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Due to climate change plants are frequently exposed to abiotic and biotic stresses, and
these stresses pose serious threats to plant growth and productivity. A key sign of such
stresses at the molecular level is the accelerated production of reactive oxygen species (ROS),
which cause oxidative stress. Abiotic stresses result in the reduction of photosynthetic
activities of the plants and accelerate the accumulation of ROS—which are oxygen radicals
and their derivatives—such as hydrogen peroxide (H2O2) singlet oxygen (1O2), superoxide
radicals (O2

•−), and hydroxyl radical (OH•). These are highly reactive and usually toxic.
The ROS can induce cellular injuries through protein oxidation, lipid peroxidation, and
DNA damage, which finally may result in a plant’s cellular death [1–3]. Recently, ROS
have emerged as major regulatory molecules in plants, and their role in early signaling
events initiated by normal cellular metabolic function and environmental stress is now well
established. Under normal circumstances, there is a balance between the generation and the
elimination of ROS. However, this balance can be hampered by different biotic and abiotic
stresses, resulting in the generation of a large number of ROS that should be counteracted
by the antioxidant machinery in cells. Finding ways to enhance the antioxidant defense
systems in plants is a very important task for plant biologists. Recent progress in plant
molecular biology and biotechnology has been targeting the development of approaches
that can be used to enhance the antioxidant defense systems in plants. New knowledge
acquired through research on oxidative stress, abiotic stress, and biotic stress tolerance in
plants will help us to apply stress-responsive determinants and to engineer plants with
enhanced tolerance to stress.

Considering the deleterious effects of ROS, their detoxification is very important in
order to ensure plant production. Enhanced activities of antioxidant enzymes play a cru-
cial role in upregulating the adaptation mechanisms of plants under oxidative stress [4].
Non-enzymatic antioxidants—such as ascorbate (AsA), glutathione (GSH), tocopherols
(Toc), flavonoids, and carotenoids—and enzymatic antioxidants—such as superoxide dis-
mutase (SOD), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase
(DHAR), ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), glutathione
S-transferase (GST), glutathione peroxidase (GPX), and peroxidase (POD)—take part in
scavenging ROS and protect the plants from oxidative damage [1,2].

Advanced molecular tools and genomics tools have shown that antioxidant defense is
crucial for defending the plant against oxidative stress [5]. Many researchers have revealed
that modern genomics studies have advanced our capabilities of improving crop genetics,
especially those traits relevant to abiotic stress management. Billah et al. [5] reviewed the
literature for updated and comprehensive studies concerning all possible combinations
of advanced genomics tools and the gene regulatory network of reactive oxygen species
homeostasis for the appropriate planning of future breeding programs, which will assist
sustainable crop production under salinity and drought conditions [5].

From several studies, it is well established that the enhancement of antioxidant defense
is highly correlated with stress tolerance. Seleiman et al. [6] reported that sequential applica-
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tion of proline (Pro), AsA, and/or GSH rectifies ion imbalance and strengthens antioxidant
systems in salt-stressed cucumber by improving growth characteristics, photosynthetic
efficiency, relative water content (RWC), and membrane stability index (MSI). Additional
improvements were seen in AsA, Pro, and GSH; enzymatic activity; leaf and root K+ and
Ca2+ contents; and their ratios to Na+, while the same sequential applications significantly
reduced leaf and root Cd2+ and Na+ contents [6].

Some of extremophile and endemic plants were found to have ample capacity for
antioxidant defense, and those plants provide enhanced tolerance to oxidative stress. Accu-
mulation of secondary metabolites is a defense mechanism, as reported by Hashim et al. [7].
They found that endemic endangered species viz. Nepeta septemcrenata, Origanum syriacum
subsp. Sinaicum, Phlomis aurea, Rosa arabica, and Silene schimperiana) showed elevated phe-
nols, AsA, Pro, flavonoids, and tannins content in response to different altitudes. Secondary
metabolites progressively increased in the studied species that were associated with a
significant decrease in the levels of antioxidant enzyme activity [7].

ROS-induced oxidative damage can be alleviated by exogenous application of different
chemical substances, such as amino acids and their derivatives, sugars, polyamines and
vitamins, plant growth regulators to seeds (as seed priming), roots (as irrigation or soil
incorporation), or leaves (as foliar application), at low concentrations. The systemic action of
these chemicals improved various abiotic stress tolerances, including salinity, by increasing
the antioxidant defense system and decreasing oxidative injuries at the cellular level [8].

Del Pino et al. [9] investigated the persistence of the effects of selenium (Se)-fertilization
and found that Se biofortification increased the nutritional and qualitative values of foods in
Se-deficient regions and increased the tolerance of oxidative stress in olive trees. This result
indicated that trace elements have important functions in the adaptability of plants [9].

Selenium is a well-recognized trace element that has shown multifarious positive
effects on plants. This element alone or in combination with other elements could provide
increased plant oxidative stress tolerance [10]. The study conducted by Rahman et al. [11]
revealed that supplementation of Se, boron (B), and Se + B enhanced the activities of APX,
MDHAR, DHAR, GR, CAT, GPX, GST, POD, Gly I, and Gly II. This supplementation conse-
quently diminished the H2O2 content and MDA content under salt stress and improved
the growth parameters. The results reflected that exogenous Se, B, and Se + B enhanced
the enzymatic activity of the antioxidant defense system and the glyoxalase systems under
different levels of salt stress. This ultimately alleviated the salt-induced oxidative stress.
Se+B supplementation was more effective than a single treatment [11].

Phytohormones are also important stress elicitors and there are many plant studies
that show that exogenous application of phytohormones can mitigate oxidative stress
in plants. Al-Harthi et al. [12] performed seed priming with gibberellic acid (GA) and
jasmonic acid (JA) and, subsequently, the plants (summer squash) were grown in saline
media. They observed that GA and JA resulted in a reduction of the concentration of Na+,
Cl−, and the chlorophyll (Chl) a/b ratio. Increasing the activity of SOD, CAT, and APX; the
quantities of K+ and Mg2+; the K+/Na+ ratio; and the quantities of RNA, DNA, Chl b, and
carotene, ameliorated the growth of salinized plants [12].

Similarly, salicylic acid (SA) was also found to be very protective against oxidative
stress due to its metabolic functions. This hormone was found to enhance antioxidant
defense and osmolyte metabolism, which was the main cause of oxidative stress tolerance in
watermelons exposed to B toxicity [13]. Exogenously applied SA promoted photosynthesis
and, consequently, biomass production in watermelon seedlings treated with a high level
of B by reducing B accumulation, lipid peroxidation, and the generation of H2O2, while
significantly increasing levels of the most reactive ROS, OH• [13].

The interactive effects of methyl jasmonate and SA were found to mitigate drought-
induced oxidative damages in Phaseolus vulgaris as observed by Mohi-Ud-Din et al. [14].
Combined application of these phytohormones remarkably enhanced the drought tolerance
of plants by improving the physiological activities and antioxidant defense system (SOD,
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CAT, POD, GPX, and GST as well as the enzymes of the AsA–GSH cycle). Phytohormones
lowered the generation of O2

•− and H2O2 and the malondialdehyde (MDA) content [14].
Some of the non-enzymatic antioxidants, such as AsA, GSH, and Toc, were reported

to be very effective in scavenging and detoxifying ROS. In okra, foliar spray of α-Toc
showed an antioxidant potential, which promoted salt tolerance [15]. Foliar application of
α-Toc significantly improved the yield in tested okra varieties by increasing the activity of
antioxidants (CAT, GPX, SOD, and AsA), accumulation of glycine betaine, and total free
Pro in fruit tissues under saline and non-saline conditions. However, these effects were
dose-dependent [15].

Manipulating production practices or growing techniques can also help in mitigating
oxidative stress in plants. Using a resistant cultivar or rootstock is one possible approach.
Tao et al. [16] reported that the use of heat-resistant rootstock grafting is a viable technique
that is practiced globally in order to improve plant resistance to abiotic stresses. Bitter
melon (Momordica charantia L.)-grafted cucumber seedlings showed significantly improved
heat-induced growth inhibition and photoinhibition, maintained better photosynthesis
activity, and accumulated greater biomass than self-grafted seedlings [16].

Many amino acids and peptones are involved in the stimulation of physiological
and metabolic functions of plants [17,18]. Peptone-induced cadmium (Cd) tolerance in
Spinacia oleracea through modulation of antioxidant metabolism was reported by Emanuil
et al. [18]. The application of peptone decreased Cd uptake and decreased levels of MDA,
H2O2, and electrolyte leakage in spinach by increasing the activity of antioxidant enzymes.
It indicated that peptone is a promising plant growth regulator that represents an efficient
approach for the phytoremediation of Cd-polluted soils and enhancement of spinach
growth, yield, and tolerance under a Cd-dominant environment [18].

Recently, nanoparticles (NPs) have shown increasing attention in research focusing
on enhancing the growth progress and development of plants [19]. NPs have recently
become more commonly employed in commercial products and industrial applications [20].
There are many studies where NPs are commonly used as growth regulators and stress
elicitors [21]. In their study, Ahmad et al. [22] examined the effect of zinc oxide NPs in
As-stressed soybean plants. Application of zinc oxide NPs to the As-stressed plants showed
enhanced activities of the enzymes involved in the AsA–GSH cycle as well as SOD and
CAT [22].

This Special Issue, “Plant Oxidative Stress: Biology, Physiology, and Mitigation”
published 11 original research works and 1 review article that discussed the various
aspects of ROS Biology, metabolism, and the physiological mechanisms and approaches to
mitigating oxidative stress. These types of research studies show further directions for the
development of crop plants that are tolerant to abiotic stress in the era of climate change.
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Abstract: Drought and salinity are the major environmental abiotic stresses that negatively impact
crop development and yield. To improve yields under abiotic stress conditions, drought- and
salinity-tolerant crops are key to support world crop production and mitigate the demand of the
growing world population. Nevertheless, plant responses to abiotic stresses are highly complex and
controlled by networks of genetic and ecological factors that are the main targets of crop breeding
programs. Several genomics strategies are employed to improve crop productivity under abiotic
stress conditions, but traditional techniques are not sufficient to prevent stress-related losses in
productivity. Within the last decade, modern genomics studies have advanced our capabilities of
improving crop genetics, especially those traits relevant to abiotic stress management. This review
provided updated and comprehensive knowledge concerning all possible combinations of advanced
genomics tools and the gene regulatory network of reactive oxygen species homeostasis for the
appropriate planning of future breeding programs, which will assist sustainable crop production
under salinity and drought conditions.

Keywords: salt; drought; plants; ROS; genomics; approaches; integration

1. Introduction

Global crop productivity is restricted due to abiotic stresses such as drought, salinity,
flooding, nutrient deficiency, and environmental toxicity. Among these abiotic stresses,
salinity and drought are the most severe constraints for sustainable agriculture on a
global scale. Nearly 7% of terrestrial land is affected by salinity [1], while drought is
widespread and increasingly common in recent years due to climate change. Altogether,
salinity- and drought-affected lands cover approximately 10.5 and 60 million km2, respec-
tively [2]. Furthermore, climatic changes worsen the frequency and intensity of water
shortages in subtropical areas of Asia and Africa. As stated by the UN climatic report
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[http://www.solcomhouse.com/drought.htm; accessed date on 12 July 2021], rising tem-
peratures are melting the Himalayan glaciers that feed Asia’s largest rivers (Indus, Ganges,
Brahmaputra, Yangtze, Mekong, Salween, and Yellow), and those glaciers may disap-
pear by 2035. Additionally, long-term trends indicate that the progressive proliferation
of salinity has caused the dilapidation of arable land [3]. For instance, in California, over
the last century, 4.5 out of 8.6 million hectares of wetted agricultural land have become
salt-affected [4]. Currently, it has become a pertinent problem for crop production [5],
mostly in arid and semiarid areas.

Based on numerous estimations, the world population will increase to over 9.7 billion
by 2050, which will continue to exacerbate current global food insecurity issues. It is
estimated that, over the past 50 years, improved crop productivity has brought about an
increase in world food production by up to 20% per capita and decreased the proportion
of food-insecure people existing in developing countries from 57% to 27% of the world
population [6]. As a result, crops will need to cope with abiotic stresses such as drought
and salinity and double productivity to further diminish food insecurity and support the
growing human population in more ecologically sustainable ways.

Both drought and salinity stresses induce cellular dehydration, which causes osmotic
stress, removal of water from the cytoplasm into the apoplast, and eventually evaporation
into the atmosphere [2]. Moreover, early responses to salt stress and drought are compara-
ble in plants. For example, plant cells prevent water loss by increasing the ionic constituents
and decreasing the osmotic potential in stressed cells. Due to the similar mechanisms of the
stress response in plants, it appears that drought and salinity tolerance mechanisms might
be functionally interchangeable [7]. It is well known that stress response mechanisms in-
volve several particular physiological and biochemical pathways that allow plants to adapt
to unfavorable conditions. A number of abiotic stress factors, such as salinity, drought,
high temperatures, and osmotic stresses, lead to the overproduction of reactive oxygen
species (ROS), which cause serious cellular damage and hamper photosynthesis. To protect
or repair these injuries, plant cells use an intricate defense system, including a number of
antioxidative stress-related defense genes that, in turn, prompt changes in the biochemical
plant machinery [8]. ROS production and antioxidant regulation all occur in a synergistic,
additive, or antagonistic way and are associated with the control of oxidative stress.

Nevertheless, plant stress response mechanisms are controlled by convoluted net-
works that are determined by environmental and genetic factors that are often difficult to
untangle, thereby impeding traditional breeding approaches [9]. Considering that the con-
ventional breeding strategies for crop improvement are largely aimed at improving yield
to meet the demands of an ever-growing world population, breeders have to implement
innovative approaches in agriculture to combine high-yield and abiotic stress-tolerant traits
in crops [10]. Recent scientific advances and the abovementioned challenges in agricul-
ture have directed the development of high-throughput techniques to pursue and take
advantage of plant genome research for the improvement of stress-tolerant crops. Thus,
these genomics approaches focus on the entire genome, involving genic and intergenic
positions, to attain new insights into the functional and molecular responses of plants,
which will sequentially offer specific techniques for crop plant improvement. Recently,
many scientists have revealed promising outcomes toward understanding the molecular
mechanisms of abiotic stress tolerance in prospective crops using progressive molecular
biology practices [10–21]. The mechanisms involved in crop salt and drought stress re-
sponses are discussed in Figure 1. In this review, we described in detail how to mine the
functional genes involved in drought and salt response in plants, using methods such as
traditional QTL, transcriptomic analysis, and GWAS. Then, we explored approaches such
as epigenetic regulators, gain-of-function, RNAi, TALENs, ZFNs, CRISPR, base editing,
and primer editing for functional verification with an example of target genes generated
by the aforementioned approaches. Finally, we summarized the methods for generating
salt and drought-tolerant crops. The review aimed to offer comprehensive knowledge for
improving salt- and drought-tolerant crops using modern genomics strategies regarding
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ROS regulatory networks. The overview of earlier studies on the advancement of genomics
approaches will help in the investigation of upcoming research instructions for improving
salt- and drought-tolerant crops.

 

Figure 1. The mechanisms involved in crop salt and drought stress responses.

2. Mining Approaches for Salt and Drought Stress Response Genes

To improve drought and salinity stress tolerance in crops, we first require comprehen-
sive knowledge concerning the complex mechanisms of plants that respond to stresses.
Detecting the genes/markers/QTL regions associated with drought and salinity stress
responses is the first crucial step toward reaching the required understanding for breeding
drought and salinity stress-tolerant crop varieties. For the discovery of a gene, various
strategies are available in both model and nonmodel crops; here, some of the most advanced
are discussed briefly.

2.1. Quantitative Trait Loci (QTL) Analysis

A quantitative trait locus (QTL) is a gene or a region of DNA that is associated with
the variation of a quantitative/phenotypic trait that must be polymorphic to affect the
biological population. QTL mapping has been a powerful tool for dissecting genetic vari-
ants underlying quantitative traits in numerous biological studies and breeding programs.
There are two primary concerns when using QTL mapping. One is the power for QTL
identification under a controlled false-positive rate, and the other is the accuracy of QTL
localization [22]. QTL mapping has been applied as a technique for identifying genomic
regions significantly correlated with grain output and various genetically intricate char-
acteristics in cereal crops. This technique is particularly powerful when genetic variation
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is studied concerning numerous complex traits, where it is possible to identify and dif-
ferentiate genomic regions that contribute to different characteristics of interest. The data
relevant to QTL mapping can be conducive to enhancing the genetic potential of crops via
marker-assisted breeding [23]. Currently, scientists can link the molecular mechanisms of
genes found in QTLs to demonstrate the genetic and physiological basis of traits such as
grain yield. A nice example of this cooperation of QTL mapping, trait scoring, and breeding
can be found in using green coloration as a metric of drought resistance in sorghum. The
genetic dissection of molecular QTLs associated with green coloration during drought
lends convenience to demonstrate the basic mechanisms of physiology and investigate the
molecular causes of drought tolerance in sorghum and different grasses [24]. Reducing
the genomic sizes of QTLs facilitates enhanced targeting of pertinent genomic regions.
Improving the fine mapping of QTLs improves the efficiency with which breeders can
understand the significance and mechanisms of QTLs relevant to their traits of interest [24].
Enhanced QTL mapping is particularly relevant when deconvolving complex genomic
regions. For example, hypostasis of alleles within QTLs, QTL-QTL genetic interactions,
context-dependent activities of QTLs, and the QTL marker position itself impact the articu-
lation of a complex trait such as the yield of grain under drought stress [25]. Interestingly,
fine mapping of QTLs revealed that an individual main QTL controlling membrane po-
tential vastly improved marker-assisted selection for salinity-stressed barley [26]. Thus,
fine QTL mapping is required for marker-aided QTL pyramiding to improve drought toler-
ance [27]. Identification of QTLs for abiotic stress tolerance suggests augmentations that
can be used for further genomics studies toward the detection of noble genes of salt and
drought tolerance to develop a new variety [28]. Several examples of QTLs (quantitative
trait loci) for improving crop plant production under salinity and drought stresses are
discussed in Table 1.

Table 1. Known QTLs (quantitative trait loci) for improving crop plant production under salinity and drought stresses.

Stresses Crops Major Effect/Finding References

Drought stress Cowpea
Detected QTL relevant to salt-tolerant and

sensitive varieties
[29]

Drought stress Wheat
Detected genetic loci to major

morpho-physiological traits, components of
yield, and grain yield

[30]

Salinity Barley
Detected QTLs related to stomatal and

photosynthetic traits associated with salinity
tolerance

[31]

Drought Sorghum
Identified QTLs associated with flowering and

drought resistance
[24]

Drought Rice Improved crop yield under drought tolerance [25]
Drought and submergence

tolerance
Rice (TDK1)

Drought and submergence tolerance and yield
stability

[25]

Drought and flood Rice
Detected drought and salinity tolerance
varieties based on developmental and

physiological traits
[32]

Salinity Rice (Pusa Basmati 1121)
Detected two QTLs for drought and one QTL

for salt stress
[32]

Drought Upland rice
Identified QTLs relevant to leaf rolling, leaf

drying, leaf relative water content, and relative
growth rate under water stress

[33]

2.2. Forward Genetics and the Candidate Gene Strategy

Crop plants with stress tolerance have been generated by the transference of genes/loci
from definite donor parents, either through a forwarding genetics method that includes
the determination of a gene function linked with a phenotype or the identification of
novel stress-tolerant donor lines created by the use of mutagenesis. In contrast, reverse
genetic breeding approaches could offer an understanding of gene functions and struc-
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ture/sequence information to predict traits for adapting stress-tolerant cultivars using
transgenic and advanced breeding tools. In genomic studies, researchers have implemented
these approaches for the genetic improvement of various model and nonmodel species
toward salt and drought stress tolerance [34–41].

2.3. Transcriptomics Analysis

Transcriptome analysis refers to the study of the transcriptome of the entire set of
RNA transcripts that are generated by a genome, under given times and circumstances or
in a specific cell. Transcriptomic analysis techniques play a crucial role in the identification
of candidate gene functions and pathways that respond to specific environments [42].
In the last decade, universal transcriptome analysis approaches have been particularly
advantageous for functional genomic studies that offer comprehensive molecular mecha-
nisms of certain phenomena. Primarily, a global transcriptome study was initiated with
suppression subtractive hybridization (SSH) and cDNA-AFLP and acquired a quantum
dive to RNA-seq with the progression of NGS platforms [10]. The information content
of an organism is held in its genome and articulated through transcription. The basic
purposes of transcriptomics are to record the transcription of all species, including mRNAs,
noncoding RNAs, and small RNAs; to determine the transcriptional configuration of genes
in terms of their start sites, 5′ and 3′ ends, splice variants, and other posttranscriptional
modifications; and to calculate the varying expression patterns of every transcript through-
out development and under diverse conditions [40,41]. Currently, transcriptome profiling
has progressed into nearly all organisms and represents how information attained from
sequence data can be converted into a wide knowledge of gene functionality [42]. Plant
stress-response mechanisms frequently employ the use of transcription factors (TFs). A TF
is a protein that targets, typically, multiple genes that comprise a regulon and influences
their expression patterns. Thus, TFs are a powerful tool for the genetic regulation of many
downstream genes and processes, including abiotic stress responses [43]. In the case of salt
and drought stress, transcripts related to the upregulation of vital biochemical pathways
required for cellular osmotic balance, abscisic acid, and cellular water uptake are controlled
by TFs [44]. The role and example of various transcription families through transcriptome
analysis relevant to salt and drought stress tolerance are discussed in Table 2.

Table 2. Identification of different TF families through transcriptome analysis relevant to salt and drought stress tolerance.

SL No. TF Family Gene ID Crop Variety Target Stresses References

1 AP2/EREBP TaERF3 Triticum aestivum Drought, Salt [45]
2 bZIP GmbZIP1, Glycine max Drought, Salinity, [46]
3 MYB/MYC StMYB1R-1 Solanum tuberosum Drought [47]

4 NAC
OsNAC5,

GmNAC20
Oryza sativa,
Glycine max

Drought [48,49]

5 WRKY TaWRKY44 Triticum aestivum Drought, Salt [50]

6 AREB/ABF
AREB1,

AREB2/ABF4
and ABF3

Arabidopsis thaliana, Drought [51]

2.4. Association Mapping

In genetics studies, association mapping (also well known as linkage disequilibrium
mapping) refers to the regular genome-wide distribution of several genes together with
other measurable loci (markers) in predicting marker-trait relatives [52] applied in vari-
ous crops, including rice, barley, maize, sorghum, and wheat, to identify the significant
genes or markers that confer a given trait [53]. Numerous genes have been indicated as
being connected with abiotic resistance by applying association mapping [54]. It has also
been applied to inquire about the limitations within focused parameters and molecular
markers in different crops [55]. Association mapping is extremely efficient in experimental
varieties with complex or unknown genotypes or those that have a large regeneration time.
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Association mapping of drought-related varieties in barley was applied to terminate a
conventional biparental system of QTL mapping [56]. Furthermore, association mapping
has been used to progress the development of QTL maps [57]. A detailed discussion on the
association mapping for the sustainability of crop production under salinity and drought
stresses is available in Table 3.

Table 3. Association mapping for improving crop production under salinity and drought stresses.

Stresses Crops Target Gene Major Findings References

Salinity
Cowpea (Vigna
unguiculata (L.)

Association mapping for salt tolerance at
germination and seedling stages and the
identification of SNP markers associated

with salt tolerance in cowpea

[58]

Drought Wheat RM223

Demonstrated a strong power of joint
association analysis and linkage mapping
for the identification of important drought

response genes in wheat

[59]

Salinity
Cotton (Gossypium

hirsutum L.)
Provided reference data for the use of MAS

for salt tolerance in cotton
[55]

Salinity
Cotton (Gossypium

arboretum)
(Cotton_A_37775

and Cotton_A_35901)
Provided fundamental information to
produce novel salt-tolerant cultivars

[54]

Drought Pearl Millet PMiGAP
Development of high-yielding drought- and
submergence-tolerant rice varieties using

marker-assisted introgression
[60]

2.5. Genome-Wide Association

GWAS (genome-wide association study) is a potent presumption-free method used to
identify and dissect the genetic regions associated with a certain trait. Typically, GWAS is
performed by scoring the phenotypes and sequencing many individuals to link genotype
to phenotype, thereby linking genetic variants to a given trait (Figure 2) [61].

 

Figure 2. Connection of genotype to phenotype variation.

GWAS applies large markers and several populations of non-cross-executed lines
to provide larger mapping exploration than traditional QTL mapping based on a cross-
evolved segregating population, leading to the detection of unknown or unexpected genes.
It has been applied to separate complicated genetic parameters in leading crops such as
rice and wheat under salt and drought stress. Additionally, GWAS has been effectively
conducted to designate QTLs for particular characteristics in wheat (e.g., grain yield,
morphology relevant to leaf rust disease, and end-usage quality), thereby applying various
systems of molecular markers to bolster breeding resources [62,63]. GWAS has detected
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more than 2000 loci for simple human diseases to date [64]. Therefore, compared with
QTL mapping, GWAS delivers an in-depth, cost-efficient mode of gene investigation and
detection of molecular markers.

GWAS focused on the flowering period of saline-treated rice identified 11 loci bearing
22 important SNPs linked to stress responses. The potential genetic determinant of germi-
nation was identified on chromosome one, close to the saline conditional QTL regulating
Na+ and K+ levels. Approximately 1200 candidate genes linking development to sodium
and potassium ion allowances were detected [65]. Thus, GWAS offered an informed list
of candidates for saline tolerance-connected gene cloning and uncovered responsive ge-
netic elements relevant to salt stress [66]. GWAS is also important to perceive the genetic
architecture of complex characteristics to improve drought tolerance [67]. Recently, “No-
Genome-Required-GWAS” approaches have provided easy and efficient identification of
genetic variants underlying phenotypic variation in plants [68]. Details on genome-wide
association mapping for identifying QTLs under salinity and drought stresses are discussed
in Table 4.

Table 4. Genome-wide association mapping for identifying QTLs under salinity and drought stresses.

Stresses Crop Variety Major Effect/Finding References

Heat prone Spring wheat Yield stability [69]

Drought Rice (indica and japonica)
Identified QTL containing promising candidate genes related to

drought
tolerance by osmotic stress adjustment

[70]

Salt stress Arabidopsis thaliana
Provided a comprehensive view of AS under salt stress and

revealed novel insights into the
potential roles of AS in plant response to salt stress

[71]

Salinity Rice Candidate genes can be identified by QTL [65]

Drought Barley (Hordeum spontaneum)
Exploring the genomic basis of reproductive success under stress

in wild progenitors with expected ecological and economic
applications

[72]

Drought Willow (paper-mulberry)
A core set of candidate genes encoding proteins with a putative

function in drought response was
identified

[73]

Salinity Wild barley
Across many traits, QTLs that increased phenotypic values were

identified
[74].

Salinity Rice
Unveiled genomic regions/candidate genes regulating salinity

stress tolerance in rice
[75]

Drought Alfalfa (Medicago sativa L.)
Improved alfalfa cultivars with enhanced resistance to drought

and salt stresses
[76]

Drought Rice
Drought-induced alterations to DNA methylation that may

influence epigenetics
[77]

Drought Wheat
Thirty-seven of the significant marker-traits were detected under

the drought-stressed condition
[67]

Drought Wheat Identified a QL on chromosome 4H [78]

2.6. Next-Generation Sequencing

Sequencing technologies include several techniques that generally consist of template
preparation, sequencing and imaging, and data analysis [79]. Next-generation sequencing
(NGS) integrates technologies that inexpensively and efficiently produce millions of short
DNA sequence reads mainly in the range of 25 to 700 bp in length [80]. These technologies
have made it possible for scientists to investigate crops at the genomic and transcriptomic
levels to assist diversity analysis and marker-assisted breeding [80]. The relevance of NGS
appears to be endless, permitting quick presses forward in numerous fields associated
with the biological sciences. NGS has also afforded a wealth of knowledge for biology
studies via end-to-end whole-genome sequencing of a broad diversity of organisms [81].
Whole-genome sequence studies have focused particularly on detailed information on ge-
nomics criteria, including regulatory sequences, coding and noncoding genes, GC content,
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and repetitive elements, which would be utilized in functional characterization, such as
microarray or tiling arrays. Additionally, NGS can be used to address many remaining
biological questions by means of resequencing targeted areas of concern or whole genomes
(as is being performed for the human genome [82]), de novo assemblies of bacterial and
lower eukaryotic genomes, cataloging the transcriptomes of cells, tissues, and organisms
(RNA sequencing), genome-wide profiling of epigenetic markers and chromatin structure
using additional seq-based methods (ChIP-seq, methyl-seq, and DNase-seq), and species
classification and/or gene discovery by metagenomics studies [50].

3. Functional Genomics Approaches

After identifying a QTL/allele/gene, the next sensible step is to characterize the gene
before incorporation into a cultivar by studying several physiological, molecular, and
biochemical pathways of genes. Thus, functional genomics approaches were extensively
implemented to determine the gene functions and the connections between genes in a reg-
ulatory network that would be utilized to produce improved crop varieties. Consequently,
there have been multiple tools developed for the characterization of gene function; some of
the most exploited are described briefly.

3.1. Epigenetic Regulators

In wider definitions, the term ‘epigenetics’ frequently refers to a type of overall non-
genetic (unrelated to DNA sequence per se) heredity at various levels. That is, epigenetics
illustrates a number of dissimilar methods of genetic regulation whose temporal and herita-
ble constituents have not in all cases been decided [83]. For example, methylation of DNA
generally interferes with gene expression by way of gene silencing [84]. The reduction of
methylation in resistance-associated genes activates chromatin and the expression of genes,
which offers long-term or enduring resistance under stress conditions [85]. Epigenetics
sustains the identity of stress memory in plants, which helps pre-exposed plants fight
comparable stress throughout subsequent exposures. Histone modifications, DNA methy-
lation and demethylation, and ATP-dependent chromatin remodeling are some of the
epigenetic changes performed by plants during drought stress [86]. Epigenetic responses
to drought stress have been studied in numerous plants, particularly the stress memory
and gene activation marker H3K4me3, which has been used to carry out genome-wide
ChIPseq analyses in Arabidopsis [87]. Furthermore, the HAT genes in rice (OsHAC703,
OsHAG703, OsHAF701, and OsHAM70) [88] and the HvMYST and HvELP3 genes in barley
were also shown to be involved in epigenetic regulation in drought responses [89]. DNA
methylation and histone modifications may have a similar result on stress-inducible genes,
as salinity stress influences the expression of a range of transcripts in soybean [48]. Work
in rice underlined that hypomethylation in reaction to salt stress may be associated with
changes in the expression of DNA demethylases [90]. The transcriptional adaptor ADA2b
(a modulator of histone acetyltransferase activity) is responsible for hypersensitivity to salt
stress in Arabidopsis thaliana [91].

3.2. Gain-of-Function Lines

Gain-of-function methods have been extensively used for the study of gene function
in plants and are considered among the most useful tools for gain-of-function pheno-
types. Gain-of-function lines are generated through the arbitrary activation of endogenous
genes by transcriptional enhancers and the regular expression of individual transgenes
by transformation [9]. This method employs the phenotype of gain-of-function lines that
overexpress a selected gene family and can be executed without meddling from other
gene family members that allow the categorization of functionally unwanted genes [10].
Alternatively, the overexpression of a mutant gene can be expressed due to the presence
of higher levels of nonfunctional protein causing a superseding negative interface with
the wild-type protein. To overcome this event, a mutant type could be used to compare
the wild-type protein allies, resulting in a mutant phenotype. Conversely, heterologous
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expression of a gene in the yeast-hybrid system is an alternative way to characterize genes.
In the first gain-of-function approach, a strong promoter or enhancer element is arbitrarily
inserted into the plant genome with the help of T-DNA [11], which stimulates a gene near
the site of the harbor. Other gain-of-function approaches involve cDNA overexpression
and open reading frame (ORF) overexpression, whereas full-length cDNAs or ORFs have
been cloned into a strong promoter downstream. Under the switch of the CaMV35S pro-
moter, various abiotic stress response genes have been characterized by the use of ectopic
overexpression of cDNAs [11–14].

3.3. Gene Silencing and RNA Interference Techniques for Salinity and Drought Stress

Suppression of a gene is referred to as gene silencing in plants and fungi and inter-
ference RNA (RNAi) in animals and is generally thought of as a controlling mechanism
of gene expression mostly in eukaryotic cells [92]. RNA interference (RNAi) has been
considered one of the most crucial discoveries in molecular genetics during the last several
years for posttranscriptional gene silencing (PTGS) cosuppression [93]. RNA silencing
hints at a nucleotide sequence-specific procedure that prompts mRNA degradation or
translation termination at the posttranscriptional level in plants arbitrated by small RNAs
(sRNAs), which are divided into two classes: microRNAs (miRNAs) and small interfering
RNAs (siRNAs). However, RNAi was properly adapted into antisense-stranded RNA as an
operative technique to constrain gene expression [94]. Silencing a gene through transgenic
expression of sRNAs has been extensively implemented for abiotic stress-related gene func-
tion functional efforts. Currently, the virus-induced gene silencing (VIGS) technique for
posttranscriptional gene silencing is extensively used for rapid and efficient gene function
studies related to salt and drought stresses [95–98]. It can also be used for both forward
and reverse genetic studies. Target gene silencing techniques for improving crops under
salinity and drought stresses are discussed in Table 5.

Table 5. Target gene-silencing techniques for improving crop variety under salinity and drought stresses.

Stresses Crops Silencing Gene Major Findings References

Cold, drought, salt
stress

Rice OsNAC5
RNAi lines became less tolerant of
these stresses than control plants

[58]

Salinity Arabidopsis sos1
thsos1-RNAi lines of Thellungiella were

highly salt-sensitive
[99]

Salinity pepper CaATG8c
The silencing of CaATG8c made

pepper seedlings more sensitive to salt
stress

[100]

Salinity
Alternanthera
philoxeroides

ApSI1
Significantly decreased tolerance to

salinity
[101]

Drought
Alternanthera
philoxeroides

ApDRI15
Plants were more sensitive to drought

stress than the control plants
[101]

Drought Tomato
SpMPK1, SpMPK2, and

SpMPK3
Reduced drought tolerance in tomato

plants
[102]

Drought wheat Era1 and Sal1
Played imperative roles in conferring

drought tolerance
[103]

Drought, salt stress Cotton GH3.17 Enhanced drought and salt stress [104]

Salinity Cotton GhWRKY6
Downregulation of GhWRKY6

increased salt tolerance
[105]

3.4. Genome Engineering (TALENs, ZFNs, CRISPR/Cas)

Recently, several functional genomics-based strategies have been developed for ge-
netic engineering. To improve crops for sustainable food production, targeted genome
engineering has become a substitute for conventional plant breeding and transgenic (GMO)
strategies, including transcription regulators, epigenetic modifiers, DNA integrators, TAL
effector nucleases (TALENs), zinc-finger nucleases (ZFNs), clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas (CRISPR-associated proteins), and base editors
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and prime editors. Until recently, the existing methods have been considered to be un-
wieldy. Both TALENs and ZFNs could be used to mutagenize genomes at exact loci.
However, the problem is that these systems need two altered DNA-binding proteins flank-
ing a sequence of interest, each with a C-end FokI nuclease unit [106]. For plant research,
these techniques have not been extensively implemented. Recently, a technique based
on the bacterial clustered regularly interspaced short palindromic repeats (CRISPR)/Cas
(CRISPR-associated proteins) type-2 prokaryotic adaptive invulnerable system has been
developed as an alternate process for genome engineering [106]. The CRISPR/Cas (clus-
tered regularly interspaced short palindromic repeats/CRISPR-associated proteins) system
was first identified in bacteria and archaea and can cleave exogenous DNA substrates [107].
CRISPR/Cas has since been modified to be used as a gene-editing technology. However,
CRISPR/Cas9 has largely overtaken the other aforementioned gene editing practices. Inves-
tigators express similar stories: a few years ago, they started working on projects using both
TALENs and CRISPR/Cas9 side-by-side but rapidly established CRISPR systems [108].
Graphical presentations of the CRISPR/Cas9 techniques are available in Figure 3.

 

Figure 3. CRISPR/Cas9 is a powerful tool for genome editing of Cas9 to a guide RNA that directs the
complex to a place on the DNA double helix and contains the code for the addition of a new DNA
sequence at the double-stranded break. Source: adapted and modified from [www.stockadobe.com;
accessed date on 12 July 2021].

The beginning of CRISPR has made it conceivable to rewrite host DNA by introducing
some major amendments. These modifications include gene replacement, deletions, inver-
sion, knockouts, and translocations [109]. Using CRISPR/Cas9 tools, several genes, such as
OsERF922, OsPDS, OsERF922, ERFs, OsHAK1, Badh2, OsRR22, and TMS5, were knocked
out, and a predictable phenotype was attained [110–116]. More promising are the potential
forecasts of this technique for producing plants with specifically tailored purposes, i.e.,
biofuel production, synthetic biology, disease resistance, phytoremediation, etc. [117]. This
technique also offers a new method for abiotic stress breeding programs [113]. Several
examples of CRISPR/Cas9 technology-mediated improvements to plant tolerance to abiotic
stress are discussed in Table 6.

14



Plants 2021, 10, 1910

Table 6. CRISPR/Cas9 technology-mediated improvements to plant tolerance to abiotic stress.

Target Genes Crops Target Stresses References

TaDREB2 and TaERF3 Wheat Abiotic stress response [118]
ScNsLTP Sugarcane Drought and chilling resistance [119]

MaAPS1 and MaAPL3 Banana Cold and salt [120]
MeKUP Cassava Salt, osmosis, cold, and drought resistance [121]

MeMAPKK Cassava Drought resistance [122]
GhPIN1–3 and GhPIN2 Cotton Drought resistance [123]

GhRDL1 Cotton Drought resistance [124]
CpDreb2 Papaya Drought, heat, and cold resistance [125]
OsDST Indica mega rice cultivar Salt and Drought [126]
SlNPR1 Tomato Drought [127]
Leaf1,2 Rice Drought [128]

3.5. CRISPR-Mediated Base Editing and Prime Genome Editor

It is well known that CRISPR is a powerful genome-editing technique. CRISPR can
change genes and edit DNA sequences by producing double-strand breaks in double-helical
DNA, leaving the cell to repair the breakage (Figure 4).

 

Figure 4. A new tool (prime editor) of DNA manipulation that couples two enzymes, Cas9 (brown) and reverse transcriptase
(yellow), to a guide RNA (red) that directs the complex to an exact place on the DNA double helix and contains the code for
the addition of a new DNA sequence at the double-stranded break. [Figure modified from: https://www.synthego.com/
guide/crispr-methods/prime-editing; accessed date on 12 July 2021].
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The control mechanisms over the repair process are the main limitations in basic
research and plant sciences. However, several groups recently reported the “base editing”
system, a new approach for site-directed mutagenesis of genomic DNA. Base editing tools
are highly efficient, reduce the rate of off-target effects, and do not require DNA double-
strand cleavage or donor template repair. These methods make use of a Cas9 nickase
fused to various deaminases. Specific C-to-T or A-to-G transitions in genomic DNA are
catalyzed by these fusion proteins. The base editor and Target-AID (target-activation-
induced cytidine deaminase) systems are two representative architectures of cytidine
base [127,128]. Therefore, engineering of single-plasmid CRISPR-mediated base editing
tools for S. meliloti that included adenosine base editors (ABEs), cytidine base editors (CBEs),
and glycosylase base editors (GBEs) is capable of achieving both base transitions (A-to-G,
C-to-T) and transversions (C-to-G) [129]. Base editing has become a widely applicable tool
for gene disruption in a variety of bacteria [17,22,28,130]. Nevertheless, the new invention
“prime editor” makes the successful addition or deletion of exact sequences within the
genome possible with minimum off-target effects [129].

The creators claim that their tools can precisely target approximately 89% of recognized
pathogenic human genetic variants. Prime editing may have fewer bystander mutations
than base editing, especially when multiple Cs or As are present in the editing activity
window [131]. It is also less constrained by the availability of protospacer adjacent motif
(PAM) than other methods such as homology directed repair (HDR), non-homologous
end joining (NHEJ), or base editing, because the PAM-to-edit distance can be greater
than 30 bp on average [26]. Nevertheless, there is a large suite of base editors that have
been developed with improved efficiency, product purity, and DNA specificity, as well
as broad applicability [25]. Although prime editing has the potential to replace base
editors, the technology is still in its early stages and is typically less efficient than current
generation base-editing systems with superior on and off-target DNA editing profiles [20].
Consequently, a suitable editing strategy for specific applications must be chosen based
on various criteria for gene-editing, such as the desired edit, the availability of PAMs, the
efficiency of editing, and off-target/bystander mutations.

4. The Development of Salt- and Drought-Tolerant Crops with High Yielding Capacity

The generation of crop varieties with a high level of tolerance to salinity and drought
is vital for creating full yield potential and sustainable production. Generally, there are
two methods to integrate enhanced traits such as drought and salinity stresses in plants:
genetic engineering and breeding programs.

4.1. Genetics Engineering

The advent of modern genetic engineering strategies offers the generation of plants
with rising abiotic stress tolerance. Under abiotic stress conditions, several genes of crop
plants in different pathways lead to upregulation of expression. Stress-responsive genes
and their controlling genes can be transferred and expressed in different species using an
Agrobacterium-mediated transformation system involving molecular, biochemical, and
physiological changes that direct an increase in plant growth, development, and yield
under stress environments [16]. Currently, the use of stress-inducible promoters for the
expression of stress response genes has confirmed a time-specific and optimal level of
expression. Salinity and drought are major environmental stresses that adversely affect the
growth and development of crops; thus, a number of genes encoding proteins involved in
the biosynthesis of stress defensive elements, including glycine betaine, mannitol, and heat
shock proteins, have been used for abiotic stress tolerance, as well as several transcription
factors, such as MAPK, bZIP, AP2/EREBP, WRKY, and DREB1 [17,18]. However, over-
expressed transgenes can function as positive regulators of tolerance to a single stress or
multiple stresses, such as salinity, drought or both. Therefore, the newly developed trans-
genic plant might have to be tolerant to single or multiple stresses, have high yields, and
be devoid of harmful pleiotropic traits. Posttranslational modifications, orthologous gene
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expression of effectors from wild relatives or halophytes, gene expression by regulating
miRNA activity, osmoprotectants, gene pyramiding, engineering of transcription factors,
chaperones, late embryogenesis, metabolic pathways, abundant proteins, epigenetics,
and even chaperones have been implemented to produce a new generation of transgenic
plants [130]. Successful salinity- and drought-tolerant transgenic crops were produced and
approved for cultivation as food and feed [23,27–29].

4.2. Gene Introgression

Introgressiomics is designated as an extensive systematic improvement of plant
genomes and populations through bearing introgressions of genomic fragments from
wild crop relatives relative to the genetic background of established crops to develop new
cultivars with promising traits [24]. Through introgression, greater genomic plasticity can
be attained in a crop using exotic genetic material that was previously nonexistent within
the genome [104]. For crop improvement, genetic engineering strategies are relatively faster
than traditional breeding programs, as well as cloning of genes responsible for imperative
traits and introgression into plants [104]. To develop salt- and drought-tolerant varieties, a
particular breeding program can be established through an understanding of the physio-
logical and genetic mechanisms of these stresses. MAS improves the speed and efficacy of
breeding because genetic markers are unaffected by the environment, are efficient to use in
early generations [105], and can be useful for the introgression of target genes. Successful
stories of introgression in various crops for many traits, including both abiotic and biotic
stress tolerance/resistance, have been implicated from wild relatives in cultivation without
affecting yield and quality [24,106,107].

4.3. Marker-Assisted Breeding and Transference of Genes

Marker-assisted breeding is a process that permits breeders to track traits over genera-
tions of breeding using genetic markers associated with a given trait. In marker-assisted
breeding, DNA markers associated with desirable traits are used to identify and choose
plants containing the genetic locus that confers the desirable trait. DNA markers have a
high probability of increasing the capability and accuracy of traditional plant breeding via
marker-assisted selection (MAS). MAS allows for quicker and more efficient selection of
desired crops, as cultivators can reliably test for the presence of a genetic marker associated
with a trait rather than waiting to assess the trait itself. The most efficient and extensively
applied method for MAS is marker-assisted backcrossing [132]. Marker-assisted breeding
is in contrast to the direct addition of a gene or multiple genes to enhance a trait, such
as genetic modification. Using genetic markers in breeding depends on the phenological
acclimatization of the acceptor genotype, and the introduction of a new marker or allele
may be necessary to increase the yield. With the advent of molecular markers and MAS
technology, numerous studies have capitalized on such technology to identify genes or
QTLs affecting sequence tagging in different plant species during different developmental
stages, to identify genes or QTLs that were introduced into different plant varieties, and
to gain an overall deeper and more efficient understanding of QTLs that contribute to
complex traits [133]. Marker-assisted breeding for improving crop quality under salinity
and drought stresses is discussed in Table 7.
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Table 7. Marker-assisted breeding results for improving crop quality under salinity and drought stresses.

Stresses Crops Target Genes Major Effect/Finding References

Drought and Salt Cotton

Significant associations between
polymorphic markers and drought and
salt tolerant traits were observed using

the general linear model (GLM)

[48]

Salinity Rice RM223
Transferring genes from one variety to

another and their use in MAS
[134]

Drought Rice
Developed high-yielding rice cultivars

suitable for water-limited environments
through marker-assisted breeding

[135]

Salinity Rice NAL1
High yield through optimizing

transportation efficiency of photosynthetic
products by marker-assisted selection

[136]

Drought and flood Rice
Developed high-yielding drought- and

submergence-tolerant rice varieties using
marker-assisted introgression

[25]

Drought Rice Provided a higher yield advantage [137]

Drought maize
Improved grain yield under drought

stress conditions
[138]

Drought and salt Wheat TaCRT-D

Increased plant stress tolerance and the
functional markers of TaCRT-D for
marker-assisted selection in wheat

breeding

[139]

Salinity Rice
Developed new salt-tolerant rice
germplasm using speed-breeding

[140]

Drought Rice
Stimulated 10–36% higher yield among

different inbred lines
[141]

Current advances in genomics and genome sequencing in rice have made it feasible
to locate and precisely map a certain number of genes via linkage to DNA markers. MAS
can be applied to control the presence or absence of genes and has also been applied to
assess the contributions of such genes conferring traits that have been introduced into
extensively developed varieties [26]. Coupling genomic resources with the utility of MAS,
breeders can now gain unprecedented insight into the genetic regulation of complex traits.
MAS is a large advantage for developing new crop varieties because crops with ineligible
gene aggregations can be dispelled from the selection process. This offers breeders the
opportunity to focus on a reduced number of candidate lines for breeding targets in
successive generations [131]. It has been shown that association mapping along with
population formation and screening of cotton germplasm can improve QTL assignment
and MAS [131]. Combining MAS and GS (genomic selection) with adequate genetic
variety, databases, analytical instruments, and well-established climate and soil data is
a powerful way to produce modern varieties with high drought resistance that can be
readily inaugurated into appropriate agricultural programs [27]. These methods could
produce a high number of lines of a crop appropriate for propagating crops in a range
of drought and salinity stress ecosystems. Furthermore, incorporating these data can
lead to the creation of varieties that can be further optimized to control largely heritable
principal secondary characteristics. MAS delivers precise, rapid, and profitable progress
toward the development of crop varieties that can be applied to abiotic stress tolerance [26].
A graphical presentation of the development of a new crop variety by marker-assisted
selection is available in Figure 5.
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Figure 5. Development of a new crop variety by marker-assisted selection. Source: modi-
fied from: [http://b4fa.org/bioscience-in-brief/plantbreeding/how-do-you-develop-a-new-crop-
variety-by-marker-assisted-selection-mas/; accessed date on 12 July 2021]. Note: Marker 1 and
Marker 2 confer susceptible and resistance alleles, respectively; f1 and f2 indicate the first and second
filial generations of offspring, respectively.

5. Involvement of Genes in the Regulation of ROS in Abiotic Stress Tolerance

Reactive oxygen species (ROS) are assumed to play roles in many noteworthy signaling
reactions in plant metabolism. Under drought and salinity environments, interrupting
photosynthesis and increasing photorespiration intermittently alter the regular homeostasis
of cells and influence the production of ROS in mitochondria, chloroplasts, and peroxisomes
(Figure 6) [142,143].
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Figure 6. Sites and typical regulation of ROS in plant cells. PSII; Photosystem II, PSI; Photosystem I, MDA; Malondialdehyde,
APX; Ascorbate Peroxidase, PGA; 3-Phosphoglyceric acid, H2O2; Hydrogen peroxide, SOD; Superoxide dismutases, CAT;
Catalase, MDAR; Monodehydroascorbate reductase, NADH; Nicotinamide adenine dinucleotide, Alternative oxidase.

In addition to organelles, the plasma membrane together with the apoplast is the main
site for ROS production in response to endogenous signals and exogenous environmental
stimuli [144]. Overproduction of ROS in plant cells is extremely reactive and noxious
to proteins, lipids, and nucleic acids, which finally results in cellular damage and death
initiated by stressful environments [142]. ROS-scavenging enzymatic antioxidants (SOD,
APX, CAT, GPX, MDHAR, DHAR, GR, GST, and PRX) and nonenzymatic antioxidants
(GSH, AsA, carotenoids, tocopherols, and flavonoids) are located in different sites of plant
cells, and they directly or indirectly play a key role in ROS homeostasis via different unique
pathways to avoid oxidative damage. In addition, soluble sugars as well as disaccharides,
raffinose family oligosaccharides, and fructans play a dual role in ROS maintenance [145].
Consequently, crop plants have executed several interrelated signaling pathways to operate
different groups of genes (Figure 7), which are induced under stress conditions to generate
different classes of proteins, for example, protein kinases, enzymes, transcription factors,
molecular chaperones, and other efficient proteins, subsequent to various physiological
and metabolic reactions to improve tolerance to multiple environmental stresses.
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Figure 7. A general view of major genes that are intricate in abiotic stress resistance through ROS
maintenance in crops. MAPK, mitogen-activated protein kinase; CDPK, calcium-dependent protein
kinase; CIPK, calcineurin B-like protein-interacting protein kinase; PK, protein kinase; PP, protein
phosphatase; SRO, similar to RCD.

It is well known that antioxidants stimulate gene expression linked with responses
to various environmental signals to exploit protection through the regulation of cellular
ROS levels and redox state [146]. The characteristics and roles of selected genes and their
processes under salinity and drought stresses are discussed in detail in Tables 8 and 9.
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Table 8. Characterized genes involved in abiotic stress tolerance through ROS regulation in crops.

Genes Origin
Transformation

Receptor
Protein Function Major Functions

Signaling
Hormone

Approaches Used References

GhMKK1 G. hirsutum N. benthamiana MAPKK
Influences oxidative, ROS

scavenging, salt and
drought tolerance

Abscisic acid (ABA) Reverse genetics [147]

DSM1 O. sativa O. sativa MAPKKK
Influences oxidative, ROS

scavenging, drought
tolerance

ABA
RNA interference,
Reverse genetics

[148]

DSM2 O. sativa O. sativa MAPKKK
Influences oxidative, ROS

scavenging, drought
tolerance

ABA
RNA interference,
Reverse genetics

[149]

MEKK1 Arabidopsis Arabidopsis MAPKKK
Influences oxidative, ROS
scavenging, abiotic stress

tolerance
ABA Reverse genetics [150]

GhMAPKKK49 G. hirsutum G. hirsutum MAPKKK
ROS scavenging, salt,

drought, and wounding
stresses

ABA, gibberellins
(GB), methyl

jasmonate (JA),
salicylic acid (SA),

6-benzyl amino
purine, a-naphthyl

acetic acid, and
ethylene (ET)

Transcriptome [151]

MKK1, MKK2,
MKK6

Arabidopsis MAPKK
Stimulate oxidative, ROS

scavenging, abiotic stresses
SA RNA interference [150,152]

OsCPK4 O. sativa O. sativa
Calcium-dependent

protein kinase
ROS scavenging, drought,

and salt stress
SA Reverse genetics [153]

OsCPK12 O. sativa O. sativa
Calcium-dependent

protein kinase

ROS scavenging,
influences oxidative salt

stress
ABA

RNA interference,
Reverse genetics

[154]

SiCDPK24 Setaria italica Arabidopsis
Calcium-dependent

protein kinase
ROS scavenging, drought

stress
ABA Reverse genetics [155]

TaCIPK29 T. aestivum N. benthamiana
CBL-interacting

protein
ROS scavenging, salt stress ABA and ET Reverse genetics [156]

MdCIPK6L Apple Arabidopsis
CBL-interacting
protein kinase

ROS scavenging, salt,
osmotic/drought and

chilling stresses
ABA Reverse genetics [157]
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Table 8. Cont.

Genes Origin
Transformation

Receptor
Protein Function Major Functions

Signaling
Hormone

Approaches Used References

MdSOS2L1 Apple tomato
CBL-interacting
protein kinase

ROS scavenging, salt
stresses

ABA Reverse genetics [158]

AtCIPK5 Arachis diogoi Arabidopsis
CBL-interacting
protein kinase

Salt and osmotic stress
tolerance

NA Reverse genetics [159]

SIT1 O. sativa O. sativa
Lectin receptor-like

kinase
ROS production, salt

sensitivity
ET Reverse genetics [160]

OsMPK6 O. sativa O. sativa MAPK
ROS scavenging, salt

stresses
SA RNA interference [161]

ZmMPKL1 Zea mays Zea mays MAPK
ROS production, drought

sensitivity
ABA

CRISPR/Cas9,
Reverse genetics

[162]

MeMAPK Cassava NA MAPK
osmotic, salt, cold,
oxidative stressors

ABA Transcriptome [163]

ZmMKK3 Zea mays N. benthamiana MAPK
ROS scavenging, osmotic

tolerance
ABA Reverse genetics [164]

OsPP18 O. sativa O. sativa
Protein phosphatase

2C
ROS scavenging, drought

and oxidative stress
ABA

RNA interference,
Reverse genetics

[165]

DST O. sativa O. sativa zinc finger C2H2
ROS scavenging, drought

and salt stress
Cytokinins

QTL,
RNA interference,
Reverse genetics

[166,167]

ZFP36 O. sativa O. sativa zinc finger C2H2
ROS scavenging, stress

and oxidative stress
ABA

RNA interference,
Reverse genetics

[168]

OsTZF1 O. sativa O. sativa
Zinc Finger Protein

CCCH
ROS scavenging, drought,

high-salt stress
ABA RNA interference [169]

OsWRKY30 O. sativa O. sativa WRKY
ROS scavenging, drought

tolerance
SA Reverse genetics [170]

GhWRKY6 G. hirsutum Arabidopsis WRKY
ROS production, drought

and salt stress
ABA

Transcriptome, VIGS,
Reverse genetics

[105]

EcNAC1 Helianthus annus Helianthus annus NAC ROS scavenging, salt stress ABA Reverse genetics [171]

NTL4 Arabidopsis Arabidopsis NAC
ROS production, drought

stress
ABA

RNA interference,
Reverse genetics

[172]

EcbHLH57 Eleusine coracana N. benthamiana bHLH
ROS scavenging, salt,

oxidative and drought
stress

ABA Reverse genetics [173]
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Table 8. Cont.

Genes Origin
Transformation

Receptor
Protein Function Major Functions

Signaling
Hormone

Approaches Used References

JERF3 O. sativa O. sativa
Ethylene response

factor (ERF)
Drought and osmotic

stress
ET Reverse genetics [174]

MnSOD N. plumbaginifolia M. sativa MnSOD
ROS scavenging drought

stress
NA Reverse genetics [175]

OsAPX2 Medicago sativa Medicago sativa APX
ROS scavenging, salt

tolerance
ABA Reverse genetics [176]

PgGPX Pennisetum glaucum O. sativa GPX
ROS scavenging, salinity

and drought stress
SA Reverse genetics [177]

MsALR M. sativa N. benthamiana
NADPH-dependent

aldose/aldehyde
reductase

Antioxidative
metabolism,

drought and oxidative
stress

NA Reverse genetics [178]

AtMIOX4 Arabidopsis Arabidopsis MIOX
ROS scavenging, salt

tolerance
ABA Reverse genetics [179]

MtPP2C Medicago truncatula NA PP2C
ROS scavenging, drought
and cold stress responses

ABA Transcriptome [180]

OsAHL1 O. sativa O. sativa AHL
ROS scavenging, drought

resistance
ABA, SA

GWAS, Reverse
genetics

[181]

OsHK3 O. sativa NA HK
ROS scavenging, salinity

and drought stress
ABA RNA interference [182]

IcSRO1 Ipomoea cairica Arabidopsis SRO
ROS scavenging, salt and

drought tolerance
ABA

Transcriptome,
Reverse genetics

[183]

OsCATB O. sativa O. sativa CATB
ROS production, drought

stress
ABA Transcriptome [184]

RBOHH O. sativa O. sativa NADPH Oxidase
ROS production, drought

stress
ET

CRISPR/Cas9,
Reverse genetics

[185]
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Table 9. A summary of identified genes and their processes under salinity and drought stresses.

Functional Category List of Genes Type of Stress
Biological Function

and Signaling Pathway
Tools Used References

Protein kinase

MAPKKK

MEKK1, MEKK2,
MEKK3, MEKK4,

MAPKKK18, GhMAP3K40, OsMAPKKK63,
GhMAPKKK49
DSM1, DSM2

Influences oxidative, abiotic, and
biotic stress.

Growth and development;
ABA RNA interference, reverse genetics [150,186,187]

MAPKK

MKK1, MKK2,
MKK6, GhMKK1,

Influences oxidative, salt and drought Growth and development;
SA Transcriptome, reverse genetics

[150,188]
MKK3, GhMKK3

Influences oxidative, salt, and
drought stresses

Growth and development;
SA RNA interference, reverse genetics

MKK4, MKK5 GhMKK4,
GhMKK5,

Influences oxidative, drought Growth and development; JA RNA interference, reverse genetics

MKK7, MKK8, MKK9,
MKK10, RhMKK9,

GhMKK9, ZmMKK10
Salt and/or drought Growth and development; ET Reverse genetics

VvMKK2, VvMKK4
Influences oxidative, salt, and

drought Growth and development; SA Reverse genetics [177]

MAPK

MPK3, MPK6, MPK10
OsMPK6, ZmMPK3, RhMPK6,

ZmMPK6-2, OsMPK3,
ZmMPK3

Influences oxidative, abiotic, and
biotic stresses

Cell cycle regulation,
cell division; JA and ET RNA interference, reverse genetics [150,189]

MPK4, MPK5, MPK11, MPK12, MPK13,
OsMPK4ZmMPK4-1,

OsMPK5, OsMPK5, ZmMPK5

Influences oxidative, salt, and/or
drought Cell cycle regulation; SA RNA interference, reverse genetics [150]

MPK1, MPK2, MPK7,
MPK14, ZmMPK7,
OsMPK2AtMPK7,

OsMPK7, GhMPK7

Influences oxidative, salt, drought Circadian-rhythm-regulated; JA, SA RNA interference, reverse genetics [150]

MPK8, MPK9,
MPK15/16/17/18/19/20
GhMPK17, ZmMPK17

Influences oxidative, salt, drought Cell cycle regulation; JA RNA interference, reverse genetics [161]

CDPK

OsCPK4
OsCPK12
SiCDPK24

FaCDPK4, FaCDPK11
StCDPK3, StCDPK23

Influences oxidative, salt, drought Responses to developmental and
environmental cues; SA, ABA

Transcriptome, RNA interference,
reverse genetics [190]

CIPK

TaCIPK29
MdCIPK6L
MdSOS2L1

AtCIPK5

ROS scavenging, salt and osmotic
stress tolerance tissue and organ development; ABA Reverse genetics [167–170]
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Table 9. Cont.

Functional Category List of Genes Type of Stress
Biological Function

and Signaling Pathway
Tools Used References

Transcription factor

bZIP

ABF3, BF4
ABF3, ABF4

FtbZIP5, PtrABF
OsbZIP23,
OsbZIP12,

OsbZIP71, OsbZIP46
OsbZIP72, ZmbZIP4

OsbZIP62, TabZIP

Salt, drought Light signaling, seed maturation, flower
development; ABA

Transcriptome, RNA interference
reverse genetics [191–200]

bHLH MYC2, AtbHLH17, AtbHLH68, AtbHLH122,
FtbHLH2, FtbHLH3, PebHLH35, OsbHLH148

Salt, drought Growth, development, response to
various stresses; JA, ABA

Transcriptome, RNA interference,
reverse genetics [201–208]

NAC

ANAC019, ANAC055,
ANAC072, ANAC042,
TaNAC29, OsNAC6,
OsNAC5, OsNAC9,

OsNAC10, TaRNAC1,
GmNAC109,
CaNAC035

Salt, drought

Plant growth and development range
from the formation of shoot apical

meristem, floral organ development,
reproduction, lateral shoot development;

ABA

Transcriptome, RNA interference,
reverse genetics [209–219]

AP2/ERF

CBF1, CBF2, CBF3,
AtERF53, AtERF74,

AhDREB1, OsDREB1, OsEREBP1, OsERF7,
GmERF3, ZmDREB2A,

SlERF5

Salt, drought Regulation of plant growth and
development; ABA

Transcriptome, RNA interference
reverse genetics [220–230]

MYB

AtMYB44, AtMYB96,
AtMYB20, OsMYB4,

OsMYB6, OsMYB48-1,
OsMYB91, GmMYB76,

GmMYB92, GmMYB177

Abiotic stresses Circadian rhythm, regulation of primary
and secondary metabolism; ABA, JA

Transcriptome, RNA interference
reverse genetics [231–239]

WRKY
OsWRKY11, OsWRKY45, TaWRKY1,

TaWRKY33,
cWRKY023, ZmWRKY33, VvWRKY2

Salt, drought Growth and development; ABA Transcriptome, RNA interference
reverse genetics [240–245]

ROS-scavenging

SOD

FSD1, FSD2, FSD3
CSD1, CSD2, CSD3

MSD1
Salt, drought Antioxidant defense against oxidative

stress; ABA RNA interference, Reverse genetics [246]

CmSOD Oxidative stress ABA reverse genetics [247]
CsSOD Drought JA and gibberellin (GA3) Transcriptome [248]
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Table 9. Cont.

Functional Category List of Genes Type of Stress
Biological Function

and Signaling Pathway
Tools Used References

APX

APX1-APX7 Salt and or drought Growth regulation; ABA Transcriptome [246]
OsAPX1, OsAPX2 Oxidative, Salt, drought ABA Transcriptome [249]
OsAPX3, OsAPX4 Salt and drought ABA Transcriptome [249]

OsAPX5, OsAPX6 and OsAPX7 salinity ABA Transcriptome [250]
AgAPX1 Drought NA Reverse genetics [251]
TbAPX Salt ABA Reverse genetics [252]
CytAPX Salt ABA Reverse genetics [253]

CAT

CAT2, CAT3, ScCAT1 Salt and/or drought ABA Transcriptome [254]
HuCAT3 Salt and drought NA Transcriptome [255]

VsCat Salt Salt CRISPR/C as9 [198]

CsCAT3
Tolerance to heat, cold, salinity and

osmotic condition ABA Transcriptome, Reverse genetics [256]

GPX

GPX1, GPX2, GPX5, GPX6
and GPX7

Abiotic stress Plant development, multiple signaling
pathways Transcriptome [257,258]

PgGPx Salinity and Drought NA Reverse genetics [177]
ClGPX Salinity and Drought ABA Transcriptome [258]
NnGPX Salt NA Reverse genetics [259]
OsGPX5 Salt ABA Transcriptome, RNA interference [260]

MDHAR

MDAR2-4 Salt Stress protection; ABA Transcriptome [256]
AeMDHAR Salt NA Reverse genetics [261]
AtMDAR1 Ozone, salt and drought stress ABA Reverse genetics [262]
TrMDHAR salt ABA Transcriptome [261]

DHAR

SlDHAR1 and SlDHAR2 salt Stress protection; NA Transcriptome [263]
DHAR1 and DHAR3 Salt ABA Transcriptome [256]

LcDHAR Salt and drought NA Transcriptome, Reverse genetics [264]
TrDHAR Salt ABA Transcriptome [265]
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6. Conclusions

The adverse effects of climatic change and an increasing population pose a momentous
challenge to crop production and food security, particularly in developing countries. Thus,
it is a prerequisite to understand plant response mechanisms to abiotic stresses, namely,
salinity and drought, at the molecular level to improve crop productivity. To overcome these
circumstances, conventional breeding systems are no longer appropriate avenues to bolster
crop production. In this review, we mainly discussed advanced molecular genomics tools
focusing on plant genes in response to abiotic stress mechanisms to update our knowledge
on the rapid development of high-yielding crop varieties under salt and drought stresses.
Moreover, we summarized the recent studies of plant genes and differentiated them
according to their molecular functions in response to salt and drought and reported recent
advances in these stress-response mechanisms. Finally, the integration of any two or all
three genomics approaches would be used to generate salinity- and drought-tolerant crops.
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Abstract: Exogenous antioxidant applications enable salt-stressed plants to successfully cope with
different environmental stresses. The objectives of this investigation were to study the effects of
sequential treatments of proline (Pro), ascorbic acid (AsA), and/or glutathione (GSH) on 100 mM
NaCl-stressed cucumber transplant’s physio-biochemical and growth traits as well as systems of
antioxidant defense. Under salinity stress, different treatment of AsA, Pro, or/and GSH improved
growth characteristics, stomatal conductance (gs), enhanced the activities of glutathione reductase
(GR), superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) as well as
increased contents of AsA, Pro, and GSH. However, sequential application of antioxidants (GSH-Pro-
AsA) significantly exceeded all individual applications, reducing leaf and root Cd2+ and Na+

contents in comparison to the control. In plants grown under NaCl-salt stress, growth characteristics,
photosynthetic efficiency, membrane stability index (MSI), relative water content (RWC), contents of
root and leaf K+ and Ca2+, and ratios of K+/Na+ and Ca2+/Na+ were notably reduced, while leaf
contents of non-enzymatic and enzymatic antioxidants, as well as root and leaf Cd2+ and Na+

concentrations were remarkably increased. However, AsA, Pro, or/and GSH treatments significantly
improved all investigated growth characteristics, photosynthetic efficiency, RWC and MSI, as well as
AsA, Pro, and GSH, and enzymatic activity, leaf and root K+ and Ca2+ contents and their ratios to
Na+, while significantly reduced leaf and root Cd2+ and Na+ contents.

Keywords: sequential application of antioxidants; salinity; Cucumis sativus; photosynthetic efficiency;
antioxidant defense systems
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1. Introduction

Cucumber (Cucumis sativus L.) is one of the most economically important and widely distributed
vegetable crops, as well as being useful for human health and nutrition because it has several important
mineral nutrients and vitamins and has reasonable amounts of proteins and carbohydrates [1]. In addition,
it has many natural antioxidants and vitamins used as a nutritive source and for medical purposes such as
headaches and anti-acne lotions due to its analgesic activities [2]. Also, cucumber can have antioxidants
phenolic, especially flavonoids can be involved in reactive oxygen species (ROS) detoxification.

Cucumber has been found to be moderately sensitive to salinity [3]. In particular, salt stress
causes inhibition of cucumber plant growth and productivity through affecting the key physiological
and biochemical processes [4–7]. Due to the climatic changes occurring presently, salinization of
plant-growing media is gradually aggravated, which will lead to further inhibition and loss in plant
growth and yield, respectively. Therefore, considerable attention has been paid to boost salinity
tolerance in cucumber plants by using many exogenous supports [6,8,9].

Generally, salinity negatively affects growth and restricts the productivity and quality of crops,
especially in arid and semi-arid agricultural regions [10–15]. Plant growth and productivity are
declined at varying degrees subjecting to the salt stress levels [1,16,17]. Salt stress causes plant
performance reduction through the dysfunction occurred in the biochemical and physiological and
processes, and the antioxidant defenses as a result of ROS excessive production such as 1O2, O2

•−,
H2O2, and OH-, as well as the instabilities of cell membranes and lipid peroxidation occurred due to
stress of increased Na+ ions along with increased ROS [18–22].

Plants have different antioxidative mechanisms for ROS scavenging through inspiring the
antioxidative enzymes for instance CAT, GR, SOD, and APX, which are functioned along with the
non-enzymatic antioxidants to mitigate the adverse impacts of different stresses in plant species [23–25].
The main non-enzymatic plant antioxidants are ascorbate, glutathione, carotenoids, tocopherols,
and phenolic compounds. Non-enzymatic antioxidants such as AsA, GSH, and Pro can represent a
fundamental portion of the endogenous defense mechanisms and adaptive strategies to fight the stress.
They are often insufficient to cope with stress; therefore, plants are exogenously provided by these
antioxidants singly or in combinations to promote and enhance their antioxidant defense systems in
contrast to different environmental stresses, including salinity [26–28]. As reported in these works,
the exogenous treatments (i.e., AsA, Pro, and GSH) applied singly or in sequences had boosted plant
performance (i.e., growth and yield) through a positive stimulation of the key physio-biochemical and
molecular attributes and increasing the capacity of antioxidant defenses. In addition, the above works
have reported ROS detoxification, cell membrane stability, ion balance, and Na+ ions decline.

To our knowledge, only little previous works [24,28,29] showed that the sequential application of
Pro, AsA, and GSH is proved to be more effective strategy for plants to efficiently cope with various
abiotic stresses (i.e., heavy metals, drought, and salinity) than their individual or combined applications.
Therefore, the aims of the current investigation were to assess the effects of exogenously applied
AsA, Pro and GSH in a sequence method in comparison with individual treatments on the growth,
efficiency of photosynthesis, tissue water content, and membrane health in terms of MSI and the
contents of Cd2+ and Na+ as well as non-enzymatic and enzymatic defenses of cucumber transplants.

2. Materials and Methods

2.1. Experimental Setup

Seeds of cucumber (hybrid Bahi®) were separated to five groups, each consisted of 80 seeds.
Then, seeds were soaked in distilled water (group 1), 0.5 mM AsA solution (group 2), 0.5 mM Pro
solution (group 3), or 0.5 mM GSH solution (group 4). The duration of soaking was 4 h. Furthermore,
seeds of group number 5 were soaked in sequential application of different antioxidants as follows:
0.5 mM AsA for 90 min, 0.5 mM Pro for 80 min, and then 0.5 mM GSH for 70 min in a sequence,
respectively. Concentrations of antioxidants applied singly or in AsA-Pro-GSH and soaking duration
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were selected according to our data (not shown) of a preliminary study. In addition, AsA-Pro-GSH was
generated greatest response among different tested sequences of our preliminary study (data not shown).

In each group, the seeds were divided into two sub-groups (i.e., n = 40 seeds) to represent
10 treatments. After germinating the seeds of all groups, irrigation was applied using a distilled water
for all first sub-groups in the same time, while all second sub-groups were irrigated with 100 mM
NaCl solution. Foam trays (209 cells) were used for the current work conducted on 28 May 2017 for
28 d. Trays were arranged in an open greenhouse under which the conditions were 62–68% humidity,
29 ± 3/19 ± 1 ◦C day/night temperatures, and average 13/11 h day/night length. The light intensity was
the intensity of natural sunlight throughout the season (28th of May–24th of June). Peat moss and
vermiculite mixture (1:2 v/v) was a germinating and growing medium of transplants. The completely
randomized designs was used for the experiment with three foam trays/replicates for each treatment.
Twenty-eight days after sowing, transplants of cucumber were collected for different measurements of
morphology and physiological traits and biochemical attributes.

2.2. Measurements

After 28 days, seedlings (n = 20) were randomly selected from each treatment to record growth
attributes i.e., leaf area, shoot length, stem diameter, and shoot FW (fresh weight) and DW (dry weight).
Leaf area was determined as detailed by [30].

Stomatal conductance (gs) mmol−2 S−1 was measured by leaf porometer (Decagon Devices
Inc., Pullman, WA, USA). The measurements were conducted 10, 14, 18, and 22 days after onset of
NaCl applications from 7:00 am: 5:00 pm with 2 h intervals. SPAD chlorophyll meter (SPAD-502;
Minolta, Osaka, Japan) was used to measure relative contents of chlorophyll. Chlorophyll fluorescence
(performance index, PI; =maximum quantum yield of PSII = efficiency of the photosystem 2, Fv/Fm;
Fv/F0), as a convenient tool to assess photosynthetic efficiency, was determined according to [31] using
Handy PEA (Hansatech Instruments Ltd., Kings Lynn, UK). Leaves relative water content (RWC) and
cell membrane stability index (MSI) were measured according to [32].

The method detailed by [33] was followed to determine leaf content of free proline after extraction
of 500 mg fresh leaf using 3%, v/v, sulphosalicylic acid. Following the [34] method, leaf AsA was
extracted and its content was determined. Leaf GSH content was determined as detailed in the [35]
method. Protein content and activity of SOD (EC 1.15.1.1) was analyzed as described by Bradford [36]
and Kono [37] respectively. CAT (EC 1.11.1.6) activity was analyzed as described by Aebi [38].
Potassium phosphate (KH2PO4; a buffer) and hydrogen peroxide (H2O2; a substrate) were used,
and the absorbance was read using spectrophotometer at 240 nm. The activity of APX (EC 1.11.1.11)
was analyzed using the method of [39] and the absorbance was read using spectrophotometer at
290 nm. GR (EC 1.6.4.1) activity was analyzed and the NADPH oxidation was monitored for three
absorbance readings recorded at 340 nm [39].

A weight of 100 mg dried powdered leaf or root samples was digested for 12 h by using 80%
HClO4 (2 mL) + concentrated H2SO4 (10 mL). The digested samples were then diluted each to
100 mL. The digested leaf samples were used to analyze the concentrations of K+ and Ca2+ via flame
photometry [40]. In addition, the digested leaf and root samples were used to analyze Cd2+ contents
via Atomic Absorption Spectrophotometer (a Perkin-Elmer, Model 3300) as detailed in [41] method.

2.3. Statistical Analysis

The data obtained from the effects of exogenously applied AsA, Pro and GSH in a sequence
method in comparison with individual treatments on growth, physiological and biochemical traits as
well as Cd2+ and Na+ contents of cucumber transplants gown under 100 mM NaCl-salt stress were
statistically analyzed using the GLM procedure of Gen STAT (version 11; VSN International Ltd.,
Oxford, UK). Least significant differences (LSD) was calculated to compare the differences among
means at 5% probability (p ≤ 0.05).
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3. Results

Concerning the antioxidant applications under normal conditions, the three antioxidants; AsA, Pro,
and GSH that applied individually for cucumber seed improved all of the investigated growth
characteristics (Table 1), gs (Table 2) and endogenous contents of AsA, Pro, and GSH (Table 3), as well as
the enzymatic activities of SOD, CAT, GR, and APX (Table 4). On the other side, all of these individual
antioxidant applications did not affect Fv/Fm, and PI and chlorophyll content (Table 2), RWC and MSI
(Table 3), leaf and root contents of the poisonous elements Cd2+ and Na+, and the beneficial elements
K+ and Ca2+ (Figures 1 and 2). However, AsA-Pro-GSH treatment leads to better results for most of
investigated parameters than those obtained with the individual applications, along with significant
reductions of Cd2+ contents of leaves and roots upon comparing to the controls (Figure 1).

Regarding the stress impacts of salinity, treatment with 100 mM NaCl considerably suppressed
cucumber transplant growth parameters compared to those grown under control. For instance,
it reduced the length of plant shoot by 24.4%, leaf area by 26.3%, stem diameter by 16.7%, shoot FW by
17.5%, and shoot DW by 23.1% (Table 1), photosynthetic efficiency (i.e., gs by 26.4%, SPAD chlorophyll
by 19.7%, Fv/Fm by 8.4%, and PI by 16.8%; Table 2), leaf RWC and MSI (by 15.0 and 16.6%, respectively;
Table 3), respectively compared to the controls. However, treatment with 100 mM NaCl significantly
increased leaf contents of antioxidants, which are non-enzymatic and have low-molecular-weights
such as Pro by 22.2%, AsA by 95.3%, and GSH by 28.6% (Table 3), leaf enzymatic activities such as
SOD by 8.7%, CAT by 26.1%, GR by 18.5%, and APX by 20.0%, respectively in comparison to the plants
grown under control treatment (Table 4).

Table 1. Effects of seed single or sequential application of antioxidants on growth traits of 100 mM
NaCl-salt-stressed cucumber transplants.

Treatments Shoot Length (cm) Leaf Area (cm2) Stem Diameter (mm) Shoot FW (g) Shoot DW (g)

Control 15.6 ± 0.4 cd 64.0 ± 2.2 cd 3.6 ± 0.1 b 1.71 ± 0.07 b 0.13 ± 0.02 d

AsA 17.0 ± 0.6 abc 70.6 ± 5.8 ab 3.8 ± 0.1 ab 2.00 ± 0.16 a 0.15 ± 0.03 bc

Pro 16.6 ± 0.7 bcd 69.3 ± 3.6 bc 3.7 ± 0.1 b 2.03 ± 0.08 a 0.15 ± 0.04 bc

GSH 17.9 ± 0.7 ab 70.8 ± 3.3 ab 3.8 ± 0.1 ab 2.02 ± 0.08 a 0.15 ± 0.02 bc

AsA-Pro-GSH 18.3 ± 0.6 a 75.5 ± 5.0 a 4.0 ± 0.1 a 2.03 ± 0.14 a 0.17 ± 0.04 a

NaCl 11.8 ± 0.6 e 47.2 ± 2.0 e 3.0 ± 0.1 c 1.41 ± 0.05 c 0.10 ± 0.02 e

NaCl + AsA 16.8 ± 0.3 abc 63.4 ± 4.2 d 3.6 ± 0.1 b 1.95 ± 0.12 a 0.14 ± 0.02 cd

NaCl + Pro 15.4 ± 0.6 cd 61.1 ± 2.3 d 3.6 ± 0.1 b 1.98 ± 0.06 a 0.13 ± 0.02 d

NaCl + GSH 15.1 ± 0.5 d 64.1 ± 3.6 cd 3.6 ± 0.1 b 1.98 ± 0.09 a 0.14 ± 0.03 cd

NaCl + AsA-Pro-GSH 17.9 ± 0.4 ab 70.7 ± 2.5 ab 3.7 ± 0.1 b 2.00 ± 0.07 a 0.16 ± 0.04 ab

Means with the same letter within each trait are not significantly differed at p ≤ 0.05. AsA = ascorbic acid,
Pro = proline, GSH = glutathione, and AsA-Pro-GSH = sequential application of different antioxidants.

Table 2. Effects of seed single or sequential application of antioxidants on photosynthetic efficiency of
100 mM NaCl-salt-stressed cucumber transplants.

Treatments
Stomatal Conductance

(mmol−2 S−1)
SPAD

Chlorophyll
Fv/Fm

Performance
Index (%)

Control 193 ± 5 d 42.1 ± 2.2 ab 0.83 ± 0.06 a 3.64 ± 0.24 ab

AsA 241 ± 7 abc 42.4 ± 1.0 ab 0.83 ± 0.05 a 3.75 ± 0.10 ab

Pro 247 ± 5 abc 42.8 ± 0.6 ab 0.83 ± 0.05 a 3.73 ± 0.12 ab

GSH 254 ± 6 a 42.9 ± 0.9 ab 0.83 ± 0.04 a 3.78 ± 0.14 a

AsA-Pro-GSH 257 ± 8 a 44.7 ± 1.4 a 0.84 ± 0.05 a 3.78 ± 0.12 a

NaCl 142 ± 4 e 33.8 ± 2.0 e 0.76 ± 0.04 b 3.03 ± 0.35 c

NaCl + AsA 232 ± 8 c 38.9 ± 1.8 cd 0.82 ± 0.05 a 3.46 ± 0.30 b

NaCl + Pro 234 ± 5 bc 38.6 ± 1.9 d 0.82 ± 0.04 a 3.46 ± 0.29 b

NaCl + GSH 234 ± 7 bc 39.0 ± 0.8 cd 0.82 ± 0.04 a 3.48 ± 0.31 b

NaCl + AsA-Pro-GSH 252 ± 6 ab 41.4 ± 1.5 bc 0.84 ± 0.05 a 3.72 ± 0.19 ab

Means with the same letter within each trait are not significantly differed at p≤ 0.05. AsA= ascorbic acid, Pro = proline,
GSH = glutathione, and AsA-Pro-GSH = sequential application of different antioxidants. Fv/Fm =maximum
quantum yield of PSII = efficiency of the photosystem 2.
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Table 3. Effects of seed single or sequential application of antioxidants on leaf relative water content
(RWC), membrane stability index (MSI), and non-enzymatic antioxidant system of cucumber transplants
grown under 100 mM NaCl-salt stress.

Treatments RWC (%) MSI (%)
Free Proline
(mg g−1 DW)

AsA (µmol
Ascorbate g−1 DW)

GSH
(nmol GSH g-1 DW)

Control 87.6 ± 0.7 abc 76.3 ± 1.1 a 0.27 ± 0.00 f 1.48 ± 0.04 g 0.14 ± 0.01 g

AsA 88.3 ± 1.0 abc 78.5 ± 0.4 a 0.31 ± 0.01 ef 3.54 ± 0.08 d 0.19 ± 0.01 f

Pro 89.2 ± 0.8 a 78.3 ± 0.5 a 0.65 ± 0.04 c 1.85 ± 0.02 f 0.20 ± 0.00 f

GSH 88.7 ± 2.1 ab 79.0 ± 1.1 a 0.32 ± 0.02 e 1.97 ± 0.04 f 0.35 ± 0.01 d

AsA-Pro-GSH 91.3 ± 2.6 a 79.7 ± 0.8 a 0.76 ± 0.00 b 4.27 ± 0.08 c 0.40 ± 0.00 c

NaCl 74.5 ± 0.4 d 63.6 ± 2.1 c 0.33 ± 0.00 e 2.89 ± 0.08 e 0.18 ± 0.01 fg

NaCl + AsA 82.7 ± 0.9 c 69.8 ± 0.7 b 0.40 ± 0.02 d 6.32 ± 0.05 b 0.25 ± 0.00 e

NaCl + Pro 83.2 ± 2.7 bc 69.9 ± 1.5 b 0.80 ± 0.01 b 3.34 ± 0.03 d 0.28 ± 0.01 e

NaCl + GSH 82.8 ± 1.2 bc 70.4 ± 0.8 b 0.41 ± 0.01 d 3.40 ± 0.04 d 0.49 ± 0.01 b

NaCl + AsA-Pro-GSH 87.8 ± 1.4 abc 76.8 ± 1.0 a 0.87 ± 0.01 a 7.58 ± 0.13 a 0.59 ± 0.01 a

Means with the same letter within each trait are not significantly differed at p ≤ 0.05. AsA = ascorbic acid,
Pro = proline, GSH = glutathione, and AsA-Pro-GSH = sequential application of different antioxidants.

Table 4. Effects of seed single or sequential application of antioxidants on enzymatic antioxidant system
of cucumber transplants grown under 100 mM NaCl-salt stress.

Treatments

Superoxide
Dismutase

Catalase
Glutathione
Reductase

Ascorbate
Peroxidase

µmol mg-1 Protein min-1

Control 0.23 ± 0.01 e 0.23 ± 0.00 d 0.27 ± 0.01 d 0.30 ± 0.01 e

AsA 0.29 ± 0.01 cd 0.28 ± 0.01 c 0.32 ± 0.01 c 0.43 ± 0.02 c

Pro 0.28 ± 0.01 d 0.30 ± 0.02 c 0.34 ± 0.02 c 0.42 ± 0.01 c

GSH 0.28 ± 0.01 d 0.28 ± 0.01 c 0.34 ± 0.02 c 0.42 ± 0.02 c

AsA-Pro-GSH 0.31 ± 0.02 bcd 0.35 ± 0.00 b 0.41 ± 0.02 b 0.52 ± 0.02 b

NaCl 0.25 ± 0.01 e 0.29 ± 0.00 c 0.32 ± 0.01 c 0.36 ± 0.01 d

NaCl + AsA 0.31 ± 0.01 bcd 0.35 ± 0.01 b 0.39 ± 0.02 b 0.49 ± 0.02 b

NaCl + Pro 0.31 ± 0.02 bcd 0.37 ± 0.00 b 0.39 ± 0.01 b 0.50 ± 0.02 b

NaCl + GSH 0.33 ± 0.02 b 0.37 ± 0.01 b 0.40 ± 0.02 b 0.50 ± 0.02 b

NaCl + AsA-Pro-GSH 0.38 ± 0.02 a 0.41 ± 0.02 a 0.47 ± 0.02 a 0.55 ± 0.02 a

Means with the same letter within each trait are not significantly differed at p ≤ 0.05. AsA = ascorbic acid,
Pro = proline, GSH = glutathione, and AsA-Pro-GSH = sequential application of different antioxidants.

Treatment with 100 mM NaCl resulted in a reduction for leaf and root contents of Ca2+ and
K+ by 26.8 and 36.3%, and 52.0 and 57.2% in comparison to controls, respectively (Figure 1).
Moreover, it reduced the ratios of Ca2+/Na+ and K+/Na+ of leaves and roots by 87.2 and 90.6%,
and 91.6 and 93.8% compared to the controls, respectively (Figure 2). Nevertheless, salt stress treatment
with 100 mM NaCl resulted in an increments in the contents of root and leaf Cd2+ and Na+ by 340.1 and
759.3%, and 585.1 and 472.0%, respectively compared to the controls (Figures 1 and 2).

However, the application of non-enzymatic antioxidants for cucumber seed attenuated the stress
impacts of 100 mM NaCl salinity by modifying, positively, the above salt stress effects. Where compared
to NaCl treatment, the individual use of each of AsA, Pro, and GSH for cucumber seed markedly
elevated all of the investigated growth characteristics, photosynthetic efficiency, RWC, MSI, endogenous
AsA, Pro, and GSH levels (further increase), and the activity of antioxidant enzymes; CAT, APX,
GR, and SOD (further increase), the leaf and root Ca2+ and K+ contents and their ratios to Na+,
while considerably reduced Cd2+ and Na+ contents in leaves and roots. However, AsA-Pro-GSH
treatment significantly exceeded all of the individual applications for all of the investigated parameters.
This AsA-Pro-GSH applied sequentially elevated the length of the shoot by 51.7%, total area of
leaves by 49.8%, stem diameter by 23.3%, shoot FW by 41.8%, shoot DW by 60.0%, gs by 77.5%,
SPAD chlorophyll by 22.5%, Fv/Fm by 10.5%, PI by 22.8%, RWC by 17.9%, and MSI by 20.8%. This best
treatment also increased the activity of SOD by 52.0%, CAT by 41.4%, GR by 46.9%, and APX by 52.8%,
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the content of Pro by 163.6%, AsA by 162.3%, GSH by 227.8%, root K+ by 128.3%, leaf K+ by 105.9%,
root Ca2+ by 51.0%, and leaf Ca2+ by 34.1%, and the ratio of root K+/Na+ by 510.5%, leaf K+/Na+

by 484.1%, root Ca2+/Na+ by 300.0%, and leaf Ca2+/Na+ by 280.4% compared to NaCl treatment
without antioxidants. AsA, Pro, and GSH applied individually or sequentially were more noticeable
under salt stress than their applications under the control condition, especially for the AsA-Pro-GSH
applied sequentially.
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Figure 1. Effects of seed single or sequential application of antioxidants on Cd2+, K+ and Ca2+

contents in roots and leaves of 100 mM NaCl-salt-stressed cucumber transplants. Means with the same
letter within each trait are not significantly differed at p ≤ 0.05. AsA = ascorbic acid, Pro = proline,
GSH = glutathione, and AsA-Pro-GSH = sequential application of different antioxidants.
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4. Discussion

Salinity significantly limited cucumber transplant growth characteristics (Table 1). This growth
limitation might be due to alterations in osmotic potential emerging from the limited availability of
water [42]. An increased concentration of salts restricts the ability of the plant to absorb enough water
and forces it to absorb Na+ and Cl- in excessive amounts, early emerging osmotic stress and accumulating
ionic Na+ and Cl- stresses. This mainly impairs the metabolic processes, negatively affecting
photosynthetic efficiency and limiting the growth [43]. However, sequence use of AsA-Pro-GSH
conferred significant results, mitigating the devastating impacts of salinity stress. AsA, Pro, or GSH
applied exogenously as individual treatments have been reported to overcome the disastrous impacts
of salinity on metabolic processes related to plant growth [21,44–46]. However, the exogenous use
of AsA, Pro, and GSH as AsA-Pro-GSH treatment has rarely been shown to attenuate the salt stress
influences [28]. AsA, proline, and GSH as antioxidants have great power to counter and rectify the
damages constructed by the salt-induced ROS. This enables stressed plants to qualify a complex
antioxidative system to maximize defensive strategies in plant cells to tolerate the NaCl-induced
oxidative stress [18,28,47]. Soaked seeds using AsA-Pro-GSH generated significantly better growth
results than seeds soaked in individual AsA, Pro, or GSH solution. This may be attributed to that
application of the three antioxidants in an integrative sequential method confers a balance for the
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so-called “AsA-GSH cycle” to effectively control the ROS radicals along with the osmoprotectant
Pro to save water for cellular processes under salt stress in favor of plant growth. As proved for the
AsA-Pro-GSH treatment in our earlier study [28], AsA was the most helpful when applied first because
it has been involved in several biological activity types associated with oxidative stress resistance in
plant cells, where it functions as a donor/acceptor in electron transport in the chloroplasts or at the
cellular plasma membranes, in addition to acting as an antioxidant and enzymatic cofactor, etc. [48].
In chloroplasts, AsA is oxidized to monodehydroascorbate (MDA) in the presence of APX in the
“Halliwell-Asada” pathway. MDA might trigger dehydroascorbate (DHA), which is reduced with MDA
to cause regeneration of the ascorbate pool. This scavenging type can occur close to the PSII, leading to
minimizing the ROS escape risk and/or their reacting with each other [49]. Also, the AsA acts as the
“terminal antioxidant” due to the redox potential of the AsA/MDA pair (280 mv), which is lower than
the redox potential of most bio-radicals [50]. These into the elucidation of [51] that the biosynthesis of
AsA from hexose phosphate and its inclusion in protecting against the stress effects of photo-oxidation
suggests that there could be links between the size of AsA pool and the photosynthesis process.

Under salt (100 mM NaCl) stress, photosynthesis efficiency attributes (i.e., gs, SPAD chlorophyll,
Fv/Fm, and PI; Table 2) of cucumber transplants were significantly decreased. This may be due to the
inhibited or insufficient nutrient uptake [52], which accompanied by the increased uptake of undesired
elements (i.e., Na+ and Cd2+) as shown in our results (Tables 4 and 5). It has also been explained
that the diminished contents of chlorophyll could be attributed to the inhibited biosynthesis of
chlorophyll and/or the increased chlorophyll-degrading enzyme chlorophyllase [53]. Since chlorophyll
is reported as an indicator of oxidative damage, ROSs induced by salt also contribute to chlorophyll
degradation and loss of pigment. Fv/Fm ratio reflects the master photochemistry of PSII capacity
that is very susceptible to different stress impacts induced by environmental stressors [54]. The ratio
of Fv/Fm shows, firmly, a noteworthy susceptibility to stress influences of salinity and it is reported
as an indicator of photo-inhibition and/or other PS2 complexes injuries [55]. In the current work,
our findings displayed that in the same time of which various antioxidant applications did not affect
the photosynthetic efficiency attributes under normal conditions, they significantly improved these
attributes in salt-stressed cucumber transplants, with a preference for the AsA-Pro-GSH treatment.
The improvements in the values of SPAD chlorophyll, gs, PI, and Fv/Fm were positively reflected in
transplants growth improvement. This may be elucidated according to the integrative roles giving
integrative mode of actions of AsA, Pro, and GSH as a major mechanism in mitigating the impacts of
salt stress in plants [28].

Our findings reported that RWC and MSI were markedly decreased under NaCl-salt stress
(Table 3), indicating the destruction of the membrane stability and increasing the membrane lipid
peroxidation [22]. The undesirable alterations in the membranes that underwent stress were identified
as inorganic leakage, in which salt stress was demonstrated repeatedly to induce peroxidative damage
to cellular plasma membranes [56]. However, pretreatment with antioxidants, especially sequenced
AsA-Pro-GSH showed significant RWC and MSI improvements under NaCl-salt stress, preventing
partially or the peroxidative damage to plasma membranes especially due to the fact that MSI value
of cucumber tissue was reached equally to the MSI unstressed control value that was also true for
the RWC value (Table 3). [57] showed that AsA treatment prevented the peroxidation of membrane
lipids and reduced malondialdehyde production as a final product of membrane lipid peroxidation,
positively modifying the membrane properties and functions to minimize inorganic leakage and
consequently improve the stability of cell membranes [28]. The same results were explained both with
Pro [58] and GSH [21]. RWC is a proper measurement of tissue status of water in the term physiological
result of cellular water scarcity, while water potential is a measurement of plant water transport in the
soil-plant-atmosphere continuum [59]. It is a key marker for various studies of salinity stress. It is
also a general measurement used to assess the balance of water in plant tissues over periods of water
deficit and measures the amount of leafy water in a plant as a portion of the total volumetric water,
which can be held in the leaf at its full aqueous capacity. In plant cells, RWC maintaining allows the
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metabolic activities to continue by osmotic adjustments and other attributes of salinity and/or drought
adaptation [60]. The use of AsA-Pro-GSH resulted in a significant increase of RWC, helping positive
modifying of the plasma membrane that is reported as a target of unacceptable environmental stressors.
As found with AsA-Pro-GSH treatment, it is often proved that maintaining cell membrane stability and
integrity is a key component to achieving satisfactory plant performance [28,61]. The favorable effects
of the sequential AsA-Pro-GSH treatment on MSI and RWC can be explained based on the integrative
positive modification of osmotic adjustment by Pro addition and improving the efficiency of AsA-GSH
cycle by AsA and GSH addition for scavenging the ROS effectively. Additionally, the advantageous
effects, in this regard, of AsA, Pro, and GSH, which form a pivotal component of the abiotic stress
response in plant cells [21,60].

Table 5. Changes (%) in seedling physiological, biochemical and growth traits, and antioxidant system
components relative to the control in cucumber under normal (N) and saline (100 mM NaCl) conditions.
Three color scale heatmap as follow: yellow =midpoint of control and different traits with insignificant
values compared to control, green = changes over control, and red = changes below control.

Parameters
Control

(N)

Treatments

N+
AsA

N+
Pro

N+
GSH

N+
A.P.G

NaCl
(S)

S+
AsA

S+
Pro

S+
GSH

S+
A.P.G

Shoot length 15.6 9.0 6.4 15 17 −24 7.7 −1.3 −3.2 15
Leaf area 64.0 10 8.3 11 18 −26 −0.9 −4.5 0.2 10

Stem diameter 3.6 5.6 2.8 5.6 11 −17 0.0 0.0 0.0 2.8
Shoot FW 1.71 17 19 18 19 −18 14 16 16 19
Shoot DW 0.13 15 15 15 31 −23 7.7 0.0 7.7 23

gs 193 25 28 32 33 −26 20 21 21 31
SPAD value 42.1 0.7 1.7 1.9 6.2 −20 −7.6 −8.3 -7.4 -1.7

Fv/Fm 0.83 0.0 0.0 0.0 1.2 −8.4 −1.2 −1.2 −1.2 1.2
PI 3.64 3.0 2.5 3.8 3.8 −17 −4.9 -4.9 −4.4 2.2

RWC 87.6 0.8 1.8 1.3 4.2 −15 −5.6 −5.0 −5.5 0.2
MSI 76.3 2.9 2.6 3.5 4.5 −17 −8.5 −8.4 −7.7 0.7

Free proline 0.27 15 141 19 181 22 48 196 52 222
Ascorbate 1.48 139 25 33 189 95 327 126 130 412

Glutathione 0.14 36 43 150 186 29 79 100 250 321
SOD activity 0.23 26 22 22 35 8.7 35 35 43 65
CAT activity 0.23 22 30 22 52 26 52 61 61 78
GR activity 0.27 19 26 26 52 19 44 44 48 74

APX activity 0.30 43 40 40 73 20 63 67 67 83
Cd2+ content 0.53 −31 −2.5 −5.6 -33 550 283 292 257 94
K+ content 23.8 2.3 1.0 2.4 3.4 −55 −28 −28 −22 −1.9

Ca2+ content 13.5 −0.4 -2.5 0.9 1.2 −31 -16 −18 −13 −2.8
Na+ content 2.73 −2.8 −1.1 −1.9 -2.5 529 253 248 245 129
K+/Na+ ratio 8.67 5.4 2.2 4.4 6.2 −93 −80 −79 −77 −57

Ca2+/Na+ ratio 4.90 2.7 −2.6 2.8 3.9 −89 −77 −76 −75 −56

AsA = ascorbate, Pro = proline, GSH = glutathione, A.P.G. = ascrobate-proline-glutathione, gs = stomatal
conductance, PI=performance index, RWC= relative water content, MSI=membrane stability index, CAT = catalase,
GR = glutathione reductase, SOD = superoxide dismutase, APX = ascorbate peroxidase, Cd2+ = cadmium,
Ca2+ = calcium, K+ = potassium, and Na+ = sodium.

Conferring several mechanisms to overcome salt stress effects, Pro, AsA, and GSH,
as low-molecular-weight antioxidants with others, comprise a major part of the plant defense system,
rendering safeguarding roles to withstand oxidative stress effects [62]. Due to the fact that Pro acts as
osmo- and/or enzyme protectant and might make itself as a reserve of N, as well as it considers as a free
radical scavenger, there is a potent connection between its level in plant cells and the ability to withstand
the effects of stress. [63]. Our findings showed a noticeable proline level in cucumber transplants
(Table 3), positively reflecting in transplant growth, tissue water content, and photosynthetic efficiency
(Tables 1 and 2) by AsA, Pro, and GSH pretreatment, especially when applied in a sequencing method.
This result can be obtained on account of the expression of key genes-encoding enzymes for Pro
biosynthesis (the biosynthetic P5CS) and oxidizing enzyme low activities [28,64]. In addition, Pro acts
to modify toxic ions (Cd2+; Figure 1 and Na+; Figure 2) and organic solute contents [64]. It was also
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effective in districting the oxidative damages of NaCl by the plant’s antioxidant system, which includes
various enzymes and low-molecular-weight antioxidants (Tables 3 and 4). Another mechanism that
may be acted in transplants under NaCl stress, the Pro/P5C cycle transfers the NAD(P)H equivalents,
which are reduced to the mitochondria to support the maintenance of the pool of NAD(P)+ [65]. In the
salt-stressed leaves of the plant, there is marked ProDH activity and decreased levels of Pro and P5C.
These compounds (Pro and P5C) can act as sources of N due to the increase in soluble protein and N
compound contents that contribute to the osmotic adjustment [64].

As shown in Table 3, AsA and GSH levels in AsA-, Pro-, and/or GSH-pretreated salt-stressed
cucumber transplants were found to be markedly greater in comparison with the control levels.
The AsA-Pro-GSH as an integrative treatment was more effective than individuals. These results
are in a parallel line with those of [28]. Minutely, the pool of AsA and GSH must be balanced along
with appropriate APX activity to improve the plant’s antioxidant ability to avoid damage of oxidative
stress [66]. AsA is a highly potent ROS scavenger due to its electron donation ability in various
reactions that occurred enzymatically and non-enzymatically. It keeps safe the cell membrane integrity
by direct ROS (O2

•− and OH−) scavenging [67]. Since the AsA-GSH cycle contains both AsA and
GSH as major components, they can control the level of H2O2 in plant cells. By forming AsA and
GSH, GR together with MDHAR and DHAR the all are mostly responsible for providing substrates
for APX [68]. Under the stress of salinity, Desoky et al. [69] have reported increases in the state of
redox activity of AsA and GSH in conjunction with an increase in their contents to reduce the level of
H2O2. The reactions occurring in the transformation of oxidized glutathione; catalyzes the reduction
of oxidized glutathione to reduced glutathione; GSH are catalyzed by GR.

In addition to non-enzyme-based antioxidants that play important roles in counteracting the
effects of salinity, plants make use of antioxidant enzymes. This has become evident that comparatively
raised activities of enzymes that scavenge different ROS have been reached in wheat seedlings [69].
Results of the current study (Table 4) have supported this finding. Also, the antioxidative enzymes
assayed in the present work such as CAT, APX, GR, and SOD have a special role in mitigating the
effects of oxidative stress stimulated by NaCl salinity. The activities of these enzymes were measured
in cucumber transplants under normal or 100 mM NaCl stress in response to AsA, Pro, or GSH
(singly) or AsA-Pro-GSH (sequential method as antioxidative integration). Our results showed that the
activities of all enzymes raised under the stress of NaCl salinity and further increased with antioxidants
pretreatment, especially with AsA-Pro-GSH pretreatment. Because SOD is an effective O2

•– scavenger,
it is the plant’s first defense employee against ROS [28], demonstrating the SOD defensive role for
biosystems. Besides, CAT is considered to be the main scavenger of H2O2, producing H2O and
O2. It may also be a protective agent against the formation of OH– radicals, which peroxidize cell
membrane lipids and severely affect plant growth [70]. As CAT does, APX eliminates H2O2, and its
elevated activity has also been noticed under salinity in different plant species [25,69]. Salt stress
stimulates excess ROS accumulation in plant cells such as H2O2, which its metabolism depends on
several antioxidant enzymes that functionally interconnected to eliminate H2O2 from cells of stressed
plants [71,72].

AsA, Pro, and GSH contribute to reduce the salt-induced K+ efflux and increase Ca2+/Na+ and
K+/Na+ ratios in the transplants stressed with NaCl salinity (Figures 1 and 2), conferring proper
ionic homeostasis in salt-stressed transplants. This suggests an effective mechanism in the roots of
transplants stressed with NaCl salinity to avert Na+ xylem tonnage. Another efficient mechanism
that may occur by applied antioxidants is the compartmentalization of excess Na+ authorizing a
maximal K+ influx to transplant leaves [24,73,74], leading to an increased cytosolic ratio of K+/Na+

(along with Ca2+/Na+ ratio) that represents a crucial indicator for tolerance to salinity stress in
plants [69]. An adaptive mechanism such as elevated K+ re-uptake lets plant cell to avert starvation
of K+ under increased salts. Also, the three applied antioxidants may have integrated crucial roles
as the main mechanism in reducing Cd2+ content in transplants (Figure 1). This may be due to the
partitioning of Cd2+ to different organs to overcome the toxicity impacts of Cd2+ in the transplants
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of cucumber. Exogenous AsA-Pro-GSH improved ROS removal and metal ions chelation activities,
establishing an important portion of the plant cell response to abiotic stress [24].

In general, sequential pretreatment with AsA-Pro-GSH resulted in the best findings as compared
to their individuals, attenuating the stress harmful impacts of NaCl salinity. Exogenously applied
AsA-Pro-GSH as a sequential pretreatment has been proved to attenuate the stress adverse impacts of
100 mM NaCl salinity on metabolic processes related to plant growth [28]. These antioxidants also
reduced the Na+ and Cd2+ ion contents within plants (Figures 1 and 2) due to the decreased uptake of
these injurious ions and/or compartmentalization of them into transplant organs.

If a look is taken at the potential plant salt tolerance mechanisms proved in several works and
the supporting role of exogenous AsA-Pro-GSH pretreatment performed in the current study, it has
been found that: (1) Accumulation of osmotic adjustment substances is an important salt tolerance
mechanism. This mechanism is supported by the exogenous addition of Pro in the AsA-Pro-GSH
application, wherein plant cells Pro is considered to be a primary substance for osmotic adjustment
and is also acted as a scavenger of ROS, a buffer of redox reactions, and/or molecular chaperone.
These potential functions of Pro contribute to stabilizing the structures of plasma membranes and
proteins under the conditions of stress, reflecting positive results in our study. (2) Selective absorption
of ions and their compartmentalization is another pivotal mechanism of tolerance to salinity stress in
plants. A high cytosolic K+/Na+ ratio contributes to the cells emptying of Na+ ions or conveying them
to the region of inactive metabolism, the translocation of Na+ ions to the extracellular zone by the
Na+/H+ antiporter at plasma membranes, and/or the partitioning of Na+ by the Na+/H+ antiporter in
the vacuoles [75]. Besides, the gene A. thaliana AtNHX1 encodes the Na1yH1 antiporter at the tonoplast
and is functioned by compartmentalization of Na+ into the cell vacuoles [76]. These results are in a
parallel line with our results concerning the reduction of Na+ ion and the increase of K+ ion and K+/Na+

ratio by AsA-Pro-GSH application. (3) Enzymatically or non-enzymatically scavenging of the ROS by
various antioxidants is a very crucial salt tolerance mechanism. The exogenous application of AsA,
Pro, and GSH (non-enzymatic, low-molecular-weight antioxidants) in the sequential AsA-Pro-GSH
treatment significantly supported their endogenous concentrations to effectively scavenge the ROS,
reflecting in positive results in our study. These important mechanisms may be supported by another
crucial salt tolerance mechanism; (4) Salt tolerance genes. Tolerance to the effects of salinity stress is a
polygenic genetic trait. The plasma membrane Na+/H+ antiporter gene SOS1 and vacuolar Na+/H+

antiporter gene AtNHX1 in A. thaliana, in addition to rice OsbZIP71 gene and wheat genes Ta-UPnP,
TaZNF, TaSST, TaDUF1, and TaSP are proved to promote the tolerance to the impacts of salinity stress
in transgenic plants [75,77,78].

Improvements occurred by exogenous antioxidants in the seedling photosynthetic efficiency
(Tables 2 and 5), the relative content of water and stability index of cell membranes (Tables 3 and 5),
endogenous levels of AsA, free proline, and glutathione (Tables 3 and 5), and the activities of
antioxidative enzymes (Tables 4 and 5) positively affected the growth traits of salt-stressed cucumber
seedlings. Besides, the increased K+ and Ca2+ contents contributed to higher ratios of Ca2+/Na+

and K+/Na+, which were associated with a markedly lower Na+ content with the exogenous use of
AsA-Pro-GSH (Table 5; Figures 1 and 2) and all finally contributed to the increases in growth traits of
salt-stressed cucumber seedlings (Tables 1 and 5).

5. Conclusions

When applied exogenously as individuals or sequentially to soaking the seeds of cucumber,
AsA, Pro, and GSH significantly enhanced the transplant water content and the cell membranes
stabilities. Besides, photosynthetic activity, nutrients contents, and antioxidant defense systems were
also improved along with the decrease of Na+ and Cd2+ contents under 100 mM NaCl-salt stress.
These positive findings have led to the healthy growth of cucumber transplants. Pretreatment with
AsA-Pro-GSH applied sequentially was more effective than any of the three individuals; Pretreatment
with AsA, Pro, or GSH. Therefore, the elevation of the tolerance to salinity stress impacts in the
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transplants of cucumber, and the improvement of transplant growth and health would occur with
pretreatment with AsA-Pro-GSH applied sequentially upon growth under 100 mM NaCl-salt stress.
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Abstract: Most endemic plant species have limited altitudinal ranges. At higher altitudes, they are
subjected to various environmental stresses. However, these plants use unique defense mechanisms
at high altitudes as a convenient survival strategy. The changes in antioxidant defense system and
accumulation of different secondary metabolites (SMs) were investigated as depending on altitude in
five endemic endangered species (Nepeta septemcrenata, Origanum syriacum subsp. Sinaicum, Phlomis

aurea, Rosa arabica, and Silene schimperiana) naturally growing in Saint Katherine protectorate (SKP).
Leaves were collected from different sites between 1600 and 2200 m above sea level to assess the
biochemical and physiological variations in response to high altitudes. At higher altitudes, the soil pH
and micronutrient soil content decreased, which can be attributed to lower mineralization processes
at lower pH. Total phenols, ascorbic acid, proline, flavonoids, and tannins increased in response to
different altitudes. SMs progressively increased in the studied species, associated with a significant
decrease in the levels of antioxidant enzyme activity. R. arabica, as the most threatened plant, showed
the maximum response compared with other species. There was an increase in photosynthetic
pigments, which was attained via the increase in chlorophyll a, chlorophyll b, and carotenoid contents.
There was a significant increase in total soluble sugars and total soluble protein content in response
to different altitudes. SDS-PAGE of leaf proteins showed alteration in the protein profile between
different species and the same species grown at a different altitude. These five species can adapt to
high-altitude habitats by various physiological mechanisms, which can provide a theoretical basis for
the future conservation of these endangered endemic species in SKP.

Keywords: altitudinal variation; antioxidant activity; bioactive compounds; endemic species;
oxidative damage

1. Introduction

Mountains are characterized by unique biodiversity. Most plant species at high altitudes are
isolated and have a small number of niche habitats in comparison to lowland plants [1]. Consequently,
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the plant populations of the mountains have a higher percentage of endemism than lowlands plants [2,3].
Endemic species are most frequently endangered at high altitudes because of their limited altitudinal
distribution ranges [4,5]. Climate limitations primarily affect the high-altitude ecosystems and most
plants flourish only near their climatic limits [6,7].

The region above 2800 m above sea level (a. s. l.) in Saint Katherine protectorate (SKP), Sinai
Peninsula, is a notable area, not only for its natural landscapes, but also its diversity of medicinal plants
of national and global interest [8,9]. SKP contains a wide range of habitats that are a consequence of
varying climatic conditions, altitudes, and topography [10]. Being one of the most floristically diverse
locations in the Middle East, SKP accounts for about 44% of Egypt’s endemic plant species [11,12]. Sinai
is home to approximately 1285 species, of which approximately 800 species are recorded in its southern
region [13]. Previous studies have identified several endemic species among Egyptian flora [14].
Approximately 60 endemic plant species have been tabulated in Egypt, including 31 species on the
Sinai Peninsula (i.e., 51.6% of Egyptian endemism) [15]. Twenty-four of these are endemic to South
Sinai, and are known for their medicinal properties and use in traditional therapy and remedies [16].

Due to the high altitude of SKP, harsh and complex climatic conditions reduce the distribution and
diversity of plants [8,17]. These hard conditions include reduced O2 and CO2, strong winds, high solar
irradiance, shallow rocky soils, low temperatures, and low water and nutrient contents [18]. Although
these stress conditions could retard plant growth, many species have survived and developed different
adaptive mechanisms under these circumstances [19].

Accumulation of secondary metabolites (SMs) has been reported to play a vital role in tolerance
against different environmental biotic and abiotic stresses [20–24]. Actually, these SMs help in
adaptation of stressed plants to different environmental conditions; for example, accumulation of
flavonoids and phenols as antioxidants; increase in proline and soluble protein contents against drought;
and increased carotenoids compared to chlorophyll to reduce high light intensity damage, through
upregulation of the xanthophyll-cycle pigment pool [25,26]. Several factors, such as age, season, and
nutrition status, are determinants affecting the quantity of secondary metabolites in plants [27,28].
Similarly, environmental factors significantly cause quantitative and qualitative variations in the
production of secondary compounds among plants and population groups [29]; these factors include
altitude, high/low temperature, drought, and light conditions [30,31].

Combinations of high-altitude environmental stress lead to increased reactive oxygen species
(ROS) production, which increases the risk of oxidative damage [32–34]. Many enzymes of antioxidative
activity, such as ascorbate peroxidase, catalase, superoxide dismutase, and glutathione reductase,
have the capacity to scavenge different ROS, including superoxide, hydroxyl radicals, and singlet
oxygen [35–37]. It was previously confirmed that high mountain plants species are acclimated to
high irradiance and chilling stress [38]. High antioxidant and carotenoid levels have been positively
associated with the altitude of alpine plants. However, in high mountain plants, the ability of the
antioxidant system and the xanthophyll cycle differed considerably [39].

In spite of the ecological significance of these endemic species and many of their promising
characteristics, their ecophysiology has not been closely studied, particularly at the SKP high
altitudes [40,41]. Consequently, knowing how such adaptations influence plant growth is relevant
for researchers who wish to predict the response of endemic species in a future scenario of climate
change. In the present work, five endemic and endangered species samples were collected from three
different sites with varying altitudes in SKP. This study investigated the SMs and antioxidant defense
capacity in plant samples from different altitudes, to test the hypothesis that plants at high altitudes
have greater defense capacity than those at lower altitudes. In addition, the present work intended to
investigate the eco-physiological responses of some endemic species as a result of their exposure to the
stresses prevailing at high altitudes of the SKP mountains.
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2. Results

2.1. Soil Analysis

Analysis of soil samples at different heights of SKP mountains showed that soil samples were
slightly alkaline, and the pH value decreased with an increase in altitude (Table 1), showing a significant
decrease at the highest altitude (2000–2200 m a.s.l.). Elemental analysis of the soil samples (Table 1)
showed a reduction in some macronutrients (Na+, SO4

−, and Cl−), while HCO3
−, Mg+2, and Ca++

were higher at the middle altitude. Finally, K+ increased with the increase in altitude.

Table 1. Chemical analysis of soil samples collected from Saint Katherine protectorate (SKP) mountains
at different altitudes (1600–1800, 1800–2000, and 2000–2200 m a.s.l.). Data are means of three
replications ± SE.

Altitude
(m a.s.l.)

pH Value
Anions (ppm) Cations (ppm)

HCO3
− SO4

− Cl− Ca++ Mg++ Na+ K+

1600–1800 8.2 ± 0.12 a 165.6 ± 7.5 b 95.6 ± 2 a 34 ± 4.9 a 79.5 ± 1.5 a 6.6 ± 0.4 c 28.0 ± 1.26 a 7 ± 1.15 b

1800–2000 7.8 ± 0.03 ab 228.7 ± 11.4a 59.1 ± 1.7 b 31.2 ± 5.1 a 42.2 ± 3.5 b 10.8 ± 0.37 a 8.6 ± 1.33 b 14.3 ± 0.88 b

2000–2200 7.6 ± 0.22 b 190.6 ± 5.6 b 18.6 ± 4.5 c 27.5 ± 1.3 a 74.0 ± 0.85 a 8.9 ± 0.29 b 8.0 ± 1.15 b 33.3 ± 3.84 a

Columns with different letters are significantly different at p < 0.05.

2.2. Phytochemical Assay

2.2.1. Change in the Photosynthetic Pigments

The photosynthetic pigment is shown in Figure 1. Chlorophyll a was considerably increased by
moving to a higher altitude (Figure 1A). In addition, chlorophyll b was significantly raised with higher
altitude, with the exception of N. septemcrenata, which exhibited lower content of chlorophyll b at
1800–2000 m a.s.l. Finally, as altitude increased, carotenoids showed a gradual rise in content, similar
to that of chlorophyll a, in the five plant species, except for S. schimperiana (Figure 1B).
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Figure 1. Effect of altitude on the photosynthetic pigments chlorophyll a (A), chlorophyll b (B),
and carotenoids (C). Each value is the mean of three replicates ± SE. Bars with different letters are
significantly different at p ≤ 0.05.

2.2.2. Changes in the Content of Major Secondary Metabolites

It is clear from Figure 2 that, with few exceptions, as the altitude in the SKP mountains increased
from 1600 to 2200 m a.s.l. there was a significant increase in the content of total phenols, flavonoids, and
tannins of the five plant species under investigation. Within the five plant species, Rosa arabica recorded
the highest values of total phenols, flavonoids, and tannins at the highest altitude (2000–2200 m a.s.l.).
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Figure 2. Effect of altitude on the contents of total phenols (A), flavonoids (B), and tannins (C). Each
value is the mean of three replicates ± SE. Bars with different letters are significantly different at p ≤ 0.05.
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2.2.3. Changes in the Content of Total Soluble Sugars

In all studied species, total soluble sugar content increased in all samples from higher altitudes
compared to those from lower altitudes. These increases reached 60 and 76.85 µg/g DW in
N. septemcrenata and R. arabica, respectively, grown at 2000–2200 m a.s.l. (Figure 3).
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Figure 3. Effect of altitude on the total soluble sugars. Each value is the mean of three replicates ± SE.
Bars with different letters are significantly different at p ≤ 0.05.

2.3. Biochemical Analysis

2.3.1. Changes in the Content of Total Soluble Proteins

Total soluble proteins in response to high altitudes showed high concentrations in all sampled
plants at the three studied sites. N. septtemcrenata and R. arabica attained the highest values of total
soluble proteins (363.6 and 365.93 µg/g FW), respectively (Figure 4).
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Figure 4. Effect of altitude on the total soluble proteins. Each value is the mean of three replicates ± SE.
Bars with different letters are significantly different at p ≤ 0.05.
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2.3.2. Determination of Protein Banding Pattern

Plate 1 shows the change in protein banding patterns of the five species under investigation in
response to a change in altitude of the SKP mountains from 1600 to 2200 m a.s.l. SDS-PAGE (Figure 5)
revealed the presence of common bands in the leaves of different plant species grown at the same
altitude of the SKP mountains. Common bands detected in plants grown at the relatively low altitude
(1600–1800 m a.s.l.) were 70.63, 48, 40, 35, 17, 15, and 11 KDa. Nine protein bands (135, 100, 75, 48, 35,
25, 20, 15, and 11 KDa) were detected in protein extracts of plants grown at 1800–2000 m a.s.l. and
nine protein bands (180, 135, 100, 48, 35, 24, 18, 15, and 11 KDa) in plant species grown at the highest
altitude (2000–2200 m a.s.l.).
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–
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Plant species 

Altitude 

1600–1800 m a.s.l. 1800–2000 m a.s.l. 2000–2200 m a.s.l. 

N. septemcrenata Lane 1 Lane 2 Lane 3 

O. syriacum Lane 4 Lane 5 Lane 6 

P. aurea Lane 7 Lane 8 Lane 9 

R. arabica Lane 10 Lane 11 Lane 12 

S. schimperiana Lane 13 Lane 14 Lane 15 

–

Figure 5. Change in protein banding pattern of different five plant species grown at different altitudes
of SKP mountains.

2.3.3. Changes in the Proline Content

Data shown in Figure 6 indicate that, among all species and at different altitude levels, Rosa arabica

recorded the highest value of proline content (1244.7 µg/100 g FW), especially at the highest altitude
(2000–2200 m a.s.l.).
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Figure 6. Change in proline contents for five plant species grown at different altitudes of SKP mountains.
Each value is the mean of three replicates ± SE. Bars with different letters are significantly different at
p ≤ 0.05.

2.3.4. Changes in Total Antioxidant Capacity and Malondialdehyde (MDA) Contents

The increase in altitude induced a significant increase in total antioxidant capacity of the five
investigated species, with the highest value in R. arabica (111.7 µg/g FW) at the highest altitude
(2000–2200 m a.s.l.); Figure 7A. Concomitant with the increase in total antioxidant capacity, the content
of MDA was mostly significantly decreased. MDA was used as an indicator for lipid peroxidation
and hence oxidative stress; the increase was more pronounced in S. schimperiana (located at altitude
1800–2000 m a.s.l.) and R. arabica (located at first altitude 1600–1800 m a.s.l.) with values of 2.05 and
1.5 µmoles/g FW, respectively, as shown in Figure 7B.
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Figure 7. Effect of altitude on the total antioxidant capacity (A) and the content of malondialdehyde
(B). Each value is the mean of three replicates ± SE. Bars with different letters are significantly different
at p ≤ 0.05.

2.3.5. Change in Activity Level of Some Antioxidant Enzymes

The present findings reveal that catalase (CAT), superoxide dismutase (SOD), polyphenol peroxidase
(POD), and ascorbate peroxidase (APX) activity level decreased with altitude increase in all species,
with the exceptions of O. syriacum (Figure 8A,C) and R. arabica (Figure 8A–D). CAT, POD, and APX
activities of R. arabica increased significantly with increase in altitude and recorded their highest values
(1.75 mM/g FW/min, 16.4 amount of quinon/g FW/min, and 16.5 mM ascorbate oxidized/g FW/min,
respectively), at the highest altitude (2000–2200 m a.s.l.), whereas SOD activity increased to the maximum
value (9.89 unit/mg protein) in P. aurea at the lowest altitude in our study (1600–1800 m a.s.l.).
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Figure 8. Effect of altitude on the activity of some antioxidant enzymes, catalase (A), superoxide
dismutase (B), ascorbic acid peroxidase (C), and polyphenol peroxidase (D). Each value is the mean of
three replicates ± SE. Bars with different letters are significantly different at p ≤ 0.05.

63



Plants 2020, 9, 869

2.3.6. Change in Ascorbic Acid Contents

Data represented in Figure 9 indicate that there was a significant increase in the content of ascorbic
acid in most plant species with increase in altitude, with the exceptions of O. syraicum and P. aurea.
The highest values (1.8 and 2.1 µmole/g FW) were recorded in N. septemcrenata and Rosa arabica,
respectively, at the highest altitude (2000–2200 m a.s.l.).
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Figure 9. Change in contents of ascorbic acid of different five plant species grown at different altitudes
of SKP mountains. Each value is the mean of three replicates ± SE. Bars with different letters are
significantly different at p ≤ 0.05.

3. Discussion

In mountainous environments, the altitudinal gradient is associated with a wide variation in
environmental conditions, which affect plant distribution and population structure [42]. In high
mountain regions, plants are challenged by unfavorable or even adverse abiotic environmental
conditions that affect growth dynamics and threaten their existence. This is particularly the case for
endemic endangered species [6]. With increasing altitude in the SKP mountains, there is a marked
decrease in the distribution and intensity of the growth of plant species [43]. This may be due to
the predominance of unfavorable climatic conditions at the highest region of the SKP mountains.
The results obtained in the present work (Table 1) indicated that, with the increase in altitude in the
SKP mountains, there is a decrease in soil pH and deficiency in macronutrients, which may be due
to lower mineralization prevailing at low pH [44]. Other adverse abiotic factors of SKP as a highly
elevated region include low temperature and deficiencies of oxygen [45,46], water precipitation, light
intensity, and UV radiation [47,48].

Generally, in natural systems, a complex interplay between abiotic stressors and plant growth has
resulted in several physiological traits by adaptation, acclimation, and speciation, which may differ
between different plant species [49]. The photosynthetic process responds to the environment and
maintains homeostasis by displaying several forms of adaptation [50]. Some secondary metabolites
actively participate in this issue, particularly in the inhibition of chlorophyll photo-oxidation and
accumulation of free radicals [51]. Moreover, as a derivative of photosynthetic products furnishes the
secondary metabolic pathway with certain intermediates, this enhances photosynthetic performance
via the positive feedback mechanism. The results obtained in the present work showed that with the
increase in altitude there was a significant increase in the content of total soluble sugars (Figure 2) and
total soluble proteins (Figure 4) in the plant species under investigation, with the highest content of
total soluble sugars recorded in Rosa Arabica grown at 2000–2200 m a.s.l. In accordance with these
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results, Castrillo [52] found that higher altitudes triggered the accumulation of total soluble sugars
in Espeletia schultzii. These data may reflect a higher photosynthetic performance of plants grown
at the highest altitude. The data could be explained based on the increase in the concentration of
HCO3

− and Mg+2 in the soil of the highest altitude region (Table 1). Magnesium, as a component of the
chlorophyll structure and a cofactor of some enzymes of the photosynthetic process, may enhance the
photosynthetic process [53,54]. Moreover, there was a significant increase in the content of chlorophyll
a, chlorophyll b, and carotenoids (Figure 1). Carotenoids, in addition to being active as light-harvesting
pigments [55,56], act as a scavenger of singlet oxygen species and quench the triplet state of chlorophyll
molecules [57].

Under abiotic stress, cellular homeostasis is disrupted, leading to the production of free radicals,
which in turn can result in oxidative damage [58,59]. Moreover, in the high mountain region of
SKP, among the more aggressive stressors are high light intensity and UV-B radiation [60]. Under
these conditions, it is possible that electrons released from excited chlorophylls are transferred from
photosystem I of the photosynthetic process to O2 to form superoxide radicals, which initiate a
chain of free radical liberation [61]. Hydrogen peroxide at low concentrations acts as a signaling
molecule to induce the defense responses of plants under stresses but, at high levels, they may cause a
substantial disturbance in the metabolism through damage of lipids of membranes and nucleic acids,
conformational changes of enzymic proteins, destruction of thiol-containing compounds, etc. [62].
Soluble sugars were reported to be involved in defense mechanisms against stress via their efficiency
in balancing ROS [63]. In addition, soluble sugars were reported to play a role in cold acclimation of
plants [64]. SDS-PAGE of the protein extract of leaves of the five plant species under investigation is
illustrated in Figure 5. The results refer to some differences in the pattern of the protein bands between
different plant species and in the same species grown at different altitudes.

Virtually all organisms respond to environmental stress with the synthesis of a specific type of
proteins [65]. However, in view of plant growth in SKP under a multitude of stressors, it would seem
reasonable to detect the expression of a wide range of proteins. SDS-PAGE (Figure 5) reveals the
presence of characteristic bands in the leaves of different plant species grown at the same altitude
of the SKP mountains. The protein band with a molecular weight of 35 KDa, which was detected
in various plant species irrespective of SKP altitude, is identified as one of the jasmonate-induced
proteins that plays a crucial role in the defense against biotic and abiotic stresses [66]. Moreover,
the protein with a molecular weight of 48 KDa, which has been identified to function as a proteinase
inhibitors [67], was recorded in the five species grown at the three levels of the SKP mountains.
In addition, the low molecular weight proteins having an antifungal activity (11 KDa) were detected in
all plant species irrespective of the level of altitude of the SKP mountains. It must be stressed that
the interpretations of these bands are speculative and require further in-depth investigation using
advanced mass spectroscopic identification. Proline accumulation was reported to play a role in
adaptation to stress or a consequence of stress [68]. It plays a role in redox homeostasis against ROS; it
acts as an antioxidant [69]. In addition, proline acts as a molecular chaperone, capable of defending
protein integrity from ROS [70].

A consequence of the abiotic stress prevailing in the SKP mountains, particularly at the highest
altitude, is the qualitative and quantitative increase in a variety of SMs as flavonoids, phenolic
compounds, alkaloids, carotenoids, steroids, tannins, and terpenoids [71,72]. In the present work,
with the increase in altitude of the SKP mountains from 1600 to 2200 m a.s.l., there was a significant
increase in the content of proline, total phenols, flavonoids, and tannins (Figures 3 and 6). In addition,
phenolic antioxidants inhibit lipid peroxidation by trapping the free radicals, stabilize membranes
by decreasing membrane fluidity, hinder the diffusion of free radicals, and restrict peroxidative
reactions [73]. Through these interactions, the phenolic and flavonoid compounds increased the
adaptation to abiotic oxidative stress. Tannins, on the other hand, have a crucial role against oxidative
stress, particularly at high light intensity [74]. Tannins minimize oxidative damage via scavenging free
radicals [75]. Tannins also bind to membranes, and the tannin-phospholipid complex may serve to
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moderate membrane morphology and permeability [76]. It is worth mentioning here that the plants
with higher exposure to UV-B triggered phenylalanine ammonia-lyase. Phenylalanine ammonia-lyase
is the key enzyme in the biosynthesis of the most important secondary metabolites [77], although these
metabolites play a crucial role in plant adaptation to their adverse environmental conditions [78,79].
In addition to the adaptive function of SMs under adverse environments, it plays a crucial role in the
maintenance of the stability of the primary metabolism, protecting it from disturbance induced by
accumulation of specific metabolites via its conversion into secondary metabolites [80].

Plants successfully grown under oxidative stress actively initiate antioxidant systems, playing a
role in their adaptation. Antioxidant defense systems can combat oxidative stress via scavenging of
free radicals [81]. The results obtained (Figures 7–9) indicated that plant species grown at the relatively
lower altitude (1600–1800 m a.s.l.), at which plants grow under relatively mild stress conditions, depend
on scavenging free radicals on both the antioxidant enzymes and the antioxidant compounds [30,82].
A reverse pattern of change was observed in the activity level of antioxidant enzymes (catalase,
superoxide dismutase, ascorbic acid peroxidase, and polyphenol peroxidase) in all species, with the
exception of R. arabica, in which the increase in altitude mostly coincided with a corresponding increase
in the activity level of antioxidant enzymes (Figure 8).

The modes of action of different antioxidants in the relief of oxidative stress vary [20,33,83].
Thus, plants that grows under stress conditions have many antioxidant molecules that represent the
second line of defense against ROS, including ascorbic acid, carotenoids, glutathione, and phenolic
compounds [84]. Ascorbic acid is considered the most potent antioxidant in plant tissues due to its
capability of donating free electrons in many non-enzymatic and enzymatic reactions. Furthermore,
ascorbic acid can scavenge O2

•− and OH• directly with greater ability to regenerate the oxidized
carotenoids and, consequently, provide great protection to the cell membrane and minimize the
oxidative damage synergically with other antioxidants [82].

Differences in environmental conditions (such as illumination, temperature, soil characteristics,
and altitude) strongly contribute to the antioxidant activity and the amount of active ingredients
in endemic medicinal plants [85]. In this study, many significant variations were detected in the
antioxidant activity and chemical composition of five endemic targeted species collected from three
different altitudes. It is clear that R. arabica depends mainly on increasing the activity of its antioxidant
enzymes to adapt to high altitude, while the other investigated species tend to rely on antioxidant
compounds as an adaptive response against high altitude to survive. Finally, the great variation in
antioxidant activity and SM quantity and quality in these plants will possibly lead to considerable
differences in their efficacy as herbal medicines [85].

4. Materials and Methods

4.1. Study Area

The current study was conducted in the south part of Sinai, specifically, in the mountainous region
of SKP (Figure 10), which was declared a protectorate area by the Egyptian Environmental Affairs
Agency (EEAA) in 1996. SKP is Egypt’s fourth largest protectorate and is located between 28◦30′ to
28◦35′ N and 33◦55′ to 34◦30′ E. Its plateau altitude ranges between 1300 and more than 2600 m above
sea level [43,86]. The area encompasses approximately 180 km2 and is characterized by the presence of
the highest rugged mountains in Egypt, namely Gebel Catherine (2624 m) and Gebel Mousa (2285 m),
and the adjoining peaks [42]. This mountainous arid habitat supports an astounding biodiversity and
a high share of rare and endemic plants because of its unique geological, morphological, and climatic
aspects [43,87].
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Figure 10. Study area map for Saint Katherine protected area, Sinai, Egypt (Using Landsat8 OLI 2019,
Path/Row 178/39).

The plant materials were collected and field measurements carried out in April 2019 in mountainous
habitats of SKP. The study area has been classified as one of the hyper-arid zones of the peninsula. SKP
is the coolest area in Sinai owing to its high altitude [8,88]. The mean temperatures range from 5.4 to
25.2 ◦C, with the lowest temperature in January and February and the highest temperature in July
and August [89]. Ayyad et al. [13] stated that high mountains in the SKP receive higher amounts of
precipitation (100 mm/year) as rain and snow. The low altitude sites are climatically characterized by
very dry summers with 5–30 mm precipitation per year. On the other hand, the high altitude district of
South Sinai receives 35–50 mm of precipitation per year [90,91].

4.2. Target Species

Five endemic species were collected from three different sites with varying altitudes in the SKP
mountains. For each species, five individual plants were taken and, for phytochemical and biochemical
measurements, three replicates were taken from each. Details of the target species, including their
scientific names with their families, altitude, and field photo are provided in Table 2. Samples from
the shoot systems of the five plant species under investigation (namely, Nepeta septemcrenata Benth.,
Origanum syriacum subsp. Sinaicum (Boiss.) Greater and Burdet., Phlomis aurea Decene., Rosa arabica

Crep., and Silene schimperiana Boiss.) were collected from three different altitudes of the SKP mountains
(1600–1800, 1800–2000, and 2000–2200 m a.s.l.) and either kept frozen in a deep freezer (−20 ◦C) for
extraction and estimation of enzyme, proline, photosynthetic pigments, total antioxidant capacity,
ascorbic acid, malondialdehyde, and protein electrophoresis, or air-dried for extraction of carbohydrate
and phenolic compounds. The identification of the five plant species was confirmed with the help of
the Herbarium Section, Botany Department, Faculty of Science, Ain Shams University.

4.3. Soil Analysis

For each studied altitude, three soil samples were collected from profiles of 0–50 cm depth. Then,
air-dried and thoroughly mixed together to form one composite sample. Textures were determined
by sieving method to separate gravels, coarse sand, fine sand, silt, and clay. Determination of
electric conductivity and pH was determined in soil–water (1:5) extracts using the potentiometric
method [92,93]. Calcium and magnesium were determined volumetrically by the versene titration
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method described by Johnson and Ulrich [94]. Sodium and potassium were determined by flame
photometry according to Shapiro and Brannock [95]. Estimation of chlorides was carried out by
titration methods using 0.005N Silver Nitrate [93,96]. Sulphates were determined according to Bardsley
and Lancaster [96].

4.4. Phytochemical Assay

4.4.1. Extraction and Estimation of Photosynthetic Pigments

The photosynthetic pigments including (Chl a, Chl b, and carotenoids) were extracted in 80%
acetone and then estimated colorimetrically using Spectronic 601, Milton Roy company, USA according
to the method described by Metzner et al. [97].

4.4.2. Extraction and Estimation of Total Soluble Sugars

Sugars were extracted according to Homme et al. [98], the air-dried tissue was boiled in 80% (v/v)
ethanol, the filtrated extract was oven-dried at 60 ◦C, and then dissolved in water and was made to a
known volume with water. The total soluble sugars contents were estimated with the anthrone reagent
following the method of Loewus [99]. Finally, the concentration of soluble sugar was determined from
the standard curve of glucose and calculated as µg glucose equivalent/g DW.

4.4.3. Extraction and Estimation of Total Phenolic Content

The total phenolic content was extracted and estimated by following the method adopted by Malik
and Singh [100]. After extraction with ethanol (80%, v/v), the total phenolic content was estimated by
Folin and Ciocalteau’s reagent and the optical density of the reaction mixture was read at 750 nm.
The concentrations were calculated from a standard curve of pyrogallol as gallic acid equivalents/g.

4.4.4. Extraction and Estimation of Total Flavonoids Content

The total flavonoids were extracted in methanol and estimated colorimetrically by using aluminum
chloride based on the method described by Harborne [101]. The total flavonoid contents were calculated
from a standard curve of quercetin and expressed as µg/g dry weight.

4.4.5. Extraction and Estimation of Tannins Content

Tannins were extracted and estimated as described by Ejikeme et al. [102]. In a conical flask 1 g of
powdered plant tissue was added to 100 mL of distilled water. Then, boiled gently for 1 h on an electric
hot plate and then filtered. The diluted extract (10 mL) was added to a conical flask containing 50 mL
of distilled water, 5.0 mL of Folin–Denis reagent, and 10 mL of saturated Na2CO3 solution for color
development. The mixture was left to react in a water bath at 25 ◦C for 30 min. Optical density was
read at 700 nm and the concentration was calculated from a standard curve of tannic acid as following:

Tannic acid(mg/100 g) = C× extract volume× 100/Aliquot volume×weight o f sample (1)

where C is the concentration of tannic acid read off the graph.
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Table 2. Families, scientific names, altitude, and field photos of the studied endemic species.

Family Plant Species
Altitude (m a.s.l.)

Field Photo
(1600–1800) (1800–2000) (2000–2200)

L
am

ia
ce

ae

Nepeta
septemcrenata

Benth.
1630 1945 2038

 

Origanum
syriacum subsp.

Sinaicum
(Boiss.) Greater

and Burdet.

1630 1825 2038

 

Phlomis aurea
Decene.

1710 1825 2038

 

R
os

ac
ea

e

Rosa arabica
Crep.

1750 1940 2150

 

C
ar

yo
p

hy
lla

ce
ae Silene

schimperiana
Boiss.

1750 1825 2110

 

4.5. Biochemical Assay

4.5.1. Extraction and Estimation of Total Soluble Proteins

Total proteins were extracted by ground 0.5 g fresh tissue of leaves in 1 mL of phosphate buffer
(0.1 M, pH 7.0) with a mortar and pestle and kept in ice. The protein concentration was estimated,
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and the absorbance was read at 595 nm on spectrophotometer based on the method described by
Bradford [103].

4.5.2. Determination of Protein Banding Pattern

Total proteins were extracted from 0.5 g fresh tissue, the tissues were ground in liquid nitrogen.
Then a few mL of tris buffer was added (1:2, tissue:buffer). The tris-HCl buffer contained 0.1 mM tris,
pH 7.5, 4 mM B-mercaptoethanol, 0.1 mM EDTA-Na2, 10 mM KCl, and 10 mM MgCl2. The crude
homogenate was centrifuged at 10,000× g for 20 min. The supernatant was used for gel analysis by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) according to the method of Laemmli [104].

4.5.3. Estimation of Proline

Free proline was estimated by using ninhydrin reagent according to the method described by
Bates et al. [105]. Proline concentration was measured from a standard curve of proline and expressed
as µg/g fresh weight.

4.5.4. Extraction and Estimation of Malondialdehyde

Lipid peroxidation level was determined by measuring the amount of malondialdehyde (MDA)
produced by the thiobarbituric acid reaction as described by Heath and Packer [106]. The crude extract
was mixed with the same volume of a 0.5% thiobarbituric acid solution containing 20% trichloroacetic
acid. The reaction mixture was incubated at 95 ◦C for 30 min and then cooled in an ice-bath. The mixture
was centrifuged at 3000× g for 5 min. The absorbance of the supernatant was recorded at 532 and
600 nm. The MDA concentration was calculated by dividing the difference in absorbance (A532–A600)
by its molar extinction coefficient (155 mM−1 cm−1), and the results expressed as µmol g−1 fresh weight.

4.6. Enzyme Extraction and Assays

Extraction and Assaying Activity of Certain Enzymes

The method adopted in enzyme extraction was that described by Mukheriee and Choudhuri, [107].
A fresh tissue (250 mg) was frozen in liquid nitrogen and finely grounded by pestle in a chilled
mortar. The frozen powder was added to 10 mL of 100 mM phosphate buffer (KH2PO4/K2HPO4,
pH 6.8). The homogenates were centrifuged at 20,000× g for 20 min. The supernatant was made up to
a known volume with the same buffer and used as enzyme preparation for assaying the activity of
certain enzymes.

Superoxide dismutase activity was measured according to the method of Dhindsa et al. [108].
A total of 3 mL of assay mixture contained 13 mM methionine, 0.025 mM p–nitro blue tetrazolium
chloride (NBT), 0.1 mM EDTA, 50 mM phosphate buffer (pH 7.8), 50 mM sodium bicarbonate,
and 0.5 mL enzyme extract. The reaction was started by adding riboflavin (0.002 mM) and incubating
the tubes below two fluorescent lamps (15 W) for 15 min. The reaction was stopped by switching
off the light and covering the tubes with black cloth. The tubes without enzyme developed maximal
colors. A no irradiated complete reaction mixture served as blank. The absorbance was measured
at 560 nm using Spekol spectrocolourimeter VEB Carl Zeiss. The enzyme activity was calculated as
unit/mg protein.

Catalase activity was assayed according to the method of Hermans et al. [109]. The reaction
mixture with final volume of 10 mL, containing 40 µL enzyme extract, was added to 9.96 mL of H2O2

contained in phosphate buffer, pH 7.0 (0.16 mL of 30% H2O2 to 100 mL of 50 mM phosphate buffer).
CAT activity was determined by measuring the rate of change of H2O2 absorbance in 60 s using a
Spekol spectrocolourimeter VEB Carl Zeiss at 250 nm. The blank sample was made by using buffer
instead of enzyme extract. The enzyme activity was calculated as mM of H2O2/g FW/min.

Peroxidase activity was assayed according to the method of Kar and Mishra [110] after slight
modifications. A total of 5 mL of the reaction mixture contained 300 µM of phosphate buffer (pH 6.8),
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50 µM catechol, 50 µM H2O2 was added to 1 mL of crude enzyme extract. After incubation at 25 ◦C for
5 min, 1 mL of 10% H2SO4 was added for stopping the reaction. The optical density was measured at
340 nm, and the activity was expressed as the amount of quinone/g fresh weight/min.

APX activity was estimated following the method of Koricheva et al. [111] after slight modifications.
The reaction mixture (10 mL) contained 5.5 mL of 50 mM phosphate buffer (pH 7.0), 0.5 mL of the enzyme
extract, 1 mL 20 mM H2O2, 1 mL 20 mM EDTA, and 2 mL of 20 mM ascorbic acid. After ascorbate
oxidation the rate of decrease in absorbance was recorded at 290 nm using a UV spectrophotometer
(Unicam He(Unicam ƛ 

≤

ios Gamma and Delta). The enzyme activity was expressed as mM of ascorbate oxidized/g
fresh weight/min.

4.7. Determination of Ascorbic Acid

Ascorbic acid was extracted estimated according to the methods of Kampfenkel et al. [112].
Fresh tissue (0.1 g) was homogenized in 1 mL 6% (w/v) trichloroacetic acid (TCA) solution and the
homogenate was centrifuged at 12,000× g and 4 ◦C for 10 min. The supernatant was used for estimation
of ascorbic acid.

4.8. Determination of Total Antioxidant Capacity

Total antioxidant capacity of the extract was evaluated by the phosphomolybdenum method as
described by Prieto et al. [113]. A 0.3 mL extract was mixed with 3 mL of reagent solution (0.6 M
sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate). The tubes containing the
reaction mixture were incubated in water bath at 95 ◦C for 90 min. After cooling to room temperature,
the absorbance of the mixture was measured at 695 nm against the blank. In the blank methanol
(0.3 mL) was used in the place of extract.

4.9. Statistical Analysis

Analyses of variance (ANOVA) for all experimental results presented in this study were calculated
using SPSS v20.0 (SPSS Inc., Chicago, USA) analyzing software. Statistical significances of the means
were compared with Duncan’s test at p ≤ 0.05 levels, the standard error (SE) of the means were
presented in tables, and figures are means ± SE (n = 3).

Author Contributions: Conceptualization, A.M.H., A.E., A.M.A., B.M.A. and H.M.H.; methodology, A.E., W.N.H.
and H.M.H.; formal analysis, A.M.H.; and H.M.H. investigation, A.E., W.N.H.; resources, A.M.A., H.M.H., W.N.H.
and B.M.A.; data curation, H.M.H., A.M.A. and W.N.H.; writing—original draft preparation, A.M.H., H.M.H.,
A.E., B.M.A.; writing—review and editing, A.M.H., H.M.H., A.E., W.N.H., A.M.A. and B.M.A. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors are grateful to the Deanship of Scientific Research, King Saud University for funding
through Vice Deanship of Scientific Research Chairs.

Acknowledgments: The authors are grateful to the Deanship of Scientific Research, King Saud University for
funding through Vice Deanship of Scientific Research Chairs.

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

References

1. Williams, S.E.; Williams, Y.M.; VanDerWal, J.; Isaac, J.L.; Shoo, L.P.; Johnson, C.N. Ecological specialization
and population size in a biodiversity hotspot: How rare species avoid extinction. Proc. Natl. Acad. Sci. USA

2009, 106, 19737–19741. [CrossRef] [PubMed]
2. Alhaithloul, H.A.S. Impact of Combined Heat and Drought Stress on the Potential Growth Responses of the

Desert Grass Artemisia sieberi alba: Relation to Biochemical and Molecular Adaptation. Plants 2019, 8, 416.
[CrossRef] [PubMed]

71



Plants 2020, 9, 869

3. Habib, N.; Ali, Q.; Ali, S.; Javed, M.T.; Zulqurnain Haider, M.; Perveen, R.; Shahid, M.R.; Rizwan, M.;
Abdel-Daim, M.M.; Elkelish, A.; et al. Use of Nitric Oxide and Hydrogen Peroxide for Better Yield of Wheat
(Triticum aestivum L.) under Water Deficit Conditions: Growth, Osmoregulation, and Antioxidative Defense
Mechanism. Plants 2020, 9, 285. [CrossRef] [PubMed]

4. Grabherr, G.; Gottfried, M.; Pauli, H. Climate effects on mountain plants. Nature 1994, 369, 448. [CrossRef]
5. Moustafa-Farag, M.; Almoneafy, A.; Mahmoud, A.; Elkelish, A.; Arnao, M.B.; Li, L.; Ai, S. Melatonin and Its

Protective Role against Biotic Stress Impacts on Plants. Biomolecules 2020, 10, 54. [CrossRef]
6. El-Keblawy, A.A.; Khedr, A.-H.A. Population structure and ecological role of Moringa peregrina (Forssk.)

Fiori. at its northwestern range edge in the Hajar Mountains. Plant Biosyst. Int. J. Deal. All Asp. Plant Biol.

2017, 151, 29–38. [CrossRef]
7. Elkelish, A.A.; Alhaithloul, H.A.S.; Qari, S.H.; Soliman, M.H.; Hasanuzzaman, M. Pretreatment with

Trichoderma harzianum alleviates waterlogging-induced growth alterations in tomato seedlings by
modulating physiological, biochemical, and molecular mechanisms. Environ. Exp. Bot. 2019, 103946.
[CrossRef]

8. Moustafa, A.R.A.; Klopatek, J.M. Vegetation and landforms of the Saint Catherine area, southern Sinai, Egypt.
J. Arid Environ. 1995, 30, 385–395. [CrossRef]

9. Abdel-Azeem, A.; Nada, A.A.; O’Donovan, A.; Kumar Thakur, V.; Elkelish, A. Mycogenic Silver Nanoparticles
from Endophytic Trichoderma atroviride with Antimicrobial Activity. J. Renew. Mater. 2019, 7, 171–185.
[CrossRef]

10. Ayyad, M.A.; Fakhry, A.M.; Moustafa, A.-R.A. Plant biodiversity in the Saint Catherine area of the Sinai
peninsula, Egypt. Biodivers. Conserv. 2000, 9, 265–281. [CrossRef]

11. Tackholm, V. Students’ flora of Egypt 1974, 2nd ed.; Cairo University Publishing: Beirut, Lebanon, 1974; 888p.
12. IUCN. The 100 Most Threatened Species. Are They Priceless or Worthless? Available online: https://www.iucn.

org/content/100-most-threatened-species-are-they-priceless-or-worthless (accessed on 21 March 2020).
13. El-Esawi, M.A.; Alaraidh, I.A.; Alsahli, A.A.; Alzahrani, S.M.; Ali, H.M.; Alayafi, A.A.; Ahmad, M. Serratia

liquefaciens KM4 Improves Salt Stress Tolerance in Maize by Regulating Redox Potential, Ion Homeostasis,
Leaf Gas Exchange and Stress-Related Gene Expression. Int. J. Mol. Sci. 2018, 19, 3310. [CrossRef]

14. Shaltout, K.H.; El-Hamdi, K.H.; El-Masry, S.A.; Eid, E.M. Bedouin farms in the Saint Katherine mountainous
area (South Sinai, Egypt). J. Mt. Sci. 2019, 16, 2232–2242. [CrossRef]

15. Boulos, L. Flora of Egypt. Checklist; Al-Hadara Publishing: Cairo, Egypt, 1995.
16. El-Demerdash, M. The ex Situ Conservation Technical Report on Propagation of Medicinal Plants; MPCP,

The Egyptian Environmental Affairs Agency (EEAA): Cairo, Egypt. Available online: http://www.eeaa.gov.
eg/en-us/topics/nature/biodiversity/plantgeneticresources/floraconservation.aspx (accessed on 1 April 2020).

17. Shaltout, K.H.; Ahmed, D.A.; Shabana, H.A. Population structure and dynamics of the endemic species
Phlomis aurea Decne in different habitats in southern Sinai Peninsula, Egypt. Glob. Ecol. Conserv. 2015, 4,
505–515. [CrossRef]

18. Roupioz, L.; Jia, L.; Nerry, F.; Menenti, M. Estimation of Daily Solar Radiation Budget at Kilometer Resolution
over the Tibetan Plateau by Integrating MODIS Data Products and a DEM. Remote Sens. 2016, 8, 504.
[CrossRef]

19. Wonsick, M.M.; Pinker, R.T. The radiative environment of the Tibetan Plateau. Int. J. Climatol. 2014, 34,
2153–2162. [CrossRef]

20. Elkeilsh, A.; Awad, Y.M.; Soliman, M.H.; Abu-Elsaoud, A.; Abdelhamid, M.T.; El-Metwally, I.M. Exogenous
application ofβ-sitosterol mediated growth and yield improvement in water-stressed wheat (Triticum aestivum)
involves up-regulated antioxidant system. J. Plant Res. 2019. [CrossRef] [PubMed]

21. Elkelish, A.A.; Soliman, M.H.; Alhaithloul, H.A.; El-Esawi, M.A. Selenium protects wheat seedlings against
salt stress-mediated oxidative damage by up-regulating antioxidants and osmolytes metabolism. Plant

Physiol. Biochem. 2019. [CrossRef]
22. Abdelaal, K.A.; EL-Maghraby, L.M.; Elansary, H.; Hafez, Y.M.; Ibrahim, E.I.; El-Banna, M.; El-Esawi, M.;

Elkelish, A. Treatment of Sweet Pepper with Stress Tolerance-Inducing Compounds Alleviates Salinity Stress
Oxidative Damage by Mediating the Physio-Biochemical Activities and Antioxidant Systems. Agronomy

2019, 10, 26. [CrossRef]

72



Plants 2020, 9, 869

23. Soliman, M.H.; Abdulmajeed, A.M.; Alhaithloul, H.; Alharbi, B.M.; El-Esawi, M.A.; Hasanuzzaman, M.;
Elkelish, A. Saponin biopriming positively stimulates antioxidants defense, osmolytes metabolism and ionic
status to confer salt stress tolerance in soybean. Acta Physiol. Plant 2020, 42, 114. [CrossRef]

24. El-Esawi, M.A.; Elkelish, A.; Soliman, M.; Elansary, H.O.; Zaid, A.; Wani, S.H. Serratia marcescens BM1
Enhances Cadmium Stress Tolerance and Phytoremediation Potential of Soybean Through Modulation
of Osmolytes, Leaf Gas Exchange, Antioxidant Machinery, and Stress-Responsive Genes Expression.
Antioxidants 2020, 9, 43. [CrossRef]

25. Soliman, M.H.; Alayafi, A.A.M.; El Kelish, A.A.; Abu-Elsaoud, A.M. Acetylsalicylic acid enhance tolerance of
Phaseolus vulgaris L. to chilling stress, improving photosynthesis, antioxidants and expression of cold stress
responsive genes. Bot. Stud. 2018, 59. [CrossRef] [PubMed]

26. Saleem, M.H.; Ali, S.; Rehman, M.; Rana, M.S.; Rizwan, M.; Kamran, M.; Imran, M.; Riaz, M.; Soliman, M.H.;
Elkelish, A.; et al. Influence of phosphorus on copper phytoextraction via modulating cellular organelles
in two jute (Corchorus capsularis L.) varieties grown in a copper mining soil of Hubei Province, China.
Chemosphere 2020, 248, 126032. [CrossRef] [PubMed]

27. Batiha, G.E.-S.; Magdy Beshbishy, A.; Adeyemi, O.S.; Nadwa, E.H.; Rashwan, E.; Kadry, M.; Alkazmi, L.M.;
Elkelish, A.A.; Igarashi, I. Phytochemical Screening and Antiprotozoal Effects of the Methanolic Berberis
vulgaris and Acetonic Rhus coriaria Extracts. Molecules 2020, 25, 550. [CrossRef]

28. Rashad, Y.; Aseel, D.; Hammad, S.; Elkelish, A. Rhizophagus irregularis and Rhizoctonia solani Differentially
Elicit Systemic Transcriptional Expression of Polyphenol Biosynthetic Pathways Genes in Sunflower.
Biomolecules 2020, 10, 379. [CrossRef] [PubMed]

29. Julkunen-Tiitto, R.; Rousi, M.; Bryant, J.; Sorsa, S.; Keinänen, M.; Sikanen, H. Chemical diversity of several
Betulaceae species: Comparison of phenolics and terpenoids in northern birch stems. Trees 1996, 11, 16–22.
[CrossRef]

30. Gong, J.; Zhang, Z.; Zhang, C.; Zhang, J.; Ran, A. Ecophysiological Responses of Three Tree Species to a
High-Altitude Environment in the Southeastern Tibetan Plateau. Forests 2018, 9, 48. [CrossRef]

31. Gea-Izquierdo, G.; Fonti, P.; Cherubini, P.; Martín-Benito, D.; Chaar, H.; Cañellas, I. Xylem hydraulic
adjustment and growth response of Quercus canariensis Willd. to climatic variability. Tree Physiol. 2012, 32,
401–413. [CrossRef]

32. Polle, A.; Baumbusch, L.O.; Oschinski, C.; Eiblmeier, M.; Kuhlenkamp, V.; Vollrath, B.; Scholz, F.;
Rennenberg, H. Growth and protection against oxidative stress in young clones and mature spruce
trees (Picea abies L.) at high altitudes. Oecologia 1999, 121, 149–156. [CrossRef]

33. Elkelish, A.; Qari, S.H.; Mazrou, Y.S.A.; Abdelaal, K.A.A.; Hafez, Y.M.; Abu-Elsaoud, A.M.; Batiha, G.E.-S.;
El-Esawi, M.A.; El Nahhas, N. Exogenous Ascorbic Acid Induced Chilling Tolerance in Tomato Plants
Through Modulating Metabolism, Osmolytes, Antioxidants, and Transcriptional Regulation of Catalase and
Heat Shock Proteins. Plants 2020, 9, 431. [CrossRef]

34. Soliman, M.; Elkelish, A.; Souad, T.; Alhaithloul, H.; Farooq, M. Brassinosteroid seed priming with nitrogen
supplementation improves salt tolerance in soybean. Physiol. Mol. Biol. Plants 2020. [CrossRef]

35. Conklin, P.L. Recent advances in the role and biosynthesis of ascorbic acid in plants. Plant Cell Environ. 2001,
24, 383–394. [CrossRef]

36. Soliman, M.; Alhaithloul, H.A.; Hakeem, K.R.; Alharbi, B.M.; El-Esawi, M.; Elkelish, A. Exogenous Nitric
Oxide Mitigates Nickel-Induced Oxidative Damage in Eggplant by Upregulating Antioxidants, Osmolyte
Metabolism, and Glyoxalase Systems. Plants 2019, 8, 562. [CrossRef]

37. Zamin, M.; Fahad, S.; Khattak, A.M.; Adnan, M.; Wahid, F.; Raza, A.; Wang, D.; Saud, S.; Noor, M.;
Bakhat, H.F.; et al. Developing the first halophytic turfgrasses for the urban landscape from native Arabian
desert grass. Env. Sci. Pollut. Res. 2019. [CrossRef] [PubMed]

38. Streb, P.; Aubert, S.; Gout, E.; Bligny, R. Reversibility of cold- and light-stress tolerance and accompanying
changes of metabolite and antioxidant levels in the two high mountain plant species Soldanella alpina and
Ranunculus glacialis. J. Exp. Bot. 2003, 54, 405–418. [CrossRef]
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Abstract: Selenium (Se) is an important micronutrient for living organisms, since it is involved in
several physiological and metabolic processes. Biofortification with Se increases the nutritional and
qualitative values of foods in Se-deficient regions and increases tolerance to oxidative stress in olive
trees. Many studies have shown that Se, in addition to improving the qualitative and nutritional
properties of EVO oil, also improves the plant’s response to abiotic stress. This study addressed this
issue by monitoring the effects of Se on cytosolic Ca2+ and on the germination of olive pollen grains
in oxidative stress. The olive trees subjected to treatment with Na-selenate in the field produced
pollen with a Se content 6–8 times higher than the controls, even after 20 months from the treatment.
Moreover, part of the micronutrient was organic in selenium methionine. The higher selenium
content did not produce toxic effects in the pollen, rather it antagonized the undesirable effects of
oxidative stress in the parameters under study. The persistence of the beneficial effects of selenium
observed over time in pollens, in addition to bringing out an undisputed adaptability of olive trees
to the micronutrient, suggested the opportunity to reduce the number of treatments in the field.

Keywords: Olea europaea L.; selenium biofortification; oxidative stress; olive pollen; cytosolic Ca2+

1. Introduction

Selenium (Se) is an essential microelement normally present in humans and its endoge-
nous levels fluctuate among populations of different geographic areas and are influenced
by environmental factors [1,2]. The microelement, despite being used for many years
in the prevention of many diseases, is used with caution as a food additive due to its
toxicity at high concentrations [1]. Se in inorganic and organic forms is absorbed by the
small intestine and distributed to various tissues, and enters as selenium–cysteine and
selenium–methionine in proteins and participates in important biological processes [3,4].
The therapeutic role of selenium was identified since 1957 by Wrobel, through the ob-
servation that at low doses it can prevent liver necrosis in rats [3]. Subsequently, many
studies have showed beneficial effects of selenium in processes such as immuno-endocrine,
metabolic processes and in the maintenance of cellular homeostasis [4,5]. Moreover, the Se
biofortification is considered as an agronomic-based strategy, utilized by farmers to pro-
duce Se-enriched food products which may help reduce dietary deficiencies in Se-deficient
regions such as the Mediterranean Basin [6–11]. In recent years, the Se biofortification
has shown beneficial effects in plants by increasing the antioxidant defense against re-
active oxygen species (ROS) in vegetative growth and in the response to environmental
stress [12–16]. ROS, normally produced at low concentrations, participate in membrane
signals, reproduction and pollen—stigma recognition [17–19]. ROS become toxic at high
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concentrations, induce oxidative stress and deregulate molecular signals including cytoso-
lic Ca2+ [20–24]. Several studies conducted on the cytosolic Ca2+ of olive pollen, among the
molecular signalling networks, resulted in a reliable experimental model [25,26]. The levels
of Ca2+ are closely related to the cytosolic concentration of the ions, which changes over
time are possible to trace through the marking of pollen with the FURA-2AM probe [25–27].
Furthermore, the fluctuations of cytosolic Ca2+ have an important role in the germination
of pollen and in the growth of the pollen tube, even if up to now the interactions between
the two events are little known. [25,26]. The objective of this work is to evaluate the half-life
of selenium in olive trees and the persistence of the beneficial effects in oxidative stress in
order to reduce the number of treatments in the field with Na-selenate. This objective was
verified by monitoring the fluctuations of cytosolic Ca2+ and the germination rate of olive
pollen in oxidative stress.

2. Results

2.1. Scanning Electron Microscopy Images of Olive Pollen Grains

Pollen grains collected after 8 and 20 months from untreated (C8, C20) and Se-fertilized
(T8, T20) olive trees were analyzed by scanning field emission electron microscopy (SEM).
Pollen images from untreated plants (A) and, Se-fertilized (B) are shown in Figure 1. The
individual granules of the two populations did not show differences in size and shape,
but showed some qualitative differences in morphology: an angular structure instead of a
smooth one, a violation of the pattern and thickness of the cuticle (Figure 1). Furthermore,
the population of pollen grains from Se-fertilized olive trees (T8, T20) showed a lower
aggregation capacity than that of untreated plants (C8, C20) in both harvesting periods.

Figure 1. SEM images (200× and 5000×) of olive pollen from control plants (A) and from Se-fertilized plants (B).
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2.2. Speciation of Selenium in Olive Pollen

Olive pollen grains collected after 8 and 20 months from untreated (C8 and C20) and
Se-fertilized (T8 and T20) plants were analyzed by ICPMS HPLC. The analyses showed that
the total selenium content (Se-tot.) in the pollens of the Se-fertilized plants was higher than
that of the untreated plants (Table 1).

Table 1. Speciation of Se in olive pollen grains collected after 8 and 20 months from untreated (C8

and C20) and Se-fertilized (T8 and T20) olive trees in the field.

MeSeCys
ppb

Se Met
ppb

Se (IV)
ppb

Se (VI)
ppb

Se Total
ppb

C8 23 ± 3 a 858.2 ± 15 a 300.5 ± 8 a 1725.0 ± 32 a 3210 ± 30 a

C20 41 ± 4 a 778.7 ± 14 a 460.7 ± 9 b 1883.2 ± 33 a 3600 ± 29 a

T8 153 ± 10 b 4895.2 ± 23 c 218.4 ± 7 a 15,860.0 ± 34 b 28,370 ± 51 b

T20 211.8 ± 12 b 2541.2 ± 22 b 582.4 ± 11 b 14,563.0 ± 31 b 17,900 ± 41 b
Means in each column followed by the different letter are significantly different at p < 0.05.

The ratio [Se-tot. (T8/C8)] was 8.8 in pollen collected after 8 months and dropped to
5.0 [Se-tot. (T20/C20)] in the pollen collected after 20 months from the field treatment.

Part of the Na-selenate of the treatment was transformed in selenium–methionine
(Se-met) as the predominant species. The Se-met decreased over time and the ratio [Se-met
(T8)/Se tot. (T8)] of 17.2% dropped to 14.2% [Se-met (T20)/Se-tot. (T20)].

Selenium (VI), the predominant species of inorganic selenium, remained fairly stable.
The ratio [Se (VI) (T8)/Se-tot. (T8)] was 55.9% and increased to 81.3% [Se (VI) (T20)/Se-tot.
(T20)] after 20 months (Table 1).

2.3. The Cytosolic Ca2+ Tested in Pollen during Oxidative Stress

The labelling of olive pollen grains with the FURA-2AM fluorescent probe allowed
to determine the variations over time of cytosolic pollen calcium (∆[Ca2+]cp) in oxidative
stress. The experiment was conducted in two phases, initially in the absence of Ca2+ in
the incubation medium, then after 200 s, CaCl2 (1 mM) was added. The two phases of the
measurement made it possible to differentiate the fluctuations of the cytosolic Ca2+ from
those deriving from the entry of Ca2+ from the extracellular medium.

The [Ca2+]cp of pollen from untreated plants (C8 and C20) was perturbed by oxidative
stress induced in vitro with H2O2 (0.1–5.0 mM), while that of Se-fertilized plants was not.
In particular, pollens from untreated trees (C8 and C20) showed an increase in cytosolic Ca2+

proportional to the H2O2 used, while those from Se-fertilized trees (T8 and T20) did not
show any changes in [Ca2+]cp at the same concentrations of hydrogen peroxide (Figure 2A).

The addition of CaCl2 (1 mM) determined an increase in [Ca2+]cp only in the pollen of
untreated plants (C8 and C20) (Figure 2B).

2.4. The Cytosolic Ca2+ Tested in Olive Pollen in the Presence of the Extracts of the
Germinative Apexes

Extracts of olive vegetative apexes collected from untreated (EC8 and EC20) and Se-
fertilized (ET8 and ET20) plants were tested for cytosolic Ca2+ of control olive pollen. An
aliquot (1 mg) of extract was added to the incubation medium containing CaCl2 (2 mM).
All the extracts of the germinative apexes (EC8, EC20, ET8, ET20) determined a marked
decrease in [Ca2+]cp only for the duration of 100 s. The addition of H2O2 (0.25–5 mM) in the
incubation medium, after 100 s from the reestablishment of Ca2+ homeostasis, determined
a dose-dependent increase in [Ca2+]cp (Figure 3). The [Ca2+]cp was not perturbed by the
hydrogen peroxide, if plant extracts of the ET8 or ET20 were present in the incubation
medium (Figure 3).
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Figure 2. Effect of H2O2 (0.1 to 5.0 mM) in the [Ca2+]cp of pollen grains from untreated (C8 and C20)
and Se-fertilized plants (T8 and T20). Measurements were performed in the absence (A) and in the
presence (B) of CaCl2 (1 mM) in the incubation medium. Data are expressed as means ± SEM from
4 independent tests. Different letters show significant difference at p < 0.05.

Figure 3. Effects of H2O2 (0.25 to 5.0 mM) in the cytosolic Ca2+ of olive pollen, in the presence of the
extracts of the germinative apexes from untreated plants (EC8, EC20) and Se-fertilized (ET8, ET20).
Data are expressed as means ± SEM from 4 independent tests. Different letters show significant
difference at p < 0.05.
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Therefore, although all the extracts of the germinative apexes from untreated or
Se-fertilized plants had a marked Ca2+ chelating activity (data not shown), the effect in
[Ca2+]cp of oxidative stress was only manifested with extracts from untreated plants (EC8
and EC20). The germinative extracts of the Se-fertilized plants (ET8 and ET20) had a total
selenium content 4–5 times higher than that of the untreated plants (EC8 and EC20).

2.5. Germination of Olive Pollen Grains in Oxidative Stress

Pollen grains collected from untreated (C8 and C20) and Se-fertilized (T8 and T20)
plants were incubated for germination in the presence of H2O2 (1 mM and 5 mM). Hy-
drogen peroxide reduced germination differently and, respectively (Figure 4): with H2O2
(1 mM): 65% C8 and 46% T8, 55% C20 and 35% T20; with H2O2 (5 mM): 93% C8 and 74% T8,
90% C20 and 76% T20. The results showed that the pollen grains from Se-fertilized plants
are less sensitive to the effects of hydrogen peroxide in germination at both times examined
and at the same concentrations of hydrogen peroxide (Figure 4).

Figure 4. Effects of H2O2 (1 and 5 mM) in the germination of olive pollen from untreated (C8 and
C20) and Se-fertilized plants (T8 and T20). Data are expressed as means ± SEM from 4 independent
tests. Different letters show significant difference at p < 0.05.

3. Discussion

In this study, the determination of the half-life of Se in pollen collected 8 and 20 months
after field fertilization of olive trees with Na-selenate was present in the pollen of sele-
nium in organic (Se-met) and inorganic form, confirming what was observed in previous
works [18]. Here, it emerged, for the first time, that the absorbed selenium remained in the
olive pollen even after 20 months from the treatment. A modest decay was evidenced in
the Se-met and in the total Se, while the inorganic species (SeVI) did not show variations
over time. It is plausible that the biological self has a more dynamic metabolic turnover in
olive trees. Previous studies have shown the beneficial effects of selenium in increasing the
antioxidant defense against reactive oxygen species (ROS) in vegetative growth and in the
response to environmental stress [14–16].

The determination of the variations produced in the cytosolic Ca2+ and in the germi-
nation were easy and quick to perform, allowing the monitoring of the oxidative stress
onset and the effectiveness of the antioxidant measures proposed, as described in previous
papers [25,26]. The pollen, labelled with the FURA 2AM probe, was used as an experi-
mental model, allowing to easily trace the dynamic changes of the cytosolic Ca2+. In this
study, oxidative stress was induced in vitro with H2O2 in olive pollen and the effects were
tested in cytosolic Ca2+ pollen. The experimental protocol used was conducted in the
absence (Ca2+ free) and in the presence of Ca2+ in the incubation medium. This allowed
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to differentiate, if the variations of the cytosolic Ca2+ caused by the oxidative stress in the
pollens, resulted from the release of the ion from the internal stores or from the Ca2+ entry
from the extracellular medium. In Ca2+-free conditions, H2O2 stress of the pollen internal
stores caused the release of stored Ca2+ and the increase in cytosolic Ca2+. The addition
of CaCl2 to the incubation medium resulted also in an increase in cytosolic Ca2+, but this
was secondary to Ca2+ depletion. H2O2 was dependent on pollen internal stores. At both
times examined, the homeostasis of Ca2+ in the pollen of non-treated plants in the field
was altered by oxidative stress, while that of the pollen of Se-fertilized plants was not. It
is presumed that the beneficial effects produced by selenium allowed the prevention of
oxidative stress in pollen internal stores. A similar protective effect of selenium in cytosolic
Ca2+, also occurred in pollens incubated with the extracts of the Se-enriched germinal
apexes, collected from the same Se-fertilized olive trees. Under these experimental condi-
tions, H2O2 did not cause changes in the levels of cytosolic Ca2+ and selenium also did not
interfere with the Ca2+ -chelating properties of the extracts of the germinating apexes (data
not shown). Given the short execution times of the measurement of cytosolic Ca2+, it is
possible to exclude, at least in vitro, the implications of any metabolic mechanism and to
conclude that selenium over time can substantially act as a simple ROS scavenger, which
ultimately prevents the ROS-mediated dysfunction in Ca2+ signals. The effects of selenium
were also manifested in pollen germination, which was markedly reduced by H2O2. The
pollen collected after 8 and 20 months from the Se-fertilized plants showed a germination
of 63–65% higher with 1 mM H2O2 than that of the pollen of untreated plants. This result is
particularly important for agricultural productivity, based on multiple abiotic factors that
can lead to excess ROS formation [28]. The data obtained fits in with what was asserted by
some authors, who consider abiotic stresses of different nature responsible for an excessive
accumulation of ROS and, consequently, for the sterility of pollen [29].

The SEM images of the two pollen populations did not show significant differences
in size and shape, but qualitative differences emerge in the surface structure. The latter,
probably, is responsible for the lower aggregation capacity of pollen. In spite of this, the
Se-fertilization, despite resulting in an increase in the selenium content of about 6–8 times
and of the changes in the morphology of the pollen, did not influence the germination rates
in the absence of oxidative stress over time. The olive trees therefore showed an undisputed
ability to adapt to selenium in the long term, thus excluding any toxicity problems.

Studies conducted previously have shown that Se-fertilization, in addition to im-
proving the qualitative and nutritional properties of EVO oil, allowed an increase in the
response of the plant to abiotic stress [14–16].

This study, in addition to showing the beneficial effects of selenium in cytosolic Ca2+

and in the germination of pollen in oxidative stress, adds, for the first time, that these effects
persist over time, even after 20 months from selenium fertilization of plants and suggests
the reduction in treatments in the field in order to pursue the goal of precision agriculture.

4. Materials and Methods

4.1. Reagents

FURA-2AM (FURA-2-pentakis (acetoxymethyl) ester), PBS (Phosphate-Buffered Saline),
Triton X-100, EGTA (ethylene glycol-bis (β-aminoethyl ether), sodium elenite (Na2SeO4),
selenium methionine, hydrogen peroxide (H2O2), sodium chloride (NaCl), potassium
chloride (KCl), magnesium chloride (MgCl2), glucose, Hepes, and dimethyl sulfoxide
(DMSO), were acquired from Sigma-Aldrich (St. Louis, MO, USA). Any other chemicals
and reagents (reagent grade) were of the highest quality, and obtained from reputable
commercial sources.

4.2. Plant Material, Growing Conditions and Pollen and Vegetative Apexes Collection

This study was conducted in 2017–2019 on trees of Olea europaea L., cultivar Leccino,
grown in a thirty-year-old olive grove near Perugia (Central Italy, 42◦57′39.2′′ N, 12◦25′02.5′′

E). The soil is clay loam and the trees are trained to the vase system (with a trunk 1 m
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high and 3–4 main branches) with a planting distances of 5 × 6 m. The area has a semi-
continental climate. The average temperature difference between the coldest (January) and
hottest (July) months is 19–20 ◦C (with an average diurnal thermal range of 10–11 ◦C and an
average annual air temperature of 13–14 ◦C). The maximum and minimum temperatures
are 36 ◦C and −7 ◦C, respectively. The annual average precipitation is about 800 mm,
distributed mostly in the autumn, winter and spring. The olive grove is considered to be
representative of many intensively managed olive groves in central Italy. In the rainfed
olive grove, an area away from the margins with uniform exposure, slope and chemical and
physical soil characteristics was selected. Within the selected area, 20 trees (average height
3.5 m) were selected, and among them, at the end of September 10, trees with homogeneous
size and yield were treated with Se (100 mg L−1) while another 10 trees with homogeneous
size and yield similar to those treated with Se were treated with water and wetting agent
only (control). Between a treated tree and a control, there were three trees that received no
treatment. The Se dosage was established based on previous studies [7,10]. This solution
was obtained by dissolving sodium selenate (SeO4

2−) in water. For each treatment, 0.5%
of the Albamilagro wetting agent (Albamilagro International S.p.A., Parabiago, MI, Italy)
was added. Each plant was treated with 10 L Se solution. At the base of the tree a filter
paper impermeable in the side in contact with the soil was put to prevent the solution from
dripping onto the soil. On the other hand, twenty randomly selected ‘control’ trees were
sprayed with the same technique, but with a water solution containing only the wetting
agent. All trees reached the 1st stage of flowering in 2018 and 2019 in the last days of May.
The olive phenology assessment of flowering beginning was established when the pollen
was freely released by shaking the anthers of different branches, located at different heights
on the tree and with different exposures [14]. At the beginning of the flowering phase, three
branches for each tree (treated and control) were bagged using white double-layer paper
bags (0.65 × 0.35 m) in order to collect the pollen. The bags were placed in the southeast
portion of the canopy. In each tree, the bags were placed on branches of similar vigor at
the apical, medial and basal positions of the part of the canopy considered. The branches
had 70–80 inflorescences each. At the end of the flowering phase, the bags were removed
and the pollen was filtered with a cell strainer (40 µm). At the same time from the same
trees, 4 g/tree of vegetative apexes were collected. In each year (2018 and 2019), the pollen
and vegetative apexes were collected from the same treated and control trees. Therefore, in
summary, the pollen collection was carried out after 8 and 20 months (C8 and C20) from
untreated olive trees and after 8 and 20 months (T8 and T20) from Se-fertilized olive trees.

4.3. Extracts of Vegetative Apexes of Olive Trees

The vegetative apexes were collected from untreated and Se-fertilized olive trees in
the field after 8 (EC8 and ET8) and 20 months (EC20 and ET20) from treatment. A sample
(2 g) of the collected vegetative apexes was extracted three times with 20 mL of methanol,
dried and then resuspended in 10 mL of methanol. Aliquots of the extract were used to
test the variations of cytosolic Ca2+ in olive pollen.

4.4. Determination of Total Selenium in Olive Pollens and Vegetative Apexes

Measurements of total selenium content in olive pollen were performed using defrozen
and dry samples, respectively. Samples of pollen (0.5 g sample−1) were microwave digested
(ETHOS One high-performance microwave digestion system; Milestone Inc., Sorisole,
Bergamo, Italy) with 8 mL of ultrapure concentrated nitric acid (65% w/w) and 2 mL of
hydrogen peroxide (30% w/w). The heating program for the digestion procedure was
30 min with power of 1000 W and 200 ◦C. After cooling down, the digests were diluted with
water up to 20 mL, then passed through 0.45 µm filters. The analysis were conducted using
a graphite furnace atomic absorption spectrophotometry, Shimadzu AA-6800 apparatus
(GF-AAS; GFA-EX7, Shimadzu Corp., Tokyo, Japan) with deuterium lamp background
correction and a matrix modifier (Pd(NO3)2, 0.5 mol L−1 in HNO3). All analyses were
carried out in triplicate.
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4.5. Se Speciation with HPLC ICPMS

Defrozen pollen material (0.25 g) was mixed with 10 mL of solution and 2.0 mg mL−1

of protease. Samples were sonicated with an ultrasound probe for 2 min and stirred
in a water bath at 37 ◦C for 4 h. Then, samples were cooled at room temperature and
centrifuged for 10 min at 9000 rpm. The supernatant was filtered through 0.22 µm Millex
GV filters (Millipore Corporation, Billerica, MA, USA). The standards solutions (1, 5, 10,
and 20 µg L−1) for inorganic (i.e., selenite, SeO3

−2 and selenate, SeO4
−2) and organic

(i.e., selenocystine, (SeCys2); Se-(methyl) selenocysteine, (SeMeSeCys); selenomethionine,
(SeMet) were employed. Se forms were prepared with ultrapure (18.2 MΩ cm) water.
Speciation of Se was performed by HPLC (Agilent 1100, Agilent Technologies, Santa Clara,
CA, USA) using an anion exchange column (Hamilton, PRP-X100, 250 × 4.6 mm2, 5 µm
particle size). The mobile phase was made by ammonium acetate with gradient elution.
The analytical method and instrumental conditions were previously described in [9].

4.6. Measurement of Cytosolic Ca2+

Intracellular calcium levels were determined spectrofluorometrically using FURA-
2AM the probe [27]. 100 mg of olive pollens were suspended in 10 mL PBS and hydrated
for 3 days. Hydrated pollens were harvested by centrifugation at 1000× g × 4 min and then
resuspended in 2 mL Ca2+-free HBSS buffer (120 mM NaCl, 5.0 mM KCl, MgCl2 1 mM,
5 mM glucose, 25 mM Hepes, pH 7.4). Pollen suspensions were incubated in the dark with
FURA-2AM (2 µL of a 2 mM solution in DMSO) for 120 min, after which samples were
centrifuged at 1000× g × 4 min. Pollens were then harvested and suspended in ~10 mL
of Ca2+-free HBSS containing 0.1 mM EGTA, which was included to rule out or, at least,
minimize a potential background due to contaminating ions (so as to obtain a suspension
of 1 × 106 of pollen granules hydrated per mL). Oxidative stress was induced by adding
hydrogen peroxide to the suspended pollen. Effects on cytosolic Ca2+ were evaluated
after 100 s. Fluorescence was measured in a Perkin-Elmer LS 50 B spectrofluorometer
(ex. 340 and 380 nm, em. 510 nm) (Figure 1), set with a 10 nm and a 7.5 nm slit width in
the excitation and emission windows, respectively. Fluorometric readings were normally
taken after 300–350 s. When required, samples of pollen, CaCl2, H2O2, Na2SeO4 and
aliquot extracts of vegetative apexes were added for specific purposes, as described in the
Results section. Cytosolic calcium concentrations ([Ca2+]c) were calculated as shown by
Grynkiewicz [27].

4.7. Pollen Germination

Olive pollen grains used in the experimentation are collected in the field from treated
trees (Se-enriched) and control trees. Freshly collected pollen samples were rehydrated by
incubation in a humid chamber at room temperature for 30 min [30] and then transferred
to culture plate (6-well culture plate (1.0 mg of pollen per plate) containing 3 mL of an agar-
solidified growing medium: agar 1%, sucrose 10%, boric acid (H3BO3) 100 ppm and calcium
chloride (CaCl2) 1 mM, at pH 5.5 [31]. Subsequently, with the aid of a brush, a uniform
distribution was obtained on the surface of the medium. Oxidative stress was induced by
adding hydrogen peroxide to the suspended pollen. Effects on germination were assessed
at the end of the incubation period. Pollen grains were then incubated for 24–48 h in a
growth chamber at 25 ◦C. The number of germinated and non-germinated pollen grains
were determined with the aid of a microscope with a 10× objective lens. Germination rate
were determined using two replicates of 100 grain. Grains were considered germinated
if the size of the pollen tube was greater than the diameter of the grain [31]. Experiments
were conducted in a completely randomized design with four replications.

4.8. Statistical Analysis

Statistical tests were performed using Graph Pad Prism 6.03 software for Windows (La
Jolla, CA, USA). Tests for variance assumptions were conducted (homogeneity of variance
by Levene’s test, normal distribution by the D’Agostino-Pearson omnibus normality test).
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Results obtained are expressed as mean values ± standard error of the mean (SEM).
Significance of differences were analyzed by Fisher’s least significant differences test, after
the analysis of variance according to the split plot in time design. Differences with p < 0.05
were considered statistically significant.

5. Conclusions

This study shows that through the determination of cytosolic Ca2+ and pollen germi-
nation, quick and easy measurements are possible to monitor the onset of oxidative stress
and the effectiveness of any antioxidant measure adopted. Furthermore, the field treatment
with selenium maintains its effects even after 20 months, suggesting that it is possible to
reduce the amount of selenium fertilization in a precision agriculture perspective.
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Abstract: The present investigation was executed with an aim to evaluate the role of exogenous
selenium (Se) and boron (B) in mitigating different levels of salt stress by enhancing the reactive
oxygen species (ROS) scavenging, antioxidant defense and glyoxalase systems in soybean. Plants
were treated with 0, 150, 300 and 450 mM NaCl at 20 days after sowing (DAS). Foliar application of
Se (50 µM Na2SeO4) and B (1 mM H3BO3) was accomplished individually and in combined (Se+B)
at three-day intervals, at 16, 20, 24 and 28 DAS under non-saline and saline conditions. Salt stress
adversely affected the growth parameters. In salt-treated plants, proline content and oxidative stress
indicators such as malondialdehyde (MDA) content and hydrogen peroxide (H2O2) content were
increased with the increment of salt concentration but the relative water content decreased. Due to
salt stress catalase (CAT), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase
(DHAR), glyoxalase I (Gly I) and glyoxalase II (Gly II) activity decreased. However, the activity of
ascorbate peroxidase (APX), glutathione reductase (GR), glutathione peroxidase (GPX), glutathione S-
transferase (GST) and peroxidase (POD) increased under salt stress. On the contrary, supplementation
of Se, B and Se+B enhanced the activities of APX, MDHAR, DHAR, GR, CAT, GPX, GST, POD, Gly I
and Gly II which consequently diminished the H2O2 content and MDA content under salt stress, and
also improved the growth parameters. The results reflected that exogenous Se, B and Se+B enhanced
the enzymatic activity of the antioxidant defense system as well as the glyoxalase systems under
different levels of salt stress, ultimately alleviated the salt-induced oxidative stress, among them
Se+B was more effective than a single treatment.

Keywords: abiotic stress; AsA-GSH pathway; methylglyoxal; micronutrient; osmoregulation;
reactive oxygen species; trace elements

1. Introduction

Abiotic stress or environmental stress is not a sole entity. Under the umbrella of abiotic
stress, it comprises all types of hostile environmental conditions that a plant may face
in nature [1]. Salt stress is a major abiotic stress. Salinity threatens the productivity of
plants by negatively affecting the biochemical, physiological and molecular features of the
plants [2]. Because of inappropriate management and climate change, the saline-affected
area has been increasing more than before in arid, semi-arid and coastal areas, along with
other types of land [3]. Worldwide, about 20–50% of irrigated land areas are affected by
salt [3]. The alarming issue is by 2050 up to 50% of agricultural land is expected to be
affected by salinity [2].
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In the soil solution, sodium chloride (NaCl) and sodium sulfate (Na2SO4) are the most
available soluble salts. An increase in salinity level, in most of the cases, indicates mainly an
increase in Na+ and Cl− concentration. Both Na+ and Cl− ions produce critical conditions
for plant survival, but between them, Cl− is more dangerous [4]. Salinity primarily creates
osmotic stress and ionic toxicity. Osmotic stress occurs due to the accumulation of a
higher concentration of salt ions in the root zone. Osmotic stress hinders the uptake
of water and nutrient of the plants and ultimately causes stomatal closure, reduction
in cell expansion and division. In the later stage, a higher accumulation of salt inside
the cells and tissues induces ionic toxicity, disruption of ion homeostasis, alteration of
cellular functions, premature senescence, and in extreme condition plant death. Salinity-
induced osmotic and ionic stresses are responsible for the overproduction of reactive
oxygen species (ROS) [5]. Therefore, an excess concentration of ROS in plants induces
deleterious oxidative stress, which causes oxidation of plant cell components (lipid, protein,
nucleic acid, etc.), along with the cell organelles and membranes which also disrupts the
redox homeostasis [6]. The overproduction of ROS such as superoxide radical (O2

•−),
hydrogen peroxide (H2O2), hydroxyl radical (•OH) etc. is needed to be stopped to protect
the plants from oxidative damage and to regulate the proper physiological and biochemical
activities. Plants maintain the balance between formation and detoxification of ROS
by an antioxidant defense system [7]. Multiple enzymatic components of antioxidant
defense system like catalase (CAT), ascorbate peroxidase (APX), monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR),
glutathione peroxidase (GPX), glutathione S-transferase (GST), and peroxidase (POD)
coordinately act to control the ROS and ROS-induced oxidative stress, along with non-
enzymatic components [8].

Many investigations have been carried out and attempts have been taken to mitigate
the hazardous effect of salt stress on crops [9–11]. After a plethora of investigations, sele-
nium (Se) a beneficial trace element (at lower concentrations) was found to be an effective
one in improving growth, antioxidant defense and inducing tolerance mechanisms against
salt stress [9–11]. Selenium acts as a plant growth regulator, stress modulator, antioxidant
agent at lower concentrations but at higher concentrations, it is phytotoxic and may act as
a pro-oxidant [12]. Supplementation of Se mitigates salt stress by reducing Na+ accumula-
tion in plant parts, Na+ compartmentalization, upregulating Na+ and Cl− ions transporter
genes, chelation and boosting of the antioxidant defense system. Selenium protects plants
from oxidative stress by triggering the detoxification of ROS, which is overgenerated due
to salt stress [9,10,12]. Boron (B) is an essential micronutrient that actively participates in
the crop growth and development process. It is associated with respiration, transportation
of water, protein synthesis, sugar transport, RNA metabolism and plant hormones. Impor-
tantly, it maintains the structural integrity of bio-membranes [13]. Boron is involved with
lignin synthesizing, strengthening the cell walls, and indirectly protecting cell membranes
in plants [14]. Supplementation of B increased the pectin (19%) and hemicellulose (50%)
content of the cell wall under oxidative stress [15]. Exogenous application of B decreased
the Cl− content in sugar beet under salt stress by upregulating the transportation of Cl−

ions [16]. Supplementation of B declined lipid peroxidation (indicated by malondialdehyde,
MDA content) and hydrogen peroxide (H2O2) content under oxidative stress. Moreover,
the application of B increased the antioxidant defense and decreased oxidative stress in
different crops [15,17]. However, among the different combinations of treatments with or
without Fe, Se+B treatment alone showed the maximum relative water content (RWC) and
the minimum relative water loss, and also improved the growth parameters along with
other treatments [18].

Soybean (Glycine max L.) is a widely cultivated legume around the world because of its
versatile uses and economic importance. It is a prominent source of proteins and edible oil,
it has valuable uses as food, feed and oilseed crop [19]. In soybean plants, salinity creates
oxidative, osmotic and ionic stress [20]. Salt-induced osmotic, ionic and oxidative stress
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hampers the growth, biomass production and crucial physiological activities of soybean,
ultimately productivity is negatively affected [20,21].

In previous investigations, the positive effect of Se and B in improving the salt toler-
ance of plants were studied in the laboratory and hydroponic conditions, mostly. However,
the interaction role of Se and B, along with individual applications was rarely studied. More-
over, the role of B in methylglyoxal (MG) detoxification was hardly studied. The present
investigation was conducted to study the injurious effect of the different levels of salt
stress on soybean and also to study the roles of Se, B and Se+B in mitigating salt-induced
oxidative stress, and enhancing the salt stress tolerance in soybean by upregulating the
antioxidant defense system and MG detoxification system.

2. Results

2.1. Growth Parameters

Upon exposure to 150 mM NaCl stress, the reduction in plant height was not significant
but at 300 and 450 mM NaCl, stress plant height was reduced by 35 and 55%, respectively,
in comparison to untreated control (without salt and Se, B and Se+B treatment). However,
supplementation of Se and Se+B increased the plant height under all salt treatments. At 150
and 300 mM NaCl stress B alone did not increase the plant height significantly, compared
to a respective only salt-treated plant without Se, B and Se+B spray. Under mild, moderate
and severe salinity Se+B spray increased the plant height by 17, 30 and 39%, respectively,
compared to corresponding salt-treatment alone (150, 300 and 450 mM NaCl-treated plant
without Se, B and Se+B spray; Figure 1A).

Figure 1. Effect of exogenous Se, B and Se+B on plant height (A), shoot FW (B), shoot DW (C) and leaf area (D) in soybean
at 0, 150, 300 and 450 mM NaCl-induced salt stress. Here, Se, B and Se+B indicate 50 µM Na2SeO4, 1 mM H3BO3 and
50 µM Na2SeO4 + 1 mM H3BO3, respectively. Values in a column with different letters are significantly different at p ≤ 0.05
applying Fisher’s LSD test.

Shoot fresh weight (FW) was declined by 43, 63 and 78% at 150, 300 and 450 mM
NaCl stress, in comparison to untreated control. Rather than single supplementation, Se+B
combinedly increased the shoot FW significantly under salt stress. Application of Se+B
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spray increased the shoot FW by 22, 41 and 66% at 150, 300 and 450 mM NaCl stress,
respectively, in comparison to corresponding only NaCl-treated plants (Figure 1B).

Shoot dry weight (DW) was decreased by 41% at 150 mM NaCl stress, compared to
untreated control. Moreover, at 300 and 450 mM NaCl stress the reduction in shoot DW
plant−1 was statistically similar, in comparison to untreated control. However, Se and
B alone did not increase the shoot DW significantly under salt stress. Combinedly Se+B
increased the shoot DW plant−1 significantly by 85 and 93% at 150 and 300 mM NaCl stress
but at 450 mM NaCl stress the increment of shoot DW was not significant, respectively,
compared to respective salt treatment alone (Figure 1C).

In 150 mM NaCl-stressed plants, reduction in leaf area was not significant, compared
to untreated control. Moreover, at 300 mM and 450 mM NaCl stress decrement of leaf area
was statistically similar. Single supplementation of Se and B showed statistically similar
results to Se+B and increased the leaf area at 300 and 450 mM NaCl stress but not at 150 mM
NaCl stress. However, due to Se+B spray at 300 and 450 mM NaCl stress, leaf area was
increased by 39 and 37%, respectively, compared to salt-treated plant alone (without Se,
B and Se+B spray; Figure 1D).

2.2. Leaf Relative Water Content

Due to imposition of 150 mM NaCl stress leaf RWC was decreased by 19%, and at 300
and 450 mM NaCl stress the reduction in leaf RWC was statistically similar, respectively,
in comparison to untreated control (without salt and Se, B and Se+B treatment). On the
contrary, foliar application of Se, B and Se+B increased the leaf RWC and showed a
statistically similar increment of leaf RWC under different levels of NaCl stress, compared
to only salt-treated plants. Under mild, moderate and severe salinity Se+B spray increased
the leaf RWC by 18, 21 and 20%, respectively, compared to corresponding salt-treatment
alone (150, 300 and 450 mM NaCl-treated plant without Se, B and Se+B spray; Figure 2A).

Figure 2. Effect of exogenous Se, B and Se+B on leaf RWC (A), Pro content (B), H2O2 content (C) and MDA content (D) in
soybean at 0, 150, 300 and 450 mM NaCl-induced salt stress. Here, Se, B and Se+B indicate 50 µM Na2SeO4, 1 mM H3BO3

and 50 µM Na2SeO4 + 1 mM H3BO3, respectively. Values in a column with different letters are significantly different at
p ≤ 0.05 applying Fisher’s LSD test.

92



Plants 2021, 10, 2224

2.3. Proline Content

A higher amount of proline (Pro) accumulation was observed in 150, 300 and 450 mM
NaCl-stressed plants; 88, 131 and 180%, respectively, in comparison to untreated control.
On the other hand, foliar-applied Se, B and Se+B diminished the Pro content in saline
condition only. Moreover, the single and combined application of Se and B showed a
statistically similar result in decreasing Pro content under salt stress. Application of
Se+B decreased the Pro content by 20, 19 and 12% at 150, 300 and 450 mM NaCl stress,
respectively, compared to corresponding only NaCl-treated plants (150, 300 and 450 mM
NaCl-treated plants without Se, B and Se+B treatments; Figure 2B).

2.4. H2O2 Content

In salt-stressed plants, H2O2 content was increased by 40, 93 and 131% under mild,
moderate and severe salinity, respectively, in comparison to untreated control plants.
However, Se and B alone and combinedly showed a statistically similar result in the case of
decreasing the H2O2 content under different levels of salt stress. Moreover, H2O2 content
decreased due to Se+B spray by 17, 21 and 24% under mild, moderate and severe salinity,
respectively, compared to corresponding only salt-treated plants (Figure 2C).

2.5. Lipid Peroxidation (MDA Content)

Salt-induced oxidative stress is responsible for lipid peroxidation. In order to estimate
the lipid peroxidation level, MDA content is measured as a major indicator.

When subjected to salt stress MDA content was increased with the increase in the NaCl
concentration, in a dose-dependent manner. Under mild, moderate and severe salinity
MDA content was increased sharply by 112, 142 and 172%, respectively, compared to
untreated control. On the contrary, under saline conditions, exogenous Se, B and Se+B
diminished the MDA content. However, MDA content was reduced due to Se+B application
by 19, 23 and 9% under mild, moderate and severe salinity, compared to respective salt
treatment alone (Figure 2D).

2.6. Activities of Antioxidant Enzymes

The activity of APX was increased by 45, 58 and 85% under mild, moderate and
severe salinity, respectively, compared to untreated control (without salt and Se, B and
Se+B treatment). Moreover, foliar application of Se, B and Se+B further increased the APX
activity in plants under different levels of salinity, compared to only salt-treated plants.
Supplementation of Se+B enhanced the activity of APX at 150 mM NaCl stress which
was statistically similar to the result of Se and B alone. However, at 300 and 450 mM
NaCl stress, Se+B amplified the APX activity more than the individual supplementation
of Se and B, and increased the APX activity by 19 and 19%, respectively, in comparison to
corresponding salt treatment alone (Figure 3A).

In response to 150, 300 and 450 mM NaCl stress, MDHAR activity was declined
by 27, 42 and 54%, respectively, in comparison to untreated control. On the contrary,
Se, B and Se+B treatments increased the MDHAR activity under salt stress, compared
to corresponding salt treatment alone. Among them Se+B showed more increment in
MDHAR activity than single supplementation. However, at 150, 300 and 450 mM NaCl
stress exogenous Se+B enhanced the MDHAR activity by 43, 45 and 36%, respectively,
in comparison to respective only salt-treated plants (Figure 3B).

The DHAR activity was decreased by 12, 22 and 36% at 150, 300 and 450 mM NaCl,
respectively, in comparison to untreated control. However, DHAR activity was enhanced
under salt stress because of Se, B and Se+B spray, compared to the respective only salt
treatment (without Se, B and Se+B spray). A statistically similar enhancement was observed
in the DHAR activity at 150 mM NaCl stress due to the application of Se, B and Se+B spray,
compared to 150 mM NaCl stress (without Se, B and Se+B spray). The combined application
of Se+B increased the DHAR activity by 21 and 16%, respectively, at 300 and 450 mM NaCl,
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in comparison to the corresponding salt treatment alone which was followed by individual
application of Se and B (Figure 3C).

Figure 3. Effect of exogenous Se, B and Se+B on APX activity (A), MDHAR activity (B), DHAR activity (C) and GR activity
(D) in soybean at 0, 150, 300 and 450 mM NaCl-induced salt stress. Here, Se, B and Se+B indicate 50 µM Na2SeO4, 1 mM
H3BO3 and 50 µM Na2SeO4 + 1 mM H3BO3, respectively. Values in a column with different letters are significantly different
at p ≤ 0.05 applying Fisher’s LSD test.

When exposed to 150, 300 and 450 mM NaCl, GR activity was increased by 45, 126 and
228%, respectively, compared to untreated control. However, exogenous supplementation
of Se, B and Se+B further increased the GR activity at 150, 300 and 450 mM NaCl, compared
to salt treatment alone. In combined Se+B increased the GR activity more than spraying
with of Se or B alone, and due to exogenous Se+B the GR activity was accelerated by 54,
50 and 18% at 150, 300 and 450 mM NaCl, respectively, in comparison to respective only
salt-treated plants (Figure 3D).

All salt treatments caused a substantial reduction in the CAT activity, in comparison
to untreated control. Under mild, moderate and severe salinity CAT activity was decreased
by 33, 43 and 56%, respectively, compared to untreated control. On the contrary, foliar
application of Se, B and Se+B enhanced the CAT activity under salt stress. Among the foliar
supplementations, Se+B showed a higher increment in CAT activity than Se or B alone.
Moreover, application of Se+B increased the CAT activity by 38, 25 and 27% under mild,
moderate and severe salinity, respectively, in comparison to respective salt treatment alone
(Figure 4A).

In NaCl-treated plants, GPX activity was enhanced by 33, 108 and 125%, respectively,
in comparison to untreated control. Moreover, foliar supplementation of Se, B and Se+B
further stimulated the GPX activity under different levels of salinity. Among the treatments,
under salt stress Se+B increased the GPX activity more than Se or B alone. Comparing
with corresponding salt-treated plants (without Se, B and Se+B spray), GPX activity was
increased by 66, 20 and 29%, respectively, in Se+B-treated plants under mild, moderate and
severe salinity (Figure 4B).
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Figure 4. Effect of exogenous Se, B and Se+B on CAT activity (A), GPX activity (B), GST activity (C) and POD activity (D) in
soybean at 0, 150, 300 and 450 mM NaCl-induced salt stress. Here, Se, B and Se+B indicate 50 µM Na2SeO4, 1 mM H3BO3

and 50 µM Na2SeO4 + 1 mM H3BO3, respectively. Values in a column with different letters are significantly different at
p ≤ 0.05 applying Fisher’s LSD test.

Between untreated control plants and 150 mM salt-treated plants, no significant
difference in GST activity was recorded. Moreover, at 300 and 450 mM salt stress GST
activity was increased by 41 and 111%, in comparison to untreated control. However,
at 150, 300 and 450 mM salt stress, application of Se+B further accelerated the GST activity
by 21, 19 and 21%, respectively, compared to the respective only salt treatment. Although
Se+B showed higher GST activity than an individual spray, but at 150 and 300 mM NaCl
stress, B spray showed a similar increase in GST activity as Se+B spray, compared to only
salt treatment (Figure 4C).

When plants were exposed to 150, 300 and 450 mM salt stress, POD activity was
increased by 58, 95 and 124%, respectively, in comparison to untreated control. Appli-
cation of Se+B increased the POD activity by 15, 14 and 7% at 150, 300 and 450 mM salt
stress, respectively, compared to respective salt treatment alone. Moreover, no significant
increment in POD activity was observed at 150 and 450 mM NaCl stress because of single
supplementation of B. Single supplementation of Se caused a statistically similar increment
of POD activity as Se+B at 150 and 450 mM NaCl stress, compared to corresponding salt
treatment alone (Figure 4D).

2.7. Activities of Glyoxalase Enzymes

The activity of Gly I and Gly II showed reverse relation with the salt concentration,
Gly I and Gly II activity decreased with the gradual increase in the salt concentration.

Under mild, moderate and severe salinity Gly I activity was declined by 26, 46 and
56%, respectively, in comparison to untreated control. On the contrary, foliar application
of Se and B alone significantly increased the Gly I activity under mild and moderate
salinity but not at severe salinity. Moreover, combined application of Se+B enhanced the
Gly I activity by 31, 29 and 18% under mild, moderate and severe salinity, respectively,
in comparison to corresponding salt treatment alone, followed by an individual spray of
Se and B (Figure 5A).

95



Plants 2021, 10, 2224

In response to mild, moderate and severe salinity the activity of Gly II was declined by
24, 46 and 59% in 150, 300 and 450 mM NaCl-treated plants, respectively, in comparison to
untreated control (without salt and Se, B and Se+B treatment). At 150 and 300 mM NaCl
stress foliar application of Se+B increased the Gly II activity by 24 and 42%, respectively,
compared to respective salt-treatment alone. Moreover, at 450 mM salt stress B alone and
combined supplementation of Se+B showed a similar result, in the case of increasing the Gly
II activity, respectively, in comparison to corresponding only salt-treated plant (Figure 5B).

Figure 5. Effect of exogenous Se, B and Se+B on glyoxalase system: Gly I activity (A) and Gly II activity (B) in soybean
at 0, 150, 300 and 450 mM NaCl-induced salt stress. Here, Se, B and Se+B indicate 50 µM Na2SeO4, 1 mM H3BO3 and
50 µM Na2SeO4 + 1 mM H3BO3, respectively. Values in a column with different letters are significantly different at p ≤ 0.05
applying Fisher’s LSD test.

3. Discussion

Salt stress has a detrimental effect on the growth, development and physiological ac-
tivities of soybean [20,21]. In combating salt stress, exogenous protectants (micronutrients,
trace elements, osmoprotectants, phytohormones, polyamines and antioxidants) showed
promising results [4]. Supplementation of beneficial trace elements like Se improves an-
tioxidant defense, and stress tolerance in plants [12,22]. The application of micronutrients
increases plant stress tolerance by upregulating physiological activities and by improving
the antioxidant defense system [23].

In response to salt stress shoot growth stunts [5]. Akram et al. [24] reported salt-
induced plant height reduction in different genotypes of soybean. Salinity decreased the
plant height, shoot FW and shoot DW in soybean along with other growth parameters [25].
Wu et al. [26] investigated that salt stress reduced the leaf area. Due to NaCl stress, plant
height, DW and leaf area were reduced in two soybean cultivars [27]. Plant height, plant
FW, plant DW and leaf area were decreased in NaCl-stressed soybean plants [28]. As salt
stress imposes both ionic and osmotic stress in the plant, it negatively affects the cell
division and cell elongation process as well as normal cell functioning, ultimately hinders
the plant growth [4]. Foliar application of Se, at low concentration, enhanced the plant
height of wheat under salt stress [29]. Application of Se increased the growth and shoot
DW under salt stress [9]. Foliar applied Se enhanced the leaf area of cowpea under salt
stress [30]. Boron is a crucial factor for the processes like respiration, synthesis of proteins,
transportation of sugars and carbohydrate metabolism. Importantly, growth hormone-like
IAA is also associated with B [13]. Ullah et al. [31] found that B aided in cell division of the
actively growing region, especially the region near the shoot and root tips. However, Se+B
spray reverted the negative effect of salt on growth parameters, in the present study.

Higher NaCl concentration in the soil solution of the root zone decreases the water
potential and also hinders the water uptake through the root [5]. Moreover, a higher accu-
mulation of Na+ and Cl− inside the cell also restricts the water uptake. Therefore, the plant
faces physiological drought (osmotic stress) under salt stress [5]. Many researchers investi-
gated that salt stress reduced the RWC in different crops [10,29,30]. Due to NaCl-induced
osmotic stress, the RWC of the soybean plants decreased, in the current study. However,
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supplementation of Se improved the RWC of plants, in previous studies [10,29,30]. Upon
exposure to 300 mM NaCl stress foliar-applied B reduced the concentration of Cl− ion in
xylem sap, thus improved the water uptake [16].

Higher accumulation of osmolytes occurs to protect the plant cells from NaCl-induced
dehydration [32]. Salt stress-induced higher accumulation of Pro was observed in soybean
and other crops [20,33,34]. With the increment of the NaCl concentration, Pro accumulation
increased in NaCl-stressed soybean plants of the present study to protect the cell from
osmotic stress by maintaining the osmotic pressure of the cell. Several previously published
research articles denoted that Se and B have the potential to regulate the accumulation
of osmoprotectants in plants. Selenium is involved in regulating osmoprotectants and
secondary metabolites [12]. Selenium supplementation regulated the Pro content and
osmotic pressure which helped in enhancing the water translocation to the shoot and
ultimately increased RWC under salt stress [10]. Supplementation of B reduced the leaf Pro
content under salt stress and enhanced the glycine betaine content [35]. In the present study,
B improved the water uptake (RWC increased) but decreased Pro content. Selenium and
B may have a role in the enhancement of the other osmolytes rather than Pro like glycine
betaine, glutathione, soluble sugars [35–37] which acted to confer osmoprotection and
improved the water content. Similarly, to our findings, supplementation of Se+B decreased
the Pro content and increased the RWC under NaCl stress in stevia [18]. Boron-induced
regulation of pyrroline-5-carboxylate synthetase (P5CS) and proline dehydrogenase (PDH)
genes and the activities of P5CS and PDH were involved in modulating Pro accumulation
in Brassica napus [38]. Selenium applications regulated transcript levels of genes P5CS2 and
PDH in fragrant rice [39]. This evidence strongly supports the osmoprotective roles of B
and Se.

Salt-induced osmotic stress, ionic stress, nutrient imbalance, disrupted ion homeosta-
sis and excessive generation of ROS, altogether threaten the antioxidant defense system
of plants. However, salt-induced oxidative stress deteriorates the cell membrane, cellular
organelles, cellular components (proteins, lipids, carbohydrates, etc.) and nucleic acids
(DNA and RNA), and may also cause programmed cell death [2]. As H2O2 is a ROS,
overproduction of H2O2 results in higher lipid peroxidation which is indicated by higher
MDA content [22]. In previous investigations, salt stress was responsible for the over-
generation of H2O2 and MDA content in different soybean genotypes [20,24,40]. In the
present study, H2O2 content, as well as MDA content, increased with the increase in the
NaCl concentrations. Supplementation of Se protected plants from salt-induced oxidative
stress by triggering the detoxification of ROS, which were generated due to salt stress [11].
Moreover, by upregulating the antioxidant defense system, Se diminished the MDA content
and membrane damage under salt stress [9]. Boron plays a protective role against excessive
ROS by maintaining membrane integrity, metabolic activity and enzymatic activity [13].
Supplementation of B decreased the H2O2 content and as well as MDA content under salt
stress [41]. Foliar applied B upregulated the Cl− transportation and protected plants from
salt-induced oxidative stress [16]. However, Se and B alone and in combined alleviated
the salt-induced oxidative stress, in the present investigation which was indicated by the
reduced oxidative stress indicators (H2O2 and MDA content) under salt stress due to Se,
B and Se+B spray.

In the antioxidant defense system four key enzymes viz. APX, MDHAR, DHAR
and GR of the ascorbate-glutathione (AsA-GSH) pathway are crucial for enhancing stress
tolerance as well as in minimizing the stress-induced oxidative damages, by detoxification
of the ROS [8]. Moreover, APX is involved in direct ROS scavenging. In chloroplast, APX is
the only ROS scavenger enzyme, as CAT is absent in chloroplast. Moreover, APX and GR
are the major ROS detoxifier and also maintain redox homeostasis [7]. In soybean plants,
the APX and GR activity was further increased with the increase in the salt concentration
but MDHAR and DHAR activity were decreased under salt stress, in the present study.
Application of Se increased the APX, MDHAR, DHAR and GR activity under salt stress [22].
Supplementation of B under salt stress increased the enzymatic activity [41]. The combined
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application of Se+B was more effective than individual Se and B spray in enhancing the
activity of MDHAR and GR under salt stress.

Catalase produces H2O and O2 by direct dismutation of H2O2. Thus, CAT plays
a major role in ROS detoxification under abiotic stress [7]. In previous studies, several
scientists observed lower CAT activity in response to different levels of salt stress [33,42].
Similarly, in the present study, lower CAT activity was observed with the increment of the
salt concentration, compared to untreated control. Previously, in various crops supplemen-
tation of Se at lower concentration increased the CAT activity under salt stress [10,29,43,44].
Application of B also increased the CAT activity under salt stress [41]. However, exogenous
application of Se alone and with B, boosted the CAT activity in the salt-treated plant.
Higher CAT activity along with lower H2O2 content under salt stress due to Se, B and Se+B
spray indicated that Se and B alone and combinedly enhanced the antioxidant defense
against salt-induced oxidative stress by increasing the ROS scavenging. The GPX enzymes
are pivotal for cell protection and detoxification under oxidative stress. Selenium enhances
the activity of GPX enzymes as it is a cofactor of GPX enzymes [45,46]. Along with peroxide
breakdown, hormone biosynthesis and stress signaling GST is involved in amplifying the
activity of GPX. The GPX enzymes scavenge H2O2 by utilizing GSH [7]. Upon exposure to
salt stress, increased activity of GPX and GST was reported by several researchers [22,34,47].
However, GST and GPX activity increased in response to salt stress, in the present study.
Foliar applied Se increased the GST and GPX activity in rapeseed under salt stress [22].
Application of B at high concentration increased the GPX activity [48]. In the current study,
POD activity was increased under different levels of salinity, compared to untreated control.
Likewise, in oat seedlings, the activity of POD was increased at 100 mM salt stress, in
comparison to control [49]. The activity of POD was increased under salt stress in common
beans [43]. Similarly, the POD activity was enhanced in maize under salinity [44]. More-
over, the application of Se at low concentration further increased the POD activity under
salt-induced oxidative stress [44]. Under oxidative stress application of B also increased
the POD activity [17].

Methylglyoxal is a by-product of the glyoxalase system which is a highly reactive and
cytotoxic compound. The enzymes of the glyoxalase system, viz. Gly I and Gly II transform
MG into nontoxic compounds. In the glyoxalase system, MG detoxification occurs in two
steps. First, Gly I converts MG into S-D-lactoyl-glutathione by utilizing GSH. In last step,
S-D-lactoyl-glutathione is converted into D-lactate by Gly II [8]. The activity of Gly I and
Gly II decreased upon exposure to salt stress, in previous investigations [22,42]. Lower Gly
I and Gly II activity under salt stress was observed, in our study which indicated that MG
detoxification was not sufficient enough under salt stress. However, Se supplementation
enhanced MG detoxification by amplifying the Gly I and Gly II activity under NaCl
stress [22]. In the present study, in comparison to only salt-treated plants at 150 and
300 mM NaCl stress Se+B resulted in higher Gly I and Gly II activity than Se or B alone
which means the higher MG detoxification under salt stress.

In summary, upon exposure to different levels of NaCl-induced salt stress leaf RWC
decreased along with growth parameters, but Pro content and oxidative stress indicators
(H2O2 and MDA content) increased. On the contrary, Se and B alone and combined
improved the growth parameters, leaf RWC and decreased the ROS accumulation which
was clear by the reduced H2O2 and MDA content (lipid peroxidation), and also decreased
the Pro content when subjected to salt stress. All NaCl treatments decreased the MDHAR,
DHAR and CAT activity and enhanced the APX, GR, GPX, GST and POD activity. However,
exogenous Se, B and Se+B spray enhanced the enzymatic activities (APX, MDHAR, DHAR,
GR, CAT, GPX, GST, POD) as a part of the antioxidant defense system under salt stress.
Along with other enzymatic activities, the activity of Gly I and Gly II were also increased
due to single and combined application of Se and B in salt-treated plants. However, it is
clear from the results of the present study that foliar-applied Se, B and Se+B mitigated the
salt stress by modulating the antioxidant defense system, ROS metabolism and glyoxalase
system (Figure 6).
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Figure 6. Schematic presentation of the protective roles of exogenous Se and B under salt stress.

4. Materials and Methods

4.1. Plant Material and Treatments

Healthy, matured, well-dried and uniform soybean (Glycine max cv. BINA Soybean-5)
seeds were sown in plastic pots (14 L). Organic manure, urea, triple super phosphate and
muriate of potash were applied as basal dose without B. At 20 days after sowing (DAS)
along with control (0 mM NaCl), mild, moderate and severe salinity was imposed on
plants by treating with 150, 300 and 450 mM NaCl, respectively. Single and combined
supplementation of Se (50 µM Na2SeO4) and B (1 mM H3BO3) was accomplished at 16,
20, 24 and 28 DAS under control and saline conditions. The experiment was laid out in
completely randomized design (CRD) with three replications.

4.2. Growth Parameters

For measuring plant height five plants were selected from each replication, and height
was taken from the ground level to the tip of the plant. The average height of five plants
was considered as the height of the plants for each replication and expressed as cm.

From each replication randomly three sample plants were uprooted, then roots were
separated and shoots were weighed in a balance and after that averaged the weight to
measure shoot FW plant−1

.
After measuring shoot FW, shoot samples were oven-dried at 80 ◦C for 48 h, then

weighed. The average DW was measured and considered as the shoot DW plant−1.
For leaf area measurement, leaf images were taken by a digital camera and the area

was calculated using Image-J software v. 1.8.0 [50].

4.3. Leaf Relative Water Content and Proline Content

Leaf relative water content was measured according to Barrs and Weatherly [51]. After
collecting fresh leaves, FW was measured and then dipped into distilled water for 8 h.
After that, turgid weight (TW) was measured and followed by oven drying for 48 h at
80 ◦C to measure DW. The RWC was calculated from the following equation,

RWC (%) = (FW − DW)/(TW − DW) × 100
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Proline content was measured from leaf sample according to Bates et al. [52]. Leaf sam-
ples were homogenized by using sulfosalicylic acid, followed by centrifuging at 11,500× g.
Then glacial acetic acid and acid ninhydrin was added with the supernatant. After cooling
the mixture, toluene was added to separate ninhydrin pro-complex and then optical density
of the chromophore was observed spectrophotometrically at 520 nm. Finally, Pro content
was measured by comparing with a standard curve of known concentration of Pro. The Pro
content was expressed as µmol g−1 FW.

4.4. Determination of H2O2 Content and Lipid Peroxidation

According to Yang et al. [53], leaf samples of 0.5 g were homogenized by trichloroacetic
acid (TCA) and centrifuged at 11,500× g. Then, supernatant was mixed with potassium-
phosphate (K-P) buffer (pH 7.0) and potassium iodide (KI). After that, H2O2 content was
determined spectrophotometrically by measuring the optical absorption of supernatant at
390 nm by using an extinction coefficient of 0.28 µM−1 cm−1 which was expressed as nmol
g−1 FW.

By following the method of Heath and Packer [54] lipid peroxidation was assayed
as MDA content which was measured spectrophotometrically at 532 and 600 nm on the
basis of thiobarbituric acid reactive substances (TBARS) production by using an extinction
coefficient of 155 mM−1 cm−1 and expressed as nmol g−1 FW.

4.5. Protein Determination

Protein content was estimated by following the method of Bradford [55] in which a
standard curve was prepared from a known concentration of bovine serum albumin (BSA)
and used to determine the protein content.

4.6. Determination of Enzyme Activities

The APX (EC: 1.11.1.11) activity was estimated spectrophotometrically at 290 nm
according to the method of Nakano and Asada, [56]. The solution of K-P buffer (pH 7.0),
reduced ascorbate (AsA), H2O2, ethylenediaminetetraacetic acid (EDTA) and extract for
enzyme were used during the process where 2.8 mM–1 cm–1 was the extinction coefficient
and it was expressed as µmol min−1 mg−1 protein.

The MDHAR (EC: 1.6.5.4) activity was determined from the reaction mixture con-
sisting of Tris-HCl buffer (pH 7.5), AsA, ascorbate oxidase (AO), nicotinamide adenine
dinucleotide phosphate (NADPH) along with enzyme and 6.2 mM–1 cm–1 was the extinc-
tion coefficient [57]. The activity of MDHAR is expressed as nmol min−1 mg−1 protein.

The DHAR (EC: 1.8.5.1) activity was measured spectrophotometrically by following
the method of Nahar et al. [57] at 265 nm. The reaction mixture consisted of K–P buffer
(pH 7.0), reduced glutathione (GSH), dehydroascorbate (DHA), EDTA and enzyme solution.
Extinction coefficient 14 mM–1 cm–1 was used during the enzyme calculation and DHAR
activity was expressed as nmol min−1 mg−1 protein.

The GR (EC: 1.6.4.2) activity was determined from the reaction of the reaction mixture
which consists of K-P buffer (pH 7.0), oxidized glutathione (GSSG), EDTA, NADPH and
enzyme solution at 340 nm using 6.2 mM–1 cm–1 as the extinction coefficient [22]. The GR
activity was expressed as nmol min−1 mg−1 protein.

The CAT (EC: 1.11.1.6) activity was estimated according to Hasanuzzaman et al. [22]
at 240 nm and read from a reaction mixture of K-P buffer (pH 7.0), H2O2 and enzyme
solution and computed using 39.4 M–1 cm–1 as the extinction coefficient and expressed as
µmol min−1 mg−1 protein.

The activity of GST (EC: 2.5.1.18) was measured from the reaction mixture of GSH,
1-chloro-2, 4-dinitrobenzene (CDNB), Tris-HCl buffer (pH 6.5) and enzyme extract, using
9.6 mM–1 cm–1 as the extinction coefficient [22]. The GST activity was expressed as nmol
min−1 mg−1 protein.

The GPX (EC: 1.11.1.9) activity was read from the absorbance of the reaction between
K-P buffer (pH 7.0), GSH, EDTA, sodium azide (NaN3), NADPH, GR, H2O2 and enzyme at
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340 nm. Extinction coefficient 6.62 mM–1 cm–1 was used during the calculation of enzyme
activity [57]. The GPX activity was expressed as nmol min−1 mg−1 protein.

The POD activity (EC: 1.11.1.7) was determined according to Hemeda and Klein [58],
at 470 nm guaiacol oxidation was observed spectrophotometrically. The reaction buffer
contained sodium phosphate buffer (pH 6.0), methoxyphenol and 30% H2O2. The activity
was computed by using an extinction coefficient of 6.58 mM−1 cm−1 and it was expressed
as µmol min−1 mg−1 protein.

The Gly I (EC: 4.4.1.5) activity was read from the reaction of the mixture which consists
of K-P buffer (pH 7.0), GSH, magnesium sulfate and MG at 240 nm by using 3.37 mM–1

cm–1 as the extinction coefficient [22]. The Gly I activity was expressed as µmol min−1

mg−1 protein.
The Gly II (EC: 3.1.2.6) activity was measured from the reaction of enzyme, Tris-HCl

buffer (pH 7.2), 5, 5′-dithiobis-2-nitrobenzoic acid (DTNB) and S-D-lactoylglutathione at
412 nm by using an extinction coefficient of 13.6 mM–1 cm–1 [22]. The Gly II activity was
expressed as µmol min−1 mg−1 protein.

4.7. Statistical Analysis

All data of three replications were statistically analyzed by using CoStat v.6. 400 [59].
Data were analyzed in one-way analysis of variance (ANOVA). The mean difference was
compared by Fisher’s least significant difference (LSD) test with the 5% level of significance.

5. Conclusions

The results of the present study clearly reveal that single and combined supplementa-
tion of Se and B mitigated the deleterious effect of salt stress and salt-induced oxidative
stress in soybean, and also improved salt tolerance. However, exogenous Se, B and Se+B
declined the salt-induced oxidative stress in soybean by upregulating the enzymatic activi-
ties of the antioxidant defense system and glyoxalase system, ultimately by diminishing the
ROS accumulation which was indicated by the reduced H2O2 content and MDA content.
Moreover, growth parameters and leaf RWC were also improved due to supplementation
of Se+B under salt stress. Though in the present study, Se and B alone showed similar
results to the combined application, but it was evident that the combined application of
Se+B was more effective than a single application to confer the different levels of salt stress.
Therefore, further investigations should be performed to ascertain the doses of Se, B and
Se+B under different levels of salinity to mitigate the salt stress, as a high concentration of
Se and B is phytotoxic. The role of B in MG detoxification has rarely been studied, and the
mechanism is not well known yet; thus, it needs advanced future investigations.
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Abbreviation

AO−ascorbate oxidase; APX−ascorbate peroxidase; AsA−ascorbate; BSA−bovine serum albumin;
CAT−catalase; CDNB−1-chloro-2, 4-dinitrobenzene; DHA−dehydroascorbate; DHAR−dehydroascorbate
reductase; DTNB−5, 5′-dithiobis (2-nitrobenzoic acid); EDTA−ethylenediamine tetraacetic acid;
Gly I−glyoxylase I; Gly II−glyoxalase II; GPX−glutathione peroxidase; GR−glutathione reductase;
GSH−glutathione; GSSG−oxidized glutathione; GST−glutathione S-transferase; KI−potassium io-
dide; MDA−malondialdehyde; MDHAR−monodehydroascorbate reductase; MG−methylglyoxal;
NADPH−nicotinamide adenine dinucleotide phosphate; POD−peroxidase; Pro−proline; ROS−reactive
oxygen species; TBARS−thiobarbituric acid reactive substances; TCA−trichloroacetic acid.
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Abstract: Gibberellic acid (GA) and jasmonic acid (JA) are considered to be endogenous regulators
that play a vital role in regulating plant responses to stress conditions. This study investigated
the ameliorative role of GA, JA, and the GA + JA mixture in mitigating the detrimental effect of
salinity on the summer squash plant. In order to explore the physiological mechanisms of salt stress
alleviation carried out by exogenous GA and JA, seed priming with 1.5 mM GA, 0.005 mM JA,
and their mixture was performed; then the germinated summer squash seedlings were exposed to
50 mM NaCl. The results showed that a 50 mM NaCl treatment significantly reduced shoot and
root fresh and dry weight, water content (%), the concentration of carotenoid (Car), nucleic acids,
K+, and Mg++, the K+/Na+ ratio, and the activity of catalase (CAT) and ascorbate peroxidase (APX),
while it increased the concentration of proline, thiobarbituric acid reactive substances (TBARS), Na+,
and Cl− in summer squash plants, when compared with the control. However, seed priming with
GA, JA and the GA + JA mixture significantly improved summer squash salt tolerance by reducing
the concentration of Na+ and Cl−, TBARS, and the Chl a/b ratio and by increasing the activity of
superoxide dismutase, CAT, and APX, the quantities of K+ and Mg++, the K+/Na+ ratio, and the
quantities of RNA, DNA, chlorophyll b, and Car, which, in turn, ameliorated the growth of salinized
plants. These findings suggest that GA and JA are able to efficiently defend summer squash plants
from salinity destruction by adjusting nutrient uptake and increasing the activity of antioxidant
enzymes in order to decrease reactive oxygen species accumulation due to salinity stress; these
findings offer a practical intervention for summer squash cultivation in salt-affected soils. Synergistic
effects of the GA and JA combination were not clearly observed, and JA alleviated most of the studied
traits associated with salinity stress induced in summer squash more efficiently than GA or the
GA + JA mixture.

Keywords: phytohormones; salinity; Cucurbita pepo (L.); mineral uptake; proline; lipid peroxidation;
antioxidant enzymes; nucleic acids

1. Introduction

Salinity stress results in extensive crop damage worldwide; most field crops are salt
sensitive, and the problem is expected to increase in the coming decades [1]. Salinity is
regarded as the most limiting and damaging of the factors that restrict crop growth, yield,
and productivity [2]. Salt-affected soils negatively affect plants in various ways including
through water stress, ion toxicity, nutritional imbalance, oxidative stress owing to the
formation of reactive oxygen species, alterations to metabolic processes, reductions in pho-
tosynthesis rate, membrane damage, declines in cell division and expansion, and genetic
disorders [3,4]. Plants have evolved many mechanisms to alleviate the adverse effects of
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salt stress, including plasticity in changing their morphological patterns, the accumulation
of compatible solutes to preserve cell water content and prevent ultrastructural destruction,
ion-homeostasis, enhanced water-use efficiency, improved photosynthesis activity, the
detoxification of ROS via the activation of antioxidant systems, and the stimulation of plant
hormones [5].

It is fundamentally important to recognize how plants perceive stress signals and
respond to various environmental stress factors [6]. Plant hormones are active members of
the signal cascade involved in the generation of plant responses to stress conditions [7].
The exogenous application of biological growth-promoting substances is a promising sus-
tainable strategy to encourage plant growth and yield and to reinforce the plant’s capacity
to alleviate stress conditions [8]. Phytohormones are endogenously produced organic
substances essential for regulating plant growth and productivity. Many phytohormones
including, abscisic acid (ABA), gibberellins, ethylene, salicylic acid (SA), and jasmonic acid
(JA) seem to be critical modules of complex signaling networks and have been integrated
into current models of stress response [9]. Hence, they play an important role in prompting
plant tolerance to various stress conditions.

Numerous works have proven the potential of gibberellic acid (GA) as a classical
plant hormone. Gibberellins (GAs) are phytohormones that regulate numerous metabolic
pathways, the activity of many enzymes, and gene expression; therefore, they play a vital
role in seed germination and seedling growth, stem and root elongation, leaf expansion,
and flowering [10]. The exogenous application of GA3 enhances stomatal conductance,
water-use efficiency, photosynthesis activity, ion uptake, and the balance of other phytohor-
mones [11]. Furthermore, GA3 maximizes the antioxidant capacity and osmoprotectants,
while it minimizes lipid peroxidation, in order to alleviate the drastic effects of environmen-
tal stress [12]. Jasmonic acid, which is affiliated with the new phytohormone group, is a key
regulator that plays a major role in plant growth and development and in the mitigation
of both biotic and abiotic stress conditions [13]. Understanding of the complexity of the
signaling network in which JA is involved is just developing [14]. Jasmonates exert their
effects by orchestrating large-scale changes in gene expression [15,16].

Some investigations have shown that there is a relation between GAs and JAs under
both usual and adverse conditions. Achard et al. [17], find that GA signaling declines
under cold stress, causing plant growth reduction, while DELLA proteins accumulate.
Wingler et al. [18] concluded that DELLA proteins can bind to JAZ proteins, causing
the stimulation of jasmonate-responsive genes. This outcome reveals JA–GA crosstalk
under environmental stress. Like other plant hormones, they exhibit stimulating and
inhibiting activities in planta, and synergistic or antagonistic effects with respect to other
plant hormones are well known [19].

Summer squash (Cucurbita pepo L.) is a popular, widely used crop worldwide, which
belongs to family Cucurbitaceae. It grows under tropical and subtropical conditions during
summer [20]. It is significant not only because of its utilization as human food but also
because of its use as a medicinal plant due to its high content of zinc and antioxidants [21].
Summer squash is a sensitive crop for abiotic stress conditions including salinity [22].
Therefore, it has been chosen as a case study plant in this investigation of how tolerance to
salinity stress is improved by seed priming with GA and JA. Several studies have shown
that exogenous GA can mitigate toxic effects and improve the vegetative and reproductive
responses of many plants under salinity stress [10–12]. Nevertheless, there is not a lot of
data regarding summer squash and JA.

It is convenient to describe the role played by each phytohormone in salinity tolerance,
as if each one worked separately; however, it is well known that phytohormone responses
include extensive crosstalk and regulatory interfaces. In some cases, enhancing the signal
of several phytohormones is needed for the activation of one stress tolerance gene. In
other cases, the induction of one hormone repudiates the action of another. Still another
form of crosstalk occurs when one hormone enhances or suppresses the biosynthesis or
action of another. Unravelling these interfaces is one of the most urgent issues in plant
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stress physiology. Therefore, this present study was conducted to explore the interactive
responses of salinity stressed summer squash plants to seed priming with GA and JA, as
well as the GA + JA mixture, in order to evaluate whether the combination of GA and JA
has synergistic effects in alleviating salinity stress in summer squash.

2. Results

2.1. Biomass and Water Content Percentage

The shoot and root biomass of summer squash plants significantly reduced in response
to saline conditions. All investigated hormonal treatments significantly enhanced shoot
and root fresh and dry weight under saline conditions. The highest values of shoot and root
fresh and dry weight under saline conditions were observed for JA treatment (Figure 1).
Seed priming with JA caused a significant enhancement in summer squash shoot and root
fresh weights under saline conditions, by about 126% and 376%, respectively, as compared
to their corresponding controls (Figure 1A,B). GA and the GA + JA mixture enhanced
the shoot fresh weight to comparable values of about 107% higher than the saline control
(Figure 1A). Under non-saline conditions, GA and JA significantly enhanced shoot fresh
weights by about 17% and 30%, respectively, as compared to their corresponding controls
(Figure 1A). Under saline conditions, JA caused a significant enhancement in summer
squash shoot and root dry weights of about 157% and 155%, respectively, as compared to
their corresponding controls. GA and the GA + JA mixture enhanced dry weight under
saline conditions in shoots by about 130% and 141% as compared to the control, and in roots
by about 114% and 123% as compared to the control (Figure 1C,D). The two-way ANOVA
indicated highly significant (p < 0.001) effects of both salinity and the salinity × hormones
interaction on shoot and root FW and DW. Hormonal treatments showed highly significant
(p < 0.01) and significant (p < 0.05) effects on shoot and root FW, respectively, but no
significant effects were shown for individual hormonal treatments on shoot and root DW
(Table 1).

 

 

(A) (B) 

Figure 1. Cont.
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Figure 1. Biomass—(A) shoot fresh weight (FW); (B) root FW; (C) shoot dry weight (DW); and (D) root DW—of non-
salinized and salinized summer squash plants, as affected by seed priming with 1.5 mM GA, 0.005 mM JA, and mixture of
them. Data represent mean of three replicates (n = 3) with error bars indicating standard error of the mean. Bars carrying
different lowercase letters are significantly different at p < 0.05 according to Duncan’s multiple range test. p values for
two-way ANOVA are reported in Table 1.

Table 1. The results of two-way ANOVA performed using salinity stress (0, 50 mM NaCl), hormonal
treatments (GA, JA, GA + JA) and Salinity × Hormones as sources of variation.

Parameters
Significance of Sources of Variation

Salinity (S) Hormones (H) S × H

Shoot FW *** ** ***
Root FW *** * ***
Shoot DW *** ns ***
Root DW *** ns ***
Shoot WC * ns **
Root WC * ns **
Proline in shoot *** ** **
Proline in root *** ** *
TBARS in shoot *** * *
TBARS in root *** *** ***
SOD activity in shoot ns *** ns
SOD activity in root * *** ns
CAT activity in shoot *** ns ***
CAT activity in root *** * ***
APX activity in shoot *** ns ***
APX activity in root *** ns ***
RNA in shoot *** ns ***
RNA in root *** ns ***
DNA in shoot *** * ***
DNA in root *** * ***

The stars indicate significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001); ns, not significant.

The shoot and root water content (WC) percentage was reduced significantly with
salinity stress (Figure 2). None of the hormonal treatments, when applied to non-salinized
plants, showed any significant effect on WC. However, when salinized plants were treated
with all hormonal treatments, their shoot and root WC increased by 20% and 30%, re-
spectively, higher than stressed untreated plants. The two-way ANOVA showed signif-
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icant effects (p < 0.05) of salinity stress and highly significant effects (p < 0.01) of the
salinity × hormones interaction on shoot and root WC, while no significant effects were
shown for individual hormonal treatments (Table 1).

  

(A) (B) 

׳

Figure 2. Percentage of water content (WC) in (A) shoot and (B) root of non-salinized and salinized summer squash plants,
as affected by seed priming with 1.5 mM GA, 0.005 mM JA, and mixture of them. Data represent mean of three replicates
(n = 3) with error bars indicating standard error of the mean. Bars carrying different lowercase letters are significantly
different at p < 0.05 according to Duncan’s multiple range test. p values for two-way ANOVA are reported in Table 1.

2.2. Plant Pigments

Salinity stress did not affect Chlorophyll a (Chl a), while it significantly enhanced
Chlorophyll b (Chl b) and reduced the Chl a/b ratio and Carotenoid (Car) concentrations.
All hormonal treatments significantly inhibited the Chl a concentration, so that it was
lower than that of the controls both under saline and non-saline conditions. The Chl a
content was about 34%, 21%, and 46% lower than that of the control after treatment with
GA, JA, and GA + JA mixture, respectively, under saline conditions. On the other hand,
all hormonal treatments significantly increased the Chl b concentration, as compared to
controls under both non-saline and saline conditions. In the best results recorded for JA
treatment, it enhanced Chl b concentration by about 5-fold and 2-fold under non-saline
and saline conditions, respectively, as compared with their corresponding controls. Seed
priming with GA and the GA + JA mixture enhanced Chl b accumulation at comparable
rates under non-saline and saline conditions. In the same context, all hormonal treatments
significantly decreased the Chl a/b ratio, under non-saline and saline conditions, to lower
levels than their corresponding controls. GA, JA, and the GA + JA mixture inhibited
the Chl a/b ratio, under saline conditions, by about 59%, 63%, and 63% and, under non-
saline conditions, by about 77.5%, 81%, and 77%, compared to their respective controls.
Carotenoid concentration was significantly enhanced by hormonal treatments under saline
and non-saline conditions. The highest values of Car were recorded for plants treated with
JA; they were 24% and 58% higher than the controls under non-saline and saline conditions
respectively. GA and the GA + JA mixture enhanced Car accumulation under saline
conditions by about 18% and 14% and, under non-saline conditions, by about 22% and 31%,
as compared to the respective controls (Table 2). The two-way ANOVA showed highly
significant effects of salinity stress on Chl b concentration (p < 0.001) and Chl a/b ratio
(p < 0.01) and a significant effect on Car concentration (p < 0.05), while no significant effect
was observed for salinity stress on Chl a concentration. All hormonal treatments and the
salinity × hormones interaction showed highly significant effects (p < 0.001) on Chl a, Chl b,
and Car concentration and the Chl a/b ratio (Table 2).
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Table 2. Effects of salinity stress and hormonal treatments on Chl a, Chl b, carotenoid contents, and Chl a/b ratio in summer
squash shoot and root a.

NaCl (mM) Hormones
Chl a

(mg/g DW)
Chl b

(mg/g DW)
Chl a/b
Ratio

Carotenoid
(mg/g DW)

0

Non 11.60 ± 0.08 a 6.24 ± 0.11 f 1.9 ± 0.03 b 1.56 ± 0.07 f

GA 5.07 ± 0.52 ef 30.27 ± 0.38 c 0.17 ± 0.02 d 1.92 ± 0.04 d

JA 5.61 ± 0.16 e 39.79 ± 0.75 a 0.15 ± 0.01 d 2.48 ± 0.08 a

GA + JA 5.74 ± 0.52 e 32.34 ± 0.88 c 0.17 ± 0.02 d 2.06 ± 0.05 c

50

Non 11.62 ± 0.03 a 16.96 ± 0.11 e 0.69 ± 0.01 a 1.80 ± 0.02 e

GA 7.65 ± 0.06 c 29.37 ± 0.44 c 0.28 ± 0.02 c 2.14 ± 0.04 c

JA 9.07 ± 0.58 b 35.82 ± 0.50 b 0.25 ± 0.02 c 2.25 ± 0.07 b

GA + JA 6.24 ± 0.39 d 29.84 ± 0.92 cd 0.25 ± 0.02 c 2.07 ± 0.06 c

ANOVA
Salinity (S) ns *** ** *

Hormones (H) *** *** *** ***
S × H *** *** *** ***

a Values represent the mean ± SD, n = 3. Different lowercase letters indicate significant differences within parameters (p < 0.05) as
determined by Duncan’s multiple range test. The stars indicate significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001); ns, not significant.

2.3. Mineral Ions

The plants’ mineral uptake was strongly influenced by both salinity and hormonal
treatments (Table 3). Na+ concertation significantly increased in plant shoots and roots
in response to saline conditions, while all hormonal treatments significantly reduced Na+

concentration in plant shoots and roots to lower levels than those of the corresponding
stressed controls. Under saline conditions, GA, JA, and the GA + JA mixture reduced Na+

concentration in shoots by about 21%, 61%, and 58%, and in roots by about 56%, 39%,
and 54%, compared to their respective controls. Salinity stress significantly reduced K+

concentration and the K+/Na+ ratio in plant shoots and roots. Under saline conditions,
only GA treatment enhanced Na+ concentration to a significantly higher level than that
of the stressed control in shoot samples. In plant roots, seed priming with GA, JA, and
the GA + JA mixture significantly enhanced K+ concentration by about 36.1%, 89.6%, and
59.74%, as compared to the stressed control. Salinity stress significantly reduced the
K+/Na+ ratio in plant roots and shoots. All hormones significantly enhanced the K+/Na+

ratio under saline conditions to higher levels than in stressed controls. GA, JA, and the
GA + JA mixture increased the K+/Na+ ratio in summer squash shoots by about 47.15%,
122.76%, and 156.09%, respectively, as compared to the saline control. The alleviative effect
of seed priming with the studied treatments on the K+/Na+ ratio was more pronounced in
the root samples. GA, JA, and the GA + JA mixture increased the K+/Na+ ratio in plant
roots by about 3-fold, as compared to the stressed control (Table 3).

Salinity stress noticeably reduced Mg++ concentration in both plant shoot and root.
Under saline conditions, seed priming with JA and the GA + JA mixture significantly
enhanced Mg+ concentration in summer squash shoots and roots to higher levels than
those of the stressed controls. JA and the GA + JA mixture enhanced Mg++ concentration
in shoots under saline conditions by about 14.41% and 12.40%, as compared to the stressed
control. In root samples, seed priming with JA and the GA + JA mixture enhanced Mg++

concentration in shoots under saline conditions by about 80.24% and 55.45%, respectively,
compared to the stressed control (Table 3).

The concentration of chloride ions markedly increased in both shoot and root of sum-
mer squash in response to salt treatment. Seed priming with GA significantly reduced
Cl− concentration of summer squash shoot under saline conditions by about 17.6%, as
compared to the stressed control. All hormonal treatments significantly reduced Cl− con-
centration of summer squash roots under saline conditions. GA, JA, and the GA + JA
mixture decreased Cl− concentration under saline conditions in roots by about 21.04%,
26.11%d and 13.35%, respectively, as compared to the stressed control. Under non-saline
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conditions, seed priming with JA significantly reduced Cl− concentration in the shoot by
about 31.33% and enhanced it in the root by about 21.22%, as compared to their corre-
sponding unstressed controls (Table 3). The two-way ANOVA showed highly significant
(p < 0.001; p < 0.01) effects of salinity stress on the concentration of mineral ions both
in shoots and roots; hormonal treatments showed highly significant (p < 0.01) effects
on Na+ and K+ concentrations and the Na+/K+ ratio in plant shoots and roots, and on
the Cl− concentration in roots, while no significant effects were observed for hormonal
treatments and the salinity × hormones interaction on Mg++ and Cl− in the plant shoots.
The salinity × hormones interaction showed highly significant effects (p < 0.001) on Na+

and the Na+/K+ ratio in plant shoots and on all studied mineral ions in roots, as well as
significant effects (p < 0.05) on K+ in shoots (Table 3).

Table 3. Effects of salinity stress and hormonal treatments on Na+, K+, Mg++, and Cl− concentration (g/kg DW) and
Na+/K+ ratio in summer squash shoot and root a.

NaCl
(mM)

Hormones

Shoot Root

Na+ K+ K+/Na+

Ratio
Mg++ Cl− Na+ K+ K+/Na+

Ratio
Mg++ Cl−

0

Non 2.50 ±
0.10 c

16.33 ±
0.37 a

6.53 ±
0.15 e

8.17 ±
0.47 b

36.41 ±
2.38 c

12.25 ±
0.27 f

54.67 ±
7.60 d

4.46 ±
0.02 b

13.24 ±
2.30 b

118.40 ±
10.70 e

GA 2.20 ±
0.11 d

11.14 ±
0.38 d

5.06 ±
0.49 f

8.95 ±
1.23 a

35.24 ±
2.90 c

12.61 ±
0.15 e

44.43 ±
3.64 e

3.52 ±
0.03 d

15.46 ±
3.88 b

115.10 ±
4.15 e

JA 1.07 ±
0.04 g

11.37 ±
0.43 d

10.63 ±
0.12 b

7.80 ±
0.35 c

25.00 ±
1.85 d

10.37 ±
0.25 g

73.29 ±
6.40 b

7.07 ±
0.05 a

10.80 ±
1.30 c

143.50 ±
16.30 c

GA + JA 1.04 ±
0.01 g

14.19 ±
0.27 c

13.64 ±
0.14 a

7.44 ±
0.53 c

33.24 ±
5.57 c

13.79 ±
0.56 e

53.67 ±
6.20 d

3.89 ±
0.01 c

11.90 ±
2.57 c

120.70 ±
8.32 d

50

Non 3.54 ±
0.11 a

13.09 ±
0.56 c

3.69 ±
0.02 g

6.65 ±
0.50 d

54.29 ±
5.31 a

54.25 ±
4.51 a

44.06 ±
3.10 e

0.81 ±
0.01 f

11.73 ±
1.52 c

251.10 ±
18.40 a

GA 2.77 ±
0.08 b

15.05 ±
0.15 b

5.43 ±
0.06 f

6.20 ±
0.40 d

44.71 ±
2.57 b

23.76 ±
2.82 d

59.96 ±
6.90 d

2.52 ±
0.41 e

13.56 ±
1.93 b

198.30 ±
20.90 b

JA 1.37 ±
0.03 f

11.26 ±
0.78 d

8.22 ±
0.02 d

7.61 ±
0.27 c

55.98 ±
3.16 a

32.68 ±
2.81 b

83.54 ±
7.27 a

2.56 ±
0.32 e

21.14 ±
1.69 a

185.30 ±
6.81 b

GA + JA 1.45 ±
0.01 e

13.70 ±
0.10 c

9.45 ±
0.12 c

7.47 ±
0.67 c

55.68 ±
3.54 a

24.81 ±
3.27 c

70.38 ±
3.37 c

2.84 ±
0.31 e

18.23 ±
1.98 a

217.51 ±
11.63 b

ANOVA
Salinity (S) ** ** *** ** *** *** *** *** ** ***

Hormones (H) ** ** ** ns ns ** ** ** ns **
S × H *** * *** ns ns *** *** *** *** ***

a Values represent the mean ± SE, n = 3. Different lowercase letters indicate significant differences within parameters (p < 0.05) as
determined by Duncan’s multiple range test. The stars indicate significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001); ns, not significant.

2.4. Proline

The proline content significantly increased in plant shoots and roots due to salinity
stress. Seed priming with JA and the GA + JA mixture significantly enhanced proline
accumulation in the shoot system under saline and non-saline conditions to higher levels
than in their corresponding controls (Figure 3A). JA and the GA + JA mixture showed
significant increase in proline concentration under saline conditions in shoots, by about 42%
and 43%, respectively, as compared to the stressed control. Under non-saline conditions,
JA and the GA + JA mixture significantly enhanced the proline concentration in shoots by
about 160% and 240%, respectively, as compared to the control (Figure 3A). In roots, GA
and the GA + JA mixture significantly enhanced proline concentration under non-saline
conditions by about 37% and 46%, respectively, as compared to the control. Seed priming
with all investigated hormonal treatments did not enhance proline accumulation in plant
roots under salt stress (Figure 3B). The two-way ANOVA indicated highly significant effects
of salinity stress (p < 0.001) and hormonal treatments (p < 0.01) on proline concentration
in plant shoots and roots. The interactive effect of the salinity × hormones interaction
was highly significant (p < 0.01) on proline concentration in plant shoots and significant
(p < 0.05) on proline concentration in roots (Table 1).
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Figure 3. Proline concentration in (A) shoot and (B) root of non-salinized and salinized summer squash plant as affected by
seed priming with 1.5 mM GA, 0.005 mM JA, and mixture of them. Data represent mean of three replicates (n = 3) with error
bars indicating standard error of the mean. Bars carrying different lowercase letters are significantly different at p < 0.05
according to Duncan’s multiple range test. p values for two-way ANOVA are reported in Table 1.

2.5. Thiobarbituric Acid Reactive Substances (TBARS)

The accumulation of lipid peroxidation products is the main sign of ROS acting on the
bio-membrane. As shown in Figure 4, all hormonal treatments alleviated stress-induced
lipid peroxidation, in terms of TBARS content, both in plant shoots and roots. Under saline
conditions, GA, JA, and the GA + JA mixture decreased TBARS concentration in shoots
by about 42%, 41%, and 22%, and in root by about 28%, 36%, and 26%, as compared to
their corresponding controls. The two-way ANOVA indicated highly significant effects of
salinity stress (p < 0.001) and significant effects of hormonal treatments and their interaction
(p < 0.05) on TBARS content in plant shoots. Salinity stress, hormonal treatments, and their
interaction showed highly significant effects (p < 0.001) on TBARS concentration in plant
roots (Table 1).

  

(A) (B) 

׳

Figure 4. Concentrations of thiobarbituric acid reactive substances (TBARS) in (A) shoot and (B) root of non-salinized and
salinized summer squash plants, as affected by seed priming with 1.5 mM GA, 0.005 mM JA, and mixture of them. Data
represent mean of three replicates (n = 3) with error bars indicating standard error of the mean. Bars carrying different
lowercase letters are significantly different at p < 0.05 according to Duncan’s multiple range test. p values for two-way
ANOVA are reported in Table 1.
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2.6. Antioxidant Enzymes

The data represented in Figure 5 revealed that salt treatment significantly reduced
CAT and APX activity in summer squash shoots and roots compared to unstressed controls.
Only JA treatment significantly enhanced SOD activity in plant shoots and roots to levels
higher than in the controls under saline conditions. Superoxide dismutase activity was
enhanced due to JA priming under non-saline and saline conditions in plant shoot by
about 77% and 209%, respectively, as compared to their corresponding untreated controls
(Figure 5A). All investigated hormonal treatments failed to significantly enhance SOD
activity in plant roots under non-saline and saline conditions. While JA significantly
enhanced SOD activity under salinity stress by about 18% (Figure 5B).

All hormonal treatments showed significant increases in CAT activity in plant shoots
and roots under saline conditions. Catalase activity increased by about 89%, 227%, and
147% in shoot after JGA, JA, and GA + JA, respectively, as compared to the untreated
stressed control (Figure 5C). In plant roots, CAT activity under saline conditions enhanced
by about 94%, 19%, and 77%, as compared with the stressed control after treatment with
GA, JA, and GA + JA, respectively (Figure 5D).

All investigated hormonal treatments increased APX activity in shoots and roots
significantly, as compared to the control, under saline conditions. In the best results
recorded for JA treatment, the APX activity in shoots and roots was about 247% and
313% higher, respectively, than their corresponding controls. GA and the GA + JA mixture
enhanced APX activity under saline conditions in shoots by about 151% and 105% and in
root by about 182% and 146%, respectively, as compared to their corresponding controls
(Figure 5E,F).

The two-way ANOVA indicated significant effects of salinity stress (p < 0.05) on SOD
activity in plant roots only and highly significant effects (p < 0.001) on CAT and APX
activity in both shoots and roots. Hormonal treatments showed highly significant effects
(p < 0.001) on SOD activity in plant shoots and roots and significant effects (p < 0.05) on
CAT activity in plant roots. The salinity × hormones interaction showed highly significant
effects (p < 0.001) on CAT and APX activity in both plant shoots and roots (Table 1).

׳

 

(A) (B) 

Figure 5. Cont.
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Figure 5. Antioxidant enzyme activity—(A) Superoxide dismutase (SOD) in shoot; (B) SOD in root; (C) Catalase (CAT)
in shoot; (D) CAT in root; (E) Ascorbate peroxidase (APX) in shoot; and (F) APX in root—of non-salinized and salinized
summer squash plants, as affected by seed priming with 1.5 mM GA, 0.005 mM JA, and mixture of them. Data represent
mean of three replicates (n = 3) with error bars indicating standard error of the mean. Bars carrying different lowercase
letters are significantly different at p < 0.05 according to Duncan’s multiple range Test. p values for two-way ANOVA are
reported in Table 1.

2.7. Nucleic Acids

Based on the results demonstrated in Figure 6, salinity stress significantly reduced
RNA and DNA content in summer squash shoots and roots, while all hormonal treatments
significantly increased RNA concertation in plant shoots and roots to higher levels than in
untreated stressed plants. In shoot samples, GA, JA, and the GA + JA mixture increased
RNA concentration by about 83%, 69%, and 38%, respectively, as compared to the control
(Figure 6A). In plant roots, the best treatment under saline conditions was GA + JA,
followed by GA alone (Figure 6B). GA, JA, and the GA + JA mixture increased RNA
concentration by about 28%, 17%, and 55%, respectively, as compared to the control. In
the same context, all hormonal treatments significantly increased DNA concentration in
plant shoots and roots under saline condition only (Figure 6). GA, JA, and the GA + JA
mixture caused significant and similar escalations in DNA content in plant shoots (around
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25%) and roots (around 20%), as compared to the stressed control (Figure 6C,D). The
two-way ANOVA indicated highly significant effects (p < 0.001) of salinity stress and
the salinity × hormones interaction on RNA and DNA concentrations in plant shoots
and roots, while hormonal treatments showed significant effects (p < 0.05) only on DNA
concentrations both in plant shoots and roots (Table 1).

 

(A) (B) 

 

(C) (D) 

׳

Figure 6. Concentration of nucleic acids—(A) RNA in shoot; (B) RNA in root; (C) DNA in shoot; and (D) DNA in root—of
non-salinized and salinized summer squash plants, as affected by seed priming with 1.5 mM GA, 0.005 mM JA, and mixture
of them. Data represent mean of three replicates (n = 3) with error bars indicating standard error of the mean. Bars carrying
different lowercase letters are significantly different at p < 0.05 according to Duncan’s multiple range Test. p values for
two-way ANOVA are reported in Table 1.

3. Discussion

Improving the salt tolerance of crops is an essential target of plant breeders, in aiming
to meet the future food demands of coming generations [23]. Pre-sowing priming with
phytohormones is used to accelerate seed germination and homogenous seedling emer-
gence, to enhance further plant growth, and to establish the stress resistance of seedlings
and adult plants, which ultimately increases crop production [24]. Phytohormones interact
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with each other antagonistically as well as synergistically, making a super-complex network
of closely intertwined pathways of biosynthesis, metabolism, transport, and signaling, thus
causing responses to external stimuli [25]. Of these phytohormones, GAs and JAs have
been documented as activators for plant growth under salinity stress, during which they
can break seed dormancy, improve seed vitality, stimulate plant gene expression, and repair
membrane damage [26,27]. The findings of this study demonstrate that salinity treatment
significantly reduces the fresh and dry biomass of summer squash plants. This reduction
in plant biomass under salinity stress can be attributed to reduced water absorption from
the surrounding habitat as a result of physiological drought and the toxic effects of Na+

ions [28].
The inhibitory effect of salt stress on summer squash biomass was alleviated partially

or entirely by all investigated hormonal treatments. In accordance with our results, other
studies reported that treatment of plants with GA and JA is efficient in relieving salinity
stress effects at various stages of plant growth by enhancing plant height, root length, root
diameter, and shoot fresh weight [27,29]. Exogenous JA treatment under saline conditions
may affect plant hormonal balance, e.g., ABA, which presents important evidence for
understanding protection mechanisms against salt stress [30]. In the same context, the
protecting influence of JA might be due to its ability to avoid the decline in cytokinin
levels under salinity stress that results from the retardation of both cytokinin oxidase gene
expression and activity [31]. On the other hand, GA application has been shown to improve
plant growth by altering the ratio between endogenous ABA and SA, reducing the quantity
of polyamines, which are involved in the regulation of aging [7].

Although Chl a content did not change significantly due to salinity stress in this
study, Chl b content was significantly enhanced. Therefore, the Chl a/b ratio decreased
in salinized plants. A few conflicting reports pinpointed that the amounts of Chl a and
Chl b under saline conditions were more than those of the control [32]. All hormonal
treatments in this study cause significant induction in Chl b and Car content, compared
to the controls, under both saline and normal conditions. In accordance with our results,
Misratia et al. [33] demonstrated that GA plays an important role in improving plant
salt tolerance by enhancing chlorophyll biosynthesis. JA is reported also to counteract
the negative effects of salinity on Chl b and Car content [34]. Nevertheless, our results
showed that hormonal treatments significantly reduced Chl a content and increased Chl
b content, which reduced the Chl a/b ratio. Chlorophyll b was shown to be the main
constituent of the photosystems [35]. It is worth mentioning that the enhancement in Chl b
content in response to hormonal treatments both under saline and non-saline conditions
could be, mostly, a clear transformation of Chl a into Chl b or, at least, an improved de
novo Chl b biosynthesis (Table 2). This conversion was enhanced by K fertilization under
salinity stress in bitter almond trees [36]. The results of the current study also recorded the
alleviating effects of GA and JA on K+ uptake by summer squash plants (Table 3). Several
studies showed that GA and JA implement an effect on plant metabolism by regulating
nutrition utilizations, mainly by meditating carbon metabolism; photosynthetic pigments
were accordingly accumulated, and the content of Chl b then increased [10,12,31,34]. The
transformation of Chl a into Chl b seems to be part of the overall Chl a/b interconversion
cycle, which is supposed to play a major role in the formation and reorganization of the
photosynthetic apparatus, and which aids plants to cope with different adverse stress
conditions [37]. In their study, Yan et al. [38] proved that the decrease in the Chl a/b ratio
is associated with a rise in maize crop production.

Sodium chloride stress has been shown to correlate with the disorder in Na+ ions
homeostasis and essential minerals [39]. It has been shown that salinity stress retards plant
growth owing to the excessive accumulation of Na+ and Cl− ions in plant tissues [40].
In the current study, salt stress markedly increased Na+ and Cl− concentrations and
reduced Mg++ and K+ concentrations in summer squash shoots and roots. Related to
this, Cakmak [41] demonstrated that enhancing Na+ content in plant leaves results in K+

deficiency owing to the antagonistic effects of Na+ and K+ ions. Seed priming with the
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studied hormonal treatments reduced Na+ and Cl− ion accumulation to lower levels than
those of the stressed control in summer squash shoots and roots. On the other hand, Mg++

and K+ concentrations in plant shoots and roots were significantly enhanced in response to
seed priming with all hormonal treatments under saline conditions. In accordance with
our results, one study showed that a remarkable suppression in Na+ and Cl− accumulation
was concomitant with enhancements in K+, Ca++ and Mg++ levels in stressed plants due
to seed priming in GA3 [42]. The impact of GA3 on the mechanism of ion uptake might
be allied with its influence on membrane stability, since the rate of ion uptake via the cell
membrane was increased and, consequently, the translocation of ions from root to shoot
was enhanced [43]. Moreover, Kang et al. [44] indicated that exogenous JA decreases Na+

accumulation and increases K+ and Mg++ content in salt-stressed rice plants. Balkaya
et al. [45] showed that salt tolerance correlated with the ability of the plant species to
accumulate higher levels of K+ ions. A plant’s tolerance to salinity may be more related
to the K+/Na+ ratio in the cell than the absolute Na+ concentration [46]. In our study, all
hormonal treatments significantly enhanced the K+/Na+ ratio under saline conditions
to higher levels than in the stressed controls, which helps in increasing plant growth
under saline conditions as shown from the results of the growth parameters in this study.
More K+ can be taken through active transport by increasing the osmotic potential so that
more water can enter the plant cell [47]. Potassium ion content in the cell is important for
conservation of osmotic equilibrium, during which it activates a range of enzymes that are
responsible for stomatal movement in response to changes in bulk leaf water status under
salt stress [47]. Several studies have shown that plant treatments with phytohormones
increase mineral uptake by enhancing root mass (as indicated from the results in Figure 1),
root volume, root hair, and lateral root formation and by stimulating high levels of root
activity by increasing the roots’ active absorption area [48–50].

Proline content in summer squash shoots and roots showed a significant increase
after salinity stress. Similar observations have been reported in salt-stressed crops in
several studies [51–53]. Proline is an important parameter to evaluate plant stress tolerance
capability [54]. It is a highly water-soluble amino acid that protects cell membranes from
the toxic effects of an excess of inorganic ions; in addition to its role as an osmolyte, it also
helps the cells to alleviate oxidative stress in salt-affected plants [55]. Seed priming with JA
and the JA + GA mixture significantly enhanced proline content in summer squash shoots,
while all hormonal treatments significantly reduced proline content in root samples. The
most pronounced reduction was recorded for JA treatment. Some conflicting results are
available in the literature regarding the effect of JA application on proline content under
water stress. Huguet-Robert et al. [56] observed that MeJA restricted proline accumulation
in canola leaf discs subjected to osmotic stress. However, Maslenkova et al. [57] reported
that proline was accumulated in barley plants treated with JA. In accordance with our
findings, Dheeba et al. [58] detected that exogenous GA decreases the level of proline
content in salt-stressed plants. The reduction in proline content after hormonal treatments
indicates that these phytohormones reduce the stress caused by salinity

Thiobarbituric acid reactive substances (TBARS) are the decomposition products of the
polyunsaturated fatty acids of cell membranes. Therefore, TBARS accumulation under salt
stress has been used as an indicator of lipid peroxidation, which may indicate salt-induced
oxidative stress [59]. In the present study, TBARS content in summer squash shoots and
roots was increased markedly due to salinity stress. All hormonal treatments alleviate
stress-induced lipid peroxidation in summer squash plants as inferred from the reduction
in TBARS concentration in plant shoots and roots. The exogenous application of GA and
JA reduced TBARS accumulation under various stress factors [60,61].

One of the most important mechanisms involved in the salt tolerance response is the
harmonized up-regulation of the antioxidative system, since salt tolerance is associated with
elevated activity of definite antioxidant enzymes [62]. Plants have inclusive antioxidative
machinery, which plays a vital role in ROS scavenging, whereas CAT and SOD alleviate
the destructive effects of oxidative stress [63]. In this study, salinity stress increased SOD
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activity in summer squash roots. Similar enhancement in the activity of SOD enzymes
has been recorded in many plants subjected to salt stress [64]. Seed priming with JA
significantly enhances SOD activity in summer squash shoots and roots under saline
conditions. The increased SOD activity due to JA treatment in salt-stressed plants could
be connected to its important role in plant survival. When SOD activity was elevated,
the scavenging of superoxide radicals was performed properly, which protected the cell
membrane against oxidative stress damage; consequently, tolerance to oxidative stress
increased [65]. On the other hand, the results of this investigation showed that the activity
of SOD in salinized plants significantly decreased in response to seed priming with GA.
Likewise, it has been shown that the exogenous application of GA inhibits SOD activity in
Vigna radiata plants under salt stress [43].

The down-regulation of CAT and APX activity is considered to be a general response
to several stress factors [66]. Under environmental stresses, the decline in CAT activity is
allegedly owing to the inhibition of enzyme synthesis or to the alteration in the assembly
of enzyme subunits. In the present study, CAT and APX activity in the shoots and roots
increased in hormone-treated plants to higher levels than in untreated controls under saline
conditions. In support of our results, Qiu et al. [34] reported that JA significantly enhanced
the CAT and APX activity under saline conditions. Overproduction of CAT and APX can
be an adaptive mechanism of plants to stressful ecosystems, and JA contributes to this. The
mitigation influence of the GA application on antioxidant enzyme activity has also been
recorded in salt-stressed mung bean plants by Chakrabarti and Mukherji [43]. It has been
noted that exogenous GA is able to overcome the influence of different salinity levels on
CAT, APX, and SOD and restores their activity to values around that of the control [67].

It has been postulated that ROS, which accumulates as a result of salt stress, can
damage nucleic acids [68]. The results of the current study show significant reductions
in RNA and DNA contents in summer squash shoots and roots due to salinity stress.
The findings of our study are in accordance with those recorded by Yupsanis et al. [69]
who obtained significant decreased in RNA and DNA contents in alfalfa and lentil plants
under salinity stress. In his study using five species of Chenopodiaceae, Abo-Kassem [70]
concluded that the reduction in nucleic acid content, along with the enhancement in RNase
activity, might be related to the increased levels of salinity which cause inhibition in the
biosynthesis of nucleic acids and/or stimulation in their degradation. In the present study,
seed priming with the investigated hormonal treatments increased RNA and DNA contents
in shoots and roots of summer squash under saline conditions to comparable values. In
support of our results, Ismail [71] recorded that salt stress reduces RNA and DNA content in
sorghum plants, and pre-sowing priming of barley grains with GA enhances DNA content
in salt-stressed plants. Comparable findings are recorded by Fujii et al. [72], who revealed
the role of the phytohormones, especially GA, in regulating gene expression and mRNA
induction by high salinity levels and the possible correlation between the endogenous
GA content and the achievement of stress protection. Taken together, under salt stress
conditions, the pre-sowing priming of summer squash seeds with GA or JA stabilized
ionic homeostasis increased the content of chlorophyll b, carotenoid, proline, nucleic acids,
and antioxidant enzyme activity and decreased the level of membrane lipid peroxidation.
All these subsidized the plants and enhanced their salt tolerance. However, the GA and
JA combination showed antagonistic effects for the regulation of plant growth and for
tolerance responses, while JA treatment alleviated salinity stress induced in summer squash
more efficiently than GA treatment or the GA + JA combination. The crosstalk between GA
and JA signaling underlying this antagonistic effect needs further investigation.

4. Materials and Methods

4.1. Plant Cultivation and Hormonal Treatments

This study was conducted at King Abdulaziz University Experimental Station, Saudi
Arabia during the summer season, 2018. The plants were grown in the glasshouse under
natural day/night conditions with average maximum/minimum temperature of 41/25 ◦C
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and daylength of 13 h. The seeds of the summer squash (Cucurbita pepo L., cv. Sucheimie
No. 2) were bought from Holler Co., Jeddah, Saudi Arabia. Gibberellic acid and jasmonic
acid, were purchased from Sigma–Aldrich Chemie GmbH, Mittelfranken, Germany. The
seeds were dispersed in plastic pots (30 cm diameter and 30 cm depth) at 1 cm depth; pot
bottoms were sealed to avoid salt leaching, and each pot contained 5 kg of mixed soil,
consisting of sand and pitmoss (2:1). Before sowing, summer squash seeds were primed in
1.5 mM GA, 0.005 mM JA, or a mixture of them both for 1 h at room temperature under
continuous shaking. Seeds primed in distilled water were used as a control. The concentra-
tions of GA and JA were chosen depending on a preliminary experiment, conducted using
Petri dishes over 10 days with four concentrations for GA (0.1, 0.5, 1, 1.5 mM) and four
for JA (0.001, 0.005, 0.01 and 0.1 mM). The best results for seed germination and seedling
growth were attained when using 1.5 mM GA and 0.005 mM JA under saline conditions. In
the same experiment, four concentrations of NaCl (50, 100, 150, and 200 mM) were studied
and 50 mM was chosen as the effective NaCl concentration to cause moderate inhibition
(around 50%) in summer squash seed germination and seedling growth (EC50 level) (see
Supplementary Figures S1–S3 for more details). After pre-sowing treatments, the seeds
were surface dried on filter paper and then used for cultivation. The plants were irrigated
with tap water regularly every two days. Pots were arranged in a randomized complete
design with three replicates. Each replicate consisted of 10 uniform plants per pot. After
two weeks (3 true leaves stage), each treatment was divided into 2 sets; one of them was
irrigated with 50 mM NaCl (EC: 5 dS/m) dissolved in tap water to induce salinity stress,
whereas the other was irrigated with tap water. A final volume of 1500 mL of the saline
solution was added to the soil, giving a final concentration of 10 mM NaCl/100 g soil. To
avoid osmotic shock, 750 mL of salty solution was added at the first emergence of the third
true leaf; then the other 750 mL was added 3 days later. Afterwards, irrigation was applied
up to approximately 90% of the pots’ water-holding capacity, using tap water every 2 days
to compensate for the loss of water due to evapotranspiration. After three weeks, plant
samples were collected. For all assays, the collected shoot and root samples were frozen
immediately in liquid nitrogen and kept at −80 ◦C.

4.2. Plant Biomass and Water Content

When the plants were harvested (5 weeks after planting), they were carefully separated
into shoots and roots, washed using tap water and blotted with filter paper to remove
excess water. Summer squash growth under different treatments was determined by
measuring the fresh and dry weights in grams (g) of the shoots and roots. Dry weights
were determined after drying at 70 ◦C to constant weight. Shoot and root water content
(WC), as a percentage of fresh weight, was estimated according to Sumithra et al. [73] using
the formula:

WC (%) = − [(FW − DW) × 100]/FW

4.3. Chlorophyll and Carotenoid Determination

Chlorophyll a, Chl b, and carotenoid were measured using UV-VIS spectroscopy
according to Su et al. [74]. A total of 0.05 g of leaf tissue was suspended in 5 mL of
95% ethyl alcohol in a test tube at 60 ◦C, until it was colorless. Then the total volume
was refilled to 5 mL with 95% ethyl alcohol. The green solution was placed in a cuvette
against 1 mL of 95% ethyl alcohol as a blank. The absorbance readings were measured
using spectrophotometry with a Lamda 25 UV-Vis spectrophotometer at wavelengths of
664, 649, and 470 nm.

4.4. Mineral Ion Determination

A total of 0.5 g of dried shoots and roots was placed in a 250 mL round bottom flask,
2 mL of concentrated nitric acid was added to the flask, and the flask was placed on a
hot plate; the mixer was boiled on medium heat for 10–15 min or until the mixture was
completely oxidized; afterwards, the mixture was left to cool at room temperature. A total
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of 1 mL of 70% perchloric acid was added to the mixture and boiled until white fumes
appeared; the mixture cooled down at room temperature. A total of 5 mL of distilled water
was added to the mixture, which was boiled until the white fumes stopped appearing.
Finally, the solution was filtered by Whatman 1 filter paper, and the volume was refilled
to 25 mL with distilled water. Then concentrations of the mineral ions were estimated via
inductively coupled plasma emission optical spectrometry [75].

4.5. Proline Determination

Proline was measured in plant shoots and roots following the method of Bates et al. [76].
A total of 0.6 g of plant tissue was homogenized using liquid N2 in 1.5 mL 3% (w/v) sulfos-
alicylic acid and then centrifuged for 10 min at 10,000 rpm. One milliliter of the supernatant
was mixed with one milliliter of ninhydrin reagent (250 mg ninhydrin, 20 mL glacial acetic
acid and 30 mL of 6 M phosphoric acid) and boiled in a water bath for 1 h. The resulted
color was extracted in 2 mL toluene and estimated calorimetrically at 520 nm.

4.6. Lipid Peroxidation Products Determination

Lipid peroxidation products were estimated by the formation of thiobarbituric acid
reactive substances (TBARS) as described by Heath and Packer [77]. The crude extract
was mixed with the same volume of a 0.5% (w/v) thiobarbituric acid, which contained
20% (w/v) trichloroacetic acid. Then the mixture was heated for 30 min at 95 ◦C, quickly
cooled in an ice-bath, and centrifuged for 10 min at 3000 rpm. The absorbance of the
supernatant was assayed spectrophotometrically at 532 and 600 nm TBARS concentration
was calculated using the molar extinction coefficient (155 mM−1 cm−1).

4.7. Antioxidant Enzymes Activity Determination

Antioxidant enzymes extraction: Enzyme extraction was assayed according to Cakmak
and Marschner’s method [78]. A total of 0.5 g of shoot and root tissue was ground to a
fine powder in liquid (N2). After that, it was homogenized in 5 mL of 100 mM potassium
phosphate buffer (pH 7.8), which contained 0.1 mM ethylenediamine tetraacetic acid
(EDTA) and 0.1 g polyvinylpyrrolidone. The mixture was centrifuged under cooling (4 ◦C)
for 10 min. at 18,000 rpm and the supernatants were collected and used for the analyses of
enzyme activity.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was assayed by following the au-
toxidation of epinephrine according to Misra and Fridovich [79]. Enzyme activity was
assayed in a final volume of 2 mL of the reaction medium containing 25 mM of sodium
carbonate buffer (pH 10.2), 200 µL 0.5 mM EDTA, and 100 µL enzyme extract. The reaction
was initiated by adding 100 µL of 15 mM epinephrine (dissolved in 10 mM HCl, pH 2.4).
Enzyme activity was determined by the increased absorption at 480 nm and was calculated
using the molar extinction coefficient (ε = 43.6 mM−1 cm−1).

Catalase (CAT, EC 1.11.1.6) activity was assayed spectrophotometrically by monitoring
the change in A240 due to the decreased absorption of H2O2 [80]. The reaction medium
contained 50 mM potassium phosphate buffer (pH 7), and 500 µL of enzyme extract in
a 3 mL final volume. The reaction was started by adding 100 µL of 10 mM H2O2. The
enzyme activity was calculated using the extinction coefficient (ε = 39.4 mM−1 cm−1).

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was determined according to Zhang
and Kirkham’s method [80]. The rate of hydrogen peroxide-dependent oxidation of ascorbic
acid was determined in a reaction mixture, which contained 50 mM potassium phosphate
buffer (pH 7), 5 mM H2O2, 0.1 mM Na2-ETDA, 0.5 mM ascorbic acid, and 50 µL enzyme
extract. Ascorbic acid oxidation rate was estimated from the reduction in absorbance
at 290 nm. The ascorbate peroxidase activity was calculated using the molar extinction
coefficient (ε = 2.8 mM−1 cm−1).
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4.8. Nuclein Acids Determination

The determination of RNA and DNA was carried out according to the method of
Schmidt and Thannhuser [81] and its modification as described by Morse and Carter [82].
A known weight of plant materials was extracted with 5% TCA, and then it was washed
three times with 5 mL methanol chloroform in the ratio of 1:2; the delipidated material was
dissolved in 2 mL of 1N KOH at 37 ◦C for 16–20 h and precipitated with 0.4 mL of 6N HCl;
then it was centrifuged. The precipitate contained the DNA fraction, while the supernatant
contained RNA. TCA was added to the supernatant to give the final concentration of
5% TCA. It was then centrifuged, and the supernatant constituted the RNA fraction. The
precipitate was hydrolyzed in 5 mL of 5% TCA at 90 ◦C for 30 min, cooled, and then
centrifuged, and the supernatant constituted the DNA fraction. Estimated quantitative
determination of RNA and DNA, as described by Abd El-Wahab [83] and Burton [84], was
carried out.

4.9. Statistical Analysis

All data were subjected to two-way analysis of variance (ANOVA) using the statistical
software SPSS version 21.0. It was performed to examine the effects of salinity stress, hor-
monal treatments, and their interactions upon all investigated traits. Significant differences
between mean values (p < 0.05) were confirmed using Duncan’s multiple range test. All
values were expressed with their standard error (SE) as a mean value of three replicates.

5. Conclusions

This study compares the effects of exogenous GA and JA on summer squash growth
and metabolic responses to figure out which phytohormone is more efficient in alleviating
salinity stress in this plant. We also hypothesized that, with respect to the great abilities of
GA and JA under stress, their combination would show synergistic effects in alleviating
salinity drawbacks on summer squash growth by enhancing antioxidant enzymes better
than GA or JA separately. The important findings of the present paper showed that
GA, JA, and their mixture enhanced salt tolerance of summer squash. The first piece of
evidence is that all hormonal treatments significantly enhance Chl b, carotenoid, K, and
Mg contents and decreased Na and Cl contents under saline conditions. Seed priming with
all hormonal treatment significantly reduced proline content in summer squash roots. All
hormonal treatments alleviated stress-induced lipid peroxidation both in shoots and roots
by increasing MDA content. The activity of antioxidant enzymes including SOD, CAT, and
APX was enhanced due to GA and JA seed priming under non-saline and saline conditions.
All investigated hormonal treatments significantly increased RNA and DNA concentration
in plant shoots and roots to higher levels than in untreated stressed plants under saline
conditions. Finally, the results of this research did not support our initial hypothesis: JA
treatment alleviated salinity stress induced in summer squash more efficiently than GA
treatment or the GA + JA combination.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10122768/s1, Figure S1. Effect of different salinity levels on seed germination and
seedling growth of summer squash seedlings grown for 10 days under salt stress. All values are the
mean of three replicates ± SE. Values carrying different litters are significantly different at p < 0.05
(A) Germination percentage (B) Plumule and radical length (C) Fresh and dry weight, Figure S2.
Effect of different gibberellic acid concentrations on seedling growth of summer squash seedlings
grown for 10 days under salt stress. All values are the mean of three replicates ± SE. Values carrying
different litters are significantly different at p < 0.05 (A) Plumule length (B) Radical length (C) Fresh
weight (D) Dry weigh, Figure S3. Effect of different jasmonic acid concentrations on seedling growth
of summer squash seedlings grown for 10 days under salt stress. All values are the mean of three
replicates ± SE. Values carrying different litters are significantly different at p < 0.05 (A) Plumule
length (B) Radical length (C) Fresh weight (D) Dry weigh.
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Abstract: Boron (B) is a microelement required in vascular plants at a high concentration that
produces excess boron and toxicity in many crops. B stress occurs widely and limits plant growth
and crop productivity worldwide. Salicylic acid (SA) is an essential hormone in plants and is
a phenolic compound. The goal of this work is to explore the role of SA in the alleviation of excess B
(10 mg L−1) in watermelon plants at a morphological and biochemical level. Excess boron altered the
nutrient concentrations and caused a significant reduction in morphological criteria; chlorophyll a,
b, and carotenoids; net photosynthetic rate; and the stomatal conductance and transpiration rate of
watermelon seedlings, while intercellular carbon dioxide (CO2) was significantly increased compared
to the control plants (0.5 mg L−1 B). Furthermore, excess boron accelerated the generation of reactive
oxygen species (ROS), such as hydrogen peroxide (H2O2) and induced cellular oxidative injury.
The application of exogenous SA significantly increased chlorophyll and carotenoid contents in plants
exposed to excess B (10 mg L−1), in line with the role of SA in alleviating chlorosis caused by B
stress. Exogenously applied SA promoted photosynthesis and, consequently, biomass production in
watermelon seedlings treated with a high level of B (10 mg L−1) by reducing B accumulation, lipid
peroxidation, and the generation of H2O2, while significantly increasing levels of the most reactive
ROS, OH−. SA also activated antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase
(POD), and ascorbate peroxidase (APX) and protected the seedlings from an ROS induced cellular
burst. In conclusion, SA can be used to alleviate the adverse effects of excess boron.

Keywords: salicylic acid; chlorophyll fluorescence; excess boron; lipid peroxidation; enzymatic
antioxidant; glutathione; proline; stomatal conductance
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1. Introduction

Boron (B) is an essential plant micronutrient and has a functional role in the creation and function
of cell walls [1]. Boron stress causes drastic effects worldwide. Toxic concentrations of B occur in
soils that are irrigated with water contaminated with B or an excessive use of B-rich fertilizer, sewage
sludge, as well as natural deposits discovered throughout the globe in arid and semi-arid areas [2].
Boron stress induces certain biochemical and morphological failures, such as reduced shoot and
root development [3,4]; photosynthesis inhibition; reduced stomatal conductance [5]; the generation
of reactive oxygen species (ROS) causing oxidative stress to lipids, proteins, and nucleic acids [6];
reduced root proton extrusion [7], reduced root cell division [8]; lignin and suberin accumulation in
roots [9]; increased permeability of the membrane; lipid peroxidation; and altered antioxidant enzyme
activities [10]. Scientists have been interested in developing potential strategies to enhance the seeds
germination and the plants growth to achieve higher crop production [11,12]. Using phytohormones
such as salicylic acid (SA) can enhance plant tolerance and counteract the toxic impacts of heavy metals
on the germination of seedlings and the growth and development of plants. SA is a natural plant
hormone that acts as a signal molecule to regulate plant growth [11], seedling germination, glycolysis,
the flowering process, fruit yield [11], the uptake and transport of ions [12], stomatal conductance,
the transpiration and photosynthetic rate [13], and the regulation of antioxidant enzyme synthesis
during both biotic and abiotic stress [14,15]. Additionally, SA is a crucial signal biomolecule mediated
systemic resistance to pathogen attacks by plants [16]. SA has also been shown to protect winter
wheat plants [17] against cold stress and heat stress [18,19] and to modulate plant responses to salt and
osmotic stresses [15,20], ozone or UV light [21], drought [22], and heavy metals, such as Cd [23–27],
Mn [28], Hg [29], B [30], and Pb [31].

Although SA is widely used to protect economic crops against abiotic stress, only a few reports
investigated its protective impact under excess boron stress [32,33]. SA protects plants under excess
boron associated salinity, such as spinach [34]. The protective role of SA is expressed mainly
by regulating ROS and antioxidants, inducing gene expression, and absorbing and distributing
elements [23,35,36]. The most effective effect of SA is to improve the function of antioxidant enzymes
in vivo [37,38]. Although the role of SA in the antioxidant system is very well studied under different
biotic and abiotic stresses [14,39], its role under B stress remains unclear. In addition, the relationship
between SA and boron toxicity has had contrary results in different studies. For instance, in mung
beans, SA inhibits lipid peroxidation and reduced boron toxicity disorders through a reduction in
lipoxygenase activity [40]. Watermelon belongs to the Cucurbitaceous family and is considered one of
the world’s top 20 cultivated crops with elevated economic value. The principal countries producing
watermelon, such as China and Turkey [41,42], are affected by B stress, which has drastic effects on
watermelon growth and yield. Nevertheless, there is insufficient knowledge on the mechanisms of
boron toxicity-induced watermelons injury [4], highlighting the importance of alleviating B stress in
watermelon crops.

Therefore, the aim of the present study is to (1) study the different responses of excess boron on
watermelon and (2) evaluate the changes induced by SA in the antioxidant system and mineral uptake
during excess boron stress. This research will help us to understand the mechanisms associated with
excess boron in watermelon, help recommend the correct treatment of SA to alleviate B stress and aid
the scientific community in solving the B stress problem.

2. Results

2.1. Plant Growth

The results show that the shoot and root dry weight of watermelon plants is significantly reduced
by excess boron compared to control plants. In addition, the root projected area, surface area, diameter,
volume, and number of tips was significantly decreased under excess boron except root volume,
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which experienced insignificant effects (Table 1). On the other hand, SA treatment (0.3 mM) increased
watermelon growth and development under excess boron (Table 1).

Table 1. Effect of 0.3 mM salicylic acid (SA) on watermelon root system development under excess
boron at 35 days old.

Treatment
Shoot Dry

Weight
Root Dry
Weight

Project Area
(cm2)

Surface
Area (cm2)

Avg Diameter
(mm)

Root Volume
(cm3)

Number of
Tips

Control 7.0 ± 0.42 a 0.17 ± 0.010 b 42.85 ± 2.57 b 90 ± 5.4 c 0.64 ± 0.04 d 1.48 ± 0.09 b 3173 ± 190 b

Excess B 1.54 ± 0.09 d 0.11 ± 0.007 e 20.25 ± 1.21 e 59 ± 3.6 e 0.72 ± 0.04 c 1.23 ± 0.07 c 1161 ± 69 e

Control + SA 3.78 ± 0.29 b 0.29 ± 0.022 a 51.16 ± 3.99 a 160 ± 12.5 a 0.80 ± 0.06 b 3.20 ± 0.25 a 4162 ± 324 a

Excess B + SA 2.29 ± 0.22 c 0.14 ± 0.014 d 24.03 ± 2.40 d 73 ± 7.4 d 0.49 ± 0.05 e 1.54 ± 0.15 b 1921 ± 192 d

Columns stand for mean ± SD. ANOVA were analyzed variations between the four treatments. Various letters
indicate a significant difference from p < 0.05.

2.2. Boron Uptake and Translocation

The accumulation of boron in the roots and leaves of watermelon was increased significantly
by approximately 5.5- and 10-fold, respectively, in response to excess boron stress compared to the
untreated plants (0.5 mg L−1) (Table 2). Watermelon plants translocated more B from the root to
leaf tissues, as shown by the high translocation factor value (TF, the ratio of total B in the leaf and
root tissues). The translocation factor showed a significant increase in excess boron treated plants.
Treatment with SA caused a significant decrease in B contents in the roots and leaves of watermelon
seedlings under excess boron stress compared to non-SA-treated plants.

Table 2. Effect of 0.3 mM SA on boron (B) uptake and translocation on watermelon leaves and roots
under excess boron at 35 days old.

Treatment B Level in Roots (mg kg−1) B Level in Leaves (mg kg−1) Translocation Factor

Control 73.9 ± 3.05 c,d 150.9 ± 20 c 2.04 ± 0.35 b

Excess B 408.0 ± 40 a 1592.3 ± 400 a 3.92 ± 1.36 a

Control + SA 80.3 ± 6 c 90.2 ± 6 c 1.12 ± 0.07 c

Excess B + SA 276.3 ± 40 b 1146.3 ± 200 b 4.18 ± 1.33 a

Columns stand for mean ± SD. ANOVA were analyzed variations between the four treatments. Various letters
indicate a significant difference from p < 0.05.

2.3. Mineral Uptake

Without the SA treatment, a non-significant effect was found for the different macro-nutrients
(Ca2+, Mg2+ and K+) in the shoots and root tissues under excess boron stress, but higher amounts of
Na+ was recorded in the shoots of watermelon and lower amounts in roots under excess boron (Table 3).
In the presence of SA, Ca2+ content was significantly reduced in shoots and a marked increase in roots
compared to their respective non-SA plants under excess boron stress. Furthermore, treatment with
SA caused a significant increase in the K+ content of watermelon shoots but decreased in roots under
excess boron stress. SA-treated plants under excess boron stress had more Mg2+ in their root tissues,
although the concentration in shoots remained unaffected. In addition, SA significantly decreased the
shoot Na+ concentration in the boron-stressed plants and control plants. On the other side, the Na+

concentration increased dramatically in roots under excess boron and control conditions compared to
non-SA plants (Table 3).
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Table 3. Effect of 0.3 mM SA on nutrient uptake and translocation in watermelon shoot and root tissues
under excess boron at 35 days old.

Treatment
Macro-Nutrient (mg kg−1 Shoot DW)

Ca2+ K+ Mg2+ Na+

Control 60.8 ± 5.03 a 87.5 ± 4 b,c 16.1 ± 2 a 15.1 ± 2 c

Excess B 56.9 ± 4 a,b 79.8 ± 4 c 14.0 ± 2 a 19.0 ± 2 b

Control + SA 54.6 ± 4 b 103.7 ± 20 a 14.1 ± 2 a 1.2 ± 0.2 d

Excess B + SA 49.8 ± 4 c 96.7 ± 12 a,b 15.4 ± 4 a 1.7 ± 0.2 d

Treatment
Macro-Nutrient (mg kg−1 Root DW)

Ca2+ K+ Mg2+ Na+

Control 12.4 ± 4 c 107.5 ± 20 a 3.4 ± 0.4 c 4.2 ± 0.4 b

Excess B 14.5 ± 4 c 112.8 ± 20 a 3.5 ± 0.4 c 3.4 ± 0.4 e

Control + SA 24.8 ± 2 b 68.2 ± 4 b 6.0 ± 0.2 a 8.9 ± 0.2 a

Excess B + SA 22.7 ± 2 b 34.8 ± 4 c 4.9 ± 0.2 b 4.2 ± 0.2 b

Columns stand for mean ± SD. ANOVA were analyzed variations between the four treatments. Various letters
indicate a significant difference from p < 0.05.

2.4. Chlorophyll and Carotenoid Content

Excess boron stress caused a significant decrease in chlorophyll a, b, and carotenoid content in
watermelon leaves compared to the untreated plants (Figure 1). The application of SA precipitated
significant increases in chl a, chl b, and carotenoid content in stressed plants. These results confirm the
role of SA in alleviating chlorosis symptoms caused by excess boron stress.

 

−

−

 

Figure 1. Effects of 0.3 mM SA on photosynthetic pigments (chlorophyll a (A), chlorophyll b (B) and
carotenoids (C) in leaves under excess boron at 35 days old. The bars stand for mean± SD. ANOVA were
analyzed variations between the four treatments. The various letters indicate a significant difference
from p < 0.05.
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2.5. Leaf Gas Exchange

Excess boron exhibited significantly decreased PN, Gs, and Tr in watermelon seedlings and
increased intercellular carbon dioxide (CO2) compared to the unstressed plants (Figure 2). In addition,
treatment with SA induced a significant reduction in PN, Gs, Tr but a significant rise in intercellular
carbon dioxide (CO2) under excess boron and in the control (Figure 2).

 

 

Figure 2. Effects of 0.3 mM SA on leaf gas exchange under excess boron at 35 days old. (A) Net
photosynthesis rate, (B) stomatal conductance, (C) intercellular CO2 concentration, and (D) transpiration
rate. Bars stand for mean ± SD. ANOVA were analyzed variations between the four treatments.
The various letters indicate a significant difference from p < 0.05.

2.6. Chlorophyll Fluorescence

Under excess boron stress, there are variable responses in the chlorophyll fluorescence of
watermelon leaves (Figure 3). Excess boron induced a significant reduction in Fm but exerted
a non-significant effect in F0 and PSII (Fv/Fm) compared to the control plants (0.5 B). Treatment with
SA was significantly decreased in the PSII (Fv/Fm) of the plants under excess boron compared to the
other treatments without SA (Figure 3), while F0 and Fm remained unaffected.
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−

Figure 3. Effects of 0.3 mM SA on chlorophyll fluorescence under excess boron at 35 days old.
(A) minimum fluorescence, (B) maximum fluorescence, and (C) maximum quantum yield. The bars
stand for mean ± SD. ANOVA were analyzed variations between the four treatments. The various
letters indicate a significant difference from p < 0.05.

2.7. MDA Content and the Endogenous ROS Generation Rate

A higher amount of the malondialdehyde (MDA) was recorded in boron-stressed plants as
compared with the unstressed plants (Figure 4). Treatment with SA (0.3 mM) caused a significant
decreased in the MDA content of watermelon leaves under control conditions and excess boron stress
(Figure 4).
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Figure 4. Effects of 0.3 mM SA on oxidative stress parameters under excess boron at 35 days old.
(A) lipid peroxidation, (B) hydrogen peroxide, and (C) extra-cellular hydroxyl radicals. The bars stand
for mean ± SD. ANOVA were analyzed variations between the four treatments. The various letters
indicate a significant difference from p < 0.05.

The generation of ROS such as H2O2 and OH− formation was determined in B treated watermelon
leaves (Figure 3). The production of ROS molecules in watermelon leaves has increased significantly
by boron excess compared to the unstressed plants. Moreover, SA significantly reduced the generation
of H2O2 in non-B-stressed plants and stressed plants. For instance, SA more effectively reduced H2O2

generation in excess boron plants (Figure 4).

2.8. Antioxidant Enzyme Activities

The antioxidant enzymes activities (superoxide dismutase (SOD), ascorbate peroxidase (APX),
peroxidase (POD), catalase (CAT), and glutathione reductase (GR) were significantly up-regulated in
response to excess boron (Figure 5). The most pronounced accumulation (in POD, CAT, and APX)
was detected in watermelon leaves under excess boron. SA treatments further improved the activities
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of POD, CAT, APX, and reduced glutathione (GSH) in the excess boron-stressed plants (Figure 5).
In addition, SA significantly activated SOD, POD, CAT, and GSH in the control plants compared to
their respective non-SA leaves (Figure 5).

 

 

Figure 5. Effects of 0.3 mM SA on antioxidant enzyme activities under excess boron at 35 days
old. (A) superoxide dismutase, (B) peroxidase, (C) catalase, (D) ascorbic peroxidase, (E) glutathione
reductase, and (F) reduced glutathione. The bars stand for mean± SD. ANOVA were analyzed variations
between the four treatments. The various letters indicate a significant difference from p < 0.05.

2.9. Total Soluble Protein (TSP) and Proline Content

TSP in the leaves of watermelon plants showed non-significant change under excess boron
compared to the untreated plants (Figure 6). The application of SA exerted non-significant effects
on the TSP in watermelon leaves under excess boron. On the other hand, the amount of proline in
watermelon leaves was unaffected under excess boron, while the application of SA caused a significant
inhibition of proline content in plants grown under excess boron (Figure 6).
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Figure 6. Effects of 0.3 mM SA on total soluble protein (A) and proline (B) content under excess boron
at 35 days old. The bars stand for mean ± SD. ANOVA were analyzed variations between the four
treatments. The various letters indicate a significant difference from p < 0.05.

3. Discussion

Boron is an important mineral nutrient needed for most plant species to progress and
grow adequately. Excess boron can lead to lower growth, alter photosynthetic levels and cause
morphological changes in the leaves [4]. In this experiment, we observed excess boron-induced
chlorophyll and carotenoid deficiency in watermelon leaves. Analogous results were recorded by
Aftab et al. [43]. The chlorophyll deficiency may be due to the production of degradation enzymes such
as δ-aminolevulinic acid and protochlorophyllide under B stress [4]. Moreover, excess boron caused
inhibition in plant growth (Table 1). The inhibition of growth in watermelon might result from the
excess-boron-induced modification of essential metabolic processes, such as photosynthesis, and the
nutrient uptake [4]. Furthermore, the inhibition of plant growth via excess boron may be due to the
root cell division modulation and modification of the gene expression patterns associated with abscisic
acid (ABA), or cell wall modifications, mitosis, water transport, and cell elongation [44,45].

The drop in photosynthetic pigments may be attributed to the accumulation of MDA and H2O2,
resulting in the oxidation of chlorophyll and chloroplast membranes, which could be aggravated by
excess B levels [4]. Treatment with SA protects photosynthetic pigments under excess boron. Some
reports also indicate that SA is an effective photosynthesis regulator because it has a positive impact
on the structure of the leaves and chloroplasts [46], as well as chlorophyll and carotenoid contents [47].
Alternatively, SA acts in the biogenesis for chloroplasts, protecting them against ROS and increasing
chlorophyll stability [46]. In the present study, we observed an oxidative stress-induced reduction in
the PN, Gs, and Tr of watermelon under excess boron stress (Figure 3). Similar results were reported
by Lovatt et al. [5], who found that B reduced both Gs and the Pn transpiration rate.

Consequently, because of CO2 limits, PSII electrons are available from thylakoid and stromal
fatty acids [48]. An SA supply significantly enhanced the Pn, Gs, and Tr of BD watermelon leaves
compared to plants without an SA supply, which may prevent the oxidation of auxin, whose elevated
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contents increased Pn in the leaf [49]. Treatment with SA significantly decreased the PSII (Fv/Fm) of
the plants under excess boron compared to their respective treatments without SA, suggesting that
the exclusion of SA induced changes in chlorophyll fluorescence, from watermelon tolerance to B
stress. This inhibition in the fluorescence of chlorophyll under excess boron may be due to oxidation of
chlorophyll and chloroplast membranes, which may be exacerbated by excess B, as recorded in hot
pepper [50].

SA participates in the regulation of multiple biochemical processes under excess boron stress.
Our results showing excess boron are contrary to those in previous studies, which showed that SA
decreased boron toxicity stress [32,33,40]. These differences may be due to the different excess boron
and SA concentrations and genetic resources used in our study. Watermelon plants translocated
relatively more B from the root to leaf tissues, as evidenced by the high value of the translocation factor
(Table 2). Similarly, El-Feky et al. [32] found that the accumulation of B was significantly higher in
barley shoots than in roots under boron toxicity [51]. SA not only reduced the stress conditions of
BT by reducing the accumulation of B within the plant organs, but also by reducing the distribution
of root to leaf B (Table 2). These results are in agreement with the findings of El-Feky et al. [32] and
El-Feky et al. [32,52] on barley tissue. SA may work through certain specific processes, such as reducing
the absorption or triggering the efflux from the roots, i.e., processes leading to lower cytoplasmic B
content [30].

Unbalance in nutrients may result from excessive boron stress based on nutrient availability,
absorption, transport and competition (Table 3). One mechanism for alleviating excess boron stress may
be the shift of the mineral absorption after SA treatments. We postulate that SA lowered the damaging
impacts of excess boron and enhanced the stability of the membrane and, therefore, the tolerance of
the plant. In SA plants, the possible mechanism of B tolerance is the detoxification of excess B through
cell exclusion and/or vacuolar compartmentalization. Furthermore, apoplast-formed B complexes
could play a significant role in the excess boron tolerance of the plant. In this regard, Reid et al. [53]
suggested that the transfer of B from the symplast into the apoplast or from the cytoplasm into the
vacuole may facilitate plant tolerance to boron toxicity [54]. In plants, there are several reports that
show excess boron stress-induced changes in the activity of both antioxidant enzymes and soluble
antioxidant levels [3], accompanied by an enhancement of lipid peroxidation [55]. Excess boron can
inhibit the transport of electrons and may result in the production and accumulation of ROS, such as
H2O2 and OH−, in watermelon (Figure 4).

Moreover, SA application successfully inhibited the accumulation of MDA and the generation of
H2O2 under excess boron stress compared to their respective SA alone. A high exogenous B supply
could facilitate the transportation of boric acid to the cell, which could be partially converted to borate
due to the cytosol’s elevated inner pH [56], thus potentially releasing free ROS, such as O2, OH,
and H2O2 [8]. Similar findings were noted by [57], who clarified that MDA and H2O2 concentrations
in safflower crops subjected to excess Zn are decreased significantly after supplementation with SA.
It has been observed that SA relieves heavy metal-induced injury through metal chelation, scavenges
lipid peroxyl radicals, and prevents lipid peroxidation through the activation of the antioxidant system
and is, therefore, capable of protecting membrane integrity [58–63].

The protective effect of SA towards B stress strongly correlates with severalfold increases in levels
of the hydroxyl radical (OH.), the most reactive ROS (Figure 4). SA can significantly elevate OH. levels
even in unstressed (normal B) plants but OH. levels increased in SA-treated plants with B stress. It is
known that OH. is mainly generated from H2O2 and Fe2+ via the Fenton reaction. The presence of free
Fe is key to this process, e.g., in plants, where excess Fe is stored by ferritin proteins [64]. Therefore,
it could be worth monitoring changes in Fe levels in SA-treated, B-stressed plants. Moreover, it is
worth testing the effect of scavenging OH. and/or chelating Fe on the protective action of SA.

The activities of antioxidant defense enzymes, such as SOD, APX, POD, GR, and GSH,
were significantly increased in response to B stress (Figure 5). These antioxidants play a critical
role in the alleviation of abiotic stresses. For instance, SOD catalyzes the dismutation of superoxide to
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H2O2 and O2 as a significant scavenger. However, H2O2 is also poisonous to cells, and must be further
drained by CAT or POD or both into water and O2 [65,66]. CAT and POD, when coordinated with
SOD, seem to play an important protective role in scavenging ROS [67]. Our results are in agreement
with those of Garcia et al. [68], who found that boron toxicity induced SOD activity in tobacco leaves.
SA treatments further enhanced the activities of POD, CAT, and GR that were activated under excess
boron conditions (Figure 5), suggesting that POD, CAT, and GR play a key role in the alleviation of
both aspects of B stress. Similar results found that the application of SA activated antioxidant enzymes
under zinc [57] and nickel stress [69].

Glutathione (GSH), a multi-functional plant metabolite, plays a significant role in oxidative
stress in cell defense and safety. GSH protects thiol protein groups during stress from oxidation [70].
GSH content was significantly increased in watermelon plants under excess boron and SA treatments
in stressed plants (Figure 5). Moreover, Cervilla et al. [2] found that GSH was significantly increased in
only one tomato species under B stress. Yadav [71], likewise, suggested that the availability of GSH is
related to the formation of phytochelatins, which are used to alleviate the toxicity of heavy metals.
SA also function as an antioxidant [72], and the prevention of oxidative cell damage during stress has
been suggested to be one of the stress tolerance mechanisms [73]. This level of safety was due to the
increased production of antioxidants [18].

Proline content in watermelon plants showed a decrease under excess boron and control conditions
after SA treatment (Figure 6). These findings are consistent with those of Namdjoyan et al. [57], who
found that the addition of SA and sodium nitroprusside in Zn-stressed safflower crops caused a sharp
decrease in proline content. SA’s function in proline degradation may be due to enhanced proline
dehydrogenase activity [69].

The total soluble protein (TSP) in the leaves of watermelon plants experienced non-significant
effects under excess boron and the application of SA but increased for the SA-treated plants compared
to the non-stressed and stressed plants (Figure 6) [74,75]. SA induced a considerable increase in the
content of protein fractions in sunflower plants under Cu stress [76] and chamomile plants under
Cd and Ni stresses [77].

4. Materials and Methods

4.1. Plant Materials, Growth Conditions, and Treatments

Watermelon seeds are sterilized and then soaked in distilled water for one day at room temperature.
Then, the seeds are germinated for 5 days in the dark on filter papers. The seedlings were transplanted
into 5 L plastic boxes containing full Hoagland, while excess boron stress was applied by adding boric
acid (H3BO3) into the solution at 10 mg L−1. The concentrations of B were chosen based on preliminary
studies using different concentrations of B to choose the suitable concentrations for excess boron and
according to the literature [3,4]. SA (0.3 mM) supplementations were added to the Hoagland solution
directly after transplanting into the plastic boxes. In our experiments, we used 2 concentrations of B
and 2 concentrations of SA (4 treatments). Each treatment used 30 plants divided into three boxes
(10 plants for each box). The plants grew for 30 days in growth chambers under 20–25/15–20 ◦C
(day/night) and 60% humidity. The solutions were changed twice a week, and the pH of the solution
was preserved between at 6.0 and 6.3.

Leaves from the third middle part were used for photosynthetic gas exchange and
biochemical aspects.

4.2. Morphological Measurements

Following 1 month of the treatments, 10 seedlings were harvested from each treatment. The plants
were dried out at 80 ◦C for 3 days. The root system, including surface areas, root volume, root diameter,
and the number of root tips, was analyzed with WinRhizo Pro (S) v. 2009a software, in accordance
with Yu et al. [78].
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4.3. Determination of B and Uptake of Other Nutrients

The dried shoot and root samples were digested in a mixture of nitric acid and hydrogen peroxide
at 130 ◦C. Mineral concentrations of B, Ca2+, Mg2+, K+, and Na+ were assayed by coupled plasma
mass spectrometry (ICP-MS, Agilent 7500a, Agilent Technologies, Santa Clara, CA, USA) [79].

4.4. Malondialdehyde (MDA) and Reactive Oxygen Species (ROS)

Lipid peroxidation was measured by malondialdehyde (MDA), according to Zhou et al. [80].
Hydrogen peroxide was measured via the method described by Yordanov et al. [81] with a slight

modification. The absorbance was read at 630 nm after 15 min.
Extra-cellular hydroxyl radicals (OHs) from the leaf samples were estimated following the protocol

of Halliwell et al. [82]. The reaction mixtures contained, in a final volume of 1.0 mL, the following
reagents at the following concentrations: deoxyribose (variable concentration), KH2PO4-KOH buffer,
pH 7.4 (20 mM), FeCl3 (100 µM), EDTA (104 µM), H2O2 (1 mM), and ascorbate (100 µM). Solutions of
FeC13 and ascorbate were produced immediately before use in deaerated water. Reaction mixtures
were incubated at 37 ◦C for 1 h, and the color was developed at 532 nm using a spectrophotometer.

4.5. Chlorophyll and Carotenoid Determination

Fresh leaf tissues were ground in the presence of liquid nitrogen. Methanol (95%) was added to
the samples, and the mixture was centrifuged for 5 min at 4500 rpm at 20 ◦C. The absorbance of the
extracted solution was recorded at wavelengths of 470, 649 and 665 nm to estimate the chlorophyll-a,
chlorophyll-b [83], and carotenoids [84] using a spectrophotometer (Shimadzu UV-1700, Tokyo, Japan).

4.6. Photosynthetic Gas Exchange Parameters

The photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular
CO2 were recorded using a portable LI-COR 6400 photosynthesis system (Lincoln, NE, USA).
The intrinsic water use efficiency (WUE) was calculated from the ratio of the photosynthesis rate and
stomatal conductance [84].

4.7. Chlorophyll Fluorescence

The maximal quantum yield of PSII (Fv/Fm), initial fluorescence (F0), and maximum fluorescence
(Fm) were determined by an imaging pulse amplitude modulation (PAM) device (IMAG-MAXI; Heinz
Walz, Effeltrich, Germany).

4.8. Antioxidant Enzymes

Fresh leaf samples (0.5 g) (4 replicates in total) were homogenized in cold phosphate buffer
(pH 7.8). The homogenate was centrifuged at 13,000× g for 20 min at 4 ◦C, and the supernatant was
used to determine the enzymatic activities.

Superoxide dismutase activity (SOD: EC 1.15.1.1) was determined following the method of
Zhang et al. [85]. One unit of SOD was defined as the amount contained in the volume of extract that
caused a 50% inhibition of the SOD-inhibitable fraction of the Nitro blue tetrazolium (NBT) reduction.

Peroxidase activity (POD: EC 1.11.1.7) was assayed according to Velikova et al. [86]. The absorbance
was recorded at 470 nm.

Catalase activity (CAT: EC 1.11.1.6) was measured according to Aebi [87]. The consumption of
H2O2 was monitored using a spectrophotometer at 240 nm (e = 39.4 mM−1

·cm−1) for 3 min.
Ascorbate peroxidase activity (APX: EC 1.11.1.11) was estimated by the method of Nakano et al. [88].

The absorbance was read at 265 nm (e = 13.7 mM−1
·cm−1).

Glutathione reductase (GR: EC 1.6.4.2) activity was assayed according to Jiang et al. [89] after the
oxidation of NADPH at 340 nm (with an extinction coefficient of 6.2 mM·cm−1) for 1 min. Reduced
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glutathione (GSH) was determined according to Law et al. [90]. An increase in the absorbance at
412 nm was measured after the addition of 5,5-dithiobis (2-nitrobenzoic acid) (DTNB).

4.9. Total Soluble Protein and Proline

Total soluble protein (TSP) was determined according to the Bradford [91] method using bovine
serum albumin as a standard. For proline determination, sulphosalicylic acid methods are being
applied and the absorbance was recorded at 520 nm using a spectrophotometer [92].

4.10. Statistical Analysis

A completely randomized block design was used in our study, and the biostatistics were analyzed
using CoStatv. 6.4 software. The results are denoted as the mean ± SD.

5. Conclusions

The present work demonstrates that SA can alleviate excess boron. The mechanisms by which
SA alleviates excess boron mainly involve the following activities: (1) promoting chlorophyll content,
(2) modulating the balance of mineral elements, (3) protecting against oxidative stress by decreasing
MDA and ROS production, and (4) acting directly as an antioxidant to scavenge reactive oxygen
species and/or indirectly modulating redox balance through the activation of the antioxidant responses.
Our results could facilitate an integrated and optimized management strategy to alleviate excess boron
in watermelon, but further study is needed.
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Abstract: Drought stress impairs the normal growth and development of plants through various
mechanisms including the induction of cellular oxidative stresses. The aim of this study was to
evaluate the effect of the exogenous application of methyl jasmonate (MeJA) and salicylic acid (SA)
on the growth, physiology, and antioxidant defense system of drought-stressed French bean plants.
Application of MeJA (20 µM) or SA (2 mM) alone caused modest reductions in the harmful effects of
drought. However, combined application substantially enhanced drought tolerance by improving
the physiological activities and antioxidant defense system. The drought-induced generation of
O2

•− and H2O2, the MDA content, and the LOX activity were significantly lower in leaves when
seeds or leaves were pre-treated with a combination of MeJA (10 µM) and SA (1 mM) than with
either hormone alone. The combined application of MeJA and SA to drought-stressed plants also
significantly increased the activities of the major antioxidant enzymes superoxide dismutase, catalase,
peroxidase, glutathione peroxidase, and glutathione-S-transferase as well as the enzymes of the
ascorbate–glutathione cycle. Taken together, our results suggest that seed or foliar application of a
combination of MeJA and SA restore growth and normal physiological processes by triggering the
antioxidant defense system in drought-stressed plants.

Keywords: abiotic stress; antioxidant defense; phytohormones; photosynthesis; pulse crop;
water deficit

1. Introduction

French bean (Phaseolus vulgaris L.) is one of the world’s most widely cultivated bean
species [1]. For example, in Central and South America it accounts for 90% of total bean
production [2]. It is a dual-purpose crop that is grown as pulse (grain) and consumed in
the immature stage as a tender vegetable [3]. However, bean cultivation in approximately
60% of the regions around the world is affected by drought stress during different periods
of crop growth [1,4]. Drought stress decreases plant growth and development by changing
plant morphology and triggering variations in a suite of key physiological and biochemical
processes [5]. Drought stress is known to increase leaf proline content and decrease
leaf chlorophyll content, relative water content, stomatal conductance, cell membrane
stability, and maximal efficiency of photosystem II by interrupting the electron transport
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chain and chloroplast integrity [6]. Drought stress during the bean flowering period
decreases the number of pods per plant and the number of seeds per pod [7], thereby
reducing productivity. Frequent, longer, and more severe droughts, accompanied by erratic
rainfall, are expected in the 21st century across many regions of the world [8,9], including
Bangladesh [10], due to the fact of climate change. This predicted increase in episodes of
drought stress will constrain crop cultivation and productivity in the future.

Drought-stressed plants experience oxidative damage due to the generation of reactive
oxygen species (ROS; singlet oxygen [1O2], superoxide radical [O2

•−], hydrogen peroxide
[H2O2], and hydroxyl radical [•OH]). The ROS-induced damage to biomolecules is one
of the major factors that limit plant growth under drought stress [11]. Increased ROS
accumulation severely damages cell membrane integrity by accelerating lipid peroxida-
tion [12,13], protein degradation, and nucleic acid damage [14]. Plants can mitigate the
toxicity of ROS by activating a dynamic antioxidative defense system comprised of both
non-enzymatic and enzymatic constituents [15,16]. The enzymatic components of this
antioxidant defense mechanism contain superoxide dismutase (SOD), four enzymes of the
ascorbate–glutathione cycle (i.e., ascorbate peroxidase (APX), monodehydroascorbate re-
ductase (MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR)),
catalase (CAT), glutathione peroxidase (GPX), and glutathione s-transferase (GST) [15,17].
The non-enzymatic antioxidants are ascorbate (AsA), glutathione (GSH), tocopherol, fla-
vanones, carotenoids, and anthocyanins, among others [16].

Exogenous application of cellular protectants, such as plant hormones, signaling
molecules, and trace elements, is a popular approach in research aimed at enhancing abi-
otic stress tolerance [18–20]. For instance, methyl jasmonate (MeJA) and salicylic acid (SA)
are the regulatory phytohormones that play a pivotal role in plant signaling responses to
environmental cues through the orchestration of a myriad of defensive mechanisms [20–23].
The exogenous application of these two hormones together to mustard [18,24], grasses [25],
jatropha [22], Verbascum [26], and maize [27] has been shown to protect plants against abi-
otic stresses, including drought, by regulating important physiological processes ranging
from photosynthesis to nitrogen and proline metabolism and by activating the antioxidant
defense system. Previous studies on wheat [28], maize [27], sweet potato [29], and Eureka
lemon [30] have suggested that treatment with 5–20 µM MeJA and/or 0.5–2 mM SA effec-
tively enhances the defense signaling routes to mitigate damage due to the abiotic stresses.

A number of reports have confirmed the protective role of MeJA and SA under abiotic
stress conditions; however, few investigations have examined the combined application of
these plant signaling molecules for mitigation of oxidative damage in plants under stressful
conditions. Moreover, to the best of our knowledge, no studies have aimed to elucidate the
impact of exogenous MeJA and SA, independently or in combination, on the amelioration of
drought-induced oxidative stress in French bean. Recently, Tayyab et al. [27] demonstrated
that the combined application of MeJA and SA significantly improved drought tolerance in
maize seedlings. Therefore, the goal of this study was to examine how drought-stressed
French bean plants respond to exogenous MeJA and SA, applied both separately and in
combination, as seed and foliar pre-treatments. The findings from this study provide
new mechanistic insights into the coordinated actions of MeJA and SA on the antioxidant
defense system in French beans to enhance tolerance against drought-induced oxidative
stress. The specific objectives of the study were (i) to determine the effects of exogenous
application of MeJA and SA, separately and in combination, on the morpho-physiological
traits of French beans and (ii) to evaluate the role of exogenous MeJA and SA and their
combined application on the antioxidant defense system of French bean plants exposed to
drought stress conditions.

2. Materials and Methods

2.1. Plant Material, Experimental Conditions, and Treatments

A popular, high yielding, and widely cultivated French bean variety, BARI Jharsheem-
1, was used as the experimental material. Seeds were collected from the Vegetable Divi-
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sion, Horticulture Research Center, Bangladesh Agricultural Research Institute, Gazipur,
Bangladesh. The experiment was carried out in a dry and cool environment (Table S1).

Methyl jasmonate (CAS #39924-52-2) and salicylic acid (CAS #69-72-7) were purchased
from Sigma–Aldrich Chemie GmbH, Germany. Seeds were surface-sterilized with 1% (v/v)
sodium hypochlorite for 10 min and rinsed thoroughly 3 times with sterile distilled water
and then soaked in solutions of 20 µM MeJA and 2 mM SA for 18 h prior to sowing, while
seeds for the combined application were soaked in an equal volume mixture of 10 µM
MeJA and 1 mM SA [27]. Seeds for the control and drought groups were soaked in sterile
water. Seeds were then sown in pots (18 cm in diameter × 23 cm in height) containing
13 kg of silt loam soil (sand 26%, silt 50%, and clay 24%), maintained at a full pot capacity
of 30.6% volumetric soil water content. The soil was fertilized properly as recommended by
Ahmmed et al. [31]. Ten healthy seeds were sown per pot, maintaining uniform spacing in
each pot. Seven days after germination, seedlings were thinned to retain five uniform and
healthy seedlings in each pot. Fifteen days after germination, the seedlings, which were
previously soaked in the hormones, were again treated with MeJA (20 µM), SA (2 mM),
and combined (10 µM MeJA + 1 mM SA) solutions as foliar spray. Another set of plants
were sprayed with distilled water. Drought stress was imposed a day after the foliar spray
by stopping irrigation until the end of the experiment, while the control pots were well
watered. The experiment was a completely randomized design (CRD) with five treatments
(control, drought (D), drought-stressed plants treated with methyl jasmonate (D + MeJA),
salicylic acid (D + SA), and their combination (D + MeJA + SA)) with four replications.

2.2. Pot Capacity and Water Content of the Experimental Soil

The pot capacity of the soil used was measured prior to the start of the experiment
gravimetrically using the procedure of Ogbaga et al. [32]. Briefly, pots of completely
water-saturated soil were weighed and then dried to a constant weight at 105 ◦C. The
differences between the weights of the water-saturated and oven-dried soils were used to
determine the amount of water required to bring the pots to pot capacity, and volumetric
water content (%) was determined accordingly. In addition, the water content (%) of the pot
soils (at a 15 cm depth) was monitored daily using a digital soil moisture meter (PMS-714,
Lutron Electronic Enterprise Co., Ltd., Taiwan, China).

2.3. Growth Parameters

At harvest (25 days after foliar application), root length (RL), shoot length (SL), root
dry weight (RDW), shoot dry weight (SDW), leaf dry weight (LDW), and total dry weight
(TDW) were calculated from 5 plants in each replication. Root and shoot length were
determined from the root–shoot junction to the tip of the longest root and shoot, respectively,
using a meter scale. Dry weights were weighed after drying the plant samples at 80 ◦C
until a stable weight was reached.

2.4. Physiological Parameters

2.4.1. Leaf Chlorophyll and Pigment Content

At harvest, three 3rd fully expanded leaves from each replicate were used to estimate
leaf SPAD value (chlorophyll index) and pigment contents. SPAD value was recorded just
before the final harvest with a Chlorophyll Meter (Model: SPAD-502, Minolta Co., Ltd.,
Tokyo, Japan). Then, the leaves were harvested into Ziplock polybags and brought to the
laboratory for pigment extraction. Leaf pigments were extracted in 80% (v/v) acetone
and absorbance of the supernatant was determined with a UV-visible spectrophotometer
(GENESYS 10S UV-VIS, Thermo Fisher Scientific, Waltham, MA, USA) at 663, 645, and
470 nm for Chl a, Chl b, and carotenoid content, respectively, and calculated according
to Arnon [33].
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2.4.2. Canopy Temperature Depression

Canopy temperature was measured on alternate days by a hand-held infrared ther-
mometer (Model- MT4, HTC Instruments, Taipei, Taiwan, China; distance–spot ratio, 12:1).
An angle of approximately 30◦ to the horizontal line and a distance of 30 cm from the
3rd fully opened leaf surface was maintained during measurement of the canopy tem-
perature. Canopy temperature depression (CTD) was determined using the procedure
of Fischer et al. [34] as ambient temperature minus leaf temperature. CTD was measured
from five leaves in each replicate.

2.4.3. Leaf Relative Water Content

Leaf relative water content (LRWC) was estimated following the procedure of
Meher et al. [35]. Briefly, 0.5 g leaf sample was immersed in 100 mL of distilled water
for 4 h. The weights of turgid leaf samples were then measured and then oven-dried at
80 ◦C for 48 h. The dry weights of the samples were recorded until a constant weight was
achieved. The procedure was repeated thrice for each replicate.

LRWC (%) = [(Fresh weight − Dry weight)/(Turgid weight − Dry weight)] × 100

2.4.4. Cell Membrane Stability

Cell membrane stability (CMS) was determined following the procedure of
Sairam et al. [36]. Briefly, in two sets, 30 leaf discs (0.7 cm in diameter) were taken from
three completely opened third leaves and put in test tubes containing 10 mL deionized
water. One set of 15 leaf discs was incubated at 40 ◦C for 30 min and the second set at
100 ◦C in a boiling water bath for 15 min, and then their electrical conductivities, C1 and
C2, respectively, were read with a conductivity meter. The process was repeated thrice for
each replicate. CMS was calculated following the equation:

CMS (%) = [1 − (C1/C2)] × 100

2.5. Biochemical Observations

2.5.1. Proline Content

Leaf proline content was measured spectrophotometrically by an acid-ninhydrin
method using the procedure outlined by Bates et al. [37]. The proline content was calculated
using a standard curve and reported as µmol g−1 fresh weight.

2.5.2. Oxidative Stress Indicators

Generation of superoxide radicals (O2
•−) were measured following the method of

Elstner and Heupel [38] with some modifications. Briefly, 0.3 g fresh leaf tissue was
homogenized in 3 mL of 65 mM K–P buffer (pH 7.8) and centrifuged at 5000× g for
10 min. With 750 µL supernatant, 675 µL K–P buffer and 70 µL of 10 mM hydroxylamine
hydrochloride were added, vortexed, and incubated at 25 ◦C for 20 min. To the mixture,
375 µL of 17 mM sulfanilamide, 37.5 µL α-naphthylamine, and 337.5 µL K–P buffer were
added and vortexed. Then, 2.25 mL diethyl ether was added to the mixture, vortexed again,
and incubated for 10 min. The absorbance of the upper clear fraction was recorded at
530 nm. The O2

•− generation was calculated by comparing a standard curve of NaNO2
−.

Fresh leaf tissues (0.5 g) were homogenized in 3 mL of 5% (w/v) trichloroacetic acid (TCA).
After centrifugation at 11,500× g for 10 min, the supernatant was used to determine H2O2 and
malondialdehyde (MDA). The H2O2 content was determined spectrophotometrically according
to the procedure of Yang et al. [39] with some modifications. Briefly, 400 µL supernatant was
added to 400 mL of 10 mM potassium phosphate buffer (pH 7.0) and 800 mL of 1 M potassium
iodide (KI). The reaction was allowed to proceed in the dark for 1 h before measuring the
absorbance at 390 nm. The H2O2 concentration was calculated using the extinction coefficient
of 0.28 µM−1 cm−1. The methods of Heath and Packer [40] and Mohi-Ud-Din et al. [41]
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were followed for MDA determination. The MDA content was calculated using an extinction
coefficient of 155 mM−1 cm−1 and represented as nmol g−1 FW).

2.5.3. Extraction and Quantitation of Soluble Protein

Fresh leaf tissue (1:2) (w/v) was extracted in 0.5 M potassium–phosphate (K–P) buffer
(pH 7.0) in ice-cold mortar. The extraction buffer included 1 mM ascorbic acid, 1 M
KCl, β-mercaptoethanol, and glycerol. The homogenate was centrifuged at 11,500× g for
15 min, and the supernatant was used for enzymatic activities assays. Bradford’s [42] rapid
quantification method was used to determine the protein content of each enzyme solution.

2.5.4. Assays of Enzymatic Activities

The lipoxygenase (LOX, EC: 1.13.11.12) activity was assayed spectrophotometrically at
234 nm as per Doderer et al. [43] using linoleic acid as a substrate. The activity was calculated
using an extinction coefficient of 25,000 M−1 cm−1. The superoxide dismutase (SOD, EC:
1.15.1.1) activity was assayed based on the inhibition method of Spitz and Oberley [44]. The
catalase (CAT, EC: 1.11.1.6) activity was measured at 240 nm according to the method of
Noctor et al. [45] and calculated using an extinction coefficient of 39.4 M−1 cm−1.

The guaiacol peroxidase (POD, EC: 1.11.1.7) activity was quantified as per the descrip-
tion of Castillo et al. [46] at 470 nm after 1 min and calculated considering an extinction
coefficient of 26.6 mM−1 cm−1. The activity of glutathione peroxidase (GPX, EC: 1.11.1.9)
was measured following Elia et al. [47] at 340 nm for 1 min. An extinction coefficient of
6.62 mM−1 cm−1 was used to compute the activity. The glutathione S-transferase (GST,
EC: 2.5.1.18) activity was measured spectrophotometrically by following the method of
Hossain et al. [48] with model substrate 1-chloro-2,4-dinitrobenzene (CDNB) at 340 nm.
The activity was calculated using an extinction coefficient of 9.6 mM−1 cm−1.

The activities of glutathione reductase (GR, EC: 1.6.4.2), ascorbate peroxidase (APX, EC:
1.11.1.11), monodehydroascorbate reductase (MDHAR, EC: 1.6.5.4), and dehydroascorbate
reductase (DHAR, EC: 1.8.5.1) were measured according to Noctor et al. [45] at 340, 290, 340,
and 265 nm, respectively. For all enzymes, absorbance changes were observed for 1 min, and ex-
tinction coefficients of 6.2 mM−1 cm−1, 2.8 mM−1 cm−1, 6.2 mM−1 cm−1, and 14 mM−1 cm−1

were used for the quantification of GR, APX, MDHAR, and DHAR, respectively.

2.6. Statistical Analysis

The data were analyzed using Statistix 10 (https://www.statistix.com/) (accessed
on 26 May 2021). The least significant difference (LSD) test was used to compare the
means at the p ≤ 0.05 significance level. R v.4.1.0 for Windows was used to create a
heatmap and to perform principal component analysis (PCA) (http://CRAN.R-project.
org/) (accessed on 26 May 2021). Trait mean values were normalized and the library
pheatmap was adapted to generate heatmap and hierarchical clusters (distance = Euclidean
and method = ward.D2) [49]. PCA was performed with the packages ggplot2, factoextra,
and FactoMineR [50,51].

3. Results

3.1. Soil Water Content

By the 25th day of treatment, visible effects, including reduced plant height and
appearance, increased droopiness, chlorosis, and wilting of leaves, were observed in the
French bean plants. Plants were harvested on that day to record observations and conduct
chemical analyses (Figure 1). The silt loam used in this study gave a pot capacity of
30.6% volumetric soil water content, determined gravimetrically prior to the start of the
experiment (Figure 2). The soil water content was considerably lower for the drought-
stressed pots than in the control throughout the experiment (Figure 2). At plant harvest,
the soil water contents recorded from the control, drought (D), D + MeJA, D + SA, and
D + MeJA + SA treatments were equivalent to 59%, 24%, 26%, 25%, and 25% of pot capacity,
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respectively (Figure 2), confirming that the symptoms observed in the drought-stressed
French bean plants were indicative of water deficit.
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jasmonate (D + MeJA), salicylic acid (D + SA), and their combination (D + MeJA + SA) throughout the
experimental period. Soil water content was recorded daily for every pot. Each data point indicates
the 3-day running average values across four replicates. Vertical bars represent +/− values of the
mean. The experimental soil was silt loam (clay:silt:sand = 24:50:26) with a full pot water capacity of
30.6% volumetric soil water content. (Adapted from Pardossi et al. [52]; Weng and Luo [53]).

3.2. MeJA and SA Enhanced Plant Growth

Drought stress decreased the root and shoot lengths of the French bean plants by
5% and 42%, respectively, and the decrease in shoot length was statistically significant
(Table 1, Figure S1A). The shoot and root lengths were longer in the drought-stressed
plants given hormone treatments than in the drought-stressed plants without hormone
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treatments (Table 1). Pretreatment of drought-stressed plants with MeJA or SA alone did
not result in statistically significant increases in shoot length compared to drought, but
the combined (MeJA + SA) application significantly increased the shoot lengths by 20%
(Figure S1B). Application of MeJA and SA also improved the plant phenotypic appearance
under drought conditions (Figure 2).

Table 1. Effect of methyl jasmonate (MeJA), salicylic acid (SA), and their combined application on the growth parameters of
French beans under drought stress.

Treatment
Root Length

(cm)
Shoot Length

(cm)
Root Dry

Weight (g)
Shoot Dry
Weight (g)

Leaf Dry
Weight (g)

Total Dry
Weight (g)

Control 58.63 ± 3.45 a 36.49 ± 0.87 a 2.88 ± 0.26 a 9.04 ± 0.74 a 9.93 ± 0.77 a 21.86 ± 1.62 a

Drought (D) 55.69 ± 1.23 a 21.27 ± 0.65 c 1.38 ± 0.12 b 2.77 ± 0.21 c 2.61 ± 0.28 d 6.76 ± 0.35 c

D + MeJA 57.59 ± 2.13 a 22.10 ± 0.49 c 1.53 ± 0.17 b 3.55 ± 0.19 c 3.91 ± 0.37 b c 8.99 ± 0.64 c

D + SA 58.91 ± 2.55 a 22.46 ± 0.63 c 1.54 ± 0.18 b 3.69 ± 0.49 c 3.62 ± 0.13 c d 8.85 ± 0.65 c

D + MeJA + SA 59.81 ± 1.07 a 25.63 ± 0.55 b 1.86 ± 0.19 b 5.09 ± 0.28 b 4.89 ± 0.12 b 11.84 ± 0.23 b

Values represent the mean ± SE. Values in a column with distinct letter(s) were significantly different at p ≤ 0.05. Control—plants grown
under non-stress, well-irrigated conditions; drought—plants grown with a steady decline in moisture availability; D + MeJA—drought-
stressed plants pre-treated (seed and foliar) with 20 µM methyl jasmonate; D + SA—drought-stressed plants pre-treated (seed and foliar)
with 2 mM salicylic acid; D + MeJA + SA—drought-stressed plants pre-treated (seed and foliar) with a combination of 10 µM methyl
jasmonate and 1 mM salicylic acid.

Drought stress resulted in a substantial decrease in dry weights. Compared to the
unstressed control plants, the root, shoot, leaf, and total dry weights decreased by 52%, 69%,
74%, and 69%, respectively, due to the drought stress (Table 1 and Figure S1A). Exogenous
use of MeJA and SA, both alone and in combination, increased the dry weights under the
drought-stressed condition, but the increases induced by the combined treatment, except
for the root dry weight, were statistically significant. Increases of approximately 35%, 84%,
87%, and 75% in root, shoot, leaf, and total dry weight, respectively, were recorded in the
combined treatment compared to drought stress alone (Figure S1B).

3.3. Impact of MeJA and SA on Photosynthetic Pigments

The non-destructive chlorophyll index (SPAD) value significantly decreased (20%)
under drought stress compared to unstressed control plants (Table 2, Figure S1A). Single
and combined applications of MeJA and SA increased the SPAD value of drought-stressed
plants compared to untreated drought-stressed plants, but the increase due to the combined
treatment (22%) was highly statistically significant (Figure S1B).

Table 2. Effect of methyl jasmonate (MeJA), salicylic acid (SA), and their combination on SPAD value and leaf pigment
contents of French bean plants under drought stress.

Treatments SPAD
Leaf Pigments (mg g−1 Fresh Weight)

Chl a Chl b Total Chl Carotenoids

Control 49.85 ± 0.49 a 1.39 ± 0.03 a 0.49 ± 0.02 a 1.97 ± 0.06 a 0.50 ± 0.03 a

Drought (D) 39.65 ± 1.18 c 0.65 ± 0.10 c 0.24 ± 0.05 c 0.98 ± 0.07 c 0.26 ± 0.01 c

D + MeJA 43.65 ± 0.93 b 0.87 ± 0.11 bc 0.29 ± 0.04 bc 1.25 ± 0.17 bc 0.34 ± 0.05 bc

D + SA 44.35 ± 1.52 b 0.91 ± 0.16 bc 0.30 ± 0.07 bc 1.30 ± 0.25 bc 0.33 ± 0.06 bc

D + MeJA + SA 48.18 ± 0.94 a 1.12 ± 0.06 b 0.39 ± 0.02 ab 1.61 ± 0.08 ab 0.42 ± 0.03 ab

Values represent the mean ± SE. Values in a column with distinct letter(s) were significantly different at p ≤ 0.05. Additional details are
listed in Table 1.

Drought stress significantly decreased the leaf levels of chlorophyll a, chlorophyll b, to-
tal chlorophyll, and carotenoids by 53%, 51%, 50%, and 48%, respectively, compared to the
control (Table 2 and Figure S1A). The exogenous applications of MeJA and SA, separately
or in combination, lessened the negative effects of drought stress. However, the increases
in pigment levels following application of MeJA or SA alone were not statistically signifi-
cant. On the contrary, the combined application of MeJA and SA significantly increased
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chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid contents by 72%, 63%, 64%,
and 62%, respectively, compared to the untreated drought-stressed plants (Figure S1B).

3.4. MeJA and SA Improved Physiological Traits

A profound and significant decrease in the mean canopy temperature depression
(CTD) was recorded due to the drought stress. The mean CTD decreased by 67% in the
drought-stressed plants compared to the control (Figures 3B and S1A), whereas the drought-
stressed plants treated with MeJA, SA, or MeJA + SA showed significant increases in mean
CTD (73%, 83%, and 127%, respectively) compared to the untreated drought-stressed plants
(Figure S1B). Plants treated with the combination of MeJA and SA maintained a greater
CTD throughout the course of the experiment compared to plants treated with either MeJA
or SA alone (Figure 3A,B).
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(D + MeJA + SA). Vertical bars represent +/− SE values. Different letter(s) denote a significant difference at p ≤ 0.05.
FW—Fresh weight. Additional details are shown in Figure 1.

The leaf relative water content (LRWC) significantly decreased (29% over the control)
by drought stress (Figures 3C and S1A). The drought-stressed plants treated with MeJA
and SA and their combination showed increases of 14%, 14%, and 28%, respectively, com-
pared to untreated drought-stressed plants; however, the increase was significant only
for the MeJA and the combined hormone treatments (Figure S1B). The cell membrane
stability (CMS) of leaves decreased by 42% under drought stress compared to control
plants (Figures 3D and S1A). Exogenously applied MeJA and SA mitigated this effect by
increasing the CMS by 52% and 47%, respectively, compared to drought-stressed plants
(Figure S1B). The protective effect of MeJA + SA was similar to that observed with applica-
tion of either hormone alone.

Drought stress triggered a profound increase of 436% in the proline content in French
bean leaves (Figures 3E and S1A). Application of MeJA, SA, and MeJA + SA to drought-
stressed plants lowered the proline content by 23%, 16%, and 36%, respectively, compared
to the drought-stressed plants (Figure S1B).

3.5. MeJA and SA Suppressed the Generation of Oxidative Stress Indicators

Oxidative stress due to the drought stress in French bean plants was determined
by measurements of the O2

•− generation rate, the H2O2 and MDA levels, and the LOX
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activity. A sharp increase in O2
•− generation (270%) was observed in drought-stressed

plants compared to unstressed controls (Figures 4A and S2A). Application of MeJA, SA,
and MeJA + SA significantly lowered (31%, 36%, and 51%, respectively) O2

•− generation
(Figures 4A and S2B). The H2O2 levels also significantly increased by 55% in drought-
stressed plants compared to the unstressed controls (Figures 4B and S2A). Treatment with
MeJA, SA, and MeJA + SA lowered the H2O2 levels by 14%, 13%, and 19%, respectively,
compared to untreated drought-stressed plants (Figure S2B).
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Figure 4. (A) superoxide (O2
•−) generation rate; (B) hydrogen peroxide content (H2O2); (C) malondi-

aldehyde content (MDA); (D) lipoxygenase (LOX) activity of French bean plants grown under control,
drought (D), and drought-stressed plants treated with methyl jasmonate (D + MeJA), salicylic acid
(D + SA), and their combination (D + MeJA + SA). Vertical bars represent +/− SE values. Different
letter(s) denote a significant difference at p ≤ 0.05. FW—Fresh weight. Additional details are shown
in Figure 1.

Compared to unstressed controls, the levels of MDA and the LOX activity increased
by 60% and 76%, respectively, due to the drought stress (Figures 4C,D and S2A). However,
MeJA, SA, and MeJA + SA treatments restrained the production of MDA and the LOX
activity in drought-stressed plants. Combined MeJA + SA reduced MDA content and LOX
activity by 15% and 33%, respectively.

3.6. Antioxidant Enzyme Activities and MeJA and SA Pre-Treatment

Drought stress promoted a substantial increase in SOD activity by 54% compared to
the unstressed control (Figures 5A and S2A). Exogenous application of MeJA or SA further
enhanced SOD activity compared to untreated drought-stressed plants, while the combined
MeJA + SA treatment caused a statistically significant 83% rise in SOD activity compared to
the untreated drought-stressed plants (Figure S2B). Unlike SOD, the activities of CAT and
POD substantially decreased (42% and 54%, respectively) in the drought-stressed plants
compared to the controls (Figures 5B,C and S2A). Application of MeJA or SA alone to
drought-stressed plants did not show any remarkable effect on these enzyme activities
compared to the activities in the untreated drought-stressed plants; however, the combined
MeJA + SA treatment significantly increased the activities of CAT and POD (79% and 144%,
respectively) compared to activities in the untreated drought-stressed plants (Figure S2B).
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and their combination (D + MeJA + SA). Vertical bars represent +/− SE values. Different letter(s) denote a significant
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A slight increase was noted in APX and GST activities in the drought-stressed plants (36%
and 11%, respectively) compared to the unstressed control (Figures 5D,G and S2A). Application
of SA alone to drought-stressed plants did not change the APX and GST activities substan-
tially, while MeJA significantly increased the activity of APX only (Figure 5D,G). However,
the combined application of MeJA + SA significantly increased the APX and GST activities
(73% and 128%) compared to untreated drought-stressed plants (Figures 5D,G and S2B). A
marked increase in GPX activity (126%) was recorded in the drought-stressed plants com-
pared to the unstressed controls, but no significant increases were noted for GR activity
(Figures 5E,F and S2A). Treatment with MeJA or SA alone did not cause any marked increases,
whereas the combined MeJA + SA treatment significantly increased both GPX and GR activities
(105% and 134%, respectively) compared to the untreated drought-stressed plants (Figure S2B).

Compared to the unstressed controls, the activities of DHAR and MDHAR decreased
(45% and 58%, respectively) in the drought-stressed plants (Figures 5H,I and S2A). Treatment
of drought-stressed plants with MeJA or SA alone did not significantly increase these enzyme
activities, whereas the combined MeJA + SA treatment resulted in a statistically significant
increase in the activities of both DHAR and MDHAR by 59% and 115%, respectively, compared
to the untreated drought-stressed plants (Figures 5H,I and S2B).

3.7. Comparative Assessment of Responses across Treatments

A comparative heatmap analysis revealed three distinct groups among the parameters
measured in this study (Figure 6). Group 1 consisted of most of the antioxidant enzymes
(SOD, APX, GPX, GR, and GST), root length, and CMS. Oxidative stress indicators and
proline content were placed in group 3, and the rest of the parameters, including CAT,
POD, DHAR, and MDHAR, were in group 2. A distinct categorization of the growth,
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physiological processes, and antioxidant scavenging machinery was observed, as drought-
stressed plants without pre-treatment and with pre-treatment with either MeJA or SA alone
were grouped in a cluster (Figure 6). However, the plants given the combined MeJA + SA
treatment showed significantly higher amelioration of drought stress-induced damage and
were grouped in the same cluster as the unstressed control plants (Figure 6). A contrasting
response between the unstressed controls and the plants receiving the combined MeJA + SA
treatment was observed for the ROS scavenging machinery, whereas the ROS levels and
other growth and physiological responses were aligned in the same direction in both plant
groups (Figure 6).
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Figure 6. Heatmap and cluster analysis of the growth and physiological attributes, oxidative stress
indicators, and antioxidant enzymes in French bean plants grown under control, drought (D), and
drought-stressed plants treated with methyl jasmonate (D + MeJA), salicylic acid (D + SA), and their
combination (D + MeJA + SA). Additional details are shown in Figure 1.

3.8. Principal Component Analysis (PCA)

The PCA of the responses of the French bean plants to different treatments depicted a
total of four principal components (PCs), but only two PCs exhibited eigenvalues > 1 and
were significant. Both the PCs explained approximately 97% of the variability in drought
response (Figure 7 and Table S2). A PCA biplot showed that PC1 exhibited approximately
75% of the total variability and contributed positively via morpho-physiological traits, CAT,
POD, DHAR, and MDHAR; it contributed negatively via proline, SOD, H2O2, MDA, and
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LOX (Figure 7, Table S2). The second PC accounted for approximately 22% of the total
variation and contributed principally by SOD, APX, GPX, GR, GST, and RL and partly by
SPAD, CAT, POD, and MDHAR.
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Figure 7. A PCA biplot stipulates the relationship between treatments and observed parameters. Parameters are distributed
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indicate the quality of representation and the contribution of the traits to the principal components, respectively. The
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negatively. Additional details are shown in Figure 1.

4. Discussion

The findings from this study revealed how exogenous application of MeJA, SA, and
their combination can help to reduce the adverse effects of drought in French bean by
maintaining cellular water levels, membrane stability, photosynthetic pigment levels, and
antioxidant defenses to ultimately improve morpho-physiological growth. The growth
parameters of French bean (shoot and root lengths and dry weights) were reduced under
drought stress but were less affected following application of MeJA and SA, separately or
in combination. An improvement in drought stress tolerance by the combined application
of MeJA and SA has recently been demonstrated in maize by Tayyab et al. [27]; however,
the present report is the first to demonstrate similar effects in French beans by significant
activation of the plant antioxidant defense system. Previous studies have demonstrated
an effective minimization of the damaging effects of drought by exogenous application of
MeJA or SA alone in mustard [18] and wheat [28] and by the combination of MeJA and SA in
maize [27] through enhancement of various biochemical, morphological, and physiological
responses [54] including cell elongation, cell expansion, and cell differentiation [55].

The chlorophyll index, including Chl a, b, and total Chl, and the carotenoid content
measured in the same leaves were reduced by drought stress (Table 2 and Figure S1A).
Drought stress is known to lower the levels of photosynthetic pigments, including chloro-
phylls and carotenoids, in various crop plants due to the oxidation and impaired biosyn-
thesis of the pigments [56,57]. The observed decrease in chlorophyll concentration under
drought stress could represent a suppression of chlorophyll biosynthesis and/or decreased
synthesis and assembly of the PSI and PSII light-harvesting complexes to suppress excess
absorption and ROS production [6,58]. The negative impacts on pigments were partly ame-
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liorated in French bean plants treated with MeJA or SA, but the effects were consistently
statistically significant for the combined MeJA + SA treatment, and the plant growth and
physiology were similar to those of the unstressed control plants (Table 2 and Figure S1B).
Increases in leaf chlorophyll and carotenoid contents in drought-stressed plants treated
with MeJA, SA, and their combination have been reported previously in soybean [59],
soybean [60], and maize [27], respectively.

Canopy temperature depression, LRWC, and CMS are considered effective indicators of
drought stress tolerance [6,61–63]. Our findings provide support for earlier results showing
that French beans under drought stress have significantly lower CTD, LRWC, and CMS;
however, these reductions were suppressed by the application of MeJA or SA and statistically
significantly suppressed by the combined MeJA + SA treatment Figures 3 and S1B). CTD is
regarded as a reliable indication of plant water status, and a positive CTD means the canopy is
cooler than the surrounding air [64].

An improved LRWC was reported in drought-stressed plants following MeJA treat-
ment of soybean [59], SA treatment of soybean [60] and Ctenanthe setosa [65], and a com-
bined MeJA and SA treatment of maize [27]. The enhanced CTD, LRWC, and CMS in
the drought-stressed French bean plants treated with MeJA and SA in the present study
indicates that these hormones, particularly when supplied in combination, have the po-
tential to reduce the harmful effects of drought by maintaining cellular water status and
maintaining a cooler leaf temperature.

Proline has been considered an osmotic stress mediator, stabilizer of macromolecules,
compatible solutes to preserve enzymes, and capable of storing carbon and nitrogen for
usage during drought and other stresses [66]. Proline accumulation in plants is also a
marker of stress induction [67]. Although proline content profoundly increased under
drought stress in French beans, the MeJA, SA, and MeJA + SA treatments markedly reduced
the proline content in drought-stressed plants (Figures 3E and S1B). This was due to the
reduction in osmotic stress following the application of hormones [18,24,26].

The effect of exogenous MeJA and SA on the drought-induced oxidative stress was
investigated by determining O2

•− generation and the H2O2 and MDA levels as well as the
specific activity of LOX. Drought stress significantly increased the levels of O2

•−, H2O2,
and MDA and LOX activity compared to the unstressed control plants, indicating that
the plants were under severe oxidative stress (Figures 4 and S2A). The drought-induced
increases in oxidative stress indicators in our study were consistent with results from
previous studies on soybean [60], mustard [24], and maize [27]. Exogenous application of
MeJA or SA suppressed the production of the oxidative stressors, while MeJA + SA showed
statistically significant effects in drought-stressed French bean plants Figures 4 and S2B).
These findings are in accordance with previous studies showing that combined treatments
with MeJA and SA reduced the levels of oxidative stress indicators in maize seedlings
under drought [27] and in Eureka lemon under chilling stress [30].

In plant cells, SOD renders key protection against O2
•− by converting it to H2O2 and,

subsequently, neutralizing it to H2O by CAT and peroxidases (POD, APX, and GPX) [15,16,68].
The plant GSTs are a large and diverse group of enzymes that catalyze the coupling of
electrophilic xenobiotic substrates with GSH and are linked with the induction of tolerance to
different abiotic stresses [69]. The four enzymes of the ascorbate–glutathione cycle (i.e., APX,
MDHAR, DHAR, and GR) played a pivotal role in the systematic detoxification of cellular
H2O2 produced due to the oxidative stress in wheat [41].

In the present study, increased activity of SOD, APX, GPX, GST, and GR and decreased
activity of CAT, POD, DHAR, and MDHAR were observed in drought-stressed plants
compared with unstressed the control plants (Figure 5), which is in agreement with earlier
findings of similar drought-stress effects in rapeseed [70], mustard [18], and mung bean [71].
Exogenous MeJA, SA, and their combination augmented the antioxidant enzyme activities
in French beans under drought stress and reduced drought-induced oxidative damage
(Figures 5 and S2B). However, MeJA (20 µM) and SA (2 mM) applied independently did not
consistently improve the antioxidant enzyme system under drought; this may be because of
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a reliance on other stress signals that can activate antioxidant enzymes’ activities [55]. MeJA
or SA induced an upregulation of the antioxidant enzyme system under drought stress
in Ctenanthe setosa [65], Cucumis melo [72], mustard [18,24], jatropha [22], and Verbascum
sinuatum [26]. However, a combined MeJA and SA treatment (10 µM + 1 mM) was more
effective in this upregulation of the antioxidant enzymes (Figures 5 and S2B). These results
are in agreement with Tayyab et al. [27], who observed a synergistically positive role of
MeJA + SA in increasing antioxidant enzyme activity under drought-induced oxidative
stress in maize seedlings. Our results suggest that the signaling routes of MeJA and
SA would operate similarly to trigger defensive responses in French bean plants under
drought stress. However, investigating additional mechanisms that lead to an increased
effectiveness by combined hormone applications on minimizing drought stress is an
intriguing area for future research.

Taken together, our results demonstrated that MeJA or SA reduced oxidative stress
by upregulating antioxidant enzyme activities, improving the physiological functions of
French bean plants under drought stress; however, the alleviation was further boosted by
combined hormone application. Heatmap and PCA biplot analyses clearly showed that
the combined application of MeJA and SA mitigated drought-induced oxidative stress
principally by the upregulation of SOD, APX, GPX, GR, and GST and partly by CAT, POD,
and MDHAR activities (Figures 6 and 7). The results presented in this study add new
insights into oxidative stress defense mechanisms triggered by MeJA and SA in French
bean plants.

5. Conclusions

French beans pre-treated with exogenous MeJA and SA showed reductions in drought
stress responses including improved photosynthetic performance, membrane stability,
water status, leaf temperature control, and antioxidant enzyme activities. Interestingly, the
combined application of MeJA (10 µM) and SA (1 mM) was more efficacious at alleviating
the adverse effects of drought-induced oxidative stress by upregulating antioxidant enzy-
matic activities. The combined treatment also improved the physiological activities and
increased plant biomass compared to drought-stressed plants. Seed and foliar treatment of
French bean with a combination of MeJA and SA significantly improved drought stress
tolerance by augmenting antioxidant systems. The findings from this study provide the
rationale for future research related to the defense signaling pathways employed by French
bean plants pre-treated with MeJA and SA to aid in the development of new cultivars with
improved adaptation to future drier scenarios.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10102066/s1, Table S1: Daily weather data at the experimental site during the study
period, Table S2: Extracted Eigenvalues and latent vectors of studied traits associated with the first
two principal components, Figure S1: Variations in the studied growth and physiological parameters
of French bean plants. A. Percent change due to drought over control and B. percent change over
drought due to the application of methyl jasmonate (D + MeJA), salicylic acid (D + SA) and their
combination (D + MeJA + SA) on drought-stressed plants, and Figure S2: Variations in the oxidative
stress indicators and antioxidant enzymes activity of French bean plants. A. Percent change due to
drought over control and B. percent change over drought due to the application of methyl jasmonate
(D + MeJA), salicylic acid (D + SA) and their combination (D + MeJA + SA) on drought stressed plants.
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Abstract: As an antioxidant, alpha-tocopherol (α-Toc) protects plants from salinity-induced oxidative
bursts. This study was conducted twice to determine the effect of α-Toc as a foliar spray (at 0
(no spray), 100, 200, and 300 mg L−1) to improve the yield and biochemical constituents of fresh
green capsules of okra (Abelmoschus esculentus L. Moench) under salt stress (0 and 100 mM). Salt
stress significantly reduced K+ and Ca2+ ion concentration and yield, whereas it increased H2O2,
malondialdehyde (MDA), Na+, glycine betaine (GB), total free proline, total phenolics, and the
activities of catalase (CAT), guaiacol peroxidase (GPX), and protease in both okra varieties (Noori
and Sabzpari). Foliar application of α-Toc significantly improved the yield in tested okra varieties by
increasing the activity of antioxidants (CAT, GPX, SOD, and ascorbic acid), accumulation of GB, and
total free proline in fruit tissues under saline and non-saline conditions. Moreover, α-Toc application
as a foliar spray alleviated the adverse effects of salt stress by reducing Na+ concentration, MDA,
and H2O2 levels and improving the uptake of K+ and Ca2+. Among the tested okra varieties, Noori
performed better than Sabzpari across all physio-biochemical attributes. Of all the foliar-applied
α-Toc levels, 200 mg L−1 and 300 mg L−1 were more effective in the amelioration of salinity-induced
adverse effects in okra. Thus, we concluded that higher levels of α-Toc (200 mg L−1 and 300 mg L−1)
combat salinity stress more effectively by boosting the antioxidant potential of okra plants.

Keywords: antioxidants; alpha-tocopherol; foliar spray; salinity; okra varieties

1. Introduction

Okra [Abelmoschus esculentus (L.) Moench] is the most popular mallow crop and a
common food crop in Asia. Its finger-like fruits, called capsules, are mainly consumed as a
vegetable. These capsules are a rich source of vitamins, minerals and dietary fiber, and are
low in calories. The mucilage’s properties have medicinal enormous value [1]. The high
mucilage content sets okra apart from other vegetables and makes it suitable for various
medicinal and industrial applications [2].

A 90% loss (6.5 dSm−1) in okra yield has been reported under high salt levels [3].
Soil salinity is one of the most prominent obstacles suppressing plant productivity. It
remarkably affects the production of crops by disrupting the overall cellular metabolism of
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plants [4]. In Asia, it is expected that increasing levels of salinization could result in a loss
of 50% of cultivated land by 2050 [5]. In developing countries like Pakistan, these losses are
of considerable attention because its economy relies on agriculture. In Pakistan, 6 Mha of
cultivated land is affected by salinity, which is a great threat to future food production [6].

Salinity affects plant growth and yield by reducing the photosynthesis rate, biomass,
and water use efficiency [7]. The continued deposition of salts shunts osmotic stress, ionic
imbalance, and physiological drought in plants [8]. The combination of these stresses
directly influences fruit production in plants due to the considerable adverse effects on the
composition of amino acids, proteins, and carbohydrates [9]. The production of reactive
oxygen species (ROS) due to oxidation stress under high salt levels is another prominent
threat as thesedamage the proteins, nucleic acids, and other biomolecules, thus limiting
plant metabolism and yield [10]. This oxidative burst in the form of ROS induces the
peroxidation of lipids, resulting in the production of lipid radicles and malondialdehyde
(MDA), thereby damaging cellular membranes [11].

Plants have an antioxidant defense system to combat ROS. This system consists of
enzymatic and non-enzymatic antioxidants found in all cellular compartments. These
antioxidants detoxify cells from oxidative free radicles produced under varying saline
regimes [12]. Oxidative damage generated under saline regimes can be alleviated by the
exogenous application of these antioxidants [13]. Foliar spraying with α-Toc is one such
approach to the improvement of plant growth under salinity stress [14]. Tocopherols are
members of the vitamin E family and consist of alpha, beta, gamma, and delta forms [14].
α-Toc is more active than all other categories of vitamin E, as it protects photosystem II
and lipid membranes in chloroplasts from salinity-induced damages [13,14].

Tocopherols are non-enzymatic antioxidants which protect plants by quenching ROS
and guard cellular membranes against lipid peroxidation [15]. Among these tocopherols,
α-Toc is the most active antioxidant as it shields photosystems from photo-inhibition and
protects membrane lipids in chloroplasts under salinity stress [9]. As chloroplasts are
sensitive to salinity stress [16], to combat salinity-induced ROS, α-Toc works in coordina-
tion with other antioxidants, including catalase (CAT), superoxide dismutase (SOD), and
guaiacol peroxidase (GPX) [17]. SOD is the first line of defense under stress conditions as it
converts singlet oxygen species to H2O2, and this H2O2 is converted to H2O by CAT and
GPX [18].

Few studies have assessed the impact of foliar spraying with α-Toc in boosting the
antioxidant potential of okra fruit under salt stress. Therefore, this study aimed to examine
the modulations in antioxidant defense mechanism in response to α-Toc foliar spray on the
yield and the related attributes of okra under salt stress conditions.

2. Results

The data revealed that catalase (CAT) activity was significantly increased under
salinity stress. Neither of the tested varieties of okra differ significantly in terms of CAT
activity. Foliar spraying (300 mg L−1) with α-Toc enhanced CAT activity in okra capsules
under saline and non-saline conditions (Table 1; Figure 1A).
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Table 1. Analysis of variance (mean squares) for enzymatic and non-enzymatic antioxidants traits of okra treated with
α-Toc as foliar spray under saline and non-saline conditions.

Source df CAT POD SOD GPX Protease Phenolics
Ascorbic

Acid

V 1 264.06 ns 0.266 ns 119.52 ** 690,058.34 *** 28,532.84 *** 1.22 *** 1388.89 ns
S 1 15,314.06 *** 0.548 ns 54.83 ns 306,132.59 *** 8883.06 *** 293,265,625 *** 41,769.14 ***

α-toc 3 2143.22 ** 0.515 ns 16.29 ns 279,930.76 *** 607.43 ns 1.32 *** 4013.78 *
V × S 1 1501.56 ns 0.523 ns 47.23 ns 290,599.16 *** 70.84 ns 3.94 *** 28,110.11 ***

V × α-toc 3 489.06 ns 0.065 ns 21.94 ns 18,401.16 ns 48,183.32 *** 6,912,135.4 ns 3462.61 *
S × α-toc 3 205.72 ns 0.997 ** 6.42 ns 4860.57 ns 18,282.91 *** 32,911,354 ** 16,191.37 ***

V × S × α-toc 3 801.56 ns 0.109 ns 24.20 ns 57,395.68 * 7053.95 *** 9,296,354.2 ns 13,829.37 ***
Error 48 403.64 0.184 15.23 18,769.04 404.83 6,673,880.2 1109.76

*, ** and *** = significant at 0.05, 0.01 and 0.001 levels respectively, ns = non-significant, V: Varieties, S: Salinity, α-Toc: Alpha-tocopherol,
CAT: Catalase, POD: Peroxidase, SOD: Superoxide dismutase, GPX: Guaiacol peroxidase.

 

α
α

α

α

α
α
α

α

Figure 1. Effect of different levels of α-Toc under saline and non-saline conditions on (A) activities
of catalase (CAT) and (B) peroxidase (POD) of okra varieties sprayed with different levels of α-Toc
under saline and non-saline conditions. Values represent means ± S.D. Significant differences among
row spacing were measured by the least significant difference (LSD) at p > 0.05 and indicated by
different letters. S.D. stands for standard deviation.
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Both okra varieties demonstrated non-significant performance in term of peroxidase
(POD) activity. Neither the application of salt stress nor α-Toc affected the POD activity of
the okra capsules. The data showed that root medium salinity had no effect on the activity
of protease. However, a significant interaction was recorded between salinity and the α-Toc
spray, where 300 mg L−1 of the spray proved effective to increase the activity of POD under
saline conditions (Table 1; Figure 1B).

The experimental data showed that root medium 100 mM saline stress significantly
enhanced the activity of guaiacol peroxidase (GPX) in the fruit tissues of both okra varieties.
However, in the salinized Noori plants, GPX activity was slightly higher than Sabzpari. In
addition, α-Toc spray markedly improved the activity of GPX in both varieties. Inclusively,
the 200 mg L−1 application of α-Toc proved to be better at enhancing the activity of GPX
(Table 1; Figure 2A).

α

α −

α
− α

 

αFigure 2. Effect of different levels of α-Toc under saline and non-saline conditions on (A) activities of
guaiacol peroxidase (GPX) and (B) superoxide dismutase (SOD) of okra varieties. Values represent
means ± S.D. Significant differences among row spacing were measured by the least significant
difference (LSD) at p > 0.05 and indicated by different letters. S.D. stands for standard deviation.
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A slight increase in the activity of superoxide dismutase (SOD) in the fruits of both
varieties of okra plants was noticed due to salinization. Interestingly, levels of superoxide
dismutase (SOD) were higher in Noori than Sabzpari capsules under both stressed and
non-stressed conditions. In the current study, foliar-applied α-Toc failed to significantly
affect the activity of SOD (Table 1; Figure 2B).

In this study, a significant decrease was recorded in the activity of protease under
salinity stress. It was observed from the data that Noori performed better than Sabzpari
with respect to this attribute. A significant interaction was also recorded among the tested
varieties. The application of 200 mg L−1 spray of α-Toc under saline conditions significantly
enhanced the protease content of Noori okra in comparison with other treatments (Table 1;
Figure 3A).

α

− α

 

αFigure 3. Effect of different levels of α-Toc under saline and non-saline conditions on (A) activities of
protease and (B) ascorbic acid of okra varieties. Values represent means ± S.D. Significant differences
among row spacing were measured by the least significant difference (LSD) at p > 0.05 and indicated
by different letters. S.D. stands for standard deviation.

A significant accumulation of ascorbic acid was recorded under salinity stress in the
Noori variety, while it remained the same in Sabzpari under saline and control conditions.
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The application of α-Toc significantly enhanced the ascorbic acid content in the Noori
variety under saline conditions. Among all treatments, α-Toc concentrations of 200 mg L−1

and 300 mg L−1 were more effective with respect to this attribute in the case of the Noori
variety (Table 1; Figure 3B).

The data revealed that the total phenolics content significantly increased under salt
stress. The tested varieties differed significantly in terms of total phenolics content. Noori
produced more Sabzpari. Higher levels of applied α-Toc (200 mg L−1 and 300 mg L−1)
spray exhibited clearly higher total phenolics content under saline regimes (Table 1;
Figure 4A).

α
α −

−

α − −

 

αFigure 4. Effect of different levels of α-Toc under saline and non-saline conditions on (A) total
phenolics (B) glycinebetaine (GB), and (C) proline content of okra varieties. Values represent means
± S.D. Significant differences among row spacing were measured by the least significant difference
(LSD) at p > 0.05 and indicated by different letters. S.D. stands for standard deviation.
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Both okra varieties have shown non-significant differences in terms of fruit glycine
betaine (GB) and free proline contents. Root medium salinity stress non-significantly
enhanced GB content (Table 2; Figure 4B,C) while markedly enhancing free proline in
both okra varieties. Foliage supplementation with α-Toc did not markedly affect the
proline content of the fruit, whereas a significant interaction was observed between α-Toc
spray and salt stress with respect to the accumulation of proline content. Higher levels
of α-Toc spray produced significantly higher proline content under 100 mM salt stress
conditions as compared to other combinations. In addition, foliar spraying with α-Toc at
200 and 300 mg L−1 significantly increased GB content in okra fruits of both varieties under
controlled and stressed environments (Table 2; Figure 4B,C).

Table 2. Analysis of variance (mean squares) for osmolytes, ROS, ionic traits and yield of okra treated with α-Toc as foliar
spray under saline and non-saline conditions.

Source df Proline GB H2O2 MDA Na+ K+ Ca2+ cap/pl

V 1 992.25 ns 0.33 ns 7284.92 * 228.39 ns 0.19 ns 11.81 *** 8.6 ** 43.89 ***
S 1 10,905.3 ** 316.19 ns 3519.39 ns 25,656.80 *** 53.47 *** 36.75 *** 30.9 *** 43.88 ***

α-toc 3 1983.47 ns 1097.5 ** 1344.55 ns 5587.57 ** 1.11 ns 1.19 ns 7.9 *** 9.515 **
V × S 1 2102.87 ns 5.3 ns 63.87 ns 8050.72 ** 18.59 *** 1.72 ns 3.7 * 0.390 ns

V × α-toc 3 2973.15 * 313.3 * 840.67 ns 12,923.24 *** 6.34 *** 0.84 ns 0.6 ns 0.182 ns
S × α-toc 3 3381.21 * 548.0 ** 1129.41 ns 2793.45 ns 0.79 ns 3.51 ** 2.2 * 0.682 ns

V × S × α-toc 3 9211.3 *** 9.3 ns 404.06 ns 3888.35 * 0.96 ns 0.60 ns 0.2 ns 0.182 ns
Error 48 1019.95 86.6 1014.53 1044.26 0.98 0.70 0.7 2.234

*, ** and *** = significant at 0.05, 0.01 and 0.001 levels respectively, ns = non-significant, V: Varie Table 2. O2, Hydrogen peroxide, MDA:
Malondialdehyde, cap/pl: Capsules per plant.

Interestingly, neither the foliar application of α-Toc nor the application of salt (NaCl)
showed a clear impact on hydrogen peroxide (H2O2) content. However, both okra varieties
differed significantly in terms of hydrogen peroxide concentrations; Sabzpari accumulated
more H2O2 than Noori under salt stress and non-stressed conditions (Table 2; Figure 5A).

Malondialdehyde (MDA) content was markedly enhanced under salt stress conditions
in the Sabzpari variety. Foliar spraying with α-Toc significantly reduced MDA contents
under salinity treatment conditions. The experimental data of this study showed that
higher levels of α-Toc (200 mg L−1 and 300 mg L−1) were more effective at reducing the
MDA content of okra (Table 2; Figure 5B).

Root medium applied salt stress was found to significantly enhance the fruit Na+

content of both okra varieties. The response of the two okra varieties was non-significant in
terms of fruit Na+ content. Foliar spraying with α-Toc failed to have a significant impact on
this ionic attribute, but the interactive effect of both varieties and α-Toc was significant; it
was found that 200 and 300 mg L−1 of foliar spray decreased Na+ content in both varieties
under saline and non-saline regimes. Noori performed better than Sabzpari in lowering
the Na+ ion content under salinity stress (Table 2; Figure 6A).
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Figure 5. Effect of different levels of α-Toc under saline and non-saline conditions on (A) hydrogen
peroxide (H2O2) and (B) malondialdehyde (MDA) content of okra varieties. Values represent means
± S.D. Significant differences among row spacing were measured by the least significant difference
(LSD) at p > 0.05 and indicated by different letters. S.D. stands for standard deviation.

In this study, a clear reduction in fruit K+ content was determined in both okra varieties
under saline conditions. Although both varieties have shown significant differences in
terms of fruit K+ content, the Noori variety proved to be better at accumulating more K+

than Sabzpari under both salinity treatments. However, a significant interactive effect
between α-Toc and salinity stress was noted in this study. Higher levels of α-Toc spray
enhanced fruit K+ content under salinity stress (100 mM NaCl) conditions in comparison
with other combinations (Table 2; Figure 6B).

Repeated experimental data showed that soil salinization remarkably decreased fruit
Ca2+ content in both okra varieties. Noori had higher fruit Ca2+content than Sabzpari
under the salinity-free regime. The interactive effect of both varieties towards salinity was
also significant. Fruit Ca2+ content increased remarkably after foliar application of α-Toc.
The response of α-Toc under salinity stress was also significant. Inclusively, 300 mg L−1

increased the fruit Ca2+ content in tested varieties under saline and no-saline environments
(Table 2; Figure 6C).
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αFigure 6. Effect of different levels of α-Toc under saline and non-saline conditions on (A) Na+ (B) K+

and (C) Ca2+ ion content of okra varieties. Values represent means ± S.D. Significant differences
among row spacing were measured by the least significant difference (LSD) at p > 0.05 and indicated
by different letters. S.D. stands for standard deviation.

Salt stress significantly reduced the yield of both okra varieties in terms of the number
of capsules plant−1. Both varieties differed markedly though; yield reduction was more
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pronounced in Sabzpari than Noori. However, foliar application of α-Toc significantly
enhanced the number of capsules in both okra varieties of stressed and non-stressed
plants. In addition to this, enhancement in yield was more pronounced at 200 mg L−1 and
300 mg L−1 levels of α-Toc application (Table 2; Figure 7).
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Figure 7. Effect of different levels of α-Toc under saline and non-saline conditions on number of capsule Plant-1 of okra
varieties. Values represent means ± S.D. Significant differences among row spacing were measured by the least significant
difference (LSD) at p > 0.05 and indicated by different letters. S.D. stands for standard deviation.

3. Discussion

Salinity is considered an abiotic stress due to its potential to harm various physiological
and biochemical processes in plants [19,20]. It influences plant performance, limiting its
production and causing water shortages to the plants. Salinity also negatively affects
chlorophyll, the photosynthetic apparatus, and chloroplast ultra-structure, and may cause
cell death [21,22]. Salinity-induced ROS triggers phytotoxic reactions and adversely affects
the cellular processes of plants, causing tissue damage due to the oxidization of macro-
molecules such as proteins and lipids. The induction of antioxidants is the prominent
activity plants use to combat salinity-induced ROS stress [16]. Antioxidant enzymes are
recognized as effective mitigators of the adverse effects of salt stress on cells and tissues [9].
The results of this study suggest that the activities of antioxidants, including CAT, GPX,
and protease, were significantly increased due to salt stress in both varieties of okra plants.
A slight but non-significant increase was observed in POD activity due to salt stress. The
GPX is considered to be a defensive agent against oxidation induced by H2O2 [23], while
POD is as efficient as GPX at scavenging H2O2 under salt stress conditions [24]. Previous
research has shown that catalase plays an important role in ROS detoxification, converting
26 million H2O2 to H2O in one minute [25].

In the current study, the activities of these enzymes viz. CAT, POD, GPX, and protease
were enhanced by the foliar fertigation of α-Toc in fruit tissues of the tested okra varieties.
To combat the overproduction of ROS, α-Toc aids in the coordination of CAT, POD and
GPX [26]. SOD activity was also increased in tested varieties of okra plants grown in
saline medium, but α-Toc spray did not significantly increase its activity. The enzyme
SOD is considered to be the first line of defense against ROS. In a previous study, the
activities of SOD, POD, and CAT were increased in two mung bean varieties under stress
conditions [27]. Similarly, a study of Brassica napus showed a remarkable enhancement in
the activity of SOD and POD enzymes, while a decline was noticed in the activity of CAT
under stress conditions [28]. It is concluded from the findings of the present study that
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salt-stress-induced ROS accumulation is scavenged by α-Toc antioxidants as they prevent
ROS production by chelating metal ions. Moreover, α-Toc fertigation could compensate for
salinity-induced damages by upregulating other enzymatic antioxidants and quenching
ROS via its antioxidant properties. Researchers have concluded that the stress-induced
ROS accumulation is dependent on antioxidants, including α-Toc [29].

Foliar spraying with α-Toc improved ascorbic acid and total phenolic content in
the tested okra plants under salt stress. It is suggested that ascorbic acid protects the
plants against salinity effects by acting as a free radical reductant and antioxidant, and salt
tolerance may have also been manifested by the upregulation of ascorbic acid, as it induces
Toc biosynthesis and total phenols provide membrane stability against salinity-induced
ROS. There is a positive correlation between spraying with α-Toc and the acceleration of
the content of total phenolics [30].

Glycine betaine (GB) has a significant role in stabilizing the structure and activity of
protein complexes and enzymes and also maintains the membrane against devastating
impacts caused by salinity [31]. Proline is effective in maintaining the potential of the
osmotic process in the cytoplasm and in maintaining proteins and ribosomes against the
harmful effects of Na+ ions. In the current study, salt stress did not significantly affect the
proline and GB content in fruit tissues of okra varieties. Contrary to this, previous research
has shown a remarkable increase in the accumulation of GB and proline under stress [31].
Foliar spraying with α-Toc significantly enhanced the proline and GB content, indicating
its role in shielding the plants from salinity effects by adjusting the osmotic balance.

The ROS can induce the peroxidation of lipids (in MDA), producing aldehydes, of
which MDA is a major type. MDA consequently has a role as an indicator of membrane
damage induced by ROS. Our findings showed that neither the foliar application of α-Toc
nor salt (NaCl) significantly affected H2O2 content, whereas MDA contents were increased
under salt stress conditions in both okra varieties. In the current study, foliar spraying
with α-Toc significantly reduced MDA content under salinity stress in the tested okra
capsules. Contrary to the present study, lower levels of H2O2 had been observed in Vicia
faba plants treated with α-tocopherol during salinity stress [14]. This could be due to the
variation in genetic traits among different plant species. However, α-Toc helped stabilize
lipid membranes by scavenging ROS [32].

In this study, higher concentrations of Na+ ions had been observed in the fruit tissues of
okra plants under saline regimes. Enhanced Na+ concentration disturbed photosynthesis,
plant metabolism, enzymatic activities, and ultimately reduced crop yield [33,34]. In
contrast, reduced uptake of K+ and Ca2+ had been observed in the fruit tissues of the
tested okra plants under salt stress conditions. The reduced uptake of Ca2+ and K+ is
correlated with the enhanced concentration of Na+. α-Toc spray proved to be successful in
minimizing the toxic concentrations of Na+ and maximizing the concentration of K+ and
Ca2+ ion contents in fruit tissues of okra plants, suggesting its pivotal role in osmo-tolerance
by lowering Na+ levels and enhancing the uptake of K+ and Ca2+ ions in plants under
salinity conditions.

Plants are the target of abiotic stresses, thus suffering severe yield losses [35]. In the
current investigation, reduced numbers of capsules were observed in okra under salinity
stress. A reduction in the yield of crop plants under salinity stress is directly linked with
inhibited uptake of essential nutrients [36]. However, α-Toc supplementation significantly
improved yield under saline and non-saline conditions. Increased yield due to α-Toc
spray is linked with the improved uptake of beneficial ions, ionic homeostasis, chloroplast
stability, and reduced oxidative damage.

4. Material and Methods

Two-year pot experiments were carried out to examine the possible role of α-Toc in
modulating the antioxidant potential of okra capsules under salinity stress. Experiments
were conducted in plastic pots (diameter 26 cm, depth 29 cm) each containing 10 kg of
well washed river sand. The number of plots was 64 for each experiment. The crop
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duration was six months from sowing to harvesting. Each experiment was Seeds of two
okra varieties (Sabzpari and Noori) were collected from the Ayub Agricultural Research
Institute, Faisalabad, Pakistan. Experiment was laid out under completely randomized
design (CRD) with four replications. Hoagland’s nutrient solution (1 L/pot) was applied
weekly after sowing. Five plants were maintained in each pot. Twenty-four days old plants
were treated with two salt levels (0 and 100 mM NaCl) in Hoagland’s nutrient solution.
Concentration of NaCl was maintained in aliquot parts of 50 mM to prevent salt shock.
In fact, in order to avoid osmotic shocks to plants, the salinity level was maintained in
two phases. In the first phase (at start of salinity) 50 mM NaCl level was maintained, and
after two days at this level, the required level of 100 mM was maintained. Foliar spray of
each concentration of α-Toc (0, 100, 200 and 300 mg/L) was applied to 36 days old plants.
The 50 mL solution of each of α-Toc levels was foliar sprayed to fully saturate the plants.
Tween 20 at 0.1% was used to enhance the absorbance of solution as surfactant. All plants
were allowed to grow until the complete formation of capsules. Fresh green capsules of
okra plants were collected from each plant, weighed, and used for chemical analyses as
described below.

4.1. Estimation of Enzymatic Antioxidants

Fresh green capsule material (0.5 g) was homogenized with 10 mL (50 mM) potassium
phosphate buffer with pH 7.0, after centrifugation supernatant was used for the determi-
nation of enzymatic antioxidants; activity of CAT and POD was determined by following
the protocol of Chance and Maehly [37]. The procedure of Giannopolitis and Ries [36] was
followed for recording the activities of SOD.

Protocol ascribed by Carlberg and Mannervik [38] was followed for the determination
of GPX activities. Protease activities were recorded by following Drapeau et al. [39].

4.2. Estimation of Non-Enzymatic Antioxidants

For the determination of total phenolics content from the fresh green tissue of capsules,
the protocol of Ainsworth and Gillespie [40] was followed. Ascorbic acid content from the
capsules tissues of okra was determined by following the protocol established Mukherjee
and Choudhuri [41]. Similarly, using the protocol established by Grieve and Grattan [42],
glycinebetaine content was estimated from fresh fruit tissue.

The protocol ascribed by Bates et al. [43] was followed to estimate the free proline
from the fruit material.

4.3. Determination of ROS

The procedure ascribed by Alexieva et al. [44] was adopted for the determination of
H2O2 level, and by following procedure of Heath and Packer [45] with slight modifica-
tions [46] malondialdehyde (MDA) content was estimated.

4.4. Nutrients Analysis for Na+, K+ and Ca2+

The protocol proposed by Wolf [47] was followed to determine mineral elements by
acid digestion.

4.5. Yield

The plucked fresh capsules were collected, and yield (number of capsules/plants) was
recorded.

4.6. Statistical Analysis

By following Snedecor and Cochran [48], analysis of variance (ANOVA) of data for all
the parameters with four replicates was calculated under three factor factorial and design
of experiment was completely randomized (CRD). The least significance difference (LSD)
values at 5% probability were worked out and are presented in each figure.
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5. Conclusions

The foliar fertigation of α-Toc was effective in compensating harmful salinity-induced
effects in okra by enhancing antioxidant activities (CAT, POD, SOD, GPX, protease, ascorbic
acid, total phenolics) and organic osmolytes (GB, free proline), as well as by improving
ionic homeostasis and yield, possibly by quenching salinity-induced ROS and protecting
chloroplasts with its antioxidant potential. Among the tested okra varieties, Noori showed
better tolerance against salinity. α-Toc levels of 200 and 300 mg L−1 were more effective.
Thus, this study suggests the Noori variety can be grown in salt-affected soils with α-Toc
foliar spray (300 mg L−1) to increase okra production. The brutal effects of salinity can be
mitigated in okra as well as other crops by foliar spraying with α-Toc.
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Abstract: High temperature is considered a critical abiotic stressor that is increasing continuously,
which is severely affecting plant growth and development. The use of heat-resistant rootstock grafting is
a viable technique that is practiced globally to improve plant resistance towards abiotic stresses. In this
experiment, we explored the efficacy of bitter melon rootstock and how it regulates photosynthesis
and the antioxidant defense system to alleviate heat stress (42 ◦C/32 ◦C) in cucumber. Our results
revealed that bitter-melon-grafted seedlings significantly relieved heat-induced growth inhibition
and photoinhibition, maintained better photosynthesis activity, and accumulated a greater biomass
than self-grafted seedlings. We measured the endogenous polyamine and hydrogen peroxide (H2O2)
contents to determine the inherent mechanism responsible for these effects, and the results showed
that heat stress induced a transient increase in polyamines and H2O2 in the inner courtyard of
grafted seedlings. This increment was greater and more robust in bitter-melon-grafted seedlings.
In addition, the use of polyamine synthesis inhibitors MGBG (methylglyoxal bis-guanylhydrazone)
and D-Arg (D-arginine), further confirmed that the production of H2O2 under heat stress is mediated
by the accumulation of endogenous polyamines. Moreover, compared with other treatments, the bitter-
melon-grafted seedlings maintained high levels of antioxidant enzyme activity under high temperature
conditions. However, these activities were significantly inhibited by polyamine synthesis inhibitors
and H2O2 scavengers (dimethylthiourea, DMTU), indicating that bitter melon rootstock not only
maintained better photosynthetic activity under conditions of high temperature stress but also
mediated the production of H2O2 through the regulation of the high level of endogenous polyamines,
thereby boosting the antioxidant defense system and comprehensively improving the heat tolerance
of cucumber seedlings. Taken together, these results indicate that grafting with a resistant cultivar is
a promising alternative tool for reducing stress-induced damage.

Keywords: heat stress; grafting; cucumber; bitter-melon rootstock; polyamines; photosynthesis
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1. Introduction

During their life cycle, plants face various environmental stimuli, including high temperature
stress. In recent years, with the rise in global temperature, the greenhouse effect has continuously
increased, and high temperatures have become a major environmental threat that adversely affects crop
growth and productivity [1–5]. In China’s facility cultivation, especially in southern China, facility
cultivation is frequently subjected to high-temperature stress [6], which leads to the suppression of
crop growth and seriously inhibits the production and supply of vegetables [7].

Photosynthesis is one of the most heat-sensitive biological processes [8]. The activity of
photosynthesis is directly associated with the amount of biomass production in plants [9]. It has
been reported in several studies that heat stress can lead to the inhibition of plant photosynthesis
and is the main reason for a reduction in crop yield [5,10–12]. The main reason for the reduction of
photosynthesis is the inhibition of photosystem II (PSII) [13]. At the same time, PSII is considered to be
a key part of high-temperature stress-induced photoinhibition [7].

Recently, a couple of studies showed that polyamines play a direct controlling role in regulating
resistance against different types of plant stress, such as salt stress [14–16], heat stress [17], low temperature
stress [18], drought stress [19], and flood stress [20,21]. Polyamines participate in complex signaling
systems under abiotic stress which, in turn, regulates a series of defense responses in plants, thereby
improving plant resistance against different environmental stressors [22]. There is a strong link between
polyamines and different signaling molecules, such as H2O2, NO, and Ca2+, and these signaling
molecules mediate the mitigation effect of polyamines on stress [23–27].

Grafting is a mature technical method that is used to enhance the stress tolerance of plants [28–30].
Grafting roots play a vital role in plants’ response to various stressors [31]. The tolerance of grafted
rootstocks to adverse conditions directly affects the resistance of grafted seedlings [29]. Some previous
studies have confirmed that resistant rootstock grafting can improve the stress tolerance of grafted plants
by reducing photosynthesis inhibition [32], regulating osmotic substances [7], enhancing antioxidant
defense [33], regulating hormone signaling [34], and mediating with microRNA transcription [35].
Moreover, rootstock grafting can improve the salt tolerance of cucumber seedlings by regulating
endogenous polyamine metabolism. However, the specific role of endogenous polyamines and their
regulatory networks in grafted plants under stressful conditions, particularly high temperature stress,
has still not been fully elucidated.

Cucumber is an important facility horticultural crop with a high level of heat sensitivity. Bitter
melon originated in India and is not cold-tolerant but is heat-resistant [6]. Therefore, we extensively
studied the effect of heat-resistant bitter melon rootstock on the photosynthesis of grafted cucumber
under conditions of high temperature stress and the physiological mechanism by which grafting
alleviates the high temperature stress injury of cucumber plants. We also explored the regulatory
mechanism of endogenous polyamines and H2O2 signaling molecules in grafted plants, and our results
provide a theoretical basis for the cultivation of facility crops under a high-temperature regime.

2. Results

2.1. Effects of Bitter Melon Rootstock on Plant Growth under Heat Stress

The growth attributes such as plant height, fresh and dry weight of self-grafted plants showed
significantly greater values in control plants than in bitter-melon-grafted plants, except for the stem
diameter (Table 1, Figure 1). In contrast, after 7 days of high-temperature treatment, except for the
plant height, bitter-melon-grafted seedlings had significantly higher stem diameters and above-ground
fresh and dry biomass weights than the self-grafted seedlings. Specifically, compared with the control,
the plant height, stem thickness, and fresh and dry biomass weights of the self-grafted seedlings
were reduced by 4.03%, 5.52%, 20.30%, and 29.51%, respectively, while the above four indicators
were reduced by 0.25%, 4.09%, 6.26%, and 15.98%, respectively, in bitter-melon-grafted seedlings,
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indicating that bitter-melon-grafted seedlings could maintain greater biomass accumulation after
high-temperature stress (Table 1).

Table 1. Interactive effects of bitter melon rootstock on the growth of grafted cucumber seedlings after
7 days of high temperature stress.

Treatments
Plant Height

(cm)
Stem Diameter

(mm)
Fresh Weight

(Plant g−1)
Dry Weight
(Plant g−1)

Cs-28 18.37 ± 0.32 a 5.03 ± 0.13 bc 17.19 ± 0.01 a 1.83 ± 0.03 a

Mc-28 16.27 ± 0.12 b 5.62 ± 0.14 a 16.62 ± 0.15 b 1.69 ± 0.01 b

Cs-42 17.63 ± 0.23 a 4.79 ± 0.12 c 13.70 ± 0.21 d 1.29 ± 0.04 d

Mc-42 16.23 ± 0.54 b 5.39 ± 0.09 ab 15.58 ± 0.21 c 1.42 ± 0.02 c

Note. Self-grafted plants treated with 28 ◦C/18 ◦C (day/night), Cs-28; bitter-melon-grafted plants treated with
28 ◦C/18 ◦C (day/night), Mc-28; self-grafted plants treated with 42 ◦C/32 ◦C (day/night), Cs-42; bitter-melon-grafted
plants treated with 42 ◦C/32 ◦C (day/night), Mc-42. Data are the mean ± standard error (SE) of three independent
experiments. Different letters indicate significant differences at p < 0.05 according to Duncan’s multiple range test.
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Figure 1. Interactive effects of bitter melon rootstock and grafted cucumber seedlings on the phenotype
of cucumber seedlings after 7 days of heat stress. Self-grafted plants treated with 28 ◦C/18 ◦C (day/night),
Cs-28; bitter-melon-grafted plants treated with 28 ◦C/18 ◦C (day/night), Mc-28; self-grafted plants
treated with 42 ◦C/32 ◦C (day/night), Cs-42; bitter-melon-grafted plants treated with 42 ◦C/32 ◦C
(day/night), Mc-42.

2.2. Effects of Bitter Melon Rootstock on Photosystem II (PSII) Photochemistry under Heat Stress Conditions

To explore the protective effect of rootstock grafting on photosynthetic systems, the following
photosynthetic parameters were measured. As shown in Figure 2, there were no significant differences
in Fv/Fm, F0, Y(II), and qP between self-grafted plants and the bitter-melon-grafted plants under normal
growth conditions. Conversely, heat stress significantly reduced the Fv/Fm, Y(II), and qP in both
self-grafted and bitter-melon-grafted plants (Figure 2A,B,D,E), but the above three indicators were,
respectively, 43.2%, 96.2%, and 36.8% higher in bitter-melon-grafted plants than in self-grafted plants
under heat stress conditions. However, the F0 value in both grafted plants was increased under heat
stress conditions (Figure 2C), and the value of F0 in the bitter-melon-grafted plant was considerably
reduced compared with that of the self-grafted plants.
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Figure 2. Interactive effects of bitter melon rootstock and grafted cucumber seedlings on chlorophyll
fluorescence following exposure to heat stress for 7 days. The maximal photochemical efficiency of
photosystem II (PSII, Fv/Fm) (A,B) under the initial fluorescence (F0) (C), the effective photochemical
quantum yield of PSII (Y(II)) (D) under photochemical quenching (qP) (E). Bars represent the mean ± SE
of at least three independent experiments. Self-grafted plants exposed to 28 ◦C/18 ◦C (day/night), Cs-28;
bitter-melon-grafted plants exposed to 28 ◦C/18 ◦C (day/night), Mc-28; self-grafted plants exposed to
42 ◦C/32 ◦C (day/night), Cs-42; bitter-melon-grafted plants exposed to 42 ◦C/32 ◦C (day/night), Mc-42.
Different letters indicate significant differences at p < 0.05 according to Duncan’s multiple range test.

2.3. Effect of Bitter Melon Rootstock on the Endogenous Polyamine Content under Heat Stress Conditions

As displayed in Figure 3, under normal conditions, the endogenous contents of the three
free polyamines in the leaves of bitter-melon-grafted seedlings and self-grafted seedlings were not
significantly different throughout the whole treatment period. After exposure to heat stress, the
accumulation of polyamines in the leaves of the two grafted seedlings was significantly greater than the
control level, and the polyamine content in the leaves of bitter-melon-grafted seedlings was significantly
higher than that of self-grafted seedlings. The specific performance was as follows: the putrescine
(Put) content of the two grafted seedlings began to rise at 4 h after heat stress and became significantly
higher than the control level. It began to decline after reaching the peak at 8 h; at this time, the contents
of spermidine (Spd) and spermine (Spm) also began to rise slightly. Spd and Spm began to decline
after reaching their peak values at 8 and 12 h, respectively. It is important to note that the content of
Spm at 8 h was close to that at 12 h.
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Figure 3. Interactive effects of bitter melon rootstock and grafted cucumber seedlings on the time
course change of polyamine contents (A): Putrescine (Put), (B): Spermidine (Spd), (C): Spermine (Spm)
in grafted cucumber leaves under heat stress conditions. The bars represent the mean ± SE values of at
least three independent experiments. Self-grafted plants exposed to 28 ◦C/18 ◦C (day/night), Cs-28;
bitter-melon-grafted plants exposed to 28 ◦C/18 ◦C (day/night), Mc-28; self-grafted plants exposed to
42 ◦C/32 ◦C (day/night), Cs-42; bitter-melon-grafted plants exposed to 42 ◦C/32 ◦C (day/night), Mc-42.
Different letters indicate significant differences at p < 0.05 according to Duncan’s multiple range test.

2.4. Effect of Bitter Melon Rootstock on the Accumulation of H2O2 under Heat Stress Conditions

As shown in Figure 4, throughout the whole treatment period, there was no significant change
in the H2O2 content in the leaves of the two grafted seedlings under control conditions; however,
high temperature stress significantly increased the H2O2 content in the leaves of bitter-melon-grafted
seedlings and self-grafted seedlings, to a value significantly higher than that in the control plants.
Under heat stress conditions, the changing trend of the H2O2 content in the leaves of the two grafted
seedlings was roughly the same, that is, the H2O2 content increased first and then decreased. However,
the increase in the H2O2 content of bitter-melon-grafted seedlings was substantially higher than that of
self-grafted seedlings at 8, 12, and 24 h. Under heat stress conditions, the H2O2 content of the leaves
of bitter-melon-grafted seedlings increased rapidly after 4 h, and it reached a peak at 8 h, and then
began to decline. The peak content was about 1.28 times more than the control level; the self-grafted
seedlings also showed a slow upward trend after 4 h. Furthermore, it began to decline after reaching
the peak at 12 h. The peak content was only 1.16 times higher than the control, and it returned to the
control level after 24 h.
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Figure 4. Interactive effects of bitter melon rootstock and grafted cucumber seedlings on the time course
change of the H2O2 content in grafted cucumber leaves under heat stress conditions. Self-grafted
plants exposed to 28 ◦C/18 ◦C (day/night), Cs-28; bitter-melon-grafted plants exposed to 28 ◦C/18 ◦C
(day/night), Mc-28; self-grafted plants exposed to 42 ◦C/32 ◦C (day/night), Cs-42; bitter-melon-grafted
plants exposed to 42 ◦C/32 ◦C (day/night), Mc-42. The values are the means ± SE of three independent
experiments. The bars represent the standard error.

2.5. The Production of H2O2 is Regulated by Polyamines under Heat Stress Conditions

D-arginine (D-Arg) and methylglyoxal bis-guanylhydrazone (MGBG) are two kinds of polyamine
synthesis inhibitor. To explore whether polyamines mediate H2O2 production in the leaves of grafted
seedling under conditions of high temperature stress, we exogenously applied two kinds of inhibitor.
As shown in Figure 5, treatment with both 1mM MGBG and 2 mM D-Arg significantly reduced the
high-temperature-induced greater accumulation of H2O2 and almost returned to the control level,
indicating that polyamines mediate the production of H2O2 under conditions of high temperature stress.
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Figure 5. Effects of D-arginine (D-Arg) and methylglyoxal bis-guanylhydrazone (MGBG) on H2O2

production in the leaves of self-grafted and bitter-melon-grafted cucumber seedlings under heat stress
conditions. Self-grafted plants exposed to 28 ◦C/18 ◦C (day/night), Cs-28; bitter-melon-grafted plants
exposed to 28 ◦C/18 ◦C (day/night), Mc-28; self-grafted plants exposed to 42 ◦C/32 ◦C (day/night), Cs-42;
bitter-melon-grafted plants exposed to 42 ◦C/32 ◦C (day/night), Mc-42. Seedlings were pretreated
with 0.2 mM MGBG and 2mM D-Arg for 12 h, respectively, after which they were treated under high
temperature conditions for 8 h. Bars represent the mean ± SE of at least three independent experiments.
The different letters indicate significant differences at p < 0.05 according to Duncan’s multiple range test.
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2.6. Polyamine and H2O2 Accumulation Enhanced the Antioxidant Defense System of Bitter-Melon-Grafted
Seedling Leaves under Heat Stress Conditions

As shown in Figure 6, heat stress significantly induced the activity of three antioxidant enzymes:
super oxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX) in grafted seedlings.
In particular, the bitter-melon-grafted seedlings exhibited higher enzyme activities. The activities of
SOD and POD markedly increased at 8 h after heat treatment (Figure 6A,B), while 4 h later, the activity
of APX increased (Figure 6D). Interestingly, the activity of catalase (CAT) showed a clear downward
trend from 24 h after heat treatment (Figure 6C). More importantly, it can be clearly seen that the peak
point of the antioxidant enzyme activities was significantly lower than the polyamines (PAs) and H2O2

contents (Figure 4).
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Figure 6. Interactive effects of bitter melon rootstock and grafted cucumber on the time course change
of enzyme activity of (A) Superoxide dismutase (SOD), (B) Peroxidase (POD), (C) Catalase (CAT)
and (D) Ascorbate peroxidase (APX) in cucumber leaves under heat stress conditions. Self-grafted
plants exposed to 28 ◦C/18 ◦C (day/night), Cs-28; bitter-melon-grafted plants exposed to 28 ◦C/18 ◦C
(day/night), Mc-28; self-grafted plants exposed to 42 ◦C/32 ◦C (day/night), Cs-42; bitter-melon-grafted
plants exposed to 42 ◦C/32 ◦C (day/night), Mc-42. The values are the mean ± SE of three independent
experiments. The bars represent the standard error.

To further elucidate how PAs and H2O2 contributed to the change in antioxidant enzyme activities
under conditions of high temperature stress, polyamine synthesis inhibitors (MGBG and D-Arg) and
hydrogen peroxide scavengers (DMTU) were applied in subsequent experiments. The results are shown
in Figure 7. The activity of the three enzymes in the grafted plants sprayed with the three inhibitors
was markedly lower than that of the grafted plants under only heat stress conditions. Combined with
previous results (Figure 5), it is speculated that polyamines may mediate the production of hydrogen
peroxide and further regulate the antioxidant defense.
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Figure 7. Effects of polyamine synthesis inhibitors D-arginine (D-Arg) and methylglyoxal
bis-guanylhydrazone (MGBG) and an H2O2 scavenger (DMTU) on enzyme activity of (A) Superoxide
dismutase (SOD), (B) Peroxidase (POD), and (C) Ascorbate peroxidase (APX) in grafted cucumber
leaves under heat stress conditions. Self-grafted plants treated with 42 ◦C/32 ◦C (day/night), Cs-42;
bitter-melon-grafted plants treated with 42 ◦C/32 ◦C (day/night), Mc-42. All inhibitors were sprayed 12 h
before exposure to heat stress. Seedlings were treated for 24 h under heat stress conditions. Bars represent
the mean ± SE of at least three independent experiments. The different letters indicate significant
differences at p < 0.05 according to Duncan’s multiple range test.

3. Discussion

In the last few decades, high-temperature stress has become a major environmental stressor
that restricts proper growth and yield of crops [36,37], and the promotion of grafting technology
provides an opportunity to improve crop resistance to various biotic and abiotic stresses, including
high-temperature stress [6]. In our study, heat stress at 42/32 ◦C (day/night) significantly prevented the
growth of grafted seedlings. However, seedlings grafted with bitter melon rootstock showed higher
stem thicknesses and above-ground dry/fresh weights than self-grafted seedlings under conditions
of high-temperature stress, showing that bitter melon rootstock efficiently ameliorated the growth
inhibition caused by heat stress (Table 1, and Figure 1). Similar to the bitter melon rootstock, the grafting
of heat-resistant luffa rootstock also alleviated the growth inhibition of cucumber seedlings caused
by heat stress [33]. Moreover, in addition to high-temperature stress, rootstock grafting has also
shown a mitigating effect on growth inhibition under exposure to other abiotic stresses [38,39].
Leaf photosynthesis performs a vital function in determining crop yield [12], and electron transfer
during photosynthesis is very sensitive to heat stress, which is the main limiting factor of photosynthesis
under high-temperature stress [40]. PSII is also considered to be more vulnerable to high-temperature
damage [7]. Our results indicate that high temperatures induce photoinhibition of grafted seedlings,
which is manifested in decreases in Fv/Fm, qP, and Y (II) and an increase in F0. However, bitter melon
rootstock significantly alleviated the photoinhibition caused by high-temperature stress. The changes
in fluorescence parameters agreed with previous results of studies where cucumbers were grafted onto
other rootstocks under heat stress conditions [32,41].
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Polyamines have been widely reported to have an important role in the plant response to abiotic
stress [42–44]. In our study, the results showed that high temperatures induce a large and rapid
increase in the free endogenous PAs contents in the leaves of grafted seedlings, which mostly reached
a peak at 8 h (Figure 3). The trend was identical to the time course of the changes in the endogenous
PA level in cucumber plants under salt stress [23]. In addition, the increased content of PAs in the
leaves of bitter-melon-grafted seedlings was more prominent than that in self-grafted seedlings. All of
these results imply that rootstock grafting may produce a stronger response to stress by increasing
endogenous polyamine levels.

With the deepening of research, more studies have indicated that polyamines participate in the
regulation of complex signal systems to resist stress [22,24,26]. Hydrogen peroxide has also been
frequently documented as a signaling molecule that plays a role in different stresses [45–47]. Moreover,
in recent years, studies have confirmed that there are interconnections between polyamine and
hydrogen peroxide signaling molecules under stress conditions [48,49]. However, it is unclear whether
they respond similarly to grafted plants exposed to high-temperature stress. In the present study,
our results showed that high-temperature stress induces a rapid response from H2O2 (Figure 4),
and the changing trend of the content of H2O2 is consistent with the results of our previous
study [50]. Moreover, grafted seedlings showed an obvious sequence in response to H2O2, whereby
the bitter-melon-grafted seedlings peaked at 8 h, while the self-grafted seedlings peaked at 12 h,
indicating that bitter-melon-grafted seedlings can accumulate hydrogen peroxide more quickly and
significantly in response to high-temperature stress. To further explore the correlation between PAs
and H2O2, starting from the difference between the peaks of PAs and H2O2 in the leaves of self-grafted
cucumber seedlings, polyamine synthesis inhibitors were used to investigate whether changes in
endogenous polyamines under stress have a mediating effect on H2O2. The results showed (Figure 5)
that pretreatment with D-Arg and MGBG dramatically decreased the H2O2 content in the leaves of
grafted seedlings under conditions of heat stress treatment. Therefore, it is speculated that the H2O2

content in the leaves is mediated by endogenous polyamines. The result is consistent with findings in
cucumber seedlings under salt stress [23].

The antioxidant defense system is a key strategy by which plants cope with abiotic stress [4,5,51,52].
Some previous reports have shown that polyamines and H2O2 signaling molecules actively participate
in antioxidant defense under exposure to a stressful environment [23,26]. In this study, under conditions
of high temperature stress, bitter-melon-grafted seedlings maintained a high level of antioxidant
enzyme activity (except CAT) (Figure 6), similar to that observed in wheat seedling leaves under
a heat stress environment [53], and the peak of antioxidant enzyme activity occurred after the
production of PAs and H2O2. From this, we speculate that the heat-induced antioxidant defense in
bitter-melon-grafted seedlings is triggered by polyamines and involves H2O2. In order to verify our
conjecture, a follow-up inhibitor test was designed. Our result showed that the polyamine synthesis
inhibitors (D-Arg and MGBG) and H2O2 scavenger (DMTU) significantly reduced the higher level of
antioxidants in the leaves of rootstock-grafted seedlings under conditions of high-temperature stress
(Figure 7). This result is very similar to that of exogenous polyamines, and this was confirmed by
increasing the content of endogenous polyamines to regulate the hydrogen peroxide signal, thereby
improving the antioxidant defense capacity of cucumber seedlings under salt stress [24]. It further
shows that under a high-temperature stress environment, both polyamines and H2O2 mediate the
antioxidant defense of grafted seedlings. Under heat stress conditions, the bitter-melon-grafted
seedlings showed greater endogenous polyamine accumulation and a more sensitive H2O2 response
than the self-rooted grafted seedlings. Thus, they exhibited a stronger antioxidant defense capacity,
and the damage to plants caused by heat stress was significantly attenuated.
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4. Materials and Methods

4.1. Plant Materials and Treatments

Cucumber (Cucumis sativus L., cv. Jinyou No.35) was used as the scion (Cs), and bitter melon
(Momordica Charantia L., cv. Changlv) was used as the rootstock (Mc). In this study, cleft grafting was
used for grafting and self-grafted plants were used as a control. Uniform and germinated seeds of
bitter melon were sown in organic substrates (2:2:1 [v/v/v] vinegar waste compost/peat/vermiculite;
Peilei, Zhenjiang, China). When the cotyledons of cucumber rootstock were flattened, and bitter melon
rootstock was outcropped, the cucumber scion was sown into a vermiculite-plated plastic square dish.
When the cotyledons of the scions and the second true leaves of the rootstock were fully expanded,
cleft grafting was performed. Grafted plants were transferred to a small, plastic, arched shed, where
the environment was maintained as follows: a temperature of around 25 ◦C and a relative humidity
of 85–100% for 7 days until the graft union had completely healed. After the third true leaves were
fully expanded, grafted plants were shifted to a growth chamber (RDN-560E-4; Dongnan Instrument,
Ningbo, China), where a photosynthetic photon flux density (PPFD) of 300 µmol m−2 s−1, a relative
humidity of 70–75%, and a 12/12 h (day/night) light/dark photoperiod were maintained.

When seedlings attained the fourth leaves stage, the plants underwent different treatments:
(1) self-grafted plants were exposed to 28 ◦C/18 ◦C (day/night), Cs-28; (2) bitter-melon-grafted plants
were exposed to 28 ◦C/18 ◦C (day/night), Mc-28; (3) self-grafted plants were exposed to 42 ◦C/32 ◦C
(day/night), Cs-42; (4) bitter-melon-grafted plants were exposed to 42 ◦C/32 ◦C (day/night), Mc-42;
(5) self-grafted plants were pretreated with 0.2 mM methylglyoxal bis-guanylhydrazone (MGBG,
an inhibitor of SAMDC-S-adenosyl methionine decarboxylase) and then exposed to 42 ◦C/32 ◦C
(day/night), Cs-42 +MGBG; (6) bitter-melon-grafted plants were pretreated with 1 mM methylglyoxal
bis-guanylhydrazone (MGBG, an inhibitor of SAMDC) and then exposed to 42 ◦C/32 ◦C (day/night),
Mc-42+MGBG; (7) self-grafted plants were pretreated with 2 mM D-Arginine (D-Arg, an inhibitor of
ADC) and then exposed to 42 ◦C/32 ◦C (day/night), Cs-42 + D-Arg; (8) bitter-melon-grafted plants
were pretreated with 2 mM D-Arginine (D-Arg, an inhibitor of ADC), and then exposed to 42 ◦C/32 ◦C
(day/night), Mc-42+D-Arg; (9) self-grafted plants were pretreated with 5 mM dimethylthiourea (DMTU,
a H2O2 scavenger) and then exposed to 42 ◦C/32 ◦C (day/night), Cs-42+DMTU; (10) bitter-melon-grafted
plants were pretreated with 5 mM dimethylthiourea (DMTU, a H2O2 scavenger) and then exposed to
42 ◦C/32 ◦C (day/night), Mc-42 + DMTU. The plants were sprayed with inhibitors or scavengers 12 h
before the high-temperature treatment. The leaves sampled were collected after different treatment
time points (for the durations of the different chemical treatments, please see each figure legend) and
stored at −80 ◦C until subsequent analysis.

4.2. Measurement of Plant Growth

The distance between the graft junctions to the scion growth point was measured by a ruler and
taken to be the plant height. The thickness of the scion stem in the direction parallel to the scion
cotyledon was determined by an electronic Vernier caliper, and this represented the stem thickness.
To determine the fresh weight of the above-ground plant parts, we first washed them with distilled
water and then wiped off excess water and measured the fresh weight. After drying at 115 ◦C for 15 min,
the above-ground plant parts were then oven-dried at 75 ◦C to obtain their constant dry weights.

4.3. Measurement of Chlorophyll Fluorescence

Chlorophyll fluorescence measurement was undertaken with the method described by [54] using
the M series chlorophyll fluorescence imaging system (Walz, Effeltrich, Germany), and Imaging-Win
software was used to obtain the fluorescence parameter data and image.
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4.4. Quantification of Endogenous Polyamines

Free polyamines were determined using the method of [55] with a few modifications. Firstly,
for polyamine extraction, 0.5 g of leaves was homogenized with 1.6 mL of cold 5% (w/v) perchloric acid
(PCA) in an ice bath for 1 h followed by centrifugation at 12,000× g for 20 min at 4 ◦C. The supernatant
was then used to determine the free polyamine content. To 0.7 mL of supernatant, 1.4 mL of NaOH
(2M) and 15 µL of benzoyl chloride were added, and the solution was vortexed for 30 s, after which
it was incubated for 30 min at 37 ◦C. After that, to terminate the reaction, 2 mL of saturated NaCl
solution was added to the resulting solution. To extract benzoyl polyamines, 2 mL of diethyl ether
was added to the mixed solution, followed by centrifugation at 3000× g for 5 min at 4 ◦C. Finally,
the extracted benzoyl PAs were evaporated to dryness and then re-dissolved in 1 mL of 64% (v/v)
methanol. After passing through a 0.45 µmol filter, they were stored at −20 ◦C. Ultra-performance
liquid chromatography (UPLC) was used to determine the content of polyamines.

4.5. Determination of H2O2 Content

The H2O2 concentration was determined using the method described by [56] with slight
modifications. Firstly, the harvested leaf samples were homogenized in 1.6 mL of 0.1% trichloroacetic
acid (TCA) followed by centrifugation at 12,000× g for 20 min at 4 ◦C. Then, 0.25 mL of 0.1 M potassium
phosphate buffer (pH 7.8) and 1 mL of 1 M KI (potassium iodine) were incorporated into 0.2 mL of
supernatant and held in a dark place for 1 h. After the reaction was completed, 0.1% of TCA was
used as a blank control to zero, and the absorbance was read at 390 nm. Finally, the H2O2 content was
estimated from a standard curve of known concentrations of H2O2.

4.6. Assays of Antioxidant Enzyme Activity

Two hundred milligrams of fresh leaf samples were digested in 1.6 mL of 0.05 M pre-cold
phosphate buffer (pH 7.8), followed by centrifugation at 12,000× g for 20 min at 4 ◦C to obtain the
supernatant. The extracted supernatant was used to assay the following antioxidant enzyme activities.

For the estimation of superoxide dismutase (SOD) activity, we used the method developed by [57].
Forty microliters (40 µL) of supernatant were added to a reaction mixture consisting of 14.5 mM
methionine, 0.05 M phosphate buffer (pH 7.8), 30 µM EDTA-Na2 (Disodium ethylene diamine tetra
acetate dihydrate) solution, 2.25 mM nitro blue tetrazolium NBT solution, and 60 µM riboflavin
solution. The SOD activity absorbance was measured at 560 nm.

For the measurement of peroxidase (POD) activity, the procedure described by [58] was used
with slight modifications. In short, 40 µL of enzyme extract was incorporated into a reaction mixture
consisting of 0.2 M phosphate buffer (pH 6.0), 30% H2O2 solution, and 50 mM guaiacol, and the
absorbance was recorded at 470 nm.

Catalase (CAT) activity was determined by [59]. Briefly, 0.1 mL of enzyme extract was mixed
with a reaction solution that contained 0.15 M phosphate buffer (pH 7.0) and 30% H2O2 solution.
Measurement of the change in absorbance was conducted within 40 s at 240 nm.

For the estimation of ascorbate peroxidase (APX) activity, the method developed in [60] was used.
In short, 0.1 mL of enzyme extract was mixed in a complex mixture made up of 50 mM phosphate
buffer (pH 6.0), 0.1 mM EDTA–Na2, 5 mM AsA, and 20 mM H2O2 solution. The measurement of the
change of absorbance was conducted within 40 s at 290 nm.

4.7. Statistical Analysis

For each measurement, at least three (3) independent biological replicates were tested. All data
were statistically analyzed with the SPSS 20.0 software program (SPSS, Chicago, IL, USA) using
Duncan’s multiple range test at the p < 0.05 level of significance.
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5. Conclusions

In summary, our findings suggest that bitter melon rootstock improves the heat resistance
of grafted seedlings by alleviating the photoinhibition induced by heat stress and improving the
antioxidant defense capacity of leaves by regulating the changes in endogenous polyamines and H2O2

in leaves under conditions of high temperature stress. However, further study is needed to determine
how the contents of polyamines and hydrogen peroxide act on the antioxidant defense system.
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Abstract: The accumulation of cadmium (Cd) in edible plant parts and fertile lands is a worldwide
problem. It negatively influences the growth and productivity of leafy vegetables (e.g., spinach,
Spinacia oleracea L.), which have a high tendency to radially accumulate Cd. The present study
investigated the influences of peptone application on the growth, biomass, chlorophyll content, gas
exchange parameters, antioxidant enzymes activity, and Cd content of spinach plants grown under Cd
stress. Cd toxicity negatively affected spinach growth, biomass, chlorophyll content, and gas exchange
attributes. However, it increased malondialdehyde (MDA), hydrogen peroxide (H2O2), electrolyte
leakage (EL), proline accumulation, ascorbic acid content, Cd content, and activity of antioxidant
enzymes such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) in spinach plants.
The exogenous foliar application of peptone increased the growth, biomass, chlorophyll content,
proline accumulation, and gas exchange attributes of spinach plants. Furthermore, the application of
peptone decreased Cd uptake and levels of MDA, H2O2, and EL in spinach by increasing the activity
of antioxidant enzymes. This enhancement in plant growth and photosynthesis might be due to the
lower level of Cd accumulation, which in turn decreased the negative impacts of oxidative stress in
plant tissues. Taken together, the findings of the study revealed that peptone is a promising plant
growth regulator that represents an efficient approach for the phytoremediation of Cd-polluted soils
and enhancement of spinach growth, yield, and tolerance under a Cd-dominant environment.

Keywords: antioxidants; cadmium; oxidative stress; peptone; spinach

1. Introduction

Cadmium (Cd) is a very toxic element and has a high mobility rate from the soil to plants. Cd
has been extensively studied in agriculture systems due to its toxic effects on plants and humans [1].
The concentration of Cd is being increased in the soil due to its uses in sludge applications, sewage
irrigation, chemical fertilizers, and atmospheric depositions [2,3]. Recently, the contamination
of agricultural soils with Cd has become one of the most severe environmental issues in Asian
countries [4]. In Pakistan, inorganic fertilizers have been extensively used to increase the yield
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of crops, resulting in the accumulation of higher concentrations of Cd in the soil. Cd can readily
enter into plant roots and translocate to shoots. With increasing the intracellular Cd concentrations,
various plant metabolic processes, including cell division, mineral nutrition, nitrogen metabolism,
photosynthesis, and respiration, are severely affected [5]. Exposure of plants to Cd stress results in leaf
rolling, chlorophyll content decrease, and photosynthesis inhibition via suppressing the chlorophyll
biosynthesis [6]. Cd decreases the uptake of micro- and macro-nutrients, which in turn affects the
plant transport activities [7]. It also affects nitrate absorption and its translocation from plant roots
to shoots via inhibiting nitrate reductase. Moreover, it alters the composition of lipids and causes
changes in the membrane functionality. Higher Cd concentrations, within the plant body, generate
reactive oxygen species (ROS), which cause oxidative stress [8], leading to the degradation of pigments,
nucleic acid, and proteins. The radial absorption capability of Cd by plant roots and its translocation
toward the aerial parts make it of great concern regarding its accumulation in the food chain [9].
Vegetables cultivated in contaminated soils accumulate high concentrations of Cd, leading to increases
in food contamination risks. Spinach (Spinacia oleracea L.) is a leafy vegetable with green and broad
large-surface-area leaves, high growth rate, and metal-accumulating ability [10]. Spinach accumulates
Cd via plant roots and translocate it to the leaves, resulting in increased food contamination risks.
Therefore, there is an urgent need to minimize the accumulation of Cd in spinach plants.

Amino acids are building blocks for protein synthesis and play a critical role in plant metabolism.
Amino acids are very important to stimulate cell growth as they can act as a buffer to maintain the
optimum pH for plant cells. They eliminate ammonia from plant cells and protect them against
ammonia toxicity. They are also involved in the biosynthesis of different organic compounds such as
hormones, vitamins, pigments, alkaloids, terpenoids, purine, pyrimidine, and enzymes [11]. Moreover,
they are involved in the stimulation of physiological and metabolic functions of plants [12]. Several
studies revealed the positive effects of amino acids on plant growth [13,14]. However, very little
is known about the amino acids that induce impacts on plants grown under heavy metal stress,
particularly Cd.

Biostimulants can regulate natural plant processes to increase the nutrients intake, environmental
stress tolerance, and crop yield [15]. It has been suggested that biostimulants could interact with
signaling processes and help plants to cope with the environmental stress. Biostimulants are derived
from various inorganic and biological compounds, such as fulvic and humic substances, animal feeds,
protein hydrolysates, and industrial discards [16–18]. Protein hydrolysates increase the activity of
enzymes and improve the uptake of nutrients [19]. Hydrolyzed proteins might contain short-chain
bioactive peptides, which have immunological and hormonal activities and could act as plant growth
regulators [20,21]. Peptone is a mixture of short peptides and amino acids. It is a biostimulant in the
form of macro-granules and is produced from the enzymatic hydrolysis of animal or plant proteins.
It is mainly involved in the stimulation of plant growth and may provide protection against pathogens.
Acid hydrolysate of peptone from vegetable sources is a rich source of the nitrogenous material and
contains a high concentration of free amino acids. The optimal concentration of available amino
acids can play diverse roles in plant metabolism and growth under stress conditions [22]. Thus, we
hypothesized that the physio-biochemical mechanisms of spinach could be significantly regulated
through the foliar application of peptone, leading to the alleviation of the harmful impacts of Cd.
Therefore, the main objective of the present study was to evaluate the harmful impacts of Cd on spinach
growth attributes, biomass, Cd accumulation, and oxidative mechanisms. The present study also
examined the possible role of peptone in enhancing the growth and production of spinach plants grown
in Cd-contaminated areas via upregulating the defense systems as well as reducing Cd accumulation
in edible plant parts.
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2. Materials and Methods

2.1. Soil Analysis

Soil used in the study was taken from agricultural fields and was characterized at the Institute
of Soil and Environmental Sciences, University of Agriculture Faisalabad. The soil was cleaned and
sieved before using for filling the pots. The methods of Bouyoucos [23] and Page et al. [24] were
used for particles size characterization and sodium absorption ratio determination. Soil electrical
conductivity (EC) and pH was determined using EC/pH meter. The methodology of Soltanpour [25]
was used for extracting the trace elements at pH 7.6 using the ammonium bicarbonate diethylene
triamine penta-acetic acid (AB-DTPA) solution. The properties of the soil used for the experiment are
shown in Table 1.

Table 1. The characteristics of the soil used in the experiment of the present study.

Soil Characteristics Values

Texture Sandy clay
Sand % 48
Silt % 16

Clay % 36
pH 7.65

EC dS m−1 0.811
Soluble ions

Ca2+ mmol L−1 7.71
Na mmol L−1 9.46
K mmol L−1 1.34

Metal concentrations

Cd mg kg−1 0.83
Pb mg kg−1 6.64
Zn mg kg−1 4.93
Mn mg kg−1 6.37
Fe mg kg−1 50.34

2.2. Experimental Design

Seeds of spinach (Spinacia oleracea L.) were obtained from Ayub Agricultural Research Institute
(AARI), Faisalabad. The seeds were sown in plastic pots filled with 5 kg soil/pot. The pots were
arranged in a completely randomized design. In order to maintain five seedlings per pot, thinning
was performed after 7 days and an appropriate fertilizer was applied. Water polluted with cadmium
nitrate (0, 50, and 100 µM) was used for the irrigation of plants. Peptone (Millipore Sigma, 51841)
solution (500 and 1000 mg L−1) was prepared using ddH2O. A 0.5 L peptone solution (or ddH2O) was
sprayed on 20 plants (four replicates for each treatment with five plants in each pot) twice after an
interval of one week. Hence, a plant received 0, 25, or 50 mg of peptone after two spray treatments
using 0, 500, and 1000 mg L−1 peptone solution, respectively.

2.3. Plant Harvesting and Sampling

The plants were harvested after 40 days and separated into shoots and roots to measure the growth
parameters. Plants were then washed with a distilled water to remove adhered soil particles and were
then air-dried. The plant fresh weight was then measured using an analytical balance. The plants were
oven dried at 70 ◦C for 48 h to be used for estimating the dry weight of root and shoot, discretely.

2.4. Determination of Chlorophyll and Gas Exchange Parameters

The method of Arnon [26] was followed to measure the plant chlorophyll content. A 0.5 g
leaf sample was dipped in 80% acetone at 4 ◦C in dark. The reading was then taken using a
spectrophotometer at the wavelengths of 645, 663, and 480 nm in order to calculate the chlorophyll
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content. An IRGA (infra-red gas analyzer) was used to measure the stomatal conductance and
photosynthetic rate at a high intensity of light between 10:00 to 12:00 a.m. on a full-sun day.

2.5. Determination of Electrolyte Leakage, Hydrogen Peroxide (H2O2), and Malondialdehyde (MDA)

The protocol of Dionisio-Sese and Tobita [27] was used to measure the electrolyte leakage (EL)
level by dipping small pieces of leaves in deionized water. The first EC1 reading was taken after the
samples’ incubation at 32 ◦C for 2 h, and the second EC2 was determined after the same samples were
subsequently incubated at 121 ◦C for 20 min. The level of EL was calculated as follows:

EL = (EC1/EC2) × 100

The methods of Velikova et al. [28] and Carmak and Horst [29] were used to measure the levels of
MDA and H2O2 in plants, respectively.

2.6. Determination of Superoxide Dismutase (SOD), Peroxidase (POD), and Catalase (CAT) Activity

The method of Zhang [30] was used to determine SOD and POD activities in spinach plants by
grinding leaf samples in liquid nitrogen followed by their standardization with 0.5 M phosphate buffer
of pH 7.8. The activity of CAT was measured following the protocol of Aebi [31].

2.7. Determination of the Contents of Ascorbic Acid and Proline

Ascorbic acid in plant samples was measured following the method of Mukherjee and
Choudhuri [32]. The methodology of Bates et al. [33] was used to measure proline content in
plant samples.

2.8. Determination of Cd Content

Cadmium content in plant samples was measured by digesting 0.5 g of plant samples in HNO3

and HCLO4 (3:1, v/v) in a conical digestion flask using a hot plate (350 ◦C) for about 8–10 h. The digested
samples were run on an atomic absorption spectrophotometer to measure Cd concentration [34].

2.9. Statistical Analysis

Statistical analysis for the sample data was performed using SPSS for windows. The results were
subjected to the two-way analysis of variance (ANOVA) using Tukey’s test at a probability level of 5%,
and the p value at 0.05 was considered significant.

3. Results

3.1. Plant Growth

Plant growth parameters were recorded to measure Cd toxicity in spinach. The results indicated
that the foliar application of peptone exhibited positive effects on plant growth and morphology.
Under Cd stress, the application of peptone enhanced the plant growth attributes such as fresh and dry
biomass, root length and leaf area. By the application of 1000 mgL−1 of peptone, the leaf fresh weight
exhibited significant increases of 23, 34, and 46% under Cd stress of 0, 50, and 100 µM, respectively,
as compared to control. Application of 500 mgL−1 of peptone significantly increased the leaf fresh
weight at 11%, 13%, and 24% under Cd stress of 0, 50, and 100 µM, respectively, as compared to
control (Figure 1A). By the application of 500 mgL−1 of peptone, the leaf dry mass was significantly
increased up to 15%, 24%, and 27% under Cd stress of 0, 50, and 100 µM, respectively, in comparison to
control. A maximum significant increase of 54% in the leaf dry mass was recorded in plants treated
with 1000 mgL−1 of peptone under 100 µM Cd stress (Figure 1B). The higher level of peptone spray
(1000 mgL−1) significantly (p < 0.05) increased the leaf area up to 21%, 34%, and 44% under Cd stress
of 0, 50, and 100 µM, respectively, as compared to control (Figure 1F).
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Figure 1. The influence of the foliar application of peptone (0, 500, and 1000 mgL−1) on the leaf fresh
weight (A), leaf dry weight (B), root fresh weight (C), root dry weight (D), taproot length (E), and leaf
area (F) of spinach plants grown under Cd stress. Values represent the means of four replicates with
standard deviations. Letters on the bar indicate the significant differences between given treatments at
p < 0.05.

3.2. Photosynthetic Pigments

Photosynthesis is considered a major process involved in plant growth and biomass production.
This process is very sensitive to heavy metal uptake/accumulation. Decreases in the activity of the
photosynthetic system is pronounced under Cd stress. This might be due to the decreases in chlorophyll
biosynthesis and photosynthetic enzymes’ activity as well as the disturbance in the water and nutrient
balance in plants. The current study revealed that the application of peptone for Cd-treated and
non-treated plants amended the quantity of photosynthetic pigments (Figure 2). Plants treated with
peptone (500 mgL−1) exhibited a significantly increased chlorophyll a content of 9%, 43%, and 38%
under Cd stress of 0, 50, and 100 µM), respectively, as compared to control. In comparison with control,
a higher significant increase in chlorophyll a content of 69% was noted in plants treated with 1000 mgL−1

of peptone under 100 µM Cd application (Figure 2A). Plants treated with 1000 mgL−1 of peptone
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significantly increased chlorophyll b contents under Cd stress (Figure 2B). Moreover, the exogenous
application of 500 mgL−1 of peptone significantly enhanced chlorophyll a/b ratio under Cd stress in
comparison to control. A maximum increase of 11% was recorded in chlorophyll a/b ratio of plants
treated with 1000 mgL−1 of peptone and 100 µM of Cd (Figure 2D).
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Figure 2. The influence of the foliar application of peptone (0, 500, and 1000 mgL−1) on chlorophyll a

(A), chlorophyll b (B), total chlorophyll (C), and chlorophyll a/b ratio (D) of spinach plants grown under
Cd stress. Values represent the means of four replicates with standard deviations. Letters on the bar
indicate the significant differences between given treatments at p < 0.05.

3.3. Gas Exchange Parameters

The plant photosynthetic rate was significantly affected by Cd stress, which inhibits chlorophyll
synthesis and results in pigment degradation. Cd stress results in the decrease of the photosynthetic rate
through increasing the stomatal resistance and reducing the density of stomata, leading to reductions
in the gas exchange rate. In the present study, the application of peptone resulted in the modulation
of gas exchange parameters such as the photosynthetic rate and stomatal conductance of spinach
plants grown under Cd stress. The photosynthetic rate and stomatal conductance were significantly
enhanced upon the foliar application of peptone (Figure 3). Significant increases of 35%, 46%, and 56%
in the photosynthetic rate and 32%, 40%, and 51% in the stomatal conductance were recorded in plants
treated with 1000 mgL−1 of peptone under Cd stress of 0, 50, and 100 µM, respectively. Moreover,
the application of 500 mgL−1 of peptone significantly increased the photosynthetic rate up to 19%, 27%,
and 41% and the stomatal conductance up to 15%, 14%, and 28% under Cd stress of 0, 50, and 100 µM,
respectively, as compared to control.
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Figure 3. The influence of the foliar application of peptone (0, 500, and 1000 mgL−1) on the stomatal
conductance (A) and photosynthetic rate (B) of spinach plants grown under Cd stress. Values represent
the means of four replicates with standard deviations. Letters on the bar indicate the significant
differences between given treatments at p < 0.05.

3.4. Levels of Hydrogen Peroxide, Malondialdehyde, and Electrolyte Leakage

In order to reveal the impact of peptone application on oxidative damage caused by Cd stress,
contents of malondialdehyde (MDA), hydrogen peroxide (H2O2), and electrolyte leakage (EL) were
recorded in spinach plants (Figure 4). The exogenous application of peptone (500 mgL−1) significantly
decreased H2O2 content by 23%, 16%, and 11% under Cd levels of 0, 50, and 100 µM, respectively,
as compared to control. The highest significant decrease of 24% in H2O2 content was noted at the higher
level of both peptone (1000 mgL−1) and Cd (100 µM) relative to control. Plants treated with 1000 mgL−1

peptone at all levels of Cd (0, 50, and 100 µM) showed significant decreases in MDA content. However,
the application of 500 mg/L−1 of peptone significantly reduced MDA content by 32%, 11%, and 11%
under Cd levels of 0, 50, and 100 µM, respectively, as compared to control. Furthermore, spinach plants
treated with peptone showed significant decreases in electrolyte leakage level at all Cd stress levels.
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Figure 4. Cont.
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Figure 4. The influence of the foliar application of peptone (0, 500, and 1000 mgL−1) on MDA in roots
(A), MDA in leaves (B), H2O2 in roots (C), H2O2 in leaves (D), EL in roots (E), and EL in leaves (F) of
spinach plants grown under Cd stress. Values represent the means of four replicates with standard
deviations. Letters on the bar indicate the significant differences between given treatments at p < 0.05.

3.5. Activity of Antioxidant Enzymes

In order to survive against adverse environmental conditions, plants have developed certain
defense systems. Antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD),
and catalase (CAT) detoxify ROS and decrease the toxic effect of stress. The results of the current study
revealed significant increases in the activity of antioxidant enzymes upon the foliar application of
peptone (Figure 5). The foliar application of peptone significantly enhanced the activities of SOD and
CAT (Figure 3). Moreover, significant increases of 76%, 40%, and 54% for SOD and 59%, 48%, and 27%
for CAT were recorded in plants treated with 1000 mgL−1 of peptone. The application of 500 mgL−1

of peptone significantly enhanced the activity of SOD by 46%, 48%, and 26% and the activity of CAT
by 42%, 25%, and 16% under the Cd stress levels of 0, 50, and 100 µM, respectively, as compared to
control. The application of 500 mgL−1 of peptone significantly enhanced the activity of POD by 29%,
19%, and 24% under the Cd stress levels of 0, 50, and 100 µM, respectively, as compared to control.

3.6. Proline and Ascorbic Acid Content

Non-enzymatic antioxidant molecules, such as proline, could assist plants in surviving under
harmful environmental conditions. The results indicated that the application of 500 mgL−1 of peptone
significantly enhanced proline contents by 24%, 36%, and 21%, while the application of 1000 mgL−1

of peptone exhibited significant increases of 40%, 47%, and 35% under Cd stress levels of 0, 50,
and 100 µM, respectively, as compared to control (Figure 6). The higher concentration of peptone
(1000 mgL−1) significantly enhanced the level of ascorbic acid by 44%, 29%, and 29%, while the
application of 500 mgL−1 of peptone resulted in significant increases of 22%, 25%, and 17% at Cd stress
levels of 0, 50, and 100 µM, respectively, as compared to control.

3.7. Cd Concentration

The application of 500 mgL−1 of peptone significantly decreased the Cd concentration in plant
tissues under all Cd stress levels, as compared to control. The maximum dose of peptone (1000 mL−1)
caused the highest decreases in Cd accumulation, as compared to that in control plants (Figure 7).
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Figure 5. The influence of the foliar application of peptone (0, 500, and 1000 mgL−1) on superoxide
dismutase (SOD) in roots (A), SOD in leaves (B), catalase (CAT) in roots (C), CAT in leaves (D),
peroxidase (POD) in roots (E) and POD in leaves (F) of spinach plants grown under Cd stress. Values
represent the means of four replicates with standard deviations. Letters on the bar indicate the
significant differences between given treatments at p < 0.05.
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Figure 6. The influence of the foliar application of peptone (0, 500, and 1000 mgL−1) on the levels of
ascorbic acid in root (A), ascorbic acid in leaves (B), proline in roots (C), and proline in leaves (D) of
spinach plants grown under Cd stress. Values represent the means of four replicates with standard
deviations. Letters on the bar indicate the significant differences between given treatments at p < 0.05.
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Figure 7. The influence of the foliar application of peptone (0, 500, and 1000 mgL−1) on Cd concentration
in roots (A) and Cd concentration in leaves (B) of spinach plants grown under Cd stress. Values
represent the means of four replicates with standard deviations. Letters on the bar indicate the
significant differences between given treatments at p < 0.05.

4. Discussion

The results of the present study showed that Cd stress significantly reduced the growth and
biomass of spinach plants. This decrease in the plant growth might be due to the high concentration
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of Cd in the plant shoot and roots as well as the higher translocation rate of Cd from plant roots to
shoots. It has been well documented that the growth and biomass of different plant species were
negatively affected by Cd toxicity, depending upon the type of plant species and the exposure duration
to Cd. Previous studies have clearly reported these Cd-stress-induced toxic impacts on the growth
traits of various plant crops [35,36]. Like the other abiotic stresses [37,38], Cd could reduce the plant
growth via affecting the ultrastructure and normal functioning of plant [39]. On the other hand,
the application of amino acids regulated the growth, dry weight, quality, nitrogen contents, and yield
of food crops [40]. The current study showed that the increases in plant growth might be due to the
direct or indirect positive effects of peptone application for spinach plants grown under Cd stress.
Similarly, the application of a mixture of amino acids enhanced the growth and nutrient contents of
faba bean plants in seawater-stressed environment [14]. Moreover, the foliar application of peptone
enhanced the fresh and dry weight, leaf area, and growth of Helichrysum bracteatum L. [12]. Amino
acids are rich sources of energy and carbon that help in promoting plant growth [41]. Amino acids
can serve as immediate sources of nitrogen, which are usually taken up by plants more rapidly than
organic nitrogen. The results of this study are in a coordination with the earlier studies conducted on
lemon basil [42], basil plant [43], and Pelargonium graveolens L. [44]. As building blocks of proteins,
amino acids also play key roles in the regulation of metabolism and nitrogen storage.

Previous studies reported the adverse effects of environmental stresses on the growth, chlorophyl
content, and gas exchange attributes of different plant species [45–53]. Similarly, in the current
study, Cd stress decreased the chlorophyll content and gas exchange parameters in spinach plants.
These decreases might be due to the change in chloroplast structure under Cd stress [54]. Cd stress
results in a reduction in chlorophyll contents by causing lipid peroxidation, which results in a
disturbance in the structure and function of the thylakoid membrane [55]. Additionally, the decrease
in chlorophyll content under Cd stress might be due to the overproduction of ROS, a naturally reactive
compound that damages pigments and other biomolecules. On the other hand, in the present study,
the foliar application of peptone reduced the damaging effects of Cd stress on chlorophyll content
of spinach plants. Previous studies also reported the positive roles of amino acids in increasing the
photosynthetic pigments in Foeniculum vulgare L. [56], Salvia farinacea L. [57], and faba bean [13]. In the
same way, three different concentrations of peptone (250, 500, and 1000 mg/L−1) enhanced chlorophyl a

and chlorophyl b contents in Helichrysum bracteatum L. [12]. It is likely that the application of peptone,
being a source of free amino acids, reduced Cd toxicity in spinach plants as amino acids play key roles
in stress signaling and secondary metabolism [58]. In the current study, the foliar spray of peptone
enhanced the gas exchange parameters such as stomatal conductance and photosynthetic rate in
spinach plants under Cd stress. These results were in agreement with that previously reported [35].
Previous reports have revealed that the environmental stresses considerably induce oxidative stress as
well as the levels of electrolyte leakage (EL) and malondialdehyde (MDA) in different plant species,
causing damages in plant tissues [59–66]. Similarly, in the current study, spinach plants also exhibited
higher levels of EL and MDA in the absence of peptone treatment. The increased levels of EL and MDA
in the roots and shoots of spinach plants indicated the Cd-stress-induced oxidative stress. However,
in the present study, the foliar spray of peptone decreased EL and MDA contents in plant shoots
and roots as compared to control. This decrease in the level of oxidative stress might be due to
the protective role of peptone against lipid peroxidation in spinach plants grown in a Cd-stressed
environment. The antioxidant enzymes play a key role in ROS scavenging in order to enhance the plant
capability to cope with stress conditions [38,67]. It was reported that peptone application provided an
optimum concentration of radially available free amino acid molecules, which in turn reduced the free
radicals associated with enhanced osmoprotection [68]. Similar results were previously reported in
rice plants grown under Cd stress [35]. In addition, the availability of amino acids (e.g., glutamate)
from a biostimulant (e.g., peptone) may alleviate the oxidative stress via increasing the synthesis of
stress-responsive amino acids such as arginine and proline [22].
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The current study also revealed decreases in the activity of antioxidant enzymes in spinach
plants grown under Cd stress. Such decreases in antioxidant enzymes activity might be due to the
higher concentration of Cd in plants, which in turn increased the levels of EL and MDA. Additionally,
the increase or decrease in the activity of antioxidant enzymes depends upon the level of metal stress
and plant species [69,70]. In the present study, the application of peptone promoted the antioxidant
enzymes activities. The enhanced activities of SOD, POD, and CAT due to peptone application might
be due to the lower concentrations of Cd in these plants. Furthermore, the mobility of Cd in the active
plant parts might be reduced due to the amino acid ability to form a complex with Cd, resulting in
decreases in Cd toxicity [71]. This enhancement in enzymes activity promoted spinach plants’ tolerance
to Cd stress via reducing the levels of EL and MDA in plant tissues.

The regulation of osmotic adjustment substances such as proline could maintain the cell membrane
integrity and osmotic balance in plants [72]. The results of the current study revealed an increase in
the contents of ascorbic acid and proline. The increase in the concentration of osmotic adjustment
substances in plants suppresses the toxic effects of Cd stress [73]. In the present study, the application
of peptone decreased Cd contents in the shoot and roots of spinach. This decrease in Cd contents might
be because peptone application increased the amino acids’ availability and modulated the intracellular
environment, which in turn restricted the Cd uptake and translocation [22].

5. Conclusions

Cd stress exerts negative impacts on the growth and physio-biochemical attributes of spinach
plants. Foliar spray of peptone significantly promoted the plant growth and biomass. It also
enhanced the activity of antioxidant enzymes, which promoted the plants’ defense against Cd stress.
The application of peptone also reduced the levels of H2O2 and MDA. The amino acids have the
ability to bind with Cd and immobilize it. The use of peptone application against metal stress is not
well-studied, hence further field studies on other food crops are suggested.
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Abstract: Accumulation of arsenic (As) in soils is increasing consistently day-by-day, which has
resulted in increased toxicity of this element in various crop plants. Arsenic interferes with several
plant metabolic processes at molecular, biochemical and physiological levels, which result in reduced
plant productivity. Hence, the introduction of novel ameliorating agents to combat this situation is
the need of the hour. The present study was designed to examine the effect of zinc oxide nanoparticles
(ZnO–NPs) in As-stressed soybean plants. Various plant growth factors and enzymes were studied
at varying concentrations of As and ZnO–NPs. Our results showed that with the application of
ZnO–NPs, As concentration declined in both root and shoot of soybean plants. The lengths of shoot
and root, net photosynthetic rate, transpiration, stomatal conductance, photochemical yield and other
factors declined with an increase in external As level. However, the application of ZnO–NPs to the
As-stressed soybean plants resulted in a considerable increase in these factors. Moreover, the enzymes
involved in the ascorbate–glutathione cycle including superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX) and glutathione reductase (GR) showed a significant increase in their
activity with the application of ZnO–NPs to the As-stressed plants. Hence, our study confirms the
significance of ZnO–NPs in alleviating the toxicity of As in soybean plants.

Keywords: arsenic stress; soybean; growth; antioxidant enzymes; ascorbate–glutathione cycle;
glyoxalase system

1. Introduction

Arsenic (As) is present in lithosphere and is considered as one of the major environmental
contaminants [1]. The main As pollution is due to the anthropogenic activities like, over-use of
herbicides and pesticides, combustion of coal and preservation of timber (Sharma, 2013). Soil
parameters such as redox state and pH have a foremost impact on As toxicity due to its altered
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accessibility (solubility and mobility) to plants [2]. Uptake of As is believed to be affected by some
factors such as pH, nutrient supply, soil type and mugineic acid excreted by some grassy plants [2].
Arsenic within plant cells alters normal cellular metabolic activities mostly by way of binding to the
enzymes and changing their course of action, interfering with carbon and sulfur metabolism and
disruption of nitrogen assimilation [3]. Arsenic (As III) can react with sulfhydryl groups of proteins
and enzymes which can cause loss of function and even cell death [4]. Under higher concentrations
of arsenic, the plant fails to balance between the resistance and toxicity, resulting in plant death. [5].
Arsenic stress can significantly reduce the rate of photosynthesis, transpiration as well as stomatal
conductance in plants [4] which could be ascribed to metal-induced reduction of water transport [6].
Arsenic toxicity also leads to oxidative stress by the overproduction of reactive oxygen species (ROS) in
plants [7–9]. Arsenic stress also enhances the production of methyl glyoxalate (MG) which can damage
the normal functioning of the plant cell [10]. According to Yadav, et al. [11], MG and ROS attack the
biomolecules and alter their basic structure as well as functions. To mitigate this heavy metal-induced
toxicities, plants have developed different stress tolerance mechanisms. The synthesis of osmolytes
(proline and glycine betaine (GB) was reported to be enhanced in most plants under heavy metal
toxicity, thereby protecting the cells from dehydration stress [8]. The enzymatic [superoxide dismutase
(SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), monodehydroascorbate
reductase (MDHAR) and dehydroascorbate reductase (DHAR)] as well as non-enzymatic antioxidants
[ascorbic acid (AsA), glutathione (GSH), α-tocopherols and phenolic compounds] can effectively
diminish the production of ROS [12,13]. For the detoxification of MG, plants possess the glyoxalase
system consisting of glyoxalase I (GlyI) and glyoxalase II (GlyII) which regulates the production of MG.
Plants make the full use of their defense system under stress, however, external application of some
agents like mineral elements, chemicals, etc. could strengthen the defense system. Hence, the use of
nanoparticles provides a new and sustainable approach to mitigate As stress.

In recent times, the use of micro- and macronutrients in nanoparticles (NPs) form has been
considered as an effective approach for improving the growth and production of most crops [14].
These nanoparticle supplementations may help to reduce the loss of nutrients and enhance crop
production in a sustainable manner [15]. Among metal-based NPs, there is an increasing interest in
the application of zinc oxide (ZnO) NPs in agricultural sciences [15,16]. Still, very few studies have
reported the impact of ZnO–NPs in the soil-plant system. The plant species, type of the soil and soil
pH are the main components which influence the availability of Zn in soils and ZnO–NPs toxicity
in plants [17]. Interestingly, low availability of Zn in soils possibly supports the foliar application of
ZnO–NPs. Many studies have reported nanoparticle formulations of zinc and their application as a
foliar spray to be efficient in decreasing the accumulation of heavy metals in plants [18]. However, at
higher concentration, ZnO–NPs may prove to be toxic for plants and act as an obstacle for using it as a
nano-fertilizer, but at the same time, at a lower concentration it may prove to be favorable for plants
depending upon their growth environment and types of species [19,20]. This study was thus designed
to explore the effect of ZnO–NPs application on As-stressed soybean plants by elucidating its impact
on various growth and metabolic factors.

2. Results

2.1. Effect of ZnO–NP and As on the Lengths of Shoot and Root and Biomass Yield

Shoot length declined by 26.76% and 49.0% at 10-µM- and 20-µM-As concentration, respectively,
with respect to the control (non-arsenic-treated plants). Application of 50-mg/L ZnO–NP on the plants
increased the shoot length by 17.59% and 31.12% under 10-µM- and 20-µM-As stress, respectively,
over the controls (only As-treated plants). Supplementation of ZnO–NP (100 mg/L) enhanced the
shoot length by 37.36% and 63.02% with 10- and 20-µM-As stress, respectively, relative to the controls
(only-As-treated plants) (Figure 1A).
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Figure 1. Effect of different concentrations of As and ZnO–NP on (A) shoot and root length, (B) shoot
fresh weight and (C) shoot dry weight in soybean plants. Different letters indicate significant difference
between the treatments. The data are the means ± SE (n = 5).

Similarly, in case of roots, at zero concentration of ZnO–NP (0 mg/L), the root length declined by
39.27% and 49.26% at 10-µM and 20-µM As, respectively, over the controls (non-As-treated plants).
Application of 50-mg/L ZnO–NP on the plants increased the root length by 8.14% and 10.10% under 10
and 20-µM-As stress, respectively, with respect to the controls (non-As-treated plants). Application
of ZnO–NP (100 mg/L) enhanced the root length by 25.44% and 33.93% under 10- and 20-µM-As
stress, respectively, relative to the plants treated with As only and 50-mg/L ZnO–NP-treated plants
(Figure 1A).

Arsenic stress decreased the shoot fresh and dry weights (Figure 1B,C). Shoot dry weight (DW)
declined by 31.47% and 58.16%, with 10-µM- and 20-µM-As stress, respectively, with reference to those
in the non-As-treated plants. Application of 50-mg/L ZnO–NP to 10-µM- and 20-µM-As-treated plants
enhanced the shoot DW by 13.37% and 19.99%, respectively, relative to those in the plants treated
with As alone. However, application of 100-mg/L ZnO–NP to 10-µM- and 20-µM-As-treated plants
enhanced the shoot DW by 22.67% and 47.61%, respectively, over those in the plants treated with As
alone (Figure 1C).

2.2. Effect of As and ZnO–NP on Pigment Content

Supplementation of 10-µM As decreased the amount of total chlorophyll and carotenoids by
12.34% and 21.95%, respectively. Similarly, supplementation of 20-µM As decreased the amount of
total chlorophyll by 32.09% and carotenoids by 41.46% relative to the those in the non-As-treated
plants. Application of 25-mg/L ZnO–NP to 20-µM-As-stressed plants enhanced the total chlorophyll by
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13.63% and carotenoids by 12.50% over those in the plants treated with As only. Application 100-mg/L
ZnO–NP to 20-µM-As-stressed plants enhanced the total chlorophyll by 32.72% and carotenoids by
25% with respect to those in the plants treated with As only (Figure 2A).

 

 

Φ

Φ

Figure 2. Effect of different concentrations of As and ZnO–NP on (A) pigment content, (B) net
photosynthesis rate, (C) transpiration rate and (D) stomatal conductance in soybean plants. Different
letters indicate significant difference between the treatments. The data are the means ± SE (n = 5).

2.3. Effect of As and ZnO–NP on Gas Exchange Attributes

Gas exchange parameters i.e., net photosynthesis rate (Pn), transpiration rate (E) and stomatal
conductance (gs) declined significantly with an increase in As stress. Supplementation of 50-mg/L
ZnO–NP to 10-µM-As-stressed plants enhanced Pn by 18.18%, E by 20.54% and gs by 36.57% and that to
20-µM-treated plants’ Pn by 13.70%, E by 22.91% and gs by 48.14%. Application of 100-mg/L ZnO–NP
to 20-µM-As-stressed plants enhanced Pn, E and gs by 34.01%, 41.66% and 103.70%, respectively, over
those in the As-alone-stressed plants (Figure 2B–D).

2.4. Effect of As and ZnO–NP on Chlorophyll Fluorescence

The maximum quantum efficiency (Fv/Fm) and photochemical yield (ΦPSII) of photosystem II
declined with an increase in As stress than those in the non-As-treated plants. When 10-µM-As-stressed
plants were supplemented with 50-mg/L and 100-mg/L ZnO–NP, both Fv/Fm and ΦPSII increased by
13.33%, 19.99% and 32.14%, 21.05%, respectively, with respect to those in the As-alone-treated plants.

214



Plants 2020, 9, 825

In addition, when 20-µM-As-stressed plants were supplemented with 50-mg/L and 100-mg/L ZnO–NP,
both Fv/Fm and ΦPSII further increased by 28.88% and 39.99% and 52.63% and 57.14%, respectively,
relative to those in the As-alone-treated plants (Figure 3A).

 

Φ

 

Figure 3. Effect of different concentrations of As and ZnO–NP on (A) chlorophyll fluorescence, (B)
relative water content, (C) proline content and (D) glycine betaine content in soybean plants. Different
letters indicate significant difference between the treatments. The data are the means ± SE (n = 5).

The photochemical quenching (qp) declined in the As-stressed plants and non-photochemical
quenching (NPQ) increased in the As-stressed plants with respect to that in the non-As-fed plants
(Figure 3A). Application of 50-mg/L and 100-mg/L ZnO–NP increased the qp by 16.27% and 30.23% in
the 20-µM-As-stressed plants. In addition, application of 50-mg/L and 100-mg/L ZnO–NP declined the
NPQ by 10.11% and 15.73% in the 20-µM-As-stressed plants. (Figure 3A).

2.5. Effect of As and ZnO–NP on Relative Water Content (RWC)

Leaf relative water content (RWC) decreased by 37.71% and 48.07% in the As-stressed plants
with reference to that in the non-As-treated plants. However, the supplementation of 50-mg/L and
100-mg/L ZnO–NP to the 10-µM-As-stressed plants increased the water content by 17.14% and 26.26%,
respectively, over those in the As-alone-treated plants. In addition, supplementation of 50-mg/L and
100-mg/L ZnO–NP to the 20-µM-As-stressed plants further increased the RWC by 7.87% and 27.79%
(Figure 3B).
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2.6. Appraisal of Proline and Glycine Betaine (GB) by ZnO–NP in As-Treated Plants

The amount of proline increased by 478.51% and 566.66%, in 10- and 20-µM-As-stressed plants,
respectively, over that in the non-As-treated plants. Supplementation of 50-mg/L and 100-mg/L ZnO–NP
further increased the proline content by 14.28% and 38.09%, respectively, in the plants exposed to
10 and 20-µM As. In addition, when the 20-µM-As-stressed plants were treated with 50-mg/L and
100-mg/L ZnO–NP, the proline content further increased by 25.61% and 39.66%, respectively, compared
to those in the plants treated with As only (Figure 3C).

The amount of glycine betaine (GB) increased by 90.43% and 122.70%, in the 10- and
20-µM-As-stressed plants, respectively, with respect to that in the non-As-fed plants. Supplementation
of 50-mg/L and 100-mg/L ZnO–NP further increased the GB content by 11.08% and 28.66% in the
plants exposed to 10- and 20-µM As. Moreover, when the 20-µM-As-stressed plants were treated with
50-mg/L and 100-mg/L ZnO–NP, the GB content increased by 10.19% and 20.75% (Figure 3D).

2.7. Measurement of H2O2, Lipid Peroxidation (MDA) and Electrolyte Leakage (EL)

The amount of H2O2 increased by 126.97% and 206.51%, in the 10- and 20-µM-As-stressed plants,
respectively, with respect to that in the non-As-treated plants. However, exogenous application of
50-mg/L ZnO–NP enhanced the H2O2 content by 70.69% and of 100-mg/L ZnO–NP by 30.69% only in
the 10-µM-As-stressed plants as compared to the respective controls. In plants treated with 20-µM As
and additionally supplied with 50-mg/L and 100-mg/L ZnO–NP, the H2O2 content increased by 153.02%
and 128.37%, respectively, compared with those of As-treated plants which received no ZnO–NP
(Figure 4A).

 

 

Figure 4. Effect of different concentrations of As and ZnO–NP on (A) accumulation of H2O2 and MDA
content and (B) electrolyte leakage in soybean plants. Different letters indicate significant difference
between the treatments. The data are the means ± SE (n = 5).

The MDA concentration increased by 126.97% and 206.51%, in the 10- and 20-µM-As-stressed
plants, respectively, over those in the non-As-treated plants. The MDA content decreased by 21.13% in
the 50-mg/L ZnO–NP-treated plants and 11.64% in the 100-mg/L ZnO–NP-treated plants under 10-µM
As. The plants treated with 20-µM As when supplied with 50-mg/L and 100-mg/L ZnO–NP, the MDA
concentration further declined by 38.0% and 22.64%, respectively, compared with those in the plants
treated with As only (Figure 4A).

The As-stressed 10- and 20-µM plants showed increased electrolyte leakage by 230.98% and
456.81%, respectively relative to that in the non-As-treated plants. Exogenous application of 50-mg/L
and 100-mg/L ZnO–NP declined the electrolyte leakage by 29.54% and 30.68%, respectively, in the
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10-µM-As-stressed plants compared to those in the plants treated with As only. The 20-µM-As-stressed
plants when provided ZnO–NP, showed reduced electrolyte leakage by 47.80% with 50-mg/L ZnO–NP
and 44.36% with 100-mg/L ZnO–NP over those in the As-only-treated plants (Figure 4B).

2.8. Antioxidant Enzyme Activities and Ascorbate–Glutathione Cycle

The activities of SOD and CAT were found to be enhanced under 20-µM-As stress by 90.69%
and 243.69%, respectively, over those in the non-As-fed plants. The activities of these enzymes were
further enhanced when the 20-µM-treated plants were supplemented with 50-mg/L ZnO–NP (12.8%
and 9.52%) and 100-mg/L ZnO–NP (24.8% and 22.85%) (Figure 5A).

The activities of the Asc–Glu cycle enzymes, APX and GR, increased under 20-µM-As stress by
90.69% and 243.69%, respectively, compared to those in the non-As-treated plants. The activities of
these enzymes were further enhanced by 37.17% and 16.27%, respectively, in the 20-µM-As plants
when they were supplemented with 50-mg/L ZnO–NP compared to those in the plants exposed to As
only. The activities were further increased by 89.17% and 39.96%, respectively, with 100-mg/L ZnO–NP
in the 20-µM-As-stressed plants (Figure 5B).

The activities of DHAR and MDHAR were found to be declined under 20-µM-As stress by 36.78%
and 35.38%, respectively, compared to those of the non-As-treated plants. However, the activities of
these enzymes increased markedly (8.29% and 12.25% relative to the controls) when supplemented
with 50-mg/L ZnO–NP. On supplementation of 100-mg/L ZnO–NP to the 20-µM-As-stressed plants,
the activity of DHAR further increased by 23.0% and that of MDHAR by 25.68% when compared with
those of the plants exposed to As only (Figure 5C,D).

The amount of ascorbic acid (AsA) declined by 50% with 10-µM As and 20.83% by 20-µM-As
stress over that in the non-As-treated plants. However, the levels of AsA in the As-stressed plants were
found to be enhanced when they were supplemented with 50-mg/L and 100-mg/L ZnO–NP (Figure 5E).

The amount of glutathione (GSH) increased under 10- and 20-µM-As stress by 37.24% and 58.45%,
respectively, compared to that in the non-As-treated plants. However, enhancement in the levels of
GSH was observed with 50-mg/L and 100-mg/L ZnO–NP by 8.66% and 21.25%, respectively in the
plants treated with 20-µM As compared to that in the plants exposed to As only (Figure 5F).
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Figure 5. Effect of different concentrations of As and ZnO–NP on activity of (A) superoxide dismutase
(SOD) and catalase (CAT), (B) ascorbate peroxidase (APX) and glutathione reductase (GR), (C)
dehydroascorbate reductase (DHAR), (D) monodehydroascorbate reductase (MDHAR), (E) ascorbic
acid and (F) glutathione content in soybean plants. Different letters indicate significant difference
between the treatments. Data are means ± SE (n = 5).
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2.9. Methyl Glyoxal (MG) and Glyoxalase (Gly) System in As-Stressed Plants

The As concentration of 10-µM and 20-µM increased the MG content by 76.90% and 144.02%,
respectively. However, the levels of MG declined when 20-µM-As-stressed plants were supplemented
with 50-mg/L (19.99%) and 100-mg/L ZnO–NP (28.15%) with respect to those in the plants exposed to
As only (Figure 6A).

 

 

Figure 6. Effect of different concentrations of As and ZnO–NP on (A) MG content and (B) activity of
GlyI and GlyII in soybean plants. Different letters indicate significant difference between the treatments.
Fata are means ± SE (n = 5).

Application of 10-µM and 20-µM As stress increased the activity of GlyI by 16.66% and 36.90%,
however, GlyII decreased by 21.53% and 40%, respectively, relative to those in the non-As-treated
plants. The activity of GlyI increased by 5.21% and 19.13% when 20-µM-As-stressed plants were
supplemented with 50-mg/L and 100-mg/L ZnO–NP, respectively. The activity of GlyII also increased
by 15.38% with 50-mg/L and 30.76% with 100-mg/L ZnO–NP in the plants treated with 20-µM As over
those in the plants exposed to As only (Figure 6B).

2.10. Effect of ZnO–NP and As on Accumulation of As in Shoot and Root

The 10-µM and 20-µM-As-stressed plants showed shoot As 395 µg g−1 DW and 500 µg g−1 DW,
respectively, however, supplementation of 50-mg/L ZnO–NP decreased As accumulation in the shoots
to 250 µg g−1 DW under 10-µM As and to 370 µg g−1 DW under 20-µM As. Accumulation of As
in the shoots was further decreased to 175 µg g−1 DW and 220 µg g−1 DW, when the 10-µM and
20-µM-As-stressed plants were supplied with 100-mg/L ZnO–NP (Table 1).

In roots, the accumulation of 500-µg g−1 DW As under 10-µM As and 700-µg g−1 DW As under
20-µM As was recorded in the present study. However, application of 50-mg/L ZnO–NP reduced the
accumulation of As to 420-µg g−1 DW and 600-µg g−1 DW in the 10-µM- and 20-µM-As-stressed plants,
respectively. The accumulation of As in the roots was further decreased to 370-µg g−1 DW with 10-µM
+ 100-mg/L ZnO–NP and 400 with 20-µM + 100-mg/L ZnO–NP (Table 1).
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Table 1. Effect of different concentrations of ZnO–NP on As accumulation in the leaf and root of
soybean plants grown under As toxicity. Data presented are the means ± SE (n = 5). Different letters
with mean values indicate significant difference at p ≤ 0.05. (ND, not detected).

ZnO–NP (mg L−1) As (µM) Shoot As (µg g−1 DW) Root As (µg g−1 DW)

0
0 ND ND
10 395 ± 25.45b 500 ± 33.25c
20 500 ± 32.56a 700 ± 42.11a

50
0 ND ND
10 250 ± 15.77d 420 ± 29.67d
20 370 ± 20.89c 600 ± 45.55b

100
0 ND ND

10 175 ± 10.23f 370 ± 21.17f
20 220 ± 13.77e 400 ± 26.53e

3. Discussion

ZnO nanoparticles release Zn which regulates growth as it is an important element involved in
the synthesis/accumulation of auxin, indole-3-acetic acid, which plays a vital role in cell division and
cell expansion (Ali and Mahmoud, 2013). According to Hafeez et al. (2013) Zn application maintains
membrane stability through binding to sulfhydryl groups and phospholipids under stress conditions.
For example, Weisany et al. (2014) reported that Zn is essentially required for maintaining the structural
integrity of membranes in soybean under salinity stress. In fact, Zn application boosts the uptake of
micro- and macronutrients which are declined under stress conditions (Abd El-Hady 2007; Weisany
et al. 2014). Furthermore, Zn supplementation was found to be beneficial in restoring the uptake of
nutrients like K, Mg, Ca, Fe, P, thereby maintaining the structural and functional ability of different
organelles like chloroplast, mitochondrion, etc. (Ahmad et al., 2018). Zinc helps in the uptake of Mg,
one of the main constituents of the chlorophyll molecule, which can restore photosynthesis. Zinc is also
reported to reduce ROS-induced oxidative stress, which may be attributed to the enhanced activity of
enzymatic antioxidants (Ahmad et al., 2018), especially SOD, which contains different metal ions like
copper and zinc (Cu/ZnSOD), manganese (MnSOD) and iron (FeSOD). However, in contrast, deficiency
of Zn may lead to a variety of dysfunctions in plants. For example, Zn deficiency led to membrane
disorganization in the thylakoids of sugar beet leaves (Henriques 2001). In other studies, Cakmak
and Marschner (1988a, 1988b) reported that cotton roots deficient in Zn had enhanced potassium (K)
leakage and it could be mitigated by the exogenous supplementation of Zn.

Arsenic toxicity affected the growth of soybean plants in terms of shoot length and shoot and
root fresh and dry weights. These results endorse the findings of Jung, et al. [21] in As-stressed rice
seedlings. Abedin, et al. [22] have also demonstrated decreased growth in rice due to As toxicity.
Arsenic is believed to react with thiol groups of enzymes leading to overall inhibition of metabolism.
Arsenic mediated growth inhibition was suggested to be attributable to cell cycle arrest and inhibition
of DNA synthesis and repair mechanisms [23]. Many other heavy metals like cadmium, mercury,
lead and chromium—as well as As—have also been shown to cause decreased growth and biomass
yield in different plants [7,16,24,25]. This decreased growth and biomass yield of plants exposed to
heavy metal stress may be due to restricted uptake of nutrient elements, reduced photosynthesis and
other metabolic activities [7]. However, the supplementation of ZnO–NP in our study enhanced the
growth and biomass yield of As-stressed soybean plants significantly. These results coincide with
the findings of Rizwan, et al. [16], who also reported significantly increased growth of Cd-stressed
maize plants with the application of ZnO–NP. ZnO–NPs have also been shown to enhance the growth
and biomass yield of plants under Cd and Pb stress [26]. An interplay of various factors such as
increase in mineral uptake, decrease in oxidative stress, triggering of biochemical pathways involved in
biomass accumulation, etc., may play a significant role in such growth enhancement [26,27]. ZnO–NP
application has been reported to decrease the oxidative stress induced by Cd and Pb in many other
plants including Leucaena leucocephala [26]. Additionally, we also found that As hampered the growth
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of roots more than that of the shoots, possibly because retention of As in the roots was higher than that
in the stem. Several studies have reported the accumulation of As being higher in roots than that in
stem [5,28]. In contrast, some studies have also reported that the effect of As on root and shoot growth
may vary depending on plant species, contamination level and plant tissue ability to uptake As [26].

All the photosynthetic parameters of the soybean plants were observed to be diminished
under As stress. Arsenic is known to interfere with nitrogen metabolism leading to its reduced
bioavailability [29]. Nitrogen is a core component of chlorophyll, so its reduced bioavailability due
to arsenic stress diminishes the chlorophyll content of a plant [29]. This could be one of the main
reasons for the decreased photosynthetic rate of plants in the presence of arsenic [29]. Our findings
of reduced photosynthetic pigments and photosynthetic rate are in line with some previous studies
on a variety of other plants exposed to arsenic stress [5,14]. Application of ZnO–NP considerably
increased the amount of total chlorophyll in leaves, and it also had a positive effect on gas exchange
characteristics including net assimilation rate, transpiration and stomatal conductance. These results
endorse the findings of Faizan, et al. [30] which showed improved photosynthetic rates in rice plants
on application of ZnO–NP. This may have been due to the ability of metal nanoparticles to enhance
the production of chemical energy in photosynthetic systems, synthesis of photosynthetic pigments
and improvement in quantum yield in plants [27,31–33]. Some earlier studies have highlighted the
efficiency of NPs in enhancing photosynthesis in plants whose response varies in a dose-dependent
and plant species-dependent manner [14,34]. Furthermore, our study showed that leaf relative water
content (RWC) also decreased in the presence of As in the soybean plants. Similar results have been
reported in other studies [35]. However, when arsenic-stressed soybean plants were supplemented
with different concentrations of ZnO-NP, there was a considerable increase in water potential and
RWC of the leaves. This may have been due to enhanced uptake of water and mineral elements in the
presence of ZnO–NP.

Arsenic stress increased the content of essential osmolytes particularly of proline and glycinebetaine
in the present study. These osmolytes are important in alleviating the stress-mediated damaging
effects. Thus, an increase in their content under toxic conditions is a natural way of defense in
plants [36,37]. Arsenic stress enhanced the proline accumulation in the soybean plants as has been
reported by Choudhury, et al. [38] in Oryza sativa and Siddiqui, et al. [39] in Withania somnifera.
The enhanced accumulation of proline and GB protects biochemical processes, promotes ROS
scavenging, and maintains redox homeostasis and functions of different enzymes [40]. According
to Hasanuzzaman, et al. [41], proline and GB help maintain the plant antioxidant and glyoxalase
systems thereby enhancing tolerance against stress. Anjum, et al. [42] showed that GB and GSH help
in metal chelation that reduces the noxious effects of metal stress. To decrease the stress or enhance
the stress withstanding potential of plants, naturally occurring mechanisms could be made stronger
by supplementation of agents such as metal oxides which can boost the antioxidant and glyoxalase
systems. Thus, the use of ZnO–NP helps alleviate heavy metal toxicity, as has been found in this study.
These findings are in line with other studies [18,43]). According to Sivakumar, et al. [44] the carboxylase
activity of rubisco was protected by enhanced proline content which in turn impeded photoinhibition.
An increase in photosynthesis under stress conditions correlates with the accumulation of GB [45].
ZnO–NP seems to upregulate the proline and GB biosynthetic pathways so as to attain maximum
accumulation of these two osmolytes in plants, which could play a vital role in alleviation of As stress.

The increasing intensity of As stress in the soybean plants caused increased levels of H2O2 and
MDA and electrolyte leakage (EL). Enhanced accumulation of H2O2 and MDA as well as increased
EL has also been reported in other plants grown under different stresses ((Ahmad et al., 2018, 2020;
Ahanger and Agarwal 2017 a,b; Kaya et al., 2020). The H2O2 accumulation needs to be maintained to
a certain threshold level, otherwise it will lead to lipid peroxidation that in turn leads to electrolyte
leakage. Supplementation of ZnO–NP in our study decreased the accumulation of H2O2 and MDA as
well as EL in the present study, and our results coincide with the findings of some earlier reports with

221



Plants 2020, 9, 825

different plant species [16,18,34]. Enhanced activity of antioxidant enzymes by supplementation of
ZnO–NPs may scavenge H2O2 and elevate mineral uptake, thereby reducing plant oxidative stress [16].

Plants are known to exhibit several detoxification mechanisms such as activation of different
antioxidant enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase
(CAT) and non-enzymatic antioxidants like glutathione, ascorbate, tocopherols, etc. against enhanced
ROS accumulation [13,46]. Arsenic stress-induced enhanced activities of antioxidant enzymes
corroborate with the findings of Talukdar [47], Kumar Yadav and Srivastava [48] and Siddiqui, et al. [49]
in Trigonella goenum-graecum, Zea mays and Ocimum tenuiflorum, respectively. Lu, et al. [50] also reported
enhanced activities of SOD, CAT, POD and APX in tartary buckwheat under Cd stress. Arsenic
stress also decreased the components involved in the Asc–Glu cycle [50]. The activities of DHAR
and MDHAR as well as the levels of AsA showed a decline with As toxicity in the present study
and these results are in line with our earlier findings on Vicia faba [8]. Glutathione reductase (GR)
has been reported as a rate limiting enzyme in the Asc–GSH cycle and it catalyzes the reaction of
GSSG (oxidized form of GSH) to GSH with the electron donor NADPH [51,52]. The DHAR enzyme
catalyzes the reduction of DHA to AsA [51,52]. According to Sharma [53] As binds to thiol groups
of antioxidant enzymes which directly affect biochemical reactions thereby hampering overall plant
growth. The enhanced activities of antioxidant enzymes against the oxidative stress have also been
reported through the over-expression of SOD, APX and CAT isozymes [47]. Supplementation of
As-stressed soybean plants with ZnO–NP further increased the activities of these defense enzymes,
indicating a protective role of ZnO–NP in such adverse conditions. The ZnO–NP induced enhanced
activities of SOD, CAT, APX and GR in the As-stressed soybean plants in the present study endorse
the results of [26] in Leucaena leucocephala seedlings under Cd and Pb stresses. ZnO–NP-induced
enhanced activities of SOD, CAT, APX and GR have been reported by many authors in different
plants, e.g., Tripathi, et al. [43] in Pisum sativum, Hernandez-Viezcas, et al. [54] in Prosopis juliflora,
Krishnaraj, et al. [55] in Bacopa monnieri. These enhanced activities of antioxidants helped the plants to
scavenge the extra ROS produced under stressful cues.

Another detoxifying system known as the glyoxalase cycle which contains glyoxalase I and
glyoxalase II (Gly I and Gly II) and their function is to remove the MG generated during stress [56].
MG accumulation under As stress is the main cause of cytotoxic and mutagenic effects and alteration
of cellular ultrastructure and cell death [11]. However, Gly I and Gly II reduce the accumulation of MG
as has been reported by earlier workers [8,57]. Supplementation of ZnO–NP enhanced the activity of
Gly I and Gly II, thus providing an extra strength to minimize the production of MG. Little literature
is available on the interaction of As and ZnO–NP in plants with respect to MG accumulation. Thus,
further investigation at physiological and molecular levels needs to be carried out.

4. Materials and Methods

4.1. Plant Material and Experimental Design

Soybean seeds were decontaminated with sodium hypochlorite (0.5%, v/v) for 5 min and then
soaked in distilled water for 10 min before germination. The germinated seeds (4-day-old seedlings)
were shifted to pots containing vermicompost and sand (1:3 ratio) (sterilized) and kept for 3 weeks
without any interruption. Thereafter, arsenic (AsIII, salt NaAsO2, sodium arsenite) was added to each
pot daily for 5 weeks (60-day-old plants). AsIII was used in this study because it is more soluble and
mobile than other forms of As. Only full-strength Hoagland’s nutrient solution was added to the
experimental control. After 2 weeks of As treatment (39-day-old plants), three different concentrations
(0, 50 and 100 mg L−1) of ZnO–NP (Sigma Aldrich, Saint Louis, USA) were sprayed to plant foliage
every alternate day for 2 weeks (60-day-old plants). After adding ZnO–NP in the pots, they were
maintained in a growth chamber with the following conditions: 26/15 ◦C (day/night) temperature,
18 h/6 h (light/dark) photoperiod and 70%–75% relative humidity. Each treatment had five replications
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and each experiment was repeated 3 times. After growing the plants for 60-days, they were harvested
and studied for different parameters.

4.2. Estimation of Length and Dry Mass of Shoot and Root

Shoot and root lengths were measured using a manual scale after uprooting the plants. The samples
were measured for fresh weight and then subjected to an oven for drying at 70 ◦C for 24 h for dry
weight estimation.

4.3. Evaluation of Photosynthetic Pigments

Leaf samples of 300 mg each were crushed with 80% acetone. The mixtures were centrifuged for
20 min at 3000× g. The optical density (OD) of the supernatant was estimated with a spectrophotometer
at 480, 645 and 663 nm following Arnon [58].

4.4. Leaf Gas Exchange Parameters and Chlorophyll Fluorescence (Fv/Fm, ΦPSII, qP, NPQ)

Leaf gas exchange parameters including transpiration rate (E), net photosynthetic rate (Pn) and
stomatal conductance (gs) were estimated using the IRGA (LCA-4 model Analytical Development
Company, Hoddesdon, UK) using fully expanded leaves from each replicate between 10:00 h and
12:00 h in full and bright sunlight.

For the determination of chlorophyll fluorescence parameters, Junior PAM Chlorophyll
Fluorometer (H. Walz, Effeltrich, Germany) was used following the protocol of Li, et al. [59].

4.5. Determination of Leaf (LRWC)

For the assessment of relative water content of leaves, the method of Smart and Bingham [60] was
used and its values were determined with the following formula:

LRWC =
FW−DW
TW−DW

× 100 (1)

4.6. Determination of Proline and Glycine Betaine (GB) Content

For determining the proline content, the protocol given by Bates, et al. [61] was used and the
optical density (OD) was recorded at 520 nm with a spectrophotometer. For determining the glycine
betaine (GB) content, the Grieve and Grattan [62] method was used, and the absorbance was taken at
365 nm.

4.7. Measurement of H2O2, Lipid Peroxidation (MDA) and Electrolyte Leakage (EL)

For measuring the H2O2 and MDA contents, the methods given by Velikova, et al. [63] and
Madhava Rao and Sresty [64], respectively, were used. The OD was recorded at 390 nm for H2O2 and at
432 and 600 nm for MDA with a spectrophotometer. The method of Dionisio-Sese and Tobita [65] was
used for measuring the electrolyte leakage, and its values were determined using the following formula:

EL% =
EC1− EC0
EC2− EC0

× 100 (2)

4.8. Estimation of Activities of Antioxidant Enzymes and the Ascorbate–Glutathione Cycle

Fresh leaf sample (each 500 mg) was crushed in polyvinyl pyrrolidone solution (1%) and cold
potassium phosphate buffer (pH 7.0, 100 mM) for extracting the antioxidant enzymes. The mixture
was centrifuged at 4 ◦C at 12,000 g for 30 min. The supernatant was collected and used for determining
the activities of SOD, CAT, APX and GR.
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4.8.1. Superoxide Dismutase (SOD, EC1.15.1.1) Activity

The activity of SOD was determined by monitoring the diminishing of NBT (nitro blue tetrazolium)
photochemically by the enzyme extract [66]. The OD was recorded at 560 nm and the SOD activity
was presented as EU mg-1 protein.

4.8.2. Catalase (CAT, EC1.11.1.6) Activity

The CAT activity was evaluated by the protocol given by Aebi [67] and disappearance of H2O2

was recorded for 2 min at 240 nm. The CAT activity was presented as EU mg-1 protein.

4.8.3. Ascorbate Peroxidase (APX, EC1.11.1.1) Activity

APX activity was assayed by monitoring the H2O2-dependent oxidation of ascorbate at 290 nm
for 2 min (Nakano and Asada 1981). The APX activity was presented as EU mg−1 protein.

4.8.4. Glutathione Reductase (GR, EC1.6.4.2) Activity

The GR activity was assayed by the procedure described by Foster and Hess [68]. The absorbance
was taken at 340 nm for 3 min and the GR activity was presented as EU mg−1 protein.

4.8.5. Monodehydroascorbate Reductase (MDHAR, EC1.6.5.4) Activity

The protocol described by Miyake and Asada [69] was employed for the assay of MDHAR. The OD
was recorded at 340 nm and the activity was presented as µmol NADPH oxidized (EU mg−1 protein).

4.8.6. Dehydroascorbate Reductase (DHAR, EC1.8.5.1) Activity

Nakano and Asada [70] protocol was exercised for the assay of DHAR activity and the OD was
taken at 265 nm. The DHAR activity was presented as EU mg−1 protein.

4.8.7. Ascorbic Acid (AsA) and Glutathione

The methods described by Huang, et al. [71] and Yu, et al. [72] were followed for the assay of
ascorbate and glutathione content, respectively.

4.9. Estimation of Methylglyoxal (MG), Gly I (EC4.4.1.5) and GlyII (EC3.1.2.6)

The protocol of Wild, et al. [73] was used for the determination of MG content and the OD was
taken at 288 nm. For determining the activities of Gly 1 and Gly II, the protocols given by Hossain, et
al. [74] and Mostofa and Fujita [75], respectively, were used. The OD was recorded at 240 nm and the
enzymes’ activities were expressed as µmol mg−1 min−1 protein.

4.10. Estimation of As in the Shoot and Root

The dry tissue (each 500 mg) was digested in an acid mixture and the concentration of As was
quantified by an atomic absorption spectrophotometer (Perkin-Elmer Analyst Model 300, NJ, USA).

4.11. Statistical Analysis

The SPSS statistical software version 17.0 (SPSS, Inc., Chicago, USA) was used for analysis of
variance of each data set and the mean values were compared using Duncan’s multiple range test
(DMRT) at p ≤ 0.05. The data presented are mean± SE and n= 5.

5. Conclusions

This study marks that ZnO–NPs are efficient ameliorators of As toxicity in soybean plants at
different concentrations. Thus, if used at certain specific doses, ZnO–NPs could prove to be an excellent
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foliar fertilizer in areas that are prone to arsenic exposure. The use of these nanoparticles can increase
the efficiency of cropping systems by mitigating As stress and promoting the yield of plants.
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