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Approaches to Enhancing Antioxidant Defense in Plants
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In the era of global climate change, plants are exposed to various adversities in field
conditions [1]. Water stress (drought and waterlogging), salinity, metal/metalloid toxicity,
extreme temperatures, xenobiotics, and other abiotic stressors have a significant impact on
plant growth, development, and sustainable crop production [2]. Different reactive oxygen
species (ROS) including free radicals, (superoxide anion, O2

•−; hydroperoxyl radical, HO2
•;

alkoxy radical, RO•; and hydroxyl radical, •OH) and non-radical molecules (hydrogen
peroxide, H2O2, and singlet oxygen, 1 O2) are naturally produced in plants as a result of the
cellular metabolism [2–4]. However, the overproduction of ROS occurs in plant cells under
stress. ROS are highly reactive, interfering with plant metabolism and causing significant
damage to essential cellular components such as carbohydrates, lipids, proteins, DNA,
and others [5]. Therefore, this disrupts the balance between normal ROS generation and
antioxidant activity, leading to oxidative stress in plants [2].

Enhancing the capacity of the antioxidant defense system in plants is the main adap-
tive response to oxidative stress [6]. The system is mainly maintained by some low-
molecular-weight nonenzymatic antioxidants, such as ascorbic acid (AsA), glutathione
(GSH), α-tocopherol, phenolic compounds, flavonoids, alkaloids, and nonprotein amino
acids along with other antioxidant enzymes [2]. Likewise, a bunch of antioxidant enzymes
are associated with this defense system, including peroxidase (POD), superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), monode-
hydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione
peroxidase (GPX) and glutathione S-transferase (GST) [7]. For example, SOD removes O2

•−,
CAT converts H2O2 into H2O and O2, POD scavenges H2O2 in the vacuoles, GST combines
GSH with the electrophilic or hydrophobic compounds, and MDHAR and DHAR control
the ascorbate pool [8]. Other xenobiotics and electrophilic compounds are converted into
less hazardous molecules by the GST and GPX enzymes and eventually sequestered in
extracellular spaces [9]. One of the vital defense systems is the AsA-GSH cycle, which
regulates the levels of H2O2 [4]. Żur et al. [10] reported that microspore embryogenesis in
triticale was induced through various stress treatments of tillers, and its effectiveness was
analyzed in terms of AsA and GSH contents, the total activity of low-molecular-weight
antioxidants, and the activities of AsA-GSH cycle enzymes. The exogenous application
of melatonin (MEL) was found to be effective in enhancing plant defense under a low
temperature [10].

The importance of an antioxidant defense system in plants is crucial for the plants
in stressful environments as it delays programmed cell death. In the absence of sufficient
antioxidant enzymes in plants to scavenge excessive ROS, cellular organelles cannot prop-
erly continue their activities, resulting in lipid peroxidation, protein damage caused by
oxidation, breakdown of DNA molecules and nucleic acids, and several enzyme inhibi-
tions [11]. The antioxidant defense system ensures efficient ROS detoxification, reduced
lipid peroxidation in membranes, and the prevention of protein damage by delaying oxi-

1



Antioxidants 2022, 11, 925

dation and controlling DNA and nucleic acid damages under stress. Thus, by providing
overall cellular protection, this enables the plants’ stress tolerance abilities.

However, antioxidant defense efficiency differs between plant species and genotypes,
as well as between various stress conditions and their frequencies [2]. El-Badri et al. [12]
found that the ROS level and malondialdehyde (MDA) content were minimized in tolerant
genotypes due to the activation of antioxidant enzymes, such as SOD, POD, CAT, and APX
to scavenge over-accumulated ROS under salinity stress. Most of the contributors to stress
tolerance are relevant to amino acids, sucrose, flavonoid metabolism, and tricarboxylic acid
cycle, which accumulated as a response to salinity stress. The tolerant cultivar showed im-
proved antioxidant enzyme activity and higher metabolite accumulation, which enhances
its tolerance against salinity. Their study is of great reference value for plant breeders to
develop salt-tolerant rapeseed cultivars [12]. Begum et al. [13] investigated the antioxidant
metabolism in four soybean cultivars, viz., PI408105A, PI567731, PI567690, and PI416937
exposed to drought (5, 10, and 15% polyethylene glycol, PEG-6000), salinity (50, 100, and
150 mM NaCl), and their combination, particularly at the seed germination stage. They
found that the ROS accumulation was accompanied by improved enzymatic antioxidant
activity, such as SOD, POD, CAT, and APX. However, the enhancement was most noticeable
in PI31 and PI90 under both salinity and drought conditions. They concluded that the
stress tolerance and improved seed germination of soybean are mainly regulated by its
superior antioxidative enzyme activity and secondary metabolites [13].

The production of ROS in plant cells displays both detrimental and beneficial effects.
However, the exact pathways of ROS-mediated stress alleviation have yet to be fully
elucidated. Sachdev et al. [14] summarized the status of known production sites, signaling
mechanisms/pathways, effects, and the management of ROS within plant cells under stress.
Moreover, they discussed the role played by advancements in modern techniques such as
molecular priming, systems biology, phenomics, and crop modeling in preventing oxidative
stress, as well as diverting ROS into signaling pathways [14]. Cross-tolerance is one of the
plant adaptive responses to abiotic stress associated with ROS signaling. Rani et al. [15]
reported that cold acclimation remarkably enhanced enzymatic (SOD, CAT, APX, GR)
and non-enzymatic (AsA and GSH) activity, which resulted in reduced low-temperature-
induced leaf damage under cold stress in tolerant chickpea genotypes. This information
will be useful in directing efforts to increase cold tolerance [15].

Phytohormones have a significant function in stress signaling and oxidative stress
mitigation, along with their direct involvement in growth control. The use of probiotic
bacteria from the genera Bacillus, Pseudomonas, Enterobacter, Micrococcus, Lysobacter, and
others improves plant tolerance to a variety of stressors [6]. Qadir et al. [16] revealed that
phytohormone-producing, plant-growth-promoting rhizobacteria Acinetobacter bouvetii P1
restored the sunflower growth under Cr+6 by strengthening the host antioxidant system and
triggering the higher production of enzymatic antioxidants, including CAT, APX, SOD, and
POD. Moreover, P1 also promoted a higher production of nonenzymatic antioxidants, such
as flavonoids, phenolics, proline (Pro), and GSH [16]. Fatma et al. [6] found that exogenous
application of methyl jasmonate (MeJA) resulted in an increased enzymatic antioxidant
activity that reduced the H2O2 content and thiobarbituric acid reactive substances and
enhanced the photosynthetic efficiency of wheat under heat stress (42 ◦C).

The addition of signaling molecules such as nitric oxide (NO), hydrogen sulfide
(H2S), and H2O2 stimulates the antioxidant system. Some stress-tolerant plant species and
halophytes showed a better ability to synthesize signaling molecules such as NO, which
is correlated with stress tolerance. Hasanuzzaman et al. [17] observed that the enhanced
salt tolerance in halophyte Kandelia obovata was strongly associated with the antioxidant
defense, which was governed by NO. The treatment of salt-stressed plants with sodium
nitroprusside (SNP) increased endogenous NO levels, reduced ion toxicity, and improved
nutrient homeostasis while further increasing Pro levels. SNP treatment also improved
the activities of antioxidant enzymes (CAT, APX, MDHAR, DHAR). However, treatment
with NO scavengers or inhibitors reversed these beneficial SNP effects and exacerbated
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salt damage, confirming that SNP promoted stress recovery and improved plant growth
under salt stress [17]. Rahman et al. [18] observed that the NO donor could sustain alfalfa
plants from iron (Fe) deficiencies. Exogenous NO donor restored Fe-homeostasis and
oxidative status in Fe-deficient alfalfa. Specifically, the increase in antioxidant genes and
their related enzymes (Fe-SOD, APX) in response to SNP treatment suggests that Fe-SOD
and APX are key contributors to reductions in H2O2 accumulation and oxidative stress in
alfalfa. Furthermore, the elevation of AsA-GSH pathway-related genes (GR and MDAR) in
Fe-deficiency with SNP implies that the presence of NO relates to an enhanced antioxidant
defense against Fe-deficiency stress [18].

Recently, MEL has been widely tested in abiotic stress situations including drought,
waterlogging, and salinity [19]. In their review article, Moustafa-Farag et al. [19] sum-
marized that MEL controls the ROS levels and reactive nitrogen species, and positively
changes the molecular defense to improve plant tolerance against water stress. Moreover,
the crosstalk between MEL and other phytohormones is a key element of plant survival un-
der drought stress, while this relationship needs further investigation under waterlogging
stress [19].

Qi et al. [20] revealed that improvements in endogenous GABA levels in leaf and root
by GABA pretreatment could significantly alleviate the damage to white clover during high-
temperature stress. The GABA significantly enhanced the gene expression and enzyme
activities involved in antioxidant defense, including SOD, CAT, POD, and key enzymes
of the AsA–GSH cycle, thus reducing the accumulation of ROS and the oxidative injury
to membrane lipids and proteins. In addition, the expression and decline in the GABA-
induced aquaporin in endogenous abscisic acid levels could improve the heat dissipation
capacity by maintaining a higher stomatal opening and transpiration in white clovers under
high-temperature stress [20].

Phytohormone-based seed priming also proved to be effective against abiotic stress.
Basit et al. [21] concluded that seed priming with brassinosteroids (EBL) could be adopted
as a promising strategy to enhance rice growth by copping the toxic effect of chromium (Cr).
They [21] revealed that seed priming with a low dose (0.01 µM) of EBL could alleviate the
adverse effects of Cr in two different rice cultivars. Seed priming with EBL stimulatingly
increased antioxidant enzyme activities to scavenge ROS production under Cr stress. The
gene expression of SOD and POD in EBL-primed rice plants followed a similar increasing
trend, as observed in the case of enzymatic activities of SOD and POD compared to
water-primed rice plants. Simultaneously, Cr uptake was observed to be higher in the
water-primed control compared to plants primed with EBL.

Antioxidant metabolism has been improved by a variety of plant nutrients [8]. Accord-
ing to Imran et al. [22], molybdenum (Mo) supply was found to strengthen plant metabolism
at prominent growth stages through an improved enzymatic and non-enzymatic antiox-
idant defense system, thereby increasing the grain yield and quality characteristics of
aromatic rice under cadmium (Cd) toxicity. Importantly, Mo supply enhanced photo-
synthesis, Pro, and soluble protein content, and also strengthened plant metabolism and
antioxidant defense by maintaining higher activities and transcript abundance of ROS-
detoxifying enzymes at the vegetative, reproductive, and maturity stages of aromatic rice
plants under Cd toxicity [22].

Researchers have used a variety of techniques to reduce the negative consequences of
oxidative damage by increasing antioxidant defenses [6]. Approaches ranging from genetic
manipulation to the introduction of exogenous protectants in plants. Characterization
and profiling antioxidant enzymes are among the targeted approaches. In their study, Su
et al. [23] performed a genome-wide investigation to identify the rapeseed SOD genes. They
recognized 31 BnSOD genes in the rapeseed genome, including 14 BnCSDs, 11 BnFSDs,
and six BnMSDs. In brief, gene ontology annotation outcomes confirm the BnSODs role
under different stress stimuli, cellular oxidant detoxification processes, metal ion bind-
ing activities, SOD activity, and different cellular components. Moreover, the expression
profiling showed that eight genes (BnCSD1, BnCSD3, BnCSD14, BnFSD4, BnFSD5, Bn-
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FSD6, BnMSD2, and BnMSD10) were significantly up-regulated under different hormones
(abscisic acid, gibberellic acid, indole acetic acid, and kinetin) and abiotic stress (salinity,
cold, waterlogging, and drought) treatments. Their findings deliver the foundation for
additional functional investigations into the BnSOD genes in rapeseed breeding programs.
Rudíc et al. [24] have analyzed eight functional SOD genes from potato, three StCuZnSODs,
one StMnSOD, and four StFeSODs. The quantitative analysis revealed a higher induction
of StCuZnSODs (the major potato SODs) and StFeSOD3 in thermotolerant cultivars than in
thermosensitive cultivars during long-term exposure to elevated temperature. StMnSOD
was constitutively expressed, while the expression of StFeSODs was cultivar-dependent.
Their results provide the basis for further research on StSODs and their regulation in potato,
particularly in response to elevated temperatures [24].

This Special Issue, “Approaches in Enhancing Antioxidant Defense in Plants” pub-
lished 13 original research works and a couple of review articles that discuss the various
aspects of plant oxidative stress biology and ROS metabolism, as well as the physiological
mechanisms and approaches to enhancing antioxidant defense and mitigating oxidative
stress. These papers will serve as a foundation for plant oxidative stress tolerance and,
in the long term, provide further research directions in the development of crop plants’
tolerance to abiotic stress in the era of climate change.
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Abstract: Climate change is an invisible, silent killer with calamitous effects on living organisms. As
the sessile organism, plants experience a diverse array of abiotic stresses during ontogenesis. The
relentless climatic changes amplify the intensity and duration of stresses, making plants dwindle to
survive. Plants convert 1–2% of consumed oxygen into reactive oxygen species (ROS), in particular,
singlet oxygen (1O2), superoxide radical (O2

•–), hydrogen peroxide (H2O2), hydroxyl radical (•OH),
etc. as a byproduct of aerobic metabolism in different cell organelles such as chloroplast, mitochon-
dria, etc. The regulatory network comprising enzymatic and non-enzymatic antioxidant systems
tends to keep the magnitude of ROS within plant cells to a non-damaging level. However, under
stress conditions, the production rate of ROS increases exponentially, exceeding the potential of
antioxidant scavengers instigating oxidative burst, which affects biomolecules and disturbs cellular
redox homeostasis. ROS are similar to a double-edged sword; and, when present below the threshold
level, mediate redox signaling pathways that actuate plant growth, development, and acclimatization
against stresses. The production of ROS in plant cells displays both detrimental and beneficial
effects. However, exact pathways of ROS mediated stress alleviation are yet to be fully elucidated.
Therefore, the review deposits information about the status of known sites of production, signaling
mechanisms/pathways, effects, and management of ROS within plant cells under stress. In addition,
the role played by advancement in modern techniques such as molecular priming, systems biology,
phenomics, and crop modeling in preventing oxidative stress, as well as diverting ROS into signaling
pathways has been canvassed.

Keywords: abiotic stress; antioxidant; biomolecules; climate change; reactive oxygen species

1. Introduction

Climate change has drastically reduced the environmental services, enhancing plants’
vulnerability to various abiotic stresses during ontogenesis [1] that disparages their struggle
for survival, growth, and economic output [2]. Abiotic stresses encompassing heat shock,
chilling/freezing, water-deficit, waterlogging, salinity, nutrient imbalance, heavy metals,
and xenobiotic stress account for 50% productivity loss [3]. The contributory environmental
factors are extreme temperature events (low or high), excess irradiation (UV-A and UV-
B), fluctuation in light intensities (low or high), strong storm events, non-uniformity in
the rainfall pattern (deficit or excess), discharge and accumulation of heavy metals, and
other xenobiotic compounds (pesticides, fertilizers, hydrocarbons) [4–6]. In a natural
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environment, the abiotic stresses often occur in combination [7] due to their interrelated
pathways and show unparalleled and compounded effects on plants, impinging their
cellular, metabolic, and physiological activities [1,5].

Reactive oxygen species (ROS) such as superoxide radical (O2
•–), hydrogen peroxide

(H2O2), hydroxyl radical (•OH), singlet oxygen (1O2), peroxy radical (ROO•), and alkoxyl
radicals (RO•) are produced at low temperature within a threshold concentration in the
plant cell under ambient environmental conditions. However, the extreme environmental
conditions trigger excessive production of ROS [8]. ROS damage molecular and cellular
components due to the oxidation of biomolecules (lipid, carbohydrates, proteins, enzymes,
DNA) and cause plant death [6,9]. To avert the damages, plants tightly regulate ROS pro-
duction via the recruitment of enzymatic and non-enzymatic antioxidants. The enzymatic
antioxidant system comprising superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), glutathione reductase (GR), peroxidase (POX), etc. and non-enzymatic
antioxidants such as vitamins, flavonoids, stilbenes, and carotenoids quench the excess
ROS, thereby providing a shield against oxidative stress [7,10,11]. Unfettered propagation
of oxygen (O2) derived reactive species is detrimental to the plant health. However, a
controlled ROS production participates in redox signaling, plant growth, and development
during stress [12]. Fine-tuned ROS production mediates cell to cell communication by mag-
nifying signals via the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
also called respiratory burst oxidase homolog (RBOH) and retaliating stress by modulating
the protein structure and activating defense responsive genes [9].

The occurrence of abiotic stresses either individually or simultaneously triggers the
overproduction of ROS in plant cells that becomes a major challenge for optimal plant
growth and productivity. Exploring the underlying molecular mechanisms of ROS sig-
naling pathways assumes a great significance to mitigate stress, or promote signaling
under current and future climatic scenarios, as well as retain tolerance and economic
productivity in plants of economic importance. The present review provides a critical
analysis of the accumulated knowledge on the impact of plant fitness under abiotic stresses
as well as explores antioxidant-based defense mechanisms regulating ROS accumulation
and dissipating oxidative stress. The review unravels the dual role of ROS as a signaling
molecule triggering plant acclimatization and development under stress(es). Moreover, the
implication of scientific and technological applications such as molecular priming, systems
biology, phenomics, and crop modeling to fortify plants’ tolerance against oxidative stress
has also been discussed.

2. Climate Change Triggers Abiotic Stress and ROS Generation

Climate change has escalated the prevalence of abiotic stress and their debt on plants
(Figure 1), which is witnessed on a broad geographical scale. FAO (2019) has reported
that 96.5% of the global cultivation area experiences one or the other kind of stress [13].
The atmospheric enrichment of greenhouse gases has raised the mean global surface
temperature (0.85 ◦C from 1880 to 2012) and changed rainfall patterns [14]. It has been
anticipated that a 1 ◦C hike in temperature enhances 4–4.5% more water requirement in
plants [9,15] making plant cultivation a more denting task in drought-affected areas. An
increase in temperature is suspected to bio-transform chemical pollutants into more toxic
or bioactive forms that will aggravate environmental nuisance and perniciously affect plant
homeostasis [16]. A rise in temperature coupled with precipitation reduction promotes the
volatilization of xenobiotic compounds as persistent organic pollutants, exacerbating air
pollution. On the other hand, the excess precipitation enhances deposits of air pollutants
on land and reinforces the leaching of soil nutrients and pollutants to groundwater causing
soil pollution, aquifer contamination, nutrient imbalance, and salinity [16–18]. In normal
circumstances, fluctuation in temperature and rainfall, nutrient imbalance, waterlogging,
etc. temporarily and competitively restrict plant growth. However, due to extreme climatic
events and fluctuations in routine weather conditions, both the severity and duration of
stresses prolong and get amplified, drastically eclipsing the plant performance beyond
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recovery [13,19]. Climate change has been geared up to create adverse conditions that
plants cannot escape and face several vandalizing impacts of abiotic stresses (Table 1).
Improving plant growth and productivity to feed the existing global population is not
the only challenge, but to fulfill the nutritional needs of the future generation is equally
important. Therefore, it is crucial to review the extent of impinging effects of various
persisting abiotic stresses on plants. Coupling these data with simulation models could
help chalk out sustainable strategies for crop protection in accordance with the projected
change in environmental conditions.

Figure 1. Climate change intensifies the magnitude of abiotic stresses that severely affect plant growth and physiological
activities. Various abiotic factors modified by environmental conditions (outer circle) leads to abiotic stresses (the inner
circle) that hamper plant physiological and metabolic activities, biomolecules, cellular structure, growth, and productivity
(rectangular innermost blocks).

Table 1. Abiotic stresses triggered secondary stresses and their damaging effects on plant growth and activity.

Abiotic Stress Induced Secondary Stresses Effects in Plant References

Chilling/freezing stress Nutritional imbalance,
osmotic and oxidative stress • Accumulation of ROS and

oxidative damage; inhibition of
enzymes’ activities and metabolic
imbalance.

• Increased cell dehydration and
starvation, senescence, delayed
maturation, damage of PS II, and
reduced photosynthetic activity.

• Decreased growth and
productivity.

[20,21]
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Table 1. Cont.

Abiotic Stress Induced Secondary Stresses Effects in Plant References

Drought Osmotic, heavy metal, and
oxidative stress • Increased ROS production and ion

leakage; induced dehydration and
turgor loss.

• Decrease in absorption and
translocation of mineral nutrients.

• Protein denaturation, loss of
enzyme activities, reduced
photosynthetic activity due to
abridged chlorophyll content and
CO2 assimilation.

• Increase in leaf temperature,
premature abscission, necrosis,
and stunted plant growth.

[22,23]

Flooding/waterlogging Water and nutrient deficiency
stress, oxidative stress • Increased ROS and ethylene

production and decreased
antioxidants level.

• Reduced stomatal conductance;
abridged water and nutrient
uptake.

• Reduced gaseous exchange,
anoxia/hypoxia, increased
anaerobic metabolism and
inhibited root respiration; reduced
photosynthetic activity due to the
decreased chlorophyll content and
damage of PS II.

• Stunted growth and senescence of
leaf and inflorescence.

[24,25]

Heat stress Water scarcity, osmotic and
oxidative stress • Enhanced ROS production and

oxidative damage, protein
misfolding, and denaturation.

• Growth inhibition, foliar
senescence, and abscission, leaf
and fruit discoloration, reduced
CO2 fixation, PS I and PS II
disruption, disturbed ion
transport.

[26–28]

Heavy metals/xenobiotic
compounds

Nutrient and oxidative stress
• Increased ROS production and

oxidative damage.
• Disruption of function and

structure of enzymes; reduced
stomatal conductance, CO2
assimilation, and net
photosynthesis rate.

• Reduced biomass accumulation,
inhibition of seed germination,
and impaired nutrient uptake.

[29]
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Table 1. Cont.

Abiotic Stress Induced Secondary Stresses Effects in Plant References

Light/radiation stress Oxidative stress
• Increased ROS production and

oxidative damage, disrupted
photosynthesis ETC, and/or
increased activity of
membrane-bounded NADPH
oxidase, chlorophyll degradation,
reduced photosynthetic activity,
and epidermal cell expansion
inhibition.

• Leaf senescence, reduced rosette
diameter, condensed inflorescence
stem with a boosted number of
flowering stems.

[30]

Nutrient imbalance Oxidative stress
• ROS accumulation with reduced

antioxidants; increased leakage of
ion and solutes, reduced activities
of metalloenzymes, declined
photosynthesis.

• Susceptibility to other biotic and
abiotic stresses.

• Stunted growth, chlorosis,
necrosis, poor flowering and
fruiting, declined productivity.

[31,32]

Ozone (O3) stress Oxidative stress
• ROS production inducing

oxidative damage, inhibited
enzyme activities, chlorophyll and
xanthophyll degradation,
diminished stomatal conductance,
and decreased photosynthesis.

• Leaf chlorosis and necrosis, early
senescence, and reduced plant
biomass and productivity.

[33,34]

Salinity Water scarcity, ionic
imbalance, nutrient, osmotic
and oxidative stress

• ROS production causing oxidative
damage, restricted uptake and
translocation of water and mineral
nutrients causing Na+ toxicity and
decreased K+, Ca2+, and Mg2+

content, reduced soil water
potential.

• Decreased stomatal opening,
disorganized thylakoid
ultrastructure, and reduced
photosynthesis.

• Reduced seed germination,
immature leaf senescence, and
abridged growth and productivity.

[7,35,36]
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2.1. Temperature Stress

The extreme variation in temperature (10–15 ◦C deviation) above or below an op-
timum condition induces heat or chilling/freezing stress that impairs photosynthesis,
plant architecture, reproduction, and productivity [37]. A plant encountered with heat
stress undergoes morphological, cellular, and metabolic changes that decrease the func-
tion of photosynthetic and respiratory apparatus, reduce enzymatic activity, upregulate
transcription, and translation of heat shock proteins (HSP), increase calcium (Ca2+) influx,
and intensify ROS production [37]. Heat stress inhibits the cell differentiation process,
therefore, affecting the leaf area [38]. Exposure of hyacinth bean (Lablab purpureus L.) to a
high temperature significantly affects membrane permeability, increases ROS production,
and lipid peroxidation; abridges plant growth, productivity, and leaf area; reduces leaf
chlorophyll and carotenoid content; and causes an imbalance between the generation and
scavenging of H2O2 and O2

•– [39]. The imposition of cucumber plant to heat stress reduces
growth, yield, chlorophyll content, photosynthesis, stomatal conductance, transpiration
rate, antioxidants, and membrane stability index, while increasing ROS production, lipid
peroxidation, intercellular carbon dioxide (CO2) concentration, and non-photochemical
quenching (NPQ) [38]. A high temperature elevates the production of ozone (O3) in the
troposphere which imposes oxidative stress on plants [40]. Chilling stress characterized
by low-temperature events facilitates solubility and the accumulation of O2 and electron
leakage from the photosynthetic electron transport chain (ETC)/reduction of respiratory
ETC that together enhances ROS production in plant cells [41], affecting membrane fluidity
and enzymes activities [42]. Under chilling stress, an enhanced electrolyte leakage with
reduced chlorophyll and tissue water content has been reported in cucumber seedlings [43].
Increased malondialdehyde (MDA) content, RBOH1 expression, and accumulation of
H2O2 and O2

•– in leaves, and reduced net photosynthesis rate, as well as chlorophyll
fluorescence, has been observed in tomato under low-temperature stress [44].

2.2. Water Stress

During the last decades, change in climatic scenarios has tremendously affected the
rainfall patterns causing erratic precipitation with an altered magnitude and seasonal
variations [45]. The situation fosters extremes of drought and flooding in different parts of
the globe.

2.2.1. Water Deficit (Drought)

Drought imposing water deficit stress leads to water scarcity, restricted growth, and
yield in plants [23,46,47]. Water deficit stress sets a reduction in the plant water potential
and turgor to the level that impairs the normal functioning of cells [45]. The physiological
impact of water deficit conditions varies with the severity and duration of stress. Water
deficit stress reduces stomatal opening, abridges CO2 fixation, accelerates photoreduction
of O2 in the chloroplast, and increases photorespiration, eventually leading to ROS ac-
cumulation and oxidative damage in plants [42]. The reduced number of spells coupled
with a high temperature has aggravated drought conditions in many parts of the world.
According to a World Bank report (2006), India ranks second among the most severely
drought-affected Asian countries [48]. Due to drought, worldwide productivity has re-
duced by 21% in wheat and 40% in maize during the past few years [23]. Lee et al. [49]
have reported a decrease in dry mass, enhanced accumulation of ROS, and increased MDA
content in white clover leaves under water deficit conditions.

2.2.2. Waterlogging and Flooding

The excessive accumulation of water in soil due to heavy precipitation over a period
of time, poor drainage, etc. causes soil flooding or waterlogging [50]. Nearly 10% of the
world’s total land has been detrimentally affected by waterlogging [51]. During 2006–2016,
two-thirds of the total global crop loss and damage has been attributed to floods [50].
Waterlogging covers plant roots and is characterized by low light, impaired gaseous
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exchange, hypoxia, and anoxia [50]. It reduces O2 diffusion by 10,000 times compared
to air, thereby suppressing aerobic activity, including root respiration in soil [52]. The
anoxic condition inhibits ETC of chloroplast and mitochondria that consequently results
in the production of ROS [53,54]. Sesame plants subjected to waterlogging conditions
show increased lipid peroxidation, ROS accumulation, and methylglyoxal content that
induce oxidative stress [55]. In the case of clear flooded water, light easily reaches the
submerged plant parts and induces photorespiration, and produces peroxisomal H2O2 [54].
Flooding also leaches out essential nutrients from the soil, accumulates salts, and increases
the availability of heavy metals owing to the change in soil pH. These adverse changes
ultimately induce nutrient deficiency and other stresses (salinity, heavy metal) in plants [56].

2.3. Salt Stress

Soil salinity has globally degraded nearly 20% of total arable and 33% of the irri-
gated land [57]. Excess sodium (Na+) and chloride (Cl−) ions present in the saline soil are
transported and accumulated to the toxic level at the expense of other essential ions in
plant cells [36]. Salt stress plants desisting water absorption experience drought-like con-
ditions [36]. Therefore, salinity reduces stomatal conductance and disrupts photosystem
(PS) and photosynthetic enzymes that lead to ROS production in plants [57]. The accumu-
lation of ROS in plant cells under salinity is also mediated through the plasma membrane
NADPH oxidase and apoplast (all parts beyond the plasma membrane including the cell
wall) diamine oxidases (DAOs) [58]. The exposure of wheat cultivars to salinity stress
increases ROS accumulation that induces lipid peroxidation and electrolyte leakage thereby
reducing membrane stability [59]. The effects of salinity have been more pronounced
on sensitive wheat cultivar HD2329. Similarly, the higher H2O2 accumulation and MDA
content under salinity stress have been reported in a salt-sensitive cultivar of Brassica juncea
as compared to its tolerant cultivar [60].

2.4. Nutrient Deficiency

Accessibility to essential nutrients, ensuring proper plant growth and development,
has become a major challenge owing to the persistently changing attributes of global
climate. The scarcity of essential plant nutrients in soil adversely affects their physiological
activities particularly ETC, water relation, and gaseous exchange that contribute to ROS
production and trigger oxidative stress in plants [61]. Plasma membrane-bounded NADPH
oxidase is one of the major sources of ROS generation in plant cells [62]. Plant nutrients such
as zinc (Zn2+) and potassium (K+) regulate the activity of NADPH oxidase and therefore,
their scarcity elevates the enzyme activity which catalyzes the production of O2

•– [61] or
H2O2 [63]. Nutrient starved plants elicit ROS production via the ethylene signaling cascade.
The low availability of K+ prompts ethylene biosynthesis that, in turn, up-streams ROS
production [64]. Mineral nutrients such as nitrogen (N), magnesium (Mg), copper (Cu),
manganese (Mn), Zn, etc. are an integral part of various enzymes (Cu/Zn-SOD, Mn-SOD,
etc.) and antioxidants that participate in energy metabolism or scavenge ROS [61,63,65].
The deficiency of nutrients impairs the ROS scavenging capacity of plants and indirectly
results in ROS production [61,65]. For instance, the diminished potential of enzymes to
scavenge H2O2 and O2

•– within plant cells increases the level of •OH via the Heber-Weiss
reaction [61]. Further deprivation of elements such as Mg which is a major constituent of
chlorophyll impairs the photosynthetic activity resulting in ROS generation [66].

2.5. Heavy Metal and Xenobiotics Stress

The accumulation of non-essential metals shows toxicity in plants via ROS generation.
However, the unrestricted uptake of essential nutrients also induces ROS production [32].
Heavy metals such as iron (Fe), chromium (Cr), and Cu are major redox-active metals that
impose oxidative stress in plants owing to their high concentrations in soil [67]. Heavy
metal stress triggers ROS production mediated through ETC of chloroplast, mitochondria,
apoplast, and peroxisome [68,69]. Cadmium (Cd) is a non-essential metal that causes
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toxicity in plants. Cd supersedes Cu or Fe ions in antioxidant metalloenzymes with their
impeded activities, indirectly inducing ROS production, impairing respiratory ETC, and
interfering with the redox status in cells [63]. Despite being an essential micronutrient,
the excess accumulation of Fe also initiates the production of ROS in plants through a
series of reactions [70] and causes damage to the lipid membrane and chlorophyll [61].
The reduced form of Fe oxidizes to produce H2O2 and O2

•–. In turn, H2O2 oxidizes
the reduced Fe compounds to generate highly toxic •OH [61]. This auto-oxidation of
redox-active metals such as Fe and Cu consequently results in ROS formation, mediated
by the Fenton-type reaction [67]. Homologous to heavy metals, xenobiotic compounds
such as pesticides also trigger ROS production leading to oxidative stress [71]. Out of the
total pesticides applied, only 1% reaches the target, the remaining very large proportion
accumulates in soil and non-target living organisms [72]. Pesticides retard plant growth,
abridge photosynthetic efficiency, induce molecular alterations, increase ROS production,
and modify the antioxidant status [71,73]. The degradation of chlorophyll with an increase
in H2O2 and MDA level has been reported in tomato leaves treated with thiram [73]. In
another study, imidacloprid declines the chlorophyll content in B. juncea seedlings. The
reduction in chlorophyll is attributed to an enhanced expression of gene CHLASE encoding
chlorophyllase enzyme that catalyzes chlorophyll degradation [71]. Moreover, insecticides
enhance the RBOH transcript level and ROS accumulation.

2.6. Co-Occurrence of Multiple Abiotic Stresses

Plants growing in natural conditions are exposed to multiple stresses at the same time.
For example, an increase in temperature enhances evapotranspiration that induces stresses
of water-deficit and soil salinization simultaneously and has a dramatic impact on growth
and productivity. A combination of abiotic stress induces a unique and complex set of
responses at the physiological, metabolic, and molecular levels, which are different than
what is being observed under individual stress scenarios [28]. The confluence of heat and
drought stress induces the closure of stomata, whereas the individual heat stress effect
prompts the opening of stomata for transpiration and assists cooling in Arabidopsis [74].
Rizhsky et al. [75] have demonstrated differential physiological responses during heat
shock, drought, and combined stress (heat+drought) in the tobacco plant. Drought reduces
the respiration rate and photosynthesis, whereas heat shock increases the respiration rate
without a significant change in the photosynthesis as compared to the control. The com-
bined stress treatment reduces the process of photosynthesis compared to the individual
drought stress but significantly enhances respiration compared to the heat shock stress.
The stomatal conductance and leaf temperature significantly alter during the combined
stress conditions. Stomatal conductance gets reduced and the leaf temperature, increased
by 2–3 ◦C in plants, is exposed to stress combination due to the closed stomata and neg-
ligible transpiration. Analogously, Semwal and Khanna-Chopra [76] have reported that
jointly operating heat and water deficit stress leads to ROS production, oxidative damage,
and attenuates the antioxidant defense capacity (CAT activity and higher redox pool) in
Chenopodium album.

Correspondingly, the combined stress conditions also provoke a dissimilar alteration
at the molecular level in many cases. For instance, the individual gene in the Arabidopsis
ROS gene network follows differential expressions under dissimilar stresses [75] due to
different sets of responses being required under various stress conditions. As a result,
the combination of stresses shows an independent and unique set of responses [77]. On
exposure to the combined stresses of heat and drought, 770 specific transcripts have been
recorded compared to the individual stress of either heat or drought, indicating elicitation
of a unique acclimation response under stress combination [74]. Similarly, the combined
effect of heat, drought, and biotic (viruses) stress induce molecular reprogramming lead-
ing to a significant reorganization of defense response [78]. Plants, to survive under the
persisting combination of environmental cues, tailor their defense responses resulting in a
cross-talk between various mechanisms. Several studies highlight that the cross-talks of
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regulatory molecules with signaling pathways trigger tolerance to multiple stresses [79].
The concurrent occurrence of stresses may have complementary or detrimental conse-
quences on plants [76]. For example, in comparison to individual stress, the combined
episode of heat and drought stress induces detrimental effects on physiological activities,
growth, and productivity of several crops (maize, barley, sorghum) and grasses such as
bluegrass [77]. It is difficult to predict the strategies adopted by plants to cope with the
concert of diverse environmental stresses due to their tailored responses. However, the
elucidation of cross-talk mechanisms among cellular pathways responsible for differential
responses of various plant species under the concert of stresses can augment crop breeding
programs to develop tolerant varieties.

3. Abiotic Stress-Induced Oxidative Stress in Cellular Compartments

Oxidative stress is an unparalleled and intricate phenomenon of imbalance in cellular
redox homeostasis that arises due to an exponential increase in ROS [80]. Under stress
conditions, the activity of antioxidants declines to aid in ROS accumulation at an uncom-
pensated level, leading to oxidative burst and oxidative damage [81]. The generation
of a particular ROS in a cell is highly localized and regulated by a particular compart-
ment depending upon the operating enzymatic and non-enzymatic pathways [82,83]. The
photosynthetic and respiratory ETC, plasma membrane-localized NADPH oxidases, and
apoplast POXs are major pathways, which are mainly involved in ROS production in
the plant cell [82]. The major events leading to ROS production in a plant cell under the
influence of unfavorable abiotic conditions trigger either retrograde signaling or oxidative
burst (Figure 2). ROS generated in different organelles affect ETC, chlorophyll, proteins,
and enzymes. However, inducing a mechanism that curbs ROS at the initial point of gener-
ation in cell organelles can prevent further damage. Additionally, channelizing ROS into
signaling pathways averts the oxidative damage and induces tolerance to an individual or,
may be, to a set of stresses.

3.1. Photosynthetic Apparatus (Chloroplast)

The photosynthetic apparatus (chloroplast) is an extremely important plant cell or-
ganelle that generates energy to drive life on earth. The chloroplast is susceptible to hostile
conditions and a prime site for ROS generation (Figure 3). ROS produced within the
chloroplast reduces the photosynthetic efficiency leading to dwindling growth and pro-
ductivity. Exploring molecular processes affecting the photosynthetic activity and excess
ROS generation may prevent deleterious effects. Adverse environmental conditions reduce
stomatal conductance, decrease CO2 assimilation, and/or result in the formation of excited
triplet chlorophyll (3Chl*) that disturbs photosynthetic ETC, induces overproduction of
ROS, and prompts photo-oxidation [84]. ROS are generated at the reaction center of PS I
and II mainly due to the presence of excess high energy-intermediates, reductants, and
O2 [85,86]. Upon illumination, light-harvesting complexes (LHC) absorb energy (photon)
and produce an excited singlet chlorophyll (1Chl*), which is a long-lived molecule and
participates in the conversion of excitation energy into electrochemical energy via charge
separation. In the presence of excess light, energy absorbed by LHC at the acceptor side of
PS II exceeds over its utilization threshold limit and results in the formation of 3Chl* [87].
3Chl* reacts with O2 leading to the generation of highly oxidizing 1O2. Apart from the
excess light, other stresses such as drought induce disequilibrium between the light cap-
ture and its utilization, resulting in the production of 1O2 [88]. Abiotic stresses limit the
availability of CO2 to Calvin’s cycle due to the reduced stomatal conductance, causing an
over-reduction of plastoquinone QA and QB (photosynthetic ETC component of PS II) that
hinders the charge separation between P680 (chlorophyll molecules present at PS II) and
pheophytin. The phenomenon triggers the formation of triplet chlorophyll (3P680) at the
PS II reaction center, which ultimately leads to the production of 1O2 [89]. Due to the low
concentration of CO2 (final electron acceptor) under abiotic stress conditions, the decreased
availability of NADP+ prompts excessive electron leakage from the photosynthetic electron
transport and reduces O2 at the acceptor side of PS I via ferredoxin into O2

•– known as
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Mehler’s reaction [89,90]. The over-reduction (overloading) of photosynthetic ETC causes
electron leakage from plastoquinone QA and QB to O2 resulting in the generation of O2

•–

at the reaction center of PS II [91]. An increased thylakoid membrane electron leakage to
O2 under drought has been reported in sunflower by Sgherri et al. [92]. Excitation of O2
by highly energized chlorophyll pigments also results in the formation of O2

•– [8]. The
O2

•– is then converted into a stable H2O2 either spontaneously or by dismutation via
the action of thylakoid membrane-bounded/stromal membrane Cu/Zn-SOD [86,93]. The
H2O2 generated is a potential photo-inhibitor that causes oxidation of cysteine (Cys) or
methionine (Met) residues [89] and thiol modulated enzymes of Calvin’s cycle inhibiting
CO2 fixation by 50% even at a concentration of 10 µM [93]. H2O2 has also been reported
to mediate the signaling pathway, hence modulation of H2O2 into the signaling can avert
oxidative damages. H2O2 undergoes further transformation leading to the formation of
highly reactive and most toxic •OH through the Fenton reaction mediated by redox metals
(Fe2+ or Cu+) [87]. However, quenching excess redox metals from chloroplast can prevent
the Fenton reaction and production of •OH that can bridge associated damages. Therefore,
studies need to be carried out to elucidate mechanisms for intrinsically sequestering excess
redox metals.

 

Figure 2. Abiotic stresses induced the production of ROS in different plant cell organelles which either initiate signaling
(retrograde) or cause oxidative stress. In chloroplast singlet oxygen (1O2), superoxide radical (O2

•–), hydrogen peroxide
(H2O2), and hydroxyl radical (•OH) are produced by an excited chlorophyll (Chl*), via the electron transport chain (ETC) at
PS I and II (Mehler’s reaction), dismutation of O2

•– by superoxide dismutase (SOD) and via the Fenton reaction catalyzed
by reduced iron (Fe2+) and copper (Cu+), respectively. At peroxisomes, photorespiration (glycolate), enzymes, and NADH
(nicotinamide adenine dinucleotide) dependent small ETC induce the production of O2

•– and H2O2. Mitochondrial ETC
participates in the generation of O2

•– which on dismutation by SOD produces H2O2. Cytosolic NADPH induces conversion
of O2 into O2

•– by the action of NADPH oxidase of the plasma membrane which further dis-mutates into H2O2 in the
apoplast by SOD. ROS produced in different cell organelles under the duress of abiotic stresses mediate signaling pathways
at a low/moderate concentration or induce oxidative stress at a high concentration.
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Figure 3. Photosynthetic electron transport chain under abiotic stress gets over-reduced and triggers the production of ROS.
Photons striking at light-harvesting complex I and II (LHC I and II) result in electron (e−) generation and hydrogen or
proton (H+) gradient, which initiates the electron transport chain (ETC) at photosystem (PS) I and II (through photolysis of
H2O) and production of NADPH and ATP by NADPH reductase and ATP synthase, respectively. However, the excess
illumination of photons at LHC II converts the chlorophyll (Chl) molecule into an excited triplet form (3Chl*), which reduces
O2 to 1O2. The reduced activity of Calvin’s cycle due to low CO2, leads to the over-reduction of ETC causing electron
leakage. The electron moves in reverse from PS I to II and at PS II from QB to QA and then to the pheophytin forming an
excited triplet chlorophyll (3P680), which reduces O2 to 1O2. Over-reduction of QB and QA also directly reduces O2 to O2

•–.
At PS I, the over-reduction of ETC prompts electron leakage from ferredoxin (Fd) to O2 forming O2

•– via Mehler’s reaction.
The O2

•– generated is dis-mutated either spontaneously or by the action of superoxide dismutase (SOD) to H2O2, which in
the presence of reduced redox metals (Fe2+, Cu+) changed to a highly toxic •OH.

ROS produced in the chloroplast results in photo-oxidative stress leading to lipid
peroxidation, damage to the membrane protein that affects the PS II reaction center, and
ultimately cell death [94,95]. For instance, herbicides such as bentazon, paraquat, and
3-acetyl-5-isopropyltetramic acid inhibit photosynthesis and trigger ROS generation by
competing with the D1 binding site of plastoquinone and blocking photosynthetic ETC
from PS II [96] and/or by inhibiting the ultimate electron acceptor of PS I, i.e., NADP+ and
accepting an electron from PS I, which finally actuates the production of O2

•–, H2O2, and
•OH [85]. Analogously, the availability of NADP+ to electrons reduces the under chilling
stress that disrupts ETC and elicits ROS generation [42]. The chilling stress also induces
overexcitation of the thylakoid membrane, which causes photo-inhibition and impairs the
functioning of the photosynthetic machinery [42,97]. Yamane et al. [98] and Shu et al. [99]
have reported damage to the chloroplast ultrastructure, i.e., destruction of chloroplast
membrane, swelling of thylakoid, and aberrations in the thylakoid membrane, which is
attributed to the production of ROS such as H2O2 and O2

•– under salinity stress. Pandey
et al. [68] have reported increased production of O2

•–, H2O2, and •OH in the pea plant
chloroplast exposed to Cr (VI). Similarly, the inhibition of PS II, ATP synthetase, enzymes
of Calvin’s cycle, disruption of photosynthetic ETC, and ROS production in the presence
of metals such as nickel (Ni), Cd, Cu, Zn, and Cr has been reported by Dietz et al. [100]
and Shahzad et al. [29]. Shakirova et al. [84] have observed the oxidative stress in wheat
exposed to Cd resulting in the production of MDA and increased electrolyte leakage.

3.2. Peroxisomes

Peroxisomes are another major site for intracellular H2O2 production [101]. They also
operate several important cellular functions, including high oxidative metabolic pathways
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in most of the eukaryotic cells [95,102] (Figure 4). Apart from H2O2, O2
•– are also produced

in the matrix and/or at the membrane of peroxisomes and are released into the cytosol [103].
The processes such as photorespiration, fatty acid β-oxidation mediated by acyl CoA
oxidase (ACX), and the activity of enzymes such as flavin oxidase, urate oxidase (UO),
xanthine oxidase (XOD), etc. in peroxisomes partake in ROS generation [104,105]. Under
abiotic stress such as flooding, drought, salinity, high irradiance, heavy metals, xenobiotic
compounds, high temperature, or chilling, the process of photorespiration initiates in
the chloroplast due to the limited availability of CO2 and increased solubility of O2 that
competitively accelerate the oxygenation of ribulose-1,5-biphosphate [106,107] to produce
glycolate, which then gets exported to peroxisomes where glycolate oxidase (GOX) oxidizes
it, generating H2O2 [90,95].

 

β

β

β

β

Figure 4. Different pathways for ROS production in peroxisomes under abiotic stress. ROS in the peroxisomes matrix is
generated via the action of different enzymes. Glycolate produced in the chloroplast during photorespiration moves to
peroxisomes where the action of glycolate peroxidase (GOX) generates glyoxylate and H2O2. The fatty acid undergoes
β-oxidation in the presence of enzyme acyl-CoA oxidase (ACX) leading to the production of acetyl CoA and H2O2 [104].
Xanthine oxidase (XOD) catalyzes xanthine and/or hypoxanthine into the uric acid and O2

•–. The uric acid gets catalyzed
by urate oxidase (UO) resulting in the production of H2O2 [105]. Other compounds such as sarcosine and sulfite undergo
oxidation in the presence of enzymes sarcosine oxidase (SOX) and sulfite oxidase (SO) in peroxisomes and generate
H2O2 [101]. NAD(P)H dependent small ETC consisting of three peroxisome membrane polypeptides (PMPs)—32, 18, and
29kDa generate ROS through electron leakage. NADH releases an electron to PMP 32kDa (NADH ferricyanide reductase)
and forms NAD+ (oxidized nicotinamide adenine dinucleotide), the electron either reduces O2 to O2

•– in cytosol or moves
to cytochrome b (Cyt b/PMP 18kDa) where it reduces O2 to O2

•– in the cytosol. At PMP 29kDa, NADPH regenerates
NADP+ releasing electron which reduces O2 to O2

•– in the cytosol. O2
•– forms dis-mutate either spontaneously or in the

presence of superoxide dismutase (SOD) into H2O2.

Yamane et al. [98] have reported that salinity stress enhances the photorespiration
and H2O2 level in peroxisomes. The increased lipid peroxidation and reduced activity of
the ascorbic acid (AsA) and glutathione (GSH) in tomato plants subjected to salt stress
have been reported by Mittova et al. [108]. The salt stress-induced oxidative damage
probably arises from the production of ROS by the activity of peroxisomal GOX [106].
During drought conditions, photorespiration is estimated to contribute to >70% of H2O2
generation [106]. Further, β-oxidation of fatty acids, activities of enzymes such as flavin
oxidases, XOD, UO, and disproportionation of O2

•– trigger the production of H2O2 in
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peroxisomes [102,103,105]. Under abiotic stress characterized by prolonged darkness,
chloroplasts release fatty acids which subsequently get metabolized by the peroxiso-
mal β-oxidation [109]. Ortega-Galisteo et al. [103] have reported that the Cd and 2,4-
dichlorophenoxyacetic acid (2,4-D) induced the production of H2O2 in pea leaves. Cd
increases the H2O2 level due to the increased activity of GOX and reduces the CAT activity,
whereas 2,4-D elevates ACX (β-oxidation of fatty acids) and XOD activities. The number
of peroxisomes in plant cells also proliferate in the presence of abiotic stress including
xenobiotic compounds, salinity, O3, heavy metals, salinity, and high light [102]. Another
important ROS, O2

•– is produced in peroxisomes on the action of salinity, Cd, herbicides,
and other xenobiotics [110]. Peroxisomal O2

•– is generated via two different mechanisms.
The first mechanism involves peroxisome membrane-localized NADH dependent small
ETC comprising peroxisomes membrane polypeptide (PMP)-NADH: Ferricyanide reduc-
tase and cytochrome (Cyt) b of molecular masses 32 and 18kDa, respectively. NADH
dependent ETC oxidizes NADH and Cyt b as well as reduces O2 to O2

•– which is released
into the cytosol [8,95]. In addition to PMP 32kDa and PMP 18kDa, another PMP of about
29kDa molecular mass generates O2

•– using NADPH as an electron donor and reduces Cyt
c [95,102]. The second mechanism includes the oxidation of xanthine and hypoxanthine
to uric acid with a simultaneous production of O2

•– mediated by XOD present in the
peroxisomal matrix [8,95]. A. thaliana seedlings exposed to Cd stress overproduce O2

•– in
peroxisomes [111]. Similarly, pea plants exposed to Cd stress exhibit an increased num-
ber of peroxisomes, O2

•– and H2O2 overproduction, and alteration in some endogenous
proteins [112,113].

3.3. Mitochondria

Mitochondria are the other potential site for the production of O2
•–, H2O2, and •OH in

plants (Figure 5). Mitochondrial ETC (mtETC) and photorespiration favor ROS formation
under abiotic stress. The mtETC or respiratory ETC operates in the inner membrane of mito-
chondria through two pathways, i.e., cytochrome oxidase (COX) with the ATP synthesis and
alternative oxidase (AOX)-cyanide insensitive pathway without the ATP synthesis [114]. The
mtETC comprises four oxido-reductase complexes I-IV (complex I-NADH dehydrogenase;
complex II-succinate dehydrogenase; complex III-Cyt c reductase; complex IV-COX), two in-
terior alternatives (NDin), and two exterior alternatives (NDex) NAD(P)H dehydrogenases
(rotenone), one ATP synthase (complex V), mobile ubiquinone (UQ), mobile Cyt c, AOX,
and uncoupling proteins (UCPs) [115]. A constraint on respiration during stress causes an
over-reduction of mtETC that stimulates electron leakage to O2 and ROS production [94,116].
The input of electron to mtETC when it exceeds more than its ability to utilize, over-reduces
the UQ pool accelerating ROS generation [117]. Complex I and III of mtETC partake in
ROS generation [95], whereas alternative NDs, AOX, and UCP are known to reduce the
ROS production under stress [114,118]. O2

•– gets produced through the reduction of O2 at
the flavoprotein region and iron-sulfur (Fe-S) center of NADH dehydrogenase and/or by
Cyt c reductase due to the reduction of UQ, which favors leakage of an electron to O2 by
generating highly reducing ubisemiquinone radicals [95]. Under drought and/or salinity
stress, the over-reduction of the UQ pool in mitochondria due to the perturbation of ETC
favors the production of ROS [94,95,98,119]. Hu et al. [120] have obtained similar results
under chilling stress. Exposure to stress results in the over-reduction of mtETC and electron
leakage to O2 forming O2

•–. Concomitantly, heat stress-induced hyperpolarization of the
mitochondrial inner membrane of winter wheat cells due to the high potential gradient
accelerates the over-reduction of the respiratory electron chain and actuates the production
of ROS [121]. Complex II (succinate dehydrogenase) indirectly contributes to the ROS load
in mitochondria by reversing the electron flow towards complex I due to the dearth of
NAD+ (oxidized nicotinamide diamine dinucleotide)–linked substrate [122]. This reverse
electron flow from complex II to I is regulated by ATP hydrolysis [109]. O2

•– is the major
ROS produced in the mitochondria, which disproportionates into H2O2 by the activity of
Mn-SOD and APX [8,89]. H2O2 formed in the presence of reduced Fe2+ or Cu+ yields a
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highly toxic ROS radical •OH via the Fenton reaction [116]. Photorespiration occurring
in peroxisomes under stress conditions produces glycine which enters the mitochondria
where it gets converted to serine and reduces NAD+ to NADP by the action of glycine
dehydrogenase complex (GDC) in the mitochondrial matrix [115]. In an excess light condi-
tion, GDC is probably the main substrate that produces NADP and donates an electron to
complex I which initiates ETC [115] and may induce O2

•– formation. The ROS generated
in the mitochondria under stress affect its structure [123] and function, sometimes even
leading to programmed cell death (PCD). Yamane et al. [98] have suggested that H2O2
generated under salinity stress is probably responsible for the degradation of mitochondrial
cristae. Overproduction of ROS in the mitochondria leads to lipid peroxidation and PCD.
This results in an alteration in the membrane potential, prompting the release of intermem-
brane space localized Cyt c to the cytosol [107,124,125]. The translocation of Cyt c from
the mitochondria to cytosol has been observed in cucumber under heat stress [126]. Gao
et al. [125] have reported the activation of caspase-like protease, DNA laddering, nucleus
fragmentation, and PCD in A. thaliana due to the mitochondrial transmembrane potential
loss and ROS formation after exposure to excess UV radiation.

 

−

Figure 5. Mitochondrial electron transport chain (mtETC) mediated ROS production and alternative pathway under abiotic
stress. The process, such as photorespiration and Krebs cycle, results in the generation of NADH and/or succinate which enters
mtETC at complex I or complex II, respectively. At complex I, NADH converts into NAD+ and H+ with the generation of an
electron. At complex II, succinate is changed to fumarate with the electron generation. An electron from both complex I and II
get transferred to UQ from where they move to complex III and then to complex IV via Cyt c. The electron at complex I and
III reduces O2 to generate ROS (O2

•– and H2O2), whereas, at complex IV, O2 oxidized to H2O. H+ generates at complex I, III,
and IV pumped to IMS and then moves to complex V or ATP synthase to form ATP from ADP. The mtETC also comprises
an alternative pathway consisting of two each NDex and NDin with AOX and UCP which limit ROS generation. NDex and
NDin function in stress conditions and transfer electrons to UQ. The AOX present between UQ and complex III accepts an
electron from UQ and reduces O2 to H2O, thus terminating the electron transport to complex III. OMM: Outer mitochondrial
membrane; IMS: Inter-mitochondrial space; IMM: Inner mitochondrial membrane; e−: electron; UQ: Ubiquinone; I–V: Complex
I–V; Cyt c: Cytochrome c; NDex and NDin: NAD(P)H dehydrogenase on the exterior and interior side of IMM, respectively;
AOX: Alternative oxidase; UCP: Uncoupling protein.

3.4. Plasma Membrane, Cell Wall, and Apoplast

The plasma membrane and apoplast envelope the cell organelles and maintain cell activity,
fluidity, rigidity, ion transport, as well as secure its integrity [83,127]. Plasma membrane-
localized NADPH oxidases are major ubiquitous enzymes that catalyze reactions generating
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ROS [82,83]. NADPH oxidases mediate the transfer of an electron from cytosolic NADPH to
O2 which results in the production of O2

•– in the apoplast [128] that undergoes dismutation
either spontaneously or by the action of antioxidant enzyme SOD, yielding H2O2 [95,129]
(Figure 6). During oxygen depriving stress conditions (hypoxia), the plasma membrane located
NADPH oxidase partakes in the production of H2O2 in the apoplastic space [130]. The apoplast
produces extracellular ROS such as H2O2 under sub-optimal conditions. The pathway for ROS
production operates under cell wall-associated enzymes including pH dependent extracellular
POXs, quinine reductase, lipoxygenases, amine oxidases (AO), polyamine oxidases (PAO),
and germin-like oxalate oxidases (OXOs) [83,129,131] (Figure 6). H2O2 is constantly generated
in the apoplast on the combined action of abscisic acid and stress signals [132]. Voothuluru
and Sharp [133] have reported an increase in apoplastic H2O2 content in the primary root of
maize, experiencing a water-deficient condition which is mediated by the activity of the OXO
enzyme. Lin and Kao [134] have also recorded a reduced root growth of rice seedlings grown
under salinity stress impacted by increased activity of cell-wall POX, NADH peroxidase, and
DAO which promote the accumulation of H2O2 in the cell wall. Other abiotic stress such
as the presence of ground-level O3 induces oxidative burst in a plant cell by actuating the
production and accumulation of H2O2 and O2

•– in the apoplast which inflicts necrosis and cell
death [135]. The production of H2O2 by the cell wall-associated POX in Arabidopsis under the
K+ deficient condition has been reported [136]. Stress conditions such as salinity/osmotic stress
activate NADPH oxidases, apoplastic DAO, and PAO enzymes which promote the production
of ROS [137]. PAO catabolizes polyamines such as spermidine and produces/releases H2O2 as
a byproduct in the apoplast under high salinity stress [138].

 

Figure 6. ROS production by the plasma membrane, apoplast, and cell wall under abiotic stress. The plasma membrane
(PM) localized NADPH oxidase consists of two cytoplasmic binding sites: 1) Flavin adenine dinucleotide (FAD) and
nicotinamide adenine dinucleotide phosphate (NADPH) and 2) Ca2+ binding EF-hand motifs. The NADPH oxidase transfer
electron from the cytosolic NADPH to the apoplast via cytochrome (Fe) present in the channel is formed by NADPH oxidase
transmembrane domains and reduces O2 to O2

•–. In the apoplast, O2
•– either spontaneously (due to low pH maintained

through the proton pump) or by the action of SOD disproportionates into H2O2. O2
•– induces the Ca2+ influx through

the Ca2+ channel which moves to the Ca2+ binding EF-hand motif of NADPH oxidase via the calcium-dependent protein
kinase (CDPK) and activates the NADPH oxidase leading to ROS production. Other enzymes such as cell wall (CW) bound
peroxidases (POX) and apoplast localized amine oxidases (AO), polyamine oxidases (PAO), and oxalate oxidases (OXO)
in the presence of specific substrates result in ROS generation. POX in the presence of NADP reduces O2 to O2

•– which
dis-mutates to H2O2. Similarly, AO breaks down AsA to dehydroascorbate (DHA), which in turn generates H2O2. OXO
and PAO partake in H2O2 formation in the presence of oxalate and polyamine, respectively. H2O2 is converted into •OH
either through the Fenton reaction in the presence of redox metals or by the action of POX. H2O2 produced in the apoplast
also moves to the cytoplasm through aquaporins and participates in signaling.
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4. Biomolecules Targeted by ROS and Oxidative Damage

ROS overproduction leads to oxidative burst and damage to biomolecules under
adverse environmental conditions (Figure 7). The damaged biomolecules comprise the
product of protein oxidation, inactivation of enzymes, lipid peroxidation, increase mem-
brane fluidity, chlorophyll degradation, nucleic acid damage, and commencement of the
apoptosis pathway and PCD in severe conditions [9,80]. These damages affect the growth,
development, and ultimately plant survival. The extent of damage to biomolecules de-
pends on various factors including the concentration of particular biomolecule(s), location
of the target biomolecule(s) in relation to the site of ROS generation, the rate constant for
the reaction between target biomolecule(s) and ROS, the occurrence of secondary damaging
incidents and ROS scavenging or detoxifying repair system [139].

 

′

Figure 7. Reactive oxygen species attack biomolecules (proteins, membrane lipids, and nucleic acids) at different sites
leading to oxidation that alters their structural and functional activities. Oxidation of biomolecules results in the formation
of carbonyl group, malondialdehyde, and 8-hydroxy-2′-deoxyguanosine, which are considered as a best marker of protein,
lipid, and nucleic acid oxidation, respectively.

4.1. Lipid Membrane

The oxidative burst in a cell under stress conditions damages the lipid membrane. Lipid
peroxidation reactions involve lipoxygenase activity, 1O2 generation, and radical catalyzed
mechanism, which differ quantitatively between underground and aboveground tissues de-
pending on the type of ROS [140]. ROS targets unsaturated C-C double bond polyunsaturated
fatty acids (PUFA), e.g., arachidonic acid, linolenic acid, and linoleic acid. The •OH radical
attacks on the methylene group of fatty acid and abstracts the hydrogen (H) atom forming
carbon-center lipid radical [141]. ROS also breaks the ester linkage between glycerol and fatty
acids, disintegrating membrane phospholipids [89,95]. The ROS radical, •OH initiates the cyclic
reaction resulting in peroxidation of PUFA [95]. The process of lipid peroxidation involves
three stages: Initiation, propagation, and termination (cleavage) [141]. Initiation involves the
production of ROS by the reduction of O2. The ROS generated trigger a cascade of reactions
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leading to the formation of lipid radicals (lipid peroxyl radicals, hydroperoxides, etc.) and
MDA conforming the second stage, i.e., propagation. Finally, lipid radicals end up as the
formation of lipid dimmers [95]. Lipid peroxidation perpetrates membrane destabilization
with regards to permeability, electrolyte leakage, deactivation of enzymes and receptors
as well as enhances the oxidation of nucleic acids and proteins [89,95,141]. Lipid radicals
generated during lipid oxidation undergo enzymatic or non-enzymatic degradation and
yield compounds such as reactive carbonyl species (RCS) [142]. These RCS selectively
react with proteins via the lipoxidation reaction and result in the loss of functional activ-
ities of proteins. The alleviating degradation of lipid radicals by their direct elimination
from a cell can prevent the lipoxidation reaction and further oxidative damage to the
cell. For example, Gram-positive bacterium Deinococcus radiodurans possesses the ability
to reduce ROS induced injury to Fe-S proteins by eliminating the cellular iron outside
the cytosol [140]. Studying the underlying mechanisms for sequestration of susceptible
or damaging molecules can provide avenues to enhance tolerance in plant cells against
oxidative damage.

Abiotic stresses such as salinity [143], temperature [144], metals and metalloids [145,146],
drought [147,148], xenobiotic compounds including pesticides [149], ground-level O3 [150],
and UV radiation [151] converge oxidative stress to accelerate cellular and organelle lipid
peroxidation. ROS in roots of rice seedlings exposed to excess aluminum exhibit lipid
peroxidation, as well as DNA damage [152]. Arsenic (As) stress also prompts H2O2
accumulation, lipid peroxidation, and electrolyte leakage in common bean seedlings [153].
The lipid peroxidation product, MDA, indicates the degree of oxidative damage in the cell
and hence a marker for the degree of the damage [89,95]. Martinez et al. [154] have reported
an over-accumulation of H2O2 followed by a high MDA content and lipid peroxidation
in tomato plants exposed to salinity, heat, and combined stresses. Kumari et al. [150]
have also demonstrated a significant increase in lipid peroxidation/electrolyte leakage
and reduction in the chlorophyll content and photosynthetic rate in Solanum tuberosum
L. cv. Kufri chandramukhi grown under ambient CO2 and elevated O3. Membrane lipid
peroxidation in Phalaenopsis due to the exposure to an elevated temperature induces the
loss of membrane integrity and K+ leakage [144].

4.2. Proteins

Proteins play a crucial role in mediating tolerance to abiotic stress by adjusting the
physiological characters of plants [155]. Protein aggregation or change in conformation
affects their enzymatic, binding, and other functional activities [141,156]. Proteins are more
susceptible to oxidation than other biological molecules due to their abundance in the
living system and high-rate constants for the reaction [140]. Both radical and non-radical
oxidants cause protein oxidation either directly or indirectly. Some ROS cause little and
selective damage to certain residues, while others such as •OH induce widespread and
non-selective (non-specific) damages [140]. The protein backbone attacked by non-radical
oxidants results in limited damage due to the slow oxidation rate. However, the extensive
or widespread damage to the protein backbone is induced by radicals that react rapidly
primarily through the abstraction of the H atom at the α-carbon site resulting in the for-
mation of stabilized carbon-center radicals [140]. The direct oxidation by ROS involves
both, oxidation of side chains of amino acid specifically those containing sulfur (S) and
thiol groups (e.g., oxidation of Cys and Met residue by 1O2 and •OH) and degradation of
peptide backbone resulting in carbonylation, nitrosylation, disulfide bond formation, and
glutathionylation, which alters the protein activity [95]. On the contrary, indirect oxidation
is mediated via products formed during lipid peroxidation [95,157]. The oxidation of
protein enhances their susceptibility towards proteolytic digestion [158] by getting pre-
pared for ubiquitination-mediated degradation by the proteasome [95]. Protein oxidation
by ROS is either irreversible or reversible. ROS such as O2

•– can irreversibly damage
enzymes that contain the Fe-S center [95]. The irreversible damage to protein such as
carbonylation, protein-protein cross-linking, etc. causes functional loss. On the other
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hand, reversible changes such as glutathionylation and S-nitrosylation can mediate the
redox regulation [141]. Carbonylation of the protein is irreversible and an unrepairable
damage mediated by the oxidative cleavage of proteins and is considered as the best
marker for estimation of oxidative damage under stress [158]. Oxidation of heat shock
proteins and late embryogenesis abundant (LEA) proteins reduces the capacity to maintain
protein functioning in dehydrated seeds [159]. Karuppanapandian and Kim [160] has
noted a significant increase in the carbonylated protein in cobalt-stressed B. juncea leaves.
Carbonylated proteins occur in plant cell organelles including chloroplast, mitochondria,
nucleus, cytosol, and peroxisomes [141]. Under drought conditions, the protein carbonyl
level elevated by several folds has been detected in the mitochondria as compared to the
chloroplast and peroxisomes in leaves of the wheat plant [161]. An increase in protein oxi-
dation has been demonstrated in cashew plants subjected to salinity stress [162]. Exposure
of A. thaliana and Glycine max to excessive CO2 also induces protein carbonylation [163].
Oxidative damage to proteins under chilling, paraquat, and O3 stress leads to functional
loss, which has been demonstrated in several studies [164–166].

4.3. Nucleic Acid

Nucleic acids undergo oxidation on the ROS attack that affect protein synthesis and
may lead to mutation [89,167]. The DNA present in the chloroplast and mitochondria are
more susceptible to oxidation than the DNA present in the nucleus due to their proximity to
the ROS production site and lack of protective histones and associative proteins [95]. ROS
imperil oxidation of nucleic acid that includes the oxidation of sugar residue, alteration
of nucleotide bases (insertion or deletion), and the abstraction of nucleotide break in the
DNA strand, cross-linking the DNA and protein [95]. Intersomal nDNA fragmentation
has also been reported in the sensitive genotype of wheat with PCD in leaves under
drought [148]. The ROS subtract H-atom from the C4 position of deoxyribose sugar
backbone forming the deoxyribose radical, further causes a break in DNA strand [168].
Among all ROS, the •OH radical has been reported to cause maximum damage to DNA
due to its ability to react with purines/pyrimidine bases, and even deoxyribose sugar [169].
Apart from •OH, 1O2 reacts only with guanine, while O2

•– and H2O2 do not react with
any purine or pyrimidine bases [169]. The •OH radical attacks the double bond of purines
and pyrimidine bases [170] developing DNA lesions and forming 8-hydroquinine and
some other less common products such as hydroxyl methyl urea, thymine glycol, etc. [95].
The cross-linking between DNA and protein is also facilitated by the •OH radical by
reacting either with the DNA or associated proteins. The repairing of this cross-linkage is
a difficult task, and if not repaired before replication or transcription, can cause a lethal
effect on the plant cell [95]. In addition to the direct oxidation of DNA, the lipid radicals
obtained from lipid peroxidation prompt an indirect DNA oxidation [171]. MDA, a major
product of lipid peroxidation reacts with guanine (G) residues in the DNA to form M1G,
i.e., pyrimidopurinone adduct [172]. RNAs are also susceptible to the ROS attack [173].
Oxidation of RNA results in the formation of 8-oxo-7,8-dihydroguanosine (8-OHG), which
is used as a marker for the determination of the intensity of RNA oxidation. The Cd-
induced oxidation of RNA in soybean seedling [174] and degradation of mRNA during
water deficit stress (desiccation) in Lindernia subracemosa [175] have been documented.
ROS affect the DNA replication and transcription that may abnormally affect the protein
synthesis, membrane stability, as well as signal transduction pathways in a cell, reducing
metabolic efficiency, genetic instability, and compromising cell homeostasis [169]. The
accumulation of radicals formed due to the oxidization of the biomolecule shows the
potential to oxidize other biomolecules, which may elevate oxidative damage in plant cells
and result in PCD under a severe condition. To avoid extensive damage, the continuous
elimination or repairing of damaged biomolecules is necessary. Fortifying plants’ intrinsic
mechanisms to remove or repair damaged biomolecules may induce the resistance towards
stress and prevent productivity losses.
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5. Antioxidants: Oxidative Stress Defense Mechanism

ROS at a low or moderate concentration act as a secondary messenger and participate
in a signaling cascade within the cell that elicit a response to tide over stress situations [8,89].
Ironically in stress conditions, ROS are generated in high concentrations that become toxic
and are responsible for PCD [116]. The activity of ROS in the plant cell (regulative, damag-
ing, or signaling) depends on the equilibrium between their production and detoxification
system [176]. Enzymatic and non-enzymatic antioxidants of plants act as ROS detoxifying
machinery, which limit their concentration and maintain their steady-state level inside
cellular compartments [154,177]. Enhancing the antioxidant level of plant cells either en-
dogenously through genetic engineering or by an exogenous application can strengthen
the defense system of the plant and rescue them from the debt of environmental stress.

5.1. Enzymatic Antioxidants

An enzymatic antioxidant such as SOD, CAT, APX, POX, monodehydroascorbate re-
ductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione S-transferase (GST),
glutathione peroxidase (GPX), AOXs, peroxiredoxin (Prx), and thioredoxin (Trx) allevi-
ates the ROS level by breaking them down and removing them from the system through
various steps including conversion of ROS to H2O2 and then to the H2O molecule in the
presence of metallic co-factors [178]. SOD (EC: 1.15.1.1) are metalloenzymes that are found
in three isoforms viz. Cu, Zn-SOD localized in the cytosol, chloroplast, peroxisomes, nuclei,
mitochondria, and apoplast; Fe-SOD in chloroplast, peroxisomes, and mitochondria; and
Mn-SOD in peroxisomes, mitochondria, and vascular tissues [116,179,180]. SODs provide
an initial or first line of defense against toxic ROS [116]. They catalyze the disproportiona-
tion of O2

•– free radicals by reducing one radical into H2O2 and oxidizing another into
O2 thereby eliminating the risk of production of more toxic free radical •OH [116]. CAT
(EC: 1.11.1.6), APX (EC: 1.11.1.11), and GR (EC: 1.6.4.2) catalyze the decomposition of H2O2
antioxidant into H2O and O2 [181,182]. CAT and APX are metalloenzymes localized in
peroxisomes and mitochondria [182]. Apart from these, APX is also found in the cytosol,
chloroplast, microbodies, and peroxisomes/glyoxysomes [86,183] and participates in the
AsA-GSH (ascorbate-glutathione) pathway as a key enzyme [184,185]. The enzyme requires
AsA as a reducing substrate for its stability and proper functioning [186]. AsA-GSH or
Foyer-Halliwell-Asada pathway [184], comprising enzymatic (APX, MDHAR, DHAR, GPX)
and non-enzymatic (AsA, GSH) antioxidant components, operates in chloroplast, plastids,
mitochondria, and peroxisomes [185] to combat the overproduction of H2O2 [187].GR is a
flavoprotein oxido-reductase that is localized in the chloroplast (where it displays 70–80%
of the activity) [116,188], mitochondria, cytosol, peroxisomes, and in non-photosynthetic
tissues and organelles [189]. Its activity is dependent on the combined action of pH and
concentration of NADPH and glutathione disulfide (GSSG) at the site of action [188].
GR catalyzes the conversion of oxidized GSH (GSSG) into the reduced form-GSH using
NADPH as an electron donor [116] and maintains a balance between the GSH/GSSG
ratio necessary for the detoxification of H2O2 [190]. Prxs are thiol peroxide enzymes that
detoxify peroxidase substrates such as H2O2 and alkyl hydroperoxide and reduce oxida-
tive damage [191,192]. Prx participates in ROS dependent signaling by modulating the
concentration of H2O2, processing alkyl hydroperoxide, switching to chaperone function,
etc. [192]. Prxs contain one or two catalytic Cys in a conserved sequence and are classified
into four groups, (1) 1-Cys Prx, (2) 2-Cys Prx, (3) YLR109-related Prx, or type II Prx, and
(4) bacterioferritin-comigratory protein or Prx Q [191,193]. Trxs are small thiol-disulfide
regulatory proteins (around 14kDa) that reduce the disulfide bond and participate in ROS
regulation [192]. Trxs contain a pair of cysteinyl residues in a highly conserved amino acid
motif WC[G/P]PC, which are involved in the catalytic activity of the enzyme [194].

5.2. Non-Enzymatic Antioxidants

Non-enzymatic antioxidants detoxify ROS by interrupting a free-radical chain reac-
tion [179]. The non-enzymatic compounds such as AsA, GSH, compatible solutes, pheno-
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lics, α-tocopherol, carotenoids, flavonoids, and even proline counteract the uncontrolled
cascade of ROS produced during stress [123,137,195]. GSH is a ubiquitous thiol tripeptide
that participates in the degradation of H2O2 in a reaction catalyzed by GPX [196]. It takes
part in the AsA-GSH pathway as a reductant for DHAR and aids in the scavenging of
H2O2 [187,196] and/or degradation of H2O2 and lipid peroxides by forming a conjugate
through a reaction catalyzed by the GPX and GST, respectively [196]. AsA or vitamin C par-
ticipates in the AsA-GSH pathway as an electron donor for APX [168] and is a co-factor of
POXs [197]. AsA helps in the regeneration of tocopherol and xanthophyll production that
partakes in quenching of the excitation energy [173]. Carotenoids are a light-harvesting pig-
ment [198,199] that alleviates high light illumination induced oxidative stress by quenching
excessive energy as heat dissipation [198,199]. Carotenoids also avert the over-excitation of
PS II in the thylakoid membrane by efficiently scavenging 1Chl*, 3Chl*, and 1O2 [199].

The gamma-aminobutyric acid (GABA) is a ubiquitous non-protein amino acid that
accumulates in plant cells under stress conditions and provides tolerance by scavenging
free radicals and regulating the enzyme activity [36,200]. GABA acts as an osmolyte or
encourages the production of other osmolytes such as proline under conditions such as the
drought that aids in osmotic adjustment for acclimatization during stress [36]. GABA is
metabolized by a GABA shunt pathway that comprises GABA transaminase (GABA-T),
glutamate dehydrogenase (GDH), and succinic semialdehyde dehydrogenase [200]. Jalil
et al. [41] have reported that the mutant of A. thaliana lacking the GABA-T gene reduces
GABA and chlorophyll content, lowers photosynthesis, and GDH activity but increases
membrane ion leakage, MDA content, and early leaf senescence under various abiotic
stresses. GABA also participates in the signal transduction pathway under stress via the
increased cytosolic calmodulin-dependent activity of the enzyme glutamate decarboxy-
lase [36].

It is apparent that the enzymatic and non-enzymatic antioxidants acquire crucial
pathways for tight regulation of ROS within plant cells and are responsible for efficient
amelioration of abiotic stress-induced oxidative stress. Many researchers have documented
the potential role of antioxidants in the alleviation of oxidative stress (Table 2). The tolerant
genotypes of B. juncea alleviate the heat stress via the increasing activity of enzymatic
POX and non-enzymatic GSH antioxidant [201]. Subjection to temperature stress, the
tolerant wheat genotypes (HD 2815 and HDR 77) maintain a high activity of antioxidant
enzymes SOD, CAT, and APX with the least reduction in the chlorophyll content and
lower membrane damage in comparison to that of its susceptible genotypes. The investi-
gation comprehensively establishes alleviating role of antioxidants for the maintenance
of structural and functional characteristics in plants [202]. Further, the production of en-
zymatic antioxidants (SOD, GPX, APX, and GR) with non-enzymatic antioxidants (AsA,
GSH) and proline confer tolerance to rice plants against excessive Cu induced oxidative
stress [203]. The tolerant lentils to heat stress exhibit elevated SOD and other antioxidants
and a negative correlation between MDA and H2O2, confirming their role in the alleviation
of oxidative stress [204]. These studies show that the efficient and coordinated working of
antioxidants confer a protective effect on plants under harsh environmental cues.

Plants often encounter multiple stresses simultaneously under field conditions that
show a discrete antioxidant activity. For example, Portulaca oleracea subjected to combined
heat and drought stress exhibits a higher activity of SOD and POX [205]. The cytosolic
enzyme APX1 decomposes H2O2 and plays a significant role in the acclimatization of plants
exposed to drought and high-temperature stress concurrently. The Apx1 deficient mutant
of Arabidopsis sensitive towards the combined stresses corroborates the findings [206]. Sim-
ilarly, Zandalinas et al. [190] have observed an enhanced ROS detoxification and resilience
to combined heat and drought stress in citrus genotypes Carrizo citrange exhibiting the
effective activation of antioxidant machinery. The tolerance ability of Carrizo has been
prompting to efficiently coordinate activities of SOD, CAT, APX, and GR with a maintained
favorable ratio of GSH/GSSG. While the Cleopatra mandarin subjected to similar stress
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conditions displays sensitivity due to the increased SOD activity with inefficient activation
of GR, diminished CAT activity, and lack of APX activity enhancing oxidative stress.

Table 2. Antioxidant activity in plants in response to abiotic stress-induced oxidative stress.

Abiotic Stress(es) Plant Exposed Antioxidant(s) Activity References

Chilling stress Cucumis sativus
(Cucumber) • The activity of SOD, APX, GR,

and GP increased and CAT
activity decreased in leaves.

[207]

Chilling stress Zea mays (Maize) seedling
• Exogenous application of nitric

acid before the onset of stress
increased the activity of SOD and
POX.

• ROS level and lipid peroxidation
alleviated.

[20]

Drought Triticum aestivum (Wheat)
• The upregulated APX and

balanced redox pool of AsA and
GSH fortified photosynthetic
apparatus and mitochondria in
acclimatized plants.

[208]

Heavy metal (Cu) stress Oryza sativa (Rice)
• The activity of SOD, guaiacol

peroxidase (GP), APX, GR, AsA,
GSH with proline increased.

• CAT activity remained unaltered.
• H2O2 level and lipid peroxidation

declined.

[203]

High-temperature stress Triticum aestivum (Wheat)
• The activity of SOD, APX, CAT,

POX, and GR increased in tolerant
genotype C306.

[209]

High-temperature stress Spinacia oleracea (Spinach)
seedling • Overexpression of the gene

encoding cytosolic heat shock 70
protein (SoHSC70) increased the
activity of SOD, POX, CAT, and
APX enzymes.

• Oxidative membrane damage and
ROS accumulation reduced.

[210]

Metalloid (Boron) stress Artemisia annua

• The activity of SOD, POX, and
CAT increased.

[211]
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Table 2. Cont.

Abiotic Stress(es) Plant Exposed Antioxidant(s) Activity References

Salinity stress Oryza sativa (Rice) seedling
• Exogenous application of

manganese to seedlings exposed
to stress increased non-enzymatic
antioxidants (phenolic
compounds, flavonoids, and AsA),
and enzymatic antioxidants
(MDHAR, DHAR, SOD, and CAT)
content.

• ROS level reduced.

[35]

UV-B radiation Helianthus annuus (Sunflower)
cotyledons • The activity of CAT, glutathione

dehydrogenase, GP, and the ratio
of GSH/GSSG increased.

• The AsA/DHA ratio, APX, and
GR activity remained unaltered.

• Lipid peroxidation and oxidative
damage in cotyledons reduced.

[212]

Low temperature + herbicide
(isoproturon) stress

Triticum aestivum (Wheat)
seedling • Foliar application of AsA

increased activity of antioxidants
SOD, CAT, and POX.

• MDA content and ROS
production rate declined.

[213]

Salinity + herbicide (2,4
dichlorophenoxyacetic acid)

stress

Oryza sativa (Rice)
• Enzymatic (SOD, CAT, APX, and

POX) and non-enzymatic
(phenolic compounds, total
soluble phenols, proline, and
sugars) antioxidants level
modulated.

• H2O2 and O2
•– content decreased;

oxidative stress and lipid
peroxidation alleviated.

[214]

6. ROS as Signaling Molecules

Plants are equipped with an arsenal of adaptive strategies to endure harsh condi-
tions [1,5]. The chief strategy includes initiation of systemic signals from an area under
stress to an unstressed region that consequently alerts and activates defense or increases
resilience [7,206] arising from signal transducers, including ROS [215]. In addition to
oxidative damage, the ROS role has been well recognized as a signaling molecule that
prompts tolerance against unfavorable conditions [176]. Inefficient scavenging capacities
of antioxidants result in an oxidative burst within plant cells. Under such conditions,
the activation or modulation of ROS into signaling transducing pathways could avert
damaging consequences of the stress. The imposition of biotic and abiotic stress conditions
compels cell organelles to switch the transient ROS production [3,216,217] that offsets
ROS homeostasis and initiates the signal transduction cascade [218], involving specific
feedback and feed-forward responses facilitating stress tolerance [7]. The spatio-temporal
production of ROS is a critical factor that determines the ROS mediated cellular and in-
tracellular signaling [219]. The systemic signaling against ROS generation arises as an
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auto-propagating wave to an adjacent cell [220] that confers stress tolerance through spatio-
temporal communication. For this purpose, plants engage phytohormones and/or amino
acids as specific signals to indicate a stress situation [7]. For instance, ROS generated under
stress initiate signaling by oxidizing proteins that result in the production of peptides
which in turn maintain signaling as a secondary messenger [7]. Among various ROS,
H2O2, a non-ionic, relatively stable yet reactive molecule, diffuses through membranes
via aquaporins and initiates signaling. Therefore, H2O2 acts as a perfect candidate for
the signal transduction pathway [7,221]. ROS operates signaling in a highly coordinated
manner to regulate stress. It activates antioxidants, kinases, defense genes, the influx
of Ca2+ ions, protein phosphorylation, increasing synthesis of plant hormones such as
salicylic acid, jasmonic acid, ethylene, etc. In the case of biotic stress, it elicits early defense
responses such as the synthesis of phytoalexins and pathogenesis-related proteins, as well
as cell wall strengthening/PCD promotion, restricting invasion/multiplication/spread
of pathogens in plant cells [7,9,176,222]. For instance, GDH that participates in ammonia
production/accumulation in stressed cells instead starts synthesizing glutamate and se-
quentially leading to the production of proline (well known to partake in stress tolerance)
in tobacco [7,221]. ROS signaling arbitrates transcription of the gene encoding for GDH
α-subunit [7]. ROS such as O2

•– and H2O2 also reportedly participate in plant growth
and development, as well as in plant protection against biotic and abiotic stress condi-
tions [3,178]. Therefore, ROS production below the stress threshold induces developmental
changes such as the formation of tracheary elements, lignification, and cross-linking in the
cell wall leading to PCD and ameliorates abiotic stress [67,223].

The ROS production in cell organelles mediates retrograde signals to the nucleus. The
signals move with a speed of 8.4 cm min−1 under stress conditions and play a pivotal role
as a secondary messenger to alleviate abiotic stress in plants [224,225]. The retrograde
signaling assists the nucleus to modulate the anterograde control for the acclimatization of
plants exposed to abiotic perturbation [226]. During abiotic stress, the ROS burst elicits
the upstream transcription of stress-responsive genes such as heat shock gene (HSG) [225].
HSPs, for example, act as molecular chaperones, partake in the prevention of protein aggre-
gation, misfolding, denaturation, and degradation, as well as facilitate protein refolding
particularly during heat stress [225,227]. Apart from heat stress, the role of HSPs in the reg-
ulation of light, anoxia, cold, and other abiotic stress has also been documented [225,228].
H2O2 in the Arabidopsis cell culture under heat stress also modulates HSG expression,
which induces the production of APX2, HSP17.6, and HSP18.2 [229]. Similarly, the H2O2
burst in Arabidopsis cells upregulates the production of HSPs, APX1 that scavenge H2O2,
and provides tolerance to light stress [230], as well as acclimatizes the plant exposed to the
combination of heat and drought stress [206]. The onset of low oxygen stress (hypoxia)
consequently leads to the production of ROS in a regulated manner via RBOHs [54]. The
regulated production and signaling of ROS are considered an important factor in the man-
agement of hypoxic stress [54,225,231–233]. Under oxygen deprivation (anoxia/hypoxia
stress), H2O2 upregulates the expression of genes encoding HSPs and genes responsible
for fermentation such as ALCOHOL DEHYDROGENASE, as well as ROS regulated tran-
scription factor including ZAT10 and ZAT12 and proteins, which subsequently facilitate
acclimatization to stress [54,225,234,235]. ROS also display systemic signaling in plants via
auto-propagation as a wave to adjacent cells [54]. The systemic signaling to neighboring
cells by O2

•– and H2O2 in stagnant rice roots and Arabidopsis, respectively have been
reported [220,224,233]. NADPH oxidase genes viz. AtrbohF and AtrbohD also trigger the
production of ROS during salinity stress that consequently initiates signaling and provide
tolerance by regulating Na+/K+ homeostasis in cells [236]. Jiang et al. [237] have reported
that the soil-salinity sensitive 1-1 mutant of Arabidopsis lacking functioning of the NADPH
oxidase gene AtrbohF does not accumulate ROS in root vasculature and displays hyper-
sensitivity towards salinity stress. Moreover, under nutrient deprivation conditions, ROS
induces signaling pathways. ROS in low K+ availability upregulates calcium signaling in
cells [64,238]. In response to K+ deficiency, the H2O2 concentration increases in plant roots,

29



Antioxidants 2021, 10, 277

which enhances the expression of HAK5 genes [239]. An understanding and extensive
investigation of molecular mechanisms of ROS mediated signaling and cross-talk with
other pathways could help develop more tolerant plant varieties that could easily sustain
under extremely adverse conditions.

7. Strategies and Accomplishments

Improving plants’ ability to adapt and tolerate abiotic stresses under changing climate
scenarios is a potential strategy to lessen the oxidative stress-induced damages. Inhibition
of pathways that partake in the overproduction of ROS, fortifying the plants’ defense
system through recruitment of antioxidants and modulation of ROS into the signaling
pathway can boost plant survival under the stressful scenario. Pre-conditioning of plants
to non-lethal stress [76] and molecular priming using agents such as micronutrients (β-
sitosterol), osmolytes (GABA), etc. can fortify the plant defense mechanism and reduces
oxidative stress [36,240,241]. Semwal and Khanna-Chopra [76] have reported that water-
deficit pre-conditioning induced the tolerance to subsequent heat stress due to the recovery
that escalates activities of antioxidants (SOD, CAT, POX, GSH, DHAR, AsA/DHA ratio,
and GSH/GSSH ratio). The exogenous pretreatment with trehalose prompts H2O2 and the
nitric oxide level in tomato leaves under cold stress that mediates signaling, upregulated
Cu/Zn SOD, and CAT1 transcripts thereby the enhancement of defense capacity induced
tolerance to stress, improvement in growth, and prevention of lipid membrane peroxida-
tion [242]. Analogously, the exogenous application of melatonin in tea and AsA, GSH, and
proline in chickpea plants increases the activity of enzymatic antioxidants (SOD, POX, CAT,
APX) with the amplified accumulation of GSH and AsA under cold, salt, and/or drought
stress [243,244]. The over-reduction of ETC and activities of certain enzymes/redox-active
metals are major culprits for ROS overproduction in cell organelles. Consequently, the
prevention of ETC over-reduction, inhibiting enzymes, and redox metals can arrest exces-
sive ROS formation. Proline can bind with the redox-active metal ions, thus preventing
the production of •OH via the Fenton reaction and safeguard plant cells from oxidative
damages [245]. Proline also maintains cellular redox homeostasis by maintaining the
NADP+/NADPH balance [246]. In the chloroplast, proline is synthesized when glutamate
is reduced by NADPH. Consequently, NADP+ having been produced prevents the over-
reduction of PS I by accepting electrons during stress conditions [94]. In addition, certain
compounds such as nitric oxide have been reported to reduce activities of enzymes mediat-
ing the ROS production. The activity of XOD in peroxisomes of the Phalaenopsis flower that
participates in O2

•– production is downregulated by nitric oxide, leading to alleviation
in the ROS level and oxidative stress [247]. Therefore, the priming using potential agents
could alleviate ROS overproduction under stress.

Molecular priming is an efficient tool for improving plant tolerance to abiotic stress
and its linkage with systems biology can strengthen the potential by unraveling the plants’
complex defense and tolerance mechanism at the molecular level [248]. Systems biology
deals with the omics study, i.e., genomics, transcriptomics, proteomics, and metabolomics
to understand the functionality of the biological system altogether and facilitates in finding
new genes, RNAs, proteins, and metabolites, deciphering their regulatory functions and in-
tracellular interactions [248,249]. Several studies at the molecular level have provided deep
insight into the regulatory network controlling response to abiotic stress in plants [250].
Some genes encode for functional proteins or products that directly partake in the regula-
tion of stresses, while some regulate the expression of other stress-responsive genes [251].
The genomic approach focusing on identifying genes encoding for enzymatic antioxidants
(APX, GPX, SOD, and CAT) in four resurrection species reveals their major role in the regu-
lation of ROS homeostasis under desiccation (extreme water deficit condition) stress [252].
The study also highlights the ROS detoxification mechanism to be species-specific as having
been evidenced through dissimilar expression patterns of all the studied antioxidant gene
families. Similar results have been documented by Dubouzet et al. [253] who have reported
the expression of dehydration responsive element binding (DREB) transcription factor
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homolog OsDREB1A and OsDREB1B gene under low-temperature stress and expression
of OsDREB2A gene under dehydration and high salinity in rice (Oryza sativa L.). The
integration of different omics study data elucidates the function and shared pathways of
key molecular processes related to the multitude of stress and crops [223] facilitating the
development of synthetic biology, which in turn aids in genetic manipulation to develop
long-lasting stress-tolerant species [249]. The expression of DREB transcription factor (TF)
genes OsDREB1A and OsDREB1B in transgenic rice improved plant tolerance to drought,
high salinity, and cold stresses [254]. These genes encode proteins that might partake in
stress tolerance and are associated with an increase in osmoprotectants such as free proline
and soluble sugars in transgenic rice plants. A concomitant increase in the amount of
osmolytes (free proline and soluble sugars), elevated expression of defense-related genes
OsDREB1A with enhanced tolerance to drought and salt stress, and alleviated electrolyte
leakage have been reported in rice seedlings [251]. Transgenic Arabidopsis over-expressing
genes encoding for Cu/Zn-SOD demonstrate enhanced resistance against oxidative stress
due to the escalated activities of SOD and POD [255]. The over-expression of zinc fin-
ger protein gene OsZFP252 in rice seedlings elevates the expression of defense-related
genes OsDREB1A, enhances tolerance to drought and salt stress, increases the number of
osmolytes (free proline and soluble sugars), and alleviates electrolyte leakage [251]. The
indispensable role of OsZFP252 in the stress-responsive signaling transduction pathway
has also been reported. Other studies have also reported the activation of oxidative sig-
naling pathway with an expression of small HSP by the Nicotiana protein kinase (NPK1),
tobacco mitogen-activated protein kinase kinase kinase (MAPKKK) in transgenic maize
that confers protection to photosynthetic machinery after exposure to drought stress [256],
and increases tolerance to freezing stress [257].

Recent advances in systems biology have added new impetus to improve plant tol-
erance. However, the expression and function of RNAs, proteomes, and metabolites in
several genotypes are dynamic and still largely unknown. Traditional biotechnological
approaches are unable to establish their niche in the field of plant stress management due
to hindrance in the translation of identified agronomic traits into phenotypes [250]. The
quest to understand the function, interaction, and response of molecular components under
an environmental perturbation can be solved by quantifying and characterizing genotype
to phenotype relationships [248]. Phenotypic attributes represent a response to abiotic
stress. For example, plants growing under excess light possess thick leaves owing to the
expanded palisade tissues and high stomatal density, and a lower number of thylakoids
per chloroplast compared to plants growing in low light [258]. Phenotypic characters can
be studied through a phenomics approach that spans a detailed study of physiological
parameters influenced by the plant genetic layout, the spatio-temporal impact of the envi-
ronment, and agricultural management practices [259]. The non-invasive method using
cameras and sensor-based imaging (fluorescence, visible light, and infrared imaging, X-ray
computed tomography, etc.) and advanced instruments such as fluorometers together
with robust software systems are emerging techniques for studying plant morphological
and developmental responses under a prevalent environment [258–260]. Such techniques
enable us to explore information regarding the chemical composition and function that
can be accessed from the cell to plant canopy level [260]. Under stress, the measurement
of green and yellow areas of the leaf facilitates the determination of leaf senescence and
tissue tolerance, corresponding to salt accumulation [260]. Similarly, studying chlorophyll
fluorescence to monitor the impact of abiotic stress on plant photosynthesis and overall
performance is a potential phenotyping technique [258]. Furthermore, chlorophyll fluo-
rescence may be used to detect acclimatization mechanisms among genotypes under a
defined set of stresses [258]. In particular, the variation in NPQ and leaf development has
been observed in different accessions of Arabidopsis under similar environmental condi-
tions [258]. In addition to the amalgamation of systems biology with plant physiology, crop
modeling approaches further outline the plant responses by designing multiple simulations
for farming practices and predicted climate change [261]. Crop models are expected to
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assist extrapolation of the complexity of climate change [261]. The climate-resilient barley
(Hordeum vulgare L.) ideotypes designed through an assemblage of eight barley simulation
models for the boreal and Mediterranean climate have revealed that specific ideotypes with
a particular set of traits such as longer reproductive growing phase, higher radiation use
efficiency/maximum assimilation rate, lower leaf senescence rate, and drought tolerance,
in addition to a long (for boreal climate)/short (Mediterranean climate) photoperiod and
vernalization sensitivity makes them promising cultivars for a projected future climate
compared to other genotypes and confers better yield with a lower inter-annual yield vari-
ation [262]. A well-spun amalgamation of new and advanced scientific technologies could
generate vast information that can be exploited to improve the plant tolerance capacity and
resilience against hostile situations.

8. Conclusions and Future Prospects

Intensified abiotic stresses have perturbed ecological fitness via the production of
ROS in plant cells. In the coming decades, the crisis will aggravate, challenging the plants’
survival. ROS are similar to a double-edged sword that induces oxidative stress in plants
when their production exceeds threshold levels, but at low or moderate concentrations,
mediates the signal transduction that assists in maintaining cellular homeostasis and facili-
tates plant acclimatization to stress(es). To maintain equilibrium between ROS generation
and their quenching, plants recruit antioxidants. Nevertheless, their potential diminishes
during stress. Devising techniques that could avert damaging aspects of ROS under stress
conditions and improving plants’ tolerance mechanisms can unlock avenues for designing
new generation stress-resilient crops. Recently, the techniques such as molecular priming
or pre-conditioning have demonstrated the immense potential to improve plant resistance
against abiotic stresses, however, some gaps still exist. Molecular priming requires a
particular timing for the application of priming agents, for instance, just before the onset
of stress, thus it requires continuous monitoring of environmental conditions to fortify
plants against stress at both local and global levels. Furthermore, molecular priming has
shown promising results in hydroponic or controlled conditions but the estimation of their
efficiency in a real field under a present and projected climatic scenario is a necessity. In
addition, the elucidation of pathways and impact of cross-talk between different priming
agents and cellular compounds such as signaling agents, phytohormones, etc., within plant
cells is important to gain insight into the fate of priming agents under variable conditions.

To fill the gaps, the integration of various disciplines such as systems biology, phe-
nomics, and crop modeling with molecular priming is required (Figure 8). The identifi-
cation of key genes, transcripts, proteins, and metabolites governing multiple pathways
(signaling as well as the oxidation of biomolecules) through the systems biology approach
assist in the discovery of new avenues. For example, the identification of genes responsible
for the synthesis of priming agents endogenously in accordance with changing environ-
mental conditions could eliminate the problem of continuous environmental monitoring
at a global scale. Therefore, there is a need for intensive and dedicated research for the
development of resilient crops via the application of molecular tools such as QTL map-
ping for the identification of the genomic network of metabolite biosynthesis and genome
editing tools such as the regularly clustered interspaced short palindromic repeats and
CRISPR-associated proteins (CRISPR/Cas). In addition to deciphering and improving
the plant genetic network and underlying mechanisms, their vigilant amalgamation with
phenomics and crop modeling is also necessary to maintain the unabridged potential of
crops, while maintaining the ecosystem sustainability under climate change scenarios.
The molecular responses of plants are highly influenced by environmental dynamics and
demonstrate unique characters under each set of conditions. Therefore, quantification
of the relationship between the genotype and phenotype under changing environmental
conditions is important. This could be achieved through an integration of phenomics and
crop modeling studies that furnish data related to the behavior of a particular or set of
genetic networks in consonance to the dynamic environment. This integrated research
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framework could be highly obliged for laying out new improved management techniques
that sustainably lead to the development of climate-smart crop cultivation with long-lasting
tolerance to oxidative stress and boosts economical productivity.
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Figure 8. Integration of systems biology, phenomics, crop modeling, and molecular priming as a
holistic approach for the development of climate-smart crops to improve growth and productivity.
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Abstract: Enhanced antioxidant defence plays an essential role in plant survival under stress con-
ditions. However, excessive antioxidant activity sometimes suppresses the signal necessary for the
initiation of the desired biological reactions. One such example is microspore embryogenesis (ME)—a
process of embryo-like structure formation triggered by stress in immature male gametophytes. The
study focused on the role of reactive oxygen species and antioxidant defence in triticale (×Triticosecale

Wittm.) and barley (Hordeum vulgare L.) microspore reprogramming. ME was induced through vari-
ous stress treatments of tillers and its effectiveness was analysed in terms of ascorbate and glutathione
contents, total activity of low molecular weight antioxidants and activities of glutathione–ascorbate
cycle enzymes. The most effective treatment for both species was a combination of low temperature
and exogenous application of 0.3 M mannitol, with or without 0.3 mM reduced glutathione. The
applied treatments induced genotype-specific defence responses. In triticale, both ascorbate and
glutathione were associated with ME induction, though the role of glutathione did not seem to be
related to its function as a reducing agent. In barley, effective ME was accompanied by an accumula-
tion of ascorbate and high activity of enzymes regulating its redox status, without direct relation to
glutathione content.

Keywords: antioxidant defence; ascorbate; glutathione; microspore embryogenesis; reactive oxygen
species; Hordeum vulgare; ×Triticosecale Wittm.

1. Introduction

Each stress that disturbs cellular homeostasis and oxygen metabolism leads to the
generation of reactive oxygen species (ROS) and induces the so-called ‘oxidative stress’ [1].
Effective antioxidant protection in cells is needed for survival under stress conditions,
especially for plants that do not have the possibility of the ‘fight-or-flight’ response.

However, ROS are no longer considered only the inevitable, toxic by-products of aero-
bic metabolism—their role proved to be essential in many life processes [1–3]. Depending
on the subtle and dynamic homeostasis between production and scavenging, ROS can be
considered as life-threatening or life-saving molecules, and the latter possibility is based
on their involvement in stress signalling and initiation of defence reactions.

Our earlier studies [4,5] clearly showed that the initiation of microspore embryogenesis
(ME) was also associated with ROS generation. This is fully justified as the process—highly
resembling zygotic embryo formation in planta, although induced in immature male
gametophyte cells in response to stress—involves very stressful procedures of anther or
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microspore isolation and transfer to in vitro culture conditions. Our recent results have
suggested that ROS generation is not merely a side effect of stress treatment and a drastic
change of the cell environment, but the first requirement for microspore reprogramming
towards sporophytic development. At the same time, high activity of the antioxidant
system is necessary for microspore survival and successful induction of embryogenic
development. Furthermore, it was presumed that the next stages of embryo-like structure
(ELS) development were also regulated by cellular redox homeostasis. The observed
variability between two cereal species (barley and triticale) suggests that in addition to
basic antioxidant enzymes, such as superoxide dismutase (SOD) and catalase (CAT), other
enzymatic and non-enzymatic components of antioxidative defence are of great importance,
including those involved in the ascorbate–glutathione cycle [5].

Ascorbate and glutathione are among the most important low molecular weight
(LMW) antioxidants, and they are present in the majority of plant cells at high concentra-
tions. Both molecules in the cellular environment are mostly found in reduced form, which
enables them to interact with many cellular components and play a multifunctional role in
plant metabolism, growth and development [6,7]. Both molecules scavenge ROS and are
elements of the very important antioxidant Foyer–Halliwell–Asada pathway also known
as the ascorbate–glutathione cycle. Reduced ascorbate (ASC) acts as an electron donor for
ROS decomposition by ascorbate peroxidase (APX) in this cycle, and it is simultaneously
oxidized to mono- and dehydroascorbate (MDHA, DHA). They can be reduced back in
reactions catalysed by specific enzymes: monodehydroascorbate reductase (MDHAR)
and dehydroascorbate reductase (DHAR) using reduced glutathione (GSH) and reduced
nicotinamide adenine dinucleotide (NADH) as the source of electrons. The produced
oxidized glutathione (glutathione disulphide, GSSG) is in turn reduced back with electrons
transferred from nicotinamide adenine dinucleotide phosphate (NADPH) by glutathione
reductase (GR). However, both antioxidants can also act independently and their func-
tions in plant cells are generally determined by their cellular compartmentalization and
intracellular environment. The role of glutathione in plant development, with particular
emphasis on its function in plant embryo formation both in in vivo and in vitro systems,
was discussed in details in our earlier reports [4,5]. Moreover, it plays a role in assimilation,
transport and storage of sulphur as a thiol compound. It is also used to detoxify certain
toxic electrophilic compounds (e.g., heavy metals, oxo-aldehydes or formaldehyde) by
forming a reversible covalent bond in reactions catalysed by glutathione transferases, gly-
oxalases and formaldehyde dehydrogenase, or as a precursor of phytochelatins. The ratio
of GSH to GSSG determines cell redox potential, and thus can regulate gene expression
patterns, signalling as well as the synthesis and activity of some proteins [6,8].

In contrast, some data indicate that enhanced ROS generation has little effect on
the reduced/oxidized ascorbate ratio. This is probably connected with the apoplastic
location of DHA under oxidative stress (reviewed in [6]). It is possible that the intracellular
ascorbate pool is largely maintained in a reduced state with a simultaneous increased DHA
accumulation in the apoplast. This apoplastic fraction of ascorbate is mainly responsible
for stress perception, signalling and defence initiation, while cytoplasmic ascorbate acts
as a cofactor of several enzymes catalysing biosynthesis of phytohormones (abscisic acid,
gibberellins, ethylene), pigments (anthocyanins) and secondary metabolites (flavonoids,
glucosinolate) (reviewed by [6,9]). Ascorbate also regulates plant growth by controlling
the biosynthesis of hydroxyproline-rich proteins involved in cell cycle progression, and
by modulating the energetic state of plasmalemma and cell wall structure [10]. It is also
involved in apical meristem formation, development of root architecture, regulation of
flowering time and leaf senescence. Recent reports also postulated its participation in
epigenetic regulation (review in [11]).

Several studies have indicated the possibility that ascorbic acid or glutathione ap-
plication increases ME effectiveness. In the majority of cases, both compounds were
supplemented to the induction or regeneration media, which resulted in enhanced ELS
formation and green plant regeneration [12–15].
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As mentioned above, recent results of our group [4,5] have suggested the involve-
ment of various enzymatic or non-enzymatic components of antioxidant defence in ME
regulation. Therefore, in the present study, we examined the role of the Foyer–Halliwell–
Asada cycle in ME induction. Using two DH lines of triticale and two barley cultivars
that significantly differed in ME responsiveness, we analysed the effect of various tiller
stress pre-treatments on the effectiveness of ME induction, ROS generation, reduced and
oxidized ascorbate and glutathione levels, as well as the total activity of LMW antioxidants
and the activity of ascorbate–glutathione cycle enzymes: APX, DHAR, MDHAR and GR.
The results broaden our understanding of the mechanisms determining ME effectiveness
and the role of antioxidant system in the initiation of microspore reprogramming towards
sporophytic development.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Two DH lines of winter triticale (×Triticosecale Wittm.): DH19 and DH28, derived
from the F1 generation of a cross between the German inbred line ‘Saka 3006’ and Pol-
ish cv. ‘Modus’ and two cultivars of barley (Hordeum vulgare L.): winter cv. ‘Igri’ and
spring cv. ‘Golden Promise’, highly differentiated in terms of ME responsiveness [16–20],
were used in the study. The seeds of DH lines of triticale were obtained from the State
Breeding Institute at the University of Hohenheim (Germany), whereas the seeds of barley
cultivars were obtained from Leibniz Institute of Plant Genetics and Crop Plant Research
(Gatersleben, Germany).

Winter forms of barley and triticale were vernalized for 7 weeks at 4 ◦C and 8/16 h
day/night photoperiod in perlite moistened with Hoagland’s nutrient solution (HS; accord-
ing to Wędzony [21]). Spring barley, cv. Golden Promise, was grown in the same conditions
for 2 weeks. Subsequently, vernalized plantlets were transferred to a mixture of soil and
sand (3/1; v/v) and grown at 20 ◦C and 16 h/8 h photoperiod. Additional illumination with
an irradiance of 400 µmol m−2 s−1 was provided by high pressure sodium (HPS) lamps
SON-T + AGRO (Philips, Brussels, Belgium) during unfavourable weather conditions.

The experiment was repeated twice, and microspore isolation was started each time
in January (barley) and March (triticale).

2.2. ME Inducing Treatment, Microspore Isolation and In Vitro Culture Conditions for
Antioxidant System Analysis

The procedure of ME induction was developed at the Plant Cell Biology Dept. IPP
PAS as a combination of the requirements for triticale and barley, and was described in
details in Żur et al. [5]. Briefly, tillers were harvested at the mid- to late uninucleate stage
of microspore development—optimal for ME induction, placed in HS solution and stored
for 3 weeks at a low temperature (4 ◦C) in the dark.

Four days before microspore isolation, tillers were transferred to fresh HS solution
(control, low temperature treatment, LT), HS supplemented with 0.3 mM GSH (LT+GSH),
HS supplemented with 0.3 M mannitol (LT+MAN) or HS supplemented with both GSH
and mannitol (LT+MAN+GSH).

Depending on the plant species, about 20 (triticale) and from 20 to 60 spikes (for cv.
‘Igri’ and cv. ‘Golden Promise’, respectively) were used for one isolation procedure.

The microspore isolation procedure was previously described in Żur et al. [4,5]. After
isolation, microspores were collected and sampled for in vitro culture and biochemical
analysis.

Microspore suspensions with a density of approximately 70,000 microspores per ml
(triticale) and 100,000 microspores per ml (barley) were cultured in the induction medium
190-2 [22], modified according to Pauk et al. [23], and KBP [24] for triticale and barley,
respectively. Triticale microspores were co-cultured with simultaneously dissected ovaries
(10 ovaries per 1 mL of suspension). All cultures were incubated in the dark at 26 ◦C.
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2.3. Parameters Describing Productivity, Viability and Embryogenic Potential of Microspores

Microspore suspensions isolated from pre-treated tillers were evaluated using the
following parameters:

(i) Microspore yield—mean number of isolated microspores obtained per one spike of a
donor plant calculated using a Neubauer chamber.

(ii) Microspore viability—percentage of fully viable microspores in the whole population
of isolated cells, assessed based on its reaction with fluorescein diacetate (FDA; 0.01%;
λEx = 465 nm, λEm = 515 nm, green fluorescence; according to Heslop-Harrison and
Heslop-Harrison [25].

Microspore samples were collected at the end of the isolation procedure and examined
using a Nikon Eclipse E600 epifluorescence microscope equipped with a Zyla 4.2 (Andor)
camera and NIS-Elements AR 4.00 software. At least 500 microspores from 10 fields of
view (magnification ×100) for each individual sample were analysed.

(iii) Effectiveness of ME induction—the number of developed embryo-like structures
(ELS) observed after 6 weeks of in vitro culture, calculated per one spike of a donor
plant [ELS/spike].

2.4. In Situ Histochemical Detection of Superoxide Anions and Hydrogen Peroxide in Microspores

Samples of isolated microspores were used for the detection of superoxide anions and
hydrogen peroxide according to the protocols of Żur et al. [26] and Wohlgemuth et al. [27]
with modifications.

Samples were collected with special handmade sieves prepared from pipette tips
(5 mm in diameter) wrapped with 30 µm Nylon mesh (CellTrics, Sysmex Partec, Goerlitz,
Germany). Sieves were placed in Eppendorf tubes in freshly prepared staining solutions
containing 0.1% (w/v) nitroblue tetrazolium (NBT; for superoxide anion analysis) or 0.1%
(w/v) 3,3′-diaminobenzidine-4-HCl (DAB; for hydrogen peroxide analysis) in potassium
phosphate buffer (PPB, pH 7.0) containing 0.005% (w/v) Triton X-100. Then, the microspores
were vacuum-infiltrated at room temperature (RT) for 120 min in the dark (NBT) or in the
light (DAB). Afterwards, the microspores were treated with 50% (v/v) ethanol. Hydrogen
peroxide was visualized as a reddish-brown colour, whereas superoxide anion through
the conversion of NBT to blue formazan. Negative controls were in order to exclude false
positive results.

Microscopic observations were performed under a Nikon Eclipse E600. Images were
recorded using a digital camera (Nikon DS-Ri1, Tokyo, Japan) and processed with NIS-
Elements AR 2.10 (Tokyo, Japan).

2.5. Low Molecular Weight Antioxidant Activity by DPPH Assay

To determine LMW antioxidant activity, microspores were incubated for 1 h at 26 ◦C
in the dark, then frozen in liquid N2 and stored at −60 ◦C.

Plant material (microspores with a total FW of about 10 mg) was freeze-dried, ground
with an MM400 ball mill (Retsch, Haan, Germany), and shaken for 2 h at room temperature
(RT) after adding 1 mL of 50% ethanol. The extracts were then centrifuged for 20 min in a
refrigerated centrifuge at 18,000× g (MPW-350R, Warszawa, Poland) and the supernatant
was used for the measurements. Total antioxidant content (free radical scavenging activity)
was measured using 0.5 mM solution of stable free radical 1,1-diphenyl-2-picrylhydrazyl
(DPPH, SIGMA, Munich, Germany) in methanol according to the method by Brand-
Williams et al. [28] with some modifications adapting the protocol to 96-well microtitre
plates, and absorbance measurements in said microtitre plates [29]. Each sample was
measured three times on separate plates by pipetting 50 µL of its supernatant with the
addition of 250 µL of 0.5 mM DPPH solution into 3 wells for each measurement. After
30 min of reaction incubation at 37 ◦C, absorbance at 515 nm was determined using
a Model 680 reader (Bio-Rad Laboratories, Hercules, CA, USA). Trolox was used as a
standard in the following eight concentrations: 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5, and 3 nM.
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17.5 µL of each concentration was pipetted into three wells on each microtitre plate with
the addition of 250 µL of 0.5 mM DPPH solution. Trolox equivalents for each measurement
were calculated using the linear regression equation from a calibration curve representing
linear relationships between absorbance and different Trolox concentrations. The results
were expressed as µmoles of Trolox equivalents g−1 DW. For each DH line/cultivar and
treatment, at least four measurements were performed on two independent samples
collected from at least 6 different spikes.

2.6. Sample Preparation for Other Assays

The collected samples (1 mL of microspore suspension) were incubated for one hour
at 26 ◦C in the dark, then centrifuged (2 min; 10,000× g; 4 ◦C) and washed with 50 mM Tris
HCl buffer (pH 7.8) containing 1 mM EDTA-Na2. After the second centrifugation, pelleted
microspores were used for further analysis. The activity of all antioxidant enzymes and
the levels of reduced and oxidized forms of ascorbate and glutathione were detected spec-
trophotometrically in isolated microspore extracts using an Ultrospec 2100 pro UV/visible
spectrophotometer (Amersham, Umeå, Sweden). At least three independent measurements
were carried out for all assays.

2.7. Sample Preparation for Ascorbate and Glutathione Assays

Microspores were suspended in a five-fold (v/w) volume of ice-cold 6% meta-phosphoric
acid and ground in liquid N2 in a mortar until the samples were thawed. After centrifuga-
tion (15 min, 12,000× g, 4 ◦C), the supernatant was used for the analyses.

2.8. Reduced and Oxidized Glutathione Measurements

Reduced (GSH) and oxidized (GSSG) glutathione were determined by an enzymatic
recycling assay using GR according to Law et al. [30]. The procedure was described in
detail in Żur et al. [4]. Briefly, the samples (50 µL of metaphosphoric acid extracts) were
neutralised with 9 µL of 1.5 M triethanolamine. Total glutathione content was measured
in an assay mix containing 59 µL of neutralized sample and 50 mM potassium phosphate
buffer (pH 7.4), 2.5 mM EDTA-Na2, 1 mM 5,5′-dithio-bis(2-nitrobenzoic acid) (DNTB), 0.6 U
of GR from baker’s yeast, 0.2 mM NADPH in a total volume of 600 µL. Total glutathione
content was estimated by recording the absorbance at 412 nm. GSSG measurement was
carried out as for total glutathione, except that GSH was derivatised by adding 2 µL of
2-vinylpyridine to the neutralized samples and incubated for 1h at RT. Total glutathione
and GSSG contents were estimated from the standard curves based on a dilution series of
GSH and GSSG in 6% metaphosphoric acid. GSH was calculated as the difference between
total glutathione and GSSG concentrations.

2.9. Reduced and Oxidized Ascorbate Measurements

Reduced ascorbate (ASC) concentration was determined using the method of Foyer
et al. [31]. The samples (62.5 µL metaphosphoric acid extracts) were neutralized with 7.5 µL
of 1.5 M triethanolamine and 75 µL of 150 mM sodium phosphate buffer (pH 7.4) and
subsequently mixed with 500 µL of 100 mM sodium phosphate buffer (pH 5.6). To oxidize
ASC, 1 U ascorbate oxidase (AO) from Cucurbita sp. (Sigma-Aldrich, Saint Louis, MO,
USA) was added to the assay mix. ASC content was determined based on the difference
between the initial and final absorbance measured at 265 nm. Total ascorbate levels were
determined after dehydroascorbate (DHA) reduction to ascorbate using dithiothreitol
(DTT). A 10 mM DTT solution (37.5 µL) was added to the reaction mixture, prior to the
addition of sodium phosphate buffer (pH 5.6) and AO, and incubated for 15 min at RT.
Ascorbate concentration was calculated using the extinction coefficient of ascorbic acid
(14.7 mM−1 cm−1). DHA content was obtained from the difference between total and
reduced ascorbate concentrations.
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2.10. Sample Preparation and Enzyme Activity Assays

Microspores were suspended in ice-cold 50 mM Tris HCl buffer (pH 7.8) containing
1 mM EDTA-Na2, 3% (w/v) soluble polyvinylpyrrolidone K25 and 0.5 mM Pefabloc SC
protease inhibitor (Roche, 11429876001), and ground in liquid N2 in a mortar until thawed.
After centrifugation (15 min, 12,000× g, 4 ◦C), the supernatant was used for the assays.

APX activity was detected according to the method of Nakano and Asada [32]. The
assay mixture (570 µL) contained: 50 mM Tris-HCl buffer (pH 7.8), 0.25 mM ascorbic acid,
0.5 mM H2O2 and 20 µL of enzyme extract. Ascorbic acid oxidation was followed by
measuring the absorbance at 290 nm, and APX activity was calculated using the extinction
coefficient of ascorbic acid (2.8 mM−1 cm−1). A control reaction was carried out for each
sample in the absence of H2O2. The enzyme activity was expressed in nmol ASC mg−1

protein min−1.
DHAR activity determination was based on the method of Klapheck et al. [33] by

measuring the absorbance at 265 nm following DHA reduction. The assay mixture consisted
of 30 µL of enzyme extract, 550 µL of 50 mM sodium phosphate buffer (pH 6.5), 1 mM
EDTA-Na2, 1 mM GSH and 0.5 mM DHA. Reaction mixture without extract was used as a
negative control. DHAR activity was calculated using the extinction coefficient of ascorbic
acid (14.7 mM−1 cm−1) and expressed in nmol ASC mg–1 protein min–1.

MDHAR activity was estimated by measuring the decrease in absorbance at 340 nm
due to NADH oxidation [34]. The reaction mixture consisted of 30 µL of enzyme extract,
575 µL of 50 mM Tris-HCl buffer (pH 7.8), 1 mM ASC, 0.1 mM NADH and 0.2 U AO. A
control reaction was carried out for each sample in the absence of AO. MDHAR activity
was calculated using the extinction coefficient of NADH (6.2 mM−1 cm−1) and expressed
in nmol NADH mg−1 protein min−1.

GR activity was assayed by monitoring NADPH oxidation at 340 nm according to the
method of Klapheck et al. [33]. The assay mixture and) consisted of 600 µL 50 mM Tris-HCl
buffer (pH 7.8), 0.1 mM NADPH, 5.8 mM GSSG and 30 µL of enzyme extract. Control
reactions were conducted in the absence of GSSG. GR activity was calculated using the
extinction coefficient of NADPH (6.2 mM−1 cm−1) and expressed in nmol NADPH mg−1

protein min−1.
Enzyme activities were normalized to soluble protein content of microspore ho-

mogenates. Protein content in enzyme extracts was determined according to Bradford [35]
using bovine serum albumin as a standard.

2.11. Statistical Analysis

All data after testing for normal distribution using the Shapiro–Wilk test were subject
to two-way analysis of variance (ANOVA) followed by post hoc comparison using Duncan’s
multiple range test (p ≤ 0.05). Variables with non-normal data distribution were analysed
using non-parametric Kolmogorov–Smirnov tests (p ≤ 0.001). All statistical analyses were
performed using the STATISTICA package version 12 (Stat Soft Inc., Tulsa, OK USA).

3. Results

3.1. The Effect of Tiller Pre-Treatments on the Effectiveness of ME Induction

Our results confirmed a significant variation in ME effectiveness between the two
studied cereal species, as well as the intraspecific differentiation between two DH triticale
lines and two barley cultivars (Table 1).

The results shown in Table 1 clearly indicated that microspore yield obtained from
a single spike after isolation was almost 4-fold higher in triticale compared to barley. In
this respect, the number of microspores obtained from DH19 (about 105,000 per spike) was
significantly higher than that of DH28 (about 89,000 per spike), whereas the process of
microsporogenesis was similarly effective in the studied barley cultivars, producing an
average of 26,500 microspores per spike. At the same time, variation in microspore yields
after various tiller pre-treatments was insignificant.
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In contrast, microspore viability was higher in microspore suspensions of both barley
cultivars (51–65%) in comparison to triticale (6–30%; Table 1). Moreover, the number
of fully viable cells was higher in both responsive genotypes (DH28 and cv. Igri) in
comparison to recalcitrant ones (DH19 and cv. Golden Promise). Particularly low cell
viability (approximately 12%) was found in isolated DH19 microspores. Tiller pre-treatment
with MAN resulted in a lower number of viable cells in triticale, although a decrease in the
number of fully viable cells from about 30% to less than 18% in DH28 was a statistically
significant effect.

Unfortunately, the number of ELS produced in isolated microspore cultures of triticale
was relatively low (Table 1), not only in the standard recalcitrant DH19, but also in the
usually moderately responsive DH28. The best effect was obtained in the combination of
the LT treatment with MAN and GSH application (LT+MAN+GSH). This was the only
treatment that allowed any ELS formation in DH19, although the effectiveness was below
1 ELS per spike. The results obtained with highly recalcitrant spring barley (Golden
Promise) were only slightly better after the LT treatment in combination with MAN or
after MAN and GSH application. The positive effects of LT+MAN and LT+MANGSH
treatments could also be observed in isolated microspore cultures of cv. Igri characterized
by a high embryogenic potential (Table 1).

Table 1. The effect of tillers pre-treatment on microspore yield (×103), viability (%) and the effectiveness of microspore
embryogenesis (ME) induction (ELS/spike) in isolated microspore cultures of two DH lines of triticale and two cultivars of
barley. Data represent means from 3–5 biological replications (isolations) ± SE. Statistical analysis was performed separately
for triticale and barley. Data marked with different letters differ significantly according to the Duncan test (p ≤ 0.05);
ns, not significant.

Plant Material Treatment Microspore Yield Viability ME Induction

DH19

LT (control) 111.0 ± 11 ns 14.3 ±1 cd 0
LT+MAN 103.5 ± 11 6.9 ± 1 d 0
LT+GSH 88.5 ± 6 17.8 ± 2 bc 0

LT+MAN+GSH 116.5 ± 6 5.9 ± 1 d 0.7 ± 0.7
mean 104.8 ± 5 11.7 ± 1 0.2 ± 0.2

DH28

LT (control) 99.2 ± 6 ns 30.3 ± 3 a 17 ± 6 ns

LT+MAN 87.1 ± 10 17.4 ± 5 bc 32 ± 11
LT+GSH 86.3 ± 67 29.4 ± 2 a 12 ± 5

LT+MAN+GSH 81.2 ± 5 24.0 ± 3 ab 31 ± 18
mean 88.4 ± 3 26.1 ±2 22± 5

cv. Golden Promise

LT (control) 29 ± 4 ns 51 ± 3 b 2 ± 0.9 c

LT+MAN 27 ± 5 57 ± 3 ab 15 ± 7 c

LT+GSH 26 ± 5 53 ± 3 b 2 ± 1 c

LT+MAN+GSH 25 ± 4 58 ± 3 ab 12 ± 8 c

mean 26.1 ± 2 54.7 ± 1 8 ± 2

cv. Igri

LT (control) 21 ± 6 ns 65 ± 2 a 414 ± 121 bc

LT+MAN 25 ± 7 64 ± 2 a 1069 ± 407 b

LT+GSH 28 ± 8 57 ± 3 ab 543 ± 296 bc

LT+MAN+GSH 32 ± 9 59 ± 2 ab 2047 ± 622 a

mean 30.4 ± 5 61.6 ± 1 1073 ± 277

ELS—embryo-like structures; LT—low-temperature tiller pre-treatment (21 days at 4 ◦C); LT+GSH—low-temperature tiller pre-treatment
combined with the application of 0.3 mmol·dm−3 reduced glutathione during the last 4 days before microspore isolation; LT+MAN—
low-temperature tiller pre-treatment combined with the application of 0.3 mol·dm−3 mannitol during the last 4 days before microspore
isolation; LT+MAN+GSH—low-temperature tiller pre-treatment combined with the application of reduced 0.3 mmol·dm−3 glutathione
and 0.3 mol·dm−3 mannitol during the last 4 days before microspore isolation.
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3.2. In Situ Histochemical Detection of Superoxide Anions and Hydrogen Peroxide in Microspores

Superoxide anion and hydrogen peroxide generation was observed in isolated mi-
crospores of triticale and barley after all types of tiller pre-treatments. It can be seen that
both superoxide anion (Figure S1) and hydrogen peroxide (Figure S1D–F) were accumu-
lated mainly in the cell cytoplasm. In general, the signal was diffused but, in some areas,
particularly near the nucleus enhanced ROS generation was detected. It was observed
more often it the case of superoxide anion.

3.3. Total Activity of Low Molecular Weight Antioxidants in Microspores after Various
ME-Inducing Pre-Treatments of Tillers

Total activity of LMW antioxidants was estimated using a method based on the
scavenging capacity of a stable free radical (DPPH) compared to antioxidant capacity of
Trolox, used as a reference. We found significant variation between various plant genotypes,
tiller pre-treatments and their interactions (Table 2). Antioxidant activity also depended
on tiller pre-treatments and was significantly higher in microspores isolated from tillers
treated with LT+GSH (3.2 µM Trolox g−1 DW) and LT+MAN+GSH (2.9 µM Trolox g−1 DW)
in comparison to other treatments (2.1−2.3 µM Trolox g−1 DW). The LT+GSH treatment
was particularly effective for the responsive DH28 and cv. Igri.

Table 2. The sources of variance for content of reduced ascorbate (ASC), reduced glutathione (GSH), total activity of
low molecular weight (LMW) antioxidants, activity od ascorbate peroxidase (APX), monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR) were as follows: four plant genotypes,
four tillers pre-treatments, and interaction between plant genotype and the treatment.

Parameter Variable MS F p

ASC
(1) Plant genotype 118 E4 179.5 ***

(2) Tillers pre-treatment 147 E3 22.4 ***
(1) × (2) 164 E3 24.9 ***

GSH
(1) Plant genotype 199 E2 172.0 ***

(2) Tillers pre-treatment 252 2.2 ns
(1) × (2) 826 7.1 ***

LMW antioxidants
(1) Plant genotype 3.564 22.13 ***

(2) Tillers pre-treatment 5.635 34.99 ***
(1) × (2) 2.002 12.43 ***

APX
(1) Plant genotype 887 E3 216.6 ***

(2) Tillers pre-treatment 294 E3 70.2 ***
(1) × (2) 279 E3 66.4 ***

MDHAR
(1) Plant genotype 107 E2 61.9 **

(2) Tillers pre-treatment 216 E2 125.2 **
(1) × (2) 9349 54.3 **

DHAR
(1) Plant genotype 468 E2 576.4 ***

(2) Tillers pre-treatment 2113 26.0 ***
(1) × (2) 2181 26.8 ***

GR
(1) Plant genotype 7468 91.21 ***

(2) Tillers pre-treatment 1298 15.85 ***
(1) × (2) 398 4.86 ***

MS—mean squares, an estimate of variance of a variable or interaction between variables; F—F calculated as variance of a variable or
interaction between variables divided by error variance of the experiment; p—error probability for rejection of the null hypothesis about
the significance of variability within a variable or interaction between variables: ***, **, ns—significant at p ≤ 0.001, p ≤ 0.01, not significant,
respectively; E—scientific notation (times ten raised to the power of two, three, etc.)
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It was observed that antioxidant activity was in most cases significantly higher in
microspores of responsive genotypes (DH28, cv. Igri) than in the recalcitrant DH19 and
cv. Golden Promise (Figure 1A,B). The only exception was the LT+MAN+GSH treatment
associated with enhanced activity of LMW antioxidants in microspores of both DH19 and
cv. Golden Promise. The same treatment had no effect or reduced total antioxidant activity
in microspores of cv. Igri and DH28. Only responsive genotypes were affected by the
LT+MAN treatment, but its effect was genotype-specific and both increased and decreased
antioxidant activity was detected in microspores of cv. Igri and DH28, respectively.

Figure 1. Total activity of low molecular weight (LMW) antioxidants in microspores of (A) two DH
triticale lines (responsive DH28 and recalcitrant DH19) and (B) two barley cultivars of (responsive cv.
Igri and recalcitrant cv. Golden Promise) isolated after various tiller pre-treatments. Data represent
means of at least four measurements of two independent samples, each collected from at least
6 different spikes ± SE. Values marked with the same letter do not differ significantly according to
Duncan’s multiple range test (p ≤ 0.05). Please see Figure 3, LT—low temperature tiller pre-treatment
(21 days at 4 ◦C); LT+MAN—low temperature tiller pre-treatment combined with the application of
0.3 M mannitol; LT+GSH—low temperature tiller pre-treatment combined with the application of
0.3 mM reduced glutathione; LT+MAN+GSH—low temperature tillers pre-treatment combined with
the application of 0.3 M mannitol and 0.3 mM reduced glutathione.

3.4. Glutathione and Ascorbate Levels and Their Reduction State in Triticale and Barley
Microspores after Various ME-Inducing Pre-Treatments of Tillers

The level of ASC in microspores varied from 208 to 918 nmol g−1 FW (Figure 2A,B)
and was significantly affected by plant genotype, tiller pre-treatment and their interactions
(Table 2). Compared to ASC, GSH was detected in a significantly lower amount, ranging
from 39 to 128 nmol g−1 FW (Figure 2C,D) and its content was influenced by plant genotype,
but not tiller pre-treatment (Table 2). The effect of tiller pre-treatments also depended on
the plant species and individual DH line/cultivar.

In general, variation in ASC and GSH levels, as well as the redox potential of ascorbate
(ASC/ASC+DHA) and glutathione (GSH/GSH+GSSG) was low in triticale microspores
(Figure 2A,C and Figure 3A,B). Only the LT+GSH treatment resulted in a significant
decrease in ASC level in microspores of DH28 in comparison to control (LT, Figure 2A).
However, this effect did not change the redox status of ascorbate (Figure 3A). On the
contrary, the LT+MAN+GSH treatment did not affect ASC content, but was associated with
a lower ascorbate redox potential (Figures 2A and 3A). This parameter was also relatively
low in DH19 microspores after the LT+GSH treatment.
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Figure 2. Reduced ascorbate (ASC) (A,B) and reduced glutathione (GSH) (C,D) contents in mi-
crospores of two DH triticale lines (responsive DH28 and recalcitrant DH19) and two barley cultivars
(responsive cv. Igri and recalcitrant cv. Golden Promise) isolated after various tiller pre-treatments.
Data represent means of three biological replications ± SE. Values marked with the same letter do not
differ significantly according to Duncan’s multiple range test (p ≤ 0.05). Please see Figure 3, LT—low
temperature tiller pre-treatment (21 days at 4 ◦C); LT+MAN—low temperature tiller pre-treatment
combined with the application of 0.3 M mannitol; LT+GSH—low temperature tiller pre-treatment
combined with the application of 0.3 mM reduced glutathione; LT+MAN+GSH—low temperature tillers
pre-treatment combined with the application of 0.3 M mannitol and 0.3 mM reduced glutathione.

Two treatments (LT+GSH and LT+MAN+GSH) stimulated the accumulation of ASC
in both barley cultivars and changed the ascorbate redox state (ASC/ASC+DHA) in mi-
crospores of one or both cultivars (Figure 2B; Figure 3C). The effect of the LT+MAN treat-
ment was genotype-specific as it reduced ASC accumulation exclusively in microspores
of cv. Igri. All treatments increased GSH content in microspores of cv. Golden Promise
(Figure 2D), but only LT+MAN application also increased the glutathione redox potential
(GSH/GSH+GSSG; Figure 3D). Similarly, an increased level of GSH was detected in mi-
crospores of cv. Igri after LT+GSH and LT+MAN+GSH treatments (Figure 2D), but it was
not associated with a change in the GSH/GSH+GSSG ratio (Figure 3D).
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Figure 3. The proportion reduced (ASC, GSH) and oxidized (DHA, GSSG) forms of ascorbate
and glutathione in their total pools in microspores of two DH triticale lines (responsive DH28 and
recalcitrant DH19) (A,B) and two barley cultivars (responsive cv. Igri and recalcitrant cv. Golden
Promise) (C,D) isolated after various tiller pre-treatments. The numbers represent the redox status
of ascorbate (ASC/ASC+DHA) and glutathione (GSH/GSH+GSSG). Values significantly different
from control (LT) according to the Kruskal–Wallis test (* p ≤ 0.001) are marked with an asterisk.
LT—low temperature tiller pre-treatment (21 days at 4 ◦C); LT+MAN—low temperature tiller pre-
treatment combined with the application of 0.3 M mannitol; LT+GSH—low temperature tiller pre-
treatment combined with the application of 0.3 mM reduced glutathione; LT+MAN+GSH—low
temperature tillers pre-treatment combined with the application of 0.3 M mannitol and 0.3 mM
reduced glutathione.
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3.5. The Activity of Enzymes of the Glutathione–Ascorbate Cycle in Microspores after Various
ME-Inducing Pre-Treatments of Tillers

The activity of APX, which catalyses H2O2 reduction via ASC oxidation to monode-
hydroascorbate (MDHA) significantly depended on plant genotype, tiller pre-treatment
and their interactions (Table 2). The same sources of variation were found to be statistically
significant for all other enzymes (MDHAR, DHAR, and GR).

It should be noted that the average APX activity was significantly higher in the ME-
responsive DH28 and cv. Igri in comparison to the recalcitrant DH19 and cv. Golden
Promise (Figure 4A,B).

All modified tiller treatments resulted in a lower APX activity in triticale microspores
of both DH lines (Figure 4A) compared to the LT treatment, with the strongest effect
of LT+GSH application. In contrast, all modified treatments increased APX activity in
microspores of cv. Golden Promise and two of them (LT+MAN and LT+MAN+GSH)
increased APX activity in microspores of cv. Igri (Figure 4B). Similar activities of this
enzyme were detected in microspores of both barley cultivars after the LT+MAN treatment
and in both DH triticale lines after LT+MAN and LT+MAN+GSH treatments.

The activity of MDHAR, which can reduce MDHA to ASC, was significantly higher
after all modified tiller treatments in microspores of two responsive genotypes (DH28
and cv. Igri), but the effect of the LT+MAN+GSH treatment was especially prominent in
comparison to control (LT; Figure 4C,D). A higher activity of this enzyme was detected
in microspores of cv. Golden Promise only after the LT+MAN treatment, whereas the
only change observed in DH19 microspores was a decrease in MDHAR activity after the
LT+GSH treatment.

The produced MDHA is further oxidized to DHA, which can be converted back to
ASC in the reaction catalysed by DHAR. In this reaction, GSH is used as an electron donor
that is simultaneously oxidised to GSSG. Generally, modifications of tiller pre-treatment
applied in this study resulted in a decrease of DHAR activity in triticale microspores, with
the exception of DH28 tillers, which showed significantly increased DHAR activity after the
LT+MAN+GSH pre-treatment (Figure 4E). On the other hand, all treatment modifications
resulted in a slight but significant increase in DHAR activity in microspores of cv. Golden
Promise, whereas a slight increase (after LT+MAN+GSH) as well as a slight decrease (after
LT+GSH) could also be observed in DHAR activity in cv. Igri microspores. The activity
of this enzyme was almost always higher in ME-responsive genotypes in comparison to
recalcitrant ones (Figure 4E,F).

In comparison with other enzymes of the glutathione–ascorbate cycle, the average ac-
tivity of GR which catalyses the conversion of GSSG to its reduced form, was low in triticale
microspores, especially in the ME-recalcitrant line DH19 (8.7 nmol mg−1 protein min−1).
Microspores of DH28 showed more than twice higher average GR activity (21 nmol mg−1

protein min−1) as compared to DH19. Similarly, the average GR activity in microspores of
ME-recalcitrant cv. Golden Promise was about 1.5-fold lower in comparison to responsive
cv. Igri (40.3 versus 62.9 nmol mg−1 protein min−1). Among various tiller pre-treatments,
LT+MAN+GSH was associated with a decreased GR activity in microspores of both triticale
DH lines and barley cv. Igri (Figure 4G,H). The activity of GR in DH19 fell below the level
of detection. Strikingly, the LT+GSH treatment resulted in a large decrease in GR activity
in microspores of barley cv. Golden Promise and in both DH triticale lines. Variation in the
reactions between responsive and recalcitrant genotypes was observed after the LT+MAN
treatment in both species and after the LT+GSH treatment in barley (Figure 4G,H).
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Figure 4. Activity of enzymes of the ascorbate–glutathione cycle: (A,B) ascorbate peroxidase (APX),
(C,D) monodehydroascorbate reductase (MDHAR), (E,F) dehydroascorbate reductase (DHAR), (G,H)
glutathione reductase (GR) in microspores of two DH triticale lines (responsive DH28 and recalcitrant
DH19) and two barley cultivars (responsive cv. Igri and recalcitrant cv. Golden Promise) isolated
after various tiller pre-treatments. Data represent means of three biological replications ± SE. Values
marked with the same letter do not differ significantly according to Duncan’s multiple range test
(p ≤ 0.05). Please see Figure 3, LT—low temperature tiller pre-treatment (21 days at 4 ◦C); LT +
MAN—low temperature tiller pre-treatment combined with the application of 0.3 M mannitol; LT
+ GSH—low temperature tillers pre-treatment combined with the application of 0.3 mM reduced
glutathione; LT + MAN + GSH—low temperature tillers pre-treatment combined with the application
of 0.3 M mannitol and 0.3 mM reduced glutathione.
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4. Discussion

The process of ME is both scientifically fascinating as a manifestation of cell totipotency
and commercially important due to the possibility of instant production of completely
homozygous doubled haploid (DH) plants. DH technology complements conventional
plant breeding and can be used in areas such as genome engineering and gene mapping,
often applied for substantial crop improvement [36–39]. However, the possibility of its
application on a commercial scale is often limited by the low effectiveness of ME induction,
which is strongly dependent on plant genotype, environmental conditions and complex
system of interactions between internal and external factors.

Substantial progress in recent years has significantly increased our knowledge about
ME mechanism and its regulation, but many issues remain unexplored or unclear. The use
of stress treatments to induce efficient microspore reprogramming was a very important
discovery [40]. In addition to being a trigger redirecting the pathway of development,
stress also exerts a considerable adverse effect on cells, which can result in their death or
genome rearrangements [41]. Thus, the type, intensity and duration of stress treatment
must be carefully optimized to the requirements of each individual genotype and its
stress tolerance. Prior experimental data suggested that exposure to certain mild primary
stresses (e.g., LT, conventionally used as an ME-inducing factor in many plant species) can
activate defence mechanisms and increase tolerance to more intensive stresses that occur
during microspore isolation and transfer to in vitro culture conditions [42]. Such a cross-
tolerance phenomenon is well known in plants, and in many cases, it is associated with
increased ROS generation, which may also serve as signalling molecules activating cellular
defence responses [43]. Several studies have confirmed that ME initiation is associated with
the upregulation of genes encoding enzymes involved in antioxidative defence, as well
as increased activity and/or accumulation of LMW antioxidants (reviewed in [20,44,45]
and references therein). Therefore, different types of antioxidants were added to media
used for in vitro cultures in order to achieve positive effects on ELS formation and plant
regeneration ([5] and references therein).

The main aim of our research has been to determine the role of ROS and antioxidant
defence in microspore reprogramming and ME induction. Our earlier investigations con-
cerning several DH triticale lines significantly differed in ME effectiveness. Żur et al. [26]
not only confirmed ROS generation in anthers after LT tiller pre-treatment, but also sug-
gested that a certain threshold level of ROS is required for ME initiation; however, ROS
generation had to go hand in hand with an efficient antioxidant defence for effective re-
programming of microspores. Furthermore, the effects of GSH application during the LT
tiller pre-treatment [4] suggested its dual role: protection of microspores from oxidative
stress and stimulation of ELS development, probably through modulation of cellular redox
homeostasis. Our data indicated that intensive ROS elimination could suppress the signal
necessary for microspore reprogramming [4]. To test this hypothesis in a broader range of
taxa, the present study, in addition to two DH triticale lines (DH19 and DH28), also used
two barley cultivars markedly heterogeneous in terms of ME capacity (Igri and Golden
Promise) [16–20]. The experimental work was also extended to include tiller pre-treatments
with MAN, a sugar alcohol that is often used to simulate osmotic stress and commonly
applied for ME induction in barley. A strong positive correlation (r = 0.85) between the
generation of hydrogen peroxide (H2O2) and ME effectiveness confirmed the important
role of ROS in microspore reprogramming [5]. It was also revealed that the efficiency of ME
induction in both triticale and barley was significantly modified by seasonal effects associ-
ated with fluctuations in the activity of the main antioxidant enzymes—SOD and CAT [5].
The observed genetic specificity of antioxidant defence triggered in response to various
ME-inducing treatments suggested an important role of other enzymatic or non-enzymatic
elements of antioxidative defence. Continuing our investigations, in the present study, we
examined cellular ROS generation, the role of the main LMW antioxidants (ascorbate and
glutathione) and enzymes involved in the ascorbate–glutathione cycle in determining the
effectiveness of ME induction.
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The effects of various ME-inducing stress pre-treatments of tillers were assessed by
analysing several parameters related to isolated microspore condition, antioxidant activity
and embryogenic potential. In line with previous results [5], the analysis of microspore
yield confirmed that barley spikes produced a lower number of microspores in comparison
to triticale and that the number of produced microspores was not significantly affected
by stress pre-treatments. The low viability of microspores detected in the population of
triticale microspores isolated in early spring (March) was also consistent with earlier obser-
vations [5]. It was probably the main cause of low effectiveness of ELS formation in isolated
microspore cultures of DH28, which is usually significantly more productive [4,5,19,26].
Interestingly, the negative effect of MAN on triticale microspore viability was associated
with a higher effectiveness of ELS production, which also confirmed previously published
results [5].

Low effectiveness of ME induction in microspore suspension of cv. Golden Promise
probably resulted from the specificity of tiller pre-treatments, not sufficiently meeting the
requirements of this genotype. On the contrary, highly successful ME initiation in isolated
microspore cultures of cv. Igri indicated a significant difference in response to various tiller
pre-treatments (observed only as a tendency in other plant materials tested). The observed
positive effect induced by the combined LT+MAN+GSH treatment on ELS formation was
also in accordance with earlier results on triticale and rye [5,46].

In contrast to animal cells, in which ROS generation is associated mainly with mito-
chondrial activity, ROS biogenesis in plant cells can be induced by multiple metabolic pro-
cesses in all cellular compartments [3]. Depending on the cell origin, phase of development
and environmental conditions, ROS generation was detected in the plant cell wall, apoplast,
plasma membrane, cytoplasm, and organelles involved in oxygen metabolism [47]. How-
ever, in light-deprived or non-green tissues (cells) such as microspores, the mitochondrion
is postulated to be the major site of ROS production. Mitochondria-originating ROS af-
fect many cell functions through various signalling cascades, retrograde signalling, and
interaction with plant hormones [48]. However, the involvement of other ROS-generating
pathways cannot be excluded. For example, ROS generation in the cell wall, apoplast,
or plasma membrane plays an important role in the interactions between the plant and
its environment as well as in plant development [3]. The diffuse patterns of superoxide
anion and hydrogen peroxide distribution in the microspore’s cytoplasm observed in our
study suggest, that microspore isolation and transfer to in vitro culture conditions induced
oxidative stress of high intensity in various cell compartments or that the induced signal
was transported across the cell area. The more intense accumulation of superoxide anion
observed near the nucleus seems to confirm its role in transmitting the signal to the nucleus,
which probably leads to an activation of various redox signalling pathways [49]. It could be
supposed that the strong NBT staining is probably related to extensive oxidative damage
near the nucleus, and thus the modification of some nuclear factors followed by changes in
the expression of genes linked to antioxidant responses, cellular transformation, and cell
proliferation [3,49]. All these events ending finally in ME induction in the presented model.

The results of recalcitrant genotypes (DH19, cv. Golden Promise) suggested that the
high total activity of LMW antioxidants might be one of the factors important for ME
induction. It could be attributed to the compensation of inefficient enzymatic defence [5,26].
Such high activity of LMW antioxidants was not necessary for microspores of responsive
genotypes equipped with more active antioxidant enzymes [5]. Furthermore, the relatively
high total activity of LMW antioxidants induced by GSH pre-treatment of tillers was
associated with reduced effectiveness of ELS formation in responsive DH lines/cultivars.

Based on the results, it can be concluded that the embryogenic potential of triticale
seems to be associated with ascorbate and glutathione metabolism (Figure 5). Such a
conclusion could be drawn by comparing the level of ASC and GSH accumulation in
microspores of responsive and recalcitrant DH lines. The responsive DH28 line was also
characterized by high activity of MDHAR and DHAR, enzymes that catalyse the conversion
of oxidised ascorbate (MDHA and DHA) to a reduced form (ASC). However, the relatively
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low activity of APX in triticale microspores after the most effective ME-inducing treatments
suggests that reduced ascorbate may play other roles than antioxidative in microspore
reprogramming. The role of GR is questionable, because its activity, although relatively
low in DH28 microspores, was significantly higher in comparison to recalcitrant DH19.
Contrary to the previous report [4], exogenous GSH application during the LT pre-treatment
of tillers did not improve ELS formation in isolated microspore cultures of the responsive
DH28 line. Such a divergent effect of GSH was also observed earlier [5], and then it was
explained as a result of excessive decomposition of H2O2, whose amount in the cells
declined below the threshold necessary to initiate microspore reprogramming.

Figure 5. Summary of the work showing the role of the ascorbate–glutathione cycle in the scavenging
of ROS (H2O2) generated during ME-induction in microspores of the responsive triticale line (DH28)
and barley cultivar (cv. Igri). The generated H2O2 is initially reduced via the oxidation of reduced
ascorbate (ASC) in a reaction catalysed by APX. Two MDHA molecules spontaneously dispropor-
tionate into ASC and dehydroascorbate (DHA). Both MDHA and DHA can be reduced back to
ASC in reactions catalysed by MDHAR and DHAR, where GSH and NADH are used as electron
donors. Oxidized glutathione (GSSG) is converted back to its reduced form by GR using NADPH
as an electron donor. Ascorbate–glutathione cycle components, which are largely involved in the
process of ME-induction in triticale and barley are marked with the following colour outlines: dark
blue for triticale and green for barley. APX—ascorbate peroxidase; ASC—reduced ascorbate; DHA—
dehydroascorbate; DHAR—dehydroascorbate reductase; GR—glutathione reductase; GSH—reduced
glutathione; GSSG—oxidized glutathione, glutathione disulphide; MDHA—monodehydroascorbate;
MDHAR—monodehydroascorbate reductase; NAD(P)H/NAD(P)+—nicotinamide adenine dinu-
cleotide (phosphate) reduced/oxidized; e−—transferred electrons.

In microspores of highly responsive barley (cv. Igri), the most effective ME-induction
treatment (LT+MAN+GSH) was associated with a very intensive accumulation of ascorbate
and higher activity of enzymes involved in ascorbate regeneration (APX, MDHAR and
DHAR) compared to the recalcitrant cultivar (cv. Golden Promise). Conversely to triticale,
changes in GSH level and GR activity induced by various tiller pre-treatments in the
studied barley cultivars suggested that glutathione did not appear to be directly involved
in ME induction (Figure 5). It was confirmed by the fact that a positive effect of exogenously
applied GSH on ME effectiveness has not been observed in barley, neither previously [5]
nor in this study.

Ascorbate and glutathione have been localized in several cellular organelles (chloro-
plasts, mitochondria, peroxisomes, nuclei, cytosol and apoplast) acting independently
or in concert in the Foyer–Halliwell–Asada pathway [9]. Although their essential roles
are related to their antioxidant properties, and they usually respond in a compensatory
manner, their functions in controlling cell division, plant growth and development seem to
be interdependent and not interchangeable [6,50–52].

The strong reducing potential of ASC (physiologically active, anionic form of ascorbic
acid) is based on the electron donating/accepting properties of the 2,3-enediol moiety [53].
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It is located mainly in the cell cytoplasm, but usually about 5% of its pool is transported
across the plasma membrane to the apoplast (reviewed in [9]). This fraction is believed to
play a crucial role in oxidative stress signalling. The dominant role of ASC in antioxidant de-
fence during ME induction could be explained by its substantially higher content detected
in microspores of all studied plants in comparison to the level of GSH. Moreover, due to the
higher affinity of APX for H2O2 in comparison to other peroxidases, the process of H2O2
removal by ASC may be more efficient than of GSH-utilising enzymes. APX activation was
observed in a variety of plant species grown under stress conditions (reviewed in [9,54]).
In addition, the previously observed strong seasonal effect on ME effectiveness [5] could
be at least partially explained by the fact that ascorbate biosynthesis is highly sensitive to
changing light conditions, especially red/far-red ratios [55,56].

The best recognized role of glutathione is also connected with its antioxidant prop-
erties determined by the cysteine sulfhydryl group (-SH) [7,57]. Acting as an electron
donor/acceptor, it prevents uncontrolled, irreversible oxidation of other cellular compo-
nents. However, it also plays a very important role in the protein protection through the
formation of reversible, covalent disulphide bonds between the sulphur atom of GSH
and protein cysteinyl residues [58]. This process of the so-called S-glutathionylation is
promoted by oxidative stress, but it also occurs in cells under physiologically optimal con-
ditions and causes specific changes in protein functions (activation or deactivation). The
process is catalysed by a large family of glutathione S-transferases (GSTs), which are very
diverse in structure and physiological functions. Some GSTs may also play a role as antiox-
idants, having peroxidase or DHAR activity ([7] and references therein). The importance
of these enzymes may be underlined by the fact that certain GST transcripts have almost
always been detected as upregulated in response to ME-inducing treatments [45,59–62].
Two of GST coding genes (GSTF2, GSTA2) were shown to be significantly upregulated in
embryogenic microspores of triticale (including DH28) during the first 8 days of in vitro
culture [63].

High cellular concentrations of glutathione and ascorbate have made them the major
elements of redox buffering systems determining the cellular redox environment. Studies
on several GSH-deficient Arabidopsis mutants [64] revealed GSH-responsive genes en-
coding transcription factors and other proteins involved in the regulation of cell division,
redox potential and auxin signalling. Other functions of glutathione are related to redox
signalling and regulation of the expression of genes determining plant growth and devel-
opment. The role of glutathione in redox regulation has also been demonstrated in in vitro
culture systems [65–68]. It was observed that the high redox potential (GSH/GSH+GSSG)
promoted cell proliferation, whereas subsequent stages of embryo development required a
more oxidized environment [65,69–71].

The role of the ASC/DHA ratio in cell redox state is still under discussion due to
their spatial separation, since the DHA pool is mainly accumulated in the cell apoplast [6].
The results of this experiment confirmed that the level of ASC in terms of signalling and
regulation seemed to be more important than the ASC/DHA ratio. This was probably
due to other important roles of ASC, which is a cofactor of several enzymes involved
in photoprotection, biosynthesis of plant growth regulators, pigments and secondary
metabolites [8].

5. Conclusions

These observations support our hypothesis that ROS generation and antioxidant de-
fence are critical for successful ME induction. The analysis of our data suggests that the
very subtle, dynamic homeostasis between ROS production and scavenging determines
the effectiveness of microspore reprogramming towards sporophytic development. Stress
treatments effective for ME induction induce ROS generation and simultaneously enhance
antioxidant defence in a balanced manner. Genetic and physiological determination of the
antioxidant defence system could explain the observed variation in plant responsiveness
to various stresses applied as triggers for ME induction. It appears to be based on stress
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tolerance mechanisms that have developed during the evolution of individual species in
response to the most common environmental challenges. In addition to the function of basic
antioxidant enzymes like SOD and CAT, enzymes involved in the Foyer–Halliwell–Asada
cycle also seem to play an important role in the successful microspore reprogramming. The
roles played by the main LMW antioxidants—ascorbate and glutathione—are much more
complex and genotype-specific. They are based not only on their antioxidant capacity, but
also on their potential key role in cell redox signalling and regulation of cell growth and
differentiation. The highly complex multifactorial network of mutual interactions makes
the development of effective ME induction procedures in certain economically important
crop species still a great challenge for researchers and breeders. To overcome this challenge,
more research is needed into the mechanism of microspore reprogramming. A very inter-
esting and almost non-recognized problem is the source and subcellular localization of
ROS generation and its interaction with other signalling molecules like Ca2+, plant growth
regulators or reactive nitrogen species [47]. Other various possibilities are the involve-
ment of polyamine oxidases (PAOs) and/or NADPH-oxidase as enzymes contributing
to H2O2 accumulation in response to abiotic stress [72] and generative development of
microspores [73]. The direction of further research will be based however, on the results of
RNAseq analysis which will show the most probable and promising objects of interest.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10081254/s1, Figure S1: In situ histochemical detection of superoxide anion (A–C) and
hydrogen peroxide (D–F) in randomly selected samples of isolated microspores at the early stages of
microspore embryogenesis.
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Abstract: Drought and salinity stresses are persistent threat to field crops and are frequently men-
tioned as major constraints on worldwide agricultural productivity. Moreover, their severity and
frequency are predicted to rise in the near future. Therefore, in the present study we investigated the
mechanisms underlying plant responses to drought (5, 10 and 15% polyethylene glycol, PEG-6000),
salinity (50, 100, and 150 mM NaCl), and their combination, particularly at the seed germination stage,
in terms of photosynthesis and antioxidant activity, in four soybean cultivars, viz., PI408105A (PI5A),
PI567731 (PI31), PI567690 (PI90), and PI416937 (PI37). Results showed that seed germination was
enhanced by 10% PEG and decreased by 15% PEG treatments compared to the control, while seed
germination was drastically decreased under all levels of NaCl treatment. Furthermore, combined
drought and salinity treatment reduced plant height and root length, shoot and root total weights,
and relative water content compared with that of control. However, the reductions were not similar
among the varieties, and definite growth retardations were observed in cultivar PI5A under drought
and in PI37 under salinity. In addition, all treatments resulted in substantially reduced contents of
chlorophyll pigment, anthocyanin, and chlorophyll fluorescence; and increased lipid peroxidation,
electrolyte leakage, and non-photochemical quenching in all varieties of soybean as compared to the
control plants. However, proline, amino acids, sugars, and secondary metabolites were increased
with the drought and salinity stresses alone. Moreover, the reactive oxygen species accumulation
was accompanied by improved enzymatic antioxidant activity, such as that of superoxide dismutase,
peroxidase, catalase, and ascorbate peroxidase. However, the enhancement was most noticeable in
PI31 and PI90 under both treatments. In conclusion, the cultivar PI31 has efficient drought and salinity
stress tolerance mechanisms, as illustrated by its superior photosynthesis, osmolyte accumulation,
antioxidative enzyme activity, and secondary metabolite regulation, compared to the other cultivars,
when stressed.

Keywords: Glycine max; seed germination; photosynthesis; antioxidant enzymes; secondary metabo-
lites; drought; salinity

1. Introduction

Abiotic stress is a serious environmental issue that restricts agricultural production,
and therefore, global climate change is of great relevance [1]. The most common abiotic
stressors that adversely affect plant development and growth are drought and soil salin-
ity [2]. It has been noted that plants in around 10% and 40% of the world’s arable land
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suffer from soil salinity and drought stress [3]. Drought stress inhibits the performance
of essential biochemical mechanisms, such as the photosynthetic process [4], nutritional
absorption, and osmotic adjustments by influencing the functions of essential enzymes [5].
Drought reduces the water potency in cells, resulting in plant water loss and wilting. Water
deficiency for an extended period disrupts membrane integrity, removing the membrane’s
selective permeability and causing other severe damage. In plants, photosynthesis is one
of the most critical metabolic processes that regulate photosynthetic efficiency, thereby
regulating plant growth and development. Drought and salt stress have significant impacts
on photosynthetic performance, causing several biochemical and physiological changes in
plants [3,6,7]. Therefore, detecting the changes in photosynthesis to environmental factors,
especially in drought and salinity conditions, is helpful for facilitating plants to adjust to
environmental stresses, such as extreme salt and lack of water [3].

Similarly, salinity is another critical environmental stressor that due to toxicity has a
negative impact on plants’ productivity globally [8]. Accumulation of Na+ in plant tissues,
along with the proliferation of various other toxic ions, causes biological imbalances in
plant cells, which in turn result in desperate destruction to the structural and functional
permanence of plants’ photosynthesis [5]. The processes through which salinity stress
affects plant photosynthetic activity include: triggering the over-excitation of photosystem
II, which tends to result in more non-radioactive energy loss [9]; lowering the apparent
quantum efficiency of photosynthetic activity [9,10]; accumulating reactive oxygen species
(ROS), resulting in oxidative damage, which disrupts cellular homeostasis and decreases
photosynthetic efficiency and plant growth [11]. Plants, in general, have established natural
morpho-physiological protective mechanisms to conquer stress conditions [12], the most
significant of which is the antioxidant defense system, which plays an important role in
scavenging overproduced ROS [13]. To counteract the oxidative damage induced by ROS,
plants normally upregulate antioxidative defense and antioxidant enzymes [14]. Previous
research revealed that enzymatic antioxidants play important roles in stress resistance and
respond as a defense mechanism in plants [15]. Hence, plants with a stronger antioxidant
defense system may be more stress resistant.

In addition, previously, research has focused on elucidating the mechanisms underly-
ing drought and salt stress in plants, and screening and producing stress-resistant cultivars.
The soybean (Glycine max (L.) Merr), as a key commercial crop, is an important legume
widely adopted and cultivated worldwide for its protein content, oil (for consumption),
and fatty acids. However, several abiotic variables, such as temperature, flooding, drought,
salt, and acidity, significantly affect soybean crop’s overall efficiency [16]. Consequently,
crop yields must be protected from increasing and more frequent abiotic stresses, partic-
ularly drought and salinity, in current and future climates. For soybean crops, drought
stress mainly occurs during the growing season, leading to considerable yield loss and
quality deterioration, mainly in arid and semi-arid zones. Drought stress also disturbs
carbon assimilation and plant phenology in the soybean [17]. Therefore, in order to fulfill
future food demands, breeding efforts will need to improve not only current yields but also
salinity and drought resistance.

To counteract the detrimental effects of stress on soybeans, a variety of approaches
have been established and implemented, the most common of which include agricultural
practices and genetic improvements to soybean cultivars [18]. Rainwater and irrigation
water are also being used increasingly; although irrigation system adaption is region-
specific and significantly increases soybean production costs [19]. Therefore, the most
economic way of sustainable soybean cultivation is to develop soybean genotypes having
the ability to germinate and survive under severe stress conditions [20,21]. Evidently,
enhancing soybean cultivars’ stress tolerance is critical for protecting yield gains [22].
Previously the PI 416937 soybean has been shown to have a substantially wider root system
than other lines, which could be one component in improving drought resistance. Another
investigation recently discovered that PI 416937 is implicated in soybean resistance to
aluminum (Al) stress [23]. In addition, two soybean germplasms, PI 567690 and PI 567731,
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were recently found to consistently express drought tolerance in the field compared to two
drought-sensitive genotypes [24]. Although these studies evaluated that these soybean
genotypes show drought stress tolerance, the mechanisms underlying the seed germination
traits and early seedling growth of these PIs under drought, salinity, and combined stresses
require further investigation.

Drought and high salinity conditions are becoming more severe and frequent in
agricultural areas, hampering plant growth and development and resulting in significant
crop loss. Therefore, identifying the stress tolerant soybean cultivars and significant
regulators involved in organized responses to concurrent stresses will be useful. The
soybean is an important factor of global food security for both human beings and animals,
and a significant means of supplying edible protein and cooking oil. The food demand
has increased as the world’s population has grown, but agricultural land has reduced. As
a result, soybean cultivation will be critical in utilizing arid soil. Soybean performance
under combined salinity and drought stress has received less attention to date, even
though understanding the combined salinity and drought stress tolerance mechanisms and
improving resistance are critical for soybean production.

Therefore, the main objective of the present study was to evaluate physiological and
biochemical modulations in four contrasting soybean genotypes concerning germination
and early seedling growth under drought, high salinity, and both. Physiological and
biochemical analyses were used to investigate the mechanisms of drought and salinity
stress tolerance in contrasting soybean genotypes. In particular, we showed that antioxidant
enzymes’ activities, osmolyte accumulation, and secondary metabolite regulation all have
significant roles in salinity and drought stress responses. The present observations could
serve as a conceptual framework for selecting and breeding drought and salinity-resistant
soybean cultivars.

2. Materials and Methods

2.1. Experimental Plant Materials

This study used genetically diverse soybean genotypes, PI567731 (PI31), PI416937
(PI37) PI567690 (PI90), and PI408105A (PI5A). Accession numbers PI90, PI31, PI37, and
PI5A were selected as contrasting genotypes with drought tolerance [25,26], aluminum
resistance [23,27], and flooding tolerance. Other information about soybean cultivars that
were used in the present study is provided in Table 1. The respective soybean cultivars
seeds were allowed to dry naturally before being cleaned and placed in a tightly sealed
glass container, which was then kept at 4 ◦C in the refrigerator until needed for experiments.

Table 1. Details of soybean cultivars used in the study.

Sl. No.
Accession Name
of the Cultivar

Cultivar Origin/Country Stress Tolerance References

1 PI5A KAS 633-19 Korea, South Flooding tolerance [27]
2 PI31 Fu yang (56) China Drought tolerance [26]
3 PI90 Fu yang (7) China Drought tolerance [25]
4 PI37 Houjaku Kuwazu Japan Aluminum-resistant [23]

2.2. Seeds’ Germination Treatment

Mature seeds were sterilized for 5 min in a sodium hypochloride solution before being
rinsed with distilled water. For each cultivar, 30 healthy seeds were placed in Petri dishes
(9 cm length diameter) with two layers of Whatman no. 1 filter paper with six different
treatments as follows: (i) distilled water (control, CK), (ii) 5% polyethylene glycol-6000,
PEG, (iii) 10% PEG, (iv) 15% PEG, (v) 50 mM NaCl, and (vi) 100 mM NaCl and (vii) 150 mM
NaCl respectively. Germination and growth analyses of four different available soybean
cultivars (PI31, PI90, PI37 and PI5A) were conducted in a growth chamber, with a 16 h
light/8 h dark day/night pattern at temperatures of 25 ◦C. There were three replications
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for each cultivar. Germinated seeds were removed after counting to avoid inaccuracies in
germination records.

2.3. Seedlings’ Treatments

Seeds of four soybean materials were sown in the growth chamber under the same
conditions described in the previous paragraph. Seedlings were transplanted into pots
filled with a Vermiculite, peat (2:1: w/w) mixture when they were 5 days old. The pots were
irrigated with half-strength Hoagland’s nutrient solution every other day. After 20 days of
growth with regular management, seedlings were exposed to one of four treatments—viz.,
(1) control, (2) 15% PEG-6000, (3) 150 mM NaCl, or (4) 15% PEG-6000 + 150 mM NaCl
(Table S1). The study used a completely randomized design with four factors (genotypes,
drought, salinity, and combined stress), four genotypes (PI31, PI90, PI37, and PI5A), and
four treatments (control; drought, 15% PEG-6000; salinity, 150 Mm NaCl; and combined
stress, 15% PEG-6000 + 150 mM NaCl) (Table S1). Salt stress was applied by adding NaCl
to the Hoagland solution to achieve a final concentration of 150 mM NaCl. Drought stress
was addressed by dissolving 15% PEG in half-strength Hoagland’s nutrient solution. For
combined treatments, 15% PEG (150 mM combined) was added to the Hoagland solution,
and the plants were irrigated with the Hoagland solution. The leaf samples were collected
from each of the four treatments after the seedlings had been treated for seven days. After
that, the samples were immediately frozen with liquid nitrogen and maintained in the
fridge until measurements of chlorophyll (Chl) pigment, anthocyanin, Chl fluorescence,
lipid peroxidation, electrolyte leakage, osmolytes, antioxidative enzymes’ activity levels,
and soluble protein content could be performed.

2.4. Seed Germination Calculation

Seed germination was tracked daily during the first five days of the experiment. When
the radicle length was more than 2 mm, seeds were considered germinated [28]. The
number of germinated seeds by the last day of the total number of seeds was used for the
germination percentage (GP) [29]. Germination energy (GE) was calculated by using the
formula below:

(GE, %) =
No. of germinated seeds within 3 days

total no. of seeds planted
× 100 (1)

The Germination index (GI) was computed using Equation,

Germination index (GI) = ∑Gt
Dt

(2)

In the formula, number of seeds germinated on a given day is represented by Gt, and
Dt represents the number of days from the start of the experiment.

2.5. Fresh and Dry Biomass, Plant Height, and Relative Water Content (RWC) Measurements

After harvesting, the plant height was measured with a measuring tape. After that,
the seedlings were divided into two groups: shoots and roots. The fresh weight (FW) of the
shoots and that of the roots were calculated using an electronic weight balance, and the dry
masses of the shoot and roots were determined after oven drying at 60 ◦C for 72 h.

The RWC was determined using the WEATHERLEY [30] method. The 8 mm diameter
leaf discs were weighed and immersed for 4 h in deionized water, following which the
turgid weight was recorded (TW). After the discs had been dried in the oven, the dry
biomass (DW) was estimated. For calculation, we utilized the formula below.

RWC(%) =
(FW − DW)

(TW − DW)
× 100 (3)
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2.6. Chlorophyll Fluorescence, Photosynthetic Pigments, and Anthocyanin Content

The plants’ uppermost completely grown, fresh, and healthy leaves were selected after
7 days of stress treatments to assess Chl fluorescence. To ensure that all maximum yield of
photosystem II (PSII, Fv/Fm) were dark-adapted, the leaves were dark-acclimated for at
least 30 min prior to collecting these measurements. Then, a beam of saturating red light
triggered the Chl fluorescence fluorometer transients (MINI-Imaging-PAM, (HeinZWalZ
GmbH Fffeltrich, Germany). In addition, fresh leaves were homogenized in acetone at a
concentration of 80%. A spectrophotometer was used to determine the contents of Chl a,
Chl b, and carotenoids at 645, 663, and 480 nm, respectively, according to [31].

For determining anthocyanin content, approximately 500 mg of the leaf sample was
taken in a 5 mL methanol solution, 6 M HCL, and drained at 4 ◦C for 24 h in an airtight
container. The extract was then mixed with 1 mL distilled water and 2 mL chloroform in
a 2 mL aliquot. A spectrophotometer was used to evaluate the absorbance of the upper
chloroform layer containing extracted anthocyanins at 530 nm, by following [32]

2.7. Determination of Proline, Sugars, and Free Amino Acid and Soluble Protein

The proline activity was calculated according to the protocols established by Bates
et al. [33]. The plant tissues were homogenized with 3% sulphosalicylic acid and centrifuged
for 10 min at 3600 rpm before being tested. The 2 mL solution was mixed with ninhydrin
and glacial acetic acid before being incubated at 100 ◦C for 1 h before being discarded, after
which the optical density of the solution was measured at 520 nm. The sugar content in
leaves was determined by mixing 0.1 g dried ground samples in 80 percent ethanol and
measuring the extract absorbance at 620 nm, as described by Fong et al. [34]. Furthermore,
the contents of amino acids were assayed by following the methods of Sadasivam and
Manickam [35].

Fresh leaf tissue (0.5 g) was pulverized in a 1 mL extract solution that contained 1 mM
ascorbic acid, 1 mM KCl, 0.5M KP buffer (pH 7.0), mercaptoethanol, and glycerol in an
ice-cold mortar and pestle. The mixture was centrifuged for 15 min at 11,500× g. The
supernatant was used to assess enzyme activity as a soluble protein solution. Each sample’s
protein concentration was measured using the [36] method.

2.8. Lipid Peroxidation and Electrolyte Leakage (EL)

According to the protocols developed by Heath and Packer [37], the lipid peroxidation
content was determined. To obtain the final product, fresh tissues were extracted with
1 percent trichloroacetic acid and centrifuged at 10,000× g for 5 min. The supernatant was
then heated to 95 ◦C for 30 min before being diluted with 0.5% thiobarbituric acid. After
cooling, the samples were centrifuged at 5000× g for 15 min to measure absorbance at 532
and 600 nm.

The EL was estimated using the procedure provided by Sullivan & Ross [38], after
immersing leaf disks in deionized water, electrical conductivity (EC1) was observed. The
EC2 was determined by immersing the tubes in a water bath for 30 min at 45 ◦C and 55 ◦C,
respectively. To determine the EC3, samples were further boiled at 100 ◦C for 10 min.

The EL values were determined using the following formulae:

EL(%) =
(EC2 − EC1)

(EC3)
× 100 (4)

2.9. Determination of Phenol, Flavonoids

In order to assess the phenolic content, 500 mg of dry leaf was homogenized in 80%
ethanol. When the supernatant was centrifuged at 10,000 rpm for 10 min, it was treated
with the reagent 100 µL Folin Ciocalteu (0.1 mL) immediately afterward. The sample’s
absorbance was observed at 765 nm [39]. The method of Zhishen et al. [40] was used to
assess the content of flavonoids. In this procedure, 500 µL of leaf extracts were combined
with 300 µL of 5% NaNO2 and 450 µL deionized water to make a solution. In a subsequent
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6 min period, 100 µL of 10% AlCl3 6H2O was added. After 5 min, deionized water and
200 µL of 1 M NaOH were added to get the correct 10 mL mixture. After 5 min of incubation,
the absorbance at 500 nm was measured with a spectrophotometer.

2.10. Determination of the Activity Levels of Antioxidant Enzymes

The leaf samples were ground in a pestle and mortar that had been pre-chilled to
soak in phosphate buffer (100 mM, pH 7.8) containing thylene diaminetetra acetic acid
(EDTA) (1 mM), polyvinyl pyrrolidine (1%), and phenylmethylsulfonyl fluoride (0.1 m).
The samples were centrifuged at 12,000 rpm for 10 min at 4 ◦C. This was done to collect
the supernatant for use in an enzyme assay. Superoxide dismutase (SOD) activity was
determined by the ability of an enzyme extract to prevent the photochemical reduction
of nitroblue tetrazolium [41]. The optical density at 560 nm was determined after in-
cubating the assay mixture for 15 min under fluorescent illumination. In addition, the
catalase (CAT) activity was determined by monitoring a reduction in optical density at
240 nm for 2 min while using H2O2 as a substrate, and the extinction coefficient (ε) of
0.036 mM−1 cm−1 was utilized for computation [42]. Furthermore, the method published
by Nakano and Asada [43] was utilized to evaluate ascorbate peroxidase (APX) activity,
and H2O2-dependent oxidation of ascorbate was detected as a change in absorbance at
290 nm for 2 min. Using the method described by Hori et al. [44], peroxidase (POD) activity
was evaluated in a reaction mixture including enzyme extract phosphate buffer (50 mM,
pH 7.0), 1 mM H2O2, and 1 mM guaiacol. For 3 min, the absorbance of the sample was
measured at 470 nm. The activity was measured in enzyme unit mg−1 protein.

2.11. Statistical Analysis

Using the Statistix 8.1 software, the data were subjected to two-factor analysis of
variance (ANOVA). The least significant differences (LSD) were used to compare means at
the 0.05 probability level. Sigma plot software was used for data processing and plotting
figures. Canoco 5 and GraphPad Prism 7 software were used to test the principal component
analysis (PCA) and heat map analysis to differentiate between the different cultivars with
different treatments.

3. Results

3.1. Seed Germination Behavior under Different Drought and Salinity Conditions

Soybean seeds germination percentage (SGP) and germination rate index (GRI) were
ominously impacted by drought and salinity stress in all cultivars (Figures1A,B and 2). A 10%
PEG treatment resulted in a significant increase in the rate of seed germination compared
to CK (Figures1A,B and 2). Soybean GP characteristics were modified by PEG content and
cultivar; however, the interaction was not significant (Figure 1A,B). The GP was highest
under the 10% drought treatment, followed by the 5% drought treatment, for all soybean
cultivars compared to CK (Figures1A,B and 2, Table S2). Among the four genotypes, PI31,
PI37, and PI90 resulted in better germination performances than the PI5A genotype. The
PI31, PI37, and PI90 cultivars exhibited especially good performances. However, the GP
decreased steadily with the increase in salt concentration except for PI31 (Figure 1A,B). In a
control, the highest GP was recorded, but among the treatment groups, the highest GP was
recorded with 100 mM of salt, followed by 50 mM and 150 mM (Figure 1A,B, Table S3).

Furthermore, the results revealed that the maximum GRI were at 5% and 10% of
PEG (Figure 1A,B). However, at the 15% PEG level, the lowest GRI were found. The PI31
variety had the highest GRI among all varieties, followed by PI90 and PI37 varieties (PI5A
having the lowest of all genotypes). As the PEG content increased, the GRI of all genotypes
decreased (Figure 1A,B).

In addition, as the salt content increased, a gradual decrease in GRI was observed
(p < 0.05). The GRI index was negatively affected by salinity levels (p < 0.05, Figure 1A,B);
i.e., seed GRI steadily dropped in all varieties as salinity increased (Figure 1A,B, Table S3).
The germination rate indexes of PI31 and PI90 were greater than those of PI5A and PI37
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under normal conditions. In contrast, the GRI of PI31, PI90, and PI37 under salinity
stress were considerably higher than that of PI5A (Figure 1A,B). The above results indicate
substantial differences in the sensitivity of PI31, PI90, and PI5A to salinity, and that PI31
was more tolerant to salinity than PI37 (Figure 1A,B).

Figure 1. (A) Seed germination percentages (SGP) and (B) rate of germination indexes (GRI) of
four soybean cultivars grown under drought and salinity stress conditions. Data presented are
means ± SD. Different letters denote a significant difference at p < 0.05 based on the least significant
difference (LSD) test. Letter a is highly significant than b, and ab means no significant differences
between a with ab and b with ab.

3.2. Germination Energy

PEG and NaCl treatments significantly impacted all cultivars’ GE, with PI31 having
higher GE than the others in the PEG/NaCl treatment (Figure 3). The present results
show that drought and salinity stress increments decreased GE in all cultivars. When all
cultivars were exposed to PEG 15% and 150 mM NaCl, their GE was reduced dramatically,
but there were no changes when exposed to PEG 10% and 50 mM NaCl. PI5A showed
more germination energy retardation than PI31 under drought stress. However, under
salinity stress, the lowest GE was observed in PI37. The results showed that the highest GE
(Figure 3) was observed in PI31 at all PEG and NaCl levels. According to these findings, the
degree of reduction was not the same for all soybean genotypes evaluated at the PEG and
NaCl concentrations studied. A negative effect difference across all genotypes investigated
for all germination traits, as shown in (Figure 3), indicates potential genetic variation in
response to PEG-induced drought stress and salinity (Tables S2 and S3).

3.3. Plant Height and Biomass and RWC under Drought and Salinity Conditions

The results show that drought stress, salinity, and combined stress treatments reduced
the plant height, biomass, and RWC (Tables 2 and S4–S7). The plant height of all cultivars
was considerably reduced by drought stress and salinity. Under salinity treatment, the
reduction was more in PI37 (64%) and less in PI31 (52%) than in control treatments. Under
drought treatment, the reduction was greatest in PI5A (179.44%) and least in PI31 (49%),
whereas it was intermediate in the other two varieties compared to the control treatments
(Table 2).

73



Antioxidants 2022, 11, 498

Figure 2. Seed germination of four soybean cultivars grown under different drought and salinity
stress conditions. (A) PI31, (B) PI90, (C) PI37, (D) PI5A, (E) PI31, (F) PI90, (G) PI5A, (H) PI37.

Figure 3. Germination energy of four soybean cultivars grown under drought and salinity stress
conditions. Data presented are means ± SD. Different letters denote significant a difference at p < 0.05
based on the least significant difference (LSD) test. Letter a is highly significant than b, and ab means
no significant differences between a with ab and b with ab.
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Table 2. Plant height, shoot fresh weight, shoot dry weight, root dry weight, and leaf relative water
content (LRWC) of four soybean cultivars grown under drought and salinity stress conditions. Data
presented are means ± SD. Different letters denote a significant difference at p < 0.05 based on the
least significant difference (LSD) test.

Cultivars Treatments
Plant Height

(cm)

Shoot Fresh
Weight

(mg g−1 FW)

Shoot Dry
Weight

(mg g−1 FW)

Root Dry
Weight

(mg g−1 FW)
LRWC (%)

PI31 Control 76.663 ± 0.95 a 19.603 ± 0.65 a 8.937 ± 0.30 a 3.297 ± 0.40 a 81.376 ± 2.37 a
Drought 51.410 ± 3.20 a 12.173 ± 0.37 a 7.840 ± 0.32 a 2.217 ± 0.06 a 73.443 ± 2.55 a
Salinity 45.840 ± 0.76 a 9.743 ± 0.36 a 7.037 ± 0.76 a 1.55 ± 0.28 a 63.09 ± 2.62 a

drought + Salinity 33.93 ± 1.06 a 6.800 ± 0.46 a 3.270 ± 0.03 a 1.043 ± 0.07 a 58.45 ± 1.56 a

PI90 Control 66.567 ± 2.27 b 18.233 ± 0.32 a 9.433 ± 0.65 a 3.20 ± 0.07 a 83.119 ± 2.57 a
Drought 43.91± 1.02 b 10.300 ± 0.34 a 7.633 ± 0.55 ab 1.280 ± 0.55 b 70.96 ± 1.89 a
Salinity 40.85 ± 2.40 ab 8.933 ± 0.40 a 5.27 ± 0.17 b 0.920 ± 0.18 b 65.831 ± 1.57 a

Drought + Salinity 27.68 ± 0.76 b 5.657 ± 0.18 ab 2.867 ± 0.18 ab 0.727 ± 0.18 ab 55.514 ± 2.81 ab

PI37 Control 69.233 ± 1.12 ab 18.100 ± 0.22 a 8.833 ± 0.22 a 3.100 ± 0.11 a 83.92 ± 3.21 a
Drought 39.43 ± 1.06 b 7.927 ± 0.30 b 4.143 ± 0.64 b 1.190 ± 0.14 bc 50.5 1± 1.27 b
Salinity 36.267 ± 1.20 b 6.7733 ± 0.38 b 4.410 ± 0.46 b 1.243 ± 0.12 ab 60.79 ± 1.35 a

Drought + Salinity 20.367 ± 0.03 c 4.680 ± 0.20 b 2.263 ± 0.26 b 0.497 ± 0.26 c 48.47 ± 2.09 bc

PI5A Control 62.93 ± 2.90 b 16.74 ± 0.90 a 8.267 ± 0.40 a 2.897 ± 0.08 a 80.39 ± 4.44 a
Drought 22.03 ± 1.11 c 5.480 ± 0.30 c 2.573 ± 0.33 c 0.887 ± 0.03 c 61.78 ± 3.52 ab
Salinity 25.43 ± 1.93 c 6.28 ± 0.23 b 4.023 ± 0.86 c 1.030 ± 0.08 ab 42.48 ± 2.45 b

Drought + Salinity 17.33 ± 1.40 c 4.657 ± 0.23 b 1.633 ± 0.22 c 0.347 ± 0.22 c 41.39 ± 1.53 c

The results show that combined stress further decreased the plant height by 126%,
140, 240%, and 252%, in PI31, PI37, PI90, and PI5A, respectively. Moreover, under salinity
treatment, the lowest shoot fresh weight (SFW), shoot dry weight (SDW), and root dry
weight (RDW) were recorded in PI37 (103%, 79%, and 60% of the control) and the highest
in PI31 (101%, 87%, and 79% of the control). However, under drought treatment, the lowest
SFW, SDW, and RDW were recorded in PI5A (67%, 68% and 69% of the control) and the
highest in PI31 (61%, 13.99%, and 30.68% of the control). On average, 76%, 24%, 158%;
and 76%, 130%, 10% of SFW, SDW, and RDW were recorded in the PI37 and PI90 soybean
cultivars (Table 2). Similarly, combined stress treatments decreased SFW, SDW, and RDW
(Table 2). The lowest SFW, SDW, and RDW were found in PI5A and the highest in PI31
under the combined treatment (Tables 2 and S4–S7).

3.4. Chlorophyll, Carotenoid, and Anthocyanin Content, and Chlorophyll Fluorescence

The results show that the Chl, carotenoids, anthocyanin contents, and the Chl fluo-
rescence were reduced in all varieties due to drought stress, salinity, and combined stress
treatments compared with the controls (Tables 3 and S4–S7). The results revealed that Chl a,
Chl b, Chl (a + b), and carotenoid contents were significantly affected by drought, salinity,
and combined treatments. Soybean cultivar PI31 had higher Chl a, Chl b, Chl (a + b), and
carotenoid contents under drought, salinity, and combined stress treatments. In the others,
compared to the control, Chl a, Chl b, Chl (a + b), and carotenoids were decreased due
to combined stress treatment. The reductions were lower in PI31 (68%, 66%, 69%, and
70%) and higher in PI5A (89%, 70%, 61%, and 80%) compared to the control treatments.
Furthermore, drought, salinity, and combined stress significantly reduced the anthocyanin
content in all cultivars (Table 3). Under combined stress treatment, the respective contents
were reduced by 39%, 51%, 46%, and 61% (Tables 3 and S4–S7).

Moreover, the maximum yield of photosystem II (PSII, Fv/Fm) and photochemical
quenching coefficient (qP) of soybean leaves reduced dramatically under drought, salinity,
and combined stress, whereas the non-photochemical quenching coefficient (NPQ) in-
creased (Figure 4A–C, Tables S4–S7). The Fv/Fm values evaluated under drought and salin-
ity conditions were considerably reducedby 18% and 50%; 37% and 47%; 28% and 44%; and
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62% and 57% in PI31, PI90, PI37, and PI5A, respectively, when compared with control treat-
ment. The qP did not differ significantly in the CK and drought treatments, but the salinity
and combined treatments reduced the qP. However, when compared to the control treat-
ment, the salinity and drought treatments increased the qP in PI31 (Figure 4A–C). In all soy-
bean cultivars, the NPQ in the drought and salinity treatment was considerably enhanced
as compared to the control treatment. Compared to CK treatment, the NPQ in the combined
treatment further increased in PI31, PI90, PI5A, and PI37 (Figure 4A–C, Tables S4–S7).

Table 3. Leaf chlorophyll pigments, carotenoid contents, and anthocyanin contents of four soybean
cultivars grown under drought and salinity stress conditions. Data presented are means ± SD, and
different letters denote a significant difference at p < 0.05 based on the least significant difference
(LSD) test.

Cultivars Treatments
Chl a

(mg g−1 FW)
Chl

b(mg g−1 FW)
Total Chl

(mg g−1 FW)
Carotenoid

(mg g−1 FW)
Anthocyanin
(µg g−1 FW)

PI31 Control 1.414 ± 0.67 a 5.278 ± 0.16 a 6.692 ± 1.09 a 1.283 ± 0.16 a 71.490 ± 1.9 a
Drought 0.816 ± 0.015 a 3.202 ± a 0.18 a 4.018 ± 1.21 a 0.476 ± 0.05 a 55.385 ± 4.46 a
Salinity 0.774 ± 0.02 a 2.964 ± 0.2 a 3.738 ± 0.72 a 0.475 ± 0.22 a 56.956 ± 1.87 a

Drought + Salinity 0.449 ± 0.04 a 1.982 ± 0.19 a 2.431 ± 0.12 a 0.451 ± 0.34 a 48.267 ± 3.24 a

PI37 Control 1.388 ± 0.88 a 5.149 ± 0. 10 a 6.537 ± 0.43 a 0.944 ± 0.27a 76.596 ± 1.12 a
Drought 0.625± 0.03 a 2.380 ± 0.09 bc 3.005 ± 0.64 b 0.2887 ± 0.18 ab 57.676 ± 1.33 a
Salinity 0.475 ± 0.01 b 2.231± 0.36 b 2.706± 0.57c 0.256 ± 0.45 b 42.815 ± 4.48 b

Drought + Salinity 0.231± 0.07 b 1.728 ± 0.17 ab 1.959 ± 0.54c 0.174 ± 0.33 bc 32.144 ± 4.67 b

PI90 Control 1.437 ± 0.44 a 4.994 ± 0.14 a 6.431 ± 1.13 a 1.0172 ± 1.11a 78.691 ± 2.85 a
Drought 0.316 ± 0.06 b 2.771 ± 0.28 ab 3.087 ± 0.74 a 0.337 ± 0.55 ab 52.544 ± 0.79 ab
Salinity 0.251 ± 0.08 c 2.883 ± 0.19 a 3.134 ± 0.22 b 0.423 ± 0.13 ab 51.784 ± 2.74 ab

Drought + Salinity 0.114 ± 0.03 b 1.922 ± 0.11 a 2.063 ± 0.29 b 0.272 ± 0.65 b 42.750 ± 3.53 ab

PI5A Control 1.388 ± 0.055a 4.902 ± 0.29 a 6.29 ± 1.08 b 0.967 ± 0.88 a 80.262 ± 6.17 a
Drought 0.215± 0.03b 2.225 ± 0.15 c 2.44 ± 0.98b 0.181 ± 0.57 b 46.94 ± 3.88 b
Salinity 0.233 ± 0.21c 2.356 ± 0.17 b 2.589 ± 0.65c 0.254 ± 0.14 b 50.082 ± 5.57 ab

Drought + Salinity 0.158 ±0.14 b 1.421 ± 0.12 b 1.579 ± 0.54ab 0.1284 ± 0.44 c 30.311 ± 0.74 b

3.5. Sugars, Proline, Free Amino Acids, and Protein

Under control conditions, all osmolytes (sugars, proline, and free amino acid) con-
centrations were statistically similar in all soybean varieties (Figure 5A–D, Tables S8–S11).
However, drought, salinity, and combined stress significantly increased osmolytes’ accumu-
lation in the soybean seedlings of all varieties. Soybean cultivar PI31 had by far the highest
soluble sugar, proline, and free amino acid concentrations compared to the other cultivars
under drought and salinity stress treatments, respectively (Figure 5A–D). Upon exposure to
combined stress treatment, proline, sugar, and free amino acid contents increased by 399%,
125%, and 174% in PI31; 255%, 101%, and 113% in PI90; 128%, 73%, and 11% in PI05A; and
195%, 111%, and 110% in PI37, compared with the control conditions (Figure 5A–D). In
addition, drought, salinity, and combined stress resulted in a substantial decrease in protein
content in all soybean varieties compared to the control (Figure 5A–D, Tables S8–S11).
Protein content decreased by 32%, 70%, 79%, and 60% in PI31, PI567690, PI5A and PI37,
respectively, under combined stress conditions compared to the controls.

3.6. Total Phenolic and Flavonoid Contents

In this study, the accumulation of phenol and flavonoids was significantly augmented
with drought, salinity, and combined stress treatments (Figure 6A,B, Tables S8–S11). Com-
pared to the control, drought treated plants showed substantial improvements in their
contents of phenolic compounds and flavonoids: 111% and 231.40% in PI31; 145% and
147% in PI90; 85% and 86% in PI5A; and 135% and 215% in PI37, respectively. Similar to
drought treatment, the contents of total phenolic compounds and flavonoids were also
increased under high salinity by 134% and 241%; 117% and 119%; 133% and 135%; and 86%

76



Antioxidants 2022, 11, 498

and 152% in PI31, PI90, PI5A, and PI37 compared to the controls, respectively. Likewise,
combined stress treatment further increased the phenol and flavonoid contents compared
to the control (Figure 6A,B, Tables S8–S11).

Figure 4. (A) Fv/Fm, (B) non-photochemical quenching (NPQ), and (C) photochemical quenching
(qP) of four soybean cultivars grown under drought and salinity stress conditions. Data presented
are means ± SD, and different letters denote a significant difference at p < 0.05 based on the least
significant difference (LSD) test. Letter a is highly significant than b, and ab means no significant
differences between a with ab and b with ab.
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Figure 5. (A) Proline, (B) free amino acids, (C) soluble sugars, and (D) protein of four soybean
cultivars grown under drought and salinity stress conditions. Data presented are means ± SD, and
different letters denote a significant difference at p < 0.05 based on the least significant difference
(LSD) test. Letter a is highly significant than b, and ab means no significant differences between a
with ab and b with ab.

Figure 6. (A) Total phenols and (B) total flavonoids of four soybean cultivars grown under drought
and salinity stress conditions. Data presented are means ± SD, and different letters denote a sig-
nificant difference at p < 0.05 based on the least significant difference (LSD) test. Letter a is highly
significant than b, and ab means no significant differences between a with ab and b with ab.

3.7. Oxidative Stress Indicators

Under drought, salinity, and combined stress treatment, lipid peroxidation (MDA)
and electrolyte leakage (EL) significantly (p ≤ 0.05) increased compared with the controls
(Figure 7A,B, Tables S8–S11). Compared with its control, PI37 possessed higher MDA and
EL contents under high salinity. Under drought stress treatment, PI5A has displayed the
highest MDA and EL values. PI31 showed the least lipid peroxidation and electrolyte
leakage under all stress conditions. Meanwhile, among the cultivars, PI37, PI90, and PI5A
displayed maximum MDA and EL concentration reductions of 173%, 250%, and 174% and
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281%, 686%, and 217%, respectively, compared to PI31 under combined stress conditions
(Figure 7A,B).

Figure 7. (A) Lipid peroxidation and (B) electrolyte leakage of four soybean cultivars grown under
drought and salinity stress conditions. Data presented are means ± SD, and different letters denote a
significant difference at p < 0.05 based on the least significant difference (LSD) test. Letter a is highly
significant than b, and ab means no significant differences between a with ab and b with ab.

3.8. Activity Levels of Antioxidant Enzymes

Antioxidant enzymes’ activity levels, such as those of SOD, POD, CAT, and APX,
were examined in soybean cultivars and found to significantly differ (Figure 8A–D, Tables
S8–S11). Under separate drought and salinity treatments, SOD and CAT activity levels
were significantly increased in PI31, PI37, PI90, and PI5A (Figure 8A–D). Plants exposed to
combined stress treatment further augmented their activity, having highest improvements
of 153%, 179%, 190%, and 90% in SOD; and 161%, 108%, 162%, 121% in CAT in PI31, PI90,
PI37, and PI5A, respectively, compared to the controls. Moreover, in drought and salinity
treatments, POD and APX activity levels increased in PI31, PI90, PI5A, and PI37 compared
to their control treatments (Figure 8A–D). Likewise, combined stress further significantly
increased the APX and POD activity levels by 83% and 206% in PI567731; 71% and 198%
in PI90; 57% and 97% in PI5A; and 38% and 121% in PI37, respectively, compared to their
controls (Figure 8A–D, Tables S8–S11).

3.9. Relationships among Physiological Traits under Drought Stress, Salinity, and Combined
Stress Conditions

Across drought, salinity, and combined stress conditions, the principal component
analysis (PCA) with two major components described 44% of the total variation in four
different soybean cultivars PI31, PI90, PI5A, and PI37 (Figure 9A). The first PCA axis was
used to differentiate no salinity treatments (well-watered and drought-stressed), salinity
treatments (salinity, well-watered), and combined stress treatments (salinity + drought)
(Figure 9A). Each treatment was segregated well under stressful conditions, and the four
soybean cultivars were separated along the second PCA axis. Interestingly, the PCA results
revealed that SOD, POD, carotenoid, APX, CAT, phenol, flavonoids, and total Chl were
the significant contributors in PC1 and were strongly related to “PI31.” EL, MDA, and
NPQ were substantially connected to “PI37” under salinity and “PI5A” under drought
treatments (Figure 9A). Furthermore, “Chl a” was closely linked to “PI90.” The contents of
Chl a and Chl b were found to be the most closely linked to “PI31” (Figure 9A).
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Figure 8. (A) Superoxide dismutase, (B) peroxidase, (C) catalase, and (D) ascorbate peroxidase
activity levels of four soybean cultivars grown under drought and salinity stress conditions. Data
presented are means ± SD, and different letters denote a significant difference at p < 0.05 based on the
least significant difference (LSD) test. Letter a is highly significant than b, and ab means no significant
differences between a with ab and b with ab.

Figure 9. Cont.
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Figure 9. Multivariate statistical analysis indicates associations between treatments, variables, and
cultivars. (A) Principal component analysis (PCA) based on eco-physiological traits in four soybean
cultivars affected by drought, salinity, and combined stress. Blue circles, PI567731; green symbols,
PI416937; red symbols, PI567690; and purple symbols, PI408105A in control, drought, salinity, and
drought + salinity treatments; (B) Heatmap of correlation. T1, control: T2, drought: T3 salinity:
T4 drought + salinity; G1, PI567731: G2, PI416937: G3, PI567690: G4, PI408105A. Chl: chlorophyll;
Car: carotenoids Chl T: total chlorophyll; PH; plant height; SFW: shoot fresh weight: SDW: shoot dry
weight: QP: photochemical quenching; NPQ: non-photochemical quenching; maximal photochemical
efficiency (Fv/Fm), RLWC: relative leaf water content; MDA: malondialdehyde; EL: electrolyte
leakage; PRO: proline; SS: soluble sugar; CAT: catalase; POD: peroxidase; SOD: superoxide dismutase;
APX: ascorbate peroxidase; FLAV: flavonoid content; TPC: total phenolic content; AA: amino acid.

3.10. Correlation Analysis in Soybean Cultivars under Drought Stress, Salinity, and Combined
Stress Conditions

Furthermore, the heat map elucidates the physiological responses of the four soybean
cultivars under various stress conditions, including drought, salinity, and combined stress
(Figure 9B). According to our data, under drought, salinity and combined treatments, plant
weights (SFW and SDW), Chl content, qp, RWC, protein, Fv/Fm activity, and proline
content were correlated positively with secondary metabolites (phenol and flavonoids) and
antioxidative enzymes (CAT, POD, APX, and SOD). The stress treatments are grouped apart
from the other soybean treatments because of their increased NPQ, MDA, and EL contents.

4. Discussion

Environmental stresses, particularly drought and salinity stress, are the two most
important abiotic factors limiting plants’ growth and productivity by restricting their phys-
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iological, biochemical, and molecular mechanisms, such as photosynthetic performance,
metabolism of protein, and synthesis of lipids [7,45]. To date, most findings have focused on
plant responses to each of these stressors separately [46], and these investigations have not
provided predicted the strategies plants utilize to respond to combined stresses. Moreover,
seedling growth may be a useful trait for the early detection of drought and salinity. There-
fore, the present research explored the adverse effects of drought, salinity stress, and their
combination on seed germination, growth, photosynthesis, and enzymatic antioxidation
in soybeans.

Drought is well-known abiotic stress that causes major losses in plant growth, leading
to considerable yield loss among many crops worldwide [6]. Many researchers have shown
that simulating drought stress with PEG hypertonic solution is an effective tool during seed
germination [47]. In this study, contrasting soybean cultivars were employed, including
PI5A, PI31, PI90, and PI37 (Table 1), to evaluate the drought and salt resistance of the
soybean germplasms and to comprehend the genetic influences on drought and salt stress
tolerance. The present results showed that the seed germination attributes were enhanced
by 10% PEG and decreased by 15% PEG treatments compared to the controls. A previous
study reported that some plants could adapt to drought, and that low stress could enhance
the seed germination, whereas high stress inhibited growth [48]. The effects of drought
stress simulated by PEG on seed germination parameters, i.e., GP, GE, and GI, exhibited
that seed germination attributes of soybean varied depending on the concentration of
PEG600. The relative GP, GE, and GI were reduced as PEG concentrations increased [49].
We observed that 10% PEG could increase seed germination, but 15% PEG could greatly
inhibit seed germination. Similar results to our findings were found in the study of Guo
et al. [50]. Furthermore, salt concentration increases seed germination efficiency and
decreases germination rate [51]. Salt stress can cause osmotic stress and ionic toxicity,
which result in poor germination [52]. Our results showed that the seed germination
performance was poor with a high salt concentration compared to the control conditions.
Among the salinity treatments, he maximum germination performance was recorded at
100 mM NaCl, followed by 50 mM NaCl. The current findings are similar to those of
Talei et al. [53].

Furthermore, a recent study stated that, during stressful situations, compared to seed
germination, seedling growth is more affected [52]. The present findings demonstrate that
salt and drought reduced plant fresh and dry weights in all soybean cultivars, but the
responses differed. Due to drought stress, the decrease in plant biomass was greater in
the sensitive cultivar (PI5A) than in the tolerant cultivar (PI31). In contrast, PI31 plants
grown under combined stress exhibited produced more biomass than the others, indicating
that PI567731 soybeans are the most drought and salinity tolerant of these cultivars. These
findings demonstrate that the four genotypes have different growth strategies under
stressful situations, which is consistent with recent findings [54,55]. In addition, according
to previous research, plants can modify their growth distributions among roots and shoots
to deal with stress conditions, such as water stress and salinity [56,57]. The present findings
support previous research, as under drought, salinity, and combined stress, PI31 had more
root biomass than the others (Table 2), which could be due to the roots’ enhanced nutrition
and water adsorption capability. On the other hand, drought, salinity, and combined stress
treatment reduced root biomass in PI37, PI90, and PI5A. This complex mode of growth
trait retardation in different soybean genotypes under combined stress could be owing to
distinct, particularly opposed signaling pathways caused through combined stress. [58].

Alexieva et al. [59] observed that a reduction in RWC was the primary cause of osmotic
stress, which can also be caused by salt and drought. The sensitive PI5A cultivar was more
influenced by the reduction in RWC than the PI31 and PI37 cultivars in our study under
combined stress (Table 2). We found that when those cultivars were subjected to combined
stress, they displayed different levels of sensitivity. Additionally, to determine the perfor-
mance of their photosynthetic systems under drought and salinity stress conditions, the
photosynthetic pigments and Chl fluorescence were measured after drought, salinity, and
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combined stress treatments. Results showed that drought and salinity stress considerably
affected the photosynthetic parameters in the soybean leaves, but the reductions were not
similar in the cultivars (Table 3; Figure 4A–C). Generally, alterations in Fv/Fm are frequently
corroborated by changes in the concentrations of particular photosynthetic pigments and
cell structure modulations, which can be affected by a wide range of environmental factors,
including water deficit, nutritional status, and temperature, that affect PSII activity [60]. In
the present study, we found that drought and combined stress more adverse effects on the
Fv/Fm of the drought-sensitive cultivar (PI5A) than the Fv/Fm of the drought-tolerant
cultivars (PI31 and PI37) (Figure 4A–C), demonstrating that PI408105A is more sensitive
to drought stress than the other cultivars. On the other hand, salinity stress has a more
severe adverse effect on the Fv/Fm of the salt-sensitive cultivar (PI37) than the Fv/Fm of
the other cultivars. A recent study has shown that drought can alter the reaction center and
impede the electron transport system, decreasing the Fv/Fm [61]. Photosynthetic pigment
concentrations, such as those of Chl a, Chl b, and Car, are widely employed to directly check
the photosynthesis capabilities of plants in stressful situations [62]. Reductions in Chl and
Car concentration have previously been documented to cause significant photosynthetic ca-
pacity impairments [63]. In this study, Chl content was observed to be reduced in all stress
treatments, and the reductions in Chl in salt treatment groups were more severe than in
drought treatment groups (Table 3). In addition, significant reductions in all Chl pigments
occurred after seven days of salt stress treatment, demonstrating that salt stress disrupted
the synthesis and expedited the breakdown of leaf pigments. Previous studies on hybrid
Pennisetum [64], Populus euphratica, and P. pruinosa seedlings [57], supported this hypothesis
when salt-treated plants were subjected to drought stress. Their Chl a, Chl b, total Chl, and
carotenoid contents were reduced significantly compared to the control plants.

Plants also accumulate a wide range of organic solutes in response to external osmotic
impending changes to deal with environmental factors. Proline, an organic solute, is well-
known for its osmotic adaptation activity and role in stress responses enhancement by
inhibiting cellular membranes and enzyme integrity [65]. According to our results, stress-
treated plants had significantly higher proline content than non-treated plants. Furthermore,
plants treated with 15% PEG and 200 mM stress exhibited similar adjustments to salt
stress when proline levels were nearly equal. Previous findings demonstrated that plant
survival, stress tolerance, and biochemical changes under stressed conditions, such as
drought and salinity, are all dependent on non-structural carbohydrates [66,67]. Several
studies have found that sugars play a vital role in plants’ osmotic regulation, including cell
turgor maintenance, and absorption and transportation of water under stress [67,68]. In
the present study, under combined stress treatment, PI31, PI90, and PI37 soybean plants
had higher leaf soluble sugar contents than their controls (Figure 5A–D), indicating that
PI31, PI90, and PI37 soybeans may have superior osmotic regulation. Besides this, free
amino acids (FAA) are involved in osmotic regulation, helping cells maintain their osmotic
potential [69]. We observed that, under all stressful conditions, PI31 and PI90 accumulated
more FAA than other soybeans used in this study. Therefore, PI31 and PI90 are more
efficient in osmotic regulation, maintaining cell osmotic potential, and water absorption
under stressful conditions than the other cultivars (Figure 5A–D).

Furthermore, phenols and flavonoids are crucial for improving cellular homeostasis
during drought and salt stress. The amounts of phenolic compounds and flavonoids in
our study increased as the concentrations of NaCl and PEG increased. Increased phenolic
and flavonoid contents in drought and salt-treated plants could increase ROS production.
Increased phenolic and flavonoid contents could also be helpful due to their scavenging
activity, protecting plants from ROS by deactivating the free radicals, quenching the ROS,
and the decomposing peroxides that are ultimately generated during stress. Some medicinal
and aromatic plants, such as rosemary, basil, and pennyroyal [70], have shown that phenolic
content increases as stress concentration increases. Surprisingly, in Nigella sativa [71],
phenolic content decreases as the salt concentration rises.
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Environmental conditions such as drought and high salinity lead to ROS production,
leading to lipid peroxidation, antioxidant deprivation, and eventually, gene expression
alterations [72]. The present investigation found that all soybean cultivars had greater ROS
concentrations during drought and salinity stress and combined stress; however, the EL con-
tent was highest in the sensitive cultivars (PI5A) under drought and combined treatments
and PI37 under salinity and combined treatments, implying higher oxidative stress under
stressed conditions. The generation of ROS has been proposed as a major symptom of phy-
totoxicity, and this process has been extensively studied in plants in various environmental
conditions [73,74]. Malondialdehyde (MDA), a key lipid peroxidation product, is linked
to oxidative damage in severe stress situations [75]. Our data demonstrated that drought
and salinity augmented lipid peroxidation levels in all soybean cultivars, indicating greater
oxidative injuries [76], although PI37 and PI5A had more severe oxidative damage than
other soybeans. These results revealed that PI31 had less damage to MDA than the other
cultivars when exposed to drought, salinity, and combined stress treatments. Antioxidant
enzymes are essential for scavenging superoxide ions and lipid peroxidation tolerance.
According to previous research, stressful environments can cause substantial increases
in the activity of enzymes such as POD, SOD, CAT, and APX, which are well associated
with the scavenging ability of ROS and serve as essential protective measures to deal with
stressful environmental factors [12,77]. SOD is the first enzyme in the antioxidant system,
and it transforms the highly reactive OH• radical and superoxide (O2

•−) to less harmful
H2O2, reducing DNA, protein, and damage to the membrane [78]. The enzyme activity
levels in all soybeans increased dramatically in this study. Under drought stress, the SOD,
POD, CAT, and APX activity levels were higher in PI31, PI90, and PI37 than in PI5A. At
the same time, POD contents were lower in PI37 and greater in PI5A in terms under high
salinity. Under combined stress conditions, all four showed higher levels of SOD and
POD APX, and CAT as compared to their controls (Figure 8A–D). In summary, PI31 and
PI90 appear to have highly effective antioxidant defense mechanisms to cope with stress,
explaining their higher stress tolerance. These results are in agreement with other findings:
other authors have also found enhanced antioxidant activity in alfalfa [79], maize [80],
sugarcane species [15], Populus yunnanensis [81], T. aestivum [82], Populus euphratica, and
P. pruinosa [57] under stress. Overall, the antioxidant enzyme complex’s improved efficacy
found under stress conditions could be linked to tolerance mechanisms based on fine-tuned
redox state management.

5. Conclusions

The responses of different soybean cultivars to drought and salinity stress were eval-
uated at the germination and seedling stages. Under drought treatment, compared to
the control and 15% PEG treatment, seed germination was improved with the 10% PEG
treatment. However, seed germination was reduced under salt treatment as the salt con-
centration increased. Furthermore, the present investigation revealed that under drought,
salinity, and combined stress especially, PI37 and PI5A soybeans suffered more severe
inhibitory effects and showed less tolerance than PI31 soybeans. Under stressful conditions,
the antioxidant enzyme activity and osmoregulation of the PI31 soybean were higher,
and the ROS accumulation was lower than in PI37 and PI5A. The present information
collectively demonstrates that the PI31 soybean is more stress-tolerant whether exposed
to drought stress, salt, or both. The results of this study are novel and advance our under-
standing of the plant responses to drought, salt, and combined stressors. These findings are
especially valuable for cultivation management due to the frequency of droughts and wors-
ened soil salinity in many areas. Having a better understanding of the specific responses
and tolerances to drought and salinity of soybean cultivars is critical and will support
environmental movements to re-green agricultural lands.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11030498/s1, Table S1: Different drought and salt treatments
which used for imposing stress for 7days; Table S2. Seed germination percentage (SGP), rate of
germination index (GRI) and Germination energy (GE) of four soybean cultivars grown under
drought stress conditions. Data presented are means ± SD. Different letters denote significant
difference at p < 0.05 based on the least significant difference (LSD) test. Abbreviation; CK = control,
D1 = PEG6000 5% Drought; D2 = PEG6000 10% Drought; D3, PEG6000 15% Drought; Table S3. Seed
germination percentage (SGP), rate of germination index (GRI) and Germination energy (GE) of
four soybean cultivars grown under Salinity stress conditions. Data presented are means ± SD.
Different letters denote significant difference at p < 0.05 based on the least significant difference
(LSD) test. Abbreviation; CK = control, S1 = NaCL 50 mM; S2 = NaCL 100 mM; S3 = NaCL 150 Mm;
Table S4. Plant height, Shoot fresh weight, Shoot dry weight, Root dry weight, and leaf relative
water content (LRWC), Leaf chlorophyll pigments, carotenoid contents, and Anthocyanin contents,
Fv/Fm, non-photochemical quenching (NPQ) and photochemical quenching (qP) of PI567731 soybean
cultivars grown under drought and salinity stress conditions. Data presented are means ± SD.
Different letters denote significant difference at p < 0.05 based on the least significant difference (LSD);
Table S5. Plant height, Shoot fresh weight, Shoot dry weight, Root dry weight, and leaf relative
water content (LRWC), Leaf chlorophyll pigments, carotenoid contents, and Anthocyanin contents,
Fv/Fm, non-photochemical quenching (NPQ) and photochemical quenching (qP) of PI416937 soybean
cultivars grown under drought and salinity stress conditions. Data presented are means ± SD.
Different letters denote significant difference at p < 0.05 based on the least significant difference (LSD);
Table S6. Plant height, Shoot fresh weight, Shoot dry weight, Root dry weight, and leaf relative
water content (LRWC), Leaf chlorophyll pigments, carotenoid contents, and Anthocyanin contents,
Fv/Fm, non-photochemical quenching (NPQ) and photochemical quenching (qP) of PI567690 soybean
cultivars grown under drought and salinity stress conditions. Data presented are means ± SD.
Different letters denote significant difference at p < 0.05 based on the least significant difference (LSD);
Table S7. Plant height, Shoot fresh weight, Shoot dry weight, Root dry weight, and leaf relative water
content (LRWC), Leaf chlorophyll pigments, carotenoid contents, and Anthocyanin contents, Fv/Fm,
non-photochemical quenching (NPQ) and photochemical quenching (qP) of PI408105A soybean
cultivars grown under drought and salinity stress conditions. Data presented are means ± SD.
Different letters denote significant difference at p < 0.05 based on the least significant difference (LSD);
Table S8. Proline, Free Amino acids, Soluble Sugars, Protein, Total phenols, Total flavonoids, lipid
peroxidation and Electrolyte leakage, Superoxide dismutase, Peroxidase, Catalase, and Ascorbate
peroxidase of PI567731 soybean cultivars grown under drought and salinity stress conditions. Data
presented are means ± SD. Different letters denote significant difference at p < 0.05 based on the
least significant difference (LSD); Table S9. Proline, Free Amino acids, Soluble Sugars, Protein,
Total phenols, Total flavonoids, lipid peroxidation and Electrolyte leakage, Superoxide dismutase,
Peroxidase, Catalase, and Ascorbate peroxidase of PI416937 soybean cultivars grown under drought
and salinity stress conditions. Data presented are means ± SD. Different letters denote significant
difference at p < 0.05 based on the least significant difference (LSD); Table S10. Proline, Free Amino
acids, Soluble Sugars, Protein, Total phenols, Total flavonoids, lipid peroxidation and Electrolyte
leakage, Superoxide dismutase, Peroxidase, Catalase, and Ascorbate peroxidase of PI567690 soybean
cultivars grown under drought and salinity stress conditions. Data presented are means ± SD.
Different letters denote significant difference at p < 0.05 based on the least significant difference (LSD);
Table S11. Proline, Free Amino acids, Soluble Sugars, Protein, Total phenols, Total flavonoids, lipid
peroxidation and Electrolyte leakage, Superoxide dismutase, Peroxidase, Catalase, and Ascorbate
peroxidase of PI408105A soybean cultivars grown under drought and salinity stress conditions. Data
presented are means ± SD. Different letters denote significant difference at p < 0.05 based on the least
significant difference (LSD).
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Abstract: Measuring metabolite patterns and antioxidant ability is vital to understanding the physio-
logical and molecular responses of plants under salinity. A morphological analysis of five rapeseed
cultivars showed that Yangyou 9 and Zhongshuang 11 were the most salt-tolerant and -sensitive,
respectively. In Yangyou 9, the reactive oxygen species (ROS) level and malondialdehyde (MDA)
content were minimized by the activation of antioxidant enzymes such as superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) for scavenging of over-
accumulated ROS under salinity stress. Furthermore, Yangyou 9 showed a significantly higher
positive correlation with photosynthetic pigments, osmolyte accumulation, and an adjusted Na+/K+

ratio to improve salt tolerance compared to Zhongshuang 11. Out of 332 compounds identified
in the metabolic profile, 225 metabolites were filtrated according to p < 0.05, and 47 metabolites
responded to salt stress within tolerant and sensitive cultivars during the studied time, whereas 16
and 9 metabolic compounds accumulated during 12 and 24 h, respectively, in Yangyou 9 after being
sown in salt treatment, including fatty acids, amino acids, and flavonoids. These metabolites are rele-
vant to metabolic pathways (amino acid, sucrose, flavonoid metabolism, and tricarboxylic acid cycle
(TCA), which accumulated as a response to salinity stress. Thus, Yangyou 9, as a tolerant cultivar,
showed improved antioxidant enzyme activity and higher metabolite accumulation, which enhances
its tolerance against salinity. This work aids in elucidating the essential cellular metabolic changes
in response to salt stress in rapeseed cultivars during seed germination. Meanwhile, the identified
metabolites can act as biomarkers to characterize plant performance in breeding programs under salt
stress. This comprehensive study of the metabolomics and antioxidant activities of Brassica napus L.
during the early seedling stage is of great reference value for plant breeders to develop salt-tolerant
rapeseed cultivars.

Keywords: Brassica napus; salinity stress; antioxidant enzymes; osmolytes; ROS; metabolites

1. Introduction

For thousands of years, rapeseed (Brassica species) has been planted for its high pro-
duction of edible oils and its economic and significant nutritional value [1]. Canada is
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the largest rapeseed producer, followed by China and India [2]. Different Brassica species
are grown or adapted to different climates; in particular, brassica crops are extensively
cultivated in arid and semi-arid regions, where the accumulation of salts negatively affects
germination, early seedling growth, and productivity [3].

Climate changes such as drought, salinity, and temperature are a threat to food
production by limiting crop productivity [4]. Salinity is one of the main abiotic stresses
that negatively affects agricultural crop productivity, by impairing germination, plant
vigor, and crop yield [5]. All over the world, salinity causes damage to more than 20%
of cultivated land in addition to 33% of irrigated agricultural land. Every year, about
1.5 million hectares are not cultivated due to high salinity levels in the soil. There are
many reasons for increased salinity, incloding low precipitation, high surface evaporation,
weathering of native rocks, and poor cultural practices [6]. It is expected that, by 2050,
more than 50% of agricultural land could be damaged by salinity [7]. During the plant life
cycle, seed germination and seedling vigor are complicated and critical phenomena that are
highly affected by various environmental stresses, especially salinity [8]. Osmotic stress and
ion toxicity are among the main reasons behind the restriction of plant growth in salinized
soils, due to the higher levels of salt in the soil, which restricts plants from extracting water
from the soil and inside the plants themselves, which then causes nutritional imbalance
and oxidative stress [9,10]. Additionally, Na+ can replace ions, particularly K+, in key
enzymatic reactions, which affects cytosol and organelle metabolism due to the Na+/K+

ratio, which is critical for cell performance under salinity [11,12]. Tolerant plants use ions as
an alternative to organic compounds for osmotic modification, which requires the synthesis
of more energy (ATP) [13].

Moreover, osmolytes also protect plant cells, as they act as antioxidants, buffer the cel-
lular redox potential, stabilize membranes and macromolecules, and function as immediate
sources of energy during recovery from stress [14], which maintains the functional balance
of the cell [15]. Furthermore, defense through protective enzymes superoxide dismutase,
peroxidase, and catalase against salt-induced ROS over-generation and membrane lipid
peroxidation is attributed to the protection of cellular membranes, which leads to salt
tolerance [16].

Under salinity stress, plants adapt by initiating multiple moleculeare and physiochem-
ical changes, which results in modifications to metabolic pathways to reach a new home-
ostatic equilibrium [17]. In Brassica napus L., higher salt stress decreases the germination
parameters and biomass during the early seedling stage [18]. Additionally, in Brassica spp.,
salinity decreases nutrient absorption [19], electrolyte leakage, biomass, RWC [18,20], root
length, total chlorophyll content, hypocotyl, and leaf growth with increasing POD activity
and IAA oxidase [21].

Furthermore, salinity is assumed to activate the alternative gene expression patterns,
which may synthesize, degrade, or decorate the metabolites from related pathways. The
process is attributed to retrotransposon mobilization over-inducing salt-induced transcrip-
tion factors, binding the promoter of special retrotransposons [14]. Moreover, retrotranspo-
sition bursts were reported to be critical for the reformation of gene regularity networks and
for creating new metabolite patterns to tolerate and adapt to salinity stress [12]. Measuring
the metabolite patterns is very important to understand the physiological and molecular
responses of plants under salinity in order to illustrate the functions of genes as vital
tools in functional genomics and systems biology to develop new breeding and selection
strategies to improve salt tolerance in crops [6].

In the long term, metabolic disturbances are beneficial to plants, as plants use them as
adaptive mechanisms, but an imbalance in Na+ and Cl− levels in the metabolic compart-
ments becomes toxic. The isolation of ions in the vacuoles expresses one mechanism for
avoiding Na+ and Cl− toxicity, and the levels in the leaves increase over time [22]. Previous
studies were conducted on the metabolic contribution of the stress responses in rice, maize,
wheat, and barley [23]. During grain filling in wheat, heat stress was shown to increase
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sucrose and reduced sugar phosphates and starch [24], and reducing sugar and sucrose
was shown to cause reduced starch and rice seed weight [25].

During plant growth, several changes have been noted, such as metabolite changes,
which can be correlated with physiological and environmental responses and genetic
perturbations [23]. The significance of metabolite accumulation, such as amino acids,
indicates general cellular damage in salt-sensitive cultivars. In contrast, salt-tolerant barley
cultivars were shown to have an accumulation of organic acids, polyols, hexose phosphates,
sugars, and tricarboxylic acid cycle (TCA) intermediates under salt stress [26].

Identifying the key metabolites and gaining a comprehensive understanding of salt-
related antioxidant responses can improve the selection of desirable phenotypes of salt
tolerance. Therefore, we aimed to identify metabolites that could work as biomarkers
for tolerant and sensitive rapeseed cultivars that are differently adapted to salinity stress
by appllying metabolite profiling and examining the diverse salinity tolerance ability of
five common rapeseed cultivars through changes in their morpho-physiological traits.
Our investigation contributes to the understanding of various metabolic components and
morpho-physiological attributes in salinity tolerance during the early seedling stage, which
can be used for further analysis.

2. Materials and Methods

2.1. Determination of Optimum Salt Stress Concentration

Five cultivars with diverse genetic backgrounds developed at the Oil Crops Research
Institute, Chinese Academy of Agricultural Science, Huazhong Agriculture University, Wuhan,
China, with ≥90% seed viability (Yangza 11, Zhongshuang 11, Huayouza 62, Fengyou 520,
and Yangyou 9), were used in this study to determine the optimum salt concentration among
concentrations of 50, 100, 150, and 200 mM L−1 NaCl, along with a control group (CK).
Seeds were sterilized with 70% ethanol for 5 min and washed with ddH2O 3–5 times. The
sterilized seeds were dried with blotted paper and kept at room temperature for complete
redrying. Fifty uniform and healthy seeds (to decrease errors in seed germination and seedling
vigor) were selected from each of the 5 cultivars and sown in germination boxes (3 technical
replications with 4 biological replications) with a triple layer of germination paper containing
15 mL of NaCl solution (50, 100, 150, and 200 mM L−1 NaCl) or 15 mL ddH2O (CK). The
seeds were cultured under optimal conditions (day/night temperature at 25 ± 1/20 ± 1 ◦C)
with 12 h light (13,000 lx) and 12 h dark (HP250GS-C, Ruihua Instrument and Equipment Co.,
Ltd., Wuhan, China). Seed germination was recorded daily and seeds were considered to be
germinated when the radical length was ≥ 2 mm. All samples were collected on the seventh
day of sowing in 3 replicates, then kept at −80 ◦C for further analysis.

2.2. Phenotypic Trait Measurement

After the seventh day of germination, the final germination percentage (FG%), germi-
nation rate (GR), vigor index I (VI (I)), and vigor index II (VI (II)) were measured according
to the equations reported in [27] as follows:

FG% = (n/nt) × 100,

where n is the number of germinated seeds at the end of the experiment and nt is the total
number of seeds.

GR = (a/1) + (b − a/2) + (c − b/3) + . . . + (n − n − 1/n)

where a, b, c, . . . , n are numbers of germinated seeds after 1, 2, 3, . . . , N days from the start
of imbibition.

VI (I) = FG% × seedling length;

VI (II) = FG% × seedling fresh weight;
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Seedling fresh weight stress index =
Seedling fresh weight stressed

Seedling fresh weight nonstressed
× 100;

Seedling length stress index =
Seedling length stressed

Seedling length nonstressed
× 100. (1)

After 7 days of treatment, seedlings of all cultivars were harvested, and 50 random
seedlings were used to measure shoot and root length by ImageJ software. Then, the fresh
and dry biomass were measured from the same seedlings after removing surface water by
blotting, using 10 seedlings in each replicate according to [28].

2.3. Estimation of Photosynthetic Pigments, Total Soluble Sugar, and Protein Contents

Chlorophyll a (chl a), chlorophyll b (chl b), and carotenoids in fresh leaves were
determined after 7 days of treatment. First, 0.5 g of fresh leaf tissue was ground and mixed
with 10 mL of 80% acetone, then incubated in the dark at room temperature overnight. The
absorption values of the extract at 665, 649, and 470 nm were measured using an ultraviolet
spectrophotometer (UV-2100, UNIC, Shanghai, China). The contents of chl a, chl b, and
carotenoids were measured according to the equations presented in [29]. Total soluble
sugar content was analyzed using the anthrone sulfuric acid method. The absorbance of the
samples and the standard solution was determined at 620 nm, while protein content was
assessed by using bovine serum albumin as a standard, and the absorbance was estimated
at 595 nm, accordingly [30].

2.4. Malondialdehyde Analysis and Proline Content

Malondialdehyde (MDA) content represents lipid peroxidation, which was measured
according to [31]. In this investigation, 0.5 g of fresh shoots was homogenized in 5 mL of
10% TCA and 0.65% of 2-thiobarbituric acid (TBA). Afterward, the mixture was heated for
1 h at 100 ◦C and cooled at room temperature, followed by centrifugation at 10,000 rpm
for 10 min. The absorbance was quantified at 450, 532, and 600 nm. Proline content
was estimated by the indene triketone method [32]. Then, 0.5 g of fresh shoots was
ground by a rapid automatic sample grinding instrument (JXFSTPRP24, Shanghai Jingxin
Industrial Development, Shanghai, China), followed by digestion in 5 mL of 3% aqueous
sulfosalicylic acid (3 g/100 mL ddH2O). Afterward, 2 mL of extract solution was mixed
with 2 mL ninhydrin reagent and 2 mL glacial acetic acid, then boiled at 100 ◦C for 60 min,
and the reaction was stopped by placing in an ice bath for 5 min. The mixture was extracted
with 4 mL toluene and mixed vigorously using a vortex for 15–20 s, then cooled at room
temperature. Free toluene was measured at 520 nm with a spectrophotometer (Beckman
Coulter Inc., Fullerton, CA, USA).

2.5. Histochemical Analysis of O2
− and H2O2

The accumulated H2O2 and O2
− were recognized by staining leaves in

3,3-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) solution, respectively.
Both dyes, with a weight of 0.025 g, were dissolved in 50 mL phosphate-buffered saline
(PBS) and allowed to incubate for 2 h with slow shaking. Using a high-powered mi-
croscope attached to a high-resolution digital camera (Leica DM—2500), DAB and NBT
stained leaves were photographed according to [33], and images were quantified using
ImageJ (http://www.imagej.nih.gov/ij/) according to [34].

2.6. Measurement of Antioxidant Enzyme Activity

To determine the enzyme activity, leaf samples were ground using a rapid automatic
sample grinding instrument (JXFSTPRP24, Shanghai Jingxin Industrial Development,
Shanghai, China), and 0.5 g FW was homogenized in 8 mL of 50 mM potassium phosphate
buffer (PPB) (pH 7.8) under cooling conditions. This homogenized solution was centrifuged
at 10,000 rpm for 20 min at 4 ◦C, and a crude enzyme extract was obtained to measure SOD,
POD, APX, and CAT according to [35,36].
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Superoxide dismutase (SOD; EC 1.15.1.1) activity was determined by inhibiting pho-
tochemical reduction by nitro blue tetrazolium (NBT). The reaction mixture comprised
50 mM PPB (pH 7.8), 13 mM methionine, 75 mM NBT, 2 mM riboflavin, 0.1 mM EDTA, and
0.1 mL of enzyme extract in a 3 mL volume. One unit of SOD activity was measured as the
amount of enzyme required to cause 50% inhibition of NBT reduction measured at 560 nm.

To assay peroxidase (POD; EC 1.11.1.7) activity, 0.1 mL enzyme extract was mixed
with 50 mM PPB (pH 7.0), 1% (m/v) guaiacol, and 0.4% (v/v) H2O2. The absorbance was
quantified at a wavelength of 470 nm.

The assay for ascorbate peroxidase (APX; EC 1.11.1.11) was done by a reaction mixture
(3 mL) containing 100 mM phosphate (pH 7), 0.1 mM EDTA-Na2, 0.3 mM ascorbic acid,
0.06 mM H2O2, and 0.1 mL enzyme extract. The change in absorption was read at 290 nm
for 30 s after the addition of H2O2.

The method to measure catalase (CAT; EC 1.11.1.6) activity used H2O2 (extinction
co-efficient 39.4 mM−1 cm−1), 3 mL reaction mixture containing 50 mM PPB (pH 7.0),
2 mM EDTA-Na2, 10 mM H2O2, and 0.1 mL enzyme extract measured at 240 nm.

2.7. Determination of Na+ and K+ in Leaves

The determination of Na+ and K+ in rapeseed seedlings was carried out by fol-
lowing the method of [37] using a flame photometer (FP6431,Shanghai Yidian Analysis
Instrument Co., Ltd. Shanghai, China). The dried powder of shoot samples (0.1 g) was
digested with 2 mL of H2SO4-H2O2 mixture, filtered, and then diluted with ddH2O. The
acid mixture (2 mL) containing ddH2O was considered blank. A standard curve of Na+

and K+ (10–100 µg mL− 1) was used as a reference.

2.8. Metabolite Extraction and Detection

Seeds were collected after 12 and 24 h after being sown under salt treatment. Freeze-
dried seeds were crushed using a mixer mill (MM 400, Retsch GmbH, Haan, Germany),
and the powder was weighed and extracted overnight at 4 ◦C with 1.0 mL of 70% aque-
ous methanol containing 0.1 mg L−1 lidocaine for water-soluble metabolites. Following
centrifugation at 10,000 rcf for 10 min, the extracts were absorbed (CNWBOND Carbon-
GCB SPE Cartridge, 250 mg, 3 mL; ANPEL, Shanghai, China, www.anpel.com.cn/cnw)
and filtrated (SCAA-104, 0.22 mm pore size; ANPEL http://www.anpel.com.cn/) before
LC-MS analysis. Samples were subjected to metabolite detection using high-performance
liquid chromatography (HPLC) and high-performance liquid chromatography mass
spectrometry (LC-MS/MS) [38]. The relative contents of each of these 332 identified
metabolites were quantified using the scheduled multiple reaction monitoring (sMRM)
method described previously [39]. The sMRM algorithm was used with an MRM detec-
tion window of 90 s and a target scan time of 1.0 s using Analyst 1.5 software. Given
that biological variance is considerably higher than technical variance, we chose not to
carry out technical replication. The analytical conditions were taken from a previous
report [40] with minor modifications as follows: HPLC: column, shim-pack VP-ODS
C18 (pore size 5.0 µm, length 2 × 150 mm); solvent system, water (0.04% acetic acid):
acetonitrile (0.04% acetic acid); gradient program, 95:5 v/v at 0 min, ramping to 0:100 v/v
at 15 min, 0:100 v/v at 15–17 min, 95:5 v/v at 17–17.1 min, 95:5 v/v at 17.1–22 min; flow
rate, 0.35 mL min–1; temperature, 40 ◦C; injection volume: 5 µL for one run.

2.9. Metabolite Analysis and Identification

The metabolite fold changes (FCs) were calculated and volcano plots were generated
using MetaboAnalyst [23]. An increase in FC (ratio of metabolites in salt-stressed samples
to control samples) was considered significant when FC ≥ 1 and the concentration of the
metabolite significantly different (p < 0.05) between control and stressed plants. Metabolites
were identified by comparing with the standards (wherein the “identifications” column
was labeled as “standard”) or taken from previous experiments (labeled as “putative”)
(supplementary data file 2) [41]. The metabolic pathway map was constructed based on
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the relevant literature and the KEGG database (https://www.kegg.jp/kegg-bin/show_
pathway?161345586717248/vvi01100.args, accessed on 1 March 2021).

2.10. Statistical Analysis

The phenotypic data collected from the experiment were analyzed statistically. Two-
way analysis of variance (ANOVA) of germination and seedling traits for all accessions
was conducted using the Statistix 8.1 software package. The significance of differences
between groups was further validated and determined by Duncan’s multiple range test
(DMRT) at a significance level of p < 0.05. The graphical representation was constructed
using GraphPad prism (V: 8.0.1) (RStudio software, San Diego, CA, USA). The standard
error is mentioned in the figures.

3. Results

3.1. Impact of NaCl Treatment on Germination Parameters, Phenotypic Appearance Traits, and
Vegetative Biomass of Five Rapeseed Cultivars

To estimate the different responses of five common rapeseed cultivars to salinity
stress during the seed germination and early seedling growth stage, we investigated the
germination and growth parameters under various concentrations of NaCl (0, 50, 100,
150, and 200 mM L−1) during 7-day treatments. Based on the morphological analysis
(Table S1, Figures S1–S3), we used 150 mM NaCl to complete the study and evaluate
the salt influence on salt-tolerant and -sensitive rapeseed cultivars using physiochemical
parameters. Among the studied cultivars, Zhongshuang 11 displayed the lowest growth
rate (Figure 1b), while Yangyou 9 showed higher growth (Figure 1e) compared to other
cultivars with 150 and 200 mM of NaCl.

−
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Figure 1. Impact of NaCl treatment on seedling growth of (a) Yangza 11, (b) Zhongshuang 11,
(c) Huayouza 62, (d) Fengyou 520, and (e) Yangyou 9 rapeseed cultivars during the early seedling
stage. Scale bar: 1 cm.
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3.2. Alterations in Photosynthetic Pigments under Salt Stress

Salt stress caused a marked dose-dependent decline in photosynthetic pigments (chl
a, chl b, and carotenoids) in both rapeseed cultivars. The response of the two cultivars with
regard to photosynthetic pigments was not the same under 150 mM NaCl: the salt-induced
decrease in photosynthetic pigments was 36.05 and 38.88% (chl a), and 39.26 and 39.77%
(chl b) in Yangyou 9 and Zhongshuang 11, respectively (Figure 2a,b). A similar trend was
observed for total chlorophyll in both cultivars; in Yangyou 9 and Zhongshuang 11, it
decreased by 38.06 and 39.42%, respectively, under 150 mM NaCl versus normal conditions
(CK) (Figure 2c). Additionally, salt caused significant perturbations in carotenoids in
Yangyou 9 and Zhongshuang 11, which were reduced by 40.58 and 34.89%, respectively,
under stress conditions versus CK (Figure 2d).

 

ure

ure

ure

  

  
Figure 2. Modifications in (a) chlorophyll a, (b) chlorophyll b, (c) total chlorophyll, and (d) carotenoid content under
normal and salt conditions induced by 150 mM NaCl. Bars represent ±SE of three replicates. Letters (a, b, c and d) on
vertical bars represent significant differences between cultivars and treatments according to Duncan’s multiple range test
(DMRT) at p < 0.05.

3.3. Alterations in Total Soluble Sugar, Total Soluble Protein, MDA, and Proline Content under
Salt Stress

Total soluble sugar (TSS) and protein (TSP) are the most significant osmolytes that
actively participate in osmoregulation under stress conditions. Unstressed Zhongshuang
11 seedlings showed higher TSS and TSP content of 5.88 and 13.69 mg/g, while Yangyou
9 recorded values of 5.01 and 12.09 mg/g, respectively. However, salinity stress increased
TSS and TSP content by 40.68 and 89.04% (Yangyou 9) and 43.96 and 88.89% (Zhongshuang
11), respectively, versus CK (Figure 3a,b).

On the other hand, under normal growth conditions (CK), Zhongshuang 11 showed
slightly higher MDA and percent of proline content (0.0009 µmol g−1 FW and 0.219%) com-
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pared to Yangyou 9 (0.0004 µmol g−1 FW and 0.200%). Notably, salt stress increased MDA
and proline content by 123.7 and 71.35% (Yangyou 9) and 201.6 and 108.4% (Zhongshuang
11), respectively (Figure 3c,d).

−

−

  

  

−
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Figure 3. Modifications in (a) total soluble sugar, (b) total soluble protein, (c) MDA, and (d) proline content under normal and
salt conditions induced by 150 mM NaCl. Bars represent ±SE of three replicates. Letters (a, b, c and d) on vertical bars represent
significant differences between cultivars and treatments according to Duncan’s multiple range test (DMRT) at p < 0.05.

3.4. Accumulation of O2
− and H2O2 under Salt Stress in Yangyou 9 and Zhongshuang 11

After 7 days of salt treatment, H2O2 and O2
– accumulation was examined in leaves of

rapeseed seedlings. Histochemical detection of ROS (O2
− and H2O2) using NBT and DAB

staining revealed that seedlings subjected to salt stress accumulated larger amounts of ROS.
Our results show weaker staining in Yangyou 9 leaves (tolerant cultivar) for both O2

− and
H2O2 under stress compared with Zhongshuang 11 (sensitive cultivar), with the salinized
leaves of the latter being more damaged than leaves of Yangyou 9 seedlings (Figure 4a,b).
Additionally, DAB and NBT intensity was higher under salt stress relative to control (%),
which was higher in Zhongshuang 11 (190.4 and 147.8%, respectively) as compared to
Yangyou 9 (161.1 and 134.2%) (Figure 4c,d).
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Figure 4. ROS accumulation in Yangyou 9 and Zhongshuang 11 leaves with (a) 3, 3-diaminobenzidine
(DAB), (b) nitro blue tetrazolium (NBT), (c) DAB intensity relative to control (%), and (d) NBT
intensity relative to control (%) under NaCl (150 mM). Bars represent ±SE of three replicates. Letters
(a, b, c and d) on vertical bars represent significant differences between cultivars and treatments
according to Duncan’s multiple range test (DMRT) at p < 0.05.

3.5. Alterations in Antioxidant Enzyme Activity under Salt Stress

Adding NaCl to the growth medium resulted in a marked change in antioxidant enzyme
activity in both rapeseed cultivars (Yangyou 9 and Zhongshuang 11). Salt stress caused
marked dose-dependent changes in antioxidant enzyme activity (SOD, POD, APX, and CAT).
Under normal conditions, Yangyou 9 recorded values of 1464 µg−1 FW, 601.2 µmin−1 g−1

FW, 0.058 µmin−1 g−1 FW, and 535.3 µmin−1 g−1 FW, while Zhongshuang 11 recorded
values of 1400 µg−1 FW, 664.6 µmin−1 g−1 FW, 0.087 µmin−1 g−1 FW, and 552.6 µmin−1 g−1

FW, on SOD, POD, APX, and CAT, respectively (Figure 5a–d). The enzyme response of the
two cultivars was not the same under NaCl stress: salt increased SOD, POD, and APX by
15.27, 45.46, and 214.8% in Yangyou 9 and by 13.96, 38.21, and 191.1% in Zhongshuang 11,
respectively. Meanwhile, CAT activity decreased under salinity stress by 53.40 and 58.75% in
Yangyou 9 and Zhongshuang 11, respectively, versus CK (Figure 5a–d).
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Figure 5. Modifications in (a) superoxidase (SOD), (b) peroxidase (POD), (c) ascorbate peroxidase (APX), and (d) catalase
(CAT) activity under normal and salt conditions induced by 150 mM NaCl on fresh samples. Bars represent ±SE of three
replicates. Letters (a, b, c and d) on vertical bars represent significant differences between cultivars and treatments according
to Duncan’s multiple range test (DMRT) at p < 0.05.

3.6. Impact of NaCl on Na+, K+, and Na+/K+ Ratio in Shoots

Under salinity stress, Na+ uptake was decreased, and K+ uptake was increased in the
tolerant cultivar (Yangyou 9) compared to the sensitive cultivar (Zhongshuang 11). Under
normal conditions, Na+ content decreased by 24.95% and K+ content increased by 16.39%
in the Yangyou 9 versus Zhongshuang 11 shoots. Meanwhile, unstressed Zhongshuang 11
seedlings showed higher Na+ content of 48.76 mg/g and lower K+ content of 4.87 mg/g,
while Yangyou 9 recorded values of 30.47 and 6.83 mg/g, respectively. On the other hand,
the Na+/K+ ratio in Yangyou 9 shoots decreased by 35.52% (normal conditions) and 55.48%
(stress conditions) compared to Zhongshuang 11 (Table 1).

Table 1. Na+, K+, and Na+/K+ ratio in shoots under salt stress during the early seedling stage.

Traits Na+ (mg/g) K+ (mg/g) Na+/K+ (mg/g)

Cultivars Yangyou 9 Zhongshuang 11 Yangyou 9 Zhongshuang 11 Yangyou 9 Zhongshuang 11

CK 3.82 ± 0.21 c 5.09 ± 0.25 c 7.88 ± 0.30 a 6.77 ± 0.21 ab 0.48 ± 0.05 c 0.75 ± 0.06 c

NaCl 30.47 ± 0.55 b 48.76 ± 0.61 a 6.83 ± 0.41 a 4.87 ± 0.34 b 4.46 ± 0.02 b 10.01 ± 0.07 a

Data are the mean (± SE) of three replicates. Letters (a, b and c) on vertical bars represent significant differences between cultivars and
treatments according to Duncan’s multiple range test (DMRT) at p < 0.05.
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3.7. Relationships and Variation among Growth and Biochemical Attributes of Two Rapeseed
Cultivars

The score and loading plots of principal component analysis (PCA) were used to
evaluate the performance of two B. napus cultivars under salt stress (150 mM NaCl). All
24 traits were loaded into two major principal components, PC1 (Dim1) and PC2 (Dim2),
which showed a cumulative variance of about 96.9% in the dataset, where PC1 explained
76.6% of variation and PC2 revealed the difference of 20.3%, indicating variation of salt
treatment applied on rapeseed. The distribution of the two cultivars displayed a clear signal
of salinity stress, indicating significant effects on the studied characteristics of rapeseed.
Specifically, Yangyou 9 was more displaced than Zhongshuang 11 under salt conditions,
indicating that Yangyou 9 could alleviate the salt toxicity on the seeds and enhance their
germination and early seedling growth (Figure 6a).

The PCA loading plot shows clear visualization and variation of the studied growth-
related parameters. The members of the first group of variables with PC1 (ShFW, proline,
SOD, TSS, TSP, Na+, POD, APX, Na+/K+, and MDA) are positively correlated with each
other but negatively correlated with chl, ShL, RL, RFW, GR, VI (I), VI (II), FG%, and GR. In
contrast, a positive correlation is noticed in the remaining attributes, aligned with PC2: chl,
GR, VI (I), RFW, ShL, and RL (Figure 6b).

  

Figure 6. Principal component analysis (PCA) of salt treatment and relationships of variable traits in two rapeseed
cultivars: (a) PCA score plot of salt treatment on rapeseed seedlings, and (b) PCA loading plot of PC1 and PC2 of examined
variable traits; circles indicate most correlated variables. Score plot represents separation of treatments as (1) Ck and (2)
salinity treatment for Yangyou 9, and (3) CK and (4) salinity treatment for Zhongshuang 11. Tested variables include final
germination (FG %); germination rate (GR); vigor index I (VI (I)); vigor index II (VI (II)); shoot length (ShL); root length
(RL); shoot fresh weight (ShFW); root fresh weight (RFW); chlorophyll a (Chl a); chlorophyll b (Chl b); total chlorophyll
(T. Chl); carotenoid (C) content; total soluble sugar (TSS); total soluble protein (TSP); proline (pro. %); malondialdehyde
(MDA) content; sodium ions (Na+); potassium ions (K+); superoxidase (SOD) activity; peroxidase (POD) activity; ascorbate
peroxidase (APX) activity, and catalase (CAT) activity.

3.8. Metabolic Changes of Yangyou 9 (T) and Zhengsheng 11 (S) in Response to Salt Stress

For further clarification, the physiological mechanisms of salt tolerance underlying
the salt-tolerant Yangyou 9 and Zhongshuang 11 metabolic changes during the early
germination stage (12 and 24 h after sowing) were studied under salinity stress (150 mM
NaCl) compared to control (no NaCl). Using a metabolomic approach based on HPLC-
QQQ mass spectrometry, 332 compounds were detected. Statistical analysis was conducted
to minimize the data complexity and get significant differences. The metabolites list came
from [41]. A total of 225 metabolites were filtrated according to p < 0.05, as shown in
Table S2. According to heatmap, principal component analysis (PCA), and cluster-based
analysis, there were clear distinctions between samples within treatments and genotypes.
All replications within each treatment clustered together, indicating that the changes
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induced by salinity were hierarchically greater than biological and technical variability
(Figure S4a–d).

To further clarify the differential metabolites between Yangyou 9 (T) and Zheng-
sheng 11 (S) during 12 and 24 h of germination under salinity stress (150 mM NaCl),
a Venn diagram was drawn to illustrate discriminating metabolites common to and
distinct between the two cultivars (Figure 7a) by fold change (FC > 1) and Student’s
t-test (p < 0.05). Our results show that the accumulation of 47 metabolic compounds
was involved in responding to salt stress in the two cultivars during the studied times
(12 and 24 h) (Figure 7b). Interestingly, Yangyou 9, the tolerant cultivar, is characterized
by accumulating some important metabolic compounds; 16 metabolic compounds were
accumulated after 12 h: MAG (18:2), cholesterol, L-aspartic acid, L-asparagine, ornithine,
beta-homothreonine, 5-hydroxytryptophan, N-p-coumaroylserotonin, N-feruloylserotonin,
trans-zeatin N-glucoside, pyridoxine, delphinidin O-rutinoside, N-acetylneuraminic acid,
isobornyl methacrylate, 2-aminoisobutyric acid, and diethylpyrocarbonate (Figure 7c). In
comparison, nine metabolite compounds were accumulated after 24 h: LPE (18:2), linolenic
acid, xanthosine, inosine 5’-monophosphate, adenosine 3’-monophosphate, niacinamide,
oleamide, phosphoric acid, and etamiphylline (Figure 7d), indicating that they might
be involved in enhancing salt tolerance. Heatmaps of the normalized intensity of these
metabolites are presented in Figure 7b–d.

   
   

 

 

  

Figure 7. Differential metabolites of Yangyou 9 (T) and Zhengsheng 11 (S), fold change >1. (a) Venn diagram and (b) heatmaps
of differential metabolites during 12 and 24 h of germination under salt treatment for tolerant (T) and sensitive (S) cultivar.
Heatmaps of differential metabolites in tolerant cultivar after (c) 12 h and (d) 24 h of germination under salt treatment.
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3.8.1. Amino and Polyamine-Related Metabolites

We found an increase in some amino acids and their derivatives, the most important
of which were L-histidine, L-arginine, and L-proline, which increased by 1.43-, 1.74-, and
1.11-fold (12 h) and 1.08-, 1.38-, and 1.11-fold (24 h) in Yangyou 9, and by 1.37-, 1.13-, and
1.07-fold (12 h) and 1.06-, 1.15-, and 1.17-fold (24 h) in Zhongshuang 11. Moreover, a leucine
derivative, kynurenine, and N-p-coumaroyltryptamine were increased in both cultivars
under salt treatment during 12 and 24 h of seed germination; we noted an increase in the
accumulation of serotonin and its derivatives. Of note, it increased the accumulation of
trigonelline and betaine (alkaloid compounds) by 1.26- and 1.10-fold (12 h) and 1.15-, and
1.05-fold (24 h) in Yangyou 9, and decreased it in Zhongshuang 11. However, spermine
(polyamine) increased by 1.20- and 1.55-fold (12 h) and 1.23-, and 1.25-fold (24 h) in
Yangyou 9 and Zhongshuang 11, respectively (Table S2).

3.8.2. Polyphenolic-Related Metabolites

Phenolic compounds were altered in salt-treated Yangyou 9 and Zhongshuang 11
cultivars; most of them were highly accumulated. Alterations in polyphenol compounds
were evident during the time of germination. Quinic acid, sinapic acid, and ferulic acid
were accumulated in both Yangyou 9 and Zhongshuang 11 at 12 and 24 h of germination,
while catechin and N-feruloylserotonin were increased only in a Yangyou 9 (tolerant
cultivar) at both times. Moreover, coniferyl aldehyde increased during both times, while
benzamidine accumulated only at 24 h of seed germination in Zhongshuang 11. In addition,
phenol amine compounds such as N-caffeoylputrescine, N-p-coumaroylputrescine, and
N’, N”-p-coumaroyl feruloylspermidine accumulated in the two cultivars, whereas p-
coumaroy l-2-hydroxyputrescine accumulated at 12 h of germination, then decreased at
24 h. Additionally, N’, N”-di-p-coumaroylspermidine increased in Zhongshuang 11 only
during 12 and 24 h of seed germination (Table S2).

3.8.3. Flavonoid-Related Metabolites

There was a significant change in the accumulation of flavonoid compounds based
on the time of seed germination and the cultivar, and there was a clear difference be-
tween 12 and 24 h of germination and increased accumulation of flavonoid compounds in
Yangyou 9 (tolerant cultivar) compared to Zhongshuang 11 (sensitive cultivar) during those
times. The amounts of several flavonoids (apigenin 7-O-glucoside, C-pentosyl-apigenin
O-hexoside, C-hexosyl-luteolin O-hexoside, C-hexosyl-luteolin O-p-coumaroylhexoside,
chrysoeriol 7-O-hexoside, chrysoeriol 7-O-rutinoside, tricin O-hexosyl-O-hexoside, and
tricin 4’-O-(syringyl alcohol) ether 5-O-hexoside, and methyl luteolin C-hexoside) were en-
hanced under salt stress in both cultivars at both time points. Meanwhile, some flavonoids
(chrysoeriol C-hexoside, C-pentosyl-apeignin O-feruloylhexoside, luteolin 6-C-glucoside,
tricin 7-O-hexoside, and chrysoeriol C-hexoside) showed an opposite trend. However, the
level of chrysoeriol was accumulated in the tolerant and sensitive cultivar, but was higher
in the former. Some flavonoids (chrysoeriol O-malonylhexoside, tricin, Selgin 5-O-hexoside,
and cyanidin 3,5-di-O-hexoside) showed accumulation in Yangyou 9 and alleviation in
Zhongshuang 11 under stress at both 12 and 24 h of seed germination under salt treatment
(Table S2).

Interestingly, vitamin B2 was accumulated by 1.23-fold in Zhongshuang 11 after
12 h, whereas it increased by 1.20-fold in Yangyou 9 after 24 h. Moreover, pyridoxine
O-glucoside, thiamin, 4-methyl-5-thiazoleethanol, and choline accumulated by 1.28-, 1.21-,
1.26-, and 1.23-fold at 12 h and 1.18-, 1.09-, 1.23-, and 1.17-fold at 24 h in Yangyou 9, whereas
it decreased in Zhongshuang 11 by 1.08-, 1.04-, 1.02-, and 1.05-fold at 12 h and 0.80-, 1.07-,
1.43-, and 1.48-fold at 24 h. Additionally, the accumulation of carbachol and niacinamide
was increased by 1.24- and 1.15-fold after 24 h in Yangyou 9, higher than in Zhongshuang
11 (Table S2).
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3.8.4. Carbohydrate-Related Metabolites

In this investigation, there was increased sugar compound accumulation during seed
germination in the studied cultivars. We found increases in fructose 1, 6-diphosphate,
sucrose, D-(+)-maltose, and α-lactose by 1.20-, 1.05-, 2.56-, and 1.08-fold at 12 h and 1.16-,
1.06-, 2.59-, and 1.06-fold at 24 h in Yangyou 9. All compounds were decreased after 12 h
in Zhongshuang 11 except for D-(+)-maltose, which increased by 2.58-fold at 12 h and
2.40-fold at 24 h and fructose 1, 6-diphosphate and sucrose by 1.13-, and 1.05-fold at 24 h. In
addition, a-L-rhamnose was decreased in both cultivars at 12 and 24 h of seed germination
under salt treatment. On the other hand, we noticed an increase in polygodial (terpene
compounds) at 12 and 24 h by 1.33- and 1.10-fold, respectively, in Yangyou 9 and a decrease
in Zhongshuang 11; additionally, diosgenin was increased at 12 and 24 h in Zhongshuang
11 and increased only at 24 h in Yangyou 9 (Table S2).

3.8.5. Fatty Acid-Related Metabolites in the Two Cultivars

Fatty acid content was decreased at 12 and 24 h of seed germination in response to
salinity stress, and the decrease was more significant in the sensitive cultivar (Zhongshuang
11) than the tolerant cultivar (Yangyou 9). Among fatty acid compounds, MAG (18:3) was
increased by 1.47- and 1.05-fold at 12 h and 1.08- and 1.07-fold at 24 h in Yangyou 9 and
Zhongshuang 11, respectively. Furthermore, the accumulation of some fatty acids increased
after 24 h of germination in the resistant cultivar, including LPE (18:2), linolenic acid, and
14,15-dehydrocrepenynic acid, while there was an increase in lysoPE 18:2 only at 24 h of
germination in the sensitive cultivar (Table S2).

3.8.6. Nucleic Acid-Related Metabolites

The resistant cultivar showed a noticeable change in accumulation of nucleic acid
and its derivatives at 12 and 24 h of seed germination under salt treatment, including
crotonoside, guanosine, N2, N2-dimethylguanosine, and N-(9H-purin-6-ylcarbamoyl)
threonine. In contrast, uridine, inosine, uracil, cytidine, and adenosine were accumulated
in both cultivars (Table S2).

3.8.7. Other Metabolites

Several other metabolites that fall into a variety of biochemical classes were al-
tered in the two cultivars: p-Nitroaniline, 2’-O-methyladenosine, golotimod, 1-[5-(2,3,4-
trihydroxybutyl)-2-pyrazinyl]-1,2,3,4-butanetetrol, DL-3,4 dihydroxymandelic acid,
S-carboxymethyl-L-cysteine, 2,3-dihydroflavone, 3-methoxy-4-hydroxybenzoic acid O-
hexoside, 4-Indolecarbaldehyde, and tributyl phosphate. These were significantly en-
hanced under salinity stress at 12 and 24 h. In addition, hinokinin showed higher levels
under salt stress at 24 h in both cultivars. Many other metabolites, including DIMBOA glu-
coside, pinoresinol 4-O-glucoside, N-acetyl-L-2-aminoadipic acid, and 4-hydroxybenzoic
acid O-hexoside, were accumulated in the salt-tolerant cultivar (Yangyou 9), and decreased
in salt-sensitive cultivar (Zhongshuang 11), at 12 and 24 h of seed germination under
salinity stress (150 mM NaCl) (Table S2).

Furthermore, the resistant cultivar showed a noticeable change in hormone accumula-
tion at 12 and 24 h of seed germination under salt treatment, indicating the critical role of
hormones in plant tolerance to saline stress. For example, in Yangyou 9, the accumulation
of gibberellin A14 was increased by 1.07- and 1.20-fold after 12 and 24 h of germination,
and we found an increase in IAA-Asp, IAA-Glu, indole, and melatonin by 1.46-, 1.13-,
1.26-, and 1.19-fold at 12 h and 2.44-, 1.07-, 1.80-, and 1.23-fold at 24 h, while melatonin was
decreased in Zhongshuang 11 at 12 and 24 h. The accumulation of methoxy indoleacetic
acid increased in Zhongshuang 11 only at 12 and 24 h (Table S2).
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4. Discussion

4.1. Differences in Morpho-Physiological Alterations in Response to Salinity between Yangyou 9
and Zhongshuang 11

Seed germination is a very sensitive process in the plant’s life cycle, as it supports
seedling development and survival, which is largely affected by genetic traits, moisture
availability, and soil quality [42]. Our findings indicate that salt stress reduced the studied
attributes of germination and seedling growth, especially in the Zhongshuang 11 cultivar,
indicating that it was the less tolerant cultivar under high salt concentrations. Previous
studies confirmed a negative relationship between salt concentration and germination
parameters, ultimately leading to delayed germination in rapeseed [43], which is consistent
with our study. Salinity affects the development process by causing an imbalance in the
hormonal system and cellular functions of seeds, which alter enzymatic activity, changes
metabolism, reduces the use of seed reserves, and reduces water uptake (osmotic effect) or
ionic imbalance (ionic effect), ultimately slowing the growth rate [44,45].

It is always difficult to know whether a reduced photosynthesis rate is the cause of
growth reduction or the result. Salinity causes an imbalance of chlorophyll and its interme-
diates (toxic photodynamic molecules that produce ROS, such as singlet oxygen), thus the
chlorophyll metabolism must be strictly regulated under abiotic stresses [46]. Chloroplasts
are the most important organelles responsible for photosynthesis, and an increased Na+ or
Cl− concentration under salt stress leads to an imbalance in the photosynthesis process and
chlorophyll production. Thus, chlorophyll is a substantial indicator of metabolite changes
in salinized plants [47]. A study on Brassica napus [48] explained that the growth rate
decreased with increased salt concentration through an imbalance in the photosynthesis
and ET rates and a decrease in PS II efficiency.

Osmotic adjustment decreased the osmotic potential by increasing external osmolality,
maintaining water absorption and various physiological processes in the plants [6,49], and
including total soluble sugars and proteins, proline, amino acids, glycine betaine, etc.,
where they reduce osmotic stress. The increased proline and total soluble sugar content
plays a vital role in protecting the cells under salt stress by maintaining the osmotic pressure
and ionic balance in the cytosol and outside the cell, which increases the absorption of
water and nutrients and balance of relative water content, which leads to increased protein
function and cellular membrane stability [50,51]. Our investigation showed that the tolerant
cultivar exhibited higher proline accumulation and elevated total soluble sugar and protein
under salinity stress, which is in line with [30,38,52].

Under salinity stress, there is increased accumulation of toxic ions, especially sodium
ions (Na+), which leads to an imbalance in the ion and hyperosmosis levels in plants. As a
result of this imbalance, there is weakness in the physiochemical processes of plant cells,
which negatively affects development [1]. Moreover, in salinized plants with higher Na+

levels, K+ uptake is inhibited, which elevates the Na+/K+ ratio in the cellular tissues [53].
Our findings show that the tolerant cultivar worked to save and increase the K+ in leaves
and decrease Na+ accumulation, which modulates Na+ and K+ uptake, to improve seedling
growth, and showed an association with the restricted accumulation of toxic Na+ ions;
thus, it reduced the generation of increased oxidative stress due to salt stress (NaCl), which
agrees with the results of [54,55].

Salinized seedlings displayed excessive accumulation of H2O2, hence oxidative stress,
which also resulted in higher lipid peroxidation, thereby causing leakage of cellular com-
ponents [56]. Abiotic stress, especially salinity, causes oxidative damage to plants due to
excessive accumulation of ROS, which increases the damage to cellular components and
injures cell structure and function, including membrane lipids, DNA damage, and enzyme
inactivation [57]. Plants have comprehensive antioxidative systems, which play a critical
role in scavenging ROS accumulation, whereas CAT and SOD mitigate the harmful effects
of oxidative stress; likewise, SOD catalyzed O2

•– is dismutated into O2
•– and H2O2 [58,59].

Furthermore, the osmotic effects of salinity lead to metabolic changes, which disrupt
the plant’s ability to absorb and retain water, thereby increasing ROS levels [48]. Previous
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studies showed increased ROS accumulation in plants grown under salinized conditions
and emphasized the role of ROS in damage to cell membranes and decreased crop yield,
as it is one of the main causes of cytotoxicity under salt stress [6]. Conclusive results of
a previous study in wheat and barley showed that antioxidant enzymes are involved in
salt stress tolerance [60] in rapeseed [30]. Additionally, osmolytes reduced salt-induced
oxidative stress by direct or indirect ROS degeneration and induced antioxidant enzyme
activity [49], which agrees with our results showing that antioxidant enzymes and osmolyte
accumulation were enhanced under salt stress.

4.2. Differences in Accumulation of Metabolites in Response to Salinity in Yangyou 9 and
Zhongshuang 11

Metabolomics analysis is a helpful tool to understand the mechanisms underlying
salt tolerance in plants. Recently, metabolic studies of the variations between salt-sensitive
and salt-tolerant plants have revealed an interesting finding, that the levels of constitutive
metabolites in tolerant varieties differ from those in sensitive varieties in the same species,
and various species have shown both conserved and divergent metabolite responses.
Moreover, specific metabolite synthesis is limited to a few plants. Thus, it would be helpful
to perform further metabolic studies between salt-sensitive and salt-tolerant plants in the
same species. In the current study, there was a clear distinction among the metabolites in
response to salt stress between the two cultivars (Yangyou 9 and Zhongshuang 11) and
treatments (12 and 24 h after sowing).

Under different salinity levels, there are changes in amino acid (Aa) content where the
reorganization occurs, such as increased proline, amides, glutamate, and alanine content,
while there are no changes in others [61]. The Aa content in this study decreased at
12 and 24 h of germination under salinity stress, and the decrease was more significant in
the sensitive cultivar (Zhongshuang 11) than the tolerant cultivar (Yangyou 9); additionally,
we found an accumulation of Aa derivatives that might act as compatible osmolytes under
salt stress. In particular, Aas found at low concentrations in the cells increased under salinity
pressure, especially branched-chain Aas, which can function as alternative electron givers
in the electron transport chain and as compatible compounds in the mitochondria [62,63].
In Arabidopsis, after 12 h germination under salt treatment, there was an increase in the
biosynthesis of aromatic Aas, which are primary factors stimulating the biosynthesis of
lignin, which works to strengthen the cellular walls [64].

Osmolytes are one of the most important compatible solutes with low weight, which
enables them to help remove excessive ROS and stabilize proteins by replacing water
on the surface of the protein membrane [65]. The obtained results indicate an increased
level of proline with increased exposure time during seed germination under salt stress,
especially in Yangyou 9 (tolerant cultivar), and these results correspond to [65,66]; those
studied suggested that the increased accumulation of osmolytes in the cells is associated
with decreased accumulation of ROS, thus plants are better able to grow and develop under
salinity stress. Fatty acid and lipid regulation are an essential means of protection in the
plant under salt stress [67], as it works to maintain the safety of cellular membranes [68].
Our results show a change in the content of nitrogen-containing compounds, such as amines
that relieve oxidative stress, the balance of enzymes, and the safety of cell membranes
under salt stress due to increased Na+ and Cl− levels in the cells [69]. We also noted an
increased accumulation of serotonin and its derivatives, which have a known role in plant
resistance to various stressors [70].

Carbohydrates act as osmolytes, maintain cellular balance under salt stress, and have
an important role in a host of biological functions [70]. An increase in sugar content was
observed under the salt stress (100 mM) during 1–24 h in rice tissue cultures, including
fructose, phosphorylated sugars, glucose, and galactose [71], whereas, under long-term
NaCl exposure, co-induction of glycolytic metabolites and sucrose in Arabidopsis tissue
cultures was observed [72]. The content of soluble sugars and other unknown putative
complex glycans increased under high salinity levels in Arabidopsis, Thellungiella salsuginea,
and durum wheat. Trehalose application decreased the adverse effect of salinity in rice [38].
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There is a link between increased mannitol, sorbitol, cyclic polyols, and myo-inositol, and
its methylated derivatives and salt tolerance; additionally, application of trehalose and
polyols prevents oxidation of salt-bound lipids and protects the cells from damage by
coating large particles in a protective shell, as well as reducing ROS accumulation [73].

The polyamines (Pas) have an essential role in modulating plant defense responses
to various stresses, such as salinity, and include putrescine, spermidine, and spermine
(free, conjugated, and bound polyamines) [74]. Due to their antioxidant properties, the Pas
play a role in stabilizing cell walls and maintaining cell membrane function, in addition
to having anti-aging and anti-stress effects. Moreover, Pas regulate the processes of gene
expression and the formation of ionic bonds between anions i.e., DNA, RNA, and protein.
Exogenous Pas (putrescine) have positive effects under salt stress conditions, by elevating
the salinity tolerance [75]. In addition, Pa conjugates such as N-caffeoylputrescine, N-p-
coumaroylputrescine, and N’, N”-p-coumaroyl feruloylspermidine affect the response to
salt treatment; they increased significantly in Yangyou 9 as compared to Zhongshuang
11. Previous studies confirmed the role of these compounds in maintaining the balance
of secondary metabolic pathways. They also have an influential role in the life cycle
and development of plants by participating in the processes of cell division and different
physiological responses under stress conditions [74,76].

Under salt stress, flavonoids are considered to be one of the most crucial plant pheno-
lics, playing an essential role in the plant’s tolerance against salt stress, as these are potent
antioxidants [66]. In this investigation, the obtained results show a difference in flavonoid
content, which shows the effect of salt on compounds of flavonoids and other phenolics in
rapeseed seeds. As the increase in Yangyou 9 was greater than Zhongshuang 11 at 12 and
24 h under treatment during seed germination, we agree that the increased accumulation
of these compounds has a role in reducing the oxidative damage caused by increased ROS
accumulation under salt stress [66,75].

Terpenes are natural plant products found in a simple, undefined form and often
accumulate as accompaniments to carbohydrates. They participate in important functions
such as pest resistance and contribute to crop quality and yield, and are accumulated in the
epicuticular and intracuticular wax layers of stem and leaf surfaces, protecting the plant
under abiotic stresses [77]. In this study, the content of terpenes in the resistant cultivar
(Yangyou 9) was increased compared to the sensitive cultivar (Zhongshuang 11) during
12 and 24 h of seed germination under salt treatment. Additionally, terpenes participate
in interactions with various transcription factors concerning apoptosis, cell cycle, and
DNA reform due to oxidative imbalance under different abiotic stresses, especially salinity
stress [70].

In this study, we found an increase in the level of plant hormones, including cy-
tokinins (CK), gibberellins (GA), and indole acetic acid (IAA), in Yangyou 9 compared to
Zhongshuang 11. The difference in GA and CK content confirms their role in different
responses to oxidative stress caused by salinity stress [38]. Previous studies verified the
role of GA in response to osmotic stress in Arabidopsis seedlings [78], confirming the role
of plant hormones in different physiochemical responses during oxidative stress caused
by abiotic stress [79]. Moreover, our results show accumulated IAA-Asp and IAA-Glu
during seed germination under salt stress. In Pisum sativum, IAA-Asp has a protective
role under salt and cadmium stress, demonstrating its relation with plant response to
environmental stresses, which possibly indicates the signaling function, and IAA-Asp has
a direct biological function in abiotic stresses [80].

4.3. Metabolic Pathway Analysis

Salt stress induces molecular reprogramming, which plays a significant role in rape-
seed seeds under stress. Reduced water availability and/or ionic imbalance due to salinity
stress might influence different pathways. A wide range of metabolite compounds are
accumulated in response to salinity stress from a functional viewpoint; additionally, amino
acids, sucrose, and flavonoids are the most common metabolites that accumulate in re-
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sponse to salinity stress in two cultivars (Yangyou 9 and Zhongshuang 11), as shown in
Figure 8.

 

Figure 8. Proposed schematic of top differential metabolites of Yangyou 9 (T) and Zhengsheng 11 (S)
exposed to salinity conditions.

5. Conclusions

Among the studied rapeseed cultivars, Yangyou 9 showed higher growth, while Zhong-
shuang 11 displayed a remarkably low growth rate under stress induced by 150 and 200 mM
of NaCl. Higher osmolyte accumulation in Yangyou 9 reduced salt-induced oxidative stress
by direct or indirect ROS degeneration and induced antioxidant enzyme activity. A compre-
hensive examination of metabolite changes under salt stress showed that, out of 332 com-
pounds detected in the metabolic profile, 225 metabolites were filtrated. While the concentra-
tions of inosine, spermine, vitamin B2, tricin O-hexosyl-O-hexoside, D-(+)-maltose, IAA-Asp,
and indole were increased within both cultivars, several key metabolites—cholesterol, L-
aspartic acid, L-asparagine, ornithine, N-feruloyl serotonin, pyridoxine, linolenic acid, inosine
5’-monophosphate and phosphoric acid were accumulated in Yangyou 9 only. Amino acid,
sucrose, and flavonoids are the most common metabolites that can accumulate due to salt
stress. Our study provides a sound basis for examining the salt tolerance of various rapeseed
cultivars, and Yangyou 9 exhibited higher tolerance against salinity stress, which might be
a significant germplasm resource for breeding programs that aim to develop salt-tolerant
rapeseed.

Moreover, the identified metabolites can act as biomarkers to characterize plant per-
formance under salt stress in breeding programs (as one promising strategy). Finally,
the present study provides a framework for fundamental biochemical analyses and an
informed database that can be used to recognize salt-tolerant and -sensitive characteristics
before developing a salinity tolerance breeding program for rapeseed cultivars. Accord-
ingly, our findings could be used for further phenotypic and genotypic association studies.
This knowledge is of great value for plant breeders aiming at developing new rapeseed
cultivars under stress conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10081227/s1, Supplementary file (1), Figure S1: Impact of NaCl treatments on (a) shoot
length (cm), (b) root length (cm), (c) shoot fresh weight (g), (d) root fresh weight (g), I shoot dry
weight (g), and (f) root dry weight (g) of five rapeseed cultivars during early seedling stage, Figure

108



Antioxidants 2021, 10, 1227

S2: Impact of NaCl treatments on (a) seedling fresh weight stress index, and (b) seedling length stress
index of five rapeseed cultivars during the germination stag, Figure S3: Correlation among different
growth and biochemical attributes of rapeseed cultivars, Figure S4: Up- and down-regulation of
differential metabolites of Yangyou 9 (T) and Zhengsheng 11 (S). (a) Heat-map; (b) Correlation; (c)
Scoring plot and (d) Loading plot of principal component analysis (PCA) of differential metabolites
during 12, 24h of germination upon salt treatment for tolerant cultivar (T) and sensitive cultivar (S),
Table S1: Means of FG%, GR, VI (I), and VI (II) of the studied cultivars in the germination stage under
salinity stress during the seed germination stage, Table S2: Metabolites differentially accumulated
in Yangyou 9 and Zhongshuang 11 seeds under salt stress (150 mM NaCl). Supplementary file (2),
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Abstract: Chickpea is sensitive to cold stress, especially at reproductive stage, resulting in flower and
pod abortion that significantly reduces seed yield. In the present study, we evaluated (a) whether
cold acclimation imparts reproductive cold tolerance in chickpea; (b) how genotypes with contrasting
sensitivity respond to cold acclimation; and (c) the involvement of cryoprotective solutes and antioxi-
dants in anthers and ovules in cold acclimation. Four chickpea genotypes with contrasting cold sen-
sitivity (cold-tolerant: ICC 17258, ICC 16349; cold-sensitive: ICC 15567, GPF 2) were grown in an out-
door environment for 40 days in November (average maximum/minimum temperature 24.9/15.9 ◦C)
before being subjected to cold stress (13/7 ◦C), with or without cold acclimation in a controlled
environment of walk-in-growth chambers. The 42-d cold acclimation involved 7 d exposure at
each temperature beginning with 23/15 ◦C, 21/13 ◦C, 20/12 ◦C, 20/10 ◦C, 18/8 ◦C, 15/8 ◦C
(12 h/12 h day/night), prior to exposing the plants to cold stress (13/7 ◦C, 12 h/12 h day/night;
700 µmol m−2 s−1 light intensity; 65–70% relative humidity). Cold acclimation remarkably re-
duced low temperature-induced leaf damage (as membrane integrity, leaf water status, stomatal
conductance, photosynthetic pigments, and chlorophyll fluorescence) under cold stress in all four
genotypes. It only reduced anther and ovule damage in cold-tolerant genotypes due to improved
antioxidative ability, measured as enzymatic (superoxide dismutase, catalase, ascorbate peroxidase,
and glutathione reductase) and non-enzymatic (ascorbate and reduced glutathione), solutes (particu-
larly sucrose and γ-aminobutyric acid) leading to improving reproductive function and yield traits,
whereas cold-sensitive genotypes were not responsive. The study concluded that cold tolerance
in chickpea appears to be related to the better ability of anthers and ovules to acclimate, involving
various antioxidants and cryoprotective solutes. This information will be useful in directing efforts
toward increasing cold tolerance in chickpea.

Keywords: chilling; legumes; pollen; stigma; acclimatization; stress

1. Introduction

Chickpea (Cicer arietinum L.), the third most important grain legume in the world, is
an important source of protein to human and animals in Asia and Africa. Consequently,
major chickpea growing areas lie in these two continents; however, it is also cultivated
in the USA, Canada, and Australia primarily for export to Asian and African countries.
Chickpea evolved in the warm climates of the Mediterranean region and is thus sensitive
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to low temperatures [1–3]. Chickpea experiences stressful low temperatures either during
vegetative or reproductive growth, depending on the cultivation region [2,4–6]. In northern
India and southern Australia, chickpea experiences low temperatures (<20/10 ◦C) during
reproductive growth wherein cold stress damages leaves and flowers, decreases pollen and
ovule fertility, impairs fertilization and alters the transcription in anthers and leaves [4],
leading to flower and pod abortion and reducing the yield potential [4,6–10]. The thresh-
old temperature for chickpea is 21 ◦C and temperatures below are stressful to chickpea;
consequently, many production regions in the world are susceptible to cold stress [2,10].

Cold-stress-induced aberrations in crops at various organizational levels, including
reduced vegetative and reproductive growth, delayed phenology, enhanced leaf chloro-
sis and necrosis, changes in leaf hydration status, flower abnormalities, and damage to
reproductive structures and yield including chickpea are well understood [1,2,4,11]. Cold
stress results in fewer numbers of pods and seeds per pod leading to lower yield [6]. In
cold-sensitive chickpea genotypes, cold stress at all anther development stages i.e., micro-
or mega-sporogenesis, gametogenesis and at mature pollen stage results in flower abor-
tion [2]. The flower abortion is caused either by disruption of gametogenesis or abnormal
pollen/ovule development that leads to sterility [2]. Younger flowers are relatively more
sensitive to cold stress compared to old flowers as younger flowers do not have developed
pollen grains whereas older flowers have developed pollen grains and results in sterility [2].
In older flowers, cold stress also decreases the ability of the pollen grains to germinate and
retards pollen tube growth leading to failure or lack of fertilization resulting in poor seed
set and fewer seeds per pod [2,4].

Despite significant advancements in our understanding of cold stress responses of
chickpea, the metabolic and molecular mechanisms affecting cold sensitivity, especially in
flowers, are relatively poorly understood [4,9,10]. At the cellular level, cold stress induces
damage to membranes, increases production of reactive oxygen species (ROS), denatures
enzymes and proteins and causes hormonal imbalance [12]. Our recent study [4] focused on
the impact of cold stress on metabolites and enzymatic antioxidants as well as expression
of genes of these pathways in anthers of cold-sensitive and cold-tolerant genotypes. While
starch and proline were decreased in the cold-sensitive genotypes, there was no change
in the cold-tolerant genotype. This decrease in sensitive genotype resulted from down-
regulation of sucrose and proline transporter genes whereas there was up-regulation of
these genes in cold-tolerant genotype [4]. It was shown that pollen viability of cold-tolerant
genotypes was linked to maintenance of starch, reducing sugars and proline levels [4].
Additional studies are, however, needed to elucidate complete mechanisms associated
with cold-induced flower abortion.

Plants, even cold-sensitive ones, also possess the ability to acquire cold tolerance.
Cold tolerance acquisition takes place when plants are exposed to gradually decreasing
low non-freezing temperatures, a process known as cold acclimation [13]. In general,
acclimated plants may have greater cold tolerance compared to plants those are not accli-
mated [14–16]. Cold acclimation has been reported in several crops such as oilseed rape
(Brassica napus; [17]), barley (Hordeum vulgare; [18]), and Arabidopsis thaliana [19]. In oilseed
rape, maximum cold tolerance was achieved by exposure to 3 d of acclimation in spring
cultivars and between 6 and 9 d in the winter cultivars, and cold tolerance decreased
with prolonged acclimation duration [17]. At physiological level, the cold acclimation in
barley led to significant changes in tissue water content, carbohydrate content and resulted
in improved tillers and growth compared to non-acclimated plants [18]. Cold acclima-
tion also modified the photosynthetic machinery and enabled plants to survive under
severe cold temperatures through manipulation of chlorophyll a fluorescence [19]. Though
information is not available for chickpea, in other crops, cold acclimation encompasses
several mechanisms involving membrane changes [14], osmoprotectant accumulation (e.g.,
carbohydrates, proline, glycine betaine), antioxidant up-regulation [13,15] coupled with
changes in expression of genes of these pathways [16]. These modifications during cold
acclimation prepare cells to tolerate subsequent stressful low temperatures. It appears that
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the differential ability of the crops or their genotypes to tolerate cold stress depends on the
types of physiological or biochemical changes during the process of cold acclimation.

The impact of cold acclimation on chickpea is not well documented or understood,
although a few studies showed the benefits of cold acclimation during early vegetative
growth [9,20,21]. There is no information on reproductive benefits of cold acclimation in
chickpea. It was hypothesized that antioxidants (enzymatic or non-enzymatic) and solutes
(e.g., osmolytes and carbohydrates) accumulate in chickpea on exposure to gradually
decreasing temperatures and result in cold acclimation. It is also not known whether cold-
sensitive and cold-tolerant genotypes behave similarly or differently upon cold acclimation.
Therefore, the objectives of this study were to evaluate (a) whether cold acclimation imparts
reproductive cold tolerance in chickpea; (b) whether genotypes with contrasting cold
sensitivity respond similarly or differently to cold acclimation; and (c) the cryoprotective
solutes and antioxidants are involved in cold acclimation in anthers and ovules.

2. Materials and Methods

2.1. Plant Growth Conditions and Treatments

Chickpea seeds of contrasting genotypes (cold-tolerant: ICC 17258, ICC 16349; cold-
sensitive: ICC 15567, GPF 2)—selected from preliminary screening experiments involving
40 genotypes (unpublished)—were soaked for 12 h and inoculated with an appropri-
ate culture of Rhizobium sp. Five inoculated seeds were sown in pots filled with sandy
loam soil and farmyard manure (3:1 ratio). Tricalcium phosphate fertilizer was added
(10 mg kg–1 soil). Fifteen days after sowing (DAS), the plants were thinned to two per pot.
Sowing was undertaken in the first week of November in an outdoor natural environment
in wired enclosures (to protect against birds and animals). The weather data are plotted
in Figure 1 (24.9/15.9 ◦C mean day/night temperatures, 1300–1500 µmol m−2s−1 light
intensity, 60–70% relative humidity). At 40 DAS, plants were moved into walk-in-growth
chambers for the treatments:

1. Control: 25/15 ◦C (12 h/12 h day/night), 700 µmol m−2s−1 light intensity, and
65–70% relative humidity until maturity;

2. Non-acclimated, cold-stressed: 25/15 ◦C (12 h/12 h day/night), 700 µmol m−2s−1 light
intensity, and 65–70% relative humidity for one day; temperature then reduced
to 13/7 ◦C (12 h/12 h day/night) over 4 days to avoid lethal shock, where it remained
at this temperature until maturity; and

3. Cold-acclimated, cold-stressed: 25/18 ◦C (12 h/12 h day/night), 700 µmol m−2s−1 light
intensity, and 65–70% relative humidity for one day, followed by 42 d of cold acclima-
tion, involving 7 d exposure at each decreasing temperature beginning with 23/15 ◦C,
21/13 ◦C, 20/12 ◦C, 20/10 ◦C, 18/8 ◦C, 15/8 ◦C (12 h/12 h day/night) before expos-
ing the plants to cold stress at 13/7 ◦C (12 h/12 h day/night; 700 µmol m−2s−1 light
intensity, and 65–70% relative humidity). Thereafter the temperature remained at
13/7 ◦C until maturity.

The plants were assessed for stress injury during the reproductive stages after ex-
periencing a minimum of 10 d exposure to normal or stressful temperatures using the
procedures described below. Young leaves subtending flowers were collected from the
second and third nodes. Flowers were collected at the same time. Leaf traits such as
stomatal conductance and photosystem II function and biochemical traits were analyzed
from 3 different randomly selected young leaves subtending flowers per plant (values were
averaged), in three different plants (three replications). The data were pooled, and mean
values and standard errors (SE) were estimated.

2.2. Stress Injury

2.2.1. Membrane Damage

Membrane damage was measured as electrolyte leakage (EL). Young fresh leaves
located at the second/third node below flowers were collected. For analysis in anthers and
ovules, flowers were collected on the day of anthesis. The tissues were washed with deion-
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ized water, dissected into smaller segments, and placed in glass vials containing 10 mL
deionized water for 12 h at 25 ◦C. The electrical conductivity (C1) of the surrounding solu-
tion was measured after 24 h. The tissue segments were then subjected to 80 ◦C in a water
bath for 10–15 min. The final electrical conductivity (C2) was measured after equilibration.
Membrane damage was calculated as C1/C2 × 100 and expressed as a percentage [22].

 

–

Figure 1. Weather data (maximum (max), minimum (min) and average (avg) temperature) from sowing up to 40 days,
when the plants were moved to growth chamber.

2.2.2. Cellular Oxidizing Ability

Cellular oxidizing ability was assessed using 2,3,5-triphenyl tetrazolium chloride (TTC)
reduction ability, involving the conversion of a colorless solution into dark red formazan
due to reduction by the cells. Fresh tissue (leaves, anthers, or ovules) was immersed in
an incubation solution containing 50 mM sodium phosphate (pH 7.4) and TTC (500 mg
100 mL−1 solutions) and kept in the dark for 1 h at 25 ◦C, without shaking as the reduction
of TTC responds to high oxygen. The tissue samples were extracted twice (5 mL each)
using 95% ethanol and combined to make a final volume of 10 mL. The developed red
color was measured at 530 nm using a spectrophotometer and expressed as absorbance g–1

fresh weight (FW) [23].

2.2.3. Relative Leaf Water Content

Leaf water status was measured as relative leaf water content (RLWC). Fresh leaves
weight (FW) (500 mg) were placed in Petri dishes containing distilled water for 2 h, re-
moved, surface dried with filter paper, weighed initially (turgid weight, TW; weight of fully
hydrated leaf), and weighted again after oven-dried at 110 ◦C for 24 h (dry weight, DW).
RLWC was calculated as (FW − DW)/(TW − DW) × 100; expressed as a percentage [24].

2.2.4. Stomatal Conductance

Leaf stomatal conductance was measured with a portable leaf porometer (Decagon
Devices, Pullman, WA, USA) and expressed as mmol−1 m–2 s−1 [22].
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2.2.5. Photochemical Efficiency

Photochemical efficiency was assessed by recording leaf chlorophyll fluorescence
(Fv/Fm ratio) with a chlorophyll fluorometer OS1-FL (Opti-Sciences, Hudson, NH, USA).

2.2.6. Chlorophyll and Carotenoids

Chlorophyll was extracted from fresh leaves (500 mg) using 80% acetone, and cen-
trifuged at 5702× g for 15 min. The supernatant was collected, and the absorbance read
at 666, 653, and 470 nm with a spectrophotometer. The pigment concentration was calcu-
lated as per the method of Lichtenthaler and Wellburn [25].

2.3. Reproductive Traits

2.3.1. Pollen Germination

Pollen grains, collected from flowers of the plants harvested for various treatments,
were germinated on a growth medium containing 10% sucrose, 1640 mM boric acid,
990 mM nitrate (pH 6.5), 812 mM magnesium sulfate, and 1269 mM calcium nitrate [22,26].
The percentage germination was recorded.

2.3.2. Pollen Viability

Pollen grains were collected from flowers on the day of anthesis and examined for
their viability [27]. The viability of ~200 pollen grains based on their size, shape, and color
intensity was assessed in five microscopic fields using 0.5% acetocarmine and expressed as
a percentage.

2.3.3. Stigma Receptivity

Stigma receptivity was measured using the esterase test, as per the method of
Mattison et al. [28]. Stigmas were harvested from flowers one day prior to anthesis, kept
in a solution containing α-NAA (naphthaleneacetic acid) and fast blue B (prepared in
phosphate buffer) for 15 min at 37 ◦C. Stigma receptivity was measured based on color
intensity, rated on a 1–5 scale (1-low receptivity, 5-high receptivity).

2.3.4. Ovule Viability

Ovules collected from flowers (one day before anthesis) were tested using a TTC
reduction assay for their viability. The ovules were placed on a glass slide, treated with
0.5% TTC prepared in 1% solution, and then transferred to a Petri dish containing two
filter papers moistened with distilled water. The ovules were incubated for 15 min at 25 ◦C
in a growth chamber. The resulting red color was rated on a 1–5 scale (1-lowest intensity,
5-highest intensity) [22].

2.4. Oxidative Stress and Antioxidants

2.4.1. Malondialdehyde

To measure malondialdehyde (MDA) concentration, fresh tissue (anthers and ovules)
was homogenized in 0.1% trichloroacetic acid (TCA) and centrifuged at 3360× g for 5 min.
The supernatant (0.1 mL) was mixed with 4 mL 0.5% thiobarbituric acid (TBA), prepared
in 20% TCA. The mixture was heated at 95 ◦C for 30 min, cooled in an ice bath, and then
centrifuged at 3360× g for 10 min at 4 ◦C. Absorbance of the supernatant was read at
532 nm. MDA concentration was calculated using an extinction coefficient (155 mM cm−1)
and expressed as nmol g−1 DW [29].

2.4.2. Hydrogen Peroxide

Hydrogen peroxide (H2O2) concentration was measured from fresh tissue (anthers
and ovules) extracted in chilled 80% acetone (5 mL), followed by filtration using What-
man filter paper. To this filtrate, 4 mL titanium reagent was added, followed by 5 mL
ammonia solution (25%). The mixture was centrifuged at 3360× g for 10 min; the residue
was dissolved in 1 M H2SO4. Absorbance of the resulting solution was read at 410 nm.
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H2O2 concentration was calculated using an extinction coefficient (0.28 mmol cm−1) and
expressed as nmol g−1 DW [30].

2.4.3. Superoxide Dismutase

Superoxide dismutase (SOD) activity (E.C. 1.15.1.1) was assayed using fresh tissue
extracted in a pre-cooled 50 mM phosphate buffer (pH 7.0), which was subsequently
centrifuged at 3360× g for 5 min at 4 ◦C. SOD activity was assayed by preparing a reaction
mixture comprising 0.1 mL enzyme extract, 50 mM phosphate buffer (pH 7.8), 13 mM
methionine, 25 mM nitro blue tetrazolium chloride (NBT), 0.1 mM EDTA (ethylene diamine
tetra acetic acid) in 3 mL total volume. Riboflavin (2 mM) was added, and the mixture
was kept in fluorescent light (15 W) for 10 min. Absorbance was read at 560 nm, with the
activity measured as per [31] and expressed as units mg−1 protein.

2.4.4. Catalase

Catalase (CAT) activity (E.C. 1.11.1.6), was assayed by adding 0.1 mL enzyme extract (as
above for SOD) to a reaction mixture containing 50 mM phosphate buffer (pH 7.0) and 200 mM
H2O2. Absorbance at 410 nm was recorded for 3 min, with the activity measured using an
extinction coefficient (40 mM cm−1), expressed as mmol H2O2 decomposed mg−1 protein [32].

2.4.5. Ascorbate Peroxidase

Ascorbate peroxidase (APX) activity (E.C. 1.11.1.11) was assayed by adding 0.1 mL
enzyme extract (as above for SOD) to a reaction mixture containing 50 mM phosphate
buffer (pH 7), 0.5 mM ascorbic acid, and 0.1 mM EDTA. H2O2 was added as a substrate.
The activity was measured using an extinction coefficient (2.8 mM cm−1) [33], expressed as
mmol oxidized donor decomposed min−1mg−1protein.

2.4.6. Glutathione Reductase

Glutathione reductase (GR) activity (E.C. 1.6.4.2) was assayed by adding 0.1 mL
enzyme extract (as above for SOD) to a reaction mixture containing 1.5 mL phosphate
buffer (100 mM; pH 7.6), 0.2 mL BSA, 0.35 mL NADP (nicotinamide adenine dinucleotide
phosphate), and 0.1 mL oxidized glutathione. The enzyme activity was measured as
the reduction in absorbance at 340 nm for 3 min, expressed as mmol oxidized donor
decomposed min−1 mg−1 protein [34].

2.4.7. Ascorbic Acid

Ascorbic acid (AsA) concentration was determined using fresh tissue extracted in 6%
TCA, followed by centrifugation at 3649.15× g for 15 min. To 4 mL supernatant, 2 mL
dinitrophenylhydrazine (DNPH; 2%) was added, along with one drop of 10% thiourea. The
reaction mixture was boiled in a water bath for 15 min, followed by cooling at room tempera-
ture. Pre-cooled H2SO4 (5 mL) was added, and the absorbance recorded at 530 nm. The AsA
concentration was determined from the standard curve and expressed as mg g−1 DW [30].

2.4.8. Glutathione

Reduced glutathione (GSH) concentration was assayed from fresh tissue homogenized
in 2 mL metaphosphoric acid; the extract was centrifuged at 3650× g for 15 min. To 0.9 mL
supernatant, 0.6 mL sodium citrate (10%) was added. The assay mixture comprised 100 µL
extract, 100 µL distilled water, 100 µL 5,5-dithio-bis-(2)-nitrobenzoic acid (DTNB; 6 mM),
and 700 µL NADPH (0.3 mM). To this mixture, 10 µL glutathione reductase (Sigma-Aldrich,
Burlington, MO, USA) was added, and the absorbance was read at 412 nm. The GSH
concentration was determined from a standard graph and expressed as nmol g−1 DW [35].
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2.5. Soluble Proteins

Plant tissue was oven-dried before extraction with 0.1 M phosphate buffer (pH 7.0)
and centrifuged at 514× g for 15 min. Protein concentration was measured as per [36] and
explained by [37].

2.6. Solutes

2.6.1. Proline

Proline concentration was measured in plant tissue using 3% sulphosalicylic acid for
extraction, centrifuged at 2150× g for 20 min at 4 ◦C. The supernatant was treated with
acidic ninhydrin reagent, and the resulting color read at 520 nm, using toluene as a blank.
The concentration was measured as nmol g−1 DW [38].

2.6.2. Endogenous γ-Aminobutyric Acid

Endogenous γ-aminobutyric acid (GABA) was measured in fresh tissue homogenized
in TCA (8%) and centrifuged at 3360× g for 20 min at 25 ◦C. The supernatant was treated
with 4 mL pure diethyl ether, mixed thoroughly for 10 min with a vortexer, followed by
centrifugation at 3360× g for 20 min. The supernatant was left to sit to evaporate the ether
(about 30 min) and tested for GABA concentration, expressed as µmol g−1 DW [39].

2.6.3. Trehalose

Trehalose concentration was measured using the method of [40]. The tissue was
extracted in 80% hot ethanol, followed by centrifugation at 3360× g for 15 min. The
supernatant (0.1 mL) was mixed with 2 mL TCA and assayed following the method of [41].

2.6.4. Sucrose

Sucrose concentration was measured in fresh tissue after extraction in 80% ethanol
at 80 ◦C for 1.5 h (twice); the two extracts were combined and evaporated at 40 ◦C in an
air-circulating oven. The sucrose concentration was tested as per [42].

2.6.5. In-Vitro Pollen Germination

Freshly collected pollen grains were tested for germination in a growth medium [37]
at 13/7 ◦C; 12 h/12 h; 24 h) in the presence of 1 mM proline, GABA, sucrose, trehalose,
ascorbic acid and reduced glutathione in the growth medium, along with control (not
supplemented with any of these molecules).

2.7. Statistical Analysis

The experimental design was a 2 factorial randomized block design comprising four
contrasting genotypes (two cold-tolerant and two cold-sensitive) and three treatments.
There were 15 pots per genotype (two plants per pot) and three replications for each
treatment. Five pots in triplicate (15 pots per treatment; 30 plants per treatment) were
maintained separately for yield trait measurements. Analysis of variance (ANOVA) for
genotype × treatment interactions was performed using Agristat software (Indian Council
of Agricultural Research, Goa, India); least significant values (LSD) values were calculated
(p < 0.05). Tukey’s post hoc test was performed to compare means. In addition, principal
component analysis (PCA) was conducted on non-acclimated and acclimated plants to
determine the relationships among various measurements.

3. Results

3.1. Stress Injury to Leaves

3.1.1. Membrane Damage

Cold stress increased membrane damage (as electrolyte leakage; EL) in all four genotypes,
more so in cold-sensitive genotypes. Cold-stressed tolerant genotypes had 18.4–20.5% EL
(control: 10.5–12.5%), while cold-stressed sensitive genotypes had 26.3–28.3% EL (control:
10.1–13.4%; Figure 2A). Cold acclimation significantly reduced membrane damage in

119



Antioxidants 2021, 10, 1693

all genotypes, which decreased to 14.5–16.4% in tolerant genotypes and 20.6–21.3% in
sensitive genotypes.

< 0.05). Tukey’s post hoc test was performed to compare means. In additio
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Figure 2. Membrane damage as electrolyte leakage (EL; (A)), relative leaf water content (RLWC; (B)) and stomatal
conductance (gS; (C)) in leaves of control, non-acclimated, cold stressed; NA + CS) and cold-acclimated, cold stressed
(CA + CS) plants of tolerant (T) and sensitive (S) genotypes. Small vertical bars represent standard errors (Mean ± S.E;
n = 3). Different small letters on vertical bars indicate significant differences from each other (p < 0.05; Tukey’s test). Least
significant difference (LSD) for interaction (p < 0.05): (genotypes × treatments) EL (2.4), RLWC (3.1) and gS (18.5).

3.1.2. Relative Leaf Water Content

Cold stress decreased relative leaf water content (RLWC) to 69.9–70.4% (control:
81.4–82.3%) in cold-sensitive genotypes and 77.5–78.5% in cold-tolerant genotypes (control:
83.4–86.5%; Figure 2B). The RLWC is an indicator of water status of plant. Cold acclimation
had a similar effect on RWLC as membrane damage, i.e., the cold-acclimated plants exposed
to cold stress significantly improved their RWLC, nearly to the same extent in all genotypes.

3.1.3. Stomatal Conductance

Cold stress did not significantly affect stomatal conductance (gS) in non-acclimated cold-
tolerant genotypes (Figure 2C), but it decreased in cold-sensitive genotypes (by 13–14%), rela-
tive to their respective controls. Cold acclimation significantly increased gS in cold-tolerant
(8–9%) and cold-sensitive genotypes (17–18%), compared to non-acclimated plants.

3.1.4. Photosystem II Function

Photosystem II (PSII) function of control plants ranged from 0.75–0.78 Fv/Fm (variable
fluorescence/maximum fluorescence) ratio with no variation between cold-tolerant and
cold-sensitive genotypes (Figure 3A). Cold stress decreased PSII function in non-acclimated
plants, more so in cold-sensitive genotypes (32–36%) than cold-tolerant genotypes (8–10%)
as compared to controls. Cold acclimation significantly enhanced PSII function under
cold stress, increasing by 6–8% in cold-tolerant genotypes and 15–16% in cold-sensitive
genotypes, relative to non-acclimated plants.
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< 0.05; Tukey’s test). Least significant difference (LSD) for interaction (

Figure 3. Photosystem II function (PS; (A)), chlorophyll (Chl; (B)) and carotenoids (Car; (C)) in leaves
of control, non-acclimated, cold stressed; NA + CS) and cold-acclimated, cold stressed (CA + CS)
plants of tolerant (T) and sensitive (S) genotypes. Small vertical bars represent standard errors
(Mean ± S.E; n = 3). Different small letters on vertical bars indicate significant differences from
each other (p < 0.05; Tukey’s test). Least significant difference (LSD) for interaction (p < 0.05)
(genotypes × treatments): PS (0.057), Chl (2.5), Car (0.056).

3.1.5. Photosynthetic Pigments

Cold acclimation had a similar effect on chlorophyll (Chl) content as PSII function
(Figure 3B). In non-acclimated plants, cold stress significantly decreased Chl in all four geno-
types, relative to their respective controls, more so in cold-sensitive genotypes (34–35%)
than cold-tolerant genotypes (9–11%). Cold acclimation significantly increased leaf Chl in
all four genotypes, relative to non-acclimated plants, more so in cold-sensitive genotypes
(16–17%) than cold-tolerant genotypes (10–15%).

Cold had a greater impact on carotenoids than Chl (Figure 3C). In non-acclimated
plants, cold stress decreased carotenoid content by 33–40% in cold-tolerant genotypes
and 66–71% in cold-sensitive genotypes), compared to their respective controls. Cold
acclimation increased carotenoid content in all four genotypes, but unlike PSII function and
chlorophyll content, cold-tolerant genotypes increased carotenoids more (32–40%) than
cold-sensitive genotypes (26–30%), relative to non-acclimated plants.

3.2. Reproductive Traits

For reproductive parameters of male or female, cold-tolerant genotypes responded
better to cold acclimation than cold-sensitive genotypes. The general effects of cold stress
and cold acclimation on flowers, anthers and pollen grains are shown in Figure 4.

3.2.1. Pollen Germination

Pollen germination in control plants ranged from 78.5–87.5%. Cold stress decreased
pollen germination to 27.8–34.6% in non-acclimated cold-tolerant genotypes and 6.4–8.9% in
non-acclimated cold-sensitive genotypes (Figure 5A). Cold-acclimated cold-tolerant geno-
types had higher pollen germination (72.4–76.9%) than their non-acclimated counterparts,
but cold-acclimated cold-sensitive genotypes had poor pollen germination (22.5–25.6%).
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3.2.2. Stigma Receptivity

Under cold stress, the female organ in non-acclimated and cold-acclimated chickpea
behaved much like the male gametophyte, suggesting that it is also highly sensitive to
cold stress. Stigma receptivity was assessed on 1–5 scale using visual scoring. Under
cold stress, cold-tolerant genotypes had markedly higher stigma receptivity (2.2–2.6) than
cold-sensitive genotypes (1.0) (Figure 5B) but both were markedly lower than the control
plants (4.2–4.8). Cold acclimation significantly improved stigma receptivity in all four
genotypes, with cold-tolerant genotypes close to control values (4.2–4.3) and cold-sensitive
genotypes about one-third of control values (1.6–1.8).

3.2.3. Pollen Viability

Pollen viability in cold-stressed non-acclimated plants decreased to 26.4–32.4% in cold-
tolerant genotypes and 4.6–5.9% in cold-sensitive genotypes of their respective controls
(81.7–88.9%) (Figure 5C). Cold-acclimated plants exposed to cold stress had much higher
pollen viability than cold-stressed non-acclimated plants, being 71.8–75.6% in cold-tolerant
genotypes and 25.6–27.3% in cold-sensitive genotypes.

3.2.4. Ovule Viability

Ovule viability was assessed on 1–5 scale using visual scoring. Cold stress significantly
reduced ovule viability in all four genotypes, decreasing to 2.2–2.7 in cold-tolerant geno-
types and 1.0 in cold-sensitive genotypes, relative to 4.3–4.8 in control plants (Figure 5D).
Cold acclimation significantly improved ovule viability under cold stress, more so in
cold-tolerant genotypes (4.1–4.2) than cold-sensitive genotypes (1.3–1.5).

3.2.5. Tissue Damage to Anthers and Ovules

Cold stress damaged anther and ovule tissues in chickpea, as evidenced from increased
electrolyte leakage, expressed as percentage (Figure 6A). Cold-stressed non-acclimated
plants of cold-sensitive genotypes had more damage (EL: 27.9–28.3% in anthers, 21.3–24.3%
in ovules) than cold-tolerant genotypes (14.7–16.8% in anthers, 11.9–13.6% in ovules), with
control plants ranging from 9.3–10.3% in anthers and 7.3–9.2% in ovules. Cold acclimation
reduced cold-induced tissue damage in anthers and ovules, more so in cold-tolerant
genotypes (11.5–12.4% in anthers, 9.3–10.8% in ovules) than cold-sensitive genotypes
(22.4–23.5% in anthers, 17.6–19.8% in ovules).

Cellular viability also decreased with cold stress in anthers and ovules of non-acclimated
plants (Figure 6B), more so in cold-sensitive genotypes (56–58% in anthers, 43–45% in
ovules over control) than cold-tolerant genotypes (23–35% in anthers, 22–33% in ovules
over control). Cold acclimation significantly increased cellular viability to 26–37% in
anthers and 21–27% in ovules of cold-tolerant genotypes and 14–23% in anthers and
11–18% in ovules of cold-sensitive genotypes.

3.3. Oxidative Stress and Antioxidants

Cold acclimation decreased oxidative stress in anthers and ovules, more so in cold-
tolerant genotypes than cold-sensitive genotypes.

3.3.1. Malondialdehyde

Cold stress increased malondialdehyde (MDA) concentration in the anthers and ovules
of non-acclimated plants (Figure 6C), while cold acclimation reduced MDA concentration
in these tissues. In anthers of cold-stressed non-acclimated plants, MDA concentrations
increased more in cold-sensitive genotypes (5.5–7.8-fold) than cold-tolerant genotypes
(3.7–4.5-fold), relative to their respective controls. Cold-acclimated plants had significantly
lower MDA concentrations in anthers than non-acclimated plants, more so in cold-tolerant
genotypes (3–3.5-fold), compared to cold-sensitive genotypes (1.26–1.32-fold).

Control plants had 1.8–2.2 nmoles g−1 dw of MDA in ovules, which increased with
cold stress, more so in cold-sensitive genotypes (4.3–5.6-fold) than cold-tolerant genotypes
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(2.4–3.2-fold), over their respective controls. Cold acclimation significantly reduced MDA
concentrations in ovules, more so in cold-tolerant genotypes (1.85–1.93-fold) than cold-
sensitive genotypes (1.13–1.17-fold), relative to non-acclimated plants.

3.3.2. Hydrogen Peroxide

Control plants had anther H2O2 concentrations of 1.6–1.9 µmol g–1 dw (Figure 6D),
increasing under cold stress by 3.8–3.9-fold in cold-sensitive genotypes and 1.84–2.06-fold
in cold-tolerant genotypes. Cold acclimation significantly decreased anther H2O2 concen-
trations, more so in cold-tolerant genotypes (1.45–1.57-fold) than cold-sensitive genotypes
(1.28–1.17-fold), relative to non-acclimated plants. Control plants had ovule H2O2 concen-
trations of 1.3–1.7 µmol g–1 dw, increasing with cold stress by 1.93–1.84-fold in cold-tolerant
genotypes and 2.28–2.41-fold in cold-sensitive genotypes. Cold acclimation decreased
H2O2 concentrations, more so in cold-tolerant genotypes (1.6–1.5-fold) than cold-sensitive
genotypes (1.14–1.20-fold), relative to non-acclimated plants.

–
–

– –

–
–

–
–

Figure 4. Images showing the effect of cold stress (above) and cold acclimation (below) on chickpea genotypes (reproductive
phase). Cold stress effects from genotype ICC 15567 (cold-sensitive): aborted flower (a), flower with exposed anthers
(b), developmental changes leading to abortion of flower (c), damaged anthers (d,e), and distorted and shriveled pollen
grains (f,g). Cold acclimation effects from genotype ICC 16349 (cold-tolerant): flowers (h,i), developmental changes in
cold-acclimated flowers (j), cold-acclimated anthers (k,l), and cold-acclimated viable pollen grains (m,n).
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Figure 5. Pollen germination (PG; (A)), pollen viability (PV; (C)), stigma receptivity (SR; (B)) and ovule viability (OV; (D))
in control, non-acclimated, cold stressed; NA + CS) and cold-acclimated, cold stressed (CA + CS) plants of tolerant (T) and
sensitive (S) genotypes. Small vertical bars represent standard errors (Mean ± S.E; n = 3). Different small letters on vertical
bars indicate significant differences from each other (p < 0.05; Tukey’s test). Least significant difference (LSD) for interaction
(p < 0.05) (genotypes × treatments): PG (6.9), PV (7.1), SR (0.39), OV (0.36).
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Figure 6. Electrolyte leakage (EL; (A)), cellular viability (CV; (B)), (Malondialdehyde (MDA; (C)) and hydrogen peroxide
(H2O2; (D)) concentration in anthers and ovules of control, non-acclimated, cold stressed; NA + CS) and cold-acclimated,
cold stressed (CA + CS) plants of tolerant (T) and sensitive (S) genotypes. Small vertical bars represent standard errors
(Mean ± S.E; n = 3). Different small letters on vertical bars indicate significant differences from each other (p < 0.05;
Tukey’s test). Least significant difference (LSD) for interaction (p < 0.05) (genotypes × treatments): EL (2.4), CV (0.067),
MDA (1.8), H2O2 (0.23).
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Figure 7. Superoxide dismutase (SOD; (A)), ascrobate peroxidase (APX; (B)), catalase (CAT; (C)) and glutathione reductase
(GR; (D)) in anthers and ovules of control, non-acclimated, cold stressed; NA + CS) and cold-acclimated, cold stressed
(CA + CS) plants of tolerant (T) and sensitive (S) genotypes. Small vertical bars represent standard errors (Mean ± S.E;
n = 3). Different small letters on vertical bars indicate significant differences from each other (p < 0.05; Tukey’s test). Least
significant difference (LSD) for interaction (p < 0.05) (genotypes × treatments): SOD (0.54), CAT (0.62), APX (0.45), GR (0.49).

3.3.3. Ascorbate Peroxidase

The ascorbate peroxidase (APX) activity in anthers and ovules of control plants ranged
from 2.7–3.1 and 2.2–2.6 mmol oxidized donor min–1 mg–1 protein, respectively (Figure 7B).
Cold acclimation had a similar effect on APX activity as CAT activity. Cold-stressed non-
acclimated plants increased APX activity in cold-tolerant genotypes (50–54% in anthers,
73–104% in ovules), but decreased APX activity in cold-sensitive genotypes (34–37% in
anthers, 48–50% in ovules), relative to the controls. Cold acclimation significantly increased
APX activity in all four genotypes, relative to non-acclimated plants, more so in cold-
tolerant genotypes (62–69% in anthers, 51–53% in ovules) than cold-sensitive genotypes
(21–23% in anthers, 30–31% in ovules).

3.3.4. Catalase

The catalase (CAT) activity in anthers and ovules of control plants ranged from 2.2–2.8
and 1.8–2.4 mmol H2O2 decomposed mg–1 protein, respectively (Figure 7C). Cold stress in-
creased CAT activity by 50–59% in anthers and 52–58% in ovules of cold-tolerant genotypes
but decreased CAT activity by 42–45% in anthers and 32–37% in ovules of cold-sensitive
genotypes, relative to their respective controls. Cold acclimation increased CAT activity by
64–68% in anthers and 52–58% in ovules of cold-tolerant genotypes and 25–34% in anthers
and 23–26% in ovules of cold-sensitive genotypes, relative to non-acclimated plants.

3.3.5. Glutathione Reductase

Cold stress significantly increased glutathione reductase (GR) activity (Figure 7D)
in anthers (67–79%) and ovules (67–85%) of non-acclimated plants of cold-tolerant geno-
types, but significantly decreased GR activity in cold-sensitive genotypes (33–48% in
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anthers, 31–33% in ovules), relative to their corresponding controls. Cold acclimation
increased GR activity by 51–60% in anthers and 51% in ovules of cold-tolerant geno-
types and 30–31% in anthers and 26–35% in ovules of cold-sensitive genotypes, relative to
non-acclimated plants.

3.3.6. Ascorbate

In non-acclimated plants, cold stress significantly increased ascorbate (ASC) concen-
tration (Figure 8A) in anthers (25–33%) and ovules (31–33%) of cold-tolerant genotypes, but
significantly reduced ASC concentration in anthers (20–32%) and ovules (21–31%) of cold-
sensitive genotypes, relative to control plants. Cold acclimation significantly improved
ASC concentration, more so in anthers (43–50%) and ovules (46–49%) of cold-tolerant
genotypes than anthers (8–10%) and ovules (14–15%) of cold-sensitive genotypes, relative
to non-acclimated plants.
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Figure 8. Ascorbate (ASC; (A)) and reduced glutathione (GSH; (B)) in anthers and ovules of control,
non-acclimated, cold stressed; NA + CS) and cold-acclimated, cold stressed (CA + CS) plants of toler-
ant (T) and sensitive (S) genotypes. Small vertical bars represent standard errors (Mean ± S.E; n = 3).
Different small letters on vertical bars indicate significant differences from each other (p < 0.05;
Tukey’s test). Least significant difference (LSD) for interaction (p < 0.05) (Genotypes × treatments):
ASC (6.9), GSH (3.4).

3.3.7. Glutathione

Cold stress increased glutathione (reduced; GSH) concentrations in anthers (50–53%)
and ovules (53–84%) of cold-tolerant genotypes, but decreased GSH concentrations in
anthers (28–38%) and ovules (25–36%) of cold-sensitive genotypes, relative to the controls
(Figure 8B). Cold acclimation significantly increased GSH levels in anthers and ovules
under cold stress, relative to cold-stressed non-acclimated plants, more so in cold-tolerant
genotypes (56–60% in anthers, 45–48% in ovules) than cold-sensitive genotypes (20–28% in
anthers, 25–27% in ovules).

3.4. Cryoprotective Solutes

3.4.1. Proline

Cold stress increased proline (Pro) concentrations in non-acclimated plants of cold-
tolerant genotypes (42–57% in anthers, 65–67% in ovules), but decreased proline concen-
trations in cold-sensitive genotypes (18–32% in anthers, 31–35% in ovules), relative to the
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controls (Figure 9A). Cold acclimation increased proline concentrations in anthers and
ovules, more so in cold-tolerant genotypes (64–85% in anthers, 66–69% in ovules) than cold-
sensitive genotypes (30% in anthers, 37–38% in ovules), relative to non-acclimated plants.
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Figure 9. Proline (Pro; (A)), Sucrose (Suc; (B)), γ-amino butyric acid (GABA; (C)) and trehalose (Tre; (D)) in anthers and
ovules of control, non-acclimated, cold stressed; NA + CS) and cold-acclimated, cold stressed (CA + CS) plants of tolerant (T)
and sensitive (S) genotypes. Small vertical bars represent standard errors (Mean ± S.E; n = 3). Different small letters on
vertical bars indicate significant differences from each other (p < 0.05; Tukey’s test). Least significant difference (LSD) for
interaction (p < 0.05) (genotypes × treatments): Pro (3.9), GABA (0.048), Suc (0.009), Tre (0.40).

3.4.2. Sucrose

Cold stress increased sucrose concentrations by 21–26% in anthers and 20–28% in
ovules of cold-tolerant genotypes, but decreased sucrose concentrations by 28–42% in
anthers and 24–29% in ovules of cold-sensitive genotypes, relative to their respective
controls (Figure 9B). Cold acclimation increased sucrose concentrations more in cold-
tolerant genotypes (60–62% in anthers, 71–87% in ovules) than cold-sensitive genotypes
(23–27% in anthers, 17–18% in ovules), relative to non-acclimated plants.

3.4.3. γ-. Aminobutyric Acid

Cold stress increased γ-aminobutyric acid (GABA) concentrations more in cold-
tolerant genotypes (47–58% in anthers, 46–52% in ovules) than cold-sensitive genotypes
(10–18% in anthers, 16–18% in ovules), relative to their respective controls (Figure 9C). Cold
acclimation further increased GABA concentrations in all four genotypes, more so in cold-
tolerant genotypes (42–48% in anthers, 39–41% in ovules) than cold-sensitive genotypes
(23–26% in anthers, 19–23% in ovules), relative to non-acclimated plants.

3.4.4. Trehalose

Cold stress significantly increased trehalose levels in anthers (61–62%) and ovules (33–63%)
of cold-tolerant genotypes, but significantly reduced trehalose levels in anthers (53–60%) and
ovules (39–45%) of cold-sensitive genotypes, relative to the controls (Figure 9D). Cold accli-
mation increased trehalose concentrations in all four genotypes, more so in cold-tolerant
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genotypes (48–55% in anthers, 58–62% in ovules) than cold-sensitive genotypes (31–35% in
anthers, 31–33% in ovules), compared to non-acclimated plants.

3.5. Yield Traits

Pod set in control plants was 72.1–74.5% in cold-tolerant genotypes and 69.4–71.4% in
cold-sensitive genotypes (Figure 10A). Cold stress decreased pod set to 19–22% in cold-
tolerant genotypes and zero in cold-sensitive genotypes. Cold acclimation increased pod
set under cold stress to 48.9–51.4% in cold-tolerant genotypes but had no effect on pod set
in cold-sensitive genotypes.
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Figure 10. Pod set (A), pod number plant−1 (B) and seed weight plant−1 (C) in plants of control, non-acclimated, cold
stressed; NA + CS) and cold-acclimated, cold stressed (CA + CS) plants of tolerant (T) and sensitive (S) genotypes. Small ver-
tical bars represent standard errors (Mean ± S.E; n = 3). Different small letters on vertical bars indicate significant differences
from each other (p < 0.05; Tukey’s test). Least significant difference (LSD) for interaction (p < 0.05) (Genotypes × treatments):
Pod set (10.3), Pod number (1.8), Seed weight (0.41).

Control plants of cold-tolerant and cold-sensitive genotypes produced 16.3–17.1 and
15.6–16.3 pods per plant, respectively (Figure 10B). Cold stress decreased pod number by
70–76% (4.1–4.7 pods plant–1) in cold-tolerant genotypes, relative to the control plants, but
cold-sensitive genotypes did not produce any pods. Cold acclimation improved pod set
under cold stress by 70–76% (8.1–9.7 pods per plant) in cold-tolerant genotypes, relative to
non-acclimated plants, while cold-sensitive genotypes did not produce any pods.

Control plants of cold-tolerant genotypes yielded 3.65–3.98 g plant–1, which de-
creased by 52–55% under cold stress (no yield in cold-sensitive genotypes) (Figure 10C).
Cold acclimation increased seed yield in cold-tolerant genotypes under cold stress, with-
out any effect on cold-sensitive genotypes. Cold acclimation improved seed yield by
25–31% (to 2.16–2.35 g plant–1) in cold-tolerant genotypes under cold stress, relative to
non-acclimated plants.
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3.6. Effect of Cryoprotective Solutes and Antioxidants on In-Vitro Pollen Germination

Pollen germination in control plants of cold-tolerant genotypes was 85.6–88.15% and
cold-sensitive genotypes was 79.6–82.1%. Cold stress decreased pollen germination to
31.3–35.6% in cold-tolerant genotypes and 6.8–8.9% in cold-sensitive genotypes (Table 1).
Exogenous supplementation of ascorbate, GSH, proline, trehalose, and sucrose improved
pollen germination markedly in all four genotypes, more so with sucrose supplementation,
followed by GABA and ascorbate.

Table 1. Effect of various solutes and non-enzymatic antioxidants on pollen germination under cold stress in tolerant (T)
and sensitive (S) chickpea genotypes.

Treatment ICC 17258 (T) ICC 16348 (T) ICC 15567 (S) GPF2 (S)

Control 85.6 ± 5.9 a 88.1 ± 5.1 a 82.1 ± 4.8 a 79.6 ± 5.5 a
Cold-stressed (CS) (13/7 ◦C;12 h/12 h; 1 d) 35.6 ± 4.9 d 31.3 ± 3.6 d 8.9 ± 2.1 f 6.8 ±1.6 f
CS + Proline (1mM) 53.5 ± 4.8 cd 52.4 ± 5.4 d 21.9 ± 3.4 ef 23.4 ± 2.5 ef
CS + GABA (1 mM) 61.3 ± 4.3 bc 60.1 ± 4.7 bc 33.5 ± 2.3 e 31.5 ± 2.1 e
CS + Sucrose (1 mM) 65.6 ± 4.2 b 62.4 ± 4.6 b 31.3 ± 2.1 e 34.2 ± 3.2 e
CS + Trehalose (1 mM) 54.5 ± 3.5 d 52.4 ± 4.4 d 29.5 ± 3.1 e 31.2 ± 3.3 e
CS + Ascorbate (1 mM) 53.8 ± 3.2 d 56.1 ± 3.7 cd 28.7 ± 2.7 e 31.3 ± 2.9 e
CS + Reduced Glutathione (1 mM) 56.4 ± 3.5 cd 53.2 ± 2.9 d 26.3 ± 2.4 ef 29.6 ± 2.2 e

Different small letters indicate significant differences from each other (p < 0.05; Tukey’s test).

3.7. Principal Component Analysis

3.7.1. Non-Acclimated (NA) Plants

Principal component analysis (PCA; Figure 11) graph for the chickpea genotypes
grown under non-acclimated temperature conditions revealed a significant positive rela-
tionship among yield traits (pod set %, pod number plant−1 and seed weight and seed
number plant−1), reproductive traits (pollen germination, PG; pollen viability, PV; stigma
receptivity, SR; ovule viability, OV; cellular viability, CV), leaf traits (stomatal conductance,
gS; relative leaf water content, RLWC; chlorophyll, Chl; carotenoids, CAR; chlorophyll
fluorescence, PSII) and biochemical traits (SOD, CAT, APX, GR, ASC, GSH and proline). All
these traits were found to strongly correlate with each other except electrolyte leakage (EL)
MDA, H2O2 that indicated negative correlation with cold tolerance.

PCA revealed that PC1 and PC2 accounted for 97.9% of the variation (PC1: 94.6% and
PC2: 3.3%). PC1 showed EL in leaves, anthers and ovules, MDA and H2O2 in anthers
and ovules. PC2 showed yield traits (pod set %, pod number plant−1, seed weight and
seed number plant−1), reproductive traits (PG, PV, SR and OV), stress injury traits (gS,
RLWC, CV, Chl, CAR, and PSII) and biochemical traits (SOD, CAT, APX, GR, ASC, GSH
and proline).

The indices here formed three groups; Group 1 had six indices: proline (anthers and
ovules), GR (ovules), ASC (ovules), APX (anthers), chlorophyll content (Chl, leaves), CAT
(ovules and anthers). Group-2 included 13 indices: CV (anthers and ovules), PSII (leaves),
ASC (anthers), SOD (anthers), RLWC, PV, PG, APX (anthers and ovules), GR (anthers and
ovules), GSH (ovules), OV, pod number per plant and seed weight per plant. A strong
and positive correlation was noticed in Group 1 and Group 2 with an acute angle, thus,
suggesting that any of these traits may probably be used to measure the association of
various traits with yield plant–1. Group 3 consisted of H2O2, MDA (anthers and ovules),
and EL (leaves, anthers and ovule), which had a negative association with yield per plant
as well as with indices in Groups 1 and 2.

Narrow vector angles in the PC1-dominating variables in the arc from H2O2 (ovules)
to EL (ovules) reveal strong correlations between these variables (H2O2, MDA (anthers
and ovules) and EL (leaves, anther and ovule)). These traits indicate the low temperature
injury to membranes and oxidative damage to the chickpea genotypes and are negatively
correlated with other traits (yield and biochemical traits). The traits such as RLWC, Chl, PSII,
CV, proline (anthers and ovules), SOD (anthers and ovules), CAT (ovules and anthers), APX
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(anthers and ovules), GR (anthers and ovules), ASC (anthers and ovules), GSH (anthers
and ovules) were strongly correlated with yield traits (pod number plant–1 and seed
eightw plant–1) and reproductive traits (PV, PG, SR, and OV). Hence, it can be concluded
that these traits of leaves, anthers ovules and pollen grains would be useful as indicators of
yield under non-acclimated cold stress conditions in chickpea.
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Figure 11. Principal component analysis of yield, reproductive, biochemical and leaf traits in chickpea genotypes un-
der non acclimated conditions. Abbreviations: a-anther, b-ovule; 1-RLWC-relative leaf water content; 2-SC-stomatal
conductance; 3-PSII-photosynthetic efficiency; 4-Chl-chlorophyll content; 5-CAR-carotenoids; 6-PG-pollen germination;
7-PV-pollen viability; 8-SR-stigma receptivity; 9-OV-ovule viability; 10-EL-electrolyte leakage; 11-CV-cellular viabil-
ity; 12-MDA-malondialdehyde; 13-H2O2-hydrogen peroxide; 14-SOD-superoxide dismutase; 15-CAT- catalase; 16-APX-
ascorbate peroxidase; 17-GR-glutathione reductase; 18-ASC-ascorbic acid; 19-GSH-glutathione; 20-proline; 21-pod set %;
22- pod number plant–1; 23-seed weight plant–1.

3.7.2. Cold-Acclimated Plants

Principal component analysis (PCA; Figure 12) for the chickpea genotypes grown
under cold-acclimated conditions revealed a significant positive relationship among yield
traits (pod set %, pod number plant–1 and seed weight plant–1), reproductive traits (PG, PV,
SR, OV, CV), leaf traits (gS, RLWC, Chl, CAR, and PSII) and biochemical traits (SOD, CAT,
APX, GR, ASC, GSH and proline). All these traits showed strong correlation to each other
except MDA, H2O2, and EL that indicated association of these traits with low temperature
damage to vegetative and reproductive tissues.
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Figure 12. Principal component analysis of yield, reproductive, biochemical and leaf traits in chickpea genotypes under
cold-acclimated conditions. a-anther, b-ovule; 1-RLWC-relative leaf water content; 2-SC-stomatal conductance; 3-PSII-
photosynthetic efficiency; 4-Chl-chlorophyll content; 5-CAR-carotenoids; 6-PG-pollen germination; 7-PV-pollen viability;
8-SR-stigma receptivity; 9-OV-ovule viability; 10-EL-electrolyte leakage; 11-CV-cellular viability; 12-MDA-malondialdehyde;
13-H2O2-hydrogen peroxide; 14-SOD-superoxide dismutase; 15-CAT-catalsae; 16-APX-ascorbate peroxidase; 17-GR-
glutathione reductase; 18-ASC-ascorbic acid; 19-GSH-glutathione; 20-proline; 21-pod set %; 22-pod number plant–1;
23-seed weight plant–1.

PCA showed that PC1 and PC2 accounted for 99.2% of the variation (PC1: 97.8% and
PC2: 1.4%). PC1 described EL (leaves, anthers and ovules), MDA and H2O2 (anthers and
ovules). Yield traits (pod set %, pod number plant–1 and seed weight plant–1), reproductive
traits (PG, PV, SR, OV), stress injury traits (gS, RLWC, CV, Chl, and PSII) and biochemical
traits (SOD, CAT, APX, GR, ASC, GSH, H2O2 (ovules) and proline (anthers and ovules)) as
indicated on PC2. The indices here formed three groups with Group-1 comprising of six
indices: proline (anthers and ovules), GR, ASC (ovules), APX (anthers), Chl, CAT (ovules
and anthers). Group-2 included 13 indices: CV (anthers and ovules), PSII, ASC (anthers),
SOD (anthers), RLWC, PV, PG, APX (anthers and ovules), GR (anthers and ovules), GSH
(anthers and ovules), OV, pod number plant–1 and seed weight plant–1. The indices in
Group-1 and Group-2 were strongly and positively correlated with an acute angle and
indicated that any of these indices can probably be used to correlate antioxidative activity
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and yield plant–1. There was third group of H2O2, MDA (anthers and ovules), and EL
(leaves, anthers and ovule), which represent a weak link with indices in Group 1 and 2.

Narrow vector angles in the PC1-dominating variables, described in the arc from MDA
(ovule) to EL (leaf) reveal strong correlations between H2O2, MDA (anthers and ovules) and
EL (leaves, anthers and ovules). These traits indicate low temperature injury to chickpea
genotypes, therefore are negatively correlated with other traits (yield and biochemical
traits). Since, proline (anthers and ovules), GR (anthers and ovules), ASC (anthers and
ovules), APX (anthers and ovules), chlorophyll (Chl), CAT (ovules and anthers), CV
(anthers and ovules), PSII, SOD (anthers and ovules), RLWC, GR (anthers and ovule), GSH
(anthers and ovules) were strongly correlated with yield traits (pod number plant–1 and
seed weight plant–1) and reproductive traits (PV, PG, SR, OV), it can be concluded that
these traits of leaves, anthers, ovules and pollen grains would be useful as indicators of
yield under cold-acclimated conditions.

4. Discussion

As a winter season crop in several parts of the world, chickpea suffers from cold-
stress-induced damage to vegetative and reproductive tissues. Studies have reported
beneficial effects of cold acclimation for chickpea during the seedling or early vegetative
phase [9,21,43], there are no reports investigating the impact of cold acclimation during
the reproductive stage. In the present study, cold acclimation improved leaf, anther, and
ovule function under cold stress, relative to non-acclimated plants, suggesting that cold
acclimation is advantageous for vegetative and reproductive organs, improving plant
growth, reproduction, and yield. Our study also showed that cold acclimation improved
the response of vegetative tissues (leaves) to cold stress by reducing cold-induced damage
and improving cellular function, such as membrane damage or relative leaf water content,
stomatal conductance, PSII function, or leaf chlorophyll and carotenoid concentrations.

Cold acclimation can improve hardiness to cold stress [17] through various mech-
anisms. Cold acclimation can reduce membrane damage by increasing the ratio of un-
saturated to saturated fatty acids, as reported in 20-day old chickpea seedlings [20]. We
observed improved leaf water status in cold-acclimated chickpea plants, as reported in
barley [18], and could be due to better root hydraulic conductivity and osmolyte accu-
mulation [44]. The observed reduction in chlorophyll loss of cold-acclimated chickpea
plants might have resulted from augmented leaf water status and reduced oxidative dam-
age [9]. The reduction in chlorophyll and PSII function agrees with previous studies
on cold-acclimated chickpea seedlings [43] and Arabidopsis thaliana (accession C24) [19]
exposed to cold stress. Carotenoids are vital for maintaining the leaf redox status, pro-
tecting them from photoinhibition under cold stress [45], in our study, cold acclimation
increased leaf carotenoid concentrations in cold-stressed chickpea, which might have pro-
tected the leaves from photoinhibition by adjusting the redox status and keeping the leaves
photosynthetically active.

In non-acclimated chickpea plants exposed to cold stress, the marked reductions in
growth, pod set, yield-related traits (pod and seed weights), and reproductive function
could be associated with increased membrane damage and decreased water status, stom-
atal conductance, chlorophyll concentration, and PSII function in leaves. In chickpea, low
temperature stress increased membrane damage [5] and decreased leaf hydration status
and stomatal conductance could be due to reduced root hydraulic conductivity [46,47],
chlorophyll [48], chlorophyll fluorescence [43], pollen function, stigmatic and ovular activ-
ity [4,8,49], and pod set and yield traits [7,10] Cold-stress-induced membrane disruption
results from altered lipid–protein interactions [50] or lipid peroxidation [51], chlorophyll
loss in cold-stressed plants, as observed in our study, might be due to inhibited chlorophyll
synthesis or increased chlorophyll degradation [52] or photooxidation-induced disorga-
nization of chloroplasts [53], which consequently decreases chlorophyll fluorescence [43].
Leaf damage due to cold stress can disrupt photosynthetic function and sucrose synthesis
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and transport to developing floral organs, causing impaired reproductive function and
reduced yields [54].

Unlike leaf tissues, the response of reproductive organs to cold acclimation in cold-
tolerant and cold-sensitive chickpea genotypes differed. The zero pod set and zero yield
in cold-acclimated cold-sensitive genotypes under cold stress indicates the lack of a cold
acclimatization response. In contrast, cold-tolerant genotypes had a cold acclimation
response (increased pod and seed set relative to non-acclimated plants). Interestingly, our
findings and those of [9] indicate that vegetative and reproductive tissues of cold-sensitive
chickpea genotypes differ in their response to cold acclimation. Indeed, reproductive
organs (anthers and ovules) had significantly more tissue damage and less cellular viability
in cold-sensitive genotypes than cold-tolerant genotypes; moreover, these organs were less
responsive to cold acclimation in sensitive genotypes. Thus, the differential response to
cold acclimation might lie in the tissue sensitivity of floral organs in cold-sensitive and
cold-tolerant genotypes, as indicated by various traits related to tissue damage, but this
aspect needs further study.

In chickpea, cold stress reduces pollen viability, pollen load on stigma, stigma recep-
tivity, and ovule viability [4,49]. Chickpea plants fail to set pods at temperatures <20/10 ◦C
due to various abnormalities related to developmental and functional factors [1,4,8,49]. In
cold-tolerant chickpea genotypes, cold acclimation reduced the adverse effect of cold stress,
increasing yield. Little or no cold acclimation of reproductive organs in cold-sensitive
genotypes might be due to poor expression of enzymatic and non-enzymatic antioxidants
and reduced accumulation of cryoprotective molecules in reproductive organs. The cold-
sensitive genotypes were unable to significantly reduce cold-stress-induced oxidative stress
markers, such as MDA and H2O2, in both male and female reproductive organs following
acclimation. Consequently, these genotypes failed to detoxify ROS following the produc-
tion of those by lower temperatures, impairing male and female gamete function and
causing flower/pod abortion.

The role of ROS is well documented for sensitivity to abiotic stresses [55]. In chickpea,
cold stress affects male and female gamete function, resulting in poor pollen germination,
viability, stigmatic receptivity, and ovule viability [4,9,49,56]. The current study showed
that cold stress caused tissue damage in anthers and ovules and reduced their cellular
viability. The manifold increase in oxidative stress in anthers and ovules under cold stress
points to its role in tissue damage and cell viability in these organs. Therefore, it cannot
be ruled out that oxidative-stress-induced tissue damage disrupts developmental and
functional aspects of anthers and ovules. In rice anthers, ROS accumulation has been
reported under drought [57], and heat stress [58]. In cytoplasmic male sterile (CMS) rice
material, the CMS line (sterile anthers) had significantly higher ROS concentrations in
anthers than the corresponding maintainer line (fertile anthers) [59,60].

The cold acclimation response of cold-tolerant chickpea genotypes could be attributed
to a substantial reduction in MDA and H2O2levels in anthers and ovules and increased
accumulation of antioxidants (enzymatic and non-enzymatic). An increase in enzymatic
and non-enzymatic antioxidant levels reduced the oxidative species generated under
cold stress, thus reducing the oxidative stress in anthers and ovules to levels too low to
cause considerable damage to these organs. Thus, reduced oxidative damage to these
organs improved anther and ovule performance under cold stress in cold-acclimated plants,
relative to non-acclimated plants in the cold-tolerant genotypes. Decreased production
of oxidative species and increased production of antioxidants leads to cold tolerance in
crops such as rice (Oryza sativa L.) [61] and Brassica sp. [62]. Cold acclimation improved the
antioxidant capacity of barley [63] and chickpea [64] leaves.

Numerous studies have demonstrated that the antioxidant enzyme system in plants
can protect against ROS, but little is known about antioxidant enzymes in developing
anthers [4], or the interaction between cold-induced ROS concentrations in anthers and
ovules of chickpea. In some crops, antioxidant enzymes reduce ROS-induced damage
and are important components of plant tolerance to environmental stresses [65,66]. In the
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present study, the activities of SOD (causes dismutation of peroxides), CAT (detoxifies the
hydrogen peroxide), APX (detoxifies hydrogen peroxide using ascorbate as a substrate),
and GR (catalyzes the reduction of glutathione disulfide to the sulfhydryl form GSH)
increased in anthers and ovules of non-acclimated cold-tolerant genotypes, indicating an
inherent ability of these genotypes to reduce cold-induced oxidative stress. However, the
reduction in pod numbers in cold-tolerant non-acclimated genotypes exposed to cold stress
suggests that the decrease in oxidative damage in anthers and ovules was not significant. In
contrast, cold-sensitive genotypes had much lower antioxidant levels in anthers and ovules
than cold-tolerant genotypes, causing severe oxidative damage to these organs, manifested
as inhibited reproductive function and lack of pod set. The considerably greater reduction
in tissue damage (as EL and cellular viability) in anthers and ovules of cold-tolerant
genotypes than cold-sensitive genotypes might be due to an improvement in unsaturation
of lipids [67], and reduction in oxidative stress in acclimated plants. Like anthers and
ovules, cold acclimation reduced the severity of oxidative stress in chickpea seedlings [21]
and barley leaves [63]. Variations, however, have been reported in the activities and the
type of antioxidants in cold-acclimated plants, which might depend on the experimental
conditions and plant species used [63,68]. In the present study, components of the ascorbate–
glutathione pathway were greatly expressed, compared to other antioxidative enzymes,
suggesting their larger role in the cold acclimation potential of cold-tolerant genotypes.

Cryoprotective molecules can maintain reproductive function in plants. Following
cold acclimation, the anthers and ovules of cold-sensitive genotypes accumulated lesser
amounts of cryoprotective molecules, such as proline, GABA, trehalose, and sucrose,
compared to cold-tolerant genotypes. Our previous study [8] on cold-stressed chickpea
revealed an association between reduced carbohydrates in ovules and floral abortion. The
cold acclimation of cold-tolerant genotypes can thus be attributed to the inherent ability of
these genotypes to reduce oxidative stress and enhance antioxidant levels (enzymatic and
non-enzymatic) and cryoprotective solutes in reproductive organs (anthers and ovules),
improving reproductive function, e.g., pollen viability, pollen load on stigma, stigma
receptivity and ovule viability, and subsequently number of pods and seeds.

Cold acclimation can enhance endogenous proline (Chrysanthemum sp.) [69], carbohy-
drates (safflower, Carthamus tincotorius) [70], and GABA (barley and wheat; [71] levels in
plants. Cryoprotective solutes, such as amino acids (proline, GABA) and carbohydrates
(sucrose, trehalose), play diverse roles in plant cells [72]. Moreover, its role as an osmolyte
in osmotic adjustment, proline stabilizes membranes and proteins, scavenges free radicals,
and buffers cellular redox potential under stress conditions [73]. The importance of proline
in cold stress mitigation can be judged because it has been used as a biomarker of cold toler-
ance [74]. In cold-tolerant chickpea under cold stress, higher proline levels were attributed
to increased expression of the gene responsible for proline transport, proline transporter 1 [4].
GABA is a non-protein amino acid—it has a signaling role with functions to protect from
oxidative stress, maintain C and N mechanism, regulate pH in cytosol, and in osmoregula-
tion [75] and cold tolerance [76]. Trehalose (α-D-glucopyranosyl- α-D-glucopyranoside)
is a vital compatible sugar solute—it has a signaling role and stabilizes lipid membranes,
dehydrated enzymes, and proteins during desiccation [77]. It has also been implicated in
acquiring stress tolerance in plants, including cold stress [78]. Sucrose has been implicated
in conferring cold tolerance [79] and can directly protect cell membranes by interacting
with the phosphate in their lipid headgroups, thus decreasing membrane permeability [80].
Non-acclimated cold-tolerant chickpea genotypes had substantially higher levels of these
solutes than non-acclimated cold-sensitive genotypes, suggesting their involvement in cold
tolerance. However, their concentrations may have been inadequate to maintain reproduc-
tive competence. The depletion of proline, sucrose, and reducing sugars in flowers due
to impaired mobilization and synthesis causes flower abortion due to decreased pollen
viability and retarded pollen tube growth [9,56].

Sucrose, in addition to a cryoprotectant, might act as a source of carbon to developing
anthers and ovules. Adequate carbohydrate supply is critical for anther function under cold

134



Antioxidants 2021, 10, 1693

stress [81] and sucrose is an important carbohydrate molecule required for proper anther
function, especially under stress, e.g., in tomato (Solanum lycopersicum) [82] and chickpea [8].
In an earlier study, the expression of sucrose-synthesizing genes was compared in anthers
of cold-stressed cold-tolerant and cold-sensitive chickpea genotypes [4]. Under cold stress,
the anthers of cold-tolerant genotype, ICC 16349, had higher pollen viability than cold-
sensitive, GPF2. Increased pollen viability in the cold-tolerant genotype was associated
with up-regulation of sucrose-synthesizing genes, UDP glucose pyrophosphorylase, sucrose
phosphate synthase2, and CWIN cell wall invertase [4].

PCA graphs of non-acclimated and cold-acclimated treatments of chickpea genotypes
demonstrated strong correlation among reproductive, biochemical, anti-oxidative and yield
traits. At the same time, cold-acclimated plants showed increased protective traits (CAR,
Chl, CV, SC, PSII, CAT, SOD, APX, GR, ASC, proline) as compared to non-acclimated plants
so that plants could achieve cold tolerance. Furthermore, cold-acclimated plants showed
higher reproductive traits (PG, PV, SR, OV) than non-acclimated plants that may result in
enhanced yield traits (pod set %, pod number plant–1, seed weight plant–1). In contrast, non-
acclimated plants showed significant chilling injury traits (EL, MDA, H2O2) as compared
to cold-acclimated plants. Moreover, there was a strongly positive correlation among
various protective, reproductive and yield traits in cold-acclimated plants as compared to
non-acclimated plants. Thus, cold-acclimated plants acquired substantial cold tolerance
that leads to increased yield.

5. Conclusions

Vegetative and reproductive tissues respond to cold acclimation in chickpea. However,
the degree of responsiveness varies between the tissues in cold-tolerant and cold-sensitive
genotypes. Following cold acclimation, the leaves (vegetative) of cold-tolerant and cold-
sensitive genotypes had less cold-induced membrane damage and improved cellular
function (relative leaf water content, stomatal conductance, PSII function, chlorophyll
and carotenoid contents) under cold stress. The degree of responsiveness of reproductive
organs (anthers and ovules) to cold acclimation in cold-tolerant and cold-sensitive chickpea
genotypes varied, with little to no response of cold-sensitive genotypes (zero pod set
and zero yield under cold stress), while cold-tolerant genotypes improved pod set and
seed yield, relative to non-acclimated plants. In cold-sensitive genotypes, the lack of cold
acclimation resulted from the inability of anthers and ovules to reduce oxidative stress
either through the reduced generation of oxidative molecules or enhanced production of
enzymatic and non-enzymatic antioxidants in both reproductive tissues. The anthers and
ovules of cold-sensitive genotypes also failed to produce enough cryoprotective solutes
(proline, GABA, trehalose, and sucrose), instrumental in reducing cold-induced damage,
and thus had more tissue damage, less cellular viability and lower pollen and ovule viability,
pollen load on stigma, and stigma receptivity than cold-tolerant genotypes. In contrast,
the responsiveness of cold-tolerant genotypes to cold acclimation resulted from their
ability to produce lower amounts of oxidative molecules and increased activity/amounts
of antioxidants and cryoprotective solutes in anthers and ovules, reducing damage to
anthers and ovules to maintain their viability and reproductive function under cold stress,
leading to improved pod set and seed yield, relative to non-acclimated plants. PCA
analysis of the non-acclimated and cold-acclimated conditions cold-stressed chickpea
plants revealed similarity in types of various antioxidants and cryo-protective solutes
required in imparting a stable reproductive function to confer cold tolerance. However,
the expression of these molecules was much stronger in cold-acclimated plants, which
minimized the oxidative damage. We conclude that cold tolerance in chickpea appears to be
related to the better ability of anthers and ovules to acclimate to cold stress through various
antioxidants and cryoprotective solutes. This information will be useful in developing
genetic, molecular, breeding and agronomic management practices toward increasing cold
tolerance in chickpea.
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University of Belgrade, Bulevar despota Stefana 142, 11060 Belgrade, Serbia; jelena.rudic@ibiss.bg.ac.rs (J.R.);
mdragicevic@ibiss.bg.ac.rs (M.B.D.); ivana.momcilovic@ibiss.bg.ac.rs (I.M.); ana.simonovic@ibiss.bg.ac.rs (A.D.S.)
* Correspondence: danijel.pantelic@ibiss.bg.ac.rs

Abstract: Potato (Solanum tuberosum L.) is the most important vegetable crop globally and is very
susceptible to high ambient temperatures. Since heat stress causes the accumulation of reactive
oxygen species (ROS), investigations regarding major enzymatic components of the antioxidative
system are of the essence. Superoxide dismutases (SODs) represent the first line of defense against
ROS but detailed in silico analysis and characterization of the potato SOD gene family have not
been performed thus far. We have analyzed eight functional SOD genes, three StCuZnSODs, one
StMnSOD, and four StFeSODs, annotated in the updated version of potato genome (Spud DB DM
v6.1). The StSOD genes and their respective proteins were analyzed in silico to determine the
exon-intron organization, splice variants, cis-regulatory promoter elements, conserved domains,
signals for subcellular targeting, 3D-structures, and phylogenetic relations. Quantitative PCR analysis
revealed higher induction of StCuZnSODs (the major potato SODs) and StFeSOD3 in thermotolerant
cultivar Désirée than in thermosensitive Agria and Kennebec during long-term exposure to elevated
temperature. StMnSOD was constitutively expressed, while expression of StFeSODs was cultivar-
dependent. The effects of salicylic acid (10−5 M) on StSODs expression were minor. Our results
provide the basis for further research on StSODs and their regulation in potato, particularly in
response to elevated temperatures.

Keywords: superoxide dismutase; potato; AlphaFold; heat stress; salicylic acid

1. Introduction

Potato (Solanum tuberosum L.) is the most important vegetable crop grown worldwide,
essential for global food security. It is a cool-season vegetable, very susceptible to high
ambient temperatures compared to other cultivated plants. Even mildly elevated tempera-
tures (26–30 ◦C) may induce biochemical, physiological, and morpho-anatomical changes
that affect the growth and development of this plant species [1–3]. High temperature can
accelerate stem growth, reduce leaf area and reduce or inhibit root growth in potato [2].
The most prominent effects of high temperatures relate to the reduction in tuber induction,
initiation and enlargement, and decrease in partitioning of dry matter to the tubers, which
results in a decline in potato yield [2,3]. At the cellular level, high temperature disrupts
membranes’ integrity, changes protein conformation, degrades the PSII component of the
photosynthetic apparatus, and, due to impairment of electron transport chains in chloro-
plasts and mitochondria, promotes the production of reactive oxygen species—ROS [4,5].
Excessive production of ROS in plant cells can damage pigments, carbohydrates, lipids,
proteins, nucleic acids, and in severe cases, induces cellular death [6]. On the other hand,
ROS can act as signaling molecules that regulate many physiological processes during plant
growth and development, and participate in various abiotic and biotic stress responses [7,8].
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During evolution, an efficient defense antioxidant system developed in plants, encom-
passing enzymatic and non-enzymatic components that scavenge the toxic radicals and
thus aid plants to cope with the large quantities of ROS. Superoxide dismutases (SOD, EC
1.15.1.1) are enzymes that catalyze the conversion or dismutation of toxic superoxide anion
radical (O2

•−) into hydrogen peroxide (H2O2) and oxygen (O2) and represent the first line
of antioxidant defense against ROS [9]. They are metalloproteins, whose catalytic activity
depends on the presence of metal prosthetic groups. In plants, SODs are classified into
three groups based on their metal ions as cofactors: copper/zinc (CuZnSODs), manganese
(MnSODs) and iron SODs (FeSODs). MnSODs and FeSODs share a high degree of amino
acid sequence and structural homologies and are distinct from CuZnSODs [5]. Since phos-
pholipid membranes are impermeable to charged O2

•− radicals, SOD isoforms, although
encoded by nuclear genes, are distributed in different subcellular compartments [10]. CuZn-
SODs are mainly distributed in cytosol, peroxisomes, chloroplasts, and/or extracellular
space, FeSODs are primarily located in the plastids, and MnSOD mainly occurs in the
mitochondria and peroxisomes [5]. Plant CuZnSODs can be homodimeric (cytosolic) or
homotetrameric (chloroplast and extracellular), built from ~15–17 kDa subunits. Similarly,
FeSODs and MnSODs are either homodimeric or homotetrameric enzymes with the subunit
size of 18–27 and 18–20 kDa, respectively [5]. Many findings indicate that SODs may play a
significant role in the abiotic stress tolerance of plants, which is supported by the results of
studies on transgenic plants overexpressing MnSOD and/or Cu/ZnSOD [11–13].

Salicylic acid (SA) is an essential endogenous growth regulator and signaling molecule
in plants, which regulates different aspects of plant physiology. SA is involved in activating
plant defense responses against biotic and abiotic stresses, including drought, chilling,
heavy metal toxicity, heat and salinity [14]. The application of exogenous SA could improve
thermotolerance in plants. The treatment with SA at a suitable concentration generally
has an acclimation-like effect, leading to enhanced heat tolerance due to promotion of
heat shock factor (HSF)–DNA binding [15], enhanced accumulation of heat shock proteins
(HSP) [15,16] and modulation of the antioxidant enzyme activity in plants [17,18]. When
applied during heat stress, SA may also alleviate adverse effects of elevated temperatures as
observed in wheat where SA caused accumulation of proline and consequently improved
net photosynthesis [19]. The application of exogenous SA increased SOD activity in Digitalis
trojana [20], rhododendron [21], and tomato [18] during heat stress. The efficiency of SA
as a protective or ameliorating agent against different stresses, however, depends on the
plant species, developmental stage, the applied concentration, application method and
endogenous SA level [22].

Despite the importance of potato as a staple crop, detailed in silico analysis and
characterization of the S. tuberosum SOD gene family have not been performed so far. The
previous version of the potato genome was assembled using short reads and represented
only 86% of the 726 Mb—large genome of the doubled monoploid potato S. tuberosum L.
Group Phureja DM 1–3 516 R44 [23]. An updated version of the same doubled monoploid
clone genome (DM v6.1), with re-estimated size of 844 Mb, is available from 2020; it is
based on the Oxford Nanopore Technologies long reads coupled with proximity-by-ligation
scaffolding, yielding a chromosome-scale assembly [24]. Hereby we present an in depth in
silico study of potato SOD (StSOD) genes retrieved from the updated genome version DM
v6.1 that covers exon-intron organization, splice variants, cis-regulatory promoter elements,
conserved domains, encoded proteins’ physicochemical properties, signals for subcellular
targeting, prediction of 3D structures and phylogenetic relations with SODs from other
plants. Due to global climate change, the rise in average ambient temperatures is predicted
for most potato-growing regions in the 21st century [25], and investigations regarding the
effects of prolonged mild heat stress on physiological, biochemical, and molecular responses
of potato are gaining in importance [2]. Therefore, we analyzed StSODs expression by
reverse transcription quantitative PCR (qRT-PCR) after exposure of potato microplants
to long-term mild heat stress (29 ◦C, three weeks) or slightly supraoptimal temperature
treatment (26 ◦C, three weeks), with and without exogenous SA. Our results provide the
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basis for further research of StSODs and can be important for a better understanding of
potato antioxidant system response to elevated temperature and SA.

2. Materials and Methods

2.1. Potato Genomic Resources

Potato (Solanum tuberosum L.) SOD gene data, including accession numbers, chromo-
somal location, sequences, corresponding transcripts and proteins sequences were based
on the doubled monoploid S. tuberosum Group Phureja DM 1-3 516 R44 and were retrieved
from Spud DB Potato Genomics Resources (DM v6.1, http://spuddb.uga.edu (accessed on
15 April 2021).

2.2. StSOD Promoter Analysis

Analysis of transcription factor (TF) binding sites was performed on promoters of
StSODs encompassing a region 1000 nt upstream and 100 nt downstream from the tran-
scription start site. Binding site prediction was performed using Plant Transcriptional Reg-
ulatory Map (PlantRegMap, http://plantregmap.gao-lab.org/binding_site_prediction.php,
accessed on 20 June 2021) [26] with a p-value threshold of 10−5. All binding sites with a
q-value < 0.05 [27] were retained. TFs that bind identified motifs were found based on
the S. tuberosum TF list (http://planttfdb.gao-lab.org/download.php, accessed on 20 June
2021). Gene ontology (GO) annotation of TFs was attained from Plant Transcription Factor
Database v5.0 (PlantTFDB v5.0, http://planttfdb.gao-lab.org/index.php, accessed on 20
June 2021) [28]. Alternative analysis of StSOD promoters with PlantCARE [29] is presented
only in supplementary materials.

2.3. In Silico Characterization of StSOD Protein Features

StSOD proteins features, including molecular weight, theoretical isoelectric point
(pI), instability index and aliphatic index were computed using ProtParam tool (https:
//web.expasy.org/protparam, accessed on 22 June 2021) [30]. Subcellular localization of
StSOD proteins was predicted using a combination of tools, including DeepLoc-1.0 (https://
services.healthtech.dtu.dk/service.php?DeepLoc-1.0, accessed on 1 July 2021) [31], CELLO
v2.5 (http://cello.life.nctu.edu.tw, accessed on 1 July 2021) [32], Light Attention (LA, https:
//embed.protein.properties/, accessed on 1 October 2021) [33], TargetP2 (https://services.
healthtech.dtu.dk/service.php?TargetP-2.0, accessed on 1 July 2021) [34], PTS1 Predictor
(https://mendel.imp.ac.at/pts1/, accessed on 2 July 2021) [35,36] and PredPlantPTS1
(http://ppp.gobics.de, accessed on 2 July 2021) [37]. Protein family (Pfam, http://pfam.
xfam.org, accessed on 27 June 2021) [38] annotation was performed using hmmer 3.3.2 [39]
and Pfam34 database (http://ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam34.0/,
accessed on 27 June 2021). Conserved Domain Database (CDD, https://ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml, accessed on 7 September 2021) [40] annotation was performed
using CD search online web server (https://ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi,
accessed on 7 September 2021) [41]. StSOD sequences processed based on TargetP2 transit
peptide (or target peptide, TP) predictions were used for multiple sequence alignments
and tertiary protein structure prediction. Multiple sequence alignments were generated
with the DECIPHER R package [42] using 10 iterations and 10 refinements and other
default options. Percent identity between aligned protein sequences was calculated as
(identical positions)/(aligned positions + internal gap positions) × 100%. Tertiary protein
structure was estimated using AlphaFold [43] queried via UCSF ChimeraX 1.3 [44]. The
generated best structure per StSOD sequence was assessed using MolProbity 4.4 [45] via
SWISS-MODEL Workspace (https://swissmodel.expasy.org/assess, accessed on 28 October
2021) [46] and rendered using UCSF ChimeraX 1.3. Ramachandran diagrams were created
using the R package ggrama [47].
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2.4. Phylogenetic Analysis of StSOD Protein Sequences

Phylogeny of StSOD proteins was assessed by comparison with homologs from
18 plant species: Arabidopsis thaliana, Beta vulgaris, Capsicum annuum, Daucus carota, Glycine
max, Helianthus annuus, Nicotiana attenuata, Phaseolus vulgaris, Solanum lycopersicum, Manihot
esculenta, Oryza sativa, Saccharum spontaneum, Zea mays, Sorghum bicolor, Hordeum vulgare,
Ananas comosus, Musa acuminata and Dioscorea rotundata. Proteomes from these species
were obtained from Ensembl release 49 (https://plants.ensembl.org/, accessed on 1 March
2021, http://ftp.ensemblgenomes.org/pub/plants/release-49/fasta/, accessed on 1 March
2021). Raw bit-score top hits per StSOD sequence per plant were filtered and the top seven
homologs per StSOD sequence were used for phylogenetic analysis. Sequence alignment
was performed with the DECIPHER R package [42] using 10 iterations and 10 refinements
and other default options. Uninformative sites in the alignment were removed with DE-
CIPHER R package with default options using the small-sample size correction [48]. The
resulting alignment was used for fitting a maximum likelihood tree using the LG model of
amino acid replacement [49]. The fitting was performed with optimization of the gamma
rate parameter and proportion of invariable sites using stochastic rearrangement starting
from the neighbor-joining tree using phangorn R package [50]. To assess cluster stability,
non-parametric bootstrap was performed for 100 iterations. For rooting of the CuZnSOD
phylogenetic tree, the CuZnSOD protein sequence from Saccharomyces cerevisiae was used
(PDB: 1JK9). No suitable sequence was found for rooting of the Mn-FeSOD phylogenetic
tree, so it was midpoint rooted.

2.5. Plant Material and Growth Conditions

Commercial S. tuberosum L. cultivars, Agria, Désirée and Kennebec, were used in
experiments. The three unrelated potato varieties were selected to validate the presence
of investigated genes and compare StSODs expression in tetraploid genotypes that differ
in heat tolerance. Based on our unpublished data, Désirée was considered relatively heat
tolerant, Kennebec as moderately sensitive, and Agria as heat-sensitive genotype.

Virus-free tubers of three potato cultivars were obtained from Solanum Komerc,
Guča, Serbia. In vitro cultures were established from surface-sterilized sprouts, which
were transferred on the basal medium (BM) consisting of Murashige and Skoog macro
and micro-mineral salts [51], Linsmaier and Skoog vitamins [52], 0.7% agar, 3% sucrose,
100 mgL−1 myo-inositol and supplemented with 0.5 mgL−1 6-benzylaminopurine (BAP;
Sigma Aldrich, St. Louis, MO). Shoots obtained on this medium gave rise to plantlets
when transferred to BM without BAP. Microplants were grown in a controlled environment
(21 ◦C, 16 h light period, light flux 90 µmol m−2 s−1) and were routinely subcultured every
four weeks on BM using single-node stem cuttings (SNC).

2.6. SA and Temperature Treatments

SNCs (10–15 mm) from four-week-old potato microplants were transferred on BM or
BM supplemented with 10−5 M SA in glass jars (10 SNCs per jar) with vented polypropylene
caps. SA (Sigma Aldrich, St. Louis, MO, USA) was dissolved in 96% ethanol and added to
the medium before the sterilization at 114 ◦C for 25 min, while the equivalent volume of
ethanol was added in control. Based on our preliminary testing of SA concentrations in the
range 10−4–10−6 M and literature data [53], the particular SA concentration was selected
as the best for alleviating adverse effects of heat treatments on microplants’ growth and
development. The explants were grown in the growth chamber (Aralab, Rio de Mouro,
Portugal) under 16 h photoperiod, light flux 90 µmol m−2 s−1, 70% humidity, and at three
different temperatures: 21 ◦C, 26 ◦C or 29 ◦C. After three weeks, fully developed leaves
were collected from plants grown in four jars (one biological sample), frozen in liquid
nitrogen before storage at −80 ◦C and further used for RNA extraction. Three biological
samples were used for qRT-PCR analysis.
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2.7. RNA Extraction and cDNA Synthesis

Total RNA was extracted from 0.5 g of frozen potato leaves using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions, and stored at
−80 ◦C until use. RNA quality and concentration were determined using NanoPhotometer
N60 (Implen, Munich, BY, Germany), and all RNA samples were diluted to 1 µg µL−1 in
RNase-free water. The purity of RNA was gauged by the absorbance ratio of A260/A280.
The integrity of isolated RNA was checked electrophoretically and assessed by the ratio of
28S/18S rRNA. The genomic DNA contamination was eliminated from the total RNA by
DNase I treatment (Fermentas, Hanover, MD, USA), and the first-strand cDNA was syn-
thesized from 3 µg of RNA using Revert Aid First Strand cDNA Synthesis Kit (Fermentas,
Hanover, MD, USA) with oligo(dT) primers according to manufacturer’s instructions.

2.8. qRT-PCR Analysis

Oligonucleotide primers for the amplification of StSOD transcripts were designed
using Primer-BLAST available at NCBI (https://ncbi.nlm.nih.gov/tools/primer-blast/,
accessed on 10 July 2020), while the primer pair for StCuZnSOD2 was synthesized according
to [54]. For StSOD genes with multiple gene models (splice variants, see Table 1), the
primers were designed to amplify all models of one gene (Table S1). Primers specificity
was checked by PCR followed by electrophoretic sizing and by melting curve analysis. The
obtained amplicons were purified from the agarose gels using Gene JET™ Gel Extraction
Kit (Thermo Fisher Scientific, Waltham, MA, USA), quantified using NanoPhotometer N60
(Implen, Munich, BY, Germany), and serially diluted in a 109–102 copies µL−1 range to be
used as standards for absolute qPCR quantification. The qPCR was run in three technical
replicates for each biological replicate on MicroAmp™ Optical 96-Well Plates (Thermo
Fisher Scientific, Waltham, MA, USA), in 10 µL reaction mixtures comprising of cDNA
corresponding to 100 ng of total RNA, forward and reverse primers (7.5 µM each), and
5 µL Maxima SYBR Green/ROX qPCR Master Mix (2x) (Thermo Fisher Scientific, Waltham,
MA, USA). The amplification was conducted using Applied Biosystems QuantStudio™
3 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA), with the program:
initial denaturation at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C
for 1 min. Absolute expression values were normalized against the averaged expression
data of the internal control genes 60SL36 and CYC [55].

2.9. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics version 25 (International
Business Machines Corporation, Armonk, NY, USA). Levene’s test was used to verify the
homogeneity of variances of the data set. One-way analysis of variance was performed
with multiple comparisons analysis of means by either Tukey’s HSD (for equal variances)
or Dunnett’s T3 (for unequal variances) post-hoc test at a significance level of 0.05. The
data were shown as mean values ± standard deviation (S.D.).
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Table 1. Description of the potato SOD (StSOD) genes and proteins analyzed in this study.

Proposed
Name

Gene ID Chromosomal Localization Transcript ID
Transcript
Length (bp)

Protein
Length (aa)

Isoelectric
Point (pI)

Instability
Index

Aliphatic
Index

Molecular
Weight (kDa)

StCuZnSOD1 Soltu.DM.01G022650 Chr.01: 61,097,981-61,103,305 Soltu.DM.01G022650.1 * 459 152 5.28 32.24 80.20 15.3

StCuZnSOD2 Soltu.DM.11G020830 Chr.11: 40,784,322-40,790,930
Chr.11: 40,784,322-40,790,564

Soltu.DM.11G020830.1 *
Soltu.DM.11G020830.2

648
645

215
214

6.34
6.34

24.76
24.25

87.95
88.36

22.1
22.1

StCuZnSOD3 Soltu.DM.03G010200 Chr.03: 28,151,770-28,156,700 Soltu.DM.03G010200.1 * 498 165 6.78 18.64 88.61 16.8
StMnSOD Soltu.DM.06G011380 Chr.06: 34,521,324-34,524,092 Soltu.DM.06G011380.1 * 687 228 7.13 35.60 91.14 25.3

StFeSOD1 Soltu.DM.06G012180

Chr.06: 36,014,174-36,016,425
Chr.06: 36,014,151-36,016,425
Chr.06: 36,014,174-36,016,425
Chr.06: 36,014,174-36,016,425
Chr.06: 36,014,174-36,016,425
Chr.06: 36,014,174-36,016,425

Soltu.DM.06G012180.1
Soltu.DM.06G012180.2
Soltu.DM.06G012180.3 *
Soltu.DM.06G012180.4
Soltu.DM.06G012180.5
Soltu.DM.06G012180.6

747
753
759
729
681
654

248
250
252
242
226
217

6.31
6.60
6.60
7.77
5.96
6.52

33.40
33.86
34.62
35.05
35.28
35.44

70.56
70.00
70.99
75.08
74.38
70.74

27.8
28.1
28.3
26.9
25.1
24.1

StFeSOD2 Soltu.DM.03G013800

Chr.03: 36,413,200-36,416,935
Chr.03: 36,413,200-36,416,935
Chr.03: 36,413,200-36,416,935
Chr.03: 36,413,200-36,416,935
Chr.03: 36,413,200-36,416,935

Soltu.DM.03G013800.1
Soltu.DM.03G013800.2
Soltu.DM.03G013800.3
Soltu.DM.03G013800.4 *
Soltu.DM.03G013800.5

915
891
897
987
840

304
296
298
328
279

5.56
5.49
5.83
5.69
5.20

41.47
41.99
40.95
40.11
42.01

73.26
73.58
72.11
76.19
73.87

34.7
33.7
33.8
37.6
31.9

StFeSOD3 Soltu.DM.02G001300 Chr.02: 7,378,597-7,382,073
Chr.02: 7,378,597-7,382,073

Soltu.DM.02G001300.1 *
Soltu.DM.02G001300.2

777
753

258
250

6.07
5.96

42.61
43.46

85.04
85.80

29.6
28.5

StFeSOD4 Soltu.DM.06G012170

Chr.06: 36,008,330-36,012,608
Chr.06: 36,008,330-36,012,608
Chr.06: 36,008,330-36,012,608
Chr.06: 36,008,330-36,012,608
Chr.06: 36,008,330-36,012,608

Soltu.DM.06G012170.1
Soltu.DM.06G012170.2
Soltu.DM.06G012170.3
Soltu.DM.06G012170.4 *
Soltu.DM.06G012170.5

603
540
549
684
513

200
179
182
227
170

5.58
5.81
6.29
7.85
6.12

31.53
33.93
30.48
39.93
35.64

82.00
78.60
76.26
73.17
74.18

22.5
20.2
20.4
25.6
19.1

Chr.06: 36,008,330-36,012,608 Soltu.DM.06G012170.6 633 210 5.89 31.93 77.71 23.8

Note: * indicates representative sequences; bp, base pair; aa, amino acid.
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3. Results

3.1. StSOD Genes: Structure and Chromosomal Distribution

Ten potato genes, annotated as SOD, were derived from the Spud DB Potato Genomics
Resources—DM v6.1. Two genes, Soltu.DM.10G011570 and Soltu.DM.06G013120, were
not further investigated, since they do not encode full-length functional SOD proteins, but
~100 amino acids long polypeptides which have similarity with SOD sequences. A copper
chaperone gene, Soltu.DM.08G026370, also encodes a protein that contains a copper/zinc
superoxide dismutase domain (Pfam: PF00080), but it lacks crucial active site residues
to be a CuZnSOD, so it was also omitted. In total, eight full-length StSOD genes: three
StCuZnSODs, one StMnSOD, and four StFeSODs, were the object of our study (Table 1). The
eight analyzed StSODs are physically located on five out of 12 chromosomes: StCuZnSOD1,
StCuZnSOD2, and StFeSOD3 are on chromosomes 1, 11, and 2, respectively; two genes,
StCuZnSOD3 and StFeSOD2, are located on chromosome 3, while three genes, StMnSOD,
StFeSOD1, and StFeSOD4, are on chromosome 6. StFeSOD1 and StFeSOD4, separated by
only 1566 bp, are considered tandemly duplicated [56].

As listed in Table 1, StCuZnSOD2 (Soltu.DM.11G020830) and all StFeSODs
(Soltu.DM.06G012180, Soltu.DM.03G013800, Soltu.DM.02G001300, Soltu.DM.06G012170)
have at least two and up to six transcripts. Alignment of these transcripts against their
genes revealed that different gene models vary in the number of exons and introns or, in
some cases, in the length of the 3′-UTR (Figure 1), suggesting that these are alternative
splice variants. The differences in exon-intron organization and UTRs among StSOD genes
and their splice variants are depicted in Figure 1, where can be seen that StSOD gene
models possessed between 4 to 9 introns and 5 to 10 exons. StFeSOD1 and StFeSOD2 genes
share similar exon/intron organization patterns, but with differences in exons/introns
lengths, while the rest of StSOD genes exhibited disparate exon/intron structures.

3.2. Analysis of Promoter Regions of StSOD Genes

The potential regulation of StSOD genes was investigated by identification of TF
binding motifs (cis-regulatory elements) in the StSODs promoter regions. Based on the
binding analysis using PlantRegMap [26], members of 17 TF families may bind to the eight
StSOD (Figure 2A and Table S2).

The gene with the highest number of cis-regulatory elements is StCuZnSOD1, which
contains binding motifs for 15 different TF families (Figure 2A). An especially motif dense
region is located ~800 nt upstream of the transcription start site of StCuZnSOD1, which
contains binding motifs for Dof, M-type_MADS, ERF, BBR-BPC, LBD, ARF, GRAS and
MIKC_MADS TF families (Figure 2A, insert). In contrast, the StCuZnSOD2 promoter has a
single MYB binding region, while StCuZnSOD3 contains two Dof and one M−type_MADS
binding region (Figure 2A). StMnSOD contains three bZIP binding regions, a single bHLH
and Nin-like binding sequence motif, while the remaining StFeSOD genes contain one to
three binding regions for different TF families (Figure 2A).

To gain insight into the potential biological roles of the identified cis-regulatory ele-
ments, the biological process GO terms associated with specific potato TFs which bind the
identified motifs were summarized per StSOD promoter and binding motif (Figure 2B and
Table S3). The GO terms were obtained from PlantTFDB and non-informative terms (such as
“process regulation of transcription, DNA-templated” and similar) were omitted. Based on
TF-associated GO terms, StCuZnSOD1 is regulated in response to external stressors such as
cold and fungal infection, by several plant hormones, including gibberellin, ethylene, auxin
and abscisic acid, and during flower development. StCuZnSOD3 is to some extent similar
in this regard to StCuZnSOD1 (regulation by cold, gibberellins, chitin, flower development)
because its promoter contains binding sites for M−type_MADS and Dof TFs, mediators
of these types of regulation. StCuZnSOD2 contains a single MYB binding cis-element
associated with GO terms: response to salt stress, ethylene, auxin, jasmonic acid, chitin and
cadmium concentration. The StMnSOD gene is regulated in response to desiccation, salt
stress, abscisic and gibberellic acids, brassinosteroid and phytochrome signaling pathways.
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StFeSOD1 contains binding motifs for Dof and BBR-BPC TFs and is regulated during vascu-
lar system development (Dof) and in response to ethylene (BBR-BPC). StFeSOD2 contains a
single Dof TF binding element responsive during light-mediated development. StFeSOD3
contains an ERF and two C2H2 TFs; ERF is associated with response to chitin, cold and
leaf development GO terms, while C2H2 is associated with meristem transition, unidimen-
sional cell growth and response to brassinosteroid. StFeSOD4 contains a BBR-BPC binding
element associated with response to ethylene and regulation of developmental processes,
and a MYB binding element associated with response to salt stress, chitin, ethylene, auxin
and jasmonic acid.

Soltu.DM.01G022650.1

StCuZnSOD1: chr01

0 kb 1 kb 2 kb 3 kb 4 kb 5 kb 6 kb 7 kb

61,097,981 61,103,305

Soltu.DM.11G020830.1
Soltu.DM.11G020830.2

StCuZnSOD2: chr11

40,784,322 40,790,930

Soltu.DM.03G010200.1

StCuZnSOD3: chr03

28,156,700 28,151,770
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34,524,092 34,521,324
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StFeSOD3: chr02
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Soltu.DM.06G012170.1
Soltu.DM.06G012170.2
Soltu.DM.06G012170.3
Soltu.DM.06G012170.4
Soltu.DM.06G012170.5
Soltu.DM.06G012170.6

StFeSOD4: chr06

36,012,608 36,008,330
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Figure 1. Exon-intron organization of StSOD genes. The blue and green rectangles represent UTR,
the orange rectangle represent exons, and black lines represent introns.

148



Antioxidants 2022, 11, 488

StFeSOD4

StFeSOD3

StFeSOD2

StFeSOD1

StMnSOD

StCuZnSOD3

StCuZnSOD2

StCuZnSOD1

−1000 −500 0 100

relative coordinates

S
O

D
 g

e
n

e

TF family

Dof

M−type_MADS

bHLH

Trihelix

ERF

MYB

Nin−like

BBR−BPC

C2H2

LBD

bZIP

ARF

HSF

HB−other

NAC

GRAS

MIKC_MADS

StFeSOD4

StFeSOD3

StFeSOD2

StFeSOD1

StMnSOD

StCuZnSOD3

StCuZnSOD2

StCuZnSOD1

0 5 10

cell fate specification − GO:0001708
negative regulation of abscisic acid−activated signaling pathway − GO:0009788

organ boundary specification between lateral organs and the meristem − GO:0010199
petal development − GO:0048441

defense response to fungus − GO:0050832
regulation of developmental process − GO:0050793

response to abscisic acid − GO:0009737
response to auxin − GO:0009733

maintenance of inflorescence meristem identity − GO:0010077
positive regulation of flower development − GO:0009911
protein import into nucleus, translocation − GO:0000060

response to ethylene − GO:0009723
response to cold − GO:0009409

response to chitin − GO:0010200
response to gibberellin − GO:0009739

response to auxin − GO:0009733
response to cadmium ion − GO:0046686

response to chitin − GO:0010200
response to ethylene − GO:0009723

response to jasmonic acid − GO:0009753
response to salt stress − GO:0009651

maintenance of inflorescence meristem identity − GO:0010077
photomorphogenesis − GO:0009640

positive regulation of flower development − GO:0009911
protein import into nucleus, translocation − GO:0000060

response to cold − GO:0009409
response to gibberellin − GO:0009739

response to chitin − GO:0010200

brassinosteroid mediated signaling pathway − GO:0009742
negative regulation of gene expression − GO:0010629

petal morphogenesis − GO:0048446
pollen maturation − GO:0010152

positive regulation of anthocyanin metabolic process − GO:0031539
positive regulation of shade avoidance − GO:1902448

red or far−red light signaling pathway − GO:0010017
regulation of cell aging − GO:0090342

abscisic acid−activated signaling pathway − GO:0009738
gibberellic acid mediated signaling pathway − GO:0009740

glucose mediated signaling pathway − GO:0010255
negative regulation of seed germination − GO:0010187

response to salt stress − GO:0009651
response to abscisic acid − GO:0009737

response to water deprivation − GO:0009414

phloem or xylem histogenesis − GO:0010087
photomorphogenesis − GO:0009640

procambium histogenesis − GO:0010067
response to ethylene − GO:0009723

photomorphogenesis − GO:0009640

histone H3−K9 demethylation − GO:0033169
negative regulation of histone acetylation − GO:0035067

response to brassinosteroid − GO:0009741
response to cold − GO:0009409

transcription factor import into nucleus − GO:0042991
unidimensional cell growth − GO:0009826

vegetative to reproductive phase transition of meristem − GO:0010228
leaf development − GO:0048366
response to chitin − GO:0010200

regulation of developmental process − GO:0050793
response to auxin − GO:0009733

response to cadmium ion − GO:0046686
response to chitin − GO:0010200

response to jasmonic acid − GO:0009753
response to salt stress − GO:0009651

response to ethylene − GO:0009723

number of specific TF binding motifs in promoter

G
O

 d
e

s
c
ri

p
ti
o

n
 a

n
d

 t
e

rm

−900 −800 −700 −600

A

B

Figure 2. Transcription factor binding motifs in promoters of StSOD genes. (A) Location of binding
sites for various TF families (color legend). (B) Biological process gene ontology terms associated
with specific potato TFs which bind the identified motifs. Only unique GO terms per binding motif
were counted. Non-informative terms (such as “process regulation of transcription, DNA-templated”
and similar) present in all or most TF families were omitted.
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3.3. Characteristics of StSOD Proteins

Physicochemical properties of StSOD proteins, including their length, isoelectric point
(pI), instability index, aliphatic index, and molecular weights (MW), are shown in Table 1.
Different StSODs are 152–304 amino acids long, with MW ranging from 15.3 to 37.6 kDa.

Theoretical pI values of StSODs are in a 5.20–7.85 range, indicating that almost all
members of StSODs are acidic, except for StMnSOD and two StFeSODs, which are slightly
basic. Based on the aliphatic index, which may be regarded as a positive factor for the
enhancement of thermostability of globular proteins [57], the most thermostable protein
is StMnSOD, which has the highest aliphatic index (91.14), while StCuZnSODs, with an
average aliphatic index of 85.59 are generally more thermostable than StFeSODs (average
aliphatic index of 76.35). The values of the instability index determine the stability of the
protein in a test tube. A value of instability index above 40 predicts that the protein may
be unstable. Almost all SODs were predicted to be stable (<40), except StFeSOD2 and
StFeSOD3.

3.4. StSOD Protein Structure and Subcellular Localization

To gain insights into the organization of StSOD proteins structure we performed
domain annotation using Pfam database, along with annotation of predicted N-terminal
target peptides (Figure 3) and subcellular localization based of four algorithms: TargetP2,
DeepLoc, CELLO and Light Attention (LA, Table 2). This was done for protein sequences
translated in silico from all annotated StSOD gene models. The CuZnSOD protein se-
quences contain one Pfam domain characteristic for this class of proteins (PF00080.22),
while MnSOD and FeSODs contain two Pfam domains: the N-terminal Iron/manganese
SOD α-hairpin domain (PF00081.24) and the Iron/manganese SOD C-terminal domain
(PF02777.20, Figure 3).

Table 2. Comparative subcellular localization prediction of potato SODs by different tools.

Gene Protein ID TargetP2 DeepLoc CELLO LA
PTS1
Predictor

PredPlant
PTS1

StCuZnSOD1 Soltu.DM.01G022650.1 O C C C

StCuZnSOD2
Soltu.DM.11G020830.1
Soltu.DM.11G020830.2

Ch
Ch

Ch
Ch

Ch
Ch

Ch
Ch

StCuZnSOD3 Soltu.DM.03G010200.1 O P C P Not-P Not-P
StMnSOD Soltu.DM.06G011380.1 Mt Mt Mt Mt

StFeSOD1

Soltu.DM.06G012180.1
Soltu.DM.06G012180.2
Soltu.DM.06G012180.3
Soltu.DM.06G012180.4
Soltu.DM.06G012180.5
Soltu.DM.06G012180.6

Ch
Ch
Ch
Ch
Ch
Ch

Ch
Ch
Ch
Ch
Ch
Ch

Ch
Ch
Ch
Ch
Ch
Ch

Ch
Ch
Ch
Ch
Ch
Ch

StFeSOD2

Soltu.DM.03G013800.1
Soltu.DM.03G013800.2
Soltu.DM.03G013800.3
Soltu.DM.03G013800.4
Soltu.DM.03G013800.5

Ch
Ch
Ch
Ch
Ch

Ch
Ch
Ch
Ch
Ch

Ch
Ch
Ch
Ch, C
Ch

Ch
Ch
Ch
Ch
Mt

StFeSOD3
Soltu.DM.02G001300.1
Soltu.DM.02G001300.2

Mt
Mt

Ch
Ch

Ch
Ch

Mt
Mt

StFeSOD4

Soltu.DM.06G012170.1
Soltu.DM.06G012170.2
Soltu.DM.06G012170.3
Soltu.DM.06G012170.4
Soltu.DM.06G012170.5

O
O
O
O
O

Mt
Mt
Mt
Mt
Mt

Ch, C
Ch, C
Ch, C, Mt
N, Mt
Ch, C, Mt

Mt
C
C
Mt
Mt

Soltu.DM.06G012170.6 O Mt Ch C

Note: C, cytosolic; Ch, chloroplastic; P, peroxisomal; Mt, mitochondrial; N, nuclear; O, other (because TargetP2
does not assign cytosolic localization).
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Figure 3. Annotation of protein sequences encoded by StStSOD genes. Protein sequences from
all gene models are shown; protein products from representative (according to Spud DB DM v6.1
annotation) gene models are highlighted in red. Pfam domains are indicated by the color legend.
TargetP2 annotation of target peptides (TP) is indicated by a blue (mitochondria target peptide—mTP)
or yellow (chloroplast target peptide—cTP) segment on the N-terminal side. The width of the segment
representing the TP corresponds to TargetP2 TP probability.

Proteins StCuZnSOD2, StFeSOD1 and StFeSOD2 are predicted to be targeted to chloro-
plast by all four tools used (Table 2, Figure 3). StMnSOD is predicted to be mitochondria-
targeted. Analysis by TargetP2 indicates that StCuZnSOD1 and StCuZnSOD3, as well as
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StFeSOD4 proteins are without predicted mitochondrial (mTP), chloroplastic (cTP) or secre-
tory N-terminal transit peptides, so it is likely that these proteins are located in the cytosol
or a cellular compartment other than mitochondria or chloroplasts (Table 2, Figure 3). The
recently released subcellular localization prediction algorithm LA, based on embeddings
from protein sequence language models, places the protein products of StCuZnSOD1 and
StFeSOD4 genes in the cytosol, while the StCuZnSOD3 product is predicted to be located in
the peroxisomes. However, peroxisome-specific tools PTS1 Predictor and PredPlantPTS1
do not localize StCuZnSOD3 in the peroxisomes (Table 2). The most probable subcellu-
lar localization of isoforms StCuZnSOD3, StFeSOD3 and StFeSOD4, for which different
tools gave different predictions, is discussed later in the context of literature data and
phylogenetic relations.

3.5. Predicted Tertiary Structure of Potato SODs

The structural features of StSOD proteins corresponding to representative gene models
(as annotated within Spud DB DM v6.1) were evaluated after tertiary structure prediction
using state-of-the-art method AlphaFold. The obtained structures were compared with
experimentally determined SODs from the Protein Data Bank (PDB, https://www.rcsb.
org/, accessed on 16 November 2021). Proteins with predicted TP were processed prior to
submission to AlphaFold. The AlphaFold models of StSOD proteins are characterized by
the high percentage of Ramachandran favored residues (median: 97.8%), a low percentage
of Ramachandran outliers (median: 0%), and low clash score (the number of serious clashes
per 1000 atoms; median: 0.94, Table 3 and Supplementary Info S7). The structure with the
highest percentage of Ramachandran outliers was StCuZnSOD3 (Soltu.DM.03G010200.1);
however, the majority (3/4) of these outliers were in the first 12 N-terminal amino acids, a
region predicted not to be in secondary structures by AlphaFold (Table 3).

Table 3. Evaluation of StSOD AlphaFold models.

Protein ID
Ramachandran
Favored

Ramachandran
Outliers

Rotamer
Outliers

Clashscore

Soltu.DM.01G022650.1 98.67% 0.00% 0.00% 0.95
Soltu.DM.11G020830.1 98.03% 0.00% 0.00% 0.00
Soltu.DM.03G010200.1 92.02% 2.45% 0.00% 0.00
Soltu.DM.06G011380.1 98.51% 0.00% 0.00% 0.95
Soltu.DM.06G012180.3 98.01% 0.00% 0.00% 0.93
Soltu.DM.03G013800.1 97.24% 0.39% 0.91% 0.49
Soltu.DM.02G001300.1 95.83% 0.00% 0.00% 2.58
Soltu.DM.06G012170.6 97.60% 0.48% 0.57% 2.11

CuZnSOD protein sequences share high similarities across species belonging to dif-
ferent kingdoms of life. The high sequence identity is mirrored in the extraordinary simi-
larity of tertiary structures of predicted AlphaFold models of StCuZnSODs, both among
each other, as well as to experimentally determined CuZnSOD proteins from the PDB
(Figure 4B,C). The eight-stranded Greek key β-barrel fold, characteristic of the eukaryotic
(E-class) CuZnSODs [58], clearly describes the obtained StCuZnSOD structures (Figure 4B).
The conserved residues involved in E-dimer interface (colored red in Figure 4) are located
in β1 and β2 (labeled from the N-terminus) and in the coils connecting β4 to β5 and β6 to
β7. The aforementioned Greek key motif is formed by β3–β6. The metal ion binding sites
of CuZnSODs contains six conserved H and one conserved D. The Cu binding site consists
of four H residues, while one of these H also contributes to Zn binding (Figure 4A,C). Two
H residues involved in Cu ion binding are located in β4 (H46 and H48 in StCuZnSOD2,
when amino acid numbering excludes the 61 amino acid-long cTP). All the residues in-
volved in Zn ion binding (including the H involved in both Cu and Zn ion binding) are
located in the loop connecting β4 and β5 (H63, H71, H80, and D83 in StCuZnSOD2), while
the remaining H residue involved in Cu binding (H120 in StCuZnSOD2) is located in β7
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(Figure 4B,C). The superimposition of 3D aligned structures of the StCuZnSOD2 model
and the experimentally determined structure of the closely related tomato CuZnSOD (PDB:
3PU7) clearly demonstrates the conserved orientation of the active site residues (Figure 4C).

 

  

Figure 4. Structural features of StCuZnSODs. (A) Multiple sequence alignment of StCuZnSODs
with several sequences of the same class with experimentally determined PDB structures. Processed
StCuZnSOD sequences are shown based on TargetP2 transit peptide prediction. Residues are anno-
tated according to CDD accession cd00305 (Cu/Zn_Superoxide_Dismutase): E-class dimer interface
(eukaryotic polypeptide binding site) residues are colored red; P-class dimer interface (prokaryotic
polypeptide binding site) residues are colored green; residues involved in Cu ion binding are col-
ored blue, and residues involved in Zn ion binding are colored light blue. The arrow indicates the
residue which is involved in binding of both Cu and Zn ions. Two cysteine residues involved in a
disulfide bond as well as a bond itself (line) are colored violet. (B) AlphaFold models of StCuZnSODs:
β-strands are colored yellow, α-helices are colored magenta, specific residues are colored as in A.
(C) Metal binding site of StCuZnSOD2: the AlphaFold model of StCuZnSOD2 (in grey) was 3D
aligned with 3PU7 (in tan) PDB structure (experimentally determined PDB structure of the tomato
CuZnSOD). Metal ion position and coordinate bonds are based on 3PU7 Biological Assembly 1.
StCuZnSOD2 residues involved in Cu and Zn ion binding are colored blue and light blue, respec-
tively, and labeled according to processed peptide position. H63 residue is involved in binding of
both metal ions.

The initial alignment of representative potato Mn-FeSOD protein sequences (Figure 5A)
indicated that two sequences corresponding to the representative gene models
Soltu.DM.03G013800.4 (StFeSOD2 gene) and Soltu.DM.06G012170.4 (StFeSOD4 gene) contain
abnormal regions (emphasized by the red color in MSA—Figure 5A). Soltu.DM.03G013800.4
contains a 24 amino acid-long insert at the N-terminal side, which is not present in
other Mn-FeSODs, while Soltu.DM.06G012170.4 contains an aberrant C-terminal region
of over 60 amino acids lacking two conserved residues involved in metal ion coordination
(Figure 5A). This is the reason the Iron/manganese SOD C-terminal domain is shorter in
this protein sequence (Figure 3) as compared to other Mn-FeSODs. Therefore, it appears
that the criterion used for establishing which sequences are representative in Spud DB
DM v6.1 is sequence length; in other words, the gene model coding the longest protein
sequence is used as the representative gene model by default, without taking into account
sequence structural features. Based on our observations the representative sequence for
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StFeSOD4 gene should be Soltu.DM.06G012170.6 instead of Soltu.DM.06G012170.4, as
the longest protein sequence containing full-length PF00081 and PF02777 Pfam domains
(Figure 3), and all characteristic amino acids involved in metal ion binding (Figure 5A). The
representative sequence for StFeSOD2 gene should be Soltu.DM.03G013800.1 instead of
Soltu.DM.03G013800.4, because it contains the full-length PF00081 and PF02777.20 Pfam
domains but lacks the non-characteristic 24 amino acid long N-terminal insert (Figure 5A).
Hence, we used these sequences for tertiary structure modeling, along with StMnSOD
and the default representative sequences for StFeSOD1 and StFeSOD3 (Tables 1 and 3 and
Figure 5B).

 

Figure 5. Structural features of StMnSOD and StFeSODs. (A) Multiple sequence alignment of potato
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Mn-FeSODs with several sequences of the same class with experimentally determined PDB structures.
Processed potato Mn-FeSOD sequences are shown based on TargetP2 transit peptide prediction.
Residues involved in metal ion binding are colored light blue; residues involved in hydrogen-binding
of the water molecule, which acts as the fifth metal ion ligand, are colored blue; Annotation is based
on PDB structures 2ADQ, 1UNF and 7BJK. The abnormal peptide regions of two representative
StFeSOD sequences, Soltu.DM.06G012170.4 (StFeSOD4) and Soltu.DM.03G013800.4 (StFeSOD2) are
colored red. The long C-terminal tail of Soltu.DM.03G013800.1 and Soltu.DM.03G013800.4 is colored
magenta. (B) AlphaFold models of StMnSOD and StFeSODs: β-strands are colored yellow, α-helices
are colored magenta, specific residues involved in metal ion binding are colored as in A. (C) Metal
binding site of StMnSOD: the AlphaFold model of StMnSOD (in grey) was 3D aligned with 2ADQ (in
tan) PDB structure (experimentally determined PDB structure of the human MnSOD). Mn ion position,
coordinate bonds (tan) and hydrogen-bonds (yellow) stabilizing the water molecule (magenta) which
is the fifth coordination partner of the metal ion are based on 2ADQ Biological Assembly 1. StMnSOD
residues involved in metal ion binding are colored light blue and labeled according to processed
peptide position. The water molecule is stabilized with hydrogen-bonds (yellow) from StMnSOD
Q148 (blue) and D165 (light blue). (D) Metal binding site of StFeSOD1: the AlphaFold model of
StFeSOD1 (in grey) was 3D aligned with 7BJK (in tan) PDB structure (experimentally determined
PDB structure of the chloroplastic FeSOD PAP9 from Arabidopsis thaliana). Metal ion position (Fe),
coordinate bonds (tan) and hydrogen-bonds (yellow) stabilizing the water molecule (magenta)
which is the fifth coordination partner of the metal ion are based on 7BJK Biological Assembly 1.
StFeSOD1residues involved in metal ion binding are colored light blue and labeled according to
processed peptide position. The water molecule is stabilized with hydrogen-bonds from StFeSOD1
Q74 (blue) and D162 (light blue).

The obtained AlphaFold models of the five potato Mn-FeSODs display a similar fold to
experimentally determined Mn-FeSODs from other organisms. The ~100 amino acid long
α-hairpin domain of all StFeSODs consists of three α-helices, while the α-hairpin domain
of the StMnSOD consists of two long α-helixes (Figure 5B). The C-terminal domain of all
five potato Mn-FeSODs incorporates a central antiparallel β-sheet with three β-strands,
which is surrounded by α-helices. In addition to the structural features common to all
StFeSODs, StFeSOD2 is characterized by a long negatively charged C-terminal region rich
in E/D (annotated with magenta color in Figure 5A) just after the Iron/manganese SOD
C-terminal domain.

The metal binding site of Mn-FeSOD protein sequences consists of three conserved H
and one conserved D residue (H28, H76, D165 and H169 in StMnSOD, where the amino acid
numbering excludes the 24 amino acid-long mTP, Figure 5A,C). H28 and H76 (StMnSOD)
are located in the first and last helix of the α-hairpin domain respectively while D165 and
H169 (StMnSOD) are located in the C-terminal domain, specifically at the end of the third
beta strand (β3) and in the short helical region just after β3 respectively. The metal ion in
the catalytic center of Mn-FeSODs is penta-coordinated by these four conserved residues
and a water molecule [59,60]. This ligand water molecule is stabilized by hydrogen-bonds
with the D residue, also involved in metal ion coordination, and a conserved Q residue
(annotated with dark blue color in Figure 5A,B). In FeSOD sequences the water-stabilizing
Q is within the last helix of the α-hairpin domain (Q74 in StFeSOD1), while in MnSODs
the Q (Q148 is StMnSOD) is located in the coil connecting β2 and β3 of the C-terminal
domain (Figure 5A,C). Comparison of the active sites of StMnSOD with human MnSOD
(PDB: 2ADQ, Figure 5C) as well as StFeSOD1 with Arabidopsis FeSOD (PAP9, Figure 5D)
indicates conservation of active site residue orientation.

3.6. Phylogenetic Relations of StSOD Proteins

Phylogenetic relations of StSOD protein sequences were estimated by comparison
with homologues from cultivated plant species and model organisms such as Arabidopsis.
The phylogenetic trees were estimated independently for the Mn-FeSODs and CuZnSODs,
because even though these two classes share some common features, these are far too sparse
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to produce a reliable phylogenetic model (Figure 6). The midpoint rooted maximum likeli-
hood phylogenetic tree of potato Mn-FeSODs (Figure 6A) clearly indicates the presence of
two clades, A and B, which are quite phylogenetically distant, so no suitable outgroup se-
quence for rooting of the tree could be found (all attempted outgroups clustered either with
sequences from A or sequences from B therefore a midpoint rooted tree is presented). Clus-
ter B is formed from MnSOD sequences homologous to StMnSOD. All of these sequences
contain predicted mTP. In addition, these sequences contain the characteristic Q residue,
involved in hydrogen binding with the water molecule ligand, located in the C-terminal
domain (the informative sites of the Mn-FeSODs alignment used for the construction of
the phylogenetic tree are provided in Figure S2, where the mentioned Q residue is colored
blue). In all sequences in clade A, this Q is located in the α-hairpin domain (Figure S2).
Clade A contains FeSODs, most of which are predicted to be chloroplast targeted, and
is further dived into two subclades: A1 and A2. Subclade A2 consists of homologues of
StFeSOD3, all of them containing a characteristic conserved sequence of 16 amino acids
([RW]A[QE][AS][FL]VNLGEPKIP[VI]A) after the Mn-Fe C-terminal domain. Interestingly,
all of the sequences in A2 are predicted to be chloroplast targeted apart from the phylo-
genetically closest StFeSOD3 and tomato FeSOD SlSOD7 (Solyc02g021140.3.1), which are
predicted by TargetP2 to be mitochondrial. However, since the subcellular localization
of StFeSOD3 is ambiguous (Table 2), this issue is further considered in the Discussion
section. Subclade A1 consists of all the remaining StFeSODs and their homologues includ-
ing sequences with the E/D rich C-term region associated with PEP, like the Arabidopsis
PAP9 (At5g51100.1-A. thaliana) and StFeSOD2 sequences. The phylogenetic proximity of
SODs associated to PEP and SODs that are not PEP associated indicates that apart the
characteristic C-term extension other sequence features are conserved in PEP SODs. All
of the sequences in subclade A1 are predicted to be chloroplast targeted apart the potato
FeSOD4, predicted to be localized in the cytosol (Figure 6, Table 2).
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Figure 6. Maximum likelihood phylogenetic trees of StSODs. (A) Midpoint rooted Mn-FeSOD
phylogenetic tree. (B) Rooted CuZnSOD phylogenetic tree. Support values were obtained us-
ing 100 iterations of non-parametric bootstrap; values over 50/100 are indicated with a red num-
ber. Clade/tip coloring is based on subcellular location (color legend) obtained using Light
Attention server.

Based on the phylogenetic tree for CuZnSODs, it can be observed that the differences
among the sequences belonging to this SOD class, at least sequences which are homo-
logues to StCuZnSODs, are much less prominent compared to Mn-FeSODs. Each of the
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StCuZnSODs forms a clade with closest homologues from other plants (Figure 6B). This
is not surprising given the high sequence conservation of CuZnSODs among different
kingdoms (Figure 5A). The clustering of sequences appears to be related to their subcel-
lular localization—the three clusters correspond to CuZnSOD sequences from cytosol,
peroxisome and chloroplast (Figure 6B and Table 2).

In general, all StSODs clustered closely to homologues from the phylogenetically
closest plant species—tomato (Figure 6A,B).

3.7. Expression Profiles of the StSOD Genes in Response to Elevated Temperatures and
SA Application

To evaluate the response of StSOD genes to elevated temperatures and SA treatment,
we have analyzed the expression profiles of these genes in leaves of three potato cultivars
(Agria, Désirée, and Kennebec) under three temperature treatments (21 ◦C, 26 ◦C, and
29 ◦C) with or without SA application. Absolute rather than relative quantification by
qRT-PCR was used to allow the comparison of the expression levels between different
StSODs. In the cases were more gene models (splice variants) were present, the primers
were designed to amplify all variants. While all eight StSOD transcripts were detected
in all three cultivars and under all treatments (Figure 7), the expression levels StFeSOD1
and StFeSOD4 were 3–4 orders of magnitude lower as compared to other StSODs, with
particularly low expression in Agria and Désirée cultivars. Thus, these two isoforms can be
considered minor isoforms.

Regarding the effects of elevated temperature and SA application, no general trends
applicable to all StSODs from all cultivars were observed, but some regularities were noted
(Figure 7). Mildly elevated temperature of 26 ◦C did not affect the expression of StCuZn-
SODs and StMnSOD in any of the cultivars, except for subtle induction of StCuZnSOD3 in
Agria as compared to control plants. In all examined cultivars, StFeSOD2 and StFeSOD3
were up-regulated under 26 ◦C, while minor isoforms StFeSOD1 and StFeSOD4 were up-
regulated only in cv. Kennebec with transcript level of StFeSOD1 increased by 2.3-fold.
Treatment of 29 ◦C induced the expression of all StSODs, except minor isoforms StFeSOD1
and StFeSOD4, in cv. Désirée as compared to the control treatment. The highest differences
were observed for StCuZnSOD1 and StCuZnSOD2, which showed 10- and 21-fold higher
expression levels at 29 ◦C than control, respectively. Similar induction of StCuZnSOD1,
StCuZnSOD2, StFeSOD1, StFeSOD2 and StFeSOD3 was seen in cv. Kennebec in response to
29 ◦C. In this potato cultivar, the expression level of StCuZnSOD2 was changed as much
as 33-fold when cultivated at 29 ◦C as compared to control plants. In cv. Agria, however,
growth at 29 ◦C did not cause any major changes in StSODs expression. In this cultivar, the
expression levels of StCuZnSOD3, StMnSOD, StFeSOD1 and StFeSOD3 slightly increased
(<2.4 fold), while the expression of StCuZnSOD1 and StCuZnSOD2 slightly decreased
(<1.5 fold) in response to 29 ◦C, as compared to control.

Modulation of StSODs expression by exogenous SA application in different potato
cultivars exposed to three temperature treatments was in most cases subtle. At control
temperature of 21 ◦C, SA had very little effect on StSODs expression, with the exception of
a 4-fold down-regulation of StCuZnSOD2 in cv. Agria. In plants grown at 26 ◦C, consistent
up-regulation of all StSODs in response to SA treatment, as compared to plants grown
at the same temperature without SA, was observed only in cv. Désirée, where greatest
up-regulation of 3.6-fold was recorded for StFeSOD4. In response to SA treatment at 29 ◦C,
almost all StSODs in cv. Agria were slightly down-regulated in comparison to plants grown
without SA, with exceptions of StCuZnSOD1 and StFeSOD4, which were up-regulated or
unchanged, respectively. Differences in the StSODs expression in cv. Désirée cultivated at
29 ◦C with or without SA treatment were subtle, and the same is true for cv. Kennebec.
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Figure 7. Expression profiles of potato StSOD genes under different temperature conditions and
exogenous SA application. Real-time PCR was used both to validate the presence of investigated
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genes and for quantitative analysis of their expression under control (21 ◦C) and elevated tempera-
tures (26 and 29 ◦C) with SA application (10−5 M) or without. The analysis was conducted on three
unrelated potato cultivars (Agria, Désirée, and Kennebec) grown in vitro. The scale bar represents
absolute normalized expression values. The data were shown as mean values ± S.D of the three
biological replicates. “SA+” indicates exogenous salicylic acid application. The different letters on
bars indicate significant differences at a confidence level of p < 0.05.

4. Discussion

4.1. StSOD Gene Family

Comprehensive genome-wide identification and characterization of SOD family mem-
bers has been conducted in almost all major crops (Table 4), but such data were not available
for potato until now. Hereby we present an in depth in silico study of the three CuZn-
SODs, named StCuZnSOD1, StCuZnSOD2 and StCuZnSOD3 in the potato genome, along
with five members of the Mn-FeSOD class. Sequence Soltu.DM.06G011380 is very likely
a single potato StMnSOD, whereas others are FeSODs, termed StFeSOD1 through StFe-
SOD4. Two SOD-like sequences annotated as SODs in DM v6.1 (Soltu.DM.10G011570
and Soltu.DM.06G013120) encode short (~100 aa) proteins, so they can be considered as
pseudogenes. Cucumber gene CsFSD3, even though it codes for a fairly large 377 aa protein,
is also considered as pseudogene because it is not expressed in any organ or under any con-
ditions [61]. Copper chaperone CCS, which is required for the activation of CuZnSODs [62]
was also identified (Soltu.DM.08G026370). Considering only papers published since 2015.
(Thus probably relying on complete genomic data obtained by state-of-the-art technolo-
gies), it seems that a family of 7–9 SOD isoforms, with at least one MnSOD is typical for
most species regardless of genome size (Table 4). Few exceptions with more SODs include
banana [63], as well as Triticum aestivum, but in the latter case 26 SOD isoforms were found
in three sub-genomes (A, B and D) of this hexaploid species [64].

Table 4. Overview of the SOD gene families in different crops.

Species
Genome
Size (Mbp)

CuZnSOD MnSOD FeSOD Total
Chr.
num.

Introns
num.

References

Solanum tuberosum 844 3 1 4 8 5 4–9 Current work
Arabidopsis thaliana 125 3 2 3 8 5 5–8 [9,65]
Oryza sativa 389 4 1 2 7 6 5–9 [9,65]
Sorghum bicolor 730 5 * 1 2 8 6 5–7 [66]
Gossypium raimondii 885 5 2 2 9 6+ 4–8 [67]
Gossypium arboreum 1746 5 2 2 9 6 5–8 [67]
Cucumis sativus 367 5 1 3 9 5+ 3–8 [61]
Musa acuminate 523 6 4 2 12 8 5–8 [63]
Solanum lycopersicum 828 4 * 1 4 9 6 4–8 [68]

Triticum aestivum ~17,000 17 3 6 26 3 × 3 4–7 [64]

Note: The listed number of CuZnSOD isoforms does not include Cu chaperones, but cases where it is not clear
whether Cu chaperones are included are indicated with an asterisks (*). Chr. num. is the number of chromosomes
where SOD genes are located, where “+” indicates that some SOD genes were found on scaffolds. In wheat, SOD
genes are found on 3 chromosomes of each of the 3 sub-genomes.

4.2. Tandem Duplication of the FeSOD Genes Is a Characteristic of Solanum Species

StSOD genes are located on five out of 12 potato chromosomes (Table 1), with two
genes on chromosome 3 and three genes on chromosome 6. In other plant species SOD
genes are also scattered on different chromosomes (Table 4). Two physically close genes,
StFeSOD1 and StFeSOD4, separated by only 1566 bp on chromosome 6, are 80.77% identical
at the protein level and so by definition they represent tandemly duplicated genes [56]. In
addition, StFeSOD1 is 71.91% identical to StFeSOD2, but since these genes are on different
chromosomes, they can be considered as segmental duplications. Different types of gene
duplications are major way for the expansion of gene families, which is often followed
by functional divergences of the duplicated genes. However, segmental, rather than
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tandem duplications have been found for SODs from different plant species. For example,
segmental duplications were reported for OsCSD2 and OsCSD3 in rice, where both genes
preserved their function [65], for SbSOD2 and SbSOD5 in S. bicolor [66], GrMSD1 and
GrMSD2 in G. raimondii [67], AtMSD1 and AtMSD2 as well as AtFSD1 and AtFSD2 in A.
thaliana [67], and SlSOD5 (Solyc06g048410.2) and SlSOD6 (Solyc03g095180.2) in tomato [68].
None of the abovementioned species, except tomato, features tandem duplications of SOD
genes. In tomato, just like in potato, two FeSODs—SlSOD5 and SlSOD8 (Solyc06g048420.1)
are reported to be tandemly duplicated and in both genomes they are on chromosome 6 [68].
So, both in potato and in tomato one tandem duplication on chromosome 6 (StFeSOD1/4 and
SlSOD5/8) and one segmental duplication (StFeSOD1/2 and SlSOD5/6) on chromosomes
6 and 3 were found. Relations among duplicated potato and tomato genes are clear from
phylogenetic tree as well (Figure 6A). However, sequence SlSOD8 was not included in
our phylogenetic study, because different versions of this gene, Solyc06g048420.1 and
Solyc06g048420.2, code for proteins of 160 and 109 residues respectively, making it unclear
whether this is functional gene or a pseudogene. Based on sequence similarities which are
greater between tandem pairs than between segmental duplicates in both species, and on
the fact that in both species the gene on chromosome 3 does not have its tandem pair [68],
it can be concluded that segmental duplication probably preceded tandem duplication
event. If so, then StFeSOD1 in potato and SlSOD5 in tomato are ancestral genes that first
gave rise to copies on chromosome 3 and then were locally duplicated. In any case, tandem
duplication of FeSOD gene is a relatively recent event characteristic either for the genus
Solanum or the Solenaceae family.

4.3. Gene Models of StSODs

StSOD genes have variable number of introns, ranging from 4 to 9 (Figure 1), which is
comparable to the number of introns found in SOD genes of other species (Table 4). Even
genes that are closely related, such as tandem pair StFeSOD1 and StFeSOD4, have quite
different exon/intron arrangements (Figure 1). The differences in exon–intron structure of
duplicated genes may be accomplished by one of the three main mechanisms: exon/intron,
gain/loss, exonization/pseudoexonization, and insertion/deletion [69].

As can be seen in Table 1 and Figure 1, five out of eight StSODs are represented
with multiple gene models, where StFeSOD1 and StFeSOD4 have as many as six models
each. Since protein-coding genes were annotated using full-length cDNAs [24], it is safe
to say that these are actually different splice variants generated by alternative splicing.
Alternative splicing is involved in the regulation of SOD gene expression [70] and has
been experimentally proven in rice [71]. In addition to alternative splicing, alternative tran-
scription start sites and alternative polyadenylation has also been reported for SOD genes
in banana [63]. Such transcripts would share an identical ORF but have different UTRs.
This is the case with StCuZnSOD2, where its two gene models, Soltu.DM.11G020830.1 and
Soltu.DM.11G020830.2, differ in the length of 3′-UTR (Figure 1). It appears that the criterion
used for establishing which sequences are representative in Spud DB DM v6.1 is sequence
length; in other words, the gene model encoding the longest protein sequence is used as the
representative gene model without taking into account structural features of the encoded
protein. As discussed below, in some cases this default choice might not be the best choice.

Considering previously discussed tandem and segmental duplications, it is worth
noting that duplicated genes, StFeSOD1, StFeSOD2 and StFeSOD4, have significantly more
splice variants in comparison to other StSOD isoforms (Table 1 and Figure 1). It is tempting
to speculate that having three copies of a gene allows for splicing flexibility as a way for
further divergence and molecular innovations.

It should be noted that StSOD gene models presented here are not allelic isoforms, since
they are derived from a genome of a doubled monoploid clone [24], meaning that the actual
molecular variety of these enzymes in potato cultivars, which are highly heterozygous
autotetraploids (2n = 4x = 48), is probably even greater.
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4.4. Structural Features, Subcellular Localization and Phylogenetic Relations of StCuZnSODs

Eukaryotic CuZnSODs are highly conserved proteins regarding their primary struc-
ture, position of the key residues, domain organization and tertiary and quaternary struc-
ture [72]. StCuZnSODs feature all characteristics of eukaryotic CuZnSODs, including
PF00080.22 domain (Figure 3) with conserved residues involved in metal ion binding,
dimerization and disulfide bridging (Figure 4A). StCuZnSODs form a typical Greek key
scaffold, consisting of a β-barrel composed of eight antiparallel β-strands (Figure 4B).

CuZnSODs are commonly active as homodimers, while chloroplastic CuZnSODs are
homotetrameric [5,72,73]. However, native PAGE assays with isoform-selective inhibitors
or in combination with immunoblotting revealed at least 6 (and possibly 7, depending on
the cultivar and growth conditions) CuZnSOD activity bands in potato [74]. As discussed
later, three StCuZnSOD proteins are probably targeted to different cellular compartments,
so different subunits should not combine in vivo, but various subunit combinations are
possible in the leaf extracts. In the case of StCuZnSODs, alternative splicing as a source of
protein variety is not an option, since StCuZnSOD1 and StCuZnSOD3 have only one gene
model, while the only difference between two StCuZnSOD2 gene models is polyadenylation
site (Figure 1). Other feasible explanations as to why potato cultivars have more CuZnSOD
activity bands than genes, include possible post-translational modifications [75] and allelic
polymorphism of the isoforms.

Thermostability is another property of enzymes that should be considered when in-
vestigating their expression and function under elevated temperatures. Several lines of
evidence suggest that CuZnSODs in general, including StCuZnSODs, are thermostable
enzymes, expected to perform well during the HS. Average aliphatic index for representa-
tive StCuZnSODs is 85.59 (Table 1), which is considerably higher than that of StFeSODs
(76.35) but lower than the index of StMnSOD (91.14). The aliphatic index is the relative
volume of a protein occupied by aliphatic side chains and may be considered as a positive
factor for the increase of thermostability of globular proteins [57]. Furthermore, CuZnSODs,
unlike other SODs, feature stable Greek key scaffold which supports active site and dimer
formation, and is further reinforced by a disulfide bond (Figure 4) [72]. This disulfide bond
stabilizes both the subunit fold and the dimer interface and affects enzyme activity [62,72].
Cu chaperone Cu-CCS not only provides Cu for the active site of the enzyme but facilitates
disulfide formation as well [62].

Plant CuZnSODs are found in different cellular compartments, including cytosol,
plastids, peroxisomes and possibly extracellular space [5,73]. All four servers inquired for
subcellular targeting (DeepLoc, CELLO, TargetP2 and Light Attention) indisputably located
StCuZnSOD1 in the cytosol and StCuZnSOD2 in the plastids (Table 2 and Figures 3 and 8).
Subcellular localization of StCuZnSOD3, however, is inconclusive. According to DeepLoc-
1.0 [31], this sequence is targeted to peroxisomes (Table 2) with likelihood of 0.495, which
is higher than cytoplasmic localization likelihood (0.396), whereas other possible localiza-
tions are very unlikely. Light Attention [33] also locates StCuZnSOD3 to the peroxisomes,
but CELLO does not (Table 2). Programs specifically designed for peroxisomal target-
ing, like PTS1 Predictor [35,36] or plant-specific PredPlantPTS1 [37] do not predict that
StCuZnSOD3 is targeted to peroxisomes. Since most of the peroxisomal proteins pos-
sess a peroxisome targeting signal type 1 (PTS1) consisting of a C-terminal tripeptide,
the SSV> tripeptide (where “>” is C-terminal end) found in StCuZnSOD3 was compared
to PTS1 signals from known peroxisomal proteins [76]. It turned out that SSV> does
not belong to so-called canonical plant PTS1 tripeptides, [SA][RK][LMI]>, which con-
fer strong peroxisome targeting efficiency, and not even to weak non-canonical PTS1
tripeptides characterized with one non-canonical amino acid residue at one of these
tree positions (x[RK][LMI]>, [SA]y[LMI]> or [SA][RK]z>) [76]. However, SSV> can be
found among all known 35 different PTS1 signals that are functional in plants (represented by:
[SAPCFVGTLKIQ][RKNMSLHGETFPQCYDA][LMIVYF]>) [76] but its efficiency is yet to be de-
termined. Alternative N-terminal PTS2 motif ([RK][LVIQ]x2[LVIHQ][LSGAK]x[HQ][LAF]) [76]
is not found in StCuZnSOD3. Many plants have at least one SOD (whether CuZnSOD,
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MnSOD, FeSOD or some combination of the isoforms) located in the matrix and/or mem-
brane of the peroxisomes [77], so having at least one peroxisomal SOD must have some
physiological advantage.

 

Figure 8. Proposed subcellular localization of StSODs. Prefix “St” is omitted from the potato SOD
isoform names for simplicity. C—cytosol; m—mitochondrion; ch—chloroplast; p—peroxisome;
n—nucleus; cw—cell wall; PEP—plastid-encoded RNA polymerase. Inconclusive localizations of
certain isoforms as well as unproven interactions are indicated by a question mark.

CuZnSODs share no sequence similarity to Mn-FeSODs and they have probably
evolved independently from mutually related FeSODs and MnSODs [5,73], so their relations
are presented as two independent phylogenetic trees (Figure 6). In some studies, all SOD
genes are presented by the same phylogenetic tree, but in these cases CuZnSODs are
separated from Mn-FeSODs with high bootstrap values, indicating again their separate
evolution [63,67]. Even though CuZnSODs, and specifically plant CuZnSODs, share high
degree of homology (Figure 4A), there are some features that distinguish chloroplastic
from cytosolic enzymes, which separates them into two clusters [66,68,78]. It can be seen
that StCuZnSOD1 clusters with other cytosolic enzymes, whereas StCuZnSOD2 is closely
related to chloroplastic CuZnSODs (Figure 6B), which supports previously discussed
subcellular localizations. Peroxisomal localization of StCuZnSOD3 is supported by clear
phylogenetic association with other peroxisomal SODs (Figure 6B).

4.5. StMnSOD Is a Mitochondrial Enzyme with Distinguishable Structural Features

MnSODs and FeSODs have apparently evolved from a common ancestral gene [5,72]
and are so closely related, that in literature and sequence databases their products are often
referred to as Mn-FeSODs. Both types of enzymes are characterized by the same conserved
domains: iron/manganese superoxide dismutase, α-hairpin domain (PF00081.24) and
iron/manganese superoxide dismutase, C-terminal domain (PF02777.20, Figure 3). Since
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all tested potato cultivars express one MnSOD, as confirmed by native PAGE inhibition
assays and immunoblots [74], the question is which of the StSOD genes encodes MnSOD?
We have several reasons to believe that sequence Soltu.DM.06G011380.1 encodes StMnSOD,
based on subcellular targeting, structural features and phylogenetic relations. First, protein
encoded by Soltu.DM.06G011380.1 is targeted to mitochondria, which is confirmed by four
different servers (Table 2 and Figure 3). To our best knowledge, only MnSODs are found
in plant mitochondria and it is widely accepted that MnSODs are primarily targeted to
mitochondria, even though they can also be found in peroxisomes [5,72,73,77].

Second, there are some structural features that distinguish MnSODs from FeSODs
analyzed in our study. In the Mn-FeSODs alignment (Figure 5A) it can be seen that most
sequences, all of them being FeSODs, contain Q residue (dark blue) involved in hydrogen-
bonding with water at the consensus position 132, whereas in Soltu.DM.06G011380.1 and in
two other MnSODs (PDB: 2ADQ, Homo sapiens and 6BEJ, Xanthomonas citri), this Q residue
is at position 223. It is important to note that this Q residue, involved in hydrogen-bonding
with the water molecule, assumes a very similar position in the active center regardless of
its position in the sequence (either in the loop connecting β2 and β3 strands as in Figure 5C,
or in the α3 helix as in Figure 5D), but subtle differences between these two positions
affecting the redox tuning of the metal ion define whether the enzyme binds Mn or Fe [79].
This also provides a reason why the amino acids interchangeable with the mentioned Q are
short-chained amino acids G and A, since amino acids with longer chain would clash with
the opposite Q side chain and prohibit its stabilizing effect on the water molecule ligand.

Even more interesting is the fact that, contrary to StFeSODs, the α-hairpin domain of
StMnSOD consists of two long α-helices arranged as a hairpin, resembling the structure
of the human mitochondrial MnSOD (PDB: 2ADQ) [60] and other eukaryotic MnSOD
structures (PDB: 4X9Q, 4E4E, 4C7U to name a few). This feature is not found in all MnSODs
because at least some experimentally resolved structures (for example bacterial MnSODs
6M30 from Staphylococcus equorum [80] or 6BEJ from X. citri [81]) contain a three-helix
α-hairpin domain. The number of helices in the hairpin domain appears to be one of
the determinants of MnSOD oligomerization state, where MnSOD variants with two α-
helix hairpin domain have a preference to form tetramers. This proposition is based on
interaction of the α-hairpin domains of diagonally placed SOD monomers in experimentally
determined tetrameric MnSODs, where each side of the oligomer is encircled by one of
the two 4-helix bundles at opposite ends of the dimer, which acts as a clamp, holding the
dimers in place [82]. It should be noted not all MnSODs containing a two-helix hairpin
domain form tetramers in solution, even though they crystalize in the tetrameric state [82].

Finally, these slight structural differences between MnSODs and FeSODs are reflected
in the phylogenetic tree as well (Figure 6), where StMnSOD is grouped in cluster B with
other MnSODs, whereas all StFeSODs are grouped in cluster A, with other FeSODs. As
expected, StMnSOD is closely related to MnSODs from other Solenaceae species—tomato,
wild tobacco and pepper (Figure 6).

The fact that StMnSOD has no alternative splice variants (Figure 1) probably reflects
the requirement for stringent and, as discussed later, pretty constitutive and high expression,
because it is the only mitochondrial SOD isoform in potato, and as such is crucial for ROS
scavenging in this organelle. StMnSOD is predicted to be thermostable, having the highest
aliphatic index of 91.14 of all StSODs (Table 1).

4.6. Not All StFeSOD Splice Variants Encode Functional Proteins

StFeSODs share the same conserved domains PF00081 and PF02777 typical for Mn-
FeSODs (Figure 3), but some gene models have certain specificities. As explained in
the Results section, sequence Soltu.DM.03G013800.4, encoded by StFeSOD2, contains an
abnormal 24 amino acid-long insert on the N-terminal side (red highlighted in Figure 5A),
while Soltu.DM.06G012170.4, encoded by StFeSOD4, contains an aberrant C-terminal region
over 60 amino acids long which lacks two conserved amino acid residues involved in metal
ion binding (red highlighted in Figure 5A). It is no wonder that these two proteins with
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abnormal regions, which are, as we believe, produced by abnormal splicing, are products
of genes StFeSOD2 and StFeSOD4—segmental and tandem duplicates, respectively, of
StFeSOD1 gene. This only confirms our previous notion that gene duplications in StFeSOD
family provided certain splicing flexibility, which in two cases resulted in proteins with
abnormal regions. While Soltu.DM.03G013800.4 could still be a fully functional enzyme,
Soltu.DM.06G012170.4 probably is not. However, our conclusion that gene duplications
lead to more flexible alternative splicing, based solely on the study of potato SODs, is in
a complete disagreement with findings of [83]. According to comprehensive analysis of
these authors, duplicated genes have fewer alternative splice forms than single-copy genes,
and there is a negative correlation between the mean number of alternative splice forms
and the gene family size [83].

Plant FeSODs are primarily targeted to chloroplasts, but can also be found in cyto-
plasm, as well as in peroxisomes [5,72,73,77] According to all queried servers, StFeSOD1
and StFeSOD2 are plastidic isoforms (Table 2 and Figures 3 and 8). StFeSOD3 is also
predicted to be plastidic by DeepLoc and CELLO, but Light Attention and TargetP2 suggest
its mitochondrial location, albeit with low probability (Figure 3). StFeSOD3 clusters with
other chloroplastic FeSODs in clade A2 (Figure 6A), and only its closest homolog, tomato
FeSOD SlSOD7 (Solyc02g021140.3.1), is also predicted to be mitochondrial by TargetP2
(Figure 6A), but ProtComp9.0 server places it in the chloroplasts [68]. Knowing that only
primitive eukaryotes may contain mitochondrial FeSODs [5], StFeSOD3 is probably also
targeted to chloroplasts. Finally, regarding StFeSOD4, different servers, except TargetP2,
suggest different subcellular localizations for each of its gene models (Table 2). In this case
we would incline with the cytosolic (“other”) prediction given by TargetP2, because the
N-terminal region preceding the Mn-Fe α-hairpin domain is so short, that any signal would
have to overlap with the α-hairpin domain, which is highly unlikely (Figure 3). It could
be argued that the chloroplast targeting signal, present in the ancestral StFeSOD1 gene,
has been preserved in segmentally duplicated StFeSOD2, but lost in tandemly duplicated
StFeSOD4.

As already mentioned, StFeSOD2 (Soltu.DM.03G013800.1) is characterized by a long
negatively charged C-terminal region rich in E/D (magenta highlighted in Figure 5A).
This region resembles the E/D rich C-terminal region of SODs associated with the plastid-
encoded RNA polymerase (PEP) multimeric enzyme, like the Arabidopsis PAP9 (also pre-
sented in Figure 5A alignment, PDB: 7BJK) [59]. PEP is essential for the proper expression of
the plastid genome during chloroplast biogenesis and is composed of four plastid-encoded
subunits and 12 nuclear-encoded PEP-associated proteins (PAPs) [59]. Unlike the C-term
region of the Arabidopsis PAP9, which is most likely disordered because no electron density
was observed for residues after G231 [59], the C-terminal region of Soltu.DM.03G013800.1
is predicted by AlphaFold to be in α-helix conformation (Figure 5B). It is worth noting that
the AlphaFold model of Arabidopsis PAP9 (https://www.uniprot.org/uniprot/Q9LU64,
accessed on 15 November 2021) agrees with the experimentally determined flexible C-term,
so this feature differentiates Soltu.DM.03G013800.1 from PAP9. In addition, PAP9 contains
a Zn ion in the active site even though it structurally falls with the Mn-FeSODs [59]. Thus,
it would be interesting to experimentally characterize potato StFeSOD2.

The proposed subcellular localization of StSOD enzymes is presented in Figure 8.
None of the StSODs localized to the nucleus or extracellular space. Extracellular SODs,
if present, are commonly considered to be CuZnSODs [5,73], but in A. thaliana the only
extracellular SOD is an MnSOD, ATMSD2 (AT3G56350) [9], while in C. sativus an FeSOD,
CsFSD3, was predicted to be extracellular [61]. However, many plant species including
O. sativa [9], S. bicolor [66], G. raimondii and G. arboreum [67], S. lycopersicum [68] and T.
aestivum [64] do not have any SODs predicted to be apoplastic.

4.7. Expression of StSOD Genes in Response to Elevated Temperatures and Exogenous SA

The ideal temperature for the growth and development of the aerial parts of potato
plants is generally 20–25 ◦C, while the optimal temperature range for tuber formation
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is 15–20 ◦C [84]. Even though potato is a cool-season crop, there is variation for HS
tolerance across potato germplasm [85–87]. We have compared the expression of StSODs
in three potato cultivars, Agria, Désirée and Kennebec, grown in vitro either at optimal
temperature of 21 ◦C, or at elevated temperatures of 26 and 29 ◦C. Désirée is considered as
relatively thermo-tolerant cultivar [85–87], Agria as thermo-sensitive [87], whereas the data
for Kennebec are scarce, but it appears to belong to sensitive cultivars [86]. The described
temperature treatments were combined with SA treatments (0 or 10−5 M SA), because
SA can often enhance thermotolerance by modulating the expression and/or activity of
antioxidative enzymes [88,89].

All StSODs identified in doubled monoploid potato genome are present and expressed
in tested potato cultivars, which are highly heterozygous autotetraploids (Figure 7 and
Figure S1). Even though the current expression analysis (Figure 7) cannot be directly
correlated to StSOD activities [74], because different cultivars were tested (only cv. Agria is
common to both studies), nevertheless the combined expression and activity data suggest
that StSODs can be roughly categorized into: (1) StCuZnSODs, which have relatively high
gene expression and high activity; (2) StSODs with relatively high gene expression but low
activity, including StMnSOD, StFeSOD2 and StFeSOD3 and (3) minor isoforms with low
expression and low activity—StFeSOD1 and StFeSOD4. Since the dominance of CuZnSODs
activities seen in potato plants grown in vitro on medium with limited Cu supply was even
more pronounced in ex vitro-grown plantlets [74], the observed changes in expression of
StCuZnSODs during different treatments should be regarded as major responses, whereas
the changes of expression of other StSODs should be considered as fine tuning of the
antioxidative defense.

StCuZnSOD1 is significantly upregulated at 29 ◦C in thermotolerant Désirée, and to
some degree in Kennebec, but not in thermosensitive cultivar Agria (Figure 7). The expres-
sion levels of StCuZnSOD2 and StCuZnSOD3 are generally lower as compared to StCuZn-
SOD1, but sharp induction of StCuZnSOD2 in Désirée and Kennebec at 29 ◦C and moderate
induction of StCuZnSOD3 in Désirée and Agria at 26 and 29 ◦C suggest that all three StCuZn-
SODs may play important roles in protecting their respective compartments—cytosol,
chloroplasts and peroxisomes—form ROS generated at elevated temperatures.

StMnSOD is practically constitutively expressed with only mild induction at 29 ◦C
in Agria and Désirée (Figure 7). The fact that StMnSOD, the only mitochondrial SOD in
potato, is not induced by elevated temperatures, and that it has relatively low activity as
compared to StCuZnSODs [74], suggests that potato susceptibility to HS may be, in part,
due to inadequate antioxidative protection of mitochondria under elevated temperatures.
However, when potato (cv. Désirée) was transformed with wheat mitochondrial MnSOD,
it showed improvements in HS tolerance [13].

It is interesting that even moderately elevated temperature of 26 ◦C induced the expres-
sion of StFeSOD2 and StFeSOD3 in all cultivars, as well as minor StFeSOD1 and StFeSOD4
isoforms in cv. Kennebec. Since StFeSOD1, StFeSOD2 and StFeSOD3 are predicted to be
chloroplastic, it seems that these isoforms, and not StCuZnSOD2 (whose expression did
not increase at 26 ◦C), are involved in the protection of photosynthetic apparatus during
mild temperature stress. The expression of both StFeSOD2 and StFeSOD3 further increased
with increasing temperature in all three cultivars (Figure 7), suggesting their general role
in chloroplasts protection during HS. In cv. Kennebec, however, the expression of StFe-
SOD1 and StFeSOD4 declined at 29 ◦C as compared to 26 ◦C treatment, while StFeSOD4
expression decreased even below the control values. Overall, it seems that cv. Kennebec
differs from the other two potato cultivars by generally higher expression of minor isoforms
StFeSOD1 and StFeSOD4, which probably have protective roles during mild stress, but
somewhat lower expression of other StSODs. Thus, the physiological responses of cv.
Kennebec to elevated temperatures should be further evaluated and compared to other
cultivars. The main difference between thermosensitive Agria and thermotolerant Désirée
appears to be sharp inducibility of major StCuZnSOD1 and StCuZnSOD2 isoforms at 29 ◦C
in Désirée. Just like in potato, most of the SOD genes except mitochondrial MnSOD were
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upregulated by heat treatment in rice [65] and cucumber [61]. In banana, almost all SOD
isoforms were induced at elevated temperatures [63], while in Arabidopsis only nuclear
CuZnSOD (At5g18100) was induced by HS [65].

The expression of StSODs was generally unaffected by the application of 10−5 M SA,
except a mild induction of all StSODs genes in Désirée grown at 26 ◦C as compared to
plants grown at the same temperature on media without SA, and a downregulation of
StCuZnSOD2 in Agria grown at 21 ◦C (Figure 7). In banana, the expression levels of most
MaSOD genes were up-regulated in response to the SA treatment, but in this case the plants
were treated with 10−4 M SA [63]. Foliar application of 6 × 10−4 M SA increased both
total SOD activity and StSOD expression of in potato [90], while in Impatiens walleriana
grown in vitro, SA in the 1–3 × 10−3 M range reduced SOD activity in a dose-response
manner [91]. SA concentration of 10−5 M used in present work was selected based on
unpublished results with different potato cultivars and literature data [53], but it is possible
that higher concentrations of SA are required for effective regulation of StSODs expression
in the studied cultivars. It can also be argued that in thermotolerant Désirée, SA application
at 26 ◦C helps in stress amelioration by induction of StSODs, while at higher temperatures
other mechanisms by which SA may enhance plants’ thermotolerance are in action. Namely,
SA may be directly or indirectly involved in the improvement of thermotolerance in
various plant species by: stimulation of Pro synthesis to improve water uptake under HS,
enhancement of different antioxidant enzymes activities and/or expression, protection
of photosynthetic apparatus by increase of RUBISCO activity, inhibition of D1 protein
degradation and other mechanisms, effects on other phytohormones and crosstalk among
them, and induction of HSPs expression [7,92].

4.8. StCuZnSOD1 Promoter Features Many More Cis-Acting Regulatory Elements Than Other
StSOD Promoters and Is the Only One Predicted to Be Regulated by Heat or SA

Gene expression is transcriptionally regulated via the change in the level or activity of
TFs that bind to specific cis-acting promoter elements. We have performed in silico analysis
of StSOD promoters in order to evaluate the potential for transcriptional regulation of
different isoforms (Figure 2). Despite similarities in expression profiles of StCuZnSODs,
StCuZnSOD1 promoter substantially differs from other StSOD promoters in terms of the
number of identified cis-regulatory elements (Figure 2A). Namely, StCuZnSOD1 promoter
is characterized by numerous, often overlapping cis-elements for binding different TFs,
primarily from the ERF, Dof and LBD families, but also Heat stress TFs (HSFs)—major
regulators of HS and other stress responses in plants [93] that are not found in other potato
SOD promoters. There are two partially overlapping HSF cis-elements proximal to the
transcription site, which correspond to HSFs involved in response to ROS and chitin (see
Tables S2 and S3 for details). As indicated in Figure 2B, the TFs from the ERF, Dof, LBD,
MYB and other families, predicted to recognize StCuZnSOD1 promoter sequences, are
implicated in responses to different stresses, phytohormones and developmental signals.
Among them, an ERF TF is involved in heat acclimation, while three TFs belonging to
Dof, GRAS and MYB families are involved in response to SA (Tables S2 and S3). All this
suggests that cytosolic StCuZnSOD1 is a common component of a number of signaling
networks, possibly involved in controlling the level of H2O2, which is a well-recognized
signaling molecule.

Unlike StCuZnSOD1 promoter, StCuZnSOD2 promoter features a single MYB binding
site, which are also present in StCuZnSOD1 and StFeSOD4 promoters. Among other
functions, some members of the MYB TF family are implicated in heat tolerance [94,95]. As
a matter of fact, many other TF types with cis-elements in StSODs promoters (Figure 2A)
can also be related to HS responses: certain members of M-type MADS, bZIP, as well as Dof
family play important roles in modulating HS response in plants [95,96], while many of
the ERF TFs identified in potato genome are involved in HS response [97]. However, since
classification of TFs into families is generally based on their characteristic DNA-binding
domains, it is not informative in terms of biological processes in which specific TFs are
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implicated. Thus, TFs predicted to bind StSODs promoters were associated with GO terms
for biological processes (Figure 2B and Table S3), revealing that none of them is specifically
involved in response to heat. This is in contrast with findings that majority of SOD
promoters from other investigated species such as banana, tomato or cucumber apparently
have more cis-regulatory elements as compared to potato SODs (with a notable exception
of StCuZnSOD1), featuring not only more HSFs and SA-responsive elements, but different
types of elements as well [61,63,68]. Common factor underlying the mentioned reports is
the use of highly cited but somewhat outdated PlantCARE server for identification of plant
cis-acting regulatory elements [29], whereas we have used an up to date approach based on
PlantRegMap [26] and PlantTFDB v5.0 [28] which probe a more diverse motif landscape.
In order to control the rate of falsely detected binding sites we used a stringent threshold
for assigning a motif. Ultimately this produces quite different results compared to using
PlantCARE on the same promoter sequences (see Table S4, where StSOD promoters were
analyzed using PlantCARE, for a comparison, as well as Table S5, with comparative list of
cis-elements found using both platforms). We trust that the accumulated knowledge in the
almost two decades that separate PlantCARE from PlantRegMap should not be ignored.

Even though our in silico analysis of StSOD promoters (Figure 2 and supplementary
materials) cannot fully support expressional data (Figure 7), it clearly demonstrates depen-
dence of in silico promoter analyses on the adopted methods and a requirement for more
experimental evidence on the interactions between different TFs and their cis-elements in
plants. Finally, regarding the involvement of different StSODs in HS responses, it should be
underlined again that StSODs, like other SODs, can probably be regulated not only at tran-
scriptional level, but also post-transcriptionally at the level of alternative splicing [63,70,71]
and by post-translational modifications [75]. CuZnSODs are additionally regulated by
miRNAs, specifically miR398 [98], activated by copper chaperone CCS [62] and regulated
by Cu availability [74,99].

5. Conclusions

Herby we present the first detailed insight into the SOD gene/protein family in potato.
Exon-intron organization, splice variants, cis-regulatory promoter elements and chromo-
some localization of the eight functional StSOD genes has been described, along with struc-
tural features, subcellular localization, and phylogenetic relations of the StSOD proteins.

Investigation of the scope and time of the tandem FeSOD duplication event, char-
acteristic for tomato and potato, would require comparative analysis of FeSODs in other
Solenaceae species, when genomic resources become available. For determination of
subcellular localization of StSODs, multiple servers were inquired and compared with
phylogenetic and literature data, and yet peroxisomal targeting of StCuZnSOD3 remained
inconclusive. Therefore, one of the future prospects is to experimentally determine whether
there is a CuZnSOD activity in potato peroxisomes.

Higher induction of all StCuZnSODs, StFeSOD3 and even StMnSOD in thermotolerant
Désirée grown at 29 ◦C as compared to thermosensitive Agria and Kennebec, suggests
that thermotolerance in potato might be related to induction of these isoforms. In addition,
protection of chloroplasts under mild stress of 26 ◦C is apparently mediated by increased
expression of chloroplastic StFeSODs. The application of low concentration of SA caused
a mild induction of all StSODs, but only in Désirée grown at 26 ◦C, suggesting that
ameliorating effects of SA during HS described in literature probably also include other
mechanisms, as well as crosstalk among different phytohormones. Further spatio-temporal
analysis of StSODs expression, however, should be refined to distinguish and quantify
specific StFeSODs splice variants in different tissues and under different conditions.

We believe that our findings will aid future investigations of SODs roles and regulation
in potato, particularly in relation to heat stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11030488/s1, Figure S1: Confirmation of amplicon size
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and primer specificity of studied StSOD genes, Figure S2: Alignments of Mn-FeSOD and CuZnSOD
proteins used for phylogeny reconstruction, Table S1: PCR primer sequences used in this study for
gene expression analysis by qRT-PCR, Table S2: Transcription factor binding sites identified in the
promotor regions of StSODs, Table S3: Biological process GO terms associated with transcription
factors binding promoters of StSODs, Table S4: Results of cis-element analysis in the promoter of
StSODs using the PlantCARE web tool, Table S5: Comparison of results obtained from PlantCARE
and PlantTFBD databases, Supplementary Info S6: AlphaFold models of StSOD proteins (PDB files)
and Ramachandran diagrams of the respective models.

Author Contributions: Conceptualization and methodology D.P. and I.M.; investigation, J.R. and
D.P.; validation J.R. and D.P.; software, M.B.D.; formal analysis M.B.D., D.P. and J.R.; writing—original
draft, D.P., A.D.S. and J.R.; writing—review and editing, A.D.S., M.B.D. and I.M.; visualization D.P.
and M.B.D.; supervision, I.M. and D.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Ministry of Education, Science and Technological Devel-
opment of the Republic of Serbia, Contract 451-03-9/2021-14/200007.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and supplementary material.

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

References

1. Struik, P.C. Responses of the potato plant to temperature. In Potato Biology and Biotechnology, 1st ed.; Vreugdenhil, D., Bradshaw, J.,
Gebhardt, C., Govers, F., Taylor, M., MacKerron, D., Ross, H., Eds.; Elsevier B.V.: Amsterdam, The Netherlands, 2007; pp. 367–393.
[CrossRef]

2. Hancock, R.D.; Morris, W.L.; Ducreux, L.J.; Morris, J.A.; Usman, M.; Verrall, S.R.; Fuller, J.; Simpson, C.G.; Zhang, R.; Hedley,
P.E.; et al. Physiological, biochemical and molecular responses of the potato (Solanum tuberosum L.) plant to moderately elevated
temperature. Plant Cell Environ. 2014, 37, 439–450. [CrossRef] [PubMed]
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Abstract: Different physical and chemical techniques are used for the decontamination of Cr+6 con-
taminated sites. The techniques are expensive, laborious, and time-consuming. However, remediation
of Cr+6 by microbes is viable, efficient, and cost-effective. In this context, plant growth-promoting
rhizobacteria Acinetobacter bouvetii P1 isolated from the industrial zone was tested for its role in
relieving Cr+6 induced oxidative stress in sunflower. At the elevated Cr+6 levels and in the absence of
P1, the growth of the sunflower plants was inhibited. In contrast, the selected strain P1 restored the
sunflower growth under Cr+6 through plant growth–promoting interactions. Specifically, P1 biotrans-
formed the Cr+6 into a stable and less toxic Cr+3 form, thus avoiding the possibility of phytotoxicity.
On the one hand, the P1 strengthened the host antioxidant system by triggering higher production
of enzymatic antioxidants, including catalases, ascorbate peroxidase, superoxide dismutase, and
peroxidase. Similarly, P1 also promoted higher production of nonenzymatic antioxidants, such
as flavonoids, phenolics, proline, and glutathione. Apart from the bioremediation, P1 solubilized
phosphate and produced indole acetic acid, gibberellic acid, and salicylic acid. The production
of phytohormones not only helped the host plant growth but also mitigated the harsh condition
posed by the elevated levels of Cr+6. The findings mentioned above suggest that P1 may serve as an
excellent phyto-stimulant and bio-remediator in a heavy metal-contaminated environment.

Keywords: Cr+6 bioremediation; improved antioxidant activity; plant growth promotion; rhizobacteria

1. Introduction

Heavy metals (HMs) are natural components of the earth’s crust. However, their bio-
geochemical cycles and biochemical balances are disrupted due to rapid industrialization.
Such immense industrial activities led to a higher increase and subsequent aggregation of
HMs in the milieu. Additionally, the elevated levels of HMs in water, soil, and agricultural
products are the result of excessive but imprudent agricultural practices, industrial and
domestic wastes [1,2]. The accumulation of HMs in plants affects humans directly through
the consumption of contaminated plant-based foods. Heavy metals contaminated plants
can also affect humans indirectly through the consumption of meat and milk from livestock
fed on such plants. Upon exposure, HMs affect cell organelles, including cell membrane,
nucleus, endoplasmic reticulum, mitochondria, lysosome, enzymes, and metabolites in-
volved in the detoxification mechanisms and injury recovery [3]. Interaction of HMs with
vital cell components such as DNA and proteins leads to their damage, conformational
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changes, cell cycle modulation, oncogenesis, and programmed cell death [4,5]. Based on
significant public health concerns, the remediation of heavy metals should take priority [6].

Amid the HMs, hexavalent chromium (Cr+6) is a widespread environmental pollu-
tant mainly from chromium-dependent industries. In undeveloped countries, industrial
wastewater is released into natural water resources, most of which are not adequately
treated and pose significant threats to the ecosystem. Hexavalent chromium (Cr+6) is more
toxic and oncogenic, and these properties are due to their higher solubility in water, high
permeability through biofilms, and subsequent interaction with inter and intracellular
proteins and nucleic acids [7].

In plants, metal-induced phytotoxicity and generation of reactive oxygen and nitrogen
species have revealed that redox-active metals, particularly chromium (Cr), undertake
redox cycling reactions. In fact, chromium owns the potential to produce reactive species,
such as anions of superoxide and nitric oxide radicals in biological systems [8]. Moreover,
the disturbed metals homeostasis may lead to oxidative pressure, a state where the imbal-
ance production of reactive oxygen species (ROS) overwhelms the antioxidant defense [9].
Such conditions may cause DNA and chromosomal damage, malonaldehyde production,
conformational changes in protein structure, and subsequent toxicity. The damages in the
host plants due to oxidative injuries, enhanced lipid peroxidation, and altered calcium and
sulfhydryl homeostasis can be translated into stunted growth. Lipid peroxides, formed by
the attack of radicals on polyunsaturated fatty acid residues of phospholipids, can produce
mutagenic and carcinogenic malondialdehyde, 4-hydroxynonenal, and other exocyclic
DNA adducts (etheno and propano adducts) [9].

Anionic transporters in plants may take up Cr+6 in the form of chromate. Cr+6 is
easily converted to Cr+3 under most environmental conditions. Cr in its +3 form was once
thought to be a vital ingredient for animal and human existence. The role of Cr+3 in the
glucose tolerance factor, as well as the beneficial effects of Cr+3 dietary supplements on
diabetes and lipid metabolism, have been studied in the past [10]. Quiet recently, Cr+3 has
been removed from the list of essential elements for humans and animals due to a lack of
clear experimental evidence regarding its function in humans and animals [11].

In the current scenario, remediation of contaminated water bodies and soil is the call of
the day to remove heavy metals and trace elements from the human environment in order
to make it healthy. Chemical precipitation, oxidation or reduction filtration, ion exchange,
reverse osmosis, membrane technology, evaporation, and electrochemical treatment are
only a few methods for eliminating these heavy metals [12]. These methods, however, are
usually useless when heavy metal concentrations are lower than 100 mg/L [13]. Because
salts of heavy metals are readily soluble and dissolve in water, the physical separation
techniques are not feasible to separate them. Furthermore, at minimal metal concentrations,
physical and chemical techniques are inefficient or costly [13]. In contrast to physicochemi-
cal approaches, bioremediation (biosorption and bioaccumulation) may possibly present
the optimal strategy for heavy metal elimination [14]. As a result, using microbes and
plants to repair and rebuild the natural conditions of the soil is possible and sustainable.
Microbial communities’ responses to heavy metals depend on their concentration and
availability, which is a complicated process influenced by the type of the metal, medium
characteristics, and microbial species [15].

Bioremediation is a cutting-edge and promising technique for removing and recov-
ering heavy metals from contaminated water and agrarian soil [16]. Microbes develop
and utilize several detoxification processes as a result of their varied survival approaches
in heavy metal-contaminated environments [17]. Biosorption, bioaccumulation, biotrans-
formation, and biomineralization are the primary detoxification processes that could be
employed for bioremediation either in ex situ or in situ conditions [18]. Polysaccharides,
lipids, and proteins make up the majority of microbial cell walls, and they include various
side chains that chemically bind metal ions, including carboxylate, hydroxyl, and amino
acids and phosphate groups [19].
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Plant growth-promoting rhizobacteria (PGPR) is an environmentally benign and
cost-effective bioremediation technology for reducing heavy metal pollution in soil [20].
Metal-tolerant PGPR also affects plant survival and adaptability through nitrogen fixation,
phytohormone synthesis, and physicochemical changes in polluted soil [21,22]. Plant
colonization by PGPR has been driven by the release of various compounds, amino acids,
proteins, and antibiotics that aid plants in the removal of heavy metal toxicity. By reducing,
oxidizing, methylating, or demethylating, compartmentalizing, and converting to a less
hazardous form, the PGPR have the ability to reduce the harmful influence of heavy
metals [23,24]. Cr+6 undergoes a transition to Cr+3, which is more stable, less water-soluble,
and hence less harmful. Consequently, converting Cr+6 to Cr+3 is a promising approach
for removing Cr+6 from the environment [25]. As a result, decontaminating Cr+6 using
naturally existing microorganisms is a viable alternative. Cr+6-induced phytotoxicity, on
the other hand, may be reduced by using plant growth-promoting bacteria.

Furthermore, naturally existing rhizosphere microorganisms in soils contaminated
with Cr+6 have developed resistance mechanisms to these metals’ toxicity [26,27]. The
Cr+6-tolerant bacteria possess the substantial capacity to produce plant growth regulators,
to solubilize inorganic P (salt of phosphoric acid with metals) fixation of free atmospheric
N, and synthesize antimicrobial compounds and siderophores [28]. Recent studies have
shown that chromate-tolerant rhizobacteria have the ability to cooperate with the host plant
in many ways. Indeed, the Cr+6 tolerant rhizobacteria improve the host endogenous pool
of phytohormones, strengthen the enzymatic and non-enzymatic arms of the antioxidant
system, cut down metal uptake, and reduce the significant proportion of the accumulated
metal to nontoxic or the least toxic form [29–31].

The area of study on the bioremediation of chromium from the agricultural soils by
PGPR is still expanding. The present research aims to contribute to this growing body
of knowledge by focusing on the premise that rhizobacteria can mitigate heavy metal
stressful condition in the host plants. The objectives of the study were to establish (a) the
function of PGPR in mitigation of Cr+6 induced oxidative stress in sunflower; (b) the
effect of rhizobacterial inoculum on Cr+6 accumulation and translocation in the host; and
(c) to explore the detoxification impact of PGPR on Helianthus annuus L. physiology and
development under Cr+6.

2. Materials and Methods

2.1. Test Plant Species (Biological Materials)

Sunflower (H. annuus L.), native to America and commercialized in Russia as a crop
plant, is a member of the Asteraceae family. It is a significant commercial crop that ranks
fourth in the world among vegetable oil seeds after soybean, oil palm, and canola [32].
In Mardan, Pakistan, HySun-33 is one of the most widely cultivated varieties of sunflower.
Seeds of sunflower HySun-33 were obtained from local agriculture research Centre.

2.2. Requisition of Rhizbacterium

A Cr+6 resistant strain of rhizobacterium P1 (Accession No# MT478039) was acquired
from the bacterial stock from the Lab of Plant Microbes Interaction, Department of Botany,
Abdul Wali Khan University Mardan. The rhizobacteria were previously isolated from the
rhizosphere of Parthenium hysterophorus L. grown on metal-polluted soil in the locality of
Premier Sugar Mill Mardan [33].

2.3. Molecular Identification of Strain

The 16S rDNA marker was used for the molecular identification of the isolate. Using a
Gen-Elute DNA kit (Sigma-Aldrich, Burlington, MA, USA), genomic DNA was extracted from
a selected strain culture grown overnight. The GeneAmp 9700 PCR system (Thermo Fisher
Scientific) was used to conduct amplification using a set of universal primers FDD2 (5’-CCG GAT
CCG TCC ACA GAG TTT GAT CTT GGC GAA -3’) and RPP2 (5’-CCA AGC TTC TAG ACG
GAT ACC TTG TTA CGA CTT- 3’) (Applied Biosystems Inc., Atlanta, GA, USA). The amplified
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fragment was subjected to sequencing through the DNA sequencing service of MACROGEN,
Korea (http://dna.macrogen.com/eng accessed on 6 May 2019) [34]. Reads obtained were used
to generate consensus sequence through Codon Code Aligner (version 7.2.1, Codon Technology
Corporations, Hyderabad, India). The consensus sequence was used as BLAST query to find
closely matching sequences in NCBI’s GenBank database (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PAGE_TYPE=BlastSearch accessed on 20 May 2019). Closely resembling sequences retrieved
from the database were used to align with the selected sequence, and a phylogenetic tree was
constructed using MEGA 7 (version 7.0.18, Pennsylvania State University, Pennsylvania, PA,
USA).

2.4. Screening the Rhizobacterium

The isolate was tested for chromate tolerance, ability to release phosphate solubilizing
substances, and for chromate stress alleviation in sunflower.

2.4.1. Chromate Tolerance

To check the capability of the strain to endure elevated Cr+6 levels, the selected
rhizobacterium was subjected to 100, 300, 500, 900, and 1200 µg mL−1 Cr+6 (in the form
of K2CrO4 (Sigma Aldrich)) in Luria-Bertani (L.B) broth medium (Sigma Aldrich), while
the nonmetal media were used as control. The cultures were kept in a shaker (Modle-
Wis 20) for incubation at 130 rpm for 24 h at 28 ◦C. Bacterial growth in the control and
metal supplemented media was recorded at 595 nm by monitoring the culture’s optical
density (OD).

2.4.2. Phosphate Solubilization Index

To assess the phosphate solubilization activity, the strain was grown on Pikovskaya’s
agar medium (HiMedia™ Laboratories). In the aseptic environment, a spot inoculation of
the bacterial isolate was made on the plates and incubated at 28 ◦C for 7 days. Uninoculated
plate with PKV agar acted as a control. Comparative calculation of the solubilization index
was conducted on day 7 of incubation by calculating transparent zone and colony diameters
in centimeters. The activity of the phosphate solubilization index was calculated by the
method of [35] using the following formula:

Solubilization index =
Colony diameter + Halozone diameter

Colony diameter
(1)

2.4.3. Potential of the Isolate to Mitigate Chromate stress in Sunflower

Helianthus annuus seeds of uniform vigor and health were surface sterilized with 0.1%
HgCl2 (Medical Supplier Uk) for 5 min and rinsed thrice with sterile dH2O to remove traces
of HgCl2. The sterilized seeds were then placed on wet filter paper and supplemented with
the following treatments in Petri plates:

Treatment 1 = 0 µg mL−1 of Cr+6

Treatment 2 = 100 µg mL−1 of Cr+6

Treatment 3 = 300 µg mL−1 of Cr+6

Treatment 4 = Bacterial inoculum.
Treatment 5 = Bacterial inoculum + 100 µg mL−1 of Cr+6

Treatment 6 = Bacterial inoculum + 300 µg mL−1 of Cr+6.

Each plate contained 10 seeds. Bacterial inoculum was prepared by harvesting
overnight broth culture through centrifugation at 896 rcf for 20 min and resuspending the
washed cells in 10 mM MgCl2. Inoculum density was adjusted to 10−6 cells/mL. Each
treatment was applied to a set of three Petri plates.

2.5. Plant Growth Related Metabolites in Bacterial Culture

Rhizobacteria are known to produce a number of metabolites that help in their ability
to interact with the host plant species to improve their growth. In this connection, plant
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hormones (indole 3-acetic acid, gibberellic acid, and salicylic acid), primary metabolites
(proteins), and stress-related metabolites (phenolics, flavonoids, and proline) were assessed
in bacterial culture. For this purpose, the rhizobacteria were cultured in L.B broth and
incubated in a shaker at 30 ◦C and 130 rpm. Bacterial culture supernatant (BCS) was
obtained by centrifuging (Sartorius Modle: 2–16 PK) the broth culture, which was then
used to determine the metabolites mentioned above as discussed below:

2.5.1. Determination of Phytohormones

Indole acetic acid was estimated in the BCS using the Salkowski reagent as described
earlier [36]. Different known quantities of IAA (10–100 µg) (Sigma Aldrich, Burlington,
MA, USA) were used to develop the calibration curve.

For the determination of GAs (gibberellins) in BCS, a wheat endosperm assay was
performed. Wheat seeds of good health (10 embryo-less wheat seeds) were disinfected
by treating them with 70% ethanol for 1 min, followed by washing with dH2O to remove
ethanol traces. The seeds were placed in plates containing 2 mL of filter-sterilized BCS and
acetate buffer (10 mL, pH 4.5). After incubation in the dark for 2 days at 28 ◦C, the buffer
was recovered from Petri plates and tested for sugars by mixing with 200 µL of Benedict’s
solution. The reaction mixtures were incubated for 30 min at room condition, and OD was
recorded at 254 nm against a blank (all above material without BCS). The calibration curve
was constructed by treating known concentrations of GA3 (Sigma Aldrich, Burlington, MA,
USA) in the same manner mentioned and presented as GA3 equivalent [37].

To determine salicylic acid (SA) in BCS, the technique of Worrier et al. [38] was used.
Different quantities (10–1000 µL) of the BCS were added to 1 mL of ethanol, and the mixture
was centrifuged at 5600 rcf for 10 min. The supernatant was chilled at 4 ◦C in a refrigerator
before estimating the SA. Approximately 100 µL of the supernatant was added to 2.9 mL
of fresh FeCl3 (0.1%) solution (Sigma Aldrich, Burlington, MA, USA), and the absorbance
was observed at 540 nm. Different quantities (10–100 µg) of SA (Sigma Aldrich, Burlington,
MA, USA) were used to construct the standard curve.

2.5.2. Flavonoids, Phenol, and Proline Determination

The aluminum chloride method was followed to estimate total flavonoid (TF) BCS [39].
Briefly, 500 µL of the supernatant was added with 100 µL of 10% AlCl3 (Aluminum chloride
(Sigma Aldrich, Burlington, MA, USA), 100 µL of 10% potassium acetate, and 4.8 mL of 80%
methanol. The blend was vortexed and kept in an incubator for 30 min incubation. After
incubation, the optical density (OD) was noted at 415 nm. Various Quercetin (10–100 µg)
concentrations (TargetMol, Boston, MA, USA) were used for plotting the calibration curve.

The phenols in the BCS were estimated by minor changes in the Folin–Ciocalteu
method [40]. In short, to the 0.2 mL of bacterial culture supernatant, 0.8 mL of Folin–Ciocalteu
reagent (MilliporeSigma, Bangalore India) and 2 mL of 7.5% Na2CO3 (sodium carbonate
(Sigma Aldrich, Burlington, MA, USA)) was added. The sample was diluted to 7 volumes
with dH2O and incubated for 2 h in the dark. Different concentration of catechol was used
to develop a standard curve. The absorption was recorded at 765 nm against blank. Cate-
chol (CellMark AB, Göteborg, Sweden) concentrations (1–10 mg) were used for developing
a standard graph.

The technique of Bates et al. [41] was used to estimate proline concentration in the
BCS. Approximately 100 µL from BCS was added to 3% sulfosalicylic acid (4 mL) (New
Alliance Fine Chem Private Limited, Mumbai, India) followed by centrifugation at 504 rcf
for 5 min. The supernatant was collected, added 2 mL of acidic ninhydrin, and incubated
at 100 ◦C for 1 h. Once cooled, the reaction mixture and proline were separated through
4 mL of toluene in a separatory funnel. Optical density was documented at 520 nm using
the blank (toluene). Different proline (SENOVA Technology Co., Ltd, Cambridge, UK)
quantities (10–100 µg) were used for developing standard graphs.
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2.6. Microbial Interaction with Host; a Strategy to Cop Excess Chromate

Healthy and good quality seeds of sunflower were surface disinfected, as mentioned
earlier. Upon germination in sterilized sand, the sunflower seedlings were moved to pots
with the Hoagland’s (400 mL) of half strength. The selected isolate P1 was subjected to test
their capacity to relieve the chromate stress in plants. The pots were stored with 3 replicates
(each having 4 seedlings) in a randomized complete block design (RCBD). Treatments had
two main factorial variations: chromate levels (0, 25, 50, and 100 µg mL−1 of Cr+6) and
inoculum of rhizobacterium. Plants were maintained under 28 ◦C, the humidity of 68%,
the light intensity of 647.5 µmol m−2 s−1, and 13 h of photoperiod in LabTech (Model;
LGC-5101 G) growth chamber. The seedlings were collected after 16 days at the 4–6 leaves
stage. The relative growth rate (RGR) [42], net assimilation rate (NAR) [43], P1 colonization,
and various growth attributes were recorded at the end of the experiment.

RGR =
lnW2 − lnW1

t 2 − t 1
(2)

where ln is the natural log, W1 and W2 are plant dry weights at times t1 and t2.

NAR =
W 2 − W 1

t 2 − t 1
×

In L 2 − In L 1
L 2 − L 1

(3)

where W2 and W1 are the plant dry weights at times t1 and t2, logeA2 and logeA1 are the
natural logs of leaf areas A1 and A2 at times t1 and t2.

The experiment was repeated three times, and the data were pooled and analyzed statistically.

2.7. Determination of Plant’s Metabolites

To understand plant physiological and biochemical responses under chromate stress,
different metabolites were tested in the plants harvested in the experiment mentioned
above. The following metabolites were estimated in seedling biomass and in exudation by
their roots.

2.7.1. Estimation of Indole Acetic Acid

The plant material (leaves) used for the analysis of phytohormones were ground in
liquid nitrogen. For extraction of indole acetic acid, 3–10 g of the powder was homogenized
(in case of exudates 3–10 mL) in 100% methanol (2 mL/g of plant sample) and centrifuged
at 5600 rcf. The supernatant was used to determine indole acetic acid using the Salkowski
reagent method as mentioned above [36].

2.7.2. Estimation of Total Flavonoids, Total Phenols, and Proline

To extract total flavonoids, 0.5 g of leaves (0.5 mL in case of exudates) were crushed in
5 mL of 80% aqueous ethanol and incubated for 24 h in a shaking incubator. The extract was
then centrifuged for 15 min at 5600 rcf and 25 ◦C. The supernatant containing flavonoids
was used for the estimation of flavonoids by the AlCl3 technique as described above [39].

Total phenolics were extracted by homogenizing 1 g of leaves (or 1 mL exudates) in 16
mL of ethanol. The samples were incubated at 20 ◦C to 80 ◦C for 3 h. Following incubation,
we centrifuged the samples for 10 min at 5600 rcf. The samples were filtered, concentrated
at 40 ◦C to 1 mL, and re-dissolved in 10 mL distilled water and stored at 4 ◦C prior to use.
Total phenolics were estimated by the technique mentioned previously [44].

For the extraction of proline, 200 mg of leaves were homogenized in 1 mL of ethanol/water
(40:60 v/v) and incubated for 24 h at 4 ◦C. The incubation was followed by centrifugation at
5600 rcf (5 min). For 100% extraction of proline, the process was repeated and estimated as
mentioned above [41].
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2.7.3. Malondialdehyde (MDA) Determination

Schmedes and Hølmer [45] method was followed to estimate MDA concentration in the
host leaves. Approximately 0.2 g of leaves were crushed in 2 mL of 0.6% thiobarbituric acid
(Sigma-Aldrich, Burlington, MA, USA). Centrifugation of the samples was done for 10 min at
8064 rcf followed by incubation at 100 ◦C for 15 min in a water bath. Following incubation,
the samples were cooled down and centrifuged again at 8064 rcf. The optical density of the
samples was measured at 532, 600, and 450 nm. The calibration curve was constructed in the
concentration range of 0.1 to 1.0 mM of MDA (Sigma-Aldrich, Burlington, MA, USA).

2.8. Estimation of Electrolyte Leakage

To remove surface adhered electrolytes, the leaves from a 7-days stressed seedlings
were washed thrice with deionized water. After rinsing, discs of equal size were scraped
out of the leaves to determine electrolyte leakage. The scraped discs were then transferred
to capped vails having 10 mL of dH2O and incubated at 120 rpm and 25 ◦C for 24 h. The
electrical conductivity (L1) was measured, and the leaves (discs) were then autoclaved
for 20 min at 120 ◦C to estimate electrical conductivity (L2). The percent leakage of the
electrolytes was measured by using the following formula [46].

EL =
L1
L2

× 100 (4)

2.9. Lignin Concentration in the Root

Root lignin was determined by following the well-established protocol [47]. For this
purpose, 1 g of sunflower roots were digested in 72% H2SO4 at 47 ◦C by vigorously shaking
the mixture for 7 min. The partially digested samples were then autoclaved at 121 ◦C for
30 min for complete digestion. The autoclaved samples were fractionated into soluble and
insoluble lignin through filtration. The soluble lignin (in filtrate) was determined by taking
OD at 280 nm and 215 nm against the 72% H2SO4 blank. Lignin was calculated by the
following formula:

S =
4.53(A215 − A280)

300
(5)

The equation was generated from these two formulae: A215 = 0.15 F + 70 S and
A280 = 0.68 F + 18 S. where, A280 = Optical density at 280 nm, A215 = Optical density
at 215 nm, F = The furfural (g), S = The soluble lignin (g).

The 0.68, 0.15, 18, and 70 represent the molar absorptivity of soluble lignin and furfural
at 215 and 280 nm, respectively. Insoluble residues were burnt at 550 ◦C for 4 h, and ash
was weighted. The difference in dry mass and ash left after burning were considered as
insoluble lignin. The total lignin was determined by adding insoluble and soluble lignin
(mg/g of the cell wall).

2.10. Visualization of ROS and Their Accumulation in Leaves

For visualization of ROS, the technique of O’Brien et al. [48] was used with minor
modifications. Leaves from sunflower seedlings were immersed in the DAB stain solution
(2 mL) and kept for incubation at 130 rpm for 4–5 h. To remove the extra DAB stain, the
samples were incubated in a bleaching solution (ethanol: acetic acid: glycerol = 3:1:1).
To remove chlorophyll, the samples were boiled in ethanol in a water bath, clarified the
ROS strained by DAB stain, if any, and then visualized under the light microscope.

2.11. Antioxidant System of Sunflower

To assess the antioxidant system of sunflower, the following assays were performed:

2.11.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity

The DPPH-scavenging activity was determined in the leaves of the plants with minor
alteration [49]. Approximately 0.1 g of plant leaves were ground in 1 mL of methanol. A 0.004%
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methanolic solution of DPPH (Cayman Chemical, Ann Arbor, MI, USA) was also prepared.
Initially, a DPPH solution (1 mL) was mixed with the plant sample (0.5 mL), and the mixture
was left at room temperature in the dark for 30 min. A decline in color was noted at 517 nm,
and the radical scavenging activity was estimated using the following equation:

%DPPH =
(1 − AE)

AD
× 100 (6)

where AE = Optical density of the mixture of DPPH and leaves extract. AD = Optical
density of DPPH solution only.

2.11.2. Catalase and Ascorbate Peroxidases Activity Determination

Catalases (CAT) activity was evaluated by computing the primary rate of H2O2
cleavage [50]. To 0.1 mL of supernatant, 2.6 mL of 0.05 M PBS (pH 7), 0.1 mM EDTA
(ChemCeed, Chippewa Falls, WI USA) and 400 µL of 3% H2O2 (Univar Solutions, Chicago,
IL, USA) were added. Decay in H2O2 was recorded at 240 nm and expressed as the decay
of µM H2O2 min−1.

The protocol of Asada et al. [51] was used to estimate ascorbate peroxidases (APX)
activity. The reaction mix contained 0.2 mL of leaves extract, 600 µL of PBS (50 mM, pH 7.0),
100 µL ascorbic acid (0.5 mM) (Sigma Aldrich Burlington, MA, USA), and 100 µL hydrogen
peroxide (H2O2, 0.1 mM). Measurement of activity was noted at 290 nm and presented as
unit min-1 mg−1 protein.

2.11.3. Peroxidase and Superoxide Dismutase Activity

For the measurement of peroxidase activity, guaiacol was used as a substrate for
dehydrogenation [44]. Extraction of enzyme was performed in 3 mL of 100 mM PBS
(pH 7.0). Fresh seedling leaves (100 mg) were crushed in 1 mL PBS and swirled for 15 min
at 5 ◦C and 8064 rcf. To 0.1 mL of plant extract, 3 mL PBS (100 mM), 0.05 mL guaiacol
(20 mM) (Parchem Fine & Specialty Chemicals, New Rochelle, NY USA) and 0.03 mL H2O2
(12.3 mM or 0.04%) were added and vortexed. The change in optical density by 0.1 (t) was
recorded at 436 nm, and POD activity was calculated by the following formula.

Enzyme activity = (
500
∆t

) × (
1

1000
) × (

TV
VU

) × (
1

(f wt)
) (7)

where; ∆t = change in time; TV = total prepared volume and VU = volume of the sample
used; f wt = fresh weight (g).

Extraction of SOD was performed with the buffer that consisted of 50 mM KH2PO4,
pH 7.8 and 100 µM EDTA, 1% Triton X-100, 2% Polyvinylpyrrolidone, and a complete
protease inhibitor cocktail (Roche, Mannheim, Germany). For this, 100 mg of leaves
were homogenized in the buffer mentioned above, followed by sonication (2 × 30 s,
at A = 30) (Model; LeelaSonic-50) at 4 ◦C and filtration (polycarbonate filters, 2.0 µm pore
size; Osmonics, South Miami, FL, USA). The filtered sample was centrifuged for 20 min
(10,000 rcf) at 4 ◦C, and the supernatant was carefully collected. The resultant supernatant
was used to quantify SOD activity [52].

The activity was assessed by measuring the inhibition in the photoreduction of NBT
(nitro-blue tetrazolium) by SOD [53]. The final sample composed of 50 mM PBS (pH 7.6),
100 µM EDTA, 50 mM sodium carbonate, 50 µM NBT (Sigma-Aldrich, Burlington, MA,
USA), 10 µM riboflavin (BIOCHEM Bernburg GmbH, Bernburg Germany), 12 mM L me-
thionine (Fagron Industry, Rotterdam, ZUID-HOLLAND Netherlands), and 100 µL crude
extract at a final volume of 3 mL. Blank for the sample consist of all the mentioned chemical
without leaves extract. Exposure to white light for 15 min initiated the reaction. Following
incubation, optical density was measured at 560 nm. A unit (U) of SOD is characterized as
the unit of enzyme necessary to prevent NBT from degrading photochemically by 50%.
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2.11.4. Estimation of Reduced Glutathione

Reduced glutathione (GSH) (Chambio, Shanghai, China) was estimated by measuring
the redox reaction of NADPH (Sigma-Aldrich, Burlington, MA, USA). The reaction mixture
consisted of 0.3 mL leaves extract, 1.8 mL PBS, 0.3 mL of EDTA, 0.3 mL of NADPH, and
0.3 mL of oxidized glutathione (GSSG) (Chambio, Shanghai, China). The optical density
was recorded at 340 nm [54].

2.12. Estimation of Heavy Metals

2.12.1. Colorimetric Determination as Preliminary Test

The bacterial strain and plants were grown as mentioned above in the concentration of
Cr+6. The isolate P1 was inoculated in the sterilized broth media and incubated at 28.2 ◦C
for 24 h. The supernatant and pellet were isolated by centrifugation for 10 min at 5600 rcf
and 4 ◦C. The quantity of Cr was then determined in the supernatant. Supernatant from
the bacterial culture was directly subject to Cr+6 estimation using the di-phenyl carbazide
technique; however, plants samples were exposed to wet digestion to determine Cr+6

following the same protocol [55].

2.12.2. BCR Sequential Extraction Method

The technique of the Community Bureau of References (BCR) was used to estimate
the two different species of chromium [56]. The extraction involved three main stages:

Stage 1: Exchangeable or Acid-Soluble

To the dried plant sample (0.5 g or 0.5 mL bacterial culture/exudates), 20 mL of acetic
acid (110 mM) (Sigma Aldrich, Burlington, MA, USA) was mixed, kept in a shaker for
12–24 h at 25–30 ◦C, and separated from the residues through centrifugation at 504 rcf at
28 ◦C for 3 min.

Stage 2: Cr+6 Extraction

The remains obtained in stage 1 were added to a freshly prepared 20 mL solution of
500 mM hydroxylamine-hydrochloride (Sigma Aldrich, Burlington, MA, USA), and pH 1.5
was adjusted with nitric acid (Sigma Aldrich, Burlington, MA, USA). The resultant solution
was incubated at 25–30 ◦C for 16 h. The residues were separated via centrifugation, as
mentioned in step1.

Stage 3: Cr+3 Extraction

The remains of stage 2 were treated with 30% hydrogen peroxide (5 mL) 2 times and
incubated for 1 h (pH set to 2), followed by drying. To the dried samples, 1 M ammonium
acetate (25 mL) was added and kept for incubation at 28 ◦C for 16 h.

The pellets were washed at each step of the extraction, shaken (15 min), and cen-
trifuged (20 min) at 504 rcf. The supernatant was deliberately washed away, avoiding
contamination from the residues. This procedure was repeated to eliminate any residual
reactants and Cr from the preceding level.

2.12.3. Atomic Absorption Spectroscopy (AAS)

Isolated portions of the above steps were examined via atomic absorption, Perkin
Elmer (AAnalyst 700, Parkin Elmer, Waltham, MA, USA). The air/acetylene flame was
used to perform the measurements under the operational parameters recommended by
the manufacturer.

2.13. Bioconcentration Factor

The concentrations of Cr in the seedling biomass were calculated using the following
equations:

BCF =
Cr in Plant biomass
Cr added to media

(8)
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2.14. P1 Colonization with Host Roots

The plate count technique was followed to test the colonization of selected isolate
with host roots. For this, 2 cm of host root was forcefully shaken to detach loosely attached
bacteria in the sterile distilled water and then crushed into 1 mL of 10 mM MgCl2 solution.
The resulted mixture was filtered and serially diluted up to 10−6, and 0.1 mL of each was
plated on LB agar. The colonies were counted after 24 h of incubation at 28 ◦C.

2.15. Data Analysis

All the assays were carried out three times, and the results of the experiment were
categorized into Cr+6 and P1 inoculations. The significance (p < 0.05) for A. bouvetii inoculation
status, Cr levels, and their interaction were determined using ANOVA and Duncan’s Multiple
Range Test (DMRT) in IBM SPSS Statistics 21(IBM, Armonk, NY, USA). Graph Pad Prism
(Version 5.03, Graph Pad Inc., San Diego, CA, USA) was used for plotting graphs.

3. Results

3.1. P1 Molecular Identification

Based on the 16S rRNA sequence, the isolate P1 showed maximum sequence homology
(97.17%) with Acinetobacter bouvetii (Figure 1). For confirmation, the sequence was subjected
to phylogenetic analysis by constructing their phylogenetic consensus by Neighbor Joining
(NJ) using MEGA 7. The isolate P1 showed a close resemblance with A. bouvetii supported by
100% bootstrap value in the tree. In short, the strain P1 was identified as A. bouvetii through
BLAST results and the phylogenetic analysis. The obtained sequence can be retrieved through
a GenBank accession No. MT478039 on NCBI nucleotide database.

−

 
Figure 1. Molecular phylogenetic analysis of rhizobacterial strain P1 (red frame) showing evolution-
ary relationships of taxa using NJ (Neighbor Joining) tree method. The analysis of the evolutionary
relationship was carried out in MEGA7 using 16 S rDNA sequences of our isolate and closely related
sequences retrieved from NCBI GenBank. Nodes are labeled with bootstrap values.

3.2. Characterization of the Selected Strains

3.2.1. Impact of Chromate Rhizobacterial Growth

The rhizobacterial isolate P1 was allowed to grow in L.B. broth supplemented with dif-
ferent concentrations of Cr+6. An increase in bacterial growth was recorded in an L.B. broth
supplemented with 100 µg/mL of Cr+6. The steady growth of rhizobacterial isolate P1
was recorded in L.B. broth supplemented with 300 µg/mL of Cr+6 (Figure S1). An approxi-
mately 3-fold increase was recorded in bacterial growth at 500 µg/mL supplementation of
broth with Cr+6. However, a decline was recorded in the growth of the rhizobacterial strain
P1 as the concentration of Cr+6 was increased in broth. Interestingly, the recorded growth
of the bacteria was higher compared with control at all supplemented levels of Cr+6.
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3.2.2. Production of Bioactive Compounds

The strain P1 was screened against the different concentrations of K2CrO4 (Potassium
chromate) as a Cr+6 source to assess the indole acetic acid production in stressed conditions
(Figure 2a). The addition of Cr+6 stimulated the rhizobacteria to produce elevated levels
of IAA in a concentration-based manner. The release of gibberellic acid (GA3) was also
improved as the concentration of the Cr+6 increased. A significant concentration-dependent
increase in the production of GA3 was noted at 500 µg mL−1 of the Cr+6, however, beyond
500 µg mL−1 of stress, the production of the GA3 decreased (Figure 2b). A similar pattern
was also recorded in the production of salicylic acid upon the induction of stress by the
concentrations of Cr+6 (Figure 2c). Bacterial salicylic acid production increased with the
elevation of metal levels supplemented from 100 to 1200 µg mL−1 of Cr+6 in the media.
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Figure 2. Effect of chromate stress on the concentration of (a) indole acetic acid, (b) gibberellic acid, (c) salicylic acid, (d) flavonoids,
(e) phenolics, and (f) proline in the bacterial culture supernatant and (g) bioreduction capability of the rhizobacterium P1. The
rhizobacterium was grown in the LB broth containing different quantities of hexavalent chromium for 24 h, and the supernatant
was then assessed for the mentioned parameters. Data are means of nine replicates with ±SE of the mean. Different alphabets
represent significance (p < 0.05).

Significant impacts were recorded on total flavonoids production by P1 at an elevated
concentration of the Cr+6 (Figure 2d). An increasing tendency in the release of total
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flavonoids was noted from 0 to 500 µg mL−1 of the metal supplemented in media; however,
a dip was noted in the flavonoid concentration of the strain upon exposure to 900 µg mL−1

or 1200 µg mL−1 of the Cr+6. Higher production of phenols in Cr+6 spiked media was
observed (Figure 2e). Further production was positively regulated with higher levels of
chromate-induced stress peaking at 1200 µg mL−1. Proline produced by the selected strain
was determined after exposing the strain to various concentrations of the Cr+6 (Figure 2f). The
proline concentrations showed an abrupt increase at 100 µg mL−1 of Cr+6, which steadied till
900 µg mL−1 of Cr+6. Elevated proline levels were recorded at 1200 µg mL−1, whereas the
lowest was recorded in the growth medium supplemented with 0 µg mL−1 of Cr+6.

Beyond the production of plant regulators and stress mitigators, the selected rhizobac-
teria had the potential for efficient solubilization of the inorganic phosphate. The phosphate
solubilization index of the strain was 3.66.

3.2.3. Reduction of Cr+6 to Cr+3

When the selected strains were exposed to 100, 300, 500, 900, and 1200 µg mL−1 of the
Cr+6, the strains were able to reduce the valency of Cr+6 and biotransform it into their least
toxic form Cr+3 (Figure 2g). After 24 h of treatment, the strain biotransformed almost half
of the highly toxic Cr+6 to its least toxic, trivalent form.

3.3. Net Assimilation Rate (NAR) and Relative Growth Rate (RGR)

Decreasing trends were observed in the host’s net assimilation rate, i.e., showing an
inverse proportion to increasing metal concentration (Figure 3a). With the plant growth
promoting activities of P1, the net assimilation rate of the host was positively regulated
exhibiting an increase in net assimilation rate under Cr+6 induced stressed environment.
Plant growth promoting the interaction of P1 with their host achieved the maximum net
assimilation rate related to normal and stressed control plants and all other treatments.
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Figure 3. Effects of different concentrations of hexavalent chromium and P1 on (a) net assimila-
tion rate and (b) relative growth rate of sunflower seedlings grown hydroponically (half-strength
Hoagland’s solution) for 16 days in a plant growth chamber. Data are mean of 36 replicates with SE
of the mean. Different labels on mean bars represent significance (Duncan; p < 0.05).

The dip in relative growth rate was roughly 5-folds in the host treated with 100 µg mL−1

of Cr+6 (Figure 3b). With inoculation of P1, higher RGR was achieved by all host plants
grown in Hoagland’s media supplemented with the stated level of Cr+6. The highest RGR
was approximately 3-fold the level exhibited by the host associated with P1. Nonetheless, the
decline was recorded with the metal concentration, but the RGR was still higher than normal
and stressed control plants, i.e., RGR of P1 associated plants exposed to 100 µg mL−1 of Cr+6

was approximately two times that of the non-associated control plants.

3.4. Effects of P1 and Chromate Stress on Metabolites of Host Plants

Endogenous and root exudates indole acetic acid (IAA) of the chromate stressed
H. annuus seedlings was assessed (Table S1). Inverse relation of Cr+6 was recorded with the
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endogenous and exogenous IAA levels in H. annuus seedlings. Inoculation of seedlings
with P1 benefited the host plant by significantly improving IAA production and its exu-
dation through the root. Different levels of chromate significantly reduced the amount of
endogenous and released IAA in P1 associated seedlings, but its concentration was still
higher than the seedlings grown in the absence of Pa strain.

Exposure of H. annuus seedlings to Cr+6 significantly enhanced the concentration of
plant and root exuded flavonoids in a dose-dependent manner (Table S1). Inoculation of
the seedlings with the strain P1 controlled the accumulation of the endogenous flavonoid’s
concentration keeping their levels below the noninoculated counterparts. However, P1
associated plants released significantly greater quantities of flavonoids which were syner-
gistically enhanced upon exposure to chromate stress.

Under chromate stress, sunflower seedlings had a significantly lower concentration of
total phenols in plants and in root exudates than the control seedlings (Table S1). Chromate
concentration was inversely related to the phenolic concentration in the seedlings as well as in
the exudates. Inoculation of H. annuus seedling P1 significantly enhanced the concentration
of endogenous and released phenols than the control seedlings. A further increase was noted
in the endogenous phenols of P1 associated sunflower seedlings exposed to chromate in
a concentration-dependent manner. However, chromate-stressed P1 inoculated seedlings
had a lower number of released phenols than the P1 seedlings grown in the absence of
chromate stress.

Proline accumulation and release were also enhanced in the chromate-stressed seedlings
than in control (Table S1). Its endogenous concentration was further enhanced in P1 inoc-
ulated seedlings, and the exposure of these seedlings to chromate caused a reduction in
proline concentration. The concentration of released proline was greater in P1 inoculated
seedlings than in the control seedlings. In the presence of chromate, such seedings released
even higher concentrations of proline.

3.5. Root lignification, Electrolyte Leakage, and Malonaldehyde Concentration

Stressful conditions due to elevated levels of chromate upregulate the lignin biosynthe-
sis, thereby increasing lignin deposition. An almost two times increase in lignin deposition
was recorded at each increase in metal concentration (Figure 4a). Interestingly, a dip in
lignin production at all treated concentrations of the metal was noted after P1 inoculation.
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Figure 4. Effect of different concentrations of hexavalent chromium and P1 on (a) root lignification, (b) leaf malonaldehyde,
and (c) electrolyte leakage of sunflower seedlings grown hydroponically (half-strength Hoagland’s solution) for 16 days
in a plant growth chamber. Data are mean of 36 replicates with SE of the mean. Different labels on mean bars represent
significance (Duncan; p < 0.05).

Exposure of sunflower seedlings to hexavalent chromium enhanced the accumula-
tion of malondialdehyde (MDA). An increase in the endogenous concentration of MDA
was dependent on the amount of chromate present in the growth medium (Figure 4b).
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Rhizobacterium P1 colonized seedlings had a significantly lower concentration of MDA,
which was further reduced upon exposure to chromate.

Upon exposure to the said levels of Cr+6, sunflower seedlings showed a concentration-
based increase in the leakage of electrolytes. The electrolyte leakage doubled at each
elevated level of Cr+6 (Figure 4c). The host seedlings were rescued by P1 inoculation, which
reduced electrolytes leakage from sunflower leaves by several folds. Even in the presence
of 100 µg/mL of chromate, electrolyte leakage from the leaves of P1 associated seedlings
was lower than the control seedlings.

3.6. Antioxidant

The ability of seedling’s leaf extract to scavenge DPPH free radical dropped signif-
icantly in the presence of 50 and 100 µg/mL of hexavalent chromium (Figure 5a). The
lowest DPPH scavenging activity was noticed in the host plants treated with 100 µg mL−1

of Cr+6. However, rhizobacterium P1 Inoculated seedlings showed a stable DPPH free
radical scavenging activity even in the presence of the highest concentration of chromate
used in this study.
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Figure 5. Effect of different concentrations of hexavalent chromium and P1 on (a) %DPPH radical scavenging activity,
(b) catalases and ascorbate peroxidase, (c) peroxidase, (d) superoxide dismutase, and (e) reduced glutathione of sunflower
seedlings grown hydroponically (half-strength Hoagland’s solution) for 16 days in a plant growth chamber. Data are mean
of 36 replicates with SE of the mean. Different labels on mean bars represent significance (Duncan; p < 0.05).

Ascorbate peroxidases and catalase activities were enhanced when sunflower seedlings
were exposed to different concentrations of chromate (Figure 5b). The activity of both the
enzymes increased with the increasing concentration of hexavalent chromium in the media.
In P1 inoculated seedlings, activities of catalase and peroxidase were significantly greater
than the control seedlings. Upon exposure to 25 µg mL−1 chromate, the activities of these
enzymes increase by 2-fold. The rise in APX activity continued with an increase in chromate
concentration. However, further increases in chromate concentration significantly reduced
catalase activity in sunflower seedlings.

Exposure to chromate also induced peroxidase activity in sunflower seedlings in
a concentration-dependent manner (Figure 5c). In P1 inoculated seedlings, peroxidase
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activity did not show any difference in comparison to the control seedlings. However, P1
associated seedlings had significantly higher peroxidase activity upon exposure to different
concentrations of chromate than their respective controls.

Exposure of sunflower seedlings to hexavalent chromium was associated with reduced
SOD activity than the control. Higher concentrations (50 and 100 µg mL−1) more severely
affected the activity of this enzyme which was reduced by several folds (Figure 5d). The
rhizobacterium P1 enhanced SOD activity than its level in the noninoculated seedlings.
The strain also reduced the harmful effect of chromate on SOD activity.

The concentration of reduced glutathione also declined in chromate-treated seedlings, but
the effect was moderate compared with SOD activity (Figure 5e). Inoculation of seedlings with
P1 significantly enhanced the concentration of reduced glutathione in the host plant compared
to the control seedlings. Exposure of P1 associated seedlings either further improved the
concentration of reduced glutathione or did not influence its level at all.

3.7. 3,3′-Diaminobenzidine (DAB) Stain Assay

With the exposure of sunflower seedlings, the H2O2 production was noted as brown
spots formed by DAB strain in the leaves, and with the increase of Cr+6 supplementation,
the size and number of brown spots increased (Figure 6). The inoculation of the P1, however,
alleviated the Cr+6 induced stress and hence reduced the H2O2 production, which is
recognized by spotless tissues after treatment with DAB strain.

′

 

− − −
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Figure 6. ROS accumulation in leaves of P1 inoculated sunflower seedlings exposed to different levels
of hexavalent chromium (A) control (0 µg mL−1), (B) 25 µg mL−1, (C) 50 µg mL−1, (D) 100 µg mL−1,
and (E) P1 strain + 0 µg mL−1, (F) P1 + 25 µg mL−1, (G) P1 + 50 µg mL−1, and (H) P1 + 100 µg mL−1.
The seedlings were grown hydroponically (in half-strength Hoagland’s solution) for 16 days in a plant
growth chamber. Fully expanded leaves were detached and stained with DAB to visualize ROS.

3.8. Determination of Uptake and Accumulation of Cr+6 by Host Plants

3.8.1. By Colorimetric Method

The amount of Cr+6 accumulated by different parts of sunflower seedlings increased
with an increase in the concentration of the Cr+6 in the medium (Figure 7a). For instance,
the seedling exposed to 100 µg mL−1 accumulated about 10.34 µg mL−1 of hexavalent Cr+6

in their parts, which was the highest among the plants treated with various concentrations
of Cr+6. Accumulation of heavy metals in plant parts was significantly reduced in seedlings
associated with P1.

187



Antioxidants 2021, 10, 1868

− −

C
ontr

ol

g/m
L

µ

25
 

g/m
L

µ

50
 

g/m
L

µ

10
0 

P
1 

g/m
L)

µ

P
1 

(2
5 

g/m
L)

µ

P
1 

(5
0 

g/m
L)

µ

P
1 

(1
00

 

0

20

40

60

80

100

PB

a

E/g of Roots

a

b

e

f

a

c

d

g

a
f

g
h

c d b e

Treatments

C
r 

in
 B

io
m

a
s
s
/e

x
u

d
a
te

s
 (

µ
g

/g
)

C
ontr

ol

g/m
L

µ

25
 

g/m
L

µ

50
 

g/m
L

µ

10
0 

P1 

g/m
L)

µ

P1 
(2

5 
g/m

L)

µ

P1 
(5

0 
g/m

L)

µ

P1 
(1

00
 

0

2

4

6

8

10
PB

b

a a

b

c

d

e

Treatments

B
io

-c
o

n
c
e
n

tr
a
ti

o
n

 f
a
c
to

r 
(

µ
g

/g
)

C
ontr

ol

g/m
L

µ

25
 

g/m
L

µ

50
 

g/m
L

µ

10
0 

P
1 

g/m
L)

µ

P1 
(2

5 
g/m

L)

µ

P1 
(5

0 
g/m

L)

µ

P1 
(1

00
 

0

10

20

30

CrVI

c

CrIII

Treatments

B
io

-r
e
d

u
c
ti

o
n

 o
f 

C
h

ro
m

iu
m

(p
p

m
)

 

−

Figure 7. Influence of rhizobacterium P1 on (a) absorptions/accumulation, (b) bioconcentration, and (c) bio-reduction
of Cr+6 in sunflower seedlings. The seedlings were grown hydroponically in Hoagland media (half strength) containing
different concentrations of hexavalent chromium for 16 days in a plant growth chamber. Data are a mean of 36 replicates
with SE and the alphabets representing significance (Duncan; p < 0.05).

3.8.2. Bioconcentration of Cr+6 in Host

Sunflower seedlings exposed to increased concentration of Cr+6 showed an increase
in bioaccumulation of Cr+6 (Figure 7b). Conversely, the inoculation of H. annuus seedlings
with rhizobacterial strain P1 inhibited the accumulation of Cr+6 as the concentration
increased in the medium to avoid phytotoxicity. The ceased accumulation of Cr+6 in P1
associated H. annuus seedlings were noted at all treated level of Cr+6.

3.8.3. Determination of Cr Species by BCR Extraction

Exposure of H. annuus seedlings to various concentrations of the Cr+6 showed higher ac-
cumulation in all parts of the plant, where a small amount has been converted to a stable Cr+3

form. Indeed, the bioaccumulation of Cr+6 increased when applied at higher concentrations
(Figure 7c). With inoculating P1, a reduction in the bioaccumulation of Cr+6 was recorded
in all parts of the host plant. Moreover, the highest percent conversion of Cr+6 to a nontoxic
form (Cr+3) was noted in the plant biomass treated with rhizobacterial strain P1.

3.8.4. Assessing Root Colonization Potential of P1

P1 shows an increase in the root colonizing capacity as the supplements of the Cr+6 in
the medium increase. The root colonization tendency from strain control to treatments, i.e.,
25 µg/mL 50 µg/mL and 100 µg/mL were 4.6 × 108, 5.0 × 108, 1.18 × 109, and 1.30 × 109

bacteria, respectively, in 2 cm of root segment.

4. Discussion

The rhizobacterial isolate P1 was able to tolerate a concentration of chromate up to
12,000 times higher than the WHO permissible levels (0.1 mg L−1) [57]. A significant in-
crease was recorded in the growth of bacterial mass at all the applied levels of Cr+6 in the
liquid medium. The rhizobacterium was also capable of secreting substantial quantities of
phytohormones, including IAA, GA, and SA, demonstrating its pro-plant nature [33,58].
We noticed that increased stress levels enabled the strain to release higher amounts of
these phytochemicals. In fact, higher production of these phytohormones by P1 under
elevated stress levels is an important outcome that can benefit the host plant to with-
stand the stress [36]. The previous findings suggest that plant species have the ability to
absorb phytohormones released by the microbes in the rhizosphere [59]. Moreover, the
rhizobacterium was able to colonize sunflower roots where it can directly contribute to
phytohormones and improve the host fitness and growth. Sunflower seedlings colonized
by the rhizobacterium P1 had comparatively higher endogenous levels of these phytohor-
mones than the non-associated seedlings. Additionally, with the absorption of microbial
contributed phytohormones, binding of salicylic acid Calcium-dependent protein Kinases
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(CDPKs) activating stress-responsive downstream genes (Peroxidases, GSTs (Glutathione
S-transferases), Osmotins, HSPs (Heat shot proteins)), and can be used to combat a range
of abiotic and biotic stressors in the long term [60]. Increased expression of CDPKs and
downstream stress-responsive genes in over-expressed lines relative to knockdown lines
indicates OsMYB-R1 mediates stress tolerance through auxin and salicylic acid-responsive
signaling [61]. Among the phytohormones, gibberellin potentially enhances the agronomic
attributes of plants. He et al. [62] investigated the significant effect of gibberellic acid in
stress acclimation in tested plants by the upregulation of TaMYB73 gene expression. Hyper-
expression of the Triticum TaMYB73 gene in A. thaliana improves the host acclimation
potential to NaCl and upregulates the expression of several genes such as AtCBF3, AtABF3,
AtRD29A, and AtRD29B. These are the key factors of osmotic adjustment that influence the
crosstalk with microbial phytohormones in the rhizosphere, thus boosting immunity and
growth of the host under a stressed environment [61].

Enhanced production of phenolic, flavonoid, and proline in the rhizosphere occurs by
the stimulation of stress because they act as nonenzymatic antioxidants and enhance the
capability of rhizobacteria to bear metal toxicity [63,64]. Rhizobacteria employ flavonoids
to chelate soil nutrients and gain adequate nutrients when they are stressed. More cru-
cially, flavonoids influence quorum sensing, allowing bacteria to carry out their density-
dependent tasks [65]. Microbes employ phenolics and flavonoids as cross signals as part of
a chemical interaction to form a plant growth-promoting relationship with the host root.
Flavonoids, phenols, and proline operate as ROS scavengers inside the cell, a key step in
stress tolerance [66,67]. Apart from all these characteristics, the selected rhizobacterial effi-
ciently solubilize inorganic phosphate that helps the rhizobacteria to promote host growth
normally in a stressful environment [68]. Recent studies also found that PGPR alleviate
metal stress and enhance the agronomic attribute of the host. Moreover, they showed that
the height of plants increased by 22–50% after inoculation with SS6, SS1, and SS3 exposed
to Cr (20, 30, and 40 ppm) compared with the non-inoculated plants [27,69]. In another
study, the application of P. aeruginosa strain OSG41, even with three times concentration
of chromium, increased the dry matter accumulation, symbiotic attributes (like nodule
formation), grain yield, and protein of chickpea compared with non-inoculated plants [30].

Susceptibility of sunflower seedlings was noted at elevated levels of Cr+6, exhibit-
ing serious consequences in terms of growth attributes, including low net assimilation
rate and relative growth rate (p < 0.05) [70]. The decrease was accompanied by a sharp
decline in the growth regulators, particularly IAA, GA, and SA, and a malfunctioned
antioxidant system, which is necessary for the normal growth and development of the
plant species [71]. Inability to produce enough phytohormones left sunflower seedlings at
the mercy of chromate toxicity, leading to reduced growth and higher accumulation of ROS.
Under such circumstances, the severity of chromate stress was further increased due to loss in
the ability of host plant species to scavenge ROS. Recently, the role of IAA was reported to aid
in stress acclimation; however, severe metal toxicity resulted in the degradation of IAA [72].

In the presence of Acinetobacter bouvetii P1, the seedlings had higher NAR and RGR
and were more tolerant to chromate stress than the uninoculated seedlings. Sunflower
seedlings received the aid of phytohormones from the associated rhizobacterial isolates,
which boost the host′s fitness to withstand harsh environments while growing normally.
Higher IAA levels are correlated with improved growth, yield, and stress tolerance of
the host plants. The same increasing pattern of total flavonoids production was noted
with Cr+6 elevation. The flavonoids act as metal chelators, help quenching reactive oxygen
species and act as a nonenzymatic antioxidant. With the inoculation of P1, a decreasing
pattern in the endogenous flavonoids was observed. Nonetheless, a concentration-based
increase in the exogenous flavonoids was also recorded. The lower accumulation and
higher exudation of flavonoids may be a strategy of the host plant to quench the metal in
the rhizosphere to avoid the possible phytotoxicity resulting from metal accumulation in the
plant body. In such conditions, flavonoids chelate the toxic metal as well as ROS quenchers
to detoxify the oxidative stress produced as a result of an excess of Cr+6 [73]. An interesting
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observation was the severe reduction in the total endogenous and exogenous phenolics
with chromate exposure of the host, making it susceptible to various biotic and abiotic
stresses [33]. Metal stress disturbs the shikimate pathway resulting in the lower production
of total phenolics. The phenolics act as a part of the defense system and detoxify the ROS,
working as a nonenzymatic antioxidant, and their decline leads to a susceptibility of the
host [74]. Plant growth-promoting associations of P1 improve the phenolic production of
the hosts and help to detoxify the metal, and subsequent oxidative impairment in the host,
acclimating the host to metal toxicity and subsequent oxidative damage [75].

Higher proline production is the key response to a stressful environment acting as an
osmolyte and nonenzymatic antioxidant to minimize the toxicity caused by the stressor.
Their endogenous and exogenous production was further improved with the application of
P1. The endogenous proline accumulation in the cell tends to protect the oxidative damage
and metal toxicity whereas, the increased exogenous proline tends to chelate metal in the
rhizosphere, thereby avoiding the uptake of the metal and preventing phytotoxicity and
subsequent oxidative damage [76,77].

In some instances, higher lignification is a tendency of the host to develop a physical
barrier to avoid the entry of such toxic substances. However, early hyper-lignification due
to abiotic stressors results in stunted growth in plants [78]. A recently published review [79]
suggested that hyper-lignification of the plant exposed to Cd stress sufficiently reduced the
entry of Cd into the plant’s cell. Another study found that, since Cd is primarily adsorbed
at the root level, the anatomy and molecular structure of the cell wall in root cells is a
critical parameter. Plant roots rich in suberin and lignin may be more impermeable to Cd
and therefore offer resistance to Cd absorption and translocation [80]. The same tendency
of root lignification was noticed in sunflower seedlings challenged with Cr+6. However,
the degree of lignification was not enough to completely exclude Cr+6 from the roots. The
rhizobacterium-associated seedlings had limited access to Cr+6, bringing lignification to a
normal level that further promotes normal cell division and elongation [81,82]. In short,
the P1 isolate helped the host plant restrict the entry of Cr+6. P1 also contributed towards
proline production to alleviate the stress and led to bioreduction of Cr+6, strengthened
antioxidant system of the host, improved host endogenous phytohormones pool, and
solubilized nutrients (phosphorous).

Apart from growth-promoting activities, P1 also interfered with the seedlings’ metal
uptake, contributing to a 90–95% decrease in seedlings’ Cr absorption. The ceased absorp-
tion of Cr+6 by root in Cr+6 supplemented Hoagland’s medium may be attributable to the
capacity of P1 to biotransform the highly toxic Cr+6 form to their least toxic Cr+3 form in
the host’s rhizosphere [83]. The application of P. aeruginosa strain OSG41 improved the
dry matter accumulation, symbiotic features (such nodule formation), grain production,
and protein contents of chickpea exposed to Cr+6 stress. The bioinoculant reduced Cr+6

absorption by 36, 38, and 40% in roots, shoots, and grains, respectively [30]. In addition to
a bioreduction in the rhizosphere, chromate reduction in plants also tended to occur with
isolate P1. Bioreduction of heavy metal is one of many PGPR approaches to counteract its
toxic impact because Cr+3 is an active human oligo-element [84–87]. Also, Cr+3 is relatively
less toxic, chiefly to the crops, and at small quantities (0.05 mg L−1), it may encourage
growth and production [88,89].

The capacity of P1 to enhance the vegetative attributes of sunflower seedlings stressed
by Cr+6 implied that chromate detoxification and limited absorption are not the predom-
inant phytostimulation process. Moreover, increased storage of enzymatic antioxidants
(CAT, APX, POD, and SOD) along with reduced glutathione (nonenzymatic) may have
scavenged the generated ROS in plants more efficiently to support their defensive mech-
anisms [90]. Evidence of improved ROS scavenging ability of rhizobacterium associated
sunflower seedlings was linked to the effective DPPH quenching potential and reduced
ROS accumulation. In plants, oxidative pressure can be recognized by enhanced production
of ROS under stress conditions due to lower production of several antioxidant enzymes
and higher malonaldehyde concentration [91,92] causing membrane disruption and hence
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leakage of essential electrolytes [93]. Therefore, the rhizobacterial isolate P1 in the current
scenario has supported the H. annuus in releasing significant amounts of enzymatic and
nonenzymatic antioxidants to detoxify the accumulated ROS and cease the MDA production
thus, preventing electrolyte leakage in stress conditions. Within unhealthy environments,
the activation of these enzymes scavenged the ROS, thereby enabling the plant to grow
healthy. The bacterial strain either contributes to, or triggers, the host to produce sub-
stantial quantities of antioxidants. Liu et al. [94] unveiled the RNA-seq data that FZB42
(a PGPR) triggered the overexpression of photosynthesis-related genes, improved ROS
scavenging machinery, osmoprotectants (trehalose and proline), Na1 translocation as well
as jasmonic acid, auxin, and ethylene signaling in salt stress conditions. In another experi-
ment, Bharti et al. [95] presented that Dietzia natronolimnaea STR1 inoculated salt-stressed
wheat plants expressed the TaWRKY10 gene. The WRKY TFs have indeed a significant role
in stress mitigation by adjusting the osmotic balance of cells, ROS detoxification processes,
and regulation of stress-related genes. The enhanced activities of defense-related enzymes
contributed to the bioprotection of plants against various biotic and abiotic stress factors.
This enhanced antioxidant production induces systematic resistance in the host plants.

In addition to the generation of antioxidants, colonizing roots of the host, and mini-
mizing metal uptake, the rhizobacteria P1 often releases proline on its own to facilitate the
host proline production and cope with elevated levels of metal stress [96]. Also, the strain
ably converted the Cr from an extremely toxic form (Cr+6) to a relatively less toxic form
(Cr+3), thus decreasing its entrance into the food chain and protecting the humans from the
toxic effects of chromate.

5. Conclusions

From the study, it is concluded that the use of plant growth-promoting rhizobacteria P1
is a sustainable way to improve host growth under Cr+6 stress. The stress-induced growth
reduction is accompanied by a decline in the endogenous pool of phytohormones and a
compromised antioxidant system reflected by enhanced accumulation of ROS. However,
the rhizobacterium A. bouvetii P1 association with sunflower seeds under Cr+6 stress
enables the host to withstand up to 1200 µg/mL of Cr+6 without compromising its growth.
Such seedlings have enough phytohormones and improved antioxidants (enzymatic and
nonenzymatic) to scavenge the ROS generated during Cr+6 stress. Mobilization of nutrients,
such as phosphate by the associated rhizobacterium, also supports the plant’s better
performance. Furthermore, P1 reduces Cr toxicity by making it unavailable to the plants,
and in doing so, P1 removes the Cr+6 from the food chain, protecting humans from the
toxic effects of Cr+6. With all this in mind, A. bouvetii can be used as a potent strain in field
trials instead of synthetic fertilizers that subsequently lead to soil deterioration.
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(PB) and their exudation by root (E/g of Roots).
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Abstract: The application of 10 µM methyl jasmonate (MeJA) for the protection of wheat (Triticum

aestivum L.) photosystem II (PS II) against heat stress (HS) was studied. Heat stress was induced
at 42 ◦C to established plants, which were then recovered at 25 ◦C and monitored during their
growth for the study duration. Application of MeJA resulted in increased enzymatic antioxidant
activity that reduced the content of hydrogen peroxide (H2O2) and thiobarbituric acid reactive
substances (TBARS) and enhanced the photosynthetic efficiency. Exogenous MeJA had a beneficial
effect on chlorophyll fluorescence under HS and enhanced the pigment system (PS) II system, as
observed in a JIP-test, a new tool for chlorophyll fluorescence induction curve. Exogenous MeJA
improved the quantum yield of electron transport (ETo/CS) as well as electron transport flux for each
reaction center (ET0/RC). However, the specific energy fluxes per reaction center (RC), i.e., TR0/RC
(trapping) and DI0/RC (dissipation), were reduced by MeJA. These results indicate that MeJA affects
the efficiency of PS II by stabilizing the D1 protein, increasing its abundance, and enhancing the
expression of the psbA and psbB genes under HS, which encode proteins of the PS II core RC complex.
Thus, MeJA is a potential tool to protect PS II and D1 protein in wheat plants under HS and to
accelerate the recovery of the photosynthetic capacity.

Keywords: antioxidant; methyl jasmonate; photosystem

1. Introduction

Wheat is the main cereal crop belonging to the Poaceae family, which contributes 30%
and 50% to the world grain production and grain trade, respectively [1]. Its quality and
yield are directly associated with countrywide food security [2]. However, wheat plants
often suffer heat stress, which affects their quality and utilization worldwide. India and
China alone are expected to show a decrease in wheat yield by 8% and 3%, respectively,
due to the rise in worldwide mean temperature by 1 ◦C. The impact of high temperature
on the growth of plants is due to the excess output of reactive oxygen species (ROS) that
damage the photosynthetic apparatus of plants by decreasing the rate of photosynthetic
electron transport, inactivating the pigment system (PS) II center, degrading pigments and
proteins, and eventually decreasing the yield [3]. ROS produced in chloroplasts as a result
of abiotic stress hinder the synthesis of D1 protein, a component of the PS II complex [4].
D1 is the main subunit of the complex which not only regulates the binding of cofactors,
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but also maintains the structure of the reaction center of PS II, engaged in essential charge
division and electron transport [5,6]. The D1 protein encoded by the chloroplast gene psbA
is the main target of damage under the environmental stress conditions. It was reported
that quick repair of D1 protein is essential for the efficient recovery of PS II [2,7]. Plants
contain established restoration mechanisms to check damage to PS II, but little is known
about the mechanisms of protection of the PS II system under heat stress.

The adaptive reaction of plants to oxidative stress consists in the rise of the activity
of antioxidants enzymes [8–10]. Remarkably, several studies reported the association
between antioxidant activity, heat tolerance, and plant hormones [3,11–13]. Among plant
hormones, jasmonates promotes protection from abiotic stresses. In particular, methyl
jasmonate (MeJA) has shown promising effects in the defense of plants under diverse
abiotic stresses [8,14,15]. Previous studies established that MeJA alleviated oxidative
stress by improving antioxidant enzymes activities [8,16]. Exogenous application of MeJA
protected Arabidopsis thaliana and Citrus reticulata × Citrus sinensis plants against the
inhibitory effect on chlorophyll (Chl) induced by copper and cadmium and promoted
photosynthetic activity [17,18]. Attaran et al. [19] reported that RNA sequencing and
chlorophyll fluorescence imaging were important in studying jasmonic acid effect on
photosynthetic capacity, growth, and gene expression in Arabidopsis. It has been reported
that D1 protein turnover is more rapid than that of any other protein in the thylakoid
membrane under light illumination [2]. This feature exposes PS II to photoinduced damage,
causing photoinhibition and reduction in photosynthetic efficiency. Henceforth, D1 protein
degradation, synthesis, and reinsertion into the PS II core complex represent an important
aspect of PS II dynamics [5,20].

The regulatory mechanisms by which MeJA protects the PS II system, particularly
through stabilization of D1 protein and regulation of relevant gene expression in wheat
leaves under heat stress have not been investigated. Therefore, the purpose of the present
study was to examine the effect of MeJA on the protection of the PS II complex, chlorophyll
fluorescence, activity of enzymatic antioxidants, D1 protein abundance, and photosynthetic
gene expression in wheat leaves under heat stress. Additionally, this study also investigated
how MeJA affected plant growth and CO2 assimilation in the leaves of heat-stressed wheat
plants. Our findings demonstrated that MeJA application can protect the PS II complex
from heat stress-induced damage by increasing the levels of enzymatic antioxidants and
accelerating the stability of D1 protein in wheat leaves.

2. Materials and Methods

Wheat (Triticum aestivum L.) cultivar HD 2329 (winter wheat) seeds were collected
from the Indian Agricultural Research Institute (IARI), New Delhi, surface-sterilized with
0.01% HgCl2 followed by 3–4 frequent washings with deionized water, and then seeded
in 14 cm diameter pots (14 cm diagonally to the top and 18 cm toward the bottom). The
pots were filled with 4 kg sterilized acid-washed fine sand with a particle size from 125 µm
to 250 µm and pH of about 7.0. The sand was first purified with a mixture of 17% w/v
hydrochloric acid and 1% oxalic acid in a sand digester (electrode boiler) for 6 h. After
that, the sand was washed with deionized water before being transferred to the pots. The
purification of sand was performed by the following the method of Hewitt et al. [21]. A
plant growth chamber (Khera KI-261, Khera Instruments Pvt. Ltd., New Delhi, India)
set with day/night temperatures of 25/17 ± 3 ◦C, 12 h photoperiod (Photosynthetically
Active Radiation; PAR; 350 µmol m−2 s−1), and 65 ± 5% relative humidity was used. Three
plants were kept in each pot and were given 300 mL Hoagland’s solution (full strength) on
alternate days. In the experimentation, the heat stress treatment was applied to 3–4 leaves
at emergence stage by exposing the plants to 42 ◦C every day for 6 h for 10 DAS (days after
sowing). After that, the plants were recovered at 25 ◦C (no stress; optimum temperature)
and were grown for 5 more days. The experimentation continued for 30 days. Plants were
supplied with Hoagland’s nutrient solution alternatively in the morning. The control group
of plants for each pot was kept for 30 days at 25 ◦C throughout the experimental duration.
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The plants were sprayed with 5, 10, and 20 µM MeJA (Sigma Aldrich, St. Louis, MO, USA)
in the absence (25 ◦C) or presence (42 ◦C) of heat stress at 15 DAS with a hand sprayer.
Plants were sampled for the determination of oxidative stress, growth, and photosynthetic
characteristics 30 DAS. A detailed examination on the effects of 10 µM MeJA (selected on
the basis of the concentrations used in the experiment) in the alleviation of heat stress was
performed. The MeJA solution and control distilled water were sprayed along with 0.5%
surfactant Teepol. The randomized complete block design was adopted for the treatments,
and the number of replicates for every treatment was four (n = 4). At the vegetative growth
stage, the leaves were sampled and preserved (−80 ◦C) for physio-biochemical analyses,
to examine antioxidant enzyme activities and photosynthetic pigments, Western blotting,
and quantitative reverse transcription polymerase chain reaction (qRT-PCR) quantification.
Harvesting was done 30 DAS, and it was assured that leaves were taken at a similar stage
for the measurements.

2.1. Measurement of Reactive Oxygen Species Content and Lipid Peroxidation

Superoxide radicals (O2
−) content was estimated with the method of Bu et al. [22]

and Lang et al. [14] with slight changes. Fresh leaf tissues (200 mg) were treated with 1 mL
hydroxylamine hydrochloride for 1 h, after which, 1 mL each of α-naphthylamine and p-
aminobenzene sulfonic acid was added, and the solution was kept at 25 ◦C for 20 min. The
absorbance of the solution was recorded at 530 nm, and the O2

−content was calculated from
a calibration curve using NaNO2 as the standard. Determination of hydrogen peroxide
(H2O2) was performed by the technique of Okuda et al. [23]. Fresh leaf tissues (200 mg)
were ground in ice-cold 200 mM perchloric acid, followed by centrifugation at 1200× g for
10 min. After centrifugation, perchloric acid in the supernatant was neutralized with 4 M
KOH, and the insoluble potassium perchlorate was eliminated by further centrifugation at
500× g for 3 min. The reaction mixture contained 1 mL of the eluate, 400 µL of 12.5 mM
3-(dimethylamino) benzoic acid in 0.375 M phosphate buffer (pH 6.5), 80 µL of 3-methyl-
2-benzothiazoline hydrazone, and 20 µL of peroxidase (0.25 unit) in a final volume of
1.5 mL. The reaction was started by the addition of peroxidase at 25 ◦C, and the increase in
absorbance was recorded at 590 nm.

Lipid peroxidation was estimated by assessing thiobarbituric reactive substances
(TBARS), as per Dhindsa et al. [24]. Fresh leaf tissues were ground in 0.25% 2-thiobarbituric
acid (TBA) in 10% trichloroacetic acid (TCA) using mortar and pestle. After heating at 95 ◦C
for 30 min, the mixture was quickly cooled in an ice bath and centrifuged at 10,000× g
for 10 min. To 1 mL aliquot of the supernatant, 4 mL 20% TCA containing 5% TBA was
added. The absorbance of the supernatant was read at 532 nm and corrected for nonspecific
turbidity by subtracting the absorbance of the same at 600 nm. The content of TBARS was
calculated using the extinction coefficient (155 mM−1 cm−1).

2.2. Assay of Antioxidant Enzymes Activities

The activity of enzymatic antioxidant catalase (CAT) was estimated following the
procedure of Aebi [25] by monitoring the disappearance of H2O2 at 240 nm. The activity
was calculated by using the extinction coefficient of 0.036 mM−1 cm−1. One unit of enzyme
is the amount necessary to decompose 1 µmol of H2O2 per min at 25 ◦C.

The activity of ascorbate peroxidase (APX) was calculated according to Foyer and
Halliwell [26] by the decrease in absorbance of ascorbate at 290 nm. The assay mixture
contained phosphate buffer (50 mM, pH 7.0), 0.1 mM EDTA, 0.5 mM ascorbate, 0.1 mM
H2O2, and the enzyme extract. The activity of APX was calculated by using the extinc-
tion coefficient of 2.8 mM−1 cm−1. One unit of the enzyme is the amount necessary to
decompose 1 µmol of substrate per min at 25 ◦C.

The activity of glutathione reductase (GR) was determined according to Nakano and
Asada [27] by monitoring the glutathione-dependent oxidation of nicotinamide adenine
dinucleotide phosphate (NADPH) at 340 nm. The assay mixture contained phosphate
buffer (25 mM, pH 7.8), 0.5 mM oxidized glutathione (GSSG), 0.2 mM NADPH, and the
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enzyme extract. The activity of GR was calculated by using the extinction coefficient of
6.2 mM−1 cm−1. One unit of enzyme is the amount necessary to decompose 1 µmol of
NADPH per min at 25 ◦C. The details of the method were described before by Fatma
et al. [28–30].

Superoxide dismutase (SOD) activity was assayed by the method of Giannopolitis
and Ries [31] also used by Beyer and Fridovich [32], with slight alterations, by monitoring
the inhibition of photochemical reduction of nitro blue tetrazolium (NBT). Five mL of the
reaction mixture containing 5.0 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
HEPES) having pH 7.6, 0.1 mM ethylene diaminetetraacetic acid (EDTA), 50 mM Na2CO3
(pH 10.0), 13 mM methionine, 0.025% (v/v) triton X-100, 63 µmol NBT, 1.3 µmol riboflavin,
and the enzyme extract was illuminated for 15 min (360 µmol m−2 s−1). A control set of
experiments was also illuminated for correcting the background absorbance. A unit of
SOD was defined as the amount of enzyme that inhibited NBT reduction by 50% at 560 nm.

2.3. Protein and Pigment Analysis

Fresh leaves (100 mg) were placed in 90% ammoniacal acetone for the determination
of pigments and analyzed as described by Porra et al. [33]. The carotenoid content was
calculated according to the method by Wellburn and Lichtenthaler [34], and Bradford [35]
method was used for the estimation of total protein content, using bovine serum albumin
as a standard.

2.4. Chlorophyll a Fluorescence Measurement

A Junior-PAM chlorophyll fluorometer (Heinz Walz GmbH, Eichenring, Effeltrich,
Germany) was employed for the determination of chlorophyll fluorescence at room tem-
perature. Leaves (mostly from the top of the plants) were adapted to the dark for 20 min
before the fluorescence measurements [36]. Maximum (Fm) and minimal fluorescence
(Fo) were studied in dark-adapted leaves with a light intensity of 131 µmol m−2 s −1 (low
beam intensity). In the light-adapted state, maximum fluorescence (Fm’) and minimal
fluorescence (Fo’) were computed in similar leaves using a saturating light intensity at
830 µmol m−2 s−1, well balanced with steady-state fluorescence (Fs). The fluorescence val-
ues Fm-Fo and Fm’-Fo’ were used for the calculation of variable fluorescence (Fv and Fv’).
The intrinsic efficiency of the PS II system indicated by Fv’/Fm’ and the actual PS II effi-
ciency indicated by Fm’-Fs/Fm’ were calculated. Moreover, nonphotochemical (NPQ) and
photochemical quenching (qP) were evaluated by using fluorescence parameters estimated
in both light- and dark-adapted conditions [37].

2.5. Analysis of OJIP Chlorophyll a Fluroscense Transient

Chlorophyll fluorescence transient was calculated in leaves dark-adapted for 20 min
at room temperature by a Handy PEA (Plant Efficiency Analyzer, Hansatech Instruments,
King’s Lynn, Norfolk, UK). Chlorophyll fluorescence transients were computed using
light excitation (at 650 nm) at high intensity (3500 µmol photons m−2 s −1) up to 2 s, with
the help of an array of 3 LEDs. The OJIP transient data were first described by Strasser
et al. [38]. O (beginning) was the initial minimum fluorescence (measured), which was
accompanied by an increase toward the J level (2 ms), an inflection I (30 ms), and finally
the peak p (300 ms). The OJIP transient data were calculated by the JIP test as defined by
Govindjee [39], Stirbet, et al. [40] and Chen et al. [41]. The parameters labelled as Fv/Fo
(variable to minimal fluorescence) which reflect the water-splitting complex activity taking
place on the donor side of PS II, Fv/Fm (variable to maximal fluorescence), RC/ABS (ratio
of reaction centers (RCs) to PS II antenna absorption), performance index (PI), and Area, i.e.,
the area above the chlorophyll fluorescence curve among Fo and Fm, which estimates the
plastoquinone pool size, were analyzed by Biolyzer 4 HP (Version 4.0.30.03.02, Bioenergetics
Laboratory, University of Geneva, Geneva, Switzerland) and PEA plus software (Version
1.02, Hansatech Instruments, King’s Lynn, Norfolk, UK). PI indicates a grouping of three
self-regulating efficient phases of photosynthesis, i.e., RCs, indicating chlorophyll density,
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trapping of excitation energy, change of excitation energy toward the electron transport
according to a particular many-parametric expression [42], and was determined as PIABS:
RC/ABS * PHIo/(1 − PHIo) * PSIo/(1 − PSIo), where RC/ABS is the RCs density for each
PS II antenna chlorophyll, PHI is the quantity of excitons trapped per photon absorbed,
and PSIo is the possibility of an electron transfer for the entire the way to PS I [38]. The
fluorescence transients were normalized to Fo (at O level) for the calculation the OJIP data
from different treatments. Additionally, the JIP test was performed for the parameters of
the OJIP transient to quantify PS II behavior, which was established on the energy fluxes
and yields. Therefore, for (A), the specific energy fluxes (per RC) as (i) Trapping (TR0/RC);
(ii) Dissipation (DI0/RC), and (iii) Electron transport (ET0/RC) and for (B), the yields as
quantum yield of electron transport (ETo/CS) were analyzed.

2.6. Photosynthetic and Growth Parameters

Photosynthetic efficiency determined as net photosynthesis (Pn), intercellular CO2 con-
centration (Ci) and stomatal conductance (gs), was determined in the entirely developed
uppermost plants leaves for each treatment by an Infrared Gas Analyzer (model CID-340; Bio-
Science, Camas, WA, USA). The measurements were completed at 350 µmol photons m−2 s−1

with a CO2 concentration of 370 ± 5 µmol mol−1 and relative humidity of 65 ± 5% at tem-
perature 25 ◦C.

Estimation of leaf area was done by a leaf area meter (model LA-211; Systronics,
New Delhi, India), while plant fresh weight was measured by using a digital scale (Sartorius,
Göttingen, Germany). For measuring dry weight, the plants were dried in an oven at 80 ◦C
till constant weight.

2.7. Western Blot Analysis

Fresh leaves (1 g) were crushed in liquid nitrogen to obtain a fine powder for the
extraction of the thylakoid protein, as described by Zhao et al. [2] with slight modifica-
tions. For Western blot assay, Chl was measured in the thylakoid membrane extracts,
and thylakoid proteins (20 µg) having equal Chl were separated by 15% sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) using 6 M urea and afterward
blotted on nitrocellulose membranes [43]. D1 protein immunodetection was conducted
using a polyclonal antibody raised against it according to a previous report [2,44]. The mem-
branes were incubated for 2 h with primary anti-psbA antibodies (PhytoAB, San Francisco,
CA, USA) and then incubated again with horseradish peroxidase-conjugated anti-rabbit
IgG antibodies (PhytoAB, San Francisco, CA, USA) for 2 h. The housekeeping α-tubulin
protein was used as an internal loading control for normalization. Pierce ECL plus substrate
(Thermo Fisher Scientific, New Delhi, India) was used for the detection of the target protein.
Blots were captured on X-ray films and quantified using Image J software (Version 1.52,
Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).

2.8. Quantitative RT-PCR Analysis

Fresh crushed leaves (approximately 100 mg) were used for gene expression analysis.
According to the instruction given in the kit, total RNA was purified by Trizol reagent
(Invitrogen, Carlsbad, CA, USA) after the extraction. Nearly 0.2 µg RNA was utilized for
combining the first-strand cDNA with M-MLV reverse transcriptase (Promega, Madison,
WI, USA) using an oligo (dT) primer. At that time, through gel electrophoresis, the quality
of cDNA was examined, and the samples were kept at −80 ◦C for qRT PCR. For the study
of gene expression, specific primers were designed (Table 1), and the fluorescent dye SYBR
Green (Toyobo, Osaka, Japan) was used. After that, according to the manual, real-time
PCR was performed using the real-time PCR Master Mix (Toyobo, Osaka, Japan). The
housekeeping tubulin (TUB) gene worked as an internal control. The relative amount of
the target gene expression was determined by the procedure of Chen et al. [45].
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Table 1. Primer sequences and data used for RT-PCR analyses.

Gene
Encoded

Polypeptide
Gene ID

Forward(F)
/Reverse (R)

Primer Sequences
(5′–3′)

Size
(bp)

psbA D1 protein 7095419 F
R

GTATTTATTATCGCCTTCATCG
AGGACGCATACCCAAACG 284

psbB CP47 7095420 F
R

TAGGCGTAACGGTGGA
AACATCTCGGAACAAGG 254

psbC CP43 7095484 F
R

TAATACGGCTTATCCGAGTGAGTTT
TCTTGCCAAGGTTGTATGTCTTT 288

Zhang et al. [6]; Chen et al. [45].

2.9. Statistical Analysis

Data were evaluated statistically using analysis of variance (ANOVA) and Tukey’s
(post-hoc multiple comparison) test at p < 0.05 or p < 0.01 by SPSS 17.0 software (SPSS Inc.,
Chicago, IL, USA) for Windows. Data are presented as mean ± SE (n = 4).

3. Results

3.1. Screening of MeJA Concentration for Protection of Plants against Heat-Induced
Oxidative Stress

The effect of different concentrations of MeJA on photosynthesis and growth was
studied to assess the MeJA requirement of the crop under heat stress. Previous studies
showed that MeJA plays a significant role in determining photosynthesis and growth of
plants under stress [8,11]. We tested different concentrations of MeJA (5, 10, and 20 µM) to
select the best concentration for maximum alleviation of heat stress. Application of 5 µM
MeJA in comparison with heat stress, reduced H2O2 content and enhanced total protein
content, Pn, plant fresh weight, but the results were statistically similar to those recorded
for the control. In contrast, the application of 20 µM MeJA notably increased H2O2 content,
declined net photosynthesis, total protein content, and plant fresh weight compared to
control under no stress and with heat stress (Table 2). Moreover, the results were different
with the spraying of 10 µM MeJA. Application of 10 µM MeJA more effectively minimized
H2O2 content by 76.6% and 48.6% under no stress compared to heat stress and control,
respectively. The maximum reduction in H2O2 content by 81.4% and 59.2% was obtained
with 10 µM MeJA under heat stress compared to heat stress and control, respectively
(Table 2). Application of 10 µM MeJA also increased total protein, Pn, and plant fresh
weight by 24.1%, 23.8%, and 25.4% under no stress compared to control. Application of
10 µM MeJA to heat-stressed plants increased total protein content, Pn, and plant fresh
weight maximally by 35.6%, 37.5%, and 32.7%, respectively, in comparison with the control;
differences were significantly greater with both concentrations of 5 and 20 µM MeJA under
no stress and heat stress (Table 2). This showed that the requirements of plants were met
with 10 µM MeJA under heat stress.

3.2. MeJA Enhanced Antioxidant Enzymes Activity and Reduced Oxidative Damage under
Heat Stress

Earlier studies have shown that MeJA decreases the accumulation of oxidative stress
by increasing the activity of antioxidant enzymes under stress [14]. However, reports on
the effects of MeJA on antioxidant enzymes and the content of O2

−, H2O2, and TBARS
under heat stress in wheat are less studied. Therefore, we tested the effect of MeJA on O2

−,
H2O2, and TBARS content to determine the potential of MeJA in reducing oxidative stress.
We found that plants under heat stress showed a rise in the content of H2O2 by more than
two-fold and of TBARS by about three-fold compared to control plants. Treatment with
MeJA decreased oxidative stress by reducing O2

−, H2O2, and TBARS by 23.2%, 12.6%, and
12.1% under no stress and by 43.6%, 42.4%, and 50% in heat-stressed plants, respectively,
compared to control (Table 3). The results showed that in comparison with heat stress, the
application of MeJA to heat stress-treated plants had more significantly different effects
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than its application under no stress, decreasing O2
−, H2O2, and TBARS by 59.6%, 76.3%,

and 83.7%, respectively.

Table 2. Content of H2O2 and total protein, net photosynthesis, and plant fresh weight of wheat leaves 30 DAS. Plants
were treated with MeJA (5, 10, and 20 µM) at 42 ◦C (heat stress) or 25 ◦C (no stress). Data are presented as mean ± SE
(n = 4). Significantly different values between control and treatments are marked with an asterisk (* p < 0.05, ** p < 0.01,
*** p < 0.001), determined by Tukey’s test. DAS, days after sowing; FW, fresh weight; HS, heat stress; H2O2, hydrogen
peroxide; MeJA, methyl jasmonate.

Treatments
H2O2 Content

(nmol g−1 Leaf FW)
Total Protein

(mg g−1 Leaf FW)
Net Photosynthesis

(µmol CO2 m−2 s−1)
Plant Fresh Weight

(g Plant−1)

Control 15.2 ± 0.89 8.70 ± 0.86 16.8 ± 0.82 3.85 ± 0.12
HS 33.4 ± 0.98 ** 3.60 ± 0.42 ** 10.9 ± 0.56 ** 1.55 ± 0.06 **

5 µM MeJA 10.6 ± 0.76 * 9.60 ± 0.88 18.1 ± 0.93 4.07 ± 0.11
10 µM MeJA 07.8 ± 0.56 ** 10.8 ± 1.21 * 20.8 ± 0.96 ** 4.83 ± 0.19 *
20 µM MeJA 19.3 ± 0.84 * 5.84 ± 0.65 ** 11.2 ± 0.64 ** 2.83 ± 0.08 *

5 µM MeJA + HS 17.2 ± 0.73 6.65 ± 0.73 * 13.1 ± 0.71 * 3.79 ± 0.09
10 µM MeJA + HS 06.2 ± 0.66 ** 11.8 ± 1.42 ** 23.1 ± 0.97 *** 5.11 ± 0.22 **
20 µM MeJA+ HS 40.1 ± 1.02 ** 2.73 ± 0.13 ** 09.2 ± 0.54 *** 1.29 ± 0.05 **

Table 3. Production rate of superoxide radicals (O2
−), content of H2O2, TBARS, activity of CAT, SOD, APX, and GR in

wheat leaves at 30 DAS. Plants were treated with MeJA (10 µM) at 42 ◦C (heat stress) or 25 ◦C (no stress). Data are presented
as mean ± SE (n = 4). Significantly different values between control and treatments are marked with an asterisk (* p < 0.05,
** p < 0.01, *** p < 0.001), as determined by Tukey’s test. APX, ascorbate peroxidase; CAT, catalase; DAS, days after sowing;
FW, fresh weight; GR, glutathione reductase; HS, heat stress; H2O2, hydrogen peroxide; MeJA, methyl jasmonate; SOD,
superoxide dismutase; TBARS, thiobarbituric acid reactive substances.

Treatments

Parameters Control HS MeJA MeJA + HS

Production rate of O2
−

(µmol g FW−1 min−1) 0.801 ± 0.05 1.118 ± 0.080 ** 0.611 ± 0.060 * 0.451 ± 0.02 **

H2O2 content
(nmol g−1 leaf FW) 35.60 ± 1.60 86.80 ± 02.40 *** 31.10 ± 01.1 * 20.50 ± 0.09 **

TBARS content
(nmol g−1 leaf FW) 08.2 ± 0.12 25.3 ± 0.19 ** 07.2 ± 0.09 * 04.1 ± 0.07 **

CAT activity
(U mg−1 protein min−1) 119 ± 3.70 144 ± 4.00 * 210 ± 4.30 ** 222 ± 5.10 **

SOD activity
(U mg−1 protein min−1) 05.34 ± 0.08 07.66 ± 0.11 * 10.62 ± 0.18 ** 11.5 ± 0.21 **

APX activity
(U mg−1 protein min−1) 1.12 ± 0.04 1.57 ± 0.09 * 2.58 ± 0.11 ** 2.72 ± 0.11 ***

GR activity
(U mg−1 protein min−1) 0.197 ± 0.005 0.231 ± 0.008 * 0.288 ± 0.009 ** 0.318 ± 0.01 ***

Heat stress augmented the activity of enzymatic antioxidants including CAT, SOD,
APX, and GR by 21.0%, 43.4%, 40.1%, and 17.2%, respectively compared to control. Exoge-
nous MeJA under no stress increased the activity of enzymatic antioxidants (CAT, SOD,
APX, and GR) by 45.8% and 76.4%, 38.6% and 98.8%, 64.3% and 130.3%, and 24.6% and
46.1% as compared to heat stress and control, respectively. However, when heat-stressed
plants were treated with MeJA, a maximum increase in the activity of CAT, SOD, APX,
and GR was observed, corresponding to 54.1% and 86.5%, 50.1% and 115.3%, 73.2% and
142.8%, and 37.6% and 61.4% in comparison to heat-stress plants and control, respectively
(Table 3). These results indicated that MeJA alleviation of oxidative stress was associated
with increased activity of enzymatic antioxidants in wheat subjected to heat stress.

203



Antioxidants 2021, 10, 1216

3.3. Pigments and Protein Content

Methyl jasmonate has been recognized as an important signal molecule that increases
pigment and protein content in response to the different stresses [8,11]. Therefore, we
studied the effects of MeJA on the pigment and protein content of plants under heat
stress (Table 4). The results showed that heat stress treatment decreased Chl a, Chl b, Chl
a-to-Chl b ratio, and total Chl content by 26.6%, 17.4%, 10.8%, and 25.1%, respectively,
compared to control. The carotenoid content also decreased by 12.4% in heat-stressed
plants. Application of MeJA under no stress enhanced the protein and pigment content
significantly as compared to heat stress, but statistically the increase in Chl content was
almost similar to what observed for the control under no stress. However, the application
of MeJA in the presence of heat stress maximally enhanced Chl a, Chl b, Chl a-to-Chl b ratio,
total Chl, and carotenoid content by 52.7% and 12.4%, 27.5% and 5.3%, 19.7% and 6.8%,
48.2% and 10.9%, and 63.3% and 43.0% compared to heat stress and control, respectively,
and showed significantly more different results with respect to control, heat stress, and
application of MeJA under no stress. Similarly, the protein content also increased upon
MeJA application by 38.3% and 213.1% under heat stress in comparison to heat stress and
control, respectively (Table 4).

Table 4. Content of Chl a, Chl b, Chl (a/b) ratio, total Chl, and carotenoids in wheat leaves at 30 DAS. Plants were treated
with MeJA (10 µM) at 42 ◦C (heat stress) or 25 ◦C (no stress). Data are presented as mean ± SE (n = 4). Significantly different
values between control and treatments are marked with an asterisk (* p < 0.05, ** p < 0.01, *** p < 0.001), as determined by
Tukey’s test. Chl, chlorophyll; DAS, days after sowing; FW, fresh weight; HS, heat stress; MeJA, methyl jasmonate.

Treatments

Parameters Control HS MeJA MeJA + HS

Chl a (mg g−1 Leaf FW) 1.71 ± 0.06 1.26 ± 0.04 ** 1.75 ± 0.06 * 1.92 ± 0.08 **
Chl b (mg g−1 Leaf FW) 0.45 ± 0.01 0.37 ± 0.01 ** 0.46 ± 0.02 0.47 ± 0.04 *

Chl (a/b) 3.79 ± 1.70 3.38 ± 1.56 ** 3.80 ± 1.73 4.05 ± 1.77 **
Total chl (mg g−1 Leaf FW) 2.15 ± 0.07 1.62 ± 0.04 ** 2.21 ± 0.07 * 2.39 ± 0.08 **

Carotenoids (mg g−1 Leaf FW) 0.44 ± 0.01 0.38 ± 0.01 ** 0.49 ± 0.02 * 0.63 ± 0.05 ***
Total protein (mg g−1 Leaf FW) 08.60 ± 1.18 03.80 ± 1.09 ** 10.90 ± 1.39 ** 11.90 ± 1.42 **

3.4. Influence of MeJA on Chlorophyll a Fluorescence

Since previous studies have reported that MeJA repaired PS II in mustard and en-
hanced the photosynthetic efficiency of the system [15], we investigated the effect of MeJA
on chlorophyll a fluorescence. Till date, there is no report available on the effect of MeJA
on chlorophyll fluorescence under heat stress in wheat. Plants grown under heat stress
exhibited reduced intrinsic PS II efficiency, actual PS II efficiency, and qP by 15.3%, 59.6%,
and 33.3%, respectively, compared to control, and NPQ increased by 74.0%. Exogenous
MeJA enhanced the above parameters significantly in comparison with heat-stressed plants,
under no stress. However, a maximum increase in intrinsic PS II efficiency, actual PS II
efficiency, and qP by 26.3% and 6.9%, 166.2% and 7.3%, and 109.4% and 39.6%, and a decline
in NPQ by 70.7% and 49.0% was obtained with MeJA under heat stress, respectively, in
comparison to heat stress and control (Figure 1A–D). These observations showed that MeJA
increased the photosynthetic efficiency of PS II under heat stress.

It was interesting to note that MeJA was more effective under heat stress as compared
to control. Possibly, efficient MeJA signaling is activated under heat stress. The chlorophyll
fluorescence parameters varied under different treatments. Chlorophyll fluorescence
increased from a minimum level (“O” or Fo) towards a maximum level (“p” or Fm). The
results showed that in response to heat stress treatment, Fv/Fm and the diameter of leaves
decreased to a very large degree, whereas for the MeJA-treated leaves, the results were
reversed (Table 5). In heat-treated plants, both Fo and Fm decreased, and the O–J, J–I,
and I–P phases showed lower amplitudes, in comparison to those in with MeJA-treated
plants under control or heat stress. The OJIP curves were normalized at Fo to determine
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the changes in the fluorescence kinetics and show relative variable fluorescence vs. time on
a logarithmic time ruler (Figure 2).

−

Figure 1. Intrinsic PS II efficiency (A), actual PS II efficiency (B), photochemical quenching (C), and non-photochemical
quenching (D) in wheat leaves at 30 DAS. Plants were treated with MeJA (10 µM) at 42 ◦C (heat stress) or 25 ◦C (no stress).
Data are presented as mean ± SE (n = 4). Significantly different values are marked with an asterisk between control and
treatments (* p < 0.05, ** p < 0.01, *** p < 0.001), as determined by Tukey’s test. DAS, days after sowing; HS, heat stress;
MeJA, methyl jasmonate.

Table 5. Chl a fluorescence measurement in wheat leaves at 30 DAS. Plants were treated with MeJA (10 µM) at 42 ◦C (heat
stress) or 25 ◦C (no stress). Minimal fluorescence (Fo), maximal fluorescence (Fm), maximal variable fluorescence (Fv), and
Fv/Fm ratio, where Fv = (Fm−Fo), reaction center-to-PS II antenna absorption ratio (RC/ABS), performance index (PI),
and Area, region above the chlorophyll fluorescence OJIP curve between Fo and Fm. Data are presented as mean ± SE
(n = 4). Significantly different values between control and treatments are marked with an asterisk (* p < 0.05, ** p < 0.01,
*** p < 0.001), as determined by Tukey’s test. DAS, days after sowing; HS, heat stress; MeJA, methyl jasmonate.

Treatments

Parameters Control HS MeJA MeJA + HS

Fo 206 ± 03.80 187 ± 03.50 ** 241 ± 04.10 ** 246 ± 04.40 **
Fm 935 ± 07.30 816 ± 06.20 * 1258 ± 08.10 ** 1350 ± 08.50 ***

Fv/Fo 2.863 ± 0.018 2.709 ± 0.011 * 3.445 ± 0.021 ** 3.639 ± 0.026 **
Fv/Fm 0.780 ± 0.04 0.760 ± 0.04 * 0.808 ± 0.05 ** 0.817 ± 0.05 **

RC/ABS 0.831 ± 0.07 0.754 ± 0.04 * 0.956 ± 0.08 ** 0.992 ± 0.08 **
PI 1.675 ± 0.014 1.383 ± 0.009 * 2.423 ± 0.021 ** 2.734 ± 0.023 ***

Area 21,744 ± 505 15,989 ± 421 * 23,100 ± 539 24,907 ± 611 *
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Figure 2. Chlorophyll fluorescence of OJIP curve in wheat leaves at 30 DAS. Plants were treated with MeJA (10 µM) at 42 ◦C
(heat stress) or 25 ◦C (no stress). Data are presented as mean ± SE (n = 4). DAS, days after sowing; HS, heat stress; MeJA,
methyl jasmonate.

These results suggested that heat stress influenced chlorophyll fluorescence, as pre-
sented in OJIP curves (Figure 2). The fluorescence parameters Fo, Fm, Fv/Fm, and Fv/Fo
decreased by 9.2%, 12.7%, 2.6%, and 4.9%, respectively, compared to control under heat
stress. Nevertheless, the fluorescence parameters were higher with the application of MeJA
to heat-stressed leaves by 31.5% and 19.4%, 65.4% and 44.3%, 7.5% and 4.7%, and 34.5%
and 26.8%, respectively, compared to heat stress and control. Heat treatment decreased
PI by 17.4%, but in MeJA-treated plants under heat stress it increased by 97.6 and 63.2%
compared to heat stress and control, respectively. These results indicate the beneficial
effect of MeJA compared to control and heat-stressed plants. The ratio of RC/ABS, which
reveals RCs density of the PS II antenna chlorophyll, was higher in MeJA-treated plants in
heat stress by 19.3%, which decreased by 9.3% under heat stress compared to control. The
leaves treated with MeJA were more resistant to heat stress and reduced-heat adversities
with respect to chlorophyll fluorescence. The area over the OJIP curve, between Fo and
Fm, decreased upon heat stress treatment by 26.4% but increased by 55.7% and 14.5% in
MeJA-treated leaves compared to heat stress and control, respectively (Table 5; Figure 2),
again confirming the benefits of the MeJA treatment in heat-stressed wheat.

Additionally, other parameters were analyzed to specify energy fluxes (per RC) and
yield, as shown in Figure 3A–D. Energy fluxes (per RC), i.e., TR0/RC (trapping) and
DI0/RC (dissipation), were higher under heat stress. However, trapping and dissipa-
tion per RC were reduced significantly after the application of MeJA under heat stress
(Figure 3A,B). There were noticeable effects on ET0/RC (electron transport flux per RC)
and yield, indicated by ETo/CS (quantum yield of electron transport), after MeJA treatment
under heat stress, as MeJA increased these values by 14.7% and 9.61% and 111.6% and
63.5% compared to heat stress and control, respectively (Figure 3C,D).
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Figure 3. Photosynthetic parameters inferred from the JIP test study of chlorophyll fluorescence
transients. Change of specific energy fluxes per PS II reaction center (RC) as (A) Trapping (TR0/RC),
(B) Dissipation (DI0/RC), and (C) Electron transport (ET0/RC) and for (D) yields as quantum yields
of electron transport (ETo/CS) in wheat leaves at 30 DAS. Plants were treated with MeJA (10 µM)
at 42 ◦C (heat stress) or 25 ◦C (no stress). Data are presented as mean ± SE (n = 4). Significantly
different values between control and treatments are marked with an asterisk (* p < 0.05, ** p < 0.01),
as determined by Tukey’s test. DAS, days after sowing; HS, heat stress; MeJA, methyl jasmonate.

3.5. Impact of MeJA on Photosynthesis and Growth under Heat Stress or without Stress

Earlier studies have shown that MeJA regulates many aspects of plant development
by involving photosynthetic characteristics [15,18]. We investigated the role of MeJA in
improving the photosynthetic capacity in wheat. It has been reported that MeJA exerts a
positive effect in response to abiotic stress [11,14]. To test the role of MeJA on photosynthesis
and growth under heat stress, we treated wheat plants with 10 µM MeJA. Our results
showed that heat stress-treated plants showed a decline in Pn, Ci, and gs by 34.5%, 30.4%,
and 26.4%, respectively, compared to control. Application of MeJA significantly increased
these parameters (Pn, Ci, and gs) under normal conditions compared to heat stress and
control. However, MeJA treatment maximally benefitted the plants under heat stress and
maximally alleviated the reduction in Pn, Ci, and gs by 112.2% and 38.8%, 75.6% and
22.1%, and 65.3% and 21.6% compared to heat stress and control, respectively. These results
verified that MeJA could increase the photosynthetic efficiency under heat stress. Heat
stress reduced leaf area, plant fresh and dry mass by 43.3%, 47.4%, and 42.9%, respectively,
compared to control. An individual dose of MeJA was effective in increasing leaf area,
plant fresh and dry mass in the lack of heat stress. However, the maximal increase in the
leaf area and plant fresh and dry mass by 32.6%, 34.6%, and 34.9% compared to control was
noted with the application of MeJA to the heat-treated plants and proved more effective in
lessening the effect of heat stress in wheat plants (Table 6).
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Table 6. Net photosynthesis, intercellular CO2 concentration, stomatal conductance, leaf area, plant fresh and dry weight of
wheat leaves at 30 DAS. Plants were treated with MeJA (10 µM) at 42 ◦C (heat stress) or 25 ◦C (no stress). Data are presented
as mean ± SE (n = 4). Significantly different values between control and treatments are marked with an asterisk (* p < 0.05,
** p < 0.01, *** p < 0.001), determined by Tukey’s test. Chl, chlorophyll; DAS, days after sowing; FW, fresh weight; HS, heat
stress; MeJA, methyl jasmonate.

Treatments

Parameters Control HS MeJA MeJA + HS

Net photosynthesis
(µmol CO2 m−2 s−1) 16.2 ± 0.91 10.6 ± 0.52 *** 20.5 ± 095 ** 22.5 ± 0.99 ***

Intercellular CO2 concentration
(µmol CO2 mol−1) 230 ± 9.1 160 ± 7.3 ** 258 ± 10.3 ** 281 ± 11.1 **

Stomatal conductance
(mmol H2O m−2 s−1) 310 ± 12.3 228 ± 8.7 ** 345 ± 13.5 ** 377 ± 14.1 **

Leaf area
(cm2 Plant−1) 106 ± 4.1 60.1 ± 2.9 *** 123 ± 4.3 ** 140.6 ± 4.9 ***

Plant fresh weight
(g Plant−1) 5.37 ± 0.09 2.82 ± 0.05 ** 6.01 ± 0.10 * 7.23 ± 0.11 **

Plant dry weight
(g Plant−1) 0.808 ± 0.04 0.461 ± 0.01 ** 0.897 ± 0.06 * 1.090 ± 0.09 **

3.6. Effect of MeJA on D1 Protein Content Abundance and Gene Expression Relevant to the
Photosynthetic System

The D1 protein constitutes the core of the PS II reaction center [2,5], and many studies
have indicated that the PS II center in chloroplasts is the part that is the most easily damaged
by environmental stresses [9]. Therefore, to identify the role of MeJA in the PS II system and
in the maintenance of efficient turnover of D1 protein, the abundance of the PS II reaction
center D1 protein in wheat leaves was analyzed. Our results suggest that the abundance of
D1 protein in heat-treated leaves decreased significantly with respect to that in the control
(Figure 4A,B). In contrast, with the application of MeJA, D1 protein abundance increased
significantly compared to control and heat-stressed plants. The maximal increase in the
abundance of D1 protein obtained with MeJA in heat-treated leaves was of 57.1% and
35.6% compared to heat-stressed and control leaves, respectively, and suggested that the
recovery of D1 protein was effectively induced by MeJA in comparison with control. The
original Immunoblot image is given in the Figure S1.

Exogenous application of MeJA modulates the photosynthetic efficiency and the
expression of PS II genes [15]. Therefore, we tested changes in the expression levels of PS II
genes upon exogenous application of MeJA under heat stress. The photosynthetic system
was examined to obtain the expression levels of psbA, psbB, and psbC genes, encoding
D1 protein, CP47, and CP43, to explore the protective role of MeJA in wheat leaves in
heat-stressed plants. We observed that the application of MeJA enhanced the expression of
psbA and psbB significantly, but it did not affect psbC levels under normal conditions. Heat
stress decreased the expression of genes compared to control. However, MeJA under heat
stress strongly stimulated psbA and psbB expression, while the effect on psbC expression
was lower compared to that on psbA and psbB (Figure 5A–C).
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Figure 4. Immunoblot studies of thylakoid protein (D1) acquired from wheat leaves at 30 DAS. Plants
were treated with MeJA (10 µM) at 42 ◦C (heat stress) or 25 ◦C (no stress). (A) Immunoblotting
was performed with specific antibodies raised against the D1 protein. (B) Quantitative data for D1
protein in wheat leaves under heat stress after MeJA treatment. Results are presented relative to the
respective controls (control, 100%, n = 4). Significantly different values are marked with an asterisk
(* p < 0.05, ** p < 0.01). DAS, days after sowing; HS, heat stress; MeJA, methyl jasmonate.

β

−

Figure 5. Relative expression of the genes (A) psbA; (B) psbB, and (C) psbC in wheat leaves at 30 DAS. Plants were treated
with MeJA (10 µM) at 42 ◦C (heat stress) or 25 ◦C (no stress). Results are presented relative to the respective controls (control,
1). Data are presented as mean ± SE (n = 4). Significantly different values between control and treatments are marked with
an asterisk (* p < 0.05, ** p < 0.01, *** p < 0.001), as determined by Tukey’s test. DAS, days after sowing; HS, heat stress;
MeJA, methyl jasmonate.

4. Discussion

Heat stress causes damage in plants’ photosynthetic apparatus, deterioration of leaf
function, and reduction of yield. Degradation of chloroplasts and damage of PS II are
important factors that affect photosynthesis. These aspects are currently the focus of
research to understand the influence of stress on plants. Exogenous application of MeJA
markedly regulates numerous key biochemical, physiological, and molecular processes
in response to abiotic stress [14,46,47]. However, the effects of MeJA on PS II in wheat
under heat stress are less known. Therefore, the present research was designed to acquire
knowledge on how MeJA protects PS II and maintains the stability of D1 protein by
regulating the expression of relevant genes during heat stress.
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4.1. MeJA Increases Antioxidant System Activity to Mitigate the Oxidative Damage Induced by
Heat Stress

Heat stress is one of the reasons for the accumulation of ROS such as H2O2 and
superoxide ions, oxy-intermediates that cause cellular damage through the oxidation of
lipids, proteins, and nucleic acids. The present study shows that exogenous MeJA markedly
increased the activity of the antioxidant enzymes CAT and APX, which led to efficient
detoxification of ROS and decreased lipid peroxidation in membranes under stress. Plants
have developed complex defense systems as enzymatic antioxidants under heat stress;
SOD changes superoxide ions into H2O2 and O2; then, CAT mainly changes H2O2 into
H2O and O2 that is produced by photorespiration and β-oxidation of fatty acids, while GR
and APX catalyze the transformation of H2O2 to H2O through dismutation [8]. Thus, we
speculated that enhanced CAT, APX, GR, and SOD enzyme activities upon MeJA treatment
played an effective role in the scavenging of O2

−and H2O2. Lang et al. [14] reported that
MeJA increased the activity of antioxidant enzymes and reversed the harmful effect of salt
stress in Glycyrrhiza uralensis. Similarly, MeJA has been reported to increase the activity of
POD and SOD in Brassica napus [46], of CAT, POD, and APX in Citrus limon [48], and of CAT,
POX, and APX in Fragaria× ananassa ‘Camarosa’ [49]. Remarkably, our results indicate that
MeJA improved ROS-scavenging ability in wheat plants and exerted progressive effects on
the improvement of plant resistance under heat stress.

4.2. MeJA Improved the Photosynthetic Efficiency under Heat Stress

The photosynthetic pigments Chl a and Chl b are the main pigments in leaves’ pho-
tosynthesis process, indicative of the physiological state of plants [32,50]. Both Chl a
and Chl b absorb light energy, but only Chl a in the excited state transforms light energy
into electrical energy and plays an important role in managing the stability of the light-
harvesting complex related to PS II and in regulating the size of the photosynthetic antenna
in plants [51]. Heat stress decreased the content of Chl a, Chl b, total Chl, carotenoid, and
Chl a-to-Chl b ratio considerably (Table 4). The disturbance of Chl synthesis was linked
to the decrease in Chl content in response to high temperature and cadmium stress [3,52].
Changes in the Chl a/b ratio are usually associated with changes in the size of the light-
harvesting antenna of PS II. The results showed that the decrease of Chl content by heat
stress was enhanced by MeJA. In addition, the Chl a/b ratio was higher under heat stress
after MeJA treatment. Exogenous MeJA may act as a regulator inhibiting the disintegration
of Chl molecules and protecting the photosynthetic antenna and PS II structure, thus
enhancing the heat tolerance and photosynthetic efficacy of wheat through increasing the
activity of antioxidant enzymes that scavenge ROS. These results are related to previous
findings indicating that MeJA application protected the degradation of photosynthetic
pigments under environmental stresses [8,14]. It was reported that jasmonate increased Chl
a content, which is the direct photon donor to the RCs of both PS II and PS I systems [53].
Enhanced content of Chl a over Chl b helps sustain the photosynthetic capacity at a greater
level, which promotes the accumulation of carbohydrates, after both jasmonate and MeJA
treatments [15].

Increased Chl levels together with enhanced protein levels increased Fo in the plants
(Tables 4 and 5). These results are also supported by the chlorophyll fluorescence data,
which showed a decrease in PS II quantum efficiency and yield (Table 5; Figures 1–3). High
temperature influences electron transport, which damages the function of PS II [41,54]. For
the development of heat tolerance, wheat leaves were treated with MeJA, and then Chl
fluorescence transients were examined by the JIP test (Figure 2; Table 5). Chl fluorescence
kinetics transients provided additional data regarding the photochemical reaction in photo-
synthesis, mainly for the PS II donor side and the receptor side with RCs [41,55]. According
to the JIP test, heat stress at 42 ◦C caused the impairment of the PS II donor side and
an overreduction of the PS II acceptor side compared with those at optimal temperature
(25 ◦C), resulting in a greater use of the excitation energy that decreased the stability of
the photosystem [38] and altered the amplitudes O, J, I, and p, as observed in the OJIP
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curve. A significant difference upon application of MeJA under heat stress was evident
when examining the OJIP curve and the data of chlorophyll a fluorescence, shown in
Figures 2 and 3 and Table 5. This difference indicates that MeJA promotes heat resistance
by protecting the PS II in wheat leaves through increasing quantum yield and efficiency.
Heat stress lowers the stability of the PS II system [38], thereby leading to the decrease of
PI. The performance index shows the photosynthetic capacity based on light absorption
and is the most sensitive parameter in the OJIP curve. It comprises the maximum quantum
yield of primary photochemistry, possibly related to the capability to reduce an electron
acceptor at the end of PS I, and the RC/ ABS ratio or includes light absorption, trapping,
and transfer excitation energy in electron transport [38,56,57]. The results showed that
plants under heat stress did not adjust their light absorption and consumption, causing
adverse effects on the RC. The present research shows that the application of MeJA had a
beneficial impact on PI, which was higher compared to heat stress (Table 5). The application
of MeJA influenced the trapped excitation and electron transport flux per RC, leading to
normal levels. This proves that MeJA augmented the active RC and reduced the damage on
RC in heat stress. In MeJA-treated plants under heat stress, PI and the RC/ABS ratio were
higher than in the control (Table 5), suggesting improved stability of the PS II system due
to comparatively higher stability of RCs, which contributed to higher PI in MeJA-treated
plants exposed to heat stress. The results for PS II are consistent with those of studies on
spermidine and nitric oxide application for the mitigation of PS II damage in tall fescue
under heat stress [6,58].

The energy fluxes per RC, i.e., TR0/RC and DI0/RC, were higher, but ET0/RC and
yield (ETo/CS) were reduced under heat stress (Figure 3). The results showed that the
electron transportation efficiency and the function of Chl in PS II decreased under heat
stress, but the application of MeJA remarkably improved ET0/RC and ETo/CS. Exogenous
MeJA had a favorable effect on the acceptor and donor sides of PS II under heat stress.
In addition, MeJA protected the RC of PS II and lessened the damage to the thylakoid
protein complex organization by increasing Fv/Fm and qP. Exogenous MeJA protected
the RCs, which were damaged under heat stress, and increased the size of light-harvesting
antennas in the plants due to the increase of Chl molecules. Furthermore, the decrease
in chlorophyll a fluorescence and the reduced qP are accountable for the decreased CO2
assimilation under heat stress. MeJA worked as regulator in the stomatal response and
improved Pn, Ci, gs, and the leaf area in plants under heat stress (Table 6), improving the
efficiency of photosynthesis.

4.3. MeJA Increases D1 Protein Content and Gene Expression Relevant to the
Photosynthetic System

Previous studies have shown that the PS II reaction center in chloroplasts, mainly, the
D1 protein, was easily damaged by stresses [2,9]. Consistent with previous reports, the
present study also showed that D1 protein, a sensitive component of the photosystem, was
damaged by heat stress. It is important to maintain conformation stability of PS II RCs;
therefore, D1 protein damage causes alteration of PS II RC conformation, electron transfer
disruption, and destruction of PS II RCs [5,59,60]. The protection of the photosynthetic
apparatus mainly depends on the stability of D1 under stress. Therefore, in the present
study, wheat leaves were treated with MeJA under heat stress to examine the abundance of
D1 protein and its function in PS II. It was possible that the damage of D1 protein and the
repair of D1 protein under heat stress were reversible. However, in the presence of MeJA
under heat stress, the level of D1 protein was much higher than in control and heat-stressed
plants, indicating that MeJA treatment significantly reduced D1 protein degradation under
heat stress by regulating enzymatic antioxidants. MeJA treatment not only reduced D1
protein damage or PS II function under heat stress, but also more efficiently restored D1
protein levels and PS II compared to control plants after heat stress, which was verified by
the Fv/Fm results (Table 5). The application of MeJA to the heat-treated plants may increase
D1 protein abundance more effectively and stimulate the assembly of PS II RCs through
scavenging ROS by enhancing enzymatic antioxidants and increasing PS II activity, as PS II
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RC proteins are the main targets of ROS under stress responsible for the decrease in PS II
function [60,61]. The mechanisms of the recovery of D1 protein levels and PS II function
are not simple, as they are not just involved in the reducing the injured proteins but, also
involved in the synthesis of new proteins, in particular in relation to psbA gene expression
in chloroplasts. Therefore, further experiments were set up to analyze gene expression and
determine the mechanisms influencing the stability and repair of D1 protein in the presence
of MeJA under heat stress. The damaged D1 protein RCs under heat stress disturbed energy
utilization and led to a reduction in CP43 and CP47 (psbC- and psbB-encoded proteins
respectively), which are main antenna protein complexes of the PS II system [62,63]. Hence,
the protection of D1 under heat stress is vital for the RC of PS II. The application of MeJA
stimulated CP47 transcription and increased the function of RC to some extent. The protein
D1 encoded by the psbA gene is a crucial element of the PS II system, and an assortment of
cofactors involved in electron transfer and charge separation, are collectively organized
in the PS II structure [64,65]. Our results showed that in the presence of MeJA, psbA gene
expression increased significantly, which could be responsible for PS II stability under
heat stress, as the psbA gene may participate in the restoration and renewal of D1 protein,
damaged under heat stress. As shown in Table 3, the application of MeJA stimulated
antioxidant enzyme activities, helped the scavenging of oxidative stress, upregulated the
expression of genes coding for proteins involved in the PS II system (Figure 5), enhanced the
removal of the negative effects of heat stress, and eventually increased the photosynthetic
efficiency. Thus, MeJA protection of the photosystem under heat stress was reciprocated
reflected in the increased abundance of D1 protein and overexpression of the psbA gene.
In summary, MeJA reduced PS II core proteins degradation under heat stress, thereby
contributing to heat tolerance in wheat plants.

5. Conclusions

The current study revealed that MeJA is efficient in the protection of the PS II complex
under heat stress. Exogenous MeJA decreased heat-induced oxidative stress through
increased activity of enzymatic antioxidants that protected the photosynthetic apparatus
and enhanced chlorophyll content, chlorophyll fluorescence, and CO2 assimilation. These
findings indicate that MeJA supply exerted a positive effect by maintaining the stability
of chloroplast D1 protein in the PS II complex and enhancing the expression of relevant
genes. This study suggests that MeJA can be utilized to enhance PS II efficiency and overall
protection of photosynthesis in adverse climatic conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10081216/s1, Figure S1: Immunoblot analyses of thylakoid protein (D1) obtained from
wheat leaves 30 days after sowing. Plants were treated with MeJA (10 µM) at 42 ◦C (heat stress)
or 25 ◦C (no stress). Immunoblotting was performed with specific antibodies raised against the
D1 protein.
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Abstract: Facultative halophyte Kandelia obovata plants were exposed to mild (1.5% NaCl) and
severe (3% NaCl) salt stress with or without sodium nitroprusside (SNP; 100 µM; a NO donor),
hemoglobin (Hb, 100 µM; a NO scavenger), or Nω-nitro-L-arginine methyl ester (L-NAME, 100 µM;
a NO synthase inhibitor). The plants were significantly affected by severe salt stress. They showed
decreases in seedling growth, stomatal conductance, intercellular CO2 concentration, SPAD value,
photosynthetic rate, transpiration rate, water use efficiency, and disrupted antioxidant defense
systems, overproduction of reactive oxygen species, and visible oxidative damage. Salt stress also
induced ion toxicity and disrupted nutrient homeostasis, as indicated by elevated leaf and root Na+

contents, decreased K+ contents, lower K+/Na+ ratios, and decreased Ca contents while increasing
osmolyte (proline) levels. Treatment of salt-stressed plants with SNP increased endogenous NO
levels, reduced ion toxicity, and improved nutrient homeostasis while further increasing Pro levels to
maintain osmotic balance. SNP treatment also improved gas exchange parameters and enhanced
antioxidant enzymes’ activities (catalase, ascorbate peroxidase, monodehydroascorbate reductase,
and dehydroascorbate reductase). Treatment with Hb and L-NAME reversed these beneficial SNP
effects and exacerbated salt damage, confirming that SNP promoted stress recovery and improved
plant growth under salt stress.

Keywords: halophytes; antioxidants; reactive oxygen species; soil salinity; signaling molecules;
abiotic stress

1. Introduction

Among the plethora of abiotic stresses experienced by plants, salt stress has attracted
the attention of plant scientists because of its complexity and its widespread effects over
different regions of the globe. The global rise of temperature is gradually increasing the
sea level and threatening coastal regions with salinity problems [1,2]. Salinity causing
significant challenges in the way of crop cultivation and food production for a growing
global population. Salt stress induces osmotic/dehydration stress and ion toxicity that
disrupts the structure and function of biomolecules, including lipids, proteins, and DNA,
thereby destroying the structure of biomembranes and causing damage to cell organelles [3].
These changes adversely affect vital phenological processes and disrupt critical physiologi-
cal functions, including water uptake, water use efficiency, nutrient uptake and mobiliza-
tion, transpiration, respiration, photosynthesis, and assimilation of photosynthate [4–6].
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Current strategies to address salt stress have included incorporating modern cultivation
practices and the introduction of plant species that can adapt to or tolerate salt stress.

Kandelia obovata, a mangrove species widely distributed in extremely saline environ-
ments in eastern Asia [7]. Learning from such halophytes and tailoring the traits associated
with high salinity tolerance may build a foundation for salt tolerance in glycophytes.

Reducing photosynthesis is one of the major consequences of salt stress. Salt stress
can damage chloroplast membranes and destroy the structure of these organelles. It also
reduces stomatal conductance, thereby reducing carbon dioxide uptake, decreasing the
carboxylation reaction of RuBisCO, and depressing photosystem II (PSII) activity, elec-
tron transport, and photophosphorylation activity [8–10]. This salt-induced stomatal
closure and inhibition of photosynthesis exposes chloroplasts to excessive excitation en-
ergy that leads to the aggravated generation of reactive oxygen species (ROS), including
superoxide (O2

•–), hydrogen peroxide (H2O2), hydroxyl radical (OH•), and singlet oxy-
gen (1O2) that cause serious damage to plant cells [11–13]. Plants have internal antioxi-
dant defense systems that scavenge ROS and reduce this oxidative stress to some extent,
and some plant species with highly active antioxidant systems are more tolerant of ROS
and, therefore, of salt stress. Nonenzymatic antioxidants (ascorbate (AsA), glutathione
(GSH), α-tocopherol, phenolic compounds, alkaloids, and nonprotein amino acids) and
antioxidant enzymes [(superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR),
glutathione reductase (GR), glutathione peroxidase (GPX), glutathione S-transferase (GST),
and peroxidases (POD)] function to scavenge ROS and decrease their levels under stress
conditions [13–15].

Nitric oxide (NO) has recently been recognized as a potential signaling molecule and
is often termed a plant hormone [16]. Enhancement of endogenous NO levels, as well
as the exogenous application of NO, has been reported to improve salt tolerance via
several different mechanisms. NO can stimulate the activity of proton pumps and the
Na+/H+ antiport in the tonoplast, thereby improving the K+/Na+ ratio [17,18]. NO-
induced improvement in the functioning of antioxidant systems also alleviates oxidative
stress [19–21]. NO regulates the activity of phosphoenolpyruvate carboxylase kinase to
mediate responses of plants to salinity [22]. NO also modulates stomatal conductance,
promotes quenching of excess energy, and raises the quantum yield of PSII to improve
photosynthesis [23–26].

Based on previous research, we hypothesized that NO could have a potential role in
the tolerance of mangrove plants to high salinity. For this reason, we exposed mangrove
plants to very high salt concentrations to understand the response and physiology behind
the adaptative behavior of K. obovata growing in highly saline conditions. Our overall goal
is to exploit this knowledge to instill salt tolerance in other cultivated plants that today
face severe damage and crop losses due to salinity. Here, we examined mangrove plants’
response to high salt stress and determined the effects of exogenously applied NO on salt
tolerance in this plant.

2. Materials and Methods

2.1. Growth Condition and Treatments

Healthy propagules were collected from the Iriomote mangrove forest, Okinawa,
Japan. The propagules were washed and planted in Wagner pots containing salt-free
sand. The propagules were allowed to grow in a glasshouse at the University of the
Ryukyus, Okinawa, Japan, under controlled environmental conditions (relative humidity
60–70%, temperature 25 ± 2 ◦C, light 600 µmol m−1 s−1 and photoperiod from 12 to 14 h)
in stagnant water. The experiment was conducted following a completely randomized
design (CRD) with three replicates. After two months, the seedlings were exposed to
freshwater or to water containing two salt levels (1.5 and 3% NaCl). Each set of seedlings
was treated with 100 µM sodium nitroprusside (SNP, a NO donor), 100 µM hemoglobin
(Hb, a NO scavenger), and 100 µm Nω-nitro-L-arginine methyl ester (L-NAME, a NO
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synthase inhibitor) and allowed to grow for two more months. The solutions were renewed
every 15 days. At the end of the experiment, the plants were harvested and separated into
shoots and roots. After washing well with distilled water, the plant parts were ground to a
fine powder in liquid nitrogen and stored at −80 ◦C until further use. The experiment was
replicated three times.

2.2. Quantification of Nitric Oxide

Nitric oxide was measured indirectly by quantifying nitrite. To determine the leaves’
NO contents, 0.5 g of freshly plucked leaves were ground in an ice-cold mortar with acetic
acid buffer (50 mM, pH 3.6) and then centrifuged (10,000× g, 15 min) to remove the residue.
The supernatants were decolorized with charcoal and mixed with Griess reagent. Griess
reagent was prepared with N-1-naphthylethylenediamine dihydrochloride, sulfanilamide
and phosphoric acid. The absorbance was taken at 540 nm, and the amount of NO was
calculated using a standard curve [21].

2.3. Measurement of Gas Exchange and Photosynthetic Parameters

Data of stomatal conductance, intercellular CO2, photosynthetic rate, transpiration
rate and water use efficiency were determined using a LiCOR 6400 open system portable
infrared red gas analyzer (IRGA) (LI-COR Biosciences, Lincoln, NE, USA) from fully
expanded leaves at 10 a.m. to 2.00 p.m. The conditions, which were used for the equip-
ment/leaf chamber were as follows: ambient pressure 99.2 kPa, atmospheric CO2 con-
centration (Cref) 400 µmol mol−1, leaf surface area 6 cm2, PAR (Qleaf) was maximum
up to 900–1000 µmol m−2 s−1 and the chamber water vapor pressure varied from 4.0
to 5.8 mbar [27]. SPAD values were recorded using a SPAD-502 m (Konica-Minolta,
Tokyo, Japan).

2.4. Estimation of Proline Content

Proline (Pro) content was estimated by the method of Bates et al. [28]. Leaf was
extracted by sulfosalicylic acid (3%) and glacial acetic acid, acid ninhydrin, and then the
mixture was heated at the boiling water bath at 100 ◦C for 60 min. The reaction was
terminated by placing the tube in an ice bath for 15 min. Toluene was then used as
reaction reagents with the previous mixture. Upper toluene chromophore was used for
spectrophotometric observation at 520 nm. The content of proline was calculated in the
test sample using a standard curve.

2.5. Determination of Electrolyte Leakage

Electrolyte leakage (EL) was determined following the method of Dionisio-Sese and
Tobita [29]. Electrical conductivity (EC) was measured by using a portable EC meter
(Eutech Instruments, Singapore). Initial (EC1) and final (EC2) EC were recorded, and EL
was determined by the following formula: EL(%) = (EC1/EC2) ×100.

2.6. Measurement of Lipid Peroxidation

The level of lipid peroxidation was measured by estimating malondialdehyde (MDA),
a decomposition product of the per-oxidized polyunsaturated fatty acid composition of the
membrane lipid, using 2-thiobarbituric acid (TBA) as the reactive material following the
method of Heath and Packer [30]. The tissue was homogenized with ice-cold trichloroacetic
acid (TCA) and then was centrifuged at 11,500× g at 4 ◦C. The supernatant was mixed
with a reaction mixture of thiobarbituric acid (TBA) and TCA and heated in a water bath.
Then the cooled supernatant mixture was read at 532 nm. The concentration of MDA was
calculated by using the extinction coefficient of 155 mM−1 cm−1 and was expressed as
nmol of MDA g−1 FW.

219



Antioxidants 2021, 10, 611

2.7. Measurement of Hydrogen Peroxide Generation

The amount of H2O2 generated was recorded using the method described by Yu et al. [31].
Fresh leaf samples of 0.5 g were extracted with 3 mL of potassium phosphate (K–P) buffer
(50 mM, pH 6.5) and centrifuged at 11,500× g for 15 min to obtain a clear supernatant. A total
of 2 mL of this supernatant was mixed with 666.4 µL of the reaction mixture (5.5 mM TiCl4 in
20% H2SO4), incubated for 10 min at room temperature and centrifuged again at 11,500× g
for 12 min. To determine the H2O2 content, the absorption of the final supernatant was read at
410 nm with a spectrophotometer using 0.28 µM−1 cm−1 as the extinction coefficient, and the
results are expressed as nmol g–1 FW.

2.8. Measurement of Antioxidant Enzyme Activities

Leaf samples were homogenized using potassium-phosphate (K-P) buffer (pH 7.0),
AsA, β-mercaptoethanol, KCl, and glycerol as an extraction buffer. After centrifuging,
leaf extracts were used to determine protein and enzyme activity. Soluble protein con-
centration was measured using Coomassie brilliant blue dye following the technique of
Bradford [32]. The optical absorbance was then recorded at 595 nm, and a standard curve
prepared by using bovine serum albumin was used for calculation.

Ascorbate peroxidase (EC: 1.11.1.11) activity was assayed following Nakano and
Asada [33] by using K-P buffer (pH 7.0), AsA, ethylenediaminetetraacetic acid (EDTA),
and H2O2 and absorbance were recorded at 290 nm. APX activity was calculated with an
extinction co-efficient 2.8 mM−1 cm−1.

The activity of MDHAR (EC: 1.6.5.4) was measured by using a buffer solution con-
taining ascorbate oxidase (AO), Tris-HCl buffer (pH 7.5), AsA, and nicotinamide adenine
dinucleotide phosphate (NADPH) according to the method described by Parvin et al. [34].
Optical absorbance was observed at 340 nm. An extinction coefficient of 6.2 mM–1 cm–1

was used for calculating its activity.
Dehydroascorbate reductase (EC: 1.8.5.1) activity was assayed according to Nakano

and Asada [33] by using dehydroascorbate (DHA), K-P buffer (pH 7.0), GSH, and EDTA
and absorbance were recorded at 265 nm and extinction coefficient 14 mM−1 cm−1 was
considered for calculating DHAR activity.

Catalase (EC: 1.11.1.6) activity was determined by using K-P buffer (pH 7.0) and H2O2
according to the method described by Hasanuzzaman et al. [35]. Optical absorbance was
recorded at 240 nm and calculated using 39.4 M–1 cm–1 as the extinction coefficient.

Peroxidase (EC: 1.11.1.7) activity was estimated by using K-P buffer (pH 7), catechol,
and H2O2 according to the method described by Gong et al. [36]. Absorbance was recorded
at 470 nm and expressed as Umin−1 mg−1 protein.

Glutathione S-transferase (EC: 2.5.1.18) activity was assayed by using 1-chloro-2,4-
dinitrobenzene (CDNB), Tris-HCl buffer (pH 6.5), and GSH according to the technique
described by Rahman et al. [28] and absorbance was measured at 340 nm.

2.9. Measurement of Ion Contents

The contents of Na+, K+ and Ca2+ were measured from the dry shoot and root tissues
by following Rahman et al. [37]. From ground homogenous dry plant samples, 100 mg
was digested with the acid mixture (HNO3: HClO4; 5:1). Digestion of the sample was
done at 70 ◦C for 48 h. The Na+, K+ and Ca2+ contents were determined from the digested
solution by using the different lamps for the different minerals of atomic absorption
spectrophotometer (AA-7000, Shimadzu, Japan), and the content was calculated using the
standard curve of the respective mineral.

2.10. Statistical Analysis

Data accumulated from different parameters were subjected to analysis using CoStat
v.6.400 [38] and one-way analysis of variance (ANOVA). For finding out mean differences
among the replications, Tukey’s honest significant difference (HSD) test at the 5% level of
significance was applied.
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3. Results

3.1. Root and Shoot Length

Both root and shoot growth were significantly inhibited with the increase in NaCl
concentration from 1.5% to 3%. Root length decreased by 8% of the control in response to
1.5% salt but was decreased by 25% by exposure to 3.0% NaCl (Figure 1A). Shoot length
showed a similar pattern of reduction to increasing salt stress (Figure 1B). The inclusion of
SNP in the salt medium somewhat alleviated the negative effect of salt stress, as indicated
by an increase in root length of 14 and 22%, and an increase in shoot length of 8 and 11%,
in plants growing in 1.5% and 3% NaCl, respectively (Figure 1A,B). The beneficial role of
SNP was further established by treatment with Hb and L-NAME, as scavenging NO or
inhibiting its production in plants under salt stress further exacerbated the decreases in
root and shoot length, compared to the plants treated with salt alone (Figure 1A,B).

 

ω
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Figure 1. Root length (A) and shoot length (B) of Kandelia obovata treated with different salt con-
centrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb, a NO
scavenger), or Nω-nitro- L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD)
was calculated from three replicates for each treatment. Bars with different letters are significantly
different at p ≤ 0.05, applying Tukey’s HSD test.

3.2. Endogenous Nitric Oxide Level

Treatment with SNP increased the NO content in nonstressed plants compared to the
untreated control. Salt stress at 1.5% and 3% increased the NO content by 48 and 61%,
respectively, in the roots (Figure 2A) and by 8 and 12%, respectively, in the leaf (Figure 2B),
compared to the control treatment. Treatment of plants with SNP increased the NO content
by 15% and 25% in the root (Figure 2A) and by 39% and 37% in the leaf (Figure 2B) in
plants growing in 1.5 and 3% NaCl respectively, compared to salt stress alone. Treatment of
salt-stressed plants with either Hb or L-NAME decreased the NO level drastically, both the
root and the shoot, confirming the inhibitory effect of Hb or L-NAME on NO levels.
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Figure 2. Endogenous NO content of Kandelia obovata root (A) and leaf (B) treated with different salt
concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb, a NO
scavenger), or Nω-nitro- L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD)
was calculated from three replicates for each treatment. Bars with different letters are significantly
different at p ≤ 0.05, applying Tukey’s HSD test.

3.3. Gas Exchange and Photosynthetic Parameters

Various photosynthetic parameters were affected by salt exposure. Stomatal conduc-
tance (gs) did not change under the mild 1.5% salt stress but was substantially reduced by
3% NaCl stress than the unstressed control (Figure 3A). Treatment of the salt-stressed plants
with SNP increased gs, even in the plants treated with 1.5% NaCl (Figure 3A). Salt stress did
not alter the Ci value at 1.5% NaCl, but the Ci value was decreased severely, by 50%, in the
3% salt treatment compared to the unstressed control. Treatment of the salt-stressed plants
with SNP had no significant effect on the Ci level than salt stress alone. However, treatment
with Hb or L-NAME decreased the Ci value drastically (Figure 3B). The SPAD value also
decreased in response to 3% NaCl compared to the unstressed control. The SPAD value in-
creased when salt-treated plants were treated with SNP, compared to plants exposed to salt
stress alone. Treatment of salt-stressed plants with Hb or L-NAME substantially decreased
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the SPAD value (Figure 3C). As shown in Figure 3D, the Pn was not affected significantly at
1.5% NaCl, but it was decreased by 24% under 3% NaCl stress compared to the unstressed
control. Treatment of the salt-stressed plants with SNP somewhat alleviated the detrimental
effects of salt stress, resulting in increased Pn compared to the untreated salt-stressed plants.
Treatment with Hb or L-NAME further decreased the Pn value compared to salt stress alone,
supporting a positive effect of NO on photosynthesis (Figure 3D).
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Figure 3. Stomatal conductance, gs (A); internal [CO2], Ci (B); SPAD value (C) and net photosynthesis, Pn (D) of Kandelia obo-

vata treated with different salt concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb,
a NO scavenger), or Nω-nitro- L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD) was calculated from
three replicates for each treatment. Bars with different letters are significantly different at p ≤ 0.05, applying Tukey’s HSD test.

3.4. Transpiration Rate and Water Use Efficiency

The Tr value was unaffected by treatment with 1.5% NaCl but was decreased by 20%
in response to 3% NaCl stress compared to the unstressed control (Figure 4A). Treatment of
salt-stressed plants with SNP did not significantly increase the Tr value above that seen with
salt stress alone. Treatment of salt-stressed plants with Hb or L-NAME further decreased
Tr (Figure 4A). The WUE value did not change under salt stress than the unstressed
control, and treatment with SNP did not significantly increase WUE (Figure 4B). However,
treatment with Hb or L-NAME substantially decreased WUE, indicating a role for NO
(Figure 4B).
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Figure 4. Transpiration rate (A) and water use efficiency, WUE (B) of Kandelia obovata treated with
different salt concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin
(Hb, a NO scavenger), or Nω-nitro- L-arginine methyl ester (L-NAME, a NO synthase inhibitor).
Mean (± SD) was calculated from three replicates for each treatment. Bars with different letters are
significantly different at p ≤ 0.05, applying Tukey’s HSD test.

3.5. Proline Content and Electrolyte Leakage

The plant Pro content increased progressively with the increase in salt concentration.
Compared to the control treatment, the Pro level increased by 66 and 197% in the leaf and
by 104% and 217% in the root in response to 1.5 and 3% NaCl, respectively. Treatment
of salt-stressed plants with SNP further increased the Pro content, whereas treatment
with Hb or L-NAME decreased the Pro content in both the root and shoot (Figure 5A,B).
Salt stress caused electrolyte leakage (EL) from the root and leaf, with EL levels increasing
by 49% and 111% from the leaf and 33% and 60% from the root in response to 1.5% and
3% NaCl, respectively compared to the unstressed control. Treatment with SNP decreased
EL from the salt-stressed plants., whereas treatment with Hb or L-NAME increased EL
(Figure 5C,D).
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Figure 5. Proline content (A,B) and electrolyte leakage (C,D) in roots and leaves of Kandelia obovata treated with different salt
concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb, a NO scavenger), or Nω-nitro-
L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD) was calculated from three replicates for each
treatment. Bars with different letters are significantly different at p ≤ 0.05, applying Tukey’s HSD test.

3.6. Oxidative Stress Markers

The higher 3% NaCl level increased the MDA levels in both the leaf and root by
97% and 60%, respectively, compared to the unstressed control, whereas the lower 1.5%
salt stress caused no significant change in MDA levels compared to the untreated control.
Treatment with SNP decreased the MDA level in seedlings growing in 3% NaCl, whereas
treatment with Hb or L-NAME caused increases in MDA levels in the salt-treated plants
(Figure 6A,B). The hydrogen peroxide (H2O2) content was not significantly increased in the
leaf or root in response to 1.5% NaCl stress and only showed a slight increase in response
to 3% salt. Treatment of salt-stressed plants with SNP decreased the H2O2 levels compared
to salt stress alone. Treatment of salt-stressed plants with Hb or L-NAME further increased
the H2O2 levels above those observed in the SNP-treated salt-stressed plants (Figure 6C,D).
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Figure 6. MDA content (A,B) and H2O2 content (C,D) in roots and leaves of Kandelia obovata treated with different salt
concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb, a NO scavenger), or Nω-nitro-
L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD) was calculated from three replicates for each
treatment. Bars with different letters are significantly different at p ≤ 0.05, applying Tukey’s HSD test.

3.7. Activities of Antioxidant Enzymes

In general, antioxidant enzyme activities (CAT, APX, MDHAR, and DHAR) increased
in response to salt stress compared to the unstressed control. The exceptions were leaf
and root DHAR activity in response to 1.5% NaCl stress and leaf MDHAR in response to
both levels of salt stress. Treatment with SNP did not cause significant increases in enzyme
activity in salt-treated plants, except for the leaf DHAR activity in the 3% NaCl treatment
(Figure 7A–F).
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Figure 7. Activity of APX (A,B), MDHAR (C,D) and DHAR (E,F) in roots and leaves of Kandelia obovata treated with
different salt concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb, a NO scavenger),
or Nω-nitro- L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD) was calculated from three replicates
for each treatment. Bars with different letters are significantly different at p ≤ 0.05, applying Tukey’s HSD test.

The POD activity increased by 118 and 74% in the root and by 117% and 34% in the
leaf in response to 1.5 and 3% NaCl treatment, respectively, compared to the unstressed
control (Figure 8A,B). The activity of CAT increased only in response to 1.5% NaCl stress,
compared to the unstressed control (Figure 8B,C). No changes were noted in root and leaf
GST activity under salt stress compared to the unstressed control (Figure 8E,F). Treatment
with SNP increased the CAT activity in the leaf and root above that observed in plants
exposed to salt stress alone (Figure 8A–F).
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Figure 8. Activity of POD (A,B), CAT (C,D) and GST (E,F) in roots and leaves of Kandelia obovata treated with different salt
concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb, a NO scavenger), or Nω-nitro-
L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD) was calculated from three replicates for each
treatment. Bars with different letters are significantly different at p ≤ 0.05, applying Tukey’s HSD test.

3.8. Ion Contents

Salt stress created ion toxicity by increasing the plant Na+ content, decreasing the
K+ content, and disrupting the Na+/K+ balance; however, it also disrupted nutrient
homeostasis. Treatment of plants with 1.5% NaCl increased the Na+ levels in the leaf
and root by 317% and 738%, respectively, while treatment with 3% NaCl increased these
levels by 725% and 465%, respectively compared to the unstressed control (Figure 9A,B).
By contrast, the K+ content in the leaf and root decreased by 23% and 14%, respectively,
at 1.5% NaCl stress, and by 45% and 41%, respectively, at 3% NaCl compared to the
unstressed control (Figure 9C,D). Consequently, the K+/Na+ ratio decreased considerably
in both the leaf and the root (Figure 9E,F).
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Figure 9. Na+ (A,B), K+ (C,D), K+/Na+ ratio (E,F) and Ca2+ content in roots (G) and leaves (H) of Kandelia obovata treated
with different salt concentrations and with 100 µM sodium nitroprusside (SNP, a NO donor), hemoglobin (Hb, a NO
scavenger), or Nω-nitro- L-arginine methyl ester (L-NAME, a NO synthase inhibitor). Mean (± SD) was calculated from three
replicates for each treatment. Bars with different letters are significantly different at p ≤ 0.05, applying Tukey’s HSD test.
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The content of Ca2+ decreased in response to 3% NaCl stress, whereas the root Ca2+

was not significantly affected compared to the unstressed control (Figure 9G,H). Treatment
of salt-stressed plants with SNP decreased the Na+ content, increased the K+ content,
and improved the K+/Na+ ratio in both the root and the leaf, compared to the plants
treated with salt stress alone. The treatment with SNP also improved the Ca2+ level under
salt stress, compared to salt treatment alone. Treatment with Hb or L-NAME caused further
decreases in the Ca2+ level than the salt-stressed plants treated with SNP (Figure 9A–H).

4. Discussion

In this study, we investigated how the supplementation and inhibition of NO regulates
the physiology of K. obovate. In salt-affected K. obovata plants, the endogenous NO level also
increased, as reported in previous studies that have examined plants growing in stressful
environments [39,40]. This rise in NO is suggested to play a signaling function in response
to stress [16]. Treatment of salt-stressed K. obovata seedlings with SNP further increased
the endogenous NO level, indicating an efficient uptake and accumulation of NO donated
from SNP, in agreement with a similar role documented for SNP in previous studies [41,42].
By contrast, treatment with Hb and L-NAME decreased the NO levels both under normal
and salt stress conditions, indicating the efficacy of these agents in scavenging NO or
inhibiting its biosynthesis.

Kandelia obovata plants subjected to salt stress showed a significant decrease in shoot
and root growth, which is due to the disruption of plant water relations that occurred
from osmotic stress imposed by the salinity. Moreover, ion toxicity aggravates the stress
response upon entry of the salt into the plant cells, which triggers secondary damage to the
cell [43]. In the present study, NO supplementation via SNP treatment appeared to reinstate
the plant growth suppressed by salt stress, while NO removal by scavenging with Hb or
suppression of NO production with L-NAME prevented this restoration and worsened the
effects of salt stress in K. obovata plants. A similar effect of NO on the restoration of plant
growth under salt stress also has been demonstrated by other researchers [25,40,44–47].

In this study, K. obovata showed substantial changes in several gas exchange and
photosynthetic parameters, namely Pn, gs, Tr, Ci, and WUE, especially when exposed to 3%
NaCl. Salt stress creates a physiological drought through the generation of osmotic stress.
This physiological drought can cause stomatal closure, thereby reducing photosynthetic
CO2 assimilation. In the halophyte K. obovata, a high salt stress level caused a decrease
in gs and a subsequent marked decrease in Ci. As facultative halophyte, K. obovata plant
was able to tolerate 1.5% salt and did not show any changes in Pn under that level of
stress; however, its Pn value decreased in response to growth in 3% salt compared to the
unstressed control. Several reasons may explain this response. In the present study, gs, Tr,
Ci, and WUE decreased at the higher level of salt stress. Reductions in gs and Ci under
high salt stress are the direct reasons for the observed decrease in Pn. The salinity-induced
decline in Pn was positively related to the reduction in gs and Ci, as reported previously in
soybean plants [48].

Treatment with Hb and L-NAME reversed the positive effects of SNP in the absence
of salt stress. In K. obovata plants, the negative effects on the SPAD value, Pn, gs, Tr, Ci,
and WUE were more prominent following treatment with the NO inhibitors. Treatment of
the salt-treated plants with Hb and L-NAME caused a further decrease in SPAD value, Pn,
gs, Tr, Ci, and WUE than was observed with salt stress alone. These inhibitors hindered
NO accumulation in two ways, by scavenging and by suppressing the NO biosynthesis
that would be produced by plants under salt stress. Inhibition of uptake and accumulation
of NO from exogenous sources like SNP would also be suppressed.

Plants facing osmotic stress accumulate osmolytes inside the cells to correct their
water balance. The large increase in Pro, which increased gradually with the rise in salt
level, indicates that K. obovata can cope with salt-induced osmotic stress. This capacity was
further increased by SNP treatment, as indicated by the further increase in Pro content. Pro-
line is widely known for its osmoprotective effects, as well as its proficiency at scavenging
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hydroxyl radicals and stabilizing the structure and function of macromolecules, including
DNA, protein, and membranes [48–50]. Proline protects the photosynthetic machinery
and thus enhances photosynthesis. It acts as an energy storage material during salt stress,
thereby improving survival and adaptation [45,51]. Treatment of salt-stressed K. obovata
plants with SNP increased the Pro level, thereby improving osmoregulation, ROS scav-
enging, and the stabilization of biomembranes and biomolecules. In the present study,
exogenous SNP promoted an increase in the Pro level in salt-affected plants, as previously
reported for Pro levels in cadmium-stressed mung bean [52]. The decrease in Pro following
Hb and L-NAME treatments that decreased NO availability also abruptly decreased the
Pro level, indicating a potential role for SNP in regulating Pro levels.

Salinity is similar to all other abiotic stresses in that it causes oxidative stress, and salt-
induced oxidative stress has been reported in different plant species [4,53]. The resulting
oxidative damage is a consequence of altered photosystem activity and stomatal movement,
ion toxicity, disrupted nutrient homeostasis and disturbed antioxidant defense mechanisms
in the salt-affected plants [44,54,55]. In our study, salt-induced oxidative damage was
observed in K. obovata plants, with the more severe damage noted at the higher salt
level. The high levels of H2O2 measured in this plant confirmed a salt-induced ROS
overproduction. The high MDA levels are the result of membrane lipid peroxidation due
to salt-induced oxidative damage. Some reports support similar findings in other plants
under salt stress [44,54].

In the present study, SNP decreased the levels of H2O2 and MDA in the salt-affected
plants. Previous studies on mung bean have shown that SNP treatment can induce inhi-
bition of lipoxygenase (LOX) activity and reduce oxidative stress [52]. Nitric oxide can
react with O2

•− to form peroxynitrite (ONOO−), which can then be detoxified by per-
oxiredoxins [56]. Treatment with SNP reduced the production of H2O2 and O2

•− and
led to a reduction in MDA accumulation in ryegrass under copper toxicity stress [19].
Nitric oxide lessens oxidative damage in several ways, through reduction of O2

•− and
subsequent oxidative stress, through inhibition of LOX activity, and through NO-induced
regulation of molecules like Pro, which also scavenge ROS and stabilize biomembranes
and biomolecules.

The results from Hb and L-NAME treatments in the present study confirm that
oxidative damage was exacerbated to an even greater extent by these NO modifiers to
even higher levels than were observed by salt stress alone. Treatment of salt-stressed
plants with Hb and L-NAME promoted the production of H2O2, raised MDA levels,
and increased electrolyte leakage above the levels seen in the salt-stressed, SNP-treated
plants. This result confirmed that Hb and L-NAME reduced NO levels, thereby promoting
greater oxidative damage.

In the present study, both leaf Na+ and root Na+ contents were strongly increased
to levels expected to create ion toxicity [18,57]. The increased Na+ levels decreased K+

levels, and decreased K+/Na+ ratios in both the leaf and root indicate a condition of
disrupted and imbalanced ion homeostasis. These cations directly compete with each
other to enter the plants under salt stress and represents a common sign of salt-induced
ion toxicity, as demonstrated in several previous studies [44,46,58]. The leaf and root
Ca2+ contents also decreased similarly to the K+ contents, in agreement with the findings
of other studies [44,46]. Treatment of salt-stressed plants with NO in the form of SNP
resulted in a decreased root and leaf Na+ content, an increased K+ content, an increased
K+/Na+ ratio, and an increased Ca2+ content, compared to salt stress alone. The NO
provided by SNP promoted cell membrane reconstruction and restored the ability to
exclude toxic ions and to take up nutrient elements necessary for plant development [44].
Treatment of cotton plants with SNP upregulated the expression of vital salt-tolerant genes,
including the plasma membrane Na+/H+ antiporter (SOS1) and the vacuolar Na+/H+

antiporter (NHX1), allowing salt-stressed plants to decrease Na+ uptake from the salt
solution, while simultaneously promoting an increased K+ uptake [46]. Several other
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studies have also shown an SNP-induced reduction of Na+ uptake and augmentation of K+

uptake, with an eventual increase in the K+/Na+ ratio [44,58].
Some evidence also supports our findings regarding SNP-induced improvement in

nutrient uptake. For example, the concentrations of minerals in the leaves and roots of
salt-affected wheat plants were enhanced by treatment with SNP [18]. Improved K+ levels
in salt-affected cotton were also demonstrated in response to SNP treatment [44,58–60].
In the present study, K. obovata plants treated with Hb and L-NAME showed reduced
endogenous NO levels under salt stress but higher levels of Na+, lower levels of K+ and
Ca2+ and a reduced K+/Na+ ratio in both roots and leaves. These results indicate that
Hb and L-NAME removed NO and inhibited its accumulation, thereby promoting the
development of ion toxicity and disruption of mineral homeostasis that was even more
severe than were observed under the salt-stress condition. Hb and L-NAME inhibited the
endogenous production of NO in salt-affected plants and also eliminated the beneficial
effect of exogenous SNP in salt-stressed K. obovata plants.

Nitric oxide enhances the transformation of O2
•− to H2O2 and O2 through enhanced

activities of SOD; the H2O2 is then detoxified by the H2O2 scavenging enzymes APX, GPX,
and GST [59]. The activities of the enzymes MDHAR and DHAR, which are AsA recycling
enzymes, were increased by treatment with SNP. Therefore, SNP treatment most likely
increased the levels of AsA, allowing greater scavenging of ROS. Treatment with SNP
was reported to increase GR’s activity, which increased the GSH content by enhancing
its recycling process, and this increased GSH also participated in ROS detoxification
processes [21,59]. Treatment with SNP improved the activities of SOD, POD, and CAT in
wheat plants subjected to salt stress [44], in agreement with the present findings regarding
antioxidant defense systems, ROS detoxification, and oxidative stress alleviation by SNP.
Treatment of salt-stressed plants with Hb or L-NAME reversed these responses, leading
to a reduction in antioxidant enzyme activities and an enhancement of oxidative stress.
These findings further confirm a role for NO in enhancing the antioxidant defense system
and oxidative stress tolerance.

5. Conclusions

The facultative mangrove plant, K. obovata, showed the least damage under low-level
salt stress (1.5%). This low stress did not change the studied physiological attributes
significantly, thereby confirming the salt tolerance of this plant species. At the higher level
of salt stress (3%), the plants showed oxidative damage. When the salt-affected plants were
treated with SNP, the endogenous NO level increased, and the plants showed significant
improvements in most of the studied physiological attributes compared to salt-treated
control plants. The effect of NO was further confirmed by reducing the NO levels in
salt-stressed plants with the NO scavenger Hb and the NO biosynthesis inhibitor L-NAME.
The use of these NO modulators exacerbated the adverse effects of salt stress, providing
strong evidence for a role for NO in improving salt adaptation and tolerance traits in the K.
obovata plant.
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Abstract: Iron (Fe) deficiency impairs photosynthetic efficiency, plant growth and biomass yield. This
study aimed to reveal the role of nitric oxide (NO) in restoring Fe-homeostasis and oxidative status
in Fe-deficient alfalfa. In alfalfa, a shortage of Fe negatively affected the efficiency of root andshoot
length, leaf greenness, maximum quantum yield PSII (Fv/Fm), Fe, S, and Zn accumulation, as well
as an increase in H2O2 accumulation. In contrast, in the presence of sodium nitroprusside (SNP),
a NO donor, these negative effects of Fe deficiency were largely reversed. In response to the SNP,
the expression of Fe transporters (IRT1, NRAMP1) and S transporter (SULTR1;2) genes increased in
alfalfa. Additionally, the detection of NO generation using fluorescence microscope revealed that
SNP treatment increased the level of NO signal, indicating that NO may act as regulatory signal in
response to SNP in plants. Interestingly, the increase of antioxidant genes and their related enzymes
(Fe-SOD, APX) in response to SNP treatment suggests that Fe-SOD and APX are key contributors
to reducing ROS (H2O2) accumulation and oxidative stress in alfalfa. Furthermore, the elevation of
Ascorbate-glutathione (AsA-GSH) pathway-related genes (GR and MDAR) Fe-deficiency with SNP
implies that the presence of NO relates to enhanced antioxidant defense against Fe-deficiency stress.

Keywords: nitric oxide; iron-deficiency; chlorosis; antioxidant; alfalfa

1. Introduction

Iron (Fe) is an essential micro-nutrient for plants, as it participates in numerous
physiological processes such as photosynthesis, respiration, and nitrogen assimilation [1].
Therefore, any restriction in Fe acquisition hampers plant growth, development, and
productivity [2]. In calcareous soils or at high pH levels, Fe is readily oxidized which forms
insoluble ferric oxide (Fe3+), resulting in Fe (Fe2+) deficiency-induced growth inhibition
and leaf chlorosis [1]. To deal with this problem, the plant evolved two strategies to deal
with soluble Fe (Fe2+) shortage and recover Fe from soils. First, there are strategy-I plants
(all dicots and non-graminaceous monocots), in which Fe3+ is reduced into Fe2+ by a plasma
membrane ferric reductase enzyme encoded by the FRO (ferric reduction oxidase) gene,
before being transported across the rhizodermis cell by a Fe2+ transporter, encoded by an
IRT (iron-regulated transporter) gene [1,3].

On the other hand, strategy-II plants produce phytosiderophores (PS) capable of
chelating Fe3+, which are then taken up by specific epidermal root cell plasma membrane
transporters [4]. However, alfalfa is strategy-I species. Under Fe-deficient conditions,
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strategy-I species undergo several morphological and physiological changes to aid in nutri-
ent transportation and acquisition. For example, high expression of IRT1 gene enhances
Fe2+ acquisition in plants [3]. Similarly, the up-regulation of Fe responsive genes IRT1 and
FRO1 in Brassica at an early stage of S deficiency has been reported [5]. Furthermore, Fe de-
ficiency in plants can cause oxidative stress at the cellular level by impairing photosystem
II efficiency, increasing H2O2 levels, cellular injury, and disrupting redox homeostasis, all
of which can lead to programmed cell death (PCD) [6]. In contrast, Fe deficiency was found
to regulate antioxidant mechanisms in Prunus rootstocks, where superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) activities were differentially induced [7].

Nitric oxide (NO) is a small gaseous signaling molecule, involved in the alleviation
of oxidative stress, induction of antioxidant activity, and plant sustenance against en-
vironmental stimuli [8]. An increasing number of studies have revealed the protective
role of NO in plant tolerance to different abiotic stresses. In response to salt stress, NO
supplementation regulates SOD, CAT, and osmolyte activities in chickpea [9]. It was also
reported that NO donor sodium nitroprusside (SNP) could act as an antioxidant in barley,
leading to prevention of PCD [10]. In response to cadmium stress, exogenous NO increases
chlorophyll and the Chl a/b ratio in Brassica [11]. Despite these significant advances in
NO response in multiple stress tolerance in plants, little is known about NO response in
nutrient-deficient/nutrient sufficient conditions. Therefore, it is imperative to investigate
NO-mediated Fe-homeostasis, alleviation of Fe-induced oxidative stress, and balancing of
redox state in plants under Fe-deficiency.

Alfalfa (Medicago sativa L.) is a perennial legume crop that serves as nutritious fodder
for livestock. Nutrient deficiency negatively impacts on forage growth, biomass yield,
quality parameters, digestibility, and ultimate animal performance. It is therefore critical
to investigate long-term strategies for maintaining nutrient content in forage in changing
climates. Alfalfa is also a good source of protein; it is well known that Fe acts as a cofactor in
various enzymes and proteins [12]. Unfortunately, Fe deficiency causes chlorosis, a decrease
in protein and chlorophyll content, and reduces in forage yield and quality, especially in
alkaline soils [13]. Therefore, considering the above facts the aim of the study was designed
to explore NO-mediated mechanisms associated with plant protection from Fe-induced
chlorosis, photosynthetic disruption, transcriptional regulation of Fe-responsive genes, and
antioxidant defense.

2. Materials and Methods

2.1. Plant Cultivation and Treatment

Viable seeds of alfalfa (Medicago sativa L.) were treated with 70% ethanol for 1 min,
washed properly using deionized water, and then placed for germination up to 2–3 days.
Five-day-old seedlings were transferred into plastic boxes supplemented with micro and
macro-elements [14]. There were four treatments: control (25 µM FeNaEDTA); −Fe (0.1 µM
FeNaEDTA); −Fe (0.1 µM FeNaEDTA) and sodium nitroprusside (SNP; 100 µM) as nitric
oxide (NO) donor; and SNP (100 µM). The plants were maintained at 25 ◦C under 60–65%
relative humidity, 200 µmolm−2 s−1 light intensity and light/dark cycle (14 h/10 h dark).
The plants were harvested 2 weeks following treatments.

2.2. Measurement of Morphological Features and Photosynthetic Parameters

The root and shoot lengths were measured in centimeters (cm) scale. The fresh weight
(FW) of the plants was determined using a digital balance. Alfalfa plants were kept at
dark for 1 h before physiological indices were measured. The leaf greenness of young
alfalfa leaves was determined using a SPAD meter (Minolta, Japan). The maximum yield
of photosystem II (PSII; Fv/Fm) was determined using a portable fluorometer after plants
were dark-adapted for 20 min at room temperature (PAM 200, Effeltrich, Germany).
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2.3. Nitric Oxide (NO) Localization Using Fluorescent Histochemical Staining

Endogenous NO formation in root tips was measured using 4,5-diaminofluore scein
diacetate (DAF-2DA) (Sigma-Aldrich, Burlington, MA, USA) as a NO-specific fluorescent
dye [15]. In brief, dimethyl sulfoxide (DMSO) was used to prepare 10 µM DAF-2DA. Root
tips of alfalfa were soaked in 10 mM Tris−HCl buffer (pH 6.5) containing 10µM DAF-
2DA for 30 min at dark conditions. The incubated root tips were washed with diethyl
pyrocarbonate (DEPC) treated water and observed using a fluorescence microscope (Logos
Biosystems, Anyang, South Korea) with 495 nm excitation and 515 nm emissions.

2.4. Estimation of Elemental Concentration

Following treatments, alfalfa roots were washed with deionized water to remove
nutrient components from the surface area, and excess water was blotted with tissue
paper. Root and shoot were dried for 72 h at 70 ◦C. Equivalent amounts of plant samples
were weighed and digested with a solution (HClO4/HNO3; 1:3 v/v), and elements were
measured using inductively coupled plasma mass spectroscopy (ICP-MS, Agilent 7700,
Santa Clara, CA, USA). To prepare with a standard curve, a multi-element ICP-standard-
solution (ROTI®STAR, Roth, Germany) was considered Elements were analyzed from
samples of the three biological replications.

2.5. Analysis of Soluble Protein Content

The amount of soluble protein was determined according to the protocol described
previously [16]. Shortly, 100 mg of plant tissue was homogenized with Tris-HCl (50 mM,
pH 7.5), EDTA (2 mM), and 0.04% (v/v) β-mercaptoethanol (β-ME). The mixture was
centrifuged at 10,000 rpm for 15 min. Following that, 1 mL supernatant was mixed with
1 mL Coomassie Brilliant Blue (CBB), and the absorbance was measured at 595 nm.

2.6. Hydrogen Peroxide Accumulation

The accumulation of hydrogen peroxide (H2O2) was detected spectrophotometrically
using the previously described protocol [17]. Shortly, 100 mg of ground sample was
homogenized with KP-buffer (50 mM, pH adjusted to 7.0) containing catalase inhibitor
hydroxylamine (1 mM). The mixture was centrifuged for 20 min at 12,000 rpm then
supernatant (0.7 mL) was transferred to a new tube and 0.7 mL 20% H2SO4 containing
titanium chloride (TiCl) was added. The mixture was centrifuged at 12,000 rpm for 15 min.
Finally, 1 mL of supernatant was taken and measured with absorbance at 410nm using a
spectrophotometer (UV-1650PC, Shimadzu, Japan).

2.7. Measurement of Cell Death

Cell death percentages (%) were measured according to the method used earlier [18].
Shortly, 200 mg of plant tissue was homogenized with Evan’s blue solution (2 mL) for
15 min. The mixture was treated with 80% ethanol for 8–10 min. The solution was incubated
at 50 ◦C for 20 min in a water bath (Vision Scientific, Daejeon, Korea) system. The mixture
was centrifuged at 12,000 rpm for 10 min. The supernatant (1 mL) was then exposed to a
wavelength of at 600 nm. The percentage of cell death of tissue was calculated according to
the fresh weight basis.

2.8. Gene Expression Analysis by Real-Time PCR

The RNeasy plant mini kit was used to isolate total RNA from plant tissue (QIAGEN,
Hilden, Germany). Shortly, 0.1 g of ground tissue was mixed with RNA extraction buffer
containing 2M DDT and 1% (v/v) β-ME. The mixture was vortex thoroughly before being
centrifuged at 13,000 rpm for 2 min. Following multiple centrifugation and washing steps,
total RNA yield was obtained. The RNA concentration in the sample was determined
using a nano-drop UV/Vis spectrophotometer (UVISDrop-99, Taipei, Taiwan). For further
molecular analyses, RNA concentrations of more than 300 ng/µL were considered. The
cDNA synthesis kit (Bio-Rad, USA) was used for the synthesis of cDNA. The CFX96
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Real-Time system (Bio-Rad, USA) was used to analyze gene expression. The gene-specific
primers were used for qPCR (Supplementary Table S1) analysis. The reaction mixture
(20 µL) contained 10 µL of SYBR Green, 1µL of cDNA, 1µL of each forward and reverse
primer (10 µM), and rest of DEPC treated water. The qPCR system was set to 95 ◦C for
3 min, 40 amplification cycles of 5 s at 95 ◦C, 30 sec of annealing 60 ◦C, and 5 min of
extension at 60 ◦C. The expression of the target genes was analyzed using the dd−∆Ct

method [19], where actin was considered as an internal control.

2.9. Antioxidant Enzyme Activity

Antioxidant enzyme activities of plant tissue were measured following the protocol
used previously [20]. Briefly, 100 mg tissue was homogenized in 0.5 mL of 100 mM (KP-
buffer, pH 7.0), vortex well. Then the solution was centrifuged at 10,000 rpm for 15 min, and
this supernatant was used for further enzymatic analysis. In order to assess SOD, 100 µL
extract was added to EDTA (0.1 mM), NaHCO3 (50 mM, pH 9.8) and epinephrine (0.6 mM).
The adrenochrome was confirmed by exposing the solution at 475 nm. The activity of
APX was determined according to the method used previously [21]. The reaction buffer
consisted of100 µL of sample extract, EDTA (0.1 mM), KP-buffer (50 mM, pH 7.0), hydrogen
peroxide (0.1 mM), and ascorbic acid (0.5 mM). The 1 mL supernatant was taken and the
absorbance was measured at 290 nm and the activity was calculated at extinction co-
efficient (2.8 mM−1 cm−1). The CAT activity was measured using a mixture containing
KP-buffer (100 mM, pH 7.0), hydrogen peroxide (6%), and 100 µL sample extract, and the
mixture was read at 240 nm (extinction co-efficient 0.036 mM−1 cm−1) considering between
30s-60s. For GR activity, 100 µL plant extract was added to KP-buffer (100 mM), EDTA
(1 mM), GSSG (20 mM) and NADPH (0.2 mM). The reaction was triggered with GSSG,
which was reduced in absorbance at 340 nm in response to NADPH oxidation. The GR
accumulation was ascertained using the extinction co-efficient of 6.12 mM−1 cm−1 [22].

2.10. Statistical Analysis

All experiments were conducted with the three biological replications for each sam-
pling. The significance level (p ≤ 0.05) was considered by one-way analysis of vari-
ance (ANOVA) followed by Tukey honestly significant test, which was followed by the
software SPSS Statistics 20.0. The software GraphPad Prism (version 6.0) was used for
graphical presentation.

3. Results

3.1. Alteration of Morphological Features

Iron deficiency-significantly altered the morphological features in alfalfa following
14 days of plant cultivation in the medium. Fe deficiency inhibited the growth of alfalfa
seedlings compared with those growth was sufficiently stimulated with SNP (Figure 1).
Root length, root dry weight, shoot length, and shoot dry weight of SNP-supplied plants
(−Fe+SNP) were significantly higher than those of Fe-deficient plants (Figure 2a–d).
However, the addition of SNP to the control plants (+SNP) resulted in an increase in
biomass production.
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Figure 1. Morphological changes in alfalfa cultivated with different growth conditions: control
(25 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA) and sodium nitroprusside
(SNP, 100 µM) as nitric oxide (NO) donor; and SNP (100 µM).

Figure 2. Root length (a), root dry weight (b), shoot height (c), and shoot dry weight (d) in alfalfa
cultivated with different growth conditions: control (25 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA);
−Fe (0.1 µM FeNaEDTA) and sodium nitroprusside (SNP, 100 µM) as nitric oxide (NO) donor; and
SNP (100 µM). Different letters above the error bar indicate significant differences (p < 0.05) among
means ± SD of treatments (n = 3).
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3.2. Fe Deficiency-Induced Chlorosis and Regulation of Photosynthetic Parameters

Fe-deficient alfalfa plants exhibited chlorosis and photosynthetic disturbance, and
reduced chlorophyll levels. As shown in Figure 3a,b, the leaf greenness and maximum
quantum yield of PSII were significantly reduced in response to Fe deficiency, whereas
these parameters were improved following exogenous SNP supplementation to the Fe
deficient condition (−Fe+SNP). These parameters remained unchanged while the control
plants were treated with SNP (+SNP) and untreated control.

Figure 3. Leaf greenness (a) and maximum quantum yield of PSII (b) in alfalfa cultivated with
different growth conditions: control (25 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA); −Fe (0.1 µM
FeNaEDTA) and sodium nitroprusside (SNP, 100 µM) as nitric oxide (NO) donor; and SNP (100 µM).
Different letters above the error bar indicate significant differences (p < 0.05) among means ± SD of
treatments (n = 3).

3.3. Changes of Cellular Stress Indicators

Fe deficiency caused a significant increase in cell death (%) compared to the plants
treated with SNP along with non-treated control (Figure 4a). However, cell death (%)
was found to be reduced after adding SNP with Fe-deficiency. Total soluble protein was
significantly reduced in Fe deficient plants while it was increased in SNP-treated plants
(Figure 4b). Furthermore, Fe deficiency increased the rate of H2O2 production in alfalfa
while it showed a significant reduction in SNP-treated with Fe-deficiency plants (Figure 4c).

Figure 4. Cell death (a), total soluble protein (b), and hydrogen peroxide (H2O2) (c) in alfalfa cultivated with different growth
conditions: control (25 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA) and sodium nitroprusside
(SNP, 100 µM) as nitric oxide (NO) donor; and SNP (100 µM). Different letters above the error bar indicate significant
differences (p < 0.05) among means ± SD of treatments (n = 3).
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3.4. Regulation of Endogenous NO Level

Endogenous NO level in alfalfa root was slightly induced in Fe deficient condition that
was lower compared to SNP treated plants. However, the addition of SNP in combination
with or without Fe deficient plants showed a strong green fluorescent signal compared to
control. The non-treated control plant exhibited very weak fluorescence intensity in alfalfa
root (Figure 5).

Figure 5. Endogenous accumulation of nitric oxide (NO) in alfalfa cultivated with different growth conditions: control
(25 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA) and sodium nitroprusside (SNP, 100 µM) as nitric
oxide (NO) donor; and SNP (100 µM). The pictures of the stained roots were taken at 10× magnification. Scale bar = 100 µm.

3.5. Regulation of Mineral Nutrition and Transporter Expression

Fe deficiency-regulated the concentrations of Fe, Zn, and S in alfalfa roots and shoots.
Fe level was significantly decreased in Fe-deficient condition in root and shoot while it was
increased after SNP supplementation (Figure 6a). Zn concentration was unchanged in roots
under Fe-deficient and control condition but it was elevated in response to SNP-treated
roots and shoots (Figure 6b). The S level was significantly reduced both in roots and shoots
under Fe-deficiency (Figure 6c). However, neither plants treated with SNP nor untreated
control plants had significantly different S concentrations in their roots or shoots.

As a consequence, several candidate genes involved in transporting metallic ions
expressed differently in alfalfa roots and shoots. The Fe regulating gene IRT1 exhibited
subtaintial downregulation in response to Fe deficiency, and demonstrated significant
upregulation in response to −Fe+SNP or +SNP treatments (Figure 6d). Fe-deficiency
induced-stress significantly declined the expression of NRAMP1 while the expression of
the gene enhanced after SNP supplementation (Figure 6e). Sulfate transporter gene SULT1;2
showed a significant downregulation in Fe-deficiency stress. However, the expression of
SULT1;2 was not significantly different among the −Fe+SNP, +SNP and non-treated control
plants (Figure 6f).
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Figure 6. Fe (a), Zn (b) and S (c) concentration, along with IRT1 (d), NRAMP1 (e), and SULT1;2 (f) candidate gene expression
in alfalfa cultivated with different growth conditions: control (25 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA); −Fe (0.1 µM
FeNaEDTA) and sodium nitroprusside (SNP, 100 µM) as nitric oxide (NO) donor; and SNP (100 µM). Different letters above
the error bar indicate significant differences (p < 0.05) among means ± SD of treatments (n = 3).

3.6. Antioxidant Enzyme Activity

Fe deficiency-induced stress along with SNP supplementation significantly regulated
the activity of key antioxidant enzymes in alfalfa. The addition of SNP to Fe deficient
conditions led to a significant increase in SOD activity, although this increase was not
consistent across the different treatments (Figure 7a). CAT activity was slightly lifted in
SNP-treated plants, but this enzyme did not exhibit significant changes due to Fe deficiency
or SNP treatments (Figure 7b). Fe deficiency showed a significant decrease in APX activity
while it increased and it was consistent in SNP treated (+SNP) plants (Figure 7c). GR
activity was greatly increased under Fe deficiency with or without SNP supplementation
compared to non-treated control (Figure 7d). DHAR showed a significant increase in its
activity in Fe-deficient condition, along with Fe deficiency with SNP (−Fe+SNP) treatment
(Figure 7e). Furthermore, significant MDAR activity was observed only in Fe deficiency
with SNP of all assayed treatments (Figure 7f).
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Figure 7. SOD (a), CAT (b), APX (c), GR (d), DHAR (e) and MDAR (f) enzyme activity in alfalfa
cultivated with different growth conditions: control (25 µM FeNaEDTA); −Fe (0.1 µM FeNaEDTA);
−Fe (0.1 µM FeNaEDTA) and sodium nitroprusside (SNP, 100 µM) as nitric oxide (NO) donor; and
SNP (100 µM). Different letters above the error bar indicate significant differences (p < 0.05) among
means ± SD of treatments (n = 3).

3.7. Expression of Key Genes Involved in ROS Homeostasis

The expression of major antioxidative enzyme genes is regulated differentially in
response to Fe-deficiency with or without SNP supplementation. As shown in Figure 8, the
transcript of the Fe-SOD gene significantly was increased due to the addition of SNP to the
Fe deficient (−Fe+SNP) condition (Figure 8a). CAT gene showed the expression with nearly
the same pattern among the treatments (Figure 8b). Fe-deficiency significantly declined the
expression of the APX gene, while the pattern remained unchanged in the rest of the treat-
ment groups (Figure 8c). Interestingly, GR gene showed a significant up-regulation under
Fe-deficiency along with SNP-treated plants compared to control (Figure 8d). Ascorbate-
glutathione (AsA-GSH) cycle gene DHAR is significantly upregulated in response to Fe
deficiency (Figure 8e). However, the combination of SNP with Fe deficiency highly induced
the transcript of MDAR gene, while the rest of the treatments showed nearly the same
pattern (Figure 8f).
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Figure 8. Fe-SOD (a), CAT (b), APX (c), GR (d), DHAR (e) and MDAR (f) candidate gene expression
in alfalfa cultivated with different growth conditions: control (25 µM FeNaEDTA); −Fe (0.1 µM
FeNaEDTA); −Fe (0.1 µM FeNaEDTA) and sodium nitroprusside (SNP, 100 µM) as nitric oxide
(NO) donor; and SNP (100 µM). Different letters above the error bar indicate significant differences
(p < 0.05) among means ± SD of treatments (n = 3).

4. Discussion

This study showed a mechanistic basis related to NO-mediated protection of chlorosis,
photosynthetic disturbance, and oxidative stress in alfalfa. The role of NO and its signaling
response in alfalfa roots reveals novel features along with antioxidant enzymes and corre-
sponding candidate genes linked to the protection of plants from Fe deficiency- induced
damages. These findings can be utilized by the farmer to improve alfalfa production in
Fe-deficient soils.

4.1. NO Mitigated Chlorosis, Photosynthetic Disruption, and Plant Growth Reduction

In Fe-deficient condition, a reduction of root-shoot biomass, chlorosis, and photo-
synthetic disturbance was observed, which confirming the inhibition of morph physio-
logical features is the adverse effects of Fe-deficiency in plants. Reduction of chlorophyll
synthesis in chlorosis leaves, fresh weight, and photosynthetic rate is associated with
Fe-deficiency [23]. However, chlorosis is also involved in reducing Fe accumulation and
other nutritional imbalances that are related to growth retardation in alfalfa. Another
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report suggests that nutrient deficiencies caused by Fe-deficiency have an impact onplant
growth and development [24]. Our study indicates that NO is capable of coping with
Fe-deficiency as well as growth retardation, which demonstrates the role of NO in Fe
homeostasis particularly in Fe deficient plants [25]. NO also protects the photosynthetic
disturbance by regulating the leaf greenness in alfalfa. However, it is well documented that
NO protects against photosynthetic disturbance in plants under stressful conditions [26].
In this study, the ratio of Fv/Fm manifested a remarkable reduction due to Fe deficiency.
It indicates that the PSII photochemical reaction considerably affected growth attributes,
which impaired the initial growth phase of Fe-deficiency in alfalfa. This is supported by
the evidence in plants where reduction of PSII is often associated with Fe-deficiency in
leaves [27]. A study documented that the redox state of PSII acceptors was negatively in-
fluenced by Fe-deficiency [28]. In contrast, the quantum yield of PSII was well maintained
following supplementation of NO in alfalfa. It implies that Fe-deficiency inhibits the Fe
uptake but Fe acquisition can be well maintained by NO. Thus, it suggests that NO may
play an important role in maintaining photosynthesis capacity and it is required for the
mechanism involved in Fe-deficiency tolerance in alfalfa.

4.2. Endogenous NO Level Reduced ROS-Induced Cellular Damages

In plants, Fe deficiency causes reactive oxygen species (ROS), cellular injury, and non-
autolytic programmed cell death (PCD) [29]. In this present study, Fe-deficiency induced
ROS (H2O2) level, increased cell death percentage (%). At the same time, these parameters
significantly recovered after addition of SNP. Thus, it suggests that Fe-deficiency stress
linked to ROS generation and oxidative stress, which involved in cellular injury in alfalfa.
In contrast, alleviation of Fe deficiency and reduction of ROS induced cellular damage by
NO suggests that generation of endogenous NO (detected using DAF-2 DA fluorescence
probe) in root cells is associated with Fe-homeostasis. A recent study evidenced that NO
is involved in Fe-homeostasis especially in Fe deficient plants [25]. Hence, low intensity
of temporal accumulation of NO is also visualized in Fe-deficient alfalfa roots.It is not
surprising that NO signal can be induced in plant due to Fe-deficiency [29].

4.3. NO Involved in Regulating Nutrients Accumulation and Transporter Gene Expression

The retardation of alfalfa growth with chlorotic symptoms as a consequence of low Fe
accumulation may be associated with lower uptake and translocation of Fe in Fe- deficient
plants. However, this occurrence did not happen in the case of SNP treated plants. It
is evidenced that IRT1 gene is involved in transporting Fe in the cytosol of cells [30]. In
Arabidopsis, it is also documented that IRT1 transporter expressed in the root, and it is
responsible for Fe uptake from the soil for plant growth [31]. In this study, NRAMP1 gene
significantly downregulated in Fe-deficiency but sharply induced after the addition of
SNP with Fe deficiency, indicating that NRAMP1 is associated with the low Fe uptake and
transport. In contrast, the induction of NRAMP1 due to SNP supplementation suggests
that it may be involved in Fe homeostasis, as it is evidenced that NRAMP1 is a crucial
metal transporter involved in Fe transport as well as homeostasis in plants [32]. In addition,
SULTR1;2 gene associated with sulfate transport showed increased expression due to SNP
supplementation and declined to Fe deficiency. However, it has yet to disclose SULTR
gene function in Medicago species, SULTR study in legume plant Lotus japonicas suggested
that LjSULTR1:2 is involved in sulfate uptake [33].Consequently, knockout of SULTR1;2
was reported to decline sulfate uptake and growth in Arabidopsis [34]. This evidence
suggests that S accumulation is linked to the response of SULTR1;2 and activity depend on
Fe availability in plants.

4.4. Antioxidant Genes Expressions Was Tightly Related to the Changes of Corresponding
Enzymes Activities

An intimate relationship between antioxidant enzyme activities and Fe deficiency-
induced stress was reported in soybean plants [35]. In this study, we found that ROS
scavenging-related genes expressions were tightly related to the alterations of correspond-
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ing enzymes activities in alfalfa. Changes in leaf greenness and gene expression indicate
the disturbance of chloroplast integrity under Fe deficiency. Fe can interact with SOD
as a co-factor, so it is expected that a possible interaction exists between the response
of Fe-SOD and Fe availability/efficiency in plants. Fe-SOD enzyme involved in detoxi-
fication of superoxide formed during photosynthetic electron transport and function in
ROS metabolism [36]. Fe-availability is a vital determinant of Fe-SOD expression. As
analysis of alfalfa phenotype provides support for the role of this enzyme in ROS scav-
enging. In this study, Fe-deficiency declined the expression of Fe-SOD transcript but was
significantly induced after supplementation of SNP in alfalfa. Our findings supported the
study in the Arabidopsis plant where Fe-SOD transcript was downregulated in response
to Fe deficiency [37]. CAT expression and its corresponding enzyme activity were not
significantly increased, though slightly induced in response to SNP, indicating that CAT
may not be actively involved in particularly Fe-deficiency induced stress alleviation due to
overproduction of ROS in plants [38].

The activity of the Fe-containing enzyme APX was lower in Fe-deficiency stress but
it tended to be induced by SNP. This finding indicates that a low level of Fe in tissue
possibly influenced the activity of the APX enzyme along with the expression of APX
transcript. However, the high Fe-SOD and APX activity presence of SNP indicates that
Fe-SOD and APX improve alfalfa to reduce ROS-induced oxidative injury in plants. The
report suggests that Fe deficiency leads to chlorosis, ROS generation, and oxidative stress,
which induce cellular injury and non-autolytic PCD in plants [6]. In this study, the sup-
plementation of SNP stimulated the transcripts of GR, DHAR, and MDAR as well as their
corresponding enzyme activities, part of the ASC-GSH pathway. These comprehensive
insights suggest a mechanistic basis of SNP-mediated protection of Fe deficiency-induced
chlorosis, photosynthetic disturbance, and oxidative stress in alfalfa (Figure 9).

Figure 9. The mechanistic basis of nitric oxide-mediated protection of Fe deficiency-induced chlorosis, photosynthetic
disturbance, and oxidative stress in alfalfa.

248



Antioxidants 2021, 10, 1556

5. Conclusions

The results of this study shed light on the mechanisms that underlie SNP-mediated
alleviation of Fe deficiency-induced growth retardation, chlorosis, photosynthetic dis-
turbance, and oxidative stress in plants. Fe deficiency-induced chlorosis is one of the
consequences of Fe deficiency when plants are grown in such a condition. In this study,
Fe-deficiency induced stress significantly impacted root-shoot length, leaf greenness, maxi-
mum quantum yield PSII (Fv/Fm), Fe, S, and Zn accumulation, increased H2O2 content in
alfalfa. Surprisingly, these negative impacts of Fe-deficiency stress were largely restored
due to SNP supplementation. The response of Fe and S transports in under Fe-deficiency
suggested that Fe shortage declined the Fe, Zn and S accumulation both in root and shoots
as well as significant decreased of IRT1, NRAMP1 and SULTR 1;2 gene transcripts in alfalfa.
Furthermore, SNP-induced antioxidant candidate genes along with their corresponding
enzyme activities indicate that SNP-induced antioxidant enzymes are involved in pre-
venting of Fe deficiency stress-induced chlorosis, photosynthetic disturbance, and ROS
accumulation as well as oxidative stress in alfalfa.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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Abstract: Water stress (drought and waterlogging) is severe abiotic stress to plant growth and
development. Melatonin, a bioactive plant hormone, has been widely tested in drought situations in
diverse plant species, while few studies on the role of melatonin in waterlogging stress conditions
have been published. In the current review, we analyze the biostimulatory functions of melatonin
on plants under both drought and waterlogging stresses. Melatonin controls the levels of reactive
oxygen and nitrogen species and positively changes the molecular defense to improve plant tolerance
against water stress. Moreover, the crosstalk of melatonin and other phytohormones is a key element
of plant survival under drought stress, while this relationship needs further investigation under
waterlogging stress. In this review, we draw the complete story of water stress on both sides—drought
and waterlogging—through discussing the previous critical studies under both conditions. Moreover,
we suggest several research directions, especially for waterlogging, which remains a big and vague
piece of the melatonin and water stress puzzle.

Keywords: melatonin; water stress; drought; waterlogging; abiotic stress; antioxidants; stress
signaling; phytohormones
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1. Introduction

With the notable increase in global warming, rainfall disparity, and poor drainage, water stress
(drought and waterlogging) is becoming one of the fiercest environmental challenges in the agriculture
sector, mainly in the arid and semiarid regions for drought stress [1,2], and in the areas of heavy rainfall,
inadequate draining, and flooding for waterlogging stress [3], which could seriously threaten food
security by 2050, whenthe world’s population is predicted to reach ten billion [4]. The key impact of
water stress is the massive generation of reactive oxygen species (ROS) and malondialdehyde (MDA)
over the cell tolerance ability [5], therefore, directly and/or indirectly damaging the cell membrane,
nucleic acids, and proteins (Figure 1). This adversely affects gas exchange and photosynthesis and
decreases plant growth, as well as yield quality and quantity [6–8]. Practically, a global-scale analysis
of published studies over the last four decades on maize and wheat revealed that 20–40% of yield
reductions were due to water scarcity [9].Meanwhile, the destructive effect of waterlogging on crop
yield has been estimated at a 40–80% loss in an area of more than 1.7 billion hectares [10–12].

 

Figure 1. A schematic model explaining the mechanism underlying the melatonin-mediated drought
stress response. At the cellular level, a stress signal from the cell membrane is received by the
nucleus, which starts to activate the melatonin biosynthesis pathway from its precursor, tryptophan,
in mitochondria and chloroplasts by upregulating the melatonin-biosynthesis genes. Melatonin sends
its feedback on such stress to the nucleus to activate omics regulation. Consequently, the genes
encoding the proteins related to plant anatomical, physiological, and biochemical responses are
regulated directly and/or indirectly via a simultaneous defense network. The omics-mediated responses
include photosynthesis, biosynthesis, enzymatic and nonenzymatic antioxidants, photoprotection, cell
membrane stability, ROS and oxidative damage, osmoprotection, water status, and leaf senescence,
in addition to the anatomical changes, which lead to drought tolerance. Consequently, the whole plant
status is enhanced, including growth and development, flowering, yield, quality, and survival rate,
while the toxic substances are decreased.

Indeed, plants have developed several strategies to cope with water stress. In drought, plants
avoid the drastic effects of stress through the induction of stomatal closure, accumulation of compatible
solutes, and biosynthesis of wax [4]. Moreover, plants increase their tolerance by the activation
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of antioxidative abilities and the induction of some molecular chaperones to alleviate oxidative
damage [8,13]. In waterlogging, plants avert stress by altering plant metabolism toward anaerobic,
glycolytic, and fermentative metabolism. In response to anoxia, the plant activates the antioxidant
machinery, expression of heat shock transcript, and accumulation of osmolytes [14]. Previous
publications have stated that the various plant responses to water stress are mediated by essential
regulators such as phytohormones [15]. Among them, melatonin is a unique antioxidant and plant
master regulator that protects plants from oxidative stress and regulates various plant responses
to environmental disorders, especially water stress [16–18]. Although accumulating reviews about
the beneficial effects of melatonin have been published over the last decade, it still needs more
discussion in order to update and discover melatonin functions, especially under biotic and abiotic
stresses [19–21]. Herein, we will discuss the most recent and relevant studies of the protective roles
of melatonin-induced water stress tolerance, including anatomical changes, and physiological and
molecular mechanisms, as well as its central role in the hormonal system. Moreover, we will address
the potential triple relationship, melatonin–nitric oxide–hydrogen sulfide, an emerging research point,
in the light of previous water stress research. A grasp of the current situation and consideration of the
future perspectives of the roles of melatonin in water stress tolerance will also be deeply discussed.

2. Melatonin-Induced Drought Stress Tolerance

2.1. An Overview

Among plant growth substances, melatonin (N-acetyl-5-methoxytryptamine) is an amazing and
powerful naturally occurring antioxidant that effectively copes with the drastic effects of water deficit
in plants [16,22]. Thus, melatonin is strongly recommended to mitigate drought stress in several plant
species, including model plants [23,24], field crops [25,26], fruit crops [27,28], vegetable crops [29,30],
as well as ornamental and medicinal plants [31,32] (Table 1). Melatonin treatment ranges from a very
low concentration (50 nM) in grape [33] to a high dosage (1 mM) in maize [34] (Table 1). Moreover,
melatonin can be applied in different forms to alleviate drought stress, including seed priming [35],
seed coating [36], direct soil treatment [37], foliar application [32], in nutrient solutions and hydroponic
systems [38], supplemented with irrigation [27], and roots pretreatment [39] (Table 1).
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Table 1. Roles of melatonin in drought stress tolerance.

Common Name Scientific Name Drought Treatment
Melatonin Treatment

Effects Reference
Concentration * Application Form

Model Plants

Arabidopsis Arabidopsis thaliana Water withholding (21 d) 50 µM Supplemented with
nutrient solution

Stress-responsive genes N, soluble
sugars N [40]

Field Crops

Rice Oryza sativa
Water drainage from

vessels (5 d) 100 µM
Pretreatment in

growing distilled
water

Plant growth N, osmoprotectants
proline N, stress-responsive genes N,

mitochondrial structure N, ROS H,
electroleakage H

[41]

Maize Zea mays

Water withholding (8 d),
melatonin application

during recovery, followed
by withholding (8 d).

1 mM Supplemented with
irrigation Photoprotection (PSII efficiency) N [34]

Maize Z. mays 30–60% SWC (8d) 100 µM Foliar application

Recovering after rehydration N,
photosynthesis N, stomatal

conductance N, transpiration rates N,
cell turgor and water holding

capacity N, enzymatic and
nonenzymatic antioxidants N,

osmotic potential H, ROS H

[42]

Maize Z. mays 20% PEG6000(3 d) 10–100 µM Foliar application
pre-treatment

Photosynthesis N, antioxidant
enzymes N, carbon fixation N, amino

acids and secondary metabolites
biosynthesis N, ROS H

[26]

Maize Z. mays Water withholding (7 d) 100 µM
Two methods

(root-irrigation and
foliar application)

Photosynthesis N, ROS H [43]

Maize Z. mays 40–45% field capacity (50 d)
50 µM (foliar spray)

and 100 µM (soil
drench)

Foliar application or
soil treatment

Photosynthesis N, antioxidant
enzymes N, ROS H [44]
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Table 1. Cont.

Common Name Scientific Name Drought Treatment
Melatonin Treatment

Effects Reference
Concentration * Application Form

Wheat Triticum aestivum
40% and 60% field capacity

(7 d) 500 µM Soil application

Chloroplast structureN,
photosynthesis N, cell turgor and

water holding capacity N, GSH and
AsA contents N, antioxidant

enzymesN, GSH–AsA cycle-related
genes N, ROS H, membrane damage

H

[45]

Wheat T. aestivum
30% pot holding capacity

(8 d) 100 µM Soil application

Recovering after rehydration N,
biomass and root/shoot ratio N,

water holding capacity N,
chlorophyll N, photosynthesis N,

ROS H, MDA H

[46]

Wheat T. aestivum 20% PEG 6000 (7 d) 10 and 100 µM
(variety-dependent) Seeds treatment

Germination percentage N,
germination index N, germination

potential N, radicle length and
number N, plumule length N, lysine
(germination-related amino acid) N

[47]

Tartary
Buckwheat Fagopyrum tataricum 20% field capacity (15 d) 100 µM Foliar application

Water status N, osmoprotection N,
secondary metabolitesN, antioxidant
enzymesN, photosynthesis N, ROS H

[48]

Barley Hordeum vulgare
(Combined drought and

cold) 1 mM Foliar or soil
application

Endogenous melatoninN, ABA N,
water status N, antioxidants N,

photosynthesis N, PSII efficiency N
[49]

Soybean Glycine max 20% field capacity (10 d) 50 µM Seed coating Seedlings growth N, biomass N,
electrolyte leakage H [36]

Soybean G. max 15% PEG 6000 (7 d) 100 µM Supplemented with
nutrient solution

Seedlings growth N, photosynthesis
N

[38]

Soybean G. max 45% RSWC (15 d) 100 µM Foliar application Antioxidant enzymes N, osmolytes
N, MDA H [25]

Soybean G. max 15% PEG6000 (3 d) 100 µM Foliar and root
application

Plant growth and flowering N, seed
yield N, gas exchangeN, PSII

efficiency N, antioxidant enzymes N,
MDA H

[50]
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Table 1. Cont.

Common Name Scientific Name Drought Treatment
Melatonin Treatment

Effects Reference
Concentration * Application Form

Cassava Manihot esculenta 20% PEG 6000 (11 d) 100 µM Soil application POD activity N, ROS H [37]

Cotton Gossypium hirsutum 10% PEG 6000 (7 d) 100 µM Seeds pre-soaking

Number and opening of stomata in
cotton testa N, germination

parametersN, antioxidant enzymes N,
osmoprotection N, GA3 N, ABA H,

ROS H, MDA H

[51]

Alfalfa Medicago sativa Water withholding (7 d) 10 µM Soil application

Chlorophyll N, stomatal conductance
N, osmoprotection N, Nitro-oxidative

homeostasis N, cellular redox
disruption H,MDA H, ROS H

[52]

Fruits

Apple Malus spp. Water withholding (6 d) 100 µM Soil application

Water holding capacity N,
chlorophyll N, photosynthesis N,
antioxidants N, stomatal opening

regulation N, melatonin biosynthesis
genes N, electrolyte leakage H, ROS
H, ABA H through ABA synthesis

geneH and catabolic genes N

[53]

Apple M. domestica
50% field capacity

(3 months with sampling
every month)

100 µM Soil application

Plant growth N, nutrients uptake
fluxes N, N metabolism N,
endogenous melatonin N,

chlorophyll N, photosynthesis N,
relative water content N, stomatal

status N, electrolyte leakage H, ROS H

[54]

Apple M. domestica
50% field capacity

(3 months with sampling
every month)

100 µM Soil application

Chlorophyll N, photosynthesis N,
photoprotection N, antioxidant

enzymes N, GSH and AsA contents
N, oxidative damage H, leaf

senescence H, senescence-associated
gene 12 H, pheophorbide a

oxygenase-related gene H, ROS H

[55]
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Table 1. Cont.

Common Name Scientific Name Drought Treatment
Melatonin Treatment

Effects Reference
Concentration * Application Form

Grape Vitis vinifer 10% PEG 6000 (12 d) 50, 100 and 200 nM Roots pretreatment

Photoprotection N, leaf thickness N,
spongy tissue N, stoma size N,

chloroplast structure N, enzymatic
and nonenzymatic antioxidants N,
osmoprotectants (free proline) N,

ultrastructural damage H, oxidative
injury H

[33]

Grapevine V. amurensis V. vinifera
and V. labruscana

10% PEG 6000 (4 d)

Endophyte
colonization of

secreted-melatonin
bacteria

Bacillus
amyloliquefaciens SB-9

colonization

Melatonin synthesis and its
intermediates N, plant growth N,

ROS H, MDA H
[56]

Grape V. vinifer Water withholding (18 d) 100 µM Supplemented with
irrigation MDA H, relative conductivity H [57]

Grape V. vinifer Water withholding (18 d) 100 µM Supplemented with
irrigation Chlorophyll N, SOD activity N [28]

Kiwifruit Actinidia. chinensis var.
deliciosa

Water withholding (9 d)
(RWC below 35% field

capacity)
100 µM Supplemented with

irrigation

Root vigor N, osmoprotectants N,
proteins biosynthesis N,

chlorophyll N, photosynthesis N,
light energy absorption N,
photoprotection N, CO2

fixation-associated genes N, MDA H,
cell membranes damage H, stomatal

closure H

[58]

Kiwifruit A. chinesis water withholding (9 days) 100 µM Irrigation
pretreatment

Water holding capacity N,
antioxidant enzymes-related genesN,

GSH–AsA cycle-related genes N,
ROS H, MDA H

[27]

Chinese hickory Carya cathayensis 30% PEG 6000 (10–40 d) 100 µM Foliar application
pretreatment

Recovering after rehydration N,
photosynthesis N, antioxidants N,

osmoprotectants N, metabolic
pathways-related genes N,

antioxidant enzymes-related genesN,
ROS H

[59]
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Table 1. Cont.

Common Name Scientific Name Drought Treatment
Melatonin Treatment

Effects Reference
Concentration * Application Form

Vegetables

Tomato Solanum lycopersicum
Water withholding for
(5–20 d after moderate

drought)
0.1 mM Supplemented with

irrigation

Photosynthesis N, root vigor N, PSII
efficiency N, antioxidants N, toxic

substances H
[60]

Tomato S. lycopersicum 10% PEG (7 d) 200 µM Foliar application
Chlorophyll N, p-coumaric acid

content N, antioxidant enzymes N,
MDA H

[29]

Pepper Capsicum annuum 10% PEG (8 d) 50 µM Seed pretreatment

Water holding capacity N,
endogenous melatoninN, GSH

content N, chlorophyll N, carotenoids
N, proline N, antioxidant enzymes N,

MDA H

[30]

Watermelon Citrullus lanatus Water withholding (4 d) 150 µM Root pretreatment Wax accumulation N,
melatonin–ABA crosstalk N [39]

Cucumber Cucumis sativus 18% PEG 6000 (days) 100 µM Seeds priming and
nutrient solution

Seed germination N, root growth N,
root/shoot ratio N, roots vigor N,
chlorophyll N, photosynthesis N,

chloroplasts ultrastructure N,
antioxidant enzymes N, ROS H

[61]

Rapeseed Brassica napus 4% PEG 6000 (7 d) 0.05 mM In PEG solution Plant growth N, antioxidants N,
osmoprotectants N, ROS H [62]

Rapeseed B. napus
−0.3 and −0.4 Mpa PEG

6000 (7 d) 500 µM Seed priming

Chlorophyll N, stomatal regulation
N, chloroplast structure N, cell

expansion and cell wall N,
antioxidant enzymes N,

osmoprotectants N, oxidative
injury H

[35]

Ornamental and Medicinal Plants

Jinyu Chuju Dendranthma
morifolium

40% field capacity (6 d) 100 µM Foliar application

Chlorophyll N, photosynthesis N,
biomass N, osmoprotectants (TSS

and proline) N, cell membrane
damage H, relative conductivity H,

MDA H

[63]
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Table 1. Cont.

Common Name Scientific Name Drought Treatment
Melatonin Treatment

Effects Reference
Concentration * Application Form

Moldavian balm
(Dragon head)

Dracocephalum
moldavica

40–60% field capacity 100 µM Foliar application
Plant growth and flowering N,

antioxidants N, chlorophyll N, water
holding capacity N, ROS H, MDA H

[64]

Creeping
bentgrass Agrostisstolonifera Water withholding (14 d) 20 µM Foliar application

Visual quality N, PSII efficiency N,
chlorophyll N, water holding

capacity N, melatonin biosynthesis
genes N, dehydration responsive

genes N, Chlorophyll-degradation
genes H, leaf senescence H, ROS H,

MDA H

[65]

Tall fescue Festuca arundinacea Water withholding (10 d) 20 µM Irrigation
pretreatment

Plant growth N, chlorophyll N,
antioxidant enzymes N, ROS H,

MDA H
[66]

Bermudagrass Cynodon dactylon Withholding water (21 d) 20 and 100 µM Irrigation
pretreatment

Plant growth N, chlorophyll N,
survival rate N, antioxidant enzymes
N, stress-responsive genes N,

metabolic regulation N, hormonal
signaling-related genes regulation N,

ROS H

[67]

Fenugreek Trigonella
foenum-graecum

19.5% PEG 6000(21 d) 100 and 300 µM Foliar application
pre-treatment

Endogenous melatonin and
secondary metabolites N, chlorophyll
N, antioxidant enzymes N, ROS H

[68]

Coffee Coffea arabica
40% of max moisture

retention capacity (21 d) 300 µM Soil application

Root vigor N, photoprotection N, gas
exchange N, carboxylation efficiency
N, chlorophyll N, antioxidants N,

MDA H

[31]

Tea Camellia sinensis 20% PEG 6000 (2 d) 100 µM Foliar application
pre-treatment

Photosynthesis N, GSH and AsA
contents N, antioxidant enzymes N,
antioxidant enzymes-related genes

N, ROS H, MDA H

[32]

Other Crops

Tobacco, Tomato
and Cucumber

Nicotiana benthamiana,
S. lycopersicum and C.

sativus
Water withholding (6 d) 10 µM Foliar application MDA H, drought tolerance N [23]

N or H, enhanced or decreased compared to control. ROS, reactive oxygen species; PSII, photosystem II; GSH, glutathione; AsA, ascorbate; MDA, malondialdehyde; ABA, abscisic acid;
GA3, gibberellic acid; SOD, superoxide dismutase; POD, peroxidase; TSS, total soluble sugar. * Only those doses of exogenous melatonin that had a superior positive impact on plant
tolerance against drought stress have been selected.
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2.2. Melatonin is Involved in Drought Stress Tolerance

Given the wide use of melatonin in drought stress alleviation, it has been of interest for the
scientific community to investigate the direct evidence of melatonin involvement in drought tolerance.
This takes place through melatonin biosynthesis genes such as tryptophan decarboxylase (TDC),
N-acetylserotonin methyltransferase (ASMT), serotonin N-acetyltransferase (SNAT), and caffeic acid
O-methyltransferase (COMT). In this respect, the endogenous melatonin levels change with the
alteration of the environmental conditions of plant growth. The melatonin level is increased, with a
protective role, in response to different abiotic stressors such as cold, heat, heavy metals, UV radiation,
water deficit, and waterlogging [18,22]. Thus, the expressions of the biosynthesis enzyme transcripts
(TDC, SNAT, ASMT, and COMT genes) occur in stressful situations, producing a burst in the levels
of endogenous melatonin. The global influence of environmental factors on the melatonin levels of
plant organs was demonstrated in barley, tomato, and lupin plants by Arnao and coworkers [69–71].
Some representative examples of melatonin induction by drought can be consulted in studies on
Arabidopsis [24], barley [49], bermudagrass [67], apple [53], grapevine [56], and rice [72]. In these cases,
an increase in the melatonin level, between 2- and 6-fold, in one or more transcripts of melatonin
biosynthesis enzymes due to stress conditions have been described [72,73].

2.3. Mechanisms of Melatonin-Induced Drought Stress Tolerance

2.3.1. Anatomical Changes and Physiological Mechanisms

In the last few years, the role of melatonin as a multifunctional regulator of plant status under
drought conditions, including (i) anatomical and (ii) physiological aspects, have been progressively
studied and, notably, reached more than 42 studies within seven years (Table 1). (i) The anatomical
changes are induced by melatonin within the different plant organs, including less cell membrane
damage [63], more intact grana lamella of the chloroplast [45], alleviation of chloroplast ultrastructural
damage and preservation of its system [33,61], safeguarding of the mitochondrial structure [67],
maintenance of cell expansion [35], better leaf thickness, spongy tissue, and stomata size [33,35],
cuticle formation [74], and wax accumulation [39]. (ii) By increasing drought severity, melatonin,
which is biosynthesized in mitochondria and chloroplasts [75,76], exhibits more defense strategies.
It promotes the physiological aspects, including the antioxidant system [27,59], to alleviate the oxidative
damage, leading to less accumulation of reactive oxygen and nitrogen species (ROS and RNS) [25,52],
less electrolyte leakage [41], lower lipid peroxidation (malondialdehyde reduction) [27,65], lower
relative conductivity [57], the easing of toxic substances content [60], cellular redox disruption
limitation [52], better nitro-oxidative homeostasis [52], and enhanced ascorbate (AsA)–glutathione(GSH)
cycle capacity (higher GSH and AsA contents) [54]. Such beneficial effects are carried out by regulating
enzymatic activity involving peroxidase (POD), ascorbate peroxidase (APX), catalase (CAT), and
superoxide dismutase (SOD), as well as nonenzymatic antioxidants and osmoprotectants (proline and
others) [37,44,64], and also secondary metabolites such as flavonoids, phenolics, and phenylalanine
ammonialyase [48]. Simultaneously, melatonin improves the plant photosystem, as indicated by
higher chlorophyll content [58], greater photosynthetic rates [43], and higher transpiration rates [31].
Moreover, melatonin has been proven to enhance photoprotection via improving photosystem II
efficiency [34]. As a multifunctional substance, melatonin also regulates the osmotic potential of
the cell [42] via the accumulation of soluble sugars and proline [62]. Moreover, water status is one
of the most important priorities of melatonin to control under drought conditions. In this respect,
melatonin enhances plant resistance via higher stomatal conductance [42], higher cell turgor and water
holding capacity [65], and stomatal opening regulation [77]. Consequently, the whole plant status is
enhanced, including seed germination efficiency [47], root generation vitality and strength [61], growth
and flowering [36,50], visual quality [65], seed yield [38], leaf senescence alleviation [54], and quick
recovery after rehydration [59].
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2.3.2. Molecular Mechanisms

Omics of Redox Hemostasis and Plant Built-In Processes

The protective mechanisms of melatonin have also been studied, and the ability of melatonin
to protect plant cells against redox homeostasis disruption in response to drought stress has
been focused on. Melatonin regulates ROS/reactive nitrogen species (ROS/RNS) levels and
antioxidant-related genes, including SOD, POD, CAT, APX, glutathione S-transferase (GSTP),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and glutathione
reductase (GR) [27,30,32,37,43,45,52,56,59,78], as well as osmoprotective elements via the regulation of
proline biosynthesis genes [52]. Melatonin not only alleviates oxidative damage, but also regulates
plant built-in-associated genes, including carbohydrate/fatty and amino acids metabolism [26,36,37],
the carbon metabolic pathway [67], nitrogen metabolism and transport [37,54], plant secondary
metabolism [59], energy production [37,78], carotenoid metabolism and photosynthesis [27,36,37,59],
and cuticle wax biosynthesis [74]. In this regard, the metabolism of carbohydrate/fatty acids has been
reported to be upregulated via the seed-coating of soybean with a melatonin solution as a means
to improve its tolerance to drought stress [36]. Melatonin is also a key regulator of nitrogen (N)
metabolism and transport, as indicated by the higher expression levels of N uptake genes (AMT2-1,
AMT1-2, AMT1-6, AMT1-5, NRT1-1, NRT2-5, NRT2, and 7NRT2-4) and metabolic genes (NADH-GOGAT

NR, Fd-GOGAT, NiR, and GS) in the leaves of apple trees [54].

Omics of Energy Production, Photosynthesis, and Wax Biosynthesis

Melatonin promotes energy production under water scarcity through regulating glycolytic
protein expression and electron transport in the respiratory chain [78]. Moreover, melatonin governs
the photosynthesis process via the regulation of molecular elements involved in the enzymatic
activities of carbon dioxide (CO2)fixation (PGK, TKT, FBA, RPI, FBP, GAPA, TIM, RPK, Rubisco, SEBP,
and RPE) [58], protein expression for carbon fixation [26], light reaction of photosynthesis (cytochrome
P450) [37], and tetrapyrrole pigment biosynthesis [37,56,65]. Photosynthesis has also been reported to
be upregulated via the seed-coating of soybean with a melatonin solution as a means to improve its
tolerance to drought and salinity stress [36]. Among the interesting genes upregulated by melatonin,
there are two subunits of photosystem I (PS I; PsaG and PsaK) and two elements (PsbO and PsbP) related
to the oxygen-evolving complex of PS II (oxygen-evolving enhancer proteins) [36]. Moreover, melatonin
upregulates the relative expression of the PetF ferredoxin gene(which controls the amount of reduced
ascorbate and protects chlorophyll from degradation) and the VTC4 gene, encoding the L-galactose
1-P-phosphatase for ascorbate biosynthesis [36]. In another study, Ma et al. [65] reported that melatonin
inhibited the gene expression and enzyme activities of chlorophyll-degradation genes, including
chlase, Chl-PRX, and PPH, in melatonin-treated plants during drought stress, which directly affects
photosynthesis performance. On the other hand, Ding et al., [74] tested the relative expression of four
wax biosynthesis-related genes, including KCS1(responsible for fatty acid elongation), CER3(involved
in alkane synthesis), TTS1(associated with triterpenoids synthesis), and LTP1(accountable for lipids
transport). It was remarked that the transcripts of the four genes were triggered by drought stress
and were further induced as a result of melatonin treatment, demonstrating the role of melatonin in
enhancing wax biosynthesis [74].

Omics of Stomatal Movement, Autophagy, and Others

Melatonin-mediated stomatal closure mechanism has also been investigated, suggesting that
melatonin is a phytohormone that triggers stomatal closure via the signaling pathway ofPMTR1,
which controls hydrogen peroxide (H2O2) production and the Ca2+ signalingtransduction cascade [77].
PMTR1 is a phytomelatonin receptor that has a receptor-like topology and interacts with the subunit of
G-protein A (GPA1) in the plasma membrane [77]. The phytomelatonin–receptor binding drives the
dissociation of Gγβ and Gα (heterotrimeric G-proteins), which triggers NADPH oxidase-dependent
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H2O2 release and activates Ca2+ as well as K+ efflux, leading to stomatal closure [77]. In addition,
NAPDH oxidase, as a respiratory burst oxidase, generates superoxide radicals, which then undergoes
dismutation to hydrogen peroxide either enzymatic or nonenzymatically. Under excessive drought,
plants resort to getting rid of dysfunctional or unnecessary cellular components in order to facilitate
the orderly degradation and recycling of cellular components through the autophagy mechanism.
The regulatory role of melatonin in autophagy is elucidated in wheat seedlings via the enhancement of
the metabolic process associated with autophagy, represented by the upregulation of the fused signal
recognition particle receptor, Rab-related protein, serine protease, and aspartyl protease at the protein
or mRNA level [78]. Moreover, melatonin regulates the action of key transcription factors such as Myb4,
AP37, and zinc finger [41,67] in parallel with some transporter proteins, including proton transporter
(UCP1), potassium transporter (HKT1), and water channel protein (PIP2;1) [41], which are all essential
elements in stress tolerance. Moreover, melatonin application orchestrates some stress-signaling genes
such as calcium and protein kinases-related genes, implying that kinase signaling could prove to have
essential roles in drought tolerance [67].

All in all, as shown in Figure 1, it can be concluded that once the plants feel water scarcity under
drought conditions, the protective and regulatory role of melatonin, in parallel with other anti-stress
strategies, will start to prevent, alleviate, or stop the harmful effects of the stress [18,79]. At the cellular
level, stress signals from the cell membrane inform the nucleus that “cell life is under threat” to cope
with the drastic effects of the drought [77,80]. Quickly, the nucleus starts to activate the melatonin
biosynthesis pathway from its precursor, tryptophan, in mitochondria and chloroplasts [75,76,81]
through the upregulation of the melatonin-biosynthesis genes [53,65]. Remarkably, melatonin starts
by sending its feedback on such stress to the nucleus to trigger the appropriate stress response
through omics regulation [40,45,54,65]. As a result, the genes involved in the anatomical, physiological,
and biochemical aspects are regulated directly and/or indirectly via a simultaneous defense network.
The omics-mediated responses include photosynthesis, biosynthesis, antioxidants, photoprotection, cell
membrane stability, osmoprotection, water status, leaf senescence, and oxidative damage alleviation,
in addition to the anatomical changes. Consequently, the whole plant status is enhanced, including
growth and development, flowering, yield, quality, and survival rate (recovering after rehydration),
while the toxic substances are decreased, which collectively lead to drought tolerance.

2.3.3. Melatonin Orchestrates other Phytohormones in the Regulatory–Defense Network

Melatonin is a central molecule in the hormonal system and, thus, increases plant tolerance to
drought stress through the regulation of phytohormone levels such as abscisic acid (ABA), auxins
(Auxs), cytokinins (CKs), gibberellins (GAs), brassinosteroids (BRs), jasmonic acid (JA), and salicylic
acid (SA). The key physiological aspects that are much regulated by phytohormones in response
to drought stress include antioxidant metabolism, carbohydrate production (carbon metabolism),
stomatal movement, and leaf senescence [82]. Drought stress upregulates ABA, BRs, and JA [59,82] and
downregulates CKs and GAs [51,59], while melatonin enhances the levels of BRs, GAs, JA, and CKs [59]
and decreases the ABA level [59] (Figure 2).
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Figure 2. A schematic model explaining the effect of melatonin on other phytohormones under drought
stress: Under drought, melatonin enhances the levels of brassinosteroids (BRs), cytokinins (CKs),
gibberellins (GAs), and jasmonates (JAs) and decreases the abscisic acid (ABA) level and auxins. Eth,
ethylene; ABA, abscisic acid; BRs, brassinosteroids; CKs, cytokinins; SA, salicylic acid; GAs, gibberellins;
JA, jasmonic acid; SLs, strigolactones. Red connectors, not studied; green connectors, reduced; black
connectors, enhanced; blue connectors, nonsignificant effect. ↑, upregulated; ↓, downregulated.

Water scarcity stimulates abscisic acid (ABA) biosynthesis [13,83], which in turn downregulates
the main metabolic pathways [59], induces stomatal closure [82], and contributes to leaf senescence [82].
Moreover, the overaccumulation of abscisic acid upregulates the ROS generation pathways and
causes oxidative damage [13]. However, melatonin maintains the abscisic acid homeostasis (low to
moderate concentrations) by positive regulation of its biosynthetic genes and negative regulation of the
catabolic genes [49,51,53,59]. Li et al. [53] clarified that melatonin effectively downregulates MdNCED3,
an abscisic acid synthesis gene, and upregulates its catabolic genes, MdCYP707A2 and MdCYP707A1,
causing abscisic acid reduction. Moreover, melatonin regulates abscisic acid signaling-related genes
such as SnRK2 (SNF1-related protein kinases 2), RCAR/PYR/PYL, and NCED (nine-cis-epoxycarotenoid
dioxygenase) [67]. Cytokinins (CKs) are an essential group of phytohormones in the inhibition
of leaf senescence and chlorophyll degradation under water stress, which in turn suppresses
cytokinin biosynthesis and transport, causing cytokinin reduction and faster leaf senescence [84–86].
Melatonin treatment upregulates cytokininlevels and some related signaling factors, leading to better
photosynthesis efficiency and drought-induced tolerance [59,65,87]. The first demonstration that
melatonin inhibits leaf senescence was made in barley [88]. Melatonin-induced alleviation of leaf
senescence in creeping bentgrass is associated with the downregulation of chlorophyll catabolism and
synergistic interaction with cytokinins-biosynthesis genes and signaling pathways in melatonin-treated
ipt-transgenic plants [65].

Brassinosteroids (BRs) possess an apparent ability as drought stress-protective molecules in
plants [89]. Melatonin regulates the biosynthesis of brassinosteroidsvia the stimulation of various
brassinosteroid–biosynthetic genes like DWARF4, D11, and RAVL1 [90], which control stomatal
movement [91], enhance cell membrane constancy and water uptake, and decrease membrane
damage-induced ion leakage in the case of water limitation [59,92]. Jasmonic acid (JA) is a crucial plant
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hormone in the regulation of drought responses such as stomatal movement, leaf senescence, antioxidant
metabolism, and ROS and nitro-oxide signaling [93–98]. Jasmonic acid levels are increased in response
to drought stress and are highly stimulated as a result of melatonin application, which induces drought
tolerance [59]. The melatonin–jasmonic acid crosstalk is stated by regulating molecular transcripts
such as JA–JIM-domain proteins (JAZs) in jasmonic acid signaling [67].

Moreover, melatonin interacts with gibberellins (GAs) via GA-signaling, which further controls
the biosynthesis of auxins [24,59]. Gibberellins are regulators of stomatal movement [99,100],
photosynthesis [101], seed germination [102], and leaf senescence [4]. Drought stress inhibits gibberellin
biosynthesis [51,103], which is much enhanced in response to melatonin treatment, causing drought
tolerance [59]. Salicylic acid (SA) accumulation plays a vital role in stomatal movement, photosynthesis,
and the antioxidant defense system [4]. In maize plants, under drought conditions, an increase (but
nonsignificant) in the defense hormonesalicylic acid has been described in melatonin-treated plants [34].
Enhanced drought tolerance was achieved using mainly transgenic plants through the overexpression
of melatonin-biosynthesis genes under drought conditions [24,104,105], which led to a decrease of
indole-3-acetic acid (IAA) that may be due to the competition for the same precursor, tryptophan.
The plant root is the first plant organ to touch the environment, and it represents a priority for plant
breeders to improve its efficiency under abiotic stresses, including drought. Interestingly, melatonin
targets plant roots, showing an auxin-like action [106]. In this regard, Pelagio-Flores et al. [106]
provided direct evidence supporting the mechanism of this action in Arabidopsis thaliana via inspiring
lateral and adventitious root formation, conferring a widespread root system. The auxin-like effect
of melatonin in roots was elucidated using auxin-responsive marker constructs. It was suggested
that melatonin neither activates auxin-inducible gene expression nor induces the degradation of
HS:AXR3NT-GUS, indicating that root developmental changes elicited by melatonin are independent
of auxin signaling [106]. To date, under drought situations, there has been no comprehensive study
revealing the interaction between melatonin and ethylene or strigolactones; thus, further investigations
are needed. All the above details confirmed that melatonin acts as a relevant regulator of many plant
hormone elements, a so-called plant master regulator [107,108], making the plants more tolerant when
irrigation water is limited (Figure 2).

2.3.4. The Crosstalk of Melatonin, Nitric Oxide, and Hydrogen Sulfide in Melatonin–Water
Stress Research

Melatonin, nitric oxide (NO), and hydrogen sulfide (H2S) are essential small molecules in the plant
defense network [109]. Melatonin controls various plant responses under water stress, as described
throughout the text. Nitric oxide is a fundamental signaling molecule working as a pro-oxidant
and antioxidant element against adverse environments, which is determinant by its endogenous
concentration and locational production status [110]. Hydrogen sulfide is a master metabolic regulator
in plants, which alleviates the destructive effects of environmental stresses such as drought and
waterlogging through the regulation of enzymatic antioxidants [111,112]. The relationship of melatonin,
nitric oxide, and hydrogen sulfide has been studied in fruit ripening regulation [113], as well as under
biotic [114] and abiotic stresses [110] such as salinity [115] and drought [52]. For instance, nitric
oxide and ethylene crosstalk is mediated by hydrogen sulfide and melatonin activity, which regulate
various metabolic pathways associated with fruit ripening [113]. Moreover, salt stress alone or
combined with iron deficiency expands endogenous hydrogen sulfide and nitric oxide, which are
much enhanced due to melatonin treatment [116]. To date, there has only been one published report
addressing the relationship between melatonin and nitric oxide under water scarcity [52], while the
melatonin–hydrogen sulfide relationship and the triple crosstalk of melatonin–nitric oxide–hydrogen
sulfide under water stress remain unknown. In that report, the authors suggested that melatonin
mitigates drought damage in alfalfa plants by modulating nitro-oxidative homeostasis through the
regulation of reactive oxygen and nitrogen species metabolic enzymes at the enzymatic and/or transcript
level [52]. However, how endogenous melatonin interacts with nitric oxide under water scarcity is
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still a research point [110]. The question that still needs to be answered is whether the crosstalk of
melatonin, nitric oxide, and hydrogen sulfide under water stress is similar to the situation under other
environmental stresses or if they have a unique interaction in each situation.

3. Melatonin-Induced Waterlogging Stress Tolerance

3.1. An Overview

Despite the importance of melatonin in mitigating the harmful effects of abiotic stresses,
the research on melatonin-induced waterlogging tolerance has only recently started to emerge (Table 2).
The first report was registered as a patent in 2015 by Chen et al. [117]. In this report, the authors
indicated that melatonin has a great ability to eliminate ROS, alleviate oxidative damage, resist
waterlogging, and, consequently, revert losses in yield and quality [117]. After this ground-breaking
work, Zheng et al. [118] elucidated that melatonin is an effective phytohormone to protect apple
plants under waterlogging stress. Melatonin application improved endogenous melatonin levels,
antioxidant enzyme activities, chlorophyll content and photosynthesis, and aerobic respiration, while it
suppressed chlorosis, wilting, ROS, malondialdehyde, and anaerobic respiration [118]. Moreover,
melatonin-biosynthesis enzymes (MbT5H1, MbAANAT3, and MbASMT9) were upregulated due to
melatonin treatment [118]. In recent work, Zhang et al. [119] investigated the impact of melatonin
pretreatment on alfalfa under waterlogging stress and indicated that melatonin could alleviate the
stress damage and enhance plant growth, chlorophyll content, and PSII efficiency. Moreover, melatonin
treatment increased polyamine (putrescine, spermidine, and spermine) levels and decreased ethylene
under stress, which are controlled via changes in gene expression [119].

Table 2. Roles of melatonin in waterlogging stress tolerance.

Species Scientific
Name

Waterlogging
Treatment

Melatonin Treatment

Functions References
Concentration *

Application
Form

Apple Malus baccata
Waterlogging

stress (9 d)

200 µM (foliar
spraying)

600 µM (root
irrigation)

Foliar spraying
or root irrigation

Endogenous melatonin
N, antioxidant enzymes
N, chlorophyll N,
photosynthesis N,

aerobic respiration N,
synthetic enzymes N

ROS H, MDA H,
anaerobic respiration H,
chlorosis and wilting H

[118]

Alfalfa Medicago
sativa

Waterlogging
stress (10 d) 100 µM Foliar spraying

pretreatment

Endogenous melatonin
N, gene expression

regulation N,
photosynthesis N,

electroleakage H, MDA
H, leaf senescence H,

polyamine and ethylene
metabolism

reprogramming

[119]

N or H, enhanced or decreased compared to control. ROS, reactive oxygen species; MDA, malondialdehyde. * Only
those doses of exogenous melatonin that had a superior positive impact on plant tolerance against waterlogging
stress have been selected.

3.2. Mechanisms of Melatonin-Mediated Waterlogging Stress Tolerance

Melatonin application is a practical approach to suppress the drastic effects of waterlogging
(Figure 3). To date, there are two published mechanisms induced by melatonin to enforce waterlogging
tolerance [118,119]. Zheng et al. [118] proposed the first mechanism of melatonin-mediated
waterlogging tolerance in apple seedlings, which keeps aerobic respiration and preserves photosynthesis
by efficient repression of the ROS burst and consequent mitochondrial degradation. Zhang et al. [119]
suggested another model in alfalfa through interaction with or direct regulation of the metabolic
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pathways of ethylene and polyamines (PAs). Waterlogging stress induced an increase of endogenous
melatonin levels of 2- to 5-fold compared with unstressed plants. Melatonin starts by reducing
ethylene production via the downregulation of ethylene synthesis-associated genes and alleviation of
waterlogging-caused growth inhibition, chlorosis, and premature senescence [119]. Then, melatonin
enhances polyamines levels by promoting the gene expression of the involved enzymes in polyamine
metabolism [119]. The authors proposed that melatonin increases waterlogging tolerance, at least
partially, by regulating polyamines and ethylene biosynthesis due to ethylene suppression and
polyamine promotion, leading to more stable cell membranes, better photosynthesis, and less
ethylene-responsive senescence [119].

 

▲ ▼

Figure 3. Schematic model explaining the protective mechanisms of melatonin in waterlogging
tolerance. The solid arrows indicate stimulation, while the dashes indicate inhibition. N and H shapes
indicate enhanced or decreased levels, respectively. Waterlogging induces ethylene, melatonin (2- to
5-fold), polyamines (PAs), and reactive oxygen species (ROS). Melatonin is also induced in response
to ROS generation and exogenous melatonin. Melatonin stimulates PA biosynthesis, photosynthesis,
and membrane stability, while it inhibits ethylene biosynthesis, growth reduction, leaf senescence,
ROS, and oxidative damage. Excessive ROS causes oxidative damage leading to anaerobic respiration,
which is scavenged by antioxidant enzymes. Additionally, growth reduction and leaf senescence are
increased by ethylene, while they are decreased by PAs. Moreover, photosynthesis and membrane
stability is enhanced by PAs, while they are reduced by ethylene induction and oxidative damage.
The role of melatonin in waterlogging tolerance still needs further study. This figure is a combination
of the two published mechanisms of Zheng et al. [118] and Zhang et al. [119], with some modifications.

Collectively, waterlogging induces ethylene, melatonin (2- to 5-fold), polyamines (PAs), and ROS.
Melatonin is also produced in response to ROS generation and exogenous melatonin. Melatonin
stimulates polyamines biosynthesis, photosynthesis, and membrane stability, while it inhibits ethylene
biosynthesis, growth reduction, leaf senescence, ROS, and oxidative damage. Excessive ROS causes
oxidative damage leading to anaerobic respiration, which is scavenged by antioxidant enzymes.
Additionally, growth reduction and leaf senescence are increased by ethylene, while they are decreased
by polyamines. Moreover, photosynthesis and membrane stability are enhanced by polyamines,
while they are reduced by ethylene induction and oxidative damage (Figure 3). The role of melatonin
in waterlogging tolerance, especially molecular evidence, still needs further study.
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4. Conclusions

Water stress tolerance (drought stress and waterlogging) may be attributed to structural and
functional adaptations at the cellular and whole-plant levels, including root enhancement, growth
promotion, oxidative damage alleviation, osmotic potential modulation, leaf water potential, cell wall
elasticity control, stomatal closure, and the accumulation of osmolytes, thereby easing the harmful
impacts of such destructive stresses [4,14]. Melatonin may be considered a core part of the regulatory
network controlling all of these mechanisms, and it represents a promising material for future studies
and practical use [18,107,108]. Melatonin research has been experiencing hypergrowth in the last two
decades; however, its roles in water stress tolerance need further investigation. The regulation of
melatonin and its metabolism pathway under water stress is still unclear. Understanding the role of
melatonin in nutrient uptake will give us an excellent opportunity to take advantage of such a useful
molecule for strengthening plant tolerance and adaptability to water stress. Furthermore, in-depth
studies to clarify the molecular mechanisms using microarray, transcriptomic, and proteomic analyses
will help to figure out the genes regulating plant anatomical, physiological, and biochemical aspects in
response to exogenous melatonin applications under water stress. Exploring new receptor-mediated
phytomelatonin signaling plays a role in such physiological processes in future works. Additionally,
the best-known information on the relationship of melatonin with other small signaling molecules,
such as NO and H2S, can be relevant. In recent decades, significant advancement in the knowledge of
the mechanism of NO and H2S signaling and their crosstalk with melatonin has been made [113,115].
Therefore, the distribution of melatonin in plant organs and their interrelations with NO and H2S
should be further studied [115]. The molecular mechanisms revealing the crosstalk between melatonin
and other phytohormones such as strigolactones and ethylene in promoting water stress tolerance are
worth further studies on mutagenesis or genetic modulation and aquatic model plants. The relationship
between melatonin and multiple stressor combinations is a topic to be taken into account in future
research due to the complexity of the interaction of plants with diverse environmental agents. Lastly,
the use of synthetic melatonin, a relatively cheap compound, or phytomelatonin-rich extracts should
be an interesting approach to improving plant tolerance [120,121].
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Abstract: Persistent high temperature decreases the yield and quality of crops, including many
important herbs. White clover (Trifolium repens) is a perennial herb with high feeding and medicinal
value, but is sensitive to temperatures above 30 ◦C. The present study was conducted to elucidate
the impact of changes in endogenous γ-aminobutyric acid (GABA) level by exogenous GABA
pretreatment on heat tolerance of white clover, associated with alterations in endogenous hormones,
antioxidant metabolism, and aquaporin-related gene expression in root and leaf of white clover plants
under high-temperature stress. Our results reveal that improvement in endogenous GABA level in
leaf and root by GABA pretreatment could significantly alleviate the damage to white clover during
high-temperature stress, as demonstrated by enhancements in cell membrane stability, photosynthetic
capacity, and osmotic adjustment ability, as well as lower oxidative damage and chlorophyll loss.
The GABA significantly enhanced gene expression and enzyme activities involved in antioxidant
defense, including superoxide dismutase, catalase, peroxidase, and key enzymes of the ascorbic
acid–glutathione cycle, thus reducing the accumulation of reactive oxygen species and the oxidative
injury to membrane lipids and proteins. The GABA also increased endogenous indole-3-acetic acid
content in roots and leaves and cytokinin content in leaves, associated with growth maintenance and
reduced leaf senescence under heat stress. The GABA significantly upregulated the expression of
PIP1-1 and PIP2-7 in leaves and the TIP2-1 expression in leaves and roots under high temperature,
and also alleviated the heat-induced inhibition of PIP1-1, PIP2-2, TIP2-2, and NIP1-2 expression in
roots, which could help to improve the water transportation and homeostasis from roots to leaves.
In addition, the GABA-induced aquaporins expression and decline in endogenous abscisic acid
level could improve the heat dissipation capacity through maintaining higher stomatal opening and
transpiration in white clovers under high-temperature stress.

Keywords: adaptability; heat stress; water homeostasis; hormone; oxidative damage; stoma; transpiration

1. Introduction

Nowadays, the major impact of global warming is already discernible in animal and
plant populations [1]. In terms of plants, a global high temperature has resulted in the
increase in mortality of forest trees [2], substantial reduction in crop yield [3], and changes
in the spatial distribution of herbs [4]. Plant hormones and other plant growth regula-
tors (PGRs) perform pivotal functions in regulating plant adaptability to different abiotic
stresses. γ-aminobutyric acid (GABA), a non-protein amino acid comprising four carbons,
exists abundantly in living organisms including microbes, plants, and vertebrates. Over the
past 50 years, GABA has been regarded as a very important PGR that affects plant growth
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and the adaptability to high temperature or other environmental stresses [5]. A recent study
revealed that the improvement in GABA content or metabolism is an important defense
mechanism triggered by the exogenous spermidine (Spd) in white clover (Trifolium repens)
under heat stress [6]. GABA affected glutathione, carbon, and amino acid metabolism, asso-
ciated with better heat tolerance in creeping bentgrass (Agrostis stolonifera) [7]. Nayyar et al.
found that GABA could safeguard rice (Oryza sativa) seedlings during high temperature
by improving osmotic protection and antioxidant defense [8]. However, study of the
regulation mechanisms and physiological function of GABA is still in its infancy as com-
pared to other endogenous hormones (auxin (IAA), gibberellin (GA), cytokinin (CTK),
and abscisic acid (ABA)) crucial for plants growth and development [9,10]. As an im-
portant signal molecule, ABA participates in the regulation of stomatal movement and
multiple gene expression in response to abiotic stress [11]. GA or IAA could effectively
alleviate heat-induced growth inhibition and the decline in yield of lemon (Citrus limon)
trees or rice [12,13]. The CTK-regulated heat tolerance is associated with enhancement of
antioxidant defense and delayed leaf senescence in creeping bentgrass [14]. However, it
remains unclear so far whether the GABA-regulated heat tolerance is linked with changes
in endogenous hormones in plants.

Oxidative damage is one of the most imperative stress indicators when plants are
suffering from heat stress. High temperature leads toward massive production of reactive
oxygen species (OH−, O2

•−, and H2O2) in plants, resulting in increased oxidative stress to
various cell organelles [15]. Plants have evolved an efficient antioxidant defense system (en-
zymatic and non-enzymatic) to scavenge reactive oxygen species (ROS) under unfavorable
environmental conditions. For the enzymatic mechanism, superoxide dismutases (SODs)
including Cu/ZnSOD, MnSOD, and FeSOD are the first line of defense against ROS and
are involved in the dismutation of superoxide anion to produce hydrogen peroxide and
molecular oxygen. The Cu/ZnSOD dominates the main function in higher plants, while the
lower plants are dominated by MnSOD and FeSOD [16]. Catalase (CAT), peroxidase (POD),
and the ascorbic acid (ASA)–glutathione (GSH) cycle can convert H2O2 into H2O and
O2. For the ASA–GSH cycle, ascorbate peroxidase (APX), glutathione peroxidase (GPX),
monodehydroascorbate reductase (MR), dehydroascorbate reductase (DR), and glutathione
reductase (GR) remove H2O2 through catalyzing the oxidation–reduction of ASA and GSH.
In this process, ASA and GSH act as non-enzymatic antioxidants to scavenge ROS [17].
Previous studies showed that the GABA-regulated tolerance under unfavorable conditions
was closely related to enhanced antioxidant defense in different plant species. For instance,
pepper (Capsicum annuum) could resist low-light stress by increasing antioxidant defense
after GABA treatment [18], and GABA could slow down the oxidative injury induced by
salinity in white clover [19]. However, how GABA interacts with endogenous hormones to
affect antioxidant defense systems (enzymatic and non-enzymatic) in leaf and root remains
unclear when plants undergo a prolonged period of heat stress.

Under high-temperature stress, even if water supply is sufficient, plants will suffer
from physiological water shortage due to the aggravation of transpiration loss and the
decrease in water absorbing capacity in the roots [20]. Water transport in plants is regu-
lated mainly by three ways, including the apoplastic pathway, symplastic pathway, and
transcellular pathway. Among them, the transcellular pathway is mainly carried out by
aquaporins (AQPs). Four kinds of AQPs have been widely recognized in plants: plasma
membrane endogenous proteins (PIPS), vacuolar endogenous proteins (TIPS), nodule
protein 26 (NIPS), and small basic endogenous proteins (SIPS) [21]. PIPS are divided into
PIP1 and PIP2, that sense the change in water inside and outside of cell membranes, and
PIP2 shows a greater water channel efficiency than PIP1. TIPS are located in the vacuolar
membrane for sensing the change in water content in the cytoplasm, which performs a vital
role in maintaining cell permeability. NIPS is responsible for transporting a wide range
of substances, such as water, urea, glycerol, and some metal ions. There are only a few
studies on SIPS that are mainly located in endoplasmic reticulum [22–25]. It was reported
that AQPs perform crucial functions in plant water regulation under osmotic or extreme
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temperature stress. The study of Peng et al. showed that the overexpression of an AQP
gene pgtip1 enhanced the stress tolerance in Arabidopsis thaliana under low-temperature,
salinity, and water stress [26]. Alexandersson et al. found that atpip2-2 affected root water
transport under drought stress [27]. In soybean (Glycine max), TIP2-6 responds to high-
temperature stress through hormone regulation [28]. The expression of CsT1P1-3, CsT1P2-3,
and CsPIP2-4 was enhanced by high temperature in citrus (Citrus reticulata Blanco) [29]. Up
to now, it is not well documented whether GABA-regulated thermotolerance is related to
AQP expression in plants.

White clover is a perennial herb with high feeding and medicinal value. It is cultivated
worldwide as an important forage due to high crude protein content and nutritional
value, and extract productions derived from white clover such as flavonoids have multiple
effects, such as reducing blood fat, cancer prevention, immunity enhancement, and anti-
aging [30,31]. However, white clover is sensitive to high temperature and its growth is
inhibited significantly at temperatures above 30 ◦C [32]. With global warming, the heat-
induced damage to white clover is becoming increasingly prominent in summer. The
objective of the present study was to determine the impact of GABA on improvement
in thermotolerance associated with alterations of endogenous hormones, antioxidant
metabolism, water regulation, and AQP-related gene transcript level in leaf and root of
white clover. This will help to reveal the potential regulatory mechanism of GABA in herbs
under heat stress and improve the cultivation and utilization of white clover or other herbs
in more regions.

2. Materials and Methods

2.1. Plant Materials and Treatments

Seeds of white clover (cultivar “Ladino”) were surface sterilized with 0.1% mercuric
chloride (HgCl2) solution for 4 min and rinsed thrice with deionized water. Seeds (20 g/m2)
were placed in a container (24 cm length, 15 cm width, and 8 cm height) comprising
quartz sand. The containers were kept in controlled laboratory conditions (23 ◦C/19 ◦C
day/night, 12 h photoperiod, 700 µmol m−2 s−1 photosynthetically active radiation, and
75% relative humidity). Seeds were firstly germinated in ddH2O for 7 days and then
cultured in Hoagland nutrient solution for 24 days [33]. Before the beginning of heat stress,
plant materials were grown on Hoagland’s solution with or without 2 mM GABA for
3 days. The half of non-pretreated or GABA-pretreated plants was kept in the controlled
growth chamber (conditions as illustrated above) as the control (C) or the control + GABA
(C+GABA) for 30 days, and the other half was transferred into a high-temperature chamber
(38/33 ◦C day/night and other conditions the same as the normal growth chamber) as heat
stress (H) and heat+GABA (H+GABA) for 30 days. Fresh Hoagland’s solution was applied
to the plants every day. The plastic containers were laid out in completely randomized
design with four biological replicates. Leaf samples were taken on 0, 5, 10, 15, 20, and 30 d
after heat stress, respectively. Root samples were taken at 15 d for gene expression and at
30 d for other parameters.

2.2. Determination of Endogenous GABA and Phytohormones Content

The GABA content was estimated by using the Test Kit obtained from Suzhou Comin
Biotechnology Co. Ltd, Suzhou, China. following the manufacturer’s guidelines. For
the determination of ABA, GA, and IAA, fresh samples (0.4 g) were crushed with 3 mL
methanol:isopropanol (1:4, v/v) and 1% glacial acetic acid. The mixture was centrifuged
for 1 h at 4 ◦C. A total of 2 mL of supernatant was collected, dried, and mixed in CH3OH
(300 µL). The reaction solution was then filtered by passing through a 0.22 µm PTFE
filter [34]. The concentrations of endogenous IAA, GA, and ABA were determined by
Waters Acquity UPLCSCIEX Se-lex ION Triple Quad 5500 mass spectrometer (waters,
Milford, MA, USA). A 5 µL sample was loaded into the Acquity UPLC beh C18 column
(1.7 µm, 50 × 2.1 mm; waters, Waxford, Ireland) at 40 ◦C. The mobile phase was composed
of 40% acetic acid solution and 60% CH3OH, and the flow rate was 1 mL min−1. The

279



Antioxidants 2021, 10, 1099

CTK content was estimated by using enzyme-linked immunosorbent assay (ELISA) in
accordance with the manufacturer’s guidelines. The Test Kit was obtained from Beijing
Fang Cheng Biotechnology Co., Ltd, Beijing, China.

2.3. Measurement of Water Status and Photosynthetic Parameters

For leaf relative water content (RWC), the fresh weight (FW) was weighed instantly
when leaves were cut off from plants. The leaf samples were drenched in deionized water
for 24 h to obtain the saturated weight (SW) and later kept in an oven at 85 ◦C for 72 h
to obtain the dry weight (DW). The RWC was formulated as RWC (%) = [(FW − DW)/
(SW − DW)] × 100% [35]. Root viability was estimated by following the procedure of
McMichael and Burke [36]. The osmotic potential (OP) was detected by using the protocols
of Blum. Fresh leaves or roots were immerged in distilled water for 12 h and quickly frozen
in liquid nitrogen for 10 min after the surface moisture being absorbed, and then thawed at
4 ◦C for 30 min. The cell fluids were squeezed from leaves or roots, and the osmolality of
cell sap was determined by using a vapor pressure osmometer (Wescor, Logan, UT, USA),
and the OP was converted based on − c × 2.58 × 10−3 [37]. For electrolyte leakage (EL),
the procedure of Blum and Ebercon was utilized [38]. Chlorophyll (Chl) was measured by
Arnon’s method [39]. The photochemical efficiency (Fv/Fm) and performance index absorption
basis (PIABS) were measured by using a Chl fluorescence system (Pocket PEA, Hansatech, UK).
Prior to analysis, fresh leaf samples were kept in dark conditions for 30 min with attached leaf
clips. Net photosynthetic efficiency (Pn), water use efficiency (WUE), stomatal conductance
(Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr) were recorded with a
movable photosynthetic system (CIRAS-3, PP Systems, Amesbury, MA, USA) that supplied
CO2 (400 µL−1) and red and blue light (800 µmol photon m−2), respectively.

2.4. Determination of Antioxidant Metabolism

The protein carbonyl content and the total antioxidant capacity (TAC) was measured
by using the Test Kit purchased from Suzhou Kangmin Biotechnology Co, Suzhou, China.
Superoxide anion (O2

•−) or hydrogen peroxide (H2O2) were measured following the
method of Elstner and Heupel [40] or Velikova et al. [41], respectively. As for malondialde-
hyde (MDA), SOD, CAT, POD, APX, DR, GR, and MR activities, fresh tissues (0.15 g) were
taken and mechanically ground in 1.5 mL of precooled phosphoric acid buffer solution
(150 mM and pH 7.0), and then transferred into a centrifugal tube. The homogenate was
centrifuged at 15,000× g at 4 ◦C for 20 min to obtain the supernatant. For MDA con-
tent, supernatant (0.5 mL) was added in reaction solution (1 mL) having trichloroacetic
acid (20%) and thiobarbituric acid (0.5%). The mixture was kept in a boiling water bath
(95 ◦C) for 15 min and later hastily cooled in an ice bath. The solution was centrifuged
at 8000× g for 10 min at 4 ◦C. The absorbance value was noticed spectrometrically at
532 and 600 nm [42]. The activities of SOD, CAT, POD, or APX were estimated by noting
absorbance values at 560, 240, 470, or 290 mm, respectively [43–45]. The GR, MR, or DR
activity was detected by using the protocols of Cakmak et al. [46]. Bradford’s method was
used to detect soluble protein content [47]. ASA and GSH content were measured using
the method of Gossett et al. [48].

2.5. Total RNA Extraction and qRT-PCR Analysis

Real time quantitative polymerase chain reaction (qRT-PCR) was used to determine
the gene expression. The Rneasy Mini Kit (Qiagen, Duesseldorf, Germany) was used for
extracting total RNA in fresh leaves or roots. The RNA samples were treated with DNAsa
to remove possible DNA and then reverse-transcribed to cDNA using a revert Aid First
Stand cDNA Synthesis Kit (Fermentas, Lithuania). Primers of antioxidant enzyme genes
(Cu/ZnSOD, MnSOD, FeSOD, CAT, POD, APX, DR, GR, MR) and aquaporin genes (PIP1-1,
PIP2-2, PIP2-7, SIP1-1, TIP1-1, TIP2-1, TIP2-2, NIP1-2, NIP2-1) are recorded in Table S1
(β-actin as an internal control). For all genes, PCR conditions (iCycler iQ qRT-PCR detection
system with SYBR Green Supermix, Bio-Rad, Hercules, CA, USA) were as follows: 5 min at
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94 ◦C and 30 s at 95 ◦C (45 repeats of denaturation), annealing and extending for 45 s at 58
to 66 ◦C (Table S1), and amplicon from 60 to 95 ◦C to obtain the melting curve.

2.6. Statistical Analysis

Statistical analysis of all the data was conducted using SPSS 23 (IBM, Armonk,
NY, USA). Significant differences among various treatments were estimated by one-way
ANOVA together with LSD test at 5% probability level (p ≤ 0.05).

3. Results

3.1. Changes in Endogenous GABA and Hormones Content

The endogenous GABA content significantly increased after exogenous GABA pre-
treatment (Figure 1A). On the 15th day, the GABA content increased significantly in
the GABA-pretreated and non-pretreated plants under the high-temperature condition,
and the increase was more significant in the GABA-pretreated plants (Figure 1A). On
the 30th day, the GABA content in the roots and leaves of two heat-stressed treatments
(“H” and “H + GABA”) was still significantly higher in contrast to normal treatments
(“C” and “C + GABA”), and GABA pretreatment could further increase heat-induced
GABA content in roots and leaves (Figure 1A,B). The GABA pretreatment had no sig-
nificant effect on ABA, GA, IAA, and CTK contents in leaves and roots under normal
conditions (Figure 2A–D). The ABA content increased significantly, but GA, IAA, and CTK
contents decreased significantly in leaves and roots after 30 d of heat stress (Figure 2A–D).
Under the high-temperature condition, the GABA application significantly inhibited heat-
induced increases in ABA content in roots and leaves (Figure 2A), but did not affect the GA
content (Figure 2B). The IAA content in roots and leaves as well as CTK content in leaves
were increased significantly by the GABA pretreatment (Figure 2C,D).

β

≤

 

≤

Figure 1. Effects of GABA application on the content of GABA in plant leaves (A) and roots (30th day) (B) under normal-
temperature and high-temperature stress. The vertical bar above the column in (A) or (B) represents + SE of the mean
(n = 4) and the different letters in the columns indicate significant differences at a given day of treatment based on LSD
(p ≤ 0.05). C, control (normal condition); C + GABA, control plants pretreated with GABA (normal condition); H, heat
stress; H + GABA, heat-stressed plants pretreated with GABA.
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Figure 2. Effects of GABA application on ABA content (A), GA content (B), IAA content (C), and CTK content (D) of
leaves (30th day) and roots (30th day) under normal-temperature and high-temperature stress. The vertical bar above the
column in (A), (B), (C), or (D) represents + SE of the mean (n = 4) and the different letters in the column indicate significant
differences in leaf or root based on LSD (p ≤ 0.05). C, control (normal condition); C + GABA, control plants pretreated with
GABA (normal condition); H, heat stress; H + GABA, heat-stressed plants pretreated with GABA.

3.2. Effects of GABA on Cell Membrane Stability and Oxidative Damage

The MDA, H2O2, and O2
•− content significantly increased in leaves and roots of

the GABA-treated and untreated plants due to high-temperature stress and the GABA
application could significantly alleviate these effects (Figure 3A–C). However, no significant
differences in the accumulation of O2

•−, H2O2, and MDA content between GABA- treated
and untreated plants were observed under normal conditions (Figure 3A–C). EL in leaves
gradually increased with the extension of heat stress time. The GABA-pretreated plants
maintained a 12.86, 22.48, or 20.27% decrease in EL in leaves as compared to the non-
pretreated plants on 15, 20, or 30 d of high-temperature stress, respectively (Figure 4A).
Similarly, exogenous GABA application also effectively alleviated the heat-induced increase
in EL in roots after 30 d (Figure 4B). With the passage of stress time, the carbonyl content
increased significantly under high temperature, but the application of GABA showed
a significant inhibitory effect on the increase in carbonyl content in leaves and roots in
response to heat stress (Figure 4C,D). The GABA-treated white clover plants showed a
significant reduction in carbonyl content when compared to untreated plants on the 15th,
20th, and 30th days of heat stress (Figure 4C). Under heat stress, the GABA-pretreated
plants maintained a 20.86% greater decrease in the carbonyl content than non-pretreated
plants in roots (Figure 4D).
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Figure 3. Effects of GABA application on superoxide anion content (A), hydrogen peroxide content (B), and malondialde-
hyde (MDA) content (C) of plants leaves (30th day) and roots (30th day) under normal-temperature and high-temperature
stress. The vertical bar above the column in (A), (B), or (C) represents + SE of the mean (n = 4) and the different letters
in the column indicate significant differences in leaf or root based on LSD (p ≤ 0.05). C, control (normal condition);
C + GABA, control plants pretreated with GABA (normal condition); H, heat stress; H + GABA, heat-stressed plants
pretreated with GABA.
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≤
 

Figure 4. Effects of GABA application on electrolyte leakage of leaves (A) or roots (30th day) (B), carbonyl content of leaves
(C) or roots (30th day) (D) of plants under normal-temperature and high-temperature stress. Vertical bars above curves in
(A) or (C) represent the least significant difference (LSD) values at a particular day (n = 4; p ≤ 0.05). The vertical bar above
the column in (B) or (D) represents + SE of the mean (n = 4) and the different letters in the columns indicate significant
differences based on LSD (p ≤ 0.05). C, control (normal); C + GABA, control plants pretreated with GABA; H, heat stress;
H + GABA, heat-stressed plants pretreated with GABA.
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3.3. Effect of GABA on Antioxidant Metabolism

The TAC in leaves of the GABA-pretreated and non-pretreated plants gradually in-
creased from 10 to 20 d of heat stress and then declined on the 30th day of heat stress
(Figure 5A). The GABA pretreatment did not greatly influence the TAC in leaves under
normal condition, but the GABA-pretreated plants exhibited 20.03, 18.39, or 37.75% higher
TAC compared to the non-pretreated plants on the 15th, 20th, or 30th day of heat stress,
respectively (Figure 5A). In the root system, the TAC in the heat-treated plants was signifi-
cantly lower in contrast to the control group “C”, but with the application of GABA, the
TAC in roots increased significantly under heat stress (Figure 5B). Under normal conditions,
the GABA pretreatment also significantly improved the TAC in roots (Figure 5B). For
changes in antioxidant enzyme activities, heat stress significantly improved SOD and POD
activities in leaves and roots, and the GABA-pretreated plants showed significantly higher
SOD and POD activities in leaves and roots compared with the non-pretreated plants under
high temperature (Figure 6A,C). Under heat stress, the GABA-pretreated plants maintained
an 86.81 or 90.14% increase in CAT activity in leaves or roots than non-pretreated plants,
respectively (Figure 6B). Heat stress significantly improved APX activity in leaves and DR
activity in roots, but the GABA pretreatment did not significantly affect APX activity in
leaves and DR activity in roots under normal as well as stressed conditions (Figure 6D,E).
However, the GABA pretreatment effectively alleviated heat-induced declines in AXP
activity in roots, DR activity in leaves, and GR activities in leaves and roots (Figure 6D–F).
The GABA-pretreated plants showed a 217.05% increase in MR activity in leaves com-
pared to non-pretreated white clover plants subjected to heat stress (Figure 6G). In leaves,
ASA content was substantially ameliorated by the exogenous application of GABA under
normal as well as stressed conditions. In roots, the GABA application could also stop
the heat-caused decline in ASA content (Figure 6H). GSH content significantly declined
in leaves and was enhanced in roots under heat stress; however, the GABA application
did not exert its significant effects on GSH content under any of the above-mentioned
treatments (Figure 6I).

 

≤

≤

Figure 5. Effects of GABA application on total antioxidant capacity of leaves (A) or roots (30th day) (B). Vertical bars above
curves in (A) represent the least significant difference (LSD) values at a particular day (n = 4; p ≤ 0.05). The vertical bar
above the column in (B) represents + SE of the mean (n = 4) and the different letters in the columns indicate significant
differences based on LSD (p ≤ 0.05). C, control (normal condition); C + GABA, control plants pretreated with GABA (normal
condition); H, heat stress; H + GABA, heat-stressed plants pretreated with GABA.
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Figure 6. Effects of GABA application on SOD content (A), CAT content (B), POD content (C), APX content (D), DR content
(E), GR content (F), MR content (G), ASA content (H), and GSH content (I) of plant leaves (30th day) and roots (30th day)
under normal-temperature and high-temperature stress. The vertical bar above the column in (A–I) represents + SE of the
mean (n = 4) and the different letters in the column indicate significant differences in leaf or root based on LSD (p ≤ 0.05). C,
control (normal condition); C + GABA, control plants pretreated with GABA (normal condition); H, heat stress; H + GABA,
heat-stressed plants pretreated with GABA.

Heat stress significantly upregulated the expression level of Cu/ZnSOD, POD, and
DR in leaves treated with or without GABA (Figure 7A). A 30.34, 32.50, or 81.14% increase
in Cu/ZnSOD, POD, or DR expression was observed in leaves of the “H + GABA” as
compared to that of the “H”. The MnSOD expression in leaves was only significantly
improved in the GABA-pretreated plants by heat stress. The FeSOD and APX expression
significantly decreased in leaves under heat stress, and there were no significant differences
in FeSOD expression between the GABA-treated and untreated plants under control as
well as stressed conditions (Figure 7A). CAT and MR expression in leaves showed similar
results in response to the GABA pretreatment and heat stress, as reflected by a significant
decline in the non-pretreated plants and a significant increase in the GABA-pretreated
plants under heat stress. The GABA pretreatment significantly enhanced GR expression
in leaves under control and stressed conditions (Figure 7A). For gene expression in roots,
the GABA-treated plants exhibited significantly higher Cu/ZnSOD, MnSOD, CAT, APX,
DR, and MR than the non-pretreated plants under heat stress (Figure 7B). In addition, heat
stress significantly inhibited the FeSOD and GR expression and improved POD expression
in roots of the GABA-pretreated and non-pretreated plants, but the GABA pretreatment
did not show any significant impact on the expression of these genes under control as well
as heat-stress conditions (Figure 7B).
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Figure 7. Effect of GABA on relative expression of Cu/ZnSOD, MnSOD, FeSOD, CAT, POD, APX, DR, MR, and GR genes in
leaves (15th day) (A) and roots (15th day) (B). The vertical bar above the column in (A) and (B) represents + SE of the mean
(n = 4) and the different letters in the columns indicate significant differences based on LSD (p ≤ 0.05). C, control (normal
condition); C + GABA, control plants pretreated with GABA (normal condition); H, heat stress; H + GABA, heat-stressed
plants pretreated with GABA.

3.4. Effects of GABA on Photosynthesis and Water Status

Chl a, Chl b, total Chl content, Fv/Fm, PIABS, Pn, and WUE significantly decreased
under heat stress, but the application of GABA significantly alleviated their declines under
heat stress (Figure 8A–C,G,H). Upon exposure to high temperature, Gs and Tr increased
significantly on the 15th day, but decreased on the 30th day. GABA induced significant
increases in Gs on the 15th and 30th days of heat stress and Tr on the 15th day of heat stress
(Figure 8D,F). The Ci was not changed significantly by heat stress and the GABA application
(Figure 8E). WUE and Tr showed a significant downward trend during heat stress, but the
downward trend was significantly alleviated by GABA application (Figure 8G,H). Leaf
RWC, root activity, and OP in leaf and root did not show any significant difference by foliar
application of GABA under controlled conditions (Figure 9A–D). Under heat stress, the
leaf RWC and root activity declined markedly in GABA treated and untreated white clover
plants, but the GABA-pretreated plants exhibited a 17.23% or 22.73% greater increase
in leaf RWC or root activity than non-pretreated plants on the 30th day of heat stress,
respectively (Figure 9A,B). High-temperature stress significantly reduced OP in leaves,
while it increased OP in roots (Figure 9C,D). The GABA pretreatment further decreased
heat-induced decline in OP in leaves on the 20th and 30th days of heat stress (Figure 9C).
In addition, the GABA-pretreated plants also demonstrated a 15.32% or 15.22% greater
decline in OP in roots than the non-pretreated plants on the 20th and 30th days of heat
stress, respectively (Figure 9D).
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Figure 8. Effects of GABA application on chlorophyll a, b, or total content (A), chorophyll fluorescence parameter (B), photo-
chemical index (C), stomatal conductance (D), intercellular CO2 concentration (E), transpiration rate (F), net photosynthesis
rate (G), or water use efficiency (H) of plants under normal-temperature and high-temperature stress. The vertical bar above
the column in (A) to (H) represents + SE of the mean (n = 4) and the different letters in the columns indicate significant
differences at a given day of treatment based on LSD (p ≤ 0.05). C, control (normal condition); C + GABA, control plants
pretreated with GABA (normal condition); H, heat stress; H + GABA, heat-stressed plants pretreated with GABA.
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Figure 9. Effects of GABA application on leaf relative water content (A), root activity (30th day) (B), and osmotic potential
of leaves (C) or of roots (D) of plants under normal-temperature and high-temperature stress. Vertical bars above curves in
(A), (C), or (D) represent the least significant difference (LSD) values at a particular day (n = 4; p ≤ 0.05). The vertical bar
above the column in (B) represents + SE of the mean (n = 4) and the different letters in the columns indicate significant
differences based on LSD (p ≤ 0.05). C, control (normal condition); C + GABA, control plants pretreated with GABA; H,
heat stress (normal condition); H + GABA, heat-stressed plants pretreated with GABA.

3.5. Effect of GABA on AQP Gene Expression

For the transcription level of genes encoding AQPs, heat stress significantly upreg-
ulated the transcript level of PIP1-1, PIP2-7, TIP1-1, and TIP2-1 in leaves of the GABA-
pretreated and untreated plants (Figure 10A). As compared with the “H” treatment, the
transcript level of PIP1-1, PIP2-7, or TIP2-1 in the “H + GABA” treatment increased by
10.81, 74.28, or 35.48%, respectively. Under heat stress, the expression of NIP1-2 and NIP2-1
in leaves decreased significantly, and no significant difference between the GABA-treated
and untreated plants was observed. As compared to the “C” treatment, the expression of
SIP1-1 did not change significantly in the “H” treatment under heat stress, but increased
by 52.41% in the “H + GABA” treatment (Figure 10A). For AQP gene expression in roots,
heat stress significantly inhibited the expression of PIP1-1, PIP2-2, SIP1-1, TIP2-2, NIP1-2,
and NIP2-1 in plants without the GABA pretreatment. However, the GABA-pretreated
plants maintained a significantly higher expression of PIP1-1, PIP1-2, PIP2-1, SIP1-1, TIP2-1,
TIP2-2, and NIP2-1 when compared with non-pretreated plants under high-temperature
stress (Figure 10B). The GABA application further upregulated the heat-induced increase
in TIP2-1 expression in roots (Figure 10B).
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Figure 10. Effect of GABA on relative expression of PIP1-1, PIP2-2, PIP2-7, SIP1-1, TIP1-1, TIP2-1, TIP2-2, NIP1-2, and
NIP2-1 genes in leaves (15th day) (A) and roots (15th day) (B). The vertical bar above the column in (A,B) represents +
SE of the mean (n = 4) and the different letters in the column indicate significant differences based on LSD (p ≤ 0.05). C,
control (normal condition); C + GABA, control plants pretreated with GABA (normal condition); H, heat stress; H + GABA,
heat-stressed plants pretreated with GABA.

4. Discussion

When plants are exposed to high temperatures, GABA as a metabolite or signal molecule
regulates intracellular pH environment, carbon (C)–nitrogen (N) nutrient metabolism, oxidative
and osmotic balance, and signal transmission [49]. In this study, the GABA pretreatment not
only further enhanced the heat-induced GABA content in roots and leaves of white clover,
but also significantly alleviated Chl loss and declines in Pn and Fv/Fm under high temper-
ature. A previous study proved that the increase in endogenous GABA could improve the
heat resistance of plants such as creeping bentgrass, perennial ryegrass (Lolium perenne),
and vegetable soybean (Glycine max) [50–52]. Under unfavorable environmental conditions,
changes in endogenous hormones are critical modulatory factors of stress tolerance in
plants [53]. The study of Lancien and Roberts indicated that potential interactions be-
tween GABA, ABA, and ethylene modulated key genes involved in C–N metabolism in
Arabidopsis thaliana under normal conditions [54]. Enhanced GABA accumulation induced
by exogenous GABA application in roots of maize (Zea mays) were accompanied by a
substantial reduction in ABA content and increment in GA, IAA, and CTK content during
saline conditions [55]. Our present findings demonstrate that exogenous GABA signif-
icantly inhibited ABA accumulation in leaves and roots, and improved IAA content in
leaves and roots and CTK content in leaves of white clover, which implied that the GABA-
mediated tolerance under extreme temperature was linked with changes in ABA, GA,
and IAA. Stress-induced increase in ABA content activates defensive responses, including
stomatal closure, defensive gene expression, and protein accumulation [56,57]. However,
stomatal closure is unfavorable for transpiration and thermolysis. The IAA accumulation
in roots promotes the development of lateral roots, thus enhancing the water absorption
performance of Arabidopsis thaliana [58], and can also improve the heat tolerance of rice [12].
Among the most pivotal roles of CTK in leaves is to delay leaf senescence by inhibiting Chl
loss, membrane deterioration, and protein degradation [59]. Maintenance of higher CTK
levels was proved to be of importance for heat tolerance [60].

High temperature caused a large amount of ROS accumulation which caused damage
to proteins and membrane lipids [61]. Beneficial effects of GABA in antioxidant enzyme
activities and ROS scavenging have been exhibited in leaves of different plant species
under water-deficient conditions, salt, and high-temperature stress [62–64], but relatively
little research has been conducted to discuss the effects of GABA in antioxidant metabolism
in roots under abiotic stress. The current findings show that high-temperature stress
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results in ROS (O2
•− and H2O2) accumulation and oxidative damage to membrane lipids

or proteins, as shown by the considerable upsurge in MDA content or protein carbonyl
content in roots and leaves of white clover. For comparing the difference in oxidative
damage between leaves and roots, it can be seen that the leaves suffered more severe
oxidative damage than roots after the same duration of heat stress, which is consistent with
the earlier research on bermudagrass (Cynodon dactylon) [65]. In order to minimize ROS
damage, the antioxidant defense was comprehensively elevated during heat stress [66].
After 30 d of heat stress, white clover plants pretreated with GABA exhibited significantly
higher TAC, SOD, CAT, and POD activities in roots and leaves than untreated plants. For
the ASA–GSH cycle, exogenous GABA promoted APX and GR activities as well as ASA
content in roots and leaves during high-temperature stress. The ASA is one of the most
crucial non-enzymatic antioxidants for ROS scavenging and the maintenance of its content
also plays a key role in the ASA–GSH cycle [67,68]. The study of Li et al. reported that
GABA ameliorated the ASA–GSH cycle in favor of thermotolerance in creeping bentgrass,
which is a heat-sensitive perennial grass [62]. Interestingly, DR and MR activities were only
significantly improved by the GABA in leaves, but not in roots of white clover under heat
stress. This could indicate that the GABA-regulated differential antioxidant enzymes might
be dependent on the severity of stress, since the leaves suffered from more severe oxidative
damage. In terms of genes involved in antioxidant metabolism, the Cu/ZnSOD expression
in leaves and roots was extremely enhanced by heat stress and the GABA application,
reflecting its more imperative function in white clover under heat stress as compared to
MnSOD and FeSOD. It was found that Cu/ZnSOD dominates the main function in higher
plants [69]. The GABA-regulated genes encoding antioxidant enzymes were consistent
with the enzyme activities under heat stress. These findings indicate that GABA helped to
maintain antioxidant metabolism in leaves and roots of white clover through regulating
enzyme activities and gene expression under heat stress.

In addition to oxidative damage and photosynthetic damage, plants also suffer physi-
ological drought, which often appears in the later period of heat stress due to increased
transpiration and root death, leading to a decline in water uptake, even if the water supply
is adequate in soil [20]. This could explain why the leaves RWC in white clover slightly
decreased with the development of heat stress and then declined sharply after 20 d of
heat stress. Different from drought stress, ABA was not significantly induced in the early
stage of heat stress [70], which means that stomata will remain open to increase heat
dissipation in creeping bentgrass. At the later stage of heat stress, the plants synthesized
ABA to regulate stomatal closure in order to decrease the transpiration rate [71]. Our
results demonstrate that white clover plants pretreated with GABA exhibited significantly
higher stomatal conductance and transpiration rate, which could be contributed to better
thermolysis of white clover under heat stress. This might be linked with inhibition of ABA
accumulation induced by the GABA in white clover. In addition, the maintenance of higher
root activity, Pn, and leaf WUE was observed in the GABA-pretreated white clover. The
WUE reflects the homeostasis between transpiration and Pn, which is good for adaptation
under water-deficient conditions. Kumar et al. reported that the GABA-promoted WUE
helped to keep water homeostasis in plants under abiotic stress [72]. Higher root activity
is propitious to water and nutrient transport in plants upon exposure to harsh environ-
ments [73]. Heat stress also induced continual decline in OP in leaves, but an increase
in OP in roots in both GABA-pretreated and non-pretreated white clover, demonstrating
different responses to heat stress between leaves and roots. However, the GABA-pretreated
white clover exhibited significantly lower OP in leaves and roots than untreated plants
during the late stage of heat stress (20 and 30 d) associated with higher RWC in leaves of the
GABA-pretreated white clover. Our earlier findings in creeping bentgrass demonstrate that
GABA enhanced organic metabolites accumulation (amino acids and sugars) leading to
the decline in OP, thereby improving water balance in leaves under elevated temperatures,
salinity, and water-deficient conditions [74].
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The GABA application further upregulated heat-induced increases in PIP1-1 and
PIP2-7 expression in leaves and TIP2-1 expression in leaves and roots of white clover
under high-temperature stress. According to previous studies, the main function of PIP
and TIP was to transport water molecules through cell or vacuole membranes, which is
very important to maintain water uptake and homeostasis of cells [75–77]. Forrest and
Bhave also proved that PIP and TIP as key AQPs had a strong function of water regula-
tion against osmotic stress in wheat [76]. The spermine increased the PIP2-7 expression
and PIP2-7 accumulation was associated with better water transportation and balance in
white clover and Arabidopsis during water shortage [77]. TIP2-1 is considered to be an
important pressure-gated water channel in grapevine (Vitis vinifera) subjected to various
abiotic stresses [78]. Moreover, heat stress did not significantly affect PIP2-2 and SIP1-1
expression in leaves of white clover, but the GABA transcripts for these two genes under
heat stress. Interestingly, the GABA effectively alleviated heat-induced inhibition of PIP1-1,
PIP2-2, TIP2-2, and NIP1-2 expression in roots of white clover. In the previous study
of Grondin et al., the expression of PIP1-1 and PIP2-2 was correlated with water flux in
roots [79]. The study of Liu et al. also proved that the overexpression of PIP2-2 in roots
could increase the osmotic adjustment ability of plants under salt stress [80]. Na+ induced
PIP1 and TIP1 accumulation and gene expression in roots and leaves of white clover, which
could enhance water transport under drought stress [81]. These findings indicated that
the GABA-regulated tolerance in white clover might be related with increases in water
transport and homeostasis through activating AQPs expression in leaves and roots under
heat stress.

Apart from the main function of AQPs for transporting H2O or various molecules,
including CO2, H2O2, and (NH2)2CO, across cells, AQPs also play a vital role in the reg-
ulation of stomatal conductance and transpiration in plants [82–84]. The study of Lin
et al. found that Arabidopsis plants overexpressing PgTIP1 showed significantly higher
stomatal conductance and transpiration rate in contrast to the wild type [85]. Plant vigor
and transpiration rate were also significantly improved due to the overexpression of a
PIP1b in transgenic tobacco (Nicotiana tabacum) under normal conditions [86]. In addition,
constitutive expression of a TIP2-2 in transgenic tomato (Lycopersicon esculentum) plants
increased water mobility and transpiration under well-watered as well as drastic envi-
ronmental conditions [87]. On the contrary, the stomatal conductance and transpiration
could be inhibited significantly due to the downregulation of AQP expression in various
plant species [88–90]. Our current findings show that white clover increased transpiration
through increasing stomatal conductance in favor of the improvement in heat dissipation
on the 15th day of high-temperature stress. Interestingly, stomatal conductance and tran-
spiration were further increased in leaves of white clover because of the further increase
in endogenous GABA level by the exogenous GABA application. The variation tendency
of stomatal conductance and transpiration was consistent with the AQP gene expression
regulated by GABA in white clover under heat stress. Our findings could indicate that
the GABA-upregulated AQP gene expression could contribute to better heat dissipation
performance related to stomatal opening and transpiration under high-temperature stress.

5. Conclusions

The improvement in endogenous GABA in leaf and root by GABA pretreatment
could significantly alleviate the damage to white clover during high-temperature stress, as
demonstrated by enhancements in cell membrane stability, photosynthetic capacity, and
osmotic adjustment ability, as well as lower oxidative damage and Chl loss. The GABA
significantly upregulated the transcript levels of antioxidant enzyme genes, and improved
antioxidant enzyme activity (SOD, CAT, and POD) and key enzymes involved in the ASA–
GSH cycle, thus reducing the oxidative damage to membrane lipids and proteins. In terms
of plant hormones, GABA increased IAA content in roots and leaves and CTK content in
leaves, associated with growth maintenance and reduced leaf senescence under heat stress.
GABA upregulated the expression of PIP1-1 and PIP2-7 in leaves and TIP2-1 expression in
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leaves and roots under high temperatures, and also alleviated the heat-induced inhibition
of the expression of PIP1-1, PIP2-2, TIP2-2, and NIP1-2 in roots. This could help to improve
the water transportation and homeostasis under heat stress. In addition, GABA induced
AQP expression and a decline in endogenous ABA levels, which could enhance the heat
dissipation capacity through maintaining higher stomatal opening and transpiration in
white clovers under high-temperature stress.
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Abstract: Cadmium (Cd) stress causes serious disruptions in plant metabolism, physio-biochemical
responses, crop yield, and grain quality characteristics. A pot experiment was conducted to inves-
tigate the role of molybdenum (Mo) in mitigating Cd-induced adversities on plant growth, yield
attributes, and grain quality characteristics of a popular aromatic rice cultivar ‘Xiangyaxiangzhan’.
The Mo was applied at 0.15 mg kg−1 soil in both control (no Cd) and Cd-contaminated (100 mg
kg−1) soils. A treatment with Mo-free (−Mo) soil was also maintained for comparison. The results
showed that Cd toxicity significantly (p < 0.05) reduced plant dry biomass, grain yield, photosynthetic
efficiency, and pigment contents, and impaired chloroplast ultra-structural configuration and simul-
taneously destabilized the plant metabolism owing to higher accumulation of hydrogen peroxide,
electrolyte leakage, and malondialdehyde contents. However, Mo supply improved grain yield and
2-acetyl-1-pyrroline content by 64.75% and 77.09%, respectively, under Cd stress, suggesting that
Mo supply mitigated Cd-provoked negative effects on yield attributes and grain quality of aromatic
rice. Moreover, Mo supply enhanced photosynthesis, proline, and soluble protein content, and also
strengthened plant metabolism and antioxidant defense through maintaining higher activities and
transcript abundance of ROS-detoxifying enzymes at the vegetative, reproductive, and maturity
stages of aromatic rice plants under Cd toxicity. Collectively, our findings indicated that Mo supply
strengthened plant metabolism at prominent growth stages through an improved enzymatic and
non-enzymatic antioxidant defense system, thereby increasing grain yield and quality characteristics
of aromatic rice under Cd toxicity.

Keywords: molybdenum; cadmium stress; photosynthetic pigments; oxidative damage; quality
characters; fragrant rice

1. Introduction

Aromatic rice, the finest quality rice, is recognized around the world for its unique
fragrance and taste [1]. The rice milling standards could be measured by head rice rate,
milling recovery percentage, and milled rice rate, which are directly connected to market
values, whereas the rice chalkiness percentage and grain protein contents belong to cooking
characteristics of aromatic rice [2].
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Cadmium (Cd) toxicity is one of the third major contaminants in agricultural soils
across the globe and is considered to be the only metal that poses health hazards to
humans and animals at a plant tissue concentration that is usually non-phytotoxic [3,4]. In
paddy soils, Cd is taken up and moved to above ground components by plant roots and
affects natural plant metabolism, morpho-physiological characteristics, crop growth, and
productivity [5]. Specifically, Cd toxicity leads to stunted plant growth, photosynthesis
disturbance, reductions in chlorophyll biosynthesis, deformation of cellular structures, and
higher production of reactive oxygen species (ROS), disturbance in cellular functions, and
ultimately plant death [6–8].

Molybdenum (Mo), an indispensable microelement, is involved in multiple metabolic
and cellular processes in higher plants [9,10]. It plays a key role in different plant physio-
biochemical processes, such as photosynthesis, chloroplast configuration and ultra-structural
integrity, and chlorophyll biosynthesis and also acts as a stress-resilient element to enhance
the oxidative stress tolerance under salinity [11], drought [12], low temperature [13], and
ammonium toxicity [14]. Several recent studies have documented the beneficial functions
of Mo in alleviating Cd toxicity in Brassica napus L. [15] and Cannabis sativa L. [16]. The
Mo-induced mitigation of Cd toxicities has been ascribed to following four mechanisms:
(i) obstructing the absorption and translocation of Cd and manipulating its fractions in
plant cells; (ii) repairing damaged cell membranes, ultra-structures of chloroplasts, and
reinforcing the photosynthetic system; (iii) regulating the uptake of essential elements; and
(iv) activating the antioxidant defense systems (both enzymatic and non-enzymatic) in
order to detoxify ROS [4].

However, little is known regarding the effects of Mo on plant physio-biochemical
processes, grain yield, and grain quality traits of aromatic rice plants under Cd toxicity.
Therefore, the present study was conducted to investigate the protective effects of Mo
supply against Cd toxicity on plant growth, physio-biochemical processes, and antioxidant
defense responses of aromatic rice plants at three prominent growth stages (vegetative, re-
productive, and maturity stages), and consequently examine the Mo-induced enhancement
in rice yield and grain quality characteristics under Cd toxicity.

2. Materials and Methods

2.1. Experimental Location, Treatments, and Crop Husbandry

A pot experiment was performed during July–November 2020 at the Experimental
Research Farm (113◦21′ E, 23◦14′ N), College of Agriculture, South China Agricultural
University (SCAU), Guangzhou, China, in a rain-sheltered wire house under open-air
conditions. The soil used in this experiment was under paddy cultivation for many years.
The above-soil layer (0–20 cm) was used to fill the pots (10 kg air-dried soil in each pot
with 25 cm in height and 32 cm in diameter). The essential chemical properties of the soil
used in this experiment are shown in Table S1. The experimental treatments consisted of
Mo (0 and 0.15 mg kg−1 soil) in the form of ammonium molybdate [(NH4)6Mo7O24·4H2O])
and Cd (0 and 100 mg kg−1 soil) supplied as CdCl2·2.5 H2O. About two weeks before
transplantation, the treatment concentrations were carefully mixed in the soil of respective
pots and a water layer (2–3 cm) was maintained over the soil surface to create puddled-like
and anaerobic conditions.

The seeds of aromatic rice cultivar “Xiangyaxiangzhan” were collected from South
China Agricultural University, Guangdong, China. This aromatic rice cultivar is locally
renowned for its special aroma-producing quality and therefore widely cultivated by local
farmers of South China on a commercial scale. However, previous studies have reported
that heavy metals (e.g., Cd, Pb) significantly affect the grain yield, aroma, and other quality
traits of this aromatic rice cultivar [2,17]. The uniform and well-grown rice seedlings
(22-days-old) were transplanted in soil-filled pots (3–4 seedlings per hill and 5 hills per pot)
by following a cross mark (+) type of planting pattern (four seedlings at a side each and the
fifth in the middle of the pot). All the experimental pots were supplied with 2.25, 3.33, and
1.35 g N-P-K in the form of urea, phosphorus pentoxide, and potassium oxide, respectively.
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2.2. Sampling

At three prominent growth stages (vegetative, reproductive, and maturity stages),
fresh plant leaves were sampled and well-preserved (−80 ◦C) for the assessment of pho-
tosynthetic pigments, various physio-biochemical analysis, antioxidant enzyme activi-
ties, and qRT-PCR quantification. At maturity, plants were harvested to measure dry
biomass, grain yield, and 2AP content to analyze the qualitative characteristics of aromatic
rice grains.

2.3. Estimation of Photosynthetic Efficiency, Pigment Contents, and Transmission Electron
Microscopy

For the photosynthetic measurement, one fully expanded mature leaf from the top was
used per plant and five plants were selected in each replication of a particular treatment
and the results were averaged. The photosynthetic rate was recorded with a portable photo-
synthetic system (LI- 6400xt, Li-Cor, Inc., Lincoln, NE, USA). The photosynthetic pigments
were determined in accordance with the method described in previous studies [18,19].
Fresh leaf samples were randomly collected from different aromatic rice plants for TEM
analysis. Small sections of leaves 1–3 mm in length were fixed in 4% glutaraldehyde (v/v)
in 0.2 mol/L PBS (sodium phosphate buffer, pH 7.2) for 6–8 h and post-fixed in 1% OsO4
(Osmium (VIII) oxide) for 1 h, then in 0.2 mol/L PBS (pH 7.2) for 1–2 h. Dehydration was
performed in a graded ethanol series (50%, 60%, 70%, 80%, 90%, 95%, and 100%) followed
by acetone, then samples were filtrated and embedded in Spurr’s resin. Ultra-thin sections
(80 nm) were prepared and mounted on copper grids for viewing under a transmission
electron microscope (TALOS L120C) [20].

2.4. Measurement of Soluble Protein and Proline Contents

The protein contents in leaves were estimated according to the method of [21] using
G-250. The fresh leaf samples (0.2 g) were homogenized in 50 mM sodium phosphate
buffer (pH 7.0) containing 2% polyvinylpyrrolidine-40 (PVP-40) and 1 mM EDTA-Na2. The
reaction mixture was centrifuged at 10,000× g for 15 min at 4 ◦C. The absorbance of the
reaction mixture was read at 595 nm in triplicate and final protein contents were expressed
as mg g−1 FW. The proline contents were estimated according to the method of [22] using
ninhydrin. The reaction mixture was extracted with 5 mL toluene and the absorbance
of the red chromophore in the toluene fraction was measured at 520 nm. The amount of
proline was estimated by comparing with a standard curve and expressed as µg g−1 FW.

2.5. Measurement of Reactive Oxygen Species and Lipid Peroxidation

Fresh leaf samples (0.2 g) at different growth stages were crushed in liquid nitro-
gen and homogenized with 1 mL of 0.1% trichloroacetic acid (TCA) and centrifuged at
12,000× g for 20 min (4 ◦C) for the measurement of H2O2 content in aromatic rice plants.
The reaction mixture consisted of 0.5 mL of potassium phosphate buffer (pH 6.8, 100 mM),
1 mL potassium iodide (1M), and 0.5 mL supernatant. The H2O2 contents were measured by
spectrophotometer (UV-VIS 2550, Shimadzu, Japan) at 390 nm [23]. The malondialdehyde
(MDA) contents in leaves at different growth stages of aromatic rice were estimated by a
prior method [24]. Fresh leaf samples (0.2 g) were homogenized in 2 mL 0.5% thiobarbituric
acid (TBA) solution in 10% trichloroacetic acid (TCA) and boiled in the water bath at 100 ◦C
for 30 min. The boiled samples were then cooled down in an ice bath and centrifuged at
4000× g for 15 min. The absorbance of the reaction mixtures was read at 532, 600, and
450 nm in triplicate. The MDA content in the reaction solution was calculated as follows:
MDA content = 6.45 (∆OD532-600) − (0.56 OD450) and the final contents were expressed
as µmol g−1 FW. To measure the electrolyte leakage percentage at respective growth stages
of aromatic rice plants, the fresh leaf samples were thoroughly washed with deionized
water and cut into small pieces. Leaf discs (0.3 g) were then placed in 10 mL deionized
water and incubated for 6 h at 25 ◦C and electrical conductivity (EC) EC1 was recorded
using an EC meter (SX-650, Sanxin, China). The leaf samples were again incubated for 2 h
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at 90 ◦C to record EC2. The electrolyte leakage (EL) percentage in leaf tissues of aromatic
rice plants was estimated as: EL (%) = (EC1/EC2 × 100) [23].

2.6. Measurement of Enzymatic and Non-Enzymatic Antioxidant

In order to estimate antioxidant enzyme assay, fresh leaf samples (0.3 g) were crushed
in liquid nitrogen and homogenized in 6 mL of 50 mM sodium phosphate buffer (pH 7.8)
with a mortar and pestle in an ice bath. The homogenate was centrifuged (12,000× g, 10 min)
to separate the supernatant from crude fibers and the aliquot of the supernatant was used
to measure the activities of catalase, superoxide dismutase, peroxidase, and ascorbate
peroxidase in aromatic rice leaves according to the methods described in a previous
study [24]. The contents of non-enzymatic antioxidants (GSH and GSSG) at different
growth stages of aromatic rice plants were determined by ‘A006-2-1’ and ‘A061-2-1’ kits,
respectively, bought from Nanjing Jiancheng Bioengineering Institute (www.njjcbio.com
(accessed on 3 September 2020)), China.

2.7. Total RNA Extraction and qRT-PCR Analysis

Fresh aromatic rice leaves were sampled at three prominent growth stages for total
RNA extraction. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). However, subsequent procedures for assessing the quality and quantity of total RNA,
cDNA synthesizing, and Real Time PCR setting up were carefully adopted as described
in our previous experiment [25]. Data on nucleotides sequence and specific annealing
temperature can be found in Table S2. Three biological replicates of each sample were used,
and by normalizing the Ct value relative to the ACTIN Ct value, the expression levels for
each gene were calculated according to the 2-∆∆Ct method for quantification [26].

2.8. Estimation of Molybdenum and Cadmium Concentration in Different Plant Parts

The aromatic rice plant leaves were sampled at three prominent growth stages and
ears (at reproductive stage) and grains (at maturity stage) and oven dried for estimating Mo
and Cd concentrations. The plant samples (0.3 g) were digested in 5:1 (v/v) HNO3:HClO4
(5 mL) in a microwave oven (MLS 1200, Milestone, FKV, Italy). Mo and Cd concentrations
were measured by ICP-mass spectrometry (ICP-MS) (ELAN DRC-e, PerkinElmer SCIEX,
DE) and Atomic Absorption Spectrophotometer (AAS) (AA6300C, Shimadzu, Japan) [2,27].

2.9. Estimation of 2-acetyl-1-pyrroline (2AP) Content

Freshly collected grains were homogenized with dichloromethane and sodium sulfate
for 2AP measurement. The 2AP content in aromatic rice grains was measured in combi-
nation with the Gas Chromatograph Mass Spectrometer (GCMS-QP 2010 Plus, Shimadzu
Corporation, Japan) by the synchronization distillation and extraction (SDE) method. The
measuring conditions were as follows: the gas chromatograph fitted with silica capillary
column (30 m × 0.32 mm × 0.25 µm) of RTX-5MS (Shimadzu, Japan) and highly pure
helium gas (carrier gas) with a flow rate of 2.0 mL min−1 (99.99%, Guangzhou Gases Co.,
Ltd., Guangzhou, China) [28,29].

2.10. Measurement of Grain Yield, Yield Attributes, and Grain Quality Characters of
Aromatic Rice

The grain yield and yield contributing attributes of aromatic rice cultivar ‘Xiangyax-
iangzhan’ were measured at the harvesting time. The total numbers of tillers pot−1 and
numbers of productive tillers pot−1 were counted manually. One thousand grains were
counted and weighed on the digital electric balance to achieve a 1000-grain weight (g), while
the overall paddy weight obtained from each pot was calculated as grain yield pot−1. The
grain quality features of aromatic rice ‘Xiangyaxiangzhan’ cultivar were determined in the
harvested grains. The brown rice was obtained by a rice huller (Jiangsu, China) and the per-
centage of brown rice was determined as: (weight of brown rice/paddy weight × 100). For
measuring brown rice milling percentage, a Jingmi testing rice miller (Zhejiang, China) was
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used and the percentage was calculated as: (weight of milled rice/original weight × 100).
The milling degree percentage was determined as: (weight of milled rice/weight of brown
rice × 100). The percentages of chalkiness degree and chalkiness rate were calculated via
an SDE-A light box (Guangzhou, China). The head rice rate percentage was determined by
separating the whole milled grains out of 100 grains. Infratec 1241 (FOSS-TECATOR) was
used to determine the protein and moisture content percentage in aromatic rice grains.

2.11. Statistical Analysis

The data collected were statistically analyzed through two-way ANOVA within a
particular growth stage using ‘Statistix 8.1’ (Analytical Software, Tallahassee, FL, USA).
Mean variances were separated by an LSD test at p < 0.05. SigmaPlot 10.0 was used for
graphical representations. The heat-map hierarchical analysis between treatments and
different studied parameters was conducted by R 3.5.1.

3. Results

3.1. Effect of Mo Supply on Photosynthetic Pigments and Photosynthetic Efficiency and
Chloroplast Configuration of Aromatic Rice Plants under Cd Toxicity

In the absence of Mo, Cd stress significantly (p < 0.05) decreased the photosynthetic
pigments in leaves of aromatic rice plants at different growth stages; however, Mo supply
enhanced the chlorophyll contents under −/+ Cd toxicity (Figure 1A,B). Under Cd stress,
Mo supply enhanced chlorophyll a content by 80.88%, 94.37%, and 88.33%, and chlorophyll
b content by 89.12%, 99.32%, and 92.27% at vegetative, reproductive, and maturity stages,
respectively, as compared to −Mo treatments (Figure 1). Similarly, Cd toxicity significantly
reduced the photosynthetic efficiency at different growth stages while Mo application
enhanced the photosynthetic rate of aromatic rice plants. Under Cd stress, Mo applica-
tion enhanced the photosynthetic rate by 61.67%, 72.79%, and 79.66% at the vegetative,
reproductive, and maturity stages, respectively (Figure 1D).

The current study revealed that Cd toxicity severely affected the cell ultra-structural
configurations and the integrity of chloroplasts in aromatic rice plants (Figure 2). However,
under Mo-supplied treatments, the chloroplasts were observed to be comparatively regu-
larly oval shaped, more consistent, and with well-organized arrangement and accumulated
greater starch grains (Figure 2).

3.2. Influence of Mo Supply on Osmo-Regulation under Cd Toxicity

Our findings showed that Cd stress significantly decreased the soluble protein content
in aromatic rice at different crop growth stages; however, such reductions were more severe
at maturity stage (Figure 3A). However, Mo supply enhanced the soluble protein content
with/without Cd toxicity compared to −Mo treatment. Under Cd stress, Mo supply
enhanced the soluble protein content by 89.30%, 84.15%, and 115.37% at the vegetative,
reproductive, and maturity stages, respectively, compared with −Mo treatment (Figure 3A).
In contrast to soluble protein, proline content was significantly enhanced under Cd stress at
different growth stages compared to without Cd toxicity (Figure 3B). Moreover, under Cd
stress, Mo supply further enhanced the proline contents by 41.96%, 51.95%, and 72.54% at
the vegetative, reproductive, and maturity stages, respectively, relative to −Mo treatments
(Figure 3B).
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Figure 1. Effect of Mo supply and Cd toxicity on Chl a (A), Chl b (B), ratio of Chl a/b (C), and photosynthetic rate (Pn) (D),
in leaves of aromatic rice ‘Xiangyaxiangzhan’ cultivar, at the vegetative, reproductive, and maturity stages. Bars above
means indicate ±S.E. of four independent replicates (n = 4) and different small alphabetical letters above means reveal
significant differences among treatments within a particular growth stage according to the LSD test (p < 0.05).
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Figure 2. Effect of Mo supply and Cd toxicity on the transmission electron microscopy (TEM) images of aromatic rice
‘Xiangyaxiangzhan’ cultivar. Aromatic rice plants were treated with (A) (0 and 0 mg), (B) (0.15 and 0 mg), (C) (0 and 100 mg),
and (D) (0.15 and 100 mg) of Mo and Cd, respectively. CP, chloroplasts; PG, plastoglobuli; CW, cell wall; SG, starch grains.
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Figure 3. Effect of Mo supply and Cd toxicity on soluble protein (A) and proline contents (B) in leaves of aromatic rice
‘Xiangyaxiangzhan’ cultivar, at the vegetative, reproductive, and maturity stages. Bars above means indicate ±S.E. of four
independent replicates (n = 4) and different small alphabetical letters above means reveal significant differences among
treatments within a particular growth stage according to the LSD test (p < 0.05).

3.3. Effect of Mo Supply on Membrane Integrity in Aromatic Rice under Cd Stress

The lipid peroxidation (MDA production), electrolyte leakage (EL), and H2O2 ac-
cumulations are associated with the membrane integrity. The results indicated that Cd
toxicity considerably increased the levels of H2O2, MDA, and EL in leaves of aromatic rice
plants (Figure 4). However, Mo application reduced H2O2, MDA, and EL in leaf tissues
of aromatic rice plants. Under Cd stress, Mo supply reduced the oxidative damage by
lowering the levels of H2O2 (43.81%, 40.55%, and 29.95%), MDA (45.43%, 37.48%, and
31.24%), and EL (47.15%, 32.71%, and 25.14%) at the vegetative, reproductive, and maturity
stages, respectively, compared with −Mo treatment (Figure 4).
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Figure 4. Effect of Mo supply and Cd toxicity on hydrogen peroxide (H2O2) content (A), malondialdehyde (MDA) (B), and
electrolyte leakage (EL) (C), in leaves of aromatic rice ‘Xiangyaxiangzhan’ cultivar, at the vegetative, reproductive, and
maturity stages. Bars above means indicate ±S.E. of four independent replicates (n = 4) and different small alphabetical
letters above means reveal significant differences among treatments within a particular growth stage according to the LSD
test (p < 0.05).
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3.4. Effect of Mo Supply on the Activities and Transcript Abundance of Enzymatic Antioxidants
under Cd Toxicity in Aromatic Rice

Under Cd stress, the antioxidant enzyme activities and their respective transcript
levels were higher at the vegetative stage while being decreased at the maturity stage.
The Mo supply significantly enhanced the enzymatic antioxidant activities and transcript
abundance at different growth stages (vegetative, reproductive, and maturity) (Figure 5).
Mo application regulated the activities of SOD by 90.29%, 109.99%, and 233.30%; POD by
80.96%, 135.73%, and 204.01%; CAT by 91.69%, 162.42%, and 225.60%; and APX by 70.09%,
147.42%, and 153.48% under Cd toxicity, at the vegetative, reproductive, and maturity
stages, respectively, compared with −Mo treatment (Figure 5). Similarly, Mo application
increased the expression levels of SOD, POD, CAT, and APX genes in the leaf tissues of
aromatic rice plants with/without Cd stress at different growth stages (Figure 6), indicating
that Mo supply strengthened the antioxidant defense system of aromatic rice plants through
increasing antioxidant enzyme activities and expressions under stress conditions.

3.5. Influence of Mo Supply on Non-Enzymatic Antioxidants in Aromatic Rice under Cd-Stress

The Cd stress reduced the GSH and total glutathione contents while significantly
increasing GSSG concentration at different growth stages of aromatic rice (Figure 7). How-
ever, Mo supply enhanced the GSH (165.82%, 193.56%, and 99.11%) and GSH + GSSG
(104.12%, 117.27%, and 62.77%) levels while decreasing GSSG (25.39%, 35.43%, and 15.29%)
contents under Cd stress, at the vegetative, reproductive, and maturity stages, respectively
(Figure 7A–C). Moreover, Mo supply increased the GSH/GSSG in leaves at prominent
growth stages of aromatic rice plants (Figure 7D).

3.6. Mo and Cd Concentrations in Different Plant Parts of Aromatic Rice Plants

The results revealed that Mo concentrations in leaves, ears, and grains of aromatic rice
plants were significantly increased with Mo supply; however, non-significant effects were
observed in Mo concentration under −/+ Cd stress in various plant parts of aromatic rice
(Table S3). The Cd concentrations were increased in leaves, ears, and grains of aromatic
rice plants under Cd stress. However, Mo application decreased the Cd concentration
in leaves by 32.51%, 36.40%, and 24.82% at the vegetative, reproductive, and maturity
stages, respectively, and 25.35% in ears (at reproductive stage) and 29.75% in grains (at
maturity stage) under Cd toxicity (Table S3), suggesting that Mo supply inhibited the Cd
accumulation and consequently mitigated the Cd toxicity through the least accretion in the
edible part (grains) of aromatic rice.

3.7. Influence of Mo Supply on Yield Traits and Grain Quality Characteristics of Aromatic Rice
under Cd Stress

Pronounced variations in the growth of aromatic rice plants were observed under
the influence of Mo supply and Cd toxicity treatments (Figure S1). The Cd stress caused
considerable reductions in grain yield and yield contributing traits and also deteriorated the
grain quality characteristics of aromatic rice. However, Mo supply mitigated Cd-provoked
adversities in aromatic rice and significantly improved grain yield and associated attributes
(except 1000-grain weight) under Cd toxicity (Table 1). Compared with −Mo treatment,
Mo supply improved the total number of tillers pot−1 (61.04%), productive tillers pot−1

(69.86%), filled grain percentage (25.07%), 1000-grain weight (10.15%), grains panicle−1

(40.07%), and grain yield pot−1 (64.75%) of aromatic rice under Cd stress (Table 1).
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Figure 5. Effect of Mo supply and Cd toxicity on the activities of enzymatic antioxidants: superoxide dismutase (SOD) (A);
peroxidase (POD) (B); catalase (CAT) (C); and ascorbate peroxidase (APX) (D), in the leaves of aromatic rice ‘Xiangyaxi-
angzhan’ cultivar, at the vegetative, reproductive, and maturity stages. Bars above means indicate ±S.E. of four independent
replicates (n = 4) and different small alphabetical letters above means reveal significant differences among treatments within
a particular growth stage according to the LSD test (p < 0.05).
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Figure 6. Effect of Mo supply and Cd toxicity on qRT-PCR analysis of antioxidant enzyme-related transcripts of superoxide
dismutase (SOD) (A); peroxidase (POD) (B); catalase (CAT) (C); and ascorbate peroxidase (APX) (D), in the leaves of
aromatic rice ‘Xiangyaxiangzhan’ cultivar, at the vegetative, reproductive, and maturity stages. Bars above means indicate
±S.E. of four independent replicates (n = 4) and different small alphabetical letters above means reveal significant differences
among treatments within a particular growth stage according to the LSD test (p < 0.05).
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Figure 7. Effect of Mo supply and Cd toxicity on reduced glutathione (GSH) (A); oxidized glutathione (GSSG) (B); total
glutathione (GSSG + GSH) (C); and ratio of GSH/GSSG (D), in the leaves of aromatic rice ‘Xiangyaxiangzhan’ cultivar, at
the vegetative, reproductive, and maturity stages. Bars above means indicate ±S.E. of four independent replicates (n = 4)
and different small alphabetical letters above means reveal significant differences among treatments within a particular
growth stage according to the LSD test (p < 0.05).
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Rice quality attributes including 2AP contents, brown rice rate, milled rice rate, head
rice rate, and protein and moisture contents were considerably reduced while chalkiness
rate and chalkiness degree increased under Cd toxicity, indicating that Cd stress deterio-
rated aromatic rice quality. However, Mo supply restored the grain quality characters under
Cd toxicity (Table 2) and improved aromatic rice quality under Cd stress. Compared with
−Mo treatment, Mo supply increased the 2AP contents (77.09%), milling degree (14.24%),
milled rice rate (12.35%), head rice rate (25.74%), protein contents (29.35%), brown rice rate
(5.59%), and moisture content (2.67%), while reducing the chalkiness degree (26.08%) and
chalkiness rate (22.71%) in aromatic rice grains under Cd stress (Table 2).

3.8. Relationships

The hierarchical analysis revealed that Cd toxicity negatively affected the growth
parameters, yield attributes, and grain quality characteristics of aromatic rice plants and
concomitantly these inhibitory effects are correlated with the reduced photosynthetic
pigments and weakened enzymatic and non-enzymatic antioxidant defense mechanism
while triggering oxidative damage. However, Mo supply established strongly positive
correlations with the grain yield attributes, quality characters, strengthening photosynthetic
apparatus, and antioxidant defense system, and reduced the oxidative damage. In essence,
this hierarchical correlation analysis reveals that Mo supply played an efficient role in
mitigating the Cd-induced toxicity effects on the plant growth, grain yield, and yield-
contributing attributes, and quality characteristics of aromatic rice (Figure 8).

310



Antioxidants 2021, 10, 838

Table 1. Influence of Mo supply and Cd toxicity on aromatic rice yield and associated attributes.

Cd Toxicity Mo Application Tillers Pot−1 Productive Tillers Pot−1 Grains Panicle−1 Filled Grain
Percentage

1000-Grain Weight (g) Grain Yield Pot−1 (g)

−Cd −Mo 26.97 ± 1.36 b 21.31 ± 1.48 c 128.91 ± 4.59 b 68.24 ± 2.23 b 18.11 ± 0.42 b 46.11 ± 2.47 c

+Mo 40.08 ± 2.70 a 32.46 ± 1.47 a 165.21 ± 8.61 a 83.35 ± 5.15 a 20.30 ± 0.85 a 73.36 ± 4.32 a

+Cd −Mo 19.89 ± 0.61 c 16.02 ± 1.40 d 103.72 ± 3.48 c 57.76 ± 2.81 c 16.97 ± 0.67 b 35.26 ± 1.43 d

+Mo 32.05 ± 1.59 b 27.20 ± 1.18 b 145.28 ± 5.67 b 72.25 ± 1.88 b 18.70 ± 0.64 ab 58.08 ± 4.19 b

LSD (p < 0.05) 5.35 4.27 18.20 10.09 2.05 10.26

−Mo and +Mo denote 0 and 0.15 mg of molybdenum supplied as ammonium molybdate [(NH4)6Mo7O24·4H2O]), whilst −Cd and +Cd denote 0 and 100 mg of cadmium supplied as cadmium chloride
(CdCl2·2.5H2O) kg−1 soil, respectively. The numeric values reflect means from four independent replicates (±S.E.) with different treatments. Data presented in individual columns indicated with dissimilar
letters differ significantly by LSD test at p < 0.05.

Table 2. Influence of Mo supply and Cd toxicity on aromatic rice grain quality traits.

Cd Toxicity
Mo

Application
Brown Rice

Rate (%)
Milled Rice

Rate (%)
Milling

Degree (%)
Head Rice
Rate (%)

Chalkiness
Rate (%)

Chalkiness
Degree (%)

Moisture
Content (%)

Protein
Content (%)

2AP Content
(ng g−1 FW)

−Cd
−Mo 73.89 ± 3.78 a 60.14 ± 1.52 bc 77.91 ± 1.59 b 56.89 ± 3.82 bc 33.66 ± 2.44 b 16.94 ± 0.53 b 12.27 ± 0.08 b 6.47 ± 0.14 c 144.35 ± 7.40 b

+Mo 77.81 ± 1.87 a 66.42 ± 1.70 a 85.83 ± 1.46 a 68.53 ± 5.26 a 24.06 ± 1.28 c 11.75 ± 0.58 c 12.68 ± 0.18 a 8.49 ± 0.22 a 297.08 ± 23.91 a

+Cd
−Mo 71.24 ± 1.78 a 55.20 ± 1.71 c 71.55 ± 1.82 c 49.57 ± 2.04 c 39.78 ± 1.70 a 20.62 ± 0.94 a 12.12 ± 0.13 b 5.50 ± 0.09 d 97.01 ± 6.39 c

+Mo 75.22 ± 2.31 a 62.02 ± 2.35 ab 81.74 ± 2.05 ab 62.34 ± 2.94 ab 30.74 ± 1.71 b 15.25 ± 0.56 b 12.45 ± 0.07 ab 7.12 ± 0.12 b 171.79 ± 14.58 b

LSD (p < 0.05) 7.89 5.69 5.38 11.42 5.50 2.07 0.38 0.47 45.69

−Mo and +Mo denote 0 and 0.15 mg of molybdenum supplied as ammonium molybdate [(NH4)6Mo7O24·4H2O]), whilst −Cd and +Cd denote 0 and 100 mg of cadmium supplied as cadmium chloride
(CdCl2·2.5H2O) kg−1 soil, respectively. The numeric values reflect means from four independent replicates (±S.E.) with different treatments. Data presented in individual columns indicated with dissimilar
letters differ significantly by LSD test at p < 0.05.
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Figure 8. Heat-map reveals a hierarchical clustering analysis between different treatments and studied parameters of
aromatic rice plants. Abbreviated names are as follows: 2AP (2-acetyl-1-pyrroline), SOD (superoxide dismutase activity),
POD (peroxide activity), CAT (catalase activity), APX (ascorbate peroxidase activity), Chl a (chlorophyll a), Chl b (chlorophyll
b), Pn (photosynthetic rate), GSH (reduced glutathione), GSSG (oxidized glutathione), P-tillers (productive tillers), HRR
(head rice rate), MRR (milled rice rate), FGP (filled grain percentage), BRR (brown rice rate), S-protein (soluble protein),
1000-GW (1000-grain weight), EL (electrolyte leakage), H2O2 (hydrogen peroxide), ChR (chalkiness rate), ChD (chalkiness
degree), MDA (malondialdehyde contents), MC (moisture content), MD (milling degree), GPP (grains per panicle), GYPP
(grain yield per pot).
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4. Discussion

All heavy metals, particularly Cd toxicity, inevitably provoke perturbations in various
physio-biochemical processes, photosynthetic apparatus, plant metabolism, and antioxi-
dant protection mechanisms, thereby resulting in significant yield reduction and quality
deterioration in crop plants [4,30–32]. Thus, Cd stress-alleviating approaches in plant
growth and developmental cycles, yield reductions, and quality deteriorations through
strengthened plant metabolism continue to be challenging goals for plant scientists. Molyb-
denum (Mo), an essential and anti-stress micronutrient, has garnered substantial consider-
ation due to its primary involvement in multiple plant growth and production processes
and enhancing oxidative stress resistance under cold, drought, and heavy metal toxici-
ties [13,15,24]. The current experiment established a number of mitigating roles of Mo
supply on photosynthetic apparatus, plant metabolism, antioxidant defense system, yield
attributes, and quality characteristics of aromatic rice cultivar ‘Xiangyaxiangzhan’ under
Cd toxicity.

Our results revealed that Cd toxicity significantly reduced the photosynthetic pigments
and photosynthetic efficiency at the vegetative, reproductive, and maturity stages of
aromatic rice plants (Figure 1), which is in line with the results of several previous reports,
who documented the Cd-induced reduction in chlorophyll contents and photosynthetic
efficiency [33,34]. The Mo application was found to increase the chlorophyll contents and
photosynthetic efficiency in Cd-stressed aromatic rice plants (Figure 1), which might be
ascribed to Mo-induced reductions in oxidative damage and maintenance of chloroplast
ultra-structure (Figures 2 and 4) [35]. Similarly, previous studies reported that Mo supply
increased the leaf gaseous exchange attributes, photosynthetic pigments, and chloroplast
integrity and configurations in Triticum aestivum [36] and Fragaria ananassa [37].

Biosynthesis and relative accumulation of compatible solutes/osmolytes are well-
recognized due to a wide range of their functions, i.e., protection and stabilization of
cellular membranes, protection of several enzymes, acting as osmoticum for turgor main-
tenance, and scavenging roles against ROS (e.g., proline) in plants [38]. In our study, Cd
toxicity reduced soluble protein contents, which might be due to greater oxidative dam-
age, and these results are concomitant with previous studies that Cd toxicity stimulated
soluble protein degradation through higher protease activity [39] and unnecessary ROS
generation [40]. The Mo supply was found to enhance the levels of both soluble protein
and proline contents at different growth stages of aromatic rice plants under Cd stress
(Figure 3), suggesting the ameliorative role of Mo in improving and maintaining higher
plant osmotic balance under stress conditions.

The Cd toxicity causes overproduction of free radicals and ROS, causing ultra-structural
and functional alterations in cell nuclei, DNA, lipids, and proteins. The present study
revealed that Cd stress stimulated the oxidative stress as evident from higher produc-
tion of H2O2, MDA, and loss of membrane integrity (greater EL) in aromatic rice plants
(Figure 4). However, Mo supply significantly reduced MDA, H2O2, and EL in leaf tissues
at prominent growth stages of aromatic rice plants (Figure 4), suggesting that Mo supply
mitigated Cd-provoked intracellular membrane disruptions throughout the growth period
of aromatic rice plants. These Mo-induced mitigating approaches to preserve and retain
bilayer membranes and safeguard cell membranes from oxidative stress destructions have
also been reported in strawberry [41].

Under stress conditions, both enzymatic and non-enzymatic antioxidants play key
roles to scavenge the ROS and counteract the oxidative damage in plants. In the present
study, Cd toxicity aggravated oxidative damage in aromatic rice plants, while Mo applica-
tion alleviated oxidative stress, which could be ascribed to the enhancement of antioxidant
enzyme activities and expressions (Figures 5 and 6). The protection of plants by antioxidant
defense systems against oxidative damage was triggered by antioxidant enzymes including
SOD, CAT, APX, and POD [42–44]. Generally, ROS is scavenged by antioxidant enzymes.
For example, SOD catalyzes O2

- into H2O2, and then H2O2 is disintegrated by CAT and
APX [42,45,46]. Previous studies also reported that Mo supply relieved oxidative damage
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by improving the antioxidant defense ability of plants under cold, drought, salt stress, and
heavy metals [11,13,47]. However, the mechanisms by which Mo improves antioxidant
defense ability remain to be investigated. The non-enzymatic antioxidants (GSH and GSSG)
also serve as a redox buffer under various heavy metals [48]. GSH shields guard cells
from oxidative destruction and plays a major role in reducing the bulk of ROS. However,
under adverse conditions as cells undergo greater oxidative stress damages, GSSG accu-
mulates and the GSH to GSSG ratio decreases. Thus, estimating the GSH to GSSG ratio
(GSH/GSSG) is a valuable indicator for assessing the rate of oxidative stress in cells and
tissues [49]. In this study, under Cd toxicity, Mo supply maintained a higher GSH/GSSG
ratio in leaves of aromatic rice plants at the vegetative, reproductive, and maturity stages
(Figure 7D), demonstrating that Mo supply mitigated the Cd-provoked stress adversities
in aromatic rice. These results thus indicate that Mo supply has improved both enzymatic
and non-enzymatic antioxidants during the growth cycle of aromatic rice plants, i.e., the
vegetative, reproductive, and maturity stages and mitigated Cd-induced toxicity effects
on plant physio-biochemical processes as is evident from significant reductions in ROS
production, MDA contents, and electrolyte leakage under Cd-stressed treatments.

In rice, grain yield depends upon productive tillers, sterility percentage, number
of grains panicle-1, and 1000-grain weight, while 2AP content, milling recovery, and
chalkiness rate are important indices for quality estimation of aromatic rice [2,28]. In
the present study, Cd toxicity reduced the yield-contributing attributes, i.e., productive
tillers per pot, number of grains per panicle, and filled grain percentage (Table 1), and
deteriorated the rice quality traits through reduced 2AP contents, brown rice rate, milled
rice rate, milling degree, head rice rate, protein contents, while increasing chalkiness rate
and chalkiness degree (Table 2), indicating that Cd toxicity reduced aromatic rice yield
and deteriorated quality traits through all the contributing traits being affected. Previous
studies have also reported significant reductions in yield and quality traits under Cd
toxicity in different aromatic rice cultivars [8,17]. Similarly, our findings agree with previous
studies reporting that Cd toxicity resulted in yield reductions and quality deterioration
through a brutally impeded plant metabolism and photosynthetic system, and higher
Cd concentration in plant parts and stimulated oxidative stress [4,15]. However, Mo
supply substantially increased grain yield and quality traits of aromatic rice under Cd
stress. The probable explanation is that Mo supply mitigated Cd-induced inhibitions on
plant metabolism through strengthening the enzymatic and non-enzymatic antioxidant
defense system, fortifying photosynthetic apparatus, and inhibiting the absorption and
translocation of Cd in aromatic rice plants.

Taken together, our findings infer that Cd toxicity hampered aromatic rice plant
growth, yield attributes, and grain quality traits through destabilizing plant metabolism,
increasing oxidative damage, undermining the plant protection system, and distressing
the photosynthetic apparatus. However, Mo supply alleviated the Cd-induced inhibi-
tions on plant metabolism and improved aromatic rice yield and grain quality traits by
strengthening the photosynthetic system and antioxidant protection mechanisms. Future
studies can, however, be meditated to examine the possible role/s of Mo supply during 2AP
biosynthesis pathways in different aromatic rice cultivars under heavy metal-polluted soils.

5. Conclusions

The current experiment revealed that Cd stress hampered the plant growth, grain
yield, and quality traits of aromatic rice. The Cd toxicity triggered the production of H2O2
and electrolyte leakage, presumably by desynchronizing the ROS-scavenging mechanism.
Nevertheless, Mo supply proficiently relieved Cd-provoked inhibitory effects on the plant
metabolism, grain yield, and quality characteristics of aromatic rice, which could mainly be
ascribed to reduced Cd uptake, reinforced photosynthetic apparatus, consistent chloroplast
ultra-structure, and a higher scavenging ROS amount. Thus, our findings concluded
that Mo supply mitigated the Cd-provoked inhibitory effects on plant growth, physio-
biochemical processes, and antioxidant defense system during the plant growth cycle
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(vegetative, reproductive, and maturity stages), thereby enhancing grain yield and quality
traits of aromatic rice.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10060838/s1, Figure S1: Pictorial view of aromatic rice plants grown under molyb-
denum (Mo) and cadmium (Cd) treatments, Table S1: The experimental soil’s chemical properties,
Table S2: Primer sequences used for qRT-PCR amplification, Table S3: Influence of molybdenum
supplementation and cadmium toxicity on Mo and Cd concentration at different growth stages in
leaves, ears and grains of aromatic rice.
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Abstract: This research was performed to explore the vital role of seed priming with a 0.01 µM
concentration of brassinosteroids (EBL) to alleviate the adverse effects of Cr (100 µM) in two different
rice cultivars. Seed priming with EBL significantly enhanced the germination attributes (germination
percentage, germination energy, germination index, and vigor index, etc.), photosynthetic rate as
well as plant growth (shoot and root length including the fresh and dry weight) under Cr toxicity as
compared to the plants primed with water. Cr toxicity induced antioxidant enzyme activities (SOD,
POD, CAT, and APX) and ROS level (MDA and H2O2 contents) in both rice cultivars; however, a
larger increment was observed in YLY-689 (tolerant) than CY-927 (sensitive) cultivar. EBL application
stimulatingly increased antioxidant enzyme activities to scavenge ROS production under Cr stress.
The gene expression of SOD and POD in EBL-primed rice plants followed a similar increasing trend
as observed in the case of enzymatic activities of SOD and POD compared to water-primed rice
plants. Simultaneously, Cr uptake was observed to be significantly higher in the water-primed control
compared to plants primed with EBL. Moreover, Cr uptake was significant in YLY-689 compared to
CY-927. In ultra-structure studies, it was observed that EBL priming relieved the rice plants from
sub-cellular damage. Conclusively, our research indicated that seed priming with EBL could be
adopted as a promising strategy to enhance rice growth by copping the venomous effect of Cr.

Keywords: antioxidants; brassinosteroids; chromium; heavy metals; rice

1. Introduction

Soil contamination is turning into an alarming situation because of its negative in-
fluences on crop productivity. Abiotic stresses can cause >50% reduction in crop yield
worldwide [1]. Besides, heavy metal toxicity is more dangerous towards crop production
in this era. Chromium (Cr) is the 7th utmost copious heavy metal in the Earth’s crust and it
spreads in soil by different industries such as paints, leather, and fertilizer [2]. According
to the US Environmental Protection Agency, Cr contamination is a major cause of human
carcinoma [2]. Heavy metals, including Cr, become part of the soil in various ways, cause
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hazardous effects on plant growth and development, and become a major source of human
health complications via entrance into the food chain [3]. Moreover, Cr pollution in the soil
is extending day-by-day in numerous parts of the world. Almost 30, 896, and 142 metric
tons of Cr are released into the air, water, and soil every year, respectively. Cr has various
valance states, i.e., 0 to 6, but trivalent chromite (Cr+3) and hexavalent chromate (Cr+6)
are prevalent in the environment. The Cr+6 is considered more unstable, extremely peri-
patetic, and hazardous, especially with a higher pH than Cr+3. Latently, the issue of Cr
contamination in agriculture is increasing day by day [4].

Rice is a vital food source worldwide due to a huge global population’s depen-
dence to fulfill their nutrition requirements with this crop. China is the leading rice
producer, consumer, and importer country. Hence, Cr contamination is a more concerning
topic in rice-growing areas of China. It is approximated that almost 10% of soil is con-
taminated with heavy metals in China [5]. Apart from rice, some other plants such as
Hibiscus esculentus L. [6], Pisum sativum L. [7], Triticum aestivum L. [8], Glycine max L. [9],
Zea mays L. [10], and Lycopersicon esculentum [11] are also being contaminated with Cr.
Once, Cr is taken up by plants, nutrient transportation as well as metabolic activities are
disturbed, and consequently, crop yield is compromised [5]. For example, uptake of Cr+6

causes accumulation and disturbs the uptake of micronutrients such as Mn, Zn, Cu, Fe, etc.
Moreover, Cr toxicity also induces cellular oxidative stress by triggering the accu-

mulation of reactive oxygen species (ROS), which leads to the necrosis of plants. Several
studies have reported that the accumulation of Cr in plants causes severe damage to crop
production by increasing toxicity and inhibiting plant growth [12–14]. This growth retar-
dation could be linked to the huge disturbance in cellular homeostasis and sub-cellular
organelle damage [15,16]. To reduce the ROS activity, plants initiate an efficient mechanism
of detoxification by organizing the autoxidation defense mechanism, which consists of
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxidase
(APX) as an enzymatic compound as well as glutathione, ascorbic acid, proline, etc. as
a non-enzymatic compound. However, plants can build multiple approaches to cope
with heavy metal stresses such as Cr, with an increased antioxidant enzyme activity and
decreased cellular ROS concentration [13,17,18].

Brassinosteroids (BRs) are considered as the sixth class of plant steroid hormones,
which have pleiotropic properties in plants. They can protect plants under various biotic
and abiotic stress conditions. Exogenous solicitation of BRs increases stress tolerance in
plants [19]. Brassinolide, 28-homobrassinolide (28-HomoBL), and 24-epibrassinolide (EBL)
are the three important BRs investigated in various aspects. 24-Epibrassinolide plays an
important role in mitigating various plant stresses, including biotic and abiotic stresses.
The 24-epibrassinolide is the most biologically active BR compound involved in develop-
mental processes, cell division, elongation, gene expression, and vascular differentiation in
plants [20]. It is known to improve plant growth by enhancing the chlorophyll contents,
antioxidant enzymes, and up-regulate stress-response gene expression [21].

Latent investigations indicate that EBL plays an essential role in mitigating the Cr+6

toxicity by stimulating the antioxidant enzyme activities. The present study was further
deepened to understand the Cr+6 induced sub-cellular damage in rice plants, followed by
relieving this stress damage at the physiological and molecular level by applying EBL in
a sensitive and tolerant rice cultivar. To the best of our knowledge, this is the first report
investigating the comparative physiological and molecular responses of rice plants to the
application of EBL in stress-sensitive and tolerant rice cultivars.

2. Materials and Methods

2.1. Seed Materials and Brassinosteroids (EBL) Preparation

The two rice cultivars, Chunyou 927 (CY-927, sensitive), Yliangyou 689 (YLY-689 tol-
erant), were used in this experiment which provided by the Zhejiang Nongke Seeds CO.,
LTD. Hangzhou, Zhejiang Province, China. 24-Epibrassinolide (EBL) was obtained from
the Shanghai Aladdin Biochemical Technology Co., Ltd., China. The BR liquefication was
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made in an appropriate amount of ethanol and a standard solution (10−5 M) concentration
was prepared by adding ddH2O and 0.05% Tween-20 as a surfactant.

2.2. Seed Priming and Germination Test

For seed priming, rice seeds were firstly immersed in 5% (w/v) sodium hypochlorite
(NaOCl) solution for 15 min sterilization and gently rinsed with distilled water to remove
residual chloride. The sterilized seeds were then primed with 0.01 µM EBL at 30 ◦C in
darkness for 24 h, and were dried at room temperature to the seed original moisture
con-tent. The seeds primed with water (H2O) were considered as a control.

The seed germination test was carried out after priming and, for this purpose, 50 seeds
per box (12 × 18 cm) were germinated with three replications. The germination experiment
was carried out in a growth chamber at 25 ◦C with an alternation cycle of 8 h illumination
and 16 h dark conditions for 14 days [22]. Incubated seeds were exposed to different
concentrations (0, 50, 100, 200, 300, and 400 µM) of Cr. The selection of Cr concentration
for further experimentation was based on this primary experiment, which concluded that
100 µM Cr caused significant damage to plant growth without killing the plants.

Total germinated seeds (seed radicle visibly protrudes through the seed coat and the
radicle reaches to the length of the whole seed) were counted on the 5th day of germination
and deliberated as germination energy (G.E). Moreover, the germination percentage (G.P)
was recorded on the 14th day. Germination Index (G.I), Mean Germination Time (MGT), as
well as Vigor Index (V.I), was measured by following formulas [22].

G.I = Σ(Gt/Tt) (1)

MGT = Σ(Gt × Tt)/ΣGt (2)

V.I = Germination% × [Shoot length + Root length] (3)

Gt is the total calculated germinated seeds on day t, and Tt is the time conforming to
Gt in days [22].

2.3. Plant Growth Conditions

The incubated seeds were treated with a 100 µM concentration of K2Cr2O7 with a nutri-
ent media solution. The composition of the nutrient solution was 0.5 µM potassium nitrate
(KNO3), 0.5 µM calcium nitrate (Ca(NO3)2), 0.5 µM magnesium sulfate (MgSO4), 2.5 µM
monopotassium phosphate (KH2PO4), 2.5 µM ammonium chloride (NH4Cl), 100 µM ferric
EDTA (Fe–K–EDTA), 30 µM boric acid (H3BO3), 5 µM manganese monosulfate (MnSO4),
1 µM copper sulfate (CuSO4), 1 µM zinc sulfate (ZnSO4), and 1 µM ammonium heptamolyb-
date ((NH4)6Mo7O24) per liter. The pH of the nutrient solution was adjusted to 5.0 with
HCl and NaOH. The concentration was based on findings from a preliminary experiment
with various Cr6+ (K2Cr2O7) concentrations solutions (0, 50, 100, 200, 300, and 400 µM). The
Cr concentrations 50 µM exhibited slight damage to plant growth. Although, a Cr concen-
tration of 100 µM exhibited substantial damage to plant growth; however, concentrations
greater than 100 µM were excessively toxic for the growth and killed the plants.

2.4. Experimental Design and Treatment Pattern

The experiment was conducted in hydroponic conditions. Two-week-old seedlings
(primed with water and with 0.01 µM EBL) were treated with 100 µM Cr concentration
and without Cr treatment considered as control (CK). The experiment was conducted
through a completely randomized design (CRD) and the boxes were repositioned every
day inside the growth chamber. Sampling was carried out at 21 days to perform numerous
observations and measurements.

2.5. Plant Growth Investigation

The plants were harvested and immersed in a bucket containing ddH2O to remove the
remnants of the disinfectant and inspect the safety of the roots. The plants were uprooted,
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and the lengths of shoots and roots were calculated, including the measurement of fresh
mass. To calculate their dry masses, roots and shoots were dried in an oven at 80 ◦C
for 24 h.

2.6. Measurement of Chlorophyll Pigments

The photosynthetic pigments such as chlorophyll a, b, and total chlorophyll were
determined by following the referenced method [23]. In short, fresh leaves (0.2 g) were
standardized inside 3 mL ethanol (95%, v/v). The centrifugation of homogenate was done
at 5000× g for 10 min and, subsequently, the supernatant was obtained. Next, 9 mL
ethanol (95%, v/v) was supplemented with a 1 mL aliquot of the supernatant. Afterward,
the measurements were made at the wavelengths of 665 and 649 nm through using an
ultraviolet-visible spectrophotometer (UV-1900, Shimadzu, Japan). The following equations
were utilized for calculating the pigment contents.

Chlorophyll a (Chla) = 13.95 A665 − 6.88 A649 (4)

Chlorophyll b (Chlb) = 24.96 A649 − 7.32 A665 (5)

Total chlorophyll content = Chla + Chlb (6)

The quantities of pigments were expressed as milligrams per liter of plant material.

2.7. Measurement of Cr Contents

Elemental analysis to deliberate Cr contents was accomplished on dried roots and
shoots. Dry plant samples (0.2 g) for each treatment were assimilated through 5 mL
concentrated HNO3 and HCLO4 (5:1, v/v) in a furnace at 70 ◦C for nearly 5 h. The dilution
of the processed samples was done with 2% HNO3 to make an ultimate quantity of 10 mL
for Cr content investigation. The filtrate was used to investigate Cr and microelements
such as Mn, Cu, and Zn through the use of an atomic absorption spectrophotometer
(iCAT-6000-6300, Thermo-Fisher Scientific, Waltham, MA, USA) [24].

2.8. Transmission Electron Microscopy Analysis

Shoot sections deprived of veins (8–10) per treatment after 14 days of treatment were
obtained from indiscriminately collected seedlings and put into 2.5% (v/v) glutaraldehyde
in 0.1 M PBS (sodium phosphate buffer with pH 7.4) as well as washed thrice with the
alike PBS. Further, the leaves were postfixed in 1% OsO4 (osmium (VIII) oxide) for 1 h.
After that, it was washed three times in 0.1 M PBS, with 10 min gaps between each wash.
After 15–20 min, the leaves were dehydrated within the classified categorization of ethanol
(50%, 60%, 70%, 80%, 90%, 95%, and 100%, respectively) and splashed with absolute
acetone 20 min. Then, the leaves were soaked in Spurr’s resin for overnight. Consequently,
ultrathin sections (80 nm) of samples were cut and placed in copper nets to observe through
a transmission electron microscope (JEOLTEM-1230EX) at a hastening voltage of 60.0 kV.

2.9. Investigation of Malondialdehyde (MDA) Contents and H2O2 Production

The measurement of MDA concentration was carried out with 2-thiobarbituric acid
(TBA). Approximately, 1.5 mL of extract was homogenized in 2.5 mL of 5% TBA di-
luted in 5% trichloroacetic acid (TCA). The homogenate sample was heated at 95 ◦C for
15 min, quickly chilled in ice, and centrifuged at 5000× g for 10 min. The absorbance of
the supernatant was determined at two wavelengths, 532 and 600 nm, using a UV–vis
spectrophotometer (Hitachi U-2910, Tokyo, Japan) [25]. MDA values were expressed as
nmol mg−1 protein. After absorbance determination, calculations were made according to
the following formula.

MDA (nmol g−1 FW) = [(OD532 − OD600) × A × V] ÷ (a × E × W)

A = Total Reaction Solution + Enzyme extract
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V = Total volume of buffer used for enzyme extract

a = Volume of the enzyme extract used

W = Fresh weight of the sample

E = Constant for MDA (1.55 × 10−1)

The reaction mixture without enzyme extract was used as a control and its measure-
ments were subtracted from treatments for accuracy.

To measure hydrogen peroxide (H2O2), the plant tissues were homogenized in phos-
phate buffer followed by centrifugation at 6000× g. The supernatant was mixed with 0.1%
titanium sulfate containing 20% (v/v) H2SO4, followed by centrifugation. The intensity of
yellow color was estimated colorimetrically at 410 nm using the above-mentioned unit
of the UV–vis spectrophotometer [26]. H2O2 concentration was calculated by using a
standard curve constructed with the known concentrations of H2O2. A control reaction
mixture without the plant tissues was used and its measurements were subtracted from
treatments for accuracy. The H2O2 concentration was calculated in terms of (µmol g−1 FW)
at 25 ± 2 ◦C.

2.10. Measurement of Antioxidant Enzyme Activity

Vigorous samples (0.5 g) of both shoots and roots were standardized inside 8 mL of
50 mM potassium phosphate buffer (i.e., pH 7.0, comprising 1 mM EDTANa2 in addition
to 0.5% PVP, w/v) on ice. Accordingly, centrifugation of the homogenate was conducted for
20 min at 12,000× g at 4 ◦C. The supernatant was used for the measurement of POD, SOD,
APX, and CAT.

SOD activity was determined by measuring its aptitude to inhibit the photochemical
reduction of nitroblue tetrazolium chloride (NBT). NBT reaction solution consisted of
50 mmol L−1 phosphate buffer (pH 7.8), 13 mmol L−1 methionine, 75 µmol L−1 NBT,
2 µmol L−1 riboflavin, and 0.1 mmol L−1 EDTA. The reaction began after adding 2 µmol L−1

riboflavin and placing the reaction tubes under 15 W fluorescent lamps for 15 min. The
reaction mixture without enzyme extract was used as a control. One unit of SOD activity
was elucidated as the quantity of enzyme required to cause 50% inhibition of the NBT
reduction and photoreduction was observed at 560 nm [27].

The CAT activity was observed with an extermination constant of 39.4 mM−1 cm−1 at
240 nm absorbance due to the reduction of extinction H2O2. The 3 mL reaction mixture
comprised of 2.8 mL phosphate buffer (25 mM, pH 7.0), 0.1 mL H2O2 (0.4%), and 0.1 mL en-
zyme extract. The reaction began by adding H2O2 [28] and enzyme activity was calculated
in terms of l M of H2O2 g−1 FW min−1 at 25 ± 2 ◦C.

The POD activity was assessed using the reaction mixture consisting of 10 mM H2O2
in 50 mM Tris buffer (pH7.0) and 25 µL of enzyme extract in a total volume of 750 µL [29].
The total of 750 µL reaction solution contained 25 µL enzyme extract mixed with 1%
(v/v) guaiacol and 0.4% (v/v) H2O2 assembled in 50 mM Tris buffer (pH 7.0). Changes in
absorbance related to the oxidation of guaiacol (ε = 25.5 mM−1 cm−1) were calculated at
470 nm. The enzyme activity was calculated in terms of l M of guaiacol oxidized g−1 FW
min−1 at 25 ± 2 ◦C.

The APX activity was calculated depending on the decrease in absorbance at 290 nm
as ascorbate was oxidized. The 3 mL reaction mixture contained 2.7 mL phosphate buffer
(25 mM, pH 7.0), 0.1 mL ascorbate (7.5 mM), 0.1 mL H2O2 (0.4%), and 0.1 mL of enzyme
extract. The reaction began by adding H2O2 and the enzyme activity was calculated
as µmol min−1 mg−1 protein at 25 ± 2 ◦C [30].

2.11. RNA Extraction and Gene Expression Analysis

Gene expression of antioxidant enzymes was measured through quantitative real-time
PCR (qRT-PCR). Frozen shoot and root samples were ground comprehensively in liquid
nitrogen using a mortar and pestle. Total RNA was extracted from both shoots and roots
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by Trizol mixture by following an already described method [31]. The RNA concentration
and its purity were determined through NanoDrop 2000/2000 c (Thermo-Fisher Scientific,
Waltham, MA, USA). For the synthesis of cDNA, the PrimeScript™ RT reagent kit was
utilized. The primers used to quantify the expression of SOD-Cu-Zn, SOD-Fe2, APX02,
APX08, CATa, CATb, POX1, and POX2 genes are listed in Supplementary Table S1. The
20-µL reaction mixture was made with 2XSYBR Green Master Mix reagent (10 µL volume)
(Applied Biosystems, Foster City, CA, USA), cDNA samples (6 µL volume), and 200 nM
gene-specific primers. The thermocycler was set as follows: 95 ◦C for 3 min; 40 cycles of
95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 1 min. The relative change in the expression
of genes was determined according to Livak et al. [32]. The OsActin was used for internal
calibration as a control gene to normalize the other genes.

2.12. Statistical Analysis

Different treatments for one-way analysis of variance through the least significant
differences (LSD) were pragmatic as a posthoc test at 95% assurance interlude amongst
frequent data set by using SPSS v16.0 (SPSS, Inc., Chicago, IL, USA). The analysis of
variance [33] was conducted via Duncan’s multiple range test amongst various treatment
means to accomplish the significant difference at p < 0.05 and 0.01 level among mean values.
The principal component analysis (PCA) and agglomerative hierarchical clustering (AHC)
were accomplished to examine the classification and grouping of two different cultivars of
rice for their vulnerability to Cr by using Minitab software version 18.1.

3. Results

3.1. Determination of the Significant Effect of Cr (VI) on Seed Vigor and Plant Development

Based on the preliminary experiment results, Cr toxicity caused clear phenotypic
changes in both the cultivars at various concentrations (0, 50, 100, 200, 300, and 400 µM).
Cr imposed higher toxicity at 200 µM and above concentrations, and hence, a 100 µM Cr
concentration was selected for further experimentation based on phenotypical alterations.
Brassinosteroids (0.01 µM) showed a positive effect on stress mitigation under Cr exposure
on all concentrations (Figure 1).

 

Figure 1. Physiological effect of Cr toxicity on two different rice cultivars. (a) Physiological effect of Cr on the YLY-689
cultivar and stress alleviation effect of 0.01 µM EBL under 100 µM Cr concentration. (b) Physiological effect of Cr on cultivar
CY-927 and stress alleviation effect of 0.01 µM EBL under 100 µM Cr concentration.
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Germination energy and the germination percentage were significantly reduced by
the exposure of Cr with a concentration of 100 µM compared to control in both cultivars
(Table 1). Seed germination was observed to be better in plants treated with 0.01 µM
brassinosteroids (EBL) compared to seeds primed with water (H2O). A clear reduction in
germination energy and germination percentage was observed in cultivar CY-927 under Cr
stress. Germination index and vigor index were decreased in seeds primed with water in
both cultivars but the mean germination time was decreased in seeds primed with EBL
under Cr stress (Table 1).

Table 1. Effect of Cr toxicity on the seed germination parameter in seeds primed with EBL compared to seeds primed with
water in two different rice cultivars.

Varieties Name Treatment G.E G.P G.I MGT V.I

CY-927

H2O 90.00 ± 2.00 b 94.67 ± 1.15 b 20.13 ± 1.17 b 2.91 ± 0.17 b 2.04 ± 0.11 b

EBL 96.00 ± 2.00 a 99.33 ± 1.15 a 28.01 ± 1.47 a 2.16 ± 0.11 c 2.87 ± 0.13 a

H2O+Cr 38.67 ± 3.06 d 46.67 ± 3.06 d 7.15 ± 0.74 d 4.06 ± 0.07 a 0.31 ± 0.07 d

EBL+Cr 72.67 ± 3.06 c 82.67 ± 3.06 c 12.90 ± 0.35 c 3.21 ± 0.14 b 0.77 ± 0.03 c

YLY-689

H2O 93.33 ± 2.31 a 99.33 ± 1.15 a 27.29 ± 0.76 b 2.44 ± 0.13 c 2.63 ± 0.09 b

EBL 98.00 ± 2.00 a 100.00 ± 0.00 a 32.98 ± 0.59 a 2.07 ± 0.08 d 3.24 ± 0.05 a

H2O+Cr 54.00 ± 2.00 c 66.00 ± 2.00 c 12.26 ± 0.88 d 3.66 ± 0.19 a 0.90 ± 0.07 d

EBL+Cr 86.67 ± 1.15 b 89.33 ± 1.15 b 21.50 ± 0.30 c 2.74 ± 0.14 b 2.00 ± 0.03 c

Each treatment value represents the mean of three replicates ± standard deviation. Same letters are representing no significant differentiation
at 95% probability level (p < 0.05). The data presented here represent the selected Cr concentration (100 µM). Here, germination energy
(G.E); germination percentage (G.P); germination index (G.I); mean germination time (MGT); vigor index (V.I); brassinosteroids (EBL).

Shoot length, root length, fresh weight, and dry weight were also affected by Cr
toxicity in both cultivars. Shoot length and root length were significantly decreased in both
cultivars under stress conditions compared to control, but more lessening was noted in
cultivar CY-927. Fresh weight and dry weight were also lower under Cr stress in plants
primed with water. Priming with EBL showed mitigation behavior toward Cr toxicity in
both cultivars (Table 2).

Table 2. Improvement in shoot length, root length, and fresh and dry weight by seed priming with EBL compared to the
control under Cr toxicity.

Varieties Name Treatment S.L R.L F/W D/W

CY-927

H2O 15.51 ± 0.02 b 13.04 ± 0.02 b 0.90 ± 0.01 b 0.10 ± 0.001 b

EBL 17.19 ± 0.04 a 15.03 ± 0.16 a 0.96 ± 0.01 a 0.10 ± 0.001 a

H2O+Cr 8.30 ± 0.03 d 7.56 ± 0.03 d 0.51 ± 0.01 d 0.05 ± 0.001 d

EBL+Cr 11.59 ± 0.02 c 10.96 ± 0.02 c 0.68 ± 0.01 c 0.06 ± 0.001 c

YLY-689

H2O 15.16 ± 0.08 b 13.31 ± 0.02 b 0.91 ± 0.01 b 0.10 ± 0.003 a

EBL 18.39 ± 0.06 a 15.28 ± 0.04 a 0.96 ± 0.01 a 0.10 ± 0.001 a

H2O+Cr 9.34 ± 0.04 d 8.43 ± 0.02 d 0.59 ± 0.01 d 0.07 ± 0.002 c

EBL+Cr 12.22 ± 0.04 c 11.22 ± 0.03 c 0.68 ± 0.01 c 0.09 ± 0.001 b

Each treatment value represents the mean of three replicates ± standard deviation. Same letters represent no significant difference at the
95% probability level (p < 0.05). Here, shoot length (S.L); root length (R.L); fresh weight (F/W); dry weight (D/W); brassinosteroids (EBL).

3.2. Seed Priming with EBL Significantly Enhanced Photosynthetic Pigments under Cr Stress

Results represented that Cr toxicity caused a clear reduction in chlorophyll a (Chla),
chlorophyll b (Chlb), and total chlorophyll contents compared to the control (Figure 2). In
cultivar CY-927, decreased Chla, Chlb, and total chlorophyll content was noted to be more
pronounced than YLY-689 under Cr toxicity. Seed priming with EBL exhibited a significant
increase in Chla, Chlb, and total chlorophyll at 100 µM Cr stress compared to seeds primed
with water (Figure 2).

325



Antioxidants 2021, 10, 1089

Figure 2. Effect of brassinosteroids on chlorophyll contents in two different rice cultivars under Cr toxicity. (a) Chlorophyll
a contents in both rice cultivars; (b) Chlorophyll b contents in both rice cultivars; (c) Total Chlorophyll contents (Chlorophyll
a+b) in both rice cultivars. The values presented are means ± SDs (n = 3). Different letters (a–c) above bars show a significant
difference at p < 0.05 among treatments.

3.3. Accumulation of Cr Contents Was Reduced Significantly by EBL Seed Priming

Results demonstrated that Cr accumulation was more pronounced inside roots com-
pared to shoots and uptake was higher in cultivar YLY-689 than CY-927 (Supplementary
Tables S2 and S3). Cr uptake caused macronutrient imbalance as well. Under Cr toxicity,
Mn, Cu, and Zn uptake were decreased in both cultivars; however, this decrease was more
obvious in cultivar CY-927 than YLY-689 in both roots (Supplementary Table S3) as well as
shoots (Supplementary Table S2).

Results demonstrated that the effect of brassinosteroids diminished the uptake and
accumulation of Cr and maintained the nutrient balance in both cultivars of rice. Mn, Zn, and
Cu contents were increased by EBL treatment under Cr stress in shoots and the same trend of
nutrient balance was observed in roots of both cultivars (Supplementary Tables S1 and S2).

3.4. Significant Reduction of MDA Contents and H2O2 Production by Seed Priming with EBL

Lipid peroxidation was estimated in both cultivars of rice plants. Cr stress enhanced
MDA contents in both roots and shoots compared to the control. MDA content was higher
in YLY-689, estimated as 72.50% and 38.41% in shoots and roots, respectively, compared
to CY-927 (64% and 34.60% in shoots and roots, respectively) (Figure 3). MDA contents
remained pronounced in shoots of both plants. The application of EBL represented the
significant decline of MDA contents in shoots and roots of both varieties (e.g., 36.90 and
15.40% for YLY-689 and 38.40 and 20% for CY-927, respectively) compared to the plants
primed with water.
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Figure 3. Effect of Cr toxicity on MDA contents as well as H2O2 production and alleviation behavior of EBL toward MDA
contents and H2O2 production under Cr stress in both varieties of rice. (a) MDA contents in shoots of both rice cultivars;
(b) MDA contents in roots of both rice cultivars; (c) H2O2 contents in shoots of both rice cultivars; (d) H2O2 contents in roots
of both rice cultivars. The values presented are means ± SDs (n = 3). Different letters (a–c) above bars show a significant
difference at p < 0.05 among treatments.

Recent outcomes revealed that H2O2 production was enhanced under 100 µM Cr
toxicity in both cultivars as compared to the control (Figure 3). More production was
recorded in cultivar YLY-689 with 58.1% and 65.2% in both shoots and roots, respectively,
CY-927 with 57.3 and 62.2% individually in both shoots and roots. Seeds primed with
brassinosteroids showed lower MDA contents in shoots and roots of both varieties YLY-689
and CY-927 at 45.6, 35.3, 44.8, and 46.6%, respectively, compared to control.

3.5. Regulation of Antioxidant Activities via Seed Priming with EBL

Under Cr stress alone, antioxidant activities were modulated differently. The results
validated that 100 µM Cr stress significantly enhanced the antioxidants (SOD, CAT, POD,
and APX) compared to the control in both cultivars. A larger increment was observed in
shoots and the same trend was noticed in both cultivars. The change was more pronounced
in YLY-689 as compared to the CY-927 cultivar (Figure 4). Seed priming with 0.01 µM EBL
showed very interesting behavior towards antioxidant enzyme activities and enhanced
more SOD, POD, CAT, and APX under 100 µM Cr stress compared to plants primed with
water. The results revealed that SOD activity was more prominent than other antioxidants
in shoots of YLY-689 cultivar compared to the non-stressed plants. SOD, POD, CAT, and
APX were enhanced by Cr treatment 75.7%, 64.80%, 57%, and 60.7%, respectively in shoots
and 38.5%, 45.8%, 43.8%, and 48.4% in roots, respectively in YLY-689. Further, 45.3%, 56.4%,
41.3%, and 58.4% in shoots correspondingly alongside 37.8%, 20.6%, 33.1%, and 38.5%
individually was enhanced in roots of CY-927 cultivars and it further enhanced by EBL
together in roots and shoots of both cultivars.
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Figure 4. Upregulation of antioxidant enzyme activities by seed priming with EBL under Cr stress in both cultivars. (a) and
(b) superoxide dismutase (SOD) in shoots and roots of both rice cultivars, respectively; (c,d) catalase in shoots and roots of
both rice cultivars, respectively; (e,f) ascorbate peroxidase (APX) in shoots and roots of both rice cultivars, respectively;
(g,h) peroxidase (POD) in shoots and roots of both rice cultivars, respectively. The values presented are means ± SDs (n = 3).
Different letters (a–c) above bars show a significant difference at p < 0.05 among treatments.

3.6. Determination of Ultrastructure Analysis

The current study demonstrated the ultrastructural changing inside mesophyll cells of
rice cultivars primed with water and with 0.01 µM EBL growing under control conditions
as well as under the exposure of 100 µM Cr stress. The TEM micrographs of leaf mesophyll
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cells of CY-927 and YLY-689 primed with water and with 0.01 µM EBL represented nor-
mal structure with the hygienic and thin cell wall, normal organelles, as well as healthy
chloroplast and granule thylakoids (Figure 5). Although, mesophyll cells of CY-927 primed
with water under 100 µM Cr stress showed a damaged structure of the nucleolus as well
as a double-layered nuclear membrane expansion (Figure 5). Comparatively, mesophyll
cells of CY-927 primed with 0.01 µM EBL showed slight damage in nucleolus development;
however, the chloroplast was normal compared to the mesophyll cells of CY-927 primed
with water (Figure 5). A nuclear membrane was also observed normally in mesophyll cells
of CY-927 primed with 0.01 µM EBL.

 
Figure 5. Electron micrographs of leaf mesophyll cells of two various rice cultivars (CY-927, YLY-689) primed with water as
well as primed with 0.01 µM EBL grow under control and exposure of 100 µM Cr stress. (a) Leaf mesophyll cell of CY-927
(primed with water) at the control level. (b) Leaf mesophyll cell of CY-927 (primed with 0.01 µM EBL) at the control level.
(c) Leaf mesophyll cell of YLY-689 (primed with water) at the control level. (d) Leaf mesophyll cell of YLY-689 (primed
with 0.01 µM EBL) at the control level. (e) Leaf mesophyll cell of CY-927 (primed with water) underexposure of 100 µM Cr
toxicity. (f) Leaf mesophyll cell of CY-927 (primed with 0.01 µM EBL) under 100 µM Cr toxicity. (g) Leaf mesophyll cell
of YLY-689 (primed with water) under the disclosure of 100 µM Cr stress. (h,i) Leaf mesophyll cell of YLY-689 (primed
with 0.01 µM EBL) under 100 µM Cr toxicity, N (nucleus); CW (cell wall); Ch (chloroplast); GT (granule thylakoids); M
(mitochondria); Nue (nucleolus); NM (nuclear membrane).

The TEM micrographs of leaf mesophyll cells of YLY-689 primed with water as well as
primed with 0.01 µM EBL in control plants showed normal growth with a healthy structure
of organelles (Figure 5). Whereas, mesophyll cells of YLY-689 primed with water under
100 µM Cr stress showed damage in chloroplast development and granule thylakoids,
which were thinner compared to the control. In addition, the nucleolus was also observed
to be abnormal (developed double nucleolus) (Figure 5). On the other hand, the mesophyll
cells of YLY-689 primed with 0.01 µM EBL demonstrated better chloroplast development
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with little damage to thylakoid development. Furthermore, it comprised normal cell
arrangements as well as the normal development of the nucleolus besides the nuclear
membrane (Figure 5).

3.7. Determination of Gene Expression Analysis

The expression of SOD-Cu-Zn and SOD-Fe2 was significantly higher in seeds primed
with water under Cr toxicity compared with control. Moreover, expression was increased
in seeds primed with 0.01 µM EBL compared to seeds primed with water in both cultivars
(Supplementary Figure S1). The transcription level was higher in the YLY-689 cultivar
compared to CY-927 (p < 0.01). Gene expression was noted to be higher in shoots of both
cultivars than roots.

Moreover, the transcription level of genes APX02 and APX08 were observed to be
high in both shoots and roots of the CY-927 cultivar under Cr stress. Nevertheless, signifi-
cant upregulation was observed in shoots of CY-927 compared to roots (Supplementary
Figure S2). Furthermore, an upregulation in the expression of both genes was noted in
seedlings of plants primed with 0.01 µM EBL compared to seeds primed with water under
Cr toxicity. Interestingly, the behavior of cultivar YLY-689 was quite different from CY-927
in terms of gene expression. A significant downregulation of genes APX02 and APX08 was
calculated in roots and shoots under Cr stress. However, expression was higher in plants
primed with 0.01 µM EBL compared to plants primed with water but this increment was
non-significant (Supplementary Figure S2).

The same trend in transcription level of both CATa, CATb genes was observed. A
significant increase was observed in gene expression of CATa and CATb in CY-927 for both
shoots and roots, but shoots represented a higher transcription level compared to roots
(Supplementary Figure S3). Expression was more prominent in seeds primed with 0.01 µM
EBL compared to seeds primed with water. Downregulation was observed in both shoots
and roots of cultivar YLY-689 under Cr stress. Seeds primed with 0.01 µM EBL showed a
significantly enhanced transcription level compared to seeds primed with water under Cr
stress conditions (Supplementary Figure S3).

A significant upregulation of genes POX1 and POX2 were measured in both roots and
shoots under 100 µM Cr concentration in both rice cultivars. Significant upregulation of
POX2 was noted in shoots of the CY-927 cultivar under Cr stress. In both cultivars, data
represented that the transcription level of POX1 and POX2 was significantly enhanced
in plants primed with 0.01 µM EBL, and this trend was found to be similar to the results
of antioxidant enzymatic activity under Cr stress. Furthermore, upregulation was more
obvious in shoots of both cultivars than roots (Supplementary Figure S4).

3.8. Determination of Interaction among Growth and Physiological Parameters through Principal
Component Analysis, Clustering, and Correlation Analysis

Principle component analysis presented the interaction of measured growth and phys-
iological parameters under the influence of different treatments in both varieties (Figure 6).
In the PCA analysis, it was found that there was a close interrelation among MDA, MGT,
and H2O2. Although, MGT, H2O2, and MDA showed a significantly negative correlation
with V.I, F/W, D/W, S.L, R.L, G.E, and G.P demonstrated a negative correlation with
SOD, POD, CAT, and APX as well (Figure 6). It demonstrated the maximum contribution
of F1 (87.6%) followed by F2 (10.80%) with a total contribution of 97.80% in CY927 and
for YLY689 the maximum contribution of F1 (88.8%) followed by F2 (9.2%), with a total
contribution of 98.0% was noticed (Figure 6). ACH outcomes also confirmed both varieties’
responses under distinct treatments (Figure 6). The dendrogram represented three groups
that characterized the close correlation between both cultivars (CY927 and YLY689) primed
with EBL as well as primed with water under Cr stress. Cultivars primed with EBL under
Cr stress showed a close correlation with both controls (primed with water and EBL) com-
pared to plants primed with water under Cr toxicity (Figure 6). The dendrogram showed
the same pattern of treatments as demonstrated by PCA (Figure 6).
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Figure 6. Bioplot of principle components 1 and 2 of the PCA extracted from the results obtained from physiological data
of two various rice cultivars (CY927, YLY689) under different treatments such as control primed with water (CY927-H2O,

331



Antioxidants 2021, 10, 1089

YLY689-H2O), control primed with EBL (CY927-EBL, YLY689-EBL), seed primed with EBL, and treatment under Cr stress
(CY927-EBL + Cr, YLY689-EBL + Cr), seed primed with H2O under Cr stress (CY92-Cr + H2O, YLY689-Cr + H2O). A sharp
angle represented a positive correlation, an obtuse angle showed a negative correlation, and a right angle demonstrated a
correlation between parameters. (a) Representation of the correlation between different treatments in rice cultivar CY927.
(b) Physiological parameters of rice variety CY927 are represented through Pearson’s correlation coefficients under different
treatments. (c) Illustration of correlation between various treatments in rice cultivar YLY689. (d) Physiological parameters
of rice variety YLY689 representation via Pearson’s correlation coefficients under various treatments. Distance between
each line represented the strength of the correlation. (I) contains MDA, MGT, and H2O2; (II) shows G.I, F/W, D/W, G.E,
G.P, and V.I; (III) illustrates POD, CAT, APX, and SOD; (IV) represents R.L and S.L. (e) Dendrogram of two different rice
cultivars under various treatments obtained through agglomerative hierarchical clustering using Ward’s method based
on physiological traits. (f) The dendrogram demonstrated a correlation between various physiological parameters of
two different rice cultivars under numerous treatments obtained through agglomerative hierarchical clustering using
Ward’s method.

4. Discussion

4.1. EBL Improve Physio-Biochemical Effects Caused by Cr Toxicity in Rice Plants

Recently, increasing industrialization has become a serious threat to soil contamination
which is now the main source of plant growth inhibition by disturbing various mechanisms
of plants at the physiological and molecular level [34]. This study examined that chromium
caused plant growth inhibition and induced negative physio-biochemical processes in
two rice varieties. Reportedly, plants develop various mechanisms to overcome stress
by inducing antioxidant activities, biochemical mechanisms, phytochelatins, and various
hormones [35].

In the current research, the role of brassinosteroids (EBL) has been elaborated to
overcome Cr toxicity. Cr has reduced the plant biomass, altered the structure of roots,
and affected seed germination energy, percentage, vigor index, and mean germination
time. Seed germination was affected because of heavy metal toxicity through the access
of rice plants’ embryonic tissues and due to the structure of seed coats. When a seed
radicle comes into contact with Cr; it lowers the germination rate by lowering the α

and β amylase activities, reducing the sugar supply to the seeds, and constrain the seed
germination rate [36]. Root and shoot length also reduce under Cr stress and it may be
caused by nutrient uptake disturbance inside rice plants and may decrease the cell division
and elongation.

The root is the primary point of contact with Cr; however, the toxicity and accumula-
tion of Cr hinder root elongation in plants. Cr uptake might be caused by the imbalance
of nutrients such as Zn, Mn, and Cu, which is necessary to regulate various plant growth
mechanisms. The current study revealed that the application of EBL caused a positive effect
on plant growth and development under Cr stress by reducing the uptake of Cr and by
enhancing nutrient contents (Zn, Cu, and Mn) significantly in both rice cultivars. This has
been translated to improve shoot length, root length, and fresh and dry weight of plants
under Cr stress. It also maintained the germination rate in rice cultivars by enhancing cell
division and elongation processes [37]. Similar studies have been focused on various plant
species such as Raphanus sativus [38], Hordeum vulgaris [39], and Lycopersicon esculentum [40].

4.2. EBL Prevented Degradation of Chlorophyll Pigments under Cr Stress

This research showed that Cr caused a significant reduction in Chla, Chlb, and total
chlorophyll contents (Figure 2) in both rice varieties. Degradation of chlorophyll is the
primary sign of Cr toxicity, which is the leading indicator of phytotoxicity in plants [41]. The
reduction of photosynthetic pigments might result from ROS activity enhancement under
Cr toxicity [42]. In this study, seed priming with EBL showed a significant increment in
photosynthetic pigments under Cr toxicity as compared to plants primed with water. Based
on previous studies, CO2 acclimatization was augmented by EBL, and it enhanced some
specific genes’ expression to increase the antioxidant enzyme activities and to scavenge
ROS activity [36].
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4.3. Seed Priming with EBL Reduced MDA Contents as Well as H2O2 Production

The results revealed that there is a higher production of H2O2 and MDA contents un-
der Cr stress compared to the control plants (Figure 3). ROS activity was relatively higher
in shoots compared to roots. Previous studies also indicated that Arabidopsis Thaliana
exposed to heavy metals and rice caused an increase in ROS activity [43,44]. The higher
ROS concentration causes oxidative damage in biomolecules, such as DNA, RNA, proteins,
and pigments in addition to lipid peroxidation [45]. In this study, seeds primed with EBL
reduced ROS activity under Cr stress by protecting membrane damage as compared to
seeds primed with water. Moreover, EBL also protected mung bean plants from membrane
damage by reducing ROS activity. EBL also proved this protective behavior towards the
green bell pepper under chilling stress by reducing MDA contents [46]. Besides, EBL foliar
spray in tomato plants decreased oxidative membrane damage and lipid peroxidation [47].
EBL enhanced the resistance capability of various plants by reducing ROS activity because
of enhancing antioxidant activity to scavenge ROS accumulation in plants such as the
mung bean, soybean, pea epicotyls, bean, sunflower, and cucumber hypocotyls, Arabidop-
sis peduncles, and Hordeum vulgare [48–50]. Similarly, a recent study demonstrated the
protective behavior of EBL towards Zn-induced oxidative damage in Solanum nigrum L.
plants [51]. In another study, Jan et al. [12] reported that EBL significantly reduced the Cr
toxicity in tomato plants and also improved the growth, physio-biochemical attributes, and
antioxidant activity. It also has been proven that EBL mitigated the lead toxicity in Brassica
juncea L. by scavenging ROS activity [52].

4.4. EBL Enhanced Antioxidant Activity to Mitigate Cr Toxicity

An increase in MDA contents and H2O2 production causes oxidative and lipid peroxi-
dation damage inside plants and disturbs the metabolic processes, function, and structure
of membranes [53]. As a result, physiological processes besides growth inhibition also
occur in rice seedlings. To scavenge the higher production of MDA and H2O2, the antioxi-
dant defense mechanism (SOD, POD, CAT, and APX) is stimulated in plants [54,55]. In a
recent study, Khan et al. [56] revealed that EBL significantly increased plant growth and
triggered the antioxidant defense system in wheat plants against drought stress. Similarly,
Rattan et al. [57] reported that EBL alleviated salt stress in maize seedlings by regulating the
antioxidant enzyme activities. Another study revealed that EBL detoxified the combined
toxicity of salinity and potassium deficiency in barley plants by modulating the antioxidant
defense mechanism [58], and enhanced manganese tolerance in Arabidopsis thaliana L. by
regulating the antioxidant defense mechanism [59].

4.5. Rice Cultivar YLY-689 Was More Resistant to Cr Stress Than CY-927

The biomass (fresh and dry weight, and shoot and root length), germination energy,
germination percentage, germination index, and vigor index were reduced while mean ger-
mination time was increased in CY-927 YLY-689 cultivar under Cr toxicity (Tables 1 and 2).
These results further indicated the EBL role in mitigating Cr toxicity in rice plants in both
sensitive and tolerant varieties. Cr caused a decrease in the growth of plant roots and shoots
in addition to the height [55,60,61]. Likewise, Cr instigated a reduction in biomass and
some other seed germination parameters (Tables 1 and 2). Nonetheless, YLY-689 showed
more resistance toward Cr stress compared to CY-927.

4.6. Ultrastructural Changing Induced by Cr in Rice Plants

The influence of 100 µM Cr toxicity on the ultrastructure of leaf mesophyll cells
was observed in both cultivars. Outcomes demonstrated that both rice cultivars (CY-927
and YLY-689) primed with water and with 0.01 µM EBL had well-developed chloroplast,
granule thylakoids, nucleolus, nuclear membrane, cell wall, mitochondria as well as
thylakoid membranes (Figure 5). The plants under exposure of Cr (100 µM) showed
ruptured chloroplasts with damaged granule thylakoids (Figure 5) besides having an
abnormal nucleolus with nuclear membrane aberrations (Figure 5). Similar outcomes

333



Antioxidants 2021, 10, 1089

were observed in rice and Lolium perenne L. [62,63]. The reduction in chlorophyll contents
occurred because of the inhibition of specific enzyme biosynthesis involved in chlorophyll
content productions. Cr accrued inside cells and caused damage inside chloroplasts by
producing abnormalities in granule thylakoids through swollen chloroplasts. It directly
affected the photosynthesis rate under a stressed condition. The thylakoid membrane
ruptured because of Cr toxicity in Brassica napus L. and inevitably changed chloroplast
structure [64].

There is a close relationship between the structure and function of rice seedlings.
However, the Cr impact on chloroplasts has an essential role in physiological alternations in
plants. Chloroplast aberrations also have a role in the reduction of chlorophyll contents. The
decrease in chlorophyll contents and photosynthetic pigments mainly caused a reduction
in photosynthetic rate [65].

In the current study, both cultivars primed with 0.01 µM EBL showed resistance
towards Cr toxicity. In comparison with the control, less damage was observed in chloro-
plasts and granule thylakoids compared to the control under Cr toxicity. Nucleolus and
nuclear membrane aberrations were also lower in plants primed with EBL than plants
primed with water and exposed to Cr toxicity. Hence, it was found that priming with
EBL has positively affected both cultivars and played its role in maintaining chlorophyll
contents in rice plants.

4.7. Gene Expression Level

The expression level of genes was investigated at the mRNA level in both shoots
and roots of the rice seedlings of both cultivars. The estimation of antioxidant gene
expression together with antioxidant enzyme activities presented a better evaluation of
these measurements after priming with EBL. It was investigated that Cr toxicity is mitigated
in rice plants because of the upregulation of SOD, APX, CAT, and POD activities [65,66]. In
our study, SOD and POD gene expression was observed to be upregulated in both cultivars.
Whereas upregulation of the transcription level of CAT and APX genes was observed in
cultivar CY-927. The same trend of gene expression level was observed in various plants
such as Raphanus Sativa [38], Cicer arietinum [67], and Tomato [12]. Additionally, SOD, POD,
CAT, and APX activities increased in plants treated with EBL under Cr toxicity in both
cultivars, and the upregulation of their genes was noted with the same pattern. The increase
in antioxidant activities and transcription level of antioxidant activity-related genes was
due to the accretion of salicylic acid contents through BR signaling pathways. Furthermore,
it mitigates the Cr toxicity and enhances the tolerance mechanism inside plants against
heavy metal toxicity. Interestingly, in our findings, APX and CAT transcriptional levels in
both roots and shoots of the YLY-689 cultivar were quite the opposite of cultivar CY-927. It
also varied from the results of antioxidant enzyme activities. Although, gene expression
of SOD and POD showed the same trend with antioxidant enzyme activities in both rice
cultivars. The distinction between APX and CAT gene expression with its enzymatic
activities was also investigated in Brassica napus [64] and cotton [55] plants as well under
Cr stress. The discrepancy between antioxidant enzyme activities and gene expressions
under Cr toxicity demonstrated that it might have some vital role inside the plant defense
system against Cr stress mitigation.

4.8. Clustering and Correlation Analysis

We used principal component analysis (PCA) to recognize and categorize the large
dataset in terms of growth and physiological parameters into a small number of dynam-
ically interrelated variables in our study [68,69]. It was found that EBL priming of rice
seedlings in both cultivars was distinctly separate in PCA compared to Cr stressed plants.
This placement of EBL-primed plants in separate coordinates compared with Cr-stressed
plants was more prominent in the case of variety CY-927 (Figure 6) than variety YLY-689
(Figure 6). This disclosed the interaction between different genotypes of rice based on dis-
tinct treatments (Figure 6). On the basis of physiological characteristics, different treatments
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were exploited to discriminate the sensitive and tolerant genotype besides representing
the correlation among various traits by using the amalgamation of both PCA and ACH
(Figure 4). V.I, F/W, D/W, S.L, R.L, G.E, and G.P showed to be a group with a significantly
positive correlation between each other but instantaneously negative relation with MGT,
H2O2, and MDA.

5. Conclusions

Chromium toxicity caused adverse effects on rice plants’ physiological, biochemical,
and molecular mechanisms, which negatively affected seed germination parameters and
further reduced the plants’ growth and development. Seed priming with brassinosteroids
(EBL) improved seed germination attributes and capped the worst effect of Cr on both
cultivars of rice plants by triggering its physio-biochemical processes such as through
maintaining chlorophyll contents, increasing mineral uptakes via reducing Cr uptake
and accumulation, by enhancing antioxidant enzyme activities, as well as lessening ROS
production under Cr stress. Furthermore, EBL improved the ultrastructure of both cultivars
of rice under Cr toxicity. Our studies ensured the competency of EBL to cope and detoxify
the nastiest effects of Cr in rice plants. Moreover, CY-927 was more affected by Cr stress
rather than the YLY-689 cultivar. Thus, the YLY-689 cultivar is more tolerant toward
Cr stress.
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CAT Catalase
APX Ascorbate peroxidase
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G.E Germination energy
G.P Germination percentage
G.I Germination index
V.I Vigor index
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S.L Shoot length
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F/W Fresh weight
D/W Dry weight
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Abstract: Superoxide dismutase (SOD) is an important enzyme that acts as the first line of protection
in the plant antioxidant defense system, involved in eliminating reactive oxygen species (ROS)
under harsh environmental conditions. Nevertheless, the SOD gene family was yet to be reported
in rapeseed (Brassica napus L.). Thus, a genome-wide investigation was carried out to identify
the rapeseed SOD genes. The present study recognized 31 BnSOD genes in the rapeseed genome,
including 14 BnCSDs, 11 BnFSDs, and six BnMSDs. Phylogenetic analysis revealed that SOD genes
from rapeseed and other closely related plant species were clustered into three groups based on the
binding domain with high bootstrap values. The systemic analysis exposed that BnSODs experienced
segmental duplications. Gene structure and motif analysis specified that most of the BnSOD genes
displayed a relatively well-maintained exon–intron and motif configuration within the same group.
Moreover, we identified five hormones and four stress- and several light-responsive cis-elements in
the promoters of BnSODs. Thirty putative bna-miRNAs from seven families were also predicted,
targeting 13 BnSODs. Gene ontology annotation outcomes confirm the BnSODs role under different
stress stimuli, cellular oxidant detoxification processes, metal ion binding activities, SOD activity,
and different cellular components. Twelve BnSOD genes exhibited higher expression profiles in
numerous developmental tissues, i.e., root, leaf, stem, and silique. The qRT-PCR based expression
profiling showed that eight genes (BnCSD1, BnCSD3, BnCSD14, BnFSD4, BnFSD5, BnFSD6, BnMSD2,

and BnMSD10) were significantly up-regulated under different hormones (ABA, GA, IAA, and
KT) and abiotic stress (salinity, cold, waterlogging, and drought) treatments. The predicted 3D
structures discovered comparable conserved BnSOD protein structures. In short, our findings
deliver a foundation for additional functional investigations on the BnSOD genes in rapeseed
breeding programs.

Keywords: abiotic stress; antioxidant defense systems; gene ontology; miRNA; phytohormones;
3D structures

1. Introduction

Several environmental cues, including abiotic and biotic traumas, are considered key
influences affecting the plants’ productivity [1,2]. Under stressful conditions, the plant
amends its homeostatic apparatus by developing an increased reactive oxygen species
(ROS) in plant cells. Usually, ROS overproduction results in several molecular and cellular
damages, and ultimately programmed cell death [3,4]. ROS such as superoxide anion,
hydrogen peroxide, hydroxyl radical, perhydroxyl radicals, alkoxy radicals, peroxy radicals,
singlet oxygen, and organic hydroperoxide, are considered to be major signaling molecules,
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regulating abiotic and biotic stress responses, and also participate in plant productivity [3,4].
Mainly, ROS are formed in the apoplast, mitochondria, plasma membrane, chloroplast,
peroxisomes, endoplasmic reticulum, and cell walls [3,4]. Therefore, to manage ROS
noxiousness, plants have established well-organized and composite antioxidant defense
systems, including numerous non-enzymatic and enzymatic antioxidants [3,4].

Among numerous antioxidant enzymes, superoxide dismutase (SOD; EC 1.15.1.1), a
set of metalloenzymes, largely exists in alive organisms. SOD acts as the first line of ROS
scavenging and plays a crucial role in plants’ physio-biochemical procedures to manage
environmental cues [3]. Findings revealed that SOD catalyzes the superoxide radicals’
dismutation into oxygen and hydrogen peroxide via disproportionation, and protects
the plant cells from oxidative injury [5,6]. According to metal cofactors, plant SODs are
largely characterized into four major groups such as copper-zinc SOD (Cu/ZnSOD), iron
SOD (FeSOD), manganese SOD (MnSOD), and nickel SOD (NiSOD) [7,8]. Among them,
NiSOD mainly exists in Streptomyces, cyanobacteria, and marine life, and is yet to be
described in plants [9]. However, FeSODs and MnSODs are primarily extant in lower
plants, while Cu/ZnSODs exist in higher plants [10,11]. These SODs are widely distributed
in various cell organs. For instance, Cu/ZnSODs are amply present, and mostly distributed
in chloroplasts, cytoplasm, and peroxisomes [12]. FeSOD is distributed in the chloroplasts,
and MnSODs are distributed in mitochondria and peroxisomes [8,13].

Recently, numerous investigations have revealed that the transcript level of the plant
SODs gene responds to several environmental cues and helps plants cope with harsh
environmental conditions. For instance, the increased SOD activity helps plants to show
resistance to salinity and drought stress in Brassica juncea plants [14], temperature-induced
oxidative damage in Acutodesmus dimorphus [15], cold-induced oxidative damage in tomato
(Solanum lycopersicum) [16], etc. Moreover, the expression of the Cu/ZnSOD gene was
persuaded by the copper-nanoparticle application in cucumber (Cucumis sativus) [17]. Un-
der cold stress, trehalose application modulated the expression profile of the Cu/ZnSOD
gene in tomato plants [16]. In a recent study, the overexpression of SikCuZnSOD3 en-
hances tolerance to cold, drought, and salinity stresses in cotton (Gossypium hirsutum) [18].
Under water deficit conditions, wheat (Triticum aestivum) plants showed a higher expres-
sion of different antioxidant encoding genes, including MnSOD [19]. Likewise, under
1-methylcyclopropene (1-MCP) supplementation, apple (Malus×domestica Borkh.) fruits
showed a higher expression of Cu/ZnSODs, MnSODs, and FeSODs [20]. In short, these
findings showed that improved SOD activity and higher expression of SOD-encoding
genes can contribute to plant tolerance to multiple stresses.

Additionally, earlier investigations recommended that miRNA-mediated regulation of
ROS-accompanying genes is crucial for plant productivity [21,22] and stress resistance [23–26].
For example, miR398 targets two Cu/ZnSOD genes in Arabidopsis thaliana [27]. In another
study, 20 miRNAs are found to be targeting 14 cotton SOD genes at 33 predicted sites [28].
Moreover, ghr-miR414c, ghr-miR7267, m0081, m0166, and m0362 are found to play a vital
role in cotton fiber variation and progress [29,30], and ghr-miR3 controls the transcript
level of targeted genes throughout cotton somatic embryogenesis [31]. In A. thaliana,
two Cu/ZnSOD genes (CSD1 and CSD2) are induced via the down-regulation of miR398,
which helps plants to enhance tolerance to oxidative injury [32]. These discoveries stated
that miRNAs might play active roles against environmental cues and plant development
through modifying the SOD genes.

Rapeseed (Brassica napus L.) is the second imperative oilseed crop and possesses a
complex genome. Several abiotic stresses significantly limit rapeseed productivity [33–36].
To date, SOD family genes have not been reported in rapeseed. Thus, in the present study,
we performed a genome-wide analysis to identify SOD genes in the rapeseed genome.
Additionally, their phylogenetic relationships, synteny analysis, gene structures, conserved
motifs, cis-elements, miRNA predictions, functional annotations, and 3D structures have
been characterized. Moreover, the expression profile in numerous tissues/organs and
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under numerous hormone and abiotic stress conditions have been extensively appraised,
which deeply boosted our understanding of the SOD genes in rapeseed.

2. Materials and Methods

2.1. Identification and Characterization of SOD Genes in Rapeseed

According to our recent study [37], we used two methods to identify SOD genes in the
B. napus genome, i.e., BLASTP (protein blast) and the Hidden Markov Model (HMM) [37].
The B. napus genome sequence was downloaded from the BnPIR database (Available
online: http://cbi.hzau.edu.cn/bnapus/index.php, accessed on 1 April 2021) [38]. For
BLASTP, we used eight A. thaliana SODs (AT1G08830.1/AtCSD1, AT2G28190.1/AtCSD2,
AT5G18100.1/AtCSD3, AT4G25100.1/AtFSD1, AT5G51100.1/AtFSD2, AT5G23310.1/AtFSD3,
AT3G10920.1/AtMSD1, and AT3G56350.1/AtMSD2) amino acid sequences as a query with
an e-value set to 1e−5. The amino acid sequences of eight AtSODs were obtained from
the TAIR Arabidopsis genome database (Available online: http://www.arabidopsis.org/,
accessed on 1 April 2021). [39]. Further, the local HMMER 3.1 web server (Available
online: http://www.hmmer.org/, accessed on 1 April 2021) [40] was used to search the
SOD genes with default parameters. Then, the HMM file of the Sod_Cu (PF00080.21)
and Sod_Fe_C (PF02777.19) having SOD genes were downloaded from the Pfam protein
domain database (Available online: http://pfam.xfam.org/, accessed on 1 April 2021) [41].
Finally, 31 BnSOD genes were identified by combining the two methods in the rapeseed
genome. Moreover, we identified SOD genes in different plant species, such as Brassica rapa,
and Brassica oleracea, with the genome downloaded from the JGI Phytozome 12.0 database
(Available online: https://phytozome.jgi.doe.gov/pz/portal.html, accessed on 1 April
2021) [42] via the same method.

The physico-chemical properties of molecular weight, and isoelectric points, were ana-
lyzed by the online ProtParam tool (Available online: http://web.expasy.org/protparam/,
accessed on 1 April 2021) [43]. The subcellular localization of BnSOD proteins was pre-
dicted from the WoLF PSORT server (Available online: https://wolfpsort.hgc.jp/, accessed
on 1 April 2021) [44]. BnSOD gene structures were constructed via TBtools software
(V 1.068; https://github.com/CJ-Chen/TBtools, accessed on 1 April 2021) [45]. The con-
served motifs about BnSOD protein sequences were identified using the MEME web-
site (Available online: https://meme-suite.org/meme/db/motifs, accessed on 1 April
2021) [46].

2.2. Phylogenetic Tree and Synteny Analysis of BnSOD Proteins

To observe the evolutionary relationship of the BnSOD gene family, we constructed
a phylogenetic tree about B. napus, B. oleracea, B. rapa, and A. thaliana protein sequences. The
sequence alignment was performed by MEGA 7 software (Available online:
https://megasoftware.net/home, accessed on 1 April 2021) [47]. The neighbor-joining
(NJ) method was performed to construct a phylogenetic tree with 1000 bootstrap repli-
cates using the Evolview v3 website (Available online: https://www.evolgenius.info/
evolview, accessed on 1 April 2021) [48] to display the phylogenetic tree. Synteny rela-
tionships of SOD genes were developed by the python-package, JCVI (Available online:
https://github.com/tanghaibao/jcvi, accessed on 1 April 2021) [49] from B. napus, B. oleracea,
B. rapa, and A. thaliana. We calculated the Ka/Ks ratios of all SODs using KaKs_Calculator
2.0 (Available online: https://sourceforge.net/projects/kakscalculator2/, accessed on 1
April 2021) [50].

2.3. Analysis of Cis-Acting Regulatory Elements in the BnSODs Promoters

To analyze the putative cis-elements in the BnSODs promoters, we extracted the
2Kb sequence upstream of start codons in the B. napus genome. Then, the promoter
sequence of each gene was analyzed using the PlantCARE website (Available online:
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 1 April 2021) [51]
and figures drawn using TBtools (V 1.068) [45].
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2.4. Prediction of Putative miRNA Targeting BnSOD Genes and GO Annotation Analysis

The coding sequence (CDS) of BnSODs was used to identify possible target miRNAs
in the psRNATarget database (Available online: http://plantgrn.noble.org/psRNATarget/,
accessed on 01 April 2021) [52] with default parameters. We drew the interaction network
figure between the miRNAs and BnSOD genes by Cytoscape software (V3.8.2; Available
online: https://cytoscape.org/download.html, accessed on 1 April 2021). Gene ontology
(GO) annotation analysis was performed by uploading all BnSODs protein sequences to the
eggNOG website (Available online: http://eggnog-mapper.embl.de/, 1 April 2021) [53].
TBtools was used to perform GO enrichment analysis.

2.5. Expression Profiling of BnSOD Genes in Different Tissues

For tissue-specific expression profiling, we downloaded RNA-seq data (BioProject
ID: PRJCA001495) of rapeseed from the National Genomics Data Center. The complete
method has been described in our recent work [37]. Briefly, Cuffquant and Cuffnorm
were used to produce normalized counts in transcripts per million (TPM) values. Based
on TPM values, the expression heat map was created using GraphPad Prism 8 software
(https://www.graphpad.com/, accessed on 1 April 2021). [54].

2.6. Plant Material and Stress Conditions

In this study, a typical cultivated variety, “ZS11,” was used for stress treatments.
The seeds of the “ZS11” genotype were provided by the OCRI-CAAS, Wuhan, China.
The stress treatments were carried out as described in our recent work [37]. Briefly, the
vigor seeds were cultivated on water-saturated filter paper in a chamber (25 ◦C day/night
and 16 h/8 h light/dark cycle) till the radicle’s extent extended around 5 mm. For stress
treatment, germinated seeds were subjected to 150 mM NaCl solution for salinity stress,
15% PEG6000 solution for drought stress, and 4 ◦C for cold stress on water-saturated
filter paper. For waterlogging stress, the seeds were flooded with water in the Eppendorf
tube. To evaluate the impact of diverse hormones, the germinated seeds were grown in
Murashige and Skoog (MS) medium supplied with 100 µM abscisic acid (ABA), 100 µM
gibberellic acid (GA), 100 µM indole-acetic acid/auxin (IAA), and 100 µM kinetin (KT). The
samples were collected at 0 (CK), 2, 4, 6, and 8 h after the treatments. All of the treatments
were performed with three biological replications. All of the samples were immediately
frozen in liquid nitrogen and were stored at −80 ◦C for further experiments.

2.7. RNA Extraction and qRT-PCR Analysis

Total RNA extraction and cDNA synthesis were performed using a TransZol Up Plus
RNA Kit (TransGen Biotech, Beijing, China) and cDNA Synthesis SuperMix (TransGen
Biotech, Beijing, China) according to manufacturer instructions. The detailed information
of qRT-PCR reactions has been described in our recently published work [37]. Initially, the
expression data were analyzed using the 2−∆∆CT method. Due to the large difference in the
expression levels, we used the log2 fold change method to calculate the expression results
for better visualization of differently expressed genes under stress treatments. All of the
primers used in this experiment are listed in Table S1. The heatmap was created using
GraphPad Prism 8 software [54].

2.8. Prediction of the 3D Structure of BnSOD Proteins

The predicted 3D structures of BnSODs were created with the 3D LigandSite website
(https://www.wass-michaelislab.org/3dlig/index.html, accessed on 1 April 2021) [55].
The probability score of the predicted sites shows the possibility of apiece residue to
be elaborated in binding. During the 3D model predictions, we choose cluster 1 with
a higher Z-score. The higher Z-score value indicates the reliability and trueness of the
cluster/model [55].
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3. Results

3.1. Identification of SOD Gene Family in B. napus

The current study identified 31 BnSOD genes in the rapeseed genome using eight
A. thaliana (AtSODs) protein sequences as queries (Table 1; Table S2). According to the
domain scrutiny, 14 proteins were found to have a Cu/Zn-SODs domain (Pfam: 00080),
11 proteins were found to have a Fe-SODs domain (Pfam: 00081), and six proteins were
found to have an Mn-SODs domain (Pfam: 02777); hereafter, these genes were named as
BnCSD1-BnCSD14, BnFSD1-BnFSD11, and BnMSD1-BnMSD6, respectively (Table 1). Com-
prehensive statistics of 31 BnSOD genes were documented in Table 1. Out of 31 BnSODs,
15 genes were located on the A subgenome, and 16 genes were located on the C subgenome
(Table 1). The gene length extended from 826 bp (BnCSD4) to 6898 bp (BnFSD5) with
3–9 exons in the individual gene sequences. The CDS length, protein length, and molecular
weight extended from 441–1173 bp, 146–390 amino acids, and 14.55–42.34 kDa (BnCSD9-
BnCSD2), respectively. The isoelectric points extended from 4.88 (BnFSD7) to 9.56 (BnMSD3)
(Table 1). The subcellular localization results prophesied that 15 proteins were located on
the chloroplast, nine proteins were located on the cytoskeleton, five proteins were located
on the mitochondrion, and the remaining two proteins (BnFSD9 and BnMSD6) were located
on the endoplasmic reticulum (Table 1).

Additionally, 14 SOD genes were also identified from Brassica oleracea (BolCSD1-
BolCSD6, BolFSD1-BolFSD5, and BolMSD1-BolMSD3), and Brassica rapa (BraCSD1-BraCSD7,
BraFSD1-BraFSD4, and BraMSD1-BraMSD3) genomes (Table S2).

3.2. Phylogenetic Relationships of SOD Genes

In the current study, the evolutionary relationships were explored between BnSODs,
BolSODs, BraSODs, and AtSODs genes. Based on domains (Cu/Zn-SODs, Fe-SODs, and
Mn-SODs) and a phylogenetic tree, 67 SODs were clustered into three major groups
(Figure 1). Results presented that the Cu/Zn-SODs group consists of 30 SODs members
(14 BnSODs, 7 BraSODs, 6 BolSODs, and 3 AtSODs), the Mn-SODs group consists of
14 SODs members (6 BnSODs, 3 BraSODs, 3 BolSODs, and 2 AtSODs), and the Fe-SODs
group consists of 23 SODs members (11 BnSODs, 4 BraSODs, 5 BolSODs, and 3 AtSODs)
(Figure 1). Interestingly, Cu/Zn-SODs and Fe-SODs groups possessed a greater number of
SODs than the Mn-SOD group. It was also found that the BnSODs exhibited a more closely
phylogenetic relationship with BolSODs and BraSODs in each group.

3.3. Chromosomal Locations and Synteny Analysis of SOD Genes

Gene duplications (tandem and segmental) are considered the main driving forces
in promoting new genomic evolution [56]. Thus, gene duplication events were evaluated
between BnSODs, BolSODs, BraSODs, and AtSODs (Table S3). The chromosol location of
10 BnSODs gene pairs was examined (Figure 2). Twelve out of 19 chromosomes harbored
BnSODs. Particularly, chromosomes A01, A04, A05, A08, A10, C04, C05, and C07 possessed
one gene, chromosome C01 contained two genes, chromosomes C08 and C09 possessed
three genes, and chromosome A09 contained four genes (Figure 2). Surprisingly, the
residual chromosomes did not comprehend BnSOD genes. Our results show that segmental
duplications have played vital parts in developing BnSOD genes in the rapeseed genome
(Table S3). Moreover, no tandem duplication events were detected. Notably, a gene
pair (BnMSD6 and BnMSD6) was found to be dispersed, while the remaining gene pairs
experienced segmental duplications (Table S3).
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Table 1. The data of 31 SOD genes identified in rapeseed genome.

Gene ID Gene Name Genomic Position (bp) Gene Length (bp) CDS Length (bp) Exons
Protein Length
(Amino Acids)

Molecular
Weight (kDa)

Isoelectric
Point (pI)

Subcellular
Localization

BnaA04T0182200ZS BnCSD1 A04-18599782:18600942 (+) 1160 639 6 212 22.15 7.16 Chloroplast

BnaA06T0053200ZS BnCSD2 A06-3364923:3368393 (+) 3470 1173 9 390 42.34 8.71 Cytoskeleton

BnaA08T0278700ZS BnCSD3 A08-26336887:26338407 (+) 1520 954 6 317 33.76 5.19 Chloroplast

BnaA09T0129500ZS BnCSD4 A09-7757584:7758410 (−) 826 660 3 219 23.60 5.95 Chloroplast

BnaA09T0647100ZS BnCSD5 A09-61965958:61967448 (+) 1490 954 6 317 33.45 5.26 Chloroplast

BnaA09T0664700ZS BnCSD6 A09-62938095:62939938 (−) 1843 459 8 152 15.17 5.64 Cytoskeleton

BnaA10T0190600ZS BnCSD7 A01-21329437:21330797 (−) 1360 465 6 154 15.94 7.12 Cytoskeleton

BnaC04T0482300ZS BnCSD8 C04-60854831:60856275 (+) 1444 627 6 208 21.60 7.84 Chloroplast

BnaC05T0066000ZS BnCSD9 C05-3767908:3769181 (+) 1273 441 7 146 14.55 5.44 Cytoskeleton

BnaC08T0217500ZS BnCSD10 C08-32001876:32003366 (−) 1490 951 5 316 33.71 6.91 Chloroplast

BnaC08T0505400ZS BnCSD11 C08-51947641:51949188 (+) 1547 957 6 318 33.58 4.97 Chloroplast

BnaC08T0529200ZS BnCSD12 C08-53323394:53325251 (−) 1857 672 7 223 23.42 6.66 Cytoskeleton

BnaC09T0137500ZS BnCSD13 C09-10172656:10173492 (−) 836 660 3 219 23.72 6.83 Chloroplast

BnaC09T0484500ZS BnCSD14 C09-59599637:59601046 (−) 1409 510 6 169 17.63 6.82 Cytoskeleton

BnaA01T0146300ZS BnFSD1 A01-8654405:8657035 (−) 2630 561 6 186 21.12 6.06 Cytoskeleton

BnaA03T0141400ZS BnFSD2 A03-7188761:7190553 (+) 1792 906 8 301 34.51 4.97 Chloroplast

BnaA06T0320600ZS.1 BnFSD3 A06-40740605:40744473 (+) 3868 879 9 292 33.60 7.58 Chloroplast

BnaA09T0072700ZS BnFSD4 A09-4315462:4316968 (−) 1506 792 8 263 30.16 7.76 Chloroplast

BnaA10T0083700ZS BnFSD5 A10-13303579:13310477 (−) 6898 738 6 245 28.02 9.44 Mitochondrion

BnaC01T0186100ZS BnFSD6 C01-13777631:13779146 (−) 1515 618 5 205 22.99 6.3 Cytoskeleton

BnaC03T0164000ZS BnFSD7 C03-9109698:9111720 (+) 2022 903 9 300 34.39 4.88 Chloroplast

BnaC07T0373300ZS BnFSD8 C07-49894566:49896148 (−) 1582 780 6 259 29.58 8.58 Chloroplast

BnaC07T0462000ZS BnFSD9 C07-55868729:55870093 (−) 1364 648 5 215 24.17 6.65 Endoplasmic
reticulum

BnaC09T0062700ZS BnFSD10 C09-4091989:4094054 (−) 2065 783 8 260 29.72 6.66 Chloroplast
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Table 1. Cont.

Gene ID Gene Name Genomic Position (bp) Gene Length (bp) CDS Length (bp) Exons
Protein Length
(Amino Acids)

Molecular
Weight (kDa)

Isoelectric
Point (pI)

Subcellular
Localization

BnaC09T0329400ZS BnFSD11 C09-41111988:41116227 (−) 4239 1077 7 358 40.40 8.8 Chloroplast

BnaA01T0376200ZS BnMSD1 A01-33774266:33775498 (−) 1232 699 6 232 25.50 8.38 Mitochondrion

BnaA05T0446100ZS BnMSD2 A05-41549634:41550932 (−) 1298 696 6 231 25.41 8.47 Mitochondrion

BnaA09T0519400ZS BnMSD3 A09-55258451:55262461 (−) 4010 966 9 321 35.60 9.56 Cytoskeleton

BnaC01T0471300ZS BnMSD4 C01-53548352:53549620 (−) 1268 693 6 230 25.36 8.94 Mitochondrion

BnaC05T0492700ZS BnMSD5 C05-53531802:53533097 (−) 1295 696 6 231 25.43 7.83 Mitochondrion

BnaC08T0362400ZS BnMSD6 C08-43431847:43433140 (−) 1293 729 6 242 27.11 6.14 Endoplasmic
reticulum

In the genomic position, the positive (+) and negative (−) sign shows the presence of a gene on the positive and negative strand of that specific marker correspondingly. CSD means Cu/Zn-SOD; FSD means
Fe-SOD; and MSD means Mn-SOD.
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Figure 1. A neighbor-joining phylogenetic tree of 53 SOD proteins from B. napus, B. oleracea, B. rapa,

and A. thaliana. Overall, 31 BnSODs (red triangle), 12 BolSODs (blue star), 12 BraSODs (green box),
and 8 AtSODs (yellow circles) were grouped into three groups based on domain and 1000 bootstrap
values. All of the notes indicate the percentage of bootstrap values.

Figure 2. Chromosomal locations and inter-chromosomal associations of BnSOD genes. Grey lines in
the background display all syntenic blocks in the B. napus genome, and the red lines display syntenic
BnSODs gene pairs.
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Collinearity investigation revealed strong orthologs of SOD genes among B. napus
and three closely related species (B. rapa, B. oleracea, and A. thaliana) (Figure 3). In summary,
in the A subgenome, seven and five B. napus genes demonstrated syntenic relations with
BraSODs and AtSODs, respectively. Three genes exhibited syntenic relations with BolSODs
and AtSODs (Figure 3). In contrast, in the C subgenome, six and three B. napus genes
displayed syntenic relations with BolSODs and AtSODs. One gene revealed syntenic
relations with BnSODs and AtSODs (Figure 3). Our results revealed numerous A. thaliana,
B. rapa, and B. oleracea homologous sustained syntenic relations with BnSODs, suggesting
that whole-genome duplication or segmental duplications played a significant part in
BnSODs gene family progression (Table S3).

 

Figure 3. Collinearity analysis of SOD genes in B. napus, B. rapa, B. oleracea, and A. thaliana chromosomes. Grey lines
in the background show the collinear blocks within B. napus and other plant genomes, whereas the red and green lines
represent the syntenic SOD gene pairs. Genes located on the B. napus A subgenome are syntenic with B. rapa, B. oleracea, and
A. thaliana, whereas genes located on B. napus C subgenome are mainly syntenic with B. oleracea and A. thaliana except for
one gene that showed a syntenic relationship with B. rapa and A. thaliana.

The Ka/Ks ratio is considered a significant index in evaluating the duplication events
and selection pressures [57]. Therefore, to understand the evolutionary story of the Bn-
SODs, the Ka, Ks, and Ka/Ks ratio was calculated for B. napus and the other three plant
species (Table S3). Our results revealed that all of the duplicated BnSOD gene pairs had a
Ka/Ks ratio of <1 (Table S3), signifying that the BnSOD genes might have handled intense
purifying selective pressure through their evolution (Table S3). Similar findings were
observed in B. rapa, B. oleracea, and A. thaliana (Table S3).

3.4. BnSOD Gene Structures and Conserved Motifs Investigation

The exons–introns structures and the introns number play a vital role in gene family
evolution [12,58]. The comprehensive examination of the phylogenetic relationships and
gene structure illustration supported our knowledge of BnSODs gene structures (Figure 4).
The findings exposed that exon and intron numbers of BnSOD genes had high inconsistency
and were steady with the evolutionary hierarchy outcomes, i.e., the numbers of introns and
exons were found to be relatively similar within the same group (Figure 4a,b). Briefly, the
number of exons and introns varied from three to nine and two to eight in the individual
gene sequences, respectively (Table 1; Figure 4b). A group with the Fe-SOD domain had
five–nine exons and four–eight introns. A group with the Mn-SOD domain had six exons
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and five introns (five genes), and only one gene (BnMSD3) had nine exons and eight introns.
Whereas, the group with Cu/Zn-SOD had five–nine exons and two–eight introns (Table 1;
Figure 4b). Notably, group Fe-SOD and Cu/Zn-SOD groups have complex structures
compared to the Mn-SOD group.

Figure 4. The gene structure and motif analysis of BnSODs. (a) Based on phylogenetic relationships and domain iden-
tification, the BnSODs were grouped into three groups. (b) Gene structure of BnSODs. The blue-gray color represents
UTR regions, the light green color represents CDS or exons, the yellow color represents Sod_Fe_N, the pink color repre-
sents Sod_Fe_C, the red color represents Sod_Cu, and the black horizontal line represents introns. (c) Conserved motif
compositions identified in BnSODs. Different color boxes denote different motifs.

To systematically appraise BnSODs’ protein structure diversity and envisage their
functions, we explored the full-length protein sequences of 31 BnSODs by MEME software
to identify their conserved motifs. The investigation outcomes displayed that a total of
12 conserved motifs were found (Figure 4c). The detailed information (name, sequence,
width, and E-value) of identified motifs is presented in Table S4. In short, the conserved
motifs of SOD proteins varied from two to seven, and the motifs distributions were in
agreement with the groups. In the Fe-SOD group, only two proteins (BnFSD11 and BnFSD5)
had three and two motifs, respectively (Figure 4c). Interestingly, motifs 1, 3, 4, 5, and 8 were
predicted to be specific to Fe-SOD and Mn-SOD groups. Motif 6 was specific to Mn-SOD
and Cu/Zn groups. Motifs 2, 9, 10, and 11 were specific to the Cu/Zn group. Only motif
12 was largely distributed among all of the domain groups (Figure 4c). In summary, the
group arrangements’ reliability was mightily sustained by investigating conserved motif
arrangements, gene structures, and phylogenetic relationships, suggesting that BnSOD
proteins have tremendously well-maintained amino acid remains and members within a
group. Thus, it can be assumed that proteins with similar structures and motifs might play
similar functional roles.
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3.5. Examination of Cis-Elements in Promoters of BnSOD Genes

To distinguish the gene functions and regulatory roles, cis-regulatory elements in Bn-
SODs promoter regions were examined by searching a 2000 bp upstream region from each
gene’s transcriptional activation site against the PlantCARE database. The detailed infor-
mation of cis-elements is presented in Table S5. As revealed in Figure 5, five phytohormone-
correlated [(abscisic acid (ABA), auxin, methyl jasmonate (MeJA), gibberellin (GA), and
salicylic acid (SA)] responsive elements including TCA-element, CGTCA-motif, ABRE,
TGACG-motif, TATC-box, GARE-motif, P-box, etc. were recognized (Figure 5; Table S5).
Particularly, numerous phytohormone-correlated elements were predicted to be specific to
some genes and widely distributed (Figure 5), signifying the crucial role of these genes in
phytohormone-mediation.

Figure 5. Analysis of cis-regulatory elements in the BnSODs promoter regions. Different cis-elements with functional
similarity are denoted by similar colors.

Furthermore, four stress-responsive (drought, low-temperature, anaerobic, and light)
elements, including ARE, LAMP-element, LTR, TCT-motif, chs-CMA1a, MBS, G-box, GT1-
motif, MBS, etc. were identified (Figure 5; Table S5). Mainly, numerous light-responsive
elements were found to be widely distributed among all of the genes (Figure 5; Table S5),
signifying the substantial role of BnSODs in response to light stress. Overall, results
advised that BnSODs expression levels may diverge under phytohormone and abiotic
stress conditions.

3.6. Genome-Wide Analysis of miRNA Targeting BnSOD Genes

In the recent past, several studies have revealed that miRNA-mediated regulation
accompanies the stress responses in plants. Thus, for a deep understanding of miRNA-
mediated post-transcriptional regulation of BnSODs, we predicted 30 miRNAs targeting
13 genes (Figure 6a; Table S6). Some of the miRNA-targeted sites are presented in Figure 6b,
whereas the detailed information of all miRNAs targeted genes/sites is presented in
Table S6. Our results showed that four members of the bna-miR159 family targeted four
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genes (BnCSD7, BnCSD14, BnMSD1, and BnMSD4). Six members of the bna-miR166 family
targeted one gene (BnCSD10). Fourteen members of the bna-miR169 family targeted one
gene (BnFSD11). Four members of the bna-miR172 family targeted one gene (BnCSD2).
Two members of the bna-miR394 family targeted four genes (BnFSD11, BnFSD2, BnFSD7,
and BnFSD5). Two members of the bna-miR397 family targeted one gene (BnCSD10). One
member of the bna-miR6033 family targeted three genes (BnFSD4, BnFSD8, and BnFSD3)
(Figure 6a; Table S6). Mainly, BnFSD11, BnCSD10, and BnCSD2 were prophesied to be
targeted by a greater number of miRNAs (Figure 6a; Table S6). The expression levels of
these miRNAs and their targeted genes requires validation in additional research to govern
their biological roles in the rapeseed genome.

 

Figure 6. miRNA targeting BnSOD genes. (a) Network diagram of predicted miRNA targeting BnSODs genes. Different
diamond colors represent BnSODs genes, and gray ellipse shapes represent miRNAs. (b) Schematic illustration indicates
the BnSODs targeted by miRNAs. The RNA sequence of each complementary site from 5’-3’ and the predicted miRNA
sequence from 3’-5’ are exposed in the long-drawn-out areas. See Table S6 for the detailed data of all predicted miRNAs.

3.7. Functional Annotation Study of BnSOD Genes

The functions of the BnSODs genes were prophesied through GO annotation inves-
tigation based on biological process (BP), molecular function (MF), and cellular compo-
nent (CC) classes. The GO annotation results revealed numerous significantly enriched
terms (Table S7). Analysis of BP annotations indicated that these genes were mainly
involved in responses to stimulus (GO:0050896), responses to chemicals (GO:0042221),
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responses to stress (GO:0006950), responses to inorganic substances (GO:0010035), re-
sponses to abiotic stimulus (GO:0009628), cellular oxidant detoxification (GO:0098869),
cellular response to oxygen-containing compound (GO:1901701), etc. (Table S7). Analy-
sis of MF annotations revealed that these genes were primarily involved in ion binding
(GO:0043167), copper ion binding (GO:0005507), zinc ion binding (GO:0008270), oxidore-
ductase activity (GO:0016491), superoxide dismutase activity (GO:0004784), antioxidant
activity (GO:0016209), etc. (Table S7). A study of CC annotations showed that these genes
are mainly involved in cellular anatomical entity (GO:0110165), cytoplasm (GO:0005737),
obsolete intracellular part (GO:0044424), cellular component (GO:0005575), intracellu-
lar anatomical structure (GO:0005622), membrane-bounded organelle (GO:0043227), etc.
(Table S7). In conclusion, GO annotation results confirmed the BnSODs role in response
to different stress stimulus, cellular oxidant detoxification processes, metal ion binding
activities, SOD activity, and different cellular components.

3.8. Expression Analysis of BnSOD Genes in Several Developmental Tissues

Tissue-specific expression levels of BnSODs genes were appraised in six different
tissues and organs (including roots, stems, leaves, flowers, seeds, and silique) using RNA-
seq data from B. napus (ZS11 variety) (BioProject ID: PRJCA001495). As shown in Figure 7,
the group I genes display higher expression in all of the tissues except BnFSD1, BnCSD3,
BnCSD7, BnCSD14, BnMSD2, that showed relatively lower expression than other genes
(Figure 7). Meanwhile, genes clustered in group II exhibited considerably low expression,
whereas BnMSD3 and BnMSD6 showed high expression at the seed_45d stage (Figure 7).
Overall, results showed that genes from group I may play significant roles in B. napus
growth and development.

3.9. Expression Profiles of BnSOD Genes under Hormones and Abiotic Stress Treatments

To examine the BnSOD genes’ expression levels under different hormones (ABA, GA,
IAA, and KT) and abiotic stress (salinity, cold, waterlogging, and drought) treatments,
the qRT-PCR analysis of 10 randomly selected BnSOD genes was applied to govern the
transcription profile (Figure 8). Under all of these stress conditions, BnCSD6 and BnFSD1
were down-regulated and showed relatively low expression levels. Likewise, BnMSD10
showed a considerable response to ABA, GA, IAA, salinity, cold, and drought stress at
different time points. The other eight genes were significantly up-regulated and showed
higher expression to all hormones and abiotic treatments (Figure 8), signifying that these
genes may play a significant role in mitigating various hormone and abiotic stresses.

3.10. Prediction of the 3D Structures of BnSODs

The 3D structures of BnSODs proteins were predicted using the 3DLigandSite tool with
the default Search probability threshold (80.0%). The created models were downloaded to
view the 3D structures (Figure 9). The detailed information of predicted 3D structures is
presented in Table S8. The predicted Cu/Zn-SODs (BnCSD1-BnCSD14) model possessed a
primarily highly conserved β-barrel structure, including a few short α-helices (Figure 9).
The distinctive quaternary model of eukaryotic Cu/ZnSODs proteins contained a β-barrel
domain comprised of eight antiparallel β-strands and Cu/Zn binding sites positioned
at the exterior of the β-barrel in the active site network [13]. An individual subunit of
Cu/ZnSODs proteins, the binding site possessed the Cu/Zn ion ligated by four histidines
and important enzymes (such as arginine and alanine) with different conserved residues
(Table S8). The conserved disulfide bond residues were examined in the active site channel
of Cu/ZnSODs, including Cys202, Cys110, Cys201, and Cys110 in BnCSD3, BnCSD4,
BnCSD10, BnCSD13, respectively (Table S8). The remaining Cu/ZnSODs proteins do not
possess the Cys–Cys conserved disulfide bonds.
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Figure 7. Expression analysis of BnSOD genes in several developmental organs. The 7d, 10d, 14d, and 45d tags indicate the
time-points when the samples were harvested. In the expression bar, the red color shows high, and the blue color shows
low, expression levels. The expression heat map was created using transcripts per million (TPM) values.

Likewise, the examination of B. napus Fe/MnSODs discovered that the dominant
α-helices and β-sheet structures were detected (Figure 9). However, considerable variance
in the sum of α-helices was observed and missing the disulfide bonds (exclusive features
of Cu/ZnSODs). For instance, the active spot of Mn/FeSODs was positioned among the N-
and C-terminal domains, and it varied from that of Cu/ZnSODs as it was comprised of a
single metal ion. The metal ion is harmonized in a stressed trigonal bipyramidal geometry
through eight–ten amino acid side-chains (including HIS, HIS, TYR, TRP, GLN, ASP, ALA)
(Table S8) with solvent molecules. These Mn/FeSODs active sites also comprise hydrogen
bonds that spread from the metal-bound solvent molecule to solvent-visible residues at the
edge among subunits (Table S8). Additional structural investigation of these amino acids
can boost our understanding of the catalytic process and metal ion binding.
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Figure 8. BnSOD gene expression levels under different hormone and abiotic stress conditions at different time points (0
(CK), 2, 4, 6, and 8 h). The expression bars display the comparative gene expression trends based on the log2 fold change
values. In the expression bar, the red color displays high, and the blue color displays low, expression levels.

α
β
α

 

Figure 9. Predicted 3D structures and binding sites of BnSODs proteins using a 3DLigandSite tool. See Table 1 for the
complete protein information, including subcellular location. See Table S8 for the complete information of the predicted 3D
models, including predicted binding sites, conserved residues, and probability levels.
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4. Discussion

Rapeseed is an allotetraploid crop that experiences extensive genome repetition and
integration actions [59]. Nonetheless, rapeseed yield is affected by several abiotic stresses,
including cold, heat, salinity, drought, and heavy metals [33,34]. ROS production under
typical and stress environments is measured and scavenged through SODs, which act as
the primary markers of an enzyme complicated in ROS scavenging, and play a crucial role
in plants’ physiological and biochemical procedures to survive with environmental cues [3].
Over the last few years, SOD family genes have been documented in different plant species,
such as five SOD genes in Zostera marina [60], seven genes in Medicago truncatula [12]
and barley [61], eight genes in sorghum [62], nine genes in tomato [63], ten genes in
grapevine [64], 18 genes in cotton [28], 25 genes in banana [65], 26 genes in wheat [66],
and 29 genes in B. juncea [67]. Thus far, there is no wide-ranging investigation of the SOD
family genes in rapeseed. The obtainability of the whole rapeseed genome permits the
genome-wide characterization of the SOD family genes, which may be used for future
rapeseed improvement.

In the current study, we identified 31 BnSOD genes, including 14 Cu/Zn-SODs, 11 Fe-
SODs, and six Mn-SODs genes (Table 1), which were clustered into three major sets based
on the binding domain (Figure 1). So far, this is the largest SOD gene family identified in
the rapeseed genome. Changes in the SOD gene numbers among plant species may be
accredited to gene repetition events, including tandem and segmental repetitions, and act
as a key factor in extending SODs for divergence. Gene doubling of SOD genes was also
detected in various plant species [67,68]. Our results showed that BnSODs had experienced
segmental duplications (Table S3). Consequently, these outcomes suggested that BnSODs
duplication actions might play an important role in gene progression.

Gene structure analysis discovered that the number of exons varied from three to
nine, and the number of introns varied from two to eight (Table 1; Figure 4). The Fe-SOD
group had five to nine exons and four to eight introns. The Mn-SOD group had six exons
and five introns (five genes), and only one gene (BnMSD3) had nine exons and eight
introns. In comparison, the group with Cu/Zn-SOD had five to nine exons and two to
eight introns (Table 1; Figure 4b). In wheat, seven TaSODs genes were found to have seven
introns [66]. In sorghum, intron numbers varied from five to seven [62]. The exon–intron
assemblies’ difference was proficient by three critical apparatuses (exon/intron gain/loss,
exonization/pseudoexonizationand, insertion/deletion), and they are directly subsidized
to structural discrepancy [62,69]. Interestingly, the SOD genes in each cluster presented
similar exon–intron association and conserved motifs (Figure 4), signifying that these genes
may participate in the same roles connected to numerous abiotic stressors. Comparable
findings have also been reported in sorghum [62], tomato [63], cotton [28], and wheat [66].

To better understand the BnSOD genes’ role against several environmental strains, cis-
elements in the promoter regions were prophesied. Our results exhibited that three types of
cis-elements were recognized: stress-, hormones-, and light-responsive (Figure 5; Table S5).
Most of the identified cis-elements were connected with ABA, MeJA, GA, SA, drought, low-
temperature, light, and anaerobic induction. According to previous reports, cis-elements
subsidize to plant stress responses [70,71]. These consequences were further validated
by the GO annotation analysis (Table S7). Moreover, several researchers reported similar
findings in different crop plants where SOD genes were found to play a significant part
under various stress conditions [62,66,67]. These outcomes can boost our understanding of
BnSOD genes under diverse environmental conditions.

Previous investigations have described that SOD genes may show diverse expres-
sion levels in tissues and under stress conditions [62,63,72]. Thus, in the current study,
tissue-specific expression levels of BnSODs genes were appraised in six different devel-
opmental tissues using RNA-seq data (Figure 7), which were in agreement with earlier
findings [12,63,66]. Several genes displayed higher expression in all evaluated tissues,
indicating that these genes may contribute to rapeseed growth and development. Simi-
larly, the expression levels of 10 BnSOD genes were evaluated under different hormones
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and abiotic stress treatments (Figure 8). Almost all genes were up-regulated under stress
treatments, excluding BnCSD6 and BnFSD1 genes, whose expression levels were down-
regulated. These results agreed with previous findings where several SOD genes showed
higher expression in response to stresses. For instance, in grapevines, many SODs were
up-regulated under cold, heat, salinity, and drought treatment [72]. All SODs were sig-
nificantly up-regulated in tomatoes under salt and drought stress [63]. In wheat, almost
all SODs showed higher expression in response to mannitol, salinity, and drought stress
than control conditions [66]. Under cold stress conditions, SOD activity was significantly
increased in rapeseed [34]. These findings provided strong evidence that SOD genes play a
conserved role in vindicating abiotic stresses in different plant species.

Over the past few years, abundant miRNAs have been recognized through genome-
wide examination in rapeseed to participate in diverse environmental factors [73–77]. In
the present study, we identified 30 miRNAs from seven families targeting 13 BnSODs genes
(Figure 6a; Table S6). In a recent study, 20 miRNAs were predicted to target 14 SOD genes in
cotton [28]. Previously, miR398 targeted two Cu/ZnSOD genes in Arabidopsis thaliana [27].
miR166 has been stated to be pointedly up-regulated against UV-B radiation in maize [78];
in cassava against cold and drought stresses [79]; in Chinese cabbage under heat stress
conditions [79]. According to recent reports, bna-miR159 plays a vital role in fatty acid
metabolism in rapeseed [80,81]. Several members of miR172 have been detected while
participating in plant development, including regulation of flowering time and floral
patterning [82], and developmental control in A. thaliana [83]. miR394 has been reported
to be involved in drought and salinity tolerance in A. thaliana via an ABA-dependent
pathway [84]. In another study, miR394 was associated with cold stress responses in
A. thaliana [85]. Shortly, these reports support our results and recommend that bna-miRNAs
might play pivotal roles against several stresses by altering the transcript levels of SOD
genes in rapeseed.

To obtain further insight, we also predicted the 3D structures of BnSODs proteins
(Figure 9). The Cu/Zn-SODs (BnCSD1-BnCSD14) models had primarily highly conserved
β-barrel structures, including a few short α-helices (Figure 9). According to a recent report,
eukaryotic Cu/ZnSODs proteins contain a β-barrel domain comprised of eight antiparallel
β-strands and Cu/Zn binding sites positioned at the exterior of the β-barrel in the active
site network [13]. In Cu/ZnSODs proteins, the binding site possessed Cu/Zn ions ligated
by four histidines and important enzymes (such as arginine and alanine) with different
conserved residues (Table S8). These results were in agreement with previously predicted
3D models of SODs in sorghum [62], in Gossypium raimondii, and G. arboretum [86], and
in rice [87]. The previous study proved that the binding active site of metal ions and
the generation of the conserved disulfide bond in individual subunits would participate
in the protein constancy, specificity, and dimer gathering [62,88]. Similarly, conserved
residues (including arginine residue) also supported our results, and these residues were
considered to be vital players for normal enzymatic movement (Table S8) [88]. Similarly, the
Fe/MnSODs models of rapeseed suggested that the β-sheets were conquered by α-helices
(Figure 9), and these results were in agreement with recently predicted SOD models in
rice [87], soybean [89], and sorghum [62].

5. Conclusions

In the current study, we identified 31 BnSOD genes in the rapeseed genome via
genome-wide comprehensive investigation. To boost our understanding, gene structure,
phylogenetic and synteny, conserved motifs, cis-elements, GO annotation, miRNA pre-
diction, 3D protein structure, tissue-specific expression, and expression profiling under
different hormones and abiotic stress treatments have been performed. The results showed
that some genes significantly responded to both hormone and abiotic stress stimuli, enhanc-
ing our understanding of the BnSOD genes. Thus, additional investigations are required
to confirm the purposeful role of BnSOD genes in rapeseed growth, development, and
response to numerous environmental cues.
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pairs, Table S4: the information of identified 12 motifs in BnSOD proteins, Table S5: information
of hormone- and stress-related cis-elements detected in the promoter regions of BnSODs, Table S6:
information of predicted miRNA targeting BnSOD genes, Table S7: the GO enrichment analysis of
BnSOD genes, Table S8: the specifics of predicted BnSODs 3D structures including predicted binding
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