability, the seedlings at 3–4 leaf stage
can withstand freezing temperatures up to −10 ◦C [78,79]. Furthermore, sugar beet roots
and shoots show differential responses to cold stress. For instance, in three sugar beet
genotypes (GT1, GT2, and GT3), cold temperatures impacted taproot growth more than
the shoot growth [80]. It has been reported that there are variations in cold stress tolerance
and sensitivity among Beta germplasms [81]. Hence, to generate cold-tolerant varieties in
commercially essential crops such as beets, knowledge pertaining to their responses to cold
conditions is the most important prerequisite [82]. In some geographical sections, sugar
beet seeds are sown in early autumn to expose them to shallow winter temperatures (below
0 ◦C). This practice helps protect the sugar beets from pathogen Cercospora attacks and
drought stress [75]. Such an early seed sowing in fall, also known as “autumn sowing”, was
reported to produce sugar beets with better field emergence than the spring-sown beets [76].
Nevertheless, prolonged exposure of sugar beets at the young seedling stage to extreme
cold temperatures seriously limits the yield [75]. Cold-treated sugar beet plants displayed
a decrease in photosynthetic efficiency, quantum yield of PSII, leaf CO2 concentration,
CO2 assimilation rate, and leaf transpiration rate [40,80]. Moreover, compatible solutes
such as glucose, fructose, and raffinose in leaves were increased by 0 ◦C and 4 ◦C cold
treatments [40,80], but decreased in taproots in response to freezing temperature [40].
Consistently, under freezing conditions, the sucrose content decreased in roots, followed
by leakage of the root sap due to cell alteration in membrane permeability and infection
with microbes. Water infiltration due to rapid freezing/thawing can also lead to softening
of the root tissue and gradual rotting [83]. Rodrigues et al. [80] reported an interesting
finding for the first time. Vernalization (long-term cold treatment at 4–15 ◦C) leads to
a reversal of phloem translocation from taproots (sink tissue) to shoots (source tissue).
Redirection of sugar flux is required for induction of flowering in sugar beet. This process
might be the reason for the sugar beet sensitivity to freezing temperatures [80]. In a very
recent work, three sugar beet genotypes (GT1, GT2, and GT3) were evaluated for freezing
tolerance. Freezing temperatures caused the production of ROS, raffinose accumulation,
and transcription of genes involved in raffinose metabolism in leaves and taproots [40].
These results suggest that raffinose metabolism has a protective role against freezing injury
in sugar beet. Moreover, ROS-scavenging enzymes including SOD and CAT significantly
enhanced in response to 4 ◦C [40]. Consistently, the maximum expression levels of genes
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encoding antioxidant enzymes such as CAT, APX, ascorbate reductase, and glutathione
peroxidase (GPX) were seen at 4 ◦C, but the expression was reduced at 0 ◦C. The findings
indicate the temperature-dependent ROS production in sugar beet plants.

To date, very few sugar beet genes that function in cold stress response have been func-
tionally characterized under cold stress conditions. In some reports, the transcript levels of
genes involved in photosynthesis and compatible solute biosynthesis were investigated
in cold-treated beets. For example, Rodrigues et al. [80] reported a sharp increase in the
expression of photosynthesis-related genes encoding rubisco activase, rubisco small sub-
unit, a chlorophyll a/b binding protein, and plastocyanin under cold stress. Kito et al. [39]
isolated and characterized two sugar beet genes, B. vulgaris RS1 and RS2 (BvRS1 and
BvRS2), encoding raffinose synthase, which is involved in raffinose biosynthesis. The
transcript levels of BvRS1 and BvRS2 genes were induced by cold stress in sugar beet leaves
and roots [39]. Similarly, in a very recent study, the transcript abundances of galactinol
synthase encoding genes, GOLS2 and GOLS3, and two RS genes, BvRS2 and BvRS5, were
increased by freezing temperature [40]. Surprisingly, the expression of BvRS5 gene and
raffinose amounts remarkably induced in the taproots of freezing-tolerant beet cultivars,
GT2 and GT3, but not in the sensitive one, GT1. As compared to other beet genotypes, the
GT2 showed the maximum expression levels of GOLS and RS genes and raffinose levels
in taproots, indicating the highest freezing tolerance in GT2 [40]. These findings suggest
that the survival of taproot tissue under cold stress might depend on the accumulation
of raffinose. As compatible solutes and antioxidants, raffinose family oligosaccharides
have important roles in plant response to abiotic stress and stabilizing membranes and
proteins [84,85]. In addition to genes involved in raffinose metabolism, the B. vulgaris
Integral Membrane Protein (BvIMP) gene is the closest homolog of A. thaliana early response to
dehydration-like 6 (AtERDL6), which was previously reported for its cold stress-responsive
function [86]. Cold stress may lead to elevations in the transcription of BvIMP gene and
vacuolar sugar trafficking in sugar beet leaves, which is critical for cold stress response and
seed germination [37]. Ectopic overexpression of BvIMP in Arabidopsis resulted in altered
glucose concentration during cold conditions, lower accumulation of monosaccharides, and
cold-sensitive phenotype compared to the wild-type [37]. In a recent study, Porcel et al. [38]
uncovered and isolated a novel endoplasmic reticulum-located aquaporin gene, B. vulgaris
COLD1 (BvCOLD1), which is specific to the Chenopodiaceae subfamily. The BvCOLD1 gene
is ubiquitously expressed in all tissues of sugar beet [38]; however, its expression was
not changed by cold stress [38,75]. In contrast to the wild-type plants, overexpression
of BvCOLD1 restored the membrane fluidity in transgenic Arabidopsis lines under cold
temperatures and rendered tolerance to cold stress, suggesting that it could be a useful
gene for developing biotechnological strategies in order to generate cold-tolerant beet
cultivars [38].

2.2.2. Heat Stress

Elevated temperatures and water deficit conditions tend to elicit similar impacts on
plant water content where the evaporation exceeds the water intake, eventually leading
to the plant wilting [87]. Across the globe, we face rapid climate changes and adverse
weather problems; hence, developing heat-tolerant crops is the need of the hour. High
temperatures impede many vital developmental events such as seed germination and
impact seed vigor and viability and seedling emergence, and eventually challenge their
survival [88,89]. Critical physiological processes, including photosynthesis and PSII activity,
were also affected due to electron transport chain block under heat stress [90,91]. Of late,
sugar beet cultivation is also expanding to the tropical and sub-tropical areas, and more
people pay attention to cultivation of the sugar beets in summer [29,92]. Ironically, there
are few studies aimed to select the heat-tolerant sugar beet cultivars. For the identification
of the heat-tolerant beet genotypes, currently, there are no universally approved criteria.
Different research groups used different parameters to evaluate the heat stress tolerance
in different beet cultivars. For instance, Malmir et al. [92] considered the seed vigor index

289



Plants 2022, 11, 12

and root length as evaluation parameters of heat stress tolerance in the early growth
stage [92]. To investigate the effects of heat on early growth in sugar beet, they compared
31 sugar beet genotypes under heat stress conditions. Among all the variants tested, the
tolerant genotype displayed relatively higher germination, seed vigor, plumule length,
and seedling length compared to other genotypes, suggesting that the tolerant one is a
prospective cultivar to expand the sugar beet cultivation to tropical areas [92]. Under high
temperatures, the leaf temperature, which is associated with vapor pressure deficit (VPD)
and stomatal conductance, is known to be enhanced [93]. Moreover, another recent study
showed the stress tolerance index (STI) and average root and recoverable sugar yields as
selection parameters to identify heat-tolerant lines among 18 sugar beet breeding lines [29].
Among them, six lines were found to have the highest yield, and two lines can sustain under
heat stress [29]. In a previous work, two fodder beet cultivars (Ecdogelb and Ecdorot) were
used to reveal the impacts of different light intensities and temperatures on fodder beet
physiology [94]. High temperature affected root weight ratio (RWR), dry leaf weight (DLW),
dry root weight (DRW), total dry weight (TDW), specific leaf area (SLA), net assimilation
rate (NAR), and relative growth rate (RGR) in both cultivars at low light intensity [94]. For
example, under high light intensity and temperature (20 ◦C), the cultivar Ecdorot exhibited
enhancements of leaf weight ratio (LWR). The highest RGR, RWR, and DLW levels were
recorded in response to high temperature and low light intensity in both cultivars. High
temperatures result in increments of the growth in root crops, but adversely impact the
final biomass [95]. When the temperature was increased from 14 ◦C to 19.6 ◦C, an increase
in the SLA was also observed [94]. Leaf area, which is used as a selection parameter of
drought-tolerant beet cultivars, determines the plant growth rate during initial phase of
development [96] and is associated with root and sugar yield [32]. Thus, we assume that
the leaf area could be an important parameter to enhance sucrose yield of beets under high
temperature conditions.

Unfortunately, so far, no beet genes have been functionally characterized under high
temperature conditions. Moreover, the knowledge on beet physiological and biochemical
responses is very limited. Hence, comprehensive studies should be performed in different
beet cultivars under heat conditions to gain a better understanding of heat tolerance
mechanisms in beets at different developmental stages. In Table 3, we summarize the low
and high temperature stress responses in cultivated beets.

2.3. Heavy Metal Stress

Generally, heavy metals are a group of metals and metalloids with atomic density more
than 5 g cm−3, or five times or more, greater than water [97], including lead (Pb), cadmium
(Cd), nickel (Ni), cobalt (Co), iron (Fe), zinc (Zn), chromium (Cr), arsenic (As), silver (Ag),
and the platinum group elements. Mining and smelting operations and agriculture have
caused heavy metal contamination of soils with Cd, copper (Cu), and Zn in many areas
of the world [98]. Moreover, due to vigorous mining and industrial activities, the metal
pollution in soils is becoming prevalent day by day and posing a severe threat to ecological
balance [99,100]. For example, in 2002, 22,000 t of Cd, 93,900 t of Cu, 783,000 t of Pb, and
1,350,000 t of Zn were released into the environment on the global scale [101,102]. The
buildup of heavy metals in arable lands results in contamination of soils, making them
unsuitable for cultivation of plants, including beets. Therefore, the need for collecting
scientific information regarding effects of various heavy metals on plants, response mecha-
nisms of plants to heavy metal stress, and agronomic management of this stress can not be
overemphasized.
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Table 3. Cold and heat stress responses in cultivated beets.

Beet Variety Stress Treatments Experimental Results Reference

B. vulgaris, Merak,
and Antic cultivars

Cold stress
(0 ◦C, 5 ◦C and 10 ◦C)

Some parameters, such as proline content, Fv/Fm ratio,
and root dry matter, were higher in cold-tolerant

varieties than sensitive ones [77]

Genetic diversity in cold tolerance of sugar beet
cultivars was observed at seedling stage

B. vulgaris, Bianca Cold stress
(−2 ◦C)

Prolonged exposure of sugar beets at the young seedling
stage to the cold stress seriously limits the yield

[75]After short-term cold stress, transcription factors and
genes involved in metabolic pathways were expressed

in sugar beet leaves and roots

B. vulgaris Cold stress
(−2 ◦C and −10 ◦C)

Sugar beet plantlets at the cotyledon stage completely
died at −2 ◦C; however, at the 3–4 leaf stages, the plants

can survive up to −10 ◦C
[78,79]

B. vulgaris Cold stress
(−5 ◦C)

Freezing injury results in an increase in tonoplast
permeability for sucrose

[83]Under freezing conditions, the sucrose content
decreased in roots, followed by leakage of the root sap
due to cell alteration in membrane permeability and

infection with microbes

B. vulgaris, NK-210 mm-0 Cold stress
(4 ◦C)

The transcript levels of two sugar beet genes, B. vulgaris
RS1 and RS2 (BvRS1 and BvRS2), encoding raffinose
synthase, were induced by cold stress in sugar beet

leaves and roots

[39]

B. vulgaris genotypes;
GT1, GT2, and GT3

Cold stress
(12 ◦C, 4 ◦C, and 0 ◦C)

Raffinose accumulation and transcription of genes
involved in raffinose metabolism in leaves and taproots

have been observed under low temperature
[40]

B. vulgaris, belladonna Cold stress
(4 ◦C)

Ectopic overexpression of BvIMP in Arabidopsis led to
altered glucose concentration under cold conditions,

lower accumulation of monosaccharides
[37]

B. vulgaris Cold stress
(10 ◦C)

Overexpression of BvCOLD1 restored the membrane
fluidity in transgenic Arabidopsis lines under cold stress

and rendered tolerance to cold
[38]

B. vulgaris var. altissima
Döll

Heat stress
(20 ◦C and 30 ◦C)

Among 31 sugar beet genotypes, the tolerant genotype
exhibited higher germination, seed vigor, plumule

length, and seedling length under heat stress
[92]

B. vulgaris, USKPS25 and
USC944-6-68 breeding

lines

High temperature
conditions in the field

experiments

The stress tolerance index (STI) showed positive
correlation with average root and sugar yields, which

were used as selection parameters to identify
heat-tolerant lines

[29]

B. vulgaris var. crassa
Mansf.

Fodder beet cv. Ecdogelb
and Ecdorot

Heat and cold stress
(18.28, 19.58, 18.26, 17.61,

and 14.1 ◦C)

Two fodder beet cultivars showed the highest levels of
RGR, RWR, and DLW under high temperature and low

light intensity
[94]

Exposure of plants to toxic levels of heavy metals causes various metabolic and
physiological alterations depending on the metal of concern, level of stress, plant species,
cultivar, and other biotic and abiotic factors [103–105]. Most of the mineral ions such as
Zn, Ni, manganese (Mn), etc., are required for all metabolic activities in plants at miniscule
amounts. However, if the metal ion presence exceeds the threshold, they tend to exert
detrimental effects on plant metabolism, resulting in leaf chlorosis, necrosis, turgor loss, a
decrease in the rate of seed germination, and a crippled photosynthetic apparatus, which
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could cause plant death [106–108]. Among the heavy metal ions, Cd, Zn, and Cu are
reported as the most toxic metals, with serious health hazards to humans when they
infiltrate the food chain [109]. Like other plants, heavy metals adversely affect the sugar
beet as they proscribe various metabolic activities [27,110,111]. For example, heavy metals
such as Pb damage the vacuolar membrane in red beet taproots [112]. Lead is one of the
most toxic metals for plant cells, and it negatively affects plant growth, photosynthesis,
respiration, and membrane transport [113]. Cd treatment in B. vulgaris caused growth
retardation, leaf chlorosis, and increased root/whole plant ratio [114] with decreased root-
tip respiration and photosynthesis [110,114]. As compared to control plants, Cd-treated
plants exhibited lower shoot dry weights, photosynthetic pigments, and reduction in
water content of shoots and fine roots, dramatically [114]. Direct application of Cd on
isolated leaves, protoplasts, and chloroplasts inhibited CO2 fixation without affecting the
PSI or PSII and dark respiration rate, whereas indirect Cd application through the culture
medium decreased the maximal quantum yield of CO2 assimilation [110]. Papazoglou
and Fernando [27] tested the growth and heavy metal tolerance of sugar beet plants in Cd-
and Ni-contaminated soil [27]. They found that the highest Ni concentration (20 g) was
lethal to the plants, and an interesting fact they found was that the single application of
Ni caused higher toxic effects than the combination of Ni and Cd [27]. Nevertheless, the
combination of Cd (5 g) and Ni (10 g) treatment resulted in a drastic reduction in fresh and
dry biomass of aerial parts and beets, and a decrease in plant height [27]. Very recently,
Haque et al. [43] found that toxic levels of Cd cause growth retardation of sugar beet plants
because of low iron levels resulting in photosynthetic inefficiency, and cellular oxidative
stress [43]. Cd-treated plants displayed sensitivity to oxidative stress, leading to an increase
in levels of O2

− and H2O2 in roots and shoots. In addition, Haque et al. [43] examined the
antioxidant defense system in sugar beet under heavy metal stress and found that Cd stress
caused an enhancement of CAT enzyme activity in the shoots, whereas the activities of
other antioxidant enzymes such as SOD, APX, and GR did not change in neither roots nor
shoots. Furthermore, the results from a previous study indicated reduced uptake of N, P,
Mg, K, Mn, Cu, and Zn upon Cd toxicity [114]. Similar to Cd stress, Zn toxicity decreased
macronutrient concentrations (N, K, and Mg), whereas it enhanced the P level in shoots
as well as roots [115]. In sugar beets, Cu and Zn treatments also significantly reduced
plant growth, shoot and root lengths, and dry weight [116]. At high Cu concentrations, the
shoots showed turgor loss, but lower Cu concentration did not affect plant growth [116].
Sagardoy et al. [115] reported that the toxic level of Zn reduced water content, leaf numbers,
and root/shoot ratio, along with wrinkled and chlorotic leaves in sugar beet [115]. Root
proteome analysis of sugar beet showed slight changes in metabolism under low and mild
Zn levels, but higher levels of Zn led to cell death and cessation of metabolism through
decreasing aerobic respiration and damaging defense systems required for oxidative stress
response. Thus, the results showed that toxic Zn levels caused damages to the oxidative
stress defense mechanisms due to Zn competition with divalent cations such as Fe, which
might strengthen the symptoms of Zn toxicity in plants [117]. In summary, the results
denote that the degree of toxicity of heavy metals on plant metabolism depends on plant
species, the duration of stress, and type and concentration of heavy metals they were
exposed to [111].

Several studies highlighted foliar uptake of heavy metals and their effects on the
membrane permeability through the cuticle and percentage of open stomata in sugar
beet [118,119]. A previous study demonstrated that sugar beet seedlings grown in nutrient
solution containing high concentrations of CdCl2 showed an increased leaf transpiration
rate and a decreased stomatal aperture area. Thus, higher Cd concentrations affected the
permeability of the leaf cuticle [119]. Apart from seedlings, Cd stress was also shown to
negatively influence sugar beet taproot growth. For instance, long-term Cd exposure caused
decreased sucrose uptake and diminished dry weight in taproots, but the direct addition
of Cd2+ to the medium enhanced the sucrose uptake at the tonoplast [120]. Increased
accumulation of Cd lowered the contents of glucose, fructose, and sucrose in both shoots
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and roots of sugar beet [121] and inhibited the activity of plasma membrane H+-ATPase
(PM H+-ATPase) [122]. Additionally, in several studies, changes in the activity of enzymes
related to metal homeostasis and nitrate metabolism were investigated in heavy metal-
treated sugar beets. For instance, the activity of ferric chelate reductase (FCR) involved in
iron homeostasis was decreased under short-term exposure of Pb and Cd, but prolonged
exposure increased the FCR activity in sugar beet roots [123]. Recently, Haque et al. [43]
reported that the reduction in FCR activity and expression of iron-regulated transporter
1 (BvIRT1) gene suggested a negative impact of Cd in Fe acquisition. In another study,
the Pb-treated sugar beet plants exhibited altered Cu deficiency levels and increased FCR
activities [114]. When sugar beet plants were exposed to the highest concentrations of heavy
metals (Ni and Cd), the nitrate content and nitrate reductase (NR) activity dramatically
dropped in the leaves [111].

To cope with heavy metal stress, plants have developed certain strategies involving
two type of mechanisms, i.e., avoidance and tolerance [124]. The avoidance mechanisms
emphasize on limiting the uptake of heavy metals (e.g., Cd) into the plant, whereas tol-
erance refers to storing (e.g., in vacuoles) and accumulation of heavy metals by binding
it to peptides, amino acids, and proteins [125,126]. To limit uptake of heavy metals and
detoxify them, plants have developed certain mechanisms, including the development
of morphological structures such as thick cuticle and cell walls, mycorrhizal symbiosis,
and biologically active tissues such as trichomes [127–129]. Sugar beet, like canola, is a
non-mycorrhizal plant species, and therefore has a limited ability to phytostabilize heavy
metals and has been suggested as a source of phytoremediation of heavy metals [130,131]
despite the negative effects of heavy metals on beet growth, physiology, and metabolism.
For instance, among different crop plants tested, red beets have the capacity of removing Cd
from soils [130]. It has been reported that sugar beet plants have the ability to accumulate
Ni, Pb, and Cd [27,132]. Papazoglou and Fernando [27] suggested that sugar beet could be
a suitable crop for phytoextraction of Cd as it can accumulate Cd and produce biomass.
Similarly, Yadav et al. [132] compared several crops for their capacity to accumulate heavy
metals and found that sugar beets accumulated the highest amount of Cd and Pb among
the studied crops. These findings clearly suggest that sugar beet could be an efficient
source for phytoremediation of heavy metal-contaminated soils. Since heavy metals such
as Cd and Pb have serious effects on human and animal health, sugar beets grown on
heavy metal-contaminated soils must not be used for food and feed purpose, but only
for industrial purposes such as bioethanol production. Due to the hazardous nature of
heavy metals, heavy metal-contaminated areas are of limited use, and removal strategies
of excessive heavy metals from soils are required [133]. Phytoremediation is a promising
approach to dampen the toxic effects of heavy metal pollution by utilizing the artificial
hyperaccumulators. Transgenic plants, which can take up the persistent heavy metals, serve
as artificial hyperaccumulators. For instance, Liu et al. [131] found an important role of glu-
tathione (synthesized by γ-glutamylcysteine synthetase-glutathione synthetase) in cellular
tolerance of heavy metal stress. Overexpression of γ-glutamylcysteine synthetase-glutathione
synthetase (StGCS-GS) gene from Streptococcus thermophilus in sugar beet plants showed
the explicit role of StGCS-GS in enhancing Cd, Zn, and Cu tolerance and accumulation
of these metals in shoots of transgenic sugar beets [131]. Transgenic lines also displayed
resistance to different heavy metal combinations, i.e., 50 μM Cd-Zn, Cd-Cu, Zn-Cu, and
Cd-Zn-Cu, and had higher levels of glutathione (GSH) and phytochelatin (PC) compared
to the WT [131]. Moreover, a study by Dronnet et al. [134] concluded that the sugar beet
pulp is economical and highly selective in binding of divalent metal cations such as Cd2+,
Cu2+, Ni2+, Pb2+ and Zn2+; thus, it could be useful as a substrate to entrap heavy metals in
aqueous solution. Surprisingly, it was reported that the intake of juice extracted from red
beet roots protects the chickens from Cd-induced oxidative stress with enhanced immune
power [135]. However, it is unfortunate that the response mechanisms of cultivated beets
and wild beet to heavy metal stress is yet to be investigated in detail. Further compre-
hensive studies are necessary to examine the influences of heavy metal contamination on
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different beet cultivars, and yield and quality of bioethanol [27]. In addition, only few genes
have been reported for their involvement in heavy metal response in beets. For instance,
two MTP genes, BmMTP10 and BmMTP11 encoding metal-tolerant proteins from wild
beet (B. maritima), were found to render tolerance to high concentrations of Mn2+ when
expressed in yeast cells. Transcript level of BmMTP10 gene was augmented by the presence
of excessive Mn2+, but BmMTP11 transcription was not altered, suggesting that BmMTP10
and BmMTP11 proteins have non-redundant functions in Mn detoxification [41]. Thus, the
study demonstrated that the BmMTP10 protein, which is localized to the Golgi apparatus,
is specific to Mn2+ transport and decreased Mn2+ levels in yeast cells [42]. Ni detoxification
was regulated by a couple of genes in B. maritima named as toxic nickel concentration
(NIC), i.e., NIC3, NIC6, and NIC8 [42]. It was speculated that all three genes are involved
in tolerance to Ni toxicity. Yeast cells expressing a cDNA clone (NIC6) from B. maritima
showed substantially high tolerance to Ni but not to the other heavy metals such as Co, Cd,
and Zn [42]. Even though the excess Ni accumulation is toxic to plants, B. maritima plants
overcome the Ni-induced toxicity by internal sequestration, but not by effluxing Ni [42]. In
a very recent study, under Cd stress, sugar beet roots displayed higher levels of putative
inactive Cd/Zn-transporting ATPase (BvHMA3) and natural resistance-associated macrophage
protein 3 (BvNRAMP3) gene expression, suggesting that these genes might participate in
Cd uptake [43]. Interestingly, in response to Cd application, no significant changes have
been observed in the expression of phytochelatin 3 (BvPC3) gene encoding PCs [43], which
are involved in the detoxification of Cd [136].

Further studies on sugar beet are needed to investigate the physiological, cellular, and
molecular alterations induced by heavy metals to help plant biologists develop breeding
strategies to improve sugar beet cultivars with efficient phytoremediation ability and ability
to grow in heavy metal stress-affected fields [43]. In Table 4, we summarize the heavy metal
stress responses in beets.

Table 4. Heavy metal stress responses in beets.

Beet Variety Stress Treatments Experimental Results Reference

B. vulgaris, red beet 0.1–100 μM trimethyllead chloride
(Met3PbCl) Lead (Pb) damage the vacuolar membrane in red beet taproots [112]

B. vulgaris, Monohill 10 μM and 50 μM
Cd-EDTA or CdCl2

As compared to control plants, Cd-treated plants showed lower shoot
dry weights, photosynthetic pigments, and reduction in water content

of shoots and fine roots [114]

The reduction in uptake of N, P, Mg, K, Mn, Cu, and Zn due to Cd stress

B. vulgaris, Monohill

Direct Cd application (1, 5, 20, 50,
2000 μM CdCl2)

Indirect Cd application (5, 10,
20 μM CdCl2)

Direct application of Cd on isolated leaves, protoplasts and chloroplasts
inhibited CO2 fixation, whereas indirect Cd application through the

culture medium decreased the maximal quantum
yield of CO2 assimilation

[110]

B. vulgaris

0; 0.5; 5; 10 g Cd
0 1; 10; 20 g Ni

Cd + Ni (0 + 0, 0.25 + 0.5,
2.5 + 5, 5 + 10)

The highest Ni concentration (20 g) is lethal to the plants

[27]The single application of Ni causes higher toxic effects than the
combination of Ni and Cd

B. vulgaris 10 μM CdSO4

Cd stress causes growth retardation in sugar beets because of low iron
levels resulting in photosynthetic inefficiency, and oxidative damage

[43]Sugar beet roots displayed higher levels of BvHMA3 and BvNRAMP3
gene expression, whereas the reduction in ferric chelate reductase (FCR)

activity and expression of iron-regulated transporter 1 (BvIRT1)
gene was observed

B. vulgaris, Orbis 50, 100, and 300 μM ZnSO4

Zn toxicity decreased macronutrient concentrations (N, K, and Mg),
whereas it enhanced the P level in shoots as well as roots

[115]
The toxic level of Zn reduced water content, leaf numbers, and

root/shoot ratio along with wrinkled and chlorotic leaves
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Table 4. Cont.

Beet Variety Stress Treatments Experimental Results Reference

B. vulgaris, Orbis 50, 100, and 300 μM ZnSO4

High levels of Zn led to cell death and cessation of metabolism through
decreasing aerobic respiration and damaging defense systems required

for oxidative stress response
[117]

B. vulgaris,
Qaweterna

0.1, 1, 10, 100 μM
CuSO4, or ZnSO4

Cu and Zn treatments significantly reduced plant growth, shoot and
root lengths, and dry weight

[116]
At high Cu concentrations, the shoots showed turgor loss, but lower Cu

concentration did not affect plant growth

B. vulgaris, Monohill 0 to 10 μM CdCl2

Sugar beet seedlings grown in nutrient solution containing high
concentrations of CdCl2 showed an increased leaf transpiration rate

and a decreased stomatal aperture area. Thus, higher Cd concentrations
affected the permeability of the leaf cuticle.

[119]

B. vulgaris, Monohill 0, 1, 5 or 20 μM Cd2+
Long-term Cd exposure caused decreased sucrose uptake and

diminished dry weight in taproots, but direct addition of Cd2+ to the
medium enhanced the sucrose uptake at the tonoplast

[120]

B. vulgaris, Monohill 0, 5 or 50 μM Cd2+ Increased accumulation of Cd lowered the contents of glucose, fructose,
and sucrose in both shoots and roots [121]

B. vulgaris, Monohill

Short-term application: 10 and 50
μM CdCl2/Cd-EDTA, or 1 and 2
mM Pb-EDTA for 30 min and 1 h
Long-term application: 10 and 50
μM CdCl2, /Cd-EDTA, or PbCl2,
and 10; 50; 500; 1000 and 2000 μM

Pb-EDTA for 7–10 days

The activity of FCR involved in iron homeostasis was decreased under
short-term exposure of Pb and Cd, but a prolonged exposure increased

the FCR activity in roots
[123]

B. vulgaris, hybrid NS
Hy-11

10−4, 10−2, 1 mM NiSO4, or
CdCl2

When sugar beet was exposed to the highest concentrations of heavy
metals (Ni and Cd), the nitrate content and nitrate reductase (NR)

activity dramatically dropped in the leaves
[111]

B. vulgaris, US-8916 0, 50, 100, 200 μM CdCl2, ZnCl2,
or CuCl2

Overexpression of StGCS-GS from S. thermophilus in sugar beets
showed the explicit role of this gene in enhancing Cd, Zn, and Cu

tolerance and accumulation of these metals in transgenic sugar beets
[131]

B. maritima 75 μM NiCl2

Yeast cells expressing a cDNA clone (NIC6) from B. maritima showed
high tolerance to Ni

[42]
B. maritima plants overcome the Ni-induced toxicity by internal

sequestration, but not by effluxing Ni

B. maritima, TR 51196
8 mM Mn2+ for yeast cells

2 mM Mn2+ for
gene expression analyses

Two MTP genes, B. maritima MTP10 and MTP11 encoding
metal-tolerant proteins, were found to render tolerance to high

concentrations of Mn2+ in yeast cells [41]
Transcript level of BmMTP10 gene was augmented by the excessive

Mn2+, but BmMTP11 transcription was not altered

2.4. Ultraviolet (UV) Stress

Ultraviolet radiation (UV) causes various changes in metabolic activities of plants,
imposing malfunctions and retarded overall growth. The key processes in plants affected
by UV radiation include photosynthesis, biomass, respiration, transpiration, etc. UV-B
(280–320 nm) radiation becomes a serious threat to the organisms because of the reduction
in stratospheric ozone [137]. The stress triggers changes at molecular level by protein degra-
dation, altering the double helical structure of DNA and antioxidant contents, etc. However,
under UV stress conditions, plants adopt defensive tolerant mechanisms [138,139].
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We have very limited information about the physiological and biochemical responses
of beets to UV stress. Moreover, there are no reports on the molecular mechanisms and
genes involved in UV stress response in beets. A report by Panagopoulos et al. [140] demon-
strated that the leaves of sugar beets curled inwards and positioned towards light source
with 68% growth reduction over control (ROC) under yellow light, whereas the plants were
dead under a combination of yellow light and UV-B after three weeks [140]. They found
that some parameters such as leaf area, fresh and dry weights, and total chlorophyll levels
in sugar beet were decreased under UV radiation [140]. On the other hand, carotenoid
concentrations showed different patterns upon imposition of UV radiation. For example,
yellow light and a combination of white light + UV-B resulted in higher carotenoid contents,
suggesting the protective role of these pigments against photo-oxidation [140]. The study
also showed an increase in leaf peroxidase activity under the combination of white light
and UV-B [140]. The increased peroxidase activity and ultraweak luminescence upon UV-B
exposure and ascorbic acid incubated leaves represents a strong correlation in Hibiscus
leaves [141] and sugar beet [140]. In a recent study, the most widely cultivated Iranian
sugar beet variety, BR1, was used to analyze biochemical and physiological responses
against different doses (3.042, 6.084, and 9.126 kJm−2d −1) of UV-B radiation [142]. The
UV-B-treated sugar beet plants showed a drastic growth retardation with reduction in
fresh weight, dry weight, and height. Moreover, total chlorophyll and carotenoid contents
and photochemical efficiency of PSII were reduced in UV-treated plants. Interestingly, no
significant raise in the proline levels was noticed. Betalain levels increased by 8%, 28%,
and 34% with increased UV-B radiation of 3.042, 6.084, and 9.126 kJm−2d −1, respectively,
indicating that these water-soluble pigments possess tolerant metabolic function in sugar
beet varieties against UV-B radiation. Hence, it is likely that the BR1 variety is a suitable
plant material for areas with UV-B irradiation [142].

Levall and Bornman [143] showed the establishment of a reproducible regeneration
technique in sugar beet, wherein production of somaclonal variations was observed and UV-
B-tolerant plants were selected. After additional UV-B treatment, unselected somaclones
displayed significantly higher UV damage and lower carotenoid levels than the selected
plants [143]. The UV irradiation exposure in in vitro conditions exhibited more tolerant
callus parts than the protoplasts, paving the way for the selection of UV-tolerant sugar
beet somaclones [143]. In another study, Levall and Bornman [137] showed differences
between Cercospora-sensitive and -tolerant sugar beet plants upon the combined biotic
(Cercospora fungal infection) and abiotic (UV radiation) stresses. The line tolerant to fungal
infection was shown to be tolerant to UV-B alone and combined UV-B and biotic stresses;
however, the photosynthetic yield significantly reduced in the sensitive line [137]. A report
by Bornman et al. [144] showed that the UV-B radiation was not capable of penetrating
organelles such as chloroplasts, resulting in intact thylakoids [144]. On the other hand,
the ultrastructural image of sugar beet leaves showed prominent damages due to UV-B
radiation (290–320 nm), whereas UV-C (254 nm)-treated sugar beet plants showed fewer
structural changes, leading to a higher quantity of starch in chloroplasts, grana stacks fused
to each other, and decreased damage to the leaf surface [145].

The results described above suggest that beet plants are adversely affected by UV
stress conditions at the morpho-physiological level. However, molecular mechanisms and
UV stress-responsive genes in beets are still elusive. Further studies are needed to better
understand the UV stress response mechanisms at the morpho-physiological, biochemical,
and molecular levels in different beet cultivars. In Table 5, we summarize the responses of
cultivated beets to UV radiation.
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Table 5. UV stress responses in cultivated beets.

Beet Variety Stress Treatments Experimental Results Reference

B. vulgaris, inbred
genotype no. 22

Yellow light (350–450 nm)
Yellow light + UV-B

(350–450 nm + 280–320 nm)

The leaves curled inwards and positioned towards light
source with a 68% growth reduction over control under
yellow light, whereas the plants were dead under the

combination of yellow light and UV-B [140]

Yellow light and a combination of white light and UV-B
led to higher carotenoid levels

B. vulgaris, BR1 3.042, 6.084 and
9.126 kJm−2d −1 of UV-B

The UV-B-treated sugar beets showed a drastic growth
retardation with reduction in fresh weight, dry weight,

and height
[142]

Total chlorophyll and carotenoid contents and
photochemical efficiency of PSII were reduced, but the

betalain levels were increased under UV-B

B. vulgaris, inbred lines
S (CCA 242) and T

(GGO 480)

13 kJ m−2 d−1 of UV-B
Cercospora beticola

The sugar beet line tolerant to Cercospora fungal infection
was shown to be tolerant to UV-B alone and combined
UV-B and biotic stresses, but the photosynthetic yield

significantly reduced in sensitive line

[137]

B. vulgaris, Primahill,
derivative 9164

UV-B (290–320 nm)
UV-C (254 nm)

The ultrastructural image of sugar beet leaves showed
prominent damages due to UV-B (290–320 nm), whereas
UV-C (254 nm)-treated plants showed fewer structural

changes, leading to a higher quantity of starch in
chloroplasts, grana stacks fused to each other, and

decreased damage to the leaf surface

[144,145]

3. Concluding Remarks

As an economically important crop plant, cultivated beets have multifarious industrial
applications ranging from food and nutrition to sugar and bioethanol production. Despite
beet tolerance to different abiotic stresses [16,24], the cultivation of beets is often challenged
by various adverse environmental factors [34]. These climatic abnormalities are anticipated
to be more aggravated due to human industrial activities as well as global warming
effects. Hence, to meet the global food security demands, developing stress-resilient plant
genotypes is one of the most important topics for crop production in stress-affected fields.
However, selection of the suitable beet genotypes tolerant to environmental conditions is an
arduous task for plant breeders [29] as there is no clear and comprehensive understanding
about the stress signaling pathways and tolerance mechanisms in different climatic regions.
Even though our understanding of the heavy metal accumulation ability of beets is limited,
sugar beet plants have been suggested as a candidate for phytoremediation [28,126,135].
Sugar beets grown in contaminated soils pose a serious threat to human and animal health.
Therefore, use of sugar beets grown for phytoremediation must be limited to industrial
purposes, such as bioethanol production. Furthermore, we have limited experimental data
showing the molecular mechanisms underlying the stress response of B. vulgaris genotypes
under extreme temperatures (cold and heat), UV radiation, high pH, and heavy metals.
Although the beet cultivars show some degree of stress resistance, persistent exposure
to these abiotic constraints takes a toll of their development and growth potential. On
the other hand, the wild beet (B. maritima) displays better stress tolerance compared to
the modern beet cultivars as it is rich in allelic diversity [18,34]. Most likely, the modern
cultivars lost some of their stress tolerance traits during progressive domestication. While
utilizing the genetic variability in wild beet and stress-tolerant beets, we can ameliorate the
allelic diversity, which further eases the improvement of tolerant varieties.

Since several beet cultivars were introduced and acclimated to tropical and sub-tropical
climates, it would be thus essential to establish the pan-genomic studies of beet cultivars
to uncover the precise genetic modifications responsible for the ecological adaptations.
Establishing the phenotypic and genotypic diversity of various beet cultivars grown in
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different climatic zones by utilizing the modern bioinformatic advents can enable us to
generate stress-resistant crops. Consequently, further investigations are necessary to design
breeding strategies under abiotic stress, and compare stress response mechanisms and
signaling pathways between cultivated beets and wild beet. In Figure 1, we summarize
morpho-physiological, biochemical, and molecular changes in beets under different abiotic
stresses including alkaline, cold, heat, heavy metals, and UV radiation.

Figure 1. Schematic representation of morpho-physiological, biochemical, and molecular alterations
in beets under alkaline, cold, heat, heavy metal, and UV conditions. This figure was created via
BioRender.com (accessed on 12 December 2021).
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