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Preface to ”Study of the Influence of Abiotic

and Biotic Stress Factors on Horticultural Plants”

In the face of rapidly changing environment and anthropogenic pressure, plants must develop

mechanisms allowing them to survive in the adverse conditions. Understanding the alterations under

stress and relationships among different organisms or environmental elements can help create more

favorable conditions and holistic approach towards not only the survival of plants but also for their

optimal growth and development. This reprint book is dedicated to the scientists especially interested

in environmental sciences, involved in plant physiology and biochemistry, as well as horticultural and

microbiological issues.

Global climate change is expected to be critical over the century, leading to influences on different

parameters of the environment. First, biochemical, and physiological changes appear and affect plant

biomass and consequently limit the yield of crops. Instead of the up-to-date knowledge, deeper

approach about alleviating the stress effects is still vital in understanding the complexity of the

problem. Such direction of research may be the basics to obtain environmentally friendly methods

and tools to inhibit negative influence of stress agents on plants.

We have a great pleasure to present the scientists a set of studies entitled “Study of the Influence

of Abiotic and Biotic Stress Factors on Horticultural Plants”. The reprint book contains 12 papers

about the influence of the stress factors on the plant growth and soil parameters. The ideas of

the papers are gathered around five topics: (1) achieving better quality of plant material for food

production by changes made in the growth conditions, metabolic and genetic modifications; (2)

increasing the plant resistance to environmental stresses by application of exogenous compounds

of different chemical character; (3) reducing plant stress caused by anthropogenic activity applying

nonmodified and genetically modified plants (GMP); (4) mitigating drought stress by irrigation; and

(5) the positive effect of plant growth-promoting microorganisms on horticulture plants performance

during drought stress.

Agnieszka Hanaka, Jolanta Jaroszuk-Ściseł, Małgorzata Majewska
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Study of the Influence of Abiotic and Biotic Stress Factors on
Horticultural Plants
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malgorzata.majewska@umcs.pl (M.M.); jolanta.jaroszuk-scisel@umcs.pl (J.J.-Ś.)

* Correspondence: agnieszka.hanaka@umcs.pl

In changing environmental conditions, horticulture plants are affected by a vast
range of abiotic and biotic stresses which directly and indirectly influence plant condition.
Moreover, biomass production or some of the plant metabolites are expected to steadily
increase. Such expectations lead to research on the influence of different stressors and
their potential modifiers. It is extremely important to have a holistic approach to the
processes taking place in a plant that is affected by stress factors. At the same time, the
plant can be affected by very diverse factors that mutually affect and shape the plant
growth environment, such as the state of water supply—extremely low or, conversely, too
high—the impact of low or high temperatures, which in turn cause a state of drought,
increased osmotic pressure and salinity.

This Special Issue (SI) was planned with a structure to consider a large range of aspects
on stress factors affecting horticultural plants. It is a research summary on the influence of
the stress factors on plant growth and the soil parameters. The studies were investigated
at the cellular, tissue, organ and whole plant level. Authors described the impact of stress
caused by both climate change and human activity resulting in disorder of the optimum
temperature (low- and high-temperature stresses), water balance (water and drought stress
and irrigation) and the subsequent disturbance of soil parameters. The SI gathers eleven
research papers [1–11] and one review [12]. Three papers were dedicated to cold stress,
two to salt stress, two to inorganic pollutants such as metals and phosphite (Phi), three to
climate change (i.e., high temperature, water and drought stress) and two to irrigation. The
subject of the studies were different plant species, i.e., watermelon, lettuce, kale, potato,
tomato, grapevine, hops, orchid, strawberry and Buxus megistophylla.

Among the classical parameters used as indicators of plant condition are morpho-
logical, anatomical, physiological, biochemical and genetical ones [12]. Physiological,
biochemical and anatomical changes occurring in the plant under the influence of stress
factors should be especially strongly noticed and analyzed.

In the presented SI, the most frequently applied morphological features were: seed
germination, plant growth, leaf and berry area, leaf number, stem diameter and plant dry
weight [1–3,5,7–11]. Anatomical characteristics were based mainly on the evaluation of
epidermis and mesophyll quality and number of cells and chloroplasts [8]. Physiological
aspects were focused on water content in leaves, mineral elements (nutritional elements
and heavy metals, e.g., N, P, K, Mg, Ca, Mn, Fe, Cu, Na, Cl, Co, Cr, Ni, Pb), photosynthetic
pigments content (chlorophylls a and b, carotenoids), polyphenolic compounds content (e.g.,
polyphenols, phenolic acids and flavonoids), soluble sugars, acids and proline contents
and plant growth regulators (e.g., abscisic acid, indole-3-acetic acid, gibberellin A3) [1–11].
Biological traits were mostly lipid peroxidation (i.e., content of malondialdehyde; MDA),
level of reactive oxygen species (ROS, e.g., H2O2 and O2−•), activity of antioxidative en-
zymes (e.g., superoxide dismutase, peroxidase and catalase) and content of non-enzymatic
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compounds (e.g., vitamin C and lycopene) [2,4–11]. Additionally, expression of ethylene-
responsive factor genes was analyzed [4]. Some of the papers studied soil properties [1,9].
At the same time, attention was drawn to the close links between hormonal balance and
induction of plant immunity, in which regulatory functions are performed by signaling
substances (such as salicylic acid, jasmonic acid, ethylene) produced in the pathways of
phenolic compounds transformation under the influence of marker enzymes of the phenyl-
propanoid pathway [12]. Stress factors affect both the uptake of mineral compounds and
the process of photosynthesis, which can be monitored based on the biometric parameters
and the level of photosynthetic pigments (chlorophyll and carotenoids).

All these elements have been taken into consideration in twelve publications presented
in this SI, providing meaningful results revealing a series of events occurring as a conse-
quence of the influence of various environmental factors and explaining the operation of
plant defense mechanisms. In the largest number of works, the increase in polyphenols and
phenolic acids content and the activity of antioxidant enzymes has been shown because of
the action of the abiotic stress factors [1,2,4,9]. Accumulation of proline was observed in
salinity stress after chitosan (CTS) application [2], in low temperature stress (kale, Brassica
oleracea var. acephala) [3] and in the Phi supply (potato, Solanum tuberosum) [4].

The ideas of the research papers gathered under the titled “Study of the Influence of
Abiotic and Biotic Stress Factors on Horticultural Plants” were divided into five sections.
They were dedicated to the following fields: (1) achieving better quality of plant material
for food production by changes made in the growth conditions, metabolic and genetic
modifications; (2) increasing the plant resistance to environmental stresses by application of
exogenous compounds of different chemical character; (3) reducing plant stress caused by
anthropogenic activity applying non-genetically modified and genetically modified plants
(GMP) and (4) mitigating drought stress by irrigation, whereas the main goal of the review
paper [12] was to discuss (5) the positive effect of plant growth-promoting microorganisms
(PGPM) on horticulture plant performance during drought stress.

(1) Better quality of plant material for food production.

To achieve better plant material for food production, changes can be made in the plant
growth conditions, its metabolism and genetic material [3,5–7].

Manipulations leading to an increase in the stress tolerance of a plant may not always
allow us to obtain new varieties with better parameters. Such an example was the research
on Vitis vinifera L. varieties [3] in the wine industry, it seems crucial to find the answers to
two questions: (1) do the new genotypes of the pathogen-resistant grapevines (new geno-
types with low sensitivity to biotic stress) keep good qualities of fruit? and (2) how do the
new varieties react to global climate warming? Frioni et al. [3] proved that the production
and fruit composition traits during ripening of several new cross-bred pathogen-resistant
grapevine varieties (patented and admitted to cultivation) are significantly lower than two
V. vinifera traditional varieties, Ortrugo and Sauvignon Blanc. In these studies, five white
pathogen-resistant varieties (PRV) listed as UD 80-100, Soreli, UD 30-080, Sauvignon Rytos
and Sauvignon Kretos were tested. All tested PRV exhibited an earlier onset of veraison
and faster sugar accumulation compared to Ortrugo and Sauvignon Blanc. Such effects
could suggest an earlier start of the harvest. Therefore, canopy and ripening management
strategies must be significantly adjusted compared to the standard practice employed for
the parental Sauvignon Blanc. Overall, PRV could perform better in cooler climates, in
north-facing hillsides, or at higher altitudes, where their good resistance to mildews could
match an adequate grapes’ biochemical balance. Moreover, retaining adequate acidity at
harvest is crucial to produce high-quality white wines [3].

Not only genetic manipulation leading to obtain the new varieties, using cold-tolerant
rootstocks to efficient adaptation plantlets, or regulation of the growth temperature, but
also the nearness of other plants can improve growth parameters and fruit quality of the
horticultural plants in stress. Such a phenomenon was observed by Karakas et al. [5]. They
showed that strawberries, as salt-sensitive plants, reacted strongly to slight or moderate
salinity, reducing the crop yield and quality of fruits. Salt stress negatively affected the
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growth, stomatal conductance, electrolyte leakage, contents of chlorophyll, proline, H2O2,
MDA, activity of catalase and peroxidase and content of the health-related compounds such
as vitamin C and lycopene. On the other hand, when strawberry seedlings were grown in
combination with Portulaca oleracea L. under NaCl stress condition, not only an increase
in weight of the green parts of the plant and the total fruit yield of strawberry plants, but
also an improvement in physiological and biochemical parameters were observed. The
cultivation of strawberry plants with P. oleracea directly reduced the concentrations of stress
metabolites and antioxidant enzyme levels, as well as indirectly contributing to an increase
in vitamin C and lycopene contents. Therefore, Karakas et al. [5] suggested the use of P.
oleracea on the areas with significant salinity as an environmentally friendly method to
diminish salt stress.

The plant struggle with stress may be manifested by changes in metabolism and the
accumulation of various compounds. For example, kale tolerance to low temperatures is
associated with the presence of specialized metabolites such as polyphenols, carotenoids
and glucosinolates, which can act not only as protective factors against environmental stress
for the plant, but they can also be a source of beneficial compounds for human health [6].
Ljubej et al. [6] observed that a short (24 h) chilling period (8 ◦C) was beneficial for the
accumulation of phytochemicals in kale. However, freezing temperatures (−8 ◦C) caused
significant stress and decrease in pigments and phytochemical compound levels. The
studies suggested that the temperature of kale cultivation should be controlled by producers
to achieve production of crops with a high content of health-related compounds [6].

Lu et al. [7] proved that using cold-tolerant rootstocks may be an efficient adaptation
strategy for improving stress tolerance in watermelon (Citrullus lanatus (Thunb.), cv. ZaoJia
8424). It was demonstrated that the improved cold tolerance was associated with gourd-
grafted watermelons compared to non-grafted (control) plants. Grafted plants accumulated
lower levels of ROS, consequently representing enhanced antioxidant activity. Under
cold stress, higher chlorophyll and proline contents and lower MDA content were also
determined [7].

(2) Exogenous compounds in plant resistance to environmental stresses.

To mitigate stress, growth of horticultural plants can be supported with exogenous
substances during agrotechnical treatments such as 24-epi-brassinolide (EBR) on tomato [4],
5-aminolevulinic acids (5-ALA) on Buxus megistophylla [10] and CTS on lettuce (Lactuca
sativa L.) [11].

The exogenous EBR used by Heidari et al. [4] as analog of brassinosteroids eliminated
the effects of oxidative stress induced by low temperature in cold-sensitive tomato species.
24-epi-brassinolide decreased the ROS content, simultaneously increasing antioxidant
enzymes activity, auxin and gibberellin contents, then improved the growth rate of the
tomato.

Yang et al. [10] detected that 5-ALA promoted the growth of B. megistophylla, improved
plant survival, increased leaf color and enhanced the greening effect. The content of several
kinds of mineral nutrient elements, such as nitrogen, phosphate, calcium, magnesium, iron,
copper and boron in leaves of B. megistophylla was strongly increased by 5-ALA treatment.
Unfortunately, a negative effect was also observed. Under this treatment, accumulation of
cadmium, mercury, chromium and lead in roots increased. Luckily, these toxic elements
were intercepted in roots without translocation and accumulation in leaves. The activities
of antioxidative enzymes and the stress resistance of plants were enhanced. According
to the results, 5-ALA, as a specific activator of biochemical pathways, can lead to both
favorable and unfavorable alterations in metabolism. Therefore, Yang et al. [10] recommend
application of this non-protein amino acid in urban landscapes to improve stress tolerance
of ornamental plants.

It has been proven by Zhang et al. [11] that CTS, the classic, widely commercially used
elicitor of plant immunity protecting plants against phytopathogens, can be effective in
protecting the plant (Lactuca sativa) against the effects of the abiotic factor—excessive salt
concentration. Most likely, its direct protective effect under salinity condition was associated
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with the regulation of intracellular ion concentration, controlling osmotic adjustment and
increasing antioxidant enzymatic activity (e.g., peroxidase and catalase) in lettuce leaves.
Moreover, results of Zhang et al. [11] showed that exogenous CTS could improve plant
growth and biomass under salt stress. There is significant evidence that CTS curbed
the accumulation of sodium but enhanced the accumulation of potassium in the leaves
of NaCl-treated plants. This fact may be important for obtaining better-quality lettuce
and supplementing the deficiencies of K in the human diet [11]. Chitosan, as natural
polysaccharide, is a safe and cheap substance promoting plant growth and increasing the
biotic and abiotic stress tolerance of plants.

(3) Reduction of plant stress under anthropogenic activity by application of non-genetically
modified plants and GMP.

Human beings create habitats unfavorable for the development of plants. This is
the result of industrial and agricultural activity. Fortunately, the plants have also learned
to deal with this kind of stress. For example, Maleva et al. [8] found the Neottia ovata
growing in the young forest community formed during the natural revegetation of the
fly ash deposits (fly ash dump of Verkhnetagil’skaya Thermal Power Station). In Russia,
this orchid species is included in several regional Red Data Books, and it is especially
interesting to gather knowledge of the adaptive characteristics of orchids. The study of
orchid adaptive responses to unfavorable factors by Maleva et al. [8] will help to run the
process of the introduction of the N. ovata into new environments. The adaptive changes
in the leaf mesostructure organization, such as an increase in epidermis thickness, the
number of chloroplasts in the cell and the internal assimilating surface were found for
the first time by Maleva et al. [8]. The orchid population colonizing the fly ash deposits
was characterized by a relatively favorable water balance and stable assimilation indexes
further contributing to its high viability.

Crop production is expensive in the areas with low phosphorus (P) availability, and
for this reason Domatey et al. [2] were looking for other compounds that may serve as
a useful source of assimilable P for Solanum tuberosum L. According to this paper, it is
possible to apply Phi as fertilizer, only when plants stay resistant to this phosphorus form.
Like herbicides, Phi has an inhibitory effect on plant growth. The authors try to combine
these phenomena as a hypothetical advantage. Only if plant genotypes are resistant to
Phi could it be used both as herbicide to weed control and the source of bioavailable
P. Such a solution would be environmentally friendly. Furthermore, Domatey et al. [2]
showed significant genotypic variation in tolerance indices among the five tested genotypes
(Atlantic, Longshu3, Qingshu9, Longshu6 and Gannong2). Firstly, antioxidant enzyme
activities and proline content increased significantly under Phi treatments compared to
control without Phi. Secondly, potato genotypes with larger root systems such as Atlantic
and Longshu3 were more tolerant to Phi stress than genotypes with smaller root systems
(Qingshu9, Longshu6 and Gannong2) [2].

(4) Mitigation of drought stress by irrigation.

Plants require an adequate amount of water during the growing season. Nowadays,
this is a rising problem because there is not enough water in many parts of the world, even
in areas where such shortages did not occur in the past. Luckily, water limitations can be
partially eliminated using various irrigation methods, e.g., by flooding the inter-row [1]
or more precisely drip irrigation that supplies water directly to the place where the plant
grows out of the soil [9].

Flooding the inter-row is still the most frequently used irrigation method for hop
(Humulus lupulus L.) in northern Portugal. Afonso et al. [1] showed that using this type
of irrigation to prevent drought stress can worsen the condition of the soil in inter-rows.
The irrigation of the hop fields by flooding the inter-row for more than 20 years caused
decreased porosity and increased soil bulk density in the 0–10 cm soil layer in comparison to
the 10–20 cm layer. Fortunately, it did not damage the soil structure of ridges, which are the
place of nutrient accumulation’s gradual uptake by hop plants. Although irrigation and soil
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tillage have damaged the soil structures, they did not create the negative nutrient gradient
along the row. Moreover, they refilled water deficiencies during plant development, and the
quality of the hop cone yield was sufficient, but on the other hand, the water consumption
was too high [1].

Limited water resources force more economical use of water by precise irrigation
techniques. It is important to accurately follow the plants’ water needs, and correctly
predict the moments of deficiency supplementation. New irrigation techniques based on
biological parameters and very precise calculations can serve as an adequate solution. It is
important to follow exactly the first reactions of the plants to water restrictions to finally be
able to use less water [9].

Ru et al. [9] devoted the article to the above topic. The authors searched a reliable
method to easily quantify and monitor the grapevine water status to enable effective
manipulation of the water stress of the plants. It was shown that the study on a daily
stem diameter variation of grapevine planted in a greenhouse could be helpful to precise
irrigation management of plants. The relative daily variation of the grapevine stem diameter
from the vegetative stage to the fruit stage was related to different irrigation levels. Both
signal intensity calculation of maximum daily shrinkage (SIMDS) and daily increase (SIDI)
can be applied as indicators of the moisture status of grapevine and soil. Ru et al. [9]
concluded that SIDI was suitable as an indicator of water status of grapevine and soil
during the vegetative and flowering stages, whereas SIMDS was suitable as an indicator
of the moisture status of plant and soil during the fruit expansion and mature stages. In
general, SIMDS and SIDI were very good predictors of the plant water status during the
growth stage and their continuous recording can offer the promising possibility of their
use in programming automatic drip irrigation of the grapevine [9].

(5) The positive effect of PGPM on plant performance during drought stress.

Trend towards temperature rise contributes to water evaporation and global warming,
eventually leading to drought stress in plants. The review paper of Hanaka et al. [12]
discussed the positive influence of PGPM on horticulture plant performance during drought
stress. Among mechanisms of plant protection by rhizospheric or plant surface-colonizing
and endophytic bacteria and fungi are the production of phytohormones, antioxidants and
xeroprotectants, and the induction of plant resistance. On one hand, application of various
biopreparations containing PGPM seems to be a relatively cheap, easy to apply and efficient
method of alleviating drought stress in plants, with implications in productivity and food
condition. On the other hand, the vital problems of using biopreparations containing PGPM
include limitations in introducing the microbial inoculum to the appropriate conditions and
the low repeatability of their activities. Microorganisms that promote plant growth and at
the same time induce physical and chemical alterations that result in enhanced tolerance to
abiotic stresses, constitute an important separate group called “induced systemic tolerance”
(IST). It should be strongly emphasized that a significant enhancement of the protective
effect in drought conditions is achieved by using a mixture of bacterial strains (e.g., from
genus Bacillus and Serratia), which indicates the synergistic effect of IST strains. It is also
very important to emphasize the special role of fungi in protecting plants against drought.
Fungi are more tolerant to drought than bacteria and their abundance in soil increases
in water-limiting conditions. This is due to the specific fungal growth and traits which
allow an intensive soil and plant tissue exploration and colonization and taking water from
resources unavailable to other microorganisms.

Studies on the protection of horticultural plants influencing drought stress indicated
that the application of well-selected microorganisms can be efficient [12]. Biopreparations
should be multicomponent to achieve an appropriate level of microorganism cooperation
and the final desired effect. Moreover, the combination of bacterial and fungal strains into
one preparation gives even better effectiveness and reliability. Crop specificity should also
be taken into consideration.
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Stolarz, M. Plant Tolerance to

Drought Stress in the Presence of

Supporting Bacteria and Fungi: An

Efficient Strategy in Horticulture.

Horticulturae 2021, 7, 390. https://

doi.org/10.3390/horticulturae7100390

Academic Editor: Alessandra

Francini

Received: 1 September 2021

Accepted: 5 October 2021

Published: 11 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Department of Plant Physiology and Biophysics, Faculty of Biology and Biotechnology,
Institute of Biological Sciences, Maria Curie-Skłodowska University, Akademicka 19, 20-031 Lublin, Poland;
emilia.reszczynska@umcs.pl (E.R.); maria.stolarz@umcs.pl (M.S.)

2 Department of Industrial and Environmental Microbiology, Faculty of Biology and Biotechnology,
Institute of Biological Sciences, Maria Curie-Skłodowska University, Akademicka 19, 20-031 Lublin, Poland;
ewa.ozimek@umcs.pl (E.O.); jolanta.jaroszuk-scisel@umcs.pl (J.J.-Ś.)
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Abstract: Increasing temperature leads to intensive water evaporation, contributing to global warm-
ing and consequently leading to drought stress. These events are likely to trigger modifications
in plant physiology and microbial functioning due to the altered availability of nutrients. Plants
exposed to drought have developed different strategies to cope with stress by morphological, physio-
logical, anatomical, and biochemical responses. First, visible changes influence plant biomass and
consequently limit the yield of crops. The presented review was undertaken to discuss the impact of
climate change with respect to drought stress and its impact on the performance of plants inoculated
with plant growth-promoting microorganisms (PGPM). The main challenge for optimal performance
of horticultural plants is the application of selected, beneficial microorganisms which actively sup-
port plants during drought stress. The most frequently described biochemical mechanisms for plant
protection against drought by microorganisms are the production of phytohormones, antioxidants
and xeroprotectants, and the induction of plant resistance. Rhizospheric or plant surface-colonizing
(rhizoplane) and interior (endophytic) bacteria and fungi appear to be a suitable alternative for
drought-stress management. Application of various biopreparations containing PGPM seems to
provide hope for a relatively cheap, easy to apply and efficient way of alleviating drought stress in
plants, with implications in productivity and food condition.

Keywords: climate change; drought stress; biopreparations; plant stimulation; plant growth-promoting
microorganisms

1. Introduction

The horticulture system is affected by various abiotic and biotic stresses which directly
and indirectly influence soil fertility, plant health and crop yield [1–3]. These stresses result
in the loss of soil microbial diversity, soil fertility and availability of nutrients [4]. The
condition of the soil under drought strictly corresponds to plant performance, showing
consequences in plant morphology, anatomy, physiology, and biochemistry. With reduction
in seed germination and seedling growth, plant height, nutrition and biomass are weakened
resulting in yield limitation. The huge variety of changes taking place in horticultural
plants and the mechanisms of counteracting stress they produce result from a very wide
range of horticultural plant species, including types of crops such as those distinguished
by the International Society for Horticultural Science (ISHS): (1) tree, bush and perennial
fruits, (2) perennial bush and tree nuts, (3) vegetables (roots, tubers, shoots, stems, leaves,
fruits and flowers of edible and mainly annual plants), (4) medicinal and aromatic plants,
(5) ornamental plants, (6) trees, shrubs, turf and ornamental grasses propagated and
produced in nurseries for use in landscaping or for establishing fruit orchards or other
crop production units [5]. Facing the current, rapid climate changes, the cultivation of
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plants is strongly affected by abiotic stresses, which additionally intensify the influence of
biotic factors such as pests causing serious plant infections [4]. In this dramatic situation,
plant associations with rhizospheric [6,7] and endophytic [8,9] microorganisms colonizing
the rhizoplane, rhizosphere and plant tissues should be considered as the main stress
relievers [10–14]. Three types of effects of microorganisms associated with plants are
distinguished: beneficial, deleterious and neutral ones. Based on the positive effects of
microbes, two main groups are listed, plant growth-promoting rhizobacteria (PGPR) or
more generally, plant growth-promoting bacteria (PGPB) and plant growth-promoting
fungi (PGPF) [14–19]. All mentioned groups of microorganisms can serve as biocontrol
agents, biofertilizers, phytostimulators and phytoremediators [2,12,20–22].

The most frequently described biochemical mechanisms of plant protection against
drought by microorganisms are the production of phytohormones, antioxidants and xero-
protectants [23]. Trehalose can act as xeroprotectant triggering the plant-defense system to
counteract the damage caused by drought. It has been shown that microorganisms with
tolerance to desiccation have the ability to protect some plants from drought. It seems to
be dependent on the microorganism’s ability to regulate the concentration of trehalose in
the plant as a signal of drying damage.

In horticultural production, plant–microbe interactions should be considered the main
factor of plant growth, protection against abiotic stresses and resistance against adverse
conditions [24,25] (e.g., in arid and semiarid areas), and these interactions could also be
beneficial in alleviating drought stress in plants [26]. Profound knowledge about the
mechanisms of plant–microbe interactions can offer several strategies to increase plant
productivity in an environmentally friendly manner [27]. Therefore, in the increasing
market for plant growth-promoting products, it is important to develop a successful
strategy for microorganism screening [28]. Furthermore, the European Green Deal (EGD),
provided by the European Commission in December 2019, is currently focused on the
application of natural products in agriculture and horticulture instead of chemical plant-
protection products. To cope with this idea, new efficient biological ingredients in the face
of changing climate are desired. Nowadays, the most significant consequence of climate
change is drought stress [29].

To deal with severe drought stress in the near future, it is strictly necessary to de-
termine the interactions, mechanisms and signaling pathways responsible for increased
drought tolerance in terrestrial organisms. The concept of drought and water deficit is
difficult to define, but the literature data [30–32] indicate that drought can be defined as a
state of the total water capacity being within the range of 12–20% for a period of 16 days.
Moreover, the drought state can achieve at least two degrees—mild and severe [33]—while
the water deficit [34] refers to the state of water capacity falling below 30%. To handle the
drought effect, plants can be supported by both microorganisms inhabiting the rhizoplane
(i.e., those adhering to the surface of the roots) and rhizosphere (i.e., living at a further dis-
tance within the root secretions) [34,35], as well as endophytic microorganisms inhabiting
the inside of the root [36]. The application of plant growth-promoting microorganisms
seems to provide hope for a cheap, easy to apply and efficient way of alleviating drought
stress in plants with implications in productivity and food condition. The presented review
was undertaken to discuss the impact of climate change with respect to drought stress, and
to emphasize that modifications in microorganisms composition and their traits should
indicate new solutions in the search for efficient compounds of biopreparations supporting
plant growth.

2. Climate Change

Global climate change is expected to be considerably critical over the century, leading
to influences on various parameters of the environment [17]. Not only atmospheric CO2
concentrations derived from natural and anthropogenic sources, but also surface tempera-
tures will be increasing gradually, likely from 1.0 to 5.7 ◦C by the end of this century [37].
Moreover, some regions, such as the Eastern Mediterranean and Middle East (EMME),
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have been classified as a climate “global hot-spot”. In the EMME, the temperature is
predicted to increase from 3.5 to 7 ◦C by the end of the century [38]. Additionally, it is
anticipated that rising air temperatures will increase the frequency of extreme weather
disasters such as heat waves, drought and heavy precipitation occurrence to a level that
has never been monitored before [37]. These strongly temperature-dependent climate
changes, combined with water scarcity, will lead to enhanced drought throughout the
globe, hurting whole ecosystems and different organisms, including the distribution of
plants and microorganisms [17].

In climate studies, calculations concerning crop evapotranspiration are also impor-
tant [17]. For instance, in South East Europe, the mean annual crop evapotranspiration
in the period 1991–2020 reached from 56 mm to 1297 mm, while averages for the future
30 years (between 2021 and 2050), are expected to vary from 59 mm to 1410 mm [17]. These
predictions consider the impact of future climate warming. Global warming increases
water evaporation and consequently leads to drought stress [39]. High temperature is the
crucial factor in melting glaciers and increasing the sea level [8]. The changes in polar and
subpolar climate zones also correspond with climate warming [40–42].

Climate change results in altered environmental conditions and negative effects on
natural ecosystems, which are likely to trigger modifications in plant physiology [43] and
microbial functioning [44] based on the availability of nutrients [4] or signal compounds [2].
It is certain that not only plants, but also plant-associated microorganisms might be remark-
ably changed in abundance, diversity and activity [44,45]. Both increased temperature and
drought may activate correspondent adjustments in plants and microorganisms and their
mutual interactions [17]. The adaptational challenges of horticultural plants are not only
associated with long-term average climate change, but also with the short-term changes
driven by weather extremes and interannual fluctuations [46]. Drought-related cereal
production losses are increasing by more than 3% yr−1 [46]. In the face of the continu-
ous raise of the world population to an estimated nine billion by 2050 [47], withstanding
drought stress according to sustainable agriculture/horticulture is a challenge for the 21st
century [48].

3. Plants under Drought Stress

Drought is an uncontrolled stress which affects almost all stages of plant growth and
development directly or indirectly [43]. Most of the drought effects on plants are associated
with high temperature. Physiological processes occur mostly in temperatures ranging from
0 ◦C to 40 ◦C. However, the optimal temperatures for the different stages of growth and
development are narrower and strongly depend on the species and ecological origin [1,49].

Plants exposed to drought stress develop numerous responses in different areas, from
morphological and physiological mechanisms to anatomical and biochemical or molecular
ones [1,39,50] (Figure 1).

Four types of morphological and physiological response strategies to drought stress
are highlighted, i.e., tolerance, avoidance, escape and recovery [51] (Figure 2). Tolerance is
defined as the plant’s ability to resist dehydration using osmoprotectants [52]. Avoidance is
based on the undisturbed occurrence of physiological processes (such as stomata regulation,
root system development). Escape is the adjustment of the plant’s life cycle by shortening
of the life cycle to avoid drought stress. Recovery is the ability of a plant to restart growth
after the exposure to the extreme drought stress [53].

The morphological features of drought stress include limited seed germination and
seedling growth, reduced size, area and number of leaves, restricted number of stomata,
reduced number of flowers, disturbed stem and root elongation, impaired plant height,
growth, development and yield, and reduced fresh and dry biomass [7,39,50].
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Figure 1. Some morphological, anatomical, physiological and biochemical plant responses to drought stress (modified on
the basis of [1,39,50]).

Figure 2. Response strategies to drought stress (modified on the basis of [1,39,50,51]).
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In order to adapt to the adverse environment, avoid drought and improve water
availability, plants increase the root length and their number [54]. Drought significantly
affects the plant’s cell elongation and division, its growth and its development, which is
mainly caused by the reduction in cellular differentiation, plant growth and yield [50]. The
negative effect on the leaf area under the drought condition could be dependent on the
reduction in the leaf number, size and longevity, combined with temperature, leaf turgor
pressure and assimilation rate [55]. The reduction in plant height and shoot dry weight
results in a lower quality of yield [54].

The morphological responses are most frequently combined with anatomical changes
in plants exposed to drought, e.g., thickening of cell walls, increased cuticle layer on the
leaf surface and improved development of vascular tissues [8,56]. Drought stress results
in anatomical changes in the lower and upper epidermis, mesophyll tissue and vascular
bundle diameter of leaves [57]. The negative anatomical effects on the leaves are based on
a shortage of water supply from the soil, limitations in nutrients uptake, and reduction
in photosynthetic rate. Plant hydraulic conductivity is modulated during drought stress
leading to the disruption of water flow in the xylem vessels (embolism) or modifications in
the vessel size and function [58]. Consequently, the reduced water flow from the root to
the shoot causes stomatal closure and transpiration disruption [50].

Drought affects the physiological traits such as the leaf relative water content and
water potential, stomatal conductance, transpiration and photosynthetic rates [59,60].
Reduced water content and water conductivity are responsible for the loss of turgidity and
limited stomatal conductance resulting in restricted gaseous exchange (the rate of carbon
assimilation) [8,61]. Furthermore, climatic conditions, e.g., higher temperature, drought
and soil aeration reduce the movement of nutrients in the soil, their uptake by roots and
transport in plant tissues [62].

Photosynthesis can be disrupted through the modulation of the electron transport
chain and can increase the rate of biochemical reactions catalyzed by different enzymes.
Above a certain temperature threshold, enzymes lose their function, influencing the plant
tissue tolerance to drought [1,63,64]. Drought stress also affects the translocation of nu-
trients and the composition of minerals, antioxidants and proteins [39,52]. Under stress
conditions, reactive oxygen species (ROS) are highly generated [65,66] causing cell damage
and plant necrosis [67]. Additionally, plant hormones and primary and secondary metabo-
lites are modified [1]. Drought is the elicitor that can increase the content of secondary
metabolites in plant tissues such as flavonoids, phenolics or more specific molecules, e.g.,
glycosides and alkaloids [68,69].

Crosstalk between drought and salinity stresses results in secondary stresses such as
oxidative and osmotic ones [66]. Drought stress is a major agricultural problem world-
wide and almost all of the main agricultural lands are affected by drought stress. The
potential mechanisms of drought tolerance include: (1) production of phytohormones
(such as indole-3-acetic acid (IAA), cytokinins and abscisic acid (ABA)) (2) synthesis of ex-
opolysaccharides (3) activity of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase
(4) induced systemic tolerance [66,70].

4. Mechanisms of Resistance in Plants

Plants are capable of defending themselves against numerous stress factors, both
biotic and abiotic ones, by activating very effective pathways of immunity (Figure 3).
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Figure 3. Immune response of plants against stress factors (modified on the basis of [71,72]); PAL—phenylalanine ammonia-
lyase; TAL—tyrosine ammonia-lyase; ISR—induced systemic resistance, SAR—systemic acquired resistance; JA—jasmonic
acid; ET—ethylene; SA—salicylic acid; PR proteins—pathogenesis related proteins.

The plant might acquire resistance against phytopathogenic infection due to the in-
duction of plant defense responses driven by the very wide range of interactions with
above- and below-ground microorganisms [6,73,74]. Several microbial species have dis-
played plant-priming phenomena. The priming process of plants is typically known in
induced systemic resistance (ISR) and systemic acquired resistance (SAR), and microbe-
associated molecular pattern (MAMP)-triggered immunity. ISR is mediated through the
involvement of phytohormones, e.g., ethylene (ET) and jasmonic acid (JA), and the de-
fense responses against phytopathogenic microorganisms are activated very quickly. SAR
and MAMP-triggered immunity are induced as a first line, and unlike ISR, they utilize
salicylic acid (SA) as signal substance of the plant resistance pathways [6,73,74]. The
nonpathogenic microorganisms and various organic elicitors, mainly derived from mi-
croorganisms, act by inducing systemic acquired resistance (SAR) [75]. To elicit defense
responses in plants, microorganisms secrete several molecules such as antibiotics (i.e.,
2,4-diacetylphloroglucinol, phenazines synthesized by Pseudomonas species, and cyclic
lipopeptides such as surfactin, synthesized by Bacillus strains), volatiles, quorum-sensing
signals (N-acyl homoserine lactone of Gram-negative bacteria), proteins and small low-
molecular weight compounds [6]. Natural bioactive compounds of microbial, Protist or
plant origins with the ability to protect plants against phytopathogens can have fungicidal
effects (can kill pathogens) or fungistatic effects (can limit development of phytopathogens),
as well as being able to induce plant defense reactions as elicitors [71,76]. Every factor
(physical, chemical, biotic, abiotic and their mixture) that induces plant immunity or stimu-
lates the defense mechanisms in a plant is called an elicitor and is defined depending on its
origin and molecular structure [68]. MAMP-type molecules are exoelicitors of microbial
origin. Pathogen-associated molecular pattern (PAMP)-type molecules are exoelicitors of
pathogenic organism origin. Damage/danger-associated molecular pattern (DAMP)-type
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molecules are endoelicitors of plant origin released during phytopathogen infection or pro-
duced under various stresses, [77–79]. Receptor proteins in the plasma membrane-pattern
recognition receptors (PRRs) recognize particular molecular patterns of MAMP/PAMP
and DAMP molecules [80,81]. The priming or PAMP-triggered, (PTI)-type local immunity,
which arises in the absence of virulent pathogens, is due to the rapid onset of intracellular-
signaling-pathway activation leading to a very fast and effective defense responses in the
plant [82].

In plants, a range of abiotic and biotic elicitors can strengthen tolerance to drought
stress, including alginate-derived oligosaccharides, ketoconazole, 2-aminoethanol, ABA,
brassinosteroids, and beneficial microorganisms such as Rhizobium strains, endo- and exo-
mycorrhizal rhizospheric and endophytic nonpathogenic fungi. These elicitors reduced the
content of monodehydroascorbate, prevented the accumulation of ROS, increased activities
of antioxidant enzymes, and maintained fresh and dry weights, grain yield, and relative
water content in a variety of plants in response to drought stress [83]. The term “induced
systemic tolerance” (IST) has been suggested for PGPB-induced physical and chemical
alterations that result in enhanced tolerance to abiotic stresses [70,84,85].

5. Bacteria Supporting Horticultural Crops

The most promising solution for the future of modern horticulture seems to be the
skillful use of biopreparations in the conventional crops and not limiting their use to a
narrow range of ecological or organic farming crops. Biopreparations include at least three
types of products: (1) biocontrol, or biological plant protection inhibiting directly (antago-
nism, competition) or indirectly (defense responses) the growth of phytopathogenic fungi
or bacteria and other pests such as insects and nematodes, (2) biostimulation, positively
affecting the plant development, increasing the plant biomass and yield, and (3) biofertil-
ization, which provides nutrients and enhances plant nutrient uptake [6,29,71], (Table 1).
The components of these biopreparations are very diverse, ranging from various inocu-
lum types of microorganisms (either single or consortia of endophytic bacteria, fungi and
Protista strains belonging to the plant growth-promoting group), through to metabolites,
including phytohormonal and hormonelike substances or parts of microorganism cells,
to various metabolites and structural compounds derived from microorganisms, Protista
and plants often acting as the plant resistance elicitors [6,86]. Interestingly, the components
of biopreparations are composed in such a way that, while performing biocontrol, biofer-
tilizer and biostimulant functions [87–91], they reduce the impact of stresses caused by
the numerous and dynamically changing environmental factors. Among these factors are
rapid shifts in the temperature and humidity leading to the formation of drought, which
reduces the availability of nutrients.

A very common approach is the isolation and application of active microorganisms to
similar or the same plant and conditions, e.g., a Pseudomonas IACRBru1 strain isolated from
Eruca versicaria (rucola) tissues improved Lactuca sativa (lettuce) biomass (up to 30%) [92].
One of the critical steps for the successful application of microorganisms is their survival
and development in the new environment. In drought-stressed soils, the highest efficiency
of this inoculation could be achieved using drought-tolerant bacteria isolated from arid soils
or drought-resistant plants [93–95]. Bacteria classified as Bacillus subtilis, Bacillus altitudinis,
Brevibacillus laterosporus and Bacillus mojavensis were isolated from Cistanthe longiscapa, a
plant native to Atacama Desert in Chile [94]. A consortium of these microorganisms, with
various complementary properties such as phosphate solubilization, the ability to grow on
N-free culture, IAA, ACC-deaminase, and exopolysaccharide (EPS) synthesis, were applied
onto tomato seeds, improving seedlings growth under drought stress.
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Table 1. Selected activities of beneficial bacteria under drought-stress conditions in horticultural plant species; H—higher
level/content; L—lower level/content; GPX—glutathione peroxidase; CAT—catalase; Chl—chlorophyll; RWC—relative
water content; Fv/Fm—quantum efficiency of photosystem II; SOD—superoxide dismutase; MDA—malondialdehyde.

Bacteria Changes in Plants Plants Ref.

Bacillus pumilus

- H total biomass (to 34.9%)
- H antioxidant enzyme activities
- H flavonoids, polysaccharide and glycyrrhizic
acid contents

Glycyrrhiza
uralensis [96]

Bacillus sp. - H roots and shoots fresh and dry weight
- H shoot length

Cucumis
sativus [97]

Azotobacter chroococcum - L GPX activity (to 12.5%) Mentha pulegium [98]

Pseudomonas putida KT2440
(pUCP22:otsAB)

- H trehalose [11-fold vs. P. putida KT2440
(pUCP) without the gen]
- H fresh and dry weight
- H fully turgid weight
- H RWC

Capsicum
annuum cv. Maor [23]

Azospirillum brasilense - L GPX activity (to 14.7%)
- H CAT activity (2.6-fold vs. control) Mentha pulegium [98]

Variovorax paradoxus 5C-2

- H shoot dry weight
- H net photosynthesis
- H relative Chl content
- L proline content

Solanum
lycopresicum cv. Boludo F1 [99]

Rhodococcus sp. 4J2A2 xeroprotectant effect of trehalose
in preventing the biomolecules

Solanum
esculentum cv. F144 [23]

Azotobacter chroococcum
with

Azospirilum lipofrum

- H fresh weight
- H root growth and length
- H total phenolics content in leaves
- H peroxidase activity

Juglans regia [100]

Azotobacter chroococcum
with

Azospirillum brasilense

- H RWC (from 64.6% to 72.1%)
- H Fv/Fm (from 0.56 to 0.75)
- H SOD activity (from 34.7% to 57.2%)
- L GPX activity (to 26.9%)

Mentha pulegium [98]

Microbacterium sp. 3J1 or
Arthrobacter koreensis 5J12A or
Arthrobacter piechaudii 366-5

- H fresh and dry weight
- H turgid weight
- H RWC
- H roots and stems length

Capsicum
annuum cv. Maor [23]

Bacillus cereus AR156 with
Bacillus subtilis SM21 with

Serratia sp. XY21

- H proline content in leaves
- L MDA content in leaves
- L peroxidation in plasmalemma

Cucumis
sativus [82]

It is worth emphasizing that among the most frequently mentioned PGPR strains
of different genera, e.g., Pseudomonas, Bacillus, Klebsiella, Azotobacter, many Pseudomonas
species show a very high diversity of traits stimulating plant growth. For this reason,
many scientific laboratories are looking for such valuable isolates adapted to drought
conditions [101–103] (Table 1). Pseudomonas putida, isolated by Kumar et al. [101], syn-
thetized IAA, siderophore, ACC-deaminase, formed biofilm and solubilized phosphate.
Pseudomonas aeruginosa strain, isolated from North East India, additionally showed HCN
synthesis and endogenous osmolyte accumulation under the drought condition [103].
Sandhya et al. [102] also selected drought-tolerant Pseudomonas spp.: P. monteilli, P. putida,
P. stutzeri, P. syringae from the rhizosphere of crop plants.

Niu et al. [93] isolated drought-tolerant plant growth-promoting bacteria from Setaria
italica (foxtail millet) cultivated in arid soils. The bacterial strains identified in the roots
and bulk soil (e.g., Pseudomonas fluorescens DR7 and DR11, Pseudomonas migulae DR35 and
Enterobacter hormaechei DR16) synthetized ACC-deaminase under drought conditions. All
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the isolates produced EPS, but IAA activity was confirmed only in DR35 culture. Similarly,
Pseudomonas sp. isolated from Californian soil exposed to frequent drought also showed
significant production of EPS in response to desiccation [104].

Belonging to the PGPR family, Azospirillum spp. (Table 1) are a group of free-living
soil bacteria mainly known for their ability to fix atmospheric nitrogen but also for re-
leasing phytohormones, enhancing root growth, water and mineral uptake and plant
resistance to drought stress [105,106] (Table 1). As a microbial inoculant, Azospirillum spp.
could be crucial to improve fruit-tree acclimatization when transferred to the post-vitro
environment [106].

Mariotti et al. [105] revealed that Azospirillum baldaniorum cells and their metabolites
promote Ocimum basilicum cv. Red Rubin (purple basil) growth under the water stress
condition. This action was attributed to the synthesis and transport of phytohormones
that promoted plant growth and conferred tolerance to the abiotic stress. The plant leaves
treated with a relevantly high dose of the filtered culture supernatants of A. baldaniorum
contained significantly higher concentration of chlorophyll a and b, total chlorophyll,
carotenoids, and anthocyanins. In the presence of these bacteria, in the tissues of purple
basil, the concentration of stress-related phytohormones, ABA, JA and SA were higher.
Azospirillum brasilence accompanied by Pseudomonas sp. and Bacillus lentus also caused a
higher level of chlorophyll content in Ocimum basilicum grown under drought stress [107].

Moreover, at the end of the growing season, certain soil species, including soil-borne
endophytic microorganisms promoting plant growth (e.g., including Bacillus, Clostridium
and Sporolactobacillus genera), form endospores capable of remaining dormant in the soil.
It is extremely important that in adverse environmental conditions (e.g., drought, very
high or low temperature or higher amounts of incoming solar radiation) [1,108,109], when
spores encounter the appropriate conditions (for example in the next growing season),
they survive, germinate and the vegetative cells develop in the soil and are able to inhabit
plants [109].

A mixture of three PGPR strains (Bacillus cereus AR156, Bacillus subtilis SM21, and
Serratia sp. XY21) (Table 1) stimulated IST in drought stress in cucumber plants by main-
taining the root recovery intensity, reducing plasmalemma peroxidation, stabilizing the
osmotic potential, increasing photosynthesis efficiency and activities of SOD and cyto-
plasmic ascorbate peroxidase (APX) in the leaves, without involving the action of ACC
deaminase to the lower plant ethylene levels [83].

5.1. Bacillus Species in Drought Stress

Among the features of the soil-aerobic, rod-shaped cells of Bacillus species (Table 1)
contributing to the biocontrol mechanism is the synthesis and secretion of various an-
timicrobial peptides and very diverse antibiotics, enzymes, other proteins and organic
compounds [110,111]. Inoculation of Cucumis sativus (cucumber) with Bacillus cereus and
Bacillus subtilis strains along with Serratia sp. induced systemic tolerance to drought stress
in plants by maintaining photosynthetic efficiency, root vigor, increasing proline content
and enhanced SOD and CAT activities in the leaves [83]. In another experiment, to enhance
Lycopersicon esculentum (tomato) drought tolerance, Bacillus cereus AR156 supernatant was
applied. In the treated plants, chlorophyll a and b contents, as well as the activities of SOD,
POD and CAT were increased markedly after culture supernatant application [112].

Plant small heat shock proteins (sHSPs) act as molecular chaperones that prevent
irreversible aggregation of denatured proteins [85]. During drought stress, pepper plants
inoculated with Bacillus licheniformis K11 exhibited enhanced transcription of Cadhn, VA,
sHSP, and CaPR-10 genes [113,114]. In the study of Lim and Kim [113], the Capsicum
annuum (pepper) seedlings were treated with a Bacillus licheniformis strain originated from
Korean soil. Plants inoculated with drought-tolerant bacteria achieved higher shoot length
and dry weight, and the analysis of gene expression in pepper roots indicated higher levels
of expression of four genes related to drought and cold stresses. Bacillus sp. selected for
high levels of cytokine synthesis was introduced into 12-day old L. sativa grown in dry soil.
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After 3 weeks of seedlings inoculation, the increased amount of cytokinin and higher fresh
and dry weights of shoots were confirmed [115].

At the beginning of vegetative season, higher temperature induces microbial metabolism
(including releasing of inorganic available P to the soil solution by phosphate solubilizing
microorganisms (PSM)) [116]. Gradually, the lack of adequate precipitation, insufficient
soil moisture and high temperature decreased the soil microbial activity and the movement
of nutrients in the soil [62]. Bacillus strains are commonly known to be great phosphate
solubilizers [110]. Ying et al. [18] revealed high phosphatase activity of Bacillus megatherium
and inorganic phosphate solubilization of Bacillus saryghattati strains under drought stress.
Bacillus spp. (B. cultidtuctinus, B. subtilis, B. polymyxa and B. mojavensis) isolated from
the Cistanthe longiscapa rhizosphere grown in the Atacama Desert (Chile) also exhibited
phosphate-solubilizing activity [94].

It is worth noting that the activity of phosphate-solubilizing Bacillus strains support
very energy-consuming processes of nitrogen fixation. Available P is a crucial ingredient of
the energy source ATP. It can also replace conventional fertilization. An effective action on N
and P uptake by the Vicia faba (faba bean) seeds and straws was confirmed after inoculation
with the well-known phosphate-solubilizing bacterium Bacillus megatherium [117]. After
inoculation of the apple trees cv. ‘Topaz’ with ‘Mycostat’ (containing Bacillus subtilis among
strains promoting plant growth) the P root content was the same as in the tissues treated
with chemical NPK fertilizer [89]. In addition, when soil moisture declined, the limited
diffusion rate of nutrients, particularly P, from the soil matrix into the absorbing surface
negatively affected nodulation and biological nitrogen fixation [118].

Plants with symptoms of potassium deficiency show accelerated wilting and lower
yield, causing the loss of control of turgor-driven leaf movements [119]. Bacillus strains can
secrete acidic metabolites (e.g., oxalic, fumaric, lemon, tartaric acids) that dissolve various
minerals. Avakyan [120] demonstrated the ability to produce a thick EPS envelope by the
strain Bacillus mucilaginosus. Secretion of the acidic metabolites by B. mucilaginosus cells
creates a zone of strong acidification at the soil minerals’ surface and allows the dissolution
of mineral compounds. The polysaccharides secreted by these microorganisms additionally
strongly adsorb SiO3

−2 leaving bioavailable K cations for plants in the soil solution [121].
The plant root is involved in the perception and transduction of stress signals via

phytoregulators such as ET [122]. The increased level of ET causes premature aging
of fruits and vegetables; wilting of flowers and leafy vegetables and defoliation of the
mature leaves. Additionally, higher concentrations of ET in the rhizosphere inhibits
arbuscular mycorrhizal fungi colonization and the root nodulation of legumes. A Bacillus
subtilis (LDR2) strain isolated from the rhizosphere of drought-stressed plants, synthetizes
ACC deaminase-regulating ET concentration. In the experiment, a LDR2 strain revealed
protective mechanisms against the low water availability in soil, and improved Trigonella
plants’ weights (by 56%). Barnawall et al. [122] also demonstrated the enhanced nodulation
and arbuscular mycorrhizal fungi colonization in the plants, which caused better nutrient
uptake after inoculation of plants with B. subtilis.

In the face of climate change, certain future adaptations can be predicted by observing
the functioning of organisms in extreme environments. In addition, in natural adverse
ecosystems, except for the ability to form spores, microorganisms support plant growth
and simultaneously provide an optimal environment for the development of plants tis-
sues [111,117,123], e.g., Bacillus mojavensis was isolated from the very extreme environment
of the Mojave Desert in California [111]. All the strains belonging to this group are de-
scribed as endophytic and antagonistic to fungi [124]. The endophytic microorganisms
(including both obligate and facultative species) are microbial symbionts residing within
plants, mostly influencing host physiology [36,111].

The B. mojavensis strain isolated from the soybean plant rhizosphere was a very antag-
onistic strain, effectively controlling Rhizoctonia solani, a pathogenic fungus causing huge
harvest losses of horticultural crops [125,126]. The presence of endophytic microorganisms
with the biocontrol actions of soil-borne pathogens and the ability to stimulate the growth
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of cultivated plants from the early stages of its development seems to be a crucial solution
for plants under unfavorable climate conditions. The inoculation of soybean seeds with the
Bacillus mojavensis PB 35(R11) strain enhanced the growth of plant inoculated with R. solani
(about 30% higher plant fresh weight and over 100% higher plant dry weight) [111]. More-
over, quantitative assays of the PB-35(R11) strain showed HCN, ammonia and siderophore
production, as well as phosphate solubilization and chitinase activity. The treatment of
seeds gives several advantages for the control of pathogenic fungi as a promising alterna-
tive to the use of synthetic pesticides. The endophytic Bacillus inoculants are also known
for controlling Fusarium species, especially Fusarium verticillioides [124,127].

5.2. Actinomycetes Species in Drought Stress

A more advantageous strategy is the selection of microorganisms adapted to function-
ing in the conditions of temporary lack of water, drought, or rapid changes in temperature,
because the metabolically active forms of microorganisms may support the growth of
sensitive horticultural crops. Actinomycetes are Gram-positive, mostly aerobic, saprotrophic
bacteria of diverse phenotypes (from cocci to highly differentiated mycelia).

Tangles of filaments grow similarly to filamentous fungi. This pseudomycelial growth
(surface, plunge or air) provides penetration of a larger soil volume and into pores of
soil, easing access to valuable minerals and simultaneously making them available to
plants [128].

The main place of Actinomycetes occurrence is the soil (warm and humid or dry), but
they are also identified in desert sands, on leaves and in plant tissues [129]. Reproduction
of these bacteria occurs by fragmentation of pseudomycelium and spore formation. This
group of microorganisms are mostly chemoorganotrophs with the ability to break down
difficult decomposing substrates, e.g., cellulose, chitin, steroids, higher fatty acids or
aromatic compounds. These activities allow them to survive and outcompete the native
microflora in various ecological niches [130]. Lawlor et al. [131] revealed a higher number
of Actinomycetes colony forming units (CFU) (about 106 to 107 g−1 of dry weight of soil)
than CFU of fungi (104 to 105 g−1 of dry weight of soil).

Actinomycetes are known to be producers of bioactive compounds (antibacterial, an-
tifungal), exhibiting great potential in promoting plant growth [129]. Sousa et al. [3]
investigated that the Streptomyces strains produce siderophores, phytohormones (IAA),
and solubilizing phosphate compounds, and exhibit chitinase, xylanase, cellulase, amylase
and lipase activities. Additionally, the number of plant growth-promoting Actinobacteria is
1.3 times higher than that of the other bacteria [132].

Khamna et al. [133] identified about 30 Streptomyces isolates in Thai soil samples
collected from the rhizospheres of plants such as Curcuma magga, Zingiber officinale (ginger),
Ocimum sanctum (holy basil), and Cumbopogon citratus (lemongrass). After 3-day incu-
bation, the Streptomyces CMU-H009 strain synthetized the highest concentration of IAA
(about 144 μg · mL−1) and its culture filtrates stimulated Vigna unguiculata (cowpea) seed
germination. El-Tarabily [134] isolated over 60 Streptomyces spp. strains from a tomato
rhizosphere in the United Arab Emirates and some of them revealed ACC-deaminase and
IAA synthesis. The most efficient Streptomyces filipinensis 15, Streptomyces atrovirens 26 and
Streptomyces albovinaceus 41 strains increased Lycopersicon esculentum (tomato) root and
shoot length and dry weight. A higher level of endogenous IAA in the roots and shoots in
these plants was also confirmed. Actinomycetes exhibited great potential in promoting rice,
sorghum [135], tomato [134], maize [136] and soybean seedling growth [137].

It is worth emphasizing that some Actinomycetes (e.g., Frankia sp.) function in a
symbiosis with higher plants, fixing nitrogen, while the plant provides the bacteria with
sugars and minerals [136]. Such a favorable relationship has been observed in soybeans,
peas, Elaeagnus umbellata and Eleangus angustifolia (Russian olive) [138].

A variety of activities improving plant development have been indicated in the Acit-
nomycetes species, and their efficiency obtained by adapting to adverse climatic conditions
enables them to receive commercial products containing PGPA (plant growth-promoting
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actinobacteria), such as Streptomyces lydicus strains. Acitnomycetes species (Streptomyces
kasugaensis, Streptomyces griseus and Streptomyces cacoi var. asoensis) producing antibacterial
and antifungal bioactive compounds are components of biocontrol products applied against
plant pathogens [129]. Actinomycetes synthesize enzymes such as lysozyme, glucanases,
peptide–peptide hydrolases, mannanase and chitinase, which are involved in the lysis of
the cell walls of other microorganisms [128]. El Tarabily et al. [134] investigated the promo-
tion and biological control of seedlings and the mature plants of C. sativus using endophytic
Actinomycetes (Actinoplanes campanulatus, Micromonospora chalcea and Streptomyces spiralis).
Pythium aphanidermatum (oospore-producing soil-borne pathogen) causes seedling and root
diseases of cucumber, causing damage to horticultural crops. This experiment proved that
Actinomycetes colonize the roots of inoculated plants, promoted their growth and reduced
the impact of P. aphanidermatum. Furthermore, El Tarabily et al. [134] compared the impact
of Actinomycetes with chemical fungicide (metalaxyl) and demonstrated the possibility of
replacing fungicide with plant inoculation with endophytic Actinomycetes.

6. Plant Growth-Promoting Fungi in Horticultural Crops

Among microorganisms, fungi can be much more drought-tolerant than bacteria [139]
due to a number of mechanisms to overcome drought stress, including osmolytes, thick
cell walls, and melanin [140]. Yeast cells are encased in a protective cell wall and cells of
filamentous fungi can be connected, allowing water and solutes to flow between them. The
filamentous fungi produce extremally long hypha, enabling the extraction of water from
remote sites in the soil. Fungal abundance in the soil can increase under drought. They can
remain active and even grow under extremely dry conditions. Their resistance to drought
allows them to conduct the basic processes of decomposition of polymer compounds and
the circulation of C and N [139]. Fungi, bacteria, seaweeds and plants are able to accumu-
late osmoprotectants, for instance amino acids (e.g., proline, glutamate), carbohydrates
(trehalose), sugar alcohols (inositol, mannitol), quaternary ammonium compounds (glycine
betaine) and tertiary sulphonium compounds (e.g., dimethylsulphoniopropionate) [141].

Plants use various mechanisms to protect against water deficiency, but some of them
are associated with the presence of fungi with special activities (Table 2). Eukaryotic plant
endophytes belong mainly to the fungi kingdom [142,143] and the most numerous among
these endophytes are Glomeromycota (40%), Ascomycota (31%), Basidiomycota (20%),
Zygomycota (0.1%) and unidentified phylla (8%). The Glomeromycota phyllum includes
only arbuscular mycorrhizal fungi (AMF), whose species protect against phytopathogens,
promote plant growth and counteract diverse stresses (mainly drought and salinity) by
activating stress responsive/induced genes in plants. AMF are able to create a symbiosis
with many horticultural plants belonging to various families, e.g., Alliaceae, Apiaceae,
Asteraceae, Fabaceae, Solanaceae, Rosaceae, and Oleaceae [144–146]. Arbuscular mycorrhiza
(AM) is the endomycorrhizal symbiotic association improving the nutrient uptake and
growth of plants which may protect the host plants from pathogens and the harmful effects
of drought [144,146,147]. Interactions with AMF, through an extensive network of hyphae,
supply the plant with water from distant places. Studies have shown that AMF mainly
use plant-derived carbohydrates in symbiosis with plants, and the plant receives access to
the bioavailable minerals absorbed by the fungus from the soil (especially phosphorus).
Moreover, the hyphae of fungal strains can uptake phosphorus and ammonium ions much
more efficiently than the plant roots [148].

Moreover, fungi may influence the hormonal balance of plants by producing phytohor-
mones (auxins, gibberellins) and through tolerance and resistance pathways, which protect
the plant against biotic and abiotic factors. Both ectomycorrhizal (EMF, e.g., Laccaria spp.)-
and endomycorrhizal-AMF fungi (e.g., belonging to the Glomus, Rhizophagus, Funneliformis
genera) are capable of inducing the ISR resistance pathways involving JA as a signaling sub-
stance, or SAR, in which signaling occurs thanks to the SA molecules [149]. The production
of auxins by the fungal endophytes increases the growth of plants under stress [150]. After
the plant under stress is colonized by endophytes, stress-induced levels of ABA and some
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genes’ expressions (e.g., zeaxanthin epoxidase, 9-cis-epoxycarotenoid dioxygenase 3 and
ABA aldehyde oxidase 3) were decreased. Similar effects were achieved in the promotion of
plant growth and yield under stress conditions, after exogenous phytohormone application
such as gibberellic acid [151]. Sometimes endophytes do not have positive effects on plant
growth during drought, but they improve plant recovery after water shortage [152].

The presence of some fungal endophytes (e.g., in the Nicotiana benthamiana seedlings)
increased the leaf area, chlorophyll content, photosynthetic rate, antioxidative enzyme
activities, accumulation of osmoprotectants (sugar, protein and proline) and enhanced
expression of drought-related genes [153,154]. On the other hand, in drought conditions,
the relative water content in leaves and soluble protein content in the tissues of Cinnamomum
migao did not change after 120-day inoculation with Glomus lamellosum [155] (Table 2).
In drought-suffering plants, after endophyte inoculation, a lower level of biomolecule
degradation was observed as a consequence of the reduced level of ROS production, e.g.,
in tomato [156]. In the face of drought stress, inoculation with Piriformospora indica (Table 2)
mobilized activities of peroxidase (POX), catalase (CAT) and superoxide dismutase (SOD)
in the leaves [157]. The endophytic fungal strains of Ampelomyces sp. isolated from soil
exposed to drought enhanced drought tolerance in tomato [143,158]. Inoculation of tomato
seedlings with Alternaria spp. strains under drought conditions resulted in the maintenance
of the photosynthetic efficiency and effective reduction of ROS accumulation [156].

Table 2. Selected activities of beneficial fungi under drought stress conditions in horticultural plant species; H—higher
level/content; L—lower level/content; Chl—chlorophyll; CAT—catalase; SOD—superoxide dismutase; MDA—malondialdehyde.

Fungi Changes in Plants Plants Ref.

Glomus intraradices

- H content of N in roots and shoots
- H flower and fruit production
- H fruit yield
- H dry root mass

Lycopersicum
esculentum [159]

Glomus mosesseae - slow down the reduction of Chl a+b
- inhibit the decomposition of carotenoids

Fragaria x
ananassa [32]

Glomus etunicatum
- H fresh weight
- H number of leaves
- H content of N, P, Zn in leaves

Juglans regia [100]

Ampelomyces sp.
- H dry weight of root and shoot
- H fruit weight
- H stress tolerance

Solanum
lycopersicum

var. Better Boy
[158]

Phoma spp.

- H proline content, CAT and SOD activities
- H chlorophyll content
- H MDA content
- H water content in leaves

Pinus
tablaeformis [160]

Piriformospora indica
- H root and shoot growth
- H lateral root development
- H peroxidase, CAT and SOD activities in leaves

Brassica rapa subsp. pekinensis [157]

Trichodermaharzianum - H fresh and dry weight of roots
- H osmolyte concentration Theobroma cacao [160]

Glomus mossae
with

Glomus etunicatum

- H height
- H content of N, P, Zn in leaves
- L leaves abscission

Juglans regia [100]

Glomus lamellosum
or

Glomus etunicatum

- H fresh and dry weight
- H stem fresh weight
- H water content in leaves
- L MDA content
- H CAT activity

Cinnamomum migao [155]
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Table 2. Cont.

Fungi Changes in Plants Plants Ref.

Glomus mosseae or
G. versiforme or
G. diaphanum

- H enzyme activity in soil
- L CAT activity in soil
- H hyphal density

Poncirus
trifoliata [161]

Chaetomium globosum
or

Penicillium resedanum

- H shoot dry weight
- H shoot length
- H photosynthesis rate

Capsicum annum [151]

Alternaria sp.
or

Trichoderma harzianum
- H root and shoot dry weight

Solanum
lycopersicum
var. Rutger

[156]

The presence of beneficial fungal strains in soil and plants might specifically induce
resistance by releasing elicitors belonging to fungal-derived compounds, e.g.: chitin, chi-
tosan, ergosterol, β-glucans [151]. Moreover, among the pathogenic microorganisms, the
filamentous fungi are responsible for horticultural crop diseases. It should be also noted
that fungal endophytes belonging to PGP (e.g., Colletotrichum sp., Alternaria sp., Fusarium
sp. and Aspergillus sp.) induce plant resistance and increase plant tolerance to drought, but
may also produce mycotoxins in plants [162]. To increase specificity and enhancement of
the induction, elicitors can be derived from the nonpathogenic fungi belonging to the same
genus as the pathogenic strains causing plant diseases, e.g., Fusarium or Trichoderma [152].
In grapevine with black-foot disease (Dactylonectria and Cylindrocarpon genera), the relative
abundance of the potential biocontrol agent Trichoderma in the root endosphere, rhizosphere,
and bulk soil under drought stress (25% irrigation regime) was significantly lower than
in control conditions (50–100% irrigation regime) [163]. Moreover, enrichment in AMF
Funneliformis during drought was observed.

Recent and particularly promising studies have focused on the determination of the
effectiveness and reliability of a mixture of bacterial and fungal strains (Table 3).

Table 3. Selected activities of beneficial consortia (bacteria with fungi) under drought stress conditions in horticultural plant
species; H—higher level/content; L—lower level/content; CAT—catalase; APX—ascorbate peroxidase; Chl—chlorophyll.

Bacteria with Fungi Changes in Plants Plants Ref.

Pseudomonas fluorescence
with

Trichoderma harzianum

- H growth parameters
- H seedling emergency
- H root and shoot length
- H CAT and APX activities

Cuminum cyminum [164]

Variovorax paradoxus 5C-2
with

Rhizophorus irregularis MULC

- H shoot dry weight
- H net photosynthesis
- no change: relative Chl content vs. control
- H oxidative damage
- L proline content

Solanum
lycopersicum cv. Boludo F1 [99]

7. Conclusions

The EGD emphasizes sustainable food production by the crucial reduction in the use
of pesticides, biocides and chemical mineral fertilizers and increase of organic (ecological)
production. Consequently, in many European countries, continuous research has been
carried out on natural biopreparations (biocontroling, biofertilizers) containing selected
microorganisms with different activities, and/or their metabolites.

The key problems of using biopreparations containing various microorganisms include
limiting the possibility of introducing the microbial inoculum to the appropriate conditions
and the low repeatability of their activities. This might be due to drought stress during the
vegetative period in comparison to microorganisms tested in the optimal conditions.
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The resistance of plants that interact with microorganisms in drought conditions is
enhanced because it is induced by both abiotic (stress factor) and the biotic (microorganism)
elicitors. In drought conditions, many cultivated horticultural plants use their own numer-
ous mechanisms (morphological, physiological, anatomical, biochemical or molecular) to
counteract the negative effects and are supported by endophytes that constantly inhabit
them, and rhizospheric microorganisms existing in the vicinity of roots.

The use of preparations containing fungal strains, which are more tolerant to drought
than bacteria, provides many tolerance mechanisms, and their abundance increases in
water-limiting conditions. Fungi, through their specific growth and traits, allow intensive
soil exploration, water extraction and penetration of plant tissues influencing the plant and
might be more effective compared to bacteria with the same activity.

Studies on the influence of drought stress on horticultural plants have indicated that
the application of various microorganisms allows efficient protection of plants, despite our
restricted knowledge about these mechanisms of action. Due to such a high variability of the
environment, biopreparations should be multicomponent in order to achieve appropriate
levels of microorganism cooperation and the final desired effect. The combination of fungal
and bacterial strains into one preparation gives even better effectiveness and reliability,
allowing us to consider higher crop-specificity, and seems to be particularly promising.
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and Małgorzata Majewska

Received: 13 July 2021

Accepted: 2 August 2021

Published: 6 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

Department of Sustainable Crops Production, Università Cattolica del Sacro Cuore, 29122 Piacenza, Italy;
cecilia.squeri@unicatt.it (C.S.); filippo.delzozzo@unicatt.it (F.D.Z.); paolo.guadagna@unicatt.it (P.G.);
matteo.gatti@unicatt.it (M.G.); alberto.vercesi@unicatt.it (A.V.); stefano.poni@unicatt.it (S.P.)
* Correspondence: tommaso.frioni@unicatt.it; Tel.: +39-05-2359-9384

Abstract: Breeding technologies exploiting marker-assisted selection have accelerated the selection
of new cross-bred pathogen-resistant grapevine varieties. Several genotypes have been patented
and admitted to cultivation; however, while their tolerance to fungal diseases has been the object of
several in vitro and field studies, their productive and fruit composition traits during ripening are still
poorly explored, especially in warm sites. In this study, five white pathogen-resistant varieties (PRV)
listed as UD 80–100, Soreli, UD 30–080, Sauvignon Rytos, Sauvignon Kretos were tested over two
consecutive seasons in a site with a seasonal heat accumulation of about 2000 growing degree days
(GDDs), and their performances were compared to two Vitis vinifera L. traditional varieties, Ortrugo
and Sauvignon Blanc. Berries were weekly sampled from pre-veraison until harvest to determine
total soluble solids (TSS) and titratable acidity (TA) dynamics. All tested PRV exhibited an earlier
onset of veraison and a faster sugar accumulation, as compared to Ortrugo and Sauvignon Blanc,
especially in 2019. At harvest, Sauvignon Blanc was the cultivar showing the highest titratable acidity
(8.8 g/L). Ortrugo and PRV showed very low TA (about 4.7 g/L), with the exception of Sauvignon
Rytos (6.5 g/L). However, data disclose that Sauvignon Rytos higher acidity at harvest relies on
higher tartrate (+1.1 to +2.2 g/L, as compared to other PRV), whereas in Sauvignon Blanc, high TA at
harvest is due to either tartaric (+1 g/L, compared to PRV) and malic (+2.5 g/L, compared to PRV)
acid retention. Overall, Sauvignon Rytos is the most suited PRV to be grown in a warm climate, where
retaining adequate acidity at harvest is crucial to produce high-quality white wines. Nevertheless,
canopy and ripening management strategies must be significantly adjusted, as compared to the
standard practice employed for the parental Sauvignon Blanc.

Keywords: Vitis spp.; piwi cultivars; disease-resistant varieties; malic acid; ripening; fruit composi-
tion; downy mildew

1. Introduction

Warming trends are severely endangering viticulture and its sustainability [1,2]. In
many wine regions, the incidence of drought and the rise of temperature are affecting
vineyard performances by compromising vine physiology, compressing phenology, and
boosting grapes’ metabolism. In white varieties, especially when intended for sparkling
wine, accelerated ripening leads to excessive sugars and inadequate acidity and aromas
at harvest, resulting in unbalanced wines [1,3]. Moreover, the advancement of veraison
increases the susceptibility of grapes to sunburn and dehydration phenomena by exposing
ripening berries to the hottest days of the year, when the evaporative demand is maxi-
mum [2]. As a consequence, several wine regions are seeking either new cultural practices
viable to decompress sugar accumulation and acidity decrease, or late-ripening cultivars,
especially when the target hits white and/or sparkling wines [1,4–6]. In addition, contrary
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to what one might think, fungal diseases are a serious issue also in warm and hot regions.
Pathogen spread varies according to the seasonal weather evolution; the increase of average
temperatures broadens the time window available for pathogens to complete additional
biological cycles within one year [7]. Consequently, numerous pesticides applications are
still frequently needed during the season to control downy mildew (DM) and powdery
mildew (PM), even in warm climates. For instance, in northern Italy, where average heat ac-
cumulation easily exceeds >2000 growing degree days (GDDs), several pesticides residues
have been detected in the groundwater [8].

Pathogen-resistant grapevine varieties (PRV) are complex interspecific hybrids ob-
tained by multiple crossings of resistant Vitis spp. accessions (mostly V. amurensis, V.
rupestris, and V. berlandieri) with selected cultivars of Vitis vinifera which, conversely, lacks
genetic resistance towards Plasmopara viticola (Pv) and Erisyphae necator (En). In most
Mediterranean grape growing regions, adoption of PRV has been hindered for many
decades. Hindrance to PRV was not merely due to their botanical origins, yet to the fact
that non-vinifera genotypes often carry undesired or atypical flavour, and wines are not
appreciated [9–12].

Over the last decades, however, the increasing concerns of consumers about ecological
issues and product safety, the rapid surge of organic (or environmentally certified) wines,
and the spread of new awareness and values in modern society, have led to a renovated
interest in PRV. Moreover, new breeding technologies have opened up new frontiers [9,11].
For instance, in Italy, a few breeding programmes have originated new pathogen-resistant
varieties by marker-assisted selection (MAS) sorted out within progenies obtained by
crossing Vitis vinifera cultivars with complex hybrids having genetic resistance to DM and
PM. MAS has considerably shortened the time needed to identify the crossings carrying one
or more quantitative trait loci (QTL), inducing higher tolerance to Pv and En. Within this
pool of individuals, the genotypes having the most similar must biochemical composition
to the V. vinifera parentals were identified. Currently, several selected resistant cultivars are
available for growers [11,13–15]. At the same time, also national and European regulations
changed and, from 2009 to date, many hybrids PRV have been admitted for cultivation.

A fairly high number of papers have described the tolerance to DM and PM of these
new PRV under various environmental conditions. Depending upon the number and types
of QTLs, these PRV exhibit a different degree of tolerance to Pv and En; nonetheless, these
varieties have been confirmed to be more tolerant than traditional V. vinifera [9,14–19].

Conversely, the literature shows a paucity of scientific papers evaluating the produc-
tive performances and fruit composition of such new PRV. Poni et al. [20] have reported that
potted vines of the red resistant accession UD 72–096 (Sangiovese x Bianca) had comparable
yield with a standard susceptible Sangiovese clone but, when harvested on the same date,
UD 72–096 showed significantly higher TSS and TA than Sangiovese. Moreover, UD 72–096
grapes had higher concentrations of skin acylated and coumarated anthocyanins, lower
mono-glucosidic, and higher di-glucosidic anthocyanin forms, as well as lower quercetin
3-O-glucoside concentration, as compared to the susceptible Sangiovese. In north-eastern
Spain, the resistant genotype Sauvignon Kretos
(Sauvignon Blanc x Kozma 20-3) exhibited a similar yield and must composition to the
parental Sauvignon Blanc. In this case, the two varieties were picked at different dates, but
the date of harvest of Sauvignon Blanc was not provided [21].

To the best of our knowledge, no other scientific papers have tested fruit ripening
kinetics or enological parameters of new PRV. Several technical reports suggest that these
varietals are poor in di-glucoside anthocyanin forms and free from furaneol and other
undesired volatile compounds typical of non-vinifera cultivars [22,23]. Analytical and
sensorial traits of musts and wines are overall promising and confirm that these varietals,
if adequately managed in the field and the winery, can produce wines comparable to those
obtained from the V. vinifera parentals [22–25].

A shared result of these technical reports is the earlier annual cycle of PRV [22].
The high heritability of earliness traits, when crossing grapevine cultivars, is something
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well known, and some PRV originating from pioneer breeding programmes, such as
Bronner, Solaris, or Souvignier Gris, show accelerated ripening and fast sugar accumu-
lation [9,22,26–31]. This can be linked to the locations and the times of the selection of
these genotypes, obtained by breeding programmes set in cool climates, and well before
warming trends affected Mediterranean wine regions. PRV introduction in warm regions,
where global warming has already caused a significant compression of the annual growth
cycle and a consistent advancement of phenological stages, seems to be an additional
matter of concern.

The aim of this work was to evaluate vine performances and fruit-ripening dynamics
of five new white PRV, in a region where local viticulture is suffering the negative effects of
warming trends on grape biochemical balance. The resistant genotypes were compared to
Sauvignon Blanc and Ortrugo, two of the most cultivated white Vitis vinifera genotypes
in the area. Our hypothesis was that the tested PRV might have a different degree of
suitability to warm and hot sites according to three specific traits, namely, (i) onset of
veraison time, (ii) malic acid degradation rates, and(iii) maintenance of a minimum acid
pool at harvest.

2. Materials and Methods

2.1. Experimental Site and Treatment Layout

The study was carried out for two years (2019–2020) in a varietal collection located
at Vicobarone (Ziano Piacentino, Italy, 44◦59′31.7” N 9◦21′27.8” E, 268 m a.s.l.). In the
vineyard, 5 recently obtained white PRV were planted in 2016. The PRV present in the
collection were obtained by crossing a V. vinifera parental (namely Sauvignon Blanc or
Friulano) with an interspecific Vitis hybrid (namely, Kozma 20-3 or Bianca) able to confer
resistance to PM and DM [32,33]. The five PRV were UD 80–100 (Friulano x Bianca),
Soreli (Friulano x Kozma 20-3), UD 30–080 (Sauvignon Blanc x Kozma 20-3), Sauvignon
Kretos (Sauvignon Blanc x Kozma 20-3), and Sauvignon Rytos (Sauvignon Blanc x Bianca)
(Figure S1). To date, Sauvignon Rytos, Sauvignon Kretos, and Soreli are already admitted
for cultivation in Italy, whereas UD 80–100 and UD 30–080 are still under evaluation.
Ortrugo (VCR245) and Sauvignon Blanc (R3) vines, planted in the same year nearby these 5
PRV, were selected as V. vinifera references. Ortrugo was chosen since it is the most common
white variety in the region and also is susceptible to summer temperatures in terms of fast
acidity loss [6]. Sauvignon Blanc was instead included in the study since it was one of the
parentals of three PRV among the five planted in the vineyard. All the cultivars, grafted
on SO4 rootstock, were planted at 2.4 m × 0.8 m spacing (between row and within row
distance, respectively) for a resulting density of 5125 plants/hectare. The vineyard has a
soft slope (about 6◦) and an east-facing aspect, with rows following E–W orientation. Vines
were trained to a unilateral Guyot with about 10 nodes on the primary horizontal cane and
two more on a spur left for annual cane renewal.

Each cultivar was present in one row of 80 m, encompassing 100 vines. The vineyard
was divided into three uniform blocks along the rows. Nine test vines per varietal (three
vines per cultivar per block) were randomly chosen in 2019, tagged, and then maintained
also for the following season. These selected vines were used for detailed assessment of
vegetative growth, yield components, and grape composition at harvest. The vineyard is
typically non-irrigated, whereas fertilisation was uniform across all the vineyard surfaces
and conducted based on local sustainable practices. Vines were trimmed once shoots
outgrew 20 cm above the top wire. In order to prevent the spread of pathogens on both
PRV and reference varieties, control of diseases was differentiated based on the degree of
tolerance of the different genotypes. Details of pest management layout are provided in
Table S1. In both seasons, none of the experimental vines showed symptoms of DM and
PM at harvest. The minimum, mean, and maximum daily air temperature (◦C) and daily
rainfall (mm) from 1 January (DOY 1) to 31 December (DOY 365) were recorded in each
season by a nearby weather station. Cumulative GDDs were then calculated according to
Winkler [34].
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2.2. Phenological Stages, Vegetative Growth, and Yield Components

In both years, bud break (BBCH09) and the onset of veraison (BBCH81) were assessed
on each tagged vine according to Lorenz et al. [35]. Each season, in late spring (end of
May–beginning of June), the number of inflorescences bore on each shoot was recorded
according to the position of the shoot onto the horizontal cane. Total vine fruitfulness was
then calculated as total inflorescences/total shoots ratio for the entire vine and for basal
nodes (base node + count nodes 1 and 2).

All the experimental vines were picked on the same day, when a berry total soluble
solids concentration of about 20 ◦Brix was achieved for Ortrugo, according to the optimal
ripening threshold for this cultivar identified by Gatti et al. [36]. At harvest, tagged vines
were individually picked, the mass of grapes was weighed, and the total bunch number
per vine was counted. The average bunch weight was then calculated. Concurrently,
three representative bunches per vine, usually inserted on basal, median, and apical cane
portions, were taken to the laboratory. On each bunch, the number of berries was counted,
and the mass of berries was weighed. Rachis length was measured, and bunch compactness
was expressed as the ratio of total berry mass to rachis length. Berries were crushed, and the
obtained must was then used for technological maturity and organic acids determination
(see next paragraphs).

At harvest, the leaves inserted at nodes 3, 6, 9, 12, 15, 18, and 21 of the distal shoot
of each tagged vine were collected with all the leaves from two lateral shoots developing
below the trimming cut. The area of each leaf was measured with an LI-3000A leaf area
meter (LI-COR Biosciences, Lincoln, NE, USA). Immediately after leaf fall, the number
of nodes per cane and the number of nodes of each lateral cane were counted. The final
leaf area was then estimated from the main and lateral shoots per vine on the basis of
node counts and leaf-blade areas. Total vine leaf area was calculated as a sum of the two
components. Leaf area to yield ratio (LA/Y) was finally calculated by dividing the total
leaf area and yield of each tagged vine.

2.3. Grape Composition

Each year, from veraison (TSS ~4.5 to 5 ◦Brix) until harvest, three 100-berry samples
were taken weekly from untagged vines of each varietal. These samples were not taken
from the tagged vines so that the natural dynamic of grape ripening would not be altered
due to the progressive reduction of the pending yield. During sampling, it was assured that
the removed berries were taken from bunches located on both sides of the row and, within
each bunch, the top, median, and bottom portions were also represented. In 2020, untagged
Ortrugo and Sauvignon Blanc were not picked, and two additional post-harvest samplings
were conducted. Sampled berries were brought to the laboratory, weighed, and crushed to
obtain a must. Musts were analysed immediately for TSS using a temperature-compensated
desk refractometer, whereas pH and TA were measured by titration with 0.1 N NaOH to a
pH 8.2 end point and expressed as g/L of tartaric acid equivalents. TSS/TA ratio at harvest
was then calculated.

TSS accumulation rates (◦Brix day−1) were calculated from pre-veraison to harvest
dividing the difference in TSS between two subsequent samplings by the number of elapsed
days. The same procedure was carried out based on malic acid concentration in order to
calculate degradation rates (g/L day−1).

For better readability of data, when appropriate, seasonal trends and correlations
of specific parameters were graphed separately for PRV having Sauvignon Blanc as
V. vinifera parental (UD 30–080, Sauvignon Kretos, and Sauvignon Rytos, compared with
Sauvignon Blanc) and for PRV obtained crossing Friulano (UD 80–100 and Soreli, compared
with Ortrugo).

2.4. HPLC Analysis

To assess tartaric and malic acid concentrations in all samples taken seasonally and
at harvest, an aliquot of the must was diluted four times, then filtered through a 0.22 μm
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polypropylene syringe for high-performance liquid chromatography (HPLC) analysis and
transferred to auto-sampler vials. All solvents were of HPLC grade. Water Milli-Q quality,
acetonitrile, and methanol were obtained from VWR. L-(+)-tartaric acid and L-(-)-malic
acid standards were purchased from Sigma-Aldrich. The chromatographic method was
developed using an Agilent 1260 Infinity Quaternary LC (Agilent Technology) consisting
of a G1311B/C quaternary pump with an inline degassing unit, G1329B autosampler,
G1330B thermostat, G1316B thermostated column compartment, and a G4212B diode array
detector (DAD) fitted with a 10 mm path, 1 μL volume Max-Light cartridge flow cell.
The instrument was controlled using the Agilent Chemstation software version A.01.05.
The organic acids analysis used an Allure Organic Acid Column, 300 × 4.6 mm, 5 μm
(Restek). Separation was performed in isocratic conditions using water, pH-adjusted to
2.5 using ortho-phosphoric acid, at a flow rate of 0.8 mL/min. The column temperature
was maintained at 30 ± 0.1 ◦C, and 15 μL of the sample was injected. The elution was
monitored at 200 to 700 nm and detected by UV–Vis absorption with DAD at 210 nm.
Organic acids were identified using authentic standards, and quantification was based
on peak areas and performed by external calibration with standards. The ratio between
tartaric acid and malic acid (HT/HM) was then calculated.

2.5. Statistical Analysis

Vine performance data were subjected to a two-way analysis of variance (ANOVA)
using IBM SPSS 25 (IBM, Chicago, IL, USA). Treatment comparison was performed using
the Student–Neuman–Keuls test at p ≤ 0.05. Year × treatment interaction was partitioned
only when the F test was significant.

Repeated measures of the same parameters (TSS, pH, TA, tartaric acid, malic acid)
taken at different dates along the season were analysed with the repeated-measure analysis
of variance (ANOVA) routine embedded in IBM SPSS Statistics 25. Equality of variances
of the differences between all possible pairs of within-subject conditions was assessed via
Mauchly’s sphericity test. The least squared (LS) mean method at p ≤ 0.05 was used for
multiple comparisons within dates.

Data about grapes TSS, TA, malic acid, and tartaric acid progression were also re-
elaborated to predict fruit composition at the thresholds of TSS = 20 ◦Brix and, separately,
TA = 7.5 g/L, for all the tested varieties. The balance among malate, tartrate, and TA or TSS
for grapes harvested at those thresholds was compared by a one-way analysis of variance
(ANOVA) using IBM SPSS 25 (IBM, Chicago, IL, USA).

The correlations existing between TSS and TA values of grapes sampled during the
season were subjected to regression analysis, using SigmaPlot 11 (Systat Software Inc., San
Jose, CA, USA).

3. Results

3.1. Weather Conditions and Phenology

At the experimental site, 2019 was marked by a wet and cold spring (Figure 1A). From
1 April to the end of May, 274 mm of rain and only 260 GDDs were recorded, vs. 62 mm
and 369 GDDs recorded in the same period of 2020 (Figure 1B). Then, summer 2019 was
conversely hotter than summer 2020, so that at the end of August, a comparable amount of
GDDs were accumulated from 1 April in the two years (1568 GDDs in 2019, 1571 GDDs in
2020). From 1 April to 31 October, 2007 GDDs were accumulated in 2019 vs. 1917 GDDs
in 2020.

All the genotypes tested in the trial had a similar bud-break date (BBCH09) in both
seasons, with cv. Ortrugo showing a delay of a few days, as compared to other vari-
eties (Table 1). Sauvignon Kretos was the cultivar showing the earliest onset of veraison
(BBCH81) on both seasons (between DOYs 195–197). The onset of veraison was anticipated
in 2020 in Sauvignon Rytos, Sauvignon Blanc, and Ortrugo by 8 days, compared to the
previous year, whereas other genotypes did not exhibit a similar variation between seasons.
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Considering only resistant varieties, UD 30–080 was the cultivar exhibiting, in both years,
the later onset of veraison.

Figure 1. Seasonal daily trends of minimum temperature (Tmin), mean temperature (Tmean),
maximum temperature (Tmax), rainfall (blue bars), and heat accumulation (cumulative GDDs)
calculated following Winkler [34] in 2019 (A) and 2020 (B). DOY = day of the year.

Table 1. Date of achievement of main phenological stages and key ripening thresholds for five pathogen-resistant grapevine
genotypes and two non-resistant Vitis vinifera cultivars in 2019 and 2020.

Cultivar
UD 80–100 Soreli UD 30–080 Sauvignon Kretos Sauvignon Rytos Sauvignon Blanc Ortrugo

2019 (DOY) 1

BBCH09 2 92 90 92 93 92 92 94
BBCH81 2 203 203 210 197 210 217 217

TSStr 3 224 231 231 224 231 252 245
Matr 3 224 224 231 217 231 252 238

2020
BBCH09 2 90 90 92 92 92 92 95
BBCH81 2 202 202 209 195 202 209 209

TSStr 3 213 223 237 213 223 252 252
Matr 3 223 213 223 213 213 252 223

1 DOY = day of the year. 2 Phenological stages were identified according to Lorenz et al. [35]. 3 TSStr = achievement of grapes total soluble
solids threshold of 20 ± 1 ◦Brix; MAtr = achievement of grapes malic acid threshold of 2.5 ± 0.5 g/L.
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3.2. Vegetative Growth and Shoot Fruitfulness

UD 30–080 had a significantly higher main shoot leaf area/vine at the end of the
season, as compared to Sauvignon Rytos and UD 80–100, with other genotypes scoring
intermediate values (Table 2). Lateral shoot leaf area/vine was unaffected by the genotype,
so that differences in total vine leaf area mostly tracked those in the main shoot leaf area.

Table 2. Vegetative growth and shoot fruitfulness of five pathogen-resistant grapevine genotypes and two non-resistant
Vitis vinifera cultivars in 2019 and 2020.

Cultivar
Main Shoots Leaf

Area
Lateral Shoots

Leaf Area
Vine Total Leaf

Area
Shoot

Fruitfulness

Shoot
Fruitfulness
Nodes 0–2

(m2/Vine) (m2/Vine) (m2/Vine)
(N. Inflores-

cences/Shoot)
(N. Inflores-

cences/Shoot)

UD 80–100 2.38 b 2 0.35 2.73 ab 1.36 b 1.16 ab
Soreli 2.96 ab 0.32 3.27 ab 1.76 a 1.51 a

UD 30–080 3.17 a 0.24 3.41 a 1.47 b 1.20 ab
Sauvignon Kretos 3.01 ab 0.23 3.24 ab 1.58 ab 1.19 ab
Sauvignon Rytos 2.27 b 0.12 2.39 b 1.73 a 1.44 a
Sauvignon Blanc 3.12 ab 0.45 3.55 a 1.23 bc 0.75 b

Ortrugo 2.95 ab 0.39 3.34 a 0.93 c 0.33 c

2019 3.12 0.38 a 3.50 a 1.62 a 1.26 b
2020 2.58 0.24 b 2.82 b 1.17 b 1.02 a

V 1 ** 3 ns * *** ***
Y ns * ** *** ***

VxY ns ns ** ** ns
1 V = variety; Y = year. 2 Means within columns noted by different letters are different by SNK test. 3 *, ** and *** indicate significant
difference per p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively. ns: not significant.

Soreli and Sauvignon Rytos exhibited the highest shoot fruitfulness (1.76 and
1.73 inflorescences per shoot, respectively). UD 80–100 and UD 80–030 showed a slightly
lower shoot fruitfulness (Table 2), with Sauvignon Kretos setting at intermediate levels.
Sauvignon Blanc and Ortrugo were the two cultivars having the lowest number of inflo-
rescences per shoot (1.23 and 0.93, respectively). This trend was substantially confirmed
when considering only basal nodes’ fruitfulness (i.e., base bud until count node 2).

3.3. Yield, Bunch Morphology, and Vine Balance

Harvest was performed on DOY 245 in 2019 and on DOY 238 in 2020. Soreli was the
variety having the highest yield per vine (3.53 kg). All the remaining cultivars exhibited a
significantly lower yield (from 2.08 to 2.43 kg/vine), with the sole exception of Sauvignon
Blanc (Table 3). The high productivity of Soreli was associated with the high number of
bunches per vine (30). However, the number of bunches per vine in Sauvignon Rytos and
Sauvignon Kretos was not significantly lower than Soreli; rather, these two genotypes had
a lower bunch weight and number of berries per bunch (−29% and −23%, respectively).
Ortrugo was the variety with the lower number of bunches per vine (13), paralleled by the
highest bunch weight (181 g) and number of berries per bunch (170). Sauvignon Rytos had
small bunches (85 g) with a low number of berries per bunch (83). All PRV had medium
bunch compactness, significantly lower than Ortrugo.

UD 30–080 showed the highest LA/Y ratio (1.64 m2/kg), whereas all the other cultivars
had a lower LA/Y ratio (from 0.92 to 1.33 m2/kg), except for Ortrugo, which set at
intermediate levels (1.42 m2/kg).
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Table 3. Yield, vine balance, and bunch morphology of five pathogen-resistant grapevine genotypes and two non-resistant
Vitis vinifera cultivars in 2019 and 2020.

Cultivar Yield
Bunches Per

vine
Leaf Area to
Yield Ratio

Bunch
Weight

Berry Mass
Berries Per

Bunch
Bunch Com-

pactness

(kg/vine) (n.) (m2/kg) (g) (g) (n.) (g/cm)

UD 80–100 2.31 b 2 22 b 1.18 b 110 ab 1.17 ab 106 b 12.4 b
Soreli 3.53 a 30 a 0.92 b 120 ab 1.15 ab 104 b 11.1 b

UD 30–080 2.08 b 22 b 1.64 a 103 bc 1.36 a 76 c 10.4 b
Sauvignon

Kretos 2.43 b 25 ab 1.33 b 107 ab 1.33 ab 80 c 10.1 b

Sauvignon Rytos 2.41 b 29 a 0.99 b 85 c 1.02 b 83 c 9.3 b
Sauvignon Blanc 2.86 ab 20 b 1.24 b 143 ab 1.45 a 99 bc 13.5 ab

Ortrugo 2.35 b 13 c 1.42 ab 181 a 1.06 b 170 a 17.1 a

2019 2.28 b 25 a 1.61 92 b 1.11 a 83 b 10.1 b
2020 2.82 a 20 b 1.40 141 a 1.32 b 126 a 13.3 a

V 1 *** 3 *** ** *** *** *** ***
Y *** *** ns *** * *** *

VxY ns ns ns ** ** * ns
1 V = variety; Y = year. 2 Means within columns noted by different letters are different by SNK test. 3 *, ** and *** indicate significant
difference per p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively. ns: not significant.

3.4. Grapes’ TSS, pH, and TA during Ripening

All PRV showed earlier berry sugar accumulation than Ortrugo and Sauvignon Blanc
(Figure 2). In both years, Sauvignon Kretos had a significantly higher TSS than any of the
other genotypes at any sampling date. UD 30–080 and Sauvignon Rytos had lower sugars
than the other PRV right after veraison. However, later on, both genotypes showed a faster
TSS accumulation rate, reducing the gap with other PRV. The threshold of 20 ◦Brix was
achieved much earlier by the PRV in both years (Table 1). Overall, Sauvignon Blanc and
Ortrugo lagged behind PRV by 15 days in 2019, and by approximately 10 days in 2020.

Similarly, must pH in PRV was constantly higher in both years (Figure 2C,D). In
Sauvignon Rytos, only the dynamic of pH was more similar to the one of Ortrugo and
Sauvignon Blanc, especially in 2020.

Figure 2E,F shows the early loss of TA by UD 80–100, Soreli and Sauvignon Kretos.
In both years, Sauvignon Rytos maintained higher TA than other PRV until the end of the
season. Ortrugo and Sauvignon Blanc showed a delayed acidity loss than Sauvignon Rytos,
especially in 2019; however, Ortrugo crossed values lower than 5 g/L (on DOY 245 in 2019,
on DOY 230 in 2020), whilst Sauvignon Blanc maintained a TA higher than 8 g/L until the
end of the season. Over the last sampling dates, in 2019, Sauvignon Rytos tracked Ortrugo
in terms of TA, whereas, in 2020, it set at intermediate levels between Ortrugo (and PRV)
and Sauvignon Blanc.

All correlations between TSS and TA fit a quadratic model for any of the tested
cultivars (Figure 3). The model shows that in 2019 Sauvignon Blanc, Sauvignon Kretos and
UD 30–080 had similar TA for any TSS level, up to the threshold of 15 ◦Brix (Figure 3A).
At higher TSS, Sauvignon Kretos and UD 30–080 had a TA lower than Sauvignon Rytos
and Sauvignon Blanc. In 2020 (Figure 3B), conversely, Sauvignon Blanc had lower TA for
any TSS below 15 ◦Brix, whereas, above this threshold, Sauvignon Blanc, Sauvignon Rytos,
and Sauvignon Kretos grouped together and only UD 30–080 had lower TA. In both years,
Ortrugo and Soreli had quite low TA for any TSS level, whereas, conversely, UD 80–100
exhibited the opposite behaviour (Figure 3C,D).
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Figure 2. Seasonal evolution of grapes total soluble solids (TSS, panels A,B), pH (C,D) and titratable
acidity (E,F) in 2019 (A,C,E) and 2020 (B,D,F) for 5 pathogens-resistant varieties (white symbols)
and 2 reference V. vinifera cultivars (black symbols). Each point represents the average of three
replicates ± SE. DOY = day of year.

3.5. Trends for Grapes Organic Acids Concentration

In both years, UD 80–100 was the variety showing the highest malic acid concen-
tration pre-veraison (about 35 g/L). Sauvignon Kretos had the earliest decrease of malic
acid, achieving the threshold of 2.5 g/L on DOY 217 in 2019 and on DOY 213 in 2020
(Figure 4A,B, Table 1). In 2019 all the PRV had an earlier peak of malic acid and onset of its
degradation, as compared to Ortrugo and Sauvignon Blanc. In 2020, this was confirmed as
related to Sauvignon Blanc, even if the gap was ostensibly narrower, whereas in Ortrugo
the trend of malic acid degradation was comparable to the one exhibited by Soreli and
Sauvignon Rytos. In both years, at the end of the season, Ortrugo reached a minimum
malic acid concentration comparable to those of PRV (below 1 g/L), whereas Sauvignon
Blanc maintained significantly higher malic acid concentrations (above 2.5 g/L).
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Figure 3. Seasonal variation of titratable acidity expressed as a function of total solu-
ble solids (TSS) in 2019 (A,C), and 2020 (B,D), for 5 pathogens-resistant varieties (white
symbols) and 2 reference V. vinifera cultivars (black symbols). Data were fit to the
following equations: UD 30–080 2019 y = 70.07 − 5.62x + 0.12x2, R2 = 0.994; UD 30–080
2020 y = 60.68 − 4.10x + 0.06x2, R2 = 0.996; Sauvignon Kretos 2019 y = 67.86 − 5.21x + 0.11x2,
R2 = 0.976; Sauvignon Kretos 2020 y = 63.80 − 4.54x + 0.08x2, R2 = 0.991; Sauvignon Rytos
2019 y = 58.94 − 4.03x + 0.08x2, R2 = 0.991; Sauvignon Rytos 2020 y = 59.89 − 4.39x + 0.09x2,
R2 = 0.993; Sauvignon Blanc 2019 y = 49.32 − 2.53x + 0.02x2, R2 = 0.971; Sauvignon Blanc 2020
y = 53.47 − 4.20x + 0.09x2, R2 = 0.980; UD 80–100 2019 y = 72.20 − 5.60x + 0.12x2, R2 = 0.989; UD 80–
100 2020 y = 73.80 − 5.53x + 0.11x2, R2 = 0.992; Soreli 2019 y = 57.47.86 − 4.91x + 0.11x2, R2 = 0.966;
Soreli 2020 y = 56.61 − 4.66x + 0.10x2, R2 = 0.989; Ortrugo 2019 y = 49.13 − 4.00x + 0.09x2,
R2 = 0.983; Ortrugo 2020 y = 50.06 − 4.23x + 0.10x2, R2 = 0.991. All the correlations listed were sig-
nificant per p < 0.05.

In both years, Sauvignon Rytos had the highest grapes tartaric acid concentration
during ripening, if considering only PRV (Figure 4C,D). In 2019, Ortrugo and Sauvignon
Blanc had lower tartaric acid than Sauvignon Rytos after veraison, even if later in the season
Sauvignon Blanc maintained significantly higher tartaric acid than Ortrugo and Sauvignon
Rytos (approximately +3 g/L). In 2020, conversely, Sauvignon Blanc had a similar decrease
of tartaric acid to the one exhibited by Ortrugo, whereas in Sauvignon, Rytos tartaric acid
concentration was consistently higher (+3.3 g/L on DOY 237).

3.6. Sugar Accumulation and Malic Acid Degradation Rates

In 2019, UD-30–080, Sauvignon Kretos and Sauvignon Rytos exhibited relatively high
TSS accumulation rates (Figure 5A), ranging between 0.40 and 0.65 ◦Brix day−1 until DOY
231. Conversely, Sauvignon Blanc jumped from 0.1 to 0.4 TSS day−1 on DOY 217 and,
after peaking at 0.65 TSS day−1 on DOY 224, it decreased, together with the PRV. On
the other hand, Ortrugo did not exceed 0.6 ◦Brix day−1, although it maintained higher
sugar accumulation rates late in the season (Figure 5C). In 2020 (Figure 5B,D), PRV had a
higher peak of TSS accumulation rates (0.8–1.0 ◦Brix day−1), as compared to the previous
year, yet occurring approximately at the same DOYs (209–223). Conversely, in Sauvignon
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Blanc and Ortrugo, maximum TSS accumulation rates occurred much earlier than in 2019
(approximately 15–20 days). Moreover, in Ortrugo, the maximum TSS accumulation rate,
recorded on DOY 214, reached the peak of 1.4 ◦Brix day−1, before declining to values
comprised between 0.2 and 0.4 ◦Brix day−1 for the rest of the season.

 
Figure 4. Seasonal evolution of grapes malic acid (panels A,B) and tartaric acid (C,D) in 2019 (A,C)
and 2020 (B,D) for 5 pathogens-resistant varieties (white symbols) and 2 reference V. vinifera cultivars
(black symbols). Each point represents the average of three replicates ± SE. DOY = day of year.

Sauvignon Kretos was also the cultivar showing the earliest peak of malic acid degra-
dation rate, in both years (Figure 5G,H). In 2019, Sauvignon Blanc was the variety showing
the most delayed onset of malic acid degradation, with a sudden peak of 2.1 g/L day−1

occurring only on DOY 224. UD 30–080 and Sauvignon Rytos set at intermediate levels
between Sauvignon Blanc and Sauvignon Kretos, in terms of timing and magnitude of
malic acid degradation rates increase.

In 2020, UD 30–080 and Sauvignon Rytos had a dynamic of the degradation of malic
acid comparable to the one exhibited by Sauvignon Blanc, even if this latter peaked at
2.4 g/L day−1 vs. 1.6–2.0 g/L day−1 exhibited by UD 30–080 and Sauvignon Rytos. UD
80–100 and Soreli had a malic-acid-degradation-rate dynamic comparable to other PRV
(Figure 5I,J). In 2020, UD 80–100 scored, on DOY 209, the highest malic acid degradation
rate recorded during the experiment (3.1 g/L day−1).
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Figure 5. Seasonal evolution of grapes total soluble solids accumulation rates (panels A–D), malic
acid degradation rate (panels G–J) and minimum temperature (blue line), mean temperature (grey
line), and maximum temperatures (red lines) of the period (panels E,F) in 2019 (A,C,E,G,I) and 2020
(B,D,F,H,J) for 5 pathogens-resistant varieties (white symbols) and 2 reference V. vinifera cultivars
(black symbols). Each point represents the average of three replicates ± SE. DOY = day of year.
T = temperature.
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3.7. Fruit Composition at Harvest

At harvest, all the PRV had higher TSS than Ortrugo and Sauvignon Blanc (from
+2.5 ◦Brix in Soreli to +5.5 ◦Brix in Sauvignon Kretos), with the sole exception of UD
30–080 (Table 4). Sauvignon Blanc was the variety showing the higher TA at harvest
(8.81 g/L). Ortrugo, UD 30–080, Soreli, UD 80–100 had quite low TA, comprised between
4.08 and 5.07 g/L. By contrast, Sauvignon Rytos maintained a TA of 6.50 g/L, halfway
between this group of cultivars and Sauvignon Blanc. The high TA of Sauvignon Blanc
is linked to a high malic acid concentration (3.45 g/L). Conversely, in Sauvignon Rytos,
the malic acid concentration at harvest was similar to those of cultivars having low TA.
Sauvignon Rytos had, instead, the highest tartaric acid concentration (7.44 g/L), together
with Sauvignon Blanc.

Table 4. Fruit composition at harvest of five pathogen-resistant grapevine genotypes and two non-resistant Vitis vinifera
cultivars in 2019 and 2020.

Cultivar TSS pH TA TSS/TA Malic Acid Tartaric Acid HT/HM

(◦Brix) (g/L) (g/L) (g/L)

UD 80–100 22.6 ab 2 3.43 a 5.07 c 4.46 a 1.38 b 5.34 bc 3.87 d
Soreli 22.0 b 3.42 a 4.08 d 5.39 a 0.90 c 4.67 c 5.19 c

UD 30–080 20.1 bc 3.32 ab 4.66 cd 4.29 ab 1.04 bc 5.35 bc 5.14 c
Sauvignon

Kretos 24.5 a 3.33 ab 5.07 c 4.83 a 0.75 c 6.36 b 8.48 a

Sauvignon
Rytos 23.4 ab 3.23 b 6.50 b 3.60 b 0.89 c 7.44 a 8.36 a

Sauvignon
Blanc 19.0 c 3.06 c 8.81 a 2.16 c 3.45 a 7.61 a 2.21 e

Ortrugo 19.5 c 3.15 bc 4.95 cd 3.94 b 0.81 c 5.61 bc 6.93 b

2019 21.6 3.26 4.56 4.74 1.24 6.15 4.96
2020 21.4 3.35 5.59 3.83 1.39 5.92 4.26

V 1 *** 3 *** *** *** *** *** ***
Y ns ns ns ns ns ns ns

VxY ns ns ns ns ns ns ns
1 V = variety; Y = year. 2 Means within columns noted by different letters are different by SNK test. 3 *, ** and *** indicate significant
difference per p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively. ns: not significant.

Sauvignon Blanc was the variety scoring the lowest TSS/TA and HT/HM ratio (2.16
and 2.21, respectively). Sauvignon Rytos had a TSS/TA ratio of 3.60, comparable to Ortrugo,
and an HT/HM of 8.36, similar to Sauvignon Kretos (8.48). Ortrugo had a lower HT/HM
than Sauvignon Rytos and Sauvignon Kretos (6.93), yet higher than all the other PRV.

Figure 6A shows that, if the tested varieties had been harvested at TSS = 20 ◦Brix, the
acid pool of Sauvignon Rytos would be mostly contributed by tartaric acid, whereas the
acidity of Sauvignon Blanc would be also driven by higher malic acid. Sauvignon Kretos
and UD 30–080 would exhibit comparable tartaric acid to Sauvignon Blanc but lower malic
acid, resulting in a lower TA. Figure 6B shows the low TA of Ortrugo and Soreli at 20
◦Brix, linked to a very low malic acid concentration and relatively low tartaric acid level.
Conversely, UD 80–100 would have retained a good balance between organic acids and
total acids.

Simulated harvest at TA of 7 g/L reveals that both Sauvignon Kretos and Sauvignon
Rytos would have shown higher TSS than Sauvignon Blanc, but the TA would be again
linked to high tartaric acid and low malic acid, compared to Sauvignon Blanc (Figure 6C).
Ortrugo and Soreli would exhibit instead very low TSS, whereas UD 80–100 shows again a
good balance among TSS, malic acid, and tartaric acid (Figure 6D).
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Figure 6. Balance among titratable acidity and organic acids in grapes of 5 pathogens-resistant
varieties and 2 reference V. vinifera cultivars, at the total soluble solids threshold of about 20 ◦Brix
(panels A,B) and balance among total soluble solids and organic acids in grapes of the same varieties,
at the titratable acidity threshold of about 7 g/L (panels C,D). Scaling for titratable acidity and tartaric
acid is 0–12 g/L, for malic acid is 0–6 g/L, and for total soluble solids is 12–24 ◦Brix. Data pooled
over two seasons.

4. Discussion

Compared to Ortrugo and Sauvignon Blanc (Table 2), all tested PRV had a medium-
to-high yield per vine linked to a higher shoot fruitfulness. Nowadays, remunerative
productivity is a necessary requirement for new genotypes and it should be associated with
desired grape quality and low to moderate susceptibility to biotic and abiotic stress [2].
Moreover, high basal bud fruitfulness allows the implementation of spur-pruning systems
prone to the mechanisation of winter operations [2,37,38].

Although bud break of all tested genotypes occurred within a quite narrow time
window (i.e., 4–5 days), the unseasonal low temperatures recorded in 2019 between DOYs
100–160 likely pushed back veraison in Ortrugo and Sauvignon Blanc, whereas PRV
were substantially unaffected by this weather trend. This suggests that PRV have lower
requirements in terms of heat accumulation to shift from vegetative activity to a prioritised
reproductive activity. This trait could indicate, at the same time, a weak point or an
advantage. In fact, if the advancement of phenological stages might indeed increase
grapes susceptibility to sunburn and biochemical unbalances in several traditional wine
districts [1,39], the PRV early veraison observed in 2019 renders these varieties more
suitable to exploit cool climates or areas located at higher altitudes [40–42].

Overall, TSS accumulation had an earlier onset and faster pace in PRV varieties, as
compared to Ortrugo and Sauvignon Blanc. The two reference varieties lagged behind PRV
by 10 to 20 days in terms of TSS accumulation (Figure 2A,B), and sugar accumulation never
caught up to the final TSS of any of the PRV in both seasons. Moreover, the time interval
when TSS accumulation rates were higher than 0.3 ◦Brix day−1 was much longer in PRV
than in Ortrugo and Sauvignon Blanc, especially in 2020 (Figure 5A–D). While Ortrugo and
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Sauvignon Blanc are well known for their slow sugar accumulation and low maximum
sugar thresholds [42,43], such fast sugar accumulation dynamic exhibited especially by
Sauvignon Kretos and UD 80–100 could easily lead to excessive wine alcohol content and
unbalanced aroma, especially in white wines [1]. Our results are overall similar to the
findings of Poni et al. [20], who compared Sangiovese and UD 72–096 (a Sangiovese x
Bianca PRV).

Interestingly, the fostered sugar accumulation found in Sauvignon Kretos and some
others PRV was not associated with a higher LA/Y ratio when compared to Sauvignon
Blanc and Ortrugo. The only variety showing a higher LA/Y ratio was UD 30–080
(1.64 m2/kg) that, concurrently, was the PRV having the most delayed TSS pattern in
both years and the lowest TSS at harvest (Figure 2A,B and Table 3). Therefore, the fast
sugar accumulation observed in PRV was likely due to the actual genotype efficiency in ac-
cumulating sugars and not to differential source/sink relations among cultivars. Moreover,
our data suggest that canopy management of PRV should substantially differ from that of V.
vinifera cultivars such as Ortrugo and Sauvignon Blanc. For instance, Gatti et al. [44] demon-
strated the effectiveness of bunch thinning in promoting faster sugar accumulation making
it possible to target the enological standards required for producing Ortrugo sparkling
wines (TSS of 20–21 ◦Brix and TA of 6.5 g/L). Accordingly, if, in the two reference cultivars,
a good choice could be increasing the LA/Y ratio in order to promote TSS concentration
corresponding to optimal TA, then in the PRV tested in this trial, the best strategy should be,
on the contrary, to reduce LA/Y ratio trying to slow down sugar accumulation rates [37].

In ripening fruits, acidity is driven by the relative changes in the abundance of organic
acids [4]. Malic acid is one of the main substrates for respiration in grapevine berries, and
it is maximum pre-veraison and minimum at the end of the season [45,46]. Malic acid
respiration rates are mainly driven by temperatures and the abundance of the substrate [47].
However, each genotype has a specific pattern in malic acid degradation rates and, perhaps
more importantly, a different maximum and minimum organic acid concentration [48,49].
For instance, our study shows that UD 80–100 boasts the highest pre-veraison malic acid
concentration among the tested varieties and that all PRV retain very low malic acid at high
TSS concentrations (Figure 4A,B). The dynamic of malate degradation rates (Figure 5G–J)
reveals that daily loss of malic acid is a complex function of the onset of veraison time, the
pool of pre-veraison malic acid, and air temperature. In fact, in 2019, Sauvignon Blanc and
Ortrugo grapes, due to their later onset of veraison, somewhat mitigated the loss of malic
acid under the high temperatures recorded between DOYs 200 and 210. Contrariwise, on
the same dates, all PRV had already crossed veraison and suffered a drastic malic acid loss.
However, in 2019, maximum malic acid loss per day was exhibited by Sauvignon Blanc
immediately after veraison, confirming that air temperature is not the only factor driving
degradation rates. In 2020, when the onset of veraison time was similar for all tested
cultivars, a stronger role was likely played by the availability of malate for respiration.
In fact, genotypes showing the highest malic acid degradation rates corresponded with
those varieties showing the highest pre-veraison malic acid pool (Figures 4B and 5H,J).
Moreover, our data demonstrate that malic acid degradation rates are not the main factor
determining final malic acid at the end of the season. Sauvignon Blanc was indeed the
variety that exhibited in both years the more intense malic acid degradation rates and the
highest minimum malic acid concentration rates at the end of the season (Figure 4A,B and
Figure 5G,H).

If the primary goal is screening for varieties capable to maintain adequate acidity in
a hot region, two cultivars seem to be of some interest among the five tested PRV: UD
80–100 and Sauvignon Rytos. UD 80–100 shows adequate acidity at high TSS levels and
optimal balance between malic and tartaric acid (Figure 3C,D and Figure 6C,D, and Table 4);
however, its sugar accumulation is excessively fast, and grapes should be harvested very
early (Figure 2A,B and Figure 5C,D). Sauvignon Rytos was the only PRV showing higher
TA than Ortrugo in 2020, whereas, in 2019, these two varieties showed very similar malate
concentration from DOY 208 to the end of the season (Figure 2A,B). Ortrugo is a variety

43



Horticulturae 2021, 7, 229

that suffers a fast acidity loss after veraison to very low values, often not compatible
with white and sparkling wine-making standards [6,44]. This is also confirmed by our
data, showing poor balance among sugars, acidity, and malic vs. tartaric acid in Ortrugo,
either if harvested at optimal TSS or at optimal TA thresholds (Figure 6B,D). However,
Table 1 and Figure 2 show that in 2019, Ortrugo had a delayed veraison and TA loss,
together with higher minimum acidity, compared to data recorded in the subsequent
season. Notably, in Sauvignon Rytos, as compared to Ortrugo, optimal acidity matched
higher TSS concentration, meaning that harvest might be anticipated with no detrimental
effects on sugars (Table 4 and Figure 6C,D). However, data also support that Sauvignon
Rytos acidity cannot be even close to that of Sauvignon Blanc, a variety that is known for the
high acidity retained late in the season [50], a trait confirmed by our results (Figure 2E,F).
If our data suggest that, in our conditions, Sauvignon Rytos was the PRV more capable
to retain some acidity, Figure 4 reveals a relevant difference between Sauvignon Rytos
and its parental Sauvignon Blanc: the former holds high acidity mostly due to the high
concentration of tartaric acid, with a very limited contribution of malic acid; Sauvignon
Blanc acidity at harvest relies instead on both malate and tartrate high concentration late at
the end of the season (Figure 4A,B and Table 4). Different from malic acid, tartaric acid is not
subjected to respiration, and changes in its abundance are mainly due to dilution and salts
formation with K+ [4,45,47]. Interestingly, QTL, responding to grapes’ cation mobility and
organic acid metabolism, and catabolism have been identified, and today, several breeding
programmes based on MAS or new breeding technologies are in progress to obtain new
varieties less responsive to organic acid depletion under high temperatures [51–55].

Comparing balance between organic acids at optimal TSS or TA confirms that the dif-
ference in the ratio between organic acid concentration in Sauvignon Rytos and Sauvignon
Blanc grapes is consistent, either choosing optimal TSS or optimal TA as the key param-
eter for placing harvest time (Figure 6A,C). This is quite essential information because it
suggests that acidity preservation in these two varieties should be pursued based upon
contrasting strategies: in Sauvignon Blanc, in order to preserve malic acid from respiration,
grapes should be protected from excessive radiation and temperature, choosing trellis
system shielding bunches from direct radiation and selecting appropriate aspects and
locations [42,56–58]. Contrariwise, in Sauvignon Rytos actions should aim at limiting berry
dilution, for instance, by calibrating adequate competition for water and nutrients, and
by carefully managing K+ availability and nutrition in order to contrast potassium salts
formation [47].

5. Conclusions

To the best of our knowledge, ripening patterns and organic acid depletion rates
in new PRV were never studied in detail. Even if many technical reports suggest that
wines obtained from these varieties could have similar aromatic traits to their Vitis vinifera
parentals, our data demonstrate that, in regions with significant heat summation during the
summer (~2000 GDDs), PRV exhibit anticipated veraison, as compared to early ripening
V. vinifera cultivars, and that their organic acids balance and sugar accumulation rates
largely differ from those observed in vinifera genotypes. Sauvignon Kretos, Sauvignon
Rytos, Soreli, and UD 80–100 exhibited an early and fast grape sugar accumulation. Among
the tested PRV genotypes, Sauvignon Rytos was the only one capable of maintaining
higher titratable acidity at harvest, due to a significant tartaric acid pool. Conversely, in the
Sauvignon Blanc parental, the high acidity at harvest was linked to high final malic acid
concentration, resulting in a different acidic balance.

Our work also suggests that all new PRV should be subjected to different canopy and
ripening management strategies, as compared to the two reference V. vinifera cultivars,
given the faster sugar accumulation rates at comparable levels of LA/Y ratio.

Overall, our data indicate that PRV could perform better in north-facing hillsides, in
cooler climates, or at higher altitudes, where their good resistance to mildews could match
an adequate grapes’ biochemical balance.
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Abstract: Strawberry is a salt-sensitive plant adversely affected by slightly or moderately saline con-
ditions. The growth, fruit, and biochemical parameters of strawberry plants grown under NaCl (0, 30,
60, and 90 mmol L−1) conditions with or without a halophytic companion plant (Portulaca oleracea L.)
were elucidated in a pot experiment. Salt stress negatively affected the growth, physiological (stom-
atal conductance and electrolyte leakage), and biochemical parameters such as chlorophyll contents
(chl-a and chl-b); proline, hydrogen peroxide, malondialdehyde, catalase, and peroxidase enzyme
activities; total soluble solids; and lycopene and vitamin C contents, as well as the mineral uptake, of
strawberry plants. The companionship of P. oleracea increased fresh weight, dry weight, and fruit
average weight, as well as the total fruit yield of strawberry plants along with improvements of
physiological and biochemical parameters. This study showed that the cultivation of P. oleracea with
strawberry plants under salt stress conditions effectively increased strawberry fruit yield and quality.
Therefore, we suggest that approaches towards the use of P. oleracea could be an environmentally
friendly method that should be commonly practiced where salinity is of great concern.

Keywords: abiotic stress; strawberry; companion plants; phytoremediation

1. Introduction

Salinity is one of the most devastating environmental problems limiting crop produc-
tivity and quality in many regions of the world. This problem is more prevalent in arid
and semi-arid climatic regions. It affects approximately 20% of the cultivated and 50% of
irrigated agricultural lands [1,2]. It has now been estimated that 1.5 million hectares of
lands have been lost every year due to salinity problems. If salinization goes with this
trend, nearly 50% of cultivable lands will be lost by the mid-point of this century [3,4].

Salinity negatively affects plant growth in terms of osmotic, ionic, and nutrient im-
balance [5]. These disorders cause oxidative stress on plants. If plants cannot get enough
water under high salt stress, turgor pressure significantly decreases, and thus the closure of
the stomata of plants becomes inevitable to conserve water [6]. This significantly affects
the photosynthetic capacity of plants. Ionic toxicity, on the other hand, inhibits cellular
metabolism and biochemical pathways. For example, Na+ ions at the root cell disturb
enzymatic activities and inhibit the uptake of other minerals such as K+ and Ca++ [7].
The high accumulation of Na+ and Cl− ions result in many morphological, physiological,
molecular, and biochemical pathways in plants. Due to disturbed mechanisms in plants,
NaCl stress leads to the development of leaf chlorosis and necrosis, as well as the loss of
quality in crops. As a consequence, the assimilation of carbohydrates and sugars allocated
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for fruit development is significantly reduced due to stress development and defense
mechanisms [8,9].

Plants can be divided into halophytes and glycophytes as responses to salinity stress.
Most glycophytes are salt-sensitive, even at low concentrations, while halophytes are
highly salt-tolerant plants, which enables them to survive and thrive in extremely saline
environments [10,11]. Salt ions have to be taken up by halophytes and deposited in the
vacuoles of leaf or root tissues or in separate organelles. In general, salt secretion takes
place through the shedding of salty leaves and salt glands or specialized leaf cells [12].
Most halophytes are able to survive by maintaining negative water potential under extreme
salt concentrations. Therefore, a true halophyte is considered to maintain its viability and
complete the life cycle at NaCl levels between 200 and 1000 mmol L−1. These concentrations
are very close to the concentrations of seawater level. Some halophytes, on the other hand,
tolerate much higher concentrations of NaCl [10,13]. Halophytes such as Atriplex spp.,
Chenopodium spp., Portulaca spp., Suaeda spp., and Salsola spp. uptake salt ions through
their roots and store them in their leaves. It is quite possible that these plants could be used
as companion plants with crop plants, especially salt-sensitive glycophytes, to reduce the
negative effects of NaCl through the uptake of toxic ions [14,15]. For example, Portulaca
oleracea L. (purslane) (which is a member of Portulacaceae), is a drought- and salt-tolerant
annual plant. The plant is a promising crop species in saline–alkali soils [16,17]. Moreover,
P. oleracea could effectively absorb salts from soil media to remediate saline–alkali soils [18].
Previous studies have investigated the effects of salinity on P. oleracea growth. For example,
Grieve and Suarez [19] evaluated P. oleracea responses with saline irrigation, and they
showed that the plant could survive at a salinity of 28.5 dS m−1. The authors further
elucidated the performances of salt-tolerant halophyte species of P. oleracea and Salsola
soda against increasing NaCl levels. They reported that P. oleracea and S. soda seeds were
effectively germinated between 250 and 350 mmol L−1 NaCl levels [20].

Strawberry is an economically important fruit crop that is globally cultivated. It
belongs to the Fragaria genus in Rosaceae family, which contains 23 species [21,22]. The
popularity of strawberry fruit crops is increasing in the world due to increasing con-
sumption. Its popularity is also increasing along with the generation of new varieties.
Strawberry cultivation has therefore become an important greenhouse and open field crop
in the Mediterranean area, although drought and salinity have played significant roles in
limiting crop production [23,24].

Strawberry is considered to be sensitive to NaCl salinity due to increased osmotic
pressure and Na+ or Cl− ion toxicity. NaCl salinity not only reduces the crop yield but also
deteriorates the quality parameters in many crops, including strawberries [25,26].

In the present study, we elucidated the effects of different NaCl concentrations on
strawberry plants grown with or without the halophytic companion plant P. oleracea L. to
remediate the physiological and biochemical parameters of strawberry plants.

2. Materials and Methods

2.1. Experimental Design and the Growth of Plants

The experiment was performed between September 2018 and January 2019 in a semi-
controlled greenhouse at the University of Harran, Sanliurfa, Turkey. Fresh strawberry
(Rubygem variety) plants were grown alone or in combination with P. oleracea seedlings
in 8-L pots containing peat (Klasmann TS 1) under natural light conditions. Peat is a very
porous substrate with an excellent water capacity. Its slow degradation rate, high porosity,
and high-water holding capacity makes it one of the most commonly used growth medium,
especially for saline-related studies in vegetables and ornamental plants [27,28]. It has
low nutrient values, so it is highly unlikely to affect the mineral uptake of macro and
micronutrient elements.

The average temperatures for day and night were 35 ± 2/28 ± 2 ◦C during the
course of the experiment. The trial was carried out in a randomized block design. The
first group of strawberry plants grown under differing NaCl conditions (0, 30, 60, and
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90 mmol L−1) was designated as S0, S30, S60, and S90; the second group of plants grown
with P. oleracea under the same NaCl conditions was designated as SP0, SP30, SP60, and
SP90. Treatments in each group were replicated five times. Seedlings were individually
transplanted to the pots. Strawberry seedlings following one week of establishment growth
in pots were accompanied with P. oleracea seeds that were sown and germinated at a rate of
25 companion plants per pot. After germinations (five weeks), the pots were irrigated with
or without salt to the full pot capacity throughout the treatment period (twelve weeks). The
plants were fertigated with Hoagland’s nutrient solution once a week. The experimental
trial from the very beginning of obtaining strawberry seedlings to the end of harvest took
five months. The plants were harvested at the optimum stage of physiological maturity for
the evaluation of salinity responses (Figure 1).

Figure 1. Strawberry plants were grown with or without Portulaca oleracea under different
NaCl conditions.

2.2. Plant Growth and Fruit Properties

Strawberry fruits were harvested when 90% of the fruit surface had reached a fully
red color. At the end of the experimental period, total fruit weights were determined and
the average fruit yield was calculated.

Plant crown and root fresh weight (Fwt) were analyzed immediately after the harvest.
The dry weight (Dwt) of plant organs was determined following the drying of plant
samples at 70 ◦C until a constant weight.

Total soluble solids (TSS) were assessed from the fruit juice with a hand refractometer.
The results are expressed in percent (%) Catania et al. [29].

The lycopene content of strawberry fruits was assessed according to the method of
Barrett and Anthon [30] with minor modifications [31]. One gram of strawberry fruit
was homogenized with 10 mL of an ethanol:hexane solution (4:3). The mixture was then
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centrifuged at 10,000× g for 10 min at room temperature. The supernatant (100 μL) was
added to 7 mL of the ethanol:hexane solution (4:3) mixture and vortexed. After 1 h of
incubation at room temperature, 1 mL of H2O was added to the tubes and vortexed. The
tubes were incubated in the dark to form two different phases. The top phase was taken
and read at 503 nm against a hexane blank with a UV microplate spectrophotometer (Epoch,
SN: 1611187, Winooski, VT, USA). The lycopene content was calculated according to the
following formula (Equation (1)).

μg Lycopene g−1 Fwt =
A503 × 2.7
172 × 0.1

× 537 (1)

where 537 g/mole is the molecular weight of lycopene, 2.7 mL is the volume of the hexane
layer, 172 mmol−1 is the extinction coefficient for lycopene in hexane, and 0.1 g is the
weight of the strawberry.

The vitamin C content of strawberry fruits was assessed according to the method of
Oz [32] with small modifications [31]. Strawberry fruits (5 g) were extracted with 25 mL
of oxalic acid. The mixture was centrifuged at 10,000× g for 10 min. Then, 1 mL of this
mixture was added to 7 mL of a 1% oxalic acid solution and 8 mL of a dye reagent. The
dye reagent was prepared according to the recipe of [31]. The mixture was filtered through
Whatman No.2 filter paper and diluted to 100 mL with deionized H2O. Then, 25 mL of
this solution were taken and diluted to 500 mL with deionized H2O, vortexed, and kept
at 4 ◦C until use. The mixture was once more vortexed before measurement at 518 nm
against the oxalic acid and dye mixture with a UV microplate spectrophotometer (Epoch,
SN: 1611187, Winooski, VT, USA).

Electrolyte leakage (EL) was assessed following the method of Lutts et al. [33] using
leaf discs for each treatment. Fully expanded young leaves were cleaned three times with
deionized H2O to remove dust and surface-adhered electrolytes. Leaf discs were placed
in closed vials containing 10 mL of H2O and incubated at 25 ◦C on a rotary shaker for
24 h; subsequently, the electrical conductivity of the solution (EC1) was measured. The
final electrical conductivity (EC2) was determined following the autoclaving of the leaf
samples at 120 ◦C for 20 min. Leaf samples were then equilibrated at 25 ◦C, and the EL
was calculated as follows (Equation (2)).

EL (%) =
EC1
EC2

× 100 (2)

Stomatal conductivity (SC) was determined on the youngest fully expanded leaves
on the upper branches of the strawberry plants with a leaf promoter (SC−1) at midday.
Measurements were performed by clamping the leaves in the leaf chamber. The actual
vapor flux from the leaf through the stomata is expressed as mmol m−2 s−1, following the
work of Karlidag et al. [34].

2.3. Biochemical Parameters

Strawberry plant leaf chlorophyll content (Chl-a and Chl-b) was extracted following
the method of Arnon [35] with minor modifications [31]. A sample of the fresh leaf (0.5 g)
was homogenized with 10 mL of an acetone:water (80/20, v/v) mixture and filtered through
Whatman No.2 filter paper and then put into the dark tubes. The Chl-a and Chl-b contents
of the filtrate was measured with a UV microplate spectrophotometer (Epoch, SN: 1611187,
Winooski, VT, USA) at 663 and 645 nm, respectively, against an 80% acetone blank. The
findings were expressed as mg L−1 and calculated as mg g−1 Fwt.

The proline concentration was determined following the method of Bates et al. [36]
with minor modifications [31]. Leaf samples (0.5 g) were extracted with 10 mL of 3% w/v
sulphosalicylic acid using a mortar and a pestle. The extract was filtered through Whatman
No.2 filter paper. Then, the 2 mL filtrate was mixed with 2 mL of acid–ninhydrin in a test
tube and boiled at 100 ◦C for 1 h. The reaction was terminated in an ice bath. Then, the
mixture was extracted using 5 mL of toluene. The tubes were vortexed for 20 s and then
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left for 20 min at room temperature to achieve two layers of separation. The organic phase
was collected, and the absorbance of the extracts was read at 515 nm using a toluene blank.
Proline concentration was made from a standard curve using L-proline (Sigma-Aldrich,
Taufkirchen-Germany). The results are expressed as μmol g−1 Fwt.

Hydrogen peroxide (H2O2) levels were assessed following the method of
Velikova et al. [37] with small modifications [38]. Leaf samples (0.5 g) were extracted
with 5 mL of 0.1% (w:v) trichloroacetic acid (TCA). The extract was centrifuged at 12,000× g
at 4 ◦C for 15 min, and the supernatant (0.5 mL) was added to 0.5 mL of a 10 mmol L−1

potassium phosphate buffer (pH 7.0) and 1 mL of a 1 mol L−1 potassium iodide. The
absorbance was read at 390 nm in a UV microplate spectrophotometer (Epoch, SN: 1611187,
Winooski, VT, USA). The H2O2 content was expressed as μmol g−1 Fwt.

The malondialdehyde (MDA) content was assessed following the method of Sairam
and Sexena [39] with minor modifications [38]. The leaf samples (0.5 g) were extracted
with 10 mL of a 0.1% (w/v) TCA solution. The extract was centrifuged at 10,000× g for
5 min. Four milliliters of 20% v/v TCA containing 0.5% v/v thiobarbituric acid (TBA) was
added to 1 mL of the supernatant. The mixture was kept in boiling water for 30 min, and
then the reaction was stopped in an ice bath. The mixture was once more centrifuged
at 10,000× g for 5 min and then read in a UV microplate spectrophotometer (Epoch, SN:
1611187, Winooski, VT, USA) at 532 and 600 nm. The MDA content was calculated and
expressed as nmol g−1 Fwt (Equation (3)).

MDA
(

nmol g−1
)
=

Extract volume (ml) ×
[
(A532 − A600)/

(
155 mM−1 cm−1

)]

Sample amaunt (g)
× 103 (3)

Catalase enzyme activity (CAT; Enzyme Code. 1.11.1.6) was determined following
the method of Milosevic and Slusarenko [40] with minor modifications [38]. Leaf samples
(0.5 g) were extracted with 10 mL of a 50 mmol L−1 Na-phosphate buffer solution, and then
50 mL of the extract were added to a 2.95 mL reaction mixture (50 mmol L−1 Na-phosphate
buffer, 10 mmol L−1 H2O2, and 4 mmol L−1 Na2EDTA) and read with a UV microplate
spectrophotometer (Epoch, SN: 1611187, Winooski, VT, USA) at 240 nm for 30 s. One CAT
unit (U) was defined as an increase in absorbance of 0.1 at 240 nm. The activity is expressed
as enzyme unite mg−1 Fwt.

Peroxidase enzyme activity (POX; Enzyme Code. 1.11.1.7) was assayed following the
method of Cvikrova et al. [41] with minor modifications [38]. For the analysis, 100 mL of the
homogenate (obtained as above) was added to 3 mL of the reaction mixture (50 mmol L−1

Na-phosphate, 5 mmol L−1 H2O2, 13 mmol L−1 guaiacols, and pH 6.5). Activity was
defined by the range of change in absorbance at 470 nm with a UV microplate spectropho-
tometer (Epoch, SN: 1611187, Winooski, VT, USA). One unit of POX was defined as a
change of 0.1 absorbance unit per minute at 470 nm. Activity is expressed as enzyme
unit mg−1 Fwt.

Leaf mineral (K+, Na+, Ca2+, Mg2+, and Cl−) contents were determined according
to the procedure made by Chapman and Pratt [42] with minor modifications [31]. Dry
plant samples (0.5 g) were ground in porcelain crucibles. The porcelain crucibles were
placed into a muffle furnace, and the temperature was gradually increased up to 500 ◦C.
Following cooling, the ash was dissolved in 5 mL of 2 N hydrochloric acid. After 30 min,
the volume was made up to 50 mL with distilled H2O, and the supernatant was filtered
through Whatman No.42 filter paper. The resulting supernatant containing Na+, K+, Ca+2,
and Mg+2 ions were assessed by Inductively Coupled Plasma (ICP, Perkin Elmer). Chloride
was determined using ion chromatography after the filtration through Whatman No.42
filter paper.

Duncan’s multiple range test (DMRT) was used to evaluate the data using SPSS 22
(ANOVA test) at a significance level of p ≤ 0.05 using. Data are presented as a mean value
± with standard error.
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3. Results

Strawberry plant growth, fruit properties, biochemical parameters, and mineral con-
tents were significantly affected by all salinity levels. The crown fresh and dry weights of
strawberry plants in saline conditions were significantly lower in plants grown alone in
saline conditions when compared to those of plants grown in combination with P. oleracea
under the same conditions. For example, the crown fresh weights of the plants were 55.16,
37.62, and 35.16 g plant−1 grown alone in S30, S60, and S90 mmol L−1 NaCl conditions,
respectively. When plants were grown in combinations with P. oleracea, their conditions
were significantly improved at all NaCl conditions. The fresh weights of plants increased
to 64.38, 44.76, and 44.49 plant−1 at the SP30, SP60, and SP90 mmol L−1 NaCl conditions,
respectively (Table 1). Similar improvements were recorded for the dry weights of plants
(Table 1). In general, the combination of companion plants (P. oleracea) was found to be
effective in increasing the Fwt and Dwt under each NaCl condition.

Table 1. Growth and physiological parameters of strawberry plants grown alone or in combination with P. oleracea at
differing NaCl levels.

Treatments Crown Fwt (g Plant−1) Crown Dwt (g Plant−1) EL (%) SC (mmol m−2 s−1)

S0 85.32 ± 4.17 a 18.39 ± 0.70 a 11.90 ± 0.77 e 241.98 ± 4.29 a

S30 55.16 ± 5.30 b 12.71 ± 1.40 b 15.61 ± 0.57 c 183.26 ± 8.19 c

S60 37.62 ± 2.70 d 10.00 ± 1.07 d 21.84 ± 1.06 b 127.64 ± 8.39 d

S90 35.16 ± 1.90 d 9.39 ± 0.69 d 25.34 ± 0.92 a 94.10 ± 3.83 e

SP0 85.57 ± 4.46 a 19.09 ± 0.91 a 11.07 ± 0.45 e 260.38 ± 8.81 a

SP30 64.38 ± 5.01 b 14.77 ± 1.08 b 11.10 ± 0.95 e 230.80 ± 5.48 b

SP60 44.76 ± 1.67 c 11.23 ± 0.22 c 13.84 ± 1.04 d 181.60 ± 4.65 c

SP90 44.49 ± 2.69 c 11.16 ± 0.59 c 15.32 ± 1.03 c 131.08 ± 5.51 c

Significance level at p ≤ 0.05 was determined for the salt treatment using Duncan’s multiple range test. Different letters in each column
indicate statistical differences. S: a strawberry grown alone; SP: the strawberry and P. oleracea companionship; EL: electrolyte leakage; SC:
stomatal conductivity.

EL is considered an important criterion for salt stress parameters. EL was increased
with increasing levels of salt. For example, leaf EL was found to be 11.90 and 11.07% at S0
and SP0, respectively. Increases of EL were trended from 15.61 to 25.34% with respect to
conditions from S30 to S90, respectively. When P. oleracea was accompanied with strawberry
plants in the NaCl conditions, the increase of EC was so minimal that only 11.10 and 15.32%
were recorded at SP30 and SP90, respectively; see Table 1.

Stomatal conductivity in saline conditions was gradually decreased as the concentra-
tion of NaCl increased in plants grown alone in saline conditions (Table 1). However, the
cultivation of P. oleracea improved the SC of strawberry plants under all NaCl conditions
when compared to those grown alone in saline conditions. The improvement of SC was
evident in that the increases were from 183.26 to 230.80% from S30 to SP30 cultivation
conditions, respectively. At the higher NaCl concentrations of S90 and SP90, the SC was still
improved with a lesser efficiency from 94.10 to 131.08%, respectively.

The average fruit weight and yield of strawberry plants under NaCl conditions were
reduced in plants grown alone, but the co-cultivation of strawberry plants with P. oleracea
increased the average and total fruit weight (Table 2).

The employment of P. oleracea not only increased the crop yield and physiological
parameters but also improved the quality of fruits in terms of lycopene and vitamin C
contents. Lycopene and vitamin C contents were gradually decreased as the concentration
of NaCl increased. Again, the employment of P. oleracea increased the lycopene and vitamin
C at all NaCl levels (Table 2). For example, the remarkable effect was more evident at
the 90 mmol L−1 NaCl conditions, as the both lycopene and vitamin C contents were
increased when grown with P. oleracea as compared to those of plants grown alone in
saline conditions.
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Table 2. Yield and some fruit properties of strawberry plants grown alone or in combination with P. oleracea at differing
NaCl levels.

Treatments
Average Fruit

Weight (g Plant−1)
Yield (g Plant−1) Lycopene (mg kg−1 Fwt) Vitamin C (mg kg−1 Fwt) TSS (%)

S0 18.53 ± 0.24 a 214.76 ± 25.26 a 37.98 ± 1.61 a 49.87 ± 2.48 a 8.80 ± 0.22 a

S30 14.96 ± 0.58 c 132.85 ± 19.44 c 35.27 ± 1.29 a 45.07 ± 2.55 c 6.80 ± 0.25 b

S60 9.80 ± 1.25 e 83.76 ± 15.20 d 27.52 ± 1.13 b 36.79 ± 1.30 d 5.80 ± 0.24 d

S90 5.60 ± 0.58 f 31.53 ± 5.40 e 16.56 ± 1.61 c 32.53 ± 0.81 e 5.20 ± 0.25 e

SP0 19.09 ± 0.52 a 229.40 ± 17.46 a 37.20 ± 1.45 a 51.88 ± 1.89 a 9.00 ± 0.20 a

SP30 16.94 ± 0.54 b 164.80 ± 23.99 b 34.87 ± 1.95 a 47.19 ± 1.04 a 7.40 ± 0.17 b

SP60 15.74 ± 0.53 c 147.57 ± 25.67 c 33.93 ± 1.82 a 41.36 ± 1.70 c 5.90 ± 0.20 c

SP90 12.65 ± 0.73 d 94.00 ± 8.91 d 28.55 ± 1.31 b 43.12 ± 2.51 c 5.60 ± 0.19 c

Significance level at p ≤ 0.05 was determined for the salt treatment using Duncan’s multiple range test. Different letters in each column
indicate statistical differences. S: a strawberry grown alone; SP: the strawberry and P. oleracea companionship; TSS: total soluble solids.

Unlike other parameters, the TSS contents of the fruits in saline conditions were
significantly lowered. The co-cultivation of P. oleracea did not significantly improve the
conditions of strawberry plants (Table 2).

Chl-a and Chl-b were significantly affected by salinity at the S60 and S90 mmol L−1

NaCl levels (p ≤ 0.05). For example, the Chl-a and Chl-b were determined as 0.70 and
0.36 mg g−1 Fwt, respectively, at S90 mmol L−1 NaCl levels in strawberry plants. The
positive effects of P. oleracea on the Chl-a and Chl-b contents at SP90 mmol L−1 NaCl were
evident, as the Chl-a and Chl-b contents were 1.01 and 0.51 mg g−1 Fwt, respectively, in
strawberry plants (Figure 2A,B).

(A)

(B)

Figure 2. Leaf Chl-a (A) and Chl-b (B) contents of strawberry plants grown alone or in combination
with P. oleracea at differing NaCl levels (0, 30, 60, and 90 mmol L−1). S: a strawberry grown alone; SP:
the strawberry and P. oleracea companionship; TSS: total soluble solids.
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Leaf proline content significantly increased as the concentration of NaCl levels in-
creased as a response to salinity stress. (p ≤ 0.05); see Figure 3A. The highest proline level
was determined as 13.77 μmol g−1 Fwt with the S90 mmol L−1 NaCl treatment, whereas at
the SP90 condition, the proline level decreased to 4.40 μmol g−1. Therefore, the combination
of P. oleracea not only improved the physiological and biochemical conditions of strawberry
plants but also reduced the stress metabolite levels.

Figure 3. Proline (A), H2O2 (B), and malondialdehyde (MDA) (C) contents; peroxidase enzyme activity (POX) (D) and
catalase enzyme activity (CAT) (E) antioxidant enzyme contents of strawberry plants grown alone or in combination with
P. oleracea at differing NaCl levels (0, 30, 60, and 90 mmol L−1). S: a strawberry grown alone; SP: the strawberry and
P. oleracea companionship; TSS: total soluble solids.
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The companionship of P. oleracea had a remarkable effect to reduce the impact of
NaCl stress in strawberry plants. Again, leaf H2O2 and MDA contents increased with the
increasing levels of salt stress. The highest H2O2 and MDA levels were determined as 74.72
and 13.58 nmol g−1 Fwt, respectively, at the S90 mmol L−1 NaCl level. The co-cultivation
of P. oleracea with strawberry plants reduced the contents of H2O2 and MDA levels down
to 31.56 and 4.15 nmol g−1 Fwt, respectively (Figure 3B,C).

POX and CAT antioxidant enzymes showed parallel patterns to those of previous
parameters. The co-cultivation of P. oleracea significantly decreased antioxidant enzyme
levels at the 60 and 90 mmol L−1 NaCl conditions, (Figure 3D,E).

Leaf Mineral Contents

The concentrations of beneficial ions such as those of K+ and Ca2+ decreased with
the increases in salinity levels in strawberry plants. The lowest K+ and Ca2+ ions were
determined at the S90 level. The leaf Mg2+ content was not significantly affected upon NaCl
stress. P. oleracea co-cultivation with strawberry plants enhanced the Mg2+ ion level at NaCl
treatments; see Table 3. Under saline conditions, gradual increases of Na+ and Cl− ions
were evident in strawberry plants grown at increasing NaCl salinity, but the employment
of P. oleracea significantly decreased the Na+ and Cl− ion contents; Table 3.

Table 3. Strawberry leaf mineral contents of strawberry plants grown alone or in combination with
P. oleracea at differing NaCl levels.

Treatments K+ (%) Ca2+ (%) Mg2+ (%) Na+ (%) Cl− (%)

S0 2.32 ± 0.10 a 2.39 ± 0.13 a 0.32 ± 0.03 a 0.17 ± 0.04 e 0.35 ± 0.01 d

S30 1.82 ± 0.08 b 1.97 ± 0.11 a 0.28 ± 0.03 a 0.32 ± 0.02 d 0.67 ± 0.03 d

S60 1.41 ± 0.06 c 1.86 ± 0.04 b 0.29 ± 0.02 a 0.69 ± 0.05 b 2.09 ± 0.29 b

S90 1.02 ± 0.05 e 1.72 ± 0.03 b 0.28 ± 0.03 a 1.09 ± 0.03 a 3.69 ± 0.23 a

SP0 2.42 ± 0.11 a 2.25 ± 0.06 a 0.35 ± 0.02 a 0.09 ± 0.01 e 0.25 ± 0.05 d

SP30 2.27 ± 0.06 a 2.15 ± 0.13 a 0.33 ± 0.03 a 0.19 ± 0.03 e 0.46 ± 0.03 d

SP60 1.78 ± 0.15 b 2.15 ± 0.25 a 0.34 ± 0.03 a 0.31 ± 0.05 d 1.16 ± 0.10 c

SP90 1.66 ± 0.09 b 2.14 ± 0.11 a 0.31 ± 0.02 a 0.49 ± 0.08 c 1.29 ± 0.06 c

Significance level at p ≤ 0.05 was determined for the salt treatment using Duncan’s multiple range test. Different
letters in each column indicate statistical differences. S: a strawberry grown alone; SP: the strawberry and
P. oleracea companionship.

4. Discussion

Salinity stress is one of the most devastating issues that damages crop plants in terms
of quantity and quality. Increased salinity levels not only damage plants during vegetative
stages but also negatively affect reproductive stages. Under salt stress, Na+ is extensively
accumulated in the shoots and roots of cultivars and K+ content is decreased [43]. Quality
parameters such as vitamin contents, aromatic substances, and pigments are remarkably
reduced. Leaf proline content, as a response to stress, tends to increase. Increasing proline
content under salinity conditions indicates the adverse effects of osmotic stress on the plant.
Proline and soluble carbohydrates (also known as compatible solutes) are expected to be
accumulated under salinity in strawberry [44]. This can be considered to be a criterion for
stress tolerance [45]. This study showed that P. oleracea in combination with strawberry
decreased proline levels under salinity along with the reduction of Na+ and Cl− ion levels
by reducing the toxic levels of salt ions. P. oleracea gave promising results on strawberry
plants grown at different NaCl stress levels (0, 30, 60, and 90 mmol L−1). It is important to
note that peat has a high bulk density. For example, Nugraha et al. [46] stated that capillary
water movement had a very critical role in supplying water to the rooting zones of crop
plants or the top parts of the soil. They reported that the rate of capillary water movement
progressively corresponded to the increase in bulk density. Farina et al. [47] also stated that
NaCl accumulation in peat mulching was much lesser than that of soil. They stated that if
the porosity in the surface layers became small enough, irrigation or raindrops could plug
macropores in the surface. They either block main avenues for water and roots to move
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through the soil or they form a cement-like surface layer when the soil dries. The rock-solid
upper layer or salt crust then restricts water movement and plant emergence. In our study,
evaporation in the greenhouse was not high enough to build up NaCl accumulation in
the top part of the soil. Therefore, no salt crust formation, which would have affected the
results of our experimental findings, was observed.

Mozafari et al. [48] stated that salinity negatively affected the growth parameters,
pigment content, and membrane stability, as well as disturbing the ionic balance in plants.
For example, Saied et al. [49] stated that strawberry was considered to be a saline-sensitive
plant. Many physiological and biochemical parameters deteriorated. This both directly and
indirectly led to diminished productivity in plants [50]. We determined that fresh weight,
dry weight, stomatal conductance, fruit average weight, fruit total yield, chlorophyll (Chl-a
and Chl-b), total soluble solids, lycopene content, vitamin C content, and leaf mineral
content (K+ and Ca2+) of strawberry plants significantly decreased with increasing NaCl
levels. Strawberry plants grown in companionship with P. oleracea improved the condition
of plants, and much lesser reductions in terms of total yield and quality were evident. The
positive effect on strawberry growth was quite remarkable. The leaf electrolyte, proline,
malondialdehyde, H2O2 contents, catalase enzyme activities, nd peroxidase enzyme ac-
tivities, and leaf mineral contents (Na+ and Cl−) of strawberry plants increased with an
increasing level of salinity. The companion plants helped strawberry plants by reducing
toxic ion levels, antioxidant enzyme levels, and stress metabolites. With the improvement
of those parameters, electrolyte leakage and stomatal conductance were also improved,
and this was reflected in the quality of fruits in terms of lycopene and vitamin C contents.
This study proved that mixed planting with P. oleracea in saline conditions was an effective
phytoremediation technique that might significantly increase the yield production and
quality of strawberry. Similar findings were also made for S. soda plants by Karakas [51]
who suggested that the improvement of tomato plants via companion plants under salt
stress (1.3 and 6.5 dS m−1) was achieved with the synthesis of substances used for fruit
development instead of building up substances for mechanisms of stress tolerance. It is
important to note that synthesizing stress metabolites and antioxidant enzymes is quite
costly for plants to cope with abiotic or biotic stress factors [17]. Instead of generating crop
plants that can combat stress factors, the strategy that involves removing stress factors
would be much appreciated. Any genetic modifications or biochemical approaches that
increase the removing capacity of toxic ions or compounds from the soil habitat would
be an environmentally friendly approach and a safe strategy. For example, Grafienberg
et al. [52] and Karakas et al. [51] stated that reductions in stress metabolites and the uptake
of toxic ions enabled tomato plants to use more energy to build up organic components
such as lycopene and proteins instead of producing substances for defense mechanisms. In
this study, salinity stress resulted in a reduction in vitamin C content and lycopene contents
in strawberry. Jamalian et al. [53] showed that salinity reduced the vitamin C content
of strawberries, which was in line with the results of the present study. The decrease in
the vitamin C content of fruits at high salinity levels can be attributed to the decrease in
carbohydrate (sugar) production caused by the decrease in photosynthesis required for
vitamin C biosynthesis.

Yaghubi et al. [44] reported that MDA concentration was also high in strawberry plants
at salt stress conditions. They reported that reactive oxygen species (ROS) production was
muck higher than the scavenging capacity of antioxidant enzymes. The dismutation of O2

–2

into H2O2 and O2 was reported to increase H2O2 concentration [54]. This was observed
by a higher H2O2 content in salt-stressed strawberry plants than in control plants. Since
H2O2 was accompanied by an increase in the key antioxidant enzymes such as CAT, POD,
and superoxide dismutase (SOD), a reduction of H2O2 was achieved. In our methodology,
we achieved the decrease of stress metabolites while suppressing the antioxidant enzymes
via the use of P. oleracea plants. Though antioxidant enzymes such as CAT, POD, and SOD
are known to substantially reduce the levels of O2

- and H2O2 in plants and play a vital
role in plant defense against oxidative stress [55], the increase of these enzymes might
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interfere with the chemical compounds involved in quality parameters such as lycopene
and vitamin C. With the use of P. oleracea, we were able to reduce stress metabolites and
toxic ions, reduced further damages to cell components, and increased the quality-related
compounds without increasing defense-related antioxidant compounds. This saved the
energy to be used for defense responses, and this saved energy could be used to increase
metabolic functions and quality parameters.

5. Conclusions

Strawberry cultivation has become popular recently, and this has led to an increase
in cultivated areas. These areas have become saline-polluted, saline-prone, and saline-
prevalent. Since strawberry is a salt-sensitive plant, it is easily affected by a mild or
moderate level of salinity. A very low level of NaCl could reduce crop yield and reduce the
quality of fruits.

In this study, strawberry seedlings were grown alone or in combination with P. oler-
acea under differing NaCl concentrations. Strawberry seedlings under increasing NaCl
salinity were negatively affected in terms of physiological, morphological, and biochemical
parameters. Defending plants synthesized various stress metabolites such as proline, MDA,
H2O2, and antioxidant enzymes to ease the negative effects of NaCl toxicity. However,
increases of these metabolites were negatively correlated with quality-related metabolites
such as vitamin C and lycopene. The cultivation of strawberry plants with P. oleracea plants
reduced the concentrations of stress metabolites and antioxidant enzyme levels, as well as
indirectly contributing to increases of vitamin C and lycopene contents.

We suggest that the employment of P. oleracea would remediate the conditions of
strawberry parameters by accumulating Na+ and Cl− ions, thus causing reductions in the
synthesis of stress metabolites. The use of P. oleracea is a quite practical and environmentally
friendly approach where salinity is prevalent. P. oleracea has a high potential that could be
used in high saline and in other environmental stress conditions.
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Abstract: Kale (Brassica oleracea var. acephala) is known as a vegetable with good tolerance of en-
vironmental stress and numerous beneficial properties for human health, which are attributed to
different phytochemicals. In the present study, investigation of how low temperatures affect proline,
pigments and specialized metabolites content was performed using 8-weeks old kale plants subjected
to chilling (at 8 ◦C, for 24 h) followed by short freezing (at −8 ◦C, for 1 h after previous acclimation
at 8 ◦C, for 23 h). Plants growing at 21 ◦C served as a control. In both groups of plants (exposed to
low temperatures and exposed to short freezing) a significant increase in proline content (14% and
49%, respectively) was recorded. Low temperatures (8 ◦C) induced an increase of pigments (total
chlorophylls 7%) and phytochemicals (phenolic acids 3%; flavonoids 5%; carotenoids 15%; glucosino-
lates 21%) content, while exposure to freezing showed a different trend dependent upon observed
parameter. After freezing, the content of chlorophylls, carotenoids, and total phenolic acids retained
similar levels as in control plants and amounted to 14.65 ± 0.36 mg dw g−1, 2.58 ± 0.05 mg dw g−1

and 13.75 ± 0.07 mg dw CEA g−1, respectively. At the freezing temperature, total polyphenol content
increased 13% and total flavonoids and glucosinolates content decreased 21% and 54%, respectively.
Our results suggest that acclimatization (23 h at 8 ◦C) of kale plants can be beneficial for the accumu-
lation of pigments and phytochemicals, while freezing temperatures affect differently specialized
metabolite synthesis. The study suggests that growing temperature during kale cultivation must be
considered as an important parameter for producers that are orientated towards production of crops
with an increasing content of health-related compounds.

Keywords: Brassica oleracea var. acephala; short-term cold stress; phytochemicals; pigments

1. Introduction

Climate changes that generally cause global warming can cause sudden, low tempera-
ture episodes. These types of events can significantly reduce crop production and quality.
According to the review article by Ritonga and Chen [1], low temperature is one of the
most harmful environmental stresses that higher plants face, along with drought stress.
Low temperature stress significantly limits the geographical distribution of plants, but with
climate changes and climate disturbances, crops can experience periods of extremely low
temperatures uncommon for the region [2]. Crops that experience low-temperature stress
suffer impaired growth, which affects and delays essential processes in their development
such as flowering, development and fruiting. That may cause loss in crop yields and
quality, and in extreme cases, the plant freezes, wilts and dies [2]. Plants differ in their
tolerance to chilling (0–15 ◦C) and freezing (<0 ◦C) temperatures, and resistance is species-
or cultivar-dependent. Chilling tolerant plants often grow in temperate climatic regions,
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and they can increase their freezing tolerance by being exposed to chilling, non-freezing
temperatures, a process known as cold acclimation [3]. Plant tolerance to low temperature
may involve mechanisms related to carbohydrates, specialized metabolites and energy
metabolism, transcription, signal transduction, protein transport and degradation [3–5].

The family Brassicaceae, often called Cruciferae or mustard family, represents a mono-
phyletic group distributed worldwide, except for Antarctica, comprising of approximately
341 genera and 3977 species. The number of genera and species changes frequently in
parallel with development of new methods that dissect the genetic diversity of the family
in a greater detail [6]. One of the important members is the genus Brassica, which includes
significant crop plants such as rapeseed and some commonly used vegetables with a long
history of agricultural use around the world [7]. One of the key species is Brassica oler-
acea that includes vegetables with significant morphological diversity of plant organs and
good adaptation to adverse environmental conditions [8]. According to the morphology
and other characteristics B. oleracea includes several cultivar groups (Acephala, Botrytis,
Capitata group, etc.). Among these groups, plants from Acephala group include leafy, non-
heading cabbage varieties with common names of kale and collards. Kale (B.oleracea var.
acephala) is known for its good tolerance of environmental stress such as salt, drought and
frost hardiness and resistance [8–14]. Kale is easy and cheap for cultivation and production
significantly increased from 3994 to 6256 harvested acres in US, in the time from 2007 to
2012, respectively [15]. In recent years, kale has been marked as a superfood [8] due to its
beneficial effects on human health, which are related to the presence of specialized metabo-
lites from the group of polyphenols, carotenoids and glucosinolates, but also important
minerals, vitamins and dietary fibres [8,11,13,14]. Kale and collards have higher content of
Ca, folate, riboflavin, vitamin C, K and A content than other cruciferous vegetables while
their phytochemical content is comparable with other Brassica vegetables [8]. Kale pos-
sesses biological activities such as antioxidant and anticarcinogens activity, and protective
properties in cases of cardiovascular and gastrointestinal system diseases (reviewed by
Šamec et al. [8]). Kale tolerates both high summer temperatures and low winter temper-
atures, even freezing temperatures for a short period of time. Improved understanding
of mechanisms related to kale low temperature tolerance can introduce improved cold
resistance varieties, better equipped to deal with unusually low temperatures that might
arise during the growth season. Low temperatures during kale cultivation have been
reported to affect polyphenolic compounds [16,17], soluble sugars and glucosinolates [18],
but most of these studies were conducted in the field where it is difficult to control other
environmental parameters.

Tolerance of low temperatures in kale is associated with the content of specialized
metabolites that can serve not only as a protective mechanism against environmental
stressors for the plant, but also as a source of benefit compounds for human health. We
hypothesize that phytochemicals and pigments may play a significant role in kale stress
adaptation capability and that short term low temperature exposure affects specialized
metabolite content. In the present study, we investigated cold induced changes in special-
ized metabolite content: polyphenols, glucosinolates and carotenoids, under short term
chilling temperatures (8 ◦C and −8 ◦C) compared with the control (21 ◦C). In addition,
we determined the effect of short cold stress on basic growth physiological parameters
(chlorophyll a, chlorophyll b, total chlorophylls) and stress markers (proline content).

2. Materials and Methods

2.1. Plant Growing and Stress Experiments

Seeds were purchased from the family farm “Srd̄an Franić”, Vrgorac, Croatia. Seeds
were sterilized and germinated as we have previously reported [13]. Approximately
20 seeds per plate were transferred to Petri dishes containing 1% agar (w/v). Plates were
first stored in dark at 4 ◦C for 48 h, then transferred to the growth chamber and maintained
at 21 ◦C for three days with a 16/8 h photoperiod. Seedlings were then placed in pots
(diameter 55–73 mm; height 105 mm) containing Stender A240 substrate (Stender GmbH,
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Schermbeck, Germany) and maintained in a growth chamber at 16/8 h photoperiod
(light/dark) at 21 ◦C. All plants were watered regularly with the same amount of water
and transplanted after 4 weeks into larger pots (diameter 130–145 mm; height 110 mm)
with fresh substrate to ensure sufficient plant nutrients throughout the experimental
period. After 8 weeks of growth, 30 healthy representative plants were selected for cold
stress experiments.

The experimental design is shown in Figure 1. Plants from all three groups (control,
chilling and freezing group) were harvested at exactly the same time, quickly frozen in
liquid nitrogen, and stored at −80 ◦C followed by freeze-drying (Lyovac GT 2; Steris
Deutschland GmbH, Köln, Germany) for further extraction and analysis.

Figure 1. Schematic diagram of the short-term cold experiments.

2.2. Determination of Proline Content

For proline determination, we extracted 30 mg of freeze-dried tissue with 70% ethanol,
as previously reported [10]. For the reaction, a mixture of 100 μL of extract and 1 mL of the
reaction mixture (containing 1% ninhydrin, 60% acetic acid, and 20% ethanol) was heated
at 95 ◦C for 20 min, followed by cooling on ice. Absorbance was measured at 520 nm
against control using a UV–VIS spectrophotometer (BioSpec-1601, Shimadzu, Kyoto, Japan).
Quantification of proline was done according to calibration curve of proline (0–1.6 mM)
and expressed as μmol g−1 dw−1.

2.3. Determination of Chlorophylls and Carotenoids Content

To determine concentration of chlorophyll a, chlorophyll b, total chlorophylls, and
carotenoids, 10 mg of freeze-dried tissue was extracted using 80% acetone until tissue
discoloration. Samples were centrifuged and supernatants were collected for quantification
by spectrophotometric absorbance reading at 663.2 nm for chlorophyll a, 646.8 nm for
chlorophyll b, and 470 nm for carotenoids [19] and expressed as mg g−1 dw−1.

2.4. Determination of Polyphenolic Compounds

For the determination of the content of polyphenolic compounds, extracts were pre-
pared by mixing 60 mg of dried material with 2 mL of 80% methanol and the extraction
was performed as previously reported [14].
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For the determination of total polyphenols, total phenolic acids and total flavonoids,
we used well-established methods suitable for small-scale volumes and for Brassicacea
plants [20]. For the determination of total phenols content, Folin–Ciocâlteu method was
used and the calibration curve was constructed using gallic acid as the standard. Results
are expressed as milligrams of gallic acid equivalents per gram of dry weight (mg GAE
g−1dw−1). For the determination of phenolic acids, a mixture of sodium nitrite and sodium
molybdate was used and caffeic acid was used to construct the calibration curve. Results
are expressed as caffeic acid equivalents per gram of dry weight (mg CAE g−1dw−1).
Flavonoids were determined using Al2O3 method, catechin was used as the standard to
construct the calibration curve, and results are expresses as catechin equivalents per gram
of dry weight (mg CE g−1 dw−1).

2.5. Determination of Total Glucosinolates

For the determination of total glucosinolates, an established method based on the
reaction with sodium tetrachloropalladate II (Na2PdCl4) [21] was adapted as previously
reported [14]. Sinigrin standard was used to construct the calibration curve and the results
are expressed as sinigrin equivalents per gram of dry weight (mg g−1 dw−1).

2.6. Statistical Analysis

All analyses were performed in at least three replicates and results are expressed as
mean ± standard deviation (SD). All statistical analyses were performed using the free soft-
ware PAST [22]. One-way ANOVA and post hoc multiple mean comparison (Tukey’s HSD
test) were performed and differences between measurements were considered significant
at p < 0.05.

3. Results

3.1. Effect of Cold Stress on Proline Content in Kale

Increase in proline content was noticed after exposure to cold stress was strongly
related to the drop of the temperature (Figure 2). After 24 h at chilling temperatures (8 ◦C),
proline content was 14% higher than in the control plants, with additional increase to 49%
in kale exposed to −8 ◦C for 1 h after 23 h of acclimation. The rise of proline, as one of cold
stress markers, is a clear indication that kale plants perceive the administered temperatures
as cold stress.

Figure 2. The proline content in kale plants exposed to cold stress. Value marked with different
letters are significantly different at p < 0.05.
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3.2. Effect of Cold Stress on Content of Chlorophylls and Carotenoids in Kale

Concentration of chlorophylls in chilled plants showed a significant increase in content
of chlorophyll a, b and total chlorophylls (Figure 3), indicating that cold stressed plants
increased the rate of synthesis of chlorophylls. In case of previous acclimatization of
plants to chilling temperatures followed by exposure for freezing temperatures, the plant’s
photosynthetic apparatus was less affected and the content of photosynthetic pigments
remained similar to the levels recorded for stress free control plants.

Figure 3. The content of chlorophyl a (a), chlorophyl b (b) and total chlorophylls (c) in kale exposed to low temperatures.
Value marked with different letters are significantly different at p < 0.05.

The content of carotenoids in kale under low temperatures is shown in Figure 4. In
the control, the content of carotenoids was 2.71 ± 0.06 mg g−1 and their amount followed
the same trend as that of chlorophylls—under 8 ◦C increase, but their content in plants
subjected to freezing temperature was comparable with those in the control plants.

Figure 4. The content of carotenoids in kale exposed to low temperatures. Value marked with
different letters are significantly different at p < 0.05.
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The ratio of chlorophyll a and chlorophyll b, as well as the ratio of total chlorophylls
and total carotenoids could provide useful information about adaptation of plants to
stress conditions [19]. Our values for those parameters are shown at Table 1. The ratio
of chlorophyll a/chlorophyll b remained stable for under chilling temperatures while
significant increase was recorded for plants exposed to freezing temperature. The ratio of
total chlorophylls/total carotenoids remained stable under cold stress.

Table 1. The ratio of chlorophyll a/chlorophyll b and total chlorophylls/total carotenoids in kale exposed to low tempera-
tures. Value marked with different letters are significantly different at p < 0.05.

Control
(21 ◦C)

Chilling 24 h
(8 ◦C)

Freezing 1 h after
Acclimatization 23 h

(−8 ◦C)

Chlorophyll a/
chlorophyll b 2.00 ± 0.02 b 1.91 ± 0.04 b 2.17 ± 0.10 a

Total chlorophylls/
total carotenoids 5.67 ± 0.07 a 5.29 ± 0.14 a 5.67 ± 0.24 a

3.3. Effect of Cold Stress on Content of Polyphenolic Compounds in Kale

Significant changes in polyphenolic compounds was recorded in plants exposed to
freezing temperatures and results are shown at Figure 5. For total phenolic acids, the trend
was different and only plants at chilling temperature showed significantly higher content
than in the control. For flavonoids, a slight increase was observed at chilling temperature,
while total flavonoid content decreased at freezing temperature compared with the control
and plants at chilling temperature, suggesting that polyphenolic compounds are main
metabolites synthesized during acclimation and counteracting cold stress induced by
freezing temperatures.

Figure 5. The content of total polyphenols (a), total phenolic acids (b) and total flavonoids (c) in kale exposed to low
temperatures. Value marked with different letters are significantly different at p < 0.05.

3.4. Content of Glucosinolates under Low Temperature

The level of glucosinolates was majorly affected by cold stress as is shown at Figure 6.
Exposure to chilling temperatures induced an increase in glucosinolates synthesis while
a significant drop in glucosinolates content in plants exposed to freezing temperatures
was recorded.
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Figure 6. The content of total glucosinolates in kale exposed to low temperatures. Value marked
with different letters are significantly different at p < 0.05.

4. Discussion

Proline is an amino acid that plays an important role in plant metabolism and develop-
ment. Its accumulation is associated with plant stress response where it acts as an osmolyte,
metal chelator, antioxidant defence molecule and signalling molecule (reviewed by Hayat
et al. [23]. In the presented study, proline also acted as a protective molecule against cold
stress with recorded increase in content correlating to the temperature drop (Figure 2).
Similar results were reported for frost-resistant mutants of cauliflower (Brassica oleracea
var. botrytis) by Hady et al. [24] and Fuller et al. [25] Proline accumulation is reported to be
associated with cold stress tolerance in many other crops such as beans [26], sorghum [27],
and rice as well [28]. Stressful environment cause changes in a variety of physiological,
biochemical, and molecular processes in plants, which is evident from the proline levels
mentioned above, but it can also affect photosynthesis, the most fundamental and compli-
cated physiological process in all green plants [29]. Photosynthesis is an essential process
for plants, and it is very sensitive to changes in environmental conditions [30]. Chlorophylls
play important role in photosynthesis in harvesting and converting light energy in the
antenna systems and charge separation and electron transport in the reaction centres [31].
Therefore, chlorophyll content is an important parameter to evaluate photosynthetic ca-
pacity. The level of chlorophyll a, b, and total chlorophylls and carotenoids was decreased
after exposure to chilling temperature, while staying stable under freezing temperature
in similar concentration as in control plants. Freezing temperatures normally cause a
decrease in the ratio of total chlorophyll to carotenoids [12], but the acclimatization period
in chilling period was much longer, so decrease in chlorophylls can also be a response to
long exposure to chilling rather than freezing itself.

The ratio of total chlorophylls and carotenoids is an indicator of the plant green-
ness [19] and in our experiment chilling temperatures did not change significantly the ratio.
The ratio of chlorophyll a/chlorophyll b may be an indicator of the functional pigment
endowment and light adaptation of the photosynthetic apparatus [19]. Under stress condi-
tions in plants, both chlorophyll a and chlorophyll b tend to decrease while, the chlorophyll
a/b ratio tends to increase due to greater reduction in chlorophyll b compared to chlorophyll
a [29]. Accordingly, our results indicate notable stress under freezing temperatures.

Kale is also considered a good source of carotenoids [32]. Carotenoids are essential pig-
ments in photosynthetic organs along with chlorophylls where they act as photoprotectors,
antioxidants, colour attractants, and precursors of plant hormones in non-photosynthetic
organs of plants [33]. In addition, they play important roles in humans such as pre-
cursors of vitamin A, photoprotectants, antioxidants, enhancers of immunity, and oth-
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ers [33]. Under our experimental conditions, in control plants, total carotenoid content
was 2.71 ± 0.06 μg g−1, increased to 3.10 ± 0.13 μg g−1 under 8 ◦C and decreased to
2.58 ± 0.05 μg g−1 under −8 ◦C. Similarly, Hwang et al. [34] reported a gradual increase in
total carotenoid content of kale during cold acclimatizationon for 3 days. They noted an
increase in zeaxanthin content under cold stress. Mageney et al. [32] also reported high
zeaxanthin contents in kale under traditional harvest conditions consistent with low tem-
peratures. Consistent with reported papers, our results show that cold acclimatization may
be beneficial for carotenoid content accumulation. According to our previously published
work comparing the carotenoid content in kale with that of white cabbage and Chinese
cabbage, kale tends to accumulate a higher amount of carotenoids, which may be related
to its better tolerance to low temperatures [10,11].

Polyphenol compounds are considered an important player in the response of plants
to abiotic stress, including low temperature stress [35]. The content of total polyphenols,
phenolic acids and flavonoids in our experiments is shown in Figure 6. Polyphenol
content differed between chilling and freezing where decrease and significant increase was
recorded, respectively. Jurkow et al. [36] also reported increased levels of polyphenols in
kale after moderate (−5 ◦C) and severe (−15 ◦C) frost compared to the pre-freezing (>0 ◦C)
period. Similarly, Lee and Oh [16] reported increased levels of polyphenolic compounds in
3 weeks old kale exposed to 4 ◦C for 3 days. They also reported an increase in the content of
phenolic acids, caffeic acid and ferulic acid, and flavonoid kaempferol after low temperature
treatment at 4 ◦C. The same authors in another study [17] observed no differences in total
flavonoid content in kale grown at 10 ◦C compared to the control. Our results for total
flavonoids content are consistent with these findings; we found no significant changes
in total flavonoids and phenolic acids at 8 ◦C, but a decrease in flavonoids at freezing
(−8 ◦C) temperature was observed. The duration of exposure to low temperature and
prior acclimatization may have an influence on the level of phenolic compounds under
low temperature stress [18], and probably this is the reason for different trends published
in different papers. In addition, individual phenolic compounds, or their conformation
(e.g., conjugates, etc.) may change at low temperatures, which cannot always be observed
by measuring total phenolic compounds content [37]. Low temperatures induce changes
in cellular ultrastructure and localization of phenolic compounds, as has been reported for
rapeseed (B. napus var. oleifera) leaves [38] and this may also affect polyphenolic compounds
extraction and their detection.

Glucosinolates are well-known specialized metabolites characteristic for Brassicacea
plants. Their contents in plants exposed to low temperatures compared to the control in our
experiments are shown in Figure 6, where we observed an interesting trend. Under chilling
temperature their content increased, while under additional freezing temperature their
content decreased significantly. This trend is different from the one we reported previously,
where the content of glucosinolates increases under chilling and freezing temperatures [12].
This different trend may be due to different experimental conditions and age of plants as
reported in our previous work [12], where we exposed plants to freezing temperature for
1 h after 1 week of acclimation. Differences in glucosinolates trend reported in different
papers are probably due to different experimental conditions, e.g., temperatures, duration
of acclimation, etc., which may influence accumulation of different phytochemicals or be
related to the kale variety.

5. Conclusions

In a present study, 8 weeks old kale plants were exposed to short-term low tem-
perature stress (chilling and freezing) to study changes in proline, phytochemicals and
pigments content under low temperature. Increases in proline content indicate that stress
protective mechanisms were activated in plants at low temperatures and confirmed proline
as a reliable stress marker for low temperature stress. Compared to the control, plants
exposed to 8 ◦C (chilling temperatures) for 24 h accumulated significantly higher content of
chlorophyll a, b, total chlorophylls, and carotenoid as well as content of total polyphenols,
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flavonoids and glucosinolates. This may indicate that short term (24 h) chilling temperature
is beneficial for the accumulation of phytochemicals in kale. However, our results also
suggest that freezing temperatures (−8 ◦C) may cause significant stress and decrease in
pigments and phytochemical levels. Changes in measured phytochemicals indicate that
they play significant role in chilling and freezing tolerance in used kale variant, but future
more advanced metabolomics and transcriptomic studies will explain the mechanisms in
more detail.
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Abstract: Recently, grafting has been used to improve abiotic stress resistance in crops. Here, using
watermelon ‘Zaojia 8424’ (Citrullus lanatus) as scions, three different gourds (Lagenaria siceraria, 0526,
2505, and 1226) as rootstocks, and non-grafted plants as controls (different plants were abbreviated
as 0526, 2505, 1226, and 8424), the effect of cold stress on various physiological and molecular param-
eters was investigated. The results demonstrate that the improved cold tolerance of gourd-grafted
watermelon was associated with higher chlorophyll and proline content, and lower malondialdehyde
(MDA) content, compared to 8424 under cold stress. Furthermore, grafted watermelons accumu-
lated fewer reactive oxygen species (ROS), accompanied by enhanced antioxidant activity and a
higher expression of enzymes related to the Calvin cycle. In conclusion, watermelons with 2505 and
0526 rootstocks were more resilient compared to 1226 and 8424. These results confirm that using
tolerant rootstocks may be an efficient adaptation strategy for improving abiotic stress tolerance in
watermelon.

Keywords: watermelon; rootstock; cold stress; antioxidant enzymes; gene expression

1. Introduction

Cold stress is one of the key environmental factors that severely affect plant growth
and development, especially for watermelon (Citrullus lanatus). Watermelon is an important
global fruit due to its economic importance and nutritional qualities, it contains a great
quantity of antioxidants and may mitigate oxidative damage in tissues. Originating from
Africa and tropical regions in Asia, watermelon is sensitive to low temperatures. The best
growing conditions for watermelon are between 21 and 29 ◦C. When the temperature
drops to 10 ◦C, watermelon stops growing and it even dies at temperatures below 1 ◦C [1].
Extreme weather frequently occurs in China, especially during the seedling stage, such
as winter, late autumn, and early spring, in which watermelon usually suffers cold stress.
Thus, it is hard to grow the fruit and obtain high yields. Therefore, the study of how to
improve cold resistance in watermelon has become a vital part of watermelon breeding
projects. One way to improve cold tolerance is to graft plants onto rootstocks with higher
cold tolerance [2–7].

Grafting originated in Japan in the late 1920s and was initially used to improve
resistance to soil pathogens [8]. Since then, the use of grafting has spread around the world.
In Korea and Japan, approximately 95% and 92% of the land area, respectively, is cultivated
with grafted watermelon [9]. Recently, grafting was proposed as a promising approach to
improve tolerance to abiotic stress and can represent an efficient technique for reducing
or eliminating losses in production. Over the years, many studies have demonstrated the
ability of grafting to enhance salt tolerance in different plants, such as melon (Cucumis melo
L.) [10], pumpkin (Cucurbita moschata D.) [4], cucumber (Cucumis sativus L.) [11], grapevines
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(Vitis vinifera L.) [12], and watermelon [13]. Other studies have demonstrated that grafting
induces resistance to high temperatures [14] and water stress [15], improves the yield and
quality of watermelon under low potassium supply [16], and enhances nutrient uptake [17],
among other things. However, to date, there are few studies concerning the results of
grafting with appropriate rootstocks for cold tolerance in watermelon.

Accumulating evidence has demonstrated that certain stresses lead to oxidative stress
by overproducing reactive oxygen species (ROS), such as superoxide anions (O2

−) and
hydrogen peroxide (H2O2). The improved performance of grafted plants, especially under
abiotic stress, is usually associated with the higher accumulation of osmolytes, such as
proline, as well as higher antioxidant enzyme activity, such as that of superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT), which protect the cellular systems from the
cytotoxic damage by ROS [18,19]. Moreover, some studies have shown that grafted plants
have enhanced tolerance to stress via the induced the expression of some key genes, espe-
cially those related to photosynthesis. Li et al. [20] identified novel photosynthetic proteins
in grafted cucumber seedlings. Similarly, Yang et al. [21] found that the amelioration of
photosynthetic capacity in grafted watermelon seedlings under salt stress might be due
to enzymes of the Calvin cycle. They further proved that rootstock grafting watermelon
seedlings enhanced the gene expression of enzymes related to ribulose-1,5-bisphosphate
(RuBP) regeneration under salt stress [22]. Xu et al. [7], who analyzed the transcriptomic
results of grafted watermelon under cold stress, found 702 genes that were differentially
expressed, among which 180 genes associated with photosynthesis were downregulated.
These studies demonstrated that rootstocks could regulate gene expression patterns, espe-
cially those related to photosynthesis, in scions under stress.

Recently, different authors have demonstrated that the effects of grafting on plant
growth and stress tolerance depend on different rootstocks [12,13,23,24]. Therefore, select-
ing suitable rootstocks with higher compatibility and resistance is a promising strategy.
However, studies on rootstock screening to improve watermelon’s cold tolerance are lack-
ing and urgently required. Due to their vigorous root systems, bottle gourd (L. siceraria
Standl) and pumpkin have been used as rootstocks by watermelon growers to improve
fruit quality and sensory parameters [4]. Recently, some local bottle gourd genotypes that
may have potential for use as a rootstock against stress tolerance were selected and bred
by the Ningbo Academy of Agricultural Sciences, but no studies have been performed on
them. Information about the molecular responses of grafted watermelon to cold stress is
also limited. Therefore, this investigation aimed to understand the mechanisms by which
grafted watermelon can develop improved cold resistance. The ‘ZaoJia 8424’ watermelon
was chosen for grafting onto three gourd rootstocks to evaluate ROS and osmolyte ac-
cumulation, membrane stability, antioxidant defense system, and the expression level
of photosynthesis-related genes. The performed study will help to explain cold-tolerant
mechanisms in grafted horticultural crops, which may be useful when exploring potential
rootstocks to improve watermelon cold tolerance.

2. Materials and Methods

2.1. Plant Material and Treatments

The watermelon (Citrullus lanatus (Thunb.) Matsum. and Nakai) cv. ZaoJia 8424 was
used as a scion, and two cold-tolerant gourds (L. siceraria Standl. cv. LS0525, and LS0526)
and a cold-sensitive gourd (L. siceraria Standl. cv. LS1226) were selected as rootstocks.
The rootstock-grafted watermelon plants have been abbreviated as 2505, 0526, and 1226,
respectively. The nongrafted watermelon plants (abbreviated as 8424) were used as controls.
The watermelon and gourds used here were selected and bred by the Ningbo Academy of
Agricultural Sciences of China.

The seeds of the gourds (rootstocks) and watermelons (scion and nongrafted plants)
were sown on May 5 and 8 in a sand/soil/peat (1:1:1 by volume) mixture. The scion
plants were grafted onto the rootstock six days after the watermelon scion seeds were
sown using the method of Lee [25]. To improve graft formation, transparent plastic film
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was used to cover the seedlings. All grafted seedlings were kept in the shade for 72 h.
To ensure the stability of relative humidity, the plastic film was opened every day and
completely removed 7 days after grafting. Then, all different seedlings were grown under
the following conditions in the greenhouse: approximately 28/23 ± 1 ◦C (D/N) with 60%
relative humidity, a 12 h photoperiod, and a photosynthetic photon flux density (PPFD) of
300 μmol·m−2 · s−. After the third true leaves had fully unfolded, 12 plants of uniform size
from each group were transplanted into different pots (one seedling per pot) and cultivated
in an illuminating incubator under the controlled environment described above. After
another two days of acclimation, the plants were randomly distributed to two identical
illuminating incubators; one was a control group, and the other was a cold stress group.
The control group remained in the same conditions, while the experimental group was
subjected to cultivation for two days with a temperature of 20/15 ◦C (D/N) and then for
five days under 10/6 ◦C (D/N). Samples were collected at the same time, i.e., after one
week from both control and cold-stressed plants (2-day acclimation period and 5 days
under cold exposure). The third leaves from the tops of different groups were harvested
and used for H2O2 and O2

− detection, each replicated three times. The remaining leaves
were also sampled immediately and frozen in liquid N2 before being kept at −80 ◦C. Leaves
from the same position were used to measure the same parameter.

2.2. Chlorophyll Content and Plant Growth Measurements

Chlorophyll content was measured spectrophotometrically according to Porra et al. [26].
The height and stem diameter of seedlings from each treatment were measured using a
ruler and vernier caliper, respectively. The dry weights were determined after drying at
105 ◦C for 10 min and then at 70 ◦C for 72 h. The total number of leaves was counted on
each plant.

2.3. Measurements of ROS, MDA, and Proline Content

Histochemical staining of O2
− was performed using nitroblue tetrazolium (NBT) [27].

Leaf stalks were immediately combined with 0.1% NBT (w/v) in 25 mmol L−1 K-HEPES
buffer (pH7.8) and kept at 25 ◦C in the dark for 4 h. After the leaves were boiled in 95%
ethanol, they were photographed. The different staining colors indicated the different
degrees of lipid peroxidation.

Detection of H2O2 in the leaves and measurements of O2
− generation, H2O2, and

MDA content were all carried out according to our previous methods [28]. Proline content
was analyzed according to the method of Bates et al. [29].

2.4. Antioxidant Enzyme Analysis

The extraction of antioxidant enzymes and the determination of those enzyme activ-
ities (SOD, CAT, and POD) were all carried out according to our previous methods [18],
while the activity of GPX was measured following Huang et al. [30]. Electrophoretic sepa-
ration of POD and CAT bands was performed as described by Lu et al. [18] and Woodbury
et al. [31].

2.5. Gene Expression Analysis

Leaves of different watermelons were used to extract total RNA using the TRI Reagent
(Takara Bio Inc. Dalian, China) according to the manufacturer’s protocol. Reverse tran-
scription reactions were performed using a PrimeScript RT Reagent Kit with genomic
DNA Eraser (Takara Bio Inc. Dalian, China). Suitable primers were designed based on
the National Center for Biotechnology Information (NCBI) and the watermelon genome
sequence in the cucurbit genomics database. All primers used in this study are provided
in Table 1. Quantitative gene expression analysis was performed using a Light Cycler 480
II, Roche Real Time PCR System (Roche Diagnostics Ltd., Basel, Switzerland). qPCR was
carried out in a 20 μL reaction mixture containing 1 μL diluted first-strand cDNA, 125 nM
of each primer, and 10 μL Lightcycler 480 SYBR Green I Master (Roche Diagnostics GmbH,
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Mannhein, Germany). The 2−ΔΔCt method was used to determine the relative change in
gene expression [32], and melt curve analysis (from 55 to 94 ◦C) was used to determine the
specificity of PCR amplification. All measurements were performed in triplicate, and the
data are presented as the means and their standard errors.

Table 1. Gene-specific primers designed for qRT-PCR.

Gene Forward Primer Reverse Primer

rbcL TCTTGGCAGCATTCCGAGTAA TCGCAAATCCTCCAGACGTAG
TPI GAAATTCTTCGTCGGTGGC GAACCCAACAATTCCGTGCTG

FBPA GTTGGTCCCTATTGTGGAGCC CCTTGTAAACCGCAGC
FBPase TCACAGCCCTCGAATTTA CTTCGGAAACAAGGATACAAG
SBPase TCGAGGCCTTGAGATACTCAC GCCATCGCTGCTGTAACC

PRK GGGCTGAGAAGATTACC GAAGGATCTACAATCTCATGG
Note: rbcL: Rubisco large subunit (RBCL) gene; TPI: oftriose-3-phosphate isomerase gene; FBPA: fructose-1,6-
bisphosphate aldolase gene; FBPase: fructose-1,6-bisphosphatase gene; SBPase: sedoheptulose-1,7-bisphosphatase
gene; PRK: ribulose-5-phosphate kinase gene.

2.6. Statistical Methods

All data were statistically analyzed with SPSS 13.0 software (SPSS Chicago, IL, USA).
Two-way analyses of variance (ANOVA) were used to evaluate the effects of rootstock and
cold treatment. Tukey’s honestly significant difference (HSD, p ≤ 0.05) post hoc test was
performed to test the existence of statistical differences between different rootstocks under
normal and cold-stressed conditions.

3. Results

3.1. Growth Parameters

Under control conditions, all the grafted seedlings exhibited higher growth rates
than non-grafted 8424, among which 2505 and 0526 exhibited the best performance trend,
followed by 1226 (Table 2). Cold stress caused remarkable changes, and the growth of
8424 was significantly inhibited, whereas the growth inhibition of grafted plants was
clearly alleviated, and the level significantly varied depending on rootstock genotypes,
among which 2505 and 0526 were better than 1226. All growth parameters under cold
stress decreased significantly compared with the control, with 2505 and 0526 having a
smaller decrease than 1226. These results indicate that grafting increased the tolerance of
watermelon seedlings to cold stress, and the degree of resistance depended on the rootstock.
These growth parameters were significantly influenced by both different rootstocks and
cold stress, and a significant interaction of rootstock and cold was observed (Table 2).

Table 2. Effects of graft combinations and cold stress on watermelon seedlings.

Treatment Seedlings Plant Height (cm) Stem Diameter (mm) Dry Weight (g) Number of Leaves

Normal

2505 16.69 ± 0.87 c 3.32 ± 0.35 c 1.04 ± 0.11 c 9.11 ± 0.51 c

0526 17.08 ± 0.28 c 2.90 ± 0.27 ab 1.15 ± 0.08 c 8.53 ± 0.60 c

1226 15.20 ± 1.03 b 2.67 ± 0.16 b 0.92 ± 0.07 b 7.18 ± 0.57 b

8424 8.47 ± 0.64 a 2.13 ± 0.12 a 0.51 ± 0.05 a 4.07 ± 0.65 a

Cold

2505 15.06 ± 0.99 c 3.04 ± 0.27 b 0.92 ± 0.06 c 7.62 ± 0.43 c

0526 15.82 ± 0.43 d 2.47 ± 0.19 b 0.81 ± 0.05 d 7.02 ± 0.68 b

1226 13.03 ± 0.82 b 2.18 ± 0.14 b 1.06 ± 0.10 b 5.57 ± 0.48 b

8424 7.08 ± 0.38 a 1.81 ± 0.08 a 0.48 ± 0.04 a 3.82 ± 0.31 a

Two way ANOVA
Fs 10.05 *** 5.33 ** 6.27 ** 3.97 **
Fc 6.85 *** 17.19 * 6.43 ** 10.58 **

Fs×c 3.27 *** 6.84 * 9.51 * 2.20 **

Values are means of three replicates ± standard error (SE). Small case superscript letters in the same column show statistically significant
differences among different rootstocks for the same parameter under normal and cold stress at p ≤ 0.05 according to Tukey’s tests. FS:
rootstock effect, FC: cold effect, FS×C: rootstock × cold interaction effect. *, **, and ***: significant at p ≤ 0.05, 0.01, and 0.001, respectively.
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3.2. Chlorophyll Content

Photosynthetic pigments play a significant role in plant photosynthesis. Under control
conditions, the chlorophyll content of grafted watermelon was significantly higher than that
of non-grafted 8424 (Table 3). Under cold stress conditions, chlorophyll content decreased
significantly, and the reduction was greater in 8424 (37%) and 1226 (34%) than in 2505 (26%)
and 0526 (25%) compared with normal conditions (Table 3). No significant changes were
found in the ratios of Chl a/b under normal conditions, while the ratio of Chl a/b in grafted
seedlings was significantly higher than that in non-grafted 8424 under cold stress.

Table 3. Variability of total chlorophyll content and ratio of Chl a/b between different graft combina-
tions after cold stress.

Treatment Seedlings
Chlorophyll
(mg g−1 FW)

Chl a/b

Normal

2505 1.84 ± 0.04 b 3.46 ± 0.10 a

0526 1.86 ± 0.02 b 3.41 ± 0.03 a

1226 1.71 ± 0.07 b 3.39 ± 0.08 a

8424 1.46 ± 0.13 a 3.29 ± 0.10 a

Cold

2505 1.36 ± 0.03 c 2.44 ± 0.03 c

0526 1.39 ± 0.03 b 2.35 ± 0.02 c

1226 1.13 ± 0.07 ab 2.28 ± 0.04 b

8424 0.92 ± 0.09 a 2.03 ± 0.02 a

Two-way ANOVA
Fs 10.15 ** 8.14 **
Fc 13.24 ** 6.82 **

Fs×c 12.49 * 9.37 *
Values are means of three replicates ± standard error (SE). Small case superscript letters in the same column show
statistically significant differences among different rootstocks for the same parameter under normal and cold
stress at p ≤ 0.05 according to Tukey’s tests. FS: rootstock effect, FC: cold effect, FS×C: rootstock × cold interaction
effect. *, **, and ***: significant at p ≤ 0.05, 0.01, and 0.001, respectively.

3.3. Oxidative Stress Evaluation

The accumulation of H2O2 in leaves was reflected by necrotic lesions, which were
easily detected by chlorophyll bleaching. Obviously, under control conditions (Figure 1A),
the accumulation of H2O2 in grafted 1226 and non-grafted 8424 was higher than in grafted
2505 and 0526. Necrotic lesions were mainly located on the leaf base and main veins in
2505 and 0526 leaves, while in 1226 and 8424 leaves, even the small veins had brown spots.
Furthermore, significant brown spot accumulation was observed in 1226 and 8424 leaves
under cold stress conditions, while this phenomenon was slight in 2505 and 0526 leaves
(Figure 1A). The measurement of H2O2 content (Figure 1C) matched the effects of H2O2
accumulation in leaves. Under control conditions, no significant difference was found in
H2O2 content between grafted and non-grafted watermelons, whereas cold stress noticeably
increased the H2O2 content in 8424 and 1226, which, compared with the controls, increased
by 56.3% and 21.1%, respectively.

Figure 1B shows the results of O2
− generation and accumulation in the inoculated

leaves by nitroblue tetrazolium staining. The trend in O2
− concentration was similar to that

of H2O2. Under control conditions, more dark blue staining was detected in 8424, followed
by 1226, whereas very little dark blue staining was found in 2505 and 0526. Cold stress
improved the accumulation of O2

−, which was reflected in greater NBT staining spots,
especially in 8424, where the blue color was sinificantly deepened. The influence of cold
stress on the O2

− production rates of different seedlings was also measured (Figure 1D).
Under control conditions, no significant difference was observed between grafted seedlings
in terms of O2

− production rate, whereas in 8424, the O2
− production rate was significantly

higher. Furthermore, cold stress induced a sharp increase in the O2
− production rate

in 8424 (34.0%), while a lower increase was observed in 2505, 0526, and 1226, the rates
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for which were increased by 26.8%, 24.3%, and 14.9%, respectively. The interaction of
rootstocks × cold stress significantly affected the H2O2 content and O2

− production rate.

Figure 1. Effects of cold stress on the accumulation of H2O2 (A) and O2
− (B), as well as the content

of H2O2 (C) and O2
− producing rate (D) in leaves of different watermelon seedlings. The numbers

0526, 2505, and 1226 represent watermelon grafted onto three different gourds, while 8424 means
non-grafted watermelon. Scale bars correspond to 2 cm. Data are the mean ± SE. Bars with different
letters indicate a significant difference (p < 0.05).

3.4. Lipid Peroxidation and Proline Accumulation

Lipid peroxidation, reflected by MDA content, usually accompanies ROS accumula-
tion. Under control conditions, the MDA content was significantly higher in 8424 than
in grafted seedlings (Figure 2A). A sharp increase was observed when seedlings were
exposed to cold stress. The MDA content of 8424 underwent the greatest increase under
cold stress (50.0%), and 0526 and 1226 showed intermediate increases (39.5% and 34.1%,
respectively). A minimal increase was displayed by 2505 (18.6%). Under control conditions,
no significant differences in the level of proline content were observed between grafted
and non-grafted seedlings (Figure 2B). Although cold stress promoted leaf proline content,
a significantly greater increase was observed in grafted seedlings than in non-grafted 8424.
When compared with the corresponding controls, proline accumulation in 2505 and 1226
was increased by 79.2% and 66.9%, respectively, while in 0526 and 8424, the increase was
only 57.4% and 49.1%, respectively. Moreover, the interaction of rootstocks × cold stress
significantly affected the MDA and proline contents.

3.5. Antioxidant Enzyme Activity

The effect of cold stress on the activities of SOD, CAT, POD, and GPX in leaves of
different watermelons is shown in Figure 3A–D. SOD is the first enzyme in the enzymatic
antioxidative pathway. Under control conditions, SOD enzymatic activity was significantly
higher in grafted 2505 and 0526 than in grafted 1226 and non-grafted 8424 (Figure 3A). Cold
stress decreased the SOD activity of both grafted and self-rooted watermelons compared
with the control, while the reduction was less notable in 2505 and 0526 (25% and 28%,
respectively) than in 1226 and 8424 (31% and 32%, respectively). In contrast, cold stress
increased the CAT activity of both grafted and self-rooted seedlings (Figure 3B). However,
the values in grafted watermelons were significantly higher than those in non-grafted 8424
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under both control and cold stress conditions. Conversely, the activity of POD was severely
inhibited in both grafted and non-grafted seedlings when they were exposed to cold stress
(Figure 3C). A lesser decrease was observed in plants grafted onto 0526 (17.7%), 1226
(23.4%), and 2505 (24.5%) than in non-grafted 8424 (30.3%). The GPX activity was reduced
by cold stress in non-grafted 8424 (25.2%) (Figure 3D), while in grafted seedlings, cold
stress led to a considerable increase in GPX activity (5.5%, 16.8%, and 21.3% for 0526, 2505,
and 1226, respectively). Moreover, the activities of those enzymes were all significantly
affected by the interaction of rootstocks × cold.

Figure 2. Effects of low temperature on MDA (A) and proline (B) content in leaves of different grafted seedlings. Data are
the mean ± SE. Bars with different letters indicate a significant difference (p < 0.05).

Figure 3. Effect of low temperature on activities of SOD, CAT, POD, and GPX (A–D) in leaves of different grafted seedlings.
Data are the mean ± SE. Bars with different letters indicate a significant difference (p < 0.05).

To evaluate the enzyme activity as stimulated by cold stress, polyacrylamide gel elec-
trophoresis analysis of enzyme isoform patterns was performed. No significant differences
were found in POD and GPX isoforms (data not shown), but there was a significant differ-
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ence in SOD and CAT isoforms (Figures 4 and 5). At least five isoforms were detected in
the leaves of different watermelon seedlings under both control and cold stress conditions,
while CAT 6 was only found under cold stress conditions. The cold-induced increase in
CAT enzyme activity coincided with the increased expression of CAT isoforms. Under
both control and stress conditions, the expression of CAT isoforms in grafted watermelons
was much higher than that in non-grafted 8424 (Figure 4). Conversely, the expression of
SOD isoforms was downregulated by cold stress (Figure 5). Under control conditions, at
least nine isoforms were detected in different seedlings, with SOD1–3 and 6–8 being the
major ones, while under cold stress conditions, the expression of these isoforms was greatly
diminished. Similar to CAT isoforms, the expression of SOD isoforms in grafted water-
melons was also much stronger than in non-grafted 8424, among which 0526 displayed
the highest expression, followed by 2505 and 1226. The differences observed in the SOD
isoform patterns match the changes in total SOD activity described above.

 
Figure 4. CAT isozymes in leaves of different grafted seedlings (different numbers represent different
bands).

 

Figure 5. SOD isozymes in leaves of different grafted seedlings (different numbers represent different
bands).

3.6. Gene Expression

Quantitative expression analyses were used to evaluate the association of the selected
genes with cold resistance, as well as their differential expression under stress conditions in
different watermelon seedlings, and the results are shown in Figure 6. Grafting increased
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the expressions of RbcL, TPI, FBPA, SBPase, and PRK, whereas the expression of FBPase
was only slightly upregulated in 0526, while it decreased in 2505 and 1226. The expression
of SBPase was significantly upregulated by cold stress in both grafted and non-grafted
seedlings, while the expressions of TPI, FBPA, and SBPase were only enhanced by cold
stress in grafted watermelons and decreased in non-grafted 8424. The expressions of RbcL
and PRK were reduced in all four seedlings by cold stress. The expression of these six
genes in grafted watermelons was higher than those in non-grafted 8424 under cold stress.
Moreover, the interaction of rootstocks × cold significantly affected the expressions of RbcL,
TPI, FBPA, and SBPase.

Figure 6. qRT-PCR analysis of the studied genes. Total RNA was extracted from scion leaves, converted to cDNA, and
subjected to comparative real-time RT-PCR quantification. Relative transcript levels from qRT-PCR are the mean ± SE of
three replicates. Bars with different letters indicate a significant difference (p < 0.05).
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4. Discussion

Grafting is a widely used technique in plants for improving tolerance to abiotic
stress [10–13]. The results of the present study showed that grafted plant growth was
significantly better than that of non-grafted 8424, especially under cold stress (Table 1).
Furthermore, plants grafted on 2505 and 0526 rootstocks showed better tolerance to cold
stress than the plants grafted onto 1226. The results demonstrate that grafting improved
watermelon tolerance to cold stress, but the inhibition level varied depending on rootstock
genotypes. Similarly, Ramón et al. [17] reported that sweet pepper (Capsicum annuum L.),
when grafted with appropriate rootstocks, could overcome the negative effects of heat
stress conditions. Yan et al. [13] also stated that the use of ‘Kaijia No.1’ rather than ‘Jingxin
No.2’ or ‘Quanneng Tiejia’ improved watermelon salt tolerance. In the present study, the
superior performances of 2505 and 0526 under cold stress conditions were attributed to the
use of an appropriate rootstock, which can absorb more water and nutrients than 8424 and
1226. Our results indicate that rootstock genotypes might play a crucial role in resistance to
abiotic stress.

The chlorophyll content reflects the physiological status of plants and is closely related
to photosynthetic potential and primary production. The present study shows that the
chlorophyll content increased significantly in grafted plants under normal conditions
(Table 2), while no significant difference was found in the ratio of Chl a/b. Under cold
stress conditions, a reduction in chlorophyll content was observed in 8424 and grafted
watermelons, whereas these values were higher in the latter, indicating that the grafted
watermelon alleviated the photosynthetic inhibition induced by cold stress. Similarly, Yan
et al. [13] showed that the chlorophyll content increased in grafted watermelons under
salt stress conditions, and Tao et al. [33] also indicated that cucumber plants grafted onto
bitter melon (Momordica charantia L.) had higher chlorophyll contents than self-grafted
plants. The reduced chlorophyll content in stressed plants could be attributed to decreased
chlorophyll synthesis, faster chlorophyll degradation, or both.

Environmental stress leads to the accumulation of ROS, which are highly toxic to
plants, causing necrotic symptoms [34]. The ROS concentration is a good indicator of
oxidative stress. Our results show the greater accumulation of H2O2 and O2

− in non-
grafted 8424 (Figure 1), whereas in gourd-grafted plants, this accumulation was relatively
lower, indicating that gourd grafting alleviated the inhibition of oxidative stress. This
difference was even clearer under cold stress conditions. Cold stress induced more severe
oxidative stress in non-grafted 8424 plants than in grafted plants, as manifested by their
high ROS accumulation. Among the three rootstocks, 2505 and 0526 were considered
more cold-resistant than 1226, which suggests that the different degrees of oxidative stress
induced by cold stress were closely related to the rootstock genotype. Similar observations
for cold tolerance in grafted grapevines (Vitis vinifera L.) [35] and salt tolerance in grafted
watermelons [13] have been reported, whereby plants using tolerant rootstocks displayed
lower ROS accumulation than those using sensitive rootstocks.

An increase in ROS accumulation under abiotic stress parallels increased lipid per-
oxidation. MDA, as the final product of peroxidation, is responsible for cell membrane
damage [36]. Our results show that, under control conditions, the degree of lipid peroxi-
dation in 8424 and 1226 was significantly higher than that in 0526 and 2505, while upon
exposure to cold stress, the MDA content in 8424 increased more pronouncedly than that in
grafted watermelons (Figure 2A), indicating that the damage caused by cold injury in 8424
was more serious than that in grafted watermelons. Among the tested rootstocks, 2505
showed the lowest increase. The results confirm that rootstock grafting enhanced the cold
tolerance of watermelon, but this was genotype dependent. These findings validate the
results of previous investigations, wherin chilling injury increased MDA accumulation [19].

As a compatible solute, proline plays an important role in protecting enzymes from
denaturation in order to stabilize the machinery of protein synthesis [37]. Proline accumu-
lation during stress conditions was also thought to be correlated with tolerance. Our results
also showed that cold stress promoted the accumulation of proline (Figure 2B), especially
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in grafted seedlings, indicating that grafting improvs the cold tolerance of watermelon
by promoting proline accumulation. These results are also similar to those of Krasensky
and Jonak [38], who found that proline was accumulated under abiotic stress conditions in
many plant species.

To alleviate oxidative damage under stress conditions, plants have developed a se-
ries of effective detoxification mechanisms, among which antioxidant enzymes play an
important role [15,35]. In the present research, the activities of these antioxidant enzymes
(SOD, CAT, POD, and GPX) were higher in grafted seedlings than in the non-grafted 8424
(Figure 3), which indicates that grafted seedlings counteracted oxidative stress by elevation
the antioxidant enzyme activity so as to scavenge ROS and protected the membrane from
damage. Compared to normal conditions, the CAT and GPX activities increased when
plants were exposed to low temperatures, while the POD and SOD activities decreased.
Among the three different rootstocks, 2505 and 0526 showed higher increments and lower
reductions. This suggests that CAT and GPX might play a crucial role in antioxidant
defense. The cold-induced increase in CAT enzyme activity was likely due to the enhanced
expression of CAT isoforms (Figure 4), while the decrease in SOD enzyme activity was
also correlated with the decreased expression of SOD isoforms (Figure 5). Similar results
were also obtained in other studies, which reported that CAT played an important role
in alleviating the oxidative injuries induced by low temperatures [39,40]. Other studies
found that SOD activity [39] and POD activity [41] increased under cold stress conditions.
Recently, Yan et al. [13] reported that SOD activity, as well as CAT, POD, and APX activity,
were increased in watermelon grafted onto P2, which suggests this grafted seedling had
a higher H2O2 scavenging capacity than those using other rootstocks. These contrasting
reports indicate that different plants might employ different pathways to cope with ox-
idative stress. Here, CAT and GPX might play a more important role in impeding the
accumulation of ROS under cold stress.

Abiotic stress is known to influence gene expression. As the last rate-limiting step
in carbon fixation, the carboxylated activity of Rubisco is closely related to the Rubisco
large subunit (RBCL) and RuBP [42]. In this study, the transcript levels of the Rubisco large
subunit (RbcL) and enzymes involved in RuBP regeneration were analyzed (Figure 6). As
shown in Figure 6, the higher transcript level of RbcL in grafted plants, especially under
stress conditions, implies the existence of a correlation between cold tolerance and RbcL
expression, while the latter ameliorates the photosynthetic capacity. As the main genes
encoding enzymes required for RuBP regeneration, triose-3-phosphate isomerase (TPI) and
fructose-1,6-bisphosphate aldolase (FBPA) catalyze two triose-3-phosphates to fructose-1,6-
bisphosphate (FBP). Fructose-1,6-bisphosphatase (FBPase) catalyzes the hydrolysis of FBP
to fructose-6-bisphosphatase (Fru6P), while sedoheptulose-1,7-bisphosphatase (SBPase)
catalyzes the conversion of sedoheptulose-1,7-bisphosphate (SBP) to sedoheptulose 7-
phosphate (Sed7P). Ribulose phosphate epimerase (RuPE) and ribulose-5-phosphate kinase
(PRK) are the last rate-limiting enzymes in RuBP synthesis. Except for RuPE, which
was almost unchanged between different gourd-grafted and non-grafted plants (data not
shown), and FBPase, in which there was no significant difference between plants under
control conditions, the other genes of gourd-grafted plants were expressed much more
highly than those of non-grafted plants, especially under cold stress. These results imply
that gourd-grafted watermelons could sense cold-induced changes early, and reponse with
quick regulations at the transcript level so as to guarantee greater RuBP regeneration, which
would activate the carboxylated activity of Rubisco and result in higher carboxylation
efficiency.

5. Conclusions

The selection of stress-tolerant rootstocks might be a promising approach to alleviate
the detrimental effects of abiotic stress on watermelon productivity. In the present study,
the results show that the cold-induced inhibition of growth was significantly ameliorated
in gourd-grafted watermelons, as manifested by physiological indices, such as much better
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growth parameters; much higher chlorophyll and proline contents; lower levels of ROS
and lipid peroxidation; higher antioxidant enzyme activities, especially CAT and GPX;
and higher expression levels of enzymes related to the Calvin cycle. Overall, as evidenced
by the presented data, watermelon grafted with 2505 and 0526 rootstocks showed better
resilience than those grafted with 1226 and 8424.
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Abstract: Low-temperature stress is a type of abiotic stress that limits plant growth and production in
both subtropical and tropical climate conditions. In the current study, the effects of 24-epi-brassinolide
(EBR) as analogs of brassinosteroids (BRs) were investigated, in terms of hormone content, antioxi-
dant enzyme activity, and transcription of several cold-responsive genes, under low-temperature
stress (9 ◦C) in two different tomato species (cold-sensitive and cold-tolerant species). Results in-
dicated that the treatment with exogenous EBR increases the content of gibberellic acid (GA3) and
indole-3-acetic acid (IAA), whose accumulation is reduced by low temperatures in cold-sensitive
species. Furthermore, the combination or contribution of BR and abscisic acid (ABA) as a synergetic
interaction was recognized between BR and ABA in response to low temperatures. The content
of malondialdehyde (MDA) and proline was significantly increased in both species, in response
to low-temperature stress; however, EBR treatment did not affect the MDA and proline content.
Moreover, in the present study, the effect of EBR application was different in the tomato species
under low-temperature stress, which increased the catalase (CAT) activity in the cold-tolerant species
and increased the glutathione peroxidase (GPX) activity in the cold-sensitive species. Furthermore,
expression levels of cold-responsive genes were influenced by low-temperature stress and EBR
treatment. Overall, our findings revealed that a low temperature causes oxidative stress while
EBR treatment may decrease the reactive oxygen species (ROS) damage into increasing antioxidant
enzymes, and improve the growth rate of the tomato by affecting auxin and gibberellin content. This
study provides insight into the mechanism by which BRs regulate stress-dependent processes in
tomatoes, and provides a theoretical basis for promoting cold resistance of the tomato.

Keywords: cold stress; cold-responsive genes; anti-oxidants; proline; malondialdehyde;
hormone profiling

1. Introduction

Low-temperature stress in plants, categorized as freezing stress or chilling stress,
is one of the main environmental stresses that adversely affects plant production across
the world, especially in subtropical and tropical climate conditions. This environmental
extreme is escalating due to global climate change and is, therefore, threatening sustainable
crop production [1,2]. Cold stress impacts the photosynthetic system, impairing the cycle
of carbon reduction, the thylakoid electron transport, and the stomatal control of CO2,
providing enhanced accumulation of sugars, lipids peroxidation, and water balance distur-
bance [3–6]. Moreover, a low temperature negatively impacted plants, especially in regards
to macromolecules activity, altering the fluidity of the membrane, and reducing osmotic
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potential of the cell [7]. Regarding the metabolic processes and pathways—cold stress
affects antioxidant enzyme activities, membrane fatty acid compositions, and adjusting of
the redox state and gene expression [8].

Once plants are exposed to stresses, such as cold stress, different kinds of reactive
oxygen species (ROS) are generated, which can undertake a series of oxidation–reduction
reactions. Plants defend themselves by enzymatic and non-enzymatic antioxidants [9]. An
alternative defense strategy could be supplementing hormones, which could enhance an-
tioxidant and detoxification ability in order to cope and tolerate stressful conditions [10,11].
Previous studies identified numerous hormones and signaling molecules associated with
plant responses to particular stress. For instance: ethylene engaged in red light-induced an-
thocyanin biosynthesis in cabbage [12], the antioxidant system, and ABA in brassinosteroid-
induced water stress tolerance of grapevines [13]. Coordination of signaling molecules and
hormones positively influences the plant’s responses to stress and ultimately its preser-
vation in unfavorable conditions [14–16]. Moreover, brassinosteroids (BRs) as steroidal
hormones are involved in an array of physiological and developmental processes via
their active engagement in processes, such as antioxidant metabolism [4,17,18], photo-
synthesis [4,19], nitrogen metabolism [20,21], plant–water relations [22], and osmolyte
accumulation [23] in various conditions [1,24–26]. Treatment with 24-epi-brassinolide
(EBR) regulates the ascorbate–glutathione (AsA–GSH) component cycle in low-temperature
stress on a temporal basis, leading to increased low-temperature tolerance in grapevines at
the seedling stage [7]. Transcriptome analysis revealed that treatment with EBR in cold
conditions raises the transcript levels of genes related to photosynthesis and chlorophyll
biosynthesis, including those encoding for photosystem II (PSII) oxygen-evolving enhancer
protein, photosystem I (PSI) subunit, light-harvesting chlorophyll protein complexes I and
II, and ferredoxin [27].

Furthermore, BRs illustrated engagement in the regulation of ROS metabolism through
the expression of many antioxidant genes that enhance the activity of antioxidant enzymes,
such as catalase (CAT), superoxide dismutase (SOD), and peroxidase (POX) [17]. Under
low-temperature conditions, plants, by active BR signaling and accumulation of the acti-
vate Brassinazole resistant 1 (BZR1) (a BR signaling positive regulator protein), elevate the
respiratory burst oxidase homolog 1 (RBOH1) transcript levels and the apoplastic H2O2 pro-
duction [28]. The RBOH1 encodes NADPH oxidase that is involved in ROS in the apoplast,
mainly for signaling purposes [25] Moreover, crosstalk between the alternative oxidase
(AOX) pathway and BR plays a pivotal role in ameliorating plant tolerance to cold stress,
and it has been shown that BR-induced AOX synthesis protects photosystems by bounding
ROS synthesis exposed to low-temperature stress [29]. In young grapevine seedlings, foliar
application of 24-epi-brassinolide adjusted proteins, free proline contents, and soluble
sugars activates the antioxidant machinery to increase chilling stress tolerance [30].

Tomato is a popular garden fruit worldwide because of its edible fruits, rich in an-
tioxidants, and capable of fighting against ROS. Overexpression of DWARF or exogenous
EBR application enhances low-temperature tolerance by diminishing oxidative damage
in tomato plants [31]. It is worth noting that ROS may also act as a signal in mediating
BR-adjusted responses in low-temperature tolerance [32]. A previous study showed that,
to protect the plants from oxidative damage, glutaredoxin (GRX), 2-cysteine peroxire-
doxin (2-Cys Prx), and RBOH1 participate in a signaling cascade to mediate BR-induced
low-temperature tolerance in tomatoes [31]. It was shown that BRs can interact with
auxin, salicylic acid, cytokinin, abscisic acid, jasmonic acid, gibberellin, and ethylene, in
controlling several morpho-physiological processes in plants [33]. The objective of the
current study was to evaluate the effects of 24-epi-brassinolide (EBR) treatment on hormone
content, antioxidant activity, the content of malondialdehyde (MDA) and proline, and
gene expression of cold-responsive genes on the tomato species under low-temperature
stress. This study provides insight into the mechanisms by which BRs regulate stress-
dependent processes in tomatoes and provides a theoretical basis for promoting cold
resistance in tomato.
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2. Materials and Methods

2.1. Plant Materials and Growth Condition

In this study, seeds of the two contrasting tomato species, cold-sensitive
(Solanum lycopersicum cv. ‘Moneymaker’) and cold-tolerant (S. habrochaites, Accession
‘LA1777’) [34], were selected to investigate the effects of BR on tomato seedlings under low-
temperature stress. Firstly, seeds were sterilized using 2% sodium hypochlorite solution
for 12 min and then washed with double distilled water and dried. The three sterilized
seeds of each species were sown in plates containing 50% vermicompost and 50% perlite.
In this study, 30 plates were used for each tomato species. The plates were maintained
in a growth chamber at 23 ± 2 ◦C with the 16 h light/8 h dark cycling. After 40 days,
tomato plates of each species were divided two groups; half of them were sprayed with
5 mg/L of 24-epi-brassinolide (EBR) and repeated after 6 h. After 3 h from the last spraying,
each treatment was divided into two groups; the first group was transferred to a growth
chamber at 9 ± 1 ◦C and the second group was maintained at 23 ± 1 ◦C. After three days,
the leaves of each sample were cut and stored in liquid nitrogen and transferred to −80 ◦C
for the next analysis. In the present study, control plants were cultivated at 23 ◦C and
without spraying EBR.

2.2. Hormone Profiling

To analyze the free forms of the hormones, including abscisic acid (ABA), indole-3-
acetic acid (IAA), and gibberellin (GA3), the young leaves (2.0 g) of each treatment were
well-powdered using liquid nitrogen and then samples were crushed by cold methanol.
The extract was achieved using 30 mL of 80% cold aqueous methanol in darkness at 4 ◦C.
To determine the hormone content, 10 μL of the extract was injected. The concentration
of each hormone was determined using HPLC (Unicam, Cambridge, UK) with a C18
reverse-phase column (4.6 × 250 mm Diamonsic C18, 5 μm, PerkinElmer, Ohio, USA) and
column temperature was 35 ◦C, gradient elution, mobile phase in methanol, and 1 mL/min
flow rate at a wavelength of 254 nm. The peak area of the standard was considered to
determine the sample concentration. Moreover, the standards of ABA, IAA, and GA3
were received from Sigma–Aldrich (Steinheim, Germany). The content of IAA and GA3
was measured based on the method defined by Tang et al. [35]. The content of ABA was
determined according to the method characterized by Li et al. [36].

2.3. Lipid Peroxidation Assay and Proline Content

The malondialdehyde (MDA) content has been identified as a marker of lipid peroxi-
dation rate associated with oxidative stress. In the current study, 200 mg of fresh leaves
were homogenized using 1% TCA (w/v). The MDA content was measured according to
the method defined by Campos et al. [37]. Moreover, 0.5 g of leaves were homogenized
by 10 mL of 3% sulfosalicylic acid to determine the proline content in each sample. In the
current study, the free proline content was analyzed using a method described by Zhang
and Huang [38].

2.4. Enzyme Activity

The tomato leaves (300 mg) were ground to a powder in liquid nitrogen and mixed
in 3 mL of 0.1 M extraction phosphate buffer (pH 7.5) and the mixed sample was shortly
vortexed. The homogenized samples were centrifuged at 13,000 rpm for 15 min at 4 ◦C.
The supernatant of each sample was transferred to determine the enzyme activities. The
glutathione peroxidase (GPX; EC 1.11.1.9) activity was distinguished using a method
described by Mittova et al. [39], and catalase (CAT; EC 1.11.1.6) activity was measured as
described by Aebi [40].

2.5. RNA Extraction and Real Time PCR

The leaves of tomato seedlings were well powdered in liquid nitrogen and the total
RNA of each sample was extracted using RNX TM-Plus (SinaClon, Tehran, Iran), based on
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the manufacturer’s protocols. The extracted RNA samples were then treated by RNase-free
DNase I (Thermo Fisher Scientific, Wilmington, MA, USA). The Nano Photometer (Implen
N50, Munich, Germany) and a 1% (W/V) agarose gel were used to check the quality and
quantity of extracted RNA samples. The cDNA was synthesized using 1 μg total RNA and
M-MULV reverse transcriptase (Thermo Fisher Scientific, Wilmington, MA, USA) based on
the instructions of manufacture. The real-time PCR reactions were run using RealQ Plus 2x
Master Mix Green High ROXTM (Ampliqon, Odense, Denmark) on an ABI StepOne system.
In this study, four genes belonging to the apetala2/ethylene responsive factor (AP2/ERF)
gene family, involved in response to low-temperature stress [41] and the inducer of CBF
expression 1 (ICE1), as a key transcription factor gene involved in cold stress tolerance [42],
were selected to study the expression patterns by real-time PCR. The elongation factor 1α
(EF-1α; Solyc06g005060) gene, as an internal control gene, was used to calculate the relative
expression of target genes. The specific real-time PCR primers of genes were designed and
evaluated by the online Primer3 Plus tool (Table 1). Finally, the relative expression levels of
selected genes were calculated using the 2−ΔΔCt method [43].

Table 1. List of used primers in real-time PCR reactions.

Gene Name Gene ID Primer (5′-3′) Product Size (bp)

ERF.B13 Solyc08g078190 F: GGTGAAGAAGTATGAATGGATCGA 71
R: TCACAGGAACCGAAACAATCG

ERF2 Solyc01g090310 F: CTTATGACCAAGCCGCATTC
74R: ACCCGAGCCGATTAAATGAG

ERF52 Solyc03g117130 F: CATTGGGGATCTTGGGTTTC
143R: TTAGTGCGTGCTGTTGAACC

ERF13 Solyc04g054910 F: TCAAGTATGGCCTCCTGCAA
88R: GAGCAACCTTCACTATTACATGAC

ICE1 Solyc03g118310 F: ATGGAGGAACTGGTTCTTGG
139R: TCCACACCTCCATCATCAAC

EF-1α Solyc06g005060 F: GGAACTTGAGAAGGAGCCTAAG
158R: CAACACCAACAGCAACAGTCT

2.6. Statistical Analyses

All experiments were run in triplicate with three technical replicates, and the effect of
the low temperature and EBR treatments on analyzed variables within each species was
analyzed by one-way ANOVA and Tukey test using Minitab software (version 17). The
final graphs were created using Prism 6 software (GraphPad Software Inc., San Diego, CA,
USA) based on the average of each treatment and the standard deviation (SD).

3. Results

3.1. Effects of EBR on Endogenous Hormones in Tomato Leaves Exposed to a Low Temperature

After three days of exposure to low-temperature stress, the content of both GA3 and
IAA hormones significantly decreased in cold-sensitive species, but not in cold-tolerant
species, although a slight decrease of IAA content under stress was still observed (Figure 1).
Exogenous EBR treatment could significantly increase the content of GA3 and IAA in cold-
sensitive species in comparison to the control under low-temperature stress. Moreover, the
ABA content in both tomato species significantly increased in response to low-temperature
stress. A sharp increase in the ABA content was observed in cold-sensitive species that
received EBR treatment compared with the control under the low-temperature stress. The
treatment with EBR had different effects in cold-sensitive and cold-tolerant species. In fact,
although the trend of accumulation in response to a low temperature was similar to that
observed in an untreated plant (-EBR), in the cold sensitive species, the treatment with EBR
did not significantly affect the GA3, ABA, and IAA content in unstressed conditions, with
respect to untreated plants (-EBR). However, it led to a higher accumulation of hormones
under stress with respect to untreated plants. The opposite was true for cold-tolerant
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species: in all cases (IAA, ABA, GA3), treatment with EBR led to a higher accumulation of
hormones in unstressed plants with respect to untreated ones, whereas it did not affect the
hormone concentration in stressed plants.

Figure 1. Profile of hormone content (in nanomoles per gram fresh weight (nmol/grfw)) of tomato
leaves in response to temperature change and EBR application. Different letters above a bar show
significant difference according to the Tukey’s range test at p < 0.05.

The ABA/GA3 and ABA/IAA ratio increased in both species after three days of expo-
sure to low-temperature stress (Figure 2). Interestingly, the ABA/GA3 and ABA/IAA ratio
in cold-tolerant species were higher than the cold-sensitive species. However, the results of
the current study revealed that EBR could not affect the ABA/GA3 and ABA/IAA ratio.

 
Figure 2. The ration of ABA/IAA and ABA/GA3 under low-temperature stress and EBR application.

3.2. MDA and Proline Are Increased By a Low Temperature

The content of MDA and proline significantly increased in both species, especially in
the cold-tolerant species in response to low-temperature stress (Figure 3). Interestingly,
EBR treatment could not affect the content of MDA and proline when compared with the
control under normal temperature and low-temperature stress. However, in general, the
EBR treatment slightly reduced the content of MDA and proline.
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Figure 3. The profile of MDA and proline content under low-temperature stress and EBR treatment.
Different letters above a bar show significant difference according to the Tukey’s range test at p < 0.05.

3.3. Effects of EBR on Activity of Antioxidant Enzymes

According to the results of antioxidant activity, EBR treatment could affect the GPX
activity in both tomato species (Figure 4). In normal conditions (23 ◦C), the EBR treatment
increased the GPX activity compared to the untreated plants in both species, whereas
in low-temperature stress, the treatment significantly enhanced GPX activity only in the
cold-sensitive species. EBR treatment showed different effects in the tomato species under
low-temperature stress (Figure 4). The cold-sensitive species, in plants not treated with
EBR, showed an increase in CAT activity under cold stress, whereas the treatment with
EBR seemed to impair the CAT response to cold. Interestingly, EBR treatment significantly
increased the CAT activity in the cold-tolerant species.

Figure 4. The profile of GPX and CAT activity under low-temperature stress and EBR treatment.
Different letters above a bar show significant difference according to the Tukey’s range test at p < 0.05.

3.4. Effect of EBR on Expression Pattern of ERF Genes

The expression pattern of four members of the ERF multigenic family, together with
the MYC-like bHLH transcriptional activator ICE1, was investigated. The expression levels
of ERF genes, as well as the ICE1 gene, were significantly affected by low temperatures
compared to normal temperatures (Figure 5). Most studied genes were significantly
upregulated in both species in response to low-temperature stress while the expression
pattern of ERF13 was sharply downregulated in the cold-tolerant species. Furthermore,
EBR treatment increased the expression levels of the ERF2, ERF13, ERF.B13, and ICE1 genes
in the cold-sensitive genotype comparing to the control, while they were not affected by
EBR treatment in the cold-tolerant species. Our results revealed that studied genes are
involved in response to low-temperature stress and BR may associate with cold tolerance.
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Figure 5. Expression patterns of studied genes under a low temperature (CS) and EBR treatment application; * and ** above
a bar shows a significant difference between the applied treatments and normal temperature treatments as control (C) at
p-value < 0.05 and p-value < 0.01, respectively (according to Student’s t-test).

4. Discussion

4.1. EBR Improves Cold Tolerance by Affecting ABA Content

Various interactions between plant hormones induce a heterogeneous network of
plant responses that make it challenging to predict plant performance in response to
adverse conditions [44,45]. Moreover, BR can regulate stress responses by cross-talking
with other phytohormones [33,46]. In this study, the synergetic interaction was observed
between BR and ABA in response to low-temperature stress, where endogenous ABA
content significantly increased in the cold-sensitive species under low-temperature stress
and EBR treatment. However, the ABA/GA3 and ABA/IAA ratios were not influenced
by EBR application. Abscisic acid (ABA) is known as a stress hormone that is influenced
by stress and raises plant durability during abiotic stresses, such as drought and cold
stress [47]. Moreover, ABA can decrease the damage of dehydration by closing the stomatal
pore and maintaining the cellular water [48,49]. However, several antagonistic effects
have been observed between signaling components of BRs and ABA under different stress
conditions [47,50]. One well-known case of crosstalk occurs at the GSK3-like kinase BIN2
(BRASSINOSTEROID-INSENSITIVE 2), which inhibits the signaling components of the BR
pathway, but can be activated by ABA [51]. Moreover, it was stated that ABA negatively
controls the BR signaling pathway via phosphorylation of BES1 (bri1-EMS-SUPPRESSOR 1)
as a BR signaling positive regulator [52]. Furthermore, Divi et al. found that BR effects are
masked by ABA in Arabidopsis responses to heat stress, and only in the ABA-deficient aba1-1
mutant, BR application could make the positive effect [53]. On the other hand, Bajguz
stated that BR can enhance the ABA content in Chlorella vulgaris under stress conditions [54].
Overall, it seems that the interaction between ABA and BR plays important role in increas-
ing stress tolerance through controlling the synthesizing antioxidants, photosynthesis,
and expression of stress response genes [55]. Our results indicated that application of BR
is involved in low-temperature stress tolerance by directly/indirectly affecting the ABA
content of the tomato species.

4.2. EBR Application Affects the Auxin and GA Content under Low-Temperature Stress

The synergetic interactions are stated between BR and auxin in regulating the cel-
lular processes related to growth, such as cell proliferation and cell expansion [53,56,57].
Furthermore, it was defined that BR and GA are involved in several common cellular
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processes and BR can regulate cell elongation from GA metabolism [58]. In the current
study, the content of IAA and GA was significantly decreased in cold-sensitive species
under low-temperature stress. The decrease in the content of GA and IAA through cold
stress limits the plant growth and lets it withstand adverse environmental conditions, such
as cold, salt, and osmotic stress [59,60]. Moreover, previous studies stated that the IAA
content is decreased in response to abiotic stresses, including salinity and cold stress [61,62].
Cold stress can inhibit the activity of acropetal auxin transport by controlling the PIN2
as an auxin efflux carrier [62]. It seems that the transport of auxin from root to shoot is
reduced in tomato seedlings under cold stress. Furthermore, the ABA/GA3 and ABA/IAA
ratio were increased under low-temperature stress that revealed an antagonist interaction
between ABA with auxin and GA in response to low-temperature stress.

The content of GA3 and IAA was significantly increased by EBR application in the cold-
sensitive species, compared with the control, under low-temperature stress. Various studies
on the role of plant hormones in response to adverse conditions have been performed, but
the exact interaction between BR with auxin and GA has not yet been determined, based on
molecular information. The expression of many target genes that are involved in growth
processes and stress response are commonly controlled by both BR and auxin [57,63,64].
Furthermore, BR and auxin may be involved in the induction of the phosphoinositide and
calcium–calmodulin signaling as a second messenger in cellular signal transduction [57].
In the present study, the IAA content increased under low-temperature stress. It seems that
BR might affect the polar transporter of auxin [65], and under low-temperature stress, the
auxin transfer may increase from root to shoot. Moreover, BR can induce the expression
of genes involved in GA biosynthesis, such as GA3ox-2 [58]. Furthermore, BR can interact
with DELLAs, as the GA suppressors, from BZR1, a BR signaling positive regulator [66–68].
In general, it seems that the application of EBR may affect the GA biosynthesis and increase
the GA content in the tomato seedlings under low-temperature stress. Overall, the use
of EBR treatment as a stimulant may induce some cellular signaling pathways associated
with stress tolerance and reduce the adverse effects of stress on growth by increasing the
content of growth-regulating hormones, such as GA and auxin.

4.3. MDA and Proline Are Not Affected by EBR Treatment

Abiotic stresses, such as low-temperature stress, hurt the cell membrane through
enforced lipid peroxidation and membrane oxidation [11,69]. Antioxidant enzymes activity
and the proline content were enhanced by the 28-homobrassinolide treatment in the
Brassica juncea under cadmium stress. Moreover, the content of proline in roots was higher
than in the leaves [70]. The content of MDA under salinity stress in rice seedlings was
reduced by EBL treatment [71]. In this study, we discovered that MDA content significantly
enhanced in the cold-sensitive species in low-temperature conditions, showing that the
plasma membrane was affected and lipid peroxidation increased. In the same line, the
increased activities of the antioxidant systems, as a result of BR applications, remarkably
defeat the chilling injury of the tomato species by minimizing membrane lipid peroxidation
in stress conditions. Moreover, proline content increased in response to low-temperature
stress. During stress, proline, as an osmolyte, plays a critical role in controlling cell turgor
and stability of membranes [72]. Furthermore, proline can reduce lipid peroxidation
and acts as an antioxidant to overcome the oxidative stress created by cold stress [72,73].
Application of brassinosteroid in peppermint (Mentha piperita L.) under salinity hampered
the death of the plant even at severe stress (150 mM) and prevented negative impact
of salinity stress through elevating the activities of antioxidant enzymes and reducing
the lipid peroxidation [74]. Moreover, our results revealed that the content of MDA and
proline were not influenced by EBR treatment. Overall, it seems that BRs work from a
proline-independent pathway to increase endurance to low-temperature stress, although
more detailed studies are needed.
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4.4. Effects of EBR on Activity of Antioxidant Enzymes

To enhance uncontrolled free radicals, plants respond by non-enzymatic and enzy-
matic antioxidants to regulate cellular homeostasis and mitigate oxidants [75,76]. Moreover,
maintenance and regulation of redox homeostasis seem to be crucial to elevate chilling
tolerance in tomato plants [77,78]. Thus, adjustment of the antioxidant system is remarked
as a significant mechanism for increasing tomato chilling tolerance. It was demonstrated
that using BRs induces antioxidant enzyme activity as well as non-enzymatic antioxidants.
For instance, maize seedlings treated by brassinolide (BL) increased the activities of SOD,
CAT, APX, carotenoid content, and ascorbic acid [10]. Antioxidative enzymes activity
and mRNA expression of Cat A, Mn-SOD, Cat B, Cu/Zn-SOD, GR, and APX remarkably
enhanced with EBL treatment under heavy metal stress in Oryza sativa L. [79]. In the
present study, the effect of EBR application on the antioxidant activity, CAT, and GPX, in
the tomato species, was different under low-temperature stress. Different behaviors of CAT
were observed in both cold sensitive and cold tolerant species, or, in other words, the cold
stress led to an increase in CAT activity in both species. However, the enhancement was
much higher in cold sensitive compared to the cold tolerant species (Figure 4). There were
substantial differences based on the genotype considered in BR treated plants; the CAT ac-
tivity in the cold-tolerant species was increased by EBR treatment compared with untreated
plants under low-temperature stress. In fact, cold tolerant plants treated with EBR showed
an increase in CAT activity, which was higher than untreated plants. In cold sensitive
genotypes the EBR treatment seem to impair the CAT activity, whereas in cold-sensitive
species, the GPX activity was more influenced by EBR application (Figure 4). It seems that
the effect of BR on the activity of antioxidant enzymes depends on the plant species, likely
depending on the amount of stress received, the tomato species uses different mechanisms
to reduce the induced oxidants. Previous studies on the effect of BR on elevated tolerance of
resistant and susceptible tomato species in low temperatures indicated that EBR treatment
enhanced the activities of the enzymes in pepper [80], cucumber [81], and eggplant [82] in
low temperatures. It seems that oxidative stress is induced by low-temperature stress in the
tomato species. Antioxidant enzymes, CAT, and GPX are induced to reduce the oxidants
and keep cellular redox. From these results, it could be concluded that BR treatment could
play a significant role in the alleviation of ROS damage by increasing antioxidant the
defense system, resulting in elevating the tolerance of the tomato species to chilling stress.

4.5. Effects of Low-Temperature Stress on Cold-Related Genes

Ethylene responsive factor (ERF) genes belong to the AP2/ERF gene family, known as a
large gene family of transcription factors [83,84]. The ERF gene family, as a key regulator,
plays an important role in response to adverse conditions, such as cold stress in plant
species [85,86]. In this study, the expression level of cold-responsive genes, ERF genes,
and ICE1, selected based on previous studies [41,42], was significantly induced by low-
temperature stress. ICE1 as an upstream transcription factor can regulate cold-responsive
genes, such as CBF genes [42]. Interestingly under EBR application in a cold-tolerant species,
expression patterns of ERF genes and ICE1 reversed to normal temperature conditions.
However, Kagale et al. indicated that the EBL application could induce the expression of
cold-related genes [87]. Extensive studies were performed on the role of AP2/ERF gene
family in response to abiotic and biotic stresses as well as hormone treatments, but the
effect of BR on this gene family has not yet been investigated. Recently, Xie et al. stated
that TINY, an AP2/ERF transcription factor, may negatively affect the expression of BR-
responsive genes while it positively controls drought-responsive genes in Arabidopsis [88].
In addition, previously, it has been revealed that EBR treatment increases the basic thermo-
tolerance of Brassica napus [89]. The merit of EBR to grant tolerance in plants to different
stresses was corroborated via expression analysis of a subset of cold and drought stress
marker genes [87]. Brassinosteroid induced auxin-related genes and cell wall-modifying in
soybeans, contrarily, transcriptome analysis demonstrated the twisted BR roles in various
biological processes by suppressing some WRKY genes engaged in senescence and stress
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responses [90]. Overall, our results disclosed that exogenous EBR application might interact
with endogenous hormones and reduce the negative effects of low temperatures that induce
the expression of cold-responsive genes, ERFs and ICE1, to return to a state similar to that
without stress.

5. Conclusions

In the current study, the effect of the EBR application was investigated in two tomato
species under low-temperature stress. The results depicted that low-temperature stress
can create oxidative stress and reduce the content of growth-regulatory hormones, IAA
and GA3. Moreover, the EBR application increased the content of endogenous ABA, and a
synergetic interaction was observed between BR and ABA in response to low-temperature
stress. Furthermore, our findings indicated that ABA/GA3 and ABA/IAA ratios are not
affected by EBR treatment. In the current study, we found that EBR treatment could not
affect the content of MDA and proline under low-temperature stress, but could increase
the content of antioxidant enzymes to reduce ROS induced by low-temperature stress.
Overall, we concluded that EBR diminishes the adverse effect of low-temperature stress by
increasing the content of endogenous phytohormones, increasing the content of antioxidant
enzymes, and controlling the gene expression. Furthermore, it seems that BR effects are
dependent on the tomato species.
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Abstract: It is well known that trees grown on roadsides suffer from stressful environments, includ-
ing poor soils, bad weather, and harmful gases from automobile exhaust. Improving the adaptability
of roadside trees to adverse environments is important for urban management. An experiment was
carried out with six-year-old Buxus megistophylla Levl. hedgerows, where 20 mg/L 5-aminolevulinic
acids (5-ALA) solution was sprayed on the blade surface at the end of April. Three months later,
plant morphology, chlorophyll fast fluorescence characteristics, antioxidant enzyme activities and
the mineral element content were investigated. The results showed that leaf size and thickness were
significantly greater with 5-ALA treatment, and the leaf color was also greener than those of the
control. 5-ALA treatment significantly promoted the electron transfer activity of the PSII reaction
center on the donor side, the reaction center itself and the receptor side. It reduced energy dissipa-
tion through the heat with increased photochemical quantum yields. The activities of antioxidant
enzymes, including superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) in leaves
and roots, were stimulated by 5-ALA treatment. The content of soluble sugars and free proline in
leaves was significantly increased by 5-ALA treatment, as were the absorption and accumulation of
several kinds of mineral nutrient elements, such as nitrogen, phosphate, calcium, magnesium, iron,
copper and boron. Additionally, 5-ALA application significantly increased the content of cadmium,
mercury, chromium and lead in the roots but decreased them in the leaves. This implies that 5-ALA
may induce a mechanism in B. megistophylla in which toxic elements were intercepted in roots to
avoid accumulation in leaves, which ensured healthy growth of the aboveground tissues. 5-ALA
may regulate the absorption and utilization of mineral nutrient elements in soil with the intercep-
tion of toxic heavy metal elements in roots, promote leaf photosynthetic performance, induce the
accumulation of soluble sugars and free proline, and improve the antioxidant enzyme systems for
plants to adapt to the stressful environment of urban roads. These results provide a basis for 5-ALA
applications alongside city roads.

Keywords: 5-aminolevulinic acid; Buxus megistophylla; chlorophyll fast fluorescence characteristics;
mineral nutrition; urban road greening

1. Introduction

Road greening, or landscapes alongside roads, is an important part of urban garden
management. The cultivation and maintenance of vibrant roadside green landscape belts
have become an important feature of modern social civilization [1]. However, the soil used
in road greening is often mixed with engineering construction waste, and even the foreign
soil transported by large machinery is often deep subsoil, which lacks aggregate structure
and has little fertility. East China is located in a subtropical monsoon climate, cold in winter
and hot in summer, with four distinct seasons. The highest temperature in summer often
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exceeds 40 ◦C, and the minimum temperature in winter can drop to −10 ◦C. In summer, it
rains almost throughout the whole month of June and most of July, which floods the asphalt
roads and the roadside trees for lengthy periods. In winter, it often snows, and a great deal
of industrial salt (NaCl) is sprinkled on the road to prevent traffic accidents, which results
in the salination of soils and underground water. Additionally, the plants are exposed to
exhaust fumes from heavy traffic. Such severe environments subject the roadside plants
to multiple stresses, including heat, cold, excess rain, stagnant water, drought, acid or
saline–alkali soils, and air and/or soil pollution [2]. How to improve plants alongside
heavily traffic roads to resist these multiple stresses and beautify modern cities has become
an important problem to be solved in the process of developing a civilized society.

5-Aminolevulinic acid (5-ALA) is a δ-amino acid that does not participate in protein
synthesis. It is the key biosynthetic precursor of all porphyrin compounds, such as chloro-
phyll, heme, cytochrome and so on [3,4]. At the same time, it is also effective at improving
plant stress tolerance as a new natural, nontoxic, biodegradable and environmentally
friendly plant growth regulator [5]. In agriculture, 5-ALA has been known to promote
plant growth and improve the yield of many crops, such as rice, radish, barley, potato,
garlic, broad bean and so on [6]. Under salt stress, 5-ALA promoted the growth of spinach
seedlings [7]. Under low temperature and low light, 5-ALA improved the photosynthetic
capacity of melon seedlings and promoted plant growth [8]. In addition, 5-ALA improved
plant tolerance to biotic and abiotic stresses, such as high temperature [9], strong light [10],
UV-B [11], drought [12], waterlogging [13], alkaline soil [14], heavy metal pollution [15],
pesticides [16], herbicide damage [17], and fungal infection [18]. In garden plants, 5-ALA
improved cold tolerance of camphor and rhododendron [19] and heat tolerance of Ligus-
trum japonicum and Spiraea japonica [20]. However, to date, there are no reports of 5-ALA
applications to urban road greening tree or shrub species.

Buxus megistophylla is an evergreen shrub species [21], which is widely planted along
roadsides in urban and rural public green spaces, roadside hedgerows, ecological ditches,
and other related landscape constructions in many regions of China [22]. It has been
proposed that the species is moderately sensitive to drought [23], chilling injury [24] and air
pollution [25]. Yet, no attempts to improve its stress tolerance have been reported. In this
study, hedgerows of B. megistophylla grown on the roadsides of the main transport highway
were sprayed with exogenous 5-ALA solutions in the spring at the early stage of plant
growth. The 5-ALA treatment significantly improved the growth of these hedgerow plants.
Therefore, analyses were carried out to clarify the possible mechanisms contributing to the
improved growth to provide a theoretical basis for applying this nonprotein amino acid to
urban road greening plants.

2. Materials and Methods

2.1. Materials and Treatment

The materials selected in this experiment were Buxus megistophylla Levl. hedgerows,
which were planted on both sides of Nenjiang Road, Changzhou City, Jiangsu Province
in 2014. The planting density was 64 plantlet cuttings per m2, and the hedgerows were
pruned monthly to maintain a 70–80 cm height during the growing season. Our visual
assessment was that the plants were growing poorly, exhibiting weak annual growth,
which is why they were selected for this study.

5-Aminolevulinic acid (5-ALA) solution at a dosage of 20 mg/L was sprayed on
the leaf surface of plants on 28 April 2020. Control plants were sprayed with the same
volume of water. The width of the hedge was 1.8 m, and the length of one plot was about
100 m. There were 3 plots per treatment, arranged randomly. Ninety days after treatment,
plant growth and morphology of the control and 5-ALA treated plants were investigated.
Because the hedgerows were dense, it was difficult to dig a single plant with a complete
root system. In addition, monthly pruning did not permit measurements of shoot growth.
Therefore, leaf morphology and rapid chlorophyll fluorescence were measured in the
roadside plants. Then, 5–8 plants with partial roots were randomly dug up from each
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plot. Mature leaf and fine root tissues were collected and prepared for physiological and
biochemical analysis, rinsed in water, quickly frozen in liquid nitrogen, and then driven
back to the lab and stored at −80 ◦C until analysis.

2.2. Determination of Leaf Morphology and Relative Chlorophyll Content

The length, width and thickness of fresh plant leaves were measured with a ruler or
vernier caliper. The relative chlorophyll content was determined with a SPAD-502 Plus
produced by Konica Minolta. For these measurements, fifteen mature leaves of the control
and the treated plants were randomly selected from different plants from each plot, and an
average value was obtained from 45 observations.

2.3. Rapid Fluorescence Determination of Chlorophyll in Leaves and Analysis of
Fluorescence Parameters

The fast fluorescence OKJIP curve and 820 nm reflection fluorescence absorption curve
of the chlorophyll of leaves of B. megistophylla were measured in vivo with a Multifunc-
tional plant efficiency analyzer (M-PEA, Hansatech Instrument Ltd., Norfolk, UK). Before
determination, the leaves were dark-adapted for 30 min and then exposed to saturated
pulsed light (3000 μmol m−2 s−1) for 1 s. Fifteen leaves were measured repeatedly in the
treatment and the control, respectively. The O-phase fluorescence (Fo) of the fast fluores-
cence curve was the initial fluorescence when the PSII reaction center was completely open.
The fluorescence of the K phase (Fk), J phase (Fj), and I phase were measured at 300 μs,
2 ms, and 30 ms, respectively. Fm was the maximum fluorescence when the PSII reaction
center was completely closed, and the time was about 300 ms. The absorption of modulated
reflection fluorescence at 820 nm was expressed by its relative value, where the relative
fluorescence MR/MRo = 1 at 0.7 ms was set. The fluorescence parameters were calculated
according to the method described previously [19,20]. The control and 5-ALA treatment
measurements were both replicated 15 times from randomly selected plants, 5 per plot.

2.4. Determination of Soluble Sugars and Free Proline in Leaves

Frozen leaf samples were used for the measurements, where the content of soluble
sugars was determined by anthrone colorimetry [26], while the free proline content was
determined by the acid ninhydrin method [27]. Three biological repeats were conducted,
and the average value was taken.

2.5. Determination of the Activities of Antioxidant Enzymes in Leaves and Roots

The frozen tissues were extracted according to the method described by Tan et al. [28].
The activities of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) were
determined in the crude extract according to the methods described by Zhang et al. [29] and
Change and Maehly [30], respectively. All extractions were biologically repeated 3 times,
and the average value was taken.

2.6. Determination of Mineral Nutrient Elements in Leaves and Roots

The mature leaves and fine roots of B. megistophylla, allowed to equilibrate at ambient
temperature, were rinsed thoroughly with tap water and then deionized water, respec-
tively, then dried and ground to a fine powder to pass a 100-mesh sieve. One hundred
milligrams of the powdered samples were digested with concentrated nitric acid at 100 ◦C
for 90 min. After complete clarification, the volume of the solution was fixed to 20 mL.
The content of mineral elements, including phosphorus, potassium, calcium, magnesium,
iron, copper, zinc, manganese, sodium, aluminum, cadmium, mercury, chromium and
lead, were determined using an ICP-OES2100 system. For the nitrogen content, 0.2 g of dry
powder was combined with 3 g potassium sulfate, and 5 mL concentrated sulfuric acid.
After the solution was clarified, 5 mL of 4% NaOH (w/v) and 30 mL 30% boric acid (w/v)
were added and determined using a Kjeldahl nitrogen meter. There were 3 biologically
replicates, 1 per plot, and the average value was taken.
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2.7. Statistical Analysis

The data from control and treated plants were compared using the Student’s t-test of
SPSS 20.0 software. When p ≤ 0.05, the effect was considered significant; when p ≤ 0.01,
the effect was considered extremely significant.

3. Results

3.1. Effect of 5-ALA Treatment on the Appearance of B. megistophylla on Both Sides of
Urban Roads

We found that some leaves of the control plants appeared chlorotic, some older
branches had dried up, and parts of shrubs were dead. However, there was no plant dead
in the area sprayed with 5-ALA. Even if a few leaves of individual plants fell off, the lateral
buds sprouted, and new leaves were developing. When the weak plants were dug up,
there was almost no new root growth evident in control, but many new roots occurred in
the treated plants. In addition, it can be seen from Table 1 that the leaf length and width
of the treatment were 13.54% and 40.34% higher than those of the control, respectively,
and the difference was extremely significant (p ≤ 0.01). The leaf thickness was also 16.67%
higher (p ≤ 0.05), and the relative content of chlorophyll was 61.06% higher than that of the
control (p ≤ 0.01). These results showed that the 5-ALA treatment significantly promoted
the growth of B. megistophylla, a popular species for urban greening, with deeper green
leaves and a better greening effect.

Table 1. Effects of application with 5-ALA solution on leaf morphology of B. megistophylla.

Treatment
Leaf Length

(cm)
Leaf Width

(cm)
Leaf Thickness

(cm)
SPAD

Control 3.25 ± 0.08 B z 2.38 ± 0.09 B 0.30 ± 0.002 b 41.70 ± 0.23 B
5-ALA 4.84 ± 0.03 A 3.34 ± 0.06 A 0.35 ± 0.002 a 67.16 ± 0.25 A

z The data in the table are means ± SE of 45 replicate measurements. The different capital or lowercase letters
represent significant differences at p ≤ 0.01 or 0.05, respectively, between the control and the treated plants by
Student’s t-test.

3.2. Effects of 5-ALA Treatment on Chlorophyll Fast Fluorescence and 820 nm Reflection
Fluorescence Absorption Curve of B. megistophylla Leaves

Figure 1 shows the fast fluorescence OKJIP curve and 820 nm reflection fluorescence
absorption curve of B. megistophylla leaf chlorophyll. It can be seen from Figure 1A that
the fluorescence intensity of OKJIP curves in the 5-ALA treated leaves were significantly
lower than those of the control in O (t = 50 μs), K (t = 300 μs) and J (t = 3 ms) phases,
but significantly higher than the latter in I (t = 30 ms) and P (t ≈ 300 ms) phases. These
indicate that the heat consumption (O phase) of the photosystem II (PSII) reaction center
of the control was higher than that of the 5-ALA treatment. Simultaneously, the activities
of the donor side (K phase) and receptor side (J phase) were both inhibited in control. In
contrast, after 5-ALA treatment, the electron transport activity of the donor side (oxygen
evolved complex) and the receptor side increased, while the heat dissipation energy
decreased significantly.

It can be seen from Figure 1B that the MR/MRo of the 820 nm reflection fluorescence
absorption curve of B. megistophylla leaves decreased rapidly from 0.7 ms of JIP time, which
decreased linearly until 3 ms, then slowly between 3 and 30 ms and down to the minimum.
This dynamic reflects the loss of electrons in the photosynthetic system I (PSI) reaction
center P700 to reduce the terminal electron receptor NADP and produce NADPH and ATP.
The lower the minimum value of MR/MRo, the stronger the ability of the PSI reaction center
to reduce the terminal electron receptor. After this, the value of MR/MRo increased and
reached the maximum at about 300 ms. This rise reflects the reducing activity of the PSI
reaction center by electron transfer between PSII and PSI. Comparing the curve between
the treatment and the control, the change in magnitude of the MR/MRo value of the control
leaves was significantly smaller than that of the treatment. The minimum MR/MRo value

104



Horticulturae 2021, 7, 95

of the treated leaves was significantly lower than that of the control at t = 30 ms, but
the maximum MR/MRo value was significantly higher than that of the control at 300 ms.
This indicates that the 5-ALA treatment improved the ability of the PSI reaction center
to be oxidized by itself and then be reduced by the electrons transported from the PSII
reaction center in the B. megistophylla leaves. Therefore, 5-ALA treatment had a significant
promoting effect on the two photosynthetic systems in the leaves of B. megistophylla.

Figure 1. Effect of 5-ALA treatment on (A) leaf chlorophyll fast fluorescence and (B) 820 nm reflection
absorption curve of B. megistophylla. Black lines indicate control, and the red lines indicate that 5-ALA
treatment. O, K, J, I, and P represent different phases in the OKJIP curve.

3.3. Effect of 5-ALA on Chlorophyll Rapid Fluorescence Parameters in B. megistophylla Leaves

Table 2 shows that the initial fluorescence Fo of leaves treated with 5-ALA was only
75.46% of that of the control, while the maximum fluorescence Fm and variable fluorescence
Fv were 16.29% and 36.89% higher than that of the control, respectively. These differences
reached an extremely significant level (p ≤ 0.01).

Table 2. Effects of 5-ALA treatment on chlorophyll fluorescence parameters of B. megistophylla.

Fluorescence
Parameters

Treatment Fluorescence
Parameters

Treatment

Control 5-ALA Control 5-ALA

Fo (1.63 ± 0.12) × 104 A z (1.23 ± 0.03) × 104 B ETo/CS (2.79 ± 0.19) × 103 B (4.51 ± 0.19) × 103 A
Fm (4.91 ± 0.22) × 104 B (5.71 ± 0.17) × 104 A DIo/CS (5.83 ± 0.83) × 103 A (2.65 ± 0.01) × 103 B
Fv (3.28 ± 0.22) × 104 B (4.49 ± 0.15) × 104 A ABS/RC 4.43 ± 0.40 A 2.18 ± 0.07 B
Wk 0.70 ± 0.04 A 0.43 ± 0.01 B TRo/RC 2.80 ± 0.14 A 1.70 ± 0.04 B
Ψo 0.28 ± 0.03 B 0.47 ± 0.02 A ETo/RC 0.73 ± 0.04 a 0.79 ± 0.02 a
Mo 2.06 ± 0.16 A 0.91 ± 0.05 B DIo/RC 1.64 ± 0.27 A 0.47 ± 0.02 B
ϕPo 0.66 ± 0.03 B 0.78 ± 0.00 A RC/CS (3.82 ± 0.20) × 103 B (5.70 ± 0.18) × 103 A
ϕEo 0.19 ± 0.02 B 0.37 ± 0.01A VPSI (8.72 ± 3.22) × 10−4 B (16.23 ± 0.18) × 10−4 A
ϕRo 0.07 ± 0.01 B 0.11 ± 0.00 A VPSII-PSI (2.12 ± 1.47) × 10−5 B (6.72 ± 1.38) × 10−5 A
ϕDo 0.34 ± 0.03 A 0.22 ± 0.00 B PIABS 0.33 ± 0.09 B 1.62 ± 0.19 A

ABS/CS (1.63 ± 0.12) × 104 A (1.23 ± 0.03) × 104 B PItotal 0.17 ± 0.04 B 0.66 ± 0.07 A
TRo/CS (1.04 ± 0.05) × 104 A (0.96 ± 0.03) ×104 B

z The data in the table are means ± SE of 15 replicate measurements. The different capital or lowercase letters represent significant
differences at p ≤ 0.01 or 0.05, respectively, between the control and the treated plants by Student’s t-test.

Wk reflects the inhibition of the oxygen-evolving complex on the donor side of the PSII
reaction center. The higher the Wk, the more serious the inhibition of the oxygen-evolving
complex. The Wk of 5-ALA treated leaves was only 61.43% of that of the control (Table 2),
indicating that 5-ALA treatment alleviated the inhibition of the oxygen-evolving complex
on the donor side of the PSII reaction center. ϕo represents the possibility of an exciton
transferring electrons to the other electron receptors beyond QA

−. The ϕo in the leaves
treated with 5-ALA was 67.86% higher than that of the control (Table 2), indicating that
5-ALA improved the electron transport on the receptor side of the PSII reaction center.
Mo reflects the maximum closure rate when QA is completely reduced on the receptor
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side of the PSII reaction center. The higher Mo, the faster the PSII reaction center closes.
As shown in Table 2, the Mo of leaves treated with 5-ALA was only 44.17% of that of
the control, indicating that 5-ALA treatment slowed the closing rate of the PSII reaction
center and facilitated the transfer of photosynthetic electrons to receptors farther away
from QA

−. The differences in these parameters show that the 5-ALA treatment improved
the photosynthetic electron transport activity on the donor side and receptor side of the
PSII reaction center in the leaves of B. megistophylla.

Variables ϕPo, ϕEo, ϕRo and ϕDo represent the maximum photochemical efficiency
of the PSII reaction center, the quantum yield of absorbed light energy for photosynthetic
electron transfer, the maximum photochemical efficiency of the PSI reaction center and
the quantum yield for heat dissipation, respectively. Among them, the higher the first
three, the higher the photosynthetic energy utilization efficiency, and the lower the ϕDo,
the less the energy dissipation through heat. As shown in Table 2, ϕPo, ϕEo and ϕRo
of leaves treated with 5-ALA were 18.18%, 94.74% and 57.14% higher than those of the
control, respectively, while ϕDo was only 64.71% of that of the control, indicating that
5-ALA treatment significantly increased the maximum photochemical efficiency of PSII
and PSI in the leaves of B. megistophylla, with increased photochemical quantum yield and
reduced heat dissipation.

The calculated results of absorption (ABS/CSo), trap (TRo/CS), energy transfer
(ETo/CS) and heat dissipation (DIo/CS) per excited cross-section in the treated leaves
were 75.76%, 92.31%, 161.65% and 45.45% of the control (Table 2), respectively. This means
that, except for ETo/CS, which was significantly higher in the treated leaves than in the
control, the other three parameters were lower in the treated leaves than those in control
(p ≤ 0.01). Furthermore, the calculated absorption (ABS/RCo), trap (TRo/RC), energy
transfer (ETo/RC) and heat dissipation per active reaction center (DIo/RC) in the treated
leaves were 49.13%, 60.94%, 107.54% and 28.95% of the control, respectively. Except for
ETo/RC, which was slightly higher in the treatment than the control, although without a
significant difference, the other three parameters in the treated leaves were significantly
lower than those of the control. These show that 5-ALA treatment alleviated photoinhi-
bition by relaxing energy charge per cross-section or per reaction center. Furthermore,
the density of active reaction centers per cross-section (RC/CS) of treated leaves was 49%
higher than that of the control. This is an important reason for the improvement of the
photosynthetic capacity of leaves treated with 5-ALA.

VPSI and VPSII-PSI represent the oxidation rate of the PSI reaction center when electrons
were lost and the reduction rate of the PSI reaction center when electrons were trans-
ferred between the two photosynthetic systems, respectively. VPSI and VPSII-PSI of leaves
treated with 5-ALA were 86.12% and 216.98% higher than those of the control, respectively
(Table 2), indicating that 5-ALA treatment exhibited a good promoting effect on electron
transfer in PSI reaction center and a much greater promoting effect on electron transfer
between the two systems. Therefore, the photosynthetic performance index, PIabs, based on
absorption and PItotal, including two photosynthetic systems in leaves treated with 5-ALA,
was 390.91% and 288.24% higher than those of the control, respectively (Table 2). These
data show that the 5-ALA treatment greatly improved the photosynthetic performance of
B. megistophylla leaves.

3.4. Effects of 5-ALA Treatment on the Content of Soluble Sugar and Free Proline in B.
megistophylla Leaves

5-ALA treatment significantly increased the content of soluble sugars and free proline
in the leaves of B. megistophylla, where the former increased by 122.41% and the latter by
150% (Table 3). These two substances can be used as osmotic solutes, and their increased
content is beneficial for enhancing the adaptability of plants to stressful environments.
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Table 3. Effects of 5-ALA treatment on leaf soluble sugar and free proline content of B. megistophylla.

Treatment Soluble Sugar (mg g−1FW) Free Proline (mg g−1FW)

Control 0.58 ± 0.07 b z 0.12 ± 0.05 b
5-ALA 1.29 ± 0.07 a 0.30 ± 0.07 a

z The data in the table are means ± SE of 3 replicate measurements. The different lowercase letters represent
significant differences at p ≤ 0.05 between the control and the treated plants by Student’s t-test.

3.5. Effects of 5-ALA Treatment on the Activities of Antioxidant Enzymes in Leaves and Roots of
B. megistophylla

The activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)
in leaves and roots of B. megistophylla sprayed with 5-ALA were all significantly higher
than those of the control (Table 4). These indicate that the 5-ALA treatment improved the
antioxidant capacity of leaves and roots of B. megistophylla.

Table 4. Effects of 5-ALA treatment on antioxidant enzyme activities of leaves and roots of B. megistophylla.

Treatments
SOD (U g−1FW) POD (U g−1FW min−1) CAT (U g−1FW min−1)

Leaves Roots Leaves Roots Leaves Roots

Control 36.05 ± 0.51 b z 34.35 ± 0.70 b 29.73 ± 5.45 B 11.09 ± 1.95 B 15.97 ± 0.72 B 39.85 ± 4.99 B
5-ALA 38.11 ± 0.07 a 36.95 ± 0.39 a 85.69 ± 2.74 A 37.44 ± 0.68 A 62.42 ± 1.58 A 63.76 ± 14.69 A

z The data in the table are means ± SE of 3 repeat measurements. The different capital or lowercase letters represent significant differences
at p ≤ 0.01 or 0.05, respectively, between the control and the treated plants by Student’s t-test.

3.6. Effect of 5-ALA Treatment on the Mineral Element Content of B. megistophylla

The total nitrogen (N) content in roots of B. megistophylla was significantly higher
than in leaves, and the N ratio between leaves and roots was 0.62 (Table 5), indicating
that most of the N absorbed by plants remained in the roots and only a small part was
transported to leaves. Compared with the control, the total N content of roots and leaves in
the 5-ALA treatment increased significantly, of which leaves and roots increased by 95.58%
and 26.04%, respectively. Based on the leaf and root averages, the total level of N increased
by 52.68% following the 5-ALA treatment. Compared with the control, the root of N was
56.45% higher than that of the control (p ≤ 0.01). The above results show that 5-ALA not
only promoted the absorption of N but also promoted the transport and distribution of N
to the leaves of B. megistophylla.

Table 5. Effect of 5-ALA treatment on the mineral element content in leaves and roots of B. megistophylla.

Element
Leaves Roots Ratio of Leaf to Root

Control 5-ALA Control 5-ALA Control 5-ALA

N (mg/g) 7.01 ± 0.06 B z 13.71 ± 0.82 A 11.29 ± 0.17 B 14.23 ± 0.21 A 0.62 ± 0.01 B 0.97 ± 0.07 A
P (mg/g) 3.20 ± 0.78 b 8.39 ± 1.44 a 0.32 ± 0.05 b 1.55 ± 0.21 a 11.50 ± 4.83 a 5.50 ± 0.82 a
K (mg/g) 10.45 ± 1.40 a 15.55 ± 3.23 a 4.67 ± 0.62 a 6.29 ± 0.62 a 2.26 ± 0.33 a 2.56 ± 0.67 a
Ca (mg/g) 27.40 ± 2.67 b 48.38 ± 5.18 a 17.73 ± 0.77 b 24.37 ± 0.81 a 1.55 ± 0.14 a 2.00 ± 0.29 a
Mg (mg/g) 0.76 ± 0.13 b 1.80 ± 0.25 a 2.40 ± 0.20 a 2.79 ± 0.34 a 0.31 ± 0.03 b 0.69 ± 0.18 a
Fe (mg/g) 0.11 ± 0.01 B 0.29 ± 0.01 A 4.39 ± 0.34 B 9.34 ± 0.47 A 0.03 ± 0.00 a 0.03 ± 0.00 a

Cu (mg/kg) 26.50 ± 0.50 b 32.30 ± 1.52 a 231.91 ± 71.74 b 463.19 ± 14.49 a 0.13 ± 0.03 a 0.07 ± 0.00 a
Zn (mg/kg) 28.21 ± 6.54 a 29.98 ± 6.08 a 66.78 ± 2.27 a 66.73 ± 1.22 a 0.43 ± 0.11 a 0.45 ± 0.09 a
Mn (mg/kg) 24.08 ± 5.23 a 23.52 ± 4.39 a 194.60 ± 37.62 a 90.67 ± 4.12 b 0.14 ± 0.01 a 0.26 ± 0.06 a
B (mg/kg) 28.07 ± 4.08 b 74.95 ± 10.61 a 121.24 ± 10.28 b 257.60 ± 18.56 a 0.23 ± 0.02 a 0.30 ± 0.07 a
Na (mg/g) 0.97 ± 0.00 a 1.04 ± 0.06 a 1.25 ± 0.04 b 1.45 ± 0.06 a 0.78 ± 0.03 a 0.72 ± 0.05 a
Al (mg/g) 0.05 ± 0.00 a 0.08 ± 0.01 a 5.11 ± 0.67 a 2.60 ± 0.27 b 0.01 ± 0.00 a 0.03 ± 0.00 a

Cd (mg/kg) 0.43 ± 0.04 a 0.28 ± 0.01 b 0.35 ± 0.10 b 0.76 ± 0.06 a 1.48 ± 0.51 a 0.37 ± 0.04 b
Hg (mg/kg) 69.45 ± 4.37 a 53.35 ± 1.46 b 213.78 ± 13.29 b 292.75 ± 20.48 a 0.32 ± 0.00 a 0.18 ± 0.01 b
Cr (mg/g) 0.36 ± 0.05 a 0.16 ± 0.01 b 1.29 ± 0.24 b 3.36 ± 0.39 a 0.30 ± 0.08 a 0.05 ± 0.01 b

Pb (mg/kg) 1.32 ± 0.10 a 0.90 ± 0.04 b 6.92 ± 1.15 b 19.11 ± 1.89 a 0.20 ± 0.04 a 0.05 ± 0.01 b
z The data in the table are means ± SE of 3 replicate measurements. The different capital or lowercase letters represent significant differences
at p ≤ 0.01 or 0.05, respectively, between the control and the treated plants by Student’s t-test.
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5-ALA treatment also significantly increased the content of phosphorus (P) in the
leaves and roots of B. megistophylla. The content of P in the leaves of the control was
10 times higher than that in the roots (Table 5), indicating that most of the P absorbed
by roots was transported to the shoot. After 5-ALA treatment, the P content in leaves
increased by 162.19%, and the root content increased by 384.38%. After the average of the
whole plant, the P level of the 5-ALA treatment was 182.39% higher than that of the control.
5-ALA treatment had no effect on the ratio of P in leaves to roots. These results showed
that 5-ALA treatment promoted P uptake and accumulation but had no significant effect
on P distribution.

The 5-ALA treatment had no significant effect on the level of potassium (K) in B. megisto-
phylla. In addition, the K content in the leaves of B. megistophylla was 2.26 times higher than
that in the roots, indicating that the K absorbed by the plants was mainly transported to the
shoot. 5-ALA treatment had no significant effect on this allocation characteristic.

Calcium (Ca) and magnesium (Mg) are both essential medium elements for plant
growth. In B. megistophylla, the leaf–root ratio of Ca in the control plant was 1.55, indicating
that Ca mainly accumulated in leaves. 5-ALA treatment did not significantly affect this
characteristic but increased the Ca content in leaves and roots by 76.57% and 37.45%,
respectively. This indicates that 5-ALA treatment promoted the absorption and transport
of Ca but did not affect the distribution in leaves and roots. Different from Ca, the leaf–root
ratio of Mg in the control plant of B. megistophylla was 0.31, indicating that most of the
magnesium was distributed in the root system. 5-ALA treatment significantly increased Mg
content in leaves (by 136.84%) but had no effect on roots. Compared with the control, the
leaf–root ratio of Mg in 5-ALA treatment increased by 122.58% (p ≤ 0.05), indicating that
5-ALA promoted the absorption of Mg by the roots of B. megistophylla and the distribution
of Mg to the leaves.

Iron (Fe), copper (Cu), zinc (Zn), manganese (Mn) and boron (B) are essential trace
elements for plant growth. The content of Fe in roots of B. megistophylla was much higher
than that in leaves, and the ratio of leaf to root was 0.03 (Table 5). With 5-ALA treatment, the
Fe of leaves was 156.45% higher than that of the control, and that in the roots also increased
by 113.10% (p ≤ 0.01), but the leaf–root ratio of Fe did not change, indicating that 5-ALA
significantly promoted the absorption and transport of Fe, but did not affect the distribution
ratio. The leaf–root ratio of Cu in the control plant of B. megistophylla was 0.13, indicating
that Cu was mainly distributed in the roots. 5-ALA treatment significantly promoted the
content of Cu in leaves and doubled the content in roots but had no significant effect on the
distribution ratio of Cu in leaves and roots. Zn of B. megistophylla was mainly distributed
in the roots, and the leaf content was less than half of the roots (43–45%); 5-ALA had no
significant effect on Cu content and distribution. Mn was mainly distributed in the roots of
B. megistophylla, and the leaf–root ratio was only 0.14 in the control. 5-ALA treatment had no
significant effect on leaf content but significantly decreased root Mn content (about half of
the control). B was also mainly distributed in the roots of B. megistophylla. In the control and
treatment, the leaf–root ratio of B was 0.23–0.30. 5-ALA treatment significantly increased B
content in leaves and roots but had no significant effect on leaf root distribution (Table 5).

Sodium (Na) and aluminum (Al) are often regarded as harmful elements. If the Na
content is too high, the soil may be salinized. If the Al content is too high, the soil tends
to be acidified. The Na content in roots of B. megistophylla was higher than that in leaves,
and the content in leaves and roots increased after 5-ALA treatment, but only the root
increment reached a significant level. These indicate that 5-ALA promoted Na uptake but
mainly retained in the roots, without a significant increase in the leaves. For Al, 5-ALA
treatment reduced the Al content in roots of B. megistophylla by about half and had no
effect on leaves. These suggest that 5-ALA treatment reduced the absorption of Al by B.
megistophylla as a whole.

Cadmium (Cd), mercury (Hg), chromium (Cr) and lead (Pb) are considered to be toxic
heavy metal elements. In the control plant, Cd was mainly distributed in the leaves, and
the leaf–root ratio was 1.48, while the other three elements were mainly distributed in the
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roots, with the leaf–root ratios from 0.20 to 0.32. 5-ALA treatment reduced the leaf–root
ratio of Cd to 0.37, which was only 25% of that of the control. For Hg, Cr and Pb, 5-ALA
treatment significantly decreased the leaf content but increased the root content, so the
leaf–root ratio decreased significantly. These results show that 5-ALA treatment can induce
more toxic element storage in roots to avoid leaf accumulation. This effect is consistent
with these four toxic heavy metal elements as a whole.

4. Discussion

Road greening is not only an important part of urban greening systems but also an
important symbol of modern urban civilization. A good road greening system is conducive
to driving safety, enjoyment of city landscapes, and environment protection [31]. However,
while road traffic brings speed and convenience to people’s lives, it also exerts new coercive
factors on the growth of roadside plants. In addition to the conventional high or low
temperatures, drought or waterlogging, salinization, and acid–alkali stress, automobile
exhaust is a typical harmful factor on plant growth [32]. This is something rarely encoun-
tered by plants grown in a quiet garden. It has been proposed that the main characteristics
of automobile exhaust were damage to cell membranes, decreased chlorophyll content
and photosynthesis, leaf discoloration, leaf shedding and even death [33]. The plants of
B. megistophylla used in this study were planted on both sides of the main road. However,
automobile exhaust was not detected in the air. Traffic throughout the country was not
particularly busy in the first half of 2020 due to the COVID-19 epidemic, so the exhaust
levels were likely lower than usual. Even so, the growth of B. megistophylla on both sides of
the road was restricted, and occasional death of shrubs occurred in the experimental site.
In addition to the B. megistophylla reported in this paper, leaf yellowing, growth inhibition
and plant death of another road greening species, Gardenia jasminoides Ellis, were also quite
significant (data not listed). Therefore, improving the adaptability of plants used for road
greening in such adverse environments, promoting plant growth, reducing mortality, and
enhancing the greening effect has important practical significance.

5-Aminolevulinic acid (5-ALA) is a natural δ-amino acid commonly found in animals,
plants, and microorganisms. It is not used to synthesize proteins but is a key biosynthetic
precursor of porphyrin compounds, such as chlorophyll, heme, and cytochrome [3]. There-
fore, it is closely related to plant photosynthesis and respiration [5]. A large number of
studies have shown that 5-ALA can improve the resistance of plants to high temperature [9],
low temperature [8], strong light [10], weak light [8], drought [12], waterlogging [13],
salinization [7], heavy metal pollution [15], pesticide [16], herbicide toxicity [17], fungal
diseases [18] and other biotic and abiotic stresses and has broad application potential in
agricultural production [5]. However, whether 5-ALA can be used on urban road greening
plants to improve environmental adaptability has never been reported. Buxus megistophylla
is sensitive to automobile exhaust [34]. In urban roads with high concentrations of NO2
and CO, the pH of leaf cell sap decreased, and the content of malondialdehyde (MDA),
a product of membrane peroxidation, increased significantly. The results of the present
work showed that 5-ALA promoted leaf growth of B. megistophylla (Table 1), promoted
the occurrence of new roots, reduced the probability of plant death, and significantly
improved urban road greening, indicating that it has an important application prospect in
road greening.

5-ALA is the precursor of chlorophyll biosynthesis in plants. Exogenous application
of 5-ALA increased the content of chlorophyll in leaves of B. megistophylla (Table 1). Chloro-
phyll a is the main pigment in the reaction center of the photosynthetic system (including
PSI and PSII). It forms antenna pigment with chlorophyll b, carotenoids and lutein. A
photosynthetic reaction center consists of about 300 chlorophyll molecules [35]. 5-ALA
can increase the number of photosynthetic reaction centers by increasing the content of
chlorophyll in the leaves of B. megistophylla. The active reaction center density (RC/CS) per
cross-section increased significantly (Table 4).
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The fast fluorescence OKJIP curve and 820 nm reflection fluorescence absorption curve
of leaf chlorophyll were detected by M-PEA. The results showed that the O, K and J phase
fluorescence of B. megistophylla in the leaves sprayed with 5-ALA was significantly lower
than that of the control, while the I and P phase fluorescence was higher than that of the
control (Figure 1A). These results showed that 5-ALA treatment increased the donor side
activity, reaction center itself activity and receptor-side electron-transport activity of the
PSII reaction center in leaves. Simultaneously, the minimum value of MR/MRo decreased
significantly at t = 30 ms, and the maximum value of MR/MRo increased significantly
at t ≈ 300 ms after 5-ALA treatment (Figure 1B). This means that the activity of the PSI
reaction center and the ability to reduce terminal electron receptor NADP were promoted.
Fluorescence parameter analysis (Table 2) showed that Wk and Mo decreased in the 5-ALA
treated leaves, suggesting that 5-ALA alleviated the photoinhibition at the donor-side
oxygen evolved complex and the receptor side, leading to a decrease in the maximum
closure rate of the PSII reaction center. The increase of ϕo represents an increase in the
probability of excitons transferring electrons to other electron receptors downstream of
QA. 5-ALA treatment significantly promoted the activity of the PSII reaction center in B.
megistophylla leaves (Table 2). VPSI and VPSII-PSI represent the rate at which the PSI itself
loses electrons when it is oxidized and the rate at which the PSI reaction center is reduced
by electrons transferred by PSII [19,20]. After 5-ALA treatment, both VPSI and VPSII-PSI
increased significantly, indicating that 5-ALA significantly promoted electron transfer
in PSI reaction centers and between PSII and PSI reaction centers. Furthermore, 5-ALA
had a significant promoting effect on the absorption-based photosynthetic performance
index PIabs and the total photosynthetic performance index PItotal, including two photo-
synthetic systems (Table 2). These results are similar to the effects of 5-ALA treatment at
low temperatures [19] or high temperatures [20]. In addition, from the point of view of
photochemical energy conversion, the quantum yield (ϕEo) and energy transfer per excited
cross-section (ETo/CS) of B. megistophylla leaves treated with 5-ALA were significantly
increased. Although the promoting effect of energy transfer (ETo/RC) based on unit reac-
tion center did not reach a significant level, energy absorption (ABS/CS or ABS/RC), trap
(TRo/CS or TRo/RC), and heat dissipation (DIo/CS or DIo/RC) decreased significantly.
These indicate that 5-ALA treatment can reduce the energy charge pressure of the reaction
center and reduce the possibility of photoinhibition. Recently, it was reported that 5-ALA
treatment could upregulate the expression of core proteins D1 and D2 of the PSII reaction
center in potato leaves [36]. This may be an important reason why the core proteins of
the PSII reaction center maintain higher activity. Perhaps due to the improvement of leaf
photosynthetic performance, the soluble sugars in the leaves of B. megistophylla treated
with 5-ALA increased significantly (Table 3).

Soluble sugars can be used as osmotic solutes, which are related to plant stress
resistance. However, more studies have shown that proline accumulation induced by
5-ALA can improve plant stress resistance [37]. In this experiment, it was observed that
5-ALA treatment increased the proline content in the leaves of B. megistophylla (Table 3).
This may be one of the reasons for its resistance to environmental stress on urban roads.
In addition, the increases in antioxidant enzyme activities induced by 5-ALA are also
important reasons for the improvement of stress resistance. In this experiment, 5-ALA
significantly increased the activities of superoxide dismutase (SOD), peroxidase (POD) and
catalase (CAT) in leaves and roots of B. megistophylla (Table 4). These results are similar to
previous reports [3,4], indicating that the increase of antioxidant enzyme activity is related
to plant stress resistance.

There is currently no consensus on the effect of 5-ALA on the content of mineral
elements in plants. Naeem et al. [38] suggested that 5-ALA alleviated the decrease of N,
P, Ca, Mg, Zn and Fe content in rape (Brassica napus L.) leaves and roots under salt stress
but had no effect on Mn and Cu contents. Zhang et al. [39] proposed that 5-ALA could
increase Ca, Mg, Cu, Fe and Zn in apple (Malus domestica Borkh.) leaves but decrease the
content of P, K and Na. Anwar et al. [40] observed that the content of N, P, K, Ca, Mg, Cu,
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Fe, Mn and Zn in roots and leaves of cucumber (Cucumis sativus L.) seedlings increased
significantly when 5-ALA alleviated the inhibition of low temperature on the growth of
cucumber seedlings. It seems that the improvement of cold resistance of plants by 5-ALA
is related to the maintenance of nutrient balance. However, Liu et al. [14] did not observe
an increase of K, Fe and Mg content in leaves when they studied the improvement of
alkaline tolerance of Swiss chard (Beta vulgaris L.) treated with 5-ALA. Therefore, the effect
of 5-ALA on the content of mineral elements in plants may be related to species and types
of stress. In the present work, it was observed that 5-ALA increased the level of N in leaves
and roots of B. megistophylla. This effect was shown not only in the increase of N content
in roots and leaves but also in the transport and distribution of N from roots to leaves
(Table 5). It has been suggested that nitrate reductase (NR) activity and its coding gene
expression was significantly upregulated in pakchoi (Brassica campestris ssp. chinensis var.
communis Tsen et Lee) plants treated with 5-ALA, and the content of total N, amino acid
and protein in leaves increased, while the content of nitrate nitrogen decreased [41]. The
authors deduced that 5-ALA promoted N absorption and assimilation. Our result here is
consistent with the previous report, indicating that 5-ALA can promote the absorption,
transport, distribution and utilization of N in plants.

It was observed that 5-ALA increased P, Ca, Cu, Fe and B in roots and leaves of B.
megistophylla. This is similar to the result of Naeem et al. [38]. However, 5-ALA treatment
only increased leaf Mg content, had no significant effect on K and Zn content, and decreased
root Mn content (Table 5). The reason for these differences is not clear. Yao et al. [42]
reported that 5-ALA promoted the absorption and distribution of P in rice (Oryza sativa L.).
We also observed that 5-ALA increased the P content of B. megistophylla plants (Table 5),
indicating that the promoting effect of 5-ALA on P was universal. The transport of Ca
by plants mainly depends on transpiration flow [43], while 5-ALA can promote stomatal
opening [44] and increase transpiration rate. Therefore, it may also be common for 5-
ALA treatment to promote the absorption and transport of Ca. For Mg, 5-ALA treatment
led to an increase in leaf content (Table 5). This may be one reason for the increase of
chlorophyll content in leaves (Table 1). For Cu, Naeem et al. [38] suggested that 5-ALA
had no alleviating effect on the decrease of Cu content in rape plants under salt stress,
but Anwar et al. [40] thought that 5-ALA could alleviate the decrease of Cu in cucumber
induced by low temperature. Our results were similar to those of the latter. 5-ALA could
significantly increase the Cu content in leaves and roots of B. megistophylla (Table 5). Lack
of Fe will lead to leaf chlorosis. In this experiment, the leaves of the control plants were
generally yellowing, while the leaves of the treated plants were green. This could not only
be related to the higher N and Mg content mentioned above but to the 5-ALA treatment
promoting an increase of Fe content in B. megistophylla. The content of Fe in both roots and
leaves treated with 5-ALA was more than twice as high as that of the control. Such a huge
increase is rarely reported. Similarly, 5-ALA induced a more than double increase in B
content in leaves and roots of B. megistophylla (Table 5). These phenomena have rarely been
reported before and are worthy of our attention and further study of the mechanism.

Na and Al are not essential elements for plant growth and development. Excessive
accumulation will cause plant toxicity. The results showed that 5-ALA treatment increased
the Na content of B. megistophylla, but mainly in the root system. This is similar to a previous
report [45] that found 5-ALA upregulated expressions of genes, including SOS1, NHX1 and
HKT1 in strawberry (Fragaria × ananassa Duch.) roots to intercept salt ions in root vacuoles
and depress transport to the aboveground parts, avoiding leaf ion damage. The relationship
between Al content and 5-ALA has not been reported before. In this experiment, the Al
content in leaves was not affected by 5-ALA treatment, but it was decreased significantly
in the roots, suggesting that 5-ALA treatment reduced the absorption of Al by plants. Due
to the soil acidity of the experimental region, a decrease in Al content induced by 5-ALA
may be related to the increase of acid tolerance of plants.

Cd, Hg, Cr and Pb are all toxic elements. Crops grown on both sides of roads are often
poisoned by these heavy metal elements [46]. 5-ALA improved the tolerance of plants to
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Pb [15] and Cr [47]. Recently, Xu et al. [48] proposed a mechanism of 5-ALA improving
plant Cd tolerance, which is related to the upregulation of cellular antioxidant enzymes
and metal carrier protein gene expression. In the present work, we observed that 5-ALA
promoted the accumulation of heavy metals in the roots of B. megistophylla and decreased
the content of leaves (Table 5). This mechanism is similar to that proposed by Wu et al. [45]
that 5-ALA induces Na interception in strawberry roots under salt stress to reduce upward
transport. Obviously, this mechanism is more ingenious, and it has yet to be proven. It
has been reported that arbuscular mycorrhizal fungi (AMF) could improve plant tolerance
against heavy metal pollution [49], where AMF can chelate part of metal elements in the
rhizosphere soil [50]. Whether 5-ALA treatment improves the tolerance mediated by AMF
has never been reported, but this deserves study in the future.

To sum up, 5-ALA promoted the growth of B. megistophylla, a road greening plant,
improved plant survival, increased leaf color and enhanced the greening effect. The reason
may be related to the increase of plant antioxidant enzyme activities, the improvement of
plant mineral nutrition levels, and the inhibition of toxic and harmful heavy metal element
accumulation in leaves. The toxic elements, such as Cd, Hg, Cr and Pb absorbed by the
roots were trapped in the roots, the accumulation in leaves was reduced, the content of
N, P, Ca, Mg, Cu, Fe and B in leaves were increased, and the nutritional status of plants
was generally improved. The photosynthetic capacity of leaves also improved following
5-ALA treatment, the accumulation of soluble sugars and free proline was promoted, the
activities of antioxidant enzymes were increased, and the stress resistance of plants was
enhanced. Therefore, this nonprotein amino acid can use in urban landscapes to improve
plant stress tolerance.
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Abstract: Soil salinity is one of the major factors that affect plant growth and decrease agricultural
productivity worldwide. Chitosan (CTS) has been shown to promote plant growth and increase
the abiotic stress tolerance of plants. However, it still remains unknown whether the application
of exogenous CTS can mitigate the deleterious effects of salt stress on lettuce plants. Therefore, the
current study investigated the effect of foliar application of exogenous CTS to lettuce plants grown
under 100 mM NaCl saline conditions. The results showed that exogenous CTS increased the lettuce
total leaf area, shoot fresh weight, and shoot and root dry weight, increased leaf chlorophyll a, proline,
and soluble sugar contents, enhanced peroxidase and catalase activities, and alleviated membrane
lipid peroxidation, in comparison with untreated plants, in response to salt stress. Furthermore, the
application of exogenous CTS increased the accumulation of K+ in lettuce but showed no significant
effect on the K+/Na+ ratio, as compared with that of plants treated with NaCl alone. These results
suggested that exogenous CTS might mitigate the adverse effects of salt stress on plant growth and
biomass by modulating the intracellular ion concentration, controlling osmotic adjustment, and
increasing antioxidant enzymatic activity in lettuce leaves.

Keywords: antioxidant enzymes; chitosan (CTS); lettuce; proline; salinity; soluble sugars

1. Introduction

Saline stress is a harmful form of abiotic stress that restricts the growth and function of
plants and thus can cause a 10%–25% decrease in the yield of many agricultural crops [1].
More than 20% of global farmland is affected by various degrees of salinity, and the
farmland area (approximately 20,000 km2 per year) affected by salinity is increasing each
year, which severely limits agricultural productivity [2,3]. Salinity in soils can occur
naturally or as a result of human activities. Weathering of rock minerals and flooding
by seawater causes inherent soil salinity. Irrigation water with a high salt concentration,
excessive chemical fertilization, and poor soil management are the main reasons for an
increase in the area of saline–alkali land [4,5]. In some semi-arid and arid areas (e.g., Sahara
in North Africa, Saudi Arabia, large parts of Iran and Iraq, parts of Asia, California in the
USA, South Africa, and most of Australia), high temperatures and uneven distribution
of rainfall result in higher evapotranspiration rates than the size of the leaching fraction,
which causes an accumulation of soluble salts in the plough layer [6]. To increase the
output of salinized agricultural land, the salt tolerance of plants must be increased and the
conditions of saline–alkali land must be improved.

Salt stress negatively influences several processes in plant growth and production
by causing ion toxicity, hyperosmotic stress, nutritional imbalance, oxidative damage,
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metabolic disorders, and photoinhibition [4,7]. Because of their sessile nature, plants must
evolve several mechanisms to adapt to high-salinity environments. The various physio-
logical and biochemical processes that plants use to adapt to salt stress can be grouped
into three categories: Osmotic stress, ionic stress, and detoxification responses [8]. Plants’
primary response to salt stress is osmotic stress. Plants adjust their osmotic balance by
accumulating organic and inorganic osmolytes, such as proline, glycine betaine, solu-
ble sugar, soluble protein, and sodium (Na+) and potassium (K+) ions, to maintain cell
turgor [2,9,10]. Na+ and chloride (Cl−) enter the root system through nonselective cation
channels, K+ transporters, and Cl− transporters [11]. The excessive accumulation of Na+

and Cl− in plant cells and tissues can adversely affect the growth and development of
plants by disturbing the water structure, inhibiting enzymes, and creating nutritional
imbalance [12,13]. Plants usually maintain a balanced cytosolic Na+/K+ ratio through Na+

and K+ transporters and channels [12]. Salt stress also causes the accumulation of reactive
oxygen species (ROS), which results in oxidative-stress-induced toxic effects in plants.
ROS sources, such as superoxide radical (O2

−), hydrogen peroxide (H2O2), and hydroxyl
radical (·OH), are generated by plants’ photosynthetic and respiratory electron transport
chains, xanthine oxidase, and nicotinamide adenine dinucleotide phosphate oxidase [14].
Normally, cellular ROS levels are regulated by enzymatic (e.g., ROS scavenging enzymes)
and nonenzymatic scavengers (e.g., ascorbic acid [AsA], glutathione, and carotenoids)
to mitigate the ROS-induced damage caused by salt stress [15,16]. However, although
plants adopt these strategies to reduce the harmful effect of salt stress, survival in a salty
environment is difficult, let alone producing a good yield.

Chitosan (poly[1,4]-2-amino-2-deoxy-D-glucose; CTS) is a biopolymer obtained through
the deacetylation of nontoxic and biofunctional chitin from the exoskeleton of crustaceans [17].
Chitosan has three types of functional groups on its backbone: The amino/acetamido
group, and primary and secondary hydroxyl groups, which enhance its affinity for ions
and various pollutants [18]. CTS is a natural, low-toxicity, biodegradable, environmentally
friendly, renewable, and inexpensive resource and has many applications in the agriculture
sector [19]. Since the discovery of CTS by Rouget in 1859 [20], several studies have proven
its role in enhancing plant growth and increasing plants’ abiotic stress tolerance [21], in-
cluding rice [19], maize [22], safflower and sunflower [23], and creeping bentgrass [24].
The beneficial role of CTS in stress mitigation is broadly attributable to the alleviation of ox-
idative stress [25] and the increase in water use efficiency [26], mineral nutrient uptake [27],
chlorophyll (Chl) content, and photosynthesis [28] caused by CTS. The application of
exogenous CTS increases plants’ tolerance to several forms of stress, such as drought, salt,
osmotic, and low-temperature stress [19,22,23,29]. Certain concentrations of exogenous
CTS have been used to increase plants’ resistance to several biotic and abiotic stresses by
increasing water use efficiency, enhancing antioxidant activity, and regulating the content
of osmotic regulation substances and defense gene expression [17,26,30–32].

Lettuce (Lactuca sativa L.) is a leafy vegetable mainly consumed raw and in salad
mixes [33]. The production and cultivation area of lettuce has increased because of its
marketability, sensory characteristics, and health-promoting properties [5,34]. According
to the last available FAO data (http://www.fao.org/faostat/en/#data/QC, accessed on
19 September 2021), the global cultivation area and yield of lettuce were 243.97 thousand
hectares and 16.31 million tonnes in 2019, an increase of 0.54% and 2.3% over 2018, re-
spectively. The majority of lettuce comes from China, the United States, and India—the
world’s top three lettuce producers. Lettuce is a moderately to highly salt-sensitive veg-
etable [35]. Salinity reduces the seed germination rate, leaf number, photosynthesis, and cell
growth and increases the accumulation of ROS, which negatively affects lettuce growth and
yield [36,37]. Although the negative effects of salinity on lettuce have been studied [36,38],
information regarding the effects of CTS on lettuce growth and production under saline
conditions is lacking. Therefore, the present study evaluated the effectiveness of exogenous
CTS in mitigating the adverse effects of salinity on the growth and physiological attributes
of lettuce plants. In addition, this study identified the effects of exogenous CTS on the
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accumulation of osmolytes, the biosynthesis of antioxidants, and the activity of antioxidant
enzymes in lettuce under saline conditions.

2. Materials and Methods

2.1. Plant Materials and Treatments

Romaine lettuce (Lactuca sativa var. longifolia L. cv. Romana, Takii seed, Japan) was
used as the test material, and an experiment was conducted from November 2020 to January
2021. Lettuce seeds were sown in urethane cubes (2.3 × 2.3 × 2.7 cm3), and the seedlings
were cultivated in a 22 ◦C growth chamber at 200 ± 10 μmol·m−2·s−1 photosynthetic
photon flux for 12 h by using cool white fluorescent lamps (Figure 1A). At 21 days after
sowing (DAS), uniform seedlings were selected and transplanted into a cultivation room of
the Engineering and Technical Center for Modern Horticulture in Jurong. The plants were
grown in a deep-flow hydroponic system in an Enshi formula nutrient solution (electrical
conductivity [EC]: 1.5 ± 0.2, pH: 6.9 ± 0.2) [39]. Air pumps were used to oxygenate the
nutrient solution and supply a constant stream of oxygen. The lighting for plant cultivation
was provided by light-emitting diode lights (Figure 1B). The photosynthetic photon flux
density of the light was 200 ± 10 μmol·m−2·s−1, and its photoperiod was 16 h. The air
temperature was maintained as 25 ◦C during the day and 20 ◦C at night, with the relative
humidity being maintained as 65% ± 5%.

Figure 1. The relative spectral photon flux of (A) cool white fluorescent lamps and (B) LED lights.
The wavelengths of light sources were recorded at 380–800 nm with a spectrometer.

All treatments were performed at 7 days after transplanting (28 DAS) into the cul-
tivation room, so that the lettuce seedlings were well adapted to the environment of the
cultivation room. The treatments were divided into four groups: (1) The control group, in
which the plants were grown in a nutrient solution with water sprayed on the leaf surface;
(2) the CTS group, in which the plants were grown under the same conditions as those of
the control group and 100 mg/L of CTS (instead of water) was sprayed on the leaf surface;
(3) the NaCl group, in which the plants were grown in a nutrient solution containing
100 mM NaCl and water was sprayed on the leaf surface; and (4) the NaCl + CTS group, in
which the plants were grown under the same conditions as those of the NaCl group and
100 mg/L of CTS (instead of water) was sprayed on the leaf surface. CTS or water was
sprayed on the leaves of the hydroponically grown lettuce continuously for 5 days from
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28 DAS. Approximately 30 mL of CTS or water solution was sprayed on both adaxial and
abaxial surfaces of leaves for each lettuce plant. For groups (3) and (4), NaCl was dissolved
into the nutrient solution after the 5-day CTS induction treatment. Three replications were
performed for each treatment, and each replication comprised six plants. Plants of each
treatment were sampled at 28 and 49 DAS for further examinations.

2.2. Plant Growth Analysis

At 28 and 49 DAS, the plants were sampled to determine total leaf area, shoot and root
fresh weight (FW), and shoot and root dry weight (DW). Total leaf area was determined
using a Li-3100 leaf area meter (Li-Cor, Lincoln, NE, United States). Shoot and root DW
was obtained after the plant tissues were dried at 80 ◦C to a constant weight. Chl was
extracted in N,N-dimethylformamide from fresh lettuce leaves, and the Chl content was
determined spectrophotometrically according to the method of Porra et al. [40].

Growth analysis parameters, namely the relative growth rate (RGR), the net assimila-
tion rate (NAR), and the leaf area ratio (LAR), were estimated using the method of Ohtake
et al. [41] by using the following equations:

RGR = (1/W)(ΔW/Δt) = [ln(W2) − ln(W1)]/(t2 − t1), (1)

where W1 and W2 are the total DWs of a plant at times t1 (28 DAS) and t2 (49 DAS).

NAR = (1/L)(ΔW/Δt) = [(W2 − W1)/(t2 − t1)] × [ln(L2) − ln(L1)]/(L2 − L1), (2)

where L1 and L2 are the total leaf areas of a plant at times t1 and t2.

LAR = L/W = (L1/W1 + L2/W2)/2 (3)

2.3. Estimation of Leaf Relative Water Content and Electrolyte Leakage

Relative water content (RWC) was measured using the method of Yamasaki and
Dillenburg [42] by adopting the following equation:

RWC (%) = (FW − DW)/(turgid weight − DW) × 100 (4)

Electrolyte leakage (EL) was measured using the method described by Ahmad et al. [43].
Leaf disks with a diameter of 13 mm were produced from the leaves in each treatment
group and submerged in deionized water to measure ECa. Then, tubes containing the leaf
disks were incubated in a water bath at 50–60 ◦C for 25 min to determine the ECb value for
each treatment. Finally, the tubes with the leaf disks were boiled at 100 ◦C for 10 min to
measure ECc. The EL was calculated using the following equation:

EL (%) = (ECb − ECa)/ECc × 100 (5)

2.4. Determination of the Potassium and Sodium Contents in Lettuce Leaves

The potassium and sodium contents in lettuce leaves were determined through induc-
tively coupled plasma optical emission spectrometry (Thermo Fisher Scientific, Cambridge,
United Kingdom) by using the method of Zhang et al. [44].

2.5. Estimation of the Proline, Soluble Sugar, and Ascorbic Acid Contents

The proline content of the leaf samples was determined according to the method
described by Bates et al. [45]. The soluble sugar content of the leaves was measured using
the anthrone–sulfuric acid method [46]. The ascorbic acid (AsA) content of the leaves was
determined according to the method of Kampfenkel et al. [47].

2.6. Examination of H2O2 Content, O2
− Generation, and Malondialdehyde Content

The H2O2 concentration of the leaf samples was determined using the method of
Patterson et al. [48]. The O2

− generation was assayed spectrophotometrically by measuring
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the reduction of nitroblue tetrazolium by using the method of Averina et al. [49]. The
malondialdehyde (MDA) concentration of the leaf samples was estimated using the method
of Heath et al. [50]. The absorbance of the leaf samples was measured at 450, 532, and
600 nm by using a spectrophotometer.

2.7. Enzyme Assays

The fresh leaf samples were homogenized in phosphate buffer saline (50 mM, pH 7.8),
and the homogenate was centrifuged at 10,000 × g and 4 ◦C for 15 min. The supernatants
were collected to determine the superoxide dismutase (SOD; EC: 1.15.1.1), peroxidase
(POD; EC: 1.11.1.7), and catalase (CAT; EC: 1.11.1.6) activity [51]. Protein content was
determined using the method of Bradford [52]. The activity of the enzymes was expressed
in units per milligram of protein.

2.8. Statistical Analysis

The data are presented as the means ± standard errors (SEs) of the three replications
for each treatment. Statistical analysis was performed using one-way analysis of variance
with Tukey’s HSD test (SPSS v. 18.0, IBM Inc., Chicago, IL, USA). p values of ≤0.05 were
considered significant.

3. Results

3.1. Exogenous CTS Improved the Growth and Biomass of Lettuce under NaCl Stress

Compared with the control plants, the lettuce plants exposed to NaCl stress exhibited
considerably inhibited plant growth in terms of a lower total leaf area, shoot FW, and shoot
DW (Table 1). The total leaf area, shoot FW, root FW, shoot DW, and root DW of the NaCl
group were 67.3%, 60.3%, 73.8%, 66.5%, and 51.6% lower, respectively, than those of the
control group (Table 1). The application of 100 mg/L of exogenous CTS mitigated the
lettuce growth inhibition caused by the salinity stress (Figure 2A). The total leaf area, shoot
FW, root FW, shoot DW, and root DW of the NaCl + CTS group were 141.2%, 127.3%, 72.3%,
95.0%, and 60.0% higher, respectively, than those of the NaCl group (Table 1). The total leaf
area, shoot FW, root FW, shoot DW, and root DW of the NaCl + CTS group were 21.2%,
40.4%, 31.5%, 34.7%, and 22.6% lower, respectively, than those of the control group (Table 1).
However, no significant change in the aforementioned growth parameters was observed
between the CTS and control groups (Table 1). The Chl a, Chl b, and total Chl contents of
the NaCl group were 14.4%, 20.6%, and 16.1% lower, respectively, than those of the control
group (Table 1). The Chl a and total Chl contents of the NaCl + CTS group were 10.1% and
8.6% higher, respectively, than those of the NaCl group (Table 1). The Chl b and total Chl
contents of the NaCl + CTS group were 17.3% and 8.9% lower, respectively, than those of the
control group (Table 1). In addition, the Chl a content of the plants subjected to exogenous
CTS treatment alone were significantly higher than that of the control group (Table 1).

Plant biomass is strongly and positively correlated to RGR, and plant growth anal-
ysis decomposes RGR into NAR and LAR. In order to determine how physiological and
morphological traits contribute to the plant biomass of each group, the growth analysis
parameters of each group were estimated using total plant DW and total leaf area as de-
scribed in the aforementioned text. The RGR of the NaCl group was significantly lower
than that of the control group and corresponded to the lowest DW (Figure 2B, Table 1).
The decrease in the RGR of the NaCl group was mitigated by the application of 100 mg/L
of exogenous CTS (Figure 2B). A similar trend was observed in NAR, and the lowest
NAR was observed for the NaCl group. Moreover, an insignificant difference in NAR was
observed between the NaCl + CTS and NaCl groups (Figure 2C). No significant difference
in LAR was observed among all the groups (Figure 2D). Similar to the growth parameters,
no significant changes in the aforementioned growth analysis parameters were observed
between the CTS and control groups.
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Figure 2. Effects of exogenous chitosan (CTS) on (A) plant morphology and (B–D) plant growth analysis parameters of
lettuce plants under salt stress. Data presented are the means ± SEs (n = 3). Different letters on top of bars indicate a
significant difference (p < 0.05) according to Tukey’s HSD test. CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM
NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS; NaCl + CTS = 100 mM NaCl +100 mg/L. RGR, relative growth
rate; NAR, net assimilation rate; LAR, leaf area ratio.

3.2. Effects of NaCl and CTS on the RWC, EL, and the Contents of Potassium and Sodium of the
Lettuce Leaves

The leaf RWC of the NaCl group was 15.9% lower than that of the control group
(Table 2). This decrease in leaf RWC due to salinity was mitigated by the application of
exogenous CTS. The leaf RWC of the NaCl + CTS group was 15.7% higher than that of the
NaCl group (Table 2). The leaf EL of the NaCl group was 160.9% higher than that of the
control group (Table 2). Moreover, the leaf EL of the NaCl + CTS group was 21.2% lower
than that of the NaCl group (Table 2). The leaf RWC and EL of the lettuce plants subjected
to the exogenous CTS treatment alone were not significantly different from those of the
control group (Table 2).

Table 2. Effects of chitosan (CTS) on leaf RWC, EL, and the contents of potassium and sodium in
leaves of lettuce plants under salt stress.

Treatments
RWC
(%)

EL
(%)

Potassium
(mg·g−1 DW)

Sodium
(mg·g−1 DW)

K+/Na+ Ratio

CK 74.8 ± 1.3 ab 16.1 ± 3.0 c 73.96 ± 1.30 a 1.09 ± 0.04 c 68.23 ± 3.73 a
CTS 79.0 ± 2.9 a 15.5 ± 2.5 c 72.02 ± 2.25 a 1.05 ± 0.07 c 69.38 ± 6.97 a
NaCl 62.9 ± 1.6 c 42.0 ± 3.1 a 52.92 ± 1.55 c 22.61 ± 1.31 a 2.35 ± 0.07 b

NaCl + CTS 72.8 ± 0.4 b 33.1 ± 0.5 b 61.27 ± 1.23 b 12.21 ± 1.36 b 5.11 ± 0.42 b
Data presented are the means ± SEs (n = 3). Different letters in each column indicate significant differences
(p < 0.05). CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM
NaCl + 0 mg/L CTS; NaCl + CTS = 100 mM NaCl +100 mg/L CTS. RWC, relative water content; EL, electrolyte
leakage; FW, fresh weight; K+, potassium; Na+, sodium.

The potassium content of the NaCl group was 28.4% lower than that of the control
group (Table 2). The addition of exogenous CTS to the plants treated with NaCl significantly
mitigated the inhibition of potassium accumulation in the lettuce leaves (Table 2). The
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sodium contents of the NaCl and NaCl + CTS groups were 19.7 and 11.1 times higher,
respectively, than that of the control group, whereas the accumulation of sodium was 46.0%
lower in the NaCl + CTS group than in the NaCl group (Table 2). The K+/Na+ ratio of
the NaCl group was significantly lower than that of the control group, and no significant
change in the K+/Na+ ratio was observed between the NaCl and NaCl + CTS groups.
Non-significant differences were noted in the potassium sodium contents and the K+/Na+

ratio between the CTS and control groups (Table 2).

3.3. Effects of NaCl and CTS on the Proline Content, MDA Content, O2
− Generation, H2O2

Content, Soluble Sugar Content, and AsA Content of the Lettuce Leaves

Proline biosynthesis was triggered by salinity stress, which resulted in the NaCl group
having a proline content 2.1 times higher than the control group (Figure 3A). Moreover, the
proline content of the NaCl + CTS group was 66.5% higher than that of the NaCl group
(Figure 3A). MDA, the product of membrane lipid peroxidation caused by ROS, can be
used to evaluate the degree of membrane injury under stress [44]. The MDA content of
the NaCl group was 127.6% higher than that of the control group (Figure 3B). Moreover,
the MDA content of the NaCl + CTS group was 14.3% lower than that of the NaCl group
(Figure 3B). The exposure of the lettuce plants to salinity stress induced the production of
ROS in cells. The lettuce plants treated with NaCl generated ROS such as H2O2 and O2

−.
The H2O2 content and O2

− of the NaCl group were 3 and 1.8 times higher than those of the
control group, respectively (Figure 3C,D). The application of exogenous CTS to the plants
treated with NaCl slowed the generation of H2O2 and O2

− (Figure 3C,D). The soluble
sugar content of the NaCl group was considerably higher than that of the control group
(Figure 3E). The soluble sugar content of the NaCl + CTS group was 40.8% higher than
that of the NaCl group (Figure 3E). No significant difference in AsA content was observed
among the groups (Figure 3F). No significant change in the proline content, MDA content,
H2O2 content, superoxide radical production rate, soluble sugar content, and AsA content
was observed between the CTS and control groups (Figure 3).

3.4. Effects of NaCl and CTS on the Antioxidant Enzyme Activity in the Lettuce Leaves

Figure 4 displays the results regarding the effects of NaCl and CTS on the antioxidant
enzyme activity in the lettuce leaves. SOD, POD, and CAT exhibited various responses to
the different treatments. SOD activity was consistent among all the groups (Figure 4A).
However, the POD and CAT activities of the NaCl group were 43.3% lower and 181.9%
higher than those of the control group, respectively (Figure 4B,C). The CTS + NaCl group
had considerably higher POD and CAT activities than the NaCl group (Figure 4B,C). No
significant change in the SOD, POD, and CAT activities was observed between the CTS
and control groups (Figure 4).
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Figure 3. Effects of exogenous chitosan (CTS) on (A) proline content, (B) MDA content, (C) O2
− generation rate, (D) H2O2

content, (E) soluble sugar content, and (F) AsA content in leaves of lettuce plants under salt stress. Data presented are the
means ± SEs (n = 3). Different letters on top of bars indicate a significant difference (p < 0.05) according to Tukey’s HSD
test. CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS;
NaCl + CTS = 100 mM NaCl +100 mg/L. MDA, malondialdehyde; O2

−, superoxide radical; H2O2, hydrogen peroxide;
AsA, ascorbic acid.
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Figure 4. Effects of exogenous chitosan (CTS) on activities of (A) SOD, (B) POD, and (C) CAT in leaves
of lettuce plants under salt stress. Data presented are the means ± SEs (n = 3). Different letters on top
of bars indicate a significant difference (p < 0.05) according to Tukey’s HSD test. CK (control) = 0 mM
NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS;
NaCl + CTS = 100 mM NaCl +100 mg/L. SOD, superoxide dismutase; POD, peroxidase;
CAT, catalase.

4. Discussion

Limited plant growth and productivity are common responses to salinity stress [5].
The data obtained in this study indicate that salinity adversely affected the growth and
biomass of lettuce plants and resulted in a significant decrease in their total leaf area,
FW, and DW (Table 1). These results are consistent with those of studies on other crops,
including tomatoes [53], peppers [54], and chickpeas [43]. CTS, which is a derivative of
chitin, has many applications in the agricultural sector because it regulates plant growth
and development and increases plants’ resistance to a wide range of abiotic and biotic
stresses [19,21,55]. The application of exogenous CTS can mitigate the effects of salt stress
on plant growth in many crops, such as ajowan [56], maize [57], and wheat [58]. A similar
finding was obtained in this study, which indicates that the application of exogenous
CTS alleviated the inhibition of the growth of lettuce caused by saline conditions (Table 1,
Figure 2A). Growth analysis is a widely used analytical method for characterizing plant
growth [59]. Plant biomass is strongly and positively correlated with RGR. We observed
that the RGR of the NaCl group was significantly lower than that of the control group
(Figure 2B), which indicates that the lettuce exposed to saline conditions accumulated
less biomass than the lettuce grown under normal conditions during the growth stage.
The NAR (average growth per unit leaf) of the NaCl group was significantly lower than
that of the control group (Figure 2C). However, the LAR of the lettuce was relatively
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consistent between the saline and normal conditions (Figure 2D). These results indicate
that the decrease in the RGR of the lettuce under salt stress was mainly associated with
NAR and less associated with LAR. The exogenous application of CTS markedly increased
the RGR of the lettuce under salt stress (Figure 2B), which proves that exogenous CTS
can mitigate the inhibition of plant growth caused by salinity. However, we observed
only a minor variation in NAR between the NaCl + CTS and NaCl groups (Figure 2C).
Thus, the increase in the RGR of the NaCl + CTS group may have been related to both
NAR and LAR. The Chl content of leaves is commonly considered a reliable predictor
of the health and photosynthesis capacity of plants during growth [60,61]. Chlorophyll
degradation under salt stress is usually related to the accumulation of ROS, which causes
lipid peroxidation of chloroplast membranes [62]. In this study, the Chl content of the
NaCl group was considerably lower than that of the control group (Table 1), which is in
agreement with previous findings [63]. This result might be ascribable to the impaired
biosynthesis or accelerated degradation of Chl pigment under saline conditions [43,64]. The
application of exogenous CTS to the lettuce under saline conditions increased the Chl a and
total Chl contents (Table 1). Similarly, Zou et al. [62] found that exogenous polysaccharides
increased the Chl a content in wheat seedling leaves under salt stress. Chl a is responsible
for the absorption of light and the initiation of photosynthesis. Excessive amounts of salt
accumulated in chloroplasts can exert a direct toxic effect on photosynthesis through the
destruction of pigment–protein complexes [65]. Thus, the increases in Chl a content in
NaCl + CTS group are possibly because exogenous CTS protected Chl a from degradation
in salt-stressed lettuce leaves, leading to high efficiency in photosynthesis. Moreover, the
NaCl + CTS group did not exhibit a significantly higher Chl b content than the NaCl group
possibly because Chl b tends to transform into Chl a when plants are subjected to saline
conditions [66].

Leaf RWC is an accurate measure of the status of water in plants and indicates
the water content of a leaf relative to the maximum amount of water that the leaf can
contain under full turgidity [67]. Our study indicates that salinity decreased leaf RWC
substantially; however, the exogenous application of CTS positively affected the leaf RWC
of the lettuce exposed to saline conditions (Table 2). Geng et al. [24] also found that
exogenous CTS application significantly increased the leaf RWC and water use efficiency
in creeping bentgrass under salt stress, which contributes to maintaining a better water
status in plants exposed to salinity stress. Thus, the results obtained from the current
study were possibly due to the regulation of the balance between the water supply and leaf
transpiration in the lettuce of the NaCl + CTS group. Under normal conditions, the Na+

content was very low in lettuce leaves, and no significant change was observed between the
CK and CTS groups (Table 2). Salt stress significantly increased Na+ content but decreased
the K+ content in lettuce leaves (Table 2). The application of exogenous CTS increased
the K+ content and decreased the Na+ content in the leaves of lettuce exposed to saline
conditions, but the K+ content in leaves was still lower than that of the control group
(Table 2). A similar trend was also found in salt-stressed wheat seedlings applied with
polysaccharides [62]. The accumulation of high levels of Na+ in plant tissues subjected to
saline conditions has a devastating effect on the metabolism of cytoplasm and organelles.
As cytosolic Na+ is noxious to cells, so too is chloroplastic Na+ accumulation [12]. Excess
Na+ will cause an imbalance in cellular Na+ and K + homeostasis, which often leads to
a low K+/Na+ ratio [68]. Hereafter, plants will suffer from K+ deficiencies stemming
from the competitive inhibition of its uptake by Na+ in plants exposed to salt stress.
Potassium is an essential nutrient for plant growth and production, it is involved in
the balance of osmotic pressure and the regulation of stomatal closure, and it affects
photosynthesis and enzymatic activity [44]. Maintaining a high shoot K+/Na+ ratio is an
important trait of plant salt tolerance [69]. In the current study, the shoot K+/Na+ ratio
decreased dramatically under saline conditions due to excessive Na+ accumulation in
leaves. However, K+ accumulation in NaCl + CTS-group plants was accompanied by a
higher K+/Na+ ratio but not a significant difference compared to that of the NaCl group.
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These results, combined with the mitigation of growth inhibition, suggest that exogenous
CTS might facilitate plant growth by regulating the nutritional balance and reducing ion
toxicity. A previous study has shown that polysaccharides enhanced salt tolerance in wheat
by maintaining a high K+/Na+ ratio through regulation of several Na+/K+ transporter
genes, coordinating the efflux and compartmentation of Na+ [58]. The study of Geng
et al. [24] found that CTS enhanced salt overly sensitive pathways and upregulated the
expression of AsHKT1 and genes encoding Na+/H+ exchangers under saline conditions,
thus inhibiting Na+ transport to the photosynthetic tissues. In the present study, although
the lower Na+ content in leaves was observed in the NaCl + CTS group at harvest time,
the Na+ levels in shoot and root were not evaluated in a time-response manner, and the
gene expressions related to Na+ transport still have to be analyzed. To further understand
the CTS-induced salt tolerance in lettuce, future studies need to focus on examining the
accumulation pattern of Na+ in shoot and root and investigating the gene expressions
involved in Na+ transport.

Osmotic regulation is a major adaptation mechanism for plants to resist salt stress.
High levels of osmolytes, such as proline, soluble sugars, and soluble proteins, are accu-
mulated in the cytosol and other organelles to adjust osmotic pressure [17,44]. The high
accumulation of proline in the NaCl group indicated the crucial nature of this osmolyte in
the osmotic adjustment under saline conditions (Figure 3A). Under salt stress, proline can
regulate osmotic potential, stabilize the cellular structure, reduce damage to the photosyn-
thetic apparatus, and induce the expression of salt stress-responsive genes, consequently
enhancing the adaption of the plant to saline conditions [58]. The application of exogenous
CTS increased the proline level and Chl a content of the lettuce leaves subjected to saline
conditions (Figure 3A), which suggests that exogenous CTS not only balances osmosis
in cells but also protects their photosynthetic machinery. It had been proved that proline
accumulation might be a result of a salt-induced increase in N metabolism [70]. A previous
study found in wheat that exogenous CTS could effectively enhance N metabolism [71].
Thus, it is interesting to further study whether CTS increases proline levels by modulating
N metabolism in lettuce plants during salt stress. The quantity of another vital osmolyte,
namely soluble sugar, increased in the lettuce under saline conditions regardless of whether
the leaves were treated with exogenous CTS; however, the soluble sugar levels of lettuce
leaves treated with exogenous CTS were considerably higher than those of lettuce leaves
treated with NaCl alone (Figure 3E). Because soluble sugar plays a key role in many physi-
ological and biochemical processes, including photosynthesis, ROS scavenging, and the
induction of adaptive pathway destructive conditions, a substantial increase in the total
soluble sugar content may effectively protect lettuce plants exposed to NaCl stress [72,73].

Salt stress triggers the generation of a large number of ROS, such as O2
−, H2O2,

and ·OH, which poses challenges to plant cells [74,75]. The excessive generation of ROS
causes the oxidation of lipids and proteins and the breakage of nucleic acids and limits
the effectiveness of enzymes, which results in abnormalities at the cellular level and thus
the inhibition of plant growth [43,76]. MDA, which is the final product of membrane lipid
peroxidation caused by ROS, is generally an indicator of the degree of cell membrane
damage in plants subjected to stress [77,78]. The results of our experiment reveal that
the O2

−, H2O2, MDA contents, and EL of the NaCl group were considerably higher than
those of the control group, which indicates that the integrity and stability of the cell
membrane decreased due ROS-induced oxidative damage (Figure 3B–D; Table 2). The O2

−,
H2O2, and MDA contents and EL of the CTS + NaCl group were lower than those of the
NaCl group (Figure 3B–D; Table 2). These results suggest that CTS can mitigate oxidative
damage and regulate the stability of the cell membrane system under saline conditions.
Moreover, the observed significant increases in Chl a content and reductions in the MDA
level in lettuce leaves of NaCl + CTS group also proved that exogenous CTS reduced lipid
peroxidation and mitigated the salt-induced reduction in chlorophyll content (Figure 3B;
Table 1). Similarly, Turk [57] reported that the application of exogenous CTS decreases ROS
levels and lipid peroxidation in peppers under salt stress.
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Plants possess a wide range of radical scavenging systems to manage oxidative
damage, including antioxidative enzymes, such as SOD, POD, and CAT, and nonenzymatic
compounds, such as proline and AsA [44,79–81]. SOD is a major O2

− scavenger that
catalyzes O2

− to H2O2 and O2 [82]. Thereafter, the toxic H2O2 can be removed by POD,
CAT, or ascorbate peroxidase [83,84]. In the current study, the O2

−, H2O2, and MDA
contents of the NaCl group were considerably higher than those of the control group
(Figure 3B–D). Moreover, the CAT and POD activities of the NaCl group were lower and
higher, respectively, than those of the control group (Figure 4). The exogenous application
of CTS significantly decreased the O2

−, H2O2, and MDA levels and considerably increased
the POD and CAT activities (Figure 3B–D and Figure 4). These results are consistent with
those of studies on maize [57] and suggest that the exogenous application of CTS can
mitigate the damage to the cell membrane system by salt stress by increasing the POD
and CAT activities in lettuce leaves. The enzymatic activities of POD and CAT may have
played a more crucial role than that of SOD in scavenging the overproduction of ROS in
the plants treated with NaCl alone because no significant difference was observed in SOD
activity among all the groups (Figure 4). However, the current study did not investigate
the expression patterns of SOD, CAT, and POD genes, and additional studies should be
conducted on this topic. In addition, studies have indicated that proline and AsA are potent
antioxidants that can scavenge various types of ROS and shield the cell from oxidative
damage [85,86]. In the current study, the application of exogenous CTS significantly
increased the proline content of the lettuce leaves (Figure 3A), indicating that lettuce
may accumulate high levels of proline to scavenge ROS, decrease oxidative damage, and
safeguard cell membranes from the adverse effects of salt stress. No significant difference
was observed in the AsA contents of the CTS + NaCl and NaCl groups (Figure 3F), which
suggests that AsA may not play an important role in maintaining the strong antioxidant
capacity of lettuce under saline conditions. A current study also found that exogenous
oligo-alginate in NaCl-treated plants did not change the AsA content [87].

5. Conclusions

CTS, a natural polysaccharide, has many applications in the agriculture sector as
an exogenous additive substance, being both safe and cheap. In the present study, the
effects of exogenous CTS on lettuce plants under salt stress were investigated. The re-
sults showed that exogenous CTS could improve plant growth and biomass under salt
stress. Exogenous CTS application increased proline and soluble sugar accumulations
and enhanced peroxidase and catalase activities, thereby reducing oxidative damage to
leaves. The CTS also curbed the accumulation of sodium but enhanced the accumulation
of potassium in the leaves of NaCl-treated plants. These outcomes may help optimize
the production technology of lettuce under saline conditions. However, the mechanism
of CTS on alleviating salinity damage is still not fully understood. Future studies should
focus on analyzing Na+/K+ transporter gene expressions and possible signal transduction
pathways involved in CTS-regulated increased tolerance of lettuce plants to salt stress. As
a biopolymer, the presence of amine and hydroxyl groups in CTS may also prevent Na+

from reaching the photosynthetic tissue by chelating part of it at the root/lower tissue
level, which needs further exploration depending on the CTS application method.
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Abstract: In previous decades, some species of the Orchidaceae family have been found growing
in man-made habitats. Neottia ovata is one of the most widespread orchids in Europe, however it is
quite rare in Russia and is included in several regional Red Data Books. The purpose of this study
was to compare the chemical composition and morphophysiological parameters of N. ovata from
two forest communities of the Middle Urals, Russia: natural and transformed (fly ash dump of
Verkhnetagil’skaya Thermal Power Station) for determining orchid adaptive features. The content of
most of the studied metals in the underground parts (rhizome + roots) of N. ovata was considerably
higher than in the leaves, which diminished the harmful effect of toxic metals on the aboveground
organs. The adaptive changes in the leaf mesostructure of N. ovata such as an increase in epidermis
thickness, the number of chloroplasts in the cell, and the internal assimilating surface were found
for the first time. The orchids from the fly ash deposits were characterized by a higher content of
chlorophyll b and carotenoids than plants from the natural forest community that evidenced the
compensatory response on the decrease in chlorophyll a. The ability of N. ovata from the transformed
habitat to maintain a relatively favorable water balance and stable assimilation indexes further
contribute to its high viability. The study of orchid adaptive responses to unfavorable factors is
necessary for their successful naturalization and introduction into a new environment.

Keywords: orchid; transformed ecosystems; fly ash; metals; adaptive responses; water exchange;
leaf mesostructure; photosynthetic pigments; photosynthesis; plant introduction

Highlights

Neottia ovata successfully colonize the fly ash dump (FAD) due to less phytocoenotic stress.
N. ovata plants from transformed habitat demonstrate high viability.
Sequestration of metals mainly in underground organs reduced harmful effect on

orchid plants.
Natural orchid colonization of FAD was facilitated by adaptive structural and func-

tional changes.
The FAD plants were characterized by the higher chlorophyll b and carotenoids content.
N. ovata from FAD maintained a relatively favorable water balance and stable assimi-

lation indexes.

1. Introduction

The Orchidaceae family has a broad variety of more than 28,000 species distributed
in about 763 genera and widespread from the Arctic tundra to tropical Brazilian rain-
forests [1,2]. It includes species with complex adaptations to pollination by specific insect
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species and very different life strategies: from epiphytic to terrestrial, from evergreen to
completely chlorophyll-free [3,4]. Studies have been conducted on orchids’ taxonomy,
morphology, ecology, breeding [5–7], pollination [8–10], genetics [11,12], mycorrhizal asso-
ciation [13–15], etc. At the same time, the physiological parameters of Orchidaceae species
are still less studied and need much more attention [16].

Changing natural habitats have caused the extinction of many orchid species [17].
However, some orchids, especially in temperate regions of Europe and North America,
have been found in anthropogenically disturbed territories, such as industrial dumps
formed after the excavation and extraction of coal, iron, and some trace elements, and the
fly ash dumps of thermal power plants [13,14,18–21].

The monitoring of vegetation restoration on disturbed lands in the Middle Urals, Rus-
sia, has shown that dumps from mining and processing industries are often colonized by
some rare orchid species at the initial stages of the forest phytocoenoses formation [22–24].
Low competition in man-made habitats contributes to the conservation of the gene pool
of Orchidaceae species. The local populations of Neottia ovata (L.) Bluff and Fingerh. (syn.
Listera ovata (L.) R. Br. or Common twayblade) are of particular interest, as they have
been found in recent years in disturbed territories of the Middle Urals, including fly ash
dumps [22].

Common twayblade is one of the widespread orchids in Europe, especially in the
British Isles [25]. However, this species is quite seldom encountered in Russia and has
the status of a “rare species” in many regional Red Data Books, including the Red Book
of Sverdlovsk Region [26]. This is a short-rhizome herbaceous perennial, mesophyte,
European–West Asian, boreal-immoral species [3,25,27]. Like other orchids, N. ovata is
characterized by low competitiveness. N. ovata grow on both fertile and poor soils. Some-
times it is found in disturbed habitats, along roadsides and railways, and in abandoned
limestone quarries [4]. The N. ovata is a typical entomophile, the spectrum of pollinators is
very wide [9]. This species reproduces well both by seeds and vegetatively [28]. For the
germination of seeds in the first years of life, the presence of mycorrhiza is necessary [4].

Fly ash is considered a problematic form of solid waste throughout the world [29,30].
It is well known that fly ash substrates are characterized by low microbiological activity,
an insufficient supply of nutrients, especially nitrogen, and adverse physicochemical
properties [31]. Moreover, fly ash may also contain toxic concentrations of As, Cd, Cr, Pb,
Co, Cu, etc. [29–31].

Different plant species growing in stressful environments show great variation in
their tolerance mechanisms [29]. Unfavorable abiotic factors affect photosynthesis, res-
piration, water regime, and mineral nutrition, leading to impaired growth and devel-
opment [21–24]. Photosynthesis is the main fundamental process that determines the
productivity of plants [32,33]. The leaves are the primary photosynthetic organs, serving
as key sites where the absorption of light and CO2 assimilation take place. The internal
organization of the leaf is influenced by environmental factors such as the chemical proper-
ties of soil substrates, light, temperature, and water availability. Leaf structure is known
to be highly plastic in response to growing conditions, varying greatly in morphology,
anatomy, and physiology [32–34]. The investigation of plant leaf traits and its responses to
environmental change has increasingly gained more attention in recent decades [34–37].
Maintaining the functional activity of the photosynthetic apparatus in stressful conditions
is one of the essential prerequisites that allow plants to colonize transformed territories.

The purpose of this study was a comparative analysis of the chemical composition and
the structural and functional parameters of N. ovata from natural and transformed (fly ash
dump) habitats. This will allow us to identify the adaptive morphophysiological characteristics
of this species that contribute to its colonization on infertile technogenic substrates.
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2. Materials and Methods

2.1. Study Area

The research was conducted in the Middle Urals, Russia (subzone of the southern
taiga). The southern taiga subzone is characterized as moderately cold in terms of heat
supply and over-humidified in terms of moisture availability. The average annual tempera-
ture is 1.9 ◦C, the annual precipitation is almost 570 mm, and the hydrothermal coefficient
is about 1.5 [32]. The fly ash dump formed by brown coal ash is located on an area of
1.25 km2. The fly ash deposits formed after mining (1968–1970) were left for colonization by
natural forest [22,31,38]. The investigation was carried out in the vicinity of Verkhniy Tagil
town (Sverdlovsk region) during the period of orchid blooming (mid-July 2018–2019). All
samples were collected during the same period (from 15 to 18 July) under similar weather
conditions (temperature during the daytime was 23 ± 3 ◦C and the relative humidity was
about 60%). Two naturally growing orchid populations were studied: P-1 (57◦20′13” N
60◦01′43” E) from the natural forest community (NFC) near Belorechka village and P-2
(57◦20′45” N 59◦56′46” E) from the fly ash dump (FAD) near Verkhnetagil’skaya Thermal
Power Station, VTTPS (Figures 1 and 2). The studied area of each site was about 400 m2.

 
Figure 1. Map of Sverdlovsk region, Russia. Detailed presentation of the locations of studied N. ovata populations: P-1—from
natural forest community near Belorechka village; P-2—from the fly ash dump near Verkhnetagil’skaya Thermal Power
Station (VTTPS).

The natural forest community was represented by a mixed forest. The soil of this
site was is sod-podzolic. The age of trees was between 80 and 100 years and the tree
crown density was between 0.5 and 0.6. The height of the first layer of trees was 10–24 m
and the second layer was 6–12 m. Coniferous species (Picea obovata Ledeb., Larix sibirica
Ledeb., Pinus sylvestris L.) predominated in this forest. N. ovata individuals in P-1 grew
mainly under the deciduous species Betula pendula Roth and B. pubescens Ehrh., as well
as in small glades and meadows. The total projective shrub cover was 30–50% and
contained Tilia cordata Mill., Sorbus aucuparia L., Padus avium Mill., Rosa majalis Herm.,
R. acicularis Lindl., and Rubus idaeus L. The total projective herbaceous cover was 70–80%,
which reached up to 100% in the glades. Dominant among the herbaceous species were
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Calamagrostis arundinacea (L.) Roth, Aegopodium podagrária L., Círsium heterophyllum (L.)
Hill., Brachypodium pinnatum (L.) Beauv., Geranium sylvaticum L., Lathyrus vernus (L.)
Bernh., Anthoxanthum odoratum L., Alchemilla vulgaris L., Poa pratensis L., Melica nutans L.,
Vicia sepium L., and Ranunculus acris L. The moss–lichen layer was weak. In total, more than
90 species grew on the investigated site and the species richness was 31 species per 100 m2.

 

Figure 2. Flowering N. ovata plants from: (a) natural forest community (P-1) and (b) fly ash dump
(P-2); (c) naturally colonized fly ash dump of VTTPS; N. ovata (d) inflorescence and (e) flower.

The orchid population P-2 was found in the young forest community formed during
the natural revegetation of the fly ash deposits. Soil formation was proceeding accord-
ing to zonal type in the fly ash substrate under the forest communities [38]. The tree
crown density was 0.4, which reached up to 0.6 in some places. The 35–40-year-old forest
community was dominated by B. pendula, Populus tremula L., P. sylvestris, P. obovata, and,
less often, B. pubescens. In the undergrowth, there were singular instances of P. obovata,
L. sibirica, and Abies sibirica Ledeb. The total projective shrub cover was 10–30% and
contained Salix myrsinifolia Sm., Sorbus aucuparia L., Padus avium Mill., Viburnum opulus
L., and Chamaecytisus ruthenicus (Fisch. ex Wołoszcz.) Klásková. The total projective
herbaceous cover was 20–25%, in some places reaching 70%. The dominant species were
Platanthera bifolia (L.) Rich., Calamagrostis epigejos (L.) Roth, Amoria repens (L.) C. Presl,
Pyrola rotundifolia L., Orthilia secunda (L.) House, Poa pratensis L., Festuca rubra L., and
Equisetum arvense L. The moss–lichen layer was weak. In total, more than 60 species grew
on this site and the species richness was 19 species per 100 m2.

2.2. Plant and Soil Substrate Sample Collection, Preparation and Analysis

From each site, no more than 20% of the total number of orchids in the studied
populations were randomly selected to minimize the damage to these populations. Since
the populations differed in terms of the number of individuals (39 and 194 in P-1 and P-2,
respectively), four flowering orchid plants from natural forest population (P-1), and eight
from the fly ash deposits (P-2), were carefully excavated with part of the soil substrate to
preserve the underground organs (rhizome and roots). The studied plants from both the
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sites were in the range of 50–60 cm in length. The samples were placed into separate sterile
10 L bags to minimize dehydration and transferred to the laboratory for further analysis.

The soil substrate samples (about 2 kg) were taken from each orchid root zone at a
depth of 0–15 cm, and a composite sample was formed for analysis. Subsequently, the soil
samples were air dried, homogenized, passed through a sieve (<2 mm), and preserved
for physicochemical analysis (pH, electrical conductivity, total dissolved solids, total and
available metal concentrations).

Before chemical analysis, the plants were carefully washed by ultrasonication (UM-4,
Unitra Unima, Olsztyn, Poland) and finally with deionized water (Milli-Q system, Millipore
SAS, Molsheim, France). The leaves, rhizome, and roots from each individual plant were
separated and then dried for 24 h at 75 ◦C along with soil samples. Afterwards, the dried
samples were weighed and digested with concentrated HNO3 (analytical grade) using a
MARS 5 Digestion Microwave System (CEM, Matthews, NC, USA). The available form
of metals was analyzed by extracting the soil sample (5 g) with 10 mL of 0.5 M nitric
acid solution as described earlier [24]. All the samples were prepared using deionized
Millipore water. The concentrations of K, Ca, Mg, Fe, Zn, Mn, Pb, Cu, Ni, Cr, and Co in all
the samples were determined using an atomic absorption spectrometer AA240FS (Varian
Australia Pty Ltd., Mulgrave, Victoria, Australia) [24]. Standard reference materials (JSC
Ural Chemical Reagents Plant, Verkhnyaya Pishma, Russia) were used for the preparation
and calibration of each analytical batch. The calibration coefficients were maintained at a
high level of no less than 0.99.

The bioconcentration factor (BCF) was calculated as the ratio of the metal concentration
in the underground/aboveground organs to the available concentration in the soil. The
translocation factor (TF) was calculated as the ratio of metal concentration in the leaves to
the concentration in the rhizome + roots.

The pH, electrical conductivity (EC), and total dissolved solids (TDS) of the soil–water
suspensions (1:2.5; w/v) were measured using a portable multivariable analyzer HI98129
Combo (Hanna Instruments GmbH, Graz, Austria). The total nitrogen and phosphorus
content in the N. ovata leaves and rhizome + roots were measured spectrophotometrically at
440 and 640 nm, respectively, after wet digestion with an acid mixture of HClO4 and H2SO4
(1:10; v/v). The total nitrogen was measured after the reaction with Nessler’s reagent [39],
whereas the total phosphorus was determined by standard method using ammonium
molybdate in the acid medium [40].

2.3. Morphological, Anatomical Parameters and Mycorrhiza Assay

Twenty flowering plants from each population were used to study shoot and inflo-
rescence length, the number of flowers, and the total leaf area under in situ conditions.
To calculate the leaf area, each leaf was photographed on graph paper and digital image
analysis was performed using special MesoPlant software (OOO SIAMS, Ekaterinburg,
Russia). From the lower leaf of 10 plants about 30 leaf discs (0.7 cm diameter) were fixed
in 3.5% glutaraldehyde solution in a phosphate buffer (pH 7.0, v/v) in order to study the
mesostructural parameters: leaf mesophyll and epidermis thickness (μm), number of cells
per unit leaf area (thousand cm−2), chloroplasts per mesophyll cell (pieces), and cell and
chloroplast volumes (μm3). The transverse sections of the leaf discs were obtained using a
freezing microtome MZ-2 (JSC Kharkov plant “Tochmedpribor”, Kharkov, Ukraine). All
measurements were carried out in 30 replicates using a Meiji MT 4300 L light microscope
(Meiji Techno, San Jose, CA, USA). The quantitative parameters of the mesophyll were
determined with a computer-assisted protocol based on MesoPlant software (OOO SIAMS,
Ekaterinburg, Russia). The number of cells per unit of leaf surface area was counted in a
Goryaev cytometer after tissue maceration in a 20% KOH solution (v/v) with heating at
80–90 ◦C. All other measurements were carried out on leaf discs preliminarily macerated
with 5% chromic acid dissolved in 1 N HCl (v/v) [34].

The quantitative indices of the leaf mesophyll were determined according to Mokro-
nosov [31], modified by Ivanova and P’yankov [34]. The cell volume per chloroplast (CVC,
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μm3) was calculated as the ratio of cell volume to the number of chloroplasts per cell.
The chloroplast membrane index (CMI, cm2 cm−2) was calculated as the ratio of the total
surface area of the outer membranes of chloroplasts to the unit of leaf surface area [35].

Fresh roots of N. ovata from both the studied sites were used for investigating mycor-
rhizal association. Root tips up to 1.5 cm were cut into 20 μm cross sections with a freezing
microtome and analyzed under a Meiji MT 4300 L light microscope (Meiji Techno, San Jose,
CA, USA) [24].

2.4. Physiological and Biochemical Parameters Assay

To measure photosynthesis and transpiration, freshly dug-up plants with bulk soil (as
described earlier in Section 2.2) were transported to the laboratory and studied no later
than 3 h after collection to minimize the dehydration.

The gas exchange (μM CO2 m−2 s−1) and transpiration rate (mM H2O m−2 s−1)
were measured with the lower leaf of four plants using a LI-6400XT portable infrared gas
analyzer (LI-COR, Lincoln, NE, USA) with a LED Light Source chamber (3 × 4 cm). The
following parameters were set: operating at an ambient concentration of CO2 and humidity,
the temperature was +23 ◦C and the saturating light intensity of 1600 μM m−2 s−1. This
value of light intensity was experimentally established earlier by constructing average
light curves. The CO2 uptake was recalculated to mg of CO2 per unit leaf area (dm2), per
mg of chlorophyll (Chl a + b), and per chloroplast (108) per hour; the transpiration rate
was recalculated to g of H2O per unit leaf area (dm2) per hour. Subsequently, fresh leaf
cuttings (0.7 cm diameter) from these leaves were used to measure the water exchange and
photosynthetic pigment content.

The relative water content (RWC, %) and water saturation deficit (WSD, %) of the plant
tissue were measured by floating disc method and calculated according to Hellmuth [41].
The fresh leaf cutting was immediately weighed to obtain FW and then saturated by
submerging the sample in distilled water for 3 h. Afterwards, the surface water was
blotted carefully, the discs were weighed to obtain the saturated weight, and later dried
24 h at 75 ◦C to determine the dry weight. The fresh weight (FW) to dry weight (DW)
ratios were used for further calculations. Simultaneously, the part of the leaf discs was
immediately used for photosynthetic pigment determination. Three discs from each plant
(about 40–50 mg of FW) were homogenized in 2 mL of a cold 80% acetone solution (v/v)
with addition of a small amount of CaCO3 to protect the pigments from oxidation, and
centrifuged at 8000× g for 10 min. The homogenate was decanted, acetone solution was
added to the precipitate and stirred again; this procedure was repeated threefold until the
precipitate was completely discolored. The content of chlorophyll a (Chl a), chlorophyll
b (Chl b), and carotenoids (CAR) was determined spectrophotometrically (“APEL” PD-
303 UV) at wavelengths of 470, 647, and 663 nm, respectively, and calculated according
to Lichtenthaler [42], and expressed as mg g−1 DW. The physiological and biochemical
parameters were determined in four biological and three analytical replicates.

2.5. Statistical Analysis

The values are presented as mean values of 5 replicates for the physicochemical anal-
ysis of the soil and the elemental analysis of plant samples, 30 replicates for structural
characteristics, and 12 replicates for physiological and biochemical plant parameters with
standard error (SE). After checking the normality by Shapiro–Wilk test and the homogeneity
of variance by Levene’s test, the differences between the studied orchid populations were de-
termined with the nonparametric Mann–Whitney U-test, p < 0.05. The relationship between
different parameters was determined by Spearman’s rank correlation coefficient. Asterisks
in the tables and figures indicate significant differences between the studied populations.
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3. Results

3.1. Brief Description of Studied Populations

In NFC, N. ovata plants were found both as single individuals and in groups of up
to three individuals. The total number of N. ovata plants in P-1 was 39, with a density of
0.10 individuals per 1 m2; the age spectrum was dominated by flowering plants (71%).

The distribution of N. ovata plants in P-2 was uneven. The orchid population from
FAD was young and vegetatively oriented, with pregenerative individuals predominating
(78%). The total number of N. ovata plants in P-2 was 194 individuals and the density was
0.49 individuals per 1 m2.

Orchid mycorrhiza, represented by pelotons, were found in the root cells of N. ovata
from both studied populations. The intensity of mycorrhizal association was high and
ranged from 96 to 98%.

3.2. Soil and Plant Composition

3.2.1. Physicochemical Characteristics and Metal Content in Soil Substrates

The pH of the soil substrates varied between acidic and slightly acidic for both sites.
At the same time, the pH of the fly ash substrate was slightly higher than that of the natural
forest soil (Table 1). The EC and TDS values in the soil substrate from NFC were higher
(1.7-fold on average) than in FAD.

Table 1. The pH (water solution), electrical conductivity and total dissolved solids in soil substrates
(0–15 cm depth) from the natural forest community (NFC) and the fly ash dump (FAD).

Site pH (H2O)
Electrical Conductivity

(EC), μS cm−1
Total Dissolved Solids

(TDS), mg L−1

NFC
5.80 ± 0.04 1 162.8 ± 11.3 89.9 ± 6.1
(5.62–6.34) 2 (108.0–280.0) (51.0–145.0)

FAD 6.19 ± 0.03 *
(5.79–6.32)

96.6 ± 7.2 *
(46.0–146.0)

48.0 ± 3.7 *
(23.0–73.0)

1 Data is presented as mean ± SE (n = 5); 2 In the brackets are the minimum and maximum values. Asterisks
(*) indicate significant differences between the studied habitats according to Mann–Whitney U-test (p < 0.05).

The total metal contents in the NFC soil were found in the following order: Fe > Ca
> Mg > Mn > K > Zn > Pb > Cu > Cr > Ni > Co (Table 2). A similar trend was noted in
the metal content distribution in the FAD substrate, with the exception of Mn and K that
switched places. The largest difference between the two sites was found for Mn; its total
and available content in the NFC soil exceeded its concentration in the FAD substrate by
3.3 times on average. The total contents of Ca, Mg, Zn, and Cu were also higher in the
soil of the natural habitat than in the disturbed one, but the differences between the sites
were less noticeable (1.3–2.0 times). Whereas, for K, Pb, and Cr, their content (both total
and available) was higher in the FAD substrate (on average by 1.4 times). At the same
time, there were no significant differences between the total Fe, Ni, and Co contents in both
sites. The available concentration of most of the studied metals (namely, Ca, Mg, Fe, Zn,
Mn, Cu, and Ni) in the NFC soil was higher compared to the FAD substrate (on average
2.0 times, Table 2). As for Co, there were no significant differences in the content between
the sites studied.
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Table 2. Total and available metal content in the soil substrates (0–15 cm depth) from the natural forest community (NFC)
and the fly ash dump (FAD).

Metal
Total Content, mg kg−1 DW Available Content, mg kg−1 DW

NFC FAD NFC FAD

K
948.8 ± 87.1 1 1256.2 ± 75.8 * 211.6 ± 5.6 310.9 ± 3.8 *

(735.8–1162.1) 2 (1080.8–1450.6) (198.0–225.4) (290.6–326.3)

Ca
16,779.6 ± 856.1 8369.1 ± 437.2 * 6644.8 ± 534.3 4439.9 ± 480.9 *

(14,690.2–18,876.0) (7286.3–10676.0) (5395.9–7823.9) (3098.7–6351.4)

Mg 5321.0 ± 329.9 2708.0 ± 602.6 * 1264.1 ± 47.2 792.4 ± 139.6 *
(4515.1–6127.2) (999.8–4368.0) (1149.0–1379.2) (411.7–1243.8)

Fe
36,273.4 ± 1472.1 33,087.7 ± 3008.1 4810.1 ± 214.8 2592.9 ± 358.0 *
(32,670.0–39877.8) (24,256.6–41777.9) (4288.5–5332.0) (1601.5–3705.0)

Zn
269.9 ± 25.4 192.1 ± 10.2 * 158.4 ±14.4 92.7 ± 4.7 *
(208.8–332.6) (159.0–224.1) (123.3–193.3) (77.8–111.6)

Mn
2043.4 ± 153.4 572.7 ± 114.6 * 1388.2 ± 123.8 439.9 ± 93.0 *
(1694.0–2393.2) (270.8–957.0) (1086.4–1690.2) (166.6–712.5)

Pb
152.6 ± 7.8 180.0 ± 5.1 * 69.8 ± 7.2 86.2 ± 3.0 *

(133.8–171.3) (158.8–196.7) (58.2–81.3) (74.3–98.2)

Cu
110.3 ± 5.4 69.2 ± 8.4 * 83.1 ± 5.4 39.5 ± 3.7 *
(98.1–122.4) (42.1–98.2) (70.2–96.5) (26.8–51.9)

Ni
26.2 ± 4.1 22.9 ± 4.9 8.5 ± 0.6 4.5 ± 0.6 *
(16.8–35.5) (9.1–37.5) (6.9–10.0) (2.8–7.8)

Cr
41.7 ± 1.9 63.3 ± 3.1 * 4.8 ± 0.4 8.1 ± 0.5 *
(37.6–45.9) 49.5–72.8 (4.1–5.6) (5.9–10.1)

Co
5.4 ± 0.5 7.5 ± 0.9 3.4 ± 0.4 4.5 ± 0.4
(3.9–7.2) (4.3–11.5) (2.3–4.3) (3.1–6.1)

1 Data is presented as mean ± SE (n = 5); 2 In the brackets are the minimum and maximum values. Asterisks (*) indicate significant
differences between studied habitats according to Mann–Whitney U-test (p < 0.05).

3.2.2. Macronutrient and Metal Content in N. ovata

The leaves of N. ovata from P-2 contained a smaller amount of total nitrogen, while
the content of total phosphorus was higher than in the P-1 plants (by 1.2 times, Table 3).

Table 3. Macronutrient content in the aboveground and underground organs of N. ovata from the
natural forest community (P-1) and the fly ash dump (P-2).

Macronutrient
Leaves, mg g−1 DW Rhizome + Roots, mg g−1 DW

P-1 P-2 P-1 P-2

N 42.84 ± 1.30 1 23.08 ± 2.32 * 29.05 ± 3.92 28.15 ± 3.13
P 4.48 ± 0.04 5.48 ± 0.15 * 3.96 ± 0.03 2.92 ± 0.25 *
K 33.00 ± 0.61 46.97 ± 0.73 * 9.13 ± 0.36 12.70 ± 1.37 *
Ca 19.17 ± 0.28 18.13 ± 0.98 16.41 ± 0.62 15.57 ± 0.85
Mg 2.22 ± 0.08 1.54 ± 0.08 * 1.58 ± 0.09 1.32 ± 0.05

1 Data is presented as mean ± SE (n = 5). Asterisks (*) indicate significant differences between the studied
populations according to Mann–Whitney U-test (p < 0.05).

As for content of these nutrients in the N. ovata rhizome + roots, there were no signifi-
cant differences in the nitrogen content between the studied orchid populations, although
lower phosphorus content was noted in the plants growing on the fly ash substrate.

As expected, among the studied metals the N. ovata plants accumulated K, Ca, and
Mg in the greatest amounts (Table 3). The potassium content in the both the aboveground
and underground organs of N. ovata was 1.4 times higher than in the plants from the FAD
while the studied populations did not significantly differ in terms of Ca and Mg content.

As for the other metals, they accumulated to the greatest extent in the N. ovata under-
ground organs (Figure 3). The content of toxic elements such as Pb and Cr was higher in the
rhizome + roots of the plants colonizing FAD (by 43 and 26%, respectively). In contrast, the
content of essential Cu and Fe was lower (1.3 and 5.8 times, respectively). A similar tendency
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was noted for Mn. The differences between the studied populations in terms of metal content
in their leaves were less noticeable, with the exceptions of Pb and Fe (Figure 3).

 
(a) 

 
(b) 

Figure 3. Heavy metal content in the aboveground and underground organs of N. ovata from: (a) the natural forest
community (P-1) and (b) the fly ash dump (P-2). Data is presented as mean ± SE (n = 5). Asterisks (*) indicate significant
differences between the studied populations according to Mann–Whitney U-test (p < 0.05).

The concentration of some trace metals (Zn, Cu, Cr and Co) in the underground organs
correlated with their total content in the soil (on average r = 0.64; Supplementary Table S1).
Moreover, for copper and chromium a significant correlation was also noted with regard to
the available concentration in the soil (on average r = 0.66, Supplementary Table S2).

The BCF for macronutrients was found in the following order at both sites: K > Ca > Mg
(Table 4). Potassium was released: its average BCF in the rhizome + roots of the orchid was
42, while in the leaves was 153. The plants from FAD had increased BCF values for zinc,
which were several times higher than 1 and significantly higher than in NFC. The BCF for
Ni and Cr were also greater than 1, while for other studied metals were ≤1.
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Table 4. Bioconcentration factors (BCF) and translocation factor (TF) from underground to above-
ground organs of N. ovata from natural forest community (P-1) and fly ash dump (P-2).

Metal
BCF(Aboveground) BCF(Underground) TF(Aboveground/Underground)

P-1 P-2 P-1 P-2 P-1 P-2

K 155.94 151.09 43.13 40.86 3.62 3.70
Ca 2.89 4.08 2.47 3.51 1.17 1.16
Mg 1.75 1.95 1.25 1.67 1.41 1.17
Fe 0.05 0.08 0.49 0.16 0.11 0.48
Zn 0.85 1.39 4.50 7.11 0.19 0.20
Mn 0.04 0.08 0.15 0.13 0.31 0.62
Pb 0.49 0.54 0.71 0.82 0.70 0.66
Cu 0.23 0.54 0.44 0.70 0.53 0.77
Ni 1.17 2.40 1.62 2.87 0.72 0.84
Cr 1.34 1.30 2.99 2.24 0.45 0.58
Co 0.84 0.82 1.04 0.94 0.81 0.88

3.3. Morphological and Anatomical Characteristics of N. ovata

The orchid plants growing on the fly ash substrate (P-2) had a lower shoot and
inflorescence length, and number of flowers (by 30, 27, and 20%, respectively) compared to
P-1, but at the same time they had a 1.4-fold larger leaf area (Table 5).

Table 5. Morphological characteristics of the flowering individuals of the N. ovata populations from
the natural forest community (P-1) and the fly ash dump (P-2).

Parameters
Populations

P-1 P-2

Shoot length, cm 60.2 ± 7.2 1 45.0 ± 2.1 *
(46.0–69.5) 2 (23.0–69.0)

Inflorescence length, cm 18.8 ± 4.9 14.8 ± 1.1
(13.0–28.5) (7.2–30.0)

Number of flowers, pcs. 29.0 ± 8.3 23.7 ± 2.1
(17.0–45.0) (7.0–46.0)

Upper leaf area, cm2 38.9 ± 8.7 48.1 ± 5.8
(12.9–60.6) (22.8–87.5)

Lower leaf area, cm2 33.7 ± 11.9 53.6 ± 7.2
(15.1–63.6) (24.1–101.4)

1 Data is presented as mean ± SE (n = 20); 2 In the brackets are the minimum and maximum values. Asterisks
(*) indicate significant differences between the studied populations according to Mann–Whitney U-test (p < 0.05).

The N. ovata leaves have a homogeneous mesophyll structure. The study showed that
the orchids colonizing the fly ash substrate were distinguished by a thicker epidermis (by
14%) and lower mesophyll thickness (by 6%), compared to individuals from the natural
habitat (Figure 4a,b).

There were no significant differences between the studied populations in terms of the
number of mesophyll cells (Figure 4c), and their surface area and volume (Supplementary
Table S5), whereas an increased number of chloroplasts both per cell (by 18%) and per unit
cell area (by 13%), was noted for P-2 plants, compared to their P-1 counterparts (Figure 4d;
Supplementary Table S5). The cell volume per chloroplast in the leaves of N. ovata from
FAD was lower (Figure 4e) than in plants from NFC, while the reverse trend was observed
for the chloroplast membrane index (Figure 4f).
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(a) (b) 

(c) (d) 

 
(e) (f) 

Figure 4. The mesostructure parameters of the lower leaf of N. ovata from the natural forest community (P-1) and the fly ash
dump (P-2): (a) epidermis thickness; (b) mesophyll thickness; (c) number of cells; (d) number of chloroplasts per cell; (e) cell
volume per chloroplast (CVC); (f) chloroplast membrane index (CMI). The small solid square indicates mean values (n = 30);
boxes present mean ± SE; the whiskers are the minimum and maximum values. Asterisks (*) indicate significant differences
between the studied populations according to Mann–Whitney U-test (p < 0.05).

3.4. Physiological and Biochemical Parameters of N. ovata

As shown in Figure 5a, the leaves of N. ovata from the natural habitat contained
2.5 times higher Chl a than Chl b. The Chl a content in the P-2 plants was 1.6 times lower
than in the P-1 plants. In contrast, the Chl b and carotenoid content in the orchids on the fly
ash substrates was higher (14% and 33%, respectively). A 1.9-fold decrease in Chl a/b and
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Chl (a + b)/CAR ratios was observed in plants from FAD while the (CAR+ Chl b)/Chl a
ratio increased almost 2 times compared to plants from the NPC site.

(a) (b) 

Figure 5. The photosynthetic parameters of the leaves of N. ovata from the natural forest community (P-1) and the fly ash
dump (P-2): (a) photosynthetic pigment content; (b) intensity of CO2 assimilation. Data is presented as mean ± SE (n = 12).
Asterisks (*) indicate significant differences between the studied populations according to Mann–Whitney U-test (p < 0.05).

In addition, a high positive correlation between Chl a and available content of Cu, Ni,
Fe, Mn, Mg, and Ca in soil (on average, r = 0.86, Supplementary Table S3) and negative
correlation between Chl a and total Pb and Cr content in the leaves (on average, r = −0.86;
Supplementary Table S4) were found for N. ovata plants.

The data on CO2 assimilation intensity (Figure 5b) showed that its uptake per unit
area and per chloroplast per hour in P-2 plants was 1.7 times lower than in P-1 plants. At
the same time, there were no significant differences between the populations in terms of
the CO2 uptake per mg of chlorophyll per hour (Figure 5b).

The N. ovata plants on the fly ash substrate had a lower intensity of transpiration
compared to the plants from the natural habitat (by 1.4 times, Figure 6a). The relative water
content and water saturation deficit indexes entered the range of values of most plants and
did not differ much between sites (Figure 6b). However, P-1 plants experienced a greater
lack of moisture than P-2.

(a) (b) 

Figure 6. The water exchange parameters in the leaves of N. ovata from the natural forest community (P-1) and the fly
ash dump (P-2): (a) transpiration intensity; (b) relative water content (RWC) and water saturation deficit (WSD). Data is
presented as mean ± SE (n = 12). Asterisks (*) indicate significant differences between the studied populations according to
Mann–Whitney U-test (p < 0.05).
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4. Discussion

The present study aims to identify the adaptive responses of the rare orchid N. ovata
that contribute to natural colonization under the adverse conditions of a fly ash deposits.
No similar investigations have been carried out in the Middle Urals. A comparative
analysis of the structural and functional characteristics of N. ovata plants in disturbed (fly
ash dump of VTTPS) and natural forest ecosystems are vital for achieving this goal.

It is well known that fly ash substrates are characterized by unfavorable physico-
chemical properties, which depend on the type and origin of the coal, the conditions of
combustion, the type of emission control devices, and the storage and handling meth-
ods [29–31,43]. The pH values of fly ash can vary from 4.5 to 12, depending on the coal
type [29]. As a rule, fly ash formed during the combustion of brown coal is alkaline [29].
The lowered pH value of the FAD substrate is obviously explained by the fact that soil
formation in this area had proceeded according to the zonal type (under the conditions
of a flushing water regime) [38]. According to Gajic’ et al. [29], unweathered fly ash had
high values of electrical conductivity (150–352 μS cm−1), which indicate a large amount of
soluble salts, while EC values usually decrease (101–217 μS cm−1) in weathered fly ash.
In general, plants growing during the weathering of fly ash improve the physicochemical
properties of the fly ash substrate. It was found that EC of the FAD substrate was reliably
lower compared to the NFC substrate. This is associated with significantly lower available
concentrations of most of the studied metals in the FAD substrate, which is also confirmed
by the low TDS values.

As noted, toxic concentrations of Cr, Pb, Cd, As and other metal(loid)s are often a
limiting factor that reduce the rate of natural colonization of fly ash dumps [30]. The
studied metal content in the soil of both sites did not exceed the maximum permissible
concentrations [44]. All the studied metals, with the exception of macronutrients (Ca, Mg,
and K), accumulated to the greatest degree in the roots of N. ovata. The increased level of
trace metal accumulation in N. ovata roots indicates the functioning of barrier mechanisms
and contributes to the implementation of an ontogenetic program [34]. Nevertheless,
increased Co, Cr, Ni, and Pb content in the leaves was noted (above the normal level),
which corresponds to an excessive or toxic concentration [44].

The plants growing on FAD showed the greatest difference in terms of potassium in
both the aboveground and underground organs. This is due to the higher concentration
of potassium in the fly ash substrate. Potassium plays a vital role in such important
processes as photosynthesis, growth, assimilate transport, water exchange, etc. [45]. Thus,
the high ability of N. ovata to absorb potassium and translocate it to leaves is one of its
adaptive responses.

Fly ash substrates are known to be very poor in nitrogen content [29,30,38]. Never-
theless, its content in the orchid plants from FAD was within normal limits (at the level of
average values) [45]. These results confirm the existing view that orchids can effectively as-
similate nitrogen even from soils poor in this element [46]. In contrast, the total phosphorus
content was higher in the leaves of N. ovata from FAD compared with those from NFC. Since
phosphorus is involved in many biochemical, energy, and physiological processes [45], its
accumulation in leaves can obviously be regarded as an adaptive response.

The N. ovata individuals from FAD were characterized by lower values of shoot height,
inflorescence length, and the number of generative organs. These were compensated by an
increase in the area of the assimilative organs.

Most orchids, especially species with thin leaves, assimilate carbon dioxide through a
C3-pathway [16]. The intensity of photosynthesis depends on the activity of photosynthetic
enzymes and pigment concentration [32]. On the other hand, this is largely related to the
leaf blade’s anatomical and morphological characteristics, which determine the optical
properties and diffusion rate of CO2 to the carboxylation centers [33]. Under the stress
factors, changes in the mesostructure of the photosynthetic apparatus can take place as an
adaptive reaction [34,35].
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The studied N. ovata populations revealed a lack of significant differences in leaf blade
thickness. At the same time, the properties of the substrate affected the thickness of the
mesophyll and epidermis: a thinner mesophyll and a thicker epidermis were characteristic
of plants from FAD. This is a protective response which is probably associated with
increased atmospheric dust at dump sites [29].

An increased number of chloroplasts per cell in the N. ovata growing in a transformed
habitat can be regarded as a compensatory adaptive reaction to the lack of chlorophylls, the
content of which was significantly lower in plants from the fly ash deposits. The cell volume
per chloroplast is a parameter that indicates the size of the cell volume, which is provided
by metabolites as well as energy substrates due to the activity of one chloroplast [34,35].
A significant decrease in this indicator in N. ovata from FAD, compared with NFC, is
explained by an increase in the number of chloroplasts in its mesophyll cells, while the cell
volume remained practically unchanged.

The chloroplast membrane index is an integral indicator of the photosynthetic ap-
paratus [34]. Obviously, the more significant CMI observed for P-2 plants is explained
by the significant increase in the number of plastids in mesophyll cells. Thus, the greater
development of the leaf’s internal assimilation surface in orchid plants growing on the fly
ash substrate is apparently associated with lower values of tree crown density and the total
projective cover of the grass-shrub layer and as a consequence, greater lighting.

It is well reported that the photosynthetic apparatus of plants ensures their vital
activity in various environmental conditions [47]. The pigment complex of plants is highly
sensitive to the effects of adverse factors and capable of adaptive changes. Therefore, the
analysis of the content and ratio of photosynthetic pigments is of great importance in
assessing the resistance of plants to various stress factors [48]. Chlorophyll a in N. ovata
leaves proved to be the most sensitive to the adverse conditions in the fly ash substrate,
showing significant reductions. This can be explained by a lower nitrogen content since it
is one of the most important components of green pigments [49] and a high concentration
of some toxic metals (perhaps, Cr and Pb). It is well known that an excess of toxic metals in
plant cells can cause structural changes in chloroplasts, inhibit key enzymes in chlorophyll
synthesis, and cause the destruction of pigment molecules [24,29,35].

The degree of photosynthetic apparatus activity and its resistance to unfavorable
external stressors are often evaluated by the photosynthetic pigment ratio. A comparison
of pigment ratios showed the decrease in the Chl a/b and Chl (a + b)/CAR ratios in plants
from FAD. This fact is explained by a significantly lower Chl a concentration, while Chl
b and carotenoid content were increased. The ratio of the sum of the auxiliary pigments
(Chl b + CAR) to Chl a, characterizing the share of antenna forms, significantly increased
in N. ovata plants growing in FAD. Obviously, the activation of the synthesis of auxiliary
pigments is a compensatory reaction that contributes to better absorption of light for
photosynthesis. However, carotenoids in chloroplasts perform not only antenna and
photoprotective functions, but also an antioxidant one. Carotenoid molecules can interact
with reactive oxygen species (ROS) due to double bonds [50]. Thus, an increase in the
carotenoid content in plants growing on fly ash substrate is most likely a response to stress
and is aimed at combating ROS.

The absence of significant changes in the assimilation index (mg CO2 mg−1 chlorophyll h−1)
indicates that the unfavorable conditions of the fly ash substrate did not cause significant damage
to the chlorophyll molecules, since its functional ability was preserved [49].

The absorption of CO2 and the transpiration of water by plant leaves occurs through
the stomata. Accordingly, the rate of CO2 assimilation and transpiration per unit area
showed similar changes. The level of moisture deficiency in plants can be associated with
the intensity of water evaporation. The results obtained are consistent with the data of
measuring transpiration for each plot. Therefore, transpiration was more intense in orchids
from NFC, than from FAD, which caused a higher water deficit. In addition, a greater
moisture deficit in plants from a natural habitat can be explained by the high value of a
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projective vegetation cover. Consequently, there was probably competition between the
plants for resources, including water.

5. Conclusions

The present study revealed those adaptive structural and functional features of Neottia
ovata that contribute to its survival strategies in a transformed habitat. Despite the adverse
edaphic conditions of the fly ash dump, the population size of this species was noticeably
higher than that in natural forest community. This is due to less phytocoenotic stress on
the fly ash deposits while the population of N. ovata in its natural habitat experiences
higher level of competition. Moreover, the natural colonization of N. ovata on the fly ash
substrate was facilitated by adaptive changes in the mesostructure parameters of the leaves,
such as an increase in epidermis thickness, the number of chloroplasts in the cell, and
the internal assimilating surface. The N. ovata plants colonizing the fly ash dump were
characterized by the higher chlorophyll b and carotenoids content compared to plants
growing in the natural forest community that evidenced the compensatory response on the
decrease in chlorophyll a. Furthermore, N. ovata growing on the fly ash substrate retained a
relatively favorable water balance, which also contributed to its high resistance to adverse
environmental conditions.

The content of most of the studied metals in the underground parts (rhizome + roots)
of N. ovata was considerably higher than in the leaves, which diminished the harmful effect
of toxic metals on the aboveground organs, including the generative ones. Despite the
lower content of most of the macro- and micronutrients in the fly ash substrate and the
higher concentration of some toxic heavy metals (lead and chromium), the plants from the
transformed ecosystem showed high viability.

The study of the morphophysiological features of orchids in technologically disturbed
habitats is necessary for developing measures to protect the gene pool of rare plant species
and to solve applied problems associated with identifying optimal conditions for natural-
ization and introduction into a new environment.
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10.3390/horticulturae7050109/s1, Table S1: Spearman’s correlation between total metal content in
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and the fly ash dump; Table S2: Spearman’s correlation between available metal content in the soil
with metals in leaves and rhizome + roots of N. ovata from the natural forest community and the fly
ash dump; Table S3: Spearman’s correlation between total and available metal content in the soil
with physiological parameters of N. ovata from the natural forest community and the fly ash dump;
Table S4: Spearman’s correlation between metal content in the leaves and rhizome + roots with
physiological parameters of N. ovata from the natural forest community and the fly ash dump; Table
S5: The mesostructure parameters of the lower leaf of N. ovata from the natural forest community
(P-1) and the fly ash dump (P-2).
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Abstract: Crop production is threatened by low phosphorus (P) availability and weed interference.
Obtaining plant genotypes that can utilize Phosphite (Phi) as fertilizer can supplement phosphates
(Pi) while providing an environmentally friendly means of weed control. The study was conducted
to determine the tolerance and enzymatic behavior of five potato genotypes to PO3. Explants
were regenerated in vitro from two nodal cuttings and cultured on Murashige and Skoog (MS)
medium under controlled conditions for 30 days. Matured plantlets were subcultured for 20 days
in MS medium containing (0.25, 0.5 mM) Phi and Pi and No-P (-Phi + -Pi). The results showed
significant genotypic variation in tolerance indices among the five genotypes. Atlantic showed greater
tolerance to Phi, with highest total root length (50.84%), root projected area (75.09%), root surface
area (68.94%), root volume (33.49%) and number of root forks (75.66%). Phi induced an increasing
trend in the levels of hydrogen peroxide in the genotypes with the least effect in Atlantic. The
comprehensive evaluation analysis confirmed the tolerance of Atlantic genotype with this ranking;
Atlantic, Longshu3, Qingshu9, Longshu6 and Gannong2. Antioxidant enzyme activities and proline
content also increased significantly under Phi and No-P treatments. The results suggested that
potato genotypes with larger root systems may be more tolerant to Phi than genotypes with smaller
root systems.

Keywords: phosphite stress; antioxidant enzyme; hydrogen peroxide; root morphology; potato; genotypes

1. Introduction

Phosphorus (P) is an important macronutrient required by all living organisms and
a very important cellular component that plays a crucial role in biological activities [1,2].
Phosphorus is involved in the signaling of target proteins through phosphorylation and de-
phosphorylation that determine various cellular performances for optimal plant growth [3].
The major P forms include phosphate and phosphite, which are used in agriculture [4].
Phosphate anions (H2PO4

−, HPO4
2− and PO4

3−) are certainly the main forms of P used
by plants for metabolic processes and development, while phosphite is a reduced form
of Pi that can be readily taken up by plants through Pi transporters [3]. More than 90%
of the Pi required by plants is supplied by the soil, which provides adequate storage [5].
However, an estimated 80% of Pi fertilizer applied to soil worldwide is lost through immo-
bilization and conversion to inorganic forms that plants cannot utilize directly [6]. Since
Pi is highly reactive and rapidly transformed by soil microbes, only 20–30% is effectively
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utilized by plants [7]. According to Gianessi [8], in most soils, weeds and crops compete
for the available Pi, resulting in Pi deficiency to meet plant growth requirements. As
global demand for food increases, the overuse of PO4 fertilizers and herbicides has become
inevitable [9]. This can accelerate the depletion of non-renewable phosphorus reserves,
and increase production costs and prices of agricultural products; it also has significant
environmental impacts, such as runoff into water bodies, leading to algal blooms, eu-
trophication, etc. [10,11]. Overuse of herbicides in cultivation has led to the emergence of
herbicide-resistant superweeds in recent years [12]. Thus, low soil phosphorus availability
and herbicide-resistant weeds have been identified as major threats to the long-term sustain-
ability of agriculture [7,12,13], for which an effective long-term solution is urgently needed.

Phosphite anions (H2PO3
− and HPO3

2−) have high solubility and low soil reactivity.
Although plants and various microorganisms cannot utilize Phi, it can be used as a potential
target to enhance germplasm for phosphorus utilization by plants [14,15]. Phosphite has an
inhibitory effect on plant growth with similar properties to herbicides [16]. The phosphite
salt does not pose any risk to human and animal health and is therefore massively used
as an effective fungicide in crop production [2]. Thus, phosphite has a direct effect on
phytopathogenic fungi by inhibiting mycelial proliferation and reducing conidiogenesis of
Fusarium sp. isolated from the rhizosphere of plants [17]. In addition, Phi can act indirectly
by stimulating the inherent defense mechanisms of plants to limit pathogen growth [18],
and also activate host defense genes that help plants defend against disease [19] and
directly suppress the growth of pathogens such as Phytophthora [20–22]. According to
Mehta et al. [23] and Thao and Yamakawa [24], Phi anions cannot be utilized by plants as a
phosphorus nutrient, although Phi is well taken up by plant leaves and roots. The supply
of Phi to plants as a sole source of P fertilizer can hinder plant growth and a higher dose can
completely destroy plants [25,26]. Moreover, McDonald, Grant and Plaxton [16] claimed
that Phi-treated plants accumulate Phi rapidly in their cells. Phosphite is phloem-mobile
and accumulates in sink tissues [27]. Since Phi is not metabolized by plants, it remains in
tissues for a long time and consequently disrupts the signal transduction chain that allows
plants to detect and respond to Pi deficiency at the molecular level, thereby amplifying the
negative effects of Phi [23,28].

On the contrary, the stimulatory effect of Phi mediates structural and biochemical
changes in potato periderm and rind [29]. Phi application improved fruit set and yield
of Persea americana (avocado) and also restored optimal growth of Pi deficient Citrus
species [20]. Again, several reports indicated impressive results of Phi on plant P nutrition,
which ultimately increased crop yields [25,30]. When Phi is added to the soil, it comes into
contact with microorganisms that help Phi to oxidize to Pi [2]. Thus, following microbial
oxidation reactions, Phi may become available to the plant as a P nutrient through this
indirect pathway. Interestingly, efforts to generate transgenic plants with microbial genes
(ptxD) that allow plants to use Phi as a sole P source have opened new possibilities for the
use of this P-containing compound for plant nutrition [30]. In contemporary agriculture,
Phi is emerging as a unique biostimulant that improves crop productivity and quality,
through direct antibiotic effects on microorganisms and inhibition via enhanced plant
defense responses. In addition, Phi induces a variety of abiotic stress tolerance mecha-
nisms, including heat tolerance [31,32]. Obtaining a potato genotype that is tolerant to Phi
will enable us to conduct more advanced genetic studies to understand gene functions
for subsequent molecular work. In this experiment, we investigated the effects of Phi
concentrations, MS medium without P nutrient (No-P) and sufficient Pi under in vitro
cultures to determine the tolerance of potato genotypes. Nevertheless, there is insufficient
information to test the assumption that Phi can stimulate antioxidant enzyme activities
and hydrogen peroxide levels. Therefore, the experiment aims to: (1) determine the tol-
erance of five potato genotypes to Phi stress using tolerance indices and (2) evaluate the
responses of antioxidant enzymes in Solanum tuberosum L. plantlets grown in different
concentrations of Phi.
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2. Materials and Methods

2.1. Place of the Experiment and Materials

The experiment was conducted in Gansu Providential key laboratory of Aridland
Crop Science, College of Agronomy, Gansu Agricultural University Lanzhou, China
(36◦03′ N; 103◦40′ E). Potato genotypes; Qingshu9, Longshu6, Longshu3, Atlantic and
Gannong2, were used in this experiment. The Atlantic genotype is reported to be drought-
susceptible [33,34], the Longshu6 genotype is classified as moderately drought-tolerant [35],
while Qingshu9 and Longshu3 were designated as drought-tolerant genotypes.

2.2. Source of Genotypes and Preparation of In Vitro Explants

The five potato genotypes were obtained from the laboratory of Crop Improvement
and Germplasm Enhancement, Gansu Agricultural University, Lanzhou. Two years of field
trials have yielded a wealth of germplasm traits with a large number of sterile tissue culture
seedlings for genetic screening. Uniform explants from two nodal cuttings were cultured
on the potato growth medium of Murashige and Skoog [36], which contained sucrose
30 gL−1 and agar 5 gL−1. The pH was adjusted to 5.8 and the medium was autoclaved at
121 ◦C at 15 1b psi for 25 min. Cultures were maintained in a growth room at 25 ± 1 ◦C,
16 h photoperiod, active photosynthetic radiation of 45 μmol photons m−2s−1, and relative
humidity of 55–66% for a 30-day growth period. Plantlets were harvested after 30 days and
used for subsequent experiments. Uniform cuttings of each with two axillary buds were
subcultured in an ethanol-sterilized chamber with laminar air flow and propagated in MS
medium supplemented with final concentrations of (0.25, 0.5 mM) Phi and Pi and No-P
supply, in sterilized glass vials (120 × 50 mm). Five cuttings of explants were cultured in
each vial, which was tightly sealed with the lids and kept at 25 ± 1 ◦C in the growth room.

2.3. Experimental Design and Treatments

A 5 × 5 factorial trial in a completely randomized design with 3 replicates was
conducted in a controlled growth room. Treatments included five potato genotypes, two
concentrations (0.25 and 0.5 mM) each of phosphite and phosphate, and a medium without
P fertilizer, representing (No-P). We used 0.5 mM Pi as a control. Fifty vials per genotype
were cultured, with each vial containing five explants. After 20 days, the plantlets were
examined for physio-morphological indices. The rest of the plantlets were plunged into
liquid nitrogen and immediately preserved at −80 ◦C for biochemical analysis.

2.4. Measurements of Data
2.4.1. Physio-Morphological Parameters

Physiological parameters, such as shoot and root length (cm), were determined with
a ruler by randomly selecting three plants from each replication and averaging these
data. The number of roots and leaves were counted on each selected plant. Fresh stem
weight, fresh root weight and total plant weight (g) were also measured using an electronic
balance, with subsequent calculation of root to shoot ratio and tolerance biomass index for
each genotype.

The roots of the sampled plantlets were carefully detached from the stems, washed
in distilled water and scanned using a root scanner (STD) 4800, EPSON, Quebec City, QC,
Canada and the root morphological indices such as total root length (TRL), root projected
area (RPA), root surface area (RSA), root volume (RV), number of root tips (NRT), number
of root forks (NRF) were calculated using root image analysis software Win RHIZO version
5.0 (Regent Instruments, Inc., Quebec City, QC, Canada).

2.4.2. Tolerance Indexes Determination

Based on the formula of Wilkins [37], the Phi tolerance indices (TIs) of the root system,
which clearly indicate the tolerance of the root systems to Phi stress, were calculated
according to the modifications of Dawuda et al. [38]. Since Phi uptake has direct effects on
the different measured root morphological indices and plant tolerance to Phi stress, Phi TI
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was determined at the end of the experiment for each root index. Considering the score of
TI, we classified the genotype with the largest TI for most of the calculated indices as the
most tolerant genotype among the five potato genotypes studied. The formula of TI is as
follows: TI = index under Phi stress/index without Phi stress × 100.

2.4.3. Determination of Hydrogen Peroxide and Malonaldehyde Contents in Samples

The content of hydrogen peroxide (H2O2) in the shoot samples was determined as
described by Junglee et al. [39], with minor modifications. A 0.1 g fresh shoot sample was
crushed using a mortar and pestle in liquid nitrogen. The homogenate was transferred to a
2 mL centrifuge tube and kept in an ice bath. An amount of 1.5 mL of 0.1% Trichloroacetic
acid (TCA) was added and the uniform mixture was centrifuged at 12,000× g for 15 min at
4 ◦C. The supernatant 0.5 mL was carefully mixed with 0.5 mL Phosphate Buffer Saline (PBS)
and 1 mL KI (1M) at 7.0 pH. The mixture was kept at 28 ◦C for one hour. The absorbance
was measured using a spectrophotometer (model U-5100, Seya-Namioka, Hitachi High-
technologies, Minato-ku, Tokyo, Japan) at 390 nm. The contents of H2O2 were determined
with reference to the standard curve (0, 1, 2, 3, 4 and 5 mmol−1). Malonaldehyde (MDA)
Content Assessment Lipid peroxidation was measured by calculating the amount of MDA
emitted using the technique for thiobarbituric acid (TBA) as presented in Hodges et al. [40].
Preserved fresh shoot samples of 0.15 g were crushed using a mortar and pestle and
4.5 mL of 10% TCA was added. Then, the homogenized substance was centrifuged at
500× g for 15 min at 4 ◦C. The supernatant was transferred to a centrifuge bottle and the
volume (V) was recorded. Two mL of the supernatant was then mixed with 2 mL of 0.6%
TBA. The homogenized mixture was warmed in boiling water for 20 min, the reaction
stopped in an ice bath, and centrifuged at 5000× g for 10 min. The supernatant (2 mL)
of V1 was transferred to a cuvette. The absorbance of the supernatant was measured at
450, 532, and 600 nm, respectively. The MDA content was estimated according to the
following formula: MDA concentration (μmol/L) = 6.45 × (A532 – A600) − 0.56 × A450.
MDA content (μmol/g FW) = C (μmol/L) × V (L) × V1 (mL)/2 mL × M (g FW).

2.4.4. Determination of Antioxidant Enzymes Activities and Proline Contents in Shoots

Enzyme samples were prepared from frozen tissue preserved at −80 ◦C. Each shoot
sample (approximately 0.5 g) was crushed in liquid nitrogen using a mortar and pestle and
homogenized in 5 mL of 0.1 M phosphate buffer (pH 7.8) containing 0.5 mM ethylenedi-
amine tetraacetic acid (EDTA). Each homogenate was centrifuged at 12,000× g for 15 min at
4 ◦C. The supernatant was collected for determination of enzymatic activity. The activities
of catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD) in the shoot ho-
mogenate were determined using a reagent kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) following the manufacturer’s instructions. The principles of these kits are
summarized as follows:

Catalase activity was determined by the spectrophotometric ammonium molybdate
method, in which ammonium molybdate rapidly stops the H2O2 degradation reaction,
catalyzed CAT, as the remaining H2O2 reaction produces a yellow compound that can be
examined by absorbance at 405 nm. A catalase unit activity was classified as the amount of
enzyme in 1 g of fresh tissue that reduces 1μmol of H2O2 per minute at 37 ◦C.

SOD activity was calculated according to the method of Dhindsa et al. [41]. The
method is based on photochemical reduction of SOD-motivated Nitrotetrazolium Blue
Chloride (NBT) at 560 nm. A unit of SOD activity was well defined as the amount of
enzyme that inhibits 50% of the oxidation.

Peroxidase activity was determined by catalysis of hydrogen peroxide by POD, ob-
serving absorbance changes at 420 nm and estimating the activity of POD. One unit of
POD activity was defined as the amount of enzyme in 1 g of fresh plant tissue reducing
1 μg of H2O2 at 37 ◦C per min. Proline content was determined according to the method
of Bates et al. [42]. Fresh shoot samples weighing 0.15 g were crushed with 4.5 mL of 3%
(w/v) sulfosalicylic acid homogenization and the homogenate was heated in boiling water

154



Horticulturae 2021, 7, 265

for 30 min. This was then filtered through 0.2 μm filter paper. The extract and the volume
of extract were designated as Vt. The supernatant was used to determine the amount of
proline. The reaction mixture consisted of 2 mL of plant extract and an appropriate amount
of ninhydrin glacial acetic acid. The test tubes containing the substance were heated in
boiling water for 30 min. The reaction was quenched with the addition of toluene in an
ice bath. The substance was shaken vigorously on vortex mixer for 15–30 s and divided
into two phases (upper and lower chromophase). The upper chromophase (toluene) was
carefully aspirated with a pipette, and absorbance was taken at 520 nm. The amounts of
proline were measured from the standard curve and expressed as μg·g−1FW. The amount
of proline was calculated as: Proline content (μg/gFW) = C × Vt/(V × W).

2.5. Analyses of Data

All data collected were analyzed using SPSS software 22.0 version (IBM Corp., Chicago,
IL, USA). Means of treatments were separated by Duncan’s multiple range tests with a
probability of 5%. The distribution of means was presented in the figures using standard
deviations. All graphs were created using GraphPad Prism version 8.0 (GraphPad Software,
Inc., San Diego, CA, USA). Principal component analysis (PCA) was performed using the
software PAST-PAlaeontological Statistics, version 1.34. To confirm the tolerance status of
potato genotypes to Phi, comprehensive evaluation analysis based on PCA was carried out
using R software package Statistics, version 3.5.3, considering the following formula:

μ(Xi) = (Xi − Xmin)/(Xmax − Xmin) i = 1, 2, 3 . . . n (1)

In Formula (1), μ(Xi) refers to the membership function value of the i-th comprehensive
index, and Xi refers to the i-th. Comprehensive index value, Xmax refers to the maximum
value of the i-th, comprehensive index, Xmin refers to the i-th, the minimum value of a
comprehensive index. Calculation of the weighting of each comprehensive index:

Wi =
Pi

∑m
i=1 Pi

i = 1, 2, 3 . . . n (2)

In Formula (2), Wi represents the importance of the i-th comprehensive index in all
comprehensive indices. In terms of degree and weight, Pi is the contribution rate of the i-th
comprehensive index of each genotype. Calculation of comprehensive evaluation value (D).

D =
m

∑
i=1

[μ(Xi)xWi] i = 1, 2, 3 . . . n (3)

In Formula (3), D represents the phosphite tolerance of different potato genotypes.
The D value is obtained by calculating the weighted membership function value. The
larger the value of D, the more the Phi tolerance.

3. Results

3.1. Influence of Phosphite and Phosphate on Physiological Parameters of Five Potato Genotypes
after 20 Days’ Growth Period

The results showed significant (p < 0.01) genotype x phosphorus source and rates
interaction effect on all physiological parameters (Figure 1a–d). Phosphite stress signif-
icantly reduced the growth of potato genotypes in this study. Reduction in growth was
observed in both roots and shoots resulting in reduction in fresh biomass and fresh root to
shoot ratio. Mostly all physiological indices across all genotypes were decreased by PO3
(0.25 and 0.5 mM) and No-P, but Atlantic genotype was least affected. At Phi 0.5 mM, the
decrease in leaf number was least (40.67%) in Longshu6 and greatest (57.16%) in Qingshu9.
The least (61.93%) and greatest (81.73%) decrease in the number of roots occurred in At-
lantic and Gannong2, respectively. The least (58.18, 6.22%) and greatest (69.95, 91.33%)
decrease in shoot and root length was observed in Atlantic and Gannong2 genotypes,
respectively. Moreover, similar results were observed among the five genotypes with
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respect to PO3 (0.25 mM), but the decrease in physiological parameters due to Phi stress
was more pronounced at 0.5 compared to 0.25 mM. In the treatment without P supply,
physiological growth was also decreased in all the five potato genotypes except Atlantic
and Longshu3, which recorded increase in root length as compared to their respective
control. Compared to the control, the application of PO3 at (0.25 and 0.5 mM) and No-P
had a negative effect on the fresh biomass indices of the genotypes (Table 1). Application
of PO3 (0.25 mM) to genotype Gannong2 caused greater reductions in FRW (80.95%), FSW
(82.48%) and TPW (82.00%). In addition, smaller reductions were observed in FSW (43.24%)
and TPW (30.20%), and there was a slight increase in FRW (7.41%) of Atlantic genotype.
The application of Phi (0.5 mM) gave similar results with a slight difference in severity
compared to the results obtained with 0.25 mM. Thus, application of higher rates of Phi
could be lethal to potato plantlets. Maximum decrease in FRW (87.21%), FSW (83.94%) and
TPW (80.50%) and minimum decrease in FRW (14.81%), FSW (60.81%) and TPW (48.51%)
were observed in potato genotypes Gannong2 and Atlantic, respectively.

 
Figure 1. Effect of Phi, Pi and No-P on (a) number of leaves, (b) number of roots, (c) shoot length (cm), and (d) root length
(cm) of five potato genotypes grown in modified MS media containing 0.25 and 0.5 mM Phi and Pi and No-P supply for
20 days. Values denote the mean of 3 replicates, ±standard deviation (SD). Means obtained with the same letter in the
minuscule do not differ by Duncan Multiple range’s test (p ≤ 0.05).
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Table 1. Effect of Phi, Pi and No-P supply on fresh biomass, root/shoot ratio and biomass tolerance index of five potato
genotypes studied under in vitro conditions.

Genotype

Biomass Accumulation (g)
Root/Shoot

Ratio
* BTI (%)

Treatment
Fresh Root

Weight
Fresh Shoot

Weight
Fresh Plant

Weight

Qingshu9 Con.Pi 0.5 0.087 ± 0.002 a 0.156 ± 0.001 a 0.243 ± 0.003 ab 0.560 ± 0.006 ef 100
Pi0.25 mM 0.067 ± 0.004 b 0.143 ± 0.0008 a 0.210 ± 0.004 bc 0.467 ± 0.031 fgh 96.42

No-P 0.033 ± 0.001 ef 0. 054 ± 0.0008 c 0. 087 ± 0.002 fg 0.611 ± 0.019 de 35.80
Phi0.25 mM 0.019 ± 0.004 gh 0.064 ± 0.001 bc 0.083 ± 0.003 fg 0.297 ± 0.072 jk 30.04
Phi 0.5 mM 0.018 ± 0.006 gh 0.065 ± 0.001 bc 0.083 ± 0.006 g 0.277 ± 0.085 jk 30.04

Longshu6 Control 0.087 ± 0.0006 a 0.154 ± 0.002 a 0.241 ± 0.002 ab 0.565 ± 0.015 ef 100
Pi0.25 mM 0.097 ± 0.0006 a 0.157 ± 0.001 a 0.254 ± 0.001 a 0.618 ± 0.007 de 105.39

No-P 0.025 ± 0.001 fg 0.062 ± 0.003 c 0.087 ± 0.003 fg 0.403 ± 0.033 ghi 36.51
Phi0.25 mM 0.014 ± 0.0006 gh 0.054 ± 0.0006 c 0.068 ± 0.0006 g 0.259 ± 0.015 k 27.80
Phi 0.5 mM 0.026 ± 0.001 fg 0.057 ± 0.001 c 0.083 ± 0.001 g 0.456 ± 0.018 fghi 34.44

Longshu3 Control 0.048 ± 0.001 cd 0.147 ± 0.001 c 0.195 ± 0.002 c 0.327 ± 0.001 jk 100
Pi0.25 mM 0.085 ± 0.0006 a 0.089 ± 0.0006 b 0.174 ± 0.000 cd 0.955 ± 0.013 b 89.23

No-P 0.067 ± 0.002 b 0.055 ± 0.001 c 0.122 ± 0.003 ef 1.218 ± 0.007 a 63.08
Phi0.25 mM 0.037 ± 0.0006 def 0.064 ± 0.0006 bc 0.101 ± 0.001 fg 0.578 ± 0.002 ef 57.95
Phi 0.5 mM 0.024 ± 0.001 fg 0.048 ± 0.002 c 0.072 ± 0.001 g 0.500 ± 0.037 efg 36.92

Atlantic Control 0.054 ± 0.0006 bc 0.148 ± 0.0006 a 0.202 ± 0.000 c 0.365 ± 0.005 hij 100
Pi 0.25 mM 0.067 ± 0.001 b 0.135 ± 0.001 a 0.202 ± 0.0006 c 0.496 ± 0.012 fg 100

No-P 0.057 ± 0.001 bc 0.058 ± 0.0006 c 0.115 ± 0.002 ef 0.983 ± 0.019 b 56.93
Phi0.25 mM 0.058 ± 0.0006 bc 0.084 ± 0.0006 b 0.142 ± 0.0006 de 0.690 ± 0.010 d 69.80
Phi 0.5 mM 0.046 ± 0.001 cde 0.058 ± 0.001 c 0.104 ± 0.002 efg 0.793 ± 0.005 d 51.48

Gannong2 Control 0.063 ± 0.001 b 0.137 ± 0.001 a 0.200 ± 0.001 c 0.460 ± 0.006 fghi 100
Pi0.25 mM 0.067 ± 0.001 b 0.135 ± 0.001 a 0.202 ± 0.0006 c 0.496 ± 0.012 fg 101.00

No-P 0.024 ± 0.001 fg 0.044 ± 0.001 cd 0.068 ± 0.001 g 0.545 ± 0.031 ef 34.00
Phi0.25 mM 0.016 ± 0.0006 fg 0.052 ± 0.001 c 0.078 ± 0.001 g 0.500 ± 0.032 efg 18.00
Phi0.5 mM 0.008 ± 0.001 h 0.022 ± 0.003 d 0.039 ± 0.003 h 0.350 ± 0.052 ijk 19.50

Data indicate the mean ± SD of 3 biological replications and were tested for significance using Duncan’s multiple range tests. Indi-
vidual columns marked with different lowercase letters indicate significant differences (p < 0.01). * The BTI was not subjected to an
analysis of variance.

Fresh biomass indices of No-P treated potato genotypes were decreased due to the
absence of Pi in the growth media. The effect of Pi deficiency was more pronounced in
the shoots than in the roots of the five potato genotypes. The greatest decrease in fresh
biomass indices (FRW, FSW and TPW) was recorded in genotype Gannong2, while the least
occurred in genotype Longshu3. Moreover, the negative effects of Phi and No-P on growth
of all genotypes were measured in biomass tolerance index (BTI). The result showed that
Atlantic genotype had the highest (70.39 and 51.49%) BTIs, followed by LS3 (51.79 and
36.92%), while the lowest (34.16 and 15.00%) BTIs were recorded in Qinshu9 and Gannong2
genotypes at Phi (0.25 and 0.5 mM). In No-P treatment, genotype Longshu3 recorded
the highest value (62.56%) followed by Atlantic (56.93%) and the lowest value (34.00%)
was observed in Gannong2. Among Phi-treated genotypes in terms of root to shoot ratio
(RSR), Atlantic recorded the highest value (0.79 and 0.69), and the lowest value (0.26 and
0.28) was recorded in Longshu6 and Qingshu9 at (0.25 and 0.5 mM). In No-P treatment,
Longshu3 had the highest value (1.22), while Longshu6 had the lowest (0.40). However,
in Pi-sufficient genotypes, the number of leaves, number of roots, shoot length and root
length were increased compared to their respective controls. The maximum increase was
recorded in the Atlantic genotype. Fresh biomass indices showed similar results in all the
five genotypes as compared to the respective controls. The lowest root, shoot, and total
plant weights were recorded in Qingshu9 and Longshu3, while maximum increase was
recorded in Gannong2 and Longshu6 genotypes, respectively.
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3.2. Effects of Phosphite, Phosphate and No-P Supply on Root Morphological Characteristics of
Five Potato Genotypes for 20 Days Growth Period

There were significant (p < 0.01) genotype x phosphite interaction effects on total
root length (TRL), root projected area (RPA), root surface area (RSA), root volume (RV),
number of root tips (NRT), and number of root forks (NRF) (Figure 2). In general, root
morphological indices were decreased in all five genotypes, with the Atlantic genotype
being the least affected. The decrease in TRL due to Phi effects was least (32.86 and 43.17%)
in Atlantic and greatest (80.85 and 80.93%) in Longshu6 and Gannong2 at Phi (0.25 and
0.5 mM), respectively. The least decrease in RPA (15.62 and 24.81%) was recorded in Atlantic
while the greatest (68.57 and 75.85%) was observed in Gannong2 at (0.25 and 0.5 mM).
Moreover, the least (16.86 and 30.85%) and greatest (85.57 and 84.50%) decrease in RSA was
observed in Atlantic, Longshu3 and Longshu6 and Gannong2 genotypes, respectively. The
least (53.85 and 66.51%) decrease in RV occurred in Atlantic, while the greatest (82.08 and
84.70%) was observed in Longshu6 and Gannong2. Moreover, the least decrease (29.49 and
24.34%) of NRT occurred in Atlantic and Longshu3 genotypes, while the greatest (85.02
and 89.86%) was observed in Longshu6 and Gannong2, at 0.25 and 0.5 mM, respectively.
The least (16.57 and 31.06%) decrease in NRF was observed in Atlantic, while the greatest
(83.94 and 80.01%) was measured in Longshu6 and Gannong2, at Phi 0.25 and 0.5 mM,
respectively. The decrease in root morphological parameters observed in the five genotypes
was due to Phi effects, which caused a decrease in the size of the root and shoot systems
of the genotypes. The root morphological indices of the treatment without P supply were
also decreased in all five genotypes. Mainly due to the absence of Pi in the No-P treatment,
this reduced the root growth of the susceptible genotypes, while the tolerant genotypes
developed longer root systems. The least decrease in morphological indices was observed
in Longshu3 and Atlantic, while the greatest decrease was observed in Gannong2 and
Longshu6 genotypes. However, Pi-sufficient potato genotypes exhibited much higher root
morphological indices than genotypes grown under Phi and No-P. Root morphological
indices were slightly increased in Pi-sufficient plants of the five potato genotypes. Among
the genotypes: Longshu3 and Longshu6 recorded the highest increase, while Atlantic and
Qingshu9 had the least increase in all root morphological indices.
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Figure 2. Effect of PO3, PO4 and No-P on (a) Total root length (b) Root projected area (c) Root surface area (d) Root volume
(e) Number of root tips and (f) Number of root forks of five potato genotypes grown for 20 days in medium containing
concentrations of 0.25, 0.5 mM PO3 and PO4 and No-P. Values symbolize the mean of 3 replicates ± standard deviation (SD).
Means followed by the same lowercase letter do not differ among treatments by Duncan Multiple range’s test (p ≤ 0.05).

3.3. Tolerance of the Five Potato Genotypes to Phosphite Stress

There were significant differences (p < 0.01) in the tolerance indices (TIs) among the
five potato genotypes at 0.25, 0.5 mM and No-P (Figure 3). The result showed that after the
plantlets were grown for 20 days in the Phi media, Atlantic had the highest TI for majority
of the measured indices such as TRL (56.84%), RPA (75.09%), RSA (68.94%), RV (33.49%)
and NRF (75.66%) at Phi (0.5 mM). Considering this result, among the five potato genotypes
tested, the Atlantic genotype proved to be the most tolerant, except TI for NRT, which
was highest in Longshu3 (69.16%). However, compared to Atlantic, the other genotypes
obtained lower TI values and were found to be susceptible to PO3 stress.
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Figure 3. Root PO3 tolerance indexes (%) of five potato genotypes under 0.5 mM Phi treatment.
Qingshu9 = QS9; Longshu6 = LS6; Longshu3 = LS3; Atlantic = ATL and Gannong2 = GN2. Total root
length = TRL; Root projected area = RPA; Root surface area = RSA; Root volume = RV; Number of root
tips = NRT and Number of root forks = NRF. Values represent the mean of 3 replicates ± standard
deviation (SD). Bars associated with different lowercase letters show significant differences by Duncan
Multiple Range’s test (p ≤ 0.05).

3.4. Content of H2O2 and MDA in the Shoots

There was a significant (p < 0.001) genotype x phosphite x rate effect on H2O2 and
MDA content in shoots of potato genotypes (Figure 4). Compared to the control plants, Phi
increased H2O2 and MDA content in the shoots of the five genotypes by 50.96 to 68.84% and
43.63 to 70.17% at 0.25 mM, 56.01 to 71.64% and 48.32 to 71.48% at 0.5 mM, respectively. The
highest H2O2 and MDA values were observed in GN2, followed by genotypes Longshu6,
Qingshu9 and Longshu3. The lowest H2O2 and MDA levels were observed in Atlantic
genotypes at Phi 0.25 and 0.5 mM, respectively. Moreover, similar results were obtained
with respect to treatment without P supply in the five potato genotypes. However, Pi-
sufficient plants in all five potato genotypes exhibited low H2O2 and MDA contents,
compared to genotypes under Phi stress.

Figure 4. Effects of Phi, Pi and No-P on H2O2 and MDA content; (a) Shows H2O2 content and (b) shows MDA content in
the shoots of potato genotypes. Values denote the mean of 3 replicates ± standard deviation (SD). Duncan multiple range
test (p ≤ 0.05) shows large differences between bars assigned to different lowercase letters.
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3.5. Antioxidant Enzymes Activities and Content of Proline

The effect of genotype x Phi interaction on antioxidant enzyme activities as well as the
levels of proline was also significant (p < 0.01) in the shoots of the five potato genotypes
(Figure 5). Compared with the individual control plants, Phi stress increased the proline
contents in the shoots of all genotypes by 80.11 to 81.09% and 76.79 to 79.21% at Phi 0.5 and
0.25 mM, respectively. Moreover, the activities of CAT, POD and SOD increased by 46.07
to 55.54%, 50.77 to 53.14% and 54.39 to 63.09%, respectively, in all genotypes at 0.5 mM.
The greatest increase in CAT activity was observed in the ATL genotype, while the LS6
genotype had the greatest POD and SOD activities. Similar increases in CAT, POD and
SOD activities were observed in all genotypes at Phi (0.25 mM) and in No-P supplied
potato genotypes.

Figure 5. Phi and Pi effects on enzyme activities and contents of proline; (a) Shows the activities of SOD; (b) Shows the activities
of POD; (c) Shows the activities of CAT; (d) Contents of proline. Values denote the mean of 3 replications ± standard deviation
(SD). Bars associated with different lowercase letters show significant differences by Duncan Multiple Range’s test (p ≤ 0.05).

3.6. Relationships between Root Morphological Characteristics, Fresh Biomass and Biochemical
Responses of the Five Potato Genotypes under Phi Stress

The correlation matrix between root morphological indices, fresh biomass, antioxidant
enzyme activities, MDA, H2O2 and proline of the five potato genotypes under Phi stress
were significantly negative (Table 2). All six root morphological indices were negatively
correlated with MDA, H2O2, CAT, SOD, POD and Pro., e.g., TRL showed a significant
negative correlation with MDA, H2O2, CAT, SOD, POD and Pro (r = −0.87 **, r = −0.94 **,
r = −0.80 **, r = −0.83 **, r = −0.87 ** and r = −0.89 **). The fresh biomass, i.e., FRW, FSW
and TPW were also negatively correlated with MDA, H2O2, CAT, SOD, POD and Pro, e.g.,
FRW was negatively correlated with MDA, H2O2, CAT, SOD, POD and Pro (r = −0.67 *,
r = −0.75 **, r = −0.62 *, r = −0.69 *, r = −0.69 * and r = −0.72 **). Principal component
analysis (PCA) was used to determine the effects of Phi and No-P on root morphological
indices, fresh biomass, antioxidant enzymes, MDA, H2O2 and proline (Table 3). The
cumulative contribution percentage of the two principal components associated with the

161



Horticulturae 2021, 7, 265

response is 90.16%, the eigenvalue of PC1 is 8.818 and the contribution percentage is 62.98%.
The eigenvectors include TRL, FRW, RPA, RSA, FRSR, NRF, RV and NRT. The eigenvalue of
PC2 is 3.971, which corresponds to 27.18%, where the higher charges are CAT, SOD, MDA,
POD and Pro show significant separations between the treatments. Genotype LS3 had the
highest score followed by ATL, QS9, LS6 and GN2 at No-P, along PC1. On the other hand,
ATL recorded the highest score followed by LS3, while GN2 had the lowest score at Phi
(0.25 and 0.5 mM), along PC2. The treatments No-P and Phi (0.25 and 0.5) were far from the
origin, implying that Phi and No-P strongly affected the root morphological characteristics
and fresh biomass of potato genotypes (Figure 6). The comprehensive evaluation according
to the principal component analysis of Phi tolerance was calculated using Formula (1) to
calculate different products based on the two independent comprehensive indicators to
obtain the membership function value μ(Xi) of each comprehensive index. Table 4 shows
that, using the higher concentration of Phi (0.5 mM) treatment, in the same comprehensive
index CI(1), Atlantic μ(X1) is the largest, with 0.937, indicating that Atlantic has the highest
Phi tolerance on the CI(1) comprehensive index. According to the contribution rate of
each comprehensive index, the weights of the two comprehensive indicators in terms
of Phi tolerance were calculated using Formula (2) as follows: 0.699, 0.301. In addition,
Formula (3) was used to calculate the Phi tolerance value according to the D value, and the
Phi tolerance among the five genotypes was ranked as: Atlantic > Longshu3 > Qingshu9 >
Longshu6 > Ganannong 2, respectively.

Table 2. Correlation matrix describing the relationship between root morphological characteristics, fresh biomass and
activities of antioxidant enzymes, MDA, H2O2 and proline in potato plants under Phi stress at 20 days after treatments.

Index TRL RPA RSA RV NRT NRF FRW FSW TPW

MDA −0.87 ** −0.77 ** −0.81 ** −0.74 ** −0.78 ** −0.78 ** −0.67 * −0.75 ** −0.84 **
H2O2 −0.94 ** −0.90 ** −0.92 ** −0.86 ** −0.90 ** −0.91 ** −0.75 ** −0.79 ** −0.92 **
CAT −0.80 ** −0.71 ** −0.74 ** −0.68 ** −0.70 ** −0.70 ** −0.62 * −0.74 ** −0.81 **
SOD −0.83 ** −0.71 ** −0.75 ** −0.71 ** −0.71 ** −0.73 ** −0.69 * −0.72 ** −0.78 **
POD −0.87 ** −0.77 ** −0.82 ** −0.75 ** −0.77 ** −0.80 ** −0.69 * −0.76 ** −0.85 **
Pro −0.89 ** −0.80 ** −0.84 ** −0.77 ** −0.80 ** −0.82 ** −0.72 ** −0.81 ** −0.89 **

MDA = Malonaldehyde; H2O2 = Hydrogen peroxide; CAT = Catalase; SOD = Superoxide dismutase; POD = Peroxidase; Pro = Proline;
TRL = Total root length; RPA = Root projected area; RSA = Root surface area; RV = root volume; NRT = Number of root tips;
NRF = Number of root forks; FRW = Fresh root weight; FSW = Fresh shoot weight and TPW = Total plant weight. * = significant
difference at 5% probability level; ** = significant difference at 1% probability level.

Table 3. Principal Component, loadings related to Phi treatments variable and explained variance for
final sampling.

Principal Component PC 1 PC 2

Total root length 0.323 0.098
Root projected area 0.284 0.234
Root surface area 0.290 0.235
Root volume 0.260 0.224
Number of root tips 0.259 0.266
Number of root forks 0.270 0.279
Fresh root weight 0.298 0.044
Fresh root/shoot ratio 0.295 0.095
Malonaldehyde −0.232 0.353
Hydrogen peroxide −0.319 0.044
Catalase −0.162 0.409
Superoxide dismutase −0.229 0.374
Peroxidases −0.238 0.348
Proline −0.245 0.339
Eigenvalue 8.818 3.805
Contribution rate % 62.98 27.18
Cumulative contribution rate % 62.98 90.16
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Figure 6. Scatter diagrams of arranged first two main components; PC1/PC2.

Table 4. Comprehensive index (C1), index weight μ(X), and comprehensive evaluation (D) of five potato genotypes under
Phi and No-P stresses.

Genotype Treatment CI(1) CI(2) μ(X1) μ(X2)
Comprehensive

Assessment Value (D)
Ranking

Qingshu9 No-P 2.394 −1.940 0.639 0.235 0.517
Phi 0.25 −1.252 0.648 0.277 0.597 0.373
Phi 0.5 −2.079 0.689 0.195 0.603 0.318 3

Longshu6 No-P 0.832 −3.531 0.484 0.013 0.342
Phi 0.25 −3.567 −0.622 0.047 0.419 0.159
Phi 0.5 −3.172 0.169 0.086 0.539 0.220 4

Longshu3 No-P 6.034 −0.266 1.000 0.469 0.849
Phi 0.25 0.474 1.228 0.448 0.678 0.517
Phi 0.5 −1.384 1.539 0.264 0.721 0.402 2

Atlantic No-P 5.160 −0.213 0.913 0.477 0.782
Phi 0.25 2.649 3.536 0.663 1.000 0.765
Phi 0.5 0.589 3.088 0.469 0.937 0.604 1

Gannong2 No-P 0.249 −3.627 0.426 0.000 0.297
Phi 0.25 −2.876 −0.582 0.116 0.425 0.209
Phi 0.5 −4.043 −0.117 0.000 0.499 0.148 5

Weight 0.699 0.301

4. Discussion

In vitro regeneration studies are considered an efficient technique for defining the
regulatory mechanisms of stress tolerance in potato explants. Several studies have shown
the importance of in vitro shoot regeneration in plant breeding programs for economic
drives [43]. To select more resistant cultivars for production, plant breeders need knowledge
on how to improve regeneration of explants grown under stress conditions [44,45]. Five
genotypes with different drought stress tolerance were selected based on sound data on
their drought tolerance availability. These genotypes are widely grown and consumed
in China. Therefore, it is important for farmers, consumers and breeders to understand
their tolerance to PO3. In addition, we need to investigate whether the mechanism of
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drought tolerance in potato differs from the mechanism that may support PO3 tolerance.
In this study, we investigated the effects of Phi, Pi deficiency and Pi sufficiency on potato
plant growth. Our data showed that Phi at concentrations of 0.25 and 0.5 mM severely
inhibited plant growth, whereas Pi adequate plants grew normally across the five genotypes.
We found that the number of leaves, roots, shoot length and root length of five potato
genotypes cultured in Phi media were significantly reduced compared to those propagated
in Pi-adequate media. Similar negative growth effects of Phi on B. nigra seedlings and
B. napus cell suspension cultures have been documented previously [46]. Plants cultured in
Phi media are very sensitive to Phi and show signs of toxicity such as leaf chlorosis and
stunted growth [16,24,30]. These findings coincided with our observation in the present
study. The observed decrease in plant growth in the presence of Phi could be related
to two important morphological changes in the plants. Reduced internode length was
an identifying feature of Phi-treated plants. Plant height was significantly reduced in
Phi-treated plants in all five genotypes, whereas P-sufficient plants appeared normal in
the presence of Pi concentrations (0.25 and 0.5 mM). The second important cause was a
significant decrease in root development in Pi deficiency-treated plants and Phi treated
plants. However, potato genotypes Atlantic and Longshu3 showed a modest increase in
root development rate compared with the other genotypes studied at 0.25 and 0.5 mM Phi.

We further found that Phi at 0.25 and 0.5 mM altered the fresh biomass parameters
such as fresh root weight, fresh shoot weight, total plant weight and root to shoot ratio
in all genotypes as compared to Pi-sufficient plants. The reduction in fresh biomass of
the five genotypes caused by Phi toxicity was more pronounced in fresh root weight
than fresh shoot weight at both concentrations. This reduction had a large effect on total
plant weight, resulting in reduced plant growth and development in Phi-treated plants, as
previously documented for B. nigra plants [47]. The reduced root to shoot ratio observed
in the majority of genotypes is consistent with the deleterious effect of Phi on root hair
production, anthocyanin accumulation in the shoot, and stimulation of enzymes induced
by Pi deficiency [48]. In summary, our experiment in potato is consistent with previous
reports on the biological effects of Phi in Brassica sp. [49] and in tomato [50]. Under Phi
supply conditions, even a low dose (0.25 mM) was sufficient to induce a decrease in
fresh biomass. The majority of the potato genotypes showed a decrease in root/shoot
ratio compared to Pi-sufficient plants, except Atlantic and Longshu3, which showed a
marginal increase. Furthermore, the effect of Pi deficiency on potato genotypes was
studied using a medium containing -Phi + -Pi, which corresponds to No-P. All genotypes
under this treatment showed a significant decrease in fresh biomass except Atlantic and
Longshu3 which showed an increase in root weight compared to the other genotypes.
The considerable increase in root length and root weight of these genotypes resulted in a
slight increase in root to shoot ratio compared to the respective controls. This observation
corroborates the findings of Lambers and Plaxton [51], who observed that the absence of Pi
in the growth media altered root phenotypes such as increased root hair density and root
length as well as metabolism (e.g., release of carboxylates and Pi scavenging enzymes into
the rhizosphere). The mechanism for overcoming the P deficit in growth media containing
No-P plants is explained by an increase in root length [4,46,52]. Moreover, several studies
have shown that plants under water stress increase root length in deeper profiles and
that the main difference between shallow and deeper rooting genotypes is manifested
in the stress conditions imposed in each case [53,54]. Biomass tolerance index (BTI) was
calculated for each genotype in relation to the stress variables (0.25, 0.5 mM and No-P) to
clearly define the tolerance of potato genotypes to Phi. The result showed that in No-P
treatment, Longshu3 genotype had the highest BTI, followed by Atlantic, and Gannong2
had the lowest BTI. At Phi 0.25 and 0.5 mM, the Atlantic genotype had the highest BTI
followed by Longshu3 genotype, while Gannong2 genotype had the lowest BTI.
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Root growth and shoot growth are correlated with each other. According to
Polania et al. [55], shoot growth supplies carbon and some hormones to the roots, while
root growth supplies water, nutrients and hormones to the shoot. Despite the fact that no
previous study has explicitly investigated the utility of root morphological traits for plant
performance under Phi stress, the results of the current study suggest that Phi interference
reduces root morphological traits in all genotypes except the Atlantic genotype. It has been
suggested that the ability of Phi to limit Arabidopsis development is due to the competitive
inhibition of Pi uptake and the inability of plants to readily utilize Phi through oxidation to
Pi [46]. Phi cannot enter P metabolic pathways unless it is converted to Pi [16,56]. Moreover,
the growth of plants cultivated in the Phi treatments was comparable to that of plants
grown under the No-P supply treatment in terms of root morphological indices. These
results confirm the findings of Lee et al. [57] for Ulva lactuca, Schroetter et al. [58] for
Zea mays, Thao et al. [59] for Brassica rapa, Avila et al. [60] for Zea mays, Zambrosi et al. [61]
for Citrus spp., and Hirosse et al. [62] for Ipomoea batatas. These researchers observed that
Phi anion does not replace Pi anion in P nutrition of plants. They added that the use of Phi
as the sole source of P resulted in a significant reduction in plant development compared to
treatments with insufficient Pi fertilization. Root morphological traits such as architecture,
branching, root volume, root hair length and density were found to have reflective effects
on nutrient uptake from nutrient sources, which could be used to determine plant tolerance
under stress conditions. According to Dawuda et al. [38], the size of root system of lettuce
plants influenced their tolerance to cadmium stress in nutrient solution. The results of this
study showed that the addition of Phi (0.25 and 0.5 mM) to MS media decreased the TRL,
RPA, RSA, RV, NRT and NRF of all potato genotypes studied. This consequently reduced
the size of root systems of most genotypes except Atlantic. Other researchers have found
that plant uptake of P and other nutrients depends on root surface area, root system length
and lateral roots to capture a large volume of nutrients in the soil/growth medium [63–65].
In addition, our results show that the Atlantic genotype, which had the larger root system,
had root tolerance indices to Phi stress at both concentrations compared with the rest of
the genotypes, which had the smallest root systems. The tolerance of the Atlantic genotype
to Phi stress was confirmed by the largest tolerance indices for TRL, RPA, RSA, RV, and
NRF. The larger root system possessed by Atlantic probably enhanced the uptake of other
trace nutrients in the growth media, which contributed to its tolerance. The results of
this study are in agreement with those of Wang et al. [66], who postulated that soybean
genotypes with larger root systems are more tolerant to cadmium stress. Pandey et al. [67]
also reported that genotype PDM-139, a green Gram genotype, with larger root surface area
and root volume was the more tolerant genotype to low P compared to those with smaller
root surface area and root volume. Several other reports suggest that larger root surface
area, root volume, and root hair length of plants under P-stressed growth conditions are
characteristics of tolerant genotypes [68,69].

In addition, plant tolerance to Phi-stress was also determined by the hydrogen per-
oxide (H2O2) content formed during stress exposure. Increased formation of reactive
oxygen species (ROS) such as H2O2 induces oxidative stress due to the toxicity of Phi [70].
Zhang et al. [71] postulated that Vicia sativa, which had the lowest H2O2 content was more
tolerant than Phaseolus aureus which had higher H2O2 content when both were exposed
to cadmium stress. According to Oyarburo et al. [72], H2O2 accumulation in leaves is
reduced, antioxidant enzyme activities are increased, gene expression is upregulated and
accumulation of glucanases and chitinases is induced, which correlates positively with
stress tolerance of the plant. In our current study, Phi interference was observed to increase
the hydrogen peroxide content in the shoots of the five potato genotypes. Nevertheless, the
Atlantic genotype had the lowest increase in H2O2 content, indicating that Atlantic is more
tolerant to Phi stress than the other genotypes tested. These results indicate that potato
genotypes with larger root systems are more tolerant to Phi stress than genotypes with
smaller root systems. Antioxidant enzymes play a critical role in plant cell defense against
stress-induced cell damage caused by the formation of free radicals, mainly in the form of
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ROS. As a result, it has been suggested that increasing antioxidant enzyme activity may
improve plant growth and yield. This result is in agreement with Ramos et al. [73], who
indicated that increased SOD and CAT activity induced by low selenium concentrations
increased leaf yield of Lactuca sativa L. Avila et al. [4] noted that CAT activity was low
in Pi-sufficient plants but high by 71% in Phi-treated plants. Our current experiment
provided similar results: the activities of antioxidant enzymes (e.g., SOD, POD and CAT)
increased in all five genotypes in the presence of Phi and No-P treated plants, but decreased
in Pi-sufficient plants. These antioxidant enzymes are involved in the detoxification of
reactive oxygen species. Recent research has shown that Phi-anion can induce molecular
changes that promote stress tolerance, such as activation of guaiacol peroxidase activity and
lignin biosynthesis in maize [60], and structural and biochemical changes in periderm and
cortex of potato tubers [20]. On the other hand, studies on the effects of Phi on antioxidant
enzymes are still rare. All morphological variables of roots were significantly negatively
correlated with antioxidant enzyme activities, MDA, H2O2 and Pro. Fresh biomass indices
also showed significant negative correlation with antioxidant enzyme activity, MDA, H2O2
and Pro. The negative correlations observed under Phi stress indicated that Phi had a dele-
terious effect on potato root morphology and fresh biomass indices. To further confirm the
tolerant potato genotype to Phi stress, a comprehensive evaluation analysis was conducted
based on principal component analysis. The results evaluated the genotypes in this order:
Atlantic, Longshu3, Qingshu9, Longshu6 and Gannong2.

5. Conclusions

Roots are responsible for the uptake of water and inorganic nutrients and are the
primary organs affected by phosphite stress. Therefore, adaptation of roots to phosphite
stress affects shoot response, physiological functions and plant growth. In the present
study, the responses of five potato genotypes to 0.25, 0.5 mM Phi and Pi, and No-P were
investigated. The results showed that Phi stress and No-P supply significantly reduced
the size of root and shoot systems of the five potato genotypes tested. Nevertheless, the
Atlantic genotype with the largest root system showed the highest tolerance to Phi stress by
exhibiting the highest tolerance index values for total root length, root projected area, root
surface area, root volume, number of root forks, and fresh biomass tolerance. H2O2 and
MDA levels increased in shoots of all genotypes, but Atlantic genotype showed the least
increase, indicating greater tolerance to Phi stress. Major antioxidant enzymes such as CAT,
POD and SOD activities and proline content increased under stress conditions. Greater
tolerance parameters and lower H2O2 contents were obtained from the Atlantic potato
genotype under Phi stress, suggesting that potato genotypes with larger root systems
may be more tolerant to Phi stress. The tolerance character of the Atlantic genotype was
confirmed by comprehensive evaluation analysis using principal component analysis. The
obtained results may be very useful for the selection of the genetically modified potato
plants using the ptxD selection marker gene. However, the concentration and accumulation
of P in shoot and root of Pi starved plants were not determined in the present study. The
determination of this index will contribute to a better understanding of the mechanism of
the negative effect of Phi anion on the physiological and morphological growth of potato
genotypes. Therefore, future research should focus on the concentration and accumulation
of P in shoot and root of plants grown under Phi stress and also determine the details of
the molecular and genetic mechanisms of Phi tolerance in potato genotypes, especially in
genotypes with relatively large root systems.
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Abstract: In hops (Humulus lupulus L.), irrigation by flooding the inter-row can carry away suspended
particles and minerals, causing gradients in soil fertility. The effect of more than 20 years of flooding
irrigation on soil and plants was evaluated in two hop fields by measuring soil and plant variables
in multiple points along the rows. In a second experiment 1000 kg ha−1 of lime was applied and
incorporated into the soil to assess whether liming could moderate any gradient created by the
irrigation. At different sampling points along the rows, significant differences were recorded in soil
properties, plant elemental composition and dry matter yield, but this was not found to exist over a
continuous gradient. The variations in cone yield were over 50% when different sampling points
were compared. However, this difference cannot be attributed to the effect of irrigation, but rather
to an erratic spatial variation in some of the soil constituents, such as sand, silt and clay. Flooding
irrigation and frequent soil tillage resulted in lower porosity and higher soil bulk density in the
0.0–0.10 m soil layer in comparison to the 0.10–0.20 m layer. In turn, porosity and bulk density were
respectively positively and negatively associated with crop productivity. Thus, irrigation and soil
tillage may have damaged the soil condition but did not create any gradient along the row. The
ridge appeared to provide an important pool of nutrients, probably caused by mass flow due to the
evaporation from it and a regular supply of irrigation water to the inter-row. Liming raised the soil
pH slightly, but had a relevant effect on neither soil nor plants, perhaps because of the small amounts
of lime applied.

Keywords: Humulus lupulus L.; soil porosity; soil bulk density; liming; hop ridges

1. Introduction

Hop plants (Humulus lupulus L.) require an adequate supply of water during the
growing season to sustain their huge canopy [1]. In most of the hop producing regions
of the world, the crop needs to be irrigated, particularly in lower latitudes of reduced
precipitation in summer. Although hop fields have started to be drip irrigated all over
the world, there is a long tradition of surface watering of this crop, by flooding the space
between rows [1,2]. In this kind of surface or furrow irrigation system, water is applied at
the top end of each furrow (in hops to the inter-row space) and flows down the field under
the influence of gravity [3]. This is still the most commonly used irrigation method for hops
in northern Portugal [4]. The water use efficiency with this irrigation technique is highly
dependent on the field gradient and water infiltration rate, which can vary considerably,
inducing spatial and temporal variability in the main soil properties [5]. In addition, flood
irrigation can affect the spatial distribution of soil physicochemical properties which may
exacerbate the spatial variability in crop growth and yield [6].

Flood irrigation can have a major impact on soil properties by varying salinity, re-
dox potential, compaction and/or porosity [7–10]. Furthermore, hop fields which are
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flood-irrigated need to be frequently tilled to control summer weeds and to reduce soil
compaction and superficial crusts in the short term. This allows a better infiltration of
water, but that can also have a negative impact on the soil in the long term [11,12]. Soil
compaction, increased by furrow irrigation, may also reduce soil drainage and aeration,
contributing to the reduction of soil redox potential which influences soil chemistry and
plant nutrient availability [10,13]. The degree of compaction of a soil can be assessed by
measuring some physical properties, such as bulk density and porosity [12,13]. As the soil
becomes more compact, bulk density increases and soil porosity decreases, which reduces
water and air diffusion into the soil [11,14]. In some hop fields in northern Portugal it was
found that the decrease in soil redox potential, associated with an excess of water and/or
poor drainage, was the main cause of the spatial variability found in crop growth and
yield [4].

Soil pH is another relevant issue in hop production. The range of pH most suited
for growing hops is considered to be between 5.7 and 7.5 [15,16]. The application of lime
is recommended for acidic soils, and a positive relationship has been found between the
increase in soil pH and hop yield [15,17]. However, the effect of liming on crops can also
vary with the irrigation system. Some researchers have studied the influence of liming in
rice under flooding conditions, since great interactions between flooding, soil acidity and
nutritional disorders are usually found [18–20]. In hops, these interactions are less well
known, or the response to liming, but it is believed that it may be relevant enough to be
studied, since the crop continues to be irrigated by flooding in several parts of the world.

This study evaluated the variation in soil properties and nutritional status and the
productivity of hop plants created along the rows by flooding irrigation. As a second line of
study, the effect of the application of lime on soil properties and on hop nutritional status,
growth and yield was evaluated, to ascertain if the application of lime could compensate
for the variability created by the irrigation system. Both lines of study were carried out in
commercial hop fields which had been flood-irrigated for over 20 years.

2. Materials and Methods

2.1. General Experimental Conditions

The field experiments were carried out during two growing seasons (2017 and 2018) on
a commercial farm located in Pinela (41◦40′33.6” N; 6◦44′32.7” W), Bragança, north-eastern
Portugal. A detailed location of field experiments is shown in Figure 1.

 

Figure 1. Map of Portugal indicating Pinela (left) and the two hop fields identified in this study as field 1 and field 2 (right).
Images from https://www.google.com/maps/place/Pinela (accessed on 7 July 2021).

The region benefits from a Mediterranean-type climate, with an annual average
temperature and accumulated precipitation of 12.7 ◦C and 772.8 mm, respectively. The
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average monthly temperatures and precipitation recorded during the experimental period
are shown in Figure 2.

Figure 2. Average monthly temperatures and precipitation recorded during the experimental period at a weather station
located in Bragança, north-eastern Portugal.

The hop plots where the study was undertaken are ~2 ha in size each, with the rows
having a length ranging from 150 to 180 m, and established with the cultivar Nugget.
The fields are arranged in a 7 m conventional high trellis system, with concrete poles
connected with steel cables, in a “V” design system. The farmer has managed the fields
by flooding irrigation since the hop crop was installed more than 20 years ago. Several
tillage passes (3 to 4) are performed every year to remove the crusts and facilitate water
infiltration. The fertilization programme includes the application of a compound nitrogen
(N): phosphorus (P): potassium (K) fertilizer (7:14:14, 7% N, 14% P2O5, 14% K2O) early in
the spring, followed by two applications of N fertilizer (ammonium nitrate, 27% N) as a
side-dressing, totalling ~150, 44 and 83 kg ha−1 of N, P and K, respectively. The farmer
also follows a phytosanitary programme for crop protection against pests and diseases.

2.2. Field Experiments and Soil and Plant Sampling

The first experiment (Experiment 1) was carried out during the growing season of 2017
in two hop fields. It consisted of the evaluation of soil properties, plant nutritional status
and crop yield, searching for any gradient along the rows created by the irrigation system.
The rows used in this experiment were divided into nine segments of equivalent length,
creating nine positions (P1, P2, . . . , P9) for soil and plant sampling. The soil was sampled
between rows and on the ridges to a depth of 0.0 to 0.2 m. Three rows and inter-rows of
hops were used to create three replicates for each position. Each soil sample for analysis
resulted from six sampling points (composite samples). The soil was sampled by using an
open-face auger.

For the determination of soil bulk density and porosity, a different approach to soil
sampling was followed. It was found unnecessary to sample in the ridges since no com-
paction was expected in this part. Instead, the soil was sampled at two different depths,
0.0 to 0.10 m and 0.10 to 0.20 m. Due to the increased difficulty of sampling, particularly in
the 0.10 to 0.20 m layer, only five positions were considered (P1, P3, P5, P7 and P9) and
sampled in three replicates. For these analyses, undisturbed soil cores were taken by using
appropriate cylinders of 100 cm3. Soil samplings were carried out on 10 March 2017.

The plants used in this experiment for the evaluation of their nutritional status and
crop productivity were randomly selected and marked when plant height was close to
3 m (to avoid using very atypical plants) and close to each of the positions used for soil
sampling. Leaf sampling for crop nutritional status assessment was done at ~2 m in
height, on 17 July 2017. At harvest (1 September 2017), plant biomass was cut at ground
level. Subsequently, the aboveground biomass was separated into leaves, stems and cones
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and weighed fresh. Subsamples of each plant part were weighed fresh again and then
oven-dried at 70 ◦C and weighed dry for determination of dry matter yield.

The second experiment (Experiment 2) consisted of the application of 1000 kg ha−1 of
lime (55% CaCO3, 28% CaO and 20% MgO) in February 2017, to assess the liming effects on
soil properties and plants in comparison to the untreated control. This experiment was also
carried out in two hop plots. The general methodology for soil and plant sampling was
similar to that reported for Experiment 1, consisting of marking nine positions along the
rows. The soil was sampled on 4 January 2019, only between the rows, at 0.0–0.20 m soil
depth, using an open-face auger. Leaf samples were taken at ~2 m in height, on 17 July 2017
and 18 July 2018. At harvest (1 September 2017 and 31 August 2018), plant biomass was
cut at ground level and treated as reported for Experiment 1.

2.3. Laboratory Analyses

The undisturbed soil samples from Experiment 1 were oven-dried at 105 ◦C and
weighed. Soil bulk density was estimated from the weight of dry soil divided by the
volume of the cylinder. Soil porosity was determined as the ratio of nonsolid volume (soil
particle density—bulk density) to the total volume of soil (soil particle density) [21]. The
other soil samples from Experiments 1 and 2 were oven-dried at 40 ◦C and sieved in a
mesh of 2 mm. The samples were analysed for pH (H2O and KCl), electrical conductivity
(soil:solution, 1:2.5), exchangeable complex (ammonium acetate, pH 7.0) and organic car-
bon (C) (Walkley−Black method). Extractable P and K were determined by a combination
of ammonium lactate and acetic acid buffered at pH 3.7. Soil boron (B) was extracted by
hot water and the extracts analysed by the azomethine-H method. More details of these an-
alytical procedures are given in Van Reeuwijk [22]. Other micronutrients [copper (Cu), iron
(Fe), zinc (Zn), and manganese (Mn)] were determined by atomic absorption spectrometry
after extraction with ammonium acetate and EDTA, following the methodology reported
by Lakanen and Erviö [23].

Tissue samples (leaves, stems and cones) from both experiments were oven-dried at
70 ◦C and ground. Elemental tissue analyses were performed by Kjeldahl (N), colorimetry
(B and P), flame emission spectrometry (K) and atomic absorption spectrophotometry
(calcium (Ca), magnesium (Mg), Cu, Fe, Zn and Mn) methods after nitric digestion of the
samples [24].

2.4. Data Analysis

Data was subjected to analysis of variance, according to the experimental designs,
using SPSS program version 25. When significant differences were found between the
experimental treatments, the means were separated by the Tukey HSD (sampling position)
and Student’s-t (field, sampling site, lime treatment) tests (α = 0.05). Linear regression
analysis was performed to understand the effects of gradient on soil properties and plant
nutritional status and productivity in Experiment 1 and the relationship between soil pH
and plant variables in Experiment 2. The relation between the variables was obtained
through correlation analysis with the Pearson coefficient, when the assumption of normality
and linearity was accomplished; when this was not the case, the Spearman coefficient
was used.

3. Results

3.1. Gradients in Soil and Plants along the Rows
3.1.1. Soil Properties

The silt and sand contents varied significantly between the sampling positions (Table 1).
The two fields also differed significantly in clay and sand content. The soil bulk density
and soil porosity varied significantly between the sampling positions and fields but in
the opposite way. The interaction between sampling position and field was significant for
soil porosity, which means that the effect of the irrigation on this variable depended on
the field.
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Table 1. Soil separates and soil bulk density and porosity from samples collected at 0.0–0.20 m depth, in March 2017, as
a function of sampling position (1, . . . , 9), and field. Means followed by the same letter are not significantly different by
Tukey HSD (sampling position) or Student’s t (field) tests (α = 0.05).

Clay Silt Sand Bulk Density Porosity
(%) (kg dm−3) (%)

Sampling position (P)
Lowest value 15.6 a 34.5 a 59.7 a 1.26 a 52.1 a
Highest value 11.8 a 28.5 b 49.9 b 1.18 b 48.0 b

Field (F)
Field 1 16.0 a 33.2 a 50.8 b 1.25 a 49.1 b
Field 2 11.5 b 32.1 a 56.4 a 1.21 b 50.8 a

Prob (P) 0.2770 0.0386 0.0307 0.0143 0.0020
Prob (F) 0.0005 0.3741 0.0072 0.0260 0.0259

Prob (P × F) 0.8998 0.0432 0.1221 0.0874 0.0256

The soil bulk density was higher in the soil surface (0.0–0.1 m) when compared to the
deeper (0.1–0.2 m) layer (Figure 3). The soil bulk density did not vary significantly along
the rows for both soil depths. The soil porosity, in turn, was lower in the surface layer, and
the gradient found along the rows was not significant for any of the soil layers. The soil
bulk density and porosity varied significantly between the two fields, but the gradients
found along the rows were not statistically significant.
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Figure 3. Soil bulk density and porosity from soil samples taken at different sampling positions along the gradient of
irrigation (1, . . . , 9), as a function of depth (D1, 0.0–0.10 m; D2, 0.10–0.20 m) and field (F1, field 1; F2, field 2).

Some other soil properties determined from the samples collected at 0.0–0.20 m
depth varied significantly between sampling sites, sampling positions and fields (Table 2).
Extractable P and K, conductivity, organic C, CEC and extractable Zn and B showed
significantly higher values in the samples collected in the ridges. However, soil pH (H2O
and KCl), base saturation and extractable Mn were significantly higher in the samples
collected in the inter-rows. Most of the soil properties varied significantly between the
sampling positions, the exceptions being soil pH, conductivity and extractable K. Soil
properties also differed significantly between fields, except for soil conductivity. Significant
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interaction between the sampling site and the field was found for extractable P, conductivity,
exchangeable Ca and extractable Fe. Significant interaction between the sampling position
and the field was found for organic C and extractable Fe, Mn, Zn, Cu and B. No significant
interaction was found between the three factors of this experiment.

3.1.2. Hop Dry Mater Yield and Leaf Nutrient Concentration

Aboveground dry biomass (stems, leaves, cones and total) in Field 1 showed a clear
tendency for a decrease along the rows (Figure 4). However, the decrease was only statis-
tically significant for stem dry matter yield (DMY). For all plant parts, the coefficients of
determination (R2) were not particularly high, which helps to explain the lack of signif-
icant correlation between the two variables. In Field 2, no clear tendency was found in
aboveground DMY.

  

  

y (F1) = 15.97x + 423.9
R² = 0.4634; P = 0.0424

y (F2) = 6.0567x + 393.55
R² = 0.0715; P = 0.4869

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6 7 8 9

St
em

 D
M

Y
 (g

 p
la

nt
 -1

)

y (F1) = 14.778x + 524.43
R² = 0.3161; P = 0.1166

y (F2) = 8.66x + 615.91
R² = 0.0241; P = 0.6907

0
100
200
300
400
500
600
700
800
900

1000

0 1 2 3 4 5 6 7 8 9

Le
af

 D
M

Y
 (g

 p
la

nt
 -1

)

y (F1) = 16.242x + 569.81
R² = 0.2676; P = 0.1543

y (F2) = 0.8959x + 604.45
R² = 0.0016; P = 0.9189

0
100
200
300
400
500
600
700
800
900

0 1 2 3 4 5 6 7 8 9

C
on

e 
D

M
Y

 (g
 p

la
nt

 -1
)

Sampling position

y (F1) = 46.99x + 1518.1
R² = 0.386; P = 0.0741

y (F2) = 13.821x + 1613.9
R² = 0.0217; P = 0.7058

0

500

1000

1500

2000

2500

0 1 2 3 4 5 6 7 8 9

To
ta

l D
M

Y
 (g

 p
la

nt
 -1

)

Sampling position

Figure 4. Dry matter yield (DMY) from plants collected at harvest in September 2017, at different sampling positions along
the gradient of irrigation (1, . . . , 9), and as a function of field (F1, field 1; F2, field 2).

N concentration in the leaves taken at 2 m height did not vary significantly along the
rows in any of the fields (Figure 5). Leaf P also did not vary significantly along the rows
but the values in Field 1 were lower than in Field 2. Leaf K levels did not vary significantly
along the rows in Field 1 but increased significantly in Field 2. Leaf Ca and Mg levels
showed a slight tendency to increase in both fields but without statistical significance. In
general, the micronutrients showed even more erratic tendencies when the values of the
two fields were compared and only the values of leaf Cu showed a significant decrease
along the rows in Field 1.
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Figure 5. Leaf nutrient concentration from samples taken at 2 m height and at different sampling positions along the
gradient of irrigation (1, . . . , 9), as a function of field (F1, field 1; F2, field 2).

3.1.3. Correlation Analysis between Soil Properties and Plant Dry Matter Yield

Soil bulk density and porosity correlated in a different way with soil pH (H2O and
KCl), leaf P and total DMY (Table 3). That is, the correlations of soil pH were positive for
soil bulk density and negative for soil porosity at 0.0–0.10 m depth. Leaf P concentration
was significantly and negatively correlated with soil bulk density at 0.10–0.20 m depth,
in contrast to the positive correlation found with soil porosity. Leaf Fe concentration was
found significant and negatively correlated only with soil porosity at 0.10–0.20 m depth.
The strongest correlations were found for total DMY with soil bulk density (r = −0.706)
and soil porosity (r = 0.714), both at 0.10–0.20 m depth.
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Significant correlations were found for soil clay content, positive for soil pH and leaf
K, and negative for leaf P, leaf Cu, total DMY and cone DMY. In contrast, soil sand content
correlated significantly and negatively with soil pH (H2O) and leaf K, and positively with
leaf Cu and B. Soil silt content correlated significantly and negatively with leaf B.

3.2. Liming Experiment
3.2.1. Soil Properties

Most soil properties, such as extractable K, P, Mn, Zn, Cu, B, conductivity and pH
presented significantly higher values in the limed plot in comparison to the untreated
control (Table 4). Exchangeable Ca and CEC showed higher values in the limed plot but
not significantly different to those observed in the control. Significant differences between
the two fields used in this experiment were also found for most of the soil properties, the
values of extractable K, P, Zn, Cu and B, conductivity, pH, exchangeable Ca, CEC and
base saturation being significantly higher in Field 1. Only extractable Fe was significantly
higher in Field 2. The interaction between liming and field was significant for extractable
K, conductivity, and pH.

3.2.2. Plant Response to Liming

The concentration of nutrients in the leaves taken at 2 m height showed significant
differences between treatments for leaf P in 2017 and for leaf Fe and B in 2018 (Table 5). The
values reported for P and Fe were significantly higher in the limed plots, and those reported
for B were significantly higher in the control. Total and cone DMY were significantly lower
in the limed plots with the exception of total DMY in 2017, whose differences between
treatments were not statistically significant. When comparing fields, significant differences
were found for some nutrients and total and cone DMY. However, only leaf concentrations
of K, Cu and B, and total and cone DMY, maintained the same trend in both years and
fields. In 2017, significant interaction between the liming treatment and the field was only
found for leaf N and Mn and in 2018 for leaf P and total DMY.

3.2.3. Correlation Analysis between Soil pH and Plant Variables

Significant correlations between the soil pH (H2O and KCl) and leaf nutrient concen-
tration were found for several nutrients, but a similar trend over the two years was found
only for leaf Cu and B, both presenting negative correlations with soil pH (Table 6). Soil
pH and leaf P, for instance, showed a negative correlation in 2017 and a positive correlation
in 2018. Significant and negative relations between soil pH and total and cone DMY were
also found for the first year of plant sampling.
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4. Discussion

The results of Experiment 1 showed significant differences in some soil properties
at different positions along the rows, but not over a continuous gradient. Thus, the
results cannot be attributed to the flooding irrigation, but they were probably caused by
heterogeneity in spatial variability of important soil constituents such as clay, sand and silt,
since it is well-known that soil texture determines many other soil physical and chemical
properties [25]. Variations in soil properties were also found when comparing different soil
layers. The soil bulk density was higher in the soil surface layer (0.0–0.1 m), and porosity
was found to be higher in the deeper (0.1–0.2 m), layer. The soil bulk density and porosity
in agricultural fields are influenced not only by soil texture but also by external loads
which cause soil compaction [13,26,27]. In this particular case, it seems that the effects
of frequent irrigation and soil tillage prevailed, which may have prevented a proper soil
aggregation, leading to an increase in soil bulk density and a reduction in soil porosity
on the surface layer which was directly impacted by the cultivator. The variation in soil
properties was also significant when comparing fields. The field higher in clay and lower
in sand presented significantly higher soil bulk density. Usually, clayey soils tend to have
a lower bulk density and higher porosity than sandy soils [28]. However, these results
indicate an opposite trend, probably because of the negative effect on soil aggregation and
compaction caused by frequent soil tillage. Other studies have also found spatial variability
in bulk density and water infiltration on flooded fields caused mainly by tillage practices,
particularly when heavy machinery is used [8,29].

The soil samples collected from the ridges showed significantly higher values of
extractable P and K. In the ridges, the conditions for nutrient uptake were poor since they
are created every year by soil pushed from the inter-rows, which means that they contain
nutrients barely taken up by the plant due to the limited expansion of roots in this position.
In addition, in this irrigation system, the water flows from the inter-row to the ridge due to
the gradient of water potential caused by the evapotranspiration from the latter and the
continuous water supply to the inter-row. This means that nutrients tend to accumulate in
the ridge, carried by mass flow, in contrast to what happens in the inter-row, from which
nutrients tend to be leached out. Mass flow is the main driving force causing the movement
of most nutrients in the soil [30–32]. Thus, soil conductivity was higher in the ridge, due
to the increased presence of salts as demonstrated by the increase in CEC. Organic C also
appeared higher in the ridge, probably because this zone is not tilled so frequently, which
reduces the exposure of organic matter to the heterotrophic microorganisms that cause
its oxidation [33]. This zone also contains the remaining bines (those that do not climb)
and weeds, which are incorporated into the soil when the ridge is created, which usually
represent more debris than that incorporated in the inter-row. B also increased in the ridge,
perhaps due to higher levels of organic C, which have the ability of retaining B in the
soil [34,35].

Soil pH (H2O and KCl), base saturation and extractable Mn were significantly higher
in the samples collected in the inter-rows. These results are probably related to the decrease
in the potential redox, which may have increased the pH of the soil [36]. The increase in
soil pH in the inter-rows was probably also related to the increase in the concentration of
cation ions, such as Ca and Fe [37]. Base saturation increased in the inter-rows probably
due to the presence of the divalent cations, less available to move into the ridge by mass
flow. The higher concentration of Mn in the inter-rows might have also been due to the
reduction of Mn that occurred at the beginning of the reduction process. This can occur
when the redox potential is still positive [38].

A clear gradient along the rows was not observed for total and cone DMY. These
results did not corroborate the hypothesis that flood irrigation is creating a spatial variation
in plant performance along the rows. The differences detected in the plants seem to be
due to spatial variability in the soil constituents, namely the soil separates which, in turn,
influence soil bulk density and porosity. The results from the correlation analysis showed
significant and negative relations between total DMY and soil bulk density (r = −0.706) and
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between total DMY and clay content (r = −0.676). In contrast, total DMY and soil porosity
at 0.10–0.20 m correlated significantly and positively (r = 0.714). The soil surface layer
presented a higher bulk density, which has already been explained by the effect of irrigation
and frequent soil tillage, which reduces the stability of soil aggregates, increasing bulk
density and decreasing porosity [10,26]. On the other hand, it seems that the higher porosity
in the 0.10–0.20 m layer was an important factor affecting DMY, likely because in the surface
layer the diffusion of oxygen to ensure the biological processes of the soil is always easier.
Soils with a higher clay content tend to retain more water, decreasing soil aeration which
negatively affects the function of root and plant metabolism [13,39]. Under the conditions
of this experiment, the clay content in the soil seemed to be negatively associated with hop
DMY, mainly because clay is a determinant factor of soil bulk density and porosity, which
were identified in this study as determinant factors in crop productivity.

Irrigation also did not cause any relevant gradient in tissue nutrient concentration
as detected by the analysis of variance. However, correlation analysis provided some
data that deserves to be commented on. Leaf P was significantly and positively correlated
with soil porosity at 0.10–0.20 m, but was negatively correlated with soil bulk density at
0.10–0.20 m and clay content. Leaf P did not show any consistent gradient along the rows,
but was lower in the field presenting a higher soil bulk density and clay content. This
reveals that P uptake was enhanced by the increased porosity of the soil at the deeper layer
and by the lower clay content. Similarly, on barley (Hordeum vulgare L.) there was reported
a reduction in P uptake and yield associated with heavy soil compaction [13]. The higher
porosity of soil may have facilitated P root uptake from the deeper layer, which is richer in
P, probably due to the increase in the vertical movement of P as the result of fertilization
and flooding as reported by [40]. In turn, the higher clay content may have resulted in
higher P adsorption and lower P availability. In contrast, leaf Fe was significantly and
negatively correlated with soil porosity at 0.10–0.20 m depth. Leaf Fe also presented an
opposite tendency between fields, decreasing along the rows in the field with a lower clay
content and higher soil porosity. This result is probably related to soil reduction conditions,
as the availability of Fe decreases when soil oxygen and redox potential increases [37]. Leaf
K showed a significant and positive correlation with soil clay content and a negative one
with sand content. The availability of K in the soil is not directly affected by redox potential,
but its fixation in 2:1 clay minerals is facilitated by the increase in soil pH [36]. There has
also been reported an antagonistic effect between Fe and K in paddy fields [41,42], an
aspect that may also have influenced these results.

In Experiment 2, the application of lime increased several variables of soil fertility,
including pH, but did not significantly increase exchangeable Ca and CEC. In fact, the
rate of lime applied in this experiment was too low to cause important changes to soil
properties, as is usually achieved when using high rates of lime [32]. In a previous study,
Čeh and Čremožnik [17] applied 2.3 t lime ha−1 and reported similar results, that is, a
reduced effect on soil properties due to the application of lime.

The main effect on the elemental composition of the leaves resulting from the applica-
tion of lime would have been the significant increase of leaf P in the first growing season
after the lime application. This raised the soil pH contributing to a reduction in P fixation,
which in acidic soils is due to reactions with Al and Fe oxides, which precipitate P as AlPO4
and FePO4 [43].

Total and cone DMY did not increase with the application of lime, but rather showed a
decreasing trend. It is generally considered that the optimal pH for hop growth is between
5.7 and 7.5 [15,44]. In this study, soil pH was below the lowest value of the reported
range, which would have favoured a positive effect on the vegetation. However, the lime
application influenced some soil properties, but not enough to have a high impact on the
elemental composition of the leaves. In general, the nutrient content of the leaves was
found to be within the sufficiency ranges established for hops [45], both in the limed and
in the control treatments. Regarding total DMY, a significant interaction between lime

184



Horticulturae 2021, 7, 194

treatment and field was recorded, which may also have contributed to difficulties in the
interpretation of these results.

Correlation analysis, in turn, also did not show coherent trends over the two years of
the study. Perhaps the most relevant result was the negative correlation between soil pH
and biomass production in the first year, which again refers to diverse interactions which
may have occurred between environmental variables (year) and factors under study (field
and liming). The effect of environmental variables on the performance of the hop plant is
well known [46–48], although in this study it was not possible to clarify the isolated effects
of any of them.

5. Conclusions

Irrigation by flooding the space between rows over more than 20 years was not
responsible for any gradient in soil properties, plant elemental composition and plant
performance, although variations in those variables were found at different positions in
the row caused by erratic spatial variability of some constituents of the soil, such as sand,
silt and clay. However, irrigation followed by soil tillage on repeated occasions during the
growing season seems to have reduced soil porosity and increased soil bulk density in the
surface 0.0–0.1 m soil layer. These variables were found to be related to crop productivity
in positive and negative ways, respectively.

This study also showed that the ridge is a point of nutrient accumulation, particularly
for those that move more easily in the soil by mass flow, thereby showing also higher con-
ductivity and CEC. The reduced water potential in the ridge created by evapotranspiration
is the driving force causing the water flow from the inter-row. Organic C was also higher
in the ridge in comparison with the inter-row, probably due to the annual incorporation
of weeds and weaker hop bines (those that did not climb) when the ridge is created in
early spring.

Although the original soil was acidic, and the application of 1000 kg ha−1 of lime
caused a small increase in pH, this did not lead to other relevant changes in soil properties,
nor in plant nutrition status or total and cone DMY. The liming effect might not have
been enough to nullify the effects of the interaction between factors that always occur in
field experiments.
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Abstract: Precise irrigation management of grapevines in greenhouses requires a reliable method to
easily quantify and monitor the grapevine water status to enable effective manipulation of the water
stress of the plants. This study describes a study on stem diameter variations of grapevine planted in
a greenhouse in the semi-arid area of Northwest China. In order to determine the applicability of
signal intensity of stem diameter variation to evaluate the water status of grapevine and soil. The
results showed that the relative variation curve of the grapevine stem diameter from the vegetative
stage to the fruit expansion stage showed an overall increasing trend. The correlations of MDS
(maximum daily shrinkage) and DI (daily increase) with meteorological factors were significant
(p < 0.05), and the correlations with SWP, RWC and soil moisture were weak. Although MDS and
DI can diagnose grapevine water status in time, SIMDS and SIDI have the advantages of sensitivity
and signal intensity compared with other indicators. Compared with MDS and DI, the R2 values
of the regression equations of SIMDS and SIDI with SWP and RWC were high, and the correlation
reached a very significant level (p < 0.01). Thus, SIMDS and SIDI are more suitable for the diagnosis of
grapevine water status. The SIMDS peaked at the fruit expansion stage, reaching 0.957–1.384. The
signal-to-noise ratio of SIDI was higher than that of MDS across the three treatments at the vegetative
stage. The value and signal-to-noise ratio of SIDI at the flowering stage were similar to those of SIMDS,
while the correlation between SIDI and the soil moisture content was higher than that of SIMDS. It can
be concluded that that SIDI is suitable as an indicator of water status of grapevine and soil during
the vegetative and flowering stages. In addition, the signal-to-noise ratio of SIMDS during the fruit
expansion and mature stages was significantly higher than that of SIDI. Therefore, SIMDS is suitable
as an indicator of the moisture status of grapevine and soil during the fruit expansion and mature
stages. In general, SIMDS and SIDI were very good predictors of the plant water status during the
growth stage and their continuous recording offers the promising possibility of their use in automatic
irrigation scheduling in grapevine.

Keywords: grapevine; maximum daily shrinkage; daily increase; stem water potential; leaf relative
water content; signal intensity

1. Introduction

Fruit tree orchards are common in arid and semi-arid areas where water for irrigation
is scarce. This, together with an increasing world population that has to be fed and with
other water-using sectors competing for the limited water resources, makes the use of
precise irrigation techniques in those orchards unavoidable. The response of the scientific
community to this challenge has been to invest a substantial amount of research in the
development of deficit irrigation approaches [1,2] and of new irrigation technologies based
on more-precise, user-friendly water-stress indicators. Some can be continuously and
automatically recorded, having a great potential for irrigation scheduling [3].
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In recent years, it has become very popular to study the relationship between plant
and water based plant water status indicators [4]. There are many ways to monitor and
diagnose crop water status. From the perspective of plant physiology, the short-term
microchange dynamics of plant organs (stems, leaves, fruits, etc.) are closely related
to the water status of plants and have been widely focused on by many scholars [2–4].
The most widely used approach for evaluating plant water status has been to determine
leaf [5,6], stem water potential [6] and leaf water content [7–10]. Plant water potential is a
significant and reliable indicator of plant water status for scheduling the irrigation of plants.
Argyrokastritis et al. [5] established the relationship between leaf water potential and water
stress index, which can well characterize the water deficit status of plants. Wang et al. [6]
used leaf and stem water potential to characterize the water status of grapevine, which
can well judge whether the grapevine is in deficit state and determine when to need
irrigation. However, the main disadvantage of plant water potential is the relatively
cumbersome measurement procedure, including the necessity of frequent trips to the field
and a considerable input of labor. The robustness of the sensors used to measure stem
diameter fluctuations have renewed interest in using these parameters as plant water status
indicators [1,6,11,12]. Apart from being capable of an early detection of water stress, even
if this is mild, these techniques permit continuous and automated recordings of the plant
water status and an immediate, consistent and reliable response to water deficit [13–15].

Monitoring crop moisture conditions using the stem diameter microchange method
has been popular since the mid-1980s. The microchange of plant stem diameter is closely
related to its water status, when the root system absorbs enough water, the stem expands
gradually, and when the water is deficient, the stem shrinks gradually. Therefore, it is
possible to diagnose the water status of the plant with the microchange of stem diameter,
which can provide an index for the real-time prediction of crop water shortage and precision
irrigation [12,16,17]. Today, in fact, fruit tree orchards and vineyards are being irrigated
based on changes in the stem diameter [18,19]. Among them, MDS and DI indexes are
commonly studied today as the indicators of plant water content [20–22]. According to
some previous studies, the ability of an index to be suitable for use as a water diagnosis
indicator was mainly evaluated in terms of three qualities: sensitivity, signal intensity and
variability. An appropriate indicator should have better sensitivity and signal intensity
to water stress and exhibit less variability [4,14,23]. However, the disadvantage of this
method is that it cannot determine whether the critical value is independent of crop species
or growth stage. In addition, meteorological factors have a great influence on MDS under
the same water conditions [24]. The maximum stem diameter over time can be used to
diagnose water deficit, but the growth rate of the crop is different at different growth stages.
Under high evaporation intensity at the mature stage, crop stems may also shrink even if
the crop does not lack water, and the variation in daily MXSD (maximum stem diameter)
has no more significance [25]. Therefore, it may be difficult to apply the MDS of stem
diameter as a crop moisture stress signal in practice.

The observation of stem diameter and its dynamic changes is beneficial to the study
of plant moisture changes under interlaced internal and external factors. However, the
observation of stem diameter is easily influenced by meteorological factors [26–28]. How
to eliminate the interference of external environmental factors on the variation in stem
diameter is always the difficulty in determining the most appropriate indicator. Due to the
influence of other factors, it was difficult to diagnose plant water content. Only the observed
values of stem diameter variation and the prediction values of stem diameter variation
under no water stress, should be calculated to assist in the diagnosis. The comparison of
MDS and DI with reference factors (relative values) can be used to directly reflect crop water
status. The signal intensity is obtained by standardizing the reference value of the stem
diameter indicator under fully irrigated conditions and the measured value of actual growth
conditions, which can effectively eliminate the influence of meteorological factors [29].
Thus, the accuracy of these equations is very important to future studies, as these equations
are the foundation for diagnosing plant water content and making irrigation schemes based
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on plant stem diameter variations. Currently, existent studies concentrate mostly on the
grapevine stem diameter variations in outdoor conditions and seldom did it to grapevines
planted in a greenhouse [22,30,31]. In addition, the past research on the variation in stem
diameter has mainly focused on the feasibility of moisture diagnosis, maximum daily
shrinkage, daily increase, and other stem diameter indicators, which have been verified for
use in the moisture status diagnosis of different crops [11,24,32–34]. The variation in stem
diameter is influenced by environmental factors and the crop growth characteristics. The
difference in crop growth at different growth stages may significantly affect the potential
of stem diameter variation indicators for use in determining irrigation regimes. Therefore,
different indicators should be applied in different growth stages [26]. There have been few
reports on this topic, and further research is needed.

For these reasons above mentioned, this research selected the greenhouse grapevine
as the study object. Because of its rich nutrition and delicious taste, grapevine has become
a kind of world major fruit. In China, grapevines have been widely cultivated as well, and
a considerable part among them are planted in sunlight greenhouses. Due to the present
water shortage in the Northwest China, it is important to acquire accurate crop water
content information and timely plan water-saving irrigation schemes, which benefit the
sustainable development of local agriculture. Thus, the main aims of this study were as
follows: (1) to explore the relative variation in the changes in MDS and DI in stem diameter
during different stages; (2) to clarify the correlation of microchanges in stem diameter with
stem water potential, leaf relative water content, and soil water content; (3) to evaluate
whether SIMDS and SIDI can be applied to diagnose grapevine moisture and soil moisture
status; (4) to analyze the sensitivity of signal intensity indicators and to determine the
suitability of SIMDS and SIDI under different stages.

2. Materials and Methods

2.1. Study Area

The experiment was carried out in greenhouse of Yuhe Farm, Shaanxi Province,
from March to July 2018 (108.58◦ E, 37.49◦ N). The annual average rainfall in this area is
365.7 mm, the annual average temperature is 8.3 ◦C, the annual relative humidity is 69.37%,
and the annual average duration of sunshine is 2893.5 h, which is representative of the
typical continental marginal monsoon climate of the area. Table 1 shows the meteorological
data (cultivation stage averages) recorded over the experimental year. The test soil was an
aeolian sandy soil. The chemical properties of the soil were as follows: the soil ammonium
nitrogen was 7.48 mg·kg−1, the nitrate nitrogen was 22.91 mg·kg−1, the available phos-
phorus was 4.07 mg·kg−1, and the available potassium was 163.47 mg·kg−1. The physical
properties of the soil are shown in Table 2.

2.2. Experimental Design

Six-year-old grapevine (early-maturing variety 6–12, which was selected from the
scarlet bud transformation in 1998) were planted in greenhouse, and grapevines with
good growth and similar shapes were selected for the experiments. The entire growth
period of grapevines can be divided into four main growth stages: the vegetative stage, the
flowering stage, the fruit expansion stage, and the coloring mature stage, the cultivation
period was 121 days during the growth season. The greenhouse was oriented east-west and
was 70 m long and 9 m wide. The grapevine row width and row spacing were 0.8 m and
1.5 m, respectively, and the plant spacing was 0.6 m, with 14 grapevines per row. Artificial
warming was carried out in greenhouse to ensure the growth temperature of grapevines
on 11 March 2018. Drip irrigation was used in the experiment. A single-wing labyrinth
drip irrigation belt (produced by Xinjiang Dayu Water Saving Company, Xinjiang, China)
was adopted. The inner diameter and wall thickness of drip irrigation belt was 0.02 m and
0.018 m, respectively. the distance between the drippers was 0.3 m, the design flow of the
dripper was 4.0 L·h−1, and the laying mode of the drip belt was one row of two pipes.
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Table 1. Meteorological data of different cultivation stages in greenhouse.

Cultivation Stage Ta Ra RH VPD

vegetative stage 18.8 301.0 53.8 0.33
flowering stage 19.7 327.9 50.4 0.35

fruit expansion stage 22.3 421.1 51.2 0.34
coloring mature stage 25.1 362.3 55.7 0.32

Note: Ta (°C): air temperature; Ra (w·m−2): solar radiation; RH (%): relative humidity; VPD (kpa): vapor pressure deficit.

Table 2. Physical properties of the soil.

Depth (cm)

Textural Analysis
FC

(g·g−1)
PWP

(g·g−1)

Bulk
Density
(g·cm−3)Sand (%) Clay (%) Silt (%)

Texture
Class

0–40 87.54 5.27 7.19 Aeolian soil 13.18 2.31 1.64
40–80 70.23 19.53 10.24 Sandy loam 17.45 6.38 1.46

Note: FC: field capacity; PWP: permanently wilting point.

The experiment was conducted with drip-irrigated grapevines under three irrigation
treatments: a full irrigation treatment (T1:100% M) and two regulated deficit irrigation
treatment (T2: 80% M; T3: 60% M), M represents the irrigation quota. There were three
treatments in total and three plots per treatment (each plot had a length of 8 m, a width of
4.5 m, and an area of 36 m2), with a random block arrangement. The irrigation dates and
irrigation amount is shown in Table 3, the grapevines were irrigated 12 times during the
entire growth period. The irrigation quota was calculated by Equation (1). The irrigation
time was determined according to whether or not T1 reached the lower limit of the water
quantity, which was 65% of β1 at the vegetative and coloring mature stages and 70% of β1
at the flowering and fruit expansion stage. The predicted wet layer depth of the soil was
0.8 m. The total amount of fertilization during the entire growth period was 0.84 t·ha−1,
and the proportion of N:P:K was 1.0:0.6:1.2. Fertilization was carried out over three periods:
the germination stage accounted for 20% of the total amount of fertilization, the flowering
and fruit expansion stages accounted for 60%, and the coloring mature stage accounted
for 20%. The drip irrigation and fertilization were controlled by integrated irrigation and
fertilization equipment.

M = 0.1γsHP(β1 − β2) (1)

where M represents the irrigation quota, mm; γs represents the soil dry bulk density,
1.64 g·cm−3 in 0–40 cm soil depth, 1.46 g·cm−3 in 40–80 cm soil depth; H is the predicted
wet layer depth of soil, 0.8 m; P is the designed wet soil ratio, 0.8; β1 is the field water
holding capacity, 13.18% in 0–40 cm soil depth, 17.45% in 40–80 cm soil depth; and β2 is the
lower limit of the soil moisture content, 65% of β1 at the vegetative and coloring mature
stages and 70% of β1 at the flowering and fruit expansion stage.

2.3. Observation Indicators
2.3.1. Meteorological Factors

All meteorological data are automatically measured and recorded every 30 min using
a Watchdog micro series (Spectrum Technologies Inc., Chicago, IL, USA) meteorological
station in the middle of the greenhouse. The monitoring indicators includes air temperature
(Ta), relative humidity (RH), solar radiation (Ra) and other meteorological parameters. The
vapor pressure deficit (VPD) was estimated by the RH and Ta and was calculated by the
modified Penman formula. The formula [35] was as follows (2):

VPD = 0.6108 × EXP(
17.27 × Ta

Ta + 237.3
)× (1 − RH

100
) (2)
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Table 3. Irrigation amount of grapevine under different cultivation stages.

Cultivation Stage Irrigation Date
Irrigation Amount (m3·ha−1)

T1 T2 T3

vegetative stage

3/11 293.61 234.80 176.02
3/19 293.61 234.65 175.55
3/27 293.60 234.60 175.34
4/06 293.62 234.65 175.62

Flowering stage 4/15 341.40 273.05 204.60
4/25 341.39 273.04 204.15

Fruit expansion stage

5/05 341.39 273.00 204.20
5/13 341.37 272.58 204.14
5/20 341.42 272.69 204.47
5/27 341.41 273.10 204.34

Coloring mature stage 6/05 293.60 234.50 175.59
6/15 293.61 234.55 176.30

Total irrigation amount 3810 3045 2280

2.3.2. Soil Moisture Content

The soil moisture automatic monitoring system consisted of an EM50 data recorder
(Environmental Logging System, Decision Devices, Inc., Pullman, WA, USA) and four
ECH2O5TE sensors (Decision Devices, Pullman, WA, USA). The soil moisture automatic
monitoring system was installed 30 cm from the base of the grapevines and perpendicular
to the planting row. Three representative grapevines were selected, and three monitoring
systems were installed for each treatment. A sensor was installed every 20 cm, the buried
depth was 80 cm, the soil volume moisture content was recorded every 30 min. Before
the beginning of the growing season, in order to ensure the accuracy of the ECH2O5TE
sensor, soil samples were taken every 20 cm with a soil drill until 80 cm, and the soil
moisture content was calculated by drying method. At the same time, the data recorded by
the ECH2O5TE sensor in different soil layers were recorded. Three days of soil moisture
data were used to calibrate ECH2O5TE by drying method. The regression equation was
established by regression analysis between the soil water content calculated by drying
method and the soil water content monitored by ECH2O5TE. In addition, the same method
was used to calibration ECH2O5TE every 10 days during grape growth.

2.3.3. Stem Diameter Microchanges

The stem diameter microchanges were automatically monitored continuously using a
DEX20 (Dynamax, USA, 0.050 mm) instrument. The instrument was installed at the stem
10 cm above the ground, with a maximum displacement of 5 mm and a recording interval
of 30 min. The relative variation (RV) in stem diameter was defined as the change value at
the time of probe installation, and the grapevine stem diameters were inconsistent when
the sensor was installed due to differences among different plants. To explain the difference
in plant growth caused by different water treatments, the initial value of stem diameter
at the time of sensor installation in each growth period was set to 1 mm, so that the three
treatments could be compared easily. The maximum daily shrinkage (MDS) was calculated
by subtracting the minimum stem diameter (MNSD) from the maximum stem diameter
(MXSD). Periodic changes in stem diameter were observed daily; MXSD usually occurred
in the early morning and MNSD occurred at noon. The daily increase (DI) of stem diameter
was obtained by subtracting the daily MXSD from that of the day before.

2.3.4. Stem Water Potential and Relative Water Content of Leaves

The pressure chamber (TP-PW-II, Top Cloud-agri Technology Company, Zhejiang,
China) was used to measure the stem water potential (ϕs) every 5–7 days, and the ϕs is
measured at 9:00 to 10:00 BJS. Three grapevines were selected for each treatment, and
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one branch under good growth conditions was selected as the sample on the sunny side
outside the crown. The sample was put into a plastic bag containing moist gauze and
quickly brought into the laboratory. The sample was clamped in a pressure chamber and
pressurized by gas (compressed nitrogen), the pressure used for exudation of tissue fluid
was observed. At this time, the pressure value was the stem water potential.

The relative water content (RWC) of leaves was determined by the drying method.
The selection and determination of leaves were the same as those used for leaf water
potential measurement. After weighing the fresh weight, the leaves were immersed in
water for 12 h and then taken out. The water on the surface of the leaves was wiped with
absorbent paper and weighed. Then, the leaves were immersed in water for 1 h, taken out,
wiped dry and weighed until reaching a consistent weight. After 0.5 h of dehumidification
at 105 °C for 0.5 h, the leaves were dried to constant weight at 80 °C. Leaf relative water
content (RWC) = (initial fresh weight − dry weight)/(saturated fresh weight − dry weight)
× 100%.

2.3.5. Signal Intensity Calculation of Stem Diameter Indicator

The reference value is usually calculated by the stem diameter indicator under non-
water stressed conditions or by substituting the meteorological indicator into the reference
equation [21]. The calculation formulas of SIMDS and SIDI are as follows:

SIMDS = Measured MDS/Reference MD (3)

SIDI = Measured DI/Reference DI (4)

In this study, the regression equation between the MDS and DI of stem diameter
and meteorological factors showed that the correlation between the MDS and DI of three
treatments and Ta was the best. The soil moisture of the W1 treatment always remained
above 65% of the field capacity at the vegetative and mature stages and 70% of the field
capacity at the flowering stage and fruit expansion stage. The reference equation for stem
diameter was established between the MDS and DI values of the W1 and Ta to calculate
the reference value of MDS and DI for each growth stage.

2.3.6. Flexible Evaluation of Signal Intensity

High variability indicators need to be measured many times to reduce error, which
increases the costs of such methods. Therefore, the intensity and variability (coefficient
of variance, CV) of indicators should also be considered. When soil moisture changes,
the ratio of signal intensity (SI) to noise is greater in the short term, indicating that the
indicator is more suitable for moisture status diagnosis [36]. The formula for calculating
the signal-to-noise ratio is shown in formula (5).

Signal-to-noise ratio = signal intensity/coefficient of variation (5)

2.4. Data Analysis

The correlation and regression analysis were carried out using SPSS 21.0 software
(SPSS Inc., Chicago, IL, USA). Multiple comparisons were performed by least significant
difference tests, with a significance level of 0.05. Microsoft Excel 2010 Software was
used for processing data. The graphs were created by using Origin 2018. Correlation
analysis was conducted between MDS, DI, SIDI, SIMDS and meteorological factors; The
relationships between MDS, DI, SIDI, SIMDS and SWP, RWC as well as between MDS,
DI, SIDI, SIMDS and soil water content were analyzed through regression analyses. In all
cases, the coefficient of determination (R2) was used to assess the goodness of fit of the
associations among variables.
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3. Results

3.1. The Relative Variation of Stem Diameter under Different Stages

The relative variation (RV) curve of stem diameter under different stages showed a
24 h up and down cycle, and different irrigation amounts had different influences on the
stem diameter of grapevine (Figure 1). The total increase in stem diameter was 0.128 mm
under W1, while those of W2 and W3 fluctuated and decreased. The stem diameter of
W3 began to decrease sharply after 7 April, and the total increase in stem diameter under
W2 and W3 was −0.143 and −0.570 mm, respectively (Figure 1a). There was a certain
difference in the RV curve between the vegetative and flowering stages, and the RV curves
of stem diameter under three treatments showed an up and down growth trend (Figure 1b).
In terms of the total increase in stem diameter, W1 was the largest (0.555 mm), and W2 and
W3 showed values 69.55% and 32.79% of that under W1, respectively.

Figure 1. Relative variation curve of stem diameter during different stages. (a) Represents the
vegetative stage, (b) represents the flowering stage, (c) represents the fruit expansion stage, and
(d) represents the coloring mature stage.

There were significant differences in the RV curve of stem diameter among different
treatments during the fruit expansion stage (Figure 1c). The RV curve of W1 showed an
upward trend, and the RV curve of W2 fluctuated by approximately 1 mm. Before irrigation
on 20 May, the RV curve of the W3 treatment showed a decreasing fluctuating trend, the
diameter of the stem recovered after irrigation, and the recovery effect gradually weakened
when the soil moisture content gradually decreased. The stem diameter recovered values
under W2 and W3 were 86.28% and 72.79% of that under W1, respectively. The stem
diameter RV under W3 remained stable at approximately 0.4 mm after 25 May. The RV
curve of W1 and W2 showed a decreasing trend during the mature stage (Figure 1d), the
RV curve of W3 fluctuated at 1 mm, but the three treatments still had significant shrinkage.
The contractions under W1 and W2 were more pronounced than those under W3. The total
increase in stem diameter among the three treatments was negative.

The daily change of stem diameter was the same under three treatments (Figure 2), it
showed a trend of first increasing, then decreasing, and then increasing over 24 h. The MDS
of the stem diameter showed significant differences under three treatments. The MDS of
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W3 was the largest at 0.138 mm, and W1 was the lowest at 0.051 mm. The stem diameter of
W1 could recovered to the maximum of the previous day and continued to grow. However,
the stem diameter under W2, W3 could not recover to the maximum of the previous day
owing to moisture stress, and growth of both W1 and W2 appeared negative. The MXSD
and MNSD of three treatments appeared at the same time on rainy days, which included
that rainy weather had no significant effect on the occurrence time of MXSD and MXSD
under different treatments. The variation in Ra, Ta and RH on rainy days was smaller
than that on sunny days, and the degree of stem diameter contraction was also lower on
rainy days than that on sunny days, which showed meteorological factors may be the main
force affecting the variation in stem diameter. We can conclude that MDS decreased with
increasing irrigation amount, the influence of meteorological factors and soil moisture on
the variation in stem diameter was interactive.

Figure 2. The daily change in stem diameter of grapevine under different weathers. Sunny days:
6/23, 6/24; Rainy day: 6/25.

3.2. Evaluation of Applicability as a Moisture Diagnosis Indicator
3.2.1. The Correlation of MDS and DI with Meteorological Factors

The MDS and DI are the main components of stem diameter variation and are affected
by soil moisture and meteorological factors [22]. Correlation analysis was carried out
between MDS (Figure 3) and DI (Figure 4) in stem diameter and meteorological factors.
The change in MDS was similar to those in meteorological factors (Ra, Ta and VPD). The
MDS increased with increasing Ra, Ta and VPD and decreased with increasing RH. The
correlation of DI with meteorological factors was opposite to that of MDS. The correlations
between the MDS and DI of the three treatments and meteorological factors were significant
(p < 0.05). The correlation between MDS and meteorological factors decreased with increas-
ing irrigation, and the correlation between the DI and meteorological factors increased
with increasing irrigation. It can be seen from Table 4 that the correlation coefficients of
MDS, DI and Ta were the highest, at 0.601–0.692 and 0.683–0.723, respectively.

3.2.2. The Correlation of MDS, DI with Stem Water Potential and RWC of Leaves

Stem water potential (SWP) and relative water content (RWC) of leaves are important
indicators to characterize plant water status and exhibit the most direct response to drought
during crop growth [37,38]. The models of MDS, DI and SWP and RWC were established.
The coefficient of determination (R2) is shown in Table 5. The regression equations of MDS
and DI with SWP and RWC generally meet the significance test, which shows that both
MDS and DI have obvious correlation with SWP and RWC, but R2 values are not high. We
found that, compared with W1 and W2, the R2 values of MDS with SWP and RWC in W3
treatment were below 0.20, and the significance was weak. Therefore, MDS and DI were
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easily disturbed by meteorological factors and could not be directly used for the diagnosis
of grapevine water status.

°

(a) (b)

(c) (d)

Figure 3. The relationship of MDS with Ta (a), Ra (b), RH (c) and VPD (d).

°

Figure 4. The relationship of DI with Ta (a), Ra (b), RH (c) and VPD (d).
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Table 4. Correlation analysis of MDS and DI in different stages under different treatments.

Treatment
Air Temperature Solar Radiation Relative Humidity

Vapor Pressure
Difference

MDS DI MDS DI MDS DI MDS DI

W1 0.601 ** 0.723 ** 0.534 ** 0.671 ** 0.498 ** 0.672 ** 0.547 ** 0.705 **
W2 0.674 ** 0.710 ** 0.594 ** 0.606 ** 0.585 ** 0.663 ** 0.673 ** 0.721 **
W3 0.692 ** 0.683 ** 0.642 ** 0.664 ** 0.635 ** 0.623 ** 0.686 ** 0.631 **

Note: The correlation between MDS and meteorological factors. ** Correlation is significant at the 0.01 level.

Table 5. Stem water potential and leaf relative water content model with MDS and DI.

Index
Stem Water Potential Relative Water Content of Leaves

Model R2 p Model R2 p

MDS
SWPW1 = −0.162MDS + 0.027 0.338 * 0.023 RWCW1 = −0.004MDS + 0.438 0.315 * 0.030
SWPW2 = −0.302MDS − 0.024 0.498 ** 0.003 RWCW2 = −0.014MDS + 1.204 0.385 * 0.014
SWPW3 = −0.064MDS + 0.017 0.144 0.163 RWCW3 = −0.010MDS + 0.837 0.167 0.130

DI
SWPW1 = 0.215DI + 0.105 0.391 * 0.013 RWCW1 = 0.005DI − 0.382 0.296 * 0.036
SWPW2 = 0.126DI + 0.081 0.356 * 0.019 RWCW2 = 0.006DI − 0.484 0.338 * 0.023
SWPW3 = 0.023DI + 0.046 0.299 * 0.035 RWCW3 = 0.005DI − 0.308 0.410 * 0.010

* indicates a significance level of p = 0.05; ** indicates a significance level of p = 0.01.

3.2.3. The Correlation of MDS and DI with Soil Moisture under Different Stages

Soil moisture has been widely used as an indirect index of crop water deficit. It can
be used to diagnose crop moisture status if stem diameter variation is sensitive to soil
moisture. Regression analysis was carried out between MDS and DI in stem diameter and
soil moisture (Figure 5). It can be concluded that the response of DI to soil moisture was
more sensitive during the flowering stage, while that of MDS was more sensitive during
the fruit expansion stage. In general, the R2 values of the MDS and DI models were low
under different treatments. The reason for this result is that the MDS and DI in grapevine
stem diameter were easily affected by meteorological factors. Therefore, combined with
the above conclusion, it is necessary to eliminate the interference of meteorological factors
on the stem diameter variation.

Figure 5. The correlation of MDS and DI with soil moisture content under different stages.
(a) Represents the correlation of MDS with soil moisture content; (b) represents the correlation
of DI with soil moisture content. * indicates a significance level of p = 0.05; ** indicates a significance
level of p = 0.01.
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3.2.4. Signal Intensity of Stem Diameter Indicator

The signal intensities of MDS (SIMDS) and DI (SIDI) under different treatments at
different stages were significantly different (Figure 6). The SIMDS fluctuated by approxi-
mately 1 mm from the vegetative stage to fruit expansion stage under W1, while it mostly
fluctuated below 1 mm at the mature stage. The SIDI fluctuated approximately 1 under W1
during the whole growth period. The degree of change in SIMDS and SIDI under W2 and
W3 increased sequentially, and the signal values of the same stage were larger than those
of the W1. It can be seen that with the increase in irrigation, the SIDI and SIMDS values of
stem diameter tended to become stable. The SIMDS of the three treatments peaked during
the fruit expansion stage (Figure 6e), followed by the flowering stage (Figure 6c). The SIDI
of the W3 dropped sharply to below 0 on 26 May and was restored after rehydration on
27 May. Compared with those under the other growth stages, the SIMDS and SIDI of each
treatment decreased to different degrees at the mature stage (Figure 6g,h), and that of W3
treatment decreased most significantly. The SIMDS of the W3 decreased rapidly to below
the W1 level within one week after irrigation stopped and then remained stable. The SIDI
was difficult to use to distinguish the moisture status of grapevines at the mature stage
due to the large fluctuation and instability of the signal values. In conclusion, SIMDS was
preliminarily determined to be an appropriate indicator of plant moisture status, and SIDI
can be used as an indicator of moisture status at stages other than the mature stage.

3.2.5. The Correlation of SIMDS and SIDI with Meteorological Factors, Stem Water Potential
and RWC

The correlation coefficients of the SIMDS and SIDI with meteorological factors during
different growth stages are shown in Figure 7. In addition, while the individual correla-
tion coefficient reached a significant level, the correlation of the SIDI and SIMDS of three
treatments with meteorological factors during the whole growth period was not significant
(Figure 7), which indicated that the influence of meteorological factors on SIDI and SIMDS
had been excluded.

It can be seen from Table 5 that the correlations between MDS and DI and SWP and
RWC are relatively low. Therefore, after eliminating the interference of meteorological
factors, the fitting diagrams and equations of SIMDS and SIDI with SWP and RWC are
established (Figure 8 and Table 6). With the increase in SIMDS, SWP under W3 decreased
most significantly, RWC under W1 decreased most significantly; with the increase in SIDI,
SWP and RWC under W1 had the most significant increase. On the whole, the R2 of
each equation was high, and the correlation reached a very significant level (Table 6). We
concluded that the ability of SIMDS and SIDI to represent the deficit status of plants is greatly
improved after eliminating the interference of meteorological factors.

Table 6. Stem water potential and leaf relative water content model with SIMDS and SIDI.

Index
Stem Water Potential Relative Water Content of Leaves

Model R2 p Model R2 p

SIMDS

SWPW1 = −0.221SIMDS − 0.025 0.723 *** <0.001 RWCW1 = −0.100SIDI + 0.951 0.710 *** <0.001
SWPW2 = −0.362SIMDS + 0.017 0.762 *** <0.001 RWCW2 = −0.045SIDI + 0.861 0.695 *** <0.001
SWPW3 = −0.484SIMDS − 0.711 0.719 *** <0.001 RWCW3 = −0.028SIDI + 0.757 0.599 ** 0.001

SIDI

SWPW1 = 0.205SIMDS − 0.386 0.717 *** <0.001 RWCW1 = 0.073SIDI + 0.803 0.705 *** <0.001
SWPW2 = 0.101SIMDS − 0.519 0.691 *** <0.001 RWCW2 = 0.024SIDI + 0.776 0.685 *** <0.001
SWPW3 = 0.172SIMDS − 1.633 0.640 *** <0.001 RWCW3 = 0.015SIDI + 0.700 0.660 *** <0.001

Note: ** indicates a significance level of p = 0.01; *** indicates a significance level of p < 0.001.
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(a) (b)

(c) (d)

(e)

Date

(f)

(g) (h)

Date

Figure 6. The change in SIMDS and SIDI under different stages of grapevine. SIMDS represents signal
MDS of stem diameter, and SIDI represents signal DI of stem diameter. (a,c,e,g) Represents SIMDS at
the vegetative, flowering, fruit expansion and mature stage, respectively. (b,d,f,h) Represents SIDI at
the vegetative, flowering, fruit expansion and mature stage, respectively.

3.2.6. Adaptable Evaluation of Signal Intensity under Different Stages

In addition to using signal intensity of stem diameter to characterize the water status
of plants, the signal intensity of stem diameter was also explored to monitor soil water
content and diagnose whether grapevines were under water stress in real time. Therefore,
the regression model between the SIMDS and SIDI of stem diameter and soil moisture was
established (Table 7). It can be seen from Table 7 that the determination coefficient (R2)
of the SIMDS model under three treatments were high during the growth stage, which
indicated that SIMDS showed a good diagnostic effect on soil moisture status. The R2 of
the SIDI model was higher at the vegetative and flowering stages, and R2 decreased to
0.022–0.232 (p > 0.05) at the mature stage. We can conclude that SIMDS and SIDI were more
suitable for diagnosing soil water status than MDS and DI. However, the diagnostic effect
of the two indicators was quite different under different stages, so it is necessary to further
consider the moisture sensitivity under different stages to select the optimum indicator.
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Figure 7. The correlation coefficients between SIMDS, SIDI and meteorological factors under different treatments at
different stages.

(a) (b)

(c) (d)

Figure 8. Relationships between SIMDS and SIDI and SWP and RWC under different treatments. (a) Represents the
relationship between SWP and SIMDS, (b) represents the relationship between SWP and SIDI, (c) represents the relationship
between RWC and SIMDS, and (d) represents the relationship between RWC and SIDI.
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Table 7. The model of SIDI and SIMDS with soil water content at different growth stages.

Stage Treatment SIMDS R2 p SIDI R2 p

Vegetative stage
W1 SIMDS = −39.485θ + 6.304 0.688 *** <0.001 SIDI = 39.961θ − 4.286 0.739 *** <0.001
W2 SIMDS = −36.246θ + 5.848 0.566 *** <0.001 SIDI = 187.96θ − 22.077 0.448 * 0.023
W3 SIMDS = −53.413θ + 7.639 0.358 0.067 SIDI = 162.48θ − 19.697 0.451 * 0.019

Flowering stage
W1 SIMDS = −45.420θ + 7.095 0.514 *** <0.001 SIDI = 83.604θ − 9.626 0.631 *** <0.001
W2 SIMDS = −37.140θ + 5.382 0.652 *** <0.001 SIDI = 72.731θ − 7.0531 0.762 *** <0.001
W3 SIMDS= −18.224θ + 3.042 0.565 *** <0.001 SIDI = 137.85θ − 14.041 0.676 *** <0.001

Fruit expansion stage
W1 SIMDS = −37.788θ + 5.795 0.589 *** <0.001 SIDI = 37.116θ − 3.687 0.389 * 0.038
W2 SIMDS = −34.848θ + 4.983 0.560 *** <0.001 SIDI = 27.010θ − 3.140 0.313 0.087
W3 SIMDS = −53.532θ − 8.870 0.575 *** <0.001 SIDI = 74.046θ − 8.738 0.495 * 0.016

Mature stage
W1 SIMDS = −13.717θ + 2.259 0.409 * 0.027 SIDI = 80.714θ − 7.368 0.022 0.433
W2 SIMDS = −94.494θ + 12.967 0.621 *** <0.001 SIDI = 143.48θ − 15.637 0.148 0.121
W3 SIMDS = −18.736θ+ 2.387 0.646 *** <0.001 SIDI = 146.91θ − 16.031 0.232 0.885

Note: θ represents the soil moisture content. * indicates a significance level of P0.05; *** indicates a significance level of p < 0.001.

The signal intensity of MDS and DI (SIMDS, SIDI) and the coefficient of variation of
signal intensity under different stages are shown in Figure 9. The signal-to-noise ratio of
SIMDS and SIDI under different treatments at different stages can be seen in Figure 10. The
SIMDS and SIDI increased first and then decreased over the whole growth stage (Figure 9).
We found that the average values of SIMDS and SIDI under different treatments were similar
at the vegetative stage, but the variability of SIMDS was greater than that of SIDI (Figure 10),
so SIDI was a more suitable diagnostic indicator of grapevine water status and soil water
status during the vegetative stage. The average signal intensity, sensitivity and signal-to-
noise ratio were similar at the flowering stage, but SIDI had a better correlation with soil
moisture at the flowering stage (Table 7); thus, SIDI should be selected as the diagnostic
indicator of grapevine water status and soil water status at the flowering stage. The signal-
to-noise ratio of SIMDS during the fruit expansion and the mature stages was higher than
those of SIDI (Figure 10), and the sensitivity of SIMDS to soil moisture was better than that
of SIDI. Therefore, SIMDS was selected as the most suitable indicator of grapevine water
status and soil water status during the fruit expansion and the mature stages.

Figure 9. The average value of SIMDS and SIDI and coefficient of variation of signal strength under
different growth stages. (a) Represents the vegetative stage, (b) represents the flowering stage,
(c) represents the fruit expansion stage, and (d) represents the mature stage. Different lowercase
letters indicate that there is a statistical difference at P0.05 under different treatments.
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Figure 10. The signal-to-noise ratio of SIMDS and SIDI under different treatments at different
stages. (a) Represents the vegetative stage, (b) represents the flowering stage, (c) represents the fruit
expansion stage, and (d) represents the mature stage. Different lowercase letters indicate that there is
a statistical difference of signal-to-noise ratio at P0.05 in the same column.

4. Discussion

4.1. Relative Variation in Grapevine Stem Diameter

To achieve sustainable water use and efficient cultivation of crops, the moisture
condition of crops is an important factor. Under both high and low soil moisture conditions,
the grapevine stems shrunk in the daytime and recovered or expanded at night, and the
microchange in stem diameter was closely related to the water status of the plant [39,40].
The present study showed that the stem diameter under the W3 treatment began to decrease
sharply after 7 April, and the total increase in stem diameter was −0.570 mm. Because the
growth of new shoots mainly depends on the absorption of soil moisture and nutrients by
the root system and transport of these nutrients to the new shoots, the soil moisture under
the W3 treatment was low. When transpiration stopped at night, the moisture absorbed by
the root system was not sufficient to make up for the transpiration loss during the day, so
the increase in stem diameter stopped or stems even exhibited negative growth, similar to
the results of Xiong [41].

The difference in the MDS among the three treatments was not significant during the
vegetative and flowering stages. The reason for this phenomenon is that the rapid growth
rate conceals the short-term variation in stem diameter caused by water deficit, which
indicates that MDS is not a suitable indicator of moisture status during early grapevine
development [42]. During the mature stage, the growth of the stems slowed with the
seasonal process. At the fruit growth stage, the stems also ceased growth or shrunk without
water stress [43,44]. The results showed that the relative variations in stem diameter among
the three treatments decreased gradually, similar to the results of Intrigliolo and Castel [44]
and Girón et al. [44]. With the increase in water stress, the MDS under the W3 treatment
was the lowest at the flowering and fruit expansion stages. This effect may be the result of
the combination of the degree of water stress on the plant and the ability of the tissue to
hold water against the water potential gradient [12]. Further research is needed to more
accurately explain these findings.

4.2. The Correlations of MDS and DI with Meteorological Factors

Numerous studies have shown that MDS is sensitive to soil and plant moisture
status, and this measure has been applied in production as a key indicator to guide fruit
tree irrigation [31,45–47]. The DI reflects the growth rate of the stem, which is affected
by the water supply in the root zone and the intensity of transpiration. The DI is also
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sensitive to the plant moisture status during the rapid growth stage of crops. Therefore,
it is particularly important to analyze stem diameter microchanges for diagnosing crop
water deficit. Previous studies have shown that the key meteorological factors affecting
stem diameter of fruit trees under outdoor conditions are daily mean water pressure deficit
(VPD) or daily maximum temperature (Tmax) [16,23,48]. In the current study, we found that
Tmax and VPD are the key meteorological factors affecting MDS and DI, which is consistent
with previous studies on outdoor fruit trees. In addition, the plastic film on the top of
the greenhouse has good light transmittance, which can well transmit sunlight into the
grapevine of the greenhouse, which also explains the reason why the indoor and outdoor
results are similar.

Our results showed (Figures 3 and 4) that the positive correlation between MDS and
VPD was extremely significant (p < 0.01), and the negative correlation between DI and VPD
was significant (p < 0.05). Goldhamer et al. [16] indicated that VPD was the main factor
affecting the stem diameter variation of almond trees. Moriana et al. [49] showed that Ta
had the best correlation with MDS, followed by VPD, which was different from the results
of this study, and these discrepancies may have been caused by the differences in plant type
and test sites. Therefore, when the crop growth environment is changed, the relationship
between the indicator of stem diameter and meteorological factors may change, so the
reference equation obtained under a specific condition cannot be used to calculate the
reference value, which needs to be further referenced with local meteorological data.

In addition, under the same experimental conditions, due to the different responses
of different grapevine varieties to water stress, there may be differences in the stomatal
resistance, transpiration rate, and photosynthetic rate under different varieties following
water deficit, which may cause changes in sap flow in the stem, resulting in differences in
the stem diameter indicators of different grapevine varieties [50,51]. Therefore, the reference
equation obtained on a certain grapevine variety and the SIMDS and SIDI irrigation threshold
values may no longer be applicable. When calculating the crop reference value, it is better
to use the same crop variety under the same growth conditions as the reference crop.

4.3. Signal Value and Signal-to-Noise Ratio of the Stem Diameter

The stem diameter indicator is greatly affected by external meteorological factors.
The model of the correlations between MDS and DI and stem water potential, RWC
and soil moisture cannot exclude the interference of external factors [14]. According
to the experimental results, the SIMDS and SIDI had better sensitivity, signal intensity
and reliability in diagnosing the grapevine water content. In addition, the diagnostic
applicability of SIMDS and SIDI was different in different growth stages of grapevine. A
possible explanation might be the great coefficient of variation among grapevine plants
growth rates masked the differences created by water stress on SIMDS at early and middle
growth stage. Thus, the SIDI is a more appropriate indicator of the grapevine water
content than SIMDS during the vegetative and flowering stages, but as important plant
growth indexes, the variation of SIMDS and SIDI should be taken into full consideration in
practice as well. The signal value of the stem diameter variation indicator can eliminate
the interference of meteorological factors, so an accurate reference value is critical for the
use of signal intensities for guiding crop irrigation [52,53]. The SIMDS and SIDI values of
the W1 treatment fluctuated up and down by approximately 1 (Figure 6). The SIMDS and
SIDI maximum of the W2 and W3 treatments under water stress was approximately 2.0,
and the water deficit led to a significant increase in SIMDS and SIDI compared with the full
irrigation treatment. The reason for these findings may be related to the water absorption
by the root system and the ability of the stem to transport water following water stress, but
the details of these mechanisms should be researched in the future. The SIDI at the mature
stage showed an irregular curve with large fluctuations, which may have been caused by
the large fluctuation of meteorological factors at the mature stage. However, the variation
curve of SIMDS at the mature stage was relatively stable, which may have been related to
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the stem growth characteristics of grapevine at the later growth stage; the relevant internal
physiological mechanism needs to be further explored.

Although stem water potential and RWC measurements require frequent trips to the
field and a considerable input of labor, these parameters are reliable plant-based water
status indicators and have been used for irrigation scheduling in fruit trees [43,54–56].
The present results showed that there were weak correlations between MDS, DI and stem
water potential and RWC. These results were due to the unstable meteorological factors
during this period, which affected the short-term grapevine stem growth to a certain extent,
resulting in the unstable changes in stem diameter. However, when the interference of
meteorological factors on MDS and DI were eliminated, SIMDS and SIDI were not sensitive
to meteorological factors. According to the fitting equations of grape stem water potential
and RWC with SIMDS and SIDI, the fitting effect of each equation is good (Figure 8). The
coefficient of determination (R2) is approximately 0.7, which indicates that it is feasible
to use the signal intensity of stem diameter variation to characterize crop water status.
This approach can not only substantially reduce the labor required but also can be used
to continuously and nondestructively carry out index observation, which is consistent
with the research results of Badal et al. [17]. Furthermore, when using this index to
diagnose the plant water content, the best time is on a fine day, as the stem diameter
microchange indexes were small and not significantly different (p > 0.05) between stress
and full irrigation treatments under poor weather conditions in this experiment [6].

It can be seen from Figures 9 and 10 that the larger coefficient of variation (CV) of
SIMDS during the vegetative and flowering stages, which resulted in lower signal-to-noise
ratio. While SIDI has a greater variability in the late growth stage, the larger CV of SIMDS
and SIDI increased the uncertainty of judging water stress in grapevine. In order to further
explore the applicability of SIMDS and SIDI at different growth stages, more sensors should
be installed to acquire the real water content message in practice. Previous studies have
shown that some factors could affect the plant CV of MDS such as the crop load, location
of sensor installation, and so on [43,48,49,57]. The relative researches should be studied
further in future experiments to facilitate practical operation of this technic.

5. Conclusions

This work shows that there were significant differences in stem diameter variation
under different irrigation levels. Water shortage resulted in larger maximum daily shrink-
age and smaller daily increase. The stem water potential and leaf relative water content of
stress plants (W2 and W3 treatment) were significantly lower than that of the W1 treatment.
Regression analysis between MDS, DI and meteorological factors revealed that the MDS of
stem diameter was positively correlated with Ra, Ta and VPD and negatively correlated
with RH, and the DI among three treatments decreased with the increase in Ra, Ta and
VPD and increased with the increase in RH. The key meteorological factors influencing
grapevine stem diameter variation in a greenhouse were VPD and Ta. The MDS and DI
had a weak correlation with stem water potential and RWC, thus these measures cannot be
directly applied as indicators of the moisture status of grapevine and soil. SIMDS and SIDI
can distinguish the differences in the grapevine stem diameter indicators under different
soil moisture conditions, eliminate the interference of meteorological factors, and were
highly correlated with stem water potential, RWC and soil moisture content. At the vegeta-
tive and flowering stages, SIDI has less variability and greater reliability than SIMDS, it is
more suitable for the diagnosis of grapevine water status in these two periods. At the fruit
expansion and the mature stages, the signal-to-noise ratio of SIMDS is significantly higher
than that of SIMDS, so it is more suitable to be used as a diagnostic index of water status
in late growth stage of grapevine. In sum, compared with other plant water diagnosing
indexes, the SIMDS and SIDI indexes had the advantages of sensitivity, signal intensity
and reliability and were good indicators of the grapevine water content.
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