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Salinity is considered one of the most devastating environmental stresses that drasti-
cally curtails the productivity and quality of crops across the world. More than 20% of the
world’s cultivable lands are dealing with the adversity of salt stress and these salt-prone
areas are continuously increasing, due to both natural and anthropogenic activities [1].
However, this adversity has become much more severe in arid and semi-arid regions over
the last 20 years due to the increasing demand for irrigation water requirements [2].

Salt stress is a major environmental stress that affects plant growth and development.
Salt stress increases the intracellular osmotic pressure and can cause the accumulation of
sodium to toxic levels [3]. Like other abiotic stresses, salt stress negatively affects plant
growth and reproduction in many ways. It produces nutritional and hormonal imbalances,
ion toxicity, oxidative and osmotic stress, and an increase in plant susceptibility to diseases.
However, plants can be damaged or even die due to salt stress in three major ways. High
salt concentration in the soil alters soil porosity and hydraulic conductivity that leads to
low soil water potential; this causes water stress as a result of decreased soil water potential,
eventually leading to physiological drought conditions and the destabilization of the cell
membrane and protein degradation due to the toxic effects of different ions (mainly Na+).

Coupled with the abovementioned effects, salt stress produces a variety of physio-
logical and metabolic changes in plants, seed germination behavior, photosynthesis, other
biosynthetic process inhibition, and growth reduction. Different crops respond to salinity
in different ways; glycophytes mostly show growth and total yield reduction, whereas
halophytes can grow and reproduce easily under saline conditions. Therefore, at higher
osmotic pressures in the root–soil interface, there is a slower impact caused by the build-up
of Na+ and Cl− in the foliage. This leads to reduced shoot growth coupled with reduced
leaf expansion and the inhibition of lateral bud formation. In response to salt stress, plant
cells accumulate compatible solutes and redistribute ions, which enables them to acclimate
to a low soil water potential. Additionally, the endogenous abscisic acid (ABA) content
increases, followed by changes in principle genetic expression in salt stress conditions.
Moreover, increased levels of ions, such as Na+ and Cl−, trigger ionic toxicity in plants due
to the disruption in ion homeostasis and the unavailability of essential nutrients, which
are essential for plant growth and metabolism [4]. The combined effect of osmotic stress
and ion toxicity is responsible for the generation of secondary stresses, which could have
impaired the germination, growth, and development of the plants [5]. Salt-induced water
deficit conditions declined stomatal conductance, thus reducing photosynthetic activities
of the plants and accelerating the accumulation of reactive oxygen species (ROS). These
are the oxygen radicals and their derivatives, such as hydrogen peroxide, H2O2; singlet
oxygen, 1O2; superoxide radicals, O2

•−; and hydroxyl radicals, OH•, which are highly
reactive and usually toxic. They are capable of disrupting different cellular components,
such as proteins, lipids, and nucleic acids and destructing the structural integrity of the
plants [6].
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On contrary, NaCl may also be used as an elicitor. Hawrylak-Nowak et al. [7] applied
an abiotic elicitor, i.e., NaCl, to enhance the biosynthesis and accumulation of phenolic
secondary metabolites in Melissa officinalis L. Plants were subjected to salt stress treatment by
the application of NaCl solutions (50 or 100 mM) to the pots. Generally, the NaCl treatments
were found to inhibit the growth of plants, simultaneously enhancing the accumulation
of phenolic compounds (total phenolics, soluble flavonols, anthocyanins, phenolic acids),
especially at 100 mM NaCl. However, the salt stress did not disturb the accumulation of
photosynthetic pigments and the proper functioning of the PS II photosystem [7].

In nature, plants usually produce secondary metabolites as a defense mechanism
against environmental stresses. Different stresses determine the chemical diversity of plant-
specialized metabolism products. In this study, we applied an abiotic elicitor, i.e., NaCl, to
enhance the biosynthesis and accumulation of phenolic secondary metabolites in Melissa
officinalis L. Plants were subjected to salt stress treatment by application of NaCl solutions
(0, 50, or 100 mM) to the pots. Therefore, the proposed method of elicitation represents
a convenient alternative to cell suspension or hydroponic techniques as it is easier and
cheaper with a simple application in lemon balm pot cultivation. The improvement
of lemon balm quality by NaCl elicitation can potentially increase the level of health-
promoting phytochemicals and the bioactivity of low-processed herbal products.

Plants are sessile and thus have to develop suitable mechanisms to adapt to high-salt
environments. Thus, in response to salt stress signals, plants adapt via various mechanisms,
including regulating ion homeostasis, activating the osmotic stress pathway, mediating
plant hormone signaling, and regulating cytoskeleton dynamics and cell wall composition.
Unraveling the mechanisms underlying these physiological and biochemical responses to
salt stress could provide valuable strategies to improve agricultural crop yields. Plants,
therefore, alter physiologically to deal with this situation. In species exposed to salt stress,
common responses include an increase in osmotic adjustment, changes in cell wall elastic-
ity, and an increase in the percentage of apoplastic water, which minimizes saline effects
by maintaining foliar turgidity. Several compounds that work in the osmotic regulation
of plants are well known, e.g., carbohydrates (sucrose, sorbitol, mannitol, glycerol, pini-
tol), nitrogen molecules (proteins, betaine, glutamate, aspartate, glycine, proline, choline,
4-gamma aminobutyric acid), and organic acids (malate and oxalate). Proline (Pro) and
glycine betaine (GB) are the most essential and efficient compatible solutes among the
organic osmolytes which minimize the salt-stress effects and improve plant growth.

Plant metabolic plasticity is also a vital factor in regulating salt stress response in
plants. Nosek et al. [8] analyzed the photosynthetic metabolism of the ice plant (Mesem-
bryanthemum crystallinum L.) during a 72 h response period following salinity stress removal
and found that the presence of salinity stress is required not only for the induction of stress-
dependent crassulacean acid metabolism (CAM) photosynthesis but also for maintaining
its functioning. The rapid shutdown of the energy-demanding functional CAM seems
to be one small component of the flexibility features. As we showed here, the metabolic
flexibility of the common ice plant includes rapid and far-reaching changes [8].

It is essential to carry out the necessary research on salt stress and soil pollution
mitigation to increase agricultural productivity and feed the world’s growing population.
As global hunger and salinity stress intensify, there is a rise in interest in ecologically
sustainable solutions for salt tolerance. Apart from using freshwater for irrigation there
are many other alternative approaches for developing salt-tolerant crops. Developing
halophytes as alternative crops, using interspecific hybridization to improve current crop
tolerance, utilizing the wide range of varieties of existing crops, the introduction of variation
within existing crops through genetic approaches, or improving salt-tolerant varieties.

Plant growth-promoting bacteria, phytohormones, and organic acids can also be used
to promote salt tolerance in plants. Moreover, the improvement and/or alteration of
some agricultural management practices will also play a vital role in the mitigation of
salt stress in the first place. For example, conventional crop and pasture breeding for salt
tolerance, soil reclamation, various management practices based on reducing the salt zone
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for seed germination and seedling establishment, pre-sowing irrigation with good quality
water, appropriate use of ridges or beds for planting, and general management practices
(mulching, incorporation of organic matter) will reduce the impact of soil salinity on crop
performance.

Surowka et al. [9] reported that salt-exposed α-TC accumulating plants were more
flexible in regulating chlorophyll, carotenoid, and polysaccharide levels than TC deficient
mutants, while the plants overaccumulating γ-TC had the lowest levels of these compounds.
They found that salt-stressed TC-deficient mutants and tmt transgenic line exhibited greater
proline levels than WT plants, lower chlorogenic acid levels, and lower activity of catalase
and peroxidases. Plants that accumulate α-TC produced more methylated proline and
glycine betaines and showed greater activity of superoxide dismutase than γ-TC deficient
plants [9].

Different plant hormones and genes are also associated with the signaling and antioxi-
dant defense system to protect plants when they are exposed to salt stress. Salt-induced ROS
overgeneration is one of the major reasons for hampering the morpho-physiological and
biochemical activities of plants which can be largely restored by enhancing the antioxidant
defense system that detoxifies ROS [6].

Reactive oxygen species signaling is crucial in modulating stress responses in plants,
and NADPH oxidases (NOXs) are an important component of signal transduction under
salt stress [10]. Pilarska et al. [10] showed that salt-induced expression patterns of two
NOX genes, RBOHD and RBOHF, varied between the halophyte and the glycophyte. The
expression of these genes in E. salsugineum leaves was induced by abscisic acid (ABA) and
ethephon spraying indicates that in the halophyte E. salsugineum, the maintenance of the
basal activity of NOXs in leaves plays a role during acclimation responses to salt stress.

Combining genomics and transcriptomics is a new approach that deals with the deep
understanding and knowledge of the molecular response of a plant to salinity. Modification
of genetic expression in salt stress comprises a variety of ways that plants use to induce or
suppress the transcription of genes.

Quertani et al. [11] performed transcriptomic analysis of salt-stress-responsive genes
in barley and found that, in leaves, the expression of 3585 genes was upregulated and 5586
were downregulated, while in roots the expression of 13,200 genes was upregulated and
10,575 were downregulated. They also found that response to salt stress is mainly achieved
through sensing and signaling pathways, strong transcriptional reprogramming, hormonal
regulation, osmoregulation, ion homeostasis and increased ROS scavenging. A number of
candidate genes involved in hormone and kinase signaling pathways, as well as several
transcription factor families and transporters, were identified. This study provides valuable
information on early salt-stress-responsive genes in the roots and leaves of barley and
identifies several important players in salt tolerance [11].

Proteomic and metabolomic research provides an excellent tool for examining plant
adaptation to salinity. Hence, these are frequently utilized to identify the molecular pro-
cesses of plant response to salt stress.

In mulberries, Gan et al. [12] performed a comparative proteomic analysis of salt
tolerant and sensitive varieties and revealed that the phenylpropanoid biosynthesis may
play an important role in the salt tolerance of the mulberry. They also clarified the molecular
mechanism of mulberry salt tolerance, which is of great significance for the selection of
excellent candidate genes for saline–alkali soil management and mulberry stress resistance
genetic engineering [12].

He et al. [13] identified bolTLP1, a thaumatin-like protein gene that confers tolerance
to salt stress in broccoli (Brassica oleracea L. var. Italica) because bolTLP1 may function
by regulating phytohormone (ABA, ethylene, and auxin)-mediated signaling pathways,
hydrolase and oxidoreductase activity, sulfur compound synthesis, and the differential
expression of histone variants [13].

However, more information as well as research on genetic engineering, transcriptomics,
proteomics, and metabolomics research, as well as their combined responses, is required to
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determine the salt-tolerance mechanism of plants. Identification of rice salt-tolerance genes
and their molecular mechanisms could help breeders genetically improve salt tolerance [14].
Genome-wide identification and functional characterization of the cation proton antiporter
(CPA) family were also found to be effective in providing insight into salt tolerance [15].
Wang et al. [15] identified 60 CPA candidate genes of radish on the whole genome level and
concluded that these results would be useful to understand the complexity of the RsCPA
gene family and could provide a valuable resource to explore the potential functions of
RsCPA genes in radish. Similarly, Chen et al. [16] performed genome-wide analysis of the
apple CBL family and revealed that Mdcbl10.1 functions positively in modulating apple
salt tolerance. It also provided valuable insights for future research examining the function
and mechanism of CBL proteins in regulating apple salt tolerance [16].

The study of Shao et al. [17] provided fundamental information on the involvement
of the wheat 14-3-3 family in salt stress. They identified a total of 17 potential 14-3-3
gene family members that were identified from the Chinese Spring whole-genome se-
quencing database. Importantly, most 14-3-3 members in wheat exhibited significantly
downregulated expression in response to alkaline stress [17].

Considering the importance of the physiological functions of melatonin, Tan et al. [18]
studied the expression of the melatonin-related gene HIOMT in apple plants induced by
salinity. They found that compared with the wild type, transgenic lines indicated higher
melatonin levels and showed reduced salt damage symptoms, lower relative electrolyte
leakage, and less total chlorophyll loss from leaves under salt stress. Further, transgenic
lines showed a lower amount of ROS due to the enhanced activity of antioxidant enzymes,
downregulated the expression of the abscisic acid synthesis gene (MdNCED3), accordingly
reducing the accumulation of abscisic acid under salt stress [18].

Zhang et al. [19] characterized the PsnNAC036 gene and found that the overexpression
of PsnNAC036 stimulated plant growth and enhanced salinity and heat tolerance in Populus
simonii × P. nigra.

Next generation gene sequencing opens the avenue to revealing salt tolerance mech-
anisms more precisely. Min et al. [20] reported that haplotype analysis of BADH1 by
next-generation sequencing reveals an association with salt tolerance in rice during domes-
tication. Despite the unclear association between BADH1 and salt stress, these findings can
be useful for future research development related to its gene expression [20].

Katja et al. [21] detected jacalin-related lectin HvHorcH protein in root extracellular
fluid, suggesting that the revealed expression of HvHorcH is involved in the adaptation of
plants to salinity.

Yu et al. [22] found that the C2H2-type zinc-finger protein from Millettia pinnata,
MpZFP1, is a positive regulator of plant responses to salt stress due to its activation of
gene expression and efficient scavenging of ROS and enhances salt tolerance in transgenic
Arabidopsis. The heterologous expression of MpZFP1 in Arabidopsis increased the seeds’
germination rate, seedling survival rate, and biomass accumulation under salt stress [22].

The plant cytoskeleton is associated with plant salt stress responses. Therefore, the
molecular mechanism underlying microtubule functions in plant salt stress response is
important. Chun et al. [23] found that microtubule dynamics play crucial roles in plant
adaptation and tolerance to salt stress. The modulation of microtubule-related gene expres-
sion can be an effective strategy for developing salt-tolerant crops [23].

Overall, the 19 contributions in this Special Issue “Plant Responses and Tolerance
to Salt Stress: Physiological and Molecular Interventions” discuss the various aspects
of salt stress responses in plants. It also discusses various mechanisms and approaches
to conferring salt tolerance on plants. These types of research studies provide further
directions in the development of crop plants for the saline environment in the era of
climate change.

Author Contributions: Conceptualization, M.H. and M.F.; writing—original draft preparation, M.H.
and M.F.; writing—review and editing, M.H. All authors have read and agreed to the published
version of the manuscript.
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Abstract: Salt stress is a major environmental stress that affects plant growth and development.
Plants are sessile and thus have to develop suitable mechanisms to adapt to high-salt environments.
Salt stress increases the intracellular osmotic pressure and can cause the accumulation of sodium to
toxic levels. Thus, in response to salt stress signals, plants adapt via various mechanisms, including
regulating ion homeostasis, activating the osmotic stress pathway, mediating plant hormone signaling,
and regulating cytoskeleton dynamics and the cell wall composition. Unraveling the mechanisms
underlying these physiological and biochemical responses to salt stress could provide valuable
strategies to improve agricultural crop yields. In this review, we summarize recent developments in
our understanding of the regulation of plant salt stress.

Keywords: salt stress; ion transport; osmotic homeostasis; hormone mediation; cell wall regulation

1. Introduction

The demands on crop yield have risen sharply worldwide to keep up with the rapidly
expanding human population over the past twenty years [1]. Thus, how to improve crop
yield and quality has become an urgent global agricultural problem. Soil salinization
is a major environmental challenge that is threatening agriculture across the world [2].
Approximately 20% of the world’s irrigated agricultural lands are adversely affected by soil
salinization [3]. Issues with soil salinization are aggravated by natural environment deteri-
oration, poor irrigation practices, and climate changes [4,5]. Thus, to effectively improve
crop yields, it is critical to address the increasingly serious threat of soil salinization.

Two kinds of plants exist: halophytes and glycophytes. Halophytes are salinity-
tolerant plants, which have adapted to salinized environments and even benefit from high
salt concentrations for optimal growth [6]. In contrast, glycophytes are salinity-sensitive
plants, in which growth and development are adversely inhibited by soil salinization [7].
Most crops are glycophytes. High salinity hampers glycophytes’ growth and development,
seriously limiting crop productivity and challenging food security. The cultivation and de-
velopment of salt-tolerant crop varieties are key strategies for increasing crop productivity
and yield and ensuring global food security.

Salt stress adversely impacts plants by hindering seed germination, growth and
development, and flowering and fruiting [8,9]. The high concentrations of sodium in saline
soil limits water uptake and the absorption of nutrients in the plant [10]. Water deficiency
and nutritional imbalance induce primary stresses, including osmotic stress and ionic
stress. These primary stresses result in oxidative stress and can cause a series of secondary
stresses [11]. Together, salt stress leads to various physiological and molecular changes and
impedes plant growth by inhibiting photosynthesis, thus reducing the available resources
and repressing cell division and expansion [12]. Salt stress affects light-harvesting complex
formation and regulates the state transition of photosynthesis [13]. Importantly, the enzyme
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activities or protein stabilities of the key enzymes in photosynthesis, such as ribulose-1,5-
bisphophate carboxylase/oxygenase (RuBisCO), are affected through modulating the
glycation under salt stress condition. Salt stress also influences sugar signaling and alters
the levels of sugars, such as sucrose, fructose, and glycolysis [14].

As sessile organisms, plants have to develop various strategies to adapt to saline
environments. These strategies include a series of signaling transduction pathways that are
involved in activities ranging from salt stress sensing to the expression of many salt-stress-
responsive genes, which regulate processes including ion transport, osmotic homeostasis,
and detoxification. These mechanisms rely on multiple regulatory elements, such as
phytohormones, lipids, the cell wall, and the cytoskeleton [10–12].

This review briefly describes the recent progress in our understanding of salt stress
responses and the underlying regulatory mechanisms in plants, focusing on salt stress
signal sensing and transduction. Understanding the molecular mechanisms of plant salt
stress regulation will provide insight on how to improve plant salt stress resistance and is a
critical step in improving agricultural productivity and food security.

2. Salt Stress Sensing

The sensing of salt stress signals initiates a wide array of complex transduction path-
ways in plants. Early signals that trigger a salt stress response include excess Na+, the
alteration of intracellular Ca2+ levels, and the accumulation of reactive oxygen species
(ROS) [4]. Under salt stress, excess Na+ is perceived rapidly and triggers downstream
sodium stress responses [10] (Figure 1). Salt stress induces ion and osmotic stress, which
leads to the elevation of Ca2+ in the cytosol; thus, salt stress and changes in osmotic pres-
sure are always associated with the activation of Ca2+ channels. Ca2+ functions as an
important secondary messenger by binding to and activating Ca2+ sensors, which evoke a
specific calcium signal cascade. The plasma membrane calcium-permeable channel OSCA1
was identified as a putative osmosensor that is required for osmotic stress-induced Ca2+

signaling [15,16]. Under osmotic stress, the loss-of-function mutant osca1 displays impaired
Ca2+ signal enhancement. The plastidial K+ exchange antiporters KEA1/2 and KEA3 also
act as an osmosensory component that participates in osmotic stress-induced Ca2+ eleva-
tion [17]. The Arabidopsis monocation-induced Ca2+ increases 1 (MOCA1) was identified
as a Na+-gated calcium-permeable channel and participates in ionic stress-induced Ca2+

signaling [18]. The moca1 mutant is hypersensitive to salt stress and lacks Na+-evoked Ca2+

enhancement. MOCA1 encodes a glucuronosyltransferase and functions in the biosynthesis
of glycosyl inositol phosphorylceramide (GIPC). GIPCs are monovalent-cation sensors that
sense Na+ and regulate salt stress responses through activating MOCA1 to increase the
Ca2+ influx [18]. The plasma membrane receptor-like kinase FERONIA (FER) was reported
to be required for salt-induced Ca2+ spikes and waves to maintain cell wall integrity during
salt stress [19]. FER interacts with the pectin component of the cell wall and can sense
salt-stress-induced cell wall damage. Cyclic nucleotide-gated ion channels (CNGCs) are
calcium-permeable channels that are inhibited by cellular calcium concentrations and are
regulated by calmodulin (CaM). Together with BAK1, FER regulates calcium signaling by
phosphorylating CNGCs [20,21]. Lastly, salt stress triggers the excessive accumulation of
ROS, which also plays a key role in activating calcium signaling. The leucine-rich-repeat
receptor kinase, hydrogen-peroxide-induced Ca2+ increases 1 (HPCA1), is a hydrogen per-
oxide sensor that is located in the plasma membrane that detects the increase of H2O2 under
stress stimuli [22]. HPCA1 is required for stomatal closure by mediating the H2O2-triggered
influx of Ca2+ [22].

8



Int. J. Mol. Sci. 2021, 22, 4609

Figure 1. A simplified model of the plant salt stress response. Salt stress primarily causes ionic
stress and osmotic stress. After sensing Na+ and hyperosmolality, plants accumulate Ca2+, activate
ROS signaling, and alter their phospholipid composition. These signals activate adaptive processes
to alleviate salt stress, including maintaining an ion balance and osmotic homeostasis, inducing
phytohormone signaling and regulating cytoskeleton dynamics and the cell wall structure. Subse-
quently, through an array of signal transduction pathways, plant growth is slowed and metabolism
is activated to increase salt tolerance.

3. Regulation of Plant Response to Salt Stress

3.1. Ion Balance

Under salt stress, high concentrations of the sodium ion, Na+, accumulate in plant cells,
ultimately to toxic levels, leading to the disruption of ion homeostasis [4,7]. Plants have
developed systems to maintain low levels of Na+ by removing Na+ from the cytoplasm.
This is mainly achieved using Na+/H+ antiporters, which transport Na+ in exchange
for H+ [11]. The plasma-membrane-localized Na+/H+ antiporters transport Na+ to the
apoplast, and the vacuole-localized Na+/H+ antiporters are responsible for maintaining
Na+ compartmentation in vacuoles. The salt overly sensitive (SOS) regulatory pathway
regulates ion homeostasis through modulating Na+/H+ antiporters activity during salt
stress [4] (Figure 2).

After being triggered by cytoplasmic Ca2+, the SOS pathway functions to alleviate salt
stress by exporting excess Na+. The SOS pathway is comprised of the Na+/H+ antiporter
SOS1, the protein kinase SOS2, and two calcium sensors, SOS3 and SCaBP8 (SOS3-like
calcium-binding protein 8) [8]. Under salt stress, SOS3/SCaBP8 perceives the increased
cytoplasmic calcium signal and transduces it to the downstream serine/threonine protein
kinase, SOS2. SOS3/SCaBP8 recruits SOS2 to the plasma membrane and activates it.
Subsequently, SOS2 phosphorylates SOS1, which enhances the plant salt tolerance by
increasing the Na+/H+ exchange activity [12]. SOS1 plays a key role in transporting Na+

from the cytoplasm to the apoplast. The efflux of Na+ is driven by the proton gradient that
is generated from the plasma membrane H+-ATPase. Under salt stress, SOS3/SCaBP8-SOS2
also regulates the activities of other transporters involved in ion homeostasis. For instance,
the K+ and Na+ transporters, vacuolar Na+/H+ exchanger (NHX), vacuolar H+-ATPases,
and pyrophosphatases (PPase) were reported to be regulated by the SOS pathway [10].
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In summary, the SOS pathway maintains the Na+ homeostasis and transports excess Na+

from the cytosol to the apoplast to prevent the accumulation of Na+ to toxic levels.

Figure 2. Salt stress triggers ion transport regulation in plant cells. Salt stress induces the accumulation of Na+ and
Ca2+ within the cell. The glucuronosyltransferase monocation-induced Ca2+ increases 1 (MOCA1) is as a Ca2+-permeable
channel in the plasma membrane. Glycosyl inositol phosphorylceramide (GIPC) sphingolipids sense and bind to Na+ to
activate the MOCA1-mediated Ca2+ influx. The cyclic nucleotide-gated ion channel (CNGC) and high-affinity potassium
(K+) transporter (HKT1) are required for Na+ transport into the cell. The inward-rectifier K+ channel Arabidopsis K+

transporter (AKT1) and the outward-rectifier K+ channel guard cell outward-rectifier K+ channel (GORK) help to maintain
the Na+/K+ balance. The salt overly sensitive (SOS) pathway plays essential roles in Na+ exclusion. The calcium sensor,
SOS3/SCaBP8, recruits SOS2 to the plasma membrane and promotes SOS2-mediated phosphorylation of the Na+/H+

antiporter SOS1. Under normal conditions, the kinase SOS2 is repressed by 14-3-3, ABA insensitive 2 (ABI2), and GIGANTEA
(GI). Additionally, SOS2-like protein kinase 5 (PKS5) phosphorylates and inhibits SOS2. Under salt stress conditions, 14-3-3
and GI are degraded and release SOS2 to phosphorylate SOS1. Then, 14-3-3 represses PKS5, thereby activating SOS2. Under
salt stress conditions, the glycogen synthase kinase 3 (GSK3) kinase, brassinosteroid insensitive 2 (BIN2) fine-tunes the
SOS2 activity to prevent overactivation. As a putative Ca2+-permeable transporter, the ANNEXIN protein member, ANN4,
interacts with SCaBP8 and SOS2 and regulates calcium signaling under salt stress. During salt stress, SOS2 activates the
vacuolar H+/Ca2+ antiporter CAX1 to promote Ca2+ enhancement and regulates the vacuolar K+/H+ exchanger NHX to
maintain the K+ balance. The arrows and bars indicate positive and negative regulation, respectively. Solid lines and dashed
lines indicate direct regulation and indirect regulation, respectively.

How the SOS pathway is regulated has been thoroughly investigated. The kinase
activity of SOS2 is specifically activated by salt stress stimuli. Under normal conditions,
several protein factors inhibit the SOS2 activity and the SOS pathway, such as SOS2-
like protein kinase 5 (PKS5), the phosphatase ABA (abscisic acid) insensitive 2 (ABI2),
14-3-3, and GIGANTEA (GI). PKS5 inhibits SOS2 kinase activity via phosphorylation at
Ser294 of SOS2. The 14-3-3 protein functions as a protein-kinase-interacting partner of
SOS2 at phosphorylated Ser294 and inhibits the kinase activity of SOS2. Interestingly,
14-3-3 proteins also function as a negative regulator of PKS5. Salt stress promotes the
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interaction between 14-3-3 proteins and PKS5, causing the inhibition of SOS2 and H+-
ATPase activity [23]. During this process, 14-3-3 proteins bind to Ca2+ and are directly
modulated by the Ca2+ signal. Under non-stress conditions, GI also inhibits SOS2. In
response to salt stress, both 14-3-3 and GI are degraded, thereby releasing SOS2 to activate
the downstream protein kinase cascade [24–26]. In addition, geminivirus RER-interacting
kinase 1 (GRIK1) activates SOS2 by mediating the phosphorylation of SOS2 on Thr168 [27].
The calcium-dependent membrane-binding protein, ANNEXIN4 (ANN4), interacts with
the SOS2/SCaBP8 complex to fine-tune calcium signaling under salt stress [28]. Besides
these activating mechanisms, the SOS pathway deactivates the regulatory system. Once
the salt stress is removed, BIN2, a glycogen synthase kinase 3 (GSK3)-like kinase that is the
central component in brassinosteroid (BR) signaling, phosphorylates SOS2 on the Thr172
residue to inhibit SOS2 activity and promotes plant growth via BES1/BZR1-mediated
transcriptional networks [29].

Under salt stress, plants have to modulate the Na+/K+ homeostasis through main-
taining high K+/Na+ ratio since excessive Na+ often leads to K+ deficiency [4,12]. The
sos mutants show impaired Na+/K+ homeostasis during salt stress. The uptake of K+ is
inhibited in SCaBP8 mutants under salt stress [30]. The potassium transporters, along with
voltage-gated channel proteins and their regulators, play important roles in mediating K+

absorption, release, and transportation at the cellular and whole-plant levels. For instance,
the inward-rectifier K+ channel Arabidopsis K transporter (AKT1) is a major contributor
to K+ uptake and transport. Salt stress inhibits the activity of AKT1 [31]. The calcineurin
B-like (CBL) proteins and CBL-interacting protein kinases (CIPKs) interact with and ac-
tivate AKT1. CIPK23 phosphorylates and activates AKT1 to increase K+ uptake under
K+-deficient conditions [32,33]. Two CBL proteins, CBL1 and CBL9, activate the phospho-
rylation of CIPK23 on AKT1 to ensure the activity enhancement of AKT1 [34]. However,
CBL10 competes with CIPK23 for binding to AKT1 and negatively modulates AKT1 activ-
ity [30]. A protein phosphatase 2C (PP2C) member, AIP1, mediates the dephosphorylation
of AKT1 and negatively regulates CIPK23-activated AKT1 [35,36]. Tonoplast-localized K+

channel (TPK1) is regulated by salt stress and modulates the cytosolic K+ influx during
salinity stress [37]. Salt stress triggers calcium-dependent protein kinase (CDPK) to phos-
phorylate TPK1 and activate the K+ influx [38]. High-affinity potassium transporter, HKT1,
provides sodium exclusion and the maintenance of high K+/Na+ in leaves during salinity
stress [39]. Previous studies have indicated that the maintenance of a low Na+ concentra-
tion in leaves is an essential strategy for plants to enhance their salt tolerance [40,41]. HKT1
mediates low-affinity Na+ transport and plays a role in the distribution of Na+ from the
root-to-shoot xylem sap. ZmHKT1 causes leaf Na+ exclusion promotion and is identified
as a major salt-tolerance quantitative trait locus (QTL) [42]. HKT1 physically interacts with
phosphatase PP2C49, which then inhibits the Na+ permeability of HKT1 and negatively
regulates salt tolerance [43]. The salt stress response is regulated by the circadian clock in
plants. Several proteins that maintain the circadian clock play key roles in regulating salt
stress tolerance [44,45]. Recently, studies have demonstrated a new molecular link between
clock components and salt stress tolerance in rice. Oryza sativa pseudo-response regulator
(OsPRR73) is induced by salt and specifically confers salt tolerance by recruiting HDAC10
to transcriptionally repress OsHKT2;1 and, therefore, regulates rice salt tolerance [46].
Membrane compartment-localized aquaporins might also participate in ion balance regula-
tion through controlling root water uptake, leaf water transpiration, stomatal closure, and
small molecule transport in response to salt stress. For instance, the overexpression of the
wheat aquaporin TdPIP2;1 improves salt stress tolerance through retaining a low Na+/K+

ratio under high-salt-stress conditions [47].

3.2. Osmotic Homeostasis

Under salt stress, ion imbalance and water deficiency in the plant cell cause osmotic
stress. This results in multiple transient biophysical changes, such as the reduction in
cell turgor pressure, shrinkage of the plasma membrane, and physical alteration of the
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cell wall [4]. To alleviate osmotic stress, plants rely on osmotic signaling pathways that
regulate processes ranging from gene expression and activation of osmolyte biosynthesis
enzymes to water transport systems [41]. Osmolytes, such as proline, polyols, and sugars,
accumulate under salt stress. These osmolytes participate in the regulation of osmotic
pressure by lowering the osmotic potential in the cytosolic compartment. They also act
as signaling molecules to induce ABA accumulation, affect related gene expression, and
regulate plant growth under salt stress [48]. Protein kinases act as a convergence point of
rapid osmoregulation and salt stress signaling [49]. In response to osmotic treatments, the
mRNA levels of histidine kinases, MAPKKK, MAPKK, and MAPK are increased, leading to
increased osmolyte synthesis and accumulation [50,51]. Numerous studies have suggested
the mitogen-activated protein kinases (MAPKs) are involved in ROS homeostasis [52,53].
For example, ZmMPKs are induced by salt stress and activate oxidative stress regulation to
confer salt stress tolerance [51–53]. The receptor-like kinase, salt intolerance 1, is activated
by MPK3 and MPK6 and functions in the salt-stress-induced oxidative stress response [54].
Osmotic and salt stresses both induce a rapid increase in cytosolic Ca2+. The copine
protein, Ca2+-responsive phospholipid-binding BONZAI1 (BON1), is a critical upstream
regulator of osmotic stress signaling since it positively regulates calcium signaling [55].
The disruption of BON1 dampens the cytosolic Ca2+ signal in response to osmotic stress.

In plants, salt-stress-triggered ion stress and osmotic stress cause a metabolism imbal-
ance and the toxic accumulation of ROS, inducing plant oxidative damage [40]. Under salt
stress, ROS are produced in many plant organelles, such as chloroplast, peroxisomes, mito-
chondria, and the apoplast. Plant cells sense the accumulated ROS and respond using rapid
regulatory mechanisms to scavenge ROS and activate a series of downstream adaptive
responses [4,11,12]. ROS function as essential signaling molecules at low levels. Thus, strict
control mechanisms are used to balance ROS production and scavenging. Under salt stress,
several proteins were found to participate in oxidative stress regulation by activating ROS
scavengers or mediating the gene expression of ROS-responsive genes [56]. Several studies
have shown that the activities of ROS scavenging enzymes and antioxidants are triggered
by salt stress stimuli [57]. For example, the ascorbates peroxidase and catalase are activated
by salt stress, improving the tolerance to salinity and oxidative stresses [58]. The overex-
pression of the ascorbate peroxidases, OsAPXa or OsAPXb, enhances the salt tolerance in
rice [59]. Similarly, the constitutive expression of OsGSTU4 (glutathione S–transferase) in
Arabidopsis also increases the tolerance to salt stress [60]. In rice, the MADS–box transcrip-
tion factor, OsMADS25, is required for salt tolerance because of its role in maintaining ROS
homeostasis [61]. Senescence-associated genes (SAGs) are involved in detoxification in
response to salt stress stimuli [62]. The loss of function of SAG29 renders plant seedlings
insensitive to salt treatment, while the overexpression of SAG29 results in high sensitivity
to salt treatment in Arabidopsis. Studies show that NADPH oxidase, respiratory burst
oxidase homolog gene, RBOH, mediates ROS synthesis and ROS scavenging to modulate
plant development and stress responses [63].

3.3. Phytohormone Signaling Mediation—ABA Signaling and BR Signaling

To withstand constantly changing stress conditions in the environment, plants have
developed phytohormone-mediated stress resistance mechanisms. Phytohormones play a
crucial role in the plant response to salt stress by regulating plant growth and development
adaptation. Phytohormones make great contributions to salt stress signal perception and
defense system mediation. Nine plant hormones have been well characterized and are
divided into two groups: growth promotion hormones and stress response hormones [64].
The growth promotion hormones are composed of auxin, gibberellin (GA), cytokinins
(CKs), brassinosteroids (BRs), and strigolactones (SLs). Some of the growth promotion
hormones can also play a role in stress response, such as SLs and BRs [64]. The stress
response hormones contain abscisic acid (ABA), ethylene, salicylic acid (SA), and jasmonic
acid (JA). The crosstalk between different phytohormones also is important for the salt
stress response.
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Among the nine plant phytohormones, ABA is the most important hormone regulating
stress responses. ABA functions as an important secondary signaling molecule to activate
a kinase cascade and mediate gene expression during the salt stress response (Figure 3).
Under stress conditions, ABA synthesis is induced quickly leading to rapid increases
in ABA levels [65]. A high level of ABA activates kinase cascades and improves stress
recognition and stress defense reactions [66]. Salt stress limits water uptake, leading to cell
dehydration and changes in cell turgor, generating osmotic stresses. Under high-salinity
conditions, the increase in endogenous ABA levels causes stomatal closure to regulate
water balance and osmotic homeostasis [67]. Thus, osmoregulation is an important function
of the ABA-mediated plant salt stress response.

 

Figure 3. ABA and BR signaling during salt stress. Salt stress promotes abscisic acid (ABA) accumula-
tion. The sucrose nonfermenting-1-related protein kinase2s (SnRK2s) and the clade A type 2C protein
phosphatases (PP2Cs) play key roles in mediating the crosstalk between ABA and salt stress signaling.
The ABA receptors, PYRABACTIN RESISTANCE/PYR-LIKE (PYR/PYLs) sense ABA and repress
PP2Cs, thereby activating the downstream kinase SnRK2. SnRK2s phosphorylate the transcription
factors ABSCISIC ACID RESPONSIVE ELEMENT-BINDING FACTORs (ABFs) and ABIs to regulate
the expression of stress-responsive genes. The target of rapamycin (TOR) phosphorylates PYL and
represses ABA signaling and stress responses. ABI2, a member of the PP2Cs, binds to SOS2 to
inhibit its kinase activity, thereby negatively regulating salt tolerance. Additionally, under salt stress,
SnRKs phosphorylate SOS2 to activate osmoregulation. Salt stress also upregulates BR biosynthesis.
The membrane receptor brassinosteroid insensitive 1 (BRI1) senses BR molecules and acts with its
coreceptor BRI1-associated receptor kinase 1 (BAK1) to initiate the downstream phosphorylation
cascade. BRI1 and BAK1 transduce the BR signal to BR signaling kinase 1 (BSK1) and activate BRI1
suppressor 1 (BSU1). BSU1 inhibits BIN2 and promotes the transcription factors BZR1/BES1 to
induce the expression of BR-responsive genes, which enhances salt tolerance. Under salt stress, BIN2
phosphorylates and inhibits SOS2. This phosphoregulation by BIN2 prevents SOS2 overactivation.
Arrows and bars indicate positive and negative regulation, respectively. Solid lines and dashed lines
indicate direct regulation and indirect regulation, respectively.
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ABA is a 15-carbon isoprenoid that is produced from the methylerythritol 4-phosphate
(MEP) pathway via the cleavage of carotenoids. Several enzymes play key roles in the
regulation of ABA biosynthesis, such as zeaxanthin oxidase (ZEP), 9-cis-epoxycarotenoid
(NCED), and short-chain alcohol dehydrogenase (SCAD) [68]. NCEDs catalyze the rate-
limiting carotenoid cleavage reaction. NCED5 plays an essential role in ABA synthe-
sis and is rapidly induced under salt stress conditions in rice [69]. The small peptide
CLAVATA3/ESR-RELATED 25 (CLE25) is secreted from the roots and modulates stom-
atal control via ABA in root-to-shoot long-distance signaling. The root-derived CLE25
is perceived by the BARELY ANY MERISTEM (BAM) receptors, BAM1 and BAM3, and
promotes ABA biosynthesis by upregulating the NCED3 expression in Arabidopsis [70].
ABA is primarily synthesized in the root system. ABA is first synthesized in plastids in
the root tips and then transported to the shoot and leaves. Changes in ABA levels in
roots and leaves have been detected in high-salinity conditions. Arabidopsis ABA1, which
encodes zeathanxin epoxidase, is the key regulator of ABA synthesis and is also induced
by salt stress [71]. Under salt stress, ABA-deficient mutants perform poorly and show
salt sensitivity.

Salt-stress-induced osmotic stress also activates ABA signaling transduction path-
ways. The sucrose-nonfermenting-1-related protein kinase 2s (SnRK2s) are the central
components in ABA signaling pathways and play critical roles in osmoregulation [72]. The
kinase activities of SnRK2.2/3/6 are inhibited by protein phosphatase 2Cs (PP2Cs) in the
absence of ABA. Upon osmotic stress, the ABA receptor proteins, including pyrabactin
resistance 1 (PYR1), PYR1-like (PYL), and regulatory component of ABA receptors (RCAR),
perceive and bind to the accumulated ABA, which subsequently suppresses the phos-
phatase activity of PP2Cs [66,72]. As a result, in the absence of inhibition by PP2Cs, SnRK2s
are quickly activated. After stress removal, PYL is phosphorylated by the target of ra-
pamycin (TOR) kinase and then disassociates from ABA or PP2C, leading to inactivation
of the stress response to promote growth recovery [73]. Recent studies suggest that the
upstream kinases, namely, the B2, B3, and B4 Raf-like kinases, are quickly activated and
are required for the phosphorylation and activation of SnRK2s in response to early osmotic
stress [74]. The Raf-like protein kinases and SnRK2s form the protein kinase cascade that is
activated during early osmotic regulation in response to salt stress. The phosphatase ABI1
(abscisic acid insensitive 1) and okadaic acid-sensitive phosphatases of the phosphoprotein
phosphatase (PPP) family inhibit the kinase activity of salt-stress-activated SnRK2.4 and
regulate primary root growth during the salt stress response [75].

ABA levels increase rapidly under salt stress. Subsequently, salt-stress-induced
ABA signaling upregulates the expression of many genes via the targeting of ABA-
responsive elements (ABREs) in the regulatory regions of their promoter [76]. ABRE-
binding protein/ABRE-binding factor (AREB/ABF) transcription factors are master tran-
scription factors that cooperatively regulate the ABRE-mediated transcription of down-
stream target genes, enhancing salt stress tolerance. SnRK2s phosphorylate and positively
control the AREB/ABF transcription factors [77]. Moreover, the SOS pathway coordinates
with ABA signaling. The phosphatase ABI2 (abscisic acid insensitive 2) binds to SOS2 and
mediates SOS2 inhibition [78].

Brassinosteroids (BRs) are steroidal hormones that mediate various physiological
processes, including cell growth and development, flowering and fruiting [79], and plant
stress tolerance. Under salt stress, the biosynthesis of BRs is increased to enhance plant
stress tolerance by maintaining ion homeostasis and via osmoregulation. Exogenous BR
application reduces ROS production, enhances osmotic regulation and ionic homeostasis,
induces the expression of stress-responsive genes, and causes translational changes in
stress-responsive proteins. In Malus hupehensis, exogenous BR application regulates the
activity of Na+/H+ antiporters and NHX and alleviates salt stress. Exogenous applications
of BRs reduce cytosolic Na+ levels and increase the absorption of K+, which is concomitant
with higher salt tolerance [80]. Application with 24-epibrassinolide (EBL), a byproduct
from the brassinolide biosynthetic pathway, promotes plant growth and development
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under salt stress [81]. The overexpression of BR-INSENSITIVE 1 (BRI1)-LIKE receptor
homolog 3 (BRL3) promotes the accumulation of osmolytes, such as proline and sugars,
which play roles in osmoregulation under salt stress [82,83]. The genetic and phenotypic
results of BR-related mutants and overexpression transgenic plants indicate that a proper
enhancement of BR signaling benefits plants’ defense against salt stress [83]. The tomato
BZR homolog gene, SlBZR1, positively regulates salt tolerance in tomatoes and upregulates
the expression of multiple stress-related genes [84]. The BR receptor SERK2 significantly
enhances grain size and salt resistance in rice. Adverse high salinity conditions induce
SERK2 accumulation to enhance early BR signaling on the plasma membrane to defend
against the stress [85].

Under salt stress, BR exerts anti-stress effects by interacting with other hormones, such
as ABA. ABA inhibits the growth-promoting effects of BR during salt stress (Figure 3). ABA
and BRs antagonistically fine-tune plant growth under salt stress. The BR receptor BAK1
regulates SnRK2.6 and modulates stomatal closure [86]. BIN2 indirectly activates ABI5, the
key transcription factor in the ABA signaling pathway, by phosphorylating SnRK2.6 [87,88].
Brassinazole-resistant 1 (BZR1) and BRI1-EMS-suppressor 1 (BES1) are transcription factors
that have been elucidated largely in the BR signaling pathway. BZR1 and BZR2 directly
inhibit ABI5 expression [89]. BR shares transcriptional targets with ABA, suggesting that
BR antagonistically acts with ABA to regulate the stress response.

The BR pathway can also crosstalk with the SOS pathway. BRs induce the accumula-
tion of calcium in the cytosol, which in turn activates the SOS pathway to regulate ionic
and osmotic stresses [81,90]. A recent study has reported that BIN2 inhibits SOS2 kinase
activity and negatively regulates salt stress tolerance as a molecular switch in the transition
to robust growth after salt stress [29].

3.4. Cytoskeleton Functions

The cytoskeleton plays important roles in a wide variety of cellular processes, includ-
ing cell shape determination, cell movement, vesicle trafficking, tip growth, and responses
to external stress stimuli [91]. The plant cytoskeleton consists of actin filaments (F-actin)
and microtubules (MTs), which constantly undergo dynamic changes in architecture. The
cytoskeleton has important functions in the plant salt stress response and helps plants to
withstand stress conditions through dynamic organizational changes [41]. Cytoskeleton-
associated proteins, including MT-associated proteins (MAPs) and actin-binding proteins
(ABPs), bind to the cytoskeleton and regulate cytoskeleton organization. Microtubule-
associated protein 65-1 (MAP65-1) regulates microtubule stabilization in response to salt
stress. Phosphatidic acid (PA) directly binds to MAP65-1 to modulate its microtubule
activity [92].

Salt stress triggers changes in the cytoskeleton architecture by modulating dynamic
events, such as nucleation and polymerization, severing and depolymerizing, crosslink-
ing/bundling, and growth/shrinkage [93]. During salt stress, the cortical microtubules
are first depolymerized and then reorganized. The destabilization of cortical microtubules
enhances salt stress tolerances in plants [94,95]. Similarly, actin depolymerization and stabi-
lization are important for plant salt tolerance. The SOS pathway regulates actin dynamics
in response to salt stress. Several studies have provided ample pharmacological evidence to
link the SOS pathway to cytoskeleton organization [96–98]. The sos mutants show abnormal
responses to microtubule-associated drugs [99]. The addition of the microtubule-disrupting
drug, Oryzalin, causes more death in the sos1 mutant. Actin reorganization in sos mutants
is also abnormal in response to salt stress. Disruption of the actin filaments with actin-
filament-disrupting drugs, latrunculin A and cytochalasin D (CD), increases death in sos2
seedlings under salt treatment conditions, while the stabilization of actin filaments with
the actin filament stabilizing drug, phalloidin, rescues the lethality phenotype [100].

Calcium is a central secondary messenger that plays an important role in plant salt
tolerance. Salt stress induces calcium accumulation in the cytosol and triggers calcium
signaling transduction. The cytoskeleton is an important upstream and downstream
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regulator of calcium signaling [101]. Salt-stress-induced depolymerization of the cortical
microtubules leads to the release of Ca2+ in the cytosol. The subsequent reorganization
of microtubules during salt stress regulates the calcium influx to improve the plant’s salt
tolerance. Actin dynamics play a role upstream of Ca2+ signaling and serve as a signal
to induce Ca2+ accumulation. Under salt stress, changes in cytoskeleton organization
act as a transducer to activate calcium signaling. The actin-related protein2/3 (Arp2/3)
complex, as the actin nucleation factor, functions in actin-dynamics-mediated calcium
elevation under salt stress [102]. The Arp2/3 complex regulates mitochondrial-dependent
Ca2+ stimulation via the regulation of the integrity of mitochondria, which is an important
organelle for calcium release in response to salt stress. The actin cytoskeleton also plays
a role in decoding the downstream calcium signal. The SOS pathway, which is activated
by calcium under salt stress, is closely tied to actin dynamics. SOS3, which serves as a
calcium sensor in plants, was reported to play a role in regulating actin dynamics under
salt stress. The loss of function in SOS3 leads to an abnormal arrangement of actin filaments
in response to salt stress, which can be rescued with external calcium application.

Actin dynamics are also important for ROS production under salt stress. Disordered
actin organization triggers an accumulation of ROS levels in the Arabidopsis root and acts
as the initial signal to activate the salt stress response [96].

3.5. Cell Wall Regulation

Accumulating evidence has demonstrated that the cell wall plays an indispensable
role in the plant response to salt stress [103]. Salt stress inhibits plant growth and devel-
opment by repressing cell expansion and division. The cell wall is an important factor for
determining cell shape and function and is the first layer of defense against salt stress [12].
Salt stress induces water deficiency in plant cells, causing changes in cell turgor pressure.
The cell wall provides mechanical strength to withstand these cell turgor changes [104].

It is believed that the cell wall is one of the early sensors of salt stress. The stress signal
is perceived by cell wall sensors localized on the plasma membrane, leading to the induction
of downstream responses. One of these cell wall sensors is FER, which is a receptor-like
kinase with binding activity to RALF (RAPID ALKALINIZATION FACTOR) peptides [105].
FER senses salt-induced cell wall changes and, in return, sends a downstream signal of
cell wall integrity damage. Cell wall leucine-rich repeat extensins (LRX) 3/4/5 function
together with RALF peptides and FER to regulate plant growth under salt stress through
the modulation of cell wall changes [106].

The cell wall is composed of a complex network of polysaccharides, including cellu-
lose, pectin, and lignin. Secondary cell walls consist of cellulose, hemicelluloses, lignin, and
other plant biomass and are distributed in the xylem, fibers, and anther cells. The synthesis
of cell wall components is regulated by complicated transcriptional mechanisms under salt
stress [107]. The NAC domain and Homeobox HD-ZIP ClassIII (HD-ZIPIII) transcription
factors are master regulators of secondary cell wall synthesis [108]. The transcription factors
MYB46/MYB83 activates the secondary wall biosynthesis through a transcriptional regula-
tory program [109]. Cell wall synthesis is tightly regulated by phytohormones, particularly
ABA. Both ABA synthesis and signaling are involved in secondary cell wall thickening and
lignification [110,111]. SnRK2 kinases, namely, SnRK2.2, 2.3, and 2.6, regulate secondary
wall biosynthesis by physically interacting with a NAC family transcription factor, namely
NAC secondary wall thickening promoting factor 1 (NST1). SnRK2 phosphorylates NST1
at Ser316, which is a site that is required for the transcriptional activation of downstream
secondary wall biosynthesis genes [112].

On the other hand, cell wall components, such as cellulose, lignin, and other polysac-
charides, have important biological functions in the plant’s response to salt stress [110,113].
Cellulose, the main component of the cell wall, is synthesized by cellulose synthase (CesA)
complexes (CSC) at the plasma membrane and tracks along cortical microtubules at a
steady pace guided by the protein cellulose synthase interacting (CSI) 1/POM2 [114].
A cellulose synthase–microtubule uncoupling (CMU) protein has been found to affect
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the function of CSC. CMU is associated with the plasma membrane and interacts with
microtubules to regulate cell expansion and development by modulating microtubule
displacement [115]. Recent studies have reported that companion of cellulose synthesis
(CC) proteins are required for the association of CSCs with microtubules. CC protein1
(CC1) is a MAP that regulates microtubule dynamics to sustain plant growth under salt
stress [116]. The mutation of CESA6, CSI1/POM2, or CC1 confers enhanced sensitivity to
salt stress in Arabidopsis [115–117]. Another cell wall component, namely, lignin, also plays
roles in the plant’s adaption to saline conditions. Under saline conditions, plant cells adapt
to stress by accumulating lignin and thickening the cell wall. As the central component in
lignin biosynthesis, caffeoyl-CoA O-methyltransferase 1 (CCoAOMT1) has been reported
to play an essential role in the salt stress response [117]. The loss of function of CCoAOMT1
leads to high sensitivity to salt stress. A recent study showed that β-1,4-galactan, a cell
wall component, has specific functions in salt hypersensitivity. The synthase GALACTAN
SYNTHASE1 (GALS1) catalyzes the biosynthesis of β-1,4-galactan. Salt stress induces the
expression of GALS1 and results in the accumulation of β-1,4-galactan levels in plants,
which diminishes salt tolerance. This process is transcriptionally regulated. BARLEY B
RECOMBINANT/BASIC PENTACYSTEINE transcription factors BPC1/BPC2 repress the
expression of GALS1 and positively regulate plant salt tolerance [118].

4. Conclusions

Plants must efficiently adjust their growth to adapt to stress conditions. Salt stress
is one of the most serious abiotic stresses experienced worldwide. Identifying the salt
stress signaling pathway and characterizing the upstream salt stress sensors could guide
approaches to mitigate the negative effects of salt stress on crop yields and ultimately
improve agricultural development. Salt stress adversely affects plant growth and devel-
opment, whereas plants have evolved regulatory mechanisms that allow them to adapt
to these adverse conditions. For instance, plant growth is inhibited by salt stress due
to decreased photosynthesis. However, the plant also actively slows the growth rate in
response to salt stress, leading to increased survival. Plant cells undergo large changes
to respond and defend against salt stress. For example, salt stress induces ion stress. In
turn, plant cells activate ion transporters and channels to reestablish the ion balance. In the
ion transport process, the Na+ exclusion, K+ influx, Ca2+ pump, and Na+/H+ exchange
are all important for plant salt tolerance. In addition, strategies for osmotic and oxidative
stress alleviations are also utilized in plants under saline conditions. The identification
of upstream regulators, the characterization of a high-resolution sensor, transporter, and
channel of Na+ and K+, and the identification of a novel channel and pool of Ca2+ will be
areas of active future interest.

High throughput and efficient biotechnologies are important for salt-stress-related
gene screening. To date, RNA sequencing has proven to be a fast and effective method
for studying the molecular regulation of plant salt tolerance. Transcriptome sequencing
techniques have been widely used to identify novel genes that are linked to the regulation
of the plant salt stress response [119,120]. The development of next-generation sequencing
technology has made it easier to screen for salt-tolerance genes [121,122]. The global
survey of transcriptome profiles and microRNA levels of plants in response to salt stress
using RNA-Seq has provided useful insights into the mechanisms of salt tolerance [123].
These findings also provide a rich resource for breeding salt-tolerant cultivars through
biotechnological approaches using salt-related genes.
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Abstract: The generation of oxygen radicals and their derivatives, known as reactive oxygen species,
(ROS) is a part of the signaling process in higher plants at lower concentrations, but at higher
concentrations, those ROS cause oxidative stress. Salinity-induced osmotic stress and ionic stress
trigger the overproduction of ROS and, ultimately, result in oxidative damage to cell organelles
and membrane components, and at severe levels, they cause cell and plant death. The antioxidant
defense system protects the plant from salt-induced oxidative damage by detoxifying the ROS and
also by maintaining the balance of ROS generation under salt stress. Different plant hormones
and genes are also associated with the signaling and antioxidant defense system to protect plants
when they are exposed to salt stress. Salt-induced ROS overgeneration is one of the major reasons
for hampering the morpho-physiological and biochemical activities of plants which can be largely
restored through enhancing the antioxidant defense system that detoxifies ROS. In this review,
we discuss the salt-induced generation of ROS, oxidative stress and antioxidant defense of plants
under salinity.

Keywords: abiotic stress; antioxidant defense; climate change; hydrogen peroxide; lipid peroxidation;
oxidative stress; phytohormones; stress signaling

1. Introduction

Abiotic stresses are closely associated with climate change, and they hamper the
growth and development of plants; consequently, the yield and quality of crops are also
negatively affected. Therefore, the sustainability of global agricultural production is
threatened by abiotic stresses [1,2]. Salt stress is one of the detrimental abiotic stresses
which greatly reduces crop growth and productivity [3]. Around the world, about 20–50%
of irrigated land areas are affected by salt stress [4]. An increase in the salinity level
in plant growing media leads to an increase in endogenous sodium (Na+) and chloride
(Cl−) contents. Both Na+ and Cl− ions can create life-threatening conditions for plants,
but between them, Cl− is more dangerous [5]. Salinity-induced osmotic stress, ionic
stress and nutrient imbalance as well as their secondary effects altogether lead to the
overgeneration of reactive oxygen species (ROS) [5,6].

Oxygen radicals and their derivatives, called ROS, are produced by different cellular
metabolisms in various cellular compartments. The major ROS are hydrogen peroxide
(H2O2), superoxide (O2

•−), singlet oxygen (1O2) and the hydroxyl radical (•OH) [2,7].
Although ROS production is a general phenomenon and a part of cellular metabolism in
plants, environmental stresses lead to excess generation of ROS which are not only highly
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reactive but also toxic in nature and damage lipids, proteins, carbohydrates and DNA [2,8].
Higher concentrations of ROS have an injurious effect on cell organelles and tissues of the
shoots and roots [9]. Recent studies revealed that ROS have a dual role in plants [10–12].
However, whether they will act as a signaling molecule or as a stressor depends on the
crucial equilibrium between the generation of ROS and their scavenging. Due to disruption
of the equilibrium between ROS production and antioxidant defense, oxidative stress occurs
under abiotic stresses (including salinity). Non-enzymatic as well as enzymatic components
of the antioxidant defense system scavenge or detoxify the excessive ROS which mitigates
the negative effect of oxidative stress [2,13]. The most investigated major components of
the antioxidant defense system are superoxide dismutase (SOD), peroxidase (POD/POX),
catalase (CAT), the ascorbate-glutathione (AsA-GSH) cycle enzymes (ascorbate peroxidase,
APX; monodehydroascorbate reductase, MDHAR; dehydroascorbate reductase, DHAR;
glutathione reductase, GR), peroxiredoxins (PRX), glutathione peroxidases (GPX) and
glutathione S-transferases (GST), which act in reducing ROS under abiotic stress including
salt stress [2,14]. Along with enzymatic components, non-enzymatic components such as
GSH, ascorbic acid (Asc), α-tocopherol, flavonoids, carotenoids, alkaloids, phenolic acids
and also non-protein amino acids play a vital role in protecting the plant from ROS-induced
oxidative stress and in enhancing the tolerance against stress [2]. The amount of ROS at
the cellular level determines the destructive or signaling roles of the ROS [2,15]. Moreover,
ROS are associated with several processes in plants such as germination and root, shoot,
flower and seed development [16].

Most of the recent investigations focused on physiological, biochemical and molecu-
lar approaches to enhance salt tolerance in plants by mitigating ROS-induced oxidative
stress [17–19]. The application of many chemical elicitors and biostimulants improves the
plant response to salt stress which results in a reduction in the excessive accumulation
of ROS [3,19–22]. Moreover, overexpression of several transgenes has been proved to
enhance the gas exchange activity, photosynthetic activity, biosynthesis of photosynthetic
pigments, antioxidant components and abscisic acid (ABA) biosynthesis, stimulate sig-
naling of hormones and also improve ion homeostasis which altogether improve ROS
metabolism and salt tolerance [19]. This review focuses on the generation and consequence
of ROS production and the role of the antioxidant defense system under salt stress. We also
discuss the hormonal and gene regulation associated with ROS metabolism under salinity.

2. Types of Reactive Oxygen Species

Oxygen exists in the atmosphere as a free molecule (O2), and the ground state of
oxygen (triplet oxygen, 3O2) has two unpaired parallel spin electrons with equal spin
numbers which are not reactive in nature [23]. In the aerobic respiration process of plants,
the oxygen molecule is the primary acceptor of electrons and is involved in fundamental
metabolic and cellular functions such as membrane-linked ATP formation. However, when
3O2 gains extra energy from metabolic processes (biochemical reactions, electron transport
chains, ETC, etc.), it overcomes the spin restriction and converts 3O2 into ROS [7,23].

Reactive oxygen species produced in plants are composed of both free radicals and
non-radicals [2,13]. The common cellular ROS radicals are O2

•−, •OH, the perhydroxy
radical (HO2

•), peroxyl (RO2
•), carbonate (CO3

•−), semiquinone (SQ•−), the alkoxy radical
(RO•) and the peroxy radical (ROO•). The non-radical ROS of plant cells are H2O2, 1O2,
organic hydroperoxide (ROOH), ozone (O3), hypoiodous acid (HOI), hypobromous acid
(HOBr) and hypochlorous acid (HOCl) (Figure 1; [2,24]).
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Figure 1. Types of reactive oxygen species (ROS) in plant cells.

In plant cells, ROS production occurs due to incomplete or partial reduction of oxy-
gen molecules. Therefore, ROS production is a general phenomenon because they are
produced as a result of the oxidation–reduction reaction of several metabolic processes
in multiple locations and compartments of plant cells. However, abiotic stress including
salinity increases ROS generation which exceeds the equilibrium between antioxidant
defense and ROS production [2,7]. In plant cells, a prominent source of ROS production
is spilling electrons from the ETC of photosynthesis and respiration, transition metal ion
decompartmentalization and redox reactions [7]. Several reactions associated with ROS
production are depicted in Figure 2.

Figure 2. Reactions associated with reactive oxygen species production in plants.
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3. ROS Generation in Plant Cells

Reactive oxygen species are the byproduct of aerobic metabolism in different cell
organelles such as chloroplasts, mitochondria, peroxisomes, plasma membranes and cell
wall (Figure 3 [24,25]). A specific ROS generation in a cell is highly localized, and different
pathways are intensively involved in this process [26,27]. For a better understanding of
ROS scavenging tactics in different subcellular compartments, at first, it is obligatory to
study the subcellular compartment-specific ROS generation in cells.

Figure 3. ROS generation process and localization in plant cells. In different cell organelles, ROS are produced through
metabolic reactions where different enzymatic and non-enzymatic pathways are involved. ROS—reactive oxygen species;
H2O2—hydrogen peroxide; 1O2—singlet oxygen; ETC—electron transport chain; •OH—hydroxyl radical; 3Chl*—triplet
chlorophyll; PS I—photosystem I; PS II—photosystem II; O2

•−—superoxide anion; XOD—xanthine oxidase; SOD—
superoxide dismutase; NADPH—nicotinamide adenine dinucleotide phosphate; UO—urate oxidase [24].

Rigid cell wall formation is accelerated under stress conditions when ROS along
with POD trigger the polymerization of glycoproteins and phenolic compounds [28].
This cell wall-related POD catalyzes H2O2 in the presence of NADH, where the NADH is
derived from malate dehydrogenase [28]. In addition, diamine oxidases reduce diamines
or polyamines (PAs) to quinine and thus produce ROS in the cell wall [29].

Free radicals are also produced in the plasma membrane under abiotic stress. The higher
generation of O2

•− in the plasma membrane is reconciled by NADPH oxidase and quinine
reductase where NADPH oxidase transports the electron from the cytoplasmic NADPH
and forms O2

•− which, later on, is converted to H2O2 [30].
Chloroplasts are considered as the prime site for ROS production that relies on the

interactions of chlorophyll (chl) and light [28,31]. Under stress conditions, stomatal conduc-
tance (gs) and the CO2 assimilation rate are greatly reduced and thus form excited triplet
chlorophyll (3Chl*) that impedes in photosynthetic ETC, and promote ROS overgenera-
tion [32,33]. Photosystems I and II (PS I and PS II) are the major sites in chloroplasts where
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1O2 and O2
•− are largely produced [2]. However, the amount of O2

•− produced in PS I
through the Mehler reaction is converted to H2O2 with the help of SOD.

In the non-green parts of plants, mitochondria are the major site for ROS generation [2].
ROS produced in mitochondria reduce both mitochondrial energy transportation and other
subcellular functions. Respiratory complexes I and III are the main sources of mitochondrial
ROS, especially O2

•−. However, the produced O2
•− in both complexes due to electron

leakage is eventually catalyzed by Mn-SOD and Cu-Zn-SOD and produces H2O2 [33,34].
Another vital site for ROS production is the peroxisomes, where a number of oxidases

catalyze different reactions and generate H2O2 and O2
•− as byproducts. It is considered

that glycolate oxidase (GOX) is the main source of ROS production in peroxisomes [35].
This GOX in peroxisomes causes stomatal closure; as a result, the stomatal gas exchange rate
is greatly reduced and thus reduces CO2 for RuBisCO generation, causing photorespiration
and H2O2 production [36]. In addition, xanthine oxidase (XOD) activity can also generate
O2

•− and uric acid in the peroxisomal matrix, which are further dismutased to H2O2 by
metalloenzymes SOD and urate oxidase, respectively [37,38].

In the endoplasmic reticulum (ER), both O2
•− and H2O2 are produced from the fatty

acid oxidation by GOX and urate oxidase activities [39]. In addition, a small amount of
O2

•− is generated in the ER as a byproduct of oxidation and hydroxylation processes
which involve cytochrome P450 and cytochrome P540 reductase in the presence of reduced
NADPH [27].

Compared to other cell compartments, the ROS production rate is comparatively
lower in the cytosol where the redox balance is highly maintained by cytoplasmic NADPH
as a central component. However, besides ROS production, the cytosol conducts a pivotal
role in the redox signaling process in plant cells. In general, the ROS signaling from
different cell organelles passes through the cytoplasm to modulate gene expression in the
cell nucleus [40].

Different enzymes contribute to the generation of ROS in apoplasts, among which
quinine reductase, NADPH oxidase, SOD and POD are the most important [10,12].

4. Consequence of ROS in Plant Cells

Overproduction of ROS disrupts the equilibrium between ROS accumulation and
scavenging that ultimately damages different cellular biomolecules through protein oxida-
tion, lipid peroxidation, enzyme inactivation, chl degradation and destruction of nucleic
acids under stressful conditions (Figure 4; [8,13,41]). However, various factors influence
the extent of biomolecular damage which include the concentration of the biomolecule(s),
the location of the target biomolecule(s), the site of ROS generation and the reaction rate
between the target biomolecule(s) and ROS [13].

The lipid membrane of cells is damaged by oxidative burst, resulting in lipid per-
oxidation. The extent of peroxidation differs quantitatively between underground and
aboveground plant tissues depending on the types of ROS, which is measured by the
content of the final product, malondialdehyde (MDA) [29,42]. However, lipid peroxidation
not only hampers membrane permeability but also causes electrolyte leakage (EL) and
deactivation of enzymes and receptors, as well as accelerating the oxidation process of
nucleic acids and proteins [43].

It is well documented that ROS are involved in protein oxidation. However, not
all ROS attack all proteins; rather, they cause protein denaturation in a selective manner,
among which •OH is the most notorious in nature, causing damage to protein molecules
non-selectively [2]. Oxidation of proteins can be both an irreversible and reversible process.
Enzymes that contain Fe-S in the center can be damaged irreversibly by the O2

•− radical,
and such type of damage causes cellular dysfunction. On the contrary, glutathionyla-
tion and S-nitrosylation are reversible changes that can mediate the redox regulation in
plants [44].

Nucleic acids are the structural components of proteins and DNA which are rapidly
oxidized by the action of ROS. Both chloroplastic and mitochondrial DNA are largely
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oxidized, compared to that of nucleus DNA, due to their proximity to the ROS production
site. Among free radicals, •OH is the most pernicious damaging radical for DNA that
modifies nucleotide bases (purine and pyrimidine) by oxidizing the sugar residues in the
DNA strands [45]. The DNA replication or transcription process is permanently ceased if
the damage induced by ROS is completely irreparable [46]. Consequently, many biochemi-
cal processes such as irregular protein synthesis and damage of photosynthetic proteins
are directly arrested by DNA damage. In addition, signal transduction, transcription,
replication errors and, as a whole, genetic instability are the common fate of DNA due to
oxidative stress [13].

In plants, the glycolysis pathway and the enzymes of the TCA cycle are the first targets of
a free radical attack. For instance, glyceraldehyde 3-phosphate dehydrogenase and fructose-
1,6-bisphosphate aldolase are two common enzymes of the pentose phosphate pathway which
are inhibited while ROS production is increased due to oxidative stress [2,47].

Figure 4. Consequences of oxidative stress on different cellular mechanisms. The imbalance between ROS production and
scavenging creates oxidative stress in plants under abiotic stresses. As a consequence, different molecular and cellular
damages occur that ultimately cause cell death. ROS—reactive oxygen species; AOX—antioxidants; H2O2—hydrogen
peroxide; •OH—hydroxyl radical; O2

•−—superoxide anion; 1O2—singlet oxygen.

5. Plant Responses to Salinity

Plants are posed with salt stress through two mechanisms. One is osmotic stress,
which is a rapid mechanism (within minutes to days), hinders the water uptake and is
responsible for stomatal closure, ultimately reducing cell expansion and division. Addi-
tionally, the other mechanism, which is slower (days to weeks), is ionic toxicity, which
creates an ionic imbalance, disrupts ionic homeostasis and cellular functions and also
causes premature senescence. Salt stress is detrimental to plants during the germination,
growth and development stages and results in significant yield reduction (Figure 5). Excess
accumulation of the salt concentration initiates changes in the mineral distribution, vulner-
ability of the cell membrane, loss of integrity and a reduced turgor pressure as a result of
ionic disequilibrium [48], and, in the extreme case, salt stress results in plant death [14].
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Figure 5. An overview of salt stress-induced changes in plants. TSS—total soluble solids.

Salinity imposes both osmotic stress and ionic toxicity on plants by impairing water
uptake, stomatal opening and the ionic balance. As a result, the morphological, physiologi-
cal and anatomical characteristics of plants start to show changes negatively and finally
cause yield loss.

5.1. Germination

Salinity reduces the germination of seeds by its osmotic properties and toxicity mecha-
nism at the time of germination. Moreover, seedling establishment is also greatly hampered
in salinity as it impedes imbibition, disturbs active metabolism and hinders embryonic
tissue development [49]. In Oryza sativa, salt stress can cause an adverse effect on the
germination stage by inhibiting gibberellic acid (GA) activity in the seed, which, in turn,
can curtail seed germination by up to 71% [50]. A similar trend of decline was reported by
Shu et al. [51], where it was explained that salt stress favors ABA synthesis while inhibiting
the GA synthesis pathway. This phenomenon creates an imbalance in the GA/ABA ratio
and in turn, the GA content is decreased, which is beneficial for the seed germination
process [52]. During germination, a higher concentration of salt causes osmotic stress
in water-deficient conditions that can reduce the Triticum aestivum germination rate [53].
Moreover, high salinity has the potential to increase the mean germination time while
decreasing the germination rate and, subsequently, lower the germination percentage of
Helianthus annuus L. [54].

5.2. Growth

Salt stress hampers cell prolongation in growing tissue, which, in turn, reduces the leaf
area and dry matter assimilation in the plant [5]. In the case of long-term salinity, the plant
exhibits a lower photosynthesis rate, lower nutrient storage and less growth hormones [55].
Growth reduction upon salt exposure of seedlings can be found in the reduced root and
shoot weights of Solanum lycopersicum. Additionally, the damage is more prominent in
the root fresh weight (FW) and dry weight (DW) by 40 and 35%, respectively, compared
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to the shoot FW and DW by 19 and 29%, respectively [56]. Accumulation of Na+ and
Cl− in leaf tissue modified plant growth hormones, enzyme activity, stomatal closure and
photosynthetic activity that resulted in lower assimilation of CO2 and, finally, a reduced
plant height and DW under salinity [57].

5.3. Photosynthesis

Salinity generates an unfavorable condition for plant photosynthesis by affecting
gs, sap flow and the transpiration rate (Tr) through accumulating higher concentrations
of NaCl within plant cells [58]. Shortage of the net photosynthesis rate (Pn), Tr and gs

resulted in a reduction in the chl a, chl b and carotenoid contents in S. lycopersicum, and,
finally, photosynthesis was hampered to a great extent [59]. A decline in the chl a, chl b
and carotenoid contents has also been recorded in T. aestivum [60] and S. lycopersicum [61]
along with a reduced chl a+b content. In the salt stress condition, the plant develops
an increased chl a/b ratio compared to the stress-free condition, and this imbalanced
condition triggers reduced photosynthesis in plants [62]. Importantly, salinity can develop
a physiological drought condition in the plant, which acts on stomatal closure and lessens
the photosynthetic CO2 assimilation as well [63]. Plants exhibit chl degradation even at
short exposure to salinity and can reach a high severity level with the prolongation of
stress [64].

5.4. Ionic Imbalance

Ionic imbalance or toxicity is known as a secondary effect of salt stress that causes
disturbance in the plant life cycle. Upon salt exposure, imbalance of nutrition is presumed
as a primary phenomenon as it can hamper the supply, uptake and translocation of nu-
trients in plants [65]. Salinity has the capacity to depolarize the root plasma membrane
while inducing the guard cell outward-rectifying K channels, which, in turn, results in a
higher Na+ content with a lower K+ content in the plant [66]. Excess Na+ increased the
Na+/K+ ratio while decreasing calcium (Ca2+) and Mg2+ in both the roots and shoots of S.
lycopersicum seedlings [56]. A similar trend was recorded in Lens culinaris [64] and Vigna
radiata [67]. An excess Na+ concentration causes disturbance in plant metabolic activities by
replacing the K+ content from the enzymatic components of the cell [68]. Moreover, lower
uptake of K+, Ca2+ and Mg2+, caused by excess Na+ accumulation, subsequently induces
an imbalance in mineral homeostasis and ionic stress in the plant [61,69]. Rahman et al. [70]
found that under salt stress, ion homeostasis was hampered in O. sativa seedlings by the
increment in Na+ and the Na+/K+ ratio, compared to the stress-free condition. In this
study, the shoots exhibited a higher concentration of Na+ than the roots. Along with the
reduction in K+, Ca2+ and Mg2+, salt stress also negatively affected the zinc (Zn) content,
both in the roots and shoots of the plant.

5.5. Water Relation

At a low level of salinity, the plant may not show a difference in water uptake, but at
high levels of salt stress, the plant, especially its shoot, is found to be injured greatly with a
reduced relative water content (RWC) and a dehydrated condition at the cellular level [71].
S. lycopersicum was recorded to be affected by this osmotic stress under salinity, expressed
through a reduced RWC, which was also found to be restored after the recovery period [61].
In addition, nutrient imbalance is a common phenomenon in salt stress conditions, caused
by reduced water uptake and translocation, as a consequence of accumulated Na+ and Cl−

ions in the cytoplasm [72]. A reduction in the RWC was also reported in T. aestivum [60],
O. sativa [70,73] and Sorghum bicolor [74].

5.6. Anatomical Modifications

Besides morphological and physiological changes, salinity may also alter the anatomi-
cal characteristics of a plant through modifying the cell wall and nucleus components and
leaf structure, especially the ultrastructure of leaf chloroplasts. Due to the close proximity
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to the saline-affected soil, salt-induced roots were seen to be hampered by the disrupted
nuclei and nuclear membrane of T. aestivum [75]. Similar results were recorded in S. ly-
copersicum [76], where salinity changed the root structure through decreasing different
layers of the columella, cortex cells and cell sizes and enlarging cell nucleoli, ultimately
leading to transforming the cell shape and vacuoles. Interestingly, salt-induced Brassica
napus roots were seen to produce an apoplastic barrier near the root apex to moderate the
over-accumulated toxic ions [77]. Salinity causes an alteration in leaf structure by reducing
the thickness of the epidermis and mesophyll and, consequently, causes disturbance in
water uptake and turgidity [78]. The stomatal frequency was found to be reduced by 10.5
and 22% in B. juncea L. [79] and T. aestivum [80], respectively, at the salt-induced condition,
with a partially closed stomatal aperture, compared to the stress-free condition. Upon salt
exposure, the chloroplast ultrastructure was recorded to change by distorting thylakoids
and compressing granular and stroma lamellae with massive plastoglobuli, subsequently
resulting in a reduced photosynthetic pigment content of the plant [81].

5.7. Crop Yield

Salt stress causes alterations in the morphological and physiological characteristics of
plants and, subsequently, reduces the yield to a great extent. For example, upon exposure to
salt, the yield-contributing characteristics of H. annuus, e.g., head diameter, 100-seed weight
and oil percentage, were found to be reduced 24, 28 and 5%, respectively, with a severe (26%)
seed yield reduction [82]. A similar trend was found in Hordeum vulgare, where the tiller
number, spike length and 100-grain weight were reduced by 53, 40 and 41%, respectively, in
saline conditions [83]. Apart from this, the salt-induced condition interrupts the fertilization
process at the time of grain filling through reducing pollen viability and stigma receptivity
along with providing minimized photoassimilates. This incident ultimately leads to a yield
reduction in the grains [84].

5.8. Crop Quality

Salinity causes variation in the qualitative characteristics of plants such as the sugar,
citric acid, cellulose and oil contents according to the level of concentration. Upon salt ex-
posure, the cellulose content and sucrose movement are greatly hampered [85]; as cellulose
deposition is known as the prime component of fiber quality, this reduction affects the fiber
quality in a dose-dependent manner. Salt-induced Mentha piperita (a beneficial medicinal
and aromatic plant) was seen to lose quality in respect to essential oil and menthol contents
compared to the control condition as salinity hampers its growth, photosynthesis and
nutrient content to a great extent [86]. Salt-induced S. lycopersicum performed positively
in respect to electrical conductivity (EC), total soluble solids (TSS), titratable acidity, citric
acid content and oxide reduction potential (ORP) [62,87]. As plants produce more soluble
sugars and organic acids to compete with the ionic toxicity, generated from Na+ and Cl−

ions, this can be the reason behind the increment in EC, TSS and titratable acidity in S.
lycopersicum [88]. Moreover, in saline conditions, plants exhibit early maturation, which
promotes sugar accumulation within the fruit and, subsequently, increases TSS [89].

6. Salinity-Induced Oxidative Stress in Plants

When plants are exposed to salinity, the concentration of Na+ and Cl− ions increases
abundantly in the soil, which are accumulated at a higher rate, thus reducing the essential
ions in plants. Hereby, it disrupts the plant–water relation by creating drought-like condi-
tions, resulting in osmotic stress which is liable for the reduction in gs and photosynthetic
enzyme activities, leading to ROS generation in plants [90]. Besides this, it also triggers
ionic stress by inhibiting K+ accumulation and interrupting the nutrient balance in plants;
thus, by altering redox homeostasis, salinity hampers the flow of electrons from central
transport chains to oxygen reduction pathways in different organelles, which leads to the
overgeneration of ROS in plants [14]. Other activities such as carbon metabolism, ion redis-
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tribution, ABA accumulation and alkalization are also interfered with upon exposure to
salinity and foster ROS generation in plants (Figure 6; [91]).

Figure 6. Oxidative stress and antioxidant defense under salinity.

These overproduced ROS are accountable for the damage of nucleic acids and oxida-
tion of different biomolecules, i.e., proteins, lipids, carbohydrates and DNA. Thus, fluctua-
tions occur in their functions and properties, leading to physiological and biochemical alter-
ations and, ultimately, creating oxidative stress in plants, Table 1 [6,10]. Mohsin et al. [60]
reported that when T. aestivum seedlings are exposed to salt stress at the rate of 150 mM
NaCl (mild) and 250 mM NaCl (severe) for 5 d, MDA and H2O2 contents were increased
by 63 and 116%, and 78 and 108%, respectively, compared to the unstressed seedlings.
Similarly, Siddiqui et al. [92] showed increased MDA (by 116%), H2O2 (by 198%) and O2

•−

(by 263%) under salt-stressed (100 mM NaCl) seedlings of S. lycopersicum, while increased
H2O2 by 58 and 97% and MDA by 74 and 113% were found under 100 mM and 160 mM
NaCl stress, respectively, compared to the controls [56]. Recently, a contrasting response
was observed by Ali et al. [93], where the MDA content was decreased but H2O2 was
increased upon exposure to salt stress (150 mM NaCl) in S. lycopersicum plants. The extent
of damage caused by salinity-induced oxidative stress could be varied among different
portions of plants. In most cases, the roots suffer more compared to other tissues as they
are directly in contact with the saline conditions, followed by the shoots and leaves [94].
Upon exposure to 100 mM NaCl, a greater increase in the MDA content (by 116%) was
observed in the roots than the leaves (by 106%), whereas the H2O2 content was greater in
the leaves (by 149%) than the roots (by 34%), compared to untreated S. bicolor plants [95].
Similarly, Jabeen et al. [96] observed a higher amount of MDA content in the roots (44%)
than the leaves (38%) compared to the control when Glycine max plants were exposed to
100 mM NaCl. Derbali et al. [97] evaluated four genotypes of Chenopodium quinoa (cvs.
Tumeko, Red Faro, Kcoito and UDEC-5) under different doses of salt (100, 300 and 500 mM
NaCl) and reported that both the MDA and H2O2 contents increased in a dose-dependent
manner in these four genotypes. However, the lowest accumulation of MDA and H2O2
was observed in the salt-resistant genotype (cv. UDEC-5) compared to the salt-sensitive
genotypes (cvs. Tumeko, Red Faro, Kcoito) at different NaCl levels. Derbali et al. [98]
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further reported that the post-stress recovery capacity was higher in the salt-resistant
genotype of C. quinoa (cv. UDEC-5) compared to the salt-sensitive genotype (cv. Kcoito).
From the above-mentioned examples, it can be stated that plant responses against salinity
vary among species, and also different genotypes/varieties of the same species.

Table 1. Oxidative stress in plants under salinity.

Plant Species Level(s) of Salt Stress Oxidative Damage References

T. aestivum cv. Pradip 150 and 300 mM NaCl; 4 d
Lipid peroxidation increased by 60%.

H2O2 level increased by 73%.
[99]

B. napus cv. BINA Sharisha 3 100 and 200 mM NaCl; 2 d
MDA increased by 69 and 129%.

H2O2 incremented by 76 and 90%.
[100]

O. sativa cvs. MI-48, IR-28
(salt-sensitive)

100 mM saline solution (mixture
of NaCl, MgCl2, MgSO4 and

CaCl2 salts); 35 d

H2O2 and O2
•− generation increased by

2-fold.
[101]

S. lycopersicum cv. Chibli F1 120 mM NaCl; 8 d
Lipid peroxidation elevated by 35 (leaves)

and 37% (roots).
[102]

O. sativa cv. KDML105 60, 120 and 160 mM NaCl; 3 d
H2O2 increased in a dose-dependent

manner.
[103]

G. max cv. PK9305 100 mM NaCl; 7 d
Increment in MDA found in both leaves

and roots.
Higher activity of LOX in roots.

[104]

Phaseolus vulgaris cv. Nebraska
2.5 and 5.0 dS m−1

(NaCl/CaCl2/MgSO4 = 2:2:1);
40 d

MDA and H2O2 increased with increasing
saline concentrations.

EL increased, but reduced membrane
stability index (MSI).

[105]

B. juncea cv. Pusa Jai Kisan 100 mM NaCl; 30 d
Higher accumulation of H2O2 and
thiobarbituric acid reactive species

(TBARS).
[106]

S. tuberosum cv. Hui 2 50, 75 and 100 mM NaCl; 31 d Elevation in MDA by 164%. [107]

O. sativa cv. BRRI dhan47 200 mM NaCl; 3 d
H2O2 increased by 82%.

Higher production of MDA.
The activity of LOX increased by 78%.

[70]

P. vulgaris cvs. Tema
(high-yielding) and Djadida

(low-yielding)
50, 100 and 200 mM NaCl; 7 d

Increase in MDA by 44 (cv. Tema) and 56%
(cv. Djadida).

[108]

O. sativa cv. BRRI dhan47 150 mM NaCl; 3, 6 d

MDA increased by 80 (3 d) and 203% (6 d).
Increment in H2O2 found, by 74 (3 d) and

92% (6 d).
Lipoxygenase (LOX) activity increased by

69 (3 d) and 95% (6 d).

[69]

V. radiata cv. BARI Mung-2 200 mM NaCl; 2 d
Upregulation of MDA and H2O2.

The activity of LOX also increased.
[67]

Pisum sativum cv. Shubhra
IM-9101

100 and 400 mM NaCl; 7 d
Increment in O2

•− by 171–407%.
H2O2 increased by 191–249%.

[109]

T. aestivum cvs. Kharchia local
(salt-tolerant) and

HD2329 (salt-sensitive)
10 dS m−1 NaCl; 7 d

EL increased more in cv. HD2329 (by 2.6-
and 1.5-fold in the roots and shoots) than
Kharchia local (by 1.9- and 1.4-fold in the

roots and shoots).
Higher accumulation of H2O2 and MDA in

sensitive cultivar.

[110]
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Table 1. Cont.

Plant Species Level(s) of Salt Stress Oxidative Damage References

B. juncea cvs. CS-52
(salt-tolerant) and RH-8113

(salt-sensitive)
50, 100 and 150 mM NaCl; 21 d

MDA generated more in RH-8113 (138%)
than CS-52 (126%).

H2O2 increased in dose-dependent manner
in sensitive cultivar, but at 150 mM NaCl,

it increased by 33% in CS-52.

[111]

Cicer arietinum cvs. Flip 97-43c
(tolerant), ICC 4958 (tolerant),
Flip 97-97c (susceptible) and

Flip 97-196c (susceptible)

100 mM NaCl; 3, 7 and 12 d

Accumulation of MDA began to increase
after 12 d by 224% in T1 genotype.

In S2 genotype, 2.21-, 8.20- and 10.15-fold
upregulation of MDA content was found at

3, 7 and 12 d, respectively.

[112]

S. lycopersicum cv. Hezuo 903 150 mM NaCl; 10 d
Elevation in lipid peroxidation by 2.6-fold.

H2O2 increased by 2.5-fold.
[113]

B. napus cv. BINA Sharisha 3 100 and 200 mM NaCl; 2 d
Gradual increase in MDA by 60–129% in a

dose-dependent manner.
Production of H2O2 elevated by 63–98%.

[114]

S. lycopersicum cv. Pusa Ruby 150 mM NaCl; 5 d
Elevation in H2O2 and MDA.

Increased LOX activity.
[115]

Zea mays cvs. BARI hybrid
Maize-7 and BARI hybrid

Maize-9
150 mM NaCl; 15 d

O2
•− and H2O2 increased by 130 and 99%.
Higher production of MDA by 109%.

LOX activity enhanced by 133%.
[116]

Luffa acutangula cv. Pusa
Sneha

100 mM NaCl, 10 d
Increase in H2O2, O2

•−, EL, MDA and
LOX activity by 140, 145, 251, 358 and

157%, respectively.
[117]

Gossypium hirsutum 150 mM NaCl; 3, 6, 9 and 12 d

Increased H2O2 by 58% (3 d), 34% (6 d),
45% (9 d) and 37% (12 d).

O2
•− incremented by 47% (3 d), 25% (6 d),

37% (9 d) and 32% (12 d).
MDA augmented by 25% (3 d), 27% (6 d),

36% (9 d) and 41% (12 d).

[118]

T. aestivum 100 mM NaCl; 1 d
1.5- and 1.2-fold upregulation of EL and

MDA.
[119]

T. aestivum cv. Norin 61 250 mM NaCl; 5 d
Increase in MDA and H2O2 by 62 and 35%.

EL increased by 130%.
[120]

G. max cv. Giza 111 75 and 150 mM NaCl; 56 d
Level of MDA increased by 47 and 75%.

H2O2 augmented by 42 and 50%.
[121]

Lactuca sativa cv. SUSANA 4 dS m−1 (low) and 8 dS m−1

(high) NaCl; 60 d

MDA increased by 44% under low level of
NaCl, while increased under high NaCl

(70 and 87%) in both seasons.
H2O2 augmented by 183 (high) and 166%

(low) in both seasons.
O2

•− increases more at high dose
(208 and 262%) in both seasons.

[122]

L. culinaris cv. BARI Masur-7 110 mM NaCl; 2 d
Content of MDA and H2O2 increased by

164 and 229%.
[123]

7. Antioxidant Defense System in Plants under Salinity

Plants have antioxidants that are employed in scavenging ROS by working in coor-
dination with non-enzymatic antioxidants (ascorbate (AsA), GSH, phenolic compounds,
flavonoids, alkaloids, α-tocopherol, non-protein amino acids, etc.) and enzymatic an-
tioxidants (SOD, APX, CAT, DHAR, MDHAR, GPX, GR, GST, POD/POX polyphenol
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oxidase, PPO, PRX, thioredoxin (TRX), etc.), and that protect them from oxidative damage
(Figure 7; [13,24]).

Figure 7. Overview of different types of antioxidants and their combined mechanisms [2]. Detail descriptions are provided
in the text. SOD—superoxide dismutase; CAT—catalase; POX—peroxidases; AsA—ascorbate; DHA—dehydroascorbate;
GSSG—oxidized glutathione; GSH—reduced glutathione; APX—ascorbate peroxidase; MDHA—monodehydroascorbate;
MDHAR—monodehydroascorbate reductase; DHAR—dehydroascorbate reductase; GR—glutathione reductase; GST—
glutathione S-transferase; GPX—glutathione peroxidase; PPO—polyphenol oxidase; PRX—peroxiredoxins; TRX—
thioredoxin; NADPH—nicotinamide adenine dinucleotide phosphate; O2—oxygen; e−—electrons; H2O2—hydrogen
peroxide; O2

•−—superoxide anion; R—aliphatic, aromatic or heterocyclic group; X—sulfate, nitrite or halide group;
ROOH—hydroperoxides; -SH—thiolate; -SOH—sulfenic acid.

In plants, SOD is the major antioxidant that activates the first line of defense against
ROS-induced damage by converting O2

•− into H2O2; this is further accumulated by CAT,
APX, GPX, PPO, PRX and TRX enzymes or catalyzed in the Asada−Halliwell pathway
(AsA-GSH cycle) [124,125]. To detoxify ROS in the AsA-GSH cycle, plants have non-
enzymatic antioxidants (AsA and GSH) and four enzymatic antioxidants (APX, DHAR,
MDHAR and GR); thus, by minimizing ROS, they can maintain redox homeostasis in
plants, Table 2 [2,8,24]. Furthermore, H2O2 and other xenobiotics are also detoxified with
the help of the GST and GPX enzymes [126,127]. Many researchers have proposed that
the activities of these antioxidants depend on the salinity threshold, duration of salinity
exposure and growth stages of plants [128]. For instance, Ali et al. [129] found altered
antioxidant enzyme activities in scavenging ROS under two concentrations of NaCl (80 mM
and 160 mM), with a maximum reduction in SOD, POD, APX and CAT of 49, 43, 39 and
52% in cv. P1574, and 67, 46, 47 and 61% in cv. Hycorn-11, respectively, which are two
Z. mays cultivars, at 160 mM NaCl stress and concluded that the P1574 cultivar is more
salt-tolerant than the Hycorn-11 cultivar. Similarly, upon exposure to 100 mM NaCl, total
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phenols (by 60%) and AsA (by 55%) were increased in S. lycopersicum plants together
with enhanced SOD, CAT, POD and PPO activities [130]. Jiang et al. [131] highlighted
the TaSOS1 gene in response to salt stress in two spring T. aestivum genotypes, Seri M82
(salt-sensitive) and CIGM90.863 (salt-tolerant), and observed a higher expression of most of
the 18 TaSOS1 genes in the roots of salt-tolerant seedlings than the salt-sensitive seedlings.
Recently, several exogenous protectants (i.e., GA, salicylic acid (SA), melatonin (MT),
silicon, selenium) have been used to upregulate the antioxidant machinery in plants under
salinity [132–135]. For instance, Ahmad et al. [133] found increased activities of SOD (9%),
APX (13%), CAT (26%), GR (40%) and POD (98%) when seed priming was conducted
with 0.5 mM GA. Foliar spraying of SA (0.5 mM) enhanced AsA, GSH, total phenols and
anthocyanin biosynthesis and increased SOD and CAT activities, thus reducing the H2O2
and O2

•− content in salt-stressed seedlings of Vicia faba [134]. Combined application of
silicon and selenium has been reported to increase CAT, GR, SOD and APX activities and
synthesis of AsA and GSH [135]. Pretreatment of seeds of Avena nuda with MT (50 or
100 µM) upregulates CAT, APX, POD and SOD activities, thus reducing H2O2 (by 34%),
O2

•− (by 26%) and MDA (by 51%), compared to salt-treated plants [132]. Chen et al. [136]
also reported that seed priming with MT reduces the accumulation of H2O2 and MDA
and the percentage of EL and enhances the germination rate under salt stress conditions.
Furthermore, Zhang et al. [137] observed that both foliar and root application of MT
(100 µM) increased SOD, POD, CAT and APX activities under salt stress and decreased
H2O2, O2•− and MDA accumulation in Beta vulgaris.

Table 2. Activities of antioxidant defense system against salinity.

Plant Species Level(s) of Salt Stress Antioxidant Defense References

G. max cv. A3935
50 (low), 100 (medium) and
150 (high) mM NaCl; 30 d

High salinity reduces SOD activity in roots (28%)
and leaves (38%).

APX activity decreased in leaves by 20% (low)
and 57% (high), but slightly increased in roots at
low salinity (10%) and decreased by 29% under

high salinity.
GR and CAT activities decreased in both roots

and leaves under high salinity.

[138]

T. aestivum cv. Pradip 150 and 300 mM NaCl; 4 d

AsA content sharply decreased.
GSH content and GSH/GSSG ratio increased.

Slight increase in APX and GST activities,
whereas activities of CAT, DHAR, MDHAR, GR

and GPX decreased at 300 mM NaCl stress.

[99]

B. napus cv. BINA Sharisha 3 100 and 200 mM NaCl; 2d

AsA and GSH content decreased, but GSSG
content increased at 200 mM NaCl.

GPX, GST and GR activities increased at
100 mM NaCl.

Increase in APX activity, and decrease in CAT,
DHAR, MDHAR, GR, GST and GPX activities at

200 mM NaCl stress.

[100]

O. sativa cv. Pokkali
(tolerant)

100 mM saline solution
(mixture of NaCl, MgCl2,

MgSO4 and CaCl2 salts); 35 d
Increased activities of SOD, CAT, APX and POX. [101]

O. sativa cv. KDML105 60, 120 and 160 mM NaCl; 3 d

SOD, APX and GR activities increase with
increasing NaCl concentrations.

CAT activity reduced by 1.6-fold at
160 mM NaCl.

[103]

G. max cv. PK9305 100 mM NaCl; 7 d
Activities of CAT, SOD and PPO observed more

in leaves than roots.
Higher activity of POX in roots than shoots.

[104]
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Table 2. Cont.

Plant Species Level(s) of Salt Stress Antioxidant Defense References

S. tuberosum cv. Hui 2 50, 75 and 100 mM NaCl; 31 d

SOD activity increased in a
dose-dependent manner.

CAT and POD activities decreased at 100 mM
NaCl stress, but still higher than

non-stressed plants.

[107]

O. sativa cv. BRRI dhan47 200 mM NaCl; 3 d

AsA content reduced by 49%.
Reduction in GSH/GSSG ratio by 42%.
The activity of SOD increased by 20%.

Reduced CAT activity by 33%.

[70]

P. vulgaris cvs. Tema
(high-yielding) and Djadida

(low-yielding)
50, 100 and 200 mM NaCl; 7 d

GR activity increased by 60% (Tema) and
20% (Djadida).

CAT activity increased by 4- and 2-fold in
Tema and Djedida.

APX activity increased by 9- and 6- fold in
Tema and Djedida.

Increment in AsA and total flavonoid content in
cv. Tema (by 33 and 47%) and cv. Djadida

(by 26 and 70%).
Total phenolic compounds decreased markedly

in cv. Djadida.

[108]

O. sativa cv. BRRI dhan47 150 mM NaCl; 3, 6 d

AsA content decreased, but DHA
content increased.

Higher level of GSH and GSSG content.
Upregulation of MDHAR, DHAR and

GR activities.
APX activity enhanced at 6 d.

SOD and GPX activities increased with
increasing duration of stress.

Reduction in phenolic and flavonoid contents.

[69]

V. radiata cv. BARI Mung-2 200 mM NaCl; 2 d

Activities of SOD and GST increased by
49 and 88%.

CAT activity reduced by 50%.
No significant change was observed in GR and

GPX activities.
Reduction in MDHAR and DHAR activities.

[67]

P. sativum cv. Shubhra
IM-9101

100 and 400 mM NaCl; 7 d
Reduction in CAT (94%), POD (57%) and APX

(86%) activities.
Increase in SOD activity by 174%.

[109]

B. napus cv. BINA Sharisha 3
100 (mild) and 200 (severe)

mM NaCl; 2 d

AsA content reduced by 44% under severe stress.
GSSG content upgraded by 116%

under severe stress.
APX activity increased, but reduction in

MDHAR, DHAR and GR activities.
GPX activity reduced under severe stress.

The activity of GST enhanced.
CAT activity dropped by 32% (mild)

and 41% (severe).

[114]
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Table 2. Cont.

Plant Species Level(s) of Salt Stress Antioxidant Defense References

S. lycopersicum cv.
Pusa Ruby

150 and 250 mM NaCl; 4 d

Upregulation of SOD activity by 30% (150 mM)
and 43% (250 mM).

CAT and GR activities decreased.
Activities of APX, MDHAR, DHAR, GPX and

GST upgraded.
AsA content reduced, but DHA

content increased.
Both GSH and GSSG content upgraded.

[61]

G. hirsutum 150 mM NaCl; 3, 6, 9 and 12 d

SOD activity enhanced by 47, 37, 26 and 18% at
3, 6, 9 and 12 d, respectively.

Higher activity of POD found, by 103, 63 and
11% at different durations.

CAT activity increased by 28, 20, 14 and 16%.
Activity of APX enhanced by 126, 104, 67 and

37% at 3, 6, 9 and 12 d, respectively.

[118]

S. lycopersicum cv.
Pusa Ruby

150 mM NaCl; 5 d

AsA content decreased, but DHA increased with
ratio lowered by 50%.

GSH content reduced, but GSSG content
increased with decrease in GSH/GSSG

ratio by 45%.
Activities of APX, MDHAR, GR, GST and SOD

increased by 134, 53, 114, 70 and 16%,
respectively.

[56]

T. aestivum cv. Norin 61 250 mM NaCl; 5 d

Both AsA and AsA/DHA ratio reduced, but
DHA content increased.

GSSG content increased, but GSH and
GSH/GSSG ratio decreased.

Activities of APX, DHAR and GPX increased by
29, 38 and 13%, respectively.

Reduction in MDHAR (32%), GR (24%), CAT
(37%) and GST (15%) activities.

[120]

G. max cv. Giza 111 75 and 150 mM NaCl; 56 d
Total phenol content notably increased

by 24 and 33%.
AsA content also enhanced by 32 and 64%.

[121]

L. sativa L. cv. SUSANA 4 dS m−1 (low) and 8 dS m−1

(high) NaCl; 60 d

CAT activity increased by 87 and 89% at low
salinity, whereas at high salinity, it increased by

158 and 162% in both seasons.
Elevation in POD, and PPO activities

increased significantly.

[122]

L. culinaris Medik cv.
BARI Masur-7

110 mM NaCl; 2 d

AsA content reduced by 70%, whereas an
increase in GSH (305%) and GSSG (353%)

contents was noticed.
Reduction in CAT (71%) and APX (41%)

activities, while an increase in DHAR (47%), GR
(83%) and GPX (162%) activities.

[123]

8. Signaling of ROS in the Regulation of Salinity

Salt stress directly induces primary stresses such as osmotic and ionic stresses as well
as imposing secondary stresses such as oxidative stress caused by ROS. These ROS play a
signaling function at a certain low concentration which is variable depending upon many
factors [139]. In recent decades, research on salt stress signals and adaptation proposed
different pathways which still remain hazy because of the complex interaction between
and among biomolecules (Figure 8; [139–141]). Under salt stress, ROS production induces
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mitogen-activated protein kinase (MAP) cascades which mediates ionic, osmotic and ROS
homeostasis [139,142].

Figure 8. Common proposed ROS signaling pathways during plants’ response to salt stress. Under salt stress, ROS produc-
tion induces mitogen-activated protein kinase (MAP) cascades which mediate different adaptive responses. MAPs, nitric
oxide (NO), Ca2+ and other signaling molecules have been suggested to be connected in activating antioxidant defense,
stomatal movement, membrane properties and ionic homeostasis. The salt overly sensitive signaling (SOS) pathway
interacting with other pathways functions in maintaining ionic homeostasis. The ROS-induced ABA production and
ROS-induced activation of MAPs and Ca2+ signal regulate stomatal opening and closing. ROS signal sensors/receptors
can induce activation of biosynthesis/functioning of different hormones and signaling molecules such as salicylic acid
(SA), jasmonic acid (JA), gibberellic acid (GA), ethylene (ETH), auxin, brassinosteroid (BR), H2O2 and NO. These hor-
mones/signaling molecules can interact with ROS, single or multiple hormones or signaling molecules; can interact with
various signal cascades/pathways; and can regulate stress-responsive gene expression which modulates various metabolic
and physiological functions, contributing to plant adaptation to salt stress. Dashed lines indicate the mechanisms which are
not yet identified.

The salt overly sensitive signaling (SOS) pathway functions in maintaining ionic
homeostasis, through extruding Na+ into the apoplast. Under salinity, excess intracellu-
lar or extracellular Na+ triggers, and ROS-induced MAPs stimulate, a Ca2+ signal and
production. Ca2+ together with the SOS pathway excludes Na+ to maintain ionic homeosta-
sis [141,143,144]. ROS signals stimulate antioxidant defense and ROS scavenging which
confer biomembrane protection and restore membrane function for maintaining ionic and
nutrient homeostasis [141,144].

The ROS-induced ABA production and ROS-induced activation of MAPs and the
Ca2+ signal regulate stomatal opening and closing. The osmoregulation and plant water
status are maintained properly as a result [140,142]. Nitric oxide is also considered as one
of the regulators of stomatal opening and closing [145]. ROS signal sensors/receptors
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can induce SA which also has a role in osmoregulation. Different signaling molecules
or hormones can be stimulated by ROS which have diversified physiological, growth
and developmental functions in the salt adaptation of plants. The ROS signal induces JA
to modulate lignin biosynthesis, and GA to affect germination, and it induces auxin to
modulate growth [146]. Ethylene–ROS interaction has a differential function. Ethylene
enhances ROS generation that activates Na+ and K+ transport, where expression of different
genes is involved. The modulation of ETH signaling controls AsA biosynthesis under
salinity. The synchronizing action of ABA and ETH modulates the AsA biosynthesis
during salt exposure. The Ca2+ signaling persuaded by ROS signaling participates in AsA
biosynthesis [3]. Several research reports demonstrated that exogenous application of
hormones and signaling molecules regulated or enhanced the antioxidant defense system,
conferred osmoprotection and improved physiology, which defended against oxidative
damage under salt stress conditions [147–149]. There might be other hormones/hormone-
like molecules or signaling molecules in this complex and hazy salt stress adaptation
pathway. Knowledge on the signaling functions of ROS is misty as it is connected to
the signaling function and biological function of different biomolecules. The dual role of
ROS—creating oxidative stress and having a signaling function—is well known, but the
mechanisms, interplay and cross-talk with other molecules and components are complex
and yet to be discovered.

9. Hormonal Regulation and ROS under Salinity

Plant hormones or phytohormones are chemicals that are present in plants in small
amounts but have a great impact on plant growth and development. Plant hormones play
different biological roles in the presence of environmental stress and regulate plant growth
positively or negatively. Under salinity, diverse signaling pathways coordinately work to
mitigate salt stress [150]. Flexible regulation of phytohormone signaling helps plants to
adapt under salinity (Figure 9).

Figure 9. Overview of major plant hormone regulation in Arabidopsis under salt stress where different salinity-mitigating
traits of phytohormone-regulated genes help to induce salt tolerance in Arabidopsis. Detailed descriptions are provided in
the text. ABA—abscisic acid; JA—jasmonic acid; GA—gibberellic acid; CK—cytokinin; SA—salicylic acid; ETH—ethylene;
BR—brassinosteroid; RACK1—receptor for activated C kinase 1.
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In plants, ABA is an important stress-responsive hormone that plays a crucial role in
osmotic stress and especially in ROS-mediated signaling pathways. Salt-induced osmotic
stress in plants causes a higher accumulation of ABA [151,152]. This higher accumula-
tion of ABA helps to mitigate the negative effect of salinity by improving photosynthesis
and the osmolyte content and reducing ROS-mediated toxicity [153]. It also triggers the
accumulation of K+ and Ca2+ which inhibit the uptake of Na+ and Cl− [154]. ABA also
regulates Na+/K+ homeostasis and the H2O2 content under salt stress [155]. Abscisic acid
is known as a vital salinity-mediated signal which regulates salinity-responsive genes.
Overexpression of the MAX2 gene increased the resistance to salt stress, which was as-
sociated with redox homeostasis and ABA [156]. Osmotic homeostasis is regulated by
ABA-activated SnRK2s which are responsible for the breakdown of starch into sugar and
derivate osmolytes [157]. To scavenge ROS, ABA-generated H2O2 triggered the accumu-
lation of NO and activated protein kinase (MAPK) [139]. The MAPK cascade signaling
upregulates the antioxidant genes and acts against salinity [158]. Salt stress reduced the
lateral root length in plants which mediated ABA signaling [159]. Similar to ABA, auxin
also alters the root apical meristem under salt stress. In Arabidopsis thaliana, receptor for
activated C kinase 1 (RACK1) is involved in the biosynthesis of the miR393 gene which
mediates both ABA and auxin regulation to induce redox homeostasis and alter lateral
root growth under salinity [160]. During salt exposure, accumulation of excess ROS altered
the auxin distribution, induced oxidative damage and caused a reduction in the root api-
cal meristem [161]. Seed germination modulated membrane-bound transcription factor
(NTM2), altered auxin signaling in plants which caused overexpression of the IAA30 gene
and induced salt tolerance in the Arabidopsis plant [162]. Plant growth and development de-
pend on seed germination which is closely related to GA. DELLA proteins act as a growth
suppressor of plants under salt stress. GA binds with the GIBBERELLIN INSENSITIVE
DWARF1 (GID1) receptor which recruits DELLA proteins and forms the GA-GID1-DELLA
complex [163]. Thus, GA reduces DELLAs and salt tolerance in plants. Some GA-regulated
genes, viz., AtGA2ox7 and OsGA2ox5, also help to increase salinity tolerance in A. thaliana
and O. sativa plants, respectively [164,165].

Under the saline condition, plants regulate CK production along with ROS homeosta-
sis to induce salt tolerance in plants. CK is a master phytohormone which acts as a free
ROS scavenger and opposite to ABA and induces salt tolerance in plants [166]. CK receptor
genes, viz., AHK2, AHK3 and AHK4, help to modulate the stress signal in plants which
regulates the osmolyte content and membrane integrity [167]. Histidine kinase (HK) of
CK receptors plays an important role in CK regulation and stress responses [168]. In the
presence of CK, receptor gene CRE1 changes to its HK form and acts as a negative regulator
of stress signaling. However, in the absence of CK, it converts into its phosphatase form and
does not show any negative reactions [169]. Due to the higher CK content, receptor genes
AHK2 and AHK3 antagonistically regulate ABA synthesis in Arabidopsis and consequently
inhibit the ABA action in germinating seeds and seedling growth through the CK receptor
HKs [170]. However, ROS production is reduced by the overexpression of CK biosynthetic
gene IPT8 which helps to upregulate antioxidant enzyme activity under salinity in Ara-
bidopsis [171]. Likewise, JA also works against salt stress and helps to mediate ROS. A high
concentration of JA was noticed in salt-treated plants, which helps to reduce oxidative
damage and shows a positive relationship with salt tolerance [172]. Qiu et al. [173] also
observed an increase in the salt tolerance of T. aestivum by exogenous application of JA
through the reduction in the Na+ content, ROS and lipid peroxidation. The salt tolerance
mechanism of JA is modulated by jasmonate ZIM domain (JAZ) transcription factors which
repress MYC2 transcription factors. These MYC2 transcription factors are used by both JA
and ABA to regulate salt responses where the functioning of JA activates ABA-regulated
genes RD22 and AtADH1 under salt stress to induce salt tolerance [173]. In Arabidopsis,
the PnJAZ1 gene regulates the JA pathway to induce salt tolerance and cause upregula-
tion of ABA-regulated genes, viz., AtABI3 and AtRD22, to regulate seed germination and
seedling growth under salinity [174].
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In plants, salinity tolerance is induced by SA via activating the GORK channel which
helps to maintain the membrane potential and K+ loss in plant cells [175]. It also upreg-
ulates the activity of the H+-ATPase enzyme which helps in K+ retention in the saline
condition. However, SA did not retard the accumulation of Na+ in plant roots but, instead,
helped to reduce the Na+ concentration in the roots [176]. In Arabidopsis, expression of
the nudt7 gene reduced the shoot Na+ concentration during prolonged salt stress [177].
In barley, the application of SA helps to increase Pn, the carotenoid content and membrane
integrity and to reduce ROS toxicity which ultimately helps to increase the K+ and os-
molyte concentration in plant roots [178]. It also caused overexpression of the P5CS gene
which causes Pro accumulation and thus induces salt tolerance in Dianthus superbus [179].
ETH homeostasis and signaling have a direct relation with salt stress. Salt stress regulates
key components of ETH signaling and also causes overexpression of the EIN3/EIL1 gene
which is known as a defense-related gene. This gene helps to reduce the H2O2 content
and upregulate antioxidant enzymes to induce salt tolerance in Arabidopsis [180]. Similarly,
brassinosteroid (BR) also helps to mediate salt stress in S. lycopersicum by the overexpres-
sion of BRI1 or BSK5 [181]. In saline conditions, BRASSINOSTEROID INSENSITIVE1
KINASE INHIBITOR1 (BKI1) translocated BRASSINAZOLE RESISTANT 1 (BZR1) and
BRI1-EMSSUPPRESSOR 1 (BES1) and caused overexpression of the BZR1 gene in the
Arabidopsis plant which controlled plant growth and development [182]. In Arabidopsis,
BR-mediated salt tolerance signaling is linked with ABA, ETH and SA pathways which
indicates the cross-talk of phytohormones in mitigating salt stress [183].

10. Gene Regulation for Antioxidant Defense under Salinity

Antioxidant enzymes are considered the first line of defense to eliminate accumulated
ROS. Antioxidant enzymes are encoded by different gene families which are located in
different parts of the cell. The activities of these enzymes are controlled by the expression
of genes encoding antioxidant enzymes which are varied in crops. Mishra et al. [184]
observed increased SOD activity in a tolerant cultivar of O. sativa which occurred due
to the expressions of the Cu/Zn-SOD genes. In O. sativa (cv. BRS AG), expression of
OsCATB increased with the duration (10, 15 and 20 d) of salt stress, which resulted in
increased activity of CAT during the exposure to salinity [185]. GPX genes of T. aestivum
demonstrated different expression patterns at a stressed condition, where TaGPX genes
showed higher expression at the leaf developmental stage [186]. Glutathione peroxidase
is considered as an important antioxidant enzyme involved in the reduction of H2O2
with the help of GSH [2]. Salt-tolerant H. vulgare genotypes showed higher GPX activity
which was regulated by the higher expression of the GPX gene [187]. In B. juncea, higher
expression of ROS detoxification genes, viz., MDHAR and DHAR, was observed in salt-
tolerant genotypes compared to the sensitive ones [188]. MDHAR and DHAR help to
detoxify plant cells with the help of the AsA-GSH cycle [2]. Under salt stress, antioxidant
genes of stressed plants are upregulated or downregulated with the severity of stress.
Filiz et al. [189] worked with 36 isoform genes of 10 natural Arabidopsis ecotypes under salt
stress, where 64% upregulation was demonstrated by CAT genes, and 55% downregulation
was recorded in SOD and GPX genes.

Overexpressed genes encoding antioxidant enzymes help to mitigate ROS and induce
stress tolerance in plants; some examples are cited in Table 3. Overexpression of Cu/ZnSOD
in tobacco plants reduced ROS-induced damage in plants and improved the chl content
under salinity [190]. Overexpression of PutAPX in A. thaliana reduced lipid peroxidation
and improved plant growth under salt stress [191]. In PaSOD- and RaAPX-overexpressed
potato plants, Shafi et al. [192] observed an improved RWC and chl content, and a reduction
in the MDA content, under 150 mM NaCl-induced salt stress.
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Table 3. Effects of overexpressed antioxidant genes under salinity in different crops.

Transgenic
Plants

Gene Source
Overexpressed

Genes
Salt Stress and

Duration
Regulatory Roles References

Nicotiana tabacum A. thaliana AtMDAR1 300 mM NaCl; 6 d
Improved Pn.

Decreased H2O2 content.
[193]

G. hirsutum
Agrobacterium

tumefaciens
GhSOD1,
GhCAT1

200 mM NaCl; 2d

Upregulated SOD, CAT and
APX activities.

Increased oxidative
stress‘tolerance.

[194]

A. thaliana Tamarix hispida ThGSTZ1
75, 100 and 125
mM NaCl; 12 d

Upregulated GST, GPX, SOD
and POD activities.

Reduced EL and
MDA content.

[195]

Arachis hypogaea A. tumefaciens SbpAPX
50, 100, 150, 200

and 250 mM NaCl;
21 d

Increased chl content.
Improved RWC.

Increased plant biomass.
Reduced EL.

[196]

N. tabacum A. hypogaea AhCuZnSOD 100 mM NaCl; 15 d

Increased RWC.
Reduced MDA by 1.5-fold.
Decreased H2O2 by 2-fold.

Upregulated CAT, GR, APX
and SOD activities.

[197]

A. thaliana
Puccinellia
tenuiflora

PutAPX
125, 150 and 175
mM NaCl; 3 d

Improved total chl content.
Increased RWC.

Reduced MDA content.
Upregulated APX activity.

[191]

Ipomoea batatas A. tumefaciens CuZnSOD, APX 100 mM NaCl; 14 d

Pro content increased by
2.7-fold.

SOD and APX activities
increased by 3.4- and 4.2-fold.

[198]

S. tuberosum
Potentilla

atrosanguinea,
Rheum australe

PaSOD, RaAPX
50, 100 and 150
mM NaCl; 15 d

Improved total chl content.
Increased RWC.

Upregulated SOD and
APX activities.

[192]

N. tabacum S. lycopersicum SlMDHAR 200 mM NaCl; 5 d
Reduced MDA and H2O2.

Reduced Na+ content.
[199]

B. juncea A. tumefaciens AtApx1 200 mM NaCl; 10 d

Increased chl and
carotenoid content.

Improved Pro content.
Decreased MDA and

H2O2 content.
Increased APX and

CAT activities.

[200]

11. Conclusions

The generation of ROS in plants is a natural phenomenon that occurs as a part of
different metabolic processes in multiple cellular and subcellular compartments. Salinity-
induced osmotic stress and ionic toxicity disrupt redox homeostasis and trigger the over-
production of ROS and ROS-induced oxidative stress under salt stress. Several studies
revealed that ROS have both negative and positive roles in plants. Along with signaling,
ROS aid several basic processes and pathways in plant cells. Lower concentrations of ROS
were found to be essential for proliferative pathway activation, cell differentiation and
stem cell renewal. On the contrary, excessive accumulation of ROS at the cellular level
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acts as a stressor and causes oxidative damage of lipids, proteins, carbohydrates and RNA
and DNA.

As ROS have a dual role in plants, the metabolism of ROS is crucial for growth, devel-
opment and adaptation under salinity. The antioxidant defense system plays a vital role in
ROS metabolism by scavenging and detoxifying ROS. Plant hormones, amino acids and
their derivatives, PAs and vitamin supplementation contributed to ROS metabolism and
decreased salt-induced oxidative stress under different levels of salinity by upregulating
the antioxidant defense system, biological processes, ion homeostasis, osmolytes and gene
expression in several studies. In previous investigations, under different levels of salinity,
overexpression of genes helped to mitigate ROS-induced oxidative stress. In recent stud-
ies, molecular and genetic tools developed transgenic plants with enhanced activities of
antioxidant enzymes and ROS detoxification under salinity.

Although the dual role of ROS is known, the metabolism process of ROS under salinity
is complex, including the mechanisms, cross-talk with other molecules and components
that are yet to be understood. Therefore, further research is required to understand
the metabolism process of ROS more clearly. The understanding of ROS metabolism
under salinity will be helpful in mitigating salt-induced oxidative stress. The mechanisms,
interplay, cross-talk with other molecules and components are complex and warrant
further research.

The present review focuses on ROS production and the antioxidant defense system
under salt stress where information about cultivated and common plant species was
included mostly from recently published research articles. There are salt-tolerant plant
species in nature. Halophytes bear unique morphological, anatomical and physiological
behavior, and that is why they are adapted to grow in coastal saline soils, mangrove forests
and salt-affected lands of arid and semi-arid regions. Understanding the mechanisms
of halophytes, finding out the signaling cascades and identifying salt stress-responsive
genes can be useful for managing salt stress-affected cultivated and commonly grown plant
species through different agronomic, breeding, biotechnological and other approaches.
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Abstract: In nature, plants usually produce secondary metabolites as a defense mechanism against
environmental stresses. Different stresses determine the chemical diversity of plant-specialized
metabolism products. In this study, we applied an abiotic elicitor, i.e., NaCl, to enhance the biosynthe-
sis and accumulation of phenolic secondary metabolites in Melissa officinalis L. Plants were subjected
to salt stress treatment by application of NaCl solutions (0, 50, or 100 mM) to the pots. Generally,
the NaCl treatments were found to inhibit the growth of plants, simultaneously enhancing the accu-
mulation of phenolic compounds (total phenolics, soluble flavonols, anthocyanins, phenolic acids),
especially at 100 mM NaCl. However, the salt stress did not disturb the accumulation of photosyn-
thetic pigments and proper functioning of the PS II photosystem. Therefore, the proposed method
of elicitation represents a convenient alternative to cell suspension or hydroponic techniques as it
is easier and cheaper with simple application in lemon balm pot cultivation. The improvement
of lemon balm quality by NaCl elicitation can potentially increase the level of health-promoting
phytochemicals and the bioactivity of low-processed herbal products.

Keywords: phenolic metabolites; lemon balm; chlorophyll fluorescence; medicinal plants; secondary
metabolites; abiotic elicitors; salinity

1. Introduction

Due to their sedentary lifestyle, plants are under constant pressure to adjust their
metabolic pathways to changing environmental conditions. Therefore, in addition to
primary metabolites, they synthesize a wide range of unique, low-molecular secondary
metabolites. Environmental stresses (biotic and abiotic) redirect plant metabolism to-
wards the biosynthesis of these metabolites from primary metabolites and intermediates.
The products of specialized metabolism most often have defense and signaling functions.
Such compounds are generally toxic or inconsumable for herbivores, possess fungicidal
or bactericidal properties, or can detoxify toxic metals and consequently protect plants
against stresses [1–3].

Therefore, stress is an important factor determining the chemical composition of
plants and thus having a significant impact on their biological activity. The use of plant
defense mechanisms to stimulate the biosynthesis of desired secondary metabolites and
improve the health-promoting quality of plants is called elicitation [4]. Elicitors are physical
factors or chemical substances that can induce responses via modifications of accumulation
and/or synthesis of secondary metabolites, mimicking a defensive reaction [5–7]. One of
the readily available and cheap abiotic elicitors with proven effectiveness is NaCl [8,9].

Salinity induces both ionic and osmotic stress in plants. The intensity of the salt stress
plays a decisive role in the plant salinity response and the possibility of reversible or irre-
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versible changes in plant functioning [10]. The effect of salt stress on plants can be twofold.
Excess of salt may have a toxic effect on plants, limiting their growth and development,
and may lead to plant death in extreme cases [11]. Nevertheless, a moderate or mild level of
salinity may have a stimulating effect on the growth and development of plants (eustress)
and/or the accumulation of secondary metabolites, improving the level of pro-health
components, antioxidant potential, and nutritional quality of plants [5,8,12]. For example,
in safflower (Carthamus tinctorius L.) grown at a salinity concentration <100 mM NaCl in
hydroponic conditions, the accumulation of flavonoids was enhanced, but the plant growth
was not reduced [13]. In turn, Navarro et al. [14] demonstrated improved antioxidant
activity in hydrophilic and lipophilic fractions under moderate salinity in red pepper.

Lemon balm (Melissa officinalis L.), belonging to the family Lamiaceae, is a valuable
herb used as a flavoring agent in food and drinks. Due to the richness of secondary metabo-
lites (mainly monoterpenoids in essential oils and phenolic compounds), it is also used as a
medicinal plant, natural insecticide, and an ingredient of cosmetics [15]. The many biologi-
cally active components in lemon balm include a number of phenolics, the most important
of which is rosmarinic acid [16,17]. Ingredients of extracts from M. officinalis revealed a
number of pharmacological activities, including clinically proven antiviral, anxiolytic, and
antispasmodic effects as well as influence on mood stabilization and memory [18]. Due to
the positive effect on cognitive function and agitation, M. officinalis extract is valuable in
the management of mild to moderate Alzheimer’s disease [19]. This species is resistant
to relatively low concentrations of salinity (up to 50 mM NaCl) [20]. Irrigation of lemon
balm with saline water increased the essential oil yield, free proline, and total soluble
sugar levels but decreased plant growth parameters [21]. In turn, a decrease in the yield
of essential oils but an increase in the number of their ingredients under NaCl exposure
(50–200 mM NaCl) was found by Bonacina et al. [20]. However, the effect of salinity on the
level and composition of phenolic compounds in this species is poorly understood. One of
the few studies on this topic indicated that NaCl-treated lemon balm accumulated more
total phenolics and flavonoids than untreated plants [22].

The hypothesis that NaCl-induced stress affects physiological response and enhances
accumulation of (poly)phenolics in lemon balm was tested. This elicitation method may
potentially improve the level of health-promoting secondary metabolites and bioactivity of
lemon balm-based raw materials. Moreover, this work provides insights into the effect of
salt stress on the physiology and phenolic composition of the pharmaceutically significant
species M. officinalis.

2. Results

2.1. Biomass and Physiological Parameters of Lemon Balm Grown under NaCl Exposure

The use of the NaCl solution for plant irrigation had a significant impact on the plant
biomass (Figure 1a). A decrease in the FW of the above-ground organs with the increase in
NaCl concentration was observed; however, this reduction (22% in relation to the control)
was statistically significant only under the influence of 100 mM NaCl. In comparison
to the control plants, an increase (by 6–11%) in the concentration of chlorophyll b at
50 and 100 mM NaCl was found. However, the level of chlorophyll a and carotenoids
did not change significantly under the salt exposure (Figure 1b). The measurements of
selected parameters of chlorophyll a fluorescence (F0, Fm, and Fv/Fm) indicated that the
applied concentrations of NaCl had no significant effects on the efficiency of photosynthesis
(Supplementary Figure S1).

2.2. Total Phenolic Compounds, Flavonoids, Rosmarinic Acid, and Anthocyanin Concentrations
under NaCl Elicitation

Salinity influenced the total concentration of phenolic compounds (TPC) in the ex-
tracts made from the lemon balm herb. It was found that both of the different NaCl
levels enhanced the TPC concentration, but this increase (by 16% compared to the control)
was statistically significant only after the application of 100 mM NaCl (Figure 2a). Simi-
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larly, the content of total flavonol compounds (TFC) significantly increased by 23% after
application of 100 mM NaCl (Figure 2b).

  

(a) (b) 

Figure 1. Effect of the NaCl concentration on (a) growth parameters and (b) concentrations of photosynthetic pigments in
Melissa officinalis after 10 days of salt exposure. Data are means ± SD (n = 16 for FW and n = 6 for photosynthetic pigments).
Means followed by different letters differ statistically significantly (p < 0.05, Tukey’s test). The absence of letters indicates
that there are no significant differences.

(a) (b) 

Figure 2. Effect of the NaCl concentration on the concentration of (a) total soluble phenolic compounds and (b) total soluble
flavonols in Melissa officinalis shoots after 10 days of salt exposure. Data are means ± SD (n = 4). Means followed by different
letters differ statistically significantly (p < 0.05, Tukey’s test).

Based on the UPLC-UV-MS analysis, 13 different phenolic acids, mainly hydrox-
ycinnamic acid derivatives including a caffeic acid ester—rosmarinic acid and a caffeate
trimer—lithospermic acid, were identified (Figure 3). These acids represented two charac-
teristically high peaks in the chromatograms (Figure 4). All the chromatograms obtained
from both the control and the NaCl-treated plants showed a similar phenolic profile,
showing differences only in the quantities of each compound. No peaks from the new
compounds were observed under the influence of NaCl (Figure 4). It was found that
both salinity concentrations induced the accumulation of phenolic acids (Figures 4 and 5).
Quantitative determination of rosmarinic acid showed that its level increased by 40% and
67%, respectively, under the influence of 50 and 100 mM NaCl in relation to the control
(Figure 5).
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Figure 3. Chromatogram of Melissa officinalis leaf extract (control plants) with peaks identified by HPLC-UV-MS. (1) 3-
(3,4-dihydroxyphenyl)-lactic acid; (2) caftaric acid; (3) fertaric acid; (4) caftaric acid hexoside; (5) rosmarinic acid hexoside;
(6) rosmarinic acid; (7) salvianolic acid H/I (isomer); (8) salvianolic acid C derivative III; (9) lithospheric acid; (10) salvianolic
acid C derivative III; (11) salvianolic acid C derivative IV; (12) sagecoumarin 2-hydroxy-3-(3,4-dihydroxyphenyl)-propanoide;
and (13) methyl lithospermic acid.

Figure 4. Comparison of chromatograms of Melissa officinalis leaf extracts (evaluated by HPLC-UV-MS) from control plants
(red line) and from plants treated with 100 mM NaCl (green line); RA, rosmarinic acid; LA, lithospheric acid.

Figure 5. Effect of the NaCl application on the concentration of rosmarinic acid in Melissa officinalis

shoots after 10 days of exposure. Data are means ± SD (n = 4). Means followed by different letters
differ statistically significantly (p < 0.05, Tukey’s test).
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The elicitation of the lemon balm with both concentrations of NaCl boosted the
accumulation of anthocyanins in lemon balm leaves (Figure 6a), especially in the lower
epidermis (Figure 6b). Along with the increase in salinity, over a two-fold or four-fold
increase in the concentration of these compounds was found after the exposure to 50 mM
NaCl or 100 mM NaCl, respectively.

The heat map (Figure 7) represents graphically the abundance of particular phenolic
compounds across the experimental treatments. The standardized parameters are rep-
resented by colors (dark blue represents low value while dark red denotes high value).
Four individuals are shown for each treatment. Additionally, the heat map also shows
the aforementioned enhanced accumulation of anthocyanins, soluble phenols, and sol-
uble flavonols in the NaCl treatments; however, this phenomenon was more notable at
the higher concentration of salt (Figure 7). Moreover, the calculated mean contents of
rosmarinic acid and anthocyanin per plant in the control plants were 4.6 mg and 7.7 ng,
respectively, and increased to 6.6 mg and 33.9 ng per plant after eliciting with 100 mM
NaCl. Meanwhile, TPC and TFC were at a similar level per plant in different treatments
(Supplementary Table S1). The analysis of the influence of NaCl on the ability of the plant
extracts to reduce DPPH radical revealed a significant increase in free radical scavenging
activity (FRSA) only in the 100 mM NaCl treatment (Supplementary Figure S2).

(a) 

(b) 

Figure 6. Effect of the NaCl concentration on (a) the foliar concentration of anthocyanins (as cyanidin
3-glycoside; C3G) and (b) pigmentation of the lower epidermis of Melissa officinalis leaves after
10 days of salt exposure. Data are means ± SD (n = 4). Means followed by different letters differ
statistically significantly (p < 0.05, Tukey’s test).
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Figure 7. Heat map visualization of changes in the abundance of particular compounds shown
in the rows for individual plant samples with different salinity levels (column). The colors range
from dark blue (low abundance) to deep red (high abundance); number of compounds: (1) 3-(3,4-
dihydroxyphenyl)-lactic acid; (2) caftaric acid; (3) fertaric acid; (4) caftaric acid hexoside; (5) ros-
marinic acid hexoside; (6) rosmarinic acid; (7) salvianolic acid H/I (isomer); (8) salvianolic acid C
derivative III; (9) lithospheric acid; (10) salvianolic acid C derivative III; (11) salvianolic acid C deriva-
tive IV; (12) sagecoumarin 2-hydroxy-3-(3,4-dihydroxyphenyl)-propanoide; (13) methyl lithospermic
acid; (14) total anthocyanins; (15) soluble phenols; and (16) soluble flavonols.

3. Discussion

Salt-induced osmotic stress leads to numerous physiological disorders in plants,
including water deficit, nutrient imbalance, membrane damage, hormonal imbalance,
and oxidative damage [23]. For the above reasons, the biomass of lemon balm can decrease
at various NaCl concentrations in the irrigation water used in our experiments (Figure 1a),
which was also demonstrated by Khalid and Cai [21]. Similarly, in another medical
species, i.e., sage, irrigated with a 100 mM NaCl solution, a significant reduction in growth
parameters was demonstrated [24]. Nevertheless, at moderate levels, salt stress can also be
an effective method of eliciting plant secondary metabolites [25].

Although the lemon balm biomass was significantly reduced under the influence
of 100 mM but not 50 mM NaCl (Figure 1a), the analyzed parameters of chlorophyll a
fluorescence did not indicate disturbances in photosynthesis in either of the NaCl treat-
ments (Supplementary Figure S1). Also, the concentration of photosynthetic pigments
was generally not negatively affected even in the 100 mM NaCl treatment. In the salinity
conditions, the level of chlorophyll b was even increased (Figure 1a). Therefore, it seems
that lemon balm may be more resistant to salinity than previously suggested by Bonacina
et al. [20]. In contrast, in a study conducted by Safari et al. [22], a decrease in the content of
chlorophyll under salt stress was found in this species. Studies conducted on sunflower
have shown that the NaCl-induced reduction of chlorophyll level may be mainly a conse-
quence of inhibited synthesis of 5-aminolaevulinic acid, a precursor of chlorophyll and,
to a lesser extent, increased activity chlorophyll-degrading chlorophyllase [26].

However, in the context of the present research, a more interesting issue was the
increase in the accumulation of bioactive substances under salinity. Besides essential oils,
(poly)phenolic compounds with a broad spectrum of biological activities are the main
group of secondary metabolites in the Lamiaceae family [27]. As shown by Ozarowski
et al. [28], caffeic acid esters and glycosides of flavones are the major group of active
metabolites in M. officinalis. Additionally, they indicated that the rosmarinic acid is a
dominant active compound in this species. In our study, 13 caffeic acid derivatives were
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identified. Rosmarinic acid and lithospheric acid were the main phenolic acids identified
in the extracts obtained from the shoots of the lemon balm (Figures 3 and 4). It was
found that the accumulation of different phenolic compounds, including caffeic acid
derivatives, was clearly enhanced under salinity (Figures 4 and 7). The concentration of
rosmarinic acid was improved by 40–67% in comparison to the control (Figure 5). In turn,
rosmarinic acid concentrations in five genotypes of M. officinalis were reduced by osmotic
stress induced by drought, while the level of essential oils increased in some genotypes [29].
The phenomenon of an increasing level of (poly)phenolic compounds in response to
various abiotic stress factors was observed before [30–32]. Although the mechanisms of
(poly)phenol biosynthesis were not investigated here, ample evidence indicated that the
phenylpropanoid pathway which generates a majority of compounds is activated by stress
factors [33]. Previously, a positive correlation between salinity and phenolic compound
concentrations was noted in Thymus species [34] or Fagopyrum esculentum [33]. In contrast,
the content of phenolic compounds decreased in response to NaCl in broccoli [35] or
lettuce [36], which indicates differential responses of plant species to salinity in relation to
accumulation of (poly)phenolics.

Our recent studies on the application of a biotic elicitor chitosan lactate in basil and
lemon balm showed that the foliar application of this compound effectively induced
accumulation of phenolic compounds [37]. Here, the NaCl-induced elicitation generally
had a positive effect on the level of all (poly)phenolics tested. However, the accumulation
of TPC and TFC as well as FRSA was significantly improved only at the higher level of
salinity (Figure 2a,b, Supplementary Figure S2). Much more effective elicitation of TPC was
achieved in a study with Mentha pulegium [38], where a 3.5-fold increase in its level in leaf
extracts was found in a 100 mM NaCl treatment. Unfortunately, a drastic reduction of plant
biomass (approx. 60%) was recorded in these conditions. In turn, in another medicinal
species belonging to the Lamiaceae family, i.e., Salvia macrosiphon, the content of TPC
decreased under salinity, but increased leaf antioxidant capacity was demonstrated [39].
In a mangrove halophyte Aegiceras corniculatum exposed to 250 mM NaCl, the levels of
(poly)phenols increased more than twofold, which may indicate their protective role under
salt stress [40].

In this study, the accumulation of anthocyanins increased several fold in response
to the salinity stress (Figure 6a). Changes in the anthocyanin content were also visible as
differences in the color of the lower leaf epidermis (Figure 6b). Analogous results were ob-
tained in a study conducted by Jahantigh et al. [41] on hyssop (Lamiaceae), which indicated
a significant increase in the level of both TPC and anthocyanins after application of saline
water (2–10 mS cm−1). The enhanced accumulation of anthocyanins in plants exposed to
salinity has been largely documented (e.g., [42,43]). The protective role of anthocyanins
under salt stress includes their antioxidant capacity in response to ROS overproduction
triggered by imbalance in Na+/K+ ion homeostasis [44]. Moreover, these compounds can
be involved in reduction of the leaf osmotic potential, which is directly related to improved
plant water status under osmotic stress, suggesting that accumulation of anthocyanins can
be a quick and beneficial plant response to salt stress [45]. It should also be emphasized
that the increase in the concentration of anthocyanins and rosmarinic acid, both with
well-known health-promoting properties [46,47], overcompensates the decrease in plant
biomass under salt stress (Supplementary Table S1).

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Twenty seeds of lemon balm (Melissa officinalis L.) were sown in 12 pots with a capacity
of 0.5 L and allowed to germinate. The soil substrate was the universal organic COMPO
BIO substrate with the addition of guano and compost produced on the basis of high peat,
with pH = 5.0–7.0. Seed germination as well as further growth and development of plants
took place in a phytotron room equipped with air conditioning and fluorescent lamps.
The plants were grown at photosynthetic photon flux density (PPFD) at the level of the

59



Int. J. Mol. Sci. 2021, 22, 6844

tops of the plants of 170–200 µmol m−2 s−1, 14-h photoperiod, at day/night temperature
of 27/23 ◦C, and 60–65% relative humidity. Due to the uneven germination of the seeds,
the plants were thinned after about 21 days, and 12 plants were left in each pot.

The experiment was differentiated 36 days after sowing (DAS), and three treatments
were established. Control plants (in four pots) were watered with 50 mL of distilled
water, while the other plants were treated with the same volume of NaCl solutions with a
concentration of 50 mM (5.38 mS cm−1; four pots) or 100 mM (10.16 mS cm−1; four pots).
A similar irrigation scheme was applied after the next 2, 5, and 7 days. In total, 200 mL
of solutions with different NaCl concentrations (0, 50, or 100 mM) were introduced into
each pot.

After 10 days of lemon balm growth in the different experimental conditions (10 days
after the application of the first dose of NaCl), the biometric (biomass of shoots), physio-
logical (photosynthetic pigments, chlorophyll fluorescence), and phytochemical (concen-
tration of total phenolics, soluble flavonoids, and anthocyanins, quantitative analysis of
rosmarinic acid, identification of phenolic acids, free radical scavenging activity) parame-
ters were determined.

4.2. Determination of Biomass and Physiological Parameters

The chlorophyll a fluorescence parameters (the maximal, Fm; and minimal, F0 possible
level of fluorescence; the maximum quantum yield of PS II, Fv/Fm; where Fv = Fm − F0)
were measured on the fourth pair (from the top) of dark-adapted (15 min) leaves. Ten dif-
ferent individuals per treatment were randomly selected, and a chlorophyll fluorimeter
(Handy PEA, Hansatech Instruments, Pentney, UK) was used for fluorescence determinations.

The concentration of photosynthetic pigments (chlorophylls and carotenoids) was
measured using the method proposed by Lichtenthaler and Wellburn [48]. The leaf sam-
ples were taken from the fourth pair from the top, homogenized in 80% (v/v) acetone,
and filtered. Absorbance of the extracts was measured at 663 nm, 646 nm, and 470 nm
(Cecil CE 9500, Cecil Instruments, Cambridge, UK).

Then, the aboveground parts of four plants from each pot were collected (16 plants from
each treatment), and their fresh weight (FW) was determined using a laboratory balance.

4.3. Preparation of Extracts for Determination of Total Phenolics, Flavonols, Phenolic Acids,
and Free Radical Scavenging Activity

Plant material from each pot dried at 55 ◦C was used for preparation of extracts.
Samples were extracted with 5 mL of 80% (v/v) methanol at room temperature for 1/2 h
in an ultrasonic bath. The extracts were centrifuged (10 min at 4500× g), and the clear
supernatant was used for further analysis.

4.4. Analysis of Phenolic Compounds and Free Radical Scavenging Activity

The total phenolic content (TPC) was determined using the Folin-Ciocalteu phenol
reagent, following the method proposed by Wang [49] with slight modifications. The test
sample (0.1 mL) was mixed with 1.9 mL of re-distilled water and 1 mL of Folin-Ciocalteu’s
reagent. After 5 min, 3 mL of a saturated Na2CO3 solution were added. The reaction
mixture was kept at 40 ◦C in the dark for 30 min. Absorbance was measured at 756 nm
(Cecil CE 9500, Cecil Instruments, Cambridge, UK) against the reagent blank. The concen-
tration of phenolic compounds was calculated as gallic acid equivalents (GAE) per g of dry
plant material.

Soluble flavonols were determined with the colorimetric method as a complex with
aluminum ions [50]. The absorbance was read at 425 nm (Cecil CE 9500, Cecil Instruments,
Cambridge, UK) after 30 min of dark incubation of the test sample (0.3 mL) with 0.75 mL
of a 2% AlCl3 methanolic solution (w/v) and 0.45 mL of 80% methanol (v/v) against the
reagent blank. The concentration of flavonoids was calculated as rutin equivalents (RE)
per g of dry plant material.

The accumulation of anthocyanins in the fresh leaves (fourth pair from the top) was
determined using the method described previously [51]. Anthocyanins were extracted
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by maceration of leaf samples in a methanol:HCl solution (99:1, v/v). The extracts were
centrifuged, and their absorbances were read at 527 nm and 652 nm (Cecil CE 9500,
Cecil Instruments, Cambridge, UK). The concentration of anthocyanins was calculated
using the extinction coefficient (ε = 29,600 M−1 cm−1) for cyanidin 3-glycoside (C3G).

The methanol extracts were analyzed using an Agilent Technology 1290 Infinity Series
II ultra-high performance liquid chromatograph (UHPLC) equipped with a DAD detector
and an Agilent 6224 ESI/TOF mass detector (Agilent Technologies, Santa Clara, CA, USA).
The ion source operating parameters were as follows: drying gas temperature 325 ◦C,
drying gas flow 5.0 l min−1, and capillary voltage 3500 V. Ions were acquired in the range
from 100 to 1050 m/z in the negative ion mode. Agilent Technologies Mass Hunter software
version 10.00 00 (Agilent Technologies, Santa Clara, CA, USA) was used for data acquisition
and data analysis. The separation was performed with a method described previously [52].
Briefly, an RP18e LiChrosper 100 column (Merck, Darmstadt, Germany) (25 cm × 4.9 mm
i.d., 5 µm particle size) was used to separate phenolic acids. The linear gradient from 5% to
20% of acetonitrile in water within 45 min was applied. The flow rate was 1.0 mL/min.
The column temperature was set at 25 ◦C. The identity and quantification of rosmarinic
acid was performed based on comparison with a standard compound.

The identification of 13 different phenolic acids was possible using UPLC-TOF/MS
analysis (Figure 3), as in Ozarowski et al. [28] and Barros et al. [53].

The free radical scavenging activity (FRSA) was determined using DPPH (1,1-diphenyl-
2-picrylhydrazyl) stable radical. The test sample (50 µL) was added to 2 mL of a DPPH
solution (200 µmol L−1). A total of 50 µL of 80% methanol (v/v) was added to the control
sample. The absorbance of the control and test samples was determined at 517 nm (Ce-
cil CE 9500, Cecil Instruments, Cambridge, UK) after 15 min of dark incubation. Results
are reported as percentage DPPH reduction by the plant extracts.

4.5. Statistical Analyses

The data were subjected to one-way ANOVA followed by a Tukey’s post-hoc test
(p < 0.05). Statistica ver. 13.3 software (TIBCO Software Inc. 2017, Palo Alto, CA, USA) was
used for the statistical analysis. The heat map was constructed based on standardized data
with Microsoft Excel (2010).

5. Conclusions

Our study demonstrates that NaCl irrigation functions as an activator of accumulation
of (poly)phenolics. These results show, for the first time, enhanced accumulation of hy-
droxycinnamic acid derivatives in lemon balm under salinity. The increase in anthocyanin
concentration was several fold. It is worth emphasizing that the biomass of the above-
ground parts did not decrease significantly under the influence of 50 mM NaCl, and its
reduction in the 100 mM NaCl treatment was significant but not very large. In the salt
treatments, there were no significant disturbances in photosynthesis parameters and the
content of photosynthetic pigments. Therefore, NaCl is a cheap and efficient abiotic elicitor
that may be potentially used in elicitation of phenolic metabolites in lemon balm under pot
cultivation. However, we do not recommend this elicitation method in field conditions due
to the limited possibility of later removal of NaCl from the soil.

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/ijms22136844/s1.
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Abstract: To determine the role of α- and γ-tocopherol (TC), this study compared the response to
salt stress (200 mM NaCl) in wild type (WT) Arabidopsis thaliana (L.) Heynh. And its two mutants:
(1) totally TC-deficient vte1; (2) vte4 accumulating γ-TC instead of α-TC; and (3) tmt transgenic
line overaccumulating α-TC. Raman spectra revealed that salt-exposed α-TC accumulating plants
were more flexible in regulating chlorophyll, carotenoid and polysaccharide levels than TC deficient
mutants, while the plants overaccumulating γ-TC had the lowest levels of these biocompounds.
Tocopherol composition and NaCl concentration affected xanthophyll cycle by changing the rate
of violaxanthin de-epoxidation and zeaxanthin formation. NaCl treated plants with altered TC
composition accumulated less oligosaccharides than WT plants. α-TC deficient plants increased
their oligosaccharide levels and reduced maltose amount, while excessive accumulation of α-TC
corresponded with enhanced amounts of maltose. Salt-stressed TC-deficient mutants and tmt

transgenic line exhibited greater proline levels than WT plants, lower chlorogenic acid levels, and
lower activity of catalase and peroxidases. α-TC accumulating plants produced more methylated
proline- and glycine- betaines, and showed greater activity of superoxide dismutase than γ-TC
deficient plants. Under salt stress, α-TC demonstrated a stronger regulatory effect on carbon- and
nitrogen-related metabolites reorganization and modulation of antioxidant patterns than γ-TC. This
suggested different links of α- and γ-TCs with various metabolic pathways via various functions and
metabolic loops.

Keywords: antioxidants; carbohydrates; carotenoids; xanthophyll cycle; osmoprotectants; oxidative
stress; ROS-scavengers; salt stress; α-/γ-tocopherols

1. Introduction

Due to human activity and global climate changes, the area of heavily salinized
(>2000 ppm) lands is on the increase. By 2050, it is expected to reach about 14% of global
lands [1,2].

Salt (NaCl) stress induces ionic imbalance, and osmotic, and oxidative disturbances
that affect many physiological processes in several subcellular compartments such as
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mitochondria [3] and chloroplasts [4–6]. Changes taking place in these organelles, and
their impact on other subcellular compartments (e.g., peroxisomes [6,7]) initiate defense
signaling pathways and regulate key metabolic processes.

Chloroplasts, through the shikimate/phenylpropanoid pathway, take part in the
biosynthesis of chorismate, a precursor of aromatic amino acids (e.g., L-phenylalanine
and L-tyrosine), and further intermediates, such as homogentisic acid (HGA, polar pre-
cursor of tocopherols), as well as a number of phenolic compounds (Scheme 1). Through
the 2-C-Methyl-D-erythritol 4-phosphate (MEP) pathway, chloroplasts are the sites of
biosynthesis of geranylgeranyl pyrophosphate (GGPP), an intermediate in the biosynthesis
of (poly)isoprenoids, such as e.g., carotenoids (CARs), chlorophylls, plastoquinol-9 or
lipophilic polyprenyl—a precursor of tocopherols (TC) [8–14]. All of these metabolites are
crucial for the molecular and physiological regulation of plant cell functioning, especially
under stress conditions.

Tocopherols (methylated phenols, vitamin E) and carotenoids are two the most abun-
dant groups of non-enzymatic lipophilic antioxidants in plastids. They both affect the
physical and biochemical properties of lipid membranes [9,10], and their accumulation
reflects salt stress tolerance [15–18]. TCs and CARs: (i) perform synergistic protective func-
tions (e.g., remove reactive oxygen species, lipid soluble by-products of oxidative stress);
(ii) help to maintain the balance between various metabolites/biochemical pathways; and
(iii) share the same precursors/intermediates (e.g., GGPP) [9–11,13].

TCs can occur into four forms (α-, β- γ- or δ-) that differ in the position of methyl
groups in the chromanol ring. TCs participate in removing reactive oxygen species (ROS)
(e.g., 1O2, O2

•−), protecting chloroplast membranes from photooxidation, regulating
metabolite biosynthesis and gene expression, and are also components of the information-
rich redox buffer system [9,13,19–22].

Scheme 1. Simplified scheme of metabolic pathways with marked metabolites the accumulation of which was affected by
tocopherol (α– and and γ-) levels. The metabolites marked in red are described in this manuscript, whereas those marked
in green were examined in our previous publication [21].

CARs are classified into two main groups: unoxygenated carotenes and oxygenated
derivatives – polar xanthophylls [e.g., violaxanthin (Vx), antheraxanthin (Ax), zeaxanthin
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(Zx)]. The majority of CARs are located in functional pigment-binding proteins embedded
in the thylakoid membranes. Among them, carotenes (mainly β-carotene) are bound to
the photosystem reaction centers, while xanthophylls are the most abundant in the light-
harvesting complexes. CARs play an indispensable role in energy transfer or dissipation
of excess excitation energy, photoprotection by efficient quenching of chlorophyll triplate
states, and scavenging ROS or other free radicals [10,11,23]. One of the most common
CAR-controlled photoprotective process is xanthophyll cycle, in which Vx is de-epoxidated
to Zx, via Ax by Vx de-epoxidase (VDE) under light stress [24,25].

Phenolics belonging to hydroxybenzoic and hydroxycinnamic acids are also involved
in ROS regulation. They can function as signaling molecules, precursors of other stress-
related, or structural compounds [8,12,14,26].

Additional important compounds determining plant salt stress tolerance include car-
bohydrates, sugar alcohols [27–29], and hydrophobic compatible solutes (osmoprotectants)
including proline (Pro) [30,31], proline-betaine (PB) [8], and glycine betaine (GB) [31–33].
They are involved in the regulation of cellular water potential, (re)allocation of carbon and
nitrogen, modulation of ROS and other free radicals, expression of stress response genes,
and (de)activation of alternative detoxification pathways.

Primary and secondary metabolites interact with antioxidant enzymes, described as
stress tolerance markers, which include superoxide dismutases (SODs, EC 1.14.1.1.) that
catalyzes O2

•− disproportionation, and catalase (CAT, EC 1.11.1.6), which modulates levels
of H2O2. These two antioxidant enzymes cooperate also with peroxidases catalyzing both
ROS generation and scavenging [6,7,34].

Although the involvement of TCs in salt stress response was reported in several
studies [16,21,35–37], more research is necessary to elucidate the metabolic loops, the links
of TCs with different metabolites, and metabolic pathways controlling stress response.
Changes in TC content were shown to affect accumulation of small molecular antioxi-
dants [38] and carbon metabolites (e.g., carbohydrates, amino acids) [21,39] that are tightly
linked to sulfur and nitrogen metabolism and crucial to plant stress tolerance [40,41]. Our
previous study in Arabidopsis thaliana with altered TC composition exposed to salt stress
showed a slight stimulation of the maximum operating efficiency accompanied by strongly
altered cellular osmolarity [21]. Therefore, in this study we investigated the influence of
TC composition on selected C-, and N-containing compounds with antioxidant and osmo-
protectant properties that can be linked with TC based on their function or biosynthesis
pathway (Scheme 1). We also determined the effect of TC composition and salt stress on
CAR profile and Vx de-epoxidation in the photoprotective reactions of the xanthophyll
cycle. To distinguish between the role of α- and γ-TCs, we compared the response to
salt stress under low light in the wild type (WT) Arabidopsis thaliana (L.) Heynh., its two
mutants: (1) vte1 totally TCs-deficient, (2) vte4 accumulating γ-TC instead of α-TC, and
(3) tmt transgenic line overaccumulating α-TC.

2. Results

2.1. Leaf Metabolites with Antioxidant and/or Osmotic Properties Detected by
FT-Raman Spectroscopy

FT-Raman spectra obtained for the leaves of different Arabidopsis genotypes growing
in control and salt stress conditions revealed several bands (Figure 1) denoting the presence
of various chemical compounds in the plant tissues. The spectral pattern is characteristic
of CARs with all-trans configuration of the conjugated C=C chain. The assignments of the
three prominent Raman bands are well established: the 1005 cm−1 band is attributed to
the C–CH3 rocking mode (CH3 groups attached to the polyene chain and coupled with
C–C bonds), the 1156 cm−1 band to the C–C stretching mode/vibration (coupled with C–H
in-plane bending), and the most intense band at 1525 cm−1 to the C=C stretching mode of
the conjugated chain in CARs.
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Figure 1. FT-Raman spectra of WT and TC-deficient mutants (vte1, vte4) and α-TC enriched transgenic
(tmt) line of Arabidopsis thaliana irrigated with water (control) or with NaCl solution after 10 days of
the experiment. The plants grown at 100-120 µmol m−2 s−1 light intensity. The leaves were harvested
at the end (8:00 pm.) of the light period.

Changes in the amount of carotenoid compounds visible in the Raman spectra (bands
at 1005 cm−1, 1156 cm−1, and 1525 cm−1) varied and depended on the type of mutants (vte1,
vte4) or transgenic line (tmt) in both control and salt stress condition. The highest intensity
band at 1525 cm−1, medium intensity band at 1156 cm−1, and the band at 1005 cm−1

showed in control vte1 and tmt plants were higher, while in vte4 mutants they were lower
than in WT plants. The Raman spectra demonstrated that in control conditions the number
of CARs in vte1 and tmt plants was higher, and in vte4 mutants lower, than in WT plants
(Figure 1).

NaCl treatment changed the Raman spectral pattern characteristic of CARs. All plants
with altered TC composition showed lowered band intensity, mainly at 1525 and 1156 cm−1,
as compared with WT plants (Figure 1). Interestingly, a stronger decline was observed
in vte1 mutants and tmt transgenic line than in vte4 mutants when compared with the
controls. The bands at 1525 and 1156 cm−1 were almost unchanged in WT plants. Contrary
to that, the lowest intensity band at 1005 cm−1 slightly declined in tmt transgenic line,
strongly declined in vte1 mutants, and remained fairly unchanged in vte4 mutants and WT
plants when compared to the control plants. Under salt stress, the decline in the amount
of carotenoid compounds in tmt (~60%) and vte1 (over 40%) plants was stronger than in
vte4 mutants. In contrast, in WT plants, CAR levels were comparable throughout the study
under control and salt-stress conditions.

Under control conditions for all the tested plants, a very low intensity of the bands
(at 1602, 1328, and 1270 cm−1) representing chlorophylls was observed. This is due to
lower scattering of radiation by chlorophylls compared to carotenoids. The intensity of
chlorophylls bands was slightly higher in vte1 and tmt plants than in vte4 and WT plants.
NaCl treatment increased the intensity of these bands in WT plants, induced nearly no
changes in mutants with α-TC deficiency, and decreased their intensity in the plants
overaccumulating α-TC (Figure 1).

The bands visible at 1444 and 1304 cm−1 denote the deformation vibrations of CH,
CH2, and CH3 groups and C-C stretching vibrations of aliphatic hydrocarbons, respectively.
Control vte1 and tmt plants showed slightly higher band intensity at 1444 and 1304 cm−1
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than vte4 and WT plants under the same conditions. Salt stress increased the intensity
of 1444 and 1304 cm−1 in WT plants, and decreased it in the plants with altered TC
composition. This decline was the strongest in tmt plants (Figure 1).

The bands (at 1188 and 851 cm−1) associated with polysaccharides are also visible in
the Raman spectra. In control conditions, the intensity of these bands was higher in vte1
and tmt mutants than in vte4 and WT plants. NaCl treatment enhanced their intensity in
WT plants, and reduced it in the plants with altered TC composition. This reduction was
the most prominent in tmt plants (Figure 1).

2.2. Chemometrics–Cluster Analysis

Cluster analysis is a method of classifying tested objects into groups (clusters) so that
the resulting clusters contain objects that are as similar as possible. We used the cluster
analysis to find meaningful and systematic differences among the measured FT-Raman
spectra, which show specific groups of the chemical compounds present in the plant tissues.
The following dendrograms show the cluster analysis separately for two mutants (vte1,
vte4), transgenic line (tmt), and WT plants grouping the control and salt-stressed plants
(Figure 2).

Figure 2. Cluster analysis of the FT-Raman spectra of the WT and TC-deficient mutants (vte1, vte4)
and α-TC accumulated transgenic (tmt) line of Arabidopsis thaliana irrigated with water (control–c) or
with NaCl solution (-s) after 10 days of the experiment.

Distinct discrimination was achieved for the two groups: control and NaCl stressed
plants for the entire measuring range for each genotype (with or without α-TC and WT). It
was demonstrated that the leaves of vte1, vte4, tmt, and WT plants differed significantly in
their content and composition of carotenoids, chlorophylls, or polysaccharides and that
these differences depended on salt stress conditions (Figure 2).

2.3. Vx De-Epaoxidation

Under control conditions, only vte4 plants had higher initial rates of Vx de-epoxidation
and Zx formation when compared with WT, while the values for vte1 and tmt plants were
comparable with those of WT plants (Figure 3A,B). Initial rates of Ax formation were
similar in all tested plants (Figure 3C).
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Figure 3. Initial rate of violaxanthin (Vx) de-epoxidation (A), zeaxanthin (Zx) (B), and antheraxanthin
(Ax) formation (C). The data are representative of the pooled samples of disc leaves from three
independent experiments (mean ± SD; n = 3). Different letters above the bars represent the relative
significance vs. control according to Tukey’s test, at p ≤ 0.05.

Control vte4 plants were characterized by a greater drop in Vx (Figure 4A), and greater
(8 percentage points (pp)) total Zx production than control WT plants (Figure 4B). No
differences between maximal and final Ax levels were found in all tested groups of the
control plants (Figure 4C).
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Figure 4. Differences between initial and final levels of violaxanthin (Vx) (A), zeaxanthin (Zx) (B),
and antheraxanthin (Ax) (C) during de-epoxidation reaction. The relative significance between
samples is indicated as in Figure 3.

Under salt stress, the initial rates of Vx de-epoxidation and Zx formation increased in
WT, vte1 and tmt plants but decreased in vte4 mutants (Figure 3A,B). Significant changes
were determined for total Vx loss, calculated as a difference in Vx level at the beginning
and end of de-epoxidation, and for the final level of Vx and total Zx production after de-
epoxidation between salt treated and control WT plants (Figure 4A,B). In control WT plants
after de-epoxidation the total level of Vx dropped by about 50.20 ± 2.36 percentage points
(pp) and that of Zx rose by about 45.87 ± 3.44 pp. In the salt-treated WT plants, the total
reduction in Vx and rise in Zx were greater and reached 60.67 ± 2.13 pp and 56.12 ± 3.40 pp,
respectively. The total decline and final level of Vx after de-epoxidation was similar in all
tested experimental genotypes irrespective of the treatment (Figure 4A). No significant
changes were also observed in the total decline and final level of Vx after de-epoxidation
between the mutants (vte1, vte4), the transgenic tmt line and WT plants following exposure
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to salt stress. Under salt stress the only significant differences were spotted between
WT plants and tmt transgenic line regarding a decline in total Zx production after de-
epoxidation (Figure 4B). The highest initial rate of Ax formation among all tested plants
was detected for salt-stressed vte1 mutants (Figure 3C). Salt treated vte1 plants showed
also by about 2 pp higher maximal Ax accumulation than control vte1 plants, whereas the
differences between maximal Ax accumulation and the initial rate of Ax formation in the
remaining variants were not significant, irrespective of NaCl presence. Salt-stressed vte1
mutants showed also the highest differences between maximal and final level of Ax during
de-epoxidation (Figure 4C).

2.4. Phenolic Acids

In control conditions the levels of chlorogenic acid (CGA) were comparable in WT,
vte1 and vte4 plants and significantly lower in tmt plants (Figure 5A). Rosmarinic acid (RA)
was higher in all plants with altered TC composition than in WT plants (Figure 5B).

Figure 5. Changes in the content of phenolic acids: (A) Chlorogenic acid (CGA), (B) Rosmarinic acid (RA) in WT and
TC-deficient mutants (vte1, vte4) and α-TC enriched transgenic tmt line of Arabidopsis thaliana irrigated with water (control)
or with NaCl solution after 10 days of the experiment. The data are representative of the pooled samples of leaves (±SD;
n = 5) from three independent experiments (mean ± SD; n = 3). White bars indicate control plants, and grey plants treated
with 200 mM NaCl. Different letters above the bars represent the relative significance vs. control according to Tukey’s test,
at p ≤ 0.05.

Under salt stress conditions, the plants with altered TC composition produced less
CGA than WT plants (Figure 5A). CGA content in salt-treated WT, vte1 and tmt plants
remained unchanged in comparison with their controls, while in vte4 mutants its drastic
drop was detected. NaCl treatment did not affect RA amount in WT plants but lowered its
accumulation in plants with altered TC composition to the level comparable to WT plants
(Figure 5B).

2.5. Carbohydrates and Polyols

Both under control and salt stress conditions, oligosaccharide content in plants with
altered TC composition was lower than in WT plants. When comparing control plants,
the lowest oligosaccharide amount was detected in vte4 mutants (Figure 6A), and maltose
content was significantly lower only in tmt plants (Figure 6B).
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Figure 6. Changes in (A) oligosaccharides (total maltose, hexose equivalent), (B) maltose, (C) inositol, (D) proline, (E) proline
betaine, and (F) glycine betaine in WT, α-TC deficient mutants (vte1, vte4) and α-TC accumulating transgenic tmt line of
A. thaliana irrigated with water (control) or with 200 mM NaCl solution after 10 days of the experiment. The samples are
described and marked as in Figure 5. The relative significance between samples is indicated as in Figure 5.

Salt treatment increased the content of oligosaccharides only in α-TC deficient mutants
(vte1, vte4), and their levels remained unaffected in α-TC accumulating tmt plants when
compared with the controls (Figure 6A). NaCl stress did not affect maltose level in WT
plants but reduced its amount in α-TC deficient plants and enhanced it in tmt transgenic
line (Figure 6B). Among salt-treated plants, vte4 mutants showed the lowest, while tmt
plants the highest maltose content.

Inositol content in control vte4 and tmt plants was lower than in WT genotype
(Figure 6C). Salt stress had no significant effect on its content in all tested plants, ex-
cept for vte4 mutants where the amount of this compound measured after NaCl treatment
remained lower in comparison with WT plants.
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2.6. Proline and Betaines

Proline (Pro) amount in all control plants was comparable (Figure 6D). Lower accumu-
lation of proline betaine (PB) was detected in α-TC deficient plants when compared with
α-TC accumulating plants and WT plants (Figure 6E). Glycine betaine (GB) amount in WT,
vte4 and tmt plants was comparable, and significantly higher in vte1 mutants (Figure 6F).

NaCl treatment strongly boosted Pro content in all tested plants, with a higher amount
being recorded in plants with altered TC composition than in WT plants (Figure 6D).
Under salt stress, PB content declined in vte4 plants, while the remaining genotypes were
unaffected by NaCl (Figure 6E). α-TC deficient plants (vte1, vte4) showed a tendency to
accumulate more Pro and less PB than tmt and WT plants. NaCl presence also strongly
declined GB content in all tested plants when compared with their controls (Figure 6F),
and this drop was greater in α-TC deficient plants (~10-fold decrease for vte1, ~12-fold for
vte4) than in α-TC accumulating plants (~3-fold for WT, ~2-fold for tmt). Among all tested
plants, the strongest NaCl-dependent decline and the lowest amount of PB and GB was
observed in γ-TC overaccumulating plants (vte4).

2.7. Activity of Antioxidant Enzymes

In control conditions, total SOD activity in plants with altered TC composition was
higher than in WT plants (Figure 7A).

Figure 7. Changes in the activity of (A) total superoxide dismutase (SOD); (B) SOD isoforms (Mn-
SOD, Fe-SOD, CuZn-SOD) visualized on native polyacrylamide gels, with 18 µg of soluble protein
loaded on each well; (C) catalase (CAT); and (D) non-specific peroxidase (POX) in WT and α-TC
deficient mutants (vte1, vte4) and α-TC enriched transgenic tmt line of A. thaliana irrigated with
water (control) or with 200 mM NaCl solution after 10 days of the experiment. The plants grew at
100–120 µmol m−2 s−1 light intensity. The samples are described and marked as in Figure 5. The
relative significance between samples is indicated as in Figure 5. For the PAGE (B) we showed a
typical example of three repetitions with related densitograms corresponding to the activity of SOD
isoforms.
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The most pronounced activity among SOD isoforms was found for Fe-SOD and was
similar in all tested plants (Figure 7B). The activity of Mn-SOD and CuZn-SOD was lower
only in plants without α-TC. Also, the plants with altered TC composition had lower
CAT activity than WT plants, with the lowest activity of this enzyme detected in vte1
mutants (Figure 7C). Non-specific POX activity in plants with altered TC composition was
comparable to WT plants (Figure 7D), and the plants overaccumulating α- or γ-TC (tmt,
vte4) had lower total POX activity than vte1 mutants.

NaCl treatment enhanced total SOD activity in all tested plants. The increase was the
highest in WT plants, and higher in α-TC accumulating transgenic tmt line than in α-TC
deficient plants (Figure 7A). NaCl treatment increased also the activity of Mn-SOD and
two CuZn-SOD isoforms (CuZn-SODI, CuZn-SODII), more strongly in α-TC accumulating
plants (WT, tmt), than in α-TC deficient plants (vte1, vte4; Figure 7B). Plants overaccumulat-
ing γ-TC showed the lowest intensity of Fe-SOD. Moreover, NaCl treatment resulted in a
decline in CAT activity and an increase in non-specific POX activity in all studied plants
as compared with their controls and WT plants (Figure 7C,D). NaCl treated plants can be
ranked according to their CAT activity in the following order: WT> vte1 = vte4 = tmt, and
according to their POX activity as: WT > vte1 > vte4 > tmt.

3. Discussion

Although a salinity of 100 – 200 mM has been proved toxic for most glycophytes [5,42],
salt-induced lethality was not observed in plants growing under salt stress and low light
intensity [21,43]. Our studies proved that the changed α- and γ-TC content is not a critical
prerequisite for the survival of A. thaliana plants growing under salt stress (200 mM NaCl)
and light intensity not exceeding 120 µmol photons m−2 s−1. A. thaliana plants with altered
TC composition were capable of adapting to NaCl stress through modulation of their
defense mechanisms that include not only TCs as quenchers of singlet oxygen formed at
PSII [16,21,35–37,44].

3.1. Tocopherol Composition Modulates the Level of Photosynthetic Pigments (Chlorophylls,
Carotenoids) and Intensity of Vx De-Epoxidation

The Raman spectra showing changes in the number of chlorophylls and carotenoids
that depended on TC composition in control, and salt stressed plants (Figures 1 and 2)
revealed that mutual (α and γ) TC balance is important for the adjustment of the photosyn-
thetically active pigments under both control and salt stress conditions. The changes in the
level of photosynthetic pigments (chlorophylls, CARs) in A. thaliana plants with different
TC composition subjected to salt stress (Figure 1) were accompanied by a slight stimulation
of the maximum quantum yield of PSII [21]. We therefore suppose that a dynamic reorgani-
zation/recycling of metabolites related to TC enabled the plants to survive salt stress. The
interdependence of TCs and chlorophylls is probably related to chlorophyll and protein
degradation as well as de novo synthesis of TC precursors. These processes contribute to
the increased demand for substrates used in TC synthesis during abiotic stress [22]. As
showed by Ischebeck et al. [45] and Dörmann [46], free phytol from chlorophyll breakdown
under stress might be directly used for TC biosynthesis. Moreover, α- and γ-TC dependent
changes in chlorophyll and CAR accumulation (Figure 1) can be linked with various α-
and γ-TC physical and chemical traits (e.g., stronger nucleophilic properties of γ-TC than
α-TC), and their different membrane or cellular location [13,19]. We also found that under
salt stress α-TC enabled more efficient modulation of signals related to photosynthetic
pigment (chlorophylls, CARs) biosynthesis or accumulation than γ-TC. As the maximum
quantum yield of PSII (Fv/Fm, stress indicator) in salt-stressed A. thaliana with altered
TC composition was slightly stimulated [21], we speculated that TC dependent changes
in CAR composition were related not only to the antioxidant mechanism of TCs [9,19,21]
and CARs [24,47,48] protecting physical properties of the membranes, but probably also
resulted from downregulation/alteration of CAR biosynthesis (as regulation of shikimate-
phenylpropanoid and MEP pathways). The heterogeneity of plants with or without α-TC
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(Figure 2) is due to their chemical composition, especially the content of CARs, chlorophylls,
polysaccharides, and compounds with CH, CH2, and CH3 groups and C-C or C=C bonds.

Oxygenated derivatives of CARs, such as Vx, Ax, and Zx are involved in the violax-
anthin cycle, which represents an important element of plant cell stress defense strategy,
including high light intensity and salinity. The interdependent processes of epoxidation
and particularly de-epoxidation (removal of two epoxide groups of Vx in two steps by VDE,
forming first a monoepoxide Ax, and finally a completely epoxide free Zx) are crucial for
photoprotection of chloroplasts. The formation of Zx and Ax was found to correlate with
dissipation of excess excitation energy (non-photochemical quenching; NPQ) of chlorophyll
fluorescence [11,25]. The intensity of Vx de-epoxidation, in addition to light stress, can be
enhanced by other synergistically interacting environmental stress factors, including salin-
ity [11,15]. Our results confirmed that initial rates of Vx de-epoxidation and Zx formation
were higher in salt-stressed than in control WT plants (Figure 3A,B), and indicated that the
naturally balanced level of α-/γ-TCs (WT plants) played an important role in optimizing
the rate of Vx de-epoxidation and Zx formation (Figure 4A,B). Altered TC composition,
particularly the lack of α-TCs modified various steps of Vx de-epoxidation, and caused
a temporary change in ROS levels even if high light intensity was the only stress factor.
Stronger differences in various steps of Vx de-epoxidation in salt-stressed α-TC deficient
plants than in α-TC accumulating plants (Figures 3 and 4), indicated a more important role
of α-TC than γ-TC in regulating Zx formation under high light and salinity (Figure 3A,B).
In addition, the lowest CAR level and changes in Vx de-epoxidation in salt-stressed mu-
tants overaccumulating γ-TC, may be related to the lack of α-TC and accumulation of
intermediate metabolites formed by blocking α-TC from γ-TC synthesis pathway. Contrary
to that, it seemed that double TC mutants (with knockout in tocopherol cyclase 1 gene
catalyzing the penultimate step of TC synthesis [38]) presumably protected photosynthetic
complexes from oxidative stress through tocotrienols [19], as tocopherol cyclase 1 is in-
volved in the biosynthesis of both TCs and tocotrienols. Moreover, the lack of both TC
forms, together with reduced level of CARs under salt stress (Figure 1), should facilitate
de-epoxidation as TCs, tocotrienols, and CARs regulate the molecular dynamics and physi-
cal properties of the thylakoid membranes [10,19] in which Vx de-epoxidation occurs. Low
amounts of TCs and CARs in salt-treated double TC mutants (Figures 1 and 2) can result in
higher mobility of the membrane, increased diffusion rate of Vx, and higher initial rate of
de-epoxidation followed by the most intensive accumulation of Ax (Figures 3C and 4C).
In addition, our findings (Figures 3 and 4) confirmed that salinity affected xanthophyll
cycle functioning independently of changes in the genes involved in TC biosynthesis. α-
and γ-TCs seemed to selectively optimize Vx and Ax de-epoxidation (Figures 1–4), which
might to a different degree affect the photoprotective and antioxidant functions of these
molecules [11,23,24,47], their interactions with the components of antioxidant network
governed by the ascorbate-glutathione cycle [13,49], and differentially modulate physical
properties of lipid membranes [10,50]. Changes in Vx, Ax, and Zx profiles (Figures 3 and 4)
may have reflected TC dependent modulations of metabolic pathways, including cytosolic
mevalonate and plastid MEP pathways [11,48,51], (Scheme 1).

They could also indicate alterations in the biosynthesis of the precursors or derivatives
of xanthophyls, including apocarotenoids (e.g., abscisic acid, ABA) [48] that can be involved
in the regulation of TC biosynthesis in Arabidopsis exposed to abiotic stresses [52]. Accord-
ing to Ellouzi et al. [37], salt-stressed Arabidopsis plants overaccumulating γ-TC are not as
efficient in modulating ABA accumulation as double TC mutants and WT plants. TC de-
pendent reorganization of photoprotective pigment (carotenes, xanthophylls) accumulation
in chloroplasts (Figures 1–4) seems to reflect their functional and metabolic relationships.

3.2. Tocopherols Affected Energy Use and Dissipation

We found that both the phenolics such as cinnamic and ferulic acids [21] and their
derivatives such as CGAs [53] and RA [26] were influenced by TC composition in control
and salt stress conditions (Figure 5A,B). TC related modification of phenylpropanoid
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accumulation and probably their interactions with other biocompounds (including CGA or
RA precursors, derivatives, intermediates) (Scheme 1), might affect the dynamics of cellular
antioxidant potential, adaptive signaling pathways, photochemical energy dissipation
possibilities, and membrane properties [14]. TC dependent changes in CGA content
(Figure 5A) might affect the mitochondrial tricarboxylic acid cycle (TCA) and amino acid
metabolism [54,55].

3.3. Tocopherol Composition modulates the Pool of Primary and Secondary Metabolites under
Salt Stress

Alterations in carbohydrate metabolism belong to salt stress response mechanisms [27,29,56].
Under salt stress, soluble sugar accumulation is influenced by TC composition [21,39]
(Figures 1 and 6). Based on the Raman spectra, we stated that salt stress-triggered accumu-
lation of polysaccharides localized in the cell wall or epidermis also depended on α- and
γ-TC content (Figure 1), as α-TC containing plants adjusted cell wall or epidermis polysac-
charide level more flexibly than γ-TC deficient plants. These results corresponded with
α-TC dependent expression of several pectin and AGP epitopes in the leaves of salt-treated
Arabidopsis [21]. Contrary to that, the fact that soluble oligosaccharides (hexose equiva-
lents) were accumulated only in salt-stressed α-TC deficient plants (Figure 6A) suggested
a reduced demand for soluble sugars. This was probably a consequence of shoot growth
limitation [57], as well as various roles of α- and γ-TC in controlling the accumulation of
osmotically active sugars involved in the regulation of membrane or cell wall potential [21]
or sugars being used for stress-dependent cell wall reorganization.

TC composition affected the level of maltose (Figure 6B), the major product of starch
degradation in chloroplasts. Maltose is also a source of glucosyl residue that is converted
to hexose phosphate in the cytosol [27,56,58]. We only saw increased maltose content in
salt-stressed plants overaccumulating α-TC, and its reduction in α-TC deficient plants
(Figure 6B). These findings corresponded to those of Abbassi et al. [35], who reported
on TC dependent changes in starch levels in salt treated transgenic (vte2, vte4) Nicotiana
tabacum, and described modulation of maltose-related processes. Elevated maltose content
in the plastids of freeze stressed A. thaliana was proposed as a mechanism protecting the
photosynthetic electron transport chain, proteins, membranes [27], and biosynthesis of the
compounds involved in cell walls reorganization [28].

A simultaneous reduction in inositol, particularly in γ-TC overaccumulating plants
(Figure 6C), revealed different roles of α- and γ-TC in inositol-related processes (i.e.,
ascorbic acid biosynthesis) and signaling intricately tied to lipids [59].

Our study showed that under salt stress conditions, TC composition affected accu-
mulation of polyamines [21] and of Pro and methylated amino acids derivatives (PB, GB)
(Figure 6D–F). These are biocompounds involved in the Glu (glutamate)-Pro-Arg-PAs-
GABA (γ-aminobutyric acid) pathway localized, at least partly, in chloroplasts and are
responsible for (re)allocating of assimilated C and N [60]. This is in agreement with the
studies showing that TC composition affects total amino acid and Pro levels in transgenic
N. tabacum [35] and the accumulation of some non-aromatic amino acids in the leaves of TC
deficient transgenic tomato [39]. As the accumulation of Pro, one of the first osmoprotec-
tants activated under environmental stresses [30,31,61] was more intense in the salt-treated
plants with altered TC composition (particularly without either TC form) than in WT plants
(Figure 6D). We suggested that Pro may partially compensate the changes in TC composi-
tion and may reflect elevated carbon flux from the carboxylate into the amino acid pool.
Pro also serves as a C, N, and energy source for the cellular recovery processes or metabolic
pathways in which also TCs can be involved [30,31,60]. Pro biosynthesis in Arabidopsis
subjected to salinity is photosynthetically (-light)-dependent and is inhibited by terpenoid
or isoprenoid groups (e.g., brassinosteroids [62]). The biosynthesis or accumulation of Pro
are mediated by signaling pathways dependent and independent of ABA, linked with glu-
cose oxidation and oxidative pentose phosphate pathway. Under salinity, Pro biosynthesis
is raised in the plastids, although under normal conditions proper Pro concentration is
maintained in the cytosol [8,31,60,61]. According to Signorelli [30], an increased rate of Pro
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biosynthesis or accumulation through NADP+ re-oxidation may prevent photosynthetic
electron leakage and ROS generation. Also, through the generation of NADH/H+, FADH2
and ATP in the mitochondria Pro promotes cell survival under stress conditions. Pro can
affect the initial stages of phenylpropanoid and protein biosynthesis [8,63,64], controls the
expression of salt stress responsive genes (e.g., PRE, ACTCAT) [60] and the activity of some
antioxidants, affects cellular redox buffering [64] and modulates cell wall architecture [63].
On the other hand, Pro accumulation may lead to protein denaturation [65] and may
initiate programmed cell death [66].

Our study indicated that α-TC levels under salinity also affected the accumulation of
methylated amino acid derivatives (PB or GB) and PB or GB related processes (Figure 6E,F).
For instance, GB takes part in the regulation of ROS level and Na+/K+ homeostasis [31–33],
depending on TC composition [37]. It seems that under salt stress, the accumulation pat-
tern of Pro and methylated amino acid derivatives (GB, PB) was linked with the level of
chromanol ring methylation in α-TC and γ-TC. The methylation reaction was shown as
being involved in the regulation of gene expression, and/or biosynthesis of stress-response
biomolecules, including TCs [9], Pro, betaines (e.g., GB), phenolic compounds, chlorophylls,
or plastoquinones [31,33,67]. The association between salt stress tolerance and methylation
was reported (e.g., by Kumar et al. [68], who found salt-induced tissue-specific cytosine
methylation in Triticum aestivum, and by Karan et al. [69], who indicated salt-induced
variation in DNA methylation pattern and gene expression in rice). In addition, nitro-
gen metabolism rearrangement was associated with the dissipation of the excess light
energy through xanthophyll cycle [70], and the composition of the pool of xanthophyll
cycle pigments [71], whose de-epoxidation under saline conditions depends on α-/γ-TC
ratio (Figures 3 and 4). We suggest that α- and γ-TC dependent carbon and nitrogen bio-
compounds accumulation revealed differences in the regulation of C/N-related metabolic
pathways (compartmentalized between chloroplast, cytoplasm and mitochondria) and the
energy status of the cell.

The ROS balance and ROS-associated redox signals, described as crucial for harmo-
nious metabolism and the establishment of adaptive signaling pathways, are maintained
in the cells mainly through the mutual cooperation of non-enzymatic (e.g., TCs, CARs)
and enzymatic (SOD, CAT, POX) antioxidants [6,14,19,20,34,72]. In agreement with our
previous studies on Arabidopsis seedlings [16], we showed that changes in α- and γ-TC
content were differentially compensated by alterations in SOD, CAT (Figure 7A–C), and
POX (Figure 7D) activity in both control and salt stress conditions. It was shown previously
that the exposure of TC deficient Arabidopsis mutants to high light [20,72], and salinity
Ellouzi et al. [37] boosted the oxidative stress as compared with WT plants with naturally
balanced TC levels. The changes in SOD activity can be related to α- and γ-TC content
through their influence on the substrate level for SOD isoforms in different cellular or-
ganelles, and thus the modulation of ROS-dependent signal induction under salt stress
conditions. The inactivation of CuZn-SOD observed in α-TC deficient plants could be
explained by intensive NaCl induced ROS generation. This suggests an important role of
synergistic interaction of α-TC and SODs in cell protection against oxidative damage.

Total SOD activity pattern did not closely correspond with the patterns of CAT and
POX activity (Figure 7A,C,D), which may suggest α- and γ-TC dependent differences in the
level of substrates for CAT and POX generation and specific functions of these antioxidant
enzymes. CAT (widely used as a peroxisomal marker) is crucial in removing photorespi-
ratory H2O2 [7] and may also reflect other peroxisomal metabolic pathways linked with
nitrogen metabolism, β-oxidation of fatty acids and biosynthesis of phytohormones (e.g.,
indolilo-3-acetic acid (IAA) and jasmonic acid (JA) [73]). Munne-Bosch et al. [74] showed
TC dependent synthesis of JA, a precursor of which, 12-oxophytodienoicacid, is generated
in chloroplasts and subsequently synthesized in peroxisomes via β-oxidation. TC depen-
dent changes in POX activity (Figure 7D), the level of Pro (Figure 6D), carbohydrates and
phenolics [21] (Figures 5 and 6A) can be associated with TC related cell wall modification
under salt stress [21]. Our results also suggested TC related involvement of CAT and POX
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in H2O2-dependent signaling pathway in the cellular processes compensating for altered
TC balance and salinity response.

4. Materials and Methods

4.1. Plant Material

The seeds of A. thaliana: Columbia ecotype (Col-0) (1), homozygous mutant vte1
(GABI_111D07) in the Col background with an insertion in the third intron of the open-
reading frame (At4g32770) of the gene encoding tocopherol cyclase; deficient in tocopherol
cyclase, totally devoid of TCs (2), the homozygous mutant vte4 (SALK_036736) in the Col
background with an insertion in the first intron of the open-reading frame (At1g64970) of
the gene encoding γ-tocopherol methyltransferase; devoid of γ-tocopherol methyltrans-
ferase (γ-TMT, catalyses the conversion γ-TCs to α-TC) gene, accumulating γ- instead of
α-TC (3), and transgenic γ-TMT plants overexpressing γ-TMT methyltransferase under the
control of 35S CaMV promoter, thus overproducing α-TC (4), described by Desel et al. [75]
and Fritscheet al. [9], were kindly provided by Prof. Karin Krupińska (Kiel University,
Germany). The experimental plant line of A. thaliana used in our experiments has a
well-documented origin Desel et al. [75] and was thoroughly characterized e.g., by Por-
firova et al. [76], Bergmuller et al. [77], Shintani and DellaPenna [78], Collakova and
DellaPenna [22], or Rosso et al. [79].

The seeds were germinated in the soil for three weeks and then each plant was
transferred to a single pot. The six to seven-week-old plants were then divided into two
groups. The first set of plants was subjected to rapid salinization by irrigation with 200 mM
solution of NaCl for 10 days. The second group (i.e., the control plants) were irrigated
with tap water. The plants grew under 100–120 µmol m−2 s−1 light intensity, at 18 ◦C,
12/12 h light/dark photoperiod, and 40–60% relative air humidity (RH). The plants were
cultivated in a randomized design and rotated daily to minimize positional effects. Each
group within the genotype consisted of at least 18 to 22 replicates (plants). For biochemical
analyses the pooled samples were harvested from the representative rosette leaves of five
to seven plants per genotype, growing under control or salt stress conditions. The samples
were collected at the end of the light period (between 16.00 and 18.00) in three replicates.
Three independent experiments were performed. Vx de-epoxidation was analyzed in 5 mm
diameter leaf discs after 60 min dark incubation. The rest of the collected plant material
was immediately frozen in liquid nitrogen (LN2) and stored at −80 ◦C until analysis.

The content of α- and γ-TC in the rosette leaves collected at the end of the experiment
in both control and salt stress conditions was monitored according to a modified method
of Surówka et al. [80] and presented in Table 1.

Table 1. The content of α- and γ-TC in the rosette leaves of A. thaliana with various TC composition
growing in control and salt stress conditions; ND*, under the limit of detection.

A. thaliana with
Changed TC
Composition
/Treatment

α-TC µg/g FW
Standard

Deviation (SD)
γ-TC µg/g FW

Standard
Deviation (SD)

WT H2O 72.6 3.67 4.1 0.2
WT NaCl 83.5 6.05 6.5 0.8
vte1 H2O ND * ND ND ND
vte1 NaCl ND ND ND ND
vte4 H2O ND ND 58.0 3.7
vte4 NaCl ND ND 72.3 5.9
tmt H2O 115.5 7.51 ND ND
tmt NaCl 134.7 11.68 ND ND

In WT plants, the levels of α-TC were comparable throughout the study under control
and salt-stress treatment (Table 1). As expected, vte4 mutant showed γ-TC but not α-TC
accumulation in the rosette leaves, vte1 mutant did not accumulate either α- or γ-TCs in
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the leaves, and tmt transgenic line showed α-TC, but not γ-TC accumulation in the rosette
leaves in both control and salt stress conditions.

4.2. Fourier Transform Raman Spectroscopy Measurements and Chemometrics

The changes in chemical component profiles were assessed using a non-invasive
technique—Fourier-transformation Raman spectroscopy (FT-Raman) [81,82]. The Raman
spectra of A. thaliana leaves were recorded with a FT-Raman Spectrometer Nicolet NXR
9650 (Thermo Scientific, Walthman, MA, USA) equipped with a Nd:YAG 1064 nm laser
and a germanium detector cooled with liquid nitrogen. The spectrometer was provided
with a xy stage, a mirror objective and a prism slide for redirecting the laser beam. The
spectra were collected in the range of 100 to 4000 cm−1 at 250 mW laser power with a
4 cm−1 resolution. Each spectrum included 128 scans. All spectra were registered by the
Omnic/Thermo Scientific software. The leaves of A. thaliana were lyophilized. One leaf
from each collected sample was used for the measurements. Five spectra were collected for
the leaf, and then the baseline was corrected and averaged.

4.3. Violaxanthin De-Epoxidation

Leaf discs 5 mm in diameter were placed in the Petri dishes lined with wet filter paper.
The discs were illuminated with 1700 µmol m−2 s−1 for 0; 5; 10; 20; 30 and 40 min. Then
the material was frozen in LN2 and stored at −80 ◦C until analyzing by high performance
liquid chromatography (HPLC, Agilent 1260 Infinity system, Waldbronn, Germany) as
described by Latowski et al. [83].

4.4. Assays for ROS Scavengers and Osmoprotectants

4.4.1. Analysis of Phenolic Compounds

Phenylpropanoid compounds, such as chlorogenic acid (CGA) or rosmarinic acid (RA)
were estimated according to Hura et al. [84] and Surówka et al. [21]. Two sets of dynamically
modified excitation (Ex) and emission (Em) wavelengths, for chlorogenic acid (CGA; Ex 325
and Em 424 mn) and rosmarinic acid (RA; Ex 330 and Em 410 nm), were used for the fluori-
metric detection. For further technical details, please see Golebiowska-Pikania et al. [85].

4.4.2. Carbohydrates and Sugar Alcohols

Maltose and oligosaccharides (i.e., iso-maltose, maltotriose, maltotetraose, maltose-
pentaose, maltohexaose, maltoseptaose) determined as hexose equivalents [nmol/mg FW])
and inositol were measured according to Hura et al. [84] and Surówka et al. [21].

4.4.3. Proline and Betaine Estimation

• Proline

Free proline was estimated by means of spectrophotometric method in 96-well-plate
format (Synergy II, Biotek, Winoski, VT, USA), after derivatization with ninhydrine reagent
as reported by Surówka et al. [80].

• Betaines

Glycine betaine and stachydrine were estimated in lyophilized samples (≤0.02 g FW)
as detailed by Wiszniewska et al. [86] with some modifications. [2H4]1-amino-1- cyclo-
propanecarboxylic acid (D-ACC) was added as an internal standard. UHPLC separation
was performed by hydrophilic interaction liquid chromatography (HILIC) on an Agilent
1260 Infinity system (Agilent, Waldbronn, Germany). Separation was achieved on a Kine-
tex HILIC column (75 mm × 2.1 mm, 2.6 µm, Phenomenex, Torrance, CA, USA) at 35 ◦C.
For detection, an Agilent Technologies 6410 triple quadruple mass spectrometer (MS/MS)
equipped with electrospray ionization (ESI) in the positive ionization mode was used. Mass
hunter software was used to control the UHPLC–MS/MS system and for data analysis.
Pure GB and PB were used as external standards, a surrogate was an internal standard for
GB and PB.
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4.5. Protein Extraction and Determination of Antioxidant Enzyme Activity

Soluble proteins were isolated from the leaves (0.1 g FW) homogenized in a cooled
mortar in 2.5 mL of an extraction buffer (3 mM MgSO4, 1 mM DTT, 3 mM EDTA, 100 mM
Tricine, pH 8.0, TRIS). The supernatant obtained after centrifugation (20,000× g, 20 min)
was used to determine the activity of the antioxidant enzymes.

Protein concentration was determined according to Bradford [87], with Bio-Rad Pro-
tein Assay (Bio-Rad, Hercules, CA, USA), and using bovine serum albumin (BSA) as
a standard.

Total activity of SOD was determined according to Minami and Yoshikawa [88], with
50 mM TRIS-cacodylic buffer pH 8.2. The reaction mixture contained 0.1 mM EDTA, 1.4%
(v/v) Triton X-100, 0.055 µM NBT, 16 µM pyrogallol and the plant extract. The reduced
form of NBT was measured at 540 nm. A unit of enzyme activity [U] was defined as the
enzyme activity that inhibits auto-oxidation of pyrogallol by 50% according to McCord
and Fridovich [89].

CAT activity was evaluated according to Aebi [90], by monitoring the disappearance
of H2O2 at 240 nm, in 50 mM phosphate buffer pH 7.0. The enzyme activity was determined
in units [U] defined as 1 mmol of H2O2 degraded in 1 min per 1 mg of protein.

Non-specific peroxidase (POX) activity was measured according to Luck [91] by
following the decomposition of p-phenylenediamine (pPD) H2O2-dependent for 2 min
at 460 nm. The extinction coefficient of 1.545 × 103 M−1 cm−1 was used as described
by Allgood and Perry [92]. Total peroxidase activity was described as nmol of pPD
decomposed in 1 min per 1 mg of protein.

4.6. Analysis of SOD by Native PAGE

For determining SOD isoform activity, the fractions of soluble proteins were separated
by native polyacrylamide gel electrophoresis (PAGE) on 12% gel at 4 ◦C, 180 V, in the
Laemmli [93] buffer system without sodium dodecyl sulfate (SDS), as described previously
by Miszalski et al. [94]. SOD bands were visualized using the staining procedure by
Beauchamp and Fridovich [95]. SOD bands were analyzed densitometrically.

4.7. Statistical Analysis

Analysis of variance (ANOVA) and post-hoc Tukey’s multiple range test were per-
formed to determine significant differences between A. thaliana genotypes and treatments
at the significance set at p ≤ 0.05).

The similarities between the FT-Raman spectra were studied using a hierarchical
cluster analysis (Statistica package 10). The spectra were baseline corrected. The clus-
ter analysis was performed separately for WT, vte1, vte4, and tmt plants for the entire
wavenumber range using Ward’s algorithm. The spectral distances for WT and tmt plants
were calculated with the standard algorithm with previously unprocessed data. For vte1
and vte4 plants, the cluster analysis was carried out with the factorization algorithm using
the first two factors followed by vector normalization.

5. Conclusions and Challenges

Under salt stress, α- and γ-TC content differentially influenced the induced compen-
satory mechanisms, including the components of both non-enzymatic (e.g., CARs, phenols)
and enzymatic (SOD, CAT, PODs) antioxidant systems, as well as osmoprotective (Pro,
GB, PB, carbohydrates) networks (Scheme 1). The new cellular balance, achieved by α-
and γ-TC dependent accumulation of metabolites of the shikimate-phenylpropanoid, MEP
and the Glu (glutamate)-Pro-Arg-PAs-GABA (γ-aminobutyric acid) pathways involved
reorganization of carbon and nitrogen metabolism and allowed for energy dissipation and
ROS scavenging via alternative pathways.

Changes in the status of lipophilic α- and γ-TC influenced the level of CARs and the
rate of de-epoxidation. It seems that not only the final level of accumulated xanthophylls
but also the amount of transient xanthophylls and the interplay among these photosynthetic
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pigments at different stages of de-epoxidation depended on the α-/γ-TC ratio and might
have important functions in plant signaling (including ABA and JA formation).

Under salt stress, α-TC appears to have a stronger regulatory effect on the pattern of
accumulated biocompounds and de-epoxidation than γ-TC, which seems to inhibit some of
the defense reactions. α-TC is responsible for key aspects of salt stress adaptation through
modification of signals originating in the chloroplasts.

It seems that TCs function at the crossroad of ROS and methylation dependent pro-
cesses, affecting carbon and nitrogen dependent metabolism. Altered content of differen-
tially methylated α- and γ-TCs and modified TC biosynthetic pathways can affect cellular
methylation processes linked probably with methionine cycle, but this statement requires
further research.
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Abbreviations

ABA abscisic acid
Ax antheraxanthin
BSA bovine serum albumin
CAR carotenoids
Car carotenes
CAT catalase (EC 1.11.1.6)
CGA chlorogenic acid
D-ACC [2H4]1-amino-1-cyclopropanecarboxylic acid
DTT dithiothreitol
EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid
ESI electrospray ionization
FLD fluorescence detector
FT-Raman (Fourier-transformation Raman) spectroscopy
GB glycine betaine
GGPP geranylgeranyl pyrophosphate
Glu (glutamate)-Pro-Arg-PAs-GABA (γ-aminobutyric acid) pathway
HGA homogentisic acid/chorismate
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HILIC hydrophilic interaction liquid chromatography
HPLC high performance liquid chromatography
MeOH/HCOOH methanol/formic acid
MEP 2-C-Methyl-D-erythritol 4-phosphate pathway
MS/MS mass spectrometer
NBT nitro blue tetrazolium
PAGE polyacrylamide gel electrophoresis
PAs polyamines
POX non-specific peroxidase
Pro proline
PAR photosynthetically active radiation
pPD p-phenylenediamine
RA rosmarinic acid
RH relative humidity
ROS reactive oxygen species
SOD superoxide dismutase (EC 1.15.1.1)
TC tocopherols
TCA tricarboxylic acid cycle
TEMED N,N,N′;N-tetramethylethylenediamine
TRICINE N-tris[hydroxymethyl]methylglycine
TRIS tris(hydroxymethyl)aminomethane
[U] a unit of enzyme activity
VDE violaxanthin de-epoxidase
Vx violaxanthin
vte1 A. thaliana mutant deficient in tocopherol cyclase, totally devoid of TCs

vte4

A. thaliana homozygous mutant deficient in γ-tocopherol
methyltransferase (γ-TMT, catalyses the conversion of γ-TC to α-TC)
gene, accumulating γ-TC instead of α-TC

WT wild type Arabidopsis thaliana (Columbia ecotype, Col-0);

γ-TMT
A. thaliana transgenic line (tmt) overexpressing γ-TMT, overproducing
α-TC

Zx zeaxanthin
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47. Latowski, D.; Szymańska, R.; Strzałka, K. Carotenoids Involved in Antioxidant System of Chloroplasts. In Oxidative Damage to

Plants; Parvaiz, A., Ed.; Academic Press: Cambrigde, MA, USA, 2014; pp. 289–319.
48. Brunetti, C.; Guidi, L.; Sebastiani, F.; Tattini, M. Isoprenoids and phenylpropanoids are key components of the antioxidant defense

system of plants facing severe excess light stress. Environ. Exp. Bot. 2015, 119, 54–62. [CrossRef]
49. Latowski, D.; Surówka, E.; Strzałka, K. Regulatory Role of Components of Ascorbate–Glutathione Pathway in Plant Stress

Tolerance. In Ascorbate-Glutathione Pathway and Stress Tolerance in Plants; Anjum, N.A., Chan, M.-T., Umar, S., Eds.; Springer:
Dordrecht, The Netherlands, 2010; pp. 1–53.

50. Gruszecki, W.I.; Strzałka, K. Carotenoids as modulators of lipid membrane physical properties. BBA Mol. Basis Dis. 2005, 1740,
108–115. [CrossRef]

51. Lombard, J.; Moreira, D. Origins and early evolution of the mevalonate pathway of isoprenoid biosynthesis in the three domains
of life. Mol. Biol. Evol. 2011, 28, 87–99. [CrossRef]

52. Kreszies, V. ABA-Dependent and -Independent Regulation of Tocopherol (Vitamin E) Biosynthesis in Response to Abiotic Stress in

Arabidopsis; Rheinische Friedrich-Wilhelms-Universität Bonn: Bonn, Germany, 2019.
53. Lallemand, L.A.; Zubieta, C.; Lee, S.G.; Wang, Y.; Acajjaoui, S.; Timmins, J.; McSweeney, S.; Jez, J.M.; McCarthy, J.G.; McCarthy,

A.A. A structural basis for the biosynthesis of the major chlorogenic acids found in coffee. Plant Physiol. 2012, 160, 249–260.
[CrossRef]

54. Akazawa, T.; Uritani, I. Respiratory oxidation and oxidative phosphorylation by cytoplasmic particles of sweet potato. J. Biochem.

1954, 41, 631–638. [CrossRef]
55. Makovec, P.; Sindelar, L. The effect of phenolic compounds on the activity of respiratory chain enzymes and on respiration and

phosphorylation activities of potato tuber mitochondria. Biol. Plant. 1984, 26, 415–422. [CrossRef]
56. Thalmann, M.; Santelia, D. Starch as a determinant of plant fitness under abiotic stress. New Phytol. 2017, 214, 943–951. [CrossRef]
57. Hummel, I.; Pantin, F.; Sulpice, R.; Piques, M.; Rolland, G.; Dauzat, M.; Christophe, A.; Pervent, M.; Bouteille, M.; Stitt, M.; et al.

Arabidopsis plants acclimate to water deficit at low cost through changes of carbon usage: An integrated perspective using
growth, metabolite, enzyme, and gene expression analysis. Plant Physiol. 2010, 154, 357–372. [CrossRef]

58. Kaplan, F.; Guy, C.L. β-amylase induction and the protective role of maltose during temperature shock. Plant Physiol. 2004, 135,
1674–1684. [CrossRef] [PubMed]

59. Williams, S.P.; Gillaspy, G.E.; Perera, I.Y. Biosynthesis and possible functions of inositol pyrophosphates in plants. Front. Plant Sci.

2015, 6, 67. [CrossRef]
60. Majumdar, R.; Barchi, B.; Turlapati, S.A.; Gagne, M.; Minocha, R.; Long, S.; Minocha, S.C. Glutamate, ornithine, arginine, proline,

and polyamine metabolic interactions: The pathway is regulated at the post-transcriptional level. Front. Plant Sci. 2016, 7, 78.
[CrossRef] [PubMed]

61. Meena, M.; Divyanshu, K.; Kumar, S.; Swapnil, P.; Zehra, A.; Shukla, V.; Yadav, M.; Upadhyay, R.S. Regulation of L-proline
biosynthesis, signal transduction, transport, accumulation and its vital role in plants during variable environmental conditions.
Heliyon 2019, 5, e02952. [CrossRef]

62. Abraham, E.; Rigo, G.; Szekely, G.; Nagy, R.; Koncz, C.; Szabados, L. Light-dependent induction of proline biosynthesis by
abscisic acid and salt stress is inhibited by brassinosteroid in Arabidopsis. Plant Mol. Biol. 2003, 51, 363–372. [CrossRef]

63. Kishor, P.B.K.; Kumari, P.H.; Sunita, M.S.L.; Sreenivasulu, N. Role of proline in cell wall synthesis and plant development and its
implications in plant ontogeny. Front. Plant Sci. 2015, 6, 544. [CrossRef]

64. Roychoudhury, A.; Banerjee, A.; Lahiri, V. Metabolic and molecular-genetic regulation of proline signaling and itscross-talk with
major effectors mediates abiotic stress tolerance in plants. Turk. J. Botany 2015, 39, 887–910. [CrossRef]

65. Hayat, S.; Hayat, Q.; Alyemeni, M.N.; Wani, A.S.; Pichtel, J.; Ahmad, A. Role of proline under changing environments: A review.
Plant Signal. Behav. 2012, 7, 1456–1466. [CrossRef] [PubMed]

66. Deuschle, K.; Funck, D.; Forlani, G.; Stransky, H.; Biehl, A.; Leister, D.; van der Graaff, E.; Kunzee, R.; Frommer, W.B. The role of
∆1-pyrroline-5-carboxylate dehydrogenase in proline degradation. Plant Cell 2004, 16, 3413–3425. [CrossRef] [PubMed]

85



Int. J. Mol. Sci. 2021, 22, 11370

67. Rahikainen, M.; Alegre, S.; Trotta, A.; Pascual, J.; Kangasjarvi, S. Trans-methylation reactions in plants: Focus on the activated
methyl cycle. Physiol. Plant. 2018, 162, 162–176. [CrossRef] [PubMed]

68. Kumar, S.; Beena, A.S.; Awana, M.; Singh, A. Salt-induced tissue-specific cytosine methylation downregulates expression of HKT
genes in contrasting wheat (Triticum aestivum L.) genotypes. DNA Cell Biol. 2017, 36, 283–294. [CrossRef]

69. Karan, R.; DeLeon, T.; Biradar, H.; Subudhi, P.K. Salt stress induced variation in DNA methylation pattern and its influence on
gene expression in contrasting rice genotypes. PLoS ONE 2012, 7, e40203. [CrossRef] [PubMed]

70. Toth, V.R.; Meszaros, I.; Veres, S.; Nagy, J. Effects of the available nitrogen on the photosynthetic activity and xanthophyll cycle
pool of maize in field. J. Plant Physiol. 2002, 159, 627–634. [CrossRef]

71. Cheng, L.L. Xanthophyll cycle pool size and composition in relation to the nitrogen content of apple leaves. J. Exp. Bot. 2003, 54,
385–393. [CrossRef]
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Abstract: Reactive oxygen species (ROS) signalling is crucial in modulating stress responses in
plants, and NADPH oxidases (NOXs) are an important component of signal transduction under
salt stress. The goal of this research was to investigate whether the regulation of NOX-dependent
signalling during mild and severe salinity differs between the halophyte Eutrema salsugineum and
the glycophyte Arabidopsis thaliana. Gene expression analyses showed that salt-induced expression
patterns of two NOX genes, RBOHD and RBOHF, varied between the halophyte and the glycophyte.
Five days of salinity stimulated the expression of both genes in E. salsugineum leaves, while their
expression in A. thaliana decreased. This was not accompanied by changes in the total NOX activity
in E. salsugineum, while the activity in A. thaliana was reduced. The expression of the RBOHD and
RBOHF genes in E. salsugineum leaves was induced by abscisic acid (ABA) and ethephon spraying.
The in silico analyses of promoter sequences of RBOHD and RBOHF revealed multiple cis-acting
elements related to hormone responses, and their distribution varied between E. salsugineum and
A. thaliana. Our results indicate that, in the halophyte E. salsugineum, the maintenance of the basal
activity of NOXs in leaves plays a role during acclimation responses to salt stress. The different
expression patterns of the RBOHD and RBOHF genes under salinity in E. salsugineum and A. thaliana

point to a modified regulation of these genes in the halophyte, possibly through ABA- and/or
ethylene-dependent pathways.

Keywords: halophyte species; NADPH oxidases; NOX; respiratory burst oxidase homolog RBOH

gene expression; saline adaptations

1. Introduction

Soil salinity is one of the major environmental factors that restrict crop productivity
and the functioning of plants in natural ecosystems [1,2]. A common reaction of plants
to salt-triggered osmotic stress and ionic imbalance is to increase the levels of reactive
oxygen species (ROS) [3,4]. These reactive species include superoxide (O2

•−), hydroxyl
radical (OH•), hydrogen peroxide (H2O2), and singlet oxygen (1O2) and are generated con-
stantly as products of normal cell metabolism. For a long time, ROS were thought to have
primarily negative effects on the cells, such as lipid peroxidation, protein denaturation,
and DNA damage [5]. However, more recently, ROS have been perceived as universal
signalling metabolites regulating plant growth, development, and defence against biotic
and abiotic stresses [6–8]. ROS are generated in several cellular compartments, such as
chloroplasts, mitochondria, and peroxisomes. In the plasma membrane, ROS are syn-
thesised by NADPH oxidases (NOXs), also termed respiratory burst oxidase homologs
(RBOHs) [9]. These enzymes with homology to the NADPH oxidase from mammalian
phagocytes can use NADPH as an electron donor to reduce O2 molecules and to generate
O2

•− in the apoplast. The resulting O2
•− can be converted into H2O2 spontaneously or

enzymatically by superoxide dismutase (SOD) [9,10]. NADPH oxidases in plants constitute
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a multigene family and the Arabidopsis thaliana genome contains 10 genes, RBOHA-J, which
exhibit a different pattern of expression during ontogenesis and in response to stress stim-
uli [11,12]. The results of extensive studies confirmed that ROS produced by NOXs regulate
many physiological processes, such as seed germination [13], stomatal opening [14], root
growth [15], and pollen tube elongation [16]. RBOH-dependent ROS also appear to play an
important role in signalling networks enabling acclimation to various stresses, including
heat [17], wounding [18], drought [19], and salinity [20,21].

The regulatory mechanisms of NOXs are still under extensive research and their
activity is controlled by different factors, such as calcium and protein kinases [22,23]. A
link has been established between phytohormones and the regulation of NADPH oxidases.
Abscisic acid (ABA) induced the expression of two RBOH genes in A. thaliana guard
cells [14], and the overexpression of the ABA biosynthesis gene in tobacco resulted in
salt-tolerance associated with NOX-dependent ROS production [24].

The two pleiotropic NOX genes in A. thaliana, RBOHD and RBOHF, are the main
NADPH oxidases associated with acclimation to salinity [20]. It has been shown that an
early response to salt stress is a calcium wave, which depends on the ROS produced by
RBOHD and which then propagates the systemic response to salt [25]. The analyses of
A. thaliana mutants enables linking the ROS produced by RBOHD and RBOHF with the
regulation of Na+/K+ homeostasis under salinity, which relates to salt resistance [20,26].
The RBOHD- and RBOHF-related ROS also enhanced the accumulation of proline, an
osmolyte associated with salinity tolerance [27].

Salt stress is harmful to most plants except for some species, termed halophytes, which
can grow and reproduce in high salinity environments [28]. Halophytes activate protective
mechanisms to prevent high Na+ accumulation in the cytosol and to maintain photosyn-
thesis [29–31]. The salt-tolerance of halophytes seems to be linked with their ability to
control the redox balance [3,32,33]. The comparison of two close relatives, the glycophyte
Arabidopsis thaliana and the halophyte Eutrema salsugineum, showed that the latter was
capable of enhancing the production of H2O2 under control and stress conditions [34,35].
This suggests a different regulation of ROS formation in these two species. The effect of
H2O2 signalling depends not only on its type but also on the site of its origin in the cell, as
shown for A. thaliana [36]; therefore, precise control of ROS formation may contribute to
the outcome of the plant stress responses.

The goal of this research was to investigate whether the regulation of NOX-dependent
signalling under salinity differs between the glycophyte A. thaliana and the halophyte
E. salsugineum. We aimed to characterise the expression patterns of the RBOHD and RBOHF
genes and total NADPH oxidase activity in A. thaliana and E. salsugineum during five days
of salinity treatment. To gain insight into possible hormonal regulation mechanisms of
RBOHD and RBOHF, we monitored the gene expression in response to ABA and ethephon
and performed an in silico search for cis-acting promoter elements.

2. Results

The E. salsugineum genome was searched using the available genome sequences
of RBOHD and RBOHF in A. thaliana, and one homolog of each gene was found. The
conserved domains characteristic of the RBOH family [37] were searched after aligning
the amino acid sequences of RBOHD and RBOHF in E. salsugineum with the homologs in
A. thaliana. The C-terminal region included the FAD-binding domain and ferric reductase
NAD binding domain (Supplementary Figure S1). The N-terminal regions of the predicted
EsRBOHD and EsRBOHF proteins contained the respiratory burst NADPH oxidase domain
and putative Ca2+-binding EF hands.

To establish whether the RBOHD and RBOHF genes in leaves of E. salsugineum respond
to short (between 6 and 48 h) and prolonged (5 days) salinity conditions, the expression
patterns were examined under moderate and severe NaCl stress and compared with the
response of homologous genes in A. thaliana. The first significant changes in the expression
of RBOHD in E. salsugineum were detected after 24 h of salt-stress. At this time, mild salinity
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suppressed the accumulation of the EsRBOHD transcripts (Figure 1A). Mild and severe salt
treatment downregulated the RBOHD in this halophyte after 2 days, and the suppression
was stronger under 300 mM NaCl. After 5 days of salinity conditions, the expression of
the RBOHD gene increased (over 2-fold) regardless of the salt concentration used. Only
under severe salt stress, 600 mM NaCl, was RBOHF in E. salsugineum upregulated at 12 h
(less than 2-fold) and at 24 h (less than 2.5-fold) (Figure 1B). The EsRBOHF transcript also
accumulated after 5 days of salinity but at a slightly higher level in response to 600 mM
NaCl conditions (over 3.5-fold increase) than to 300 mM NaCl (over 2.5-fold increase).

≤ 0.05.

Figure 1. Gene expression patterns of RBOHD (A,C) and RBOHF (B,D) in leaves of E. salsugineum and A. thaliana under
NaCl stress conditions. E. salsugineum plants were exposed to 0, 300, or 600 mM NaCl and A. thaliana plants were exposed
to 0, 150, or 250 mM NaCl for 6, 12, 24, or 48 h or 5 days. Data represent mean ± SE (n = 3). Different letters illustrate
significant differences at p ≤ 0.05.

In A. thaliana, a 12-h exposure to moderate and severe salinity suppressed the expres-
sion of the AtRBOHD gene, but at 24 h, a slight upregulation was observed (less than 2-fold)
(Figure 1C). After 5 days of mild and severe salt stress, the level of the RBOHD transcripts
was significantly lower in relation to respective controls. Under both salinity treatments,
the upregulation of AtRBOHF (less than 2-fold) was observed after 24 and 48 h (Figure 1D).
The level of the AtRBOHF transcripts was not different from control samples after 5 days
of salinity conditions.

Next, we aimed to verify whether changes in the transcript levels of the RBOHD
and RBOHF genes in E. salsugineum and A. thaliana leaves under salinity translated to the
activity of the enzymes; therefore, the total activity of NOXs in the leaf microsomal fraction
was analysed. In E. salsugineum, the activity was decreased at 24 and 48 h of 300 mM NaCl
conditions by 35.6 % and 11.3 %, respectively (Figure 2A). The activity of NADPH oxidase
in the halophyte was not different from the control after 5 days of salinity, whereas in A.
thaliana, changes in the activity of NOX were detected after 5 days of mild and severe
salinity. The activity decreased by 27 % in plants treated with 150 mM NaCl and by 17.6 %
in plants treated with 250 mM NaCl (Figure 2B).
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≤ 0.05.

≤ 0.05.

Figure 2. Total activity of NOX in leaves of E. salsugineum (A) and A. thaliana (B) plants under NaCl stress conditions.
E. salsugineum plants were exposed to 0, 300, or 600 mM NaCl and A. thaliana were exposed to 0, 150, or 250 mM NaCl for 6,
12, 24, or 48 h or 5 days. Data represent mean ± SD (n = 3). Different letters illustrate significant differences at p ≤ 0.05.

To evaluate the response of the RBOHD and RBOHF genes in E. salsugineum to exoge-
nously applied stress hormones, the leaves were sprayed with ABA or ethephon, which
quickly converts to ethylene [38]. As shown in Figure 3A, RBOHD was slightly induced by
ABA after 7 h (less than 2-fold). The RBOHD transcripts were increased (less than 2-fold)
at 3 and 7 h after the ethephon treatment. Both ABA and ethephon induced the expression
of RBOHF by more than 2-fold at 3 h and by over 3-fold at 7 h after spraying of the leaves
(Figure 3B).

≤ 0.05.

≤ 0.05.

Figure 3. Gene expression patterns of RBOHD (A) and RBOHF (B) in E. salsugineum leaves sprayed with ABA or ethephon.
Data represent mean ± SE (n = 3). Different letters illustrate significant differences at p ≤ 0.05.

To gain an insight into possible transcriptional regulation of the RBOHD and RBOHF
genes in A. thaliana and E. salsugineum, their promoter sequences were scanned using the
PLACE database to predict possible cis-acting regulatory elements. Considering that the
influence of stress-mediating hormones on the expression of the RBOH genes in plants
has been reported earlier [14,39], we focused on the presence of cis-elements related to
hormone signalling in 1500 bp upstream region from the transcription start site. The
promoters of RBOHD and RBOHF were enriched in cis-elements responsive to salicylic acid,
ethylene, cytokinins, auxins, gibberellins, and ABA (Table 1). However, the distribution of
most identical sites varied between E. salsugineum and its homologs in A. thaliana. In all
analysed promoters, multiple motifs involved in responses to ABA and gibberellins were
localised. Conversely, only one motif was predicted for ethylene (ERELEE4) and cytokinins
(CPBCSPOR) in all the promoters. The ABA responsive cis-element, LTRECOREATCOR15,
was predicted only in AtRBOHD and AtRBOHF, while another ABA responsive motif,
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RYREPEATVFLEB4, was limited to EsRBOHF. Additionally, one auxin responsive motif,
CATATGGMSAUR, was observed only in EsRBOHD.

Table 1. Putative hormone cis-acting regulatory elements in EsRBOHD, EsRBOHF, AtRBOHD, and AtRBOHF promoters
using the PLACE database.

Cis-Acting Regulatory
Elements

Core Sequence Hormone
Number of Elements

EsRBOHD EsRBOHF AtRBOHD AtRBOHF

ERELEE4 AWTTCAAA Ethylene 1 (+) 1 (−)
1 (+)
2 (−)

1 (−)

GT1CONSENSUS GRWAAW Salicylic acid
5 (+)

10 (−)
7 (+)
7 (−)

7 (+)
6 (−)

11 (+)
9 (−)

WBOXATNPR1 TTGAC Salicylic acid
2 (+)
3 (−)

2 (−)
2 (−)

4 (+)
1 (−)

1 (+)
2 (−)

ASF1MOTIFCAMV TGACG
Salicylic acid,

Auxins
- 1 (−) - 3 (−)

ARFAT TGTCTC Auxins 1 (+) - 1 (−) -

CATATGGMSAUR CATATG Auxins
1 (+)
1 (−)

- - -

CPBCSPOR TATTAG Cytokinins 1 (+) 1 (−) 2 (−)
1 (+)
3 (−)

WRKY71OS TGAC Gibberellins
6 (+)
6 (−)

4 (+)
4 (−)

8 (+)
6 (−)

2 (+)
5 (−)

MYBGAHV TAACAAA Gibberellins 1 (−) 1 (+) 2 (−) -

GAREAT TAACAAR Gibberellins 1 (−) 1 (+) 3 (−) 1 (−)

PYRIMIDINEBOXHVEPB1 TTTTTTCC
Gibberellins,

ABA
- 1 (+) - 1 (−)

DPBFCOREDCDC3 ACACNNG ABA 1 (+) 2 (+)
2 (+)
2 (−)

1 (+)

RYREPEATVFLEB4 CATGCATG ABA -
1 (+)
1 (−)

- -

MYB1AT WAACCA ABA
1 (+)
1 (−)

1 (+)
1 (+)
2 (−)

1 (+)

MYCATRD22 CACATG ABA 1 (+) 1 (+) 1 (+) -

LTRECOREATCOR15 CCGAC ABA - - 1 (+)
1 (+)
1 (−)

A + sign within brackets indicates the location of a motif on the presented promoter sequence; a - sign within brackets denotes the position
of a motif on the complementary strand of the presented promoter sequence; N = A/C/G/T; R = G/A; W= A/T.

3. Discussion

Salt-sensitive and salt-tolerant plant species use generally the same basic mechanisms
of adaptation to salinity; therefore, it has been postulated that the differences in salt toler-
ance are most probably based on specific regulatory mechanisms [40]. As ROS signalling
is a crucial component modulating stress responses in plants [3,7,41], it is reasonable to
speculate that differences in the regulation of its components, such as NOXs, might in-
fluence stress tolerance. To verify this hypothesis, we compared the expression profiles
of two NOX genes important in ROS signalling under salt-stress, RBOHD and RBOHF,
in the halophyte E. salsugineum and the glycophyte A. thaliana. Our results showed that
short-time NaCl conditions, up to 48 h, were accompanied by the increased activity of
RBOHF in both species. Thus, in E. salsugineum, similar to A. thaliana, RBOHF might be
involved in the early acclimation of leaves to salinity. However, in our studies, in contrast
with A. thaliana, the early transcriptional changes of the RBOHF gene in E. salsugineum were
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dependent on NaCl concentrations since only severe salinity triggered the gene expression
at 12 and 24 h of exposure to salt. A similar observation was made for the expression of
aldehyde dehydrogenase genes, where high salt concentrations were required to trigger
the defence mechanisms in E. salsugineum compared with A. thaliana [42]. In A. thaliana,
the RBOHD and RBOHF genes were previously assigned to play a role in the primary re-
sponses to NaCl, since the stimulation of their expression was observed in seedlings within
a few hours of the stress treatment [20,43]. In agreement with this view, we also detected
the salinity-induced activation of AtRBOHD after 24 h of the stress treatment. Salinity
conditions lasting for 5 days stimulated an expression of RBOH genes in E. salsugineum,
which stood in contrast to A. thaliana. This suggests that, in the leaves of the halophyte, the
RBOHD and RBOHF genes might be involved in the late acclimation response to ionic and
osmotic stress.

We demonstrated that the total activity of NADPH oxidases in E. salsugineum was
not affected by severe salt stress. Prolonged mild salinity also did not trigger changes
in the enzyme activity despite an initial decline. It may be concluded from the activity
measurements that the acclimation to salinity was associated with maintaining the basal
activity of NOXs in the halophytic E. salsugineum, while the activity declined in A. thaliana.
These observations are in agreement with Srivastava et al. [44] who showed that the total
NADPH oxidase activity in the halophyte Sesuvium portulacastrum was unaffected, while it
decreased significantly in the glycophyte Brassica juncea. The discrepancy of the EsRBOHD
and EsRBOHF transcript level and enzyme activities after 5 days of salinity may result from
post-transcriptional regulation of the RBOH proteins. Such a phenomenon was reported
earlier for NOXs in cucumber [45]. The molecular mechanisms of NOXs activation are
complex, which might explain the lack of stimulation in the in vitro activity assays. It is
known that these enzymes are subjected to activation depending on Ca2+ and phosphatidic
acid and are modified by various kinases [22,23,46].

The ABA and ethylene signalling pathways have been associated with the acclimation
of plants to salinity [47,48]. In our studies, the EsRBOHD and EsRBOHF genes were
induced by ABA and ethephon, which indicates a regulation of NOXs in E. salsugineum
through the ABA- and ethylene-dependent pathways. In A. thaliana, the ABA caused a
suppression of the RBOHD gene, whereas RBOHF was suppressed by ethylene [12,49]. Our
observations contrast these results. These differences between species in the regulation
of the RBOHD and RBOHF genes might influence their responses to the salt treatment.
Earlier studies documented that the ethylene precursor was increased due to salinity in
E. salsugineum and A. thaliana [35,50]. A significant increase in ABA was detected only in
A. thaliana leaves as a result of exposure to salinity, while only a slight or no increase in
ABA levels was observed in E. salsugineum [35,51,52].

The in silico analyses of cis-acting elements in promoters of the RBOHD and RBOHF
genes in E. salsugineum and A. thaliana indicated a possible regulation by stress-related
hormones (ABA, ethylene, salicylic acid, and jasmonic acid) and by growth-stimulating hor-
mones (auxins, cytokinins, and gibberellins). It is in agreement with earlier studies, where
multiple cis-acting elements related to hormonal regulation were predicted in promoters
of the RBOH genes in A. thaliana and rice, including ethylene, ABA, auxins, and salicylic
acid [12]. Our studies showed that the number of predicted cis-acting elements varied
between the analysed homologs, which points to differences in the promoter architecture
and possibly promoter activity.

4. Methods

4.1. Plant Material, Growth Conditions, and Treatments

The seeds of Eutrema salsugineum (earlier Thellungiella salsuginea) ecotype Shandong
and Arabidopsis thaliana ecotype Columbia were obtained from Nottingham Arabidopsis
Stock Centre (University of Nottingham, Loughborough, UK). The plants were individually
grown in 100 mL pots containing market available soil (pH 5.5–6.5, NaCl < 1.9 g dm−3;
Verve, Greenyard Horticulture, Pasłęk, Poland) and were irrigated with tap water (the water
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quality parameters are listed in Supplementary Table S1). Both species were cultivated
in a growth chamber at photoperiod 10/14 h, an irradiance of about 120 µmol m−2 s−1,
temperatures of 23/20 ◦C day/night, and 55–65% relative humidity. Plants with fully
developed rosette leaves were used for salt stress and hormone treatment. The salt stress
was applied by daily irrigation with 20 ml of the NaCl solution (Sigma-Aldrich, St. Louis,
MO, USA). Taking into consideration different salt sensitivities of the species used in this
study, the concentration of NaCl was different for E. salsugineum and A. thaliana. To induce
mild stress, 300 mM NaCl was used for the former and 150 mM NaCl was used for the
latter species. To induce severe salt stress, 600 mM NaCl was used for E. salsugineum and
250 mM NaCl was used for A. thaliana. Plants irrigated with 20 ml of water were treated as
the control. The leaves were collected at 6, 12, 24, 48 h, and 5 days after the onset of NaCl
treatment, used immediately or frozen in liquid nitrogen, and kept at −80 ◦C for further
analysis. For spraying the leaves of E. salsugineum, 400 mM ABA (Sigma-Aldrich) [49] or
7 mM ethephon (Sigma-Aldrich) [38] dissolved in ethanol was used. Mock-treated plants
were sprayed with 1 % ethanol solution. The leaves were collected 3 and 7 h after the
spraying, immediately frozen in liquid nitrogen, and kept at −80 ◦C for further analysis.

4.2. Database Search and Prediction of Cis-Acting Regulatory Elements

The sequences of the EsRBOHD and EsRBOHF genes were retrieved from the Phyto-
zome v12.1 database (http://phytozome.jgi.doe.gov/; accessed on 23 February 2018) after
the genome of Eutrema salsugineum was searched using the Arabidopsis thaliana RBOHD
(At5g47910) and RBOHF (At1g64060) sequences as queries. The Phytozome ID were
Thhalv10003619m for EsRBOHD and Thhalv100023240m for EsRBOHF.

The PLACE online tool [53] was used to predict cis-acting regulatory elements in the
promoter region (1500 bp upstream region from transcription start site) of RBOHD and
RBOHF in A. thaliana and E. salsugineum.

4.3. Gene Expression Analysis

Total RNA was extracted from the frozen leaf tissue according to Valenzuela-Avendaño
et al. [54]. RNA purity and quantity were determined by Biospec-Nano (SHIMADZU,
Kyoto, Japan). The integrity of the RNA samples was assessed on a 2.0 % (w/v) agarose
gel. RNA samples were treated with DNase I (Thermo Fisher Scientific, Waltham, MA,
USA) to remove any traces of DNA. To produce a single-stranded cDNA population, 2 µg
of total RNA were reversely transcribed with a RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific), using the oligo (dT)18 primer technique according to the
manufacturer’s instructions. Relative quantitative real-time polymerase chain reaction
(qRT-PCR) was performed with Maxima SYBR Green Master Mix (Thermo Fisher Scientific)
using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
Each qPCR analysis was performed for three samples of each variant and three technical
replicates of each sample. The transcript levels were normalised to adenine phosphoribosyl
transferase 1 (APT1) in the case of E. salsugineum and ubiquinol-cytochrome C reductase
iron-sulphur subunit (AT5G) in the case of A. thaliana [21]. The gene sequences were
obtained from the Phytozome database as described above. The primers used are listed in
Supplementary Table S2. The probability of secondary structure folding in resulting target
sequences was predicted with the M-fold webserver [55]. Reaction efficiency was tested
by serial dilutions of cDNAs with gene-specific primers and the primer specificities were
confirmed with the melting-curve analysis after amplification during the subsequent qPCR
analysis. The expression was calculated according to Pfaffl [56], with water-treated plants
serving as the calibrator.

4.4. Membrane Protein Extraction

Freshly harvested leaves were homogenised in a protein extraction buffer contain-
ing 50 mM Tris-HCl, 0.25 M sucrose, 2.5 mM dithiothreitol, and 0.1 mM MgCl2 under
chilled conditions. The homogenate was filtered through a cheesecloth and centrifuged at
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10,000× g for 15 min at 4 ◦C. The microsomal fraction was separated from the supernatant
by centrifugation at 80,000× g for 45 min at 4 ◦C, according to the procedure described by
Janeczko et al. [57]. The protein content was measured according to the method of Brad-
ford [58] using BSA as a standard. All chemicals used were purchased from Sigma-Aldrich.

4.5. NADPH Oxidase (NOX) Activity

The total NOX activity was determined by measuring the reduction of 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT; BioShop,
Burlington, ON, Canada) by O2

•− radicals at 470 nm [59,60]. The reaction mixture con-
tained 50 mM Tris-HCl (Sigma-Aldrich) pH 7.5, 0.5 mM XTT, 0.6 mM NADPH (Sigma-
Aldrich), and 5 µg of membrane proteins. The reaction was started by the addition of the
NADPH solution. Measurements of absorbance changes in the presence and absence of
50 U SOD (Sigma-Aldrich) were carried out at 470 nm (for XTT ε = 2.16× 104 M−1 cm−1)
using an xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad). Enzyme activity
was defined as 1 µmol of XTT reduced by 1 mg of membrane proteins per minute.

4.6. Statistical Analysis

All data presented were expressed as mean ± standard error (SE) or standard deviation
(SD). The differences between means (p ≤ 0.05) were determined by one-way ANOVA
followed by Duncan test post hoc using SigmaPlot 12 (Systat Software, Inc, Palo Alto, CA,
USA).

5. Conclusions

Our results suggest that the maintenance of the basal activity of NOXs in the leaves
of the halophytic E. salsugineum plays a role in late acclimation responses to salt stress.
The different expression patterns of the RBOHD and RBOHF genes under salinity in
E. salsugineum and A. thaliana point to a modified regulation of these genes in the halophytic
E. salsugineum, possibly through the ABA- and/or ethylene-dependent pathways.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910341/s1, Figure S1: The multiple alignment of RBOHD and RBOHF amino acids in
Arabidopsis thaliana and Eutrema salsugineum constructed using the EMBL-EBI Clustal OMEGA tool
(www.ebi.ac.uk/Tools/msa/clustalo/; accessed on 20 March 2020). Table S1: Selected parameters
of tap water used for irrigation according to the information provided by the Kraków waterworks.
Table S2: PCR primers used for quantitative RT-PCR.
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Abstract: The common ice plant (Mesembryanthemum crystallinum L.) is a facultative crassulacean acid
metabolism (CAM) plant, and its ability to recover from stress-induced CAM has been confirmed.
We analysed the photosynthetic metabolism of this plant during the 72-h response period following
salinity stress removal from three perspectives. In plants under salinity stress (CAM) we found a
decline of the quantum efficiencies of PSII (Y(II)) and PSI (Y(I)) by 17% and 15%, respectively, and an
increase in nonphotochemical quenching (NPQ) by almost 25% in comparison to untreated control.
However, 48 h after salinity stress removal, the PSII and PSI efficiencies, specifically Y(II) and Y(I),
elevated nonphotochemical quenching (NPQ) and donor side limitation of PSI (YND), were restored
to the level observed in control (C3 plants). Swelling of the thylakoid membranes, as well as changes
in starch grain quantity and size, have been found to be components of the salinity stress response
in CAM plants. Salinity stress induced an over 3-fold increase in average starch area and over 50%
decline of average seed number in comparison to untreated control. However, in plants withdrawn
from salinity stress, during the first 24 h of recovery, we observed chloroplast ultrastructures closely
resembling those found in intact (control) ice plants. Rapid changes in photosystem functionality
and chloroplast ultrastructure were accompanied by the induction of the expression (within 24 h) of
structural genes related to the PSI and PSII reaction centres, including PSAA, PSAB, PSBA (D1), PSBD

(D2) and cp43. Our findings describe one of the most flexible photosynthetic metabolic pathways
among facultative CAM plants and reveal the extent of the plasticity of the photosynthetic metabolism
and related structures in the common ice plant.

Keywords: C3–CAM intermediate; common ice plant; Mesembryanthemum crystallinum; osmotic stress

1. Introduction

Facultative CAM (Crassulacean acid metabolism) plants are plants that can induce
or upregulate CAM photosynthesis in response to water-related environmental stresses
(drought, high salinity). This was previously recognised as a unique trait but has been iden-
tified in a large and constantly growing group of plant families, including Aizoaceae, Bromeli-
aceae, Cactaceae, Didiereaceae, Lamiaceae, Montiaceae and Vitaceae. For most facultative CAM
plants, the reversibility of stress-induced CAM photosynthesis has been confirmed [1].

Mesembryanthemum crystallinum L. (the common ice plant), in the Aizoaceae family,
perfectly reflects the distinctive features of facultative CAM plants and for years was iden-
tified as a plant model in studies of osmotic stress-induced CAM photosynthesis. Elevated
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salinity generates a plant response that involves a wide variety of modifications resulting
primarily from Na+ sensing and secondarily from the build-up of a toxic concentration
of ions in the aerial plant parts [2–4]. The presence of osmoprotective mechanisms (e.g.,
proline synthesis and Na+ and Cl– accumulation in bladder cells of the aerial plant parts)
and the induction of antioxidative system components allows the maintenance of the main
metabolic pathways in a minimally disturbed fashion, even under high-salinity conditions.
In addition to the above mentioned traits, β-carboxylation as a part of stress-induced
CAM photosynthesis greatly enhances water use efficiency. This is often recognised as
a key factor allowing normal growth and development under water-related stresses. A
recent study regarding the symptoms of stress-related CAM induction in the common ice
plant confirmed the occurrence of β-carboxylation after 6 days of salt treatment [5]. The
reorganisation of the CO2 metabolism is accompanied by substantial modifications at the
chloroplast ultrastructure, photosystem reactive centre organisation and photochemical
efficiency levels [6]. It was shown that in the common ice plant, salinity stress is also
responsible for the enhancement of linear electron transport and the extension of sinks for
reducing power [7]. In addition to these modifications of photosynthetic pathways, redox
homeostasis and the osmoprotective C3→CAM transition are associated with changes in
the structural organisation of tissues and organs [8,9].

As previously mentioned, recovery from stress-induced CAM to C3 photosynthesis
seems to be a common trait in all known facultative CAM plants, including the ice plant,
however, the rate, as well as the range of withdrawal-related changes, have been suggested
to differ among them. It was shown that members of the Talinum and Clusia genera can fully
stop overnight carbon fixation (distinguished as a hallmark of CAM photosynthesis) at up
to 4 days following drought stress withdrawal [10]. On the other hand, for members of the
Portulacaceae and Aizoaceae families, the full development of light phase-related CO2 fixa-
tion without overnight acidification was confirmed as early as 24 h after re-watering [10].
Our earlier study involving the withdrawal of stress-induced CAM in common ice plants
showed that removal of osmotic stress inhibited nocturnal malate synthesis within 24 h.
This sudden retreat from β-carboxylation was accompanied by a rapid decline in PEPC1
expression [11]. The recovery of C3 photosynthesis was also accompanied by the reversion
of the activity of the main antioxidant enzymes to a level resembling that in unstressed
plants within 48 h after osmotic stress removal. The rapidity of these modifications un-
equivocally puts the common ice plant’s photosynthetic metabolism among those with the
highest possible plasticity. According to the previously mentioned studies, photosynthetic
metabolic plasticity allows for the quick adjustment to the presence and absence of stressful
conditions and must play an important role in acclimation. Understanding the roles of and
connection between photosynthesis and acclimation processes seems to be a top priority,
especially if we take into account the fact that the ranges of many stress factors, such as
high salinity, are covering an increasing area. This study aimed to demonstrate not only
the speed and rate of changes occurring in response to osmotic stress withdrawal in our
model facultative plant but also the extent to which these changes are related, includ-
ing the changes in photochemical apparatus efficiency, chloroplast ultrastructure and the
regulation of photosystem I and II structural gene expression.

2. Results

2.1. Removal of Osmotic Stress Results in Fast Recovery of PSI and PSII Efficiency

Our expectations about the time needed for stress recovery-related photosystem
efficiency changes were based on our earlier study showing the full reversal of functional
CAM within hours and modifications of enzymatic antioxidative system components (gene
expression, protein activity) within days after osmotic stress removal. As we could not
precisely predict the exact timing of such modifications in the context of photosynthetic
apparatus efficiency, we decided to extend the experiment to 72 h. We performed our
analyses at three consecutive time points, namely, 24, 48 and 72 h after stressor removal.
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Earlier studies showed a clear effect of osmotic stress on photosynthetic apparatus
efficiency in ice plants, including modifications of the maximal quantum yield of PSII
(Fv/Fm), the PSII and PSI electron transport chains (ETRII, ETRI), quanta yield (Y(II),
Y(I)), nonphotochemical quenching (NPQ) and donor side limitation (YND). Fv/Fm was
shown to be affected differently in ice plants under salinity stress (from photoinhibition
to no changes at all). Therefore, we decided to concentrate our efforts on the remaining
parameters, including the analysis of photochemical quenching according to the lake model
(qL), as this model shows the share of photochemical processes in the energy sink. We
found a decline by 18% and 12% in both the Y(II) and qL, respectively, of ice plants exposed
to salt stress (CAM) in comparison to control (C3) at 24 h after stress removal. These
changes were accompanied in salt-stressed (CAM) plants by a 50% increase in NPQ in
comparison to control (Figure 1A) and were sustained in salt-stressed plants 48 and 72 h
after stressor removal (Figure 1B,C). We found no substantial changes
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(±SD) for n = 5. Different letters indicate statistically significant differences according to Tukey’s 
≤ 0.05.
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Figure 1. Quantum efficiency of PSII—Y(II), photochemical quenching coefficient—qL and non-
photochemical quenching—NPQ in the leaves of unstressed control (C3), NaCl-treated (CAM) and
salt-stress withdrawn (-NaCl) Mesembryanthemum crystallinum L. plants measured in the middle of
the light phase 24 (A), 48 (B) and 72 (C) hours after osmotic stress removal. Bars represent mean
values (±SD) for n = 5. Different letters indicate statistically significant differences according to
Tukey’s HSD test at p ≤ 0.05.

In the analysed PSII parameters of stress-withdrawn plants following 24 h after stressor
removal. Forty-eight hours after osmotic stress removal, the PSII quantum efficiency Y(II)
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reached the level measured in control plants, while the NPQ dropped below the value
found in the control by almost 35%. Salt stress removal did not affect the qL of PSII. The
changes observed in the Y(II) and NPQ of stress-withdrawn plants were sustained up to
72 h after stressor removal (Figure 1C). At all analysed time points in the experiment, the
electron transport in photosystem II (ETRII) of plants affected with salinity stress (CAM)
was inhibited in comparison to that in the control (Figure 2A–C). Removal of the stressor
(-NaCl) resulted in more rapid induction of ETRII; however, the rate of induction measured
in the unstressed control was achieved only 48 h after removal of the osmotic stress and
was sustained further (Figure 2B,C).

 

plants according to Dunnett’s test for 

Figure 2. Induction curves of the PSII electron transport rate in the leaves of unstressed control (C3),
NaCl-treated (CAM) and salt-stress-withdrawn (-NaCl) Mesembryanthemum crystallinum L. plants
measured in the middle of the light phase 24 (A), 48 (B) and 72 (C) h after osmotic stress removal.
Asterisks indicate a statistically significant difference in comparison to the unstressed control (C3)
plants according to Dunnett’s test for n = 5; nd, no differences; [s], seconds.
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To assess whether the effects of osmotic stress removal extended to PSI efficiency,
we employed a dual PAM measurement of the quantum yield Y(I) and electron transport
rate of PSI (ETRI). Unlike in the PSII analysis, we found no evidence of a detrimental
effect of salt stress on the analysed parameters of PSI at up to 48 h after stressor removal
(Figure 3A). However, at the last time point (72 h), we found a lower by 15% PSI quantum
yield and increased by 84% PSI donor side limitation (YND) in salt-stressed (CAM) plants in
comparison to unstressed plants. Salt stress had no visible effect on acceptor side limitation
(YNA) at any of the experimental time points. As in the PSII analysis, no substantial changes
were observed in the analysed parameters (Y(II), YND) in stress-withdrawn plants 24 h
after stressor removal. However, during the 48-h time frame, plants withdrawn from salt
stress (-NaCl) achieved the PSI quantum yield level of the control (Figure 3B). This was
accompanied by a substantial, precisely 42% decrease in PSI donor side limitation (YND)
of the desalinated plants in comparison to salt-stressed plants. We found that, as in the
case of PSII, the described changes were sustained for 72 h (Figure 3C). On the other hand,
salt stress removal (-NaCl) did not modify the PSI acceptor side limitation YNA compared
with that in the unstressed control. Similar to its effect on ETRII, salt stress substantially
retarded the induction of ETRI (Figure 4A) when compared with the control plants, and
this effect was sustained at subsequent experimental time points. However, contrary to
ETRII PSI, electron transport in stress-withdrawn plants achieved the rate observed in the
control as early as 24 h after removal of osmotic stress (Figure 4A); this effect was also
sustained at 48 and 72 h after osmotic stress removal (Figure 4B,C). The trends described
for the analysed PSI and PSII parameters were confirmed in most cases during the second
replication of the experiment (supplementary Figures S1–S3).
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letters indicate statistically significant differences according to Tukey’s HSD test at ≤

Figure 3. Quantum efficiency of PSI—Y(I), donor side limitation of PSI—YND and acceptor side
limitation—YNA in the leaves of unstressed control (C3), NaCl-treated (CAM) and salt-stress with-
drawn (-NaCl) Mesembryanthemum crystallinum L. plants measured in the middle of the light phase
24 (A), 48 (B) and 72 (C) h after osmotic stress removal. Bars represent mean values (±SD) for n = 5.
Different letters indicate statistically significant differences according to Tukey’s HSD test at p ≤ 0.05.
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Figure 4. Induction curves of the PSI electron transport rate in the leaves of unstressed control (C3),
NaCl-treated (CAM) and salt-stress withdrawn (-NaCl) Mesembryanthemum crystallinum L. plants
measured in the middle of the light phase 24 (A), 48 (B) and 72 (C) h after osmotic stress removal.
Asterisks indicate a statistically significant difference in comparison to unstressed control (C3) plants
according to Dunnett’s test for n = 5; nd, no differences; [s], seconds.
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2.2. Rapid Recovery of PSII and PSI Efficiency Is Combined with Induced Expression of Structural
Genes for the Reaction Centres of Both Photosystems

To assess how salt stress removal affects the expression of the structural genes as-
sociated with the reaction centres of PSI and PSII, we analysed the abundance of their
respective transcripts with qPCR during a 72-h recovery period following stress removal.
In all studied genes, substantial modifications related to osmotic stress withdrawal were
observed during the first 24 h of recovery. We found over 2-fold and over 3-fold increases in
PSAA (PSI-A core protein of PS I) and PSBD (D2 protein of PS II) expression in salt-stressed
(CAM) plants in comparison to intact plants (Figure 5A,D). Except for PSAA and PSBD, the
expression of the analysed structural genes of the photosystem centres remained mostly
unaffected during salt stress (Figure 5B,C,E). On the other hand, we found that PSAA
was the gene mostly affected by osmotic stressor withdrawal, with expression over 3-fold
and over 8-fold higher than that in intact (C3) and stressed (CAM) plants, respectively
(Figure 5A). The expression of CP43 was upregulated in a similar manner, with an over
2-fold increase compared with that in both intact (C3) and salt-stressed (CAM) plants
(Figure 5E). The expression of PSAB (PSI-B core subunit of PS I) and PSBA (D1 protein of
PS II) was modified in the same direction; however, in both cases, the upregulation related
to osmotic stress removal was less intense than that of PSAA, PSBD and cp43 (Figure 5B,C).
The upregulated expression of PSBD due to salt stress was enhanced even further with
osmotic stress removal, resulting in an over 1,5-fold increase in comparison to that in
salt-stressed (CAM) plants (Figure 5D). All modifications described here at the 24-h exper-
imental time point were sustained at 48 and 72 h after stressor removal (supplementary
Figure S4).

2.3. Withdrawal from Osmotic Stress Is Accompanied by the Rapid Reorganisation of Chloroplast
Ultrastructure

To determine the range of modifications resulting from osmotic stress withdrawal, we
analysed the chloroplast ultrastructure of salt-stressed and salt stress-withdrawn plants. In
the chloroplasts of intact (C3) plants, we found densely packed, intact thylakoids that were
unstacked or organised in irregular grana stacks located between small- and medium-sized
starch grains (Figure 6A–C). In response to osmotic stress, the thylakoid membrane system
was reorganised. In the chloroplasts of salt-stressed plants, we found swollen thylakoids
that were mostly unstacked and localised between large starch grains (Figure 6D).

We found that osmotic stress increased the size and reduced the average starch grain
quantity over 3-fold and 2-fold, respectively (Figure 6F,G). In plants withdrawn from
osmotic stress, thylakoid swelling was barely visible. This effect was accompanied by the
reorganisation of the membrane system, which began to resemble the one observed in the
untreated control, with densely packed thylakoids organised mostly in irregular grana
(Figure 6E). The changes resulting from osmotic stress removal were also expressed in the
reduced area and increased number of starch grains, similar to those found in unstressed
(C3) plants. The ultrastructural modifications observed 24 h after osmotic stress removal
were sustained at 48 and 72 h (Supplementary Figure S5).
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ferent letters indicate statistically significant differences according to Tukey’s HSD test at ≤ 0.05.

Figure 5. Relative expression of the PSI-A core protein of photosystem I—PSAA (A), PSI-B core
subunit of photosystem I—PSAB (B), D1 protein of photosystem II—PSBA (C), D2 protein of pho-
tosystem II—PSBD (D) and cp43 protein of photosystem II—cp43 (E) in the leaves of unstressed
control (C3), NaCl-treated (CAM) and salt-stress withdrawn (-NaCl) Mesembryanthemum crystallinum

L. plants measured 24 h after osmotic stress removal. Bars represent mean values (±SD) for n = 5.
Different letters indicate statistically significant differences according to Tukey’s HSD test at p ≤ 0.05.
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Figure 6. Electron micrographs of chloroplasts in unstressed control (C3), NaCl-treated (CAM) and salt-stress withdrawn
(-NaCl) Mesembryanthemum crystallinum L. plants taken in the middle of the light phase 24 (A), 48 (B) and 72 (C) h after
osmotic stress removal. To clearly display the ultrastructural changes, sections (D,E) of the panel show the thylakoid
membranes of NaCl-treated (CAM) and salt-stress withdrawn (-NaCl) plants, respectively, taken at higher magnification.
The presented micrographs are representative examples of at least 23 repetitions. Sections (F,G) show the average area (µm2)
and the number of starch grains, respectively, assessed through an image analysis of chloroplast micrographs of unstressed
control (C3), NaCl-treated (CAM) and salt-stress withdrawn (-NaCl) Mesembryanthemum crystallinum L. plants 24 h after
osmotic stress removal. Bars represent mean values (±SD) for n = 23. Different letters indicate statistically significant
differences according to Tukey’s HSD test at p ≤ 0.05.
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3. Discussion

3.1. Rapid Modifications in PSII and PSI Functionality during Recovery from Osmotic Stress
Confirm the Great Flexibility of the Common Ice Plant Photosynthetic Apparatus

An earlier study on the functionality of the photosynthetic apparatus in M. crys-
tallinum showed higher and similar quantum efficiencies of PSII and PSI, respectively, in
salt-stressed (CAM) plants than in control (C3) plants [5]. Our analysis revealed quite a dif-
ferent picture of PSII and PSI functionality during a similar salt treatment, with lower PSII
and PSI quantum efficiencies, elevated nonphotochemical quenching (NPQ), decreased
photochemical quenching (qL) and elevated acceptor side limitation (YND) of PSI detected
at midday in salt-stressed plants. We also found retarded photosynthetic electron trans-
port (PET) in both photosystems in salt-stressed plants. Most of these modifications of
PSII and PSI functionality were previously found to be a part of salt stress-induced CAM
photosynthesis [12,13]. Moreover, it was suggested that despite the high salt tolerance of
M. crystallinum, the plants still experience salt stress, and the resultant CAM induction
was reported to be a source of photoinhibition [12–15]. Although we could not confirm
the occurrence of photoinhibition in our study, we suggest that salt-induced CAM plants
struggled with excess energy that could not be quenched with photochemical processes.
We believe that the substantially lower amount of RubisCO (ribulose-1,5-bisphosphate
carboxylase-oxygenase) previously detected in salt-stressed plants than in C3 plants [6,9]
may to some extent explain the retardation of the photochemical processes of PSII and
PSI. Photochemical quenching is at its highest at midday due to elevated RubisCO activity
resulting from the abundance of CO2. An osmotic stress-induced decline in the amount of
RubisCO results in a substantially lower capacity for electron sinkage as well as a lower
energy demand, which may be responsible for the declines observed in the functionalities
of both PSII and PSI and the necessity of excess energy dissipation through nonphoto-
chemical mechanisms. It was recently confirmed that the largest share of NPQ build-up
accompanying salinity-induced CAM photosynthesis belonged to heat dissipation through
antennae [13]. Among CAM facultative species, those with increasingly flexible photo-
synthetic metabolisms can be distinguished. It was shown that the return from nocturnal
(CAM photosynthesis) to diel (C3 photosynthesis) CO2 fixation may be re-established in
different facultative CAM plants as a response to stress withdrawal within as early as
24 h (Portulaca oleracea, M. crystallinum L.) and even up to 96 h (Talinum triangulare, Clusia
pratensis) [10]. Our previous study involving salinity stress withdrawal in M. crystallinum
confirmed these findings. We discovered substantial downregulation of pepc1 (an osmotic
stress-related member of the PEPC gene family) expression during the first hours after
osmotic stress removal. This effect was accompanied by the re-established ∆ malate, a
hallmark of functional CAM photosynthesis that, in salt stress-withdrawn plants, rapidly
(24 h) returned to the values typical for C3 plants [11]. Here, we showed that the PSII and
PSI functionality of intact (C3) plants was quickly achieved by salt-stressed withdrawn
plants. Most of the disturbances found in PSII and PSI functionality disappeared within
48 h after osmotic stress removal. It can be hypothesised that one of the reasons for the
rapid return of the functionality of both photosystems was the restoration of the content
and activity of RubisCO characteristic of C3 plants. Altogether, our findings show that
rapid modifications of carbon metabolism-related genetic (PEPC1 expression) and biochem-
ical (CO2 fixation, malate concentration build-up, tissue acidification) pathways resulting
from the withdrawal of osmotic stress are coupled with modifications of photosynthetic
apparatus performance.

3.2. Expression of PSII and PSI Structural Genes Is Rapidly Modified in Response to Osmotic
Stress Absence

The regulation of photosynthesis-related genes during salinity stress remains a poorly
understood phenomenon in both salt-sensitive (glycophyte) and salt-tolerant (halophyte)
plants. It has been shown that in glycophytes, salt stress is responsible mostly for
photosynthesis-related gene downregulation [16]. Large-scale analysis of the common ice
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plant transcriptome under salt stress revealed an increase in the abundance of genes related
to CAM photosynthesis [17]. Our analysis showed that in addition to inducing transcripts
of PSAA (PSI-A core protein of PS I) and PSAD (D2 protein of PS II), the regulation of
the main structural genes of PSII and PSI remained unaffected by salt stress. To some
extent, this result correlates with an earlier study [6], and the regulation of photosystem
gene expression during the salt stress response seems to rely on a combination of different
signals. Two of these signals may have opposite effects; to meet the high demand for de
novo synthesis of photosystem proteins resulting from stress-related protein degradation,
the upregulation of their respective genes is required. On the other hand, it was previously
proposed that a decline in PET is responsible for photosystem gene downregulation [18].
Our results show that salt stress had a rather minimal impact, however, the withdrawal
of salt stress strongly induced the expression of all analysed genes. According to the
previously mentioned studies, it can be suggested that the rapid induction of these genes is
stimulated not only by the recovered efficiency of both photosystems and PET but also to
supply the high demand for de novo synthesis of photosystem proteins.

3.3. Rapid Changes in PSII and PSI Functionality Are Accompanied by Chloroplast Ultrastructure
Modification during Osmotic Stress Recovery

Ion homeostasis disorder accompanying salt stress is responsible for alterations in
chloroplast ultrastructure, including thylakoid membrane swelling, grana thylakoid lamel-
lae disorder, the fracturing of stroma thylakoid lamellae and chloroplast membrane disinte-
gration; these effects have been confirmed in both glycophytes and halophytes of different
plant species [6,19–21]. To present the extent of changes resulting from osmotic stress
withdrawal, we analysed the chloroplast ultrastructure of plants that had recovered from
salinity stress. Our analysis of the salt-stressed (CAM) chloroplast ultrastructure confirmed
the presence of swollen thylakoids organised mostly in unstacked grana [22]. It is possible
that the salt-induced decline in photochemical efficiency observed, especially in PSII, was
related not only to the decreased amount of RubisCO but also to the detrimental effects
of salt stress on the thylakoid ultrastructure. Although it was previously suggested that
thylakoid swelling might not be related to salt stress occurrence [6], the strong reduction
in swelling observed in our experiments during the first 24 h of recovery indicates a re-
lationship with osmotic stress. Modifications of the thylakoid membrane system during
the salt stress response in common ice plants are accompanied by starch remobilisation. It
was previously shown in the common ice plant that increased daily starch turnover result-
ing from the induced activity of α- and β-amylases, the main starch-degrading enzymes,
was unequivocally related to salt stress [23]. In CAM-performing plants, the products of
transitory starch degradation supply the cytosol with the carbohydrates required for the
synthesis of phosphoenolpyruvate (PEP), a substrate in primary CO2 fixation, by phos-
phoenolpyruvate carboxylase (PEPC). In isolated chloroplasts supplied with oxaloacetic
acid (OAA), a substrate of malate synthesis by plastidic malate dehydrogenase (MDH), the
rate of starch degradation was increased [24]. Our analysis confirmed the salinity-induced
degradation of starch. Additionally, stress-related starch degradation was confirmed by the
increased number of starch grains found in the chloroplasts recovered (24 h) from osmotic
stress. Taken together, our results show that the flexibility of ice plants’ carbon metabolism
also extends to the chloroplast ultrastructure.

4. Materials and Methods

4.1. Plant Material

Mesembryanthemum crystallinum L. seeds (provided by the Technical University, Darm-
stadt, Germany) were sown onto a soil substrate in a greenhouse under 300–350 µmol
photons m–2·s–1 of photosynthetically active radiation (PAR), a 16/8 h day/night pho-
toperiod, a day/night thermoperiod of 25/17 ◦C and 55–65% relative humidity (RH), as
previously described [25]. The substrate implemented in the experiment was made of mar-
ket available soil (“Athena“ Bio-Products, Golczewo, Poland; pH 6.75; d = 0.24 kg dm−3)
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and sand (grain size in the range of 1–2 mm) mixed in a 4:1 v/v ratio. Two weeks after
sowing, each seedling with a fully developed 2nd leaf pair was transferred to an individual
0.4-L pot with 360 ± 0.1 g of mentioned substrate applied per each pot. After 6 weeks, the
plants were divided into two groups: the first group was irrigated with tap water (C3, intact
control plants), and the second group was irrigated with 0.4 M NaCl (CAM, salt-stressed
plants). After 14 days, CAM development in the salt-stressed plants was confirmed by
the measurement of the diurnal ∆ malate, a hallmark of functional CAM photosynthesis
expressed as the difference in cell sap malate concentration between the beginning and
the end of the light phase. ∆ malate was measured according to the method previously
described for Clusia hilariana Schltdl [26]. The next day, half of the CAM-performing
plants were subsequently subjected desalinisation process by continuous rinsing of the
soil substrate with tap water for 2 h (-NaCl, salt stress-withdrawn plants). Fluorometric
measurements, as well as the collection of C3, CAM and NaCl plant leaves for ultrastructure
and molecular analysis, were performed at midday at 24, 48 and 72 h after osmotic stress
removal. For the analysis of gene expression in leaves, frozen (LN2) leaf tissue was ground
to a fine powder in LN2 and then stored at −80 ◦C until further analysis.

4.2. Quantum Efficiencies of PSII and PSI

PSII and PSI photochemistry was analysed simultaneously with a Dual PAM 100
(Heinz Walz GmbH, Effeltrich, Germany) fluorescence system. Induction curves were
obtained from dark-adapted (20 min) plants, and each experimental variant was measured
in 5 repetitions during two independent experiments. The minimal fluorescence yield
(F0) was measured at less than 1 µmol photons m–2·s–1 intensity, whereas the maximum
fluorescence yield (Fm) was measured after the application of a 1 s. saturating pulse of
2500 µmol photons m–2·s–1. After dark relaxation (45 s), the centres were oxidised under
red-orange actinic light with an irradiance of 126 µmol photons m–2·s–1. After 260 s of light
adaptation, the current (Ft) and maximum (Fm′ ) light-adapted fluorescence were measured.
The PSII parameters were calculated using the following Equations (1–4).

Y(II) = (Fm’ − F)/Fm’ (1)

qL = (Fm’ − F)/(Fm’ − F0’) × F0’/F = qP × F0’/F (2)

NPQ = (Fm−Fm’)/Fm’ (3)

F0’ = F0/(Fv/Fm + F0/Fm’) (4)

Y(II) was calculated according to [27]. Calculation of photochemical quenching (qL)
coefficient was delivered by PAM 100 (Heinz Walz GmbH, Effeltrich, Germany) user man-
ual. Non-photochemical quenching (NPQ) and F0 calculations were performed according
to [28] and [29], respectively.

The parameters describing PSI efficiency were calculated as described in the Dual-
PAM 100 (Walz, Germany) user manual. The photochemical quantum yield of PSI-Y(I) was
calculated from the complementary PSI quantum yields using the following Equation (5),
namely, the nonphotochemical energy dissipation, YND and YNA.

Y(I) = 1 − YND − YNA (5)

The donor side limitation of PSI-Y(ND), was calculated from the reduced P700 using
the following Equation (6), according to the manufacturer’s manual.

YND = 1 − P700 red (6)
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Similarly, YNA, representing the acceptor side limitation of PSI, was determined as the
fraction of the P700 centres that could not be oxidised with a saturation pulse calculated
according to the following Equation (7).

YNA = (Pm − Pm ′ )/Pm (7)

where Pm and Pm ′ represent the maximal change in the P700 signal upon the application of
a saturation pulse in the dark-adapted state and light state, respectively.

4.3. RNA Preparation

Total RNA was isolated with an Aurum™ Total RNA Mini Kit (Bio-Rad, Hercules,
CA, USA) according to the method previously described [30]. For the removal of DNA
contamination, digestion with DNase I (DNA I Amplification Grade, Merck, Darmstadt,
Germany) was used. RNA purity and quantity were determined using a Biospec-Nano
(Shimadzu, Japan). To assess the integrity and purity of the RNA, the extracted RNA was
separated by electrophoresis on agarose (1.5%) gels stained with EtBr. The bands were
visualised on a Molecular Imager® ChemiDoc™ XRS+ Imaging System (Bio-Rad, Hercules,
CA, USA).

4.4. qPCR

Reverse transcription was carried out on 1000 ng of total RNA with an iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA). During qPCR, the samples were labelled
with iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA) fluorescent dye. For a
single reaction, 10–15 ng of cDNA and 150 nM of gene-specific primers were used. To
test the amplification specificity, a dissociation curve was acquired by heating samples
from 60 ◦C to 95 ◦C. Polyubiquitin was used as a housekeeping reference gene. The
reaction efficiency was tested by serial dilutions of cDNAs with gene-specific primers
(Supplementary Table S1). The expression was calculated from at least three reactions with
unstressed control (C3) plants after 24 h as calibrators according to a previously described
method [31].

4.5. Chloroplast Ultrastructure—TEM Analysis

For (ultra)structural studies, collected leaf fragments were fixed in a mixture of 4%
paraformaldehyde and 5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3,
for 2 h at room temperature and air pressure (0.3 hPa), washed with 0.1 M cacodylate
buffer, and postfixed for 2 h at 4 ◦C in 1% osmium tetroxide in 0.1 M cacodylate buffer.
Then, the samples were dehydrated in an ethanol series at room temperature, rinsed three
times in propylene oxide, embedded in epoxy resin Epon 812 (Fluka, Buchs, Switzerland)
and polymerised for 24 h at 60 ◦C. Ultrathin sections collected on formvar-coated grids
were briefly stained with uranyl acetate and lead citrate and examined under an FEI 268D
‘Morgagni’ transmission electron microscope (FEI-Thermo Fisher Scientific, Waltham, MA,
USA) operating at 80 kV and equipped with a ‘Morada’ digital camera (Olympus-SIS,
Tokyo, Japan). The collected digital microscopic images were saved as.jpg files and, if
necessary, processed in Photoshop CS 8.0 (Adobe Systems, Mountain View, CA, USA)
software with non-destructive tools (contrast and/or levels).

4.6. Image Analysis of Electron Micrographs

Image analysis of the chloroplast micrographs was performed with ImageJ 2 (under a
GPL licence; NIH, Bethesda, MD, USA).

4.7. Statistical Analysis

The results were analysed with Statistica 13.3 (TIBCO, Palo Alto, CA, USA) statistical
software. For the determination of statistically significant differences in the electron
transport rates of PSII and PSI between experimental variants and the control, Dunnett’s

114



Int. J. Mol. Sci. 2021, 22, 8426

test was applied. One-way ANOVA followed by a post hoc Tukey HSD test was used to
evaluate individual treatment effects at p ≤ 0.05.

5. Conclusions

Here presented results show that the presence of salinity stress is required not only
for the induction of stress-dependent CAM photosynthesis but also for maintaining its
functioning. The rapid shutdown of the energy-demanding functional CAM seems to
be one small component of the flexibility features. As we showed here, the metabolic
flexibility of the common ice plant includes rapid and far-reaching changes. This includes
photosystem high-performance recovery, the induction of the expression of reaction centre
structural genes and the reorganisation of the chloroplast ultrastructure, and most of the
mentioned modifications are completed within 24 h after osmotic stress removal. Here, we
confirmed that the photosynthetic metabolism of the common ice plant may be one of the
most highly plastic processes documented among facultative CAM plants.
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Abbreviations

CAM Crassulacean acid metabolism;
ETRI Electron transport chain of PSI;
ETRII Electron transport chain of PSII;
F0 Minimal fluorescence yield;
Fm Maximum fluorescence yield;
Fm′ Maximum light-adapted fluorescence;
Fv/Fm Maximum quantum yield of PSII;
MDH Malate dehydrogenase;
NPQ Non-photochemical quenching;
OAA Oxaloacetic acid;
PAR Photosynthetically active radiation;
PEP Phosphoenolpyruvate;
PEPC Phosphoenolpyruvate carboxylase;
PET Photosynthetic electron transport;
PSAA PSI-A core protein of PS I;
PSBD D2 protein of PS II;
PSI Photosystem I;
PSII Photosystem II;
qP, qL Photochemical quenching calculated based on the puddle and lake model, respectively;
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RuBisCO Ribulose-1,5-bisphosphate carboxylase-oxygenase;
Y(I) Quantum yield of (PSI);
Y(II) Quantum yield of (PSII);
YNA Quantum yield of energy dissipation due to acceptor side limitation in PSI;
YND Quantum yield of energy dissipation due to donor side limitation in PSI.
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Abstract: Barley is characterized by a rich genetic diversity, making it an important model for studies
of salinity response with great potential for crop improvement. Moreover, salt stress severely affects
barley growth and development, leading to substantial yield loss. Leaf and root transcriptomes
of a salt-tolerant Tunisian landrace (Boulifa) exposed to 2, 8, and 24 h salt stress were compared
with pre-exposure plants to identify candidate genes and pathways underlying barley’s response.
Expression of 3585 genes was upregulated and 5586 downregulated in leaves, while expression of
13,200 genes was upregulated and 10,575 downregulated in roots. Regulation of gene expression was
severely impacted in roots, highlighting the complexity of salt stress response mechanisms in this
tissue. Functional analyses in both tissues indicated that response to salt stress is mainly achieved
through sensing and signaling pathways, strong transcriptional reprograming, hormone osmolyte
and ion homeostasis stabilization, increased reactive oxygen scavenging, and activation of transport
and photosynthesis systems. A number of candidate genes involved in hormone and kinase signaling
pathways, as well as several transcription factor families and transporters, were identified. This study
provides valuable information on early salt-stress-responsive genes in roots and leaves of barley and
identifies several important players in salt tolerance.

Keywords: Hordeum vulgare L.; salinity; RNA-seq analysis; differentially expressed genes; tolerance;
candidate genes

1. Introduction

Salinity is one of the most pressing abiotic stressors threatening plant growth and
agricultural production worldwide. Saline conditions are increasing rapidly along with the
alarming rise of global warming, particularly in arid and semiarid regions [1]. Given these
severe conditions, understanding the molecular mechanisms underlying salinity stress
response in plants could contribute to the development of salt-tolerant crops in order to
sustain productivity and quality.

Salinity is often recognized as an excessive accumulation of sodium ions in the soil [2],
leading to osmotic stress and ion toxicity [3,4]. These two main effects of salt damage
result in decreased photosynthetic efficiency, redistribution of cell wall constituents, reduc-
tion of cell expansion and division, and oxidative damage from reactive oxygen species
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(ROS) [2,5,6]. Hence, salinity stress generates deleterious effects on plant growth and
productivity.

In response to salt stress, plants activate several tolerance mechanisms, including
physiological, biochemical, and molecular changes. These diverse mechanisms allow the
accumulation of osmoprotectants, regulation of ion homeostasis, and detoxification by
the activation of ROS scavengers via efficient signal transduction networks [1]. Several
important mechanisms have been characterized, including the osmoprotectant pathway
and scavengers that regulate ROS homeostasis [7]. Both antioxidant enzymes and nonen-
zymatic compounds play critical roles in detoxifying ROS induced by salinity stress [8]. In
addition, membrane transporters and ion channels, namely, the high-affinity potassium
transporter and salt overly sensitive families involved in Na+-specific transport, play a
crucial role in Na+ homeostasis through the regulation of K+/Na+ and H+/Na+ balances,
respectively [4,9,10]. Further, several transcription factor families, such as the dehydration-
responsive element-binding protein (CBF/DREB) family [11] and the mitogen-activated
protein kinase family, function in pathways that regulate the expression of stress-related
genes [12,13] along with other factors that regulate abiotic stress responses. Finally, the
interaction of several plant hormones, such as abscisic acid (ABA), cytokinins, auxins,
ethylene, salicylic acid, and jasmonic acid, plays vital roles in salt stress signaling and
response [14,15].

High-throughput RNA sequencing (RNA-seq) is an important approach to study the
expression of a large number of genes in a given tissue at a given time point [16]. RNA
transcript profiling is a powerful technology for genomewide transcript characterization,
differential gene expression analysis, variant detection, and gene-specific expression. These
features are facilitating a deeper understanding of the genetic variation in complex phe-
notypic traits, such as salt tolerance, and allowing the enrichment of salt stress response
pathways [17]. Several RNA sequencing studies have examined salt stress responses in
different plants, such as barley (Hordeum vulgare L.) [18], sweet potato (Ipomoea batatas (L.)
Lam.) [19], rapeseed (Brassica napus L.) [20], and Arabidopsis [21]. These studies suggest the
involvement of a substantial number of salt tolerance genes encoding oxidation–reduction
processes and osmoprotectant metabolism, ion transport, heat shock proteins (HSPs), and
hormone signaling. Furthermore, differentially expressed genes (DEGs) encoding several
transcription factors and signal transduction components associated with salinity tolerance
have been identified. However, a paucity of information is available regarding differences
between expression profiles of shoot and root in salt-tolerant barley cultivars.

Barley is an important food, feed, and industry crop with economic significance
worldwide [22]. Barley yields are seriously threatened by escalating levels of salinization
due to the overall reduction of root and leaf growth. Indeed, salt stress first impacts the
root system of plants by inducing osmotic stress, leading to ion toxicity effects due to
nutrient imbalance in cytosol, decreasing turgor due to limits in leaf gas exchange and
stomata closure, and increasing oxidative damage, all of which interfere with normal cell
division and expansion, leading to lower growth and yield rates [23–26]. Barley is still
considered a relatively salt-tolerant crop and an important model for investigations of
plant responses to changes in salinity [24]. Barley nuclear genomes are characterized by
robust genetic diversity, making it attractive for stress tolerance breeding. Barley landrace
accessions harbor novel genetic resources; Boulifa is a Tunisian accession with high salinity
tolerance [27,28]. Therefore, investigating salt tolerance mechanisms remains important
for barley breeding programs and helps to identify key genes involved in salt tolerance.
The identified candidate genes represent valuable resources for future genetic engineering
studies in cereals as well as in other crops towards the development of new varieties
with more salt-tolerant characters and would be exploited to establish efficient applied
breeding plans.

In order to identify candidate genes, molecular functions, and biological processes
involved in response to salinity, stress high-throughput RNA-seq was performed on the
salt-tolerant Tunisian accession Boulifa. Leaves and roots were examined separately and at
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different time points following exposure to severe salt stress (200 mM NaCl) in order to
deepen our understanding of the specific response of these tissues under different stress du-
rations. The results improve the current understanding of salt stress response mechanisms
in barley leaves and roots and can be applied to developing salt-tolerant cereals.

2. Results

2.1. Analyses of RNA-Seq Datasets

An average of 23.9 million high-quality reads were obtained for each sample (an
average total count of 24.14 million reads per sample before filtering low-quality reads
(Table S1)). On average, 92.5% of the reads were mapped to the barley genome, indicating
that the samples were comparable. On average, 62.5% of the reads were pseudoaligned to
the barley transcriptome, and 32,587 genes were detected (Table S1). Furthermore, the time
point clustering of replicates in 21 of the 24 samples, shown in Figure 1, indicates the high
quality of sampling and RNA-seq analysis.

Figure 1. Cluster analysis using 25% highly variable genes. Gene expression in leaf (pink) and root
(orange) was assessed under salt (200 mM NaCl) treatment for 2, 8, and 24 h relative to untreated
plants (0 h). Samples and biological replicates (L1, L2, and L3 for leaves and R1, R2, and R3 for roots)
are shown. The color gradient (upper right) indicates the pattern of expression from lowly (blue)
to highly (red) expressed genes and ranges from −4- to +4-fold changes in expression. Sampling
time point and tissue type are shown at the top of the cluster plot and defined on the right. The
dendrogram at the top shows the sample clustering, and the black arrows indicate the samples that
did not cluster by time point in the analysis.

2.2. Differentially Expressed Genes in Leaves and Roots under Salt Stress

Principal component analysis (PCA), a dimensionality reduction technique that
projects high-dimensional data on the principal components that represent the largest
variation in the data, was conducted in order to assess the largest source of variation
among data. The samples were projected onto principal component 1 (PC1) as the X-axis
and principal component 2 (PC2) as the Y-axis, representing, respectively, the first and the
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second largest sources of variation in the data. In Figure S2, PC1 (X-axis), which represents
86.5% of the variation in data, separates out samples by tissue, indicating that tissue is likely
the largest source of variation in our data. Therefore, differential expression analysis was
performed separately for each tissue. Differentially expressed genes were assessed in leaves
and roots of plants exposed to short (2 h), intermediate (8 h), and long-term (24 h) salt
stress, and responses were compared with pretreatment plants. The pattern of differential
expression in untreated and salt-treated barley seedlings is shown in Figure 1. Red and
blue signify overexpressed and underexpressed genes, respectively. The numbers of DEGs
are depicted as volcano plots (Figure 2). For all salt treatment durations, differences in
total DEGs were observed between leaves and roots. In leaves, the numbers of DEGs were
1290, 4338, and 3546 compared with 6449, 8915, and 8414 in roots after 2, 8, and 24 h salt
treatment, respectively. The intermediate term response (8 h) showed the highest number
of DEGs, followed by the long-term (24 h) and the short-term (2 h) (Figure S1). In both
leaves and roots across time points, the greatest numbers of shared DEGs were between
8 and 24 h. Stress-responsive DEGs were either common to both tissue types or specific
to each type (Figure 3). Tissue-specific DEGs were much more prominent in roots at all
time points, particularly in short-term stress response. At 2 h of salt treatment, 6033 DEGs
(representing 82% of the total DEGs in this tissue/time of treatment) were specific to roots,
whereas only 874 DEGs (12%) were specific to leaves, and 415 DEGs (6%) were shared
by both tissues. Intermediate- and long-term responses shared similar proportions of
tissue-specific DEGs, with 63% and 66% DEGs in roots, 14% and 13% shared DEGs, and
23% and 21% DEGs in leaves at 8 and 24 h of salt stress, respectively.

 

Figure 2. Volcano plots depict differentially expressed genes. Salt-treated plants were sampled at 2, 8, and 24 h of salt
treatment, and differentially expressed genes (DEGs) were assessed relative to untreated plants (0 h) in leaves and roots.
For each plot, the X-axis shows a log base 2-fold change, and the Y-axis indicates the adjusted p-values for the differences
in expression. For each time point, the total DEG numbers are shown in the upper middle of each graph, upregulated
DEGs are indicated by a red up arrow, and downregulated DEGs by a black down arrow. Blue dots and red dots equate to
significant DEGs and nonsignificant genes, respectively.

122



Int. J. Mol. Sci. 2021, 22, 8155

 

Figure 3. Shared and unique differentially expressed genes in barley seedlings. Differentially
expressed genes (DEGs) exposed to 2, 8, and 24 h salt treatment were evaluated relative to untreated
plants (0 h). Blue and red circles indicate roots and leaves, respectively, and shared DEGs are indicated
by overlap. The number of affected genes is given for each segment of the Venn diagram.

At all time points, fewer up- than downregulated DEGs were detected in leaves
(3585 up and 5586 down) (Figure 2). However, in roots, more DEGs were up- than down-
regulated (13,200 up and 10,575 down) (Figure 2). Across time points, only 921 DEGs
(representing 0.36% of the total DEGs in leaves and roots) were oppositely modulated in
the two tissues. The highest degree of differential modulation was observed at 8 h of salt
treatment (501 DEGs) compared with only 69 at 2 h and 351 at 24 h of salt stress.

2.3. Gene Ontology Enrichment Analysis of Differentially Expressed Genes

In leaf samples, the most enriched biological processes were biosynthetic and metabolic
processes (Figure 4). These categories were consistent across time points, although the
largest DEG numbers for both GO terms were detected at 8 h. In roots, the predominant
processes were metabolic, cellular metabolic, and response to stress (Figure 4a).

Enrichment of GO terms involved in metabolism, such as biosynthetic, small-molecule,
cellular, organic substance, nitrogen compound, and primary metabolic processes, was
detected in both leaves and roots. Although these categories were enriched in both tissues,
roots also included more enriched GO terms and several other metabolic processes, in-
cluding cellular protein, lignin, and polysaccharide, along with protein modification and
phosphorylation. Biosynthetic processes, such as alpha amino acid, cellular amino acid
compound, lysine, and organic substance biosynthetic, as well as the chlorophyll metabolic
process, were enriched only in leaves mainly after 8 and 24 h salt treatments. Response
to stimulus, enriched predominantly in roots, included response to oxidative stress and
response to biotic stress.

Catalytic activity was over-represented in both leaves and roots at all time points
(Figure 4b). While this was the main molecular function highly enriched in leaves, several
other GO categories were ascribed to roots, such as binding, antioxidant, and kinase
activities. In both tissues, catalytic activity was mainly represented by GO terms for
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oxidoreductase, ligase, transferase, hydrolase, and decarboxylase. In roots, GO terms
associated with binding affinity were mainly represented, such as nucleotide, protein, ion,
organic cyclic compound, anion, carbohydrate, and ATP (Figure 4b).

Figure 4. Gene ontology analysis. The gene ontology analysis of biological processes (a) and molecular functions (b) for
the functional groups most significantly enriched among the differentially expressed genes (DEGs) under 2, 8, and 24 h
salt stress in both leaf and root tissues. Gene ontology term categories are indicated on the Y-axis. Green (a) and blue
(b) histograms indicate numbers (X-axis) of DEGs enriched in each category.

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis showed that
the pathways enriched in leaves and roots in response to salt stress were different, but
were conserved across time points for each tissue (Table 1). In leaves, porphyrin and
chlorophyll metabolism, biosynthesis, and metabolism of various amino acids (lysine,
alanine, aspartate, and glutamate), as well as biosynthesis of aminoacyl-tRNA, antibiotics,
and several secondary metabolites, were identified. The over-represented pathways in
roots were drug metabolism of various enzymes (oxidoreduction and phospholipase) and
biosynthesis of phenylpropanoids, characterized by their antioxidant activity (such as
phenylalanine and flavonoids).
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Table 1. Over-represented KEGG pathways identified in barley leaves and roots under salt stress.

Leaves Roots

KEGG ID Enriched Pathway KEGG ID Enriched Pathway

Ko00860 Porphyrin and chlorophyll metabolism ko00980 Metabolism of xenobiotics by cytochrome P450
Ko00970 Aminoacyl-tRNA biosynthesis ko00982 Drug metabolism—cytochrome P450

Ko00261
Monobactam biosynthesis (glutamate
dehydrogenase (NAD(P)+))

ko00983
Drug metabolism—other enzymes
(phospholipase)

Ko00300 Lysine biosynthesis ko00940 Phenylpropanoid biosynthesis
Ko00250 Alanine, aspartate, and glutamate metabolism ko00460 Cyanoamino acid metabolism
Ko00997 Biosynthesis of various secondary metabolites ko00480 Glutathione metabolism

Ko00270 Cysteine and methionine metabolism ko00400
Phenylalanine, tyrosine, and tryptophan
biosynthesis

Ko00941 Flavonoid biosynthesis ko00140 Steroid hormone biosynthesis

Ko00332
Carbapenem biosynthesis (NADH-quinone
oxidoreductase subunit C)

ko00943 Isoflavonoid biosynthesis

Ko00906 Carotenoid biosynthesis

2.4. Candidate Salt-Responsive DEGs

Based on functional annotation, several candidate genes were found to be differentially
regulated in both leaves and roots at short- (2 h), intermediate- (8 h), and long-term (24 h)
salt stress treatments. The most prevalent salt-responsive genes were categorized in
different families, including ion-transporter-related, antioxidant, hormone-related, abiotic
stress-responsive, transcription factors, and signal transduction (Table S2).

Several components of the ABA signaling pathway, such as ABA sensor pyrabactin
resistance 1, ABA-independent SNF1-related protein kinase 2 (SnRK2), and 2C-type protein
phosphatases (PP2C), as well as ABA-responsive elements GRAM-domain-containing
protein and ABC transporter G family member 3, were differentially regulated under
all stress durations in both tissues. Auxin-signal-transduction-related genes were also
differentially expressed, including several auxin-responsive factors, auxin-induced proteins,
and dormancy/auxin-associated family protein. Additionally, a number of both ethylene-
and jasmonic-acid-mediated signaling pathways were differentially regulated in barley
seedlings (Table S2).

Several other gene families involved in signaling were differentially regulated in both
leaf and root tissues under all salt stress durations (2, 8, and 24 h), including calcium
signaling, leucine-rich repeats receptor-like kinase (LRR-RLK), and protein kinases. Differ-
ential expression of several others was observed only in roots, such as the NTPase-domain-
(NACHT) and the pyrin-domain (PYD)-containing protein. Among protein kinases, histi-
dine kinase, histidine-tRNA ligase, and hybrid signal transduction histidine kinase I were
identified. Compared with leaves, more differentially expressed kinases were detected in
roots. Various transcription factor families were differentially expressed in both tissues,
among them a basic helix-loop-helix DNA-binding superfamily protein, WRKY DNA-
binding protein, kinase interacting (KIP1-like) family protein, homeobox-leucine zipper
protein 3, and heat shock transcription factor C1.

Several oxidoreductase, glutathione S-transferase, and peroxidase families were dif-
ferentially expressed, particularly in roots after 8 and 24 h salt exposure. Superoxide
dismutase (SOD) and catalase antioxidant enzymes were also differentially regulated by
salt stress. Catalase genes, including catalases 1 and 3, were upregulated in both leaves and
roots under all stress durations except 24 h in roots, while Fe superoxide dismutase 2 was
downregulated only in roots. Chalcone synthase 2, with a crucial role in ROS detoxification,
was differentially expressed in both roots and leaves. Genes involved in the biosynthesis
of proline, sugars, and glycine betaine, all of which are major osmoprotectants, were also
differentially expressed in both tissues, particularly in leaves after 8 and 24 h salt stress.
The ATP-binding cassette (ABC) transporter family, such as ABC transporter G family
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members, and solute transporters, including those for sugars, amino acids, and peptides,
were differentially regulated in both tissues under all salt stress durations.

Transcript expression of various membrane transporters and ion channels, including
glutamate receptor-like, cyclic nucleotide-gated, high-affinity K+ transporters (HKTs), salt
overly sensitive Na+/H+ exchanger (SOS), and two-pore-domain K+ channel (TPK), were
differentially expressed in both tissues mainly after 8 and 24 h salt treatments.

Components of photosystems I (PSI) and II (PSII) and light-induced proteins were also
differentially expressed in both leaves and roots under all salt stress durations. Furthermore,
plant–pathogen interaction genes, such as thaumatin superfamily proteins, and defensin
genes were up- or downregulated.

2.5. Validation of RNA-Seq Data by Quantitative Real-Time qRT-PCR

Eight genes, including two up- and two downregulated genes in leaves and two up-
and two downregulated genes in roots, were selected for confirmation of RNA-seq data
by qRT-PCR. The expression fold changes for all six transcripts were in agreement with
RNA-seq regardless of salt stress duration (Figure 5).

 

−ΔΔ

Figure 5. Expression pattern validation of eight randomly selected genes in leaves and roots by qRT-PCR. Red bar indicates
transcript abundance changes of RNA-seq data calculated by the Log2 fold change method. Blue bar, mean with associated
standard error bar (n = 3), represents the relative expression level determined by qRT-PCR using the 2−∆∆CT method.

3. Discussion

Salt stress tolerance is determined by several interconnecting effects of different
molecular, cellular, metabolic, and physiological mechanisms [8]. Understanding the
networks that underlie the barley salt stress response will be of great interest for the
identification of possible breeding targets in order to improve barley stress tolerance under
a future scenario of global climate change.

Transcriptomic approaches can provide relevant information to elucidate the complex
molecular and genetic mechanisms involved in barley salt tolerance response [17,29].
Furthermore, comparing transcriptomes of stressed vs. nonstressed barley plants across
different time points supplies important key markers to support salt tolerance breeding
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programs. Tunisian local barely accessions may hold genes of high value for salinity
tolerance due to their potential to grow under adverse conditions [28].

Barley leaf and root transcription profiles after 2, 8, and 24 h of high salt stress
treatments (200 mM NaCl) revealed an array of up- and downregulations in various
biological processes involved in the overall salt stress response (Figures 4 and 6). Based
on pairwise comparisons between control and salt-stressed samples, the number of DEGs
was high and varied with the duration of salt treatment (Figure 2). Elevation of DEGs at all
time points suggests important changes in the Boulifa seedling gene expression in response
to salt stress. This extensive genetic regulation could be responsible for salt tolerance in the
Boulifa genotype by affecting several physiological and biochemical processes. High salt
induced the greatest number of DEGs following 8 h of exposure (Figure 2 and Figure S1). In
agreement with a previous study, higher DEGs in wild barley leaves were found after 12 h of
salt treatment compared with 24 h [30]. The salt-induced increase and subsequent decrease
of DEGs may be attributed to the increasing stress of extended salt exposure, followed by
possible recovery after 24 h. Based on these findings, 8 to 12 h of salt treatment should
be the most appropriate duration to elucidate the genes involved salt stress responses. In
contrast, a positive correlation between the duration of imposed stress and the number
of DEGs in barley roots exposed to 6 and 24 h salt stress was demonstrated [15]. This
discordance could be attributed to the differences in salt exposure times and/or imposed
salt concentrations. Indeed, in our experiment the severe salt stress applied (200 mM) could
induce a rapid and strong response compared with 150 mM used by Osthoff et al. [15].

Comparison of DEGs between root and leaf tissues revealed significant differences
in expression in response to salt stress (Figure 1). For all treatment durations, the most
severe impact on gene expression regulation was observed in roots compared with leaves
(Figures 2 and 3 and Figure S1), emphasizing the more prominent role of roots in sensing
salinity and responding through regulation of very complex transcriptional processes [31].
Early (2 h) salt-responsive DEGs were seven times more abundant in roots than in leaves;
however, after 8 and 24 h, root DEGs were around three times greater than those of
leaves (Figure S1), indicating a rapid salt stress response in roots, the primary organ
of exposure [31]. At all time points, downregulated genes were more abundant than
upregulated genes only in leaves. These results are consistent with previous reports
on transcriptional responses in root and leaf tissues of different plant species subjected
to abiotic stresses. Baldoni et al. [32] detected a higher number of DEGs in the roots
(6007 genes) of a tolerant rice genotype (Eurosis) subjected to osmotic stress compared
with leaves (3065) after 3 h treatment; however, the number of DEGs in both roots and
leaves were similar after 24 h. Additionally, they detected a higher number of upregulated
genes (61.6% of all DEGs) than downregulated genes (38.4%) only in roots. Furthermore,
Luo et al. [19] detected more DEGs in roots than in leaves of salt-stress-treated sweet
potato with also a greater number of upregulated DEGs than downregulated DEGs (544 up
and 392 down) in roots and more downregulated DEGs than upregulated DEGs (75 up
and 145 down) in leaves. Even in quinoa and peach, similar trends of DEG distribution
between roots and leaves subjected to salt stress were reported [33,34]. The high number of
downregulated genes in leaves under high salinity could be attributed to the efficiency in
conserving resources and energy under stress conditions by repressing the transcriptional
process of genes mainly associated with oxidative activities and cell wall compartment,
which could be constitutively active. This may have contributed to the salt tolerance
phenotype of Boulifa [28].

To gain further insight into the mechanisms underlying barley salt stress tolerance
at an early seedling stage, DEGs in both leaves and roots were annotated, GO-enriched,
and categorized into different functional groups (biological processes), including sensing
and signaling pathways, transcriptional reprograming, hormone and ion homeostasis
regulation, and metabolic changes as summarized in Figure 6.
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Figure 6. Flow chart of the salt stress tolerance mechanism in barley. The induced stress response
begins with the activation of several sensing and signaling pathways, followed by transcriptional
reprograming, resulting in the activation of diverse cellular homeostasis mechanisms for ROS
detoxification, osmoprotection, ion homeostasis, and photosystem protection. Samples L2h, L8h, and
L24h and R2h, R8h, and R24h for leaves and roots, respectively, under different stress durations are
shown. The color gradient indicates the pattern of GO term enrichment level from low (yellow) to
high (brown).

To avoid salinity damage, plants have evolved sensors to detect stress and activate
signal transduction for the modification of cellular traits through transcriptional regula-
tion [35,36]. Therefore, sensing and signaling are crucial for salt stress response [37–39].
Several salt-induced signaling pathways have been previously reported, including ab-
scisic acid (ABA) [40], hormone [41], calcium [42], and receptor-like kinase pathways [43]
(Table S2).

The current study suggests the involvement of several signal transduction genes, in-
cluding differentially expressed ABA signaling pathway genes. The ABA receptors, which
are critical for plant growth and development under abiotic stress [44], were differentially
expressed particularly in roots. Indeed, the ABA sensor pyrabactin resistance 1, a negative
regulator of the ABA-independent SnRK2 and a selective inhibitor of the PP2C [45], and
both PP2C and SnRK2, major negative regulators of ABA signaling [46], were differentially
expressed at all time points in both tissues. Furthermore, a number of ABA-responsive
elements were differentially regulated under all stress durations.

Several other hormones play important roles in barley salt signaling, including differ-
entially expressed hormone-related genes, such as auxins, ethylene, and jasmonic acid.

Auxins play an important role in determining plant architecture and contribute mainly
to cell elongation and division. Several auxin-responsive protein family members, auxin sig-
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naling pathway constituents, and dormancy/auxin-associated family proteins, involved in
defense against virulent bacterial pathogens [47], were differentially expressed, suggesting
their important roles in barley salt stress response.

Ethylene is involved in ion homeostasis, ROS detoxification, and salt stress tolerance in
plants [48]. Several genes encoding ethylene signaling pathway proteins were differentially
expressed in both tissues under all stress durations. Relative to leaves, the majority of
ethylene-signaling-associated DEGs were found in roots. Moreover, after 2 h salt exposure,
the ethylene-signaling-associated DEGs were found only in roots (Table S2), demonstrating
the rapid salt stress response in these tissues.

A number of jasmonic-acid-mediated signaling pathways that regulate many devel-
opmental and defense mechanisms, including root growth inhibition and activation of
antioxidant enzymes upon exposure to high salinity [37], were upregulated under all stress
durations mainly in roots. In addition, several calcium–calmodulin signal transduction pro-
teins were differentially expressed in barley seedlings, particularly in roots, emphasizing
the importance of calcium signaling and related mechanisms in regulating transcriptional
activity in response to salt stress [37].

Various transcripts for proteins involved in signal transduction, such as the LRR-RLK
protein and scaffold protein families were differentially expressed under all salt stress
durations. Additionally, several transcripts encoding signal transduction histidine kinases
were salt-regulated in barley seedlings. Relative to leaves, more kinases were differentially
expressed in roots. These results are in agreement with previous studies [29,30,34] and
confirm the involvement of signal transduction in salinity tolerance in barley and highlight
the more complex signaling regulation in roots, supporting the notion that roots are the
primary sensors of salt stress.

At 8 h of salt exposure, there were higher numbers of kinase DEGs in both leaves and
roots. Furthermore, several transcription factors regulating gene expression in different
signaling pathways [49] were identified under severe salt stress. Similar transcription
factor families were identified by RNA-seq analysis in a mutant barley line exposed to salt
stress [18].

Several metabolic pathways that include numerous proteins were differentially ex-
pressed in barley leaves and roots under salt stress. Indeed, in response to ROS, synthesis
of stress-related metabolites (hormone, multiple osmolytes, and cell wall components) and
photosynthesis and metabolite and water transport systems were upregulated (Table S2).

The antioxidant defense system was strongly affected in barley seedlings under salt
stress with over-represented DEGs corresponding to antioxidant and oxidoreductase activ-
ities (Figure 4). Antioxidant enzymes such as SOD and catalase were represented among
DEGs. These genes, widely described as active in ROS homeostasis [37], were also indi-
cated through RNA-seq analyses of barley roots, mutant barley, and wild barley subjected
to salt stress [15,18,30]. Chalcone synthase 2, which plays diverse roles in cell protection
and detoxification as ROS scavengers and osmoregulators [1,15,31], was differentially
expressed in both roots and leaves.

Several genes involved in the biosynthesis of major osmotic components, including
proline, sugars, glycine betaine, and polyamines, were differentially expressed. These
osmoprotectants, which have very important roles in maintaining water uptake, membrane
and protein protection, and stabilization against abiotic stresses [50], were also identified
in mutant barley exposed to salt stress [18]. These results highlight the involvement
of osmotic and oxidative homeostasis maintenance in preventing stress-induced ROS
accumulation, resulting in high growth performance previously detected in the tolerant
genotype Boulifa [27,28].

Several proteins belonging to the ATP-binding cassette (ABC) transporter family
involved in the modulation of stomatal response to CO2 [51] were upregulated in leaves
and differentially expressed in roots under all stress treatments. Additionally, solute
transporters were highly differentially expressed at all time points in both roots and leaves,
suggesting their involvement in the re-establishment of cellular osmotic homeostasis.
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Cellular ionic homeostasis, which is an essential process for growth during salt
stress [52], was also highly differentially expressed in barley seedlings under salt stress.
Two major classes of nonselective cation channels permeable to potassium and calcium
were involved in re-establishing ionic balance after defense action [53]. The HKT trans-
porters were upregulated in leaves and roots at all time points, while the SOS, which
contributes to ion homeostasis by transporting Na+ out of the cell [54], was downregulated
only in leaves after 24 h of salt treatment. The TPK channel, activated by calcium with
strong selectivity for K+ over Na+, is involved in intracellular K+ redistribution between
different tissues and stomatal regulation by monitoring turgor pressure [55]. The expres-
sion of this transporter was downregulated in both tissues at all stress time points. Other
transporters active in the root tissue, such as the stelar K+ outward rectifier (SKOR) that
mediates the delivery of K+ to the xylem for root–shoot potassium allocation [56], and the
transient receptor potential cation channel subfamily V member 6 (Trpv6) that mediates
Na+ and Ca2+ influx [57] were differentially expressed. In roots, expression of both genes
was upregulated after 24 h of salt exposure, emphasizing the importance of root function
in water and nutrient uptake during salt stress.

Salt-stressed plants must respond to not only ionic and osmotic disruptions but also
impaired photosynthesis [37]. A large number of genes involved in the protection of
photosystems were differentially expressed in leaf samples mainly after 8 h of exposure to
salt stress. The regulation of these photosystem genes could be the origin of the sustained
high growth rate, maintenance of water use efficiency, and photosynthetic potential in
the tolerant genotype Boulifa under severe salt stress [27,28]. Significantly upregulated
were components of PSI and PSII, including PSI assembly protein and PSII reaction center
proteins required for stability and/or assembly, PSI P700 chlorophyll apoproteins, PSI iron–
sulfur center, PSII D2 protein, and PSII 10 kDa polypeptide essential for photochemical
activities [58]. Almost all of these genes were downregulated in roots under all stress
durations. Earlier observations based on transcriptome analysis are consistent with this
finding [32,59]. Both studies found downregulation of several photosynthesis-related genes
in rice roots under osmotic stress and wheat roots under low-phosphorus stress. It was
suggested that the repression of these genes in roots may be related to energy conservation.
Furthermore, some transcripts related to carbohydrates, fatty acids, protein metabolism,
and biosynthetic processes were differentially expressed in both leaves and roots in order
to mobilize an alternative source of energy because of the impairment of photosynthesis
during salt stress [1].

A number of pathogenesis-related (PR) genes were also differentially expressed in
barley seedlings following salt stress. Upregulation of the PR gene expression was noted
in 3-day-old barley seedlings geminated and grown in 100 mM NaCl [34]. At 8 h of salt
stress, the leaf expression of a pathogenesis-related thaumatin superfamily protein was
downregulated, while the expression in roots was downregulated at all treatment durations.
The expression of another PR protein, Solanum tuberosum pathogenesis (STH-2), was upreg-
ulated only in roots, and defensin genes 1 and 2 were downregulated at all time points in
roots but not at the 2 h time point in leaves. These observations support the hypothesis that
pathogenesis-related proteins are involved in plant responses to environmental stresses.

4. Conclusions

In this study, a comprehensive comparison of the gene expressions of barley leaves
and roots after 2, 8, and 24 h high salt stress was performed. The results suggest cross-talk
among diverse pathways in barley in response to salt stress. Differential response included
a rapid regulation of several candidate genes related to hormone and kinase sensing and
signaling, such as ABA-responsive elements, calcium signaling, LRR-RLK, and protein
kinases, and several transcription factors mainly belong to the MYB, bHLH, HD-ZIP, WRKY,
MADS-box, and NAC families. Moreover, differential regulation of antioxidant genes,
genes involved in the biosynthesis of osmolytes, and transporter genes was observed.
Both common and tissue-specific salt-responsive candidate genes identified here constitute
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valuable resources for plant breeders and for further omics studies in barley and other
crops. Future research, such transgenic assay, complementation assay, and subcellular
localization, is needed to further validate the functions of the identified genes in providing
salinity tolerance to plants and the physiological mechanisms in which they are involved.

5. Material and Methods

5.1. Plant Material and Hydroponic Salt Stress Treatment

Seeds of a salt-tolerant Tunisian barley cultivar (Boulifa) [27,28] were surface-sterilized
with 5% sodium hypochlorite solution for 5 min, then thoroughly rinsed with distilled
water and germinated in the dark at 25 ◦C in Petri dishes with distilled water. After
5 days, germinated seedlings were transferred to an aerated hydroponic system containing
half-strength modified Hoagland’s solution [60] under 16 h light at 22 ◦C. After 3 days of
acclimatization, gradual salt stress was applied. NaCl concentrations were brought up to
200 mM by increments of 50 mM NaCl on the first and second day and 100 mM on the third
day. Root and shoot tissues were sampled at 0 h (before adding the first 50 mM NaCl), then
again at 2, 8, and 24 h after reaching a final concentration of 200 mM NaCl. Five plants in
each time point were harvested, pooled, washed thoroughly and separated into roots and
shoots, frozen in liquid nitrogen, and stored at –80 ◦C for RNA isolation. All experiments
were performed in triplicate.

5.2. Total RNA Isolation and DNase Treatment

Total RNA was isolated from shoots and roots representing each time point using the
ZR Plant RNA MiniPrep™ Kit (Zymo Research, Irvine, CA, USA). The quality and quantity
of isolated RNAs were checked by agarose gel electrophoresis and spectrophotometrically
using a BioPhotometer (Eppendorf BioPhotometer plus, Hamburg, Germany). Residual
DNA was eliminated using a TURBO DNA-free™ Kit (Promega, Madison, WI, USA).

5.3. Sequencing

Library construction and sequencing were carried out at the Beijing Genomics Institute
(BGI, Shenzhen, China) for the three replicates of each treatment using the Illumina NextSeq
500 platform. Single-end reads 50 bp in length were generated for each sample at an average
of 24.14 million reads per sample using the oligoDT selection method. Low-quality reads
and adaptor sequences were removed from all samples (clean reads).

All clean reads were deposited in the Sequence Read Archive (SRA) database in NCBI
with accession number PRJNA715166.

5.4. Pseudoalignment and Transcript Abundance Analysis

The reads were pseudoaligned to the barley transcriptome [61] (barley reference from
PGSB barley genome database 2017) using kallisto [62], and gene-level abundances were
obtained. The abundances were normalized using DESeq2 [63] and principal component
analysis (PCA, Figure S2), and hierarchical clustering was performed using the top 25%
highly varying genes in order to examine the underlying structure of the data and to
identify the largest sources of variance.

5.5. Differential Expression Analysis

Differential expression analysis was performed separately for each tissue (root vs.
leaf). Within each tissue, DESeq2 [63] was used to model the gene abundances as a negative
binomial distribution, and three pairwise contrasts were performed (2 vs. 0 h, 8 vs. 0 h,
and 24 vs. 0 h). Genes with adjusted p-value (after Benjamini–Hochberg correction) ≤ 0.01
and absolute log2 fold changes ≥ 1 were reported as significantly differentially expressed
in each contrast.
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5.6. GO Enrichment Analysis and Visualization

For each contrast, gene ontology (GO) terms enriched among the differentially ex-
pressed genes were identified using topGO [64], an R package that provides various
algorithms for calculating the statistical enrichment of GO terms among a list of genes. A
classic Fisher’s enrichment test was performed using each list of differentially expressed
genes to identify significantly enriched GO terms in the molecular function and biological
process domains.

All barley genes were annotated using Blast2go (OmicsBox 2.0.10) [65] to identify
KEGG pathway information. Fisher’s enrichment test was run, and over-represented
pathways were identified using FDR cutoff 0.1.

5.7. Validation of RNA-Seq Findings by Real-Time PCR

Validation of RNA-seq findings was performed by reverse transcription PCR. Quanti-
tative real-time PCR (qRT-PCR) was performed using Applied Biosystems Power SYBR
Green qPCR Master Mix (Life technologies, Carlsbad, CA, USA) on 96-well plates using spe-
cific primers designed by the Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/) [66].
The expression levels of eight randomly selected genes and the internal control alpha
tubulin (TUB2) were checked using an Applied Biosystems thermal cycler. The primer
names and sequences used for primer design are in Table S3. Each qRT-PCR reaction
mixture (20 µL) contained 1 µL of fourfold diluted cDNA, 10 µL of PCR mixture (2 × SYBR
Green buffer), 7 µL of water, and 2 µL of primers (10 ppM). The following thermal profile
was used: 95 ◦C (10 min), 40 amplification cycles of 95 ◦C (30 s), 60 ◦C (60 s). Melting curves
were obtained by slow heating from 65 to 95 ◦C at 0.5 ◦C/s and continuous monitoring of
the fluorescence signal. Results were analyzed by the StepOneTM software, v2.2.2 (Applied
Biosystems, Foster City, CA, USA). Transcript abundance quantification was performed
according to the 2−∆∆CT method [67]. Fold change was calculated for the salt-treated
seedlings relative to the untreated plants (0 h).

Total RNA isolation, quantification, and DNase treatment were performed as previ-
ously described. cDNA synthesis was performed from 1 µg of RNA using a GoScript™
Reverse Transcription System Kit (Promega) following the manufacturer’s instructions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22158155/s1. Figure S1. Differentially expressed genes in leaves (a) and roots (b).
Differentially expressed genes (DEGs) at 2, 8, and 24 h of salt treatments relative to untreated plants
(0 h) are shown. The specific DEG numbers for each time point and the shared DEGs between the
different time points are shown by dots and lines, respectively. Figure S2. Principal component
analysis (PCA) of the data showing the variation due to tissue. Table S1. Statistics of RNA-seq
numerical data analysis in barley seedlings. B0L (control leaves), B0R (control roots), B2L (leaves
salt-stressed for 2 h), B2R (roots salt-stressed for 2 h), B8L (leaves salt-stressed for 8 h), B8R (roots
salt-stressed for 8 h), B24L (leaves salt-stressed for 24 h), B24R (roots salt-stressed for 24 h). Table S2.
Candidate genes of barley in response to salt stress, yellow: downregulated; red: upregulated; blue:
up- and downregulated genes (multiple genes). Table S3. Primers used for qRT-PCR to validate
RNA-seq findings.
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Abstract: Mulberry, an important woody tree, has strong tolerance to environmental stresses, includ-
ing salinity, drought, and heavy metal stress. However, the current research on mulberry resistance
focuses mainly on the selection of resistant resources and the determination of physiological indi-
cators. In order to clarify the molecular mechanism of salt tolerance in mulberry, the physiological
changes and proteomic profiles were comprehensively analyzed in salt-tolerant (Jisang3) and salt-
sensitive (Guisangyou12) mulberry varieties. After salt treatment, the malondialdehyde (MDA)
content and proline content were significantly increased compared to control, and the MDA and
proline content in G12 was significantly lower than in Jisang3 under salt stress. The calcium content
was significantly reduced in the salt-sensitive mulberry varieties Guisangyou12 (G12), while sodium
content was significantly increased in both mulberry varieties. Although the Jisang3 is salt-tolerant,
salt stress caused more reductions of photosynthetic rate in Jisang3 than Guisangyou12. Using
tandem mass tags (TMT)-based proteomics, the changes of mulberry proteome levels were analyzed
in salt-tolerant and salt-sensitive mulberry varieties under salt stress. Combined with GO and KEGG
databases, the differentially expressed proteins were significantly enriched in the GO terms of amino
acid transport and metabolism and posttranslational modification, protein turnover up-classified
in Guisangyou12 while down-classified in Jisang3. Through the comparison of proteomic level, we
identified the phenylpropanoid biosynthesis may play an important role in salt tolerance of mulberry.
We clarified the molecular mechanism of mulberry salt tolerance, which is of great significance for
the selection of excellent candidate genes for saline-alkali soil management and mulberry stress
resistance genetic engineering.

Keywords: mulberry; salt stress; TMT proteomics; phenylpropanoid metabolism

1. Introduction

Plants need to adapt with the constantly changing environment, including frequent
stress environments like drought, salinity, chilling, cold, and heavy metal stress that are not
conducive to plant growth and development. In particular, the frequent extreme weather
in recent years has caused huge losses to agricultural production [1,2]. Therefore, the
understanding of how plants respond to environmental stress is a fundamental question in
plant biology [3]. Water deficit and high salinity induced osmotic stress severely restricts
plant growth and productivity. Salinity has caused great loss to crop production around
the world [4]. The area of saline-alkali land in the world is 950 million hectares, of which
the area of saline-alkali land in China is about 99 million hectares. One fifth of arable
land is threatened by salinity stress, especially in coastal areas where it is eroded by
seawater. Salt stress disrupts many physiological and biochemical processes in plant
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cell and then induces iron toxicity, osmotic stress, and nutritional deficiencies [5]. Plants
evolved to survive in adverse environmental stresses through a variety of strategies,
such as developing serious sensors and signaling pathways, stress induced organelles
(chloroplasts, mitochondria, peroxisomes, nuclei, and cell walls) response. The stress
signals generated from all organelles are integrated to regulate the expression of stress-
related genes and other cell activities, thereby restoring cell homeostasis [3]. In addition,
a series of physiological processes including the synthesis of osmolytes (e.g., proline,
glutathione, mannitol, carbohydrate, glycine betaine, and polyamines) and the activation
of antioxidant enzymes (e.g., catalase, glutathione peroxidase, superoxide dismutase, and
peroxidase) enhance the tolerance to salt stress [6,7].

Plants have established elaborate mechanisms to cope with salt stress. In recent years,
the exploration of salt tolerance mechanisms has been conducted on herbaceous plants
like rice, Arabidopsis, wheat and maize, while infrequently in wood plant like cotton
and mulberry trees [8–10]. High-throughput biological technology such as metabolomics,
transcriptomics and proteomics, have been used in the discovery of genetic resources to
salt tolerance [11]. The molecular mechanism underlying salt-tolerant rice cultivar (sea
rice) has been explored through whole genome sequencing and comparative transcriptome
analysis [12]. A comparative transcriptional profiling was performed to explore salt
tolerance rice cultivate (FL478) and its sensitive parent (IR29), and more than two thousand
genes were found to respond to salt stress [13]. Another comparative transcriptome analysis
of salt-tolerant rice under salt stress found that ABA signal transduction is highly related to
salt stress [14]. Isobaric tags for relative and absolute quantitation (iTRAQ)-based proteomic
analysis of salinity-tolerant rice (sd58) and wild-type Kitaake revealed that heterotrimeric G
protein alpha subunit (RGA1) participates in salt response through ROS scavenging [15].
RNA-seq analysis of cotton found that 14,172 alternative splicing (AS) events were changed
under salt stress, and Ser/Arg-rich (SR) proteins related to AS regulation may be crucial
in salt stress [16]. Comprehensive RNA sequencing and SWATH-MS-based quantitative
proteomics analyses of maize uncovered splicing factors and transcription factors have an
important role in salt stress [17].

Mulberry (Rosales: Moraceae), a perennial woody plant, has remarkable nutritional,
medicinal value, and economic value, as well as ecological functions. The fruit of mulberry
is nutritious for human beings and the leaves are important food for silkworms. Mulberry
is also a valuable genetic resource for abiotic stress (e.g., salinity, heavy metal ions, cold
and drought) and can be used for drought relief and remediation of polluted water [18].
Genes involved in stress signals were explored in various studies in mulberry. For example,
the polyphenol oxidase 1 gene (MnPPO1) is regulated during plant stress responses; ABA
pathway-related genes RD29A, RD29B, RD22, ABI3 and ABI5 were significantly higher in
drought tolerance [19]; the receptor for activated C kinase 1 (RACK1) protein is regulated in
drought and salt tolerance. DNA methyltransferase genes (MnCMT2, MnCMT3, MnMET1,
MnDRM1, and MnDRM3) are responsive to biotic stresses [20]. The activities of superox-
ide dismutase (SOD), catalase (CAT), peroxidase (POD) and ascorbate peroxidase (APX)
in mulberry can eliminate the production of oxidative stress induced by Cd stress [21].
MiR397a and its target copper-assisted laccase (LAC) can respond to copper regulatory
response in mulberry [22]. Furthermore, its popularization is expected to improve saline-
alkali land and gradually turn it into fertile land. Through the release of mulberry (Morus
notablilis) genome sequence [23], the biological techniques including transcriptome and
proteome were used in understanding of the mechanisms of mulberry response to abiotic
stress [24–26]. However, the comparative proteomic studies on salt tolerance of mulberry
are seldom reported. Over the past decade, chemical labeling with isobaric tandem mass
tags, such as isobaric tags for relative and absolute quantification reagents (iTRAQ) and
tandem mass tag (TMT) reagents, have been employed in a wide range of different studies
to explore the signal transduction pathways and protein interaction networks. In this study,
we conducted physiological analysis and TMT-based proteomics to elucidate mulberry
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response to salt stress, which will provide a scientific basis for further understanding of
abiotic stress response in mulberry and cultivation of salt-tolerant crops.

2. Results

2.1. Physiological Responses of Mulberry to Salt Stress

The salt-tolerant mulberry variety Jisang3 and sensitive variety Guisangyou12 were
used in this study. After treatment with 200 mM NaCl for 10 days, compared to the
Jisang3 seedlings with no obvious stress phenotype, the Guisangyou12 seedlings were
wilted and rumpled (Figure 1A). Proline and MDA contents [27] in roots of both varieties
were significantly increased after salt stress, while the antioxidant ability of Jisang3 and
Guisangyou12 seedlings were significantly decreased (Figure 1B–D). The ion content in-
cluding potassium, sodium and calcium were also determined. The contents of potassium
and calcium were significantly decreased, and the content of sodium was significantly
increased (Figure 1E–G). Net photosynthetic rate was further analyzed in Jisang3 and
Guisangyou12. It was revealed that the photosynthetic efficiency is significantly reduced
in the two varieties during salt stress, but the salt-sensitive variety Guisangyou12 keeps a
relatively higher photosynthetic efficiency after salt treatment (Figure 2A). Consistent with
plant phenotype, the water content was not decreased in salt-tolerant variety Jisang3 but
was significantly reduced in salt-sensitive variety Guisangyou12 (Figure 2B). Intercellular
carbon dioxide concentration was significantly increased in Jisang3 but no obvious change
in Guisangyou12 (Figure 2C). Stomatal conductance reflecting the degree of stoma opening
directly affects the demand for photosynthesis in tree species, and then affects photosyn-
thesis rate. Stomatal conductance has a great influence on the CO2 concentration in the
intercellular space. As the salt increases, the measured values of stomatal conductance and
intercellular concentration decrease sequentially, and the daily change amplitude gradually
decreases (Figure 2D). This revealed that the harmony of all varieties is seriously inhibited
with the increase of salt stress intensity. These results indicated that the Jisang3 seedlings
have a better adaptability to salt stress environment.

2.2. Differentially Regulated Proteins (DRPs) in Mulberry Roots

A differential regulated protein (DRP) expressions analysis was performed to deter-
mine the responses of mulberry to salt stress and to identify specific strategies of mulberry
survival in saline-alkali soil. In total, 1,166,253 mass spectra were produced by mass spec-
trometer and 162,897 mass spectra were matched with alignment protein, 82,899 peptides
in which spectra hits were found and 7044 proteins were detected by spectrum search
analysis (Table S1).

In salt-sensitive variety Guisangyou12 after salt stress, there were 255 upregulated
DRPs and 532 downregulated DRPs with the fold-change higher than 1.2 (Table 1). With the
fold-change higher than 1.5, there were 71 upregulated DRPs and 117 downregulated DRPs
in Guisangyou12. These data indicate that a great number of proteins were depressed in salt-
sensitive variety by salt stress. In salt-tolerant variety Jisang3, there were 412 upregulated
DRPs and 288 downregulated DRPs after salt stress, with the fold-change higher than
1.2 (Table 1). With the fold-change higher than 1.5, there were 68 upregulated DRPs
and 64 downregulated DRPs. These data indicate that a large number of proteins were
activated in salt-tolerant variety by salt stress. Furthermore, a comparative analysis between
Jisang3 and Guisangyou12 showed that 600 DRPs were upregulated and 619 DRPs were
downregulated under salt stress, with fold-change higher than 1.2 (Table 1). With the
fold-change up to 1.5, there were 169 upregulated DRPs and 165 downregulated DRPs
under salt stress.

In order to analyze the differential responsive pattern between the salt-sensitive variety
and salt-tolerant variety, we created a Venn diagram of the DRPs with fold-change higher
than 1.3. As shown in Figure 3, 94 upregulated proteins were unique in G12 group during
salt stress and 59 upregulated proteins were unique in G12 group. After salt treatment,
221 proteins were upregulated between two varieties. Among the upregulated proteins,
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there were only 2 DRPs shared between the two varieties. For the downregulated proteins,
there were 135 unique proteins in G12 group and 83 unique proteins in J group, and only
one DRP shared between the two varieties. These results indicated that the salt-sensitive
mulberry variety and salt-tolerant mulberry variety have different protein profiles in
response to salt stress.

 

Figure 1. Phenotypic and physiological characteristics of mulberry varieties Jisang3 and Guisangyou12 under control and
saline conditions. (A) Performance of Jisang3 and Guisangyou12 plants under control and saline conditions. (B) Proline
content of root in both J and G12 groups. (C) MDA content of root in both J and G12 groups. (D) Total antioxidant capacity
of root of the two varieties in saline condition. (E–G) Ion content (potassium, calcium, sodium) of root of mulberry varieties
Jisang3 and Guisangyou12 under control and saline conditions. Data are means ± SD with three biological replicates.
Different letters represent statistically significant differences between control and salt treated plants by Duncan’s multiple
range test (p < 0.05). Jck, JS, G12ck and G12S represent the two states of Jisang3 and Guisangyou12 under control and salt
stress, respectively.
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Figure 2. Physiological responses of mulberry to salt stress. (A) Net photosynthetic rate of mulberry leaves in both J and
G12 groups. (B) Relative water content in both J and G12 groups. (C) Intercellular carbon dioxide concentration in both
J and G12 groups. (D) Stomatal conductance to water vapor in both J and G12 groups. Data are means ± SD with three
biological replicates. Different letters represent statistically significant differences between control and salt treated plants
by Duncan’s multiple range test (p < 0.05). Jck, JS, G12ck and G12S represent the two states of Jisang3 and Guisangyou12
under control and salt stress, respectively.

Table 1. Differentially expressed protein summary (filtered with threshold value of expression fold change and
p value < 0.05). Jck, JS, G12ck and G12S represent the two states of Jisang3 and Guisangyou12 under control and salt
stress, respectively.

Compare Group Regulated Type Fold Change > 1.2 Fold Change > 1.3 Fold Change > 1.5 Fold Change > 2

G12S/G12ck
Up-regulated 255 147 71 24

Down-regulated 532 320 117 15

JS/G12S
Up-regulated 600 402 169 29

Down-regulated 619 396 165 51

JS/Jck
Up-regulated 412 218 68 11

Down-regulated 288 162 64 21

Jck/G12ck
Up-regulated 380 232 113 35

Down-regulated 686 375 135 21
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Figure 3. Analysis of Venn diagram. (A,B) Venn diagram of differentially expressed proteins identified at different
treatments. (C,D) Venn diagram of differentially expressed proteins identified between Jisang3 and Guisangyou12 in the
saline condition.

We further selected DRPs with fold-change higher than 1.5 to build a heatmap
(Figure 4 and Table S2). Most of them were enzymes that participated in the metabolism.
Additionally, these proteins were mostly downregulated in Guisangyou12 but upregulated
in Jisang3 after salt stress.

2.3. GO Terms and KEGG Pathway in Mulberry Response to Salt Tolerance

To further understand the function of DRPs, these DRPs were enriched in the clus-
ters of orthologous groups of proteins (COG/KOG) category (Figure S2). On the whole,
DRPs involved in salt stress were classified into processes including posttranslational
modification, protein turnover, chaperones, amino acid transport and metabolism, lipid
transport and metabolism, carbohydrate transport and metabolism. The upregulated
proteins were classified into processes such as signal transduction mechanisms, intra-
cellular trafficking, secretion, vesicular transport cytoskeleton and cytoskeleton, while
the downregulated proteins were classified into processes such as amino acid transport
and metabolism, posttranslational modification, protein turnover, chaperones, secondary
metabolites biosynthesis, transport and catabolism, lipid transport and metabolism. In
Guisangyou12, the upregulated proteins were enriched in the processes including energy
production and conversion, posttranslational modification, protein turnover, chaperones,
amino acid transport and metabolism, while the downregulated proteins were enriched in
the processes including carbohydrate transport and metabolism, intracellular trafficking,
secretion, and catabolism. In Jisang3, the upregulated proteins were enriched in processes
including signal transduction mechanisms, intracellular trafficking secretion and vesicular
transport, cytoskeleton, while downregulated proteins were enriched in processes such
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as amino acid transport and metabolism, posttranslational modification, protein turnover,
chaperones, secondary metabolites biosynthesis transport and catabolism.

 
Figure 4. Heatmap of differentially expressed proteins identified in mulberry roots after NaCl
treatment. Fold change >1.5. Red represents a high gene expression level and green represents a low
gene expression level.

To further understand the function of these proteins from a pathway-specific per-
spective, we subsequently subjected the data to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment (Figure S3). In Guisangyou12, the glucosinolate biosynthesis
had significantly upregulated expression under salt stress. The synthesis and degrada-
tion of amino acids, beta-alanine metabolism, lysing degradation, valine, leucine and
isoleucine degradation and fatty acid degradation were also changed under salt stress. The
downregulated DRPs were mostly enriched in phenylpropanoid biosynthesis and steroid
biosynthesis. In Jisang3, the upregulated DRPs were enriched in phagosome, pyrimidine
and endocytosis, while the downregulated DRPs were enriched in the carbon metabolism,
glycolysis/gluconeogenesis and arginine and proline metabolism. In sum, a large number
of proteins involved in phenylpropanoid biosynthesis were upregulated while DRPs in-
volved in the carbon metabolism were downregulated. This provides important clues to
elucidate the salt tolerant mechanism in mulberry.

Subcellular localization analysis was also performed to understand the localization
of the DRPs. As shown in Figure S4, most of the DRPs were located in the nucleus,
cytoplasm, plasma membrane and chloroplast, some proteins were located in mitochondria,
cytoskeleton, and vacuolar membrane, were also participated in the salt stress response. In
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the salt-tolerant variety Jisang3, protein transport into nucleus occurred when cytoplasm
proteins and chloroplast proteins were degraded. However, in the salt-sensitive variety
Guisangyou12, proteins were still processing in cytoplasm and chloroplast, and large
amounts of proteins in chloroplast, nucleus and cytoplasm were downregulated. Combined
with the physiological and biochemical data (Figure S4), we inferred that DRPs in the salt-
tolerant variety were degraded for the synthesis of osmotic stress resistant materials while
the salt-sensitive variety could keep a high level of photosynthesis and therefore exhibit
salt-stressed phenotype quickly.

2.4. Biological Process in Mulberry Response to Salt Stress

After the DRPs in different comparison groups were classified by GO and KEGG path-
way, we further performed cluster analysis on these proteins to find the correlation of the
DRPs in the comparison groups (Figures S5 and S6). According to the p-value of Fisher’s
exact test obtained by enrichment analysis, the relevant functions in different groups are
grouped together using the hierarchical clustering method and drawn as a heatmap. Differ-
ent groups of DRPs and color blocks corresponding to the functional description indicate
the degree of enrichment. Together with these results, we found some interesting pathways
including amino acid synthesis, reactive oxygen scavenging activity and phenylpropanoid
biosynthesis, may contribute to salt tolerance. We further analyzed DRPs involved in these
pathways, listed in Tables S3–S5. In Guisangyou12, 37 DRPs were involved in amino acid
synthesis such as arginine, glycine, serine, valine and tryptophan metabolism and 8 DRPs
were involved in glutathione metabolism which were all upregulated, only 10 DRPs related
to phenylpropanoid biosynthesis were downregulated during salt stress. In Jisang3, only
downregulated DRPs were enriched in these pathways, and 31 DRPs involved in amino
acid synthesis and 4 DRPs involved in glutathione metabolism. For comparison of the
two varieties after salt stress, 10 DRPs involved in phenylpropanoid biosynthesis were
highly upregulated and 90 DRPs involved in amino acid metabolism were downregulated,
and another 9 DRPs involved in glutathione metabolism, 14 DRPs involved in peroxisome
metabolism and 12 DRPs involved in phenylpropanoid biosynthesis were all downregu-
lated. In a comparison of the two varieties, we found that fatty acid metabolic process (e.g.,
long-chain fatty acid metabolic process, fatty acid beta-oxidation, fatty acid oxidation, fatty
acid catabolic process, monocarboxylic acid catabolic process and carboxylic acid catabolic
process) and hyperosmotic salinity response were significantly enriched (Figure S6). Taken
together, these results suggest that phenylpropanoid biosynthesis may contribute to salt
tolerance in mulberry.

2.5. Phenylpropanoid Biosynthesis in Mulberry Response to Salt Stress

Phenylpropanoids contribute to all aspects of plant responses to biotic and abiotic
stimuli [28]. We found that phenylpropanoid biosynthesis pathway is responsive to salt
stress (Figure 5A). Aldehyde dehydrogenase were downregulated in Jisang3 and upregu-
lated in Guisangyou12; caffeic acid 3-O-methyltransferase and quinate hydroxycinnamoyl
transferase were induced in Jisang3 and depressed in Guisangyou12, while the peroxidase
showed a diametrically exposed trend (Figure 5A). The protein abundance of glycosyl
transferase was changed irregularly, while reticuline oxidase and vinorine synthase showed
a stable expression pattern under salt stress (Figure 5A). As shown in Figure 5B, the DRPs
involved in phenylpropanoid biosynthesis were further analyzed. The expressions of alde-
hyde dehydrogenase, glycosyltransferase, peroxidase, cinnamyl alcohol dehydrogenase
were all depressed in Jisang3 but induced in Guisangyou12. Phenylpropanoids includ-
ing phenol, phenylpropanol, phenylpropionic acid are natural ingredients. Its conden-
sates, leggins, lignans, lignins, and phenylpropanoids are mostly biosynthesized through
the shikimic acid pathway [29]. We further measured the contents of coumarin, lignins
and flavonoid through high performance liquid chromatography (HPLC). As shown in
Figure S7, the coumarin and flavonoid were all induced in Guisangyou12 under salt stress
and were correlated with our inference. These results indicated that phenylpropanoids

144



Int. J. Mol. Sci. 2021, 22, 9402

may be involved in salt response and can be used as a target to improve salt resistance
in mulberry.

Figure 5. Heatmap of proteins involved in phenylpropanoid biosynthesis pathway. (A) Heatmap
of proteins identified in phenylpropanoid biosynthesis pathway. (B) Heatmap of DRPs involved
in phenylpropanoid biosynthesis pathway. Red represents a high gene expression level and blue
represents a low gene expression level.

2.6. Post-Transcription and Translation Show a Different Pattern in Salt-Tolerant and
Salt-Sensitive Mulberry during Early Salt Responsiveness

To further characterize the transcriptome profiles under salt stress, genes involved
in salt stress in the two varieties were further screened through RNA-Seq. There were
24,448 genes identified and 4009 genes were both annotated in transcriptome and proteome
(Figure S8). The transcriptomic and proteomic data describe the expression of genes at
the transcription and translation levels, respectively. In addition to the one-to-one corre-
spondence between transcriptome and proteome, there are other more complex regulatory
relationships. Shown in Figure 6A is a scatter plot between the sample’s transcript and
its corresponding protein expression. By comparing the quantitative correlation between
the two omics, we found that there was a positive regulatory relationship between the
protein and the transcript in Guisangyou12 under salt stress while there was a negative
regulatory relationship in Jisang3. We further performed the GSEA analysis (Figure 6B)
based on KEGG pathway through the above overall analysis of the quantitative correlation
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between the transcriptome and the proteome. The result showed that there was obvious
positive regulatory relationship between the transcriptome and the proteome such as plant
hormone signal transduction and phenylpropanoid biosynthesis. Additionally, there were
still some negative regulatory relationships between the protein and the transcript such
as oxidative phosphorylation, carbon metabolism, phosphatidylinositol signaling system
and proteasome. In order to explore the potential relationship between gene transcription
level and protein level under multiple experimental conditions, the protein group and
transcriptome expression data sets were merged. Then, we used the hclust “ward.D”
method to cluster the expression of genes in two dimensions (Figures S9 and S10). The
abscissa is the sample in the quantitative study of the proteome and transcriptome, and the
ordinate is the protein or transcript quantified in the two omics at the same time. Through
the hclust clustering method, these proteins or transcripts were divided into six categories.
There is a specific relationship between protein and transcript expression in each category.
Preparation of whole transcriptome libraries and deep sequencing were performed by the
Annoroad Gene Technology Corporation (Beijing, China).

Figure 6. Combined analysis of proteome and transcriptome. (A) Scatter plot of transcripts and their corresponding proteins.
(B) GSEA analysis of KEGG pathway based on quantitative correlation coefficients of transcriptome and proteome.
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3. Discussion

Soil salinity is a complex environmental issue threat to plant growth and crop produc-
tion. Mulberry has the characteristics of drought tolerance, salt tolerance, barren tolerance,
and strong adaptability to soil [18]. Proteins have a crucial role in stress response and
modulate physiological characteristics to develop different phenotypes. In this study, we
selected salt-sensitive variety Guisangyou12 and salt-tolerant variety Jisang3 for phys-
iological and proteomic analyses to uncover the mechanism of salt stress adaptability.
We found 787 DRPs in Guisangyou12 and 700 DRPs in Jisang3, through the analysis of
proteomics data. We found that phenylpropanoid biosynthesis pathway may play im-
portant roles in salt tolerance of mulberry. These results may contribute to the genetic
improvement of plants for saline-alkali soil management and mulberry stress resistance in
genetic engineering.

One important strategy for plants to improve salt tolerance is to re-establish the ionic
homeostasis [30]. Stomata are another factor involved in photosynthesis, gas exchange
of leaf and microbe interaction [31–33]. Studies have also shown that salt stress inhibits
the growth and development of mulberry trees [18,34,35]. Proline responds to oxidative
processes, protects plants from damage, and acts as a protein stabilizer [36–38]. MDA
naturally produced form lipid peroxidation and MDA content is used as a parameter
to measure the degree of plant cell damage [39,40]. Proline, MDA, were evaluated and
upregulated after salt treatment while antioxidant ability reduced in Jisang3 and was un-
changed in Guisangyou12. Under salt stress, the content of osmotic adjustment substances
such as proline and soluble sugar in mulberry cells increases, which is conducive to its
adaptation to the external environment. Ionic homeostasis including potassium, sodium
and calcium were detected and sodium content was significantly increased during salt
stress. The mulberry Na+/H+ antiporter NHX1 can have a positive role in salt stress
response [41]. Transformation of the NHX1 gene and the pyrophosphatase gene AVP1 into
Arabidopsis can obtain high salt-tolerant transgenic lines [42]. Net photosynthetic rate was
significantly reduced, and the photosynthetic efficiency was higher in the salt-sensitive
cultivar (Guisangyou12). Stomata guard gas exchange and enable CO2 entry into the leaf
for photosynthesis [43,44]. Stomata have a role in water transportation [32,45]. Stomatal
conductance balances water–gas exchange and photosynthesis [46]. CO2 concentration is
also directly related to saline stress and photosynthesis [47]. Stomatal conductance and
net photosynthetic rate decreased with the increase of salt content. The intercellular car-
bon dioxide concentration was increased in Jisang3 while changed little in Guisangyou12.
Mulberry trees are salt-tolerant varieties have higher water use efficiency and intercellu-
lar CO2 concentration than salt-sensitive cultivars [48], but net photosynthetic rate and
stomatal conductance of mulberry are lower. Studies have shown that photosynthesis in
mulberry trees shows a downregulated trend with the increase of salt concentration [48].
The salt-tolerant mulberry Jisang3 has lower photosynthesis and stomatal conductance,
elevates CO2 to improve water use efficiency thus avoiding the harm of salt stress. In
barley (Hordeum vulgare) leaves, elevated CO2 partially reduces the impact of salinity on
photosynthesis [49]. Comparing the two materials, we found that sodium transfer and
ROS scavenge activity were involved in salt stress response. These observations indicate
that Jisang3 has a better adaptation to saline conditions than Guisangyou12 plants.

To further elucidate the molecular network response to salt stress between these
two varieties, the proteomic data of Jisang3 and Guisangyou12 plants under salt stress
was analyzed. We found that 532 of 787 DRPs in Guisangyou12 were downregulated
while 412 of 700 DRPs in Jisang3 were upregulated, this indicated that proteins in salt-
sensitive plants were depressed while in salt-tolerant plants were induced during salt
stress. In Guisangyou12, DRPs were enriched in the glucosinolate biosynthesis, beta-
alanine metabolism, lysing degradation, valine, leucine and isoleucine degradation and
fatty acid degradation; the detoxification processes such as peroxisome and glutathione
metabolism were upregulated in the salt condition. In Jisang3, DRPs related to phagosome,
pyrimidine, endocytosis, carbon metabolism, glycolysis/gluconeogenesis and arginine and
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proline metabolism were enriched after salt treatment. Comparing the two materials, we
found that large amounts of proteins involved in much of secondary metabolic pathways
were upward expressed including phenylpropanoid biosynthesis, isoflavonoid biosynthe-
sis, cutin, suberine and wax biosynthesis, porphyrin and chlorophyII metabolism, flavonoid
biosynthesis, glycerophospholipid metabolism, stilbenoid, diarylheptanoid and gingerol
biosynthesis. The pathways such as alanine, aspartate and glutamate metabolism, alpha-
linolenic acid metanolism, valine, leucine and isoleucine degradation, 2-oxocarboxylic acid
metabolism were enriched in downregulated DRPs. The metabolism related to phenyl-
propanoid biosynthesis was also marked in Figures S5 and S6. The degradation of fatty
acids was in accordance with the increased MDA content. In the previous studies, Luo et al.
compared proteomics of two maize sister lines after salt treatment and found that proteins
related to phenylpropanoid biosynthesis, phagosome, endocytosis, galactose metabolism,
starch and sucrose metabolism, and oxidative phosphorylation were downregulated in
the salt sensitive line and oxygen-dependent pentose phosphate pathway, glutathione
metabolism and nitrogen metabolism were enhanced [50]. Meng et al. also explored the
different responses in sweet potato through high-throughput sequencing in a saline condi-
tion and found that ion accumulation, stress signaling, transcriptional regulation, redox
reactions, plant hormone signal transduction, and secondary metabolite accumulation may
be the response of salt tolerance genotypes [51]. In the analysis of salt treatment to two
varieties of Origanum majorana, the Tunisian O. majorana plants developed tolerance to
salinity by improved the process of galactosylation of quercetin into quercetin-3-galactoside
and quercetin-3-rhamnoside [52]. Quantitative proteomic analyses of seedling roots from
salt-sensitive and salt-tolerant maize were performed by using the iTRAQ method, phenyl-
propanoid biosynthesis, starch and sucrose metabolism, and the mitogen-activated protein
kinase (MAPK) signaling pathway were enriched in salt-tolerant maize while only the
nitrogen metabolism pathway was enriched in salt-sensitive maize [53]. Taken together, we
found that synthesis and degradation of amino acids, ROS response, carbon metabolism
and phenylpropanoid biosynthesis were highly related to salt response. On account of
the phenylpropanoids being indicators and key mediators of plant responses to biotic and
abiotic stimuli [28,29,54,55], we further analyzed the DRPs involved in phenylpropanoid
biosynthesis pathway.

Phenylpropane metabolism is one of the most important plant secondary metabolic
pathways, producing more than 8000 metabolites, which play an important role in plant
growth and development and plant environmental interaction. Terrestrial plants have
evolved a cultivar of branch pathways of phenylpropane metabolism, producing various
metabolites such as flavonoids, lignin, lignans, and cinnamic acid amides [50]. Phenyl-
propane metabolism starts with the phenylalanine produced by the shikimate pathway
and undergoes a series of enzymatic reactions to produce secondary metabolites. It is
composed of Phenylalanine ammonia-lyase (PAL), Cinnamate 4-hydroxylase (C4H), and
4-coumarate: CoA ligase (4CL) catalyzes to form p-coumaric acid: Coenzyme A, which
provides precursors for different branches of downstream metabolic pathways (Figure 7).
In this study, Aldehyde dehydrogenase was downregulated in Jisang3 and upregulated in
Guisangyou12; Caffeic acid 3-O-methyltransferase and quinate hydroxycinnamoyltrans-
ferase were induced in Jisang3 and degraded in Guisangyou12, while the peroxidase
showed a diametrically opposite trend; Glycosyltransferase changes irregularly; Reticuline
oxidase and vinorine synthase showed a stable expression pattern under salt stress. Alde-
hyde dehydrogenase, glycosyltransferase, peroxidase, cinnamyl alcohol dehydrogenase
in DRPs were all degraded in Jisang3 and induced in Guisangyou12. Glycosyltransferase
including O-glycosyltransferase (OGT) and C-glycosyltransferase (CGT) are related to the
production of flavones [56,57]. Cinnamyl alcohol dehydrogenase (CAD) is the final step of
monolignol to become caffeyl alcohol, coniferyl alcohol, 5H coniferyl alcohol, and sinapyl
alcohol [54]. Peroxidase catalyzes the oxidation of phenylpropanoids to their phenoxyl
radicals, and the subsequent nonenzymatic coupling controls the pattern and extent of
polymerization [58]. Secondary metabolites explored by HPLC also confirm our conclusion.
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Abundant metabolites produced from phenylpropanoid biosynthesis pathway coupled
with high antioxidant capacity endow mulberry trees with salt tolerance peculiarity.

′ ′

μ − −

Figure 7. A part scheme of phenylpropanoid metabolism. 4CL, 4-coumarate-CoA ligase; C3H,
coumarate 3-hydroxylase; C3′H, p-coumaroyl shikimate 3′ hydroxylase; C4H, cinnamic acid
4-hydroxylase; CAD, cinnamyl alcohol dehydrogenase; HCT, Hydroxycinnamoyl-CoA shiki-
mate/quinate hydroxycinnamoyl transferase; CCR, cinnamoyl-CoA reductase; CHS, chalcone syn-
thase; PAL, phenylalanine ammonia-lyase.

Comprehensive transcriptome and proteome analyses showed a different expression
pattern. A large number of genes showed consistency between the transcript and protein
levels in salt-sensitive mulberry Guisangyou12 while salt-tolerant mulberry Jisang3 showed
an opposite effect. The integrative transcriptomic and proteomic data are important in
deciphering the molecular processes involved in salt stress. Genes and proteins involved in
plant hormone signal transduction and phenylpropanoid biosynthesis showed a positive
correlation in salt response. Similar to previous studies [53,59,60], the metabolic pathways
of plant hormone signal transduction, carotenoid biosynthesis, flavonoid biosynthesis, and
starch and sucrose metabolism were involved in salt stress.

4. Materials and Method

4.1. Plant Material

Two mulberry varieties, Jisang3 (J) and Guisangyou12 (G12) seeds were used in
this study. Mulberry seeds were disinfected in 1% HgCl2 for 15 min and then soaked in
distilled water for 24 h for germination. The mulberry young seedlings were transplanted
to sterilized soil substrate for 2 months with a 14 h/10 h (day/night), 25/22 ◦C (day/night)
and 75% air humidity condition. The 21d plants were treated with 200 mM NaCl for
two days to impose salinity stress according to the previous study [18,61]. The control
group was watered normally. After 10 days, the leaves and roots from each mulberry plant
were sampled for physiological analysis and part of them were then stored at −80 ◦C for
TMT-labeled proteomics, respectively.

4.2. Physiological Analysis

Photosynthesis of the leaf and the water content was tested. Net photosynthetic rate,
intercellular carbon dioxide concentration and stomatal conductance were measured by a
portable photosynthesis system (LI-6800; LI-COR, Lincoln, NE, USA). For leaf chamber
environment, chamber temperature, relative humidity and CO2 concentration were set
at 25 ◦C, 70%, and 400 µmol mol−1·s−1, each experiment was repeated 10 times. MDA
content was analyzed through the TAB method (Banga & Lengyel, 1980) with MDA
assay kit (sigma). Proline content, antioxidant capacity and ion content were measured
as previously described [62] with test kits (Jiancheng Bioengineering Institute, Nanjing,
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China). Element content analysis was performed using inductively coupled plasma-optical
emission spectrophotometry ICP-OES (ICAP 7000, Thermo Scientific, Waltham, MA, USA).

4.3. Protein Extraction, Digestion, and TMT Labeling

Samples of the roots from each mulberry plant were used for protein extraction (n = 3),
trypsin digestion and TMT labeling (Thermo Scientific, Waltham, MA, USA). The protein
solution was reduced with 5 mM dithiothreitol for 30 min at 56 ◦C and alkylated with
11 mM iodoacetamide for 15 min at room temperature in darkness. The protein sample was
then diluted by adding 100 mM Triethylamonium bicarbonate (TEAB) to urea concentration
less than 2 M. Finally, trypsin was added at 1:50 trypsin-to-protein mass ratio for the first
digestion overnight and 1:100 trypsin-to-protein mass ratio for a second 4 h digestion.
After trypsin digestion, peptide was desalted by Strata X C18 SPE column (Phenomenex)
and vacuum dried. Peptide was reconstituted in 0.5 M TEAB and processed according
to the manufacturer’s protocol for TMT kit. Briefly, one unit of TMT reagent was thawed
and reconstituted in acetonitrile. The peptide mixtures were then incubated for 2 h at
room temperature and pooled, desalted and dried by vacuum centrifugation. The tryptic
peptides were fractionated into fractions by high pH reverse-phase HPLC using Thermo
Betasil C18 column (5 µm particles, 10 mm ID, 250 mm length). The tryptic peptides were
treated and subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q
Exactive™ Plus (Thermo Scientific, Waltham, MA, USA) coupled online to the UPLC. A
data-dependent procedure alternated between one MS scan followed by 20 MS/MS scans
with 15.0 s dynamic exclusion.

4.4. Data Processing, Protein Identification, and Quantification

GO Annotation: The Gene Ontology, or GO, is a major bioinformatics initiative to unify
the representation of gene and gene product attributes across all species. More specifically,
the project aims to maintain and develop its controlled vocabulary of gene and gene product
attributes; annotate genes and gene products, and assimilate and disseminate annotation
data; provide tools for easy access to all aspects of the data provided by the project.
Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA database
(http://www.ebi.ac.uk/GOA/ accessed on 20 July 2020). Identified proteins domain
functional description were annotated by InterProScan (a sequence analysis application)
based on protein sequence alignment method, and the InterPro domain database was used.
InterPro (http://www.ebi.ac.uk/interpro/ accessed on 20 July 2020) is a database that
integrates diverse information about protein families, domains, and functional sites, and
makes it freely available to the public via Web-based interfaces and services. Central to
the database are diagnostic models, known as signatures, against which protein sequences
can be searched to determine their potential function. InterPro has utility in the large-scale
analysis of whole genomes and meta-genomes, as well as in characterizing individual
protein sequences.

KEGG Pathway Annotation: KEGG connects known information on molecular inter-
action networks, such as pathways and complexes (the “Pathway” database), information
about genes and proteins generated by genome projects (including the gene database)
and information about biochemical compounds and reactions (including compound and
reaction databases). These databases are different networks, known as the “protein net-
work”, and the “chemical universe”, respectively. There are efforts in progress to add to
the knowledge of KEGG, including information regarding ortholog clusters in the KEGG
Orthology database. There, we used wolfpsort, a subcellular localization predication tool,
to predict subcellular localization. Wolfpsort is an updated version of PSORT/PSORT II
for the prediction of eukaryotic sequences. Special for protokaryon species, subcellular
localization prediction tool CELLO was used.
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4.5. Functional Enrichment

Enrichment of Gene Ontology analysis: Proteins were classified by GO annotation
into three categories: biological process, cellular compartment, and molecular function. For
each category, a two-tailed Fisher’s exact test was employed to test the enrichment of the
differentially expressed protein against all identified proteins. The GO with a corrected
p-value < 0.05 is considered significant. Enrichment of pathway analysis: Encyclopedia
of Genes and Genomes (KEGG) database was used to identify enriched pathways by a
two-tailed Fisher’s exact test to test the enrichment of the differentially expressed protein
against all identified proteins. The pathway with a corrected p-value < 0.05 was considered
significant. These pathways were classified into hierarchical categories according to the
KEGG website. Enrichment of protein domain analysis: For each category proteins, InterPro
(a resource that provides functional analysis of protein sequences by classifying them
into families and predicting the presence of domains and important sites) database was
researched and a two-tailed Fisher’s exact test was employed to test the enrichment of
the differentially expressed protein against all identified proteins. Protein domains with a
corrected p-value < 0.05 were considered significant.

4.6. Enrichment-Based Clustering

For further hierarchical clustering based on differentially expressed protein functional
classification (such as GO, Domain, Pathway, Complex). We first collated all the categories
obtained after enrichment along with their p-values, and then filtered for those categories
which were at least enriched in one of the clusters with p-value < 0.05. This filtered p-value
matrix was transformed by the function x = −log10 (p value). Finally, these x values
were z-transformed for each functional category. These z scores were then clustered by
one-way hierarchical clustering (Euclidean distance, average linkage clustering) in Genesis.
Cluster membership was visualized by a heat map using the “heatmap.2” function from
the “gplots” R-package.

5. Conclusions

Collectively, in order to clarify the molecular mechanism of mulberry salt tolerance,
comparative proteomic analyses were performed based on the phenotypic, physiological
differences in the roots of salt-tolerant and sensitive mulberry varieties after salt treatment.
The tolerant and sensitive mulberry genotypes respond differently to salt stress, large
amounts DRPs were detected in the two cultivars. Further, our results showed that
phenylpropanoid biosynthesis and ROS scavenging system may facilitate the salt tolerance
and can be used as the target of genetic breeding. In summary, our results provide a
reference for the molecular mechanism for salt condition and reveal the different response
pattern between genotypes.
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Abstract: Plant thaumatin-like proteins (TLPs) play pleiotropic roles in defending against biotic and
abiotic stresses. However, the functions of TLPs in broccoli, which is one of the major vegetables
among the B. oleracea varieties, remain largely unknown. In the present study, bolTLP1 was identified
in broccoli, and displayed remarkably inducible expression patterns by abiotic stress. The ectopic
overexpression of bolTLP1 conferred increased tolerance to high salt and drought conditions in
Arabidopsis. Similarly, bolTLP1-overexpressing broccoli transgenic lines significantly improved tol-
erance to salt and drought stresses. These results demonstrated that bolTLP1 positively regulates
drought and salt tolerance. Transcriptome data displayed that bolTLP1 may function by regulating
phytohormone (ABA, ethylene and auxin)-mediated signaling pathways, hydrolase and oxidoreduc-
tase activity, sulfur compound synthesis, and the differential expression of histone variants. Further
studies confirmed that RESPONSE TO DESICCATION 2 (RD2), RESPONSIVE TO DEHYDRATION
22 (RD22), VASCULAR PLANT ONE-ZINC FINGER 2 (VOZ2), SM-LIKE 1B (LSM1B) and MALATE
DEHYDROGENASE (MDH) physically interacted with bolTLP1, which implied that bolTLP1 could
directly interact with these proteins to confer abiotic stress tolerance in broccoli. These findings
provide new insights into the function and regulation of bolTLP1, and suggest potential applications
for bolTLP1 in breeding broccoli and other crops with increased tolerance to salt and drought stresses.

Keywords: thaumatin-like proteins (TLPs); bolTLP1; broccoli; salt stress; drought stress

1. Introduction

Thaumatin-like proteins (TLPs) are widely distributed in plants, animals and fungi [1],
and are named for their high sequence similarity to the thaumatin protein initially identified
in shrub Thaumatococcus daniellii Benth [2]. Most TLPs contain about 200 amino acids and
have a molecular mass ranging from 21 to 26 kDa, except the poplar TLPs, most of which
are 24 to 34 kDa in size [1,3,4]. In plants, TLPs are classified as pathogenesis-related protein
family 5 (PR-5), one out of the 17 defense-related PR protein families [5,6]. Examination of
genome databases revealed at least 37 TLPs in Oryza sativa, 33 in Zea mays, 18 in Vitis vinifera,
25 in Arabidopsis thaliana, 28 in Prunus persica and 42 in Populus trichocarpa [4,7]. However,
the functions of the majority of TLPs are still unknown. Previous reports demonstrated that
a few plant TLPs play important roles in defending against pathogen infection, particularly
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fungal infection. A 20 kDa TLP from the French bean legumes displays considerable
resistance against Fusarium oxysporum, Pleurotus ostreatus and Coprinus comatus [8]. In Cassia
didymobotrya, a 23 kDa TLP was identified, which exerts antifungal activity toward some
Candida species [9]. TaLr35PR5, a TLP from wheat, was involved in Lr35-mediated adult
wheat defense in response to leaf rust attack [10]. The recombinant expression of Mald2,
a TLP identified in apple, conferred antifungal activity against Fusarium oxysporum and
Penicillium expansum in Nicotiana benthamiana [11]. In tobacco, the ectopic overexpression
of PpTLP from Pyrus pyrifolia or AdTLP from Arachis diogoi can enhance resistance to
Rhizoctonia solani [12,13]. Transgenic canola, wheat and banana overexpressing TLPs from
rice all exhibit increased resistance to diverse pathogens [14–16]. In addition to resistance
against biotic stress, some TLPs in plants also respond to abiotic stress. Transgenic tobacco
plants ectopically expressing AdTLP not only have enhanced resistance to Rhizoctonia solani,
but also have improved tolerance to salt and oxidative stresses [13]. The ectopic expression
of ObTLP1 isolated from Ocimum basilicum enhances tolerance to dehydration and salt
stresses in Arabidopsis [17]. Under drought stress, TLPs showing inducible expression
patterns were also identified in carrot and tea, suggesting that these TLPs could be involved
in drought response [18,19]. In addition, TLPs have also been demonstrated to play roles in
regulating plant growth and development including fruit maturation, lentinan degradation
and seed development [20–24]. These investigations indicate that TLPs have undergone
functional diversification in plant species, and play pleiotropic roles in response to biotic
and abiotic stresses as well as in the regulation of growth and development [4,7].

Broccoli (Brassica oleracea L. var. italica) is one of the major vegetables among the
Brassica oleracea varieties, and is widely planted in Asia, Europe and North America [25].
Soil salinization and drought are two potential threats in planting broccoli, which can result
in curd yield reduction or even no harvest [26]. Breeding broccoli varieties with high toler-
ance to drought and salt is an important target for broccoli breeders. Several studies related
to the responses to these two abiotic stresses were reported in broccoli and other species
of Brassica. Broccoli pre-treating with SA and chitosan showed the highest drought stress
recovery in a dose-dependent manner [27]. Drought-tolerant broccoli cultivars presented
higher levels of methionine and ABA than that of the drought-sensitive cultivars [28]. 42
putative known and 39 putative candidate miRNAs displayed differentially expressed pat-
terns between control and salt-stressed broccoli [29]. Bra-botrytis-ERF056 from cauliflower
was demonstrated to increase tolerance to salt and drought stresses in overexpressing
bra-botrytis-ERF056 Arabidopsis [30]. BrEXLB1 is involved in drought tolerance in Brassica
rapa [31]. BnaABF2 from Brassica napus confers enhanced drought and salt tolerance in
transgenic Arabidopsis [32]. BolOST1 was dramatically induced by drought and high-salt
stress, and the ectopic expression of BolOST1 restored the drought-sensitive phenotype
of ost1 [33]. However, natural response to salt and drought stresses in broccoli is still
largely unknown. In our previous transcriptome data analysis, a TLP gene named bolTLP1
was identified in broccoli which exhibited a significant positive response to salt stress.
However, the role of bolTLP1 is unknown. In the present study, the full-length cDNA of
bolTLP1 was cloned, and its expression patterns under salt stress and drought stress were
analyzed. Transgenic Arabidopsis and broccoli overexpressing bolTLP1 were generated.
The phenotypes of these bolTLP1 overexpressing transgenic plants under salt and drought
stresses were observed. The genes and regulatory processes involved in bolTLP1-mediated
tolerance to abiotic stress were explored.

2. Results

2.1. BolTLP1 Was Identified in Broccoli

In previous comparative transcriptome sequence analysis to identify genes involved
in salt stress response in broccoli, bolTLP1 was found to be rapidly induced under salt
stress condition (Figure 1A). In the present study, the full-length cDNA of bolTLP1 was
identified based on the ESTs of this gene from broccoli transcriptome data. Sequence analy-
sis indicated that the coding region of bolTLP1comprises 696 bp and encodes a predicted
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231-amino acid protein, which contained a conserved TLP domain. The phylogenetic
analysis indicated that bolTLP1 and 1 out of the 29 TLP genes identified in Brassica oleracea
var. oleracea (XP_013621285), are classified into a separate group, and they appear to show
far genetic distance with other TLP genes (Figure 1B).

Figure 1. Phylogenetic tree and expression profiles of bolTLP1 under salt and drought stresses. (A):
Expression profiles of bolTLP1 at 0 h (control), 4 h, 8 h and 24 h after salt stress (200 mM NaCl
treatment) detected by RNA-seq. (B): Phylogenetic analysis of bolTLP1 and genes with a TLP domain
from Brassica oleracea var. oleracea (Bootstrap value = 1000). The bar indicated the genetic distance of
0.1. The red font showed the position of bolTLP1. (C): Expression profiles of bolTLP1 at 0 h (control),
4 h, 8 h and 24 h after salt stress (200 mM NaCl treatment) detected by qRT-PCR. (D): Expression
profiles of bolTLP1 at 0 h (control), 4 h, 8 h and 24 h after mimetic drought stress (300 mM mannitol
treatment). The blue lines indicated the expression trends of bolTLP1 under salt and drought stresses.
** indicated the significantly differential expression levels of bolTLP1 under salt and drought stresses
(p < 0.01).

2.2. BolTLP1 Positively Responded to Salt and Drought Stresses in Broccoli

The expression pattern of bolTLP1 under salt treatment in broccoli was further con-
firmed by qRT-PCR. Consistent with the expression trend identified by comparative tran-
scriptome sequence analysis, the expression level of bolTLP1 was increased significantly in
4 h after exposure to salt stress (Figure 1C). In addition, the expression pattern of bolTLP1 in
the leaves of broccoli treated with 300 mM mannitol, which could mimic drought condition,
was explored. Similar to observations under salt stress, the expression level of bolTLP1 was
significantly higher under drought stress than that observed under control condition (0 h)
(Figure 1D).

2.3. Overexpression of bolTLP1 Increased Resistance to Salt and Drought Stresses in Arabidopsis

To further uncover the roles of bolTLP1, a transformation vector containing the bolTLP1
under the control of the enhanced CaMV 35S promoter was constructed, and used to
transform Arabidopsis. A total of 26 independent 35S::bolTLP1 transgenic lines were obtained
(Figure S1). Under normal growth conditions, there were no phenotypic differences
between the 35S::bolTLP1 transgenic lines and the vector controls, thereby indicating
that the overexpression of bolTLP1 did not affect the growth and development of the
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transgenic lines in Arabidopsis (Figure 2A). To determine if overexpression of bolTLP1
could improve resistance to salt and/or drought stress, 35S::bolTLP1 Arabidopsis lines
were planted in soil, and the 25-day-old seedlings were subjected to 125 and 200 mM
NaCl treatments, respectively. At 12 days after 200 mM NaCl treatment, the aerial organs
of the vector controls were wilted, growth was retarded, and leaves were yellow and
senescent. Compared with the vector controls, the 35S::bolTLP1 Arabidopsis was only
slightly affected by the high salt condition (Figure 2B). At 18 days after salt stress, the
growth of the remaining vector control plants was substantially inhibited. The survival rate
of 35S::bolTLP1 Arabidopsis was significantly higher than that of the vector controls, and
the aerial organs of the 35S::bolTLP1 Arabidopsis still showed normal growth. (Figure 2C,G).
Under 125 mM NaCltreatment, although over 45% of the vector control plants died, almost
all individual plants of the 35S::bolTLP1 Arabidopsis survived (Figure 2G). At both low (125
mM) and high (200 mM) NaCl treatments, the primary and lateral roots of the 35S::bolTLP1
Arabidopsis were stronger than those of the vector controls (Figure 2D–F).

Figure 2. Phenotypes of transgenic Arabidopsis plants overexpressing bolTLP1 under salt stress. (A–C):
Phenotypes of 35S::bolTLP1 Arabidopsis at 0 day, 12 days and 18 days after irrigated with 200 mM
NaCl in nutrient soil, respectively. (D,E): Phenotypes of 35S::bolTLP1 Arabidopsis seedlings at 15 days
after growing in 1/2 MS medium with 125 mM and 200 mM NaCl, respectively. (F): Primary root
length of 35S::bolTLP1 Arabidopsis at 15 days after growing in 1/2 MS medium with 125 mM and
200 mM NaCl. (G): Survival rates of 35S::bolTLP1 Arabidopsis at 18 days after irrigated with 125 mM
and 200 mM NaCl in nutrient soil. (Student’s t-test, ** p < 0.01; data are means ± SD (n ≥ 15)). The
top row of (A–C) showed the vector controls (CK), and the middle and bottom rows showed the
independent 35S::bolTLP1 Arabidopsis lines (L2, L5 and L8).

The 35S::bolTLP1 Arabidopsis plants were treated with water deficit. At 15 days after
the water deficit, the leaves of the vector controls were seriously withered, and plant
growth was inhibited. The growth and development of the 35S::bolTLP1 Arabidopsis were
much better than those of the vector controls. In brief, the aerial organs of the 35S::bolTLP1
Arabidopsis were stronger than those of the vector controls, and their leaves were nor-
mal, although some of them also became senescent. The survival rate of 35S::bolTLP1
Arabidopsis was over 75%, whereas only 10% of the vector control plants survived after
rewatering (Figure 3A–C,G). To further confirm the roles of bolTLP1 under drought stress,
the 35S::bolTLP1 Arabidopsis plants were treated with different concentrations of mannitol.
At 200 mM mannitol, the aerial organs of the 35S::bolTLP1 Arabidopsis were larger than
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those of the vector controls. Similarly, at 300 mM mannitol, the growth and development
of the aerial organs of the 35S::bolTLP1 Arabidopsis were still stronger than those of the
vector controls (Figure 3D,E). Nevertheless, the roots, especially the primary roots, were
not significantly affected by the mimic drought stresses (Figure 3F).

Figure 3. Phenotypes of transgenic Arabidopsis plants overexpressing bolTLP1 under drought stress.
(A,B): Phenotypes of 35S::bolTLP1 Arabidopsis at 0 day and 15 days after the water deficit. (C):
Phenotypes of 35S::bolTLP1 Arabidopsis at 5 days after rewatering. (D,E): Phenotypes of 14-day-old
35S::bolTLP1 Arabidopsis seedlings growing in 1/2 MS medium with 200 mM and 300 mM mannitol,
respectively. (F): Primary root length of 35S::bolTLP1 transgenic Arabidopsis at 14 days after growing
in 1/2 MS medium with 200 mM and 300 mM mannitol. (G): Survival rate of 35S::bolTLP1 Arabidopsis

at 5 days after rewatering. (Student’s t-test, ** p < 0.01; data are means ± SD (n ≥ 20).) The top
row of A, B and C showed the vector controls (CK), and the middle and bottom rows showed the
independent 35S::bolTLP1 Arabidopsis lines (L2, L5 and L8).

2.4. Transgenic Broccoli Overexpressing bolTLP1 Exhibited High Salt and Drought Tolerance

BolTLP1 was also overexpressed in broccoli. A total of 16 independent 35S::bolTLP1
broccoli transgenic lines were obtained (Figure S1). Similar to the 35S::bolTLP1 Arabidopsis,
the growth and development of the 35S::bolTLP1 broccoli were unaffected under the normal
growth conditions (Figure 4A). The 30-day-old 35S::bolTLP1 broccoli seedlings were irri-
gated with 200 mM NaCl. At 13 days after the salt treatment, the growth of the 35S::bolTLP1
broccoli was normal. Under these conditions, the vector controls grew slower and the first
leaves showed signs of senescence (Figure 4B). As time went on, the 35S::bolTLP1 broccoli
showed slight salt damage, but their growth vigor was much better than that of the vector
controls (Figure 4C–E). The growth and development of the 35S::bolTLP1 broccoli under
drought stress were also examined. The phenotypic data demonstrated that at 12 days
after the water deficit, the aerial organs of the vector controls became withered, and their
first and second leaves were senescing. Interestingly, at this same stage of water deficit,
the growth of the 35S::bolTLP1 broccoli was not considerably affected, and their aerial
organs were larger and stronger than those of the vector controls. At 15 days after the water
deficit, although the leaves of the 35S::bolTLP1 broccoli and vector controls both showed
withering, the growth vigor of the vector controls was inhibited to a greater degree than
the 35S::bolTLP1 broccoli. After rewatering, the majority of the 35S::bolTLP1 broccoli (over
78%) survived, whereas almost all vector controls died (Figure 4F–J).
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Figure 4. Phenotypes of transgenic broccoli plants overexpressing bolTLP1 under salt and drought
stresses. (A–D): Phenotypes of 35S::bolTLP1 broccoli at 0 day, 13 days, 20 days and 27 days after
irrigated with 200 mM NaCl, respectively. (E): Stem length of 35S::bolTLP1 broccoli at 0 day, 13 days,
20 days and 27 days after irrigated with 200 mM NaCl. (Student’s t-test, ** p < 0.01; data are means ±
SD (n ≥ 18)). (F–H): Phenotypes of 35S::bolTLP1 broccoli at 0 day, 12 days and 15 days after water
deficit, respectively. (I): Phenotypes of 35S::bolTLP1 broccoli at 5 days after rewatering. (J): Survival
rate of 35S::bolTLP1 broccoli at 5 days after rewatering. (Student’s t-test, ** p < 0.01; data are means ±
SD (n ≥ 15)). L3, L5 and L9 indicated the three independent 35S::bolTLP1 broccoli lines. CK indicated
the vector control plants.

2.5. DEGs Were Confirmed between the 35S::bolTLP1 Broccoli and Vector Control

Comparative transcriptome analysis was conducted to identify the DEGs between
the 35S::bolTLP1 broccoli and the vector controls. In total, 34,258 genes showing transcrip-
tional expression were detected, among which 3284 genes showed significantly differential
expression levels (corrected p-value < 0.01). The expression levels of 2202 out of the 3284
DEGs were up-regulated in the 35S::bolTLP1 broccoli, and the other approximately 33% of
the DEGs displayed lower expression levels in the 35S::bolTLP1 broccoli compared to the
vector control plants (Table S1). GO functional annotations indicated that these DEGs were
mapped to 933 GO terms in the biological process, 154 GO terms in the cellular component
and 343 GO terms in the molecular function, among which 33, 1 and 1 GO terms were
significantly enriched in biological process, molecular function and cellular component,
respectively (corrected p-value < 0.01) (Figure 5, Table S2). The significantly enriched GO
terms in the biological process were mainly involved in stress responses, glycosinolate
and sulfur compound synthetic and metabolic process, and peptidase, proteolysis and
hydrolase activity. The GO terms involved in oxidoreductase activity and chromatin orga-
nization were significantly enriched in the molecular function and the cellular components,
respectively (Figure 5, Table S2).
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Figure 5. Regulatory network relationships of GO terms of the differentially expressed genes between 35S::bolTLP1 broccoli
and the vector control plants. Each node represents a GO term. GO terms in biological process, cellular component and
molecular function were distinguished by red, blue and green color, respectively. The significantly enriched GO terms
(corrected p-value < 0.01) are further marked by dark color, and their inclusion relations are highlighted by thick and blue
arrows. The inclusion relations of other GO terms are marked by black arrows. Only those significantly enriched GO terms
are serially numbered and their functional annotations were showed. The functional annotations of other enriched GO
terms can be found in Table S2.

2.6. Expression Profiles of Genes Involved in ABA, Ethylene and Auxin-Mediated Signaling
Pathways Were Significantly Altered by Overexpression of bolTLP1

According to the functional annotations of all DEGs by GO analysis, genes involved
in the biotic and abiotic stress response processes were obviously predominant in the
DEGs. At least 685 out of the 3284 DEGs (>21%) were functionally associated with stress
response processes. Among the stress response-associated DEGs, approximately 70%
of them displayed higher expression levels in the 35S::bolTLP1 broccoli than those in
the vector controls (Table S3). A large proportion of these DEGs were key regulators in
phytohormone-mediated signaling pathways. In brief, twenty-six DEGs were involved in
the auxin signaling pathway. Twenty-four out of the 26 DEGs displayed higher expression
levels in the 35S::bolTLP1 broccoli than those in the vector controls. Thirty-one genes
involved in the ABA signaling pathway displayed differential expression patterns between
the 35S::bolTLP1 broccoli and the vector controls, among which 14 genes, such as RD22,
HVA22, RCI2A and ABSCISIC ACID-INSENSITIVE 5 (ABI 5), displayed significantly up-
regulated expression patterns in the 35S::bolTLP1 broccoli. At least 11 genes involved in
the ethylene signaling pathway displayed differential expression patterns between the
35S::bolTLP1 broccoli and the vector controls (Figure 6A–C). The expression levels of some
of these DEGs were further verified by qRT-PCR (Figure 7).
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Figure 6. Transcriptional expression patterns of the differentially expressed genes involved in
phytohormone-mediated signaling pathways (A–C), sulfur compound synthesis (D), protease in-
hibitors (E) and histone variants (F). The blue and red branches in (A–C) indicated the genes displayed
significantly up-regulated and down-regulated expression in the 35S::bolTLP1 broccoli compared
with the vector control (corrected p-value < 0.01), respectively. Log2 (35S::bolTLP1) and log2 (vec-
tor control) indicated the log2FPKM of bolTLP1 in 35S::bolTLP1 broccoli and vector control plants,
respectively, which represents the normalized expression level of bolTLP1 detected by RNA-seq.

2.7. Genes Involved in Sulfur Compound Synthesis and Hydrolase/Oxidoreductase Activity Were
Significantly Inductively Expressed by the Overexpression of bolTLP1

Besides the DEGs involved in stress response, at least 62 DEGs were confirmed to
map the GO terms associated with the glycosinolate and sulfur compound synthesis and
metabolism, which displayed significant enrichment in the biological process. Forty-seven
out of the 62 DEGs, such as genes encoding cytochrome P450 81F1, epithiospecifier protein,
S-alkyl-thiohydroximate lyase, adenylyl-sulfate kinase, nitrile-specifier protein, flavin-
containing monooxygenase, 5′-adenylylsulfate reductase and cytochrome P450 83B1, had
significantly higher expression levels in the 35S::bolTLP1 broccoli compared to the vector
control plants. The majority of these genes play crucial roles in sulfur compound synthesis
and metabolism (Figure 6D, Table S3).
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Figure 7. Identification of the relative expression levels of the representative genes by qRT-PCR. GST:
glutathione S-transferase. PYL: abscisic acid receptor PYR/PYL/RCAR. ERF: ethylene-responsive
transcription factor. IAA9: indol-yl-3-acetic acid 9. RD22: dehydration-responsive protein 22.
35S::bolTLP1: 35S::bolTLP1 broccoli. Vector control: vector control plants.

The expression patterns of genes related to significantly enriched GO terms involved
in the activity of diverse enzymes, such as the proteolysis, peptidase, hydrolase and oxi-
doreductase, were also analyzed. A total of 12 genes including genes encoding kunitz-type
serine protease inhibitor, cysteine proteinase inhibitor, trypsin inhibitor and 4-hydroxy-
4-methyl-2-oxoglutarate aldolase were associated with the activity of proteolysis and hy-
drolase, all of which exhibited significantly increased expression levels in the 35S::bolTLP1
broccoli (Figure 6E). At least 192 DEGs were confirmed to be associated with the oxidore-
ductase activity. The majority of them (146 out of 192) also exhibited higher expression
levels in the 35S::bolTLP1 broccoli than those in the vector controls (Table S3). Moreover,
15 genes associated with the significantly enriched GO terms involved in chromatin orga-
nization, especially histone variants, were identified. All these genes showed increased
expression levels in the 35S::bolTLP1 broccoli (Figure 6F, Table S3).

2.8. Five Proteins Involved in Abiotic Stress Responses Were Confirmed to Interact with bolTLP1

Yeast two-hybrid screening was conducted to identify proteins that could interact
with bolTLP1. In total, 266 positive clones were identified and sequenced. These sequences
were annotated as 20 diverse genes, among which RD2, RD22, VOZ2, LSM1B and MDH
were functionally associated with stress responses in plants. The interaction of these five
proteins with bolTLP1 was further confirmed by using bolTLP1 as the prey and RD2,
RD22, VOZ2, LSM1B and MDH as the baits in the yeast two-hybrid assay (Figure 8A,
Table S4). Quantitative expression analysis revealed that the expression levels of these
stress response-associated genes were significantly higher in 35S::bolTLP1 broccoli than
those in the vector controls (Figure 8B).
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Figure 8. Identification and expression profiles of proteins interacting with bolTLP1. (A): Identifica-
tion of proteins interacting with bolTLP1 by yeast two-hybrid assay. Three spots from left to right
in each row indicated the 1:10 gradient dilution of yeast clone. (B): Relative expression levels of
the five candidate genes, which encode proteins that interact with bolTLP1, in 35S::bolTLP1 broccoli
(35S::bolTLP1) and the vector control plants (vector control).

3. Discussion

TLPs are present as a large group of PR-5 gene family in plants, and most TLPs were
demonstrated to play a role in defending against pathogen [1,9,11,14,16]. Only a few TLPs
have been demonstrated to function in response to abiotic stress. Nevertheless, in the present
study, bolTLP1, a member of TLP subfamily, was first identified in broccoli. The expression
profiles assay confirmed that bolTLP1 displayed inducible expression patterns under salt and
drought stresses. Overexpression of bolTLP1 in broccoli, as well as in Arabidopsis, significantly
increased the salt and drought tolerance of transgenic plants. These findings demonstrated
that bolTLP1 is an important positive response factor that plays a role in combatting salt and
drought stress in broccoli, and suggested the potential applications of bolTLP1 in breeding
crops with high salt and drought tolerance via genetic engineering.

The molecular mechanisms by which the TLPs respond to abiotic stress remain largely
unknown, although investigations have confirmed the roles of several TLP genes in cold
temperature, salt and drought stresses [13,17–19]. In the present study, comparative tran-
scriptome analysis revealed that the DEGs detected between the 35S::bolTLP1 broccoli and
the vector controls were mainly involved in the regulatory processes including “stress
responses”, “glycosinolate and sulfur compound metabolic process”, “peptidase, prote-
olysis and hydrolase activity”, “oxidoreductase activity” and “chromatin organization”
(Figure 5, Table S2). These results suggested that these regulatory processes should par-
ticipate in bolTLP1-mediated tolerance to salt and drought stresses. Furthermore, the
functional annotation analysis of the DEGs enriched in these regulatory processes con-
firmed that over 21% DEGs were involved in stress response processes, which represented
the largest gene group in the DEGs. Remarkably, a large proportion of these DEGs were
associated with phytohormone-mediated signaling pathways. For example, RD2, RD22,
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ABI5, WRKY15/17/20/33/40/46/53/62/70, abscisic acid 8′-hydroxylase 2, annexin, PUB23,
HVA22, RCI2A, RCI2B and PYL4/5/8/9 are the important members of ABA-mediated
signaling pathway, which all displayed significantly differential expression levels between
the 35S::bolTLP1 broccoli and the vector controls (Figure 6B). Most of these genes were con-
firmed to play crucial roles in response to abiotic stresses in diverse plant species [34–38].
Interestingly, RD2 and RD22 were confirmed to directly interact with bolTLP1 (Figure 8).
RD2 and RD22 are up-regulated by drought stress, salinity stress and exogenously sup-
plied ABA. Their inducible expression has been used as a marker for abiotic stress [39,40].
In addition, at least 26 DEGs, such as auxin response factor (ARF) 4/5/8/11/14/18/19,
auxin transporter 2, IAA3/9/12/19/26/29, inositol-3-phosphate synthase, indole-3-aceticacid-
amido synthetase GH3, calmodulin-binding transcription activator 1 (CAMTA 1) and auxin-
induced gene X15 and SAUR32 are involved in auxin-mediated regulatory processes
(Figure 6A). Similarly, some of these genes such as CAMTA 1 [41,42] and inositol-3-phosphate
synthase [43,44] were identified to function in response to drought or salt stress. On the
other hand, a few DEGs, such as Ethylene receptor 2 and ethylene responsive factors (ERFs)
including ERF04, ERF05, ERF09, ERF12, RAP2-3, RAP2-10, ERF11, ERF104, TEM1 and
TOE3, are involved in ethylene signaling pathway (Figure 6C). Inducible expression of
RAP2-3, as well as RAP2-12 and RAP2-2, confers tolerance to anoxia, oxidative and osmotic
stresses [45]. The ERF6 overexpressing transgenic lines are hypersensitive to osmotic
stress, while the growth of erf5erf6 loss-of-function mutants is less affected by stress [46].
These results demonstrated that the overexpression of bolTLP1 significantly affects the
expression levels of a set of genes involved in the ABA, ethylene and auxin signaling
pathways. Moreover. The homologues of a large proportion of these genes have been
demonstrated to function in defending against abiotic stress in diverse plants. Our results
also support the role of these genes in the bolTLP1-mediated tolerance to salt and drought
stresses. This finding provided new insight into the roles of phytohormone-associated
genes in response to abiotic stress in broccoli. Moreover, beside RD2 and RD22, three
other proteins VOZ2, LSM1B and MDH were confirmed to directly interact with bolTLP1,
and their genes displayed differently expressed pattens between the 35S::bolTLP1 broccoli
and vector controls (Figure 8). The investigations demonstrated that VOZ transcription
factors act as positive regulators of salt tolerance in Arabidopsis [47]. LSM1-7 are the com-
ponents of the 5′–3′ mRNA decay pathway, which play a crucial role in regulating ABA
signaling and modulating ABA-dependent expression of stress related transcription factors
from the AP2/ERF/DREB family [48]. Overexpression of plastidic maize NADP-malate
dehydrogenase (ZmNADP-MDH) increases tolerance to salt stress in Arabidopsis [49]. It
suggested that these three abotic-stress associated genes could also play important roles in
bolTLP1-mediated regulatory network.

Another remarkably overrepresented group of DEGs was associated with various
enzymes, particularly proteolysis, hydrolase and oxidoreductase. The DEGs involved
in proteolysis and hydrolase activity mainly function as lectin and kunitz-type protease
inhibitors such as serine protease inhibitor, cysteine proteinase inhibitor and trypsin in-
hibitor (Figure 6E). Plant lectins and protease inhibitors constitute a class of proteins which
play a crucial role in plant defense against insect and pathogen attacks [50,51]. Previous
investigations confirmed that protease inhibitors also function in abiotic stress. The consti-
tutive expression of a trypsin protease inhibitor confers tolerance to multiple stresses in
transgenic tobacco [52]. Oryzacystatin-I (OCI) is a rice cysteine proteinase inhibitor. Ectopic
overexpression of OCI can enhance drought stress tolerance in soybean and Arabidopsis [53].
AtCYSa and AtCYSb are two cysteine proteinase inhibitors from Arabidopsis. Overexpres-
sion of these inhibitors in transgenic yeast and Arabidopsis increases their resistance to high
salt, drought, oxidative and cold stresses [54]. The present study confirmed that all these
DEGs involved in proteolysis and hydrolase activity displayed significantly up-regulated
expression in 35S::bolTLP1 broccoli (Figure 6E). These findings indicated that the increased
expression levels of these genes could also play important roles in promoting salt and
drought tolerance of the bolTLP1 transgenic plants.
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A series of histone variants including H1.1, H2A.1, H2A.2, H2A.5, H2B.3, H2A.7,
H2B.8 and DDM1 were also significantly overrepresented in the DEGs (Figure 6F). These
genes are important epigenetic regulators, and display significantly higher expression
levels in the 35S::bolTLP1 broccoli than those in the vector controls (Figure 6F). TaH2A.7 in
wheat can enhance drought tolerance and promote stomatal closure when overexpressed
in Arabidopsis [55]. In Arabidopsis, DDM1 is an epigenetic link between salicylic acid
metabolism and heterosis, in which salicylic acid can protect plants from pathogens and
abiotic stress [56]. Consistently, the mutants of DDM1 show higher sensitivity to NaCl stress
than the wild type plants [57]. In addition, the data confirmed that over 60 genes involved
in glycosinolate and sulfur compound synthetic and metabolic processes showed significant
differential expression patterns in the bolTLP1 overexpressing transgenic plants and the
vector controls. Genes associated with sulfur compound synthesis were up-regulated
expression in 35S::bolTLP1 broccoli (Figure 6D). Sulfur compound such as glucosinolates are
best known for their roles in plant defense against herbivores and pathogens as well as their
cancer-preventive properties [58–60]. A few investigations confirmed that glucosinolates
also contributed to abiotic stress [61–64]. These results suggested that the histone variants
and these sulfur compound-associated genes may also play an important role in bolTLP1-
mediated tolerance to abiotic stress.

4. Materials and Methods

4.1. Plant Materials and Stress Treatment

Homozygous broccoli seeds of KRJ-012 were kindly provided by Dr. Hanmin Jiang,
Tianjin Kernel Vegetable Research Institute, Tianjin, China. The seeds were planted in a
greenhouse with a 16 h/8 h light/dark cycle at 25 ◦C and 22 ◦C, respectively. The 25-day-
old seedlings were subjected to salt and drought stresses. For the salt-stress treatment, at
least 20 individual plants were irrigated with 200 mM NaCl. To mimic the drought stress,
30 individual plants were irrigated with 300 mM mannitol. The leaves of each plant were
harvested at 0, 4, 8 and 24 h after these treatments, frozen immediately in liquid nitrogen,
and then stored at −80 ◦C. To evaluate the salt tolerance of 35S::bolTLP1 broccoli, at least 18
individual plants from three independent transgenic lines were continually irrigated with
200 mM NaCl (Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China), and three such
replicated treatments were conducted. Similarly, a total of 48 individual plants from three
independent 35S::bolTLP1 broccoli lines were divided into three groups, and unirrigated to
evaluate their drought tolerance. In addition, at least three 35S::bolTLP1 Arabidopsis lines in
1/2 MS medium or in soil were treated with 125 and 200 mM NaCl to mimic salt stress.
Three 35S::bolTLP1 Arabidopsis lines in 1/2 MS medium were treated with 200 and 300 mM
mannitol to mimic drought stress. The 35S::bolTLP1 Arabidopsis planted in soil were also
unirrigated to further evaluate their drought tolerance. To validate the reliability of the
assessments of salt and drought tolerance in 35S::bolTLP1 Arabidopsis, three replicates were
performed for each treatment.

4.2. BolTLP1 Cloning and Phylogenetic Analysis

The ESTs of bolTLP1 were identified from the broccoli transcriptome data, and the
specific primers (bolTLP1-F/bolTLP1-R) were designed to amplify the full coding sequences
of bolTLP1 based on these expressed sequence tags (ESTs) (Table S5). Total RNAs were
isolated from the 25-day-old broccoli seedlings by using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instructions. The first-strand cDNA was
then synthesized using M-MLV reverse transcriptase (Promega, Madison, WI, USA), and
the coding sequences of bolTLP1 were amplified by PCR. Because the genome data of
broccoli is still limited, to elucidate the sequence homology of bolTLP1 with other TLP
genes, those genes containing a TLP domain were identified from the genome database of
Brassica oleracea var. oleracea, which is genetically closely related with broccoli (Table S6).
The deduced amino acid sequences of bolTLP1 and its homologous genes from B. oleracea
var. oleracea were used to construct the phylogenetic tree using the neighbor-joining method
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by the MEGA 6.0 program with the following parameters: bootstrap value of 1000, poisson
correction and pairwise deletion [65].

4.3. BolTLP1 Expression Profile Analysis

Total RNAs from the leaves of individual plants, which were harvested at different
time points after imposing salt or drought stress, were isolated and reverse transcribed
to cDNAs. Specific primers of bolTLP1 (qbolTLP1-F/qbolTLP1-R) was designed by Primer
premier 5.0 software (Table S5). The bolActin gene from broccoli was selected as the
internal control and Faststart Universal SYBR Green Master (Roche, Basel, Switzerland)
was used in quantitative real-time RT-PCR (qRT-PCR) assay. The relative expression levels
of bolTLP1 under salt or drought stress were calculated by the comparative 2−∆∆CT method.
Three biological replicates and three technological replicates were performed to ensure the
reliability of quantitative analysis.

4.4. Expression Vector Construction and Genetic Transformation

The full coding sequence of bolTLP1 with incorporated Nco I and BstE II restriction
sites was amplified (Table S5) and cloned into the pEASY-T1 vector. The insert released
from the pEASY-T1 vector with Nco I/BstE II double digestion was sub-cloned into the
pCAMBIA3301 binary vector. The recombinant 35S::bolTLP1 plasmids and vectors without
exogenous gene insertion (empty vectors) were transformed into A. tumefaciens strain
LBA4404. Agrobacterium-mediated Arabidopsis genetic transformation was performed
via the floral dip method. The transgenic Arabidopsis lines were screened by spraying
1:10,000 dilute Basta solution and further identified by PCR using specific primers (bolTLP1-
F/bolTLP1-R) and combined primers (35S-F/bolTLP1-R). Simultaneously, the plants with
empty vector were identified by PCR using specific primer pair (35S-F/NOS-R). The
transgenic Arabidopsis plants were further verified by qRT-PCR using unique primers
(qbolTLP1-F/qbolTLP1-R) and atActin as an internal control (Table S5). The 35S::bolTLP1
plasmids and empty vectors were also transformed into broccoli using Agrobacterium-
mediated method. In brief, broccoli seeds were rinsed with 75% ethanol for 2 min; 2%
NaClO (Tianjin Fengchuan Chemical Reagent Co., Ltd., Tianjin, China) was then further
used for surface sterilization of the seeds for 10 min. The sterilized seeds were planted
on Murashige and Skoog (MS) medium with a 16 h/8 h light/dark cycle at 22 ◦C. The
hypocotyls of 7-day-old broccoli seedlings were cut to 0.5 cm and pre-cultured on MS
medium containing 1.5 mg/L 6-BA and 0.15 mg/L NAA for 2 days. Then, the truncated
hypocotyls were dipped into a suspension of Agrobacterium containing the 35S::bolTLP1
expression vector or an empty vector for 1 min. The infected explants were transferred onto
co-cultivation medium with 1 mg/L 6-BA, 0.1 mg/L NAA and 100 µmol/L acetosyringone,
and cultured for 2 days in the dark. Subsequently, the explants were washed with sterile
water and transferred onto MS medium containing 1.6 mg/L 6-BA, 0.2 mg/L NAA and
200 mg/L cefotaxime for 10 days for callus induction. The differentiated explants were
transferred into screening medium supplemented with 3 mg/L Basta for 2 weeks. Finally,
buds that continued to differentiate were transferred to the 1/2 MS medium containing
1 mg/L IBA for root initiation. The transgenic broccoli plants were further verified by
PCR using prime pair (35S-F/bolTLP1-R) and qRT-PCR using unique primers (qbolTLP1-
F/qbolTLP1-R) (Table S5).

4.5. Transcriptome Sequencing and Data Analysis

Leaves from six 30-day-old individual plants of per independent 35S::bolTLP1 broccoli
line were equally mixed and used to perform three batches of independent RNA isolation.
Equal amounts of RNA from each independent 35S::bolTLP1 broccoli line were then used
to construct sequencing library. In total, two such sequencing libraries from two inde-
pendent 35S::bolTLP1 broccoli lines and one sequencing library from the vector controls
were constructed. The sequencing reaction was conducted by the Illumina HiSeqTM 2500
sequencing platform (Beijing Genomics Institute, Shenzhen, China) with three technolog-
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ical replicates. The clean reads were annotated and mapped to the reference genome of
B. oleracea var. oleracea. The expression levels of genes were calculated by the fragments
per kilobase of transcript sequence per million base pairs sequenced (FPKM). The signifi-
cantly expression levels of genes between the 35S::bolTLP1 broccoli and the vector controls
were identified based on the thresholds: |log2 (fold-change (35S::bolTLP1 broccoli/vector
control))| > 1 and corrected p-value < 0.05. Gene Ontology (GO) analysis of the differen-
tially expressed genes (DEGs) was performed by the agriGO platform. Available online:
http://bioinfo.cau.edu.cn/agriGO/ (accessed on 4 May 2018).

4.6. Differentially Expressed Gene Identification by qRT-PCR

The gene expression profiles detected by comparative transcriptome analysis were
verified by qRT-PCR by using the specific primer pairs (Table S5). Three independent
35S::bolTLP1 broccoli lines (Line 3, Line 5 and Line 9) were used to perform three biological
replicates. Similar to RNA isolation in transcriptome sequencing, RNAs from leaves of
six randomly selected 30-day-old plants per 35S::bolTLP1 broccoli line were isolated and
reverse transcribed to cDNAs. The comparative 2−∆∆CT method was conducted to calculate
the relative expression levels of genes using bolActin as an internal control. To further
ensure the reliability of qRT-PCR, three technological replicates were carried out.

4.7. Yeast Two-Hybrid Screening and Assays

The proteins which interact with bolTLP1 were screened using MatchmakerTM Gold
Yeast Two-Hybrid System (Clontech, Mountain View, CA, USA) according to the man-
ufacturer’s instructions. In brief, the full-length coding sequences of bolTLP1 with the
Nco I and BamH I restriction enzyme sites were constructed into the bait vector pGBKT7
(Table S5). The recombinant bait vector pGBKT7-bolTLP1 was transformed into the Y2H
Gold yeast train, and the autoactivation and toxicity of bolTLP1 were detected. The positive
pGBKT7-bolTLP1 yeast then was mixed and mated with the universal Arabidopsis Mate &
Plate library (Clontech, Mountain View, CA, USA). The positive mating yeast was screened
on SD/-Trp-Leu-His-Ade medium with 0.5 mM 3-Amino-1, 2, 4-triazole (3-AT), which
could effectively inhibit the autoactivation of bolTLP1. The plasmids from the mating yeast
were isolated and used as a template to amplify the candidate genes using the universal
primers (T7-F/3′AD-R) (Table S5). To further confirm the relationship of bolTLP1 and its
candidate interacting proteins, the broccoli homologs of the positive Arabidopsis genes were
cloned and inserted into the bait vector pGBKT7. In this case, bolTLP1 was inserted into
the prey vector pGADT7 (Table S5). Subsequently, the yeast two-hybrid experiments were
conducted according to the manufacturer’s instructions. Transcript expression levels of the
broccoli genes encoding proteins interacting with bolTLP1 were analyzed by qRT-PCR as
mentioned above (Table S5).

5. Conclusions

Overexpression of bolTLP1 significantly increased the salt and drought tolerance
in both Arabidopsis and broccoli. BolTLP1 may directly interact with stress response-
associated proteins RD2, RD22, VOZ2, LSM1B and MDH to regulate a series of genes
involved in phytohormone (ABA, ethylene and auxin)-mediated signaling pathways,
hydrolase/oxidoreductase activity, sulfur compound synthesis, and histone variants, which
could play important roles in bolTLP1-mediated tolerance to salt and drought stresses in
broccoli (Figure 9). BolTLP1 is a potential candidate gene in breeding crops with high
tolerance to abiotic stress via genetic engineering.
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Figure 9. A proposed model indicating the regulatory processes of bolTLP1 in increasing the tolerance
to salt and drought stresses in broccoli. This model indicated that in response to salt and drought
stresses, bolTLP1 may directly interact with RD2, RD22, VOZ2, LSM1B and MDH to positively
regulate a series of genes involved in phytohormone (ABA, ethylene and auxin)-mediated signaling
pathways, hydrolase activity, oxidoreductase activity, sulfur compound synthesis and histone vari-
ants. Meanwhile, the expression of several genes involved in phytohormone (ABA, ethylene and
auxin)-mediated signaling pathways and oxidoreductase activity were inhibited by the overexpres-
sion of bolTLP1. The green font and lines showed the positive regulation of response genes. The red
font and lines showed the negative regulation of response genes.
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Abstract: Soil salinization caused by the accumulation of sodium can decrease rice yield and quality.
Identification of rice salt tolerance genes and their molecular mechanisms could help breeders
genetically improve salt tolerance. We studied QTL mapping of populations for rice salt tolerance,
period and method of salt tolerance identification, salt tolerance evaluation parameters, identification
of salt tolerance QTLs, and fine-mapping and map cloning of salt tolerance QTLs. We discuss our
findings as they relate to other genetic studies of salt tolerance association.

Keywords: salt tolerance; quantitative trait locus (QTL); association analysis; marker-assisted selec-
tion (MAS); rice (Oryza sativa L.)

1. Introduction

Land clearing, excessive irrigation, salt intrusion into coastal zones and sea-level
rise has increased soil salinity, and this is now a significant abiotic stress affecting crop
production and quality [1]. A total of 6% of the world’s land area and 20% of irrigated
agriculture have been affected by soil salinity. Salinity also poses a serious threat to irrigated
agriculture [2,3]. The salinity problem in crop production will likely worsen due to the
increasing human population [4].

Rice (Oryza sativa L.) is a staple food for much of the global population [4,5]. Rice is a
salt-sensitive crop and yield can be greatly reduced (by over 50%) when soil salinity exceeds
6 dS/m [6]. Salt tolerance in rice varies as the growth stage does. Rice is salt-sensitive at
the seedling stage, moderately salt-tolerant at the vegetative stage, and highly sensitive at
the reproductive stage [7].

Salt tolerance in rice is controlled by multiple physiological and biochemical reactions,
including osmotic stress and ionic stress [3]. Therefore, it is difficult to improve the salt
tolerance of rice using traditional breeding methods [7]. Marker-assisted selection (MAS)
and genetic engineering technology can accelerate the process of selecting for salt-tolerant
rice varieties, but it is difficult to obtain salt-tolerant varieties for crop production by the
insertion of single genes [8]. Therefore, it is necessary to simultaneously introduce multiple
key genes to improve many pathways in the salt-tolerant regulatory network [8]. It is
important to understand the molecular mechanisms and to identify the quantitative trait
loci (QTL) and key genes of rice salt tolerance [1,9,10].

Genome-wide QTL analysis has been used to identify salt tolerance-related sites, and
this has identified many QTLs related to rice salt tolerance. These studies have provided
a foundation for the cloning of salt tolerance genes. The location and cloning of salt-
tolerant genes, or QTLs, have promoted molecular-assisted selection breeding in rice. This

173



Int. J. Mol. Sci. 2021, 22, 11674

review summarizes research on rice salt tolerance gene mapping, cloning, and breeding
applications to aid breeding of salt-tolerant varieties.

2. QTL Analysis of Salt Tolerance in Rice

2.1. QTL Mapping Population for Salt Tolerance

Mapping QTLs provides insights in the inheritance mechanisms of the quantitative
traits in plants and animals [11]. The mapping populations used for QTL analysis could
be divided into permanent populations and temporary populations [11]. In the QTL
analysis of salt tolerance in rice, the permanent populations included recombinant in-
bred lines (RILs) and introgression lines (ILs). RIL population–parent combinations in-
cluded Kolajoha×Ranjit [12], Jiucaiqing× IR26 [13,14], Changbai10×Dongnong425 [15],
Tesanai 2×CB, (Nona Bokra×Pokkali)×(IR4630-22-2-5-1-3×IR10167-129-3-4) [16],
IR4630×IR15324 [17], Co39×Moroberekan [18], Milyang23×Gihobyeo [19,20],
H359×Acc8558 [21], IR29×Pokkali B [22], Yiai1×Lishuinuo [23], CSR11×MI48 [24],
CSR27×MI48 [25], and Dongxiang×NJ16 [7]. IL population–parent combinations in-
cluded IR64×Tarom Molaii [26], Ilpumbyeo×Moroberekan [27], Minghui86×ZDZ057,
Minghui86×Teqing Shuhui527×ZDZ057, Shuhui527×Teqing [28], Lemont×Teqing [29],
Pokkali×IR29 [30,31], Teqing×Oryza rufipogon [32], Ce258×IR758 62 [33],
Tarome-Molaei×Tiqing [34], Xiushui 09×IR2061 [35], IR64×Binam [36], and
Nipponbare×Kasalath [37]. In addition, there are doubled haploid (DH) groups
that include IR64×Aucena [38] and Zhaiyeqing 8×Jingxi 17 [39,40]. Some studies
also used a set of chromosome segment substitution lines (CSSLs) to detect salt toler-
ance in seedlings [41]. Mapped salt-tolerant QTLs that have permanent populations
could analyze phenotypic variation at multiple points over multiple years. In this
way, the identified salt-tolerant QTLs are more stable and not affected by the environ-
ment, which was of benefit to map-based cloning and molecular breeding applications.
However, most of the permanent populations in the studies were not used for salt
tolerance analysis. There was a lack of highly salt-tolerant or salt-sensitive parental
varieties. The salt tolerance difference between the parents was small, which was
not conducive to the identification of major salt-tolerant sites. Only a few popu-
lations were constructed that had salt-tolerant varieties as their parents and used
for salt tolerance research, such as Kolajoha×Ranjit [12], Jiucaiqing×IR26 [13,14],
(Nona Bokra×Pokkali)×(IR4630-22-2-5-1-3×IR10167-129-3-4) [16], IR29×Pokkali [22],
CSR11×MI48 [24], and CSR27×MI48 [25].

Most of the salt-tolerant QTL mapping of rice has used temporary populations. Most
of these populations were F2 and F3 populations, and a few were F4, BC1F1, BC1F2:3, and
BC2F2:3 populations. The parent populations included Gharib×Sepidroud [42,43], Nona
Bokra×Koshihikari [44], Tarommahali×Khazar [45,46], Pokkali×Shaheen Basmati [47], BRRI
Dhan40×IR61920-3B-22-2-1 [48], Dongnong425×Changbai10 [15,49], Jiucaiqing×IR36 [50],
Sadri×FL478 [51], NERICA-L-19×Hasawi, Sahel 108×Hasawi, and BG90-2×Hasawi [52],
IR36×Pokkali [53,54], CSR27×MI48 [55], Cheriviruppu×Pusa Basmati1 [56], and
Peta×Pokkali [57]. These populations were used for QTL analysis of salt-tolerant materials such
as Gharib, Nona Bokra, Tarommahali, Pokkali, Jiucaiqing, FL478, Hasawi, IR61920-3B-22-2-1,
Cheriviruppu, Changbai10, and CSR27 [42–52,55,56].

Some studies used two or more populations simultaneously for salt tolerance QTL
analysis. Tiwari et al. [24] identified the salt-tolerant QTLs that had two RIL populations
CSR11×MI48 and CSR27×MI48; Cheng et al. and Yang et al. [29,35] used the two-way
combination of Xiushui09×IR2061 and Lemont×Teqing; Qian et al. [28] selected Shuhui
527×ZDZ057, Minghui 86×ZDZ057, Shuhui 527×teqing, and Minghui 86×teqing for salt
tolerance QTL analysis; Sun et al. [49] used F3 and BC1F2:3 populations of Dongnong
425×Changbai 10 to analyze the dynamic QTL that controls the ion content in rice roots;
Bimpong et al. [52] used F2 populations of NERICA-L-19×Hasawi, Sahel 108×Hasawi
and BG90-2×Hasawi to identify QTLs for salt tolerance in Hasawi. QTL analysis and
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comparison with multiple mapped populations were conducive to finding salt-tolerant
sites that could be stably expressed and less affected by genetic background.

2.2. Period and Method of Salt Tolerance Identification

Rice has different tolerances to salt stress at different growth stages [7]. The seedling
stage and the reproductive growth stage are salt-sensitive, while the seed germination
stage and the vegetative growth stage are more salt-tolerant [7]. Therefore, most of the
studies of salt tolerance QTL analysis in rice have been conducted during the seedling and
reproductive growth stages [58].

More than half of the QTL studies on rice salt tolerance have used the seedling stage.
The methods used for the identification of salt tolerance at the seedling stage were uniform.
Rice seedlings were cultivated by hydroponics, and treated with salt at, or near, the three-
leaf stage [13,14,16,17,19–23,26,28–30,34–36,40,43–46]. For the reproductive growth stage,
most rice studies used plants in artificial salt ponds. A small number of studies used rice
planted in soil and treated with salt water [24,25,40,51–56]. The initial and final salt treat-
ments were different in different studies. Most of the studies transplanted rice to salt ponds
in the seedling or tillering stage, where they were grown to maturity. The plants were then
scored for agronomic traits and physiological indicators of salt tolerance [24,25,40,51–54,57].
A few studies analyzed salt tolerance QTL in the seed germination stage, and conducted
the germination in a medium with salt as a treatment [13,38,42].

Some studies simultaneously analyzed salt tolerance QTL in two or more growth
and development stages. Gu et al. and Pandit et al. [25,57] identified the salt tolerance
QTL in the vegetative and reproductive growth stages of rice; Zang et al. [36] identified
tolerance in the seedling stage and vegetative growth stage; Ammar et al. [55] analyzed
salt tolerance QTLs in seedling, vegetative growth, and reproductive growth stages. These
studies helped to identify the genes that control salt tolerance in multiple growth and
development stages of rice.

To analyze the influence of plant developmental differences on salt tolerance, some
studies used a control group. They analyzed the salt tolerance of the mapping population un-
der the salt and the control treatments at the same time [13,14,24,27,28,36–38,40,49,52–54,57].
Most of the studies used permanent populations that are homozygous for each strain. A few
studies used different tillers from F2 populations for different treatments.

2.3. Salt Tolerance Evaluation Parameter

The salt tolerance of rice is a complex and comprehensive trait that has various eval-
uations that differ between development stages. In QTL analysis of rice salt tolerance,
the evaluation parameters at the seedling stage can be divided into three categories: mor-
phological, growth and physiological. Morphological parameter analysis evaluates the
salt tolerance of the seedlings (score of salt tolerance, SST) by observing the blade tips,
leaves, tillers, and the growth inhibition and death of plants after salt stress, and also
investigating the survival days of seedling (SDS) after salt stress [14,15,18–20,22,23,26–
30,33,35,36,43,44,46–48,55,59]. Most studies have used the standard evaluation system
(SES) proposed by the International Rice Research Institute (IRRI) to evaluate the salt
damage level [60]. Some studies modified the evaluation criteria based on experimental
materials and experimental design [19,22,26,28–30,33,35,36,43,46,47,55,59]. The growth
indicators used to evaluate the salt tolerance during the seedling stage include plant height
and the fresh and dry weight of shoots and roots [14,17,22,27,43,45–47]. There are many
physiological parameters for evaluating the salt tolerance of rice, and the indicators for
QTL analysis include plant ion content, the concentration of shoot Na+ (SNC) and K+

(SKC), shoot Na+/K+ ratio (SNKR), the concentrations of root Na+ (RNC) and K+ content
(RKC), and root Na+/K+ ratio (RNKR) [14–17,21,22,26,29,33–35,43–47,59]. Some studies
also analyzed QTL with the chlorophyll content of seedlings after salt stress [22,43,45].

The evaluation parameters for the salt tolerance of rice seeds during germination
include germination rate and germination vigor. Some studies further analyzed growth
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of the embryo and the radicle of seedlings after germination [13,38,42]. The evaluation
parameters during the vegetative growth stage included plant growth and physiolog-
ical indicators. Most studies analyzed the growth and ion content of the shoot rather
than the root [18,25,36,49,50,55,57]. The evaluation during reproductive growth included
yield-related agronomic traits, such as the heading date, plant height, tiller number pan-
icles per plant, grains per panicle, seed setting rate, 1000-seed weight, and yield per
plant [24,25,40,51,52,55–57]. Some studies analyzed the content of Na+, K+, Ca2+, and Cl−

in rice leaves or straw after salt treatment in the reproductive growth stage [25,51,53,55].
Some studies included control groups, and they used the absolute value of each eval-
uation parameter for QTL analysis between the control and comparison groups. They
also used the relative value of each salt tolerance trait (treatment/control) or decrease
rate ((control–treatment)/control) as an indicator, which was beneficial in reducing the
influence of individual plant differences [24,27,49,53,54,57].

2.4. Salt Tolerance QTL

We found 52 salt tolerance QTL studies in rice, as shown in Table 1. More than half of
the salt-tolerant QTLs were in the seedling stage. Salt-tolerant QTLs at each growth stage
were distributed on the 12 rice chromosomes.

The phenotypic contribution rate of a single QTL ranged from 0.02% to 81.56%. A total
of 167 QTLs had a contribution greater than 20% and these occupied 22.0% of the total QTLs
(Table 1). Salt-tolerant QTLs that have a large contribution to the phenotype were found in
the studies that follow. Thomson et al. [22] detected 16 salt-tolerant QTLs which explained
more than 20% of the phenotypic variation in the seedling stage. Of these, five QTLs had a
contribution exceeding 50%. Qian et al. [28] used four mapping populations and detected
43 QTLs that control SST or SDS in seedlings. The contributions of 12 QTLs were more than
20%. Sabouri et al. [45] identified 32 QTLs that control different growth and physiological
indicators of salt tolerance in rice seedlings. Among them, 14 QTLs explained more than
20% of the phenotypic variation. Bimpong et al. [52] detected 75 salt tolerance QTLs in three
mapping populations during the reproductive stage, of which about half of the QTLs (37)
explained more than 20% of the phenotypic variation. Ammar et al. [55] detected 25 QTLs
that had a contribution greater than 10% in the seedling, vegetative growth, or reproductive
growth stage, and 22 QTLs among these had a contribution rate over 20%. In these studies,
there were 101 salt-tolerant QTLs that had a phenotypic contribution rate exceeding 20%.
There were only a few QTLs that had large effects in other studies, and 13 studies had no
salt-tolerant QTLs that exceeded a 20% variation. [5,15,17,25,27,30,33,38,47,50,59,61,62].
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Table 1. Identified QTL for salt tolerance in rice.

Stage Parents for Cross Population Type Evaluation Parameter for Salt Tolerance PVE% QTL High-PVE QTL Reference

Germination stage

IR64×Azucena DH GR, seedling root length, seedling dry mass,
seedling vigor 13.5–19.5 7 0 [38]

Jiucaiqing×IR26 RIL GR, RL, SH 6.5–43.7 7 4 [13]

Gharib×Sepidroud F2/F2:4

GR, germination percentage, radicle length,
plumule length, coleoptile length, radicle
fresh weight, plumule fresh weigh, radicle
dry weight, plumule dry weight, coleoptile

fresh weight, coleoptile dry weight

10.0–21.9 17 2 [42]

9311×japonica CSSL Survival rate 5.1–93.2 4 - [41]

Seedling stage

Dongnong425×Changbai10 BC2F2/BC2F2:3 SST, SNC, SKC, RNC, RKC 6.45–17.95 13 0 [63]
O. rufipogon×O. Sative ILs SDS, STT 2–8 10 - [64]

(Nona Bokra×Pokkali)×(IR4630-
22-2-5-1-3×IR10167-129-3-4) RIL SNC, SKC, SNKR - 4 - [16]

IR4630×IR15324 RIL SNC, SKC, SNKR, total Na+ and K+, SDW 6.4–19.6 11 0 [17]
Milyang 23×Gihobyeo RIL SST 9.2–27.8 2 1 [19]
Milyang 23×Gihobyeo RIL SST 9.1–27.8 2 1 [20]

H359×Acc 8558 RIL SNC 1.68–45.39 13 3 [21]

IR29×Pokkali RIL
SNC, SKC, RKC, RNKC, SH, chlorophyll
content, seedling survival rate, initial and

final SST
6–67 27 16 [22]

Yiai1×Lishuinuo RIL Dead rate of leaf and seedling 8.65–27.20 6 1 [23]
IR64×Tarom Molaii IL SST, SDS, SKC, SNC, RKC, RNC - 23 - [26]

Ilpumbyeo×Moroberekan IL The reduction rate of fresh and dry weight,
leaf area and SH 10.2–13.9 8 0 [27]

Shuhui527×ZDZ057,
Minghui86×Teqing,

Minghui86×ZDZ057,
Shuhui527×Teqing

IL SST, SDS 8.17–42.18 43 12 [28]

Lemont×Teqing IL SST, SDS, SKC, SNC - 36 - [29]
Pokkali×IR29 IL SST 4.00-18.42 6 0 [30]

Ce258×IR75862, ZGX1×IR75862 IL SST, SDS, SKC, SNC 5.13–13.75/3.73–8.26 * 18/2 * 0 [33]
Tarome-Molaei×Tiqing IL SNC, SKC, SNKR, RNC, RKC, RNKR 9.0–30.0 14 5 [34]

Xiushui 09×IR2061-520-6-9 IL SST, SDS, SKC, SNC, SKNR 5.14–18.89/2.60–14.30 * 26/21 * 0 [35]
Zaiyeqing8×Jingxi17 DH SDS 10.2–38.4 10 2 [39]

Nona Bokra×Koshihikari F2/F3
SDS, SNC, SKC, RNC, RKC, Na+ and K+ in

root, SDW 12.4–48.5 11 3 [44]
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Table 1. Cont.

Stage Parents for Cross Population Type Evaluation Parameter for Salt Tolerance PVE% QTL High-PVE QTL Reference

Tarommahalli×Khazar F2/F3

Survival rate, chlorophyll content, SH, RL,
leaf area, the weight of stem and root, total

Na+ and K+ in shoot, SNKR
9.03–38.22 32 14 [45]

Tarommahali×Khazar F2/F3 STR, DM, Na+ content, K+ content, Na+/K+ 9.03–20.90 14 1 [46]

Pokkali×Shaheen Basmati F2/F3
SST, SH, SDW, SFW, SNC, SKC, SNKR, RNC,

RKC, RNKR 4.89–10.55 22 0 [47]

BRRI Dhan40×IR61920-3B-22-2-l F2 SST 12.5–29.0 3 2 [48]
Jiucaiqing×IR26 RIL RNKR, SH, SDW, RDW 7.8–23.9/- * 15/5 * 2 [14]
Jiucaiqing×IR26 RIL RKC, SNC, SKC, SST 8.5–18.9/- * 13/9 * 0 [59]

Tesanai 2×CB RIL SDS 1.5–11.6 4 0 [61]
Tesanai 2×CB RIL SDS, SDW, RDW, SNC, SKC, SKNR 4.4–15.0 31 0 [62]

Teqing×Oryza rufipogon IL SST, relative SDW, RDW and total plant dry
weight 8–26 15 3 [32]

Vegetative growth
stage

Co39×Moroberekan RIL Content of Na+ in shoot, SNKR, fresh weight
of stem, moisture content of leaf 11.0–26.3 14 3 [18]

Nipponbare×Kasalath IL SH, SDW, number of tillers 12–41 31 11 [37]

Dongnong425×Changbai10 BC1F2/BC1F2:3, F2/F3
RNC, RKC, RNKR, relative RNC, relative

RKC, relative RNKR 3.61–27.9 50 4 [49]

CSR10×Taraori Basmati F3
Relative growth rate, SNKR, visual

salt-injury symptoms 25.6–31.3 14 - [65]

Jiucaiqing×IR26 F2 SST, SNKR, SDW 6.7–19.3 7 0 [50]

Reproductive growth
stage

CSRll×MI48, CSR27×MI48 RIL Sensitivity index of grain yield stress - 55 - [24]

Zhaiyeqing 8×Jingxi 17 DH
Effective tiller number, thousand-grain

weight, PH, heading date, number of grains
per panicle

7.9–40.1 24 3 [40]

Sadri×FL478 F2

Heading date, PH, length and number of
panicles, dry weight of straw, number of
fertile and sterile spikelets per plant, total
number of spikelets per plant, yield per
plant, spikelet fertility, thousand grain

weight

4.2–30.0 37 1 [51]

NERICA-L-19×Hasawi,
Sahel108×Hasawi,
BG90-2×Hasawi

F2

SST, PH, TN, heading date, panicle number
per plant, panicle sterility rate, grain number

per ear, thousand-grain weight, yield per
plant

6.5–49.5 75 37 [52]

IR36×Pokkali F2

Content of Na+ and Ca2+, absorption rate of
Ca2+, relative content of Na+, K+ and Ca2+,
relative ion content, relative absorption rate

of Na+, K+, Ca2+ and Na+/K+

7.69–26.33 14 3 [53]
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Table 1. Cont.

Stage Parents for Cross Population Type Evaluation Parameter for Salt Tolerance PVE% QTL High-PVE QTL Reference

IR36×Pokkali F2

PH, TN, number of effective tillers, panicle
weight, panicle length, number of spikelets
panicle, number of unfilled grains panicle,
number of grains panicle, panicle fertility,
days of 50% flowering, days to maturity,

grain length, grain width, grain
length–width ratio, grain yield,

thousand-grain weight, straw yield, harvest
index

11.52–81.56 6 1 [54]

Cheriviruppu×Pusa Basmati 1 F2

PH, TN, panicle length, yield, biomass,
pollen fertility, Na+ content in flag leaf,

Na+/K+
3.8–48.7 24 5 [56]

HHZ×Budda, HHZ×Gang46B BC2F5
Grain weight, spikelet number,

thousand-grain weight, seed fertility 4.7–90.6 22 1 [66]

Sahel108×Hasawi,
NERICA-L-19×Hasawi,

BG90-2×Hasawi
F2

Days to flowering/heading, PH, TN, panicle
sterility, grain yield, yield per plant,

yield-component data for each plot, salt
tolerance score

7.3–31.9 75 - [52]

Tarommahalli×Khazar F2/F3

PH, TN, number of full grains, number of
empty grains, length and number of panicle,

biomass
8.76–26.83 12 3 [56]

Multiple growth
stages

CSR27×MI48 RIL Vegetative growth period: content of Na+ in
stem, content of K+ and Cl− content in leaf 5.86–8.55 4 0 [25]

Reproductive growth period: content of Na+,
K+ in straw, Na+/K+ in straw, spikelet

fertility stress sensitivity index
7.22–14.05 5 0

IR64×Binam IL Seedling stage: SST, SDS, SKC, SNC - 13 - [36]
Vegetative growth period: PH, panicle

number, fresh weight - 22 -

CSR27×MI48 F2/F3 Seedling stage: SST 14.38 1 0 [55]

F2

Vegetative growth period: Na+, Cl− content
in leaf and stem, K+ content in stem, Na+/K+

in leaf and stem
11.13–55.72 17 15

F2
Reproductive growth period: content of Na+,

K+ and Cl− in leaf, Na+/K+ in leaf 26.26–52.63 7 7
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Table 1. Cont.

Stage Parents for Cross Population Type Evaluation Parameter for Salt Tolerance PVE% QTL High-PVE QTL Reference

Peta×Pokkali BC1F1
Vegetative growth stage: SST, SFW, SDW,

Na+ content - 4 - [57]

Reproductive growth stage: weight of stem
and leaf, PH, TL, effective panicle, number,
panicle weight, main panicle length, grain

weight, seed setting rate

- 11 -

Note: DH: double haploid. RIL: recombinant inbred lines. IL: introgression line. CSSL: chromosome segment substitution line. F2: second filial generation. F2/F3: second and third filial generation. F2/F2:4: F2
generation and F2 derived fourth filial generation. BC1F1: first backcross generation. BC2F5: twice backcross and four selling generation. BC1F2/BC1F2:3: twice backcross and one selling generation, and one
backcross and one selling derived third filial generation. BC2F2/BC2F2:3: twice backcross and one selling generation, and twice backcross and one selling generation derived fourth filial generation. High-PVE
QTL: the number of QTL with contribution > 20%. GR: germination rate. SDS: survival days of seedling. SST: score of salt tolerance. SNC and SKC: the concentrations of Na+ and K+ in shoots. SNKR: shoot
Na+/K+ ratio. RNC and RKC: the concentrations of Na+ and K+ in roots. RNKR: root Na+/K+ ratio. SH: shoot height, RL: root length, SDW: shoot dry weight. SFW: shoot fresh weight. RDW: root dry weight.
PH: plant height. TN: tiller number, STR: standard tolerance ranking, DM: dry matter weight. * indicate major QTL/epistatic QTL.
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We constructed a framework genetic map using 70 QTLs with high PVE in the re-
ports [13,14,19–21,34,39,40,42,44,45,48,51] (Figure 1). Figure 1 showed that QTLs related to
salt tolerance are distributed on 12 chromosomes, but less on chromosomes 11 and 12.

Figure 1. Genetic linkage map showing the location of QTLs for salt tolerance-related traits detected
in reports.

2.5. Fine Mapping and Map-Based Cloning of QTLs for Salt Tolerance in Rice

Because many salt-tolerant rice QTLs have a low phenotypic contribution rate and
are difficult to fine-map and clone, relevant research has progressed slowly. However, two
QTLs located on the first chromosome, qSKC-1 and Saltol, are suitable for fine-mapping or
map-based cloning.

qSKC-1 is a major QTL that controls the K+ content in the shoot. It was detected in the
F2 population that was constructed by the salt-tolerant variety Nona Bokra and the salt-
sensitive variety Koshihikari, and it explained 40.1% of the total phenotypic variation [44].
Ren et al. [67] used the map-based cloning method, followed by fine-mapping of the BC2F2
population and high-precision linkage analysis of the BC3F2 population, and they restricted
qSKC-1 within the 7.4 kb chromosome interval and isolated the qSKC-1 gene. This gene
encoded an ion transporter (OsHKT1;5) of the HKT (high-affinity K+ transporter) family,
which exists in the parenchyma cells of the xylem of rice roots and has the function of
specifically transporting Na+. This transporter could transport Na+ out of the xylem, and
transport Na+ from the phloem back to the root where it was excreted from the plant
through the action of other Na+ transporters. This process reduced the Na+ content in the
shoot, regulated the Na+/K+ balance in the shoots, and improved rice salt tolerance [68].
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Gregorio [69] used AFLP markers to analyze the salt tolerance QTL of the F8 recombi-
nant inbred line population of the Pokkali/IR29 combination, and detected a major QTL
on rice chromosome 1 that simultaneously controls the Na+, K+ content and Na+/K+ ratio
in rice. This QTL was named Saltol. In the population, the LOD value of the Saltol site
was greater than 14.5, and the phenotypic contribution rate was 64.3–80.2%. Subsequently,
Bonilla et al. [70] used the same population to map Saltol to the chromosome between SSR
markers RM23 and RM140, and they found that the contribution rates of Saltol sites to the
Na+, K+ content and Na+/K+ ratio were 39.2%, 43.9%, and 43.2%, respectively. Niones
and Thomson et al. [22,71] used the near-isogenic lines BC3F4 and BC3F5 with IR29 as the
background and Pokkali as the donor to confirm the position of the Saltol locus. Since the
positions of Saltol and qSKC-1 were nearby on the chromosome, and both were responsible
for regulating the Na+/K+ balance of rice under salt stress, Thomson et al. [22] speculated
that Saltol and qSKC-1 may encode the same gene (OsHKT1;5).

Some studies conducted fine mapping and cloning on salt-tolerant and salt-sensitive
mutants. Lan et al. [72] fine-mapped the seedling salt-tolerant mutant gene SST to the
17 kb interval on chromosome 6, and the only predicted gene in this interval is OsSPL10,
which might be a candidate gene for SST. Ogawa et al. [73] and Toda et al. [74] used the
salt-sensitive mutants rss1 and rss3 to clone the salt-tolerant-related genes RSS1 and RSS3,
respectively. RSS1 participated in the regulation of the cell cycle and was an important
factor for maintaining the viability and vigor of meristematic cells under salt stress; RSS3
regulated the expression of the jasmonic acid-responsive gene, and was involved in main-
taining root cell elongation at an appropriate rate under salt stress. Deng et al. [75,76]
analyzed the salt-tolerant and salt-sensitive mutants rst1, rss2 and rss4. They detected two
QTLs (qSNC-1 and qSNC-6) that control the Na+ content of aerial parts on chromosomes
1 and 6, which explained 14.5% and 53.3% of the phenotypic variation, respectively. The
synergistic alleles were derived from rss2.

3. Association Analysis of Rice Salt Tolerance

Traditional QTL mapping usually uses markers to perform linkage analysis on the
segregating populations derived from the parental cross F1. This requires construction of a
mapping population with a long cycle, and it has limited mapping accuracy and detectable
alleles. Therefore, association analysis based on linkage disequilibrium is more widely
used to analyze quantitative traits of plants [77,78]. Association analysis is now commonly
applied to the identification of rice salt tolerance genes.

3.1. Association Analysis of Salt Tolerance Candidate Genes

To identify salt tolerance QTLs or candidate genes in 180 japonica rice from the
European Rice Core Collection (ERCC), Ahmadi et al. [79] used 124 SNP and 52 SSR
markers to associate 14 salt tolerance QTLs and 65 salt tolerance candidate genes. They
identified 19 gene loci that were significantly associated with one or more salt stress traits.
Negrão et al. [80] analyzed 392 rice germplasm resources by EcoTILLING technology, and
they found the allele polymorphisms of five salt tolerance candidate genes, which were
related to Na+/K+ balance, signal cascade and stress protection. There were 40 new alleles
in the coding sequences of these genes, and 11 SNPs related to salt tolerance in rice were
identified by association analysis.

Association analysis identified QTLs, candidate genes, and alleles related to the salt
tolerance of rice, and it also revealed different salt tolerance mechanisms of different
genotypes of rice. However, none of the rice varieties carried favorable alleles at all salt
tolerance loci [79,80].

3.2. SSR Association Analysis of Salt Tolerance

SSR markers were used on 300 rice resources to analyze the association between salt
tolerance in the seedling stage and tolerance in the whole growth period. Zheng et al. [63]
identified the salt tolerance of 342 japonica rice with seedling survival days and shoot
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Na+/K+ as evaluation indicators at the seedling stage. They used 160 pairs of SSR markers
for salt tolerance association analysis. A total of twelve SSR markers were significantly
associated with salt tolerance. A total of nine of the markers were close to the positions of
reported salt tolerance QTLs and four markers were in the same position of known salt
tolerance-related genes (OsEREBP1, OsABF2, HKT1;5 and OsAHP1). Cui et al. [81] planted
347 japonica rice on coastal tidal flats, and examined agronomic traits such as heading date,
plant height, effective panicle number, grain number per panicle, spikelet fertility, and
thousand-grain weight. These traits were used as evaluation parameters for salt tolerance
association analysis with 148 SSR markers. The study identified 25 SSR markers linked
to rice salt tolerance. These markers are located on 10 chromosomes, except for the fifth
and sixth chromosomes, and explained from 4.58% to 31.65% of the phenotypic variation.
Among these loci, 10 markers were consistent with, or close to, the positions of reported
salt tolerance QTLs on the chromosome.

3.3. Salt Tolerance Genome-Wide Association Analysis

Genome-wide association analysis (GWAS) has recently played an important role
in discovering genes that regulate plant salt tolerance [82]. Through phenotypic varia-
tion analysis, GWAS can analyze the interactions between traits that previously seemed
independent, and this can help explain the interactions among potential genes [83–85].

Kumar et al. [86] identified rice salt tolerance gene loci with 220 rice materials, and
they performed an association analysis on 12 agronomic traits related to salt tolerance
during the reproductive growth stage and the accumulation of Na+ and K+ in leaves. They
identified 20 SNPs significantly related to leaf Na+/K+, and 44 SNPs related to other salt tol-
erance traits. These gene loci explained 5–18% of the phenotypic variation. Zhang et al. [87]
used a multiparent advanced generation intercross population, DC1, and identified salt
tolerance QTLs by GWAS. There were 7 QTLs delineated from 186 associations that were
detected on chromosomes 1, 2, 5 and 9, which explained 7.42–9.38% of the total phenotypic
variation. Liu et al. [88] found five known genes (OsSUT1, OsCTR3, OsMYB6, OsHKT1;4,
and OsGAMYB) and two novel genes (LOC_Os02g49700 and LOC_Os03g28300) that were
associated with grain yield under salinity stress. Batayeva et al. [89] performed GWAS
on 9 seedling salt tolerance traits of 191 japonica rice, and they detected 26 significant
loci. Neang et al. [90] used 296 accessions of rice to identify salt-related traits and used
36,901 SNPs to conduct GWAS. They found 13 candidate genes. Yu et al. [91] used 295
accessions and identified 93 candidate genes with high association peaks of salt stress.
Cui et al. [92] reported six multi-locus GWAS methods (mrMLM, FASTmrMLM, FASTm-
rEMMA, pLARmEB, pKWmEB, and ISIS EM-BLASSO), and identified 162,529 SNPs at the
seed germination stage for salt tolerance traits with 478 rice accessions. Lekklar et al. [93]
conducted a GWAS of salt tolerance using Thai rice accessions, and they found 164 genes co-
localized with reported salt quantitative trait loci. These accounted for 73% of the identified
loci. Yu et al. [94] performed a GWAS of salt-tolerance-related phenotypes in rice during the
germination stage with 295 accessions. They found OsMADS31, one of the MADS-box fam-
ily transcription factors, had down-regulated expression and was predicted to participate
in salt stress at the germination stage. Rohila et al. [95] conducted a GWAS of early vigor
traits under salt stress with the natural genetic variation in the United States Department of
Agriculture rice mini-core collection. They identified 14 salt-tolerant accessions, 6 new loci,
and 16 candidate genes that could contribute to salt tolerance breeding. Warraich et al. [96]
evaluated 180 rice accessions for salinity tolerance at the reproductive stage by GWAS and
19 associations were identified for Na+, K+ and Na+/K+ uptake in leaves and stems. Based
on 6,361,920 single nucleotide polymorphisms in 478 rice accessions, Shi et al. [97] iden-
tified 22 salt tolerance-associated SNPs based on salt tolerance-related traits. There were
seven loci on chromosomes 1, 5, 6, 11, and 12 that were close to six previously identified
quantitative gene loci/genes related to salinity tolerance. These studies showed that there
were some genes expected to be involved in salt resistance in rice, including a nitrate trans-
porter gene OsNRT2.1 [97], a MADS-box family transcription factor gene OsMADS31 [94],
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a sucrose transport protein gene OsSUT1, a transcript factor gene OsGAMYB, and some
function genes OsCTR3, OsMYB6 and OsHKT1;4 [88], etc. With the development of variety
resequencing, salt tolerance GWAS has rapidly developed [98–105]. GWAS has exploited
the natural variation in root architecture remodeling under salt tolerance to uncover the
genetic controls underlying plant responses [83,106]. The studies provide insight into the
genetic structure of salt tolerance and are important resources for breeding programs.

In Table 2, we summarize 25 association analyses of salt tolerance with more than
600 genetic sites related to salt tolerance in rice

Table 2. Association analysis of salt tolerance in rice.

Stage Population Size Maker Type QTL Traits Reference

Generation stage

478 SNP (6.36M) 11 GR, germination index, vigor index,
germination time, and imbibition rate [97]

295 SNP (1.65M) 12 GR, germination energy, germination index,
SH, RL [94]

184 SNP (788K) 8 RL under control condition, alkaline stress
and relative RL [101]

Seedling stage

32 SSR (64) 28 Salt tolerance level [107]
342 SSR (160) 12 SST, SNC, SKC, RNC and RKC [15]

533 SNP (700K) 20 Relative growth rate, transpiration use
efficiency and transpiration rates [108]

295 SNP (1.65M) 25 Leaf width, SH, RL, total dry weight [91]

235 SNP (30K) 27 Tiller number, SH, RL, SDW, RDW,
RDW/SDW, leaf area, SNKR [79]

306 SNP (200K) 58 SNC, SKC [103]

203 SNP (68K) 26
Shoot Na+ and K+ content, standard

evaluation score, percentage of damage,
SDW

[89]

708 SNP (3.45M) 41 SDS, SSI [88]
162 SNP (3.2M) 9 SSI, SDW, RDW, SDS [95]

176 SSR (154) 13 Salinization damage grade, SNC, SKC,
SNKR [109]

221 SNP (55K) 7

SES, SDS, SH and RL under salt treatment,
relative SH and RL, SDW and RDW after
salt treatment, relative SDW and RDW,

relative biomass.

[87]

181 SNP (32K) 54 SH, SFW and SDW under control, salt stress
conditions, relative SH, SFW and SDW [98]

295 SNP (788K) 8 SST, SNC, SKC, SNKR [100]

664 SNP (3M) 21 SH, RL, SFW, SDW, RFW, RDW, salt
tolerance level [105]

Vegetative
growth stage

104 SNP (112K) 200 Photosynthetic parameters and cell
membrane stability [93]

296 SNP (44K) 11 Na+ and Cl− of leaf blades, Na+ and Cl−

sheath:blade ratios, SES [90]

179 SNP (21K) 26 SES, chlorophyll content, water content, Na+

and K+ contents, SNKR [99]

96 SNP (50K) 23 SH, RL, SFW, SDW, RFW, RDW, RNC, SNC,
RKC, SKC, RNK, SNKR, RNKR [104]

Reproductive
growth stage

220 SNP (6K) 64 SNKR, PH, TN, spikelet fertility, unfilled or
filled grains, yield [86]

347 SSR (148) 25 Salinity tolerance index [81]

Multiple growth
stages

180 SSR (150) 28 Na+, K+, Ca2+, Mg2+ content in stem and
leaves, grain yield and SSI

[96]

208 SNP (395K) 20 Generation stage: GR.Seedling stage: SH, RL [102]

Note: GR: germination rate. SDS: survival days of seedling. SSI: salt stress injury score. SST: score of salt tolerance. SNC and SKC: the
concentrations of Na+ and K+ in shoots. SNKR: shoot Na+/K+ ratio. RNC and RKC: the concentrations of Na+ and K+ in roots. RNKR: root
Na+/K+ ratio. SES: standard evaluation system score. SH: shoot height, RL: root length, SDW: shoot dry weight. SFW: shoot fresh weight.
RDW: root dry weight. RFW: root fresh weight. PH: plant height. TN: tiller number.

4. Issues and Prospects

Most studies of rice salt tolerance gene mapping and cloning evaluated the salt
tolerance of a specific growth and development stage such as the seedling stage. Few
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studies have evaluated salt tolerance in multiple growth stages. Due to the differences
in the salt tolerance of rice at different growth and development stages, it is necessary to
conduct QTL analysis or association mapping for salt tolerance in the different growth
stages of rice, especially the seedling stage and reproductive growth stage. This will enable
identification of genes that simultaneously control salt tolerance in multiple growth stages.
This research could begin by screening salt-tolerant rice germplasm resources during the
whole growth period, and then identifying materials that complete their life cycle under
salt stress with less impact on yield traits. This approach could be useful for salt-tolerant
gene mapping, cloning, and breeding.

Hundreds of QTLs related to salt tolerance have been identified but the progress of
follow-up work on fine-mapping and map-based cloning of genes has been slow. One
reason is the lack of salt-tolerant rice varieties in the parental combinations. A small
difference in salt tolerance between the two parents may only result in a small contribution
to the phenotype of the identified QTLs and disturb the fine-mapping by the genetic
background. However, most of salt-tolerant QTL mapping studies involved a single time
period or a single-year phenotypic identification, and there was a lack of QTL stability.
Some salt-tolerant QTLs with a high phenotypic contribution rate (above 20%) could be
difficult to fine-map and clone due to poor genetic stability. Therefore, it is necessary to
select strong salt-tolerant rice varieties for salt-tolerant QTL mapping, and also to test the
stability of salt-tolerant QTLs multiple times or by multi-year multi-point experiments for
gene cloning and breeding.

For mining salt-tolerant genes for salt-tolerant germplasm resources, traditional QTL
analysis methods could be combined with mutant construction, screening, and association
analysis. Association analysis, especially GWAS, is now commonly used for the analysis of
complex traits of plants, and it aids understanding of the genetic basis and differentiation
of salt tolerance in rice. Using QTL mapping and GWAS, the genetic basis of many
complex quantitative traits has been analyzed and many QTL segments or loci have been
located. With the development of genome sequencing technology and bioinformatics,
using the reference genome sequence information of the corresponding species could help
determine the candidate genes related to the target trait and narrow the range of candidate
genes [110,111]. Moreover, GWAS is useful for marker-assisted selection (MAS) of rice
varieties suitable for cultivation in salinized fields.

With the development of molecular marker technology, MAS technology is now widely
used in crop breeding, thus providing a new way to accelerate the genetic improvement of
rice salt tolerance. MAS could select target traits in early generations, accelerate the breed-
ing process, and aggregate multiple beneficial genes at the same time to improve breeding
efficiency [112]. A QTL for salt tolerance in rice that is frequently used in MAS breeding
is Saltol, which is located on chromosome 1 [113]. Saltol QTL is a major QTL associated
with the Na+/K+ ratio and salinity tolerance at the seedling stage in rice. Several genes
have been reported in the Saltol QTL (LEA, CaMBP, V-ATPase, GST, OSAP1 zing finger
protein and transcription factor HBP1b) that were salinity sensitive and regulated between
the genotypes [114–116]. Most studies were performed using marker-assisted backcrossing
(MABC) technology in India, the Philippines, Bangladesh, Thailand, Vietnam and Sene-
gal [117–119]. Some Saltol introgression lines cultivated by MAS, such as BR11-SalTol and
BRRI dhan28-SalTol, have been tested in salt damaged coastal areas in the Philippines,
Bangladesh, India, and Vietnam [113,120]. Bimpong et al. [113] found that compared with
traditional breeding, MAS breeding can shorten the germplasm improvement time by four
to seven years.
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Abstract: The CPA (cation proton antiporter) family plays an essential role during plant stress
tolerance by regulating ionic and pH homeostasis of the cell. Radish fleshy roots are susceptible
to abiotic stress during growth and development, especially salt stress. To date, CPA family genes
have not yet been identified in radish and the biological functions remain unclear. In this study,
60 CPA candidate genes in radish were identified on the whole genome level, which were divided into
three subfamilies including the Na+/H+ exchanger (NHX), K+ efflux antiporter (KEA), and cation/H+

exchanger (CHX) families. In total, 58 of the 60 RsCPA genes were localized to the nine chromosomes.
RNA-seq. data showed that 60 RsCPA genes had various expression levels in the leaves, roots,
cortex, cambium, and xylem at different development stages, as well as under different abiotic
stresses. RT–qPCR analysis indicated that all nine RsNHXs genes showed up regulated trends after
250 mM NaCl exposure at 3, 6, 12, and 24h. The RsCPA31 (RsNHX1) gene, which might be the most
important members of the RsNHX subfamily, exhibited obvious increased expression levels during
24h salt stress treatment. Heterologous over-and inhibited-expression of RsNHX1 in Arabidopsis

showed that RsNHX1 had a positive function in salt tolerance. Furthermore, a turnip yellow mosaic
virus (TYMV)-induced gene silence (VIGS) system was firstly used to functionally characterize the
candidate gene in radish, which showed that plant with the silence of endogenous RsNHX1 was
more susceptible to the salt stress. According to our results we provide insights into the complexity
of the RsCPA gene family and a valuable resource to explore the potential functions of RsCPA genes
in radish.

Keywords: CPA gene family; RsNHX1; over-expression; virus-induced gene silence; salt resistance; radish

1. Introduction

Plants respond to salt stress by regulating the cell ion and pH balance through a variety of
mechanisms, which are mainly dependent on ion transporters in cell membranes and organelle
membranes [1,2]. Cation proton antiporters (CPAs) are mainly involved in the exchange and transport
of monovalent cations in plants, which not only reverses the transport of Na+ with H+ but also
exchanges and transports monovalent cations, such as K+ and Li+ [3–5]. The CPA family is divided
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into two main superfamilies, named CPA1 and CPA2 [6]. The CPA1 superfamily contains the Na+/H+

exchanger family (NHX), which is predicted to have 10–12 membrane-spanning domains in plants
and it has been confirmed with an important effect on salt tolerance of plants [2,7]. CPA2 consists
of the K+ efflux reverse transporter family (KEA) and cation/H+ exchanger family (CHX), which is
predicted to have 8–14 transmembrane domains [2,7], all of which contain the Na+/H+ exchanger
domain (PF00999) [8]. In addition, CPA proteins are mainly localized on the plasma, vacuole membrane
and organelle membrane of plant cells [2,9], which can play essential roles in plants responding to
environmental stress and maintaining the homeostasis of pH and ions [8,10].

Identification and characterization of the CPA family has been extensively reported in several
plant species, including Arabidopsis thaliana [11], rice (Oryza sativa) [12], grape (Vitis vinifera) [13],
and pear (Pyrus bretschneideri) [14]. In recent years, increasing evidence has indicated that
some CPAs, especially NHXs, respond to salt stress, cell expansion, pH and ion balance
regulation, osmotic regulation, and vesicle transport, as well as protein processing and floral organ
development [15–19]. The previous studies showed that the NHX subfamily consisted of eight members
(AtNHX1–AtNHX8) in Arabidopsis, which were mainly involved in the exchange and transport of
Na+ and H+ [20–22]. Recent reports further revealed that the NHX1 gene in Vigna unguiculate,
Malus domestica, Sesuvium portulacastrum, Arachis hypogaea, and Helianthus tuberosus can regulate salt
tolerance [12,23–26]. For example, VuNHX1 displayed higher salt tolerance through over-expression
in Arabidopsis [23]. Over-expression of SpNHX1 yeast cells grew better and accumulated more
Na+ than control, indicating that SpNHX1 was a key response gene to salt stress [25]. Furthermore,
over-expression of AtNHX7 (AtSOS1) limited Na+ accumulation in xylem and stem, and improved
salt tolerance in transgenic Arabidopsis thaliana [27]. Interestingly, the AtCHX17 mutant accumulated
less K+ than the control in salt stress and K+ deficient environment, indicating that the AtCHX gene
was involved in the exchange and transport of K+ rather than Na+ [28]. In addition, K+/H+ reverse
transporters AtKEA1–AtKEA3 played an important role in chloroplast function, osmoregulation,
photosynthesis, and pH regulation [29,30].

Radish (Raphanus sativus L.) belongs to the Brassicaceae family and is one of the most economically
important annual or biennial root vegetable crops, which is widely cultivated all over the world
with high nutritional and medicinal value. The fleshy taproot is the edible organ of the radish,
which has different sensitivities to salt stress [31,32]. Although some CPA genes have been proved to
be related to salt stress response in other plant species, such as Arabidopsis, pear (Pyrus bretschneideri),
grape (Vitis vinifera) and Helianthus tuberosus, the information of CPA genes identification at the whole
genome level in radish is still limited [11–14]. The radish genomes were released to provide a
helpful resource to identify the CPA gene family at the whole genome level [33]. Our study aimed to
systematically identify CPA family members from the radish genome, map RsCPAs onto chromosomes,
and investigate gene structure and conserved motifs. Moreover, the expression patterns of RsCPAs in
different developmental stages and tissues were analyzed and also explored for differentially sensitive
genes under abiotic stress, especially in salt stress. Furthermore, the biological function of RsNHX1

was validated for heterologous over-expression and inhibited-expression, as well as through turnip
yellow mosaic virus (TYMV)-mediated silencing (VIGS) in radish. The outcomes of our study lay the
foundation for further characterization of these CPA genes for roles in radish salt-tolerance processes.

2. Results

2.1. Identification and Classification of RsCPA Members in Radish

The Hidden Markov Model (HMM) profile was firstly performed to search the whole genome
protein sequence of radish with the Na+/H+ exchanger domain (PF00999), and a total of 61 putative
CPA proteins were obtained. Following, the CDD and InterPro tools were employed for detecting the
completeness of the Na+/H+ exchanger domain and then one was excluded. Finally, 60 non-redundant
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and complete RsCPA members were identified among the radish genome, which were correspondingly
named as RsCPA01–RsCPA60 (Table S1).

Through the physical and chemical properties analysis, the protein sizes of RsCPA ranged from 231
to 1172 amino acids (AAs) with molecular weight (MWs) from 25.97 to 126.11 kDa and the theoretical
isoelectric point (pI) varied from 4.98 to 9.21. In addition, the instability coefficient reached from 27.56
to 46.90 and 42 members were <40.00, which were considered as stable proteins. The aliphatic index
varied from 95.31 to 127.56, indicating that most RsCPA proteins contained a lot of aliphatic amino
acids. The grand average of hydropathicity (GRAVY) ranged from 0.048 to 0.798, suggesting that all
RsCPA proteins were hydrophobic proteins (Table S1).

2.2. Phylogenetic Analysis of RsCPA Members

To investigate the classification of the CPA subfamily of radish and the evolutionary relationship
with other species, full-length CPA protein sequences of radish, Arabidopsis and Brassica rapa

were extracted and aligned to construct a neighbor-joining (NJ) phylogenetic tree (Figure 1).
A total of 166 CPA protein members in these three species (containing 60 radish, 42 Arabidopsis,
and 64 Brassica rapa) were categorized into three subfamilies, namely NHX, KEA, and CHX.
Among them, the NHX group had 28 members containing nine, eight, and 11 members of radish (15%),
Arabidopsis (19.05%), and Brassica rapa (17.19%), respectively. The KEA group included 29 members with
ten, six, and 13 members of radish (16.67%), Arabidopsis (14.29%), and Brassica rapa (20.31%), respectively.
The CHX group was the most abundant subfamily and had 109 members with 41, 28, and 40 members in
radish (68.33%), Arabidopsis (66.67%), and Brassica rapa (62.5%), respectively (Table 1). The phylogenetic
relationships indicated that the CPA proteins in radish had stronger homology with Brassica rapa

than Arabidopsis.

Table 1. The number of cation proton antiporter (CPA) genes in 17 plant species.

Species CHX Number NHX Number KEA Number Total Gene Number

Arabidopsis thaliana 28 8 6 42
Raphanus sativus 41 9 10 60

Brassica rapa 40 11 13 64
Pyrus bretschneideri 27 14 12 53

Malus domestica 42 12 7 61
Prunus persica 26 6 5 37
Fragaria vesca 24 6 5 35
Prunus mume 23 7 4 34
Vitis vinifera 17 8 4 29
Oryza sativa 18 8 4 30

Zea mays 16 11 6 33
Sorghum bicolor 17 7 4 28

Selaginella 3 7 4 14
Ostreococcus 0 6 4 10

Chlorophyta reinhardtii 0 9 3 12
Physcomitrella patens 5 10 7 22
Populus trichocarpa 29 8 7 44
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Figure 1. Phylogenetic relationship of RsCPA, BraCPA, and AtCPA members.

Meanwhile, compared with several dicotyledon and monocotyledon crops, the number of CPA
gene in radish was closer to Malus domestica and Pyrus bretschneideri, while it was significantly different
from that in Prunus persica, Fragaria vesca, Prunus mume, and Vitis vinifera. Especially compared with
monocotyledonous plants, such as Oryza sativa, Zea mays, and Sorghum bicolor, the difference of CPA
gene numbers was very significant (Table 1).

2.3. Gene Structure and Motif Composition Analysis

All the 60 RsCPA members were divided into three subfamilies, including 9 RsNHXs, 10 RsKEAs,
and 41 RsCHXs (Figure 2a). The distributions of RsCPA protein motifs were conducted by Multiple
Em for Motif Elicitation (MEME) and 20 conserved motifs were generated (Figure 2b, Figure S1).
Most RsCPA members in the same subfamily had similar motif compositions, suggesting that these
proteins might have conservative functions. Among them, motif 1 and 12 were found in the CHX,
KEA, and NHX subfamilies, indicating that were highly conserved in all RsCPA proteins. Additionally,
some motifs were distributed in two subfamilies. For instance, motif 5, 11, and 17 were distributed
in the CHX and NHX subfamilies, while motif 14 was distributed in the CHX and KEA subfamilies.
Intriguingly, several motifs were only detected in specific RsCPA subfamilies. For example, the RsCHX
subfamily independently contained diverse motifs, such as motif 3, 4, 6, 7, 8, 10, 13, 18, and 19. However,
the KEA subfamily exclusively contained the motif 15 and 20, as well as the RsNHX subfamily that
specifically contained motif 16 (Figure 2b).
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Figure 2. Conserved motif and gene structure distribution of RsCPA proteins. (a) Phylogenetic tree of
RsCPA proteins. The scale bar indicates 200 aa; (b) Conserved motif distribution of RsCPA proteins;
(c) Exon-intron structure of CPA genes in radish. The scale bar indicates 1 kb.

Furthermore, exon-intron analysis was investigated to obtain the structure information of RsCPA

genes. As shown in Figure 2c, the gene structures involved in the same subfamily were similar,
while the lengths of the exon and intron were different. Compared with the RsCHXs subfamily,
the gene structures of RsNHXs and RsKEAs were more complex. Among them, the exon numbers of
RsCHXs were generally one to five. However, the exon numbers of RsNHXs and RsKEAs ranged from
10 to 19 and 17 to 21, respectively. Additionally, all members in RsNHX subfamily as well as most
RsKEA ones (except RsCPA01) had UTR (untranslated region), whereas several members of the RsCHX

subfamily had no UTR region (Figure 2c).

2.4. Promoter Elements and Transmembrane Region Analysis

The putative promoter sequence (2000 bp upstream region of transcription initiation site) of RsCPA

genes was submitted to PlantCARE to search for cis-acting elements. A total of 103 cis-acting elements
were identified. Except basic promoter elements, such as the CAAT box and TATA box, 18 other
important cis-acting elements related to plant growth and development and various stresses were
explored. In Figure 3, it was shown that the distribution pattern of cis-acting elements were diverse,
indicating that the expression of RsCPA genes might be regulated by various factors. In the aspect
of hormone regulation, Abscisic Acid (ABA), auxin, Gibberellin A3 (GA3), and Methyl Jasmonate
(MeJA) responsiveness elements frequently existed. While in terms of stress, anaerobic induction,
defense and stress, low temperature, and wound-responsive elements were resided. Moreover, the zein
metabolism regulation element existed in 14 promoters of RsCPA genes, suggesting that RsCPA genes
might participate in the process of metabolic regulation. Intriguingly, there were 12 promoters of the
RsCPA gene involved in endosperm expression, among them, RsCPA27 and RsCPA38 participated in
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endosperm specific negative expression (Figure 3 and Figure S2). Additionally, the transmembrane
regions of RsCPA proteins showed that all RsCPA proteins, except RsCPA07, contained transmembrane
regions that varied from three to 14 (Table S2).

 

 

Figure 3. Cis-acting elements on promoters of RsCPA genes. Distribution of cis-acting elements on
promoters of RsCPA genes.

Futhermore, an interaction of CPA orthologs co-regulatory network was constructed based on the
stress-inducible RsCPA orthologs in Arabidopsis (Figure S3). It was found that the combination score of
the ATCHX1 and KEA4 protein was highest at 0.868, suggesting that it was involved in a stronger
relationship between some specific RsCPA proteins, such as RsCPA45, RsCPA47, RsCPA03, RsCPA01,
and RsCPA02.

2.5. Chromosomal Localization and Gene Distribution Analysis

A total of 58 RsCPA genes (96.67%) were successfully mapped to the R1–R9 chromosomes
of radish by TBtools, except RsCPA12 and RsCPA51 (Figure 4a). R1 and R4 harbored the most
RsCPA genes (Ten, 17.67%), followed by R5 and R6 (Eight, 13.37%), while R3 and R8 contained
the least RsCPA genes (Two, 3.33%). Genome duplication events have facilitated the expansion of
plant gene families, including whole-genome duplication (WGD)/segmental duplication, dispersed
duplication (DD), tandem duplication (TD), proximal duplication (PD), and transposed duplication
(TRD) [34–36]. The duplication types driving expansion of the RsCPA gene family was explored by
Multiple Collinearity Scan toolkit (MCScanX). Each RsCPA gene was mapped on the radish genome
based on the position coordinates to deduce the evolutionary relationship (Figure 4b). Totally, 24 pairs
of CPA genes in radish had collinear relationships. Of these, 36 (60%) RsCPA genes were duplicated and
retained in the WGD event, indicating that the WGD/segmental duplication type played an important
role in expansion of the RsCPA gene family.
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Figure 4. Chromosomal distribution and chromosomal relationships of RsCPA genes. (a) Chromosomal
distribution of RsCPA genes; (b) Genome distribution and collinearity of the RsCPA family. Red lines
indicate the collinear relationship among genes.

2.6. Evolution Analysis of the RsCPA Genes

The possible evolution mechanism of the RsCPA family was investigated by using synteny blocks.
To further infer the origin and evolutionary history of CPA members, the synthetic regions between
radish and Arabidopsis were analyzed and compared (Figure 5). According to the synthetic map, there
were 57 pairs of collinear genes in radish and Arabidopsis, containing 12 NHXs, six KEAs, and 39 CHXs.
Five pairs of syntenic orthologous genes (one to one) were identified, including RsCPA06AtKEA6,
RsCPA20–AtCHX15, RsCPA26–AtKEA2, RsCPA44–AtCHX28, and RsCPA45–AtCHX2. These genes
could be traced back to a common ancestor in Arabidopsis and radish. Among the two synthetic
orthologous gene pairs, one radish gene corresponded to multiple Arabidopsis genes, such as
RsCPA26–AtKEA1/2, RsCPA27–AtCHX13/14/21/25/26, and RsCPA32–AtNHX1/2/6. Accordingly, there also
existed syntenic orthologous gene pairs with one Arabidopsis gene corresponding to multiple radish
genes, for instance, AtCHX6B–RsCPA39/42/43/53/55, AtNHX6–RsCPA32/36/60, AtKEA1–RsCPA24/26,
among others. In addition, the gene pairs of two or three Arabidopsis genes corresponding to the same two
radish gene pairs were also found, containing AtCHX3/4/6B–RsCPA39/43, AtCHX13/14/26–RsCPA27/28,
AtCHX6B/7–RsCPA42/53, and AtNHX1/2–RsCPA31/32. A series of synteny events indicated that many
CPA genes appeared before the divergence of the Arabidopsis and radish lineages (Figure 5, Table S3).

 

 

Figure 5. Evolution analysis of the RsCPA gene family. Synteny blocks of CPA genes between radish
and Arabidopsis. Colored lines connecting two chromosomal regions indicate syntenic regions between
Arabidopsis (Chr1–5) and radish (R1–9) chromosomes.

The non-synonymous/synonymous substitution ratio (Ka/Ks) for the 24 gene pairs was calculated
to determine the selection pressure among duplicated RsCPA genes. Most of the RsCPA duplication
genes (except RsCPA11–RsCPA23 and RsCPA21–RsCPA34) had a Ka/Ks < 1, indicating that they had
experienced strong purifying selective pressure (Table S4).
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2.7. Spatial and Temporal Expression Profiles of RsCPA Genes

According to the reads per kilobase per million (RPKM) values, the heatmap was generated to
characterize the divergence in expression patterns of RsCPA genes among special tissues (cortical,
cambium, xylem, root tip, and leaf) and different development stages (40, 60, and 90 d) (Figure 6).
In general, the RPKM value varied from 0 to 103.06 and all RsCPA genes exhibited diverse expression
patterns. Most of the RsNHX and RsKEA genes showed high expression levels among the five tissues,
while the RsCHX genes had extremely low expression or were hardly expressed, as well as a few
that showed tissue-specific expression (Figure 6a). It was found that RsCPA58 (RsCHX) was only
highly expressed in leaves rather than other tissues, indicating that it might be a leaf-specific gene.
Moreover, RsCPA35 was highly expressed in roots after 7 days, while it was down-regulated in roots at
other development stages, suggesting it might be a spatiotemporal-specific gene. Furthermore, 68.33,
43.33, 28.33, 30, and 83.33% of the RsCPA genes showed a higher transcriptional abundance value
(RPKM value > 10) in the five tissues, respectively (Figure 6b). Notably, RsCPA24, RsCPA29, RsCPA34,
and RsCPA35 had abundant expression (RPKM value > 10) in five tissues (Figure 6c). These RsCPA

genes might play various functions in the development of different tissues during various stages.

 

Figure 6. Expression profile of RsCPA genes in different stages and tissues. (a) RsCPA genes expression
heatmap in six stages (7, 14, 20, 40, 60, and 90 days) and five tissues (cortical, cambium, xylem, root tip,
and leaf). Expression values were calculated by (reads per kilobase per million) RPKM. The scale
represents relative expression values; (b) Number of RsCPAs with a high transcriptional abundance level
(RPKM > 10) in each tissue; (c) Venn diagram of overlapping RsCPAs that are abundantly expressed
(RPKM > 10) in different tissues.
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2.8. The RsCPA Genes Expression Levels under Abotic Stresses

Based on our previous RNA-Seq. data in radish taproots, the differential expression levels of
RsCPA genes under various abiotic stresses were investigated, including heavy metal (HM, such as
Cadmium (Cd), Chromium (Cr), and lead (Pb), temperature, and salt exposure. As a result, a total of
35, 38, 35, 33, and 29 RsCPA genes were differentially expressed during Cd, Pb, Cr, heat, and salt stress
(Fold change >1, p-value < 0.05), respectively (Figure S4). For instance, RsCPA13 was up-regulated
in response to Cd, Pb, Cr, and salt stresses, while it was down-regulated under high temperatures.
RsCPA08 was up-regulated in response to Cd and Pb, whereas it was down-regulated under Cr and
salt stress. Additionally, RsCPA35 was up-regulated in response to Cd, Pb, high temperature, and salt
stresses, but it was down-regulated under Cr stress.

Furthermore, RT–qPCR was conducted to explore the expression levels of RsNHXs subfamily
genes under the stress of salt exposure. On the whole, all of the RsNHX genes were significantly
up-regulated under the 250 mM salt stress treatment. The expression level of RsCPA13, RsCPA29,
RsCPA31, and RsCPA35 were highly increased during the 24 h salt exposure. Moreover, several genes
were significantly up-regulated after 12 h salt exposure, such as RsCPA21 and RsCPA34. Notably,
the expression level of RsNHXs recovered to normal levels after 96 h salt exposure, implying that
RsNHXs might play a crucial role in the process of salt stress response (Figure S5).

2.9. Ectopic Expression of the RsNHX1 Gene in Arabidopsis Can Influence Salt Tolerance

To confirm the biologic function of RsNHX1 gene in the salt stress response of plant, over-expression
(OE–RsNHX1) and amiRNA-induced inhibit-expression (amiR–RsNHX1) constructs were introduced
into wild-type Arabidopsis (WT). Four and six independent transgenic lines were respectively generated
for OE–RsNHX1 (#2, 4, 5 and 6) and amiR–RsNHX1 vectors (#1, 2, 3, 4, 5, and 6) (Figure S6). Following,
each of the six OE–RsNHX1 and amiR–RsNHX1 transgenic lines were compared with nine WT lines
under the 200 mM NaCl stress. It was found that the OE–RsNHX1 transgenic lines were slightly
yellowed and grew better than the control lines, while most of the amiR–RsNHX1 transgenic lines
turned markedly yellow and their growth was inferior to control lines (Figure 7a). For salt stress
assays at the seedling stage, the germination ratio of two transgenic seedlings and WT seedlings were
counted under 0, and 100 mM NaCl treatment (Figure 7b). As shown in Figure 7b,c, the germination
rate of OE–RsNHX1 seedlings treated with 50mM NaCl was higher than the WT, while amiR–RsNHX1

seedlings treated with 100 mM NaCl was significantly inferior to the WT. Furthermore, the root length
of transgenic seedlings and the WT were measured under 0 and 100 mM NaCl treatment (Figure 7d).
The root of OE–RsNHX1 seedlings exhibited continuing elongation, whereas the amiR–RsNHX1

seedlings were significantly inhibited under 100 mM NaCl exposure (Figure 7e). These results indicated
that RsNHX1 might play a positive role in the salt tolerance of radish.
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Figure 7. Phenotypic identification of over-expression and inhibit-expression RsNHX1 transgenic
lines responding to salt stress in Arabidopsis. (a) Morphological comparison between wild-type (WT),
OE–RsNHX1 and amiR–RsNHX1 transgenic lines; (b) Morphological comparison of germination
between WT, OE–RsNHX1 and amiR–RsNHX1 transgenic seedlings with different concentrations of
NaCl; (c) Statistical analysis of germination ratio after salt stress. Each bar shows the mean ± SD of
the double assay. Values with different letters indicate significant differences at p < 0.05 according to
Duncan’s multiple range tests; (d) Morphological comparison of root length between WT, OE–RsNHX1,
and amiR–RsNHX1 transgenic seedlings with different concentrations of NaCl; (e) Statistical analysis of
root length after salt stress. Each bar shows the mean ± SD of the triplicate assay. Values with different
letters indicate a significant difference at p < 0.05 according to Duncan’s multiple range tests.

2.10. Functional Analysis of RsNHX1 in Radish Confirms that It Can Positively Regulates Salt Tolerance

We further identify the function of RsNHX1 gene responding to salt stress in radish by using turnip
yellow mosaic virus (TYMV)-induced gene silencing (VIGS) technique to silence RsNHX1 expression.
Phytoene desaturase (PDS) was employed as a reporter gene to test whether the TYMV–derived vector
can silence the endogenous gene of radish. Plants treated with the pTY–S virus vector designed to
silence RsNHX1 expression (pTY–RsNHX1), with the wide type (WT), empty pTY–S silencing vector
as well as the pTY–RsPDS gene served as mock, empty vector, and positive controls, respectively.
Three weeks after particle gun bombardment in radish seedlings, typical phenotype of chlorophyll
photobleaching and TYMV spots were separately observed on the leaves of pTY–RsPDS, pTY–RsNHX1,
and pTY–S plants, indicating that TYMV–VIGS system was effective in radish (Figure 8a).
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Figure 8. Functional analysis of RsNHX1 gene in radish during the salt stress. (a) Phenotype of
virus symptoms on leaves of the entire plant; (b) Electrophoresis identification of pTY–S. M–marker,
WT (line 1–3), pTY–S (line 4 and 5), pTY–RsPDS (line 6–9), pTY–RsNHX1 (line 10–14); (c) Relative
expression levels of the RsNHX1 gene. The data represented are means of the triplicate assay and
error bars represent the standard deviation of means. Different letters above bars indicate significant
differences (p < 0.05) between plants; (d) Phenotype of plants after salt stress for seven days.

The total RNA was extracted from the diseased leaves of the suspected radish. Gel electrophoresis
showed that the 488 bp PCR products were amplified in two pTY–S plants, the 522bp PCR products
were amplified in four pTY–RsPDS plants and five pTY–RsNHX1 plants, indicating that they were
successfully silenced in radish plants (Figure 8b). Furthermore, RT–qPCR revealed that the expression
of positive pTY–RsNHX1 was significantly decreased compared to the WT and positive pTY–S plants
(Figure 8c). Subsequently, the positive pTY–RsNHX1 plants showed more severe yellowing and wilting
than positive pTY–S plants after 7 days of 250mM NaCl exposure (Figure 8d), showing that RsNHX1

might be a salt sensitive gene.

3. Discussion

3.1. Genome-Wide Identification and Phylogenetic Analysis of CPA Genes in Radish

The CPA gene encoded a conserved Na+/H+ domain and played an important role in diverse biology
processes, including salt stress, cell expansion, pH and ion balance regulation, osmotic regulation,
vesicle transport, protein processing, and floral organ development [15–19]. With the completion of
genome sequencing in many plant species, CPA family members have been reported in various plant
species, including model plant Arabidopsis (42) and Oryza sativa (30), as well as several horticulture
plants, such as Vitis vinifera (29) and Pyrus bretschneideri (53) [11–14]. Herein, 60 RsCPA members
were identified from the radish genome, which showed more members than other reported species
indicating that the CPA gene family in radish may be duplicated and expanded.

Phylogenetic analysis indicated that a total of 166 CPAs among the three species containing
radish, Brassica rapa, and Arabidopsis were divided into three subfamilies: CHX (109, 65.66%),
KEA (29, 17.47%), and NHX (28, 16.87%), which was largely consistent with previous studies in
Arabidopsis, Vitis vinifera, and Pyrus bretschneideri [11–14]. Through the phylogenetic relationships
analysis, it was showed that RsCPAs exhibited closer relations to BraCPAs than AtCPAs, demonstrating
that the CPA proteins in radish had stronger homology with the Brassica rapa rather than Arabidopsis

(Figure 1). Furthermore, gene structure and motif analysis indicated that the RsCPAs family harbored
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similar exon–intron structure and shared motif composition with other species, such as Vitis vinifera

and Pyrus bretschneideri [13,14] (Figure 2).

3.2. Evolutionary Characterization of the RsCPA Family

The expansion of the gene family was mainly caused by gene duplication [34,35]. In the process of
plant evolution, duplicated genes could obtain new functions or segment existing functions to improve
the adaptability of plants [34]. For instance, expansion of the RsHSF gene family was primarily driven
by WGD or segmental duplication, which might be largely related with gene duplication [36]. It was
previously reported that WGD and PDs event were mainly involved in the expansion of the CPA family
in Pyrus bretschneideri [14]. In the present study, the predicted gene duplication was also found in
radish among the CPA genes, indicating that the WGD event played an important role in the expansion
of the CPA gene family (Figure 4b). In addition, Ka/Ks could be used to identify whether selective
pressure existed on the RsCPA gene family, including positive, negative, and neutral selection. Herein,
except RsCPA11–RsCPA23 and RsCPA21–RsCPA34, all of the RsCPA duplication genes displayed a
Ka/Ks < 1, suggesting that they had experienced strong purifying selective pressure. A similar Ka/Ks
was also reported in the Pyrus bretschneideri and cotton, further confirming that the evolutionary pattern
of CPA genes was very conservative (Table S4) [14,37].

Combined with evolutionary classification and synteny analysis, a large number of the RsCPAs

were identified as orthologous genes in Arabidopsis. For example, eleven pairs seemed to be single
radish-to-Arabidopsis pairs, presuming that these genes might exist in the genome of the last common
ancestor of the two species. There also existed more complex relationships, such as single radish and
multiple Arabidopsis genes, one Arabidopsis and multiple radish genes, and two Arabidopsis and multiple
radish genes, etc. This phenomenon was similar to the evolutionary relationship of bZIP genes in
radish and Arabidopsis [38]. The close relationship of orthologous genes may exhibit similar functions
in different species. For instance, AtNHX1 gene was reported high salt sensitivity [24], accordingly in
our study its orthologues comparising RsCPA31, RsCPA32, and RsCPA34 also exhibited high induction
under 250 Mm NaCl salt treatments (Figure S5). The collinearity-orthologues analysis of radish and
Arabidopsis could provide a valuable reference for further exploring the functions of these highly
homologous genes in radish.

3.3. Roles of RsCPA Genes in Response to Different Abiotic Stresses

Increasing evidences indicated that CPA genes played vital roles in a variety of abiotic stresses,
including HM, temperature, and salt exposure [39–42]. For instance, AtCHX17 mutant accumulated
less K+ than wide type under the salt stress and K+ deficiency environment, indicating that AtCHX17
was involved in the absorption and transport of K+ [28]. Among the CPA genes in other plants, it was
NHX1 that could decrease the salt-tolerance ability of kallar grass at the concentration of 100 and
150 µM cadmium concentrations [43]. Moreover, NHX1 regulated Cd2+ and H+ flow during short-term
Cd2+ shock and confirmed that it could enhance tolerance during Cd2+ stress [44]. Recent studies have
shown that NHX2 homologues had a high expression under salinity stress at higher time intervals
in G. barbadense and G. hirsutum [45]. The expressions of NHX were up-regulated in root tissues of
wheat under salinity stress [46]. In this study, the transcriptome data of the radish taproot showed that
nearly one-half of RsCPA genes displayed diverse expression profiles under HM, heat, and salt stress,
indicating that they might play important roles in the plant response to abiotic stress. For example,
RsCPA09 was significantly up-regulated under HM and heat stress, while exhibited down-regulated
under salt stress, indicating that the expression of RsCPA09 might be a repress factor during salt stress.
While RsCPA13 and RsCPA31 were all up-regulated under the HM and salt stress, indicating these
two genes might play positive roles in response the various abiotic stresses of radish. A recent
study in genome-wide identification of the Gossypium hirsutum NHX genes showed that most of the
GhNHX genes were affected by salinity through salt-induced expression patterns analysis [47]. Here,
according to the RT–qPCR analysis of RsNHX subfamily genes, we found all of them were significantly
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up-regulated under the 250 mM salt treatment, which indicated that the RsNHX genes may be the
critical characters for the salt response of radish.

3.4. Potential Functions of RsNHXs Genes in Salt Stress

Emerging evidence indicates the Plant NHX proteins play critical roles for salt tolerance through
biological function verification. For instance, over-expression of the soybean gene GmNHX1 in
Arabidopsis thaliana could enhance salt tolerance through maintaining higher Na+ efflux rate and
K+/Na+ ratio, while silencing it may cause soybean plants became more susceptible to salt stress [48].
Similar, over-expression of wheat TaNHX2 gene in transgenic sunflower improved salinity stress
tolerance and growth performance, which showed better growth performance and accumulated higher
Na+,K+ contents in leaves and roots under 200 mM NaCl salt stress [49]. Addtionally, a yeast functional
complementation test proved that GhNHX4A can partially restore the salt tolerance of the salt-sensitive
yeast mutant AXT3, while silencing it decreased the resistance of cotton [47]. In the present study,
ectopic over-expression and inhibited-expression of the RsNHX1 gene in Arabidopsis significantly
affected salt tolerance. Soil culture experiments showed that the growth of Arabidopsis OE–RsNHX1

responded more positively and amiR–RsNHX1 responded more negatively than the non-transgenic
control plants. Furthermore, a TYMV-based VIGS system was used to functionally characterize the
RsNHX1 gene, which was the first time to be employed for silencing the endogenous gene of radish.
The expression levels of RsNHX1 gene were successfully silenced in pTY–RsNHX1 lines and the
seedlings showed more salt damage than controls, which clarified that RsNHX1 may be a potential
regulator in response to salt stress of radish.

According to our results, 60 CPA candidate genes of radish were firstly identified on the whole
genome level. These genes could be clustered into three subfamilies, including nine RsNHXs,
ten RsKEAs, and 41 RsCHXs. 58 genes were mapped to the nine chromosomes based on radish
genome sequences. All the 60 RsCPA genes had various expression levels in the leaves, roots, cortex,
cambium, and xylem at different development stages, as well as under various abiotic stresses.
RT–qPCR analysis indicated that all nine RsNHXs genes showed upregulated trends after 250 mM
NaCl exposure. The RsCPA31 (RsNHX1) gene, which might be the most important members of the
RsNHX subfamily, exhibited obvious increased expression levels during 24h salt stress treatment.
Heterologous over-expression and inhibited expression of RsNHX1 in Arabidopsis showed that RsNHX1

had a positive function in salt tolerance. Meanwhile, TYMV-based gene silence system was firstly used
to functionally characterize the candidate gene in radish, and the silence of endogenous RsNHX1 in
radish was more susceptible to the salt stress. The results would be useful to understand the complexity
of the RsCPA gene family and could provide a valuable resource to explore the potential functions of
RsCPA genes in radish.

4. Materials and Methods

4.1. Sequence Collection, CPA Identification, and Phylogenetic Analysis

Whole genome sequences of CPA were obtained from the radish genome database (RGD,
http://radish-genome.org/) [33]. The CPA protein sequence of Arabidopsis was downloaded from
TAIR10 (http://www.arabidopsis.org) [50,51]. The CPA protein sequence of Brassica rapa was available
from Brassica database (BRAD, http://brassicadb.org/brad/) [52]. CPA family candidate genes with the
Na+/H+ exchanger domain (PF00999) were obtained from the Pfam database (http://pfam.xfam.org) [53].
Then, the Hidden Markov Model (HMM) search was carried out by HMMER 3.0 [54,55]. Subsequently,
CDD (https://www.ncbi.nlm.nih.gov/cdd) and InterPro (http://www.ebi.ac.uk/x/pfa/iprscan/) were
employed to verify the integrity of the Na+/H+ exchanger domain [56,57]. In addition, the ExPASy
ProtParam (https://www.expasy.org/) was performed to predict the physical and chemical properties
of RsCPA proteins, such as the number of amino acids (AA), MW, pI, and instability index [58].
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All CPA protein sequences in radish, Brassica rapa and Arabidopsis were imported to generate
the phylogenetic tree using MEGA 6.0 with the neighbor-joining (NJ) and bootstrap value set to
1000 replicates [59,60]. The phylogenetic tree was visualized using Evolview (http://www.evolgenius.
info/evolview/) [61].

4.2. Gene Structure, Motif Composition, and Promoter Element Analysis

The structure information of RsCPA genes were displayed by TBtools (https://github.com/
CJ-Chen/TBtools) and the conserved motifs were identified by MEME (http://meme.nbcr.net/
meme/tools/meme) [62,63]. Moreover, the 2000 bp upstream sequence (putative promoter region)
of all RsCPA genes were extracted by TBtools [62]. The cis-acting regulatory elements were
predicted through PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [64].
Additionally, TransMembrane prediction was analyzed by Hidden Markov Models Server v.2.0
(TMHMM, http://www.cbs.dtu.dk/services/TMHMM/) [65] and the protein–protein relationships of
stress-inducible RsCPA orthologs was evaluated by STRING 9 (https://string-db.org) [66].

4.3. Synteny Analysis and Chromosomal Localization

Synteny analysis was performed by the method described in the Plant Duplicate Gene Database
(PlantDGD, http://pdgd.njau.edu.cn:8080/) [67]. The collinear block was identified by RsCPA duplication
events in the MCScanX [68]. The data were integrated and plotted by using Circos [69]. Based on the
annotation information from RGD and duplications of the RsCPA genes, the corresponding location
distributions of RsCPA genes in chromosomes were displayed by TBtools [62].

4.4. Expression Analysis of RsCPAs Based on the RNA-Seq. Data

Illumina RNA-Seq. data were downloaded from the NODAI Radish Genome Database and used
for the transcriptional profiling of RsCPA genes in five tissues (cortical, cambium, xylem, root tip,
and leaf) and six stages (7, 14, 20, 40, 60, and 90 days after sowing) [70]. The RPKM method was used
to analyze the expression level for each RsCPA gene and the heatmap was displayed by TBtools [62].
Furthermore, the expression patterns of RsCPA genes during abiotic stress, including heavy metal
(HM, such as Cd, Cr and Pb), high temperature, and salt stress were extracted and analyzed from the
transcriptome data of radish taproots [71–75].

4.5. Plant Material, Salt Stress Treatment, and RT-qPCR Expression Analysis

The radish variety ‘NAU–XBC’ was used, which is an advanced inbred line with white flesh
and white skin in taproot, and sensitive to salt stress. The seeds were germinated at 25 ◦C in the
dark for 3 days and then cultivated in the growth chamber with a day/night temperature of 25/18 ◦C
(16/8 h), 60% humidity, and 12,000 lx light. The three-week-old radish seedlings were grown in a plastic
container with half-strength Hoagland nutrient solution, as previously described [76]. One week
later, seedlings were treated with 250 mM NaCl and the NaCl-free solution was used as a control.
Leaves were collected in triplicate at 0, 3, 6, 12, 24, 48, and 96 h after NaCl treatment and immediately
frozen in liquid nitrogen and stored at −80 ◦C. Total RNA was isolated using the TRIzol reagent
RNAsimple total RNA kit (Tiangen, Beijing, China) and reverse transcribed into cDNA using the
PrimeScript™ RT reagent kit (Takara, Dalian, China) according to the instructions. RT–qPCR analysis
was carried out on a LightCycler® 480 System (Roche, Mannheim, Germany). The 2−∆∆CT formula
was used to calculate the relative expression level [77]. RsActin was regarded as the internal reference
gene. The primers used for RT–qPCR are listed in Table S5.

Arabidopsis thaliana (ecotype: Col–0) plants were used for heterologous over-expression and
inhibited expression RsNHX1. In addition, the advanced inbred line ‘NAU–YH’ seedlings were used
to perform the VIGS experiment [78].
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4.6. Genetic Transformation and Generation of RsNHX1 Transgenic Lines in Arabidopsis

To generate over-expression lines, the ORF sequence of RsNHX1 was cloned into the pCAMBIA2301
vector, using with BamHI/KpnI restriction sites, and driven by a 35S promoter [79]. For amiRNA
construction, the natural miR319a sequence as the backbone was exchanged with the amiRRsNHX1

via the overlapping PCR method [80]. The 418 bp specific sequence was inserted with the XbaI and
SacI digestion sites and then transferred into the pCAMBIA2301 vector [76]. These fusion plasmids
were introduced into Arabidopsis using A. tumefaciens-mediated transformation with the floral dip
method [81,82]. Transgenic lines were screened by 1

2 Murashige and Skoog ( 1
2 MS) solid medium

with 100 mg·L−1 kanamycin. Following, the 14-day-old wide type and transgenic line seedlings were
planted in sterilized soil one week later and treated with 200 mM NaCl solution every other day [83].
Additionally, the seeds were sown on 1

2 MS solid media containing 0 and 100 mM NaCl to calculate the
germination ratio as well as the root length after two weeks [24].

4.7. VIGS-Mediated Silencing of RsNHX1 in Radish

The VIGS experiment was conducted to functionally characterize RsCPA, as previously
described [78]. The 40 bp specific sequence and its reverse complementary fragment of RsNHX1

and RsPDS were separately synthesized and phosphorylated, and inserted into the pTY–S vector
by digestion with SnaBI and transformed to obtain positive clones. The primers used for vector
construction to identify RsNHX1-silenced plants are listed in Table S6. The pTY–S empty vector and
self-hybridized palindromic oligonucleotide of RsPDS-silencing vector were regarded as negative and
positive controls, respectively. Particle bombardment was performed on the two-four fully expanded
leaves from ‘NAU–YH’ plants using the PDS–1000/He bio-gun (Bio–Rad, Hercules, CA, USA) to
trigger RsNHX1 silencing [84]. Five plants were bombarded in each experiment. Three weeks later,
the inoculated plant leaf phenotype was observed and sampled to analyze the downstream gene level
and silencing efficiency. RT–qPCR was used to further confirm RsNHX1-silencing. The primers used
for RT–qPCR are listed in Table S5. Afterwards, the two positive plants were treated with 250 mM
NaCl solution to observe the phenotypes.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/21/
8262/s1. Figure S1. LOGO of 20 amino acid motifs in RsCPA proteins. Figure S2. Number of cis–acting elements
on promoters of RsCPA genes. Figure S3. Functional interaction networks of 60 RsCPA proteins. Figure S4.
RNA–Seq of RsCPA genes under different treatments in the radish taproot. Figure S5. The expression levels of
RsNHX genes at different times under 250 mM NaCl treatment. Figure S6. PCR analysis of over–expression
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Abbreviations

AA Amino Acids
ABA Abscisic Acid
AtCPA Arabidopsis thaliana Cation proton antiporter gene
BraCPA Brassica rapa Cation proton antiporter gene
BRAD Brassica database
Cd Cadmium
Chr(s) Chromosome(s)
CHX Cation/H+ exchanger
CPA Cation proton antiporter
Cr Chromium
DD Dispersed duplication
GA3 Gibberellin A3

GRAVY Grand average of hydropathicity
HM Heavy metal
HMM Hidden Markov Model
KEA K+ efflux antiporter
MCScanX Multiple Collinearity Scan toolkit
MeJA Methyl Jasmonate
MEME Multiple Em for Motif Elicitation
MW Molecular weight
NHX Na+/H+ exchanger family
NJ Neigbor-joining
ORF Open reading frame
Pb Lead
PD Proximal duplicatio
pI Theoretical isoelectric point
PlantDGD Plant Duplicate Gene Database
RGD Radish Genome Database
RPKM Reads per kilobase per million reads
RsCPA Raphanus sativus Cation proton antiporter gene
RT–qPCR Real-Time Quantitative Polymerase Chain Reaction
TD Tandem duplication
TMHMM TransMembrane prediction was analyzed by Hidden Markov Models
TRD Transposed duplication
TYMV Turnip yellow mosaic virus
UTR Untranslated region
VIGS Virus-induced gene silencing
WGD Whole-genome duplication
WT Wide type
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Abstract: Abiotic stresses are increasingly harmful to crop yield and quality. Calcium and its
signaling pathway play an important role in modulating plant stress tolerance. As specific Ca2+

sensors, calcineurin B-like (CBL) proteins play vital roles in plant stress response and calcium
signaling. The CBL family has been identified in many plant species; however, the characterization
of the CBL family and the functional study of apple MdCBL proteins in salt response have yet to
be conducted in apple. In this study, 11 MdCBL genes were identified from the apple genome. The
coding sequences of these MdCBL genes were cloned, and the gene structure and conserved motifs
were analyzed in detail. The phylogenetic analysis indicated that these MdCBL proteins could be
divided into four groups. The functional identification in Na+-sensitive yeast mutant showed that
the overexpression of seven MdCBL genes could confer enhanced salt stress resistance in transgenic
yeast. The function of MdCBL10.1 in regulating salt tolerance was also verified in cisgenic apple calli
and apple plants. These results provided valuable insights for future research examining the function
and mechanism of CBL proteins in regulating apple salt tolerance.

Keywords: Malus domestica; calcium; calcineurin B-like proteins; Na+ accumulation; salt tolerance

1. Introduction

Plants are inevitably exposed to a variety of adverse environmental conditions due to
their sessile lifestyle. They have evolved a series of signal transduction mechanisms to fine-
regulate the body’s adaptation to the environment. Calcium ion (Ca2+) is a nutrient element
crucial for plant growth and development. It also acts as the ubiquitous intracellular
secondary messenger initiating the Ca2+ signaling pathway, which is a fine regulatory
mechanism responsible for the acquisition, perception, transformation, transmission, and
decryption of external stimuli [1]. Ca2+ signals are an important regulator of growth,
development, and biotic and abiotic stresses in plants. Refs. [2–5]. Under stress conditions,
Ca2+ signals induced by the stimulus are first perceived, decoded, and transmitted by Ca2+

sensors [6].
Based on the protein structural characteristics, Ca2+ sensors are divided into two types

of sensors: sensor relays and sensor responders [7,8]. Sensor relays include calmodulin
(CaM)-like proteins (CMLs) and calcineurin B-like (CBL) proteins, which do not have
kinase activity [8,9]. They specifically target downstream proteins to transfer the perceived
calcium signals. Sensor responder proteins, such as CaMs and Ca2+-dependent protein
kinases (CDPKs), have all the functions of Ca2+ sensor relay proteins as well as the kinase
activity [8,10,11]. As a result, CaMs, CMLs, CDPKs, and CBLs constitute sensors in the
Ca2+ signal transduction pathway [12]. CaM is a ubiquitous conserved Ca2+-binding
protein found in both animals and plants. The CML family was identified as encoding
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proteins that contain the CaM-like EF-hand structures and share at least 16% homology
with CaM in amino acid residues [13–16]. CDPK comprises a kinase domain and a CaM-
like domain (four EF-hands) in a single protein; thus, it acts as not only a Ca2+ sensor but
also an effector [17–19]. The CBL family belongs to a unique group of calcium sensors
in plants. Ca2+ can bind to the elongation factor (EF) hand domains of the CBL proteins,
which changes their phosphorylation status. The change in the phosphorylation status
of Ca2+ sensors activates several protein kinases, which sometimes lead to a protein
phosphorylation cascade [6,20,21].

Decades of research have revealed that the CBL family proteins play important roles
in plant stress response and resistance regulation. For example, CBL1 functions under
drought, high salt, and hyperosmotic stresses in plants [22,23]. CBL2 and CBL3 regulate
ion homeostasis across the vacuolar membranes under salt stress. Studies also proved that
CBLs were involved in K+ regulation, which indirectly regulated the Na+ homeostasis. For
example, AtCBL1/AtCBL9 regulates plant K+ homeostasis and salt tolerance by regulating
the K+ channel AKT1 and K+ transporter HAK5 [3,24,25], while CBL4 modulates the
activity of the plasma membrane K+ channel AKT2 [26]. The involvement of CBL in
regulating plant salt stress response has been widely reported in a CIPK-dependent manner.
The first identified CBL-CIPK pathway was the salt overly sensitive (SOS) pathway in
Arabidopsis. Under salt stress, SOS3 (CBL4) interacts with SOS2, and the SOS2–SOS3
complex activates the transport properties of the cell membrane-located SOS1 to promote
the Na+ efflux, thereby enhancing plant salt tolerance [27,28]. Other studies also found that
the SOS3 homolog SOS3-like calcium-binding protein8 (SCABP8)/CBL10 interacted with
SOS2 and enhanced plant salt tolerance by activating SOS1 [28–31]. Because of the crucial
roles of CBL family proteins in plant growth and stress response, this family has been
identified at the genome-wide level in many plant species [1,8,32–34]. For example, ten
CBLs are present in Arabidopsis and rice [35], eight in pineapples [32], nine in peppers [10],
and five in eggplant [36]. However, no detailed identification and characterization of the
apple CBL family have been reported till now.

Apple (Malus domestica) is one of the most widely grown and economically valuable
fruit crops globally. Abiotic stresses, such as high salinity, severely restrict its global yield
and quality. Although CBL proteins play an important role in regulating plant salt tolerance,
little is known regarding the function of apple CBL proteins in salt stress response. Genome-
wide identification and gene cloning of CBL family genes were performed in apples in this
study. The collinearity, phylogenetic relationship, gene structure, and conserved motifs of
these MdCBLs were analyzed in detail. The functional identification in the Na+-sensitive
yeast mutant showed that several MdCBLs played positive roles in modulating salt response.
The function of MdCBL10.1 to enhance apple salt tolerance was verified in cisgenic apple
calli and apple plants. These results provided valuable insights for subsequent research on
the functions and regulatory mechanisms of MdCBLs in apples.

2. Materials and Methods

2.1. Sequence Retrieval and Identification of Apple CBL Family Proteins

The apple proteome file (GDDH13_1-1_prot.fasta) was downloaded from the GDR
database (Genome Database for Rosaceae; https://www.rosaceae.org/, accessed on 6 April
2021), and the protein sequences of 10 AtCBLs were downloaded from the TAIR (The
Arabidopsis Information Resource) database (https://www.arabidopsis.org/, accessed on
6 April 2021). The HMM file EF-hand_7.hmm (PF13499.8) was downloaded from the Pfam
database and used as a query to search the apple proteome. Phylogenetic analysis was
subsequently performed with the protein sequences of the HMMER screening results and
the 10 AtCBLs. Further, 11 MdCBL family proteins were identified from the phylogenetic
tree (Figure S1). This result was also verified with the local BLASTp search using the 10
AtCBLs as queries, which was conducted with the BioEdit software (version 7.0.9.0).
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2.2. Collinearity Analysis and Characterization of Apple CBL Family Genes

The GFF file (gene_models_20170612.gff3) that contained location data for apple CBL
family genes was downloaded from the GDR database. The collinearity analysis between
different apple chromosomes was performed with MCScanX software, and the results were
visualized using TBtools software. The protein length, mass weight, pI (isoelectric point)
values, and charge at pH 7.0 were determined with the DNAstar software (version 7.1.0).
The best hits in Arabidopsis for MdCBL proteins were determined by the local BLASTp
search.

2.3. Phylogenetic Relationships, Gene Structure, and Conserved Motif Analysis

Phylogenetic analyses were constructed with the MEGA-X software (version 10.0.5)
using the neighbor-joining method (bootstrap method, 1000 replicates, Poisson model,
pairwise deletion). The intron–exon schematic structures of MdCBL genes were drawn
with the TB tools. The online MEME software (version 5.3.3; https://meme-suite.org/
meme/tools/meme, accessed on 26 April 2021) was used to identify conserved motifs in
the protein sequences of these MdCBLs. Detailed methods refer to previous studies [37,38].

2.4. Cis-Acting Elements in the Promoters of MdCBL Genes

The upstream regions (1500 bp) of MdCBL genes were obtained from the apple genome
file (GDDH13_1-1_formatted.fasta) downloaded from the GDR database. Abiotic stress–
or hormone response–related regulatory elements were identified using the PlantCARE
software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 13
May 2021).

2.5. Vector Construction, Genetic Transformation, and Stress Treatment

For gene cloning of MdCBLs, total RNA was extracted from the leaves of “Golden
Delicious” apple using a plant RNA isolation kit [Wolact, Vicband Life Sciences Company
(HK) Limited] and reverse transcribed using a PrimeScript First Strand cDNA Synthesis
Kit (Takara, Dalian, China). Gene-specific primers were designed based on the predicted
coding sequences (CDSs) of these MdCBLs obtained from the GDR database.

For the transformation of yeast mutants, CDSs of MdCBLs were cloned into the pDR196
vector. The recombinant MdCBLs–pDR196 vector was transformed into the Na+-sensitive
yeast mutant ∆ena1-4 using the LiAc/ss carrier DNA/PEG method. After growth selection
on selective medium (synthetic defined medium minus the appropriate amino acids) and
PCR confirmation of transgene presence, three single colonies of each strain were selected
for subsequent experiments. Detailed methods of yeast transformation and salt treatment
referred to previous studies [39,40].

For the overexpression of the MdCBL10.1 gene in the apple callus, the CDSs of Md-
CBL10.1 were cloned into the pBI121 vector under the control of the 35S promoter. Detailed
methods of genetic transformation and salt stress treatment on the apple calluses refer to
previous studies [39,40].

To obtain the composite apple plants with MdCBL10.1 expression whose expression
increased or was interfered in roots, the CDSs and a 300-bp fragment of MdCBL10.1
were cloned into the overexpression vector pCambia2300-GFP and the RNAi vector
pK7GWIWG2D, respectively. Methods of Agrobacterium rhizogenes K599-mediated ge-
netic transformation referred to previous studies [39,40]. For NaCl stress treatment, the
plants in the treatment group were irrigated with 150 mM NaCl solution for 10 days at
5-day intervals. The same number of plants in the control group were irrigated with
distilled water.

2.6. Measurement of Stress-Related Physiological Parameters

Relative electrolyte leakage (REL) and Na+ content were measured with a flame
photometer (M410; Sherwood Scientific, Cambridge, UK) as described previously [39,40].
Malondialdehyde (MDA) content, H2O2 and O2

− content, and plant root activity were
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measured using Suzhou Comin Biotechnology test kits (Suzhou Comin Biotechnology Co.,
Ltd., Suzhou, China).

2.7. Statistical Analysis

IBM SPSS Statistics software (version 26; SPSS Inc., Chicago, IL, USA) was used for
statistical analysis. Significant differences (p < 0.05) were determined using the Student t
test or Tukey’s multiple range test.

3. Results

3.1. Identification, Characterization, and Gene Duplication of Apple CBL Family Genes

The HMM file (PF13499.8) was used as a query to search the apple proteome using
the HMMER software (hmmsearch, version 3.1b2) so as to screen the CBL family pro-
teins in apple. With default inclusion threshold, 230 protein sequences were obtained
(Supplementary File S1). Then, the protein sequences of the ten Arabidopsis CBL family
members were downloaded from the TAIR database. These ten AtCBL proteins, along with
the 230 proteins in HMMER screening results, were used for phylogenetic analysis. Based
on the phylogenetic tree (Figure S1), 11 proteins were finally identified as apple CBL family
members and named based on their orthlogs in Arabidopsis (Table 1). The predicted protein
sequences of these 11 MdCBLs were 187–259 amino acids (aa) in length, with predicted
mass weight, isoelectric point (pI), and charge at pH 7.0 ranging from 21.38 to 29.53, 4.42 to
4.89, and –10.78 to –17.30, respectively (Table 1).

Based on the genomic location information obtained from the GDR database, 10 of the
11 MdCBL genes were randomly distributed on 8 of the 17 chromosomes of the apple, and
the remaining one (MdCBL1.2) was localized to unassembled genomic scaffolds (Table 1
and Figure 1). Segmental and tandem duplications are the main causes of gene family
expansion in plants. The collinear analyses between different apple chromosomes were
performed with MCScanX software to investigate the gene duplication events among these
MdCBL genes. The results showed complex patterns of collinearity between different
chromosomes. The collinear analysis also revealed two segmental duplication events
(MdCBL3.1 and MdCBL3.2, and MdCBL5 and MdCBL8) and one tandem duplication event
(MdCBL10.1 and MdCBL10.2) among these MdCBL genes (Figure 1).

3.2. Phylogenetic Analysis, Gene Structure Display, Prediction of Conserved Motifs, and Cloning
of Apple CBL Family Genes

Previous studies showed that the members of the CBL family in plants could be
divided into four groups. A phylogenetic analysis based on the protein sequences of the 11
MdCBLs and 10 AtCBLs was performed to investigate the relationship between these 11
CBL family members in apples. The phylogenetic tree showed that the 11 MdCBL proteins
could be divided into four groups, similar to the grouping results in Arabidopsis and many
other plant species (Figure 2A).
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Table 1. Characterization of the CBL family genes in apple.

Group Gene Name
Gene Locus
(GDDH13)

Genomic
Location

(GDDH13)

Deduced Polypeptide

Best Hits
Length (aa)

Mass Weight
(kDa)

pI Charge at PH 7.0

A

MdSOS3 MD07G1288800
Chr07: 34980079–

34983632
212 24.39 4.52 −16.44 AT5G24270

MdSOS3.2 MD01G1081000
Chr01: 18815406–

18816403
187 21.38 4.53 −9.88 AT5G24270

MdCBL5 MD14G1130200
Chr14: 20784655–

20786608
214 24.53 4.42 −15.87 AT4G26570

MdCBL8 MD06G1109200
Chr06: 24877949–

24881781
212 24.42 4.60 −13.48 AT1G64480

B

MdCBL10.1 MD09G1194600
Chr09: 17493583–

17495782
187 (266) 21.57 (30.51) 4.48 (4.88) −14.55 (−11.27) AT4G33000

MdCBL10.2 MD09G1194500
Chr09: 17485706–

17488584
259 (245) 29.53 (27.88) 4.54 (4.63) −17.30 (−14.31) AT4G33000

MdCBL10.3 MD08G1043100
Chr08:

3254626–3256803
246 28.28 4.65 −17.03 AT4G33000

C
MdCBL1.1* MD06G1046100

Chr06:
6240265–6244670

213 24.52 4.63 −10.78 AT4G17615

MdCBL1.2 MD00G1132600
Chr00: 28662543–

28667386
213 24.52 4.63 −10.78 AT4G17615

D
MdCBL3.1 MD03G1036500

Chr03:
2901761–2905532

226 26.06 4.69 −14.17 AT4G26570

MdCBL3.2 MD11G1037200
Chr11:

3199328–3202169
210 (226) 24.20 (25.96) 4.89 (4.75) −10.34 (−13.17) AT4G26570

Best hits in Arabidopsis were determined by local blastp method. Sequence length, mass weight, pI, and charge at PH 7.0 of the revised proteins (MdCBL10.1, MdCBL10.2, and MdCBL3.2) were listed in
parentheses.
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Figure 1. Genome locations of CBL family genes in apple. Purple lines and red font indicate the segmental and tandem
duplication genes, respectively. Collinear blocks are represented by grayish lines. Chr00 represents the unassembled
genomic scaffolds.

Figure 2. Phylogenic relationships (A), gene structure (B), and conserved motifs (C) for CBL family proteins in apples and
Arabidopsis. Green and red dots indicate CBL proteins in Arabidopsis and apple, respectively. Red lines show that the fifth
exon of AtCBL7 and AtCBL3 could be further differentiated into two shorter exons. Introns are represented by black line
segments of the same length to facilitate the comparison of the exon–intron composition patterns of these genes.
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Gene structure is one of the factors that reflects the evolution of a multigene family.
Thus, the exon–intron composition patterns of these MdCBL and AtCBL genes were ana-
lyzed. Although the length of introns varied significantly (Figure S2), genes that belonged
to the same group exhibited the same exon–intron composition patterns, with the largest
variation in the N-terminal region of these genes (Figure 2B). Based on gene structure
analysis, three MdCBL genes with partial exons missing compared with other CBL genes
in the same group, namely MdSOS3.2, Md10.1, and MdCBL3.2, were also identified. This
result suggested that the predicted coding sequences of these three genes in apple genome
(GDDH13) might be wrong. The conserved motifs of the CBL family were further explored
using the online software MEME, and nine conserved motifs were found (Figure S3). The
motifs 1–5 were conserved in almost all CBL proteins except MdSOS3.2 and MdCBL3.2
(Figure 2C). Besides, MdCBL10.1 was the missing part of the N-terminal compared with
other proteins in group B (Figure 2C). These results further supported the presence of
errors in the prediction of coding sequences of these three genes.

Gene-specific primers were designed based on the predicted sequences in the apple
genome (GDDH13) and used for gene cloning to confirm the coding sequence of Md-
CBL genes. Using total RNA extracted from the leaves of “Golden Delicious” apple as
the template, the coding sequences of these MdCBL genes were finally obtained by poly-
merase chain reaction (PCR) amplification, except for MdSOS3.2 (Supplementary File S2).
The sequence alignment showed that the predicted protein sequences of MdCBL10.1
(MD09G1194600) and MdCBL3.2 (MD11G1037200) were missing a segment of N-terminal
and C-terminal, respectively (Figure S4A). Although the coding sequence of MdSOS3.2 was
not obtained, the sequence comparison between MD01G1081000 and MdSOS3 indicated an
incorrect fragment deletion and an incorrect fragment insertion in the N- and C-terminals
of MD01G1081000, respectively (Figure S4B).

3.3. Promoter Analysis of MdCBL Genes

CBL family genes are involved in plant response to various environmental stresses.
The promoter regions (upstream 1500 bp of the start codon ATG) of these genes were ob-
tained from the apple genome (GDDH13) and submitted to the online software PlantCARE
for cis-acting element analysis to explore the possible response of MdCBL genes to abiotic
stresses. Various cis-elements related to abiotic stresses (hypoxia, cold, and drought) and
plant hormone (ABA, auxin, MeJA, ethylene, GA, and SA) responsiveness were found
(Figure 3 and Supplementary File S3), suggesting that these MdCBL genes played an impor-
tant role in apple stress response. Many of these cis-elements appeared multiple times in
the promoter region of the same gene (Figure 3). Besides, more hormone response–related
cis-elements were present in the promoter regions of MdCBLs in groups A and B, especially
cis-elements related to ABA and MeJA, while the cis-elements in the promoter regions of
MdCBLs in groups C and D were mostly related to abiotic stress response (Figure 3). This
indicated the functional differentiation of MdCBL genes between different groups.
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Figure 3. Cis-element analysis of the MdCBL gene promoter regions in apple. Arrows and triangles indicate the cis-elements
related to abiotic stress response and hormone response, respectively. Positive and negative directions indicate whether the
motif existed in the plus or minus strand of the cis-acting elements, respectively.

3.4. Functional Identification of Mdcbls in Regulating Salt Tolerance in Yeast

Previous studies demonstrated that CBL proteins affected plant salt tolerance through
the SOS pathway. The yeast mutant strain ∆ena1−4 that lacked Na+-ATPase and was
sensitive to high [Na+] was used to identify which CBL proteins in apples had a significant
regulatory effect on salt tolerance. The full-length coding sequences of the ten MdCBL genes
were cloned into the pDR196 vector and then transformed into the yeast mutant ∆ena1−4.
The yeast strain W313-1B and positive transformants of the empty vector pDR196 were
used as positive and negative controls. All of these strains were cultured in a YPD medium
containing different concentrations of NaCl for three days. The growth of all strains was
almost the same in a normal YPD medium (0 NaCl) (Figure 4). The addition of NaCl
significantly inhibited the growth of these strains. The growth of the yeast mutant ∆ena1−4
was almost completely inhibited at a 200 mM NaCl concentration. The overexpression of
any one of the seven MdCBL genes (MdCBL5, MdCBL10.1, MdCBL10.2, MdCBL1.1, Md-
CBL1.2, MdCBL3.1, and MdCBL3.2) could significantly inhibit the sensitivity of ∆ena1−4
to a high NaCl concentration (Figure 4). These results indicated that these seven MdCBL
genes played a positive role in modulating salt tolerance in yeast. The growth of MdCBL5
transgenic yeast was also completely inhibited with the further increase in the NaCl con-
centration (Figure 4), indicating a stronger capacity of the other six MdCBL genes than
MdCBL5 in enhancing yeast salt tolerance.
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Figure 4. Functional identification of MdCBLs in the Na+-sensitive yeast mutant. Aliquots (10 µL) of serial dilutions (100,
101, 102, 103, and 104) were dotted onto the YPD medium in the presence of 0, 100, 150, 200, 300, and 500 mM NaCl and
grown for 3 days. W303-1B was the positive control. ∆ena1−4 and ∆ena1−4 transformed with the pDR196 empty vector
were used as negative controls.

3.5. Overexpression of MdCBL10.1 Improved Salt Tolerance of Cisgenic Apple Calli

The SOS3/CBL10-SOS2-SOS1 and CBL10-CIPK8-SOS1 signaling pathways are the
paramount regulatory mechanisms for facilitating Na+ extrusion and are critical to the
ability of plants to adapt to high salinity [31,41]. Based on the functional identification
results in yeast, MdCBL10.1 was selected for the subsequent transgene and functional
identification in apple. Full-length CDS of MdCBL10.1 was cloned into the pBI121 vector
and transformed into apple calli. PCR identification and quantitative reverse transcrip-
tion (qRT)-PCR expression analysis demonstrated that several cisgenic lines with high
MdCBL10.1 expression were obtained (Figure S5). Three lines (OE-3, OE-4, and OE-7) with
high MdCBL10.1 expression levels were selected for NaCl treatment.

After 20 days of culture, no significant difference was found between OE lines and
wild type (WT) on the normal MS medium. The growth of all lines was inhibited under
NaCl treatment, with significantly reduced fresh weight compared with the apple calli
cultured in MS medium (Figure 5A,B). However, the growth of MdCBL10.1 cisgenic lines
was significantly better, and the fresh weight was significantly higher than that of the WT
under salt treatment. These results suggested that the overexpression of MdCBL10.1 could
significantly improve the salt tolerance of cisgenic apple calli (Figure 5A,B). In Arabidopsis,
CBL10 participates in the SOS pathway and promotes the Na+ efflux [31,41]. Therefore,
the Na+ content of the apple calli was measured. No significant difference was observed
between different lines cultured in the normal MS medium. Under NaCl treatment, the Na+

contents of three cisgenic lines were significantly lower than that of the WT (Figure 5C),
suggesting that the overexpression of MdCBL10.1 could inhibit the excessive accumulation
of Na+ in cisgenic apple calli.
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Figure 5. Functional identification of MdCBL10.1 in cisgenic apple calli. (A) Phenotypes of the cisgenic (OE) and wild-type
(WT) apple calli treated with NaCl stress. The scale bar represents 1 cm. Fresh weight (B) and Na+ content (C) in cisgenic
and WT apple calli. For (B) and (C), error bars represent the SD of three independent biological replicates, with each
biological repeat having at least three dishes. Bars labeled with * in each panel are significantly different from the WT
(p < 0.05, Student t test).

3.6. Overexpression of MdCBL10.1 in Roots Enhanced the Salt Tolerance of Apple Plants

The use of A. rhizogenes K599 to obtain plants with cisgenic roots provides a con-
venient way for studying the function of MdCBL10.1 in apple plants because of the low
genetic transformation efficiency [39,40]. Full-length CDS of MdCBL10.1 was cloned into
the pCAMBIA2300 vector fused with a GFP tag, and a selected inhibitory fragment of
MdCBL10.1 was cloned into the RNA-interference vector pK7GWIWG2D. Through GFP
fluorescence detection and expression analysis (Figure S6), 20 plants with high MdCBL10.1
expression (MdCBL10.1-OE) and 20 plants with MdCBL10.1 expression significantly in-
hibited (MdCBL10.1-RNAi) were selected for subsequent salt treatment. Plants with their
roots transformed with empty vectors pCAMBIA2300-GFP (OE-EV) and pK7GWIWG2D
(RNAi-EV) were used as controls.

Under normal conditions (control group), no significant difference was observed
between different types of cisgenic plants. After ten days of 150 mM NaCl irrigation, the
RNAi plants were severely damaged by salt treatment, with their leaves showing obvious
yellowing, wilting, and even death. Compared with the RNAi and control lines, the OE
plants exhibited a better growth state, with their leaves still bright green and vigorous
(Figure 6A). The measurements of relative ion leakage (REL) and MDA content in the
leaves of these plants also indicated that the OE plants suffered less, whereas the RNAi
plants suffered more stress damage caused by NaCl treatment (Figure 6B,C).
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Figure 6. Phenotypic analysis of MdCBL10.1 cisgenic apple plants under 150 mM NaCl treatment. (A) Growth phenotypes
of cisgenic apple plants after NaCl treatment. Scale bars represent 3 cm. (B) Relative electrolyte leakage (REL) of apple
leaves. (C) Malondialdehyde (MDA) content in apple leaves. Representative chlorophyll fluorescence images (D), Fv/Fm
ratios (E), and net photosynthetic rate (Pn) (F) of cisgenic apple plants under normal and NaCl stress conditions. (OE)-EV
and (RNAi)-EV represent roots transformed with the empty vector pCambia2300 and pK7GWIWG2D, respectively. The
values of each index for cisgenic plants of the same type are the average values from all lines. Values are means of 20
replicates ± SD (each plant acts as a biological replicate). * in each panel denotes values significantly different from the
corresponding control lines (p < 0.05, Student t test).

Besides REL and MDA content, the maximum quantum yield of PSII (Fv/Fm) is also
an appropriate indicator for the early identification of the degree of damage in plants.
Under normal conditions, the leaves of all lines were healthy and maintained high Fv/Fm
ratios (Figure 6D,E). After NaCl treatment, the Fv/Fm of leaves of the RNAi plants de-
creased significantly, while that of the OE plants remained high (Figure 6D,E). The damage
to photosynthetic units directly affected photosynthesis. After NaCl treatment, the net
photosynthetic rate (Pn) of RNAi plants was significantly lower, while that of the OE plants
was significantly higher than that of the control lines (Figure 6F). This was consistent with
the performance of Fv/Fm and further supported that the overexpression of MdCBL10.1
alleviated the stress damage to apple plants caused by NaCl treatment.

Salt stress triggers the accumulation of reactive oxygen species (ROS), which is harmful
to plant growth. The accumulation of ROS in the roots of these NaCl-treated apple plants
was determined to evaluate the damage caused by salt stress to root systems. The results
showed that the roots of the OE lines accumulated less H2O2 and O2

−, while the roots of
the RNAi plants accumulated more ROS than controls (Figure 7A,B). Since MdCBL10.1
overexpression could inhibit Na+ accumulation in apple calli, the Na+ content in these
apple plants after NaCl treatment was measured. As expected, the Na+ content in the roots
and leaves of OE plants was significantly lower than that of the controls, while the RNAi
plants showed the opposite trend (Figure 7C,D). These results indicated that MdCBL10.1
overexpression in roots could reduce the Na+ content in both roots and leaves, thereby
alleviating salt stress-induced damage to apple plants.
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Figure 7. Overexpression of MdCBL10.1 in apple roots inhibited the ROS and Na+ accumulation in cisgenic apple plants.
(A) Hydrogen peroxide (H2O2) content in roots. (B) Superoxide anion (O2

−) content in roots. (C) Na+ content in roots.
(D) Na+ content in leaves. The values of each index are the average values of all lines in cisgenic plants of the same type.
Values are means of 20 replicates ± SD. * in each panel denotes values significantly different from the corresponding control
lines (p < 0.05, Student t test).

4. Discussion

Plants are inevitably exposed to a variety of adverse environmental conditions, such
as water shortage, low temperature, high salinity, and so forth, due to the sessile lifestyle.
These abiotic stresses are increasingly harmful to crop yield and quality. Calcium and its
signaling pathway play an important role in plant stress response. As specific Ca2+ sensors,
CBL proteins play vital roles in calcium signaling and stress resistance regulation [7]. Apple
is one of the most economically important fruits in the world. Its cultivation and extension
are restricted by various abiotic stresses. The study of CBL proteins is thus important for
the resistance breeding of apple. To date, the CBL family proteins in many plant species
have been identified at the genome-wide level. However, no detailed characterization of
apple CBL family proteins has been reported, and little is known about their functions in
abiotic stress response.

Ca2+ is an essential element for plant growth and survival, and Ca2+ signals are an im-
portant regulator of growth, development, and biotic and abiotic stresses in plants [7,38,42].
Studies in various fruit tree crops also have shown that Ca2+ plays an important role in
regulating fruit development, ripening, quality, and storage [43–47]. The CBL family has
been identified and systematically studied in many plant species, such as dicotyledons
Arabidopsis (10 AtCBLs) [33,48], eggplant (5 SmCBLs) [36], cotton (13 GaCBLs, 13 GrCBLs,
22 GhCBLs) [1], Cassava (9 MeCBLs) [12], pepper (9 CaCBLs) [10], tea plant (7 CsCBLs) [32],
and pigeon pea (9 CcCBLs) [49], as well as the monocotyledon rice (10 OsCBLs) [33,48],
due to the important role of CBL proteins in Ca2+ signaling. The CBL family has also been
identified in some fruit trees such as grapevine (8 VvCBLs) [8], banana (11 MaCBLs) [50],
and pineapple (8 AcCBLs) [11]. Although the genomes of these species are significantly
larger than that of Arabidopsis, the number of CBL genes in most of these species is not
significantly higher than that in Arabidopsis [48]. In this study, 11 MdCBL genes were
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identified from apples (Table 1), only one more than that from Arabidopsis, suggesting
that the CBL family in apples had not expanded significantly during evolution. This was
different from other gene families that were previously identified in apple, such as the
bHLH [37], Lhc [51], and CaCA [38] families. Tandem and segmental duplication events
are fundamental mechanisms of gene family expansion. Considering the two genome-wide
duplication events that occurred during apple evolution [52], collinear analysis between
these MdCBLs was performed. The results showed that only two segmental duplication
events occurred (Figure 1), indicating that the CBL family did not greatly expand during
apple evolution. The evolutionary analysis of many plant species also suggested that the
number of CBL members was independent of their genome size [48].

Although the number of CBL members varied, the phylogenetic analysis of CBL
proteins in various plant species indicated that this family should be divided into four
groups. In this study, the MdCBL proteins were divided into four groups (groups A to D),
as in Arabidopsis (Figure 2A). This grouping result was also supported by the gene structure
analysis and conserved motif prediction. The intron/exon and motif composition patterns
of genes within the same group were consistent, whereas significant differences were
observed between different groups (Figure 2B,C). In addition, based on the comparison of
gene structure and conserved motifs of genes within the same group, three MdCBL genes
(MdSOS3.2, MdCBL10.1, and MdCBL3.2) that might have errors in their predicted CDS in
the apple genome were identified. The gene cloning results confirmed this speculation
(Table 1 and Figure S4) and further suggested that this comparative analysis method could
help people identify genes in a gene family whose coding sequences were incorrectly
predicted. On the contrary, the high similarity of gene structure, conserved motifs, and
cis-acting elements (Figures 2 and 3) suggested functional redundancy among MdCBL
genes, especially MdCBL genes in the same group. Similar results were also found in
Arabidopsis, such as SOS3 and CBL10 [31].

Stress stimulation causes a transient increase in the intracellular Ca2+ concentration.
CBL proteins can sense and interact with intracellular increased Ca2+. The binding of Ca2+

promotes the interaction between CBL and CIPK proteins, which is crucial for the activation
of the kinase activity of CIPKs. Then, the activated CIPKs phosphorylate downstream
substrates, further triggering a range of response mechanisms [7,33,42]. Decades of research
have revealed extensive and complex interaction networks between CBL and CIPK family
proteins. As Ca2+ sensors, each CBL has three or more EF-hand domains and Ca2+-binding
sites. Besides, the CBL proteins harbor a conserved FPSF domain in their C-terminal, which
is the target of phosphorylation by CIPK. Moreover, many of the CBL proteins also contain
conserved MGCXXS/T motifs in their N-terminal, which contribute to the anchorage of
CBLs in the membrane to transduce a Ca2+ signal [48–50,53]. Several studies proved that
different CBLs could be localized to the plasma or vacuole membrane and could regulate
plant salt tolerance by promoting the Na+ efflux or sequestration [7,42]. In this study, all
MdCBL proteins contained the FPSF domain in their C-terminal (Figures 2, S3 and S4),
suggesting complex interactions between MdCBLs and CIPK family proteins in apple.
For example, four MdCBL proteins were found to interact with the CIPK family protein
MdSOS2L1 [54]. Many of these MdCBLs contained the conserved MGCXXS/T domain in
their N-terminal. Further, the distribution of this domain showed obvious group specificity,
which was found only in groups A and C of the MdCBL family (Figures 2, S3 and S4).
These results suggested that MdCBL proteins in these two groups might be more likely to
function on the membrane and also indicated the functional and subcellular differentiation
of CBL proteins between different groups. More studies on the subcellular localization and
functional identification of apple CBL proteins are needed to confirm this hypothesis.

The CBL-CIPK model is reported to characterize many forms of abiotic stress re-
sponses. The first identified CBL-CIPK pathway was the SOS pathway, which plays
vital roles in plant salt tolerance regulation [55]. It contains three key components: SOS1
(Na+/H+ antiporter), SOS2 (CIPK24), and SOS3 (CBL4). Under salt stress, the SOS2–SOS3
complex activates the transport properties of SOS1 to promote the Na+ efflux, thus en-
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hancing plant salt tolerance. Subsequent studies found that CBL10 (SCABP8) could also
interact with SOS2 and activate SOS1, suggesting the functional redundancy between
SOS3 and CBL10 [31]. Studies in apples also showed that MdCBL10 could interact with
MdSOS2L1, an SOS2-like protein that played positive roles in regulating plant salt tol-
erance [54]. In addition, a recent study found that the CBL10–CIPK8 complex regulated
plant salt tolerance through its interaction with SOS1 [41]. These results, combined with
the functional identification results in yeast (Figure 4), led to the selection of MdCBL10.1
for further genetic transformation and functional identification in apple. The phenotypic
comparison and measurement of stress-related physiological indicators showed that Md-
CBL10.1 overexpression significantly enhanced the salt tolerance of cisgenic apple materials
(Figures 5–7). Moreover, the significantly reduced Na+ content in transgenic and cisgenic
materials indicated that MdCBL10.1 overexpression could significantly inhibit Na+ accu-
mulation under salt stress. These results suggested that MdCBL10.1 enhanced plant salt
tolerance by inhibiting Na+ accumulation, and this was probably achieved through the
SOS pathway.

In conclusion, 11 MdCBL genes were identified from apple. CDSs of these genes were
cloned, and the gene structure and conserved motifs were analyzed. Several MdCBLs that
played positive roles in salt tolerance were identified using the Na+-sensitive yeast mutant.
The function of MdCBL10.1 in regulating salt tolerance was also identified in cisgenic apple
materials in detail. This study provided a foundation for future research examining the
function and mechanism of CBL proteins in regulating apple salt tolerance.
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Abstract: 14-3-3 proteins are a large multigenic family of general regulatory factors (GRF) ubiqui-
tously found in eukaryotes and play vital roles in the regulation of plant growth, development, and
response to stress stimuli. However, so far, no comprehensive investigation has been performed
in the hexaploid wheat. In the present study, A total of 17 potential 14-3-3 gene family members
were identified from the Chinese Spring whole-genome sequencing database. The phylogenetic
comparison with six 14-3-3 families revealed that the majority of wheat 14-3-3 genes might have
evolved as an independent branch and grouped into ε and non-ε group using the phylogenetic
comparison. Analysis of gene structure and motif indicated that 14-3-3 protein family members have
relatively conserved exon/intron arrangement and motif composition. Physical mapping showed
that wheat 14-3-3 genes are mainly distributed on chromosomes 2, 3, 4, and 7. Moreover, most 14-3-3

members in wheat exhibited significantly down-regulated expression in response to alkaline stress.
VIGS assay and protein-protein interaction analysis further confirmed that TaGRF6-A positively
regulated slat stress tolerance by interacting with a MYB transcription factor, TaMYB64. Taken
together, our findings provide fundamental information on the involvement of the wheat 14-3-3
family in salt stress and further investigating their molecular mechanism.

Keywords: 14-3-3 gene family; Triticum aestivum L.; bioinformatics analysis; salt tolerance; protein-
protein interactions

1. Introduction

General regulatory factor (GRF) proteins, also known as 14-3-3 proteins, are found
among all eukaryotic organisms [1]. The 14-3-3 protein, first discovered in the bovine
brain as a soluble acidic protein, acquired its name based on the fraction number in di-
ethylaminoethyl (DEAE) cellulose chromatography and migration position on starch-gel
electrophoresis [2]. Initially, 14-3-3 proteins were believed to be unique to animals. How-
ever, further research showed that these proteins are found in almost all eukaryotes [1,3,4].
The 14-3-3 proteins are a class of highly conserved regulatory proteins that can form homo-
or heterodimers, and each monomer in the dimer can interact with a separate target protein.
This dimeric property of 14-3-3s allows them to serve as scaffolds for bringing together
different regions of a protein or two different proteins in close proximity [5,6]. Therefore,
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14-3-3 proteins regulate activities of numerous target proteins via protein-protein interac-
tions, specifically by binding to the phosphoserine/phosphothreonine residues of target
proteins. Evidence suggests that 14-3-3s are the most important phosphopeptide-binding
proteins that play a regulatory role in various biological processes including the regulation
of cell cycle, metabolism, apoptosis, development, protein trafficking, stress response, and
gene transcription [7–15].

In plants, the first plant 14-3-3 protein was isolated from Arabidopsis thaliana as a
component of the G-box complex and was named GF14 [16]. Subsequently, 14-3-3 proteins
were detected in many plant species and were named GF or GRF, followed by Arabic
numerals [17]. With the development of new high-throughput sequencing technologies
and modern bioinformatics tools, more and more plant genomes were sequenced, which
dramatically accelerated the genome-wide survey of 14-3-3 proteins in plants. To date, the
14-3-3 gene family has been identified in Arabidopsis (13), rice (Oryza sativa L.) (8), tomato
(Solanum lycopersicum L.) (12), soybean (Glycine max L.) (18), cotton (Gossypium hirsutum L.)
(25), banana (Musa acuminata L.) (25), grape (Vitis vinifera L.) (11), and many other plant
species [18].

Wheat (Triticum aestivum L.) is the most widely cultivated crop in the world and one
of the primary grains consumed by humans [19]. Drought, extreme temperatures, and
salinity are the major abiotic stresses that reduce wheat production throughout the growing
season [20]. The 14-3-3 proteins act as key regulators of signaling networks and abiotic
stress responses [21]. For example, in rice, OsGF14e interacts with OsCPK21 to promote
the salt stress response [22]. Additionally, studies show that OsGF14f has a negative
effect on grain development and filling, while OsGF14e negatively impacts cell death and
disease resistance [23,24]. In tomato, four 14-3-3 genes (TFT1, TFT4, TFT7, and TFT10) are
significantly up-regulated under salt stress [25]. Ectopic expression of the wheat TaGF14b
gene in tobacco (Nicotiana tabacum L.) enhanced the tolerance of mature tobacco plants to
drought and salt stresses, which are related to the abscisic acid (ABA) signaling pathway,
and improved their growth and survival compared with the control [26]. Overexpression
of the soybean GsGF14o gene in Arabidopsis showed that GsGF14o regulates stomata size,
root hair development, and drought tolerance [27].

Recently, Guo et al. [28] analyzed wheat TaGF14 genes based on the TGACv1 reference
genome and found that five of these genes were up-regulated under drought stress, and all
of the analyzed TaGF14s were down-regulated during heat stress. These results suggest
that some of the TaGF14 genes play a vital role in combating drought stress, and all TaGF14s
are negatively associated with heat stress. Additionally, the study showed that TaGF14s
might be involved in starch biosynthesis. However, no information is available on the
structure of 14-3-3 genes and their role in response to salt tolerance in wheat.

In this study, we conducted an in-depth analysis of the wheat 14-3-3 gene family
members based on the newly released Chinese Spring reference genome (IWGSC RefSeq
v1.1, https://urgi.versailles.inra.fr/download/iwgsc/IWGSC_RefSeq_Annotations/v1.1/
(accessed on 13 February 2021)). We performed a comprehensive analysis of the structure,
evolutionary relationship, cis-acting elements, Gene Ontology (GO) annotations, and
expression profiles of the 14-3-3 genes, and deciphered the biological roles of these genes
in salt stress tolerance using the virus-induced gene silencing (VIGS) assay and protein-
protein interaction analysis. It provided an updated view of the wheat 14-3-3 family and
lays the foundation for studying the molecular mechanism of TaGRF6-A in regulating salt
tolerance in wheat.
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2. Results

2.1. Genome-Wide Identification and Characterization of 14-3-3 Family Members in Wheat

A total of 32 14-3-3 protein sequences of wheat were identified using the basic local
alignment search tool, BLASTp, and validated using the Hidden Markov Model (HMM)
search tool, HMMER. These sequences were further confirmed using SMART and NCBI-
CDD online tools, which revealed that all sequences contained conserved 14-3-3 protein
domains. These protein sequences were encoded by 17 genes, including 12 genes showing
alternative splicing, and splice variants with complete domains were chosen as representa-
tives (Table 1). Multiple sequence alignment and secondary structure analysis revealed that
the 14-3-3 family members contained nine typical α-helices. But the TraesCS4A02G167100
gene lacked the first α-helix, making it the first 14-3-3 family member that does not contain
nine α-helices (Figure S1). The 14-3-3 amino acid sequences were highly conserved, indicat-
ing that these proteins may perform similar functions to the 14-3-3 proteins of other plant
species. The C-terminal end of 14-3-3 proteins was relatively divergent, which explains the
functional diversity observed among these proteins. Genes with a 1:1:1 correspondence
in all three sub-genomes (A, B, and D) of wheat are called triads [29]. We identified five
triads based on the results of Ramírez-González et al. (Table S1). Because of the peculiarity
of TraesCS4A02G167100, this gene was named TaGRF-like1. The remaining 16 genes were
named according to their order on various homologous chromosomes (Table 1).

A detailed description of TaGRFs is summarized in Table 1. The deduced wheat 14-3-3
proteins contained 244–282 amino acid residues, and their molecular weight (MW) ranged
from 27.25 to 31.93 kDa. The predicted isoelectric point (pI) of these proteins ranged
from 4.67 to 6.32, implying that these proteins were acidic in nature. Three-dimensional
modeling clearly showed the presence of α-helices and indicated that higher structures of
these proteins were very similar (Figure S2).

2.2. Gene Structure and Conserved Motif Analysis

Phylogenetic analysis revealed that TaGRFs were divided into two groups (ε and
non-ε) and three corresponding members of each triad were closely clustered together
(Figure 1A). To examine the structural diversity of TaGRFs, we manually extracted the exon-
intron structure from the GFF3 annotation file (Table S2). All TaGRF genes, especially those
within the same phylogenetic group, shared a similar exon-intron structure (Figure 1B).
The number of exons varied from 4 to 6 and the genes within each phylogenetic group
exhibited nearly identical exon lengths. To understand the motif composition, a search
was implemented using the MEME website, with the maximum number of motifs set at 10
(Figure 1C). Functional analysis using SMART revealed that 3 of these 10 motifs (motifs
1–3) were annotated as 14-3-3, which were included in all members (Table S3). This result
suggests that motifs 1–3 represent the main domains that determine the function of 14-3-3
proteins. At the same time, this result also indicates the functional conservation of the
14-3-3 genes during evolution. In addition, motif composition was highly similar within
each phylogenetic group but was relatively divergent between groups. All members of the
non-ε group contained six main motifs (1–6), whereas members of the ε group contained
two unique motifs (9 and 10), which indicates the potentially different roles during plant
growth and response to various stresses.
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Table 1. Detailed information of putative TaGRFs.

Gene Sequence ID AS a Genomic Position CDS b Proteinc MW d pI e Information

TaGRF1-A TraesCS2A02G337300.1 2 Chrf2:570782629–57078596 (−)g 792 263 29.95 4.69 TaGF14a #

TaGRF1-B TraesCS2B02G344600.1 2 Chr2:491180649–491184008 (+)h 792 263 29.97 4.73 TaGF14e #

TaGRF1-D TraesCS2D02G325600.1 2 Chr2:419039525–419043028 (+) 792 263 29.95 4.69 TaGF14k#, TaGF14r #

TaGRF2-A TraesCS3A02G055600.1 2 Chr3:32150045–32153332 (−) 789 262 29.69 4.67 TaGF14b #

TaGRF2-B TraesCS3B02G068000.1 3 Chr3:40243799–40247161 (−) 849 282 31.93 4.98 Identified in this study
TaGRF2-D TraesCS3D02G055500.1 1 Chr3:23061692–23065089 (−) 789 262 29.75 4.71 TaGF14m #, TaGF14s #

TaGRF3-A TraesCS4A02G268700.1 2 Chr4:580905848–580908549 (−) 786 261 29.26 4.83 TaGF14d #

TaGRF3-B TraesCS4B02G045500.2 2 Chr4:32805467–32808180 (+) 786 261 29.26 4.83 TaGF14h #

TaGRF3-D TraesCS4D02G046400.2 2 Chr4:21886194–21888840 (−) 786 261 29.26 4.83 TaGF14j #

TaGRF4-A TraesCS4A02G151000.2 3 Chr4:299599404–299602584 (−) 813 270 29.90 4.76 TaGF14c #

TaGRF4-B TraesCS4B02G159900.1 3 Chr4:310973441–310976945 (+) 822 273 30.22 4.75 TaGF14g #

TaGRF4-D TraesCS4D02G155900.1 2 Chr4:209095178–209098724 (+) 801 266 29.49 4.76 TaGF14n #

TaGRF5-B TraesCS4B02G148900.1 2 Chr4:217846208–217849422 (+) 738 245 27.56 5.90 TaGF14i #

TaGRF6-A TraesCS7A02G295500.1 1 Chr7:386346364–386357777 (−) 780 259 28.70 4.80 TaGF14o #

TaGRF6-B TraesCS7B02G183800.1 1 Chr7:292828452–292841187 (+) 786 261 28.80 4.80 Identified in this study
TaGRF6-D TraesCS7D02G292400.1 1 Chr7:356896682–356911158 (+) 786 261 28.80 4.74 TaGF14q #, TaGF14t #

TaGRF-like1 TraesCS4A02G167100.1 1 Chr4:412260859–412267803(+) 735 244 27.25 6.32 Identified in this study

AS a (Number of alternative splices); CDS b (Length of the coding sequence, bp); Protein c (Amino acid length, aa); MW d (Molecular weight, kD); pI e (Isoelectric point); Chr f (represents Chromosome); (−) g

(represents antisense strand); (+) h (represents sense strand); reference #.
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Figure 1. Structural analysis of TaGRFs. (A) The phylogenetic tree of TaGRFs. (B) Gene structure analysis of TaGRFs was
conducted using the GSDS database. All introns are shown the same length. (C) Motif analysis of TaGRFs was identified
by MEME. Motif components in the amino acid sequence of TaGRFs are displayed using MAST. Different motifs were
represented in different color blocks.

2.3. Chromosomal Distribution and Evolutionary Analysis of TaGRF Genes

To clarify the chromosome position of TaGRFs, a schematic diagram was constructed.
The TaGRF genes were mainly distributed on homoeologous chromosomes 4A/4B/4D,
and only one gene was located on each of the remaining chromosomes (Figure 2A).

To trace the evolutionary origin of wheat TaGRFs, we performed a synteny analysis of
family members in common wheat (AABBDD) and its progenitor species Aegilops tauschii
L. (DD), Triticum urartu L. (AA), and T. dicoccoides L. (AABB) (Figure 2B). Given that the
B sub-genome donor has not been sequenced, wild emmer wheat (T. dicoccoides L.) was
used as the source of the B sub-genome. The results showed that TaGRFs had seven,
twelve, and five orthologs in T. urartu, T. dicoccoides, and Ae. tauschii, respectively (Table S4).
Interestingly, the origin of TaGRF genes was traceable. Our results indicated that the TaGRF
genes in common wheat were entirely derived from the sub-genome donors and have
the same number on the corresponding chromosomes. Wheat chromosomes 4A, 4B, and
4D harbored three, three, and two TaGRF genes, respectively. The same number of GRF
homologs were detected on chromosomes 4A and 4B of T. dicoccoides and on chromosome
4D of Ae. tauschii. However, the corresponding gene was not detected on chromosome
2A of T. urartu. We speculated that the genes on chromosome 2A of common wheat
evolved from T. dicoccoides or the corresponding gene on T. urartu used to exist but was
later lost. This implied that members of the TaGRF gene family did not experience large
fluctuations. The only polyploidization doubles the number of genes twice. In addition, the
non-synonymous-to-synonymous substitution ratio (Ka/Ks) of TaGRF gene duplicates was
<1 (Figure 2C, Table S3), indicating that these genes are under negative selection pressure
to maintain the protein sequence.
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replicates. Then the tree was modified by ITOL online tool. The two major groups were marked with different colors.

To understand the evolutionary relationships of wheat 14-3-3 proteins with those of
other plant species, a phylogenetic tree of full-length 14-3-3 amino acid sequences from
seven plant species, including T. aestivum, A. thaliana, O. sativa, G. max, Populus trichocarpa,
Medicago truncatula, and V. vinifera, was constructed using the maximum likelihood (ML)
method (Figure 2D, Table S5). Consistent with the previous classification [30], all 14-3-3
proteins were divided into two main evolutionary branches, namely, ε and non-ε. Only
TaGRF-like1 and TaGRF5-B were grouped into the ε group, and the remaining TaGRFs
clustered in the non-ε group. The proteins from wheat, Arabidopsis, and rice were closely
related, suggesting that these proteins may perform similar functions, which provides
clues for functional analysis.
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2.4. Cis-Element Analysis and Functional Annotation of TaGRF Genes

To examine cis-acting elements in TaGRF promoter sequences, we searched 1.5 kb
sequence upstream of the start codon (ATG) of all TaGRF genes. A total of 1789 cis-acting
elements were identified (Table S6). These included elements involved in biotic and
abiotic stress responses, plant growth and development, and phytohormone response
processes. The number of elements involved in the first two processes was significantly
more (Figure 3A,B). Motifs such as TGACG and CGTCA (involved in responding to methyl
jasmonate [MeJA]) and ABA-responsive element (ABRE; involved in the response to ABA)
were commonly found in TaGRF gene promoters, suggesting that these genes are involved
in hormone regulation. In addition, stress-related cis-elements, such as Myb, STRE, Sp1,
G-box, Myc, as-1, LTR, and GC-motif, were also identified, implying that TaGRFs are
important players in response to adverse conditions.
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To further predict the function of TaGRFs, we performed GO annotation analysis. The
results showed that TaGRFs were divided into three categories (molecular function, cell
composition, and biological process) (Figure S3). In the molecular function category, GO
terms such as “ATP binding” and “protein domain specific binding” were highly enriched,
indicating that TaGRF proteins may bind to other proteins to perform various cellular
functions. In the cell component category, GO terms such as nucleus, cytosol, plasma
membrane, and organelles, such as mitochondrion, were highly enriched, suggesting that
TaGRFs perform a wide range of functions. In the biological process category, TaGRFs play
a prominent role in the response to cadmium ions. Both TaGRF5-B and TaGRF-like1 were
annotated only under the GO term “protein domain specific binding”, suggesting that
these proteins play a limited role in wheat.
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2.5. Expression Profiling of TaGRF Genes

The results of cis-element and GO annotation analyses suggested that TaGRFs are
potentially involved in abiotic stress responses. To better understand the function of
TaGRFs, we examined their expression patterns using RNA-seq data. The expression
profiles of 16 TaGRFs in different wheat varieties under salt stresses are shown in Figure 4A.
In general, the expression of TaGRFs decreased after the salt treatment. Furthermore, the
expression levels of TaGRF4-A, TaGRF4-B, and TaGRF5-B were extremely low. In the wheat
variety Kharchia Local, TaGRFs showed different expression profiles in different tissues;
for example, TaGRF1-B, TaGRF1-D, and TaGRF2-A showed low expression in roots, while
TaGRF6-A, TaGRF6-B, and TaGRF6-D showed high expression in leaves, which indicated
that these genes may perform a function mainly in leaves. Compared with Kharchia Local,
QM6 and Chinese Spring showed greater differences in gene expression after the salt
treatment, suggesting that genotype is an important factor affecting the differences in
abiotic stress responses.
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Figure 4. Expression patterns of TaGRFs. (A) Transcriptome analysis of TaGRFs across salt stress. The expression data
were generated from NCBI and viewed in RStudio software. The relative expression level of a particular gene in each
column was normalized against the mean value by log2 transformation. The color scale represents relative expression levels.
(B) qRT-PCR analyses of two TaGRF genes in leaves under NaCl treatment. The asterisks indicate statistical significance
between CK and NaCl treatments (**, p < 0.01; *, p < 0.05; Student’s t-test).

To verify the reliability of the transcriptome data, we analyzed the expression of two
genes (TaGRF4-D and TaGRF6-A) in 1-week-old salt-treated wheat seedlings by quantitative
real-time PCR. Both the TaGRFs responded to salt stress, but with different rates and
intensities (Figure 4B). Compared with the control, the expression of TaGRF4-D did not
change significantly, while the expression of TaGRF6-A was significantly up-regulated at
12 h post salt treatment, and then decreased sharply at 24 h post salt treatment. This trend
suggests that TaGRF6-A can be induced by salt stress at a certain stage, and may play a role
during this period.

2.6. TaGRF6-A Positively Regulates Salt Tolerance in Wheat

The VIGS assay is used to silence specific genes in plants, thus enabling rapid charac-
terization of gene function [31]. To further understand the role of TaGRF6-A in salt stress,
we performed a virus-induced gene silencing assay. Two fragments of the TaGRF6-A gene
were chosen for silencing (Figure S3). At 10 days post-inoculation (dpi), wheat leaves
inoculated with BSMV showed mild chlorotic mosaic symptoms while leaves inoculated
with BSMV: TaPDS showed bleaching symptoms, indicating that the BSMV-induced gene
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silencing system was working (Figure 5A). When treated with 300 mM NaCl for 12 days,
both fragments of TaGRF6-A were well silenced by qRT-PCR (Figure 5C), and at this time,
the leaf curling degree of plants carrying BSMV: TaGRF6-A-1/2 was stronger than that of
the control group carrying the empty vector (Figure 5B). According to the statistical results,
the number of leaf curls of plants carrying BSMV: TaGRF6-A-1/2 was significantly more
than that of the empty carrier group (Figure 5D), indicating that TaGRF6-A contributes to
salt tolerance in wheat.
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Figure 5. The silencing of TaGRF6-A decreases salt tolerance in wheat. (A) Phenotypic characteristics
of wheat leaves after TaGRF6-A silenced by VIGS technology. (B) The curling phenotype of wheat
leaves after 12 days of 300 mM NaCl treatment. Bars, 1 cm. (C) Silencing efficiency assessment of
TaGRF6-A in the TaGRF6-A-knockdown plants treated with 12 days of 300 mM NaCl. (D) Statistics of
leaf curls rate of TaGRF6-A in the TaGRF6-A-knockdown plants treated with 12 days of 300 mM NaCl.
Error bars represent the SD of three biological replicates. The asterisks indicate statistical significance
using Student’s t-tests. (**, p < 0.01; *, p < 0.05).

2.7. TaGRF6-A Interacts with TaMYB64 In Vitro and In Vivo

Since TaGRF6-A expressed salt tolerance, we started to look for its internal mech-
anism. We focused on the expression levels of stress-related genes and their potential
targets (Figure 6A). It is worth noting that TaMYB64 is significantly down-regulated, sug-
gesting that there may be a synergistic effect to enhance abiotic stress tolerance together
with TaGRF6-A. Previous studies in soybean and rice showed that interactions between
MYB transcription factors and 14-3-3 proteins enhance plant growth and stress toler-
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ance [32,33]. These findings, combined with our qRT-PCR results, prompt us to investigate
the association between TaMYB64 and TaGRF6-A. Before that, we analyzed the subcellular
localization of TaGRF6-A and TaMYB64 by generating a C-terminal fusion of gene and
yellow fluorescent protein (YFP) gene. After transient expression in N. benthamiana leaves
using Agrobacterium-mediated transformation, compared with the YFP empty vector, con-
focal microscopy showed that TaGRF6-A has a similar subcellular localization and was
detected in both the nucleus and the cytoplasm (Figure 6B), and TaMYB64 was detected
in the nucleus, indicating the place where it functions. When exploring the interaction of
TaMYB64 and TaGRF6-A, we first performed yeast two-hybrid (Y2H) assays. Although
yeast transformants expressing both TaMYB64 and TaGRF6-A could grow on high strin-
gency media, the number of yeast cells was less (Figure 6C). To further verify the interaction
between TaMYB64 and TaGRF6-A, we performed bimolecular fluorescence complemen-
tation (BiFC) and co-immunoprecipitation (Co-IP) assay. After transiently co-expressing
TaGRF6-A labeled with the N-terminal half of YFP (nYFP), together with TaMYB64 labeled
with the C-terminal half of YFP (cYFP) in N. benthamiana leaves, the YFP signal was de-
tected in the nucleus and cytoplasm of N. benthamiana leaf epidermal cells. While no signal
was detected in the control combinations (Figure 6D). The TaMYB64-YFP-3×FLAG fusion
proteins were co-expressed with TaGRF6-A-YFP-HA or YFP-HA in N. benthamiana. After
immunoprecipitation using the anti-HA antibody, Western blot was performed using the
anti-FLAG antibody to detect TaMYB64 proteins. The TaMYB64-YFP-3×FLAG protein
could be coimmunoprecipitated by TaGRF6-A-YFP-HA, but not the YFP-HA control, re-
vealing a specific interaction between TaMYB64 and TaGRF6-A in vivo (Figure 6D). These
results proved that TaGRF6-A could physically interact with TaMYB64.

2.8. TaGRF6-A and TaMYB64 Work Together to Cope with Salt Stress

To clarify whether TaGRF6-A interacts with TaMYB64 to respond to salt stress, we
chose to silence the TaMYB64 gene. Ten days post-inoculation (dpi), wheat leaves inocu-
lated with BSMV showed mild symptoms of chlorosis, while leaves inoculated with BSMV:
TaPDS showed symptoms of bleaching stripes, indicating that BSMV-induced gene silenc-
ing was effective (Figure 7A). qRT-PCR results revealed that both fragments of TaMYB64
were successfully silenced (Figure 7C). After treated with 300 mM NaCl for 12 days, the
plants carrying BSMV: MYB64-1/2 had stronger curls and a significantly higher number of
rolled leaves compared with the control group carrying the empty vector (Figure 7B,D).
These results indicated that TaMYB64 was also involved in response to salt stress.
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Figure 7. Silencing of TaMYB64 decreases salt tolerance in wheat. (A) Phenotypic characteristics of
wheat leaves after TaMYB64 silenced by VIGS technology. (B) The curling phenotype of wheat leaves
after 12 days of 300 mM NaCl treatment. Bars, 1 cm. (C) Silencing efficiency assessment of TaMYB64

in the TaMYB64-knockdown plants treated with 12 days of 300 mM NaCl. (D) Statistics of leaf curls
rate of TaMYB64 in the TaMYB64-knockdown plants treated with 12 days of 300 mM NaCl. Error bars
represent the SD of three biological replicates. The asterisks indicate statistical significance using
Student’s t-tests. (**, p < 0.01; *, p < 0.05).

3. Discussion

14-3-3 genes are ubiquitous in many species, and the study of its gene function
is very necessary. Recent studies have shown that the four 14-3-3 proteins (MdGF14a,
MdGF14d, MdGF14i, and MdGF14j) of apples interact with the flower integrator TFL1/FT
and participate in flowering regulation [34]. Under the condition of nitrate deficiency, the
interaction of MdGRF11 and MdBT2 in apples can induce the accumulation of anthocyanins
and provide a new mechanism for anthocyanin biosynthesis [35]. Under sugar starvation,
MYBS2 interacted with 14-3-3 protein to inhibit the expression of α-amylase, thereby to
improve rice plant growth, stress resistance, and grain weight [32]. As the hub of different
signal pathways, 14-3-3 protein can transmit and integrate different hormone signals in
plant signal transduction [36]. 14-3-3 interacts with AtWRI1, and the biosynthesis of oil
increased in transgenic tobacco leaves co-expressing these two genes [37]. 14-3-3λ and k
are important salt tolerance regulators. When there is no salt stress, 14-3-3λ and k interact
with SOS2 and inhibit the kinase activity of SOS2; while in the presence of salt stress, the
interaction of them weakens and activates SOS2 kinase activity [38].
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In the present study, we performed a genome-wide characterization and in silico
analysis of the 14-3-3 gene family in wheat. A total of 17 14-3-3 genes were identified in
wheat based on the genome sequence of Chinese Spring. However, this result is inconsistent
with previous studies, which identified 20 14-3-3 genes based on the TGACv1 wheat
genome assembly [28]. We found that previous results contained duplicate genes and
several other genes that do not exist in our newly released genome sequencing data.
For example, Traes_2DL_1D912517E and Traes_2DL_21639EB55, which were previously
identified as two distinct genes, represent the same gene in the new genome. In addition,
TraesCS2D02G325600 and Traes_3B_3BF024700350CFD_c1 are not identified in the present
study. We speculate that this difference between studies is caused by differences in genome
sequencing depth, genome analysis, and gene annotations. We also cannot rule out the
possibility of wheat germplasm resource differences.

The 14-3-3 proteins are highly conserved and usually contain nine α-helices, which
constitute the conserved core region of each monomer in the dimer [13,39]. In the current
study, we showed that TaGRF-like1 lacks the first α-helix, which may affect the binding
of phosphorylated target proteins. while the secondary structure of TaGRF proteins was
conserved except in the C-terminal region (Figure S1). Previous studies have shown that
the variable C-terminus is the key to dimer formation, and it can interact with different
ligands to show the target specificity of 14-3-3 protein [40,41].

Phylogenetic analysis of 89 14-3-3 proteins belonging to wheat and six other plant
species showed that these proteins were clustered into two major groups (ε and non-ε),
which is consistent with previous reports [18,34]. The result indicates that the formation
of these two isoforms is a basic and ancient difference (Figure 2D). As TaGRF6-A was
adjacent to OsGF14d, which is expressed under salt, heat, and cold stress [42], the function
of TaGRF6-A may be similar to that of OsGF14d. According to previous studies, the ε

group genes usually contain a greater number of exons and motifs than the non-ε genes.
However, this finding was not in agreement with our results; although the ε group genes
contained more motifs, not all ε group genes contained more exons than non-ε group genes
(Figure 1B,C). For instance, the ε group gene TaGRF-like1 contained four exons, whereas
the non-ε group gene TaGRF2-B contained six exons. This difference may be due to the
insertion and deletion of introns over the long-term evolution of wheat. Nevertheless, gene
structure and motif distribution were diverse between the two groups but similar within a
group, which supports the results of the phylogenetic analysis (Figure 1B,C).

Common wheat is an allohexaploid with a large and complex genome, which makes
its genome research difficult. Genome sequencing of common wheat and its sub-genome
donors has been completed, which provides an important reference for the evolutionary
analysis of wheat. The chromosome map of common wheat shows that the distance be-
tween genes is much greater than 200 kb (Figure 2A), which means that these genes were
not generated by tandem duplication [43]. Collinearity analysis of common wheat and its
ancestors revealed the direct source of the wheat 14-3-3 sub-genomic donor (Figure 2B), in-
dicating that the entire family of wheat 14-3-3 proteins originated by polyploidization. The
Ka/Ks ratio of 14-3-3 genes was <1 (Figure 2C), implying that wheat 14-3-3 proteins may
remain unchanged during the process of long-term domestication. Analysis of cis-acting
elements in the promoter region of TaGRFs indicated that these genes may be involved in
biotic and abiotic stress responses, growth and development, and phytohormone response
(Figure 3A). Previously, there have been some reports showing the involvement of 14-3-3
proteins in abiotic stress tolerance [44,45]. Considering the potential function of 14-3-3
proteins in abiotic stress, we performed transcriptome analysis of wheat plants under salt
stress. Different TaGRF genes showed different expression profiles under salt stress. Most
TaGRF genes were down-regulated after the salt treatment, suggesting that these genes
may negatively regulate the response to salt stress (Figure 4A). However, in rice, tomato,
Brachypodium distachyon, and other plant species, members of the 14-3-3 family are involved
in salt stress tolerance [22,25,46]. In addition, wheat TaGF14b (named as TaGRF1-B in this
article) also enhanced salt stress tolerance when ectopically expressed in tobacco [26]. In
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the current study, we selected two genes for the salt treatment and found that TaGRF6-A
was changed greatly responding to salt stress (Figure 4B). To further verify the role of
14-3-3 family genes in salt stress, we used VIGS technology to silence the TaGRF6-A gene.
The results showed that the level of leaf curling and number of BMSV: TaGRF6-A were
more than the wild type (Figure 5B–D), indicating that TaGRF6-A plays a positive role in
response to salt stress.

To elucidate the possible mechanism of action of TaGRF6-A under salt stress, we
examined the expression of seven stress-related genes or potential interacting partners of
TaGRF6-A. Interestingly, the expression level of TaMYB64 was significantly down-regulated
after TaGRF6-A silencing (Figure 6A). Since the interaction between MYBS2 and 14-3-
3 protein has been reported in rice and soybean [32,33,47], we cloned the homolog of
OsMYBS2 in wheat and performed Y2H, BiFC, and CoIP assays. The results showed that
TaMYB64 and TaGRF6-A did interact in wheat (Figure 6C–E). Thus, we have the question of
whether they use this interaction to improve salt tolerance. Next, we used the same method
to silence TaMYB64 in wheat, and the results proved our deduction. Compared with the
control, the silenced plants also have a higher degree and amount of curling (Figure 7B,D).
In summary, the results in the present study revealed the function of TaGRF6-A in salt
stress, and initially elucidated its salt tolerance mechanism. Moreover, our study improved
our understanding of the biological functions of the wheat 14-3-3 gene family.

4. Materials and Methods

4.1. Plant Material and Salt Treatment

Wheat (T. aestivum L.) cultivar Emai 170 was used in this study. Seeds of uniform size
were selected and soaked in clear water for 24 h. Then, the seeds were sown in a small
pot filled with nutrient-rich soil, and the pots were placed in a greenhouse maintained
at 23 ± 2 ◦C, 16 h light/8 h dark photoperiod, and 200 lux light intensity. At the 2–3-leaf
stage, wheat plants were treated with either double-distilled water (control) or 300 mM
NaCl solution. Leaves were collected at 2, 4, 6, 12, 24, and 96 h after the treatment, frozen
in liquid nitrogen and stored at −80 ◦C.

4.2. Mining and Phylogenetic Analysis of Wheat 14-3-3 Genes

To identify potential members of the wheat 14-3-3 gene family, published 14-3-3
amino acid sequences of A. thaliana, O. sativa, and G. max were used as queries in BLASTp
searches against the wheat genome IWGSC RefSeq v.1.1, with an E-value cut-off <10−10.
The HMM profile of the conserved domain of 14-3-3 (PF00244) was downloaded from
the PFAM 32.0 database [48] and used to examine all wheat protein sequences with the
HMMER search tool [49]. According to the sequence ID of the target candidate 14-3-3
protein, genomic sequences were isolated. Then, all matching sequences were validated
using the SMART website (Simple Modular Architecture Research Tool, http://smart.
embl-heidelberg.de/ (accessed on 13 February 2021)) and NCBI-CDD (National Center
for Biotechnology Information-Conserved domain database, https://www.ncbi.nlm.nih.
gov/Structure/bwrpsb/bwrpsb.cgi (accessed on 13 February 2021)) search to identify the
conserved 14-3-3 protein domain with default parameters, and proteins lacking the 14-3-3
domain were discarded [50,51]. Previously known 14-3-3 protein sequences from A. thaliana
(13), O. sativa (8), and G. max (18) used in this study were retrieved from the Phytozome
v.12 database (http://phytozome.jgi.doe.gov (accessed on 13 February 2021)) [52].

4.3. Amino Acid Sequence Alignment and Characterization of TaGRF Proteins

Multiple sequence alignments were performed using DNAMAN software (version
7.212, Lynnon Corp., Quebec, QC, Canada). Secondary structures and three-dimensional
models were constructed using Protein Homology/analogY Recognition Engine v.2.0
(Phyre2, http://www.sbg.bio.ic.ac.uk/phyre2/html/ (accessed on 13 February 2021)) [53].
The basic physicochemical properties of the 14-3-3 proteins, including MW, pI, and the
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number of amino acid residues, were examined using ProtParam on the ExPASy website (
https://www.expasy.org/vg/index/protein (accessed on 13 February 2021)) [54].

4.4. Gene Structure Analysis and Conserved Motif Prediction

The GFF3 annotation file was obtained from the wheat reference genome IWGSC Ref-
Seq v.1.1. Gene structure analysis was conducted using the Gene Structure Display Server
2.0 (GSDS, http://gsds.cbi.pku.edu.cn (accessed on 13 February 2021)) [55]. Conserved
motifs in protein sequences were analyzed by MEME (http://meme-suite.org/tools/meme
(accessed on 13 February 2021)) [56], with the maximum number of motifs set to 10.

4.5. Chromosome Distribution, Synteny, Ka/Ks, and Phylogenetic Analysis of TaGRFs

Information about the start and end of TaGRFs was extracted from the GFF3 file.
A physical map of TaGRFs was constructed using MapInspect software Version 1.0 (
http://www.softsea.com/review/MapInspect.html (accessed on 13 February 2021)) [57].
The TBtools software (https://github.com/CJChen/TBtools/ (accessed on 13 February
2021)) was used to determine the Ka and Ks values of TaGRFs, based on their coding
sequences (CDSs) [58]. Reference genome sequences of wheat sub-genome donors were
downloaded from NCBI, and 14-3-3 genes of each species were identified using the same
methods as those used for determining the TaGRFs. To determine the paralogous or
orthologous relationship between wheat TaGRFs and 14-3-3 genes of its sub-genome donors,
the general tool “all against all BLAST searches” was used, with an E-value of 1 × 10−10 and
sequence similarity > 75% [59]. The “circlize” package of the R program was used to draw
the relationship between wheat TaGRFs and 14-3-3 genes of its sub-genome donors [60].
Phylogenetic analysis was conducted using the ML method of MEGA7, based on the
aligned 14-3-3 sequences of T. aestivum, A. thaliana, O. sativa, G. max, P. trichocarpa, M.
truncatula, and V. vinifera, with 1000 bootstrap replications [61]. The phylogenetic tree file
was then uploaded to the Interactive Tree of Life (https://itol.embl.de/ (accessed on 13
February 2021)) for adjustment and modified [62].

4.6. Cis-Acting Element Analyses

The 1.5 kb genomic DNA sequences upstream of the start codon (ATG) of each TaGRFs
genes were extracted from the wheat genome sequence. Cis-regulatory elements in the
promoters were identified using the PlantCARE database (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/ (accessed on 13 February 2021)) [63].

4.7. Expression Analysis of TaGRF Genes under Abiotic Stress Conditions

To determine the expression patterns of 14-3-3 genes in wheat under salt stress, wheat
transcriptome data were downloaded from the NCBI Short Read Archive (SRA) database
and mapped onto the reference genome of wheat using hisat2. The FPKM (fragments
per kilobase of transcript per million) values obtained after “cufflinks” assembly were
log-transformed, and a heatmap was drawn using the RStudio software “pheatmap” to
display the expression profiles of TaGRFs [64,65].

4.8. RNA Isolation and qRT-PCR Analysis

Total RNA was extracted from leaf and root tissues of wheat plants treated with salt or
water (control) using the RNAprep Pure Plant Kit (Invitrogen). The isolated total RNA was
reverse transcribed to synthesize cDNA using the HiScript® II 1st Strand cDNA Synthesis
Kit (Vazyme) for qRT-PCR analysis. The cDNA was diluted to 100 ng/µL with RNase-free
water, and qRT-PCR was performed in a 10 µL reaction volume containing 5 µL ChamQ
Universal SYBR qPCR Master Mix, 0.5 µL each forward and reverse primer (10 µM), and
4 µL cDNA template. The following conditions were used for PCR: initial denaturation at
95 ◦C for 3 min, followed by 40 cycles of denaturation at 95 ◦C for 10 s, and annealing at
60 ◦C for 30 s. Fluorescence signals were collected after each cycle, and the temperature was
increased from 60 ◦C to 95 ◦C after each cycle for melting curve analysis. The EF-1α gene
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(GeneBank accession: BT009129.1) was used as a reference gene. The relative expression
level of genes was calculated using the 2−∆∆CT method [66]. Three technical repeats were
performed for each sample, and three independent replicates were carried out. Primers
used for qRT-PCR are listed in Table S7.

4.9. Virus-Induced Gene Silencing (VIGS) Assay in Wheat

There are four kinds of vectors involved in the VIGS test: α, β, γ, and γ-PDS. The gene
fragments were cloned into the γ vector to obtain a recombinant vector. The vector (α, β, γ,
γ-PDS, and recombinant vector) were linearized, and the linearized plasmid was treated
with RiboMAX ™ Large Scale RNA Production System-T7 and the Ribom7G Cap Analog
(Promega) to obtain capped in vitro transcription products. VIGS inoculation was carried
out at the 3-leaf stage [67]. Steps are as follows: Mix equal volumes of in vitro transcription
products α, β, γ (or γ-PDS /recombinant γ), dilute with DEPC water, add 1 × FES buffer
(0.1 M glycine, 0.06 M K2HPO4, 1% w/v tetrasodium pyrophosphate, 1% w/v bentonite,
and 1% w/v celite, pH 8.5), and then rubbed onto wheat leaves. BSMV: γ-PDS (PDS: wheat
phytoene desaturase gene) and BSMV: γ were used as controls for BSMV infection. After
inoculation, when BSMV: γ-PDS showed bleaching and yellowing phenomenon (about 10
days later), ddH2O and 300 mmol NaCl solution were used for irrigation. After 12 days of
irrigation, the curl phenotype of the fourth leaf was recorded and the curl rate was counted.
Curl rate is the percentage of curled leaves in all leaves.

4.10. Subcellular Localization of the TaGRF6-A Protein

The CDS of TaGRF6-A was cloned into the pQBV3 Gateway entry vector and then
cloned into the pEarlyGate101 destination expression vector [68]. The resulting TaGRF6-A-
YFP fusion construct was transformed into Agrobacterium tumefaciens strain GV3101, which
was grown on LB (add antibiotics: kanamycin, rifampicin, gentamicin) solid medium for
2 days. The positive colonies were verified by PCR and transferred to LB (add antibiotics:
kanamycin, rifampicin, gentamicin) liquid medium. The culture was grown for 16 h at
28 ◦C on a shaker until the optical density of the culture (measured at 600 nm absorbance;
OD600) reached 1.5–1.8. The cells were harvested by centrifugation at 4000× g for 15 min
and resuspended in acetosyringone (AS) culture solution. Then, 1 mL culture (OD600
= 0.8) was injected into the abaxial surface of the leaves of 3–4-week-old N. benthamiana
plants using a needleless syringe, followed by incubation in the dark for 4 h. At 48 h
post-inoculation, the distribution of the YFP signal in leaf epidermal cells was observed
under a confocal laser scanning microscope (Zeiss LSM710) [69].

4.11. Y2H, BiFC, and CoIP Assays

The CDSs of TaGRF6-A and TaMYB64 were cloned into pGBKT7 (BD) and pGADT7
(AD) vectors, respectively. According to the Yeast Protocols Handbook (Clontech, Mountain
View, CA, USA), the recombinant plasmids were transformed into the yeast AH109 strain
(Saccharomyces cerevisiae) and plated on an SD/-LW selection medium. The plates were
incubated at 30 ◦C for 3–5 days until the appearance of colonies. Single colonies were picked
using an inoculation ring and streaked onto SD/-LW and SD/-LWHA solid media. Plates
were incubated at 30 ◦C for 3–5 days, and photographs were taken to record the growth of
yeast colonies. T + P53 and T + lam served as positive and negative controls, respectively.
Full-length cDNA sequences of TaGRF6-A and TaMYB64 minus the stop codon were PCR
amplified using the Pfu polymerase (NEB). The PCR products were ligated into the pQBV3
vector and then cloned into pEarleyGate201-YN and pEarleyGate202-YC vectors using
the LR enzyme (Gateway LR Clonase II Enzyme mix, Invitrogen). The resulting plasmids
were transformed into A. tumefaciens strain GV3101 and then transiently expressed in N.
benthamiana leaves using the method described above. For Co-IP analysis, the PCR products
were constructed on pEarleyGate100 and pEarleyGate104 vectors. Using the method of
Qiao et al. [69], the protein was transiently expressed in N. benthamiana and the total protein
was extracted, and then incubated with HA magnetic beads (MBL, Tokyo, Japan) at 4 ◦C
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and enriched with magnetic beads on ice. The precipitated protein was then separated by
SDS-PAGE electrophoresis. Use anti-FLAG and anti HA antibody (MBL, Japan) to detect
the coprecipitation signal of TaMYB64-YFP-3FLAG and TaGRF6-A-YFP-HA.

4.12. Statistical Analysis

Student’s t-test were applied to test differences among treatments.
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Abstract: Melatonin, a widely known indoleamine molecule that mediates various animal and plant
physiological processes, is formed from N-acetyl serotonin via N-acetylserotonin methyltransferase
(ASMT). ASMT is an enzyme that catalyzes melatonin synthesis in plants in the rate-determining
step and is homologous to hydroxyindole-O-methyltransferase (HIOMT) melatonin synthase in
animals. To date, little is known about the effect of HIOMT on salinity in apple plants. Here, we
explored the melatonin physiological function in the salinity condition response by heterologous
expressing the homologous human HIOMT gene in apple plants. We discovered that the expression of
melatonin-related gene (MdASMT) in apple plants was induced by salinity. Most notably, compared
with the wild type, three transgenic lines indicated higher melatonin levels, and the heterologous
expression of HIOMT enhanced the expression of melatonin synthesis genes. The transgenic lines
showed reduced salt damage symptoms, lower relative electrolyte leakage, and less total chlorophyll
loss from leaves under salt stress. Meanwhile, through enhanced activity of antioxidant enzymes,
transgenic lines decreased the reactive oxygen species accumulation, downregulated the expression of
the abscisic acid synthesis gene (MdNCED3), accordingly reducing the accumulation of abscisic acid
under salt stress. Both mechanisms regulated morphological changes in the stomata synergistically,
thereby mitigating damage to the plants’ photosynthetic ability. In addition, transgenic plants also
effectively stabilized their ion balance, raised the expression of salt stress–related genes, as well as
alleviated osmotic stress through changes in amino acid metabolism. In summary, heterologous
expression of HIOMT improved the adaptation of apple leaves to salt stress, primarily by increasing
melatonin concentration, maintaining a high photosynthetic capacity, reducing reactive oxygen
species accumulation, and maintaining normal ion homeostasis.

Keywords: hydroxyindole-O-methyltransferase gene; melatonin; ROS; ABA; ion homeostasis;
amino acids

1. Introduction

Apple (Malus domestica Borkh.) is one of the main fruits in the world, the cultivation
in China is mainly concentrated in bohai Bay and Loess Plateau, which are two dominant
producing areas. Soil salinization in these areas is one of the main obstacles to the expansion
of apple eugenic cultivation areas [1]. The sustainable development of apple industry
urgently needs the support of apple salt tolerance strategy and technology.

Soil salinity is a progressively serious issue worldwide, as it hinders plant develop-
ment and causes yield losses [1]. The detrimental influence of NaCl stress on apple plants
has two primary aspects [2]. First, the excessive sodium ions accumulation results in a
significant decrease in the effective use of water [3], second, Na+ and Cl− ions toxic effects
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lead to ion imbalances [4]. The resulting disturbances in most physiological processes
include growth inhibition, reduction in photosynthetic capacity, destruction of membranes,
changes in enzymatic activities, and ionic imbalances [5]. These phenomena emphasize the
urgency of improving apple plants salt stress tolerance.

Photosynthesis supplies the energy source for plant normal growth, while the pho-
tosynthetic apparatus are sensitive to external stress [6]. Salinity stress reduces leaf pho-
tosynthetic capacity through both stomatal and non-stomatal mechanisms [7]. Stomatal
limitations result from exposure to high salt concentrations; plants become dehydrated due
to a reduction of osmotic potential and turgor pressure, causing a decrease in stomatal aper-
ture and reducing CO2 assimilation capacity, which in turn reduce net photosynthesis [8].
Non-stomatal limitations are related to damage to photosystem II (PSII), CO2 assimilation
rate, and electron transport chain (ETC) efficiency [9].

Plants take up specialized approaches to cope with high salt concentrations. Reactive
oxygen species (ROS) production is one of the initial reactions caused by salinity [10], and
excessive ROS accumulation can initiate lipid peroxidation processes and increase the
concentration of malondialdehyde (MDA), ultimately increasing the plasma membrane
permeability, causing intracellular electrolytes leakage [11]. To mitigate ROS damage to
various tissues, plants trigger salt-induced antioxidant systems, increasing the activity of
superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and related
enzymes. Together, these antioxidant enzymes interact to scavenge ROS and improve plant
salt tolerance [12]. Studies have shown that ROS accumulation can act as a positive modifier
to mediate abscisic acid (ABA) signal and response. As an abiotic stress phytohormone,
ABA has a central function in salt stress defense [13]. Under salt stress, the CLAVATA3/ESR-
RELATED 25 (CLE25) peptide may be secreted and moved to the shoots where it is
identified by the receptors BARELY ANY MERISTEM 1 (BAM1) and BAM3, thus promoting
the expression of the ABA biosynthesis gene NCED3 [14]. This is one of the mechanisms of
plant root from the dehydration signal under salinity condition.

The sequestration of toxic ions and the biosynthesis of osmotic substances in plants
under salt stress are related to improved osmotic stress tolerance [15]. The intracellular
ion balance does not allow toxic ions to accumulate in the cytoplasm and requires net Na+

and Cl− uptake and subsequent vacuolar separation [16]. Appropriate Na+/K+ home-
ostasis maintains the normal physiological metabolism of plants [17], and the absorption,
biosynthesis, and transformation of amino acids under stress can alleviate associated
damage [18]. As a crucial mechanism for plants response to salt stress, SOS transports
excess Na+ to the extracellular space using the plasma membrane proton gradient [15,19].
NHX family members act on the tonoplast membrane, and the activity of NHX1, NHX2,
and NHX4 hinges on the proton gradient to achieve Na+ compartmentalization [20]. The
activity of low-affinity K channel (AKT) is also closely associated with salt tolerance. Free
amino acid concentrations also respond sensitively to salinity stress. For example, it is
common that physiological response of different plants accumulating Pro under salinity
condition [21]. Salt stress results in upregulation of genes in the aromatic amino acid (AAA)
biosynthetic pathway, increasing the AAA concentration and the production of related
secondary metabolites such as auxins, alkaloids, and flavonoids, thereby improving abiotic
stress tolerance [22].

Multitude studies have demonstrated that melatonin is an indole molecule with mul-
tiple regulatory functions that has a considerable role in protecting plants from abiotic
stresses, including salinity–alkalinity, drought, temperature extremes, oxidative stress,
and UV radiation [23–27]. The biosynthetic pathway of plant melatonin is well charac-
terized. First, tryptophan decarboxylase (TDC) promotes the conversion of tryptophan
to tryptamine. Then serotonin is produced by the hydroxylation reaction of tryptophan
5-hydroxylase (T5H), and finally, arylalkylamine-N-acetyltransferase (AANAT) and N-
acetylserotonin methyltransferase (ASMT) catalyze the synthesis of plant melatonin [26,27].
At present, there are abundant researches show that exogenous melatonin can improve
plant resistance under salt-alkali stress [24–26]. Among them, Li et al. [24] found that
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exogenous melatonin by enhancing the activity of antioxidant enzymes and stabilizing
the ion balance to enhance the salt tolerance of Malus hupehensis. Recently, several studies
have documented the physiological functions of melatonin in plants with heterologous
overexpression of melatonin biosynthetic genes [28]. For example, Huang et al. [29] demon-
strated that transfer ovine AANAT, HIOMT genes into switchgrass improved its growth
and salinity endurance under salt stress. Droxyindole-O-methyltransferase (HIOMT), en-
codes the last enzyme catalyzes the synthesis of animal melatonin, is a homolog of ASMT
in apple plants, plays a rate-limiting role in the melatonin synthesis pathway. Its function
is to convert N-acetyl serotonin into melatonin [30,31]. In our research team, Liu et al. [31]
previously found that ectopic expression AANAT and HIOMT in apple plants mainly
by scavenging reactive oxygen species and increasing total phenolic content to improve
resistance to UV-B stress. Although the regulation of HIOMT on the UV-B stress response of
apples has been described, the mechanism by which HIOMT acts in Malus domestica under
salinity condition has not yet been known clearly. Here, we used hydroponic methods to
explore in detail the mechanisms by which HIOMT heterologous expression impacts the
salinity response of Malus domestica.

2. Results

2.1. Heterologous Expression of HIOMT Improved Apple Salt Stress Tolerance and Increased
Melatonin Concentration in Apple Leaves

In GL-3 (Malus domestica Borkh.) plants, salinity induced the heterologous expres-
sion of the HIOMT homolog MdASMT; its expression was highest at 9 h, when it was
upregulated 5.39-fold relative to unstressed controls (Figure 1A). To explore the possible
physiological role of HIOMT in the apple salinity response, we exposed heterologous
expression of the HIOMT lines previously obtained to salt stress under hydroponic con-
ditions [31]. No notable deviations between the transgenic lines and the wild type (WT)
under normal nutritional conditions. By contrast, all genotypes exhibited damage after
NaCl treatment for 15 d. Nonetheless, all leaves of the WT exhibited poorly wilting and
necrosis, while only the upper leaves of the transgenic lines exhibited brown spots or
chlorosis (Figure 1B). These findings demonstrated that heterologous expression of HIOMT
conferred improved apple plants salt stress tolerance.

To study variations in melatonin metabolism under salinity condition, we surveyed
the transcript levels of four core melatonin synthesis genes. Under 1/2 nutrient solution
culture condition, their expression levels were low. Under salinity conditions, all melatonin-
related genes were induced, and the levels in transgenic lines were higher than those in
the WT significantly (Figure 1C). We also measured melatonin concentration by LC-MS
and found that it was significantly lower in WT plants in than in transgenic lines under
normal and salinity conditions. The melatonin concentration upregulated by salinity and
was highest in the H5 lines, reaching 1.81 ng g−1 FW (Figure 1D). These findings showed
that heterologous expression of HIOMT enhanced remarkably increases in the endogenous
melatonin concentration of apple leaves under salinity condition.

2.2. Heterologous Expression of HIOMT Promoted Better Growth and Development of Plants
under Salinity Stress

After salt treatment, the shoot height (SH) did not differ significantly among lines, but
there were differences in root length (RL), total fresh weight (TFW), and total dry weight
(TDW). RL increased under salt stress, and transgenic lines had greater RL than the WT.
We also measured leaf number (LN), leaf fresh weight (LFW), and leaf dry weight (LDW)
(Table 1). Transgenic lines continued to grow new leaves under salt stress, and their LNs
were higher than that of the WT; this explains why total plant weight was lower in WT that
in the transgenic lines. In comparation with control conditions, the TFW of WT plants after
salinity treatment decreased to 47.9%, whereas that of H1 decreased to 65.9%, that of H2
decreased to 68.2%, and that of H5 decreased to 65.0% (Table 1). These findings illustrated
that heterologous expression of HIOMT may effectively moderate some of the defective
influences of salinity on the growth of apple lines.
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Figure 1. Heterologous expression of HIOMT confers enhanced salinity tolerance to apple. (A) The
expression of MdASMT after salt treatment in GL-3 apple; (B) phenotypes of WT and transgenic
lines under control and 120 mM NaCl condition. Bars: 50 mm; (C) The expression of MT-related
synthesis genes under control and salinity conditions; (D) the concentration of melatonin after
salinity treatment. Values are noted as means of 3 replicates ± SE. Based on Tukey’ s multi-range test
(p < 0.05), not the same lowercase letters were used to represent statistically significant differences.
WT, wild type. H1, heterologous expression of HIOMT line 1. H2, heterologous expression of HIOMT

line 2. H5, heterologous expression of HIOMT line 5. CK, control group. ST, salt stress group.

Table 1. Stem height (SH), root length (RL), leaf number (LN), leaf fresh weight (LFW), leaf dry weight (LDW), total fresh
weight (TFW), total dry weight (TDW), relative growth of heterologous expression of HIOMT apple plants after 15 d under
control, and salinity conditions.

Treatment SH (cm) RL (cm)
LN (No.
Plant−1)

LFW (g) LDW (g) TFW (g) TDW (g)
Relative
Growth

CK-WT 13.97 ± 0.91 a 7.50 ± 1.78 c 12.50 ± 1.05 a 1.32 ± 0.10 a 0.45 ± 0.05 a 2.11 ± 0.16 a 0.62 ± 0.05 a
47.9%ST-WT 9.84 ± 0.26 b 8.60 ± 1.36 b,c 8.17 ± 0.75 c 0.51 ± 0.11 c 0.21 ± 0.05 c 1.01 ± 0.22 c 0.31 ± 0.06 c

CK-H1 13.27 ± 1.07 a 9.05 ± 0.82 b,c 13.00 ± 0.89 a 1.34 ± 0.16 a 0.43 ± 0.07 a 2.11 ± 0.14 a 0.61 ± 0.08 a
65.9%ST-H1 10.27 ± 0.42 b 10.86 ± 2.04 a 10.00 ± 1.41 b 0.82 ± 0.21 b 0.32 ± 0.08 b 1.39 ± 0.22 b 0.45 ± 0.08 b

CK-H2 13.32 ± 1.28 a 8.68 ± 1.39 b,c 12.50 ± 1.05 a 1.36 ± 0.13 a 0.48 ± 0.06 a 2.20 ± 0.25 a 0.64 ± 0.08 a
68.2%ST-H2 9.97 ± 0.33 b 10.30 ± 0.97 a,b 9.83 ± 1.47 b 0.89 ± 0.13 b 0.35 ± 0.07 b 1.50 ± 0.15 b 0.48 ± 0.08 b

CK-H5 13.90 ± 1.45 a 8.48 ± 1.53 b,c 13.67 ± 1.63 a 1.40 ± 0.17 a 0.47 ± 0.06 a 2.26 ± 0.24 a 0.64 ± 0.08 a
65.0%ST-H5 10.41 ± 0.56 b 9.67 ± 0.53 a, b 9.50 ± 1.05 b 0.85 ± 0.12 b 0.34 ± 0.07 b 1.47 ± 0.19 b 0.48 ± 0.09 b

Values are noted as means of 6 replicates ± SE. Based on Tukey’ s multi-range test (p < 0.05), not the same lowercase letters were used to
represent statistically significant differences.

2.3. Heterologous Expression of HIOMT Changed REL, Root Vitality, and MDA Concentration
in Apple

Plant abiotic stress tolerance be assessed by basic physiological indicators such as
relative electrolyte leakage rate (REL), root vitality and MDA concentration. No clearly
differences in the three indicators among the control lines. After salt stress, REL was
21.76–28.41% lower in transgenic lines than in WT (Figure 2A). Root vitality increased, and
transgenic lines showed a greater increase (Figure 2B). Finally, the MDA concentration of
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the WT was higher than that of the transgenic lines significantly, which was 1.11-fold that
of the unstressed control (Figure 2C). These results showed that heterologous expression of
HIOMT could improve the endurance of apple plants to salinity.

Figure 2. Heterologous expression of HIOMT had an impact on REL, Root vitality and MDA
concentration under control and salinity conditions. (A) Leaf relative electrolyte leakage (REL);
(B) root vitality and (C) leaf MDA concentration. Values are noted as means of 3 replicates ± SE.
Based on Tukey’ s multi-range test (p < 0.05), not the same lowercase letters were used to represent
statistically significant differences.

2.4. Heterologous Expression of HIOMT Enhanced the Antioxidant Activity of Apple Plants under
Salinity Stress

According to the histochemical staining results after salt stress, the WT apple leaves
showed darker blue and yellow colors after staining with 3,3′-diaminobenzidine (NBT) and
nitro blue tetrazolium (DAB) (Figure 3A,B). We further confirmed it by quantitative analysis.
The transgenic lines accumulated significantly fewer ROS than the WT (Figure 3C,D).
In addition, after salt treatment, the SOD, POD, and APX activities of all plants were
significantly upregulated and were higher in the transgenic lines than in the WT obviously
(Figure 3E–G). Therefore, under salinity condition, heterologous expression of HIOMT
enhanced the activity of antioxidant enzymes, enabling apple plants to avoid excessive
ROS accumulation.

Figure 3. Accumulation of active oxygen and antioxidant enzyme in HIOMT transgenic and WT plants under control and
salinity conditions. (A,B) Chemical staining of O2

− and H2O2 in transgenic lines and WT apple leaves under control and
salinity condition; (C,D) O2

− and H2O2 concentrations in apple leaves with and without salinity treatment; the activity of
(E) SOD; (F) POD and (G) APX in transgenic Lines and WT apple leaves under control and salinity condition. Values are
noted as means of 3 replicates ± SE. Based on Tukey’ s multi-range test (p < 0.05), not the same lowercase letters were used
to represent statistically significant differences.
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2.5. Heterologous Expression of HIOMT Enabled Apple Plants to Maintain Higher Photosynthetic
Capacity under Salinity Stress

We measured the photosynthetic parameters of the plants every three days through-
out the entire salinity stress process. Under control conditions, no significant differences
among the genotypes in Pn (net photosynthetic rate), Ci (intercellular CO2 concentration),
gs (stomatal conductance), or Tr (transpiration rate). Under salt treatment, all four pa-
rameters had decreased rapidly in all lines by the third day, but those of the WT had
decreased more (Figure 4A–D). The downward trend slowed after day 3, but the values of
all parameters were significantly lower in the WT than in the transgenic plants. The Pn of
the transgenic plants was about 1.7 times that of the WT. Total chlorophyll concentration
also reduced in answer to salt stress, but HIOMT heterologous expression alleviated this
decrease (Figure 4E).

Figure 4. Influences in photosynthetic capacity of heterologous expression of HIOMT in apple under control and salinity
conditions. (A) Changes in Pn; (B) gs; (C) Ci and (D) Tr; (E) the concentration of total chlorophyll; (F) chlorophyll
fluorescence images; (G) Fv/Fm ratios of WT and transgenic lines treated with and without salinity. Values are noted
as means of 5 replicates ± SE. Based on Tukey’ s multi-range test (p < 0.05), not the same lowercase letters were used to
represent statistically significant differences.

Photosystem II (PSII) is considered to be the primary site of photoinhibition in plants.
We measured its maximum photochemical efficiency (Fv/Fm) and found that under salinity
condition, the Fv/Fm values of the three transgenic lines decreased by about 3.9%, 4.5%,
and 5.6%, whereas that of the WT was reduced to 0.6774, a decrease of 13.6% (Figure 4F,G).
These data show that the heterologous expression of HIOMT could alleviate damage to
plant photosynthetic capacity under salt treatment and enhance plant salt tolerance to
some extent.

2.6. Heterologous Expression of HIOMT Alleviated Stomatal Closure in Apple under
Salinity Stress

Plant stomata undergo a series of changes under salt stress. We found that stomatal
length, width, and aperture of apple leaves decreased after salt treatment compared with
normal conditions. Stomatal contraction was most obvious in the WT (Figures 5 and 6A–D).
The stomatal density of all lines increased under salt stress relative to normal conditions,
and there were no distinct differences among the lines. ABA mediates the response
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of stomatal aperture to changes in the external environment. We measured leaf ABA
concentration after salt treatment and found that under normal conditions, little difference
in ABA concentration among genotypes. The ABA concentration increased in all lines after
salt treatment, but this increase was greatest in the leaves of WT plants; their ABA levels
were 1.2 times those of the transgenic plants (Figure 6F). We measured the transcript levels
of MdNCED3, a key gene that induces ABA biosynthesis under stress. We found that salt
treatment significantly increased its expression, but its expression was significantly lower
in transgenic lines than in the WT (Figure 6G). These findings indicated that heterologous
expression of HIOMT could alleviate the ABA concentration increasement in and the
decrease in stomatal aperture under salinity condition.

Figure 5. Changes in stomatal morphology, scanning electron microscopy (SEM) images of stomata
from HIOMT transgenic and WT plants under control and salinity conditions. (A–H) Control, changes
in stomatal morphology of WT, H1, H2, H5 under control condition, (A–D) magnification 300×,
scale bars = 50 µm; (E–H) magnification 3000×, scale bars = 5 µm. (I–P) Salt, changes in stomatal
morphology of WT, H1, H2, H5 under salt condition, (I–L) magnification 300×, scale bars = 50 µm;
(M–P) magnification 3000×, scale bars = 5 µm.
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Figure 6. Changes in ABA concentration and ABA synthesis genes expression of WT and HIOMT

plants under control and salinity conditions. Changes in (A) stomatal density, (B) stomatal length,
(C) stomatal width and (D) stomatal aperture under salt stress. (E) the concentration of ABA; Changes
in expression of (F) MdNCED3. Values are noted as means of 3 replicates ± SE. Based on Tukey’
s multi-range test (p < 0.05), not the same lowercase letters were used to represent statistically
significant differences.

2.7. Heterologous Expression of HIOMT Reduced the Na+/K+ Ratio in Apple Plants under
Salinity Stress

Under normal conditions, levels of Na+ ions were very low in the leaves of transgenic
and WT plants, and no significant differences among the lines. The K+ ion concentration
was 23.4–26.5 mg g−1 DW. Plants were under NaCl stress for 15 d, the Na+ ion concentra-
tion of all plant leaves increased significantly, but that of the three transgenic lines was
significantly lower (74.8%, 93.7%, and 82.5%) than that of the WT. The K+ ion concentration
declined over time, and the final Na+/K+ ratio of the WT was much higher than that of the
transgenic lines (Figure 7A–C). We selected key salt stress–related genes for quantitative
analysis, and we found that the expression levels of MdSOS1, MdSOS2, and MdSOS3 in
the SOS pathway were all upregulated in leaves under salinity condition (Figure 7D–F).
The expression levels of MdNHX1, MdNHX2, and MdNHX4 also showed the same trend
(Figure 7G–I). At the same time, the expression of a membrane protein involved in K+ ion
transport in leaves (AKT potassium transport protein) was also significantly upregulated
(Figure 7J). These results showed that heterologous expression of HIOMT stabilized the
leaf Na+/K+ ratio under salinity condition.
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Figure 7. The changes of Na+ and K+ of WT and HIOMT plants leaves and the expression of salt-
related genes of WT and HIOMT plants leaves under control and salinity conditions. (A) Changes
in concentrations of Na+; (B) concentrations of K+ and (C) Na+/K+ ratios in the leaves of WT and
transgenic lines. Changes in expression of (D) MdSOS1; (E) MdSOS2; (F) MdSOS3; (G) MdNHX1;
(H) MdNHX2; (I) MdNHX4; (J) MdAKT1; Values are noted as means of 3 replicates ± SE. Based on
Tukey’ s multi-range test (p < 0.05), not the same lowercase letters were used to represent statistically
significant differences.

2.8. Heterologous Expression of HIOMT Mediated Amino Acid Metabolism under Salinity Stress

Under control conditions, there were no clear diversities in the concentration of amino
acid between the lines (Figure 8), but there were significant differences between the trans-
genic and WT plants under salt stress. The concentrations of alanine (Ala), aspartic acid
(Asp), and threonine (Thr) were lower after stress than under control conditions. The
concentration of Ala and Thr in the transgenic lines had dropped more, whereas the con-
centration of Asp was slightly higher in the transgenic lines than in the WT (Figure 8A,B,G).
After stress, the concentration of most amino acids increased; these included lysine (Lys),
phenylalanine (Phe), proline (Pro), tyrosine (Thr), and tryptophan (Tyr). Their concen-
tration increased more in the WT and were 18.5, 7.8, 12.4, 13.1, and 10.9 times those
of the unstressed control; proline concentration increased to 149.4 µg/g. The amino
acid concentration of the transgenic lines were lower than those of the WT significantly
(Figure 8D–F,H,I). The leucine (Leu) concentration of the WT and H5 was higher after
stress than in the unstressed control; the Leu concentration of H5 increased less, the Leu
concentration of H1 and H2 was reduced, and the Leu concentration of WT was the highest
(Figure 8C). These results showed that heterologous expression of HIOMT in apples altered
amino acid metabolism under salt stress.
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Figure 8. Changes in the concentration of amino acids in the leaves of WT and
HIOMT plants after salt stress. The concentration of (A) Alanine, (B) Aspar-
tic acid, (C) Leucine, (D) Lysine, (E) Phenylalanine, (F) Proline, (G) Threonine,
(H) Tryptophan, (I) Tyrosine. Values are noted as means of 3 replicates ± SE. Based on
Tukey’ s multi-range test (p < 0.05), not the same lowercase letters were used to represent statistically
significant differences.

3. Discussion

There is abundance evidence conducted studies the important roles of melatonin
in plant tolerance to stressors [23,27,28]. HIOMT is an enzyme that has a rate-limiting
effect in the process of human melatonin synthesis. The genes encoding HIOMT enzymes
was transferred into GL-3 apple, which increased endogenous melatonin concentration in
plants significantly [31]. The ability of exogenous melatonin to improve Malus hupehensis
endurance to salinity has been reported previously [24]. However, barely known about the
specific function of HIOMT in the apple salinity response. At this respect, we discovered
that heterologous expression of HIOMT induced melatonin-related genes up-regulated
under salt stress (Figure 1A,C), and we then used hydroponic salt treatment to understand
of the mechanisms by which HIOMT functions in response to salinity stress.

We discovered that the melatonin concentration enhanced in all lines under salin-
ity condition, but it was much lower in WT than in transgenic lines under both normal
and salinity conditions (Figure 1D). This result is in accordance with antecedent research
showing that changes in the external environment cause plants to activate the endogenous
melatonin regulatory pathway and change their hormone levels to improve stress toler-
ance under various stresses, including salt stress [32–34]. A number of other studies have
also confirmed that transgenic plants with foreign genes can exhibit increased melatonin
production and improved stress tolerance [2,35]. Basic salt stress phenotypes include
plant growth inhibition, dysplasia, metabolic disorders, and ion toxicity [36]. The clearest
manifestation of salt stress is chlorosis and wilting of leaves (Figure 1B). Electrical conduc-
tivity and MDA concentration can also reflect the severity of stress damage [1]. These two
indicators were lower in the transgenic lines than in the WT significantly (Figure 2A,C),
and transgenic lines showed higher levels of growth, root activity, and other physiological
indicators (Table 1 and Figure 2B). These findings show that the heterologous expression
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of HIOMT increased melatonin concentration, reduced the inhibitory effect of salinity on
plant development, and alleviated the symptoms of salt damage.

Salinity leads to damage for the photosynthetic system, inhibits photosynthetic elec-
tron transfer, and promotes excessive ROS accumulation [11]. The antioxidant enzyme
system has vital function in removing excess ROS from plant tissues [10]. Chen et al. [37]
discovered that exogenous melatonin improved the activity of antioxidant enzymes in
corn seeds under salinity condition, thereby increasing the salt tolerance of corn. They also
discovered that after salinity stress, the concentration of H2O2 and O2

− was lower in apple
leaves that overexpressed HIOMT than in the WT, and the activities of the ROS scavenging
enzymes SOD, POD, and APX were significantly higher (Figure 3A–G). These results indi-
cated that HIOMT heterologous expression could increase the antioxidant enzyme activity
in apple leaves, removing excess ROS and preventing plants from oxidative damage under
salt stress.

Reductions in Pn under salt stress are related to changes in leaf anatomical charac-
teristics [5]. The combination of stomatal closure, chlorophyll loss, and other metabolic
changes may lead to a decline in photosynthetic capacity [2]. Here, we found that HIOMT
heterologous expression reduced stomatal contraction (Figure 5A–P and Figure 6A–D)
and total chlorophyll loss under salt stress (Figure 4E), and this may interpret the stronger
photosynthetic capacity of the transgenic lines (Figure 4A–D). Some degree of stomatal
closure under salt stress is a self-protective mechanism [38]. In a high-salt environment,
stomatal closure prevents the water lost through transpiration from exceeding the water
absorbed by the roots, thereby preventing dehydration. An increase in stomatal density
enhances the capacity for CO2 assimilation and improves the stress resistance of plants [39].
Reductions in chlorophyll concentration and chlorophyll fluorescence parameters occur
simultaneously, and chlorophyll fluorescence can provide useful information on changes
in photosynthetic performance under stress [40]. Here, we found that transgenic lines also
had higher Fv/Fm data than the WT under salt stress (Figure 4F,G). Wei et al. [41] proved
that exogenous melatonin appliance helped apple leaves to maintain a higher Fv/Fm value
when subjected to photooxidative stress, a result consistent with our present findings.

ABA is closely related to plant stress response [42]. ABA accumulation can cause
stomatal closure to prevent water loss while also mediating related genes to facilitate
leaf osmotic regulation [43]. To explore stomatal function under salt stress, we measured
leaf ABA concentration and found that it was consistent with the changes in stomatal
aperture of each line (Figure 6E,F), suggesting that heterologous expression of HIOMT can
alter the plant’s endogenous ABA concentration to control changes in stomatal behavior.
Sato et al. [44] reported that NCED3 may be a key enzyme that promotes ABA biosynthesis
in Arabidopsis. Our results show that MdNCED3 was significantly upregulated under salt
stress, but heterologous expression of HIOMT inhibited its expression, compliance with
the discoveries of Li et al. [45], in which exogenous melatonin restrained the expression of
the ABA synthesis gene MdNCED3 under drought.

Under salinity condition, the absorption and regulation of Na+ and K+ ions is an
essential ingredient of plant salt tolerance [17,46]. Here, we gauged the concentrations
of Na+ and K+ in the leaves and found that the transgenic lines had strong salt tolerance
(Figure 7A–C). This is related to their restriction of Na+ absorption, stable K+ concentration,
and maintenance of Na+/K+ balance under salinity condition [24]. The SOS pathway uses
the driving force of the plasma membrane proton gradient to discharge excess Na+, thereby
reducing the toxic effect of intracellular Na+ [47]. The NHX pathway acts mainly in concert
with the H+-ATPase and H+-PPase proton pumps on the tonoplast membrane, sequestering
Na+ from the cytoplasm into the vacuole and thereby reducing its potential toxicity [48].
Here, we discovered that salt treatment improved the expression of SOS genes apple plants
leaves (Figure 7D–F). The expression of NHX genes showed a similar trend in all lines
(Figure 7G–I), indicating that the Na+ efflux ability of the transgenic lines was stronger,
enabling them to effectively alleviate the accumulation of Na+ in leaves under salinity
condition. AKT1 is an internal K+ ion current channel, and overexpression of SsAKT1
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in Suaeda salsa promoted the accumulation of potassium ions under salinity condition
and enhanced plant salt endurance [49]. Therefore, we also measured the expression
levels of MdAKT1 genes and found that their upregulation under salt stress was higher in
transgenic lines than in the WT (Figure 7J). Based on these results, we hypothesize that the
heterologous expression of HIOMT helps to maintain Na+/K+ homeostasis by mediating
the expression of genes connected with ion transport, thereby alleviating symptoms of leaf
salt damage. The specific regulatory mechanism requires further exploration.

As the basic unit of biologically functional proteins, amino acids have vital functions in
plant signal transduction and stress resistance [50]. Here, we found that the increase in Pro
under salinity condition was much more in the WT than in the transgenic lines (Figure 8F).
This result is consistent with the review by Mansour and Ali [51], who reported that Pro
overproduction is positively correlated with the salt stress pressure experienced by plants.
For example, Kanawapee et al. [52] obviously showed that the proline accumulation under
salt stress showed a trend opposite to that of salt tolerance level and was consistent with
changes in the Na+/K+ ratio. Here, we suspect that the slight increase in Pro concentration
in transgenic lines under salt stress occurred because the 120 mM salt concentration caused
a lighter stress, and the transgenic plants were able to adjust their osmotic potential,
whereas the WT could not. In addition to proline, we also focused on three AAAs (Trp, Tyr,
and Phe) whose concentration showed consistent changes with salt stress (Figure 8E,H,I).
Studies have shown that diverse secondary metabolites are derived from these AAAs [22].
The synthesis of auxins and alkaloids requires Trp as a precursor material, Tyr is the
precursor of betaine, and anthocyanins, flavonoids, and others are derivatives of Phe; all
of these secondary metabolites play important roles in protecting plants from stress [53].
Trp, a precursor for melatonin synthesis, can be converted to tryptamine via TDC to
synthesize melatonin [54]. We found that the expression level of MdTDC1 was much
higher in transgenic lines than in the WT (Figure 1B), while the Trp concentration of them
was lower than WT (Figure 8H). This result may be due to Trp in the transgenic lines
be converted to melatonin by MdTDC1 and other melatonin synthases, thereby further
improving the resistance of transgenic lines to salt stress. In summary, heterologous
expression of HIOMT can directly or indirectly mediate amino acid metabolism to increase
plant stress adaptability.

4. Materials and Methods

4.1. Plant Materials and Treatments

Tissue-cultured apple plants of M. domestica ‘GL-3’ lines (WT) and transgenic GL-3
plants (heterologous expression HIOMT lines) were acquired from the study in our lab-
oratory previously, the heterologous expression levels of HIOMT (Accession#M83779)
lines were increased by 52.06, 203.05 and 90.92-fold in the H1, H2 and H5 lines, respec-
tively [31]. After 30 d of subculturing and 40 d of rooting, tissue culture seedlings were
transplanted to 12 × 12 cm2 nutrition bowls filled with the mixture of soil, vermiculite,
perlite (v1:v2:v3 = 4:1:1). The bowls were placed in a constant temperature light incubator.
After the seedlings had grown about 7–8 fully expanded true leaves, they were moved to
hydroponic containers (35 × 28 × 15 cm3) that were wrapped in black plastic and contained
6.5 L half concentration Hoagland’s nutrient solution. The pH of the nutrient solution
was adjusted to 6.0 ± 0.2 with H3PO4, and it was changed every 5 d. The culture system
was designed and improved according to Li et al. previous experiments [24]. The exper-
iments performed in a hydroponic laboratory in Northwest A & F University Yangling
(34◦20′ N, 108◦24′ E), Shaanxi Province, China. Plants growth with condition included
a 14 h photoperiod (the light intensity was 160 µmol m−2·s−1), 24 ± 2 ◦C/16 ± 2 ◦C
day/night and 60 ± 5% relative humidity [55]. After 2 weeks of pre-adaptation, plants
of consistent size and healthy were picked for treatment. The seedlings were divided
into two groups, each containing 45 plants: (1) the control group (CK) was grown in half
concentration Hoagland nutrient solution as the control, and (2) the salt stress group (ST)
was grown in half concentration Hoagland nutrient solution supplemented with 120 mM
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NaCl. Both group with a pH of 6.5 ± 0.2. The nutrient solution was updated at an interval
of 3 d and treated it for 15 d.

After salt application, control and treated plant leaf tips were taken for MdASMT
expression analysis. At the end of the treatment, the 4th to 6th leaves of the shoot tips were
collected from 12 plants per line and stored at −80 ◦C for subsequent index determination.

4.2. Determination of Melatonin

The extraction steps of melatonin from leaves referred to the description of Pothinuch
and Tongchitpakdee [56]. In brief, a 0.3-g frozen leaf tissue was weighed, each treatment
was set up with 5 biological replicates. 5 mL methanol was added; the mixture was
sonicated at 4 ◦C and 40 Hz for 40 min. The centrifuge was set to 10,000 g and 4 ◦C for
15 min of centrifugation. All the supernatant was collected, placed in a new centrifuge
tube, and dried under nitrogen. After reconstitution in pure methanol, the melatonin
concentration in the reconstituted solution was determined by high performance liquid
chromatography tandem mass spectrometry (HPLC-MS/MS), the above steps refer to
Zhao et al. [57]. Three analytical replicates were selected from the measurement results
for analysis.

4.3. Growth Measurements

Six plants of each genotype were selected for growth measurements after 15 d of
hydroponic treatment. The height from the junction of the rhizome to the top bud of the
plant was measured with an iron ruler; the leaves number was accurately counted; and the
fresh and dry weights of each plant were recorded [58]. The formula for calculating the
relative growth rate was as follows: the average weight of the treated plants divided by the
average weight of the control plants.

4.4. Measurement of Relative Electrolyte Leakage, Root Vitality, and MDA Concentration

The REL of control leaves, plant leaves under salt stress, and double distilled water
were recorded as S1, S2, S0, respectively, refer to the methods of Dionisio-Sese and Tobita
for relative conductivity measurement, and calculate REL = S1−S0/S2−S0 × 100%. [59].
After 15 d, white roots were harvested from 5 individual plants and stained with triphenyl-
tetrazolium chloride as described by Gong [34]. Malondialdehyde (MDA) concentration
was measured using a test kit (Suzhou Coming Biotechnology) according to the instructions
of manufacturer. Three analytical replicates were selected from the measurement results
for analysis.

4.5. Qualitative and Quantitative Determination of H2O2 and O2
−

At the end of the treatment, 5–8 fully developed mature leaves were obtained from
5 plants per line for histochemical staining with DAB and NBT. Tissue was decolorized
thoroughly to observe the accumulation of H2O2 and O2

− as described previously [60].
Quantitative analysis of each concentration was performed with a test kit (Suzhou Comin
Biotechnology). Three analytical replicates were selected from the measurement results
for analysis.

4.6. Determination of Antioxidant Enzyme Activity

After 15 days of treatment, the frozen sample of the leaves was ground into powder,
weighed 0.1 g into a 2 mL centrifuge tube, each treatment was set up with 3 biological
replicates. Then used a test kit (Suzhou Comin Biotechnology) according to the instructions
of manufacturer to determine the enzyme activities of SOD, POD, and APX, three replicates
for each treatment [61]. Three analytical replicates were selected from the measurement
results for analysis.
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4.7. Quantification of Photosynthetic Parameters

During the whole process of salt treatment, every three days we measured Pn, Ci, gs,
and Tr using a CIRAS-3 portable photosynthesis system (CIRAS-3, PP Systems, Amesbury,
MA, USA) between 9:00 and 11:00. The instrument parameter setting referred to the
description of Liu et al. [55]. For each treatment, 5–8 functional leaves at the same position
are selected for the measurement of photosynthetic parameters. Five analytical replicates
were selected from the measurement results for analysis.

4.8. Chlorophyll Concentration and Fv/Fm Measurements

Chlorophyll concentration was measured using the method of Arnon [62]. In brief,
8 mL 80% acetone was added to 0.1 g fresh leaves in the dark for at least 24 h to extract
pigments, and the mixture was shaken 3–4 times during this period until the leaves turned
white. Each treatment was set up with 3 biological replicates. The optical density values
were measured at 663, 645, and 470 nm with a UV-2250 spectrophotometer (Shimadzu,
Kyoto, Japan).

To measure chlorophyll fluorescence, fully expanded leaves with minimal salt damage
from the same position on 5 plants were wrapped in tin foil. After 20 min of dark adap-
tation, the leaves were cut and placed into the chlorophyll fluorescence imaging system
(IMAGING-PAM, Heinz Walz, Effeltrich, Germany) to monitor the maximum quantum
efficiency of photosystem II (Fv/Fm). The parameters of the imaging system were set as
follows: meas. light 3, act. light 5, ext. light 3, int 10, and FoFm 6 [63]. Five analytical
replicates were selected from the measurement results for analysis.

4.9. Stomatal Observations by Scanning Electron Microscopy (SEM)

The measurement of stomatal characteristics refered to Bai et al. [64]. After treatment,
three upper leaves were cut at the same leaf position for each treatment, avoiding the main
and lateral veins; the leaves were cut into 5 mm × 5 mm squares, stored in pre-cooled 25%
glutaraldehyde prepared in advance with 0.2 M phosphate buffered saline (PBS) (pH 7.4).
The vacuum was applied with a syringe until the leaf sunk to the bottom of the liquid.
The sample was wrapped with tin foil and placed in the refrigerator at 4 ◦C. It was then
washed with PBS (pH 6.8), dehydrated with an ethanol gradient, and placed in 1 mL of
isoamyl acetate. After drying and spraying with gold, leaf stomata were discerned and
photographed with the scanning electron microscope at 300 and 3000 magnifications. Five
pictures were taken for each treatment at different magnifications. Finally, the stomatal
density, size, and degree of opening were analyzed using ImageJ software.

4.10. Determination of ABA Concentration

Determination of ABA concentration based on the description by Zhang et al. [65].
In brief, endogenous ABA was extracted using extraction liquid (methanol: isopropanol:
acetic acid = 20:79:1). A 0.1-g frozen tissue was combined with 1 mL of extraction liquid,
vortexed for 5 min, and then put in refrigerator at −20 ◦C for 12 h. The centrifuge was set
to 4 ◦C and 12,000 rpm for 10 min of centrifugation. All the supernatant was aspirated
and filtered into a sample bottle with a 0.22-µm filter, each treatment was set up with
3 biological replicates, and the ABA concentration of the supernatant was measured by
HPLC-MS/MS. Three analytical replicates were selected from the measurement results
for analysis.

4.11. Measurements of Sodium and Potassium Ions

At the end of the stress proceeding, leaves from 10 plants were randomly picked out
for each treatment and washed thoroughly. The leaves were wiped dry with folded blotting
paper. Samples were dried at 105 ◦C for 20 min and then transferred to a 65 ◦C oven for at
least 72 h. After the dried tissue was ground with a mortar and a tissue lyser, it was stored
in a 10-mL centrifuge tube for determination of mineral element concentration after sieving
by flame spectroscopy (M410; Sherwood Scientific, Cambridge, UK). The specific steps
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wrote in Liang et al. [58]. Three analytical replicates were selected from the measurement
results for analysis.

4.12. Measurements of Amino Acids

Amino acids were extracted and the concentration of them were measured as ac-
counted by Huo et al. [61] with improvements. In brief, 0.1 g of frozen leaf sample was
weighed, soaked in 1 mL 50% ethanol, shaken at 4 ◦C for 5 min, the centrifuge was set to
12,000 rpm, and the time was 10 min, each treatment was set up with 3 biological replicates.
Impurities were filtered out, the supernatant was diluted with methanol, and stored in a
sample bottle. Amino acids in the sample were measured by liquid chromatography-mass
spectrometry (LC-MS, LC: AC, Exion LC; MS: QTRAP 5500, AB SCIEX), and standard
curves were used to calculate amino acid concentration. Three analytical replicates were
selected from the measurement results for analysis.

4.13. qRT–PCR Analysis

Samples were thoroughly ground in liquid nitrogen. Roughly 0.05 g of the resulting
powder was weighed for RNA extraction with the Wolact Plant RNA Extraction Kit
(Wickband, Hong Kong, China) according to the instructions. Then the synthesize of cDNA
by the Prime Script RT reagent Kit with gDNA Eraser (Perfect Real Time). The cDNA
was uniformly diluted to 200 ng/µL, and qRT-PCR quantitative analysis was performed.
Each gene set three biological replicates, and each replicate used 10 µL SYBR Premix Ex
Taq (TaKaRa). The ∆Ct value was calculated using EF as the internal reference gene [66].
Primer sequences are listed in Table S1. At 0, 3, 6, 9, and 12 h and 3, 6, 9, 12 and 15 d
after the initiation of salt stress, the top leaves of the plants were randomly selected for
measurement. Three analytical replicates were selected from the measurement results
for analysis.

4.14. Statistical Analysis

All values were statistically analyzed using SPSS 25.0 software, and Tukey’s test was
used for multiple comparisons (p < 0.05). Results are represented as mean ± SE.

5. Conclusions

Here, we showed that heterologous expression of HIOMT enhanced the tolerance of
apple leaves to salt stress (Figure 9). Heterologous expression of HIOMT increased the
expression of melatonin synthase genes under salinity condition and promoted an increase
in endogenous melatonin concentration. HIOMT-mediated resistance to salinity was
associated with reductions in ROS accumulation, maintenance of a strong photosynthetic
capacity, regulation of osmotic pressure, and stabilization of the sodium–potassium balance.
The heterologous expression of HIOMT increased the endogenous melatonin concentration,
thereby improving the activity of antioxidant enzymes and inhibiting ROS accumulation.
In addition, stomatal aperture could be adjusted by regulating ABA metabolism to restrain
water loss and enhance carbon dioxide absorption, thereby improving plant photosynthetic
capacity. HIOMT heterologous expression also helped to maintain the dynamic balance
of intracellular ions by balancing the ratio of sodium and potassium ions and altering
amino acid metabolism to alleviate osmotic stress. Our research provides evidence for
melatonin-mediated salt tolerance and has crucial applications for improving the growth
of horticultural crops on salinity soils.
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Figure 9. A scheduled model for accounting regulator function of HIOMT in physiological reaction
of salinity in apple. Under salinity stress, heterologous expression of HIOMT enhanced the activity
of antioxidant enzymes and inhibited ROS production; inhibited the increase of ABA, maintained
stomatal aperture, and improved photosynthetic capacity; mediated amino acid metabolism; sta-
bilized the balance of Na+, K+ and maintains ion homeostasis in cells. These were all through the
heterologous expression of HIOMT resulted in an increase in endogenous melatonin. Therefore,
heterologous expression of HIOMT improved the salt tolerance in transgenic apple plants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222212425/s1, Table S1: Primers used in this study.
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Abstract: Plant growth and development are challenged by biotic and abiotic stresses including
salinity and heat stresses. For Populus simonii × P. nigra as an important greening and economic tree
species in China, increasing soil salinization and global warming have become major environmental
challenges. We aim to unravel the molecular mechanisms underlying tree tolerance to salt stress and
high temprerature (HT) stress conditions. Transcriptomics revealed that a PsnNAC036 transcription
factor (TF) was significantly induced by salt stress in P. simonii × P. nigra. This study focuses on
addressing the biological functions of PsnNAC036. The gene was cloned, and its temporal and spatial
expression was analyzed under different stresses. PsnNAC036 was significantly upregulated under
150 mM NaCl and 37 ◦C for 12 h. The result is consistent with the presence of stress responsive
cis-elements in the PsnNAC036 promoter. Subcellular localization analysis showed that PsnNAC036

was targeted to the nucleus. Additionally, PsnNAC036 was highly expressed in the leaves and roots.
To investigate the core activation region of PsnNAC036 protein and its potential regulatory factors
and targets, we conducted trans-activation analysis and the result indicates that the C-terminal
region of 191–343 amino acids of the PsnNAC036 was a potent activation domain. Furthermore,
overexpression of PsnNAC036 stimulated plant growth and enhanced salinity and HT tolerance.
Moreover, 14 stress-related genes upregulated in the transgenic plants under high salt and HT
conditions may be potential targets of the PsnNAC036. All the results demonstrate that PsnNAC036

plays an important role in salt and HT stress tolerance.

Keywords: Populus simonii × P. nigra; PsnNAC036; transcription factor; salt stress; HT tolerance

1. Introduction

Various abiotic stresses such assoil salinity, drought, extreme temperature, and heavy
metals affect plant growth, development, and productivity [1]. Many important eco-
nomic trees are particularly sensitive to these environmental stresses, such as Populus.
simonii × P. nigra. P. simonii × P. nigra is an endemic plant found in the Yellow River basin
and the northern part of mainland in China [2]. It has been used as an urban afforestation
tree species in northeast and northwest China. Importantly, the wood is widely used
for paper, fiber, matchsticks, and building materials [3]. In recent years, the influence of
adverse environmental conditions on the growth of P. simonii × P. nigra has become more
and more severe. Therefore, it is urgent to improve the stress tolerance of this important
wood plant through molecular genetics and breeding.

The NAC (NAM, ATAF, and CUC) family is one of the most important transcription
factor (TF) gene families in plants. Most NAC TFs are reported to participate in regula-
tion of plant growth and developmental processes [4], including shoot apical meristem
formation [5], seed and embryo development [6], lateral root development [7], cell divi-
sion [8], and leaf senescence [9]. Besides development, NAC TFs also play vital roles in
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plant response to abiotic stresses, such as salinity, heat, cold, and drought [10]. There are
138 NAC TFs in Arabidopsis thaliana, 289 in Populus trichocarpa, and 42 in Nicotiana tabacum
according to PlantTFDB (http://planttfdb.gao-lab.org/family.php?fam=NAC accessed
on 4 March 2021). Regarding Arabidopsis, there are a large number of studies of NAC
TFs in stress responses. For example, ANAC019, ANAC055, and ANAC072 were induced
by drought, salinity, and abscisic acid (ABA), and they play a vital role in ABA signal-
ing and osmotic stress [11]. ANAC078 was confirmed to positively regulate anthocyanin
biosynthesis under high light [12]. ANAC002 (ATAF1) can be induced by drought, salinity,
ABA, methyl jasmonate, and wounding. Overexpression of the ATAF1 led to increased
Arabidopsis sensitivity to ABA, salt and oxidative stresses [13]. In recent years, NAC TFs
have been characterized in poplar to be associated with a stress response. For example,
NAC13 was significantly induced in the roots of 84K poplar by salt stress, and NAC13
overexpression enhanced poplar salt tolerance [14]. In addition, PeNAC036 in P. euphratica
was strongly induced by drought, ABA, and salt, and played a positive role in abiotic stress
responses [15]. Transgenic Arabidopsis overexpressing a poplar NAC57 gene displayed
higher seed germination, superoxide dismutase, and peroxidase activities under salt stress
than wild type (WT) plants [16]. Therefore, studies of poplar NAC TFs are important
to understand the molecular mechanisms of stress response and how to enhance stress
tolerance in woody plants.

NAC proteins contain a highly conserved NAM domain at the N-terminus, which
can be divided into five subdomains known as A-E, and a highly divergent activation
domain at the C-terminus [17]. Based on the conserved N-terminal NAM domain, the NAC
family was divided into 18 subfamilies from NAC-a to r in populous [10]. The PsnNAC036
in this study belongs to the NAC-d subfamily. It was cloned and its relative expression
levels were analyzed under various treatments. A total of eight transgenic tobacco lines
overexpressing the TF were obtained. Morphological and biochemical measurements
indicate that PsnNAC036 can enhance salinity and HT tolerance of transgenic tobacco
plants. RT-qPCR results showed that overexpression of PsnNAC036 upregulated the
expression of 14 stress-related genes in tobacco. These results demonstrate that PsnNAC036
plays an important role in improving plant salinity and HT tolerance.

2. Results

2.1. Transcript Analysis of 289 NAC TF Genes in Populus

To analyze changes of expression levels of the NAC TFs, the fragment per kilobases per
million reads (FPKM) of 289 NAC transcription factor genes from Populus simonii × P. nigra
leaves were retrieved from an RNA-seq dataset [18], which has been deposited in NCBI
SRA (accession SRP267437). The salt-stress responsive NAC TFs were visualized using
a heatmap (Figure 1A). Based on a fold change of more than 1.2 and a false discovery
rate (FDR) smaller than 0.05, 37 differentially expressed NACs were identified (Figure 1B).
Among these genes, PsnNAC036 was significantly upregulated after salt stress treatment of
the P. simonii × P. nigra seedlings compared to control.

2.2. Bioinformatics and Gene Expression Analysis of the PsnNAC036 Gene

To analyze the cDNA and encoded amino acids sequences of PsnNAC036, we isolated
PsnNAC036 gene from P. simonii × P. nigra. The results showed that the coding sequence of
the PsnNAC036 is 1029 bp in length (Supplementary Figure S1A), and encodes a 343 aa
protein with 16.2% alpha helix, 15.8% extended strand, 4.0% beta turn, and 64.0% random
coil. Five highly homologous genes were found in the NCBI database according to amino
acid sequence blast, including PtrNAC036 from Populus trichocarpa, XP_011029436 from
Populus euphratica which has 155 NAC TFs, PtrNAC044 from Populus trichocarpa, ANAC072
(AT4G27410.2) from A. thaliana and Nta009260 from Nicotiana tabacum (Supplementary
Figure S1B). They shared 98.5, 97.1, 79.4, 70.5, and 62.0% amino acid sequence similarity
with the PsnNAC036, respectively (Supplementary Figure S1C). According to the sequence
alignment, these NACs all contain five highly conserved motifs MA, MB, MC, MD, and
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ME, which constitute a NAM domain at the N-terminus. Among them, MC and MD were
known to bind to DNA [19]. In addition, they all have a predicted nuclear localization
signal (NLS) region between 119–150 amino acids (Supplementary Figure S1C).

–

Figure 1. Heatmaps of the relative expression of NAC genes in control and NaCl treated P. simonii × P. nigra seedlings.
(A) Relative expression patterns of 289 NACs in salt stress versus control. (B) Heatmap of the 37 differentially expressed
NACs. Red and green colors indicate high and low expression, respectively. The colored scale bar represents fold changes
of transcription levels betweenNaCl stress and control. C1, C2, C3, and C4 represent the four biological replicates under
control conditions; N1, N2, N3, and N4 represent the four biological replicates under NaCl stress.

To investigate temporal expression patterns of PsnNAC036 under different stress
conditions, we treated the P. simonii × P. nigra seedlings with NaCl, ABA, HT, cold, or
drought, and harvested the leaves and roots at 0, 3, 6, 12, 24, and 48 h, respectively. The RT-
qPCR results showed that the relative expression level of PsnNAC036 was upregulated in
the leaves after different treatments, and it peaked at 12 h. In particular, the gene expression
was significantly upregulated after salinity and HT treatments. The PsnNAC036 expression
showed similar expression patterns in the root tissues and the relative expression level of
the gene in the root reached 15.2 and 8.8 times higher under NaCl and HT at 12 h than
control, respectively (Figure 2).

2.3. Characterization of the PsnNAC036 Promoter Sequence

Promoters contain different transcriptional regulatory elements that can be recognized
and bound by RNA polymerases and transcription factors. Some of the regulatory elements
play important roles in response to external stimuli [20]. To explore the structure of
PsnNAC036 promoter, the promoter sequence of PsnNAC036 (from −1 to −1726 bp) in
length was isolated from the P. simonii × P. nigra. Different cis-elements in the promoter
sequence were predicted (Supplementary Figure S2), including ABRE, Box 4, CGTCA-
motif, G-box, I-box, W-box, MYC, O2-site, etc. by PlantCARE (Supplementary Table S1).
Then the promoter was cloned into the pBI121 vector to drive the GUS gene expression.
To further investigate the promoter activity, we obtained stable transgenic tobacco lines
expressing GUS under the control of the PsnNAC036 promoter. GUS histochemical staining
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showed that only young leaves of transgenic tobacco showed a light blue color (Figure 3).
The same pattern was observed under cold and drought stresses. After ABA treatment,
the GUS activity was mainly expressed in the roots, while after 150 mM NaCl treatment
for 12 h the GUS activity was found throughout the seedlings, especially in the leaves. A
similar phenomenon was observed under HT stress, in spite of lower staining intensity
than with NaCl treatment. The results confirmed that the PsnNAC036 gene was responsive
to NaCl and HT stresses.

 

normalized to 1. The data are from three independent experiments. Student’s 

−1 −1

Figure 2. Expression analysis of the PsnNAC036 under various treatments. Relative expression levels of PsnNAC036 in
leaves (A) and roots (B) after NaCl (150 mM), ABA (50 µM), high temperature (HT, 37 ◦C), cold (4 ◦C), or drought treatments.
Expression levels in the control samples were normalized to 1. The data are from three independent experiments. Student’s
t-test: t: * p < 0.05; ** p < 0.01. Error bars indicate mean ± standard deviation.

2.4. PsnNAC036 Protein Is Localized to the Nucleus and Potent Activation Domain in
C-terminal Domain

To determine the predicted nuclear localization of the PsnNAC036 protein (http:
//cello.life.nctu.edu.tw/cello2go/ accessed on 4 March 2021), the PsnNAC036 ORF without
the termination codon was fused with GFP (Figure 4A). 35S::PsnNAC036-GFP and positive
control 35S::GFP were transformed into onion epidermal cells by particle bombardment,
respectively. As shown in Figure 4B, the fluorescent signal of PsnNAC036-GFP was only
found in the nucleus; however, the fluorescent signal of the GFP control was distributed
throughout the cell. The results clearly showed that the PsnNAC036 protein was indeed
targeted to the nucleus.
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Figure 3. GUS activity analysis of the PsnNAC036 promoter under different treatments.

 

Figure 4. Subcellular localization of the PsnNAC036 protein. (A) Schematic map of the T-DNA inserted in the 35S::GFP binary
vector. (B) The 35S::PsnNAC036-GFP fusion construct and the positive control 35S::GFP plasmid were introduced into onion
epidermal cells by particle bombardment. GFP fluorescence was observed by confocal laser scanning microscopy. (a,e) are
fluorescence images observed in a dark field (green); (b,f) are 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI) staining, which is specific for the nucleus (blue); (c,g) are light images observed in bright field; (d,h) are merged
images of dark field and bright field. Scale bar = 20 µm.

To test the transcriptional activity of PsnNAC036, the full length ORF of the PsnNAC036
sequence was inserted into the pGBKT7 vector.As shown in the transactivation result
(Figure 5A), PsnNAC036 clearly acted as a TF. To determine the functional domains required
for activating transcription, we used a yeast assay system to test the activation domains
of PsnNAC036. Deletion analysis indicates that the constructs including fragments with
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amino acids 191–241, 242–292, or 293–343 resulted in transactivation, strongly suggesting
that the entire region of 191–343 possesses transactivation activity (Figure 5B).
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Figure 5. Transactivation analysis of PsnNAC036 protein. Transactivation analysis of PsnNAC036 protein. (A) Schematic
diagrams of the effector and reporter constructs. The reporter construct includes GAL4 binding sites UAS and minimal
CaMV35S promoter (min pro) upstream from the luciferase reporter gene. The effector constructs including BD-NAC036 and
GAL4-BD were fused with full-length PsnNAC036; BD-NAC036a, N-terminal domain (1–139 aa); BD-NAC036b, C-terminal
domain (140–343 aa); BD-NAC036c, half of BD-NAC036b (140–241 aa); BD-NAC036d, 242–343 aa; BD-NAC036e, half of
BD-NAC036c (140–190 aa); BD-NAC036f, 191–241 aa; BD-NAC036g, half of BD-NAC036d (242–292 aa); and BD-NAC036h,
51 aa of C-terminal domain (293–343 aa). BD was the negative control for pGBKT7. (B) Yeast assay.

2.5. PsnNAC036 Enhanced Tolerance to Salt and HT Stresses in Transgenic Tobacco

Transgenic tobacco lines overexpressing the PsnNAC036 (Figure 6A) and WT were
screened for the presence of transgenes by gDNA PCR with the gene specific primers F1
(5′-ATGGGACTGCAAGAAACAGACC-3′) and R1 (5′-TCACTGCCTAAACCCATACCCA-
3′) and RT-PCR with primers F2 (5′- CTTGAATCCTCTCGCAAAAGTG-3′) and R2 (5′-
GAGCCGGTCATCAATCTCTGTC-3′). The housekeeping gene actin (aF: 5′-GCTTGCTTA
CATTGCTCTCGAC-3′, aR: 5′-TGCTTCCGGCTCTGATGTTGTG-3′) for RT-PCR was de-
signed from internal actin gene (GenBank accession number: X69885). As shown in
Supplementary Figure S3, PsnNAC036 fragments were amplified in the transgenic tobacco
lines and had the same length as the positive control, but were not detected in the non-
transgenic WT.

To investigate the functions of the PsnNAC036, transgenic lines T1, T2, T3, and WT
were grown in MS, MS with 150 mM NaCl, and MS under 37 ◦C for two weeks. Under
the control condition the plants all grew well. However, the root length of the transgenic
lines was about 1.12 ± 0.07 times longer than WT. Under high NaCl or HT treatments, the
growth of WT was obviously affected, and the size of WT was smaller than the transgenic
lines (Figure 6A). Additionally, the root length of transgenic lines was approximately
1.22 ± 0.03 and 1.26 ± 0.01 times longer than WT under NaCl and HT treatments, re-
spectively (Figure 6B). Besides, after salt treatment, the root length ratios of WT, T1, T2,
and T3 (to the transgenic lines) were 72.29%, 77.58%, 78.61%, and 79.40%, respectively,
compared to the control plants. Among them, T1 and T3 were more significant than WT.
After HT treatment, the root length ratios of WT, T1, T2, and T3 (to the transgenic lines)
were 40.95%, 43.95%, 47.53%, and 46.50%, respectively, compared to the control plants.
These results demonstrate that the transgenic tobacco plants overexpressing PsnNAC036
exhibited significant NaCl and HT tolerance.
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Figure 6. Morphological analysis and histochemical staining of transgenic tobacco lines under NaCl
and HT stresses. (A) Growth of PsnNAC036 transgenic lines T1, T2, and T3 seedlings in comparison
with WT under control, 150 mM NaCl and 37 ◦C high temperature (HT) conditions. (B) Root length
assay of the transgenic lines, compared to WT under control, 150 mM NaCl and HT conditions.
(C) Chlorophyll content of transgenic tobacco lines and WT plants. The statistical analysis was done
using a one-way analysis of variance (ANOVA) with a post-hoc with Tukey lines with an alpha value
of 0.05. Different letters indicate significant difference between sites. (D) 3,3′-Diaminobenzidine
(DAB) staining; (E) Nitroblue tertazolium (NBT) staining; (F) Evans blue staining; (G) Four-week-old
tobacco plants in soil right before treatments; (H) 200 mM NaCl treatment for two weeks; (I) HT
treatment for two weeks.

2.6. Changes in Leaf Chlorophyll Content and Physiological Indexes

Leaf chlorophyll is central for light capture and energy exchange between the bio-
sphere and the atmosphere [21], and it serves as a physiological index closely related to
plant metabolism and stress resistance [22]. To detect the changes of leaf chlorophyll content
and physiological indexes in different tobacco lines, chlorophyll a and chlorophyll b were
extracted and quantified from leaves of the transgenic lines and WT plants after salt and HT
treatments.The results of chlorophyll content from T1, T2, and T3 lines compared with WT
showed that there is no significant difference under normal and high salt conditions, while
after HT treatment, the total chlorophyll content of transgenic tobacco lines was 1.29–1.65
fold higher than that of the WT plants (Figure 6C). The results of physiological parameters
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showed that under normal conditions, the activities of superoxide dismutase (SOD) and
peroxidase (POD), as well as proline content were nearly the same in the transgenic lines
and WT. However, under salt treatment, SOD and POD activities and proline content were
all significantly higher in transgenic lines than in WT. MDA contents of WT were also
approximately 1.2- and 1.6-times larger than those of the transgenic plants under normal
and salt stress conditions, respectively (Supplementary Figure S4).

2.7. Histochemical Staining and Growth Assay of the PsnNAC036 Transgenic Plants

Histochemical staining including diaminobenzidine (DAB), nitroblue tetrazolium
(NBT) and Evans blue was carried out to investigate the degree of oxidative damage and
cell death. The transgenic and WT plants were treated with NaCl and HT for 12 h. Under
control conditions, there was no significant difference between the transgenic and WT
leaves. However, under NaCl and HT conditions, intense coloring was observed in the
WT leaves after NBT, DAB, and Evans blue staining, in contrast to light staining in the
transgenic lines (Figure 6D–F). The results showed that accumulation of reactive oxygen
species (ROS) and cell death in the transgenic plants were greatly reduced compared to the
WT NaCl and HT treatments.

Under normal growth conditions, the WT and PsnNAC036 transgenic lines grew
similarly. However, after the one-month-old seedlings were treated with 200 mM NaCl
or kept at 37 ◦C for two weeks, the growth of WT was severely retarded, compared to
transgenic lines, especially after high salt treatment (Figure 6G–I).

2.8. PsnNAC036 Alters the Expression of Stress-Related Genes

To elucidate molecular functions of the PsnNAC036, relative expression levels of
14 genes related to stress response in the transgenic plants were analyzed after NaCl
and HT treatments by RT-qPCR. As shown in Figure 7, these genes were significantly
upregulated in the transgenic plants compared to WT under control and stress treatments.
Expression of NtSOD that conferred osmotic stress tolerance was found to increase by
about 26.8 folds in transgenic lines under control conditions, 85.1-fold under salt stress,
and 38.7-fold under HT stress, compared to the WT. The relative expression level of NtPOD
was upregulated by 4.2-fold, 31.6-fold, and 15.4-fold compared to the WT under control,
salinity, and HT, respectively. Furthermore, NtP5CS and NtLEA5 involved in osmotic
adjustment and membrane protection [23] were also upregulated by 1.4- and 4.3-fold in
the transgenic tobacco, compared to WT, respectively (Figure 7F,H). Under high salt stress,
their expression levels were upregulated by 5.4- and 10.8-fold, respectively. Under HT,
their expression was significantly upregulated by 10.1- and 51.7-fold, respectively. NtPPO
encodes a polyphenol oxidase involved in plant stress tolerance. Under normal conditions,
the transcript of NtPPO in transgenic lines was upregulated by 5.1-fold, while under NaCl
and HT, it was upregulated by 2.6- and 1.2-fold, respectively, compared to WT. Moreover,
the transcript levels of NtERD10A, NtERD10B, NtERD10C, and NtERD10D [24] also showed
higher expression (4.4-, 2.6-, 1.3-, and 6.5-fold, respectively) in transgenic plants compared
to the WT (Figure 7H,I). The fold-change values were 3.3, 14.9, 4.0, and 9.3 under salt stress,
and 12.2, 10.2, 3.9, and 10.0 under HT treatment, respectively. Also, NtHKT555, NtHKT586,
and NtSOS encode Na+/H+ antiporters [25], and their expression levels were all higher in
the transgenic lines than in the WT under control or treatments. Interestingly, NtNCED1,
involved in the biosynthesis of SA, JA, and ABA [26], was significantly upregulated
(41.9, 35.0, and 17.0 fold in the transgenic lines under control, NaCl and HT conditions,
respectively). The upregulation of these stress responsive genes may account for the NaCl
and HT tolerance of the transgenic plants.
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Figure 7. Genes expression profiling of stress-responsive genes in the PsnNAC036 transgenic plants under NaCl and
HT treatments. The relative fold change in expression of (A) NtSOD; (B) NtPOD; (C) NtPPO; (D) NtNCED1; (E) NtSOS;
(F) NtP5CS; (G) NtDREB3; (H) NtLEA5; (I) NtERD10A; (J) NtERD10B; (K) NtERD10C; (L) NtERD10D; (M) NtHKT555;
(N) NtHKT586 genes in the PsnNAC036 transgenic lines under control, high salt and heat conditions. The statistical analysis
was done using a one-way ANOVA with a post-hoc with Tukey lines with an alpha value of 0.05. Different letters indicate
significant difference between sites.

3. Discussions

With the intensive farming and climate change, salinity and heat have become serious
environmental challenges that reduce agricultural productivity of many crops world-wide.
Salinity causes osmotic stress and cellular toxicity to plants [27], and heatstress often
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leads to protein misfolding and degradation that will affect critical cellular reactions and
processes [28]. In this study, we found that salt and heat stresses can negatively affect
the growth of P. simonii × P. nigra (Supplementary Figure S5). It is therefore intriguing to
investigate molecular mechanisms underlying the stress responses of this woody plant.

The NAC family first identified in Petunia is one of the largest plant-specific TF
families [29]. Many NAC family members have been shown to play important roles in
gene regulation under environmental stresses [30–33]. In the reference plant Arabidopsis,
many studies have elucidated the functions of NAC TFs in plant response to various
abiotic stresses. For example, ANAC019 functions as an upstream regulator of several
drought-induced genes such as DREB2A, DREB2B, ARF2, MYB21, MYB24, and thereby
plays an important role in stress response and floral development [34]. NAC TFJUNG-
BRUNNEN1 (ANAC042) was found to respond to H2O2 treatment and enhance plant
thermo-tolerance [35]. In addition, overexpression of ANAC069 can decrease plant ROS
scavenging capability and proline biosynthesis, while knock down of ANAC069 improves
plant salt and osmotic stress tolerance [36], indicating ANAC069 as a negative regulator of
plant stress tolerance. In Arabidopsis, the homologous gene of PsnNAC036 is ANAC072
(AT4G27410.2, RD26), which has been reported to respond to drought, salinity, ABA, SA,
and MeJA [37,38]. In this study, we provide several lines of evidence, showing that the
PsnNAC036 can improve plant salinity and heattolerance. Besides, the results of RT-qPCR
of seedlings under ABA, cold and drought stress treatments also showed that PsnNAC036
expression can be induced by these abiotic stresses. Further studies are needed to explore
the PsnNAC036 gene response to other abiotic stresses and determine whether it may have
similar functions to the Arabidopsis ANAC072 homolog.

Plant promoter includes a conservative basic core promoter region and upstream
cis-acting elements that are crucial to the specificity and activity of gene transcription [39].
In this study, promoter region of PsnNAC036 gene which is 1726 bp isolated. According to
the analysis of PlantCARE software, the promoter contains a variety of cis-elements. Most
of these elements are related to stress response, such as as-1 belongs to oxidative stress-
responsive element, DRE core is involved in dehydration response, and MYC is related to
chilling response. Treating PsnNAC036 promoter transgenic tobacco with salt, cold, heat,
ABA, and drought, we found that the GUS activity is mainly expressed under salt and HT
treatment. This suggested that there may exist other elements in the PsnNAC036 promoter
that contribute to respond high salt and HT stress.

Production of ROS including the superoxide anion (O2
−), hydrogen peroxide (H2O2),

and hydroxyl radicals (OH−) are associated with plant salt stress responses [40]. MDA is a
cellular indicator of lipid peroxidation when plants experience oxidative stress caused by
environmental challenges, such as salinity and heat [41]. To maintain the redox homeostasis,
plants regulate antioxidant enzymes and molecules [42]. SOD and POD are key antioxidant
enzymes in ROS-scavenging [43]. In addition, salt stress also causes osmotic stress.Proline
is known to function as an important osmolyte in adjusting cellular osmotic balance [44].
In this study, we measured several physiological parameters including SOD, POD activity,
proline, and MDA contents in PsnNAC036 transgenic plants and WT under salt treatment,
and found that SOD, POD, and proline content in transgenic lines were increased after stress
treatment and MDA content was lower when compared to WT. These results demonstrate
that PsnNAC036 can improve the salt tolerance by regulating the redox and osmotic
processes. Also, since DAB, NBT, and Evans blue are dyes commonly used to detect ROS
levels and cell death in plants [45,46], the staining results clearly show that overexpression
of PsnNAC036 reduced ROS accumulation and cell death in plants (Figure 7). Our findings
are consistent with previous reports that NAC proteins play a crucial role in mediating
gene regulation of the anti-oxidative system under stress conditions, thereby conferring
higher stress tolerance [47].

Salinity depresses plant growth through lowering water content and excessive ac-
cumulation of predominant ions including sodium (Na+), chloride (Cl−), calcium (Ca2+),
potassium (K+), and hydrogen carbonate (HCO3

−) [48]. It has been reported that salt stress
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can cause the accumulation of Na+ and Cl− while inhibiting the uptake of K+ and Ca2+,
which would perturb osmotic homeostasis. Here we measured the H+-antiporter-related
gene NtSOS and an isoform of high-affinity K+ transporter NtHKT555/586 are critical in
improving the salinity tolerance of plants [49,50]. Under stress treatment, the enhanced
expression levels of these genes in transgenic tobacco lines showed that PsnNAC036 might
affect the expression of the genes participating in ion exchange to maintain the osmotic
homeostasis in plants.

To further understand the regulatory functions of the PsnNAC036 TF, relative ex-
pression levels of 14 stress-related genes (NtSOD, NtPOD, NtPPO, NtNCED1, NtP5CS,
NtDREB3, NtSOS, NtLEA5, NtERD10A/B/C/D, and NtHKT555/586) were quantified in the
PsnNAC036 transgenic lines and WT under control, salinity, and heat conditions (Figure 7).
NtSOD and NtPOD activities are known to be regulated at their transcription levels [51].
NtPPO is a polyphenol oxidase gene involved in stress tolerance in many plants [52].
NtNECD1 plays an important role in ABA biosynthesis [53]. NtP5CS encodes a key enzyme
in proline biosynthesis [54]. NtLEA5 is known to protect osmotic adjustment membrane
under stress conditions [55]. NtDREB3 regulates stress-responsive genes by interacting
with specific cis-acting elements [56]. NtERD10A/B/C/D are associated with dehydration
response [54]. The results clearly showed that PsnNAC036 upregulates these stress re-
sponsive genes, leading to enhanced salinity and heat stress tolerance. However, how
PsnNAC036 is activated and regulates the stress-related genes is not known. Investi-
gating how PsnNAC036 interacts with DNA and proteins would be an exciting future
research direction.

4. Materials and Methods

4.1. Plant Materials and Stress Treatments

P. simonii × P. nigra seedlings were grown on 1/2 MS (Murashige and Skoog medium)
plant medium (pH5.8), in a growth chamber with a temperature of 25 ± 1 ◦C, light of
160 µmol/m2s and 16/8-h light/dark cycle, and relative humidity of approximately 65%.
The one-month-old plants were grown hydroponically and those with new roots and leaves
of similar sizes were selected for 150 mM NaCl treatment for 24 h. The control (water)
and treated leaves from eight plants (four biological replicates each) were frozen in liquid
nitrogen and provided to Beijing GENAWIZ Company (www.genewiz.com accessed on
4 March 2021) for RNA sequencing using Illumina HiSeq2500. RNA-Seq data analysiswas
carried out as previously described [18] and the heatmap was generated using MetaboAna-
lyst (https://www.metaboanalyst.ca accessed on 4 March 2021, Version 5.0). The RNA-Seq
data have been deposited in NCBI SRA with the accession number SRP267437.

4.2. Cloning and Sequence Analysis of PsnNAC036

Total RNA was extracted from the leaves, and then reversely transcribed into cDNA
as a template for PCR amplification. Based on the RNA-Seq analysis, PsnNAC036 was
significantly upregulated in response to high salt treatment. From the PlantTFDB (http://
planttfdb.gao-lab.org/family.php?sp=Ptr&fam=NAC accessed on 4 March 2021, Version 5.0),
we identified a highly homologous gene of PsnNAC036 with gene ID Potri.011G123300.1
and designed a pair of primers F1: 5′-ATGGGACTGCAAGAAACAGACC-3′ and R1: 5′-
TCACTGCCTAAACCCATACCCA-3′ to clone the PsnNAC036 gene from P. simonii × P. ni-
gra. The amino acid sequence of PsnNAC036 was used for multi-sequence alignment
analysis by BioEdit (Version 7.2). Conserved domain and motifs analyses were conducted
using MEME (http://meme-suite.org/tools/meme, Version 5.3.3). Nuclear localization
signals (NLS) were predicted with cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/cgi-
bin/NLS_Mapper_form.cgi#opennewwindow accessed on 4 March 2021, Version 2012). A
phylogenetic tree was constructed using MEGA 7.
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4.3. PsnNAC036 Gene Expression Analysis

To analyze the relative expression levels of PsnNAC036 under different stresses, the
seedlings were treated with NaCl, ABA, HT, cold, ordrought for 0, 3, 6, 12, 24, and 48 h,
respectively. For the salt and ABA treatment, seedlings were incubated in 150 mM NaCl and
50 µM ABA solution, respectively. For drought stress, the seedlings were exposed to air on
filter paper for dehydration. For high or low temperature treatment, seedlings were kept in
37 ◦C or 4 ◦C illumination incubators. There was only one variable per treatment compared
to the control. Leaf and root tissues were harvested with four biological replicatesat each
time point for RNA extraction and RT-qPCR. Actin (AF: 5′-ACCCTCCAATCCAGACACTG-
3′; AR: 5′- TTGCTGACCGTATGAGCAAG-3′) was used as the reference gene in RT-qPCR.
The relative expression level in different samples was calculated using 2−∆∆Ct method.

4.4. GUS Activity of PsnNAC036 Promoter

DNA was extracted from theleaves using a NuCleanPlantGen DNA Kit (CWBIO,
Beijing, China). To clone promoter of PsnNAC036 from P. simonii × P. nigra, the promoter
sequence of the PtrNAC036 gene (https://phytozome.jgi.doe.gov/jbrowse/index.html
accessed on 4 March 2021, Populus trichocarpa v3.0)was taken as a reference for de-
signing primers pF: 5′-GCGAAGCTTGTTAGGTGCCGAATCTCCGGTGTCC-3′ and pR:
5′-CGCGGATCCCGGGTGAAACCGAAATCCCGGTGGC-3′, which contain Hind and
BamHI restriction enzyme sites, respectively (underlined). The promoter sequence was
input in PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ ac-
cessed on 4 March 2021) for cis-acting element prediction. The promoter sequence was
cloned into a pBI121 vector to replace its CaMV35S promoter. Then the recombinant vector
was transferred into Agrobacterium tumefaciens EHA105. Using a leaf disc method [57,58], it
was then transformed into tobacco plants. Three homozygous transgenic lines P1, P2, and
P3 and WT (control) were treated with 150 mM NaCl, 50 µM ABA, HT (37 ◦C), cold (4 ◦C),
or drought for 12 h, respectively. Histochemical assays of GUS enzyme activity driven by
the PsnNAC036 promoter were conducted as previously described [59].

4.5. Subcellular Localization of the PsnNAC036 Protein

The PsnNAC036 open reading frame (ORF) lacking the stop codon was cloned using
primers F3:5′-GGGTCGACTGACTAGTATGGGACTGCAAGAAACAGACC-3′, and R3:
TGCTCACCATACTAGTCTGCCTAAACCCATACCCACTT-3′, which contain a SpeI re-
striction site (underlined).Then the sequence was ligated into the linearized pBI121 vector
that contains a green fluorescent protein (GFP)using an In-Fusion HD Cloning Kit (TaKaRa,
China). The fusion plasmid 35S::PsnNAC036-GFP and the control plasmid 35S::GFP were
introduced into onion epidermis according to a published method [14]. The GFP fluores-
cence was observed using a confocal laser scanning microscope (LSM 700, Zeiss, Germany).
The results were reproduced three times, and each one had 10 biological replicates.

4.6. Transcriptional Activation Assay of the PsnNAC036 Protein

The ORF of PsnNAC036 (1–343amino acids (aa)) and the different truncations of the
PsnNAC036 encoding the N-terminal NAM domain 1–139 aa, non-conserved domain 140–
343 aa, and the short ORF fragments 140–241 aa, 242–343 aa, 140–190 aa, 191–241 aa, 242–
292 aa, and 293–343 aa were inserted into the pGBKT7 vector, respectively. These constructs
were named as BD-NAC036, BD-NAC036a, BD-NAC036b, BD-NAC036c, BD-NAC036d,
BD-NAC036e, BD-NAC036f, BD-NAC036g, and BD-NAC036h, respectively (Figure 3). The
negative control pGBKT7 plasmid (BD) and all the constructs were transformed into Y2H
yeast strain. Transformants were grown for 3–5 days on a selective medium without Trp and
His. β-Galactosidase assay was performed on filter lifts of the colonies to detect activation
of the lacZ reporter gene.
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4.7. PsnNAC036 Overexpression Vector Construction for Plant Transformation

On the basis of the PsnNAC036 sequence, we designed a pair of primers F4: 5′-
GCGTCTAGAATGGGACTGCAAGAAACAGACC-3′ and R4: 5′-GCGGAGCTCTGGGTAT
GGGTTTAGGCAGTGA-3′, which contain XbaI and SacI restriction sites, respectively (un-
derlined). Both the amplified fragment and the plant binary expression vector pBI121
were double digested by XbaI and SacI and then were ligated together by T4 ligase. The
recombinant plasmid PsnNAC036-pBI121 was confirmed by PCR using the vector primers
pBI121F1:5′-CCATCGTTGAAGATGCCTCTGC-3′ and pBI121R1:5′-CTCTTCGCTATTAC
GCCAGCTGG-3′. Positive clones were transferred into Agrobacterium tumefaciens EHA105
for plant genetic transformation.

4.8. Generation of PsnNAC036 Transgenic Tobacco Plants

One-month-old tobacco seedlings were used for PsnNAC036 transformation by a leaf
disc method [2,19]. A.tumefaciens EHA105 containing the recombinant vector PsnNAC036-
pBI121 were cultured in LB liquid medium with rifampicin (50 mg/mL) and kanamycin
(50 mg/mL) until OD600 = 0.6. Tobacco leaves were cut into 1 × 1 cm squares and incubated
in the bacterial solution for 15 min.The leaves were then cultured in MS media with
kanamycin (100 mg/mL) for selection. Total RNA of each line wasextracted for PCR with
the specific primers F1 and R1. WT was regarded as a negative control and the PsnNAC036-
pBI121 plasmid as a positive control (P). Three independent homozygous transgenic lines
T1, T2, and T3 were selected for subsequent experiments.

4.9. Root Length of the PsnNAC036 Transgenic Tobacco

To determine salinity and HT tolerance of thetransgenic tobacco overexpressing
PsnNAC036, seeds of the transgenic lines T1, T2, T3, and WT were grown on the MS
medium for seven days. Then they were transplanted into MS containing 150 mM NaCl
(salt treatment) or grown in a 37 ◦C (HT treatment) illumination incubator. Root length
was measured two weeks after the transplant.

4.10. Chlorophyll Content and Physiological measurement

Chlorophyll a and chlorophyll b were extracted and quantified from leaves of the trans-
genic lines and WT plants after salt and HT treatments following a previous method [60].
Total chlorophyll content was calculated according to the following equations: Chlorophyll
a = [(12.72 × A663 − 2.69 × A645)V/W], Chlorophyll b = [(22.88 × A645 − 4.68 × A663)V/W],
total chlorophyll content = Chlorophyll a +Chlorophyll b, where A663 and A645 are ab-
sorbance at 663 nm and 645 nm, respectively. V is the final volume of chlorophyll extract
in 80% acetone, and W is fresh weight of leaves. Biochemical analyses of superoxide
dismutase (SOD), peroxidase (POD), proline content, and malondialdehyde (MDA) were
conducted according to previous methods [14].

4.11. Histochemical Analyses of the PsnNAC036 Transgenic Tobacco

Cell death, accumulation of hydrogen peroxide (H2O2) and superoxide (O2
−) in the

transgenic and WT plants under high saltor HT were visualized through histochemical
staining with Evans blue, 3,3′-diaminobenzidine (DAB) and nitro-blue tetrazolium (NBT),
respectively. Two-week-old seedlings were irrigated with water (control), 150 mM NaCl
solution or grown in 37 ◦C HT for 12 h. Leaves were excised for histochemical staining as
previously described [10].

4.12. Salt and HT Treatments of the PsnNAC036 Transgenic Tobacco

The seedlings of WT and transgenic tobacco lines on MS medium were transplanted
in the soil oncethe fourth leaf appeared. The seedlings were grown under normal growth
conditions for a total of two weeks, and then were subjected to 200 mM NaCl irrigation or
37 ◦C HT treatment for another two weeks.
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4.13. Expression Analysis of Stress-Related Genes in PsnNAC036 Transgenic Tobacco

To further understand the functions the PsnNAC036 TF, leaves of the transgenic
lines and WT under 200 mMNaCl or 37 ◦C HT for 12 h were used for RT-qPCR. Rela-
tive expression levels ofstress-related genes including superoxide dismutase (NtSOD),
peroxidase (NtPOD), polyphenol oxidase (NtPPO), 9-cis-epoxycarotenoid dioxygenase1
(NtNCED1), 1-pyrroline-5-carhoxylate synthetase (NtP5CS), regulatory proteins (NtDREB3),
plasmalemma Na+/H+ antiporter (NtSOS), late-embryogenesis-abundant protein5 (NtLEA5),
early responsive to dehydration (NtERD10A/B/C/D) and Na+ antiporter genes (NtHKT555/586)
were quantified. RT-qPCR was conducted according to a published method [14]. The
primer sequences used for the above genes can be found in Supplementary Table S2.

5. Conclusions

In this study, we analyzed the expression changes of NAC TFs in P. simonii × P. ni-
gra under 150 mM salt treatment and isolated a significantly upregulated NAC gene,
PsnNAC036. RT-qPCR and promoter GUS analyses showed that the gene was highly re-
sponsive to stresses, especially salinity and heat. Overexpression of PsnNAC036 improved
salinity and HT tolerance of transgenic plants. RT-qPCR results revealed that overexpres-
sion of the PsnNAC036 TF regulated the expression of several stress-related genes in the
transgenic plants. Furthermore, we validated that the C-terminal domain (191–343 amino
acids) was the potent activator of PsnNAC036. These results have demonstrated that
PsnNAC036 functions as a transcriptional activatorand plays an important role in plant
salinity and HT tolerance. As such, it is a potential molecular target for crop biotechnology
and marker-based breeding for enhanced resilience and yield.
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Abstract: Betaine aldehyde dehydrogenase 1 (BADH1), a paralog of the fragrance gene BADH2, is
known to be associated with salt stress through the accumulation of synthesized glycine betaine (GB),
which is involved in the response to abiotic stresses. Despite the unclear association between BADH1

and salt stress, we observed the responses of eight phenotypic characteristics (germination percentage
(GP), germination energy (GE), germination index (GI), mean germination time (MGT), germination
rate (GR), shoot length (SL), root length (RL), and total dry weight (TDW)) to salt stress during the
germination stage of 475 rice accessions to investigate their association with BADH1 haplotypes. We
found a total of 116 SNPs and 77 InDels in the whole BADH1 gene region, representing 39 haplotypes.
Twenty-nine haplotypes representing 27 mutated alleles (two InDels and 25 SNPs) were highly
(p < 0.05) associated with salt stress, including the five SNPs that have been previously reported to
be associated with salt tolerance. We observed three predominant haplotypes associated with salt
tolerance, Hap_2, Hap_18, and Hap_23, which were Indica specific, indicating a comparatively high
number of rice accessions among the associated haplotypes. Eight plant parameters (phenotypes)
also showed clear responses to salt stress, and except for MGT (mean germination time), all were
positively correlated with each other. Different signatures of domestication for BADH1 were detected
in cultivated rice by identifying the highest and lowest Tajima’s D values of two major cultivated
ecotypes (Temperate Japonica and Indica). Our findings on these significant associations and BADH1

evolution to plant traits can be useful for future research development related to its gene expression.

Keywords: betaine aldehyde dehydrogenase 1 (BADH1); salt stress; domestication; cultivated rice;
wild rice

1. Introduction

Soil salinity has become important as one of the major constraints affecting rice pro-
duction worldwide, and accordingly, breeding approaches using marker-assisted selection
or genetic engineering to produce salt-tolerant varieties are also being developed [1]. Soil
salinization is a serious problem in rice cultivation [2], especially at the germination stage.

A homologous gene of betaine aldehyde dehydrogenase 2, also known as BADH1,
was reported to be a candidate gene with a close correlation with salt tolerance [3]. Glycine
betaine (GB) has been reported as an osmo-protectant compound [1] that can be synthesized
in many living organisms, including plants and animals, in response to abiotic stresses,
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such as salt, drought, and temperature [4]. Glycine betaine can protect protein structure
and enzyme activity and stabilize membranes to establish osmotic and ionic stress in
plants [3]. GB is also widely distributed in bacteria, algae, and higher plants such as sugar
beet and cotton [3,5]. In higher plants, GB can be synthesized by the two-step oxidation
of choline by ferritin-dependent choline monooxygenase (CMO) and betaine aldehyde
dehydrogenase (BADH). The enzyme betaine aldehyde dehydrogenase (BADH) has been
reported to be responsible for GB synthesis, and many plant species have been identified
as potential GB accumulators [4].

However, although some reports on BADH1 suggested its association with salt toler-
ance, the function of BADH1 is unclear, and there are even conflicting reports from various
studies on the relationship between BADH1 and salt stress tolerance in rice. The possibility
has been considered that GB cannot accumulate in rice due to the lack of a functional CMO
gene [6]. Protein modified by SNP substitutions of the BADH1 gene indicated its specific
association with aroma rather than salt tolerance [7]. Despite the unclear and conflicting
reports on the relationship between BADH1 and salt stress tolerance in rice, there are
some indirect findings regarding the relationship. The gene expression of BADH1 in rice
indicates that the gene encodes a key enzyme for GB biosynthesis and is closely related
to salt tolerance [8]. Increased levels of BADH1 transcripts in salt-stressed Japonica and
Indica nonfragrant rice varieties [9,10] suggest the possible association of the BADH1 gene
with salt tolerance through an undetermined mechanism.

Recent developments in sequencing technology have simplified the analyses of single
nucleotide polymorphisms (SNPs) and insertions and deletions (InDels), which are the
basis for allele differentiation. Haplotype analysis, which includes a set of linked SNPs, is
more informative than the analysis of a single SNP in determining the associations with
phenotypes [7]. Extensive research on the BADH1 gene has not yet been conducted at the
genetic and molecular levels [11], and only seven SNPs in certain exons (Supplementary
Figure S1) have been reported [12].

Here, to confirm the association between BADH1 and salt tolerance, we used sophis-
ticated sequencing technology (1) to investigate the genetic diversity of BADH1, (2) to
examine the haplotype variation within the gene region of BADH1, and (3) to observe the
association between the main haplotypes of BADH1 and salt tolerance at the germination
stage of tested rice accessions. We also conducted population genetic studies, such as
nucleotide diversity, population structure, and Tajima’s D, and phylogenetic studies.

2. Results

2.1. Discovery of Genetic Variations in BADH1

To investigate how many variations and types occurred, we conducted variant calling
of 475 rice accessions and extracted all the variants within the gene region of BADHI by
using VCFtools. The results revealed four different types of variants, single nucleotide
polymorphism (SNP), insertion (Ins), deletion (Del), and structure variation (SV), and we
identified variant numbers for the classified subpopulations of cultivated rice and wild
rice (Table 1). According to the summarized number, we observed that SNPs represented
the highest number of variants for all classified subpopulations, among which the wild
showed the highest number. Among the cultivated subpopulations, Indica and Aus had
the same number of SNPs (23), representing the highest value except when compared with
the wild rice (105). The wild rice group showed a higher number of identified variants,
38 insertions, 36 deletions, and 2 structural variations (the detailed observed number of
variants for each wild rice accession is provided in Supplementary Table S2). Overall,
we noticed that the wild rice had a higher number of different variants than any of the
cultivated subpopulations.
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Table 1. Summary of the total variations (SNPs, InDels, and SV) detected in the BADH1 gene region
of 421 cultivated and 54 wild rice accessions. Te: Temperate; Tr: Tropical.

Ecotype SNP Insertion Deletion
Structure
Variation

Total
Accessions

Te_Japonica 0 1 0 0 279
Tr_Japonica 1 1 0 0 26

Indica 23 2 1 0 102
Aus 23 2 0 0 9

Aromatic 0 1 0 0 2
Admixture 15 2 0 0 3

Wild 105 38 36 2 54

2.2. Population Structure, Principal Component Analysis (PCA), and Fixation Index (FST Test)
of BADH1

To verify the subgroups (wild and cultivated subgroups) followed by genotypic
variants, we conducted a Bayesian Analysis of Population Structure (BAPS) version 6.0 and
PCA. The structure was implemented by increasing K values from 2 to 7 (Figure 1A). Except
for K = 2, the cultivated rice was clearly separated from the wild, but their subpopulations
were mixed in K values of 3 and 4. Temperate Japonica and Tropical Japonica were
mixing always in all K values. At K = 3 and 4, Indica was also admixed with the Japonica
group, showing its mixed structure with other minor cultivated subgroups (Aus, Aromatic,
and Admixture). All the cultivated subpopulations and wild subpopulation were clearly
separated from each other at K values 5, 6, and 7, but the internal subgroups of the
wild variants were mixing while the others’ internal subgroups were separated. Overall,
the wild had internal subgroups at every K value in spite of their clear separation from
cultivated subgroups.

We conducted a PCA analysis to multivariate the original variant datasets of BADH1
into a dimensional scaling display (Figure 1B) and observed the associations between the
classified ecotypes. According to the display, the wild, Indica, and Temperate Japonica
should have been grouped separately but in actuality were not at all. Some Indica were
mixed with Tropical Japonica, Admixture and Aus while Temperate Japonica were mixed
with Aromatic, some wild, and Indica. Overall, within the cultivated subpopulations, the
associations were greatly distant compared with their distance from wild rice.

To make sure the population analysis and further finding, we used a sophisticated
method, FST value (fixation index), which indicates the genetic distance or differentiation
between the populations or subpopulations. We calculated FST values for the classified
ecotypes of cultivated rice and checked their distances from the wild within the BADHI
region. The highest FST value (0.6786) was found between Temperate Japonica and Tropical
Japonica, followed by the pair, Temperate Japonica–Indica (0.6062), while the lowest was
represented between Tropical Japonica and the wild (0.0376) (Figure 1C). FST values be-
tween the cultivated subpopulations (both Japonica, Indica) are higher than those between
cultivated and wild rice.

287



Int. J. Mol. Sci. 2021, 22, 7578

Figure 1. Population structure and diversity in BADH1 (Os04g0464200). (A) The population structure of all subgroups
based on the BADH1 region using fastStructure to estimate individual ancestry and admixture proportions assuming K
populations. With increasing K (number of populations) values from 1 to 10 with 10 iterations each, we analyzed the
population structure for each K value (from K = 2 to 7). (B) Principal component analysis (PCA) analysis of seven classified
ecotypes. Indica and Japonica clustered into clearly defined groups, and other subgroups were located around the two
groups. PCA was performed using TASSEL and plotted with ggplot2. (C) FST values between the four classified ecotypes,
indicating circle size by the number of accessions. The dark line between each pair represents their genetic distance.

2.3. Genetic Diversity of BADH1

We calculated the nucleotide diversity value of BADHI in 475 rice accessions to inves-
tigate the degree of polymorphisms at different segregating sites by means of comparing
different genotype sequences. The diversity values were analyzed based on the classified
subpopulations/groups to be compared. We also calculated diversity values for the whole
rice collection and for major subgroups/ecotypes, namely, Temperate Japonica, Tropical
Japonica, and Indica. We omitted other cultivated minor subgroups, aus, aroma, and
admixture, due to the very low number of rice accessions. To observe the clear diversity
level, we compared the resulting diversity values (π) of classified cultivated ecotypes to
those of wild as well as whole accessions. We found that Indica showed its highest diversity
value (Figure 2A) across the BADHI gene region, while both Japonicas showed the lowest
nucleotide diversity. The nucleotide diversity of wild group was between that of the two
higher-diversity groups and the two lower-diversity groups. As shown in (Supplementary
Table S3A), Indica (0.00435) was much higher in value than the lowest Temperate Japonica
(0.00005). The nucleotide diversity of Indica and wild rice were similar each other.
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Figure 2. Nucleotide diversity (π) values and Tajima’s D values of BADH1 (Os04g0464200) in 475 rice accessions.
(A) Nucleotide diversity (π) indicating different pi (π) values at segregating sites of different classified groups deter-
mined with a 10 kb sliding window within the BADH1 region (B) Tajima’s D values indicating different variations among
the classified groups identified by a 10 kb sliding window within the BADH1 region. Cyan color indicates the BADH1 gene
region; each colored line represents different rice groups in terms of ecotypes.

To investigate the differences between the observed nucleotide diversity and expected
nucleotide diversity due to selection, we calculated Tajima’s D values, which were deter-
mined by a pairwise comparison and their segregation sites number for the same classified
groups. The calculated values ranged from the lowest, −1.4551 (Temperate Japonica) to the
highest, 3.1529 (Indica) (Figure 2B and Supplementary Table S3B). The signatures of two
directional selective sweeps were observed for two major ecotypes of cultivated subpopu-
lations. The Tajima’s D over BADH1 for Indica, one of major cultivated subpopulations,
was particularly higher than the others, indicating that BADH1 of Indica had undergone
balancing selection; whereas Temperate Japonica, another major type of cultivated rice,
showed the lowest value, indicating that BADH1 of Temperate Japonica had undergone
purifying selection. Although the nucleotide diversity of Indica and wild rice is similar,
a balancing selection was observed only in Indica.

2.4. Phylogenetic Study of BADH1

We constructed a phylogenetic tree to observe the evolutionary relationships of
BADHI in 475 rice accessions by their genotypic differences or similarities in terms of
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ecotypes/subpopulations (Figure 3). This analysis was conducted mainly to observe the
evolutionary studies of cultivated rice accessions and their relatedness to different wild
accessions based on ecotype. The cultivated subgroups were dispersed across different
separated tree branches of wild species. Indica (33.3%) was associated with O. nivara
as well as with some aus in the same clade. Temperate Japonica was rooted separately
and directly from common ancestors. Most of the wild rice was genetically distant from
cultivated ecotypes, especially O. meridionalis, O. punctata, and O. longistaminata.

Figure 3. Phylogenetic tree of BADH1 gene in 475 rice accessions. The classified groups of cultivated rice were considered
only in terms of major ecotypes, namely, Indica, Temperate Japonica, and Tropical Japonica, and their phylogenic relationship
with wild rice. The tree was constructed for genetically different sequences of the BADH1 gene, using MEGAX software.
The reliability of the neighbor-joining phylogeny output was estimated using bootstrap analysis with 1000 permutations.

2.5. Haplotype Diversity

To identify the association between BADH1 and salt tolerance at the haplotype level,
we conducted haplotype diversity analysis on the whole genomes of 475 rice accessions. We
analyzed haplotype diversity only on 421 types of cultivated rice (Supplementary Table S4)
first and then compared it to that of 54 types of wild rice (Supplementary Table S5). There
were 116 SNPs and 77 InDels covering all the identified exons and introns within the
BADHI gene region.

In cultivated rice, we verified 39 haplotypes (hereafter referred to as “Hap”) repre-
senting genetically identified variants, but in Figure 4, we show only functional SNPs
(fSNPs) observed in exons (maf < 0.03). Then, we also classified specific rice ecotype
(Indica, Temperate Japonica, and Tropical Japonica) for all the rice accessions under each
haplotype, and their respective accession numbers were also provided together with their
haplotype number. Based on those total identified rice accession under each haplotype,
we considered five major haplotypes indicated in the largest numbers of rice accessions,
Hap_2, Hap_3, Hap_4, Hap_18, and Hap_23, by more than five accessions. The total
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number of rice accessions separately represented by each subpopulation were also listed
by haplotype; then, we specifically focused on two such two haplotypes, Hap_18 and
Hap_23, for their associated functional alleles (mutation sites). Hap_3 was the first major
haplotype (62.7% of all cultivated rice) by which all the rice accessions showed the same
sequence as the reference. Hap_18 (40 Indica) and Hap_23 (14 Indica) belonged only to
Indica, showing the same fSNPs, G/T in exon 11 and A/T in exon 4. Referring to those
haplotypes, we investigated wild haplotypes (in this case, haplotyping of wild rice) to
examine the genetic variation in BADHI, and we found six wild haplotypes showing the
same SNP (G/T) as Hap_18, only four of which showed the same SNP (A/T) as Hap_23
(Supplementary Table S5A). In the wild, we found many functional SNPs that addressed
almost all 50 verified haplotypes, but only six haplotypes had the same SNP substitutions
as those of cultivated haplotypes (Indica). When the cultivated and wild haplotypes were
compared in terms of InDel variants, we found no InDel variants in exon regions, but in
the intron regions, we found two InDel variants (Supplementary Table S5B).

To determine the genetic association of the BADHI gene among the classified sub-
populations of cultivated rice and wild rice, we constructed a network using previously
identified haplotypes. In this case, we investigated the association of five major cultivated
haplotypes (due to their highest number of rice accessions they occupied) with wild rice
accessions. We generated 50 haplotypes referring to 54 accessions of 21 different species.
Using all-wild haplotypes and selected cultivated haplotypes, we constructed TCS net-
work in the PopART program (Figure 5). Hap_3 and Hap_4 were grouped in the same
clade. Two cultivated haplotypes, Hap_2 and Hap_3,4 (combined haplotype for Hap_3
and Hap_4), were closely related by the smallest number of mutational steps. Only one
wild haplotype, belonging to Oryza australiensis−1, was related to cultivated Hap_3,4 at
a closer distance than all others. Interestingly, two cultivated haplotypes, Hap_18 and
Hap_23, both belonging only to Indica, were also distantly associated with wild haplotypes
and even members of the same group of cultivated haplotypes, Hap_2 and Hap_3,4. All
the identified wild haplotypes were genetically far from each other in the gene region of
BADH1. This relatedness of wild haplotypes indirectly agreed with the discovery of the
highest number of different variants (Table 1 and Table S2).

2.6. Screening and Evaluation of Salt Tolerance Phenotypes

BADHI is an important synthetic enzyme involved in the response mechanism to
environmental stresses, especially salt tolerance. To perform a deep study of the responses
of this gene BADHI to plant characteristics, we screened eight major plant parameters,
germination percentage (GP), germination energy (GE), germination index (GI), mean
germination time (MGT), germination rate (GR), shoot length (SL), root length (RL), and
total dry weight (TDW), of 417 cultivated rice plants under a range of salt stress condi-
tions (200 mM NaCl) together with the corresponding control (0 mM NaCl) during their
germination stage (Supplementary Table S6). Descriptive statistics were first checked
among the calculated mean values of major traits under both conditions (Table 2). Then,
pairwise correlations were also checked by Pearson coefficients among the major traits
(Supplementary Table S7). The statistical analysis revealed that all the tested phenotypes
(parameters), except MGT and TDW, indicated their responses (in terms of lower mean
values) to salt treatment compared with their respective values under the control condi-
tion. Data ranges were varied based on the trait types, and all these phenotypes (traits)
during seed germination were obviously and negatively influenced by salt treatment.
The response of each trait to salt treatment was consistent with our previous finding where
rice seedlings were negatively affected regarding shoot length (SL), root length (RL), and
total dry weight (TDW) by salinity stress [13]. In the case of pairwise comparison by their
correlation coefficients under the control treatment, traits such as GP, GE, GI, and GP were
positively and significantly correlated with each other, while all four parameters were
negatively and significantly correlated with MGT.

291



Int. J. Mol. Sci. 2021, 22, 7578

Figure 4. Gene structure and haplotype analysis of BADH1 (Os04g0464200) in gene-coding regions of selected cultivated
rice and all wild species. The five cultivated haplotypes representing the highest number of rice accessions were selected,
and their genetic association was investigated by SNPs or InDels in wild rice. Here, we used one wild rice accession
as a haplotype. Orange-colored SNPs indicate all identified SNPs observed as nonsynonymous and synonymous substitu-
tions. Blank cells refer to the same nucleotide mentioned in reference. “N” indicates the positions of unknown nucleotides.
The two-digit number indicated under ecotype (Indica, Temperate Japonica, and Tropical Japonica) refers to the number of
rice accessions identified in each haplotype.
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Figure 5. Haplotype network visualizing possible genotypic relationships of major cultivated haplogroups compared to
wild rice haplotypes within the BADH1 region. The size of each circle is proportional to the accession numbers encompassed,
and different colors indicate its ecotype. The median vectors indicated by the black circular dot is a hypothetical sequence
used to connect the existing similar sequences.

2.7. Test/Control Ratio of Eight Major Plant Parameters

The test/control ratio (the ratio of the measured value in the test condition to the
measured value in the control) in the salt tolerance experiment of each trait was calculated
from the ratio of recorded values under the test condition (200 mM NaCl) to those of the
control (0 mM NaCl). We screened the calculated relative values of all eight phenotypic
parameters and analyzed their significant differences among ecotypes (Figure 6A–H) and
Supplementary Table S9A). The analyzed values revealed that almost all plant parameters
had the same trend of response to salt treatment among the ecotypes. For example, there
were no significant differences in the relative values of GE, GI, GR, and MGT (Figure 6B–E),
but in TDW, Temperate Japonica had a significant difference from with the other ecotypes
(Figure 6H). In the case of RL and SL, Japonica ecotypes had higher traits in response to
salt treatment (Figure 6F,G), and again in GP, Japonica plants were significantly different
from Aromatic, Aus, and Indica (Figure 6A). Although ecotype groups did not differ from
those of each other in some traits, if they were observed to be different, Japonica ecotypes
were mostly significantly or comparatively differentiated from others.
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Table 2. Descriptive statistics for the mean value of the traits in the control and salt-treated (200 mM)
rice accessions. GP: Germination Percentage; GE: Germination Energy; GI: Germination Index; GMT:
Mean Germination Time; GR: Germination Rate; SL: Shoot Length; RL: Root Length; TDW: Total Dry
Weight; SD: Standard Deviation; IQR: Interquartile Range.

Trait Salinity Level (mM) Mean ± SD Range Median IQR

GP
200 21.57 ± 7.94 0–30 24.33 29.517

0 28.47 ± 2.72 0–30 29 29.585

GE
200 3.17 ± 5.37 0–27 0.33 28.0218

0 22.93 ± 10.19 0–30 28 48.131

GI
200 3.55 ± 1.84 0–9.24 3.59 7.5618

0 8.49 ± 2.28 0–14.83 9.27 13.21

MGT
200 7.31 ± 1.57 3.34–10 7.24 6.7405

0 3.87 ± 1.83 2–10 3.14 6.1583

GR
200 0.14 ± 0.03 0.1–0.3 0.14 0.2735

0 0.29 ± 0.07 0.1–0.5 0.32 0.4516

SL
200 0.36 ± 0.27 0.19–2.34 0.25 2.1924

0 10.13 ± 2.93 0.98–19.43 9.89 15.911

RL
200 0.87 ± 0.51 0.2–8.11 0.81 6.7159

0 5.92 ± 1.31 1.86–11.01 5.67 7.854

TDW
200 0.68 ± 0.08 0.36–1.05 0.68 0.9325

0 0.51 ± 0.07 0.26–0.78 0.5 0.695

2.8. Association of BADH1 Haplotypes and Plant Parameters under Salt Stress

Haplotype analysis of all cultivated rice is presented above. Here, we analyzed the
association between the phenotype data and the gene region of BADH1 in a general linear
model (GLM) by the TASSEL 5 software program. The resulting marker positions were
selected based on higher p-values. After identifying markers at the p-value (<5%) within
the gene region of BADH1, we found 27 marker positions correlating to recorded plant
major traits, and several traits belonged to one marker position (Supplementary Table
S8A,B). Those identified marker positions were checked and merged with the previously
extracted variants (SNPs/InDels) represented by 39 haplotypes.

In the case of haplotypes that met such identified marker positions for eight major
phenotypes, we found that 10 of 39 haplotypes did not have any mutated variants, so
only 29 haplotypes were represented by the identified marker positions for major traits
(Supplementary Figure S2). Among those 29 haplotypes correlated to the positions iden-
tified in the analysis of salt-tolerant phenotypic traits, we observed that there were five
major haplotypes, indicating that their highest rice accession numbers were represented by
Temperate Japonica, Indica, and Tropical Japonica. We analyzed the associations of these
five major haplotypes (Hap_2, Hap_3, Hap_4, Hap_18, and Hap_23) with each of eight
previously identified plant parameters (Figure 7A–H and Figure S9B). We used Scheffe’s
test to indicate the significant difference among the comparison of those haplotypes for
each parameter at p-values (<0.05). For the plant parameters rGP and rGI, we identified
Hap_18 as a significant group, which was significantly affected by salt treatment (Figure
7A,C). Figure 7D,E, representing rMGT and rGR, showed nonsignificant differences in
plant responses to salt treatment. Hap_4 (Figure 7F) was significantly different from the
others in rRL analysis. For other plant parameters (Figure 7B,G,H), no highly significant
responses were found among haplotypes, but Hap_4 was highly significantly different
from Hap_2 and Hap_18 in rGE and was highly significantly different from Hap_2, Hap_18,
and Hap_23 in rSL analysis. Hap_2 was also highly significantly different from Hap_18
in rTDW. Overall, all the tested plant parameters were relatively influenced by salt stress
at the germination stage. Interestingly, among the selected haplotypes to be analyzed
for association testing, two haplotypes, Hap_18 and Hap_23, belonged to only Indica
rice accessions. Then, according to rGP and rGI, a significant effect of salt was observed
in Hap_18.
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Figure 6. Test/Control ratio of eight major plant parameters distribution group by ecotypes. (A–H) Relative variations of
salt tolerance-related traits among the classified ecotypes, indicating significant level by statistical test. The order of classified
ecotypes was sorted (from left to right) by their relative/statistical mean value (from highest to lowest) of each trait. Each
parameter was drawn in a boxplot using 417 rice accession for which phenotype data were surveyed. For each parameter,
the analysis was performed at a significant level of p-value < 0.05, and the values were compared among the classified
rice ecotypes using Scheffe’s test and indicated on the boxplot of each ecotype. Abbreviations: rGP, relative germination
percentage; rGE, relative germination energy; rGI, relative germination index; rGMT, relative germination mean time; rGR,
relative germination rate; rRL, relative root length; rSL, relativce shoot length; rTDW, relative total dry wight.
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Figure 7. Association of selected BADH1 haplotypes and eight plant parameters under salt treatment. (A–H) Relative
variations of salt tolerance-related traits among the selective predominant haplotypes, indicating significant level by
statistical test. The order of these predominant haplotypes was sorted (from left to right) by their relative/statistical
mean value (from highest to lowest) of each trait. Among the previously identified 39 haplotypes of cultivated rice, only
five predominant haplotypes were selected for comparison in association to each salt tolerant parameters due to the rice
accession number to which they belonged. For association level to each plant parameter, the selected haplotypes were
compared by using Scheffe’s test at a significant level (p-value < 0.05). Abbreviations: rGP, relative germination percentage;
rGE, relative germination energy; rGI, relative germination index; rGMT, relative germination mean time; rGR, relative
germination rate; rRL, relative root length; rSL, relativce shoot length; rTDW, relative total dry wight.

3. Discussion

Whether BADH1 is mainly associated with aroma or salt stress in rice is unclear, since
no association was found between BADH1 haplotypes and salt tolerance [7], but aromatic
rice has a specific association with BADH1. A recent paper again indicated that the BADH1
transcript level was comparatively increased during salt treatment [14] and that it, as a
homolog of the BADH2 gene, can also be induced by environmental factors, such as salt [15].
We also investigated the association of these two orthologous genes, BADH1 and BADH2,
by tracing back their ancestral histories in 19 rice species (Supplementary Figure S3).
According to phylogenetic display, we noticed that both genes were localized in Japonica
rice species but in different clades. As a result of their evolution from a common ancestor,
the two BADH enzymes are high in sequence homology. However, their transcriptional
responses to salt would still be implicated by upregulated expression of BADH1 to salt and
drought stress [16] as well as their specific association with aroma by protein modeling [7].
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The inconsistent findings could be attributable to differences either in rice germplasm
materials or the growth stages investigated in their studies.

We used whole genome data of 475 Korean rice accessions collected worldwide to
investigate the genetic diversity and domestication information on BADH1 and plant
parameters of salt tolerance with an association study. In this case, we picked up only the
gene region of BADH1 (23171516–23176332), in another way, chromosome 4; then, possible
genetic variations were discovered by using VCFtools. Variant calling on BADH1 revealed
116 SNPs, 38 Ins, and 39 Dels, indicating that a higher number of variants were found in
wild rice than in cultivated rice. This may be because compared to Asian rice, wild rice has
a complex domestication history that was only recently reconstructed [12,17,18]. Haplotype
analysis revealed 39 haplotypes covering 116 SNPs and 77 InDels in both exons and introns,
including the untranslated region (UTR). Only 27 genetic variants (SNPs and InDels)
represented the identified marker positions analyzed by a generalized linear model (GLM)
for the association of salt tolerance traits and the BADH1 gene region (Supplementary
Figure S2). Only five SNPs that were localized in exons and all five SNPs have been
introduced by previous reports (Supplementary Figure S1). Three SNPs by our previous
study were represented by substitutions such as G/C in exon 1, A/G in exon 6, and
C/A in exon 12 [19], while two other SNP substitutions, A/T (exon 4) and G/T (exon 11),
were discovered by Singh et al. [7]. There remained 22 (two indels and 20 SNPs) genetic
variants in introns, which represented 29 haplotypes overall. In terms of ecotypes for those
haplotypes, Indica showed the highest accession number, representing three haplotypes
(Hap_2, 18, and 23) with 14 new variants (one InDel and 13 SNPs) in introns. Thailand et al.
have reported that the expression of the BADH1 gene in Indica correlates with salt stress
and other environmental stresses, such as plasmolysis, temperature, and light [15]. Rice
and its major trait domestication have been independent of two different species, African
rice (Oryza glaberrima Steud) and Asian rice (Oryza sativa L.) [20], although there could be a
third domestication event by recent archeological evidence in the Amazon [21]. Genomics
has produced unprecedented amounts of datasets for deeper insights into domestication
studies [20], and whole-genome resequencing of rice DNA could result in tracing back the
details of its domestication history by population genomic analysis [22]. Resequencing
our previous whole-genome data also revealed different domestication patterns of BADH1
and BADH2 [19].

Here, we could find that the clue of our result of the association between geno-
type/haplotype and salt tolerance was due to the process of adaptation for human use
rather than a random process based on two independent analytic results, population
structure and selective sweep. As expected, clear separations of classified cultivated sub-
populations from wild were observed at most of the K values, especially at 5, 6, and 7,
indicating the existence of cultivated ecotypes. The cultivated ecotypes especially between
Japonica and Indica were clearly separated from each other by PC1 and PC2 in PCA, and
a following analysis of population differentiation via FST showed a considerably high
FST value between Japonica and Indica, indicating genetic isolation from each other. The
general phenomenon of domestication in plants or animals is the reduction of genetic
diversity via genetic erosion [23], and different domestication pathways of rice genes
have recently been updated through modifications of morphological traits, physiological
characteristics, and ecological adaptability from the wild into modern cultivated rice [24].
In our study, we found a relatively high genetic diversity in Indica compared to Japon-
ica rice groups. This may be due to the increase of heterozygotes by human-mediated
hybridization during cultivation or breeding programs of Indica rice accessions. There was
an interesting finding we noticed: most of the haplotypes were Indica rice accessions that
had genetic markers (alleles) associated to salt-tolerant plant parameters. These findings
also seemed to be clues of highly diverse speciation of Indica rice. Tajima’s D, which signi-
fies selective sweep by observed frequency polymorphisms relative to expectation, showed
the lowest value for Temperate Japonica and the highest value for Indica, suggesting the
opposite directional signification between Temperate Japonica (purifying selection) and
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Indica (balancing selection). The above two results of opposite directional signification
suggest that the association between BADH1 and salt tolerance may be the result of the
independent domestication of Japonica and Indica involving their genetic isolation. Similar
findings but opposite domestication signatures for Japonica (Tajima’s D = 4.47) and Indica
(Tajima’s D = −1.33) were reported by GWAS analysis [25]; one potential candidate gene
OsSTL1 (salt tolerance level) identified on chromosome 4 was higher in allele frequency in
Indica than Japonica, improving the overall salt tolerance. However, our previous results
reported an inconsistent finding: the lack of domestication in Asian rice might be due to
the small amount of difference detected in the signature of selective sweep for Japonica
(Figure 1B) [19].

Germination is considered to be one of the most critical steps in the life cycle of a crop.
Due to salinity problems at the germination stage [2], the breeding of salt-tolerant varieties,
especially during germination, has been increasing in agricultural countries around the
globe. Many research experiments on the effects of environmental conditions have been
reported by many research groups, particularly the effects of salinity, drought, cold, heat,
light intensity, and CO2 at the molecular level [15]. In this study, we found clear physical
responses of salt-tolerant plant parameters to 200 mM NaCl compared to the control (0 mM
NaCl). All the phenotypes showed clear responses to salt treatment, and except for MGT,
all phenotypes were positively correlated with each other in salt-treated conditions (Table
3). In particular, the differences in the recorded values of phenotypes under the control
and salinity conditions (0 mM and 200 mM NaCl) indicated that rice growth during the
germination stage was significantly inhibited by salt stress, which resulted in a very low
germination energy and index (GE and GI), as well as root length (RL) and shoot length
(SL), which in turn reduced plant density and even yield. Therefore, the development
of salt-tolerant rice germplasms would be indispensable to maintain good plant growth
beginning in the early stages of rice cultivation.

Table 3. Plant parameters (phenotypes) and formulae for their calculation.

Parameters (Phenotypes) Formula

Germination percentage (GP) (number of germinated seeds/total number of seeds) × 100

Germination energy (GE) (number of germinated seeds on day 4/total number of seeds) × 100

Germination index (GI) Σ (Nd/d)

Mean germination time (MGT)
Σ (d × n)/Σ nd

nd: the number of germinated seeds on each day
d: number of days after the start of the experiment

Germination rate (GR)
Σ N/Σ (N × d)

N: the number of seeds that germinated on day d
d: the days during the experiment

Root length (RL) Length of root after 10 days
Shoot length (SL) Length of shoot after 10 days

Total dry weight TDW) Total dry weight of shoot and root (80 ◦C for 24 h)

Relative GP GP in condition/GP in control
Relative GE GE in condition/GE in control
Relative GI GI in condition/GI in control

Relative MGT MGT in condition/MGT in control
Relative GR GR in condition/GR in control
Relative RL RL in condition/RL in control
Relative SL SL in condition/SL in control

Relative TDW TDW in condition/TDW in control
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All the plant parameters showed responses to salt stress in all selected haplotypes
(Figure 7). BADH has been playing several important functions in plants, and besides
them, it is also considered as an associated gene for many types of abiotic stress tol-
erance, including drought, osmolarity, submergence, temperature, chilling, ultraviolet
radiation, and so on [26]. Among different environmental stresses, the primary response to
BADH1 expression in Indica rice was induced by salt treatment within 24 h [7]. The effects
of salt treatment on the germination percentage (GP) and germination index (GI) also
highlighted the Indica haplotype (Hap_18) as significant among the selected haplotypes,
as the germination percentage and index were both obviously affected by salinity. One
Philippines research group identified a total of 28 SNPs (seven of which were in exons)
in the gene region of BADH1 under salt stress screening [14]. After the association test
between haplotype groups and salt tolerance traits, we found 15 SNPs of the BADH1 gene
in Indica-specific Hap_18, which was one of the significant haplotypes associated with
salt stress. Once all the identified and associated SNPs were verified, we observed that
there were only two nonsynonymous substitutions, G/T (exon 11) resulting in amino acid
change of ‘Glutamine (Gln) to Lysine (Lys)’ and A/T (exon 4) in the amino acid transition
of ‘Asparagine (Asn) to Lysine (Lys)’, and all the remaining were found in different introns.
We supposed that these Indica-specific SNPs would be associated with the main functional
properties of the BADH1 gene under salt treatment because of the previous findings that
BADH1 transcript levels were increased in salt-stressed Indica and Japonica nonfragrant
rice varieties through its high response to osmotic stress [9].

In conclusion, different directional selections indicated the BADH1 domestication
signature among the classified populations. A greater range of genetic differentiation was
observed in the BADH1 gene region of the cultivated and wild rice group, providing useful
genetic information for the upcoming breeding programs of this gene BADH1-related
varieties development. Haplotyping revealed a list of cultivated haplotypes for a sequence
of different mutated variants, of which five major haplotypes showed their associations
with salt-conditioned rice seedlings (plant traits) by 27 significant marker positions (SNPs).
Hap_18 and Hap_23 represented major groups for Indica rice accessions that covered
significant intronic and exonic marker positions (SNPs and Indels) for salt tolerance-related
plant traits, which can be future functional BADH1 alleles in the breeding program of new
varieties development.

4. Materials and Methods

4.1. Plant Materials

A heuristic set of 421 cultivated rice accessions represented by 3 original variety types
(landrace, weedy, bred) (Supplementary Table S1) previously collected worldwide and
generated by the National GenBank of the Rural Development Administration (RDA-
GenBank, Republic of Korea) using the Power Core program [27] was selected for whole-
genome resequencing [13]. An additional set of 54 wild rice accessions was also shared by
the International Rice Research Institute (IRRI) in 2017.

For these 421 Asian cultivated and 54 wild rice accessions, field experiments were
conducted in the Departmental Field of the Plant Resources Department, Kongju National
University (Yesan Campus) in 2016 and 2017. The landrace, weedy, and bred cultivated
rice set included 6 different ecotypes, 279 Temperate Japonica, 26 Tropical Japonica, 102
Indica, 9 Aus, 2 Aromatic, and 3 Admixture accessions (Supplementary Table S1). Cultural
practices in field management were performed as recommended.

4.2. DNA Extraction, Resequencing, and Variant Calling

Fifteen-day-old young samples (green leaves) were taken from all tested plants for
DNA extraction by the CTAB (cetyltrimethylammonium bromide) method, and then,
genomic DNA was stored in a refrigerator at 4 ◦C until use [28]. Qualified DNA was used
for whole-genome resequencing of the collected rice accessions with an average coverage
of approximately 15X on the Illumina HiSeq 2500 Sequencing Systems Platform. The DNA
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library was generated by using the TruSeq Nano DNA kit, following a specified protocol
(part no. 15,041,110 rev. D). The decoded sequences were saved in FastQ file format.
VCFtools (variant call format) [29] was used to remove missing values and heterozygotes
from raw data saved in FastQ. To compare the output sequences among the accessions,
the high-quality reads after removing missing values and heterozygotes were aligned
in the International Rice Genome Sequencing Project (IRGSP) 1.0 rice genome sequence.
The alignment of the reads was saved in binary alignment map (BAM) format. Duplicate
reads aligned in multiple locations were removed using PICARD version 1.88 [30]. Then,
variant (SNP/InDel) calling was performed using the Genome Analysis Tool Kit (GATK)
tools version 4.0.1.2 [31] to extract the variant regions from the BAM file. The extracted
mutations were saved in VCF file format and filtered using VCFtools to remove false-
positive SNPs/InDels. The raw sequence data were deposited in the NCBI GeneBank
database (accession number: MZ544903-MZ545377).

4.3. Population Structure, Principal Component Analysis (PCA), and Phylogenetic Study

To determine the population structure and existence of subpopulations, we conducted
population structure analysis and principal component analysis using 475 rice accessions.
We converted annotated variants of BADH1 into a PLINK file by using VCFtools, and
using the PLINK analysis toolset, bed files were recreated, and two additional two files
(.bim and .fam) were incorporated by using Python script (structure.py) in the fastStruc-
ture package tools [32] within a range of increasing K values from 2 to 7. The admixed
patterns of defined populations (population structure) were implemented using average
Q-values by the POPHELPER [33] analytical tool in the R program. To plot the similarity
or differences among genetic variations in the identified subpopulations, principal com-
ponent analysis (PCA) was performed in the R program. A list of principal components
(PCs) referring to variants was generated from TASSEL 5 [34], and the relatedness among
the groups was plotted in 3D scatterplots. A phylogenetic analysis was conducted in
MEGAX [35] by the neighbor-joining method, and a tree was drawn in FigTree version 1.4.3
(http://tree.bio.ed.ac.uk/software/figtree, accessed on 18 January 2021).

4.4. Nucleotide Diversity, Tajima’s D, and Fixation Index (FST)

To determine the genetic diversity, differentiation, and variation differences, we cal-
culated the respective values for the nucleotide diversity (π), Tajima’s D, and the fixation
index (FST). Using VCFtools, variant files were picked within the gene region of BADHI
for the classified representative types/subpopulations to be compared. The sliding win-
dow sizes used for nucleotide diversity (π) and Tajima’s D test were each 10 kb, and the
values were compared in multiple ways. FST values were also calculated to determine
the genetic differentiation between and among the identified groups or subpopulations of
475 rice accessions.

4.5. Haplotype Diversity Analysis

We conducted whole-genome haplotype diversity analysis on BADHI using a variant
annotation file to identify the association between BADH1 and salt tolerance at the hap-
lotype level. We divided our sample group into two separate groups, cultivated rice and
wild rice, and performed haplotyping individually. Haplotyping of cultivated rice was first
conducted and then compared to the results for wild rice with a minor allele frequency
(maf) filter of <0.03 maf. The sequence data from both groups were aligned in MEGAX
together with the reference sequence adapted from RAP-DB (https://rapdb.dna.affrc.go.jp,
accessed on 30 January 2021), and a haplotype list was generated by DnaSP version 6.0 [36]
Using the filtered and aligned genome sequences, a TCS network [37] was constructed in
PopART [38].

300



Int. J. Mol. Sci. 2021, 22, 7578

4.6. Screening of Salt Tolerance Phenotypes

First, a total of 120 seeds of each rice accession were washed in water, surface-sterilized
in 1% sodium hypochlorite solution for 20 min, and then rinsed three times with deionized
distilled water. Thirty seeds were taken from each rice accession and placed in 9 cm
diameter Petri dishes supplemented with 200 mM NaCl solution for salt stress and two
layers of filter paper underneath. Then, Petri dishes were stored in incubators at 30 ◦C
with 40% relative humidity for 10 days. Every 2 days, the NaCl solution in Petri dishes
was renewed to maintain the concentration, and the germination conditions were checked
every day. Filter papers were replaced as necessary. Once the plumule emergence was
2 mm long, we started to measure it as the germination index (GI). After 10 days, we
measured the root length (RL) and shoot length (SL) of the seedlings. Then, the total dry
weight (TDW) of roots and shoots was also measured after drying at 80 ◦C for 24 h. The
data of this treatment were collected for three replicates, and 0 mM NaCl was used as a
control. The number of germinated seeds was counted every day after treatment for up to
10 days, and the germination percentage (GP) was calculated. Germination energy (GE)
was observed and recorded daily for 4 days, and the values were calculated. The formulae
we used are summarized in Table 3.

4.7. Statistical Analysis

The recorded phenotypic data were first calculated in Microsoft Excel (2010) and
statistically analyzed in SPSS version 20.0 using Pearson correlation coefficients. Haplo-
typic and phenotypic data files were prepared and imported to TASSEL 5.0 [33] for the
association test. The general linear model (GLM), containing the SNP tested as a fixed
effect, was applied to test the association between phenotypic variation and haplotypes.
The association between phenotype and genotype was obtained by using Scheffe’s test at
the significance level (p-value < 0.05).

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/ijms22147578/s1.
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Abstract: Salt stress tolerance of crop plants is a trait with increasing value for future food production.
In an attempt to identify proteins that participate in the salt stress response of barley, we have used
a cDNA library from salt-stressed seedling roots of the relatively salt-stress-tolerant cv. Morex for
the transfection of a salt-stress-sensitive yeast strain (Saccharomyces cerevisiae YSH818 ∆hog1 mutant).
From the retrieved cDNA sequences conferring salt tolerance to the yeast mutant, eleven contained
the coding sequence of a jacalin-related lectin (JRL) that shows homology to the previously identified
JRL horcolin from barley coleoptiles that we therefore named the gene HvHorcH. The detection of
HvHorcH protein in root extracellular fluid suggests a secretion under stress conditions. Furthermore,
HvHorcH exhibited specificity towards mannose. Protein abundance of HvHorcH in roots of salt-
sensitive or salt-tolerant barley cultivars were not trait-specific to salinity treatment, but protein
levels increased in response to the treatment, particularly in the root tip. Expression of HvHorcH in
Arabidopsis thaliana root tips increased salt tolerance. Hence, we conclude that this protein is involved
in the adaptation of plants to salinity.

Keywords: abiotic stress; apoplast; functional screening; Hordeum vulgare; salinity; seedling

1. Introduction

The area of farmland worldwide that can be cultivated with crop plants is declining
because of increasing drought periods and the increasing salinity of the soil in several
regions of the earth [1]. Global climate change, which is predicted to be accompanied
by prolonged and intensified drought periods, is likely to aggravate this situation even
further. Intensified irrigation attempts to combat drought ultimately increase soil salinity
and thus eventually impede farmland cultivation when salinity reaches threshold levels
that can no longer be tolerated by crop plants [2]. It is therefore an eminent goal for a global
sustainable food supply to improve the salt stress tolerance of crop plants in order to push
these thresholds of soil salinity upwards so that more farmland with high-salinity soil will
still be amenable to agriculture.
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Barley is regarded as one of the more salt-stress-tolerant crop species [3,4], although
the level of tolerance may vary considerably between diverse barley cultivars [5]. There-
fore, the comparison of proteomes and transcriptomes of contrasting barley cultivars with
regard to their salt stress tolerance bears the potential to identify candidate proteins and
their respective coding and regulatory genes that play a role in salt stress tolerance of
barley. A collection of salt stress candidate genes discovered by a proteomics approach
using different barley cultivars has been published previously [6–9]. However, the profiling
of low-abundant, low-solubilizing, or small proteins in untargeted approaches is still chal-
lenging due to intrinsic technical limitations of proteomic analyses. Hence, we constructed
a cDNA library made from the salt-stressed roots of the more tolerant barley cv. Morex to
search for barley proteins related to stress tolerance using a functional screening procedure
that involved a salt-stress-susceptible yeast mutant. The basis for the yeast complemen-
tation screening approach applied here is formed by a global commonality of the signal
transduction pathways and mechanisms responsible for osmotic stress tolerance in both
yeasts and plants [10–14]. A yeast screen of a cDNA library generated from salt-stressed
sugar beet leaves led to the identification of a serine O-acetyltransferase conferring yeast
osmotolerance [15]. In addition, new candidates for salt stress response were obtained by
screening a date palm [16] and a Thellungiella halophila cDNA library [17]. The feasibility
of this approach for Escherichia coli was also shown. The expression of a cDNA library
derived from salt-treated Solanum commersonii in E. coli identified novel genes involved in
the stress response [18,19]. A lectin receptor-like kinase was isolated from screening an E.
coli expression library generated from salt-stressed pea seedlings [20].

Using a similar salt stress tolerance complementation assay, we identified cDNAs for
a jacalin-related lectin (JRL) with homology to the JRL horcolin from barley coleoptiles.
The corresponding protein was isolated from barley roots based on its mannose affinity
and characterized regarding its salt-stress-induced expression in barley root tissues as
well as in Arabidopsis thaliana. HvHorcH1 association with barley salt stress tolerance was
carried out by studying the HvHorcH1 protein expression levels in salt-sensitive and salt-
tolerant barley cultivars. Further, transgenic Arabidopsis with root-tip specific expression
of HvHorcH1 were generated.

2. Results

2.1. Screening for Salt Stress-Related Genes from Barley cv. Morex Roots in Salt Sensitive Yeast

In order to identify gene products that participate in the salt stress tolerance of barley,
we used a cDNA library from salt-stressed roots of the relatively salt-stress-tolerant cv.
Morex for the transformation of the salt-stress-sensitive yeast strain YSH818. A total of
51 independent yeast transformants, containing 21 different barley cDNAs, were isolated
that showed increased salt tolerance as compared to the empty vector control (Table 1).
Several cDNAs represented complete open reading frames, but also cDNAs lacking 5′ or
3′ ends were found. For further validation, cDNAs were used for the retransformation
of YSH818, and salt stress testing was extended up to 3% NaCl in the growth medium.
Figure 1 shows exemplarily the results for two jacalin-related lectin 31 (JRL) cDNAs (09_818-
20-10-10-5, 37_818-28-8-10-5, both coding for HORVU7Hr1G059330), where a vector control
is contrasted to the transformed cells. Here, the JRL31-containing yeast cells show clearly
increased survival at higher salt concentrations of 2% and 3% NaCl, even at higher dilutions
of the initial inoculum, when compared to the vector control.
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Table 1. Barley cDNAs conferring salt tolerance to a salt-sensitive yeast mutant. Given are the BLAST result (barlex CDS_HC May2016 database using blastx), the putative annotation and
putative function of the gene, and the number of isolates from yeast transformants.

Annotation Gene Score (Bits) E Value Function Number of Independent Yeast
Transformants

jacalin-related lectin 31 (HvHorcH) HORVU7Hr1G059330 296 7 × 10−103 carbohydrate binding 10
cellulose-synthase like D2 HORVU2Hr1G042350 502 2 × 10−174 cellulose biosynthesis 6

peptide-N(4)-(N-acetyl-β-glucosaminyl)asparagine amidase HORVU2Hr1G048680 507 3 × 10−177 protein deglycosylation 3
WD-40 repeat family protein HORVU3Hr1G115170 376 4 × 10−128 translation 3

phytanoyl-CoA dioxygenase domain-containing protein 1 HORVU4Hr1G007050 439 3 × 10−156 fatty acid metabolism 3
unknown function HORVU4Hr1G070280 64 8 × 10−14 unknown 3

histone H2A 6 HORVU7Hr1G100110 171 1 × 10−52 DNA binding 3
30S ribosomal protein S11 HORVU7Hr1G104220 256 8 × 10−88 translation 3

exocyst complex component 6 HORVU0Hr1G006630 367 2 × 10−122 vesicle transport 2
membrane steroid binding protein 1 HORVU1Hr1G045630 276 8 × 10−93 vesicle transport 2

histone H2A 2 HORVU2Hr1G043860 145 1 × 10−44 DNA binding 2
unknown function HORVU7Hr1G032340 159 2 × 10−48 unknown 2

cytochrome P450 superfamily protein HORVU1Hr1G069310 124 2 × 10−43 gibberellin catabolic process 1
GDSL esterase/lipase HORVU2Hr1G025800 280 4 × 10−93 fatty acid metabolism 1

adenine nucleotide alpha hydrolases-like superfamily protein HORVU2Hr1G042480 69 4 × 10−16 stress response 1
ribosomal protein S24e family protein HORVU4Hr1G058010 207 1 × 10−67 unknown 1

potassium transporter 26 HORVU4Hr1G058080 39 7 × 10−04 ion transport 1
26S proteasome non-ATPase regulatory subunit 4 homolog HORVU4Hr1G063820 370 3 × 10−126 proteolysis 1

ATP-dependent zinc metalloprotease FtsH 2 HORVU5Hr1G063340 68 2 × 10−15 proteolysis 1
peptidyl-prolyl cis-trans isomerase HORVU6Hr1G012570 295 3 × 10−102 protein folding 1

Rad23 UV excision repair protein family HORVU7Hr1G042100 221 4 × 10−70 mRNA catabolism 1
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Δ
Figure 1. Salt stress tolerance screening of transfected YSH818 ∆hog1 yeast cells plated on agar containing increasing salt
concentrations. Yeast cells were either transfected with cDNA expression vector alone (upper row) or vectors containing
two HvHorcH (HORVU7Hr1G059330) cDNAs. The respective inocula were deposited in tenfold dilution steps, from left to
right for each strain and salt condition.

Currently, the putative function of several of the isolated cDNAs is unknown (Table 1).
Other functional groups found in the analysis included cDNAs involved in translation,
cellulose biosynthesis, DNA binding, fatty acid metabolism, vesicle transport, proteolysis,
and stress response, among others. Ten barley cDNA sequences were retrieved that
all were highly homologous to the coding sequence of a yet unannotated barley JRL31
HORVU7Hr1G059330, which shows a 50% sequence identity with the previously identified
mannose-specific JRL horcolin (HORVU1Hr1G000160) from barley coleoptiles [21].

Figure S1 shows an amino acid sequence alignment of those sequences. Hence, the
isolated JRL31 were termed as horcolin homolog HvHorcH (HORVU7Hr1G059330).

A further interesting candidate identified in the screen, besides JRL31, was cellulose-
synthase like D2 (HORVU2Hr1G042350), identified in six independent yeast transformants.
However, for all further experiments, we focused on JRL31 cDNAs.

2.2. In Silico Gene Expression Pattern of HvHorcH in Barley Roots

The expression level of HvHorcH gene transcripts was analysed using the Expression
Atlas (Expression Atlas. Available online: https://www.ebi.ac.uk/gxa/home, accessed on
24 August 2021), a repository of RNAseq expression data, which is reproduced in Figure S2,
and compared to that of horcolin. The highest transcript levels for horcolin were found for
shoots and germinated embryos. The distribution pattern of HvHorcH was characterized
by an accumulation mainly in roots, indicating a different functionality as compared to
horcolin.

2.3. Cellular and Subcellular Localization of HvHorcH

Based on transcript information, HvHorcH is expressed mainly in roots. In order to
investigate the localization within the root, we used the polyclonal HvHorcH antibody, in
combination with a fluorescently labeled anti-rabbit-IgG antibody, in the salt-stressed roots
of cv. Morex. A non-uniform tissue distribution was observed with a strong labeling of the
root cap (Figure 2).
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Figure 2. Immunolocalization of HvHorcH on barley cv. Morex root tips after salt stress treatment.
HvHorcH was found mainly in the root cap.

Localization in the apoplast has been described for the homologous horcolin [21] as
well as for the JRL helja from Helianthus annuus seeds [22]. In order to study the subcellular
distribution of HvHorcH, we prepared an apoplast fraction of salt-stressed roots of cv.
Morex. The presence of HvHorcH in apoplastic fluid of salt-stressed roots of cv. Morex was
confirmed immunologically with antibodies specific for HvHorcH. The apoplastic fluid
contained only minor contamination with cytosolic proteins, as exemplified by the presence
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Figure 3). Since HvHorcH lacks
a signal sequence for an export via the standard secretory pathway through ER and Golgi,
its secretion into the apoplast of roots may follow a non-canonical route.

 
Figure 3. Detection of HvHorcH in the root apoplast. Anti-GAPDH and anti-HvHorcH stained
Western blot (top) of an SDS-PAGE (bottom: Coomassie stained) with dilution series of cv. Morex
native root extracts or apoplastic fluids. For the apoplastic fluid preparation, an infiltration vacuum of
20 mPa was applied with a vacuum pump under manometer control. All extracts were prepared from
salt stress (150 mM NaCl)-treated roots. Two µg of protein of root extract or apoplast preparation
was loaded to the SDS-PAGE as undiluted sample and then diluted as indicated in the figure.
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2.4. Mannose-Binding of HvHorcH Protein

In order to test whether HvHorcH has a similar binding behaviour to mannose as
horcolin, a mannose affinity chromatography was performed. HvHorcH was enriched from
salt-stressed cv. Morex roots to apparent homogeneity in a two-step purification process
employing anion exchange (AEX) and mannose affinity chromatography. Fractions from
this purification procedure were evaluated by immunoblotting using an anti-HvHorcH
polyclonal antiserum and by SDS-PAGE (Figure S3). A protein band with a molecular
weight (MW) of about 15 kDa, which corresponds to the theoretical MW of HvHorcH
of 15.1 kDa, was detected both in the native root extract (R) and after desalting and
buffer exchange (Rd). Subsequent AEX chromatography resulted in the enrichment of
HvHorcH in a number of fractions during elution with a linear NaCl gradient (Figure S3,
F13 to F16). These fractions were combined (P) and subjected to dialysis (Pd). By the
following mannose affinity chromatography, a fraction highly enriched in HvHorcH could
be generated. Thereby, the majority of the target protein eluted within the first fraction
(E11) of the first elution with citrate buffer (elution buffer 1). For the recombinant expressed
HvHorcH protein, a signal in the range of 15 to 18 kDa has been detected, which can be
explained by the attached poly-histidine affinity tag.

2.5. Selection of Barley Lines with Different Salt Stress Tolerance Levels

In order to test whether HvHorcH expression levels are associated with barley salt
stress tolerance, we screened doubled-haploid (DH) offspring lines of the cross between
the more tolerant cv. Morex and the more sensitive cv. Steptoe. The latter has been
previously screened for salt tolerance in a germination assay [23]. DH lines showing a more
sensitive response such as cv. Steptoe or a more tolerant one as compared to cv. Morex
were evaluated in a hydroponic assay for salt tolerance at the seedling stage. Previously,
we found that the development of the third leaf was indicative of a contrasting response
toward salinity [8]. Hence, this parameter was used to assess the response of tested
accessions. Four accessions were isolated showing a comparable contrasting response to
the parental lines cvs. Steptoe and Morex with respect to the length and fresh weight of
the third leaf (Figure 4a,b). With increasing NaCl concentration, the growth was inhibited
in all accessions, but the growth inhibition of DH14 and DH43 was stronger at all levels
tested as compared to DH187 and DH198. The leaf fresh weight at 150 mM NaCl was
reduced to 10% and 8% in DH14 and DH43, respectively, and to 27% and 46% in DH187
and DH198, respectively, as compared to the control treatment. Under the same conditions,
the remaining growth rate was 4% in cv. Steptoe and 41% in cv. Morex [8], indicating that
the response of selected offspring lines was comparable to that of the parent cultivars. In
our previous work, we observed pronounced differences of salt-stress-mediated alterations
in root architecture between the tolerant cv. Morex and the sensitive cv. Steptoe [6].
Additionally, the transcript levels of HvHorcH (Figure S2) and the protein levels (Figure 2)
were shown to be highest in roots.
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Figure 4. The effect of NaCl on the seedling growth and root growth of salt-tolerant (cv. Morex, DH 187, DH198) and
salt-sensitive (cv. Steptoe, DH14, DH43) accessions of the Steptoe × Morex mapping population. (a,b) Salt tolerance was
recorded as indicated by biomass production of the third leaf. The data represent the means of 17–20 plants per treatment,
with the standard error shown as error bars. Bars filled with dots indicate salt-sensitive accessions, while bars filled with
stripes represent tolerant ones. (c) Representative photographical images of control plants and plants under salt stress from
DH187 and DH14. (d) Specific features of root architecture including branches, ends, and crossing points were measured in
distinct circular segments centered on the root base. Values refer to the distance from the root base in mm (from 20 to 140).
Mean values are shown in a color code representation. Blue indicates high numbers, while beige represents low values.

Thus, we additionally investigated root architecture responses in the selected DH lines
under control conditions and salt stress (Figure 4c). Morphological parameters (branches,
ends, and crossings) were evaluated after ten days exposure to 150 mM NaCl from digital
root images and displayed as a function of the distance from the root base (Figure 4d).
Under control conditions, the more tolerant cv. Morex, DH187 and DH198, displayed a
more elaborate root system containing higher numbers of ends and crossings in greater
distance from the root base (>100 mm, control). Additionally, the roots of those lines were
more branched far from the root base under the control treatment. When grown under salt
stress, all lines tested showed a strong shortening of roots and a high reduction in number
of branches, ends, and crossings. Nevertheless, the highest capability for maintaining root

311



Int. J. Mol. Sci. 2021, 22, 10248

growth and differentiation was observed for the salt-tolerant accession DH198, indicated
by the longest and most branched root system under salt stress (Figure 4d).

2.6. HvHorcH Protein Abundance Is Highly Increased in Root Tips under Salt Stress

The distribution of HvHorcH across the roots of the six selected barley lines was
analyzed using the polyclonal antibody against HvHorcH. Protein abundance in roots and
root tips after salt stress imposition as compared to control conditions was investigated
by protein gel blot analysis (Figure 5). The antibody clearly detected a protein in the
molecular weight range of 15 kDa, matching the calculated molecular weight of 15.1 kDa
for HvHorcH. Under control conditions, all accessions (except DH14) accumulated higher
amounts of HvHorcH in total roots than in root tips. A marked increase in HvHorcH
abundance was shown for all accessions when grown at 150 mM NaCl. Notably, this
increase was much higher in root tips as compared to total roots, indicated by higher fold
change values for all accessions in this tissue. However, no concerted up-regulation of the
protein in the salt-tolerant or salt-sensitive accessions was observed for roots and root tips.
Thus, we assume that HvHorcH1 is involved in the general osmotic response mechanisms
during growth under salt stress in barley.

Figure 5. HvHorcH abundance in roots and root tips of tolerant (cv. Morex, DH 187, DH198)
or sensitive (cv. Steptoe, DH14, DH43) barley accessions with contrasting salt stress response.
Equal amounts of total protein (2 µg) were separated by SDS-PAGE on 15% gels, and HvHorcH
was immunologically detected by protein gel blot analysis. Pixel intensities of detected bands
were integrated. The mean fold change between control and salt stress (150 mM NaCl) conditions
calculated from three independent experiments is given on top of the bands. Representative images
from one experiment are shown.

2.7. HvHorcH Enhances Salt Tolerance in Transgenic Arabidopsis

To further study the function of HvHorcH during salt stress, a transgenic approach in
Arabidopsis thaliana was applied. Since the protein showed a root-tip-specific expression
under salinity in barley, a root-tip-specific promoter was selected to drive HvHorcH gene
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expression, coupled to eGFP as the reporter gene. Three independent lines expressing
HvHorcH in the Col-0 background were selected for further studies based on the strength
of the reporter signal (Figure S4). When grown in the presence of different levels of NaCl,
the fresh mass production of the rosette in the transgenic lines 3-8, 5-7 and 9-6 was more
advanced than in the wildtype Col-0 (Figure 6a). When root phenotypes of plants grown in
the presence of 50 mM NaCl were analyzed, an increased primary root length of transgenic
lines was observed as compared to wildtype plants (Figure 6b). These results indicate that
expression of HvHorcH in root tips enhances salt tolerance in A. thaliana.

Δ

Figure 6. Salt stress response of Arabidopsis thaliana plants expressing HvHorcH in root tips. (a) Quantification of the relative
rosette growth rate in A. thaliana wildtype Col-0 and HvHorcH transgenic plants (lines 3-8, 5-7, 9-6) under three different
levels of salt stress, grown in soil culture. The data represent the means of about 80 plants per treatment and genotype,
originating from three independent experiments, with the standard error shown as error bars. Asterisks (*) indicate
significant differences between the wildtype Col-0 and HvHorcH transgenic plants (t-test, p < 0.01) (b) Root phenotypes of a
representative transgenic line pGSTu25:HvHorcH:GFP #5-7 compared with the wildtype after 7 d of growth on an agar
plate in the absence (top) or presence (bottom) of 50 mM NaCl (bar = 1 cm).

3. Discussion

The functional screening of barley salt-stress-related genes in yeast showed that, to a
certain extent, plant proteins can substitute for components of the stress signaling pathway
or the cellular defense mechanisms that are blocked in the ∆hog1-mutant yeast used in
this study. One of the cDNAs conferring salt tolerance to yeast encoded the membrane
steroid binding protein 1 (MSBP). In our group, this protein was recently identified in a
comparative root plasma membrane proteomic analysis of barley cvs. Steptoe and Morex
to be involved in the adaptation of root architecture to salinity [6]. However, numerous
genes isolated in our present study are not yet described to be involved in the barley salt
stress response and hence represent novel candidates for further evaluation.

Most multiple cDNA isolations were derived for a JRL 31 (named HvHorcH), which
was therefore selected for further analysis. HvHorcH belongs to the group of jacalin-related
lectins (JRLs), which are carbohydrate-binding proteins. In general, lectins cover a diverse
group of protein families with multiple functions that bind reversibly to specific mono-
or oligosaccharides without altering the substrate [24]. JRLs are a subgroup that share
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one or more conserved domains with jacalin, a lectin isolated from jackfruit [25]. Some
JRLs are involved in the response towards biotic stresses [26–28], while others play a role
in developmental processes [29]. Numerous studies have noticed the response of JRLs
to abiotic stresses, such as high light [30] and salt stress [31,32]. In barley, several JRLs
are described with different domain organization and expression patterns. Lem2 is a JRL
with two jacalin domains, which is expressed in shoots, and its induction by salicylic acid
suggests an involvement in systemic acquired resistance [33]. Chimeric JRLs JRG1.1, JRG1.2,
and JRG1.3 (dirigent protein) consist of one jacalin and one dirigent domain. They are
assumed to be involved in plant disease response since inducibility by jasmonic acid was
demonstrated [34]. Chitin-binding ability was shown for BLc3, a lectin that accumulates in
root tips and in the embryo [35].

The proteins HL2 and horcolin are characterized by a single jacalin domain. HL2
is expressed in shoots and transcripts accumulate under high light conditions and after
methyl jasmonate treatment [30]. In contrast to this, horcolin transcript and protein levels
are induced specifically in etiolated coleoptiles, and the protein is localized to the cell wall
and can be extracted in apoplastic washing fluid [21]. HL2 and horcolin belong to the
subgroup of mannose-binding JRL, a property also demonstrated for HvHorcH in our
study. We have detected HvHorcH in apoplastic fluid preparations from roots, indicating
a possible rhizodeposition of this protein, a hypothesis that is further underlined by the
root-tip-specific accumulation of HvHorcH under salt stress conditions. This accumulation
pattern was observed for all investigated genotypes, pointing toward a role of HvHorcH in
the general osmotic response mechanisms during growth under salt stress in barley.

In addition, the mannose-specific JRL helja from H. annuus was localized to the
seedling apoplast, where its release protects the roots from pathogenic fungi through cell
agglutination [22,36,37]. A role in plant defense against pathogens was also proposed for
chitin-binding JRL found in barley root tips, which share a high sequence similarity to
wheat germ agglutinin [35,38,39]. In contrast to this, reports on wheat germ agglutinin
itself underline its role in establishing ABA-controlled unspecific defense responses since
they accumulate in wheat roots in response to drought stress [40] and salt stress [41],
while exogenous wheat germ agglutinin is able to protect the seedling from salt-stress-
induced growth arrest [41]. While the expression of JRL in the meristem of drought-stressed
banana is reduced [42], the levels of rice JRL salT increase in response to drought and salt
stress, although mainly in the shoot [43,44]. When testing rice cultivars of contrasting salt
tolerance, salT protein accumulated nonspecifically, indicating no correlation between salt
stress response and protein levels [45]. Further, the rice JRL MRL was also inducible after
imposition of salt stress and even higher in roots as compared to shoots [46].

As we have found in our study that the accumulation of HvHorcH in response to salt
stress is not correlated to the tolerance or sensitivity of the tested barley genotypes, we
also assume that HvHorcH has a general protective role in the root tip. A non-uniform
distribution was observed with strong labeling of the root cap, a similar distribution to that
found for other root-specific lectins [35,38]. The rhizodeposition of HvHorcH by root tips
could modify the osmotic potential in its vicinity in order to maintain meristematic activity
under stress conditions, as shown for wheat germ agglutinin in wheat [47] and barley [48].
Recently, two JRL were detected in extracellular vesicles isolated from the A. thaliana leaf
apoplast, indicating that JRL are secreted by extracellular vesicles [49]. We have shown
here that HvHorcH is functional in A. thaliana root tips and that transgenic plants exhibit a
greater tolerance towards salt stress. However, the precise functional mechanism behind
the protective role of HvHorcH in roots remains to be elucidated. To examine the binding
specificities of HvHorcH more profoundly, carbohydrate microarrays should be performed
next [50].

A further candidate identified in our yeast screen was a cellulose-synthase-like D2
gene. This gene is 99% identical to cellulose-synthase-like HvCslF3, a gene involved in the
biosynthesis of (1,3;1,4)-β-D-glucan, which is the major cell wall constituent in monocots
and is the most abundant structural polysaccharide of the mature barley grain [51]. So far,
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ten HvCslF genes are reported [52], with HvCslF3 not being involved in grain development,
based on transcript profiling data [51,53] but being highly expressed in the coleoptile and
root tips [52]. One of the most devastating effects of salt stress in plants is the induction of
detrimental changes in the cell wall, e.g., disturbed cellulose synthesis [54], and reduced
pectin cross-linking and cell wall integrity [55]. Often, an altered composition of cell
wall components in response to salt stress is observed [56], although the precise role of
(1,3;1,4)-β-D-glucan in stress adaptation remains to be elucidated. Notably, the function
of C-type lectins as receptors of linear (1,3)-β-D-glucan and its role in triggering diverse
immune responses in humans, invertebrates, and microorganisms has been established [57].
Similarly, the chitin elicitor receptor kinase 1 (CERK1), initially reported to directly bind
chitin oligosaccharides, has been suggested to function as a co-receptor for linear (1,3)-
β-D-glucan, triggering fungal immune responses in A. thaliana, recently [58]. Recently,
the multivalent binding of horcolin to high-mannose glycans has been demonstrated [59].
Whether a similar function may be assigned to HvHorcH remains speculation at this
point. However, the observed longer primary roots in HvHorcH expressing A. thaliana
and the larger root systems of salt-tolerant barley genotypes hint toward effective salt
stress tolerance mechanisms related to maintaining root growth under saline conditions
in both species, which may involve HvHorcH and HvCslF3. In our study, we have used
two groups of barley genotypes with contrasting salt stress response to distinguish specific
or nonspecific stress responses. The same genotypes should now be tested for in-depth
characterization of HvCslF3 and other candidates isolated by our yeast screen, such as those
involved in stress response or ion transport in order to identify stress-response-related
genes for plant improvement.

4. Materials and Methods

4.1. Plant Material and Salt Stress Treatment

Barley cultivars Steptoe, Morex as well as their offsprings DH14, DH43, DH187, and
DH198 were grown in hydroponic culture as described by Witzel et al. [8]. Salt stress
treatment began six days after germination by the NaCl concentration being increased step-
wise (50 mM NaCl steps every other day) until 150 mM NaCl. Root material was harvested
at ten days for cDNA library construction, at five and ten days for qPCR measurements,
and at seven days for immunodetection, after this final level had been reached. Material
from five individual plants was combined to form, for each of the cultivars, one batch of
non-treated (control) roots, and a second one of salt-stressed roots. Three independent
experiments were performed. For the screening of doubled-haploid lines of the Steptoe ×
Morex population, plants were grown as described above but supplied with 50, 100, 150,
200, or 250 mM NaCl for ten days. Seventeen to twenty plants per genotype and treatment
were sampled, and shoot biomass was recorded. This experiment was performed once.

To assess the transgene effect on plant biomass production, A. thaliana wild-type
Col-0 and the same three transgenic lines were grown on non-sterile standardized plant
growth substrate (Fruhstorfer Erde type P, Hawita, Vechta, Germany) with a pH of 6.0 in a
climate chamber under short-day conditions (8 h light/16 h dark, 22 ◦C, 40–60% humidity,
300 µmol m–2 s–1). After 2 weeks, plants were transferred into single pots and cultivated for
further two weeks. Salt stress treatment was performed as described above for barley, with
increasing concentration in a step-wise manner up to 150 mM NaCl and maintained for
one week. At harvest, the rosette fresh weight of 25–27 plants per treatment and genotype
was measured. These experiments were performed in triplicate. Statistical evaluation of
rosette biomass was calculated using paired t-test, implemented in Sigma Plot 14.0 (Systat
Software, Frankfurt am Main, Germany).

For analyzing root morphological effects, seeds of A. thaliana wild-type Col-0 and three
transgenic lines expressing HvHorcH were surface sterilized. Seeds were germinated and
grown on half-strength Murashige–Skoog (MS) medium (pH 5.8) and supplemented with
1.5% w/v sucrose for 2 weeks. Then, seedlings were transferred to a medium supplemented
with or without 50 mM NaCl. Plants were maintained at 18/20 ◦C under an 8 h light/16 h
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dark rhythm (300 µmol m–2 s–1) for one week. These experiments were performed in
triplicate.

4.2. Yeast Strain and Cultivation

The salt-sensitive yeast Saccharomyces cerevisiae strain YSH818 (MATa leu2-3/112 ura3-1
trp1-1 his3-11/15 ade2-1 can1-100 GAL SUC2 hog1∆::LEU2) [60] was used for barley cDNA
testing. Yeast cultures were grown under selective conditions on synthetic dextrose minimal
medium (0.67% bacto-yeast nitrogen base without amino acids, 1.6% bacto-agar) at 30 ◦C
with 2% glucose as carbon source and the addition of amino acids [9].

4.3. CDNA Library Construction and cDNA Isolation

A cDNA expression library was constructed in the S. cerevisiae strain YSH818 using the
Clone Miner cDNA Library Construction Kit (Thermo Fisher Scientific, Waltham, United
States), according to the manufacturer’s instructions. RNA was extracted from roots of
salt-stress-treated barley cv. Morex using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany), and mRNA was enriched by using the polyA Spin™ mRNA Isolation Kit (New
England Biolabs, Ipswich, MA, United States). A total of 2 µg of mRNA was used for
cDNA library construction, leading to the integration of cDNAs into pDONOR222 vector.
The expression library (8 × 105 colony forming units, average insert size of 950 bp) was
subsequently shuttled into pYES-DEST52 vector for yeast transformation, as described
before [9]. Transformed yeast cells were plated onto the medium as described above, with
additional 2% NaCl. Transformants with increased salt tolerance after four days of growth,
as compared to the empty vector control, were isolated; cDNA was extracted, sequenced,
and used for retransforming YSH818 control cells. For the re-evaluation of cDNAs, 2% and
3% NaCl were added to the medium to impose salt stress.

4.4. Database Search and Sequence Alignments

Barley cDNAs that were extracted from yeast cells were sequenced, and sequences
were compared to barlex CDS_HC May2016 database [61] using blastx (BARLEX. https:
//apex.ipk-gatersleben.de/apex/f?p=284:10, accessed on 24 August 2021). The amino
acid sequence alignment was performed using the T-Coffee program and clustalW algo-
rithm [62]. A conserved domain database search was performed using NCBI’s protein–
protein blast [63].

4.5. Root Morphological Analysis

After a ten-day exposure to either control conditions or 150 mM NaCl, the plant roots
of all six barley cultivars were transferred to a flat water-filled tray. After detangling the
roots using a toothpick, images were captured by a conventional digital camera. Root
structure was determined from the images. Branch points (branches), end points (ends),
and points of intersection (crossings) were detected as described [6]. Numbers of branches,
ends, and crossings were graphically displayed as a function of the distance from the root
base in mm by a Sholl analysis [64]. Three biological experiments were performed, and for
each cultivar and treatment, the roots of four to five plants were analyzed, respectively.

4.6. Expression of Recombinant HvHorcH in Escherichia coli

For expression in E. coli, the barley EST clone GCW003B01r, coding for HvHorcH,
was retrieved from CR-EST database (CR-EST. https://apex.ipk-gatersleben.de/apex/f?
p=CREST:1:14690193541182::NO:::, accessed on 11 June 2009) and introduced into the pCR
2.1. Topo vector (Thermo Fisher Scientific, USA). By PCR, a SalI site at the 3′-end and a
BamHI site at the 5′-end were introduced. The resulting fragment was cloned into the
pQE30 expression vector by using the QIAexpress Type IV Kit (Qiagen, Hilden, Germany)
and transformed into E. coli strain XL1Blue (Stratagene, Amsterdam, The Netherlands).
Recombinant HvHorcH was purified using affinity chromatography on Ni-NTA agarose
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(Qiagen, Hilden, Germany) following the manufacturer’s instructions. For immunodetec-
tion, polyclonal antibodies were raised against recombinant HvHorcH in rabbits.

4.7. Protein Extraction, SDS-Polyacrylamide Gel Electrophoresis (PAGE), and Gel Blot Analysis

Proteins were isolated from total roots and root tips from plant material harvested
seven days after final salt stress (150 mM NaCl) application. The root material from five
plants of each genotype was combined for protein extraction, and all the experiments
were performed in triplicates. The frozen root material was homogenized under liquid
nitrogen to a fine powder, mixed with TCA/acetone solution (10% (w/v) TCA, 0.07% (w/v)
2-mercaptoethanol in acetone) in a ratio of 100 mg to 1 mL, and incubated for 45 min at
–20 C◦. The precipitate was pelleted by centrifugation, washed twice with 0.07% (w/v)
2-mercaptoethanol in acetone, and dried in a vacuum centrifuge. Protein precipitates
were dissolved in loading buffer (56 mM Na2CO3, 56 mM dithioerythritol, 0,1% (w/v)
sodium dodecyl sulfate, 12% saccharose, and 0,01% bromophenol blue). Quantification was
performed using a Bradford assay (Bio-Rad, Hercules, CA, United States), using bovine
serum albumin as a standard.

Samples of each extract with equal amounts of protein (2 µg) were subjected to SDS-
polyacrylamide gel electrophoresis [65] on 15% acrylamide gels and transferred to an
Immobilon-P PVDF membrane (Merck Millipore, Darmstadt, Germany) using a semi-dry
blotting apparatus (Schütt, Göttingen, Germany). Membranes were probed with anti-
HvHorcH polyclonal antiserum followed by the incubation with infrared dye-coupled
secondary antibody (Li-Cor, Bad Homburg, Germany). Documentation and quantification
was performed on a Li-Cor scanner driven by Odyssey software v3.0 (Li-Cor, Bad Homburg,
Germany). The MagicMark™ XP Western Protein Standard (Thermo Fisher Scientific,
Waltham, MA, United States) served as the protein standard.

4.8. Microscopy

For immune-histochemical examination, 2 mm long root tip sections were collected.
After microwave-assisted fixation and LR White resin infiltration using a PELCO e BioWave®

Pro+ (TedPella, Redding, CA, United States), according to Table S1, resin was polymerized
at 60 ◦C for 48h.

Median longitudinal root sections of 0.5 µm thickness were cut on an Ultracut UCT
instrument (Leica, Nussloch, Germany) and mounted on 8-well poly-L lysine coated slides
(Thermo Scientific, Waltham, CA, United States). To avoid non-specific antibody binding,
sections were blocked at room temperature (RT) for 20 min in PBS buffer containing 3%
(w/v) bovine serum albumin and 0.1% Tween, followed by washing with washing buffer
(0.1% bovine serum albumin and 0.05% Tween 20 in PBS) for 2 min at RT. After primary
antibody incubation with polyclonal rabbit anti-HvHorcH (see Section 4.7, 1:10 and 1:100
diluted) for 45 min at 37 ◦C, probes were washed five times for 5 min at RT with PBS buffer.
Incubation with secondary antibody goat anti-rabbit Alexa fluor 488 (MoBiTec, Göttingen,
Germany; dilution 1:200) for 30 min at 37 ◦C was followed by five final washes with a
washing buffer for 5 min at RT. Sections were mounted in antifade (1 mL 0.1 M Tris, pH
9.0, 9 mL glycerin, 50 mg n-propyl gallate). Immunolabeling was analyzed using a LSM
510META confocal microscope (Carl Zeiss, Jena, Germany). Alexa 488 was visualized with
a 488 nm laser line in combination with a 505–530 nm bandpass filter. For controls, sections
were incubated with Alexa 488 only.

4.9. Collection of Apoplastic Fluid

Apoplast infiltration with 1 × phosphate buffered saline of pH 7.0 containing 300 mM
mannose was carried out by submerging the roots in the buffer in a 50 mL falcon tube
and infiltrating under a vacuum of exactly 20 mPa generated by a motor pump for 30 s.
The centrifugation of the surface-dried roots was carried out in a 5 mL syringe placed
within a 15 mL falcon tube at a centrifugation speed of 400 × g. The presence of HvHorcH
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and GAPDH (Agrisera AB, Vännäs, Sweden) in the respective fractions was validated by
immunoblotting, as described before.

4.10. Affinity Enrichment of HvHorcH by Mannose Binding

Roots from salt-stressed cv. Morex plants were ground to a fine powder under liq-
uid nitrogen. Proteins were isolated on ice by grinding the root material with a cold
extraction buffer (20 mM tris(hydroxymethyl) aminomethane (Tris) HCl, pH 7; 300 mM
mannose; 1 mM dithiothreitol, and with protease (cOmplete™) and phosphatase inhibitor
(PhosSTOP™, Roche Diagnostics GmbH, Mannheim, Germany)) in a ratio of 2.5 g to
4 mL. Insoluble material was sedimented by centrifugation (10,000× g, 4 ◦C, 15 min).
The supernatant was transferred to a fresh tube and the pellet re-extracted with 2 mL of
cold extraction buffer. After centrifugation (10,000× g, 4 ◦C, 15 min), both supernatants
were combined, resulting in about 5 mL of crude extract. The extract was desalted, small
contaminants removed, and the buffer exchanged to an anion exchange buffer (20 mM
2-(N-morpholino)ethanesulfonic acid, 1 mM dithiothreitol, adjusted to pH 6.5 with 1 N
NaOH) by gel filtration on PD10 columns (GE Healthcare, Chicago, IL, USA) as instructed
by the manufacturer. After elution from PD10 columns, an extract volume of about 7 mL
was reached. Anion exchange chromatography was performed on a 6 mL Ressource™Q
column (GE Healthcare) equilibrated with five column volumes (CV) of anion exchange
buffer and utilizing an automated Äkta start protein purification system (GE Healthcare,
Chicago, IL, USA). The protein extract was loaded on the column in anion exchange buffer
at a flow rate of 2 mL/min. Sequential elution of bound proteins was realized by a linear
gradient from 0 to 500 mM of NaCl in anion exchange buffer, and fractions of 3 mL each
were collected. SDS-PAGE and protein gel blot analysis of the purified fractions were
performed as stated above. Fractions containing HvHorcH were combined (about 18 mL)
and subjected to dialysis (4 ◦C, overnight) against a minimum of 40 volumes of affinity
chromatography buffer (50 mM Tris HCl, pH 7.2; 100 mM NaCl; 1 mM MgCl2) utilizing 2
mL PlusOneTM Mini Dialysis Kit tubes with a 1 kDa cut-off (GE Healthcare, Chicago, PD,
United States) according to the manufacturer’s instruction. The resulting fraction volume
was stable with about 18 mL. Affinity chromatography was performed using D-mannose
agarose (Sigma-Aldrich, United States) with a protein-binding capacity of about 40 mg/mL.
A 20 mL empty Poly-prep® gravity-flow column (Bio-Rad, Hercules, CA, United States)
was filled with 0.6 mL of D-mannose agarose matrix and equilibrated with 20 CV of affinity
chromatography buffer. The dialyzed protein extract (18 mL) was added and the column
sealed and incubated at 4 ◦C on an overhead shaker for a minimum of one hour. The
column was then placed on a gravity stand and the flow-through was collected. Unbound
proteins were washed off with 13 CV of affinity chromatography buffer (8 mL). Then,
two times 1 mL of elution buffer 1 (50 mM MES, pH 6.5 adjusted with 1 N NaOH, 300
mM D-mannose, and with protease (cOmplete™, Roche Diagnostics GmbH, Mannheim,
Germany) and phosphatase inhibitor (PhosSTOP™, Roche Diagnostics GmbH, Mannheim,
Germany)) was applied, and fractions were collected (2 × 1 mL). Next, 1 mL of elution
buffer 2 (50 mM citric acid, pH 2.4 adjusted with 1 N NaOH, 100 mM NaCl, 1 mM MgCl2,
300 mM D-mannose) was applied, and the fraction was collected (1 mL). SDS-PAGE and
protein gel blot analysis of the purified fractions were performed as stated above. HvHorcH
was mainly found in the first fraction of elution 1, which was stored at −20 ◦C until further
usage.

4.11. Generation of Transgenic Arabidopsis Plants

For the generation of transgenic A. thaliana plants, the Col-0 ecotype was used as the
genetic background. Plants were grown in a greenhouse under long-day (16 h of light/8 h
of darkness) conditions at 22 ◦C. For the generation of pGSTu:HvHorcH;eGFP transgenic
plants, 1.36 kb pGSTu25 promoter (pGSTu25) and eGFP were subcloned together with
HvHorcH ORF (see Section 4.6) into Gateway® Donor vectors. All three components
were introduced into pB7m34GW expression vector using LR Clonase™ II Plus (Thermo
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Scientific, Waltham, MA, United States). Constructs were subsequently introduced into
Agrobacterium tumefaciens strain GV3101, and wild-type plants were transformed using
the floral dip method [66]. Transgenic lines were selected on medium containing phos-
phinothricin (PPT).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910248/s1.
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Abstract: C2H2 zinc finger proteins (ZFPs) play important roles in plant development and response
to abiotic stresses, and have been studied extensively. However, there are few studies on ZFPs
in mangroves and mangrove associates, which represent a unique plant community with robust
stress tolerance. MpZFP1, which is highly induced by salt stress in the mangrove associate Millettia

pinnata, was cloned and functionally characterized in this study. MpZFP1 protein contains two
zinc finger domains with conserved QALGGH motifs and targets to the nucleus. The heterologous
expression of MpZFP1 in Arabidopsis increased the seeds’ germination rate, seedling survival rate,
and biomass accumulation under salt stress. The transgenic plants also increased the expression
of stress-responsive genes, including RD22 and RD29A, and reduced the accumulation of reactive
oxygen species (ROS). These results indicate that MpZFP1 is a positive regulator of plant responses
to salt stress due to its activation of gene expression and efficient scavenging of ROS.

Keywords: C2H2 zinc finger protein; heterologous expression; Millettia pinnata; salt tolerance

1. Introduction

Arable lands are suffering from continuous salinization at an annual rate of ~10%
due to environmental changes and poor cultural practices. Approximately 50% of the
total cultivated land area was predicted to be salinized by the year 2050 worldwide [1].
Salt stress has multiple deleterious effects on plant growth and is a major environmental
factor reducing crop productivity. Thus, improving the salt tolerance of crops through
genetic modification is a potential approach for optimum economic sustainability [1,2].
The generation of salt-resistant crops relies on the discovery of plant stress-responsive
mechanisms and the availability of genetic resources.

Pongamia (Millettia pinnata syn. Pongamia pinnata) belongs to the semi-mangrove (or
mangrove associate) growing within intertidal zones in tropical and subtropical regions,
and possesses a high degree of salt tolerance [3,4]. Unlike true mangroves, Pongamia does
not feature the salty glands or other specialized morphological traits required to endure
salinity stress. It is suggested that the mechanisms that Pongamia uses to cope with the
high saline environment are tightly linked to gene regulation and protein function [3–5].

323



Int. J. Mol. Sci. 2021, 22, 10832

Therefore, investigating the molecular mechanisms of Pongamia’s adaptation to saline
environments offers promising insight into stress-tolerant crop breeding, and the salt
tolerance genes derived from Pongamia may be highly efficient in the genetic modification
of crops. The physiological mechanisms through which Pongamia responds to salt stress
have been extensively studied [3–6]. These reports indicated that the hydrophobic cell-wall
barriers and vacuolar sequestration of Na+ were among the key mechanisms conferring salt
tolerance in Pongamia, and that osmolytes (myo-inositol and mannitol) and phytohormone
(zeatin and jasmonic acid) were increased in salt-treated Pongamia [5,6]. Nevertheless,
these analyses of Pongamia’s transcriptional regulation mechanisms are still insufficient
for understanding its molecular responses to salinity stress. Transcriptome profiles of leaf
and/or root tissues of Pongamia have been conducted to address the issue [7,8], while the
detailed functional study of salt stress responsive gene is scarce. To date, only two salt-
tolerant Pongamia genes, MpCHI and MpCML40, have been cloned and characterized [9,10].
The heterologous expression of MpCHI in yeast (Saccharomyces cerevisiae), which encodes
the chalcone isomerase involved in flavonoid biosynthesis, could enhance the salt tolerance
capacity of recipient cells [9]. Recently, we characterized a salt-induced Calmodulin-like
gene, MpCML40, that enabled transgenic yeast and Arabidopsis to become salt-tolerant.
The transgenic MpCML40 Arabidopsis did not show any growth retardation, which differed
from most genetically modified stress-tolerant plants [10].

Through transcriptional regulation, the complex network of plant development and
abiotic stress responses is orchestrated by transcription factors (TFs), such as Zinc finger
proteins (ZFPs) [11–13]. TFs bind to specific sequences in the promoters of their target
genes, thereby regulating gene expression and affecting biological phenotypes. ZFPs form
one of the largest TF families in plants and have been sub-classified into nine major types,
C2H2, C2HC, C3H, C4, C6, C2HC5, C3HC4, C4HC3, and C8, according to the number and
order of the cysteine and histidine residues, which bind tetrahedrally to zinc ions [11,14].
C2H2 ZFPs, also called classical or TFIIIA-type fingers, are one of the best-characterized
DNA-binding motifs found in plant transcription factors, typically containing one to four
conserved QALGGH motifs in zinc finger helices [11,14,15]. The Arabidopsis genome
contains 176 C2H2-type ZFP genes and can be divided into three clades: A, B, and C. Clade
C is further split into three sub-clades, C1, C2, and C3, based on sequence divergence [15,16].
The first C2H2-type ZFP gene discovered in plants was EPF1, from Petunia [12]. EPF1-
related proteins have been demonstrated to enhance tolerance to abiotic stresses in several
plant species [17–20].

In the past two decades, many C2H2 ZFP genes have been identified and studied in
model plants, such as Arabidopsis, rice (Oryza sativa), soybean (Glycine max), and tomato
(Solanum lycopersicum) [17,18,20–22]. The overexpression of Arabidopsis C2H2 zinc finger
protein STZ/ZAT10 enhanced tolerance to salinity, heat and osmotic stress in transgenic
Arabidopsis [18,23]. Another Arabidopsis C2H2 zinc finger protein, ZAT12, has been
reported to be involved in oxidative, osmotic, salinity, high light, heat, and cold stress
response [24,25]. The overexpression of rice C2H2 zinc finger protein genes, ZFP179,
ZFP182, ZFP245, and ZFP252, has been shown to participate in salt, drought, and cold
stress response [26–29]. The heterologous expression of the soybean C2H2 zinc finger gene
SCOF-1 has been shown to enhance low temperature stress tolerance in Arabidopsis and
sweet potato [30,31]. Another soybean C2H2, GmZAT4, enhanced PEG and NaCl stress
tolerance in transgenic Arabidopsis [32]. GsZFP1, a C2H2 zinc finger protein gene from
wild soybean (Glycine soja), was induced by ABA and abiotic stress treatments. Transgenic
GsZFP1 Arabidopsis plants showed increased tolerance to cold and drought stresses
by activating cold stress-responsive genes and ABA biosynthesis-related genes [33,34].
Transgenic alfalfa (Medicago sativa L.) expressing GsZFP1 showed enhanced tolerance to
cold and salt stresses [35]. In tomatoes, C2H2 zinc finger proteins have been reported
to regulate trichome formation [36], ascorbic acid synthesis and salt tolerance [37], and
mating system transition [38]. The heterologous expression of two C2H2 zinc finger protein
genes, CgZFP1 from chrysanthemum [39] and IbZFP1 from sweet potato [19], improved
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salinity and drought tolerance in Arabidopsis. Some C2H2 ZFPs function in both biotic
stress response and abiotic stress response. CaZFP1, a pathogen-induced pepper C2H2 zinc
finger gene, endowed the transgenic Arabidopsis with drought tolerance and resistance
against infection by Pseudomonas syringae [40]. Most of the available information suggests
that ZFP genes from crops or other plant species are highly important for response to
abiotic stresses, while few reports are available for mangroves or mangrove associates.

In the present study, we identified a ZFP gene, MpZFP1, from Pongamia. MpZFP1
belongs to the C1-2i subclass of C2H2 ZFPs containing two highly conserved QALGGH
motifs. Under salt treatment, the MpZFP1 gene was highly induced in roots. The het-
erologous expression of MpZFP1 in Arabidopsis strongly enhanced the salt tolerance of
transgenic plants, probably through efficient ROS scavenging.

2. Results

2.1. Cloning and Sequence Analysis of MpZFP1

The full-length cDNA of the MpZFP1 gene was cloned by 5′ and 3′ rapid amplification
of cDNA ends (RACE) assays with four gene specific primers, based on the sequence of
an EST from our previous study [7]. The full-length sequence of cDNA, which was de-
posited in GenBank under accession number MZ934391, comprised a 543 bp open reading
frame (ORF), a 111 bp 5′ untranslated region (UTR), and a 177 bp 3′ UTR (Figure 1A). The
corresponding protein contained 180 amino acids, and conserve domain analysis showed
that MpZFP1 contained two C2H2 zinc finger motifs (Figure 1A). A BLASTP homolog
search of GenBank indicated that the deduced MpZFP1 sequences showed high similar-
ity with the predicted ZFPs of Glycine max (XP_003552680.1 67%), Solanum lycopersicum
(XP_004239776.1, 57%), Petunia X hybirda (BAA21923.1, 55%), Vitis vinifera (XP_002284111.1,
55%), Ricinus communis (XP_002528469.1, 53%), and Arabidopsis (AT2G37430.1/ZAT11,
43%) (Figure 1B). All of these proteins contained two C2H2 zinc finger domains with
QALGGH-conserved motifs and a short hydrophobic region consisting of core DLNL
sequence, DLN-box. Apart from MpZFP1, in which the first Leu mutated to Pro, other
proteins contained a consensus LXLXLX EAR motif (Figure 1B). The Arabidopsis ZAT11
belongs to the C1-2i subclade, which includes 20 members [15]. To classify the possible
Arabidopsis ortholog of MpZFP1, a phylogenetic tree based on the amino acid sequences
of MpZFP1 and the Arabidopsis C1-2i subclass proteins was constructed. The architec-
ture of the phylogenetic trees suggested that the Arabidopsis C1-2i could be divided into
three subsets, ZAT7-8/ZAT11-12/ZAT16-18, together with MpZFP1 merged into subset I
(Figure 1C).

2.2. MpZFP1 Localizes in the Nucleus

Classic transcription factors locate in the nucleus and bind to specific DNA sequences
to modulate gene expression. To address the subcellular localization of MpZFP1 protein,
the ORF of MpZFP1 was cloned and then inserted into the pCAMBIA-1302 expressing vec-
tor containing the green fluorescent protein gene (GFP) under the control of the CaMV35S
promoter. The MpZFP1-GFP fusion protein was expressed in tobacco (Nicotiana benthami-
ana) leaves by the Agrobacterium tumefaciens-mediated transient expression system. The
leaves were stained with DAPI ((4′,6-diamidino-2-phenylindole), which binds to double-
stranded DNA as a nucleus marker, two hours before fluorescence microscopy detection.
The results showed that the MpZFP1-GFP was co-localized with the DAPI signals (Figure 2).
These results suggested that MpZFP1 localized in the nucleus.
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Figure 1. Analysis of the MpZFP1 gene from Pongamia. (A) Structure of MpZFP1 gene (upper panel) and MpZFP1
protein (lower panel). (B) Sequence alignment of MpZFP1 protein with its homologs from other species. The con-
served zinc finger domains and EAR motif were marked and the two QALGGH consensus sequences are highlighted
with a blue frame. Sequences of Glycine max (XP_003552680.1), Citrus trifoliata (AGY36840), Solanum lycopersicum
(XP_004239776.1), Petunia X hybirda (BAA21923.1), Vitis vinifera (XP_002284111.1), Ricinus communis (XP_002528469.1),
Nicotiana sylvestris (XP_009762518.1), Populus trichocarpa (XP_024465761.1), Sesamum indicum (XP_011091501.1), and
Arabidopsis (AT2G37430.1/ZAT11, AT5G59820.1/ZAT12) were downloaded from GenBank. (C) Phylogenetic tree of
MpZFP1 with Arabidopsis C1-2i clade C2H2 proteins. MpZFP1 is marked by a red box.
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Figure 2. Subcellular localization of MpZFP1-GFP. Subcellular localization of MpZFP1-GFP was assayed with DAPI in
tobacco leaf epidermal cells. The fluorescence signals were detected 48 h after infiltration. Bar = 50 µM.

2.3. Expression of MpZFP Is Induced by NaCl

The previous transcriptome study indicated that MpZFP1 transcripts accumulated in
the salt-treated Pongamia cDNA library [7]. To investigate the dynamic changes of the gene
expression during the early stage of salt stress in detail, we treated the Pongamia seedlings
with a 500 mM salt solution for 0 h, 2 h, 4 h, 8 h, and 12 h. All the samples were collected
at the same time, and the RNAs from the leaves and roots were extracted separately.
Quantitative RT-PCR analysis showed that the expression of MpZFP1 was significantly
induced by NaCl. The expression of MpZFP1 was higher in the roots compared to the
leaves, and it reached its highest level (~56 folds compared to no stress) at 4 h of NaCl
stress, followed by a decrease in the roots (Figure 3). Comparatively, the expression peaked
at 8 h of NaCl stress in the leaves (~6 folds compared to no stress), and the induction levels
were much lower in the leaves than in the roots (Figure 3). These results indicated that the
MpZFP1 mainly functioned in the roots, especially under salt stress.

Figure 3. Relative expression levels of MpZFP1 in Pongamia seedlings under salt stress. Relative
expression levels of MpZFP1 gene in leaves and roots after 500 mM NaCl treatment for 0, 2, 4,
8, 12 h was analyzed by quantitative RT-PCR. MpActin and Mp18S genes were used as internal
references. All data were normalized to 0 h of leaves. Error bars show mean values (±SD) of three
independent samples.

2.4. Heterologous Expression of MpZFP1 Strongly Enhances Salt Tolerance in Arabidopsis

First, we generated the transgenic Arabidopsis plants carrying MpZFP1 expressed
from a CaMV (Cauliflower Mosaic Virus)-35S promoter to investigate possible functions
of MpZFP1 in salt stress response. The transgenic plants were generated by the method
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of Agrobacterium-mediated transformation [41]. Three genetically stable transgenic lines
were selected for further experiments, and the significantly high expression of MpZFP1 was
confirmed by RT-PCR (Figure 4A). No obvious difference in development was observed in
transgenic plants compared to wild-type plants under normal conditions. We checked the
germination rate of the seeds for the 35S::MpZFP1 transgenic and wild-type Arabidopsis
under salt stress. High concentrations of NaCl strongly inhibited seed germination in the
wild-type plants. The germination rate of the wild-type Arabidopsis reduced to around 60%,
16%, and 4% under 150 mM, 200 mM, and 250 mM salt stress, respectively (Figure 4B,C). The
150 mM of NaCl had no obvious effects on seed germination in the transgenic plants; more than
90% of seeds were able to germinate under this condition (Figure 4B,C). The germination rate
of the three transgenic plants varied from 70% to 87% under 200 mM of NaCl (Figure 4B,C).
Moreover, the seeds of the transgenic line 2 and 3 plants showed a germination rate of more
than 20% on the medium containing 250 mM of NaCl (Figure 4B,C).

.01 (Student’s t

Figure 4. Ectopic expression of MpZFP1 in Arabidopsis increases the seed germination of transgenic plants under salt stress.
(A) Expression levels of MpZFP1 in three independent MpZFP1 heterologous expression lines. AtAct2 was used as a control.
(B) Typical phenotype of wild type and transgenic Arabidopsis seeds germinated on 1/2 MS medium contain 0 (Control),
150, 200, or 250 mM NaCl. (C) Quantification of (B), data shown are mean values of at least 50 individuals ± SD. ** p < 0.01
(Student’s t-test).

Secondly, we measured the root lengths of the wild-type and transgenic seedlings
under salt stress. The seedlings were cultured for three days on a normal 1/2 MS agar
medium and then transferred to the medium supplemented with 0 or 125 mM NaCl. After
one week of treatments, the root lengths did not show differences between the wild-type
and transgenic seedlings in the medium without additional NaCl (Figure 5A,C). Under
treatment with 125 mM NaCl, the root growth of all the plants was inhibited. However,
the roots of the transgenic seedlings were significantly longer than those of the wild-type
seedlings (Figure 5B,C).
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.01 (Student’s t

Figure 5. Ectopic expression of MpZFP1 in Arabidopsis increases the salt tolerance of transgenic plants. Typical root length
phenotype of 10-day wild-type and MpZFP1 heterologous-expression Arabidopsis seedling grown on 1/2 MS medium
(A) or 1/2 MS medium with 125 mM NaCl (B), bar = 1 cm. (C) Quantification of (A,B). Root length for the seedlings grown
on normal (Mock) or 125 mM NaCl medium were measured. (D) Growth phenotype of 10-day recovery from non-treatment
(upper panel) or 125 mM NaCl treated (middle panel) and growth phenotype of 30-day recovery from salt treatment (lower
panel). (E) Survival rates of wild-type (WT) and MpZFP1 transgenic plants after 10-day recovery from salt stress. (F) Dry
weight of survived plants that recovered after 30 days. Data shown are mean values of at least 50 individuals ± SD (C,E,F).
** p < 0.01 (Student’s t-test).

Lastly, we monitored the growth phenotype of the MpZFP1 transgenic plants under
salt stress. We germinated and cultured the seedlings on a normal 1/2 MS agar medium for
five days and then transferred them to the medium supplemented with 0 or 125 mM NaCl.
The seedlings were then transferred to pots with soil after ten days of treatment. For the
plants without salt stress, the transgenic lines grew as well as the wild type after ten days
growth in soil (Figure 5D, upper panel). However, the transgenic plants performed much
better in both survival rate and growth vigor after ten days of recovery (Figure 5D (middle
panel) and Figure 5E). Almost all the transgenic plants survived the stress, but ~30% of the
wild-type plants were killed by ten days of salt treatment (Figure 5E). All the surviving
transgenic plants flowered and had seed sets after 30 days of recovery, but the wild-type
plants were still in vegetative growth or had just started to flower (Figure 5D, lower panel).
The transgenic plants had significantly greater biomass compared to the wild-type plants
after 30 days of recovery from salt stress (Figure 5F).
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Collectively, the results indicated that the MpZFP1 heterologous expression endowed
the transgenic plants with salt tolerance.

2.5. Heterologous Expression of MpZFP1 in Arabidopsis Enhances the Expression of
Stress-Responsive Genes

Transcriptional reprogramming is a major mechanism through which plants respond
to stress, and the induction of stress-responsive genes is a hallmark of stress acclimation in
plants. To investigate whether the ectopic expression of MpZFP1 activated stress marker
genes in the transgenic plants, we quantified the expression levels of three well-studied
abiotic stress responsive genes, RD22, RD29A, and RD29B, in the transgenic plants with
or without salt stress by quantitative RT-PCR. The expression levels of RD22 and RD29A
were significantly higher in the transgenic plants in both normal growth conditions and
stress conditions (Figure 6A,B). The expression levels of RD29B were slightly lower in the
transgenic plants under normal growth conditions but were higher under salt stress than
in the wild-type plants (Figure 6C). Generally, the expression levels of the three stress-
responsive genes were activated to higher levels by the expression of MpZFP1, especially
under salt stress.

Figure 6. Expression levels of stress-responsive genes in wild type and 35S:MpZFP1 transgenic plants. The expression levels
of RD22 (A), RD29A (B), and RD29B (C) of two-week-old Arabidopsis plants with (Salt) or without (CK) 200 mM NaCl
treatment for three hours. AtACT2 (ACTIN2) was used as a control. Mean values and standard deviations of three biological
replicates are shown. * p < 0.05, ** p < 0.01 (Student’s t-test).

2.6. Heterologous Expression of MpZFP1 in Arabidopsis Improves ROS Scavenging

Abiotic stresses such as salt, drought, and high temperature usually lead to secondary
oxidative stress resulting in reactive oxygen species (ROS) overaccumulation. Excess ROS
cause damage to DNA, protein, and lipid membranes, which may ultimately lead to cell
death. To analyze the ROS induced by salt stress, NBT (nitroblue tetrazolium) and DAB
(3, 3′-diaminobenzidine) staining assays were performed to detect the contents of H2O2
and O2

− under mock or 200 mM-NaCl treatment. The leaves of the transgenic plants
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showed lighter staining colors than those of the wild-type plants did after salt treatment
(Figure 7A,B), indicating lower contents of H2O2 and O2

− in the transgenic plants.

Figure 7. NBT and DAB staining of wild-type and 35S:MpZFP1 transgenic Arabidopsis. The rosette leaves of three-week-old
Arabidopsis were used for staining. The leaves were soaked in 1/2 MS liquid medium containing 0 mM (mock) or 200 mM
of NaCl for 3 h and then transferred into NBT (A) or DAB (B) solution for staining. The experiments were repeated twice
and at least 10 leaves for each genotype were assayed. The data obtained are shown here. Bar = 1 cm.

3. Discussion

Zinc finger proteins constitute one of the largest families that have been claimed
to play critical roles in plant development and response to environmental stresses. The
zinc finger domain can bind to DNA or RNA, and serve as a mediator of protein–protein
interaction, which contributes to the functional diversity of this protein family [13–15,20].
Although C2H2 ZFPs have been extensively studied and found to be involved in responses
to abiotic stresses, such as drought, salt, high temperatures, cold and high light [11,20,42],
there have been few reports on this type of protein in mangroves or mangrove associates,
which represent a unique plant community with high and robust stress tolerance.

We cloned and functionally characterized the first stress-responsive ZFPs, MpZFP1,
from Pongamia, a typical mangrove associate. Phylogenetic analysis showed that the
MpZFP1 belonged to the C1-2i type of C2H2, with the highest similarity with ZAT11/12 in
Arabidopsis (Figure 1). As the other homolog in C1-2i, the MpZFP1 has two dispersed zinc
finger domains. The other motif that embodies this family is a short hydrophobic region
consisting of the core LXLXL sequence, the EAR motif, at the C-terminus [15,18]. The
EAR domain, the smallest known repressive domain, was initially found in APETALA2
(AP2)/ETHYLENE RESPONSE FACTOR (ERF) proteins [43]. Many plant C1-2i C2H2
ZFPs containing the EAR motif have also been shown to function as repressors, such as
AZF1/2/3, ZAT7, and ZAT10/11/12 in Arabidopsis [15,18,43]. The first Leu mutated to
Pro residue in the core LXLXL motif in MpZFP1 (Figure 1B), which brought uncertainty
to the issue of whether MpZFP1 functioned as a transcription repressor in the same way
as its close homolog ZAT12. Through microarray study, many cold positive regulators
were found to be suppressed by ZAT12, which was consistent with its function as a
repressor [25]. However, ZAT12 played positive roles in cold tolerance, with its full
function yet to be uncovered.

Since the transcripts of MpZFP1 were highly induced by salt stress (Figure 2), we
focused on its function in salt stress response. Arabidopsis transgenic plants harboring
35S:MpZFP1 were generated and three independent lines varied in expression levels,
marked as line 1 to 3 from, low to high (Figure 4A), were chosen for stress tolerance assays.
We first checked the germination rate of 35S:MpZFP1 heterologous-expression plants under
different salt concentrations. There was no difference between the wild type and the three
lines of transgenic plants when germinated on the control medium without additional NaCl
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(Figure 4B,C). The germination rates of the transgenic lines were much higher than those of
the wild type under salt stress, with line 3 showing the best performance, which was con-
sistent with the expression levels of MpZFP1 (Figure 4B,C). The inhibition of root growth
under salt stress was alleviated by the expression of MpZFP1 (Figure 5A–C). The trans-
genic plants also showed a better survival rate and biomass accumulation after salt stress
(Figure 5D–F). These results indicate that the MpZFP1 is a positive regulator of salt stress
tolerance. To gain insight into the molecular function of the MpZFP1, we examined the
expression level of several stress-responsive genes in transgenic plants. The expression
levels of RD22 and RD29A were activated by MpZFP1 even under normal growth condi-
tions (Figure 6A,B). A similar result was reported for the GsZFP1, a C2H2 protein from the
wild soybean. The expression of RD22 and RD29A was also activated by the heterologous
expression of GsZFP1 in Arabidopsis [33,34]. Unlike RD29A, which is activated by the
AP2/ERF transcription factor DREB, RD29B is a direct target of bZIP transcription factors,
such as ABI5 and ABFs [44]. A slightly decreased expression level was detected for RD29B
in MpZFP1 transgenic plants (Figure 6C), probably through the inhibition of ABFs and
ABI5, whose expression was suppressed by GsZFP1 in Arabidopsis [34].

Abiotic stresses always lead to the over-accumulation of ROS, which causes significant
damage to the cells. The MpZFP1 close Arabidopsis homolog ZAT12 plays critical roles
in reactive oxygen and abiotic stress signaling [24]. To investigate the possible roles of
MpZFP1 in the regulation of ROS levels under salt stress, we used NBT and DAB staining
to monitor the contents of H2O2 and O2

−. The leaves of the MpZFP1 transgenic plants
showed much lighter staining colors under 200 mM-NaCl treatment, which indicated
that MpZFP1 might enhance salt tolerance through efficient ROS scavenging. Taken
together, these results indicated that the closely related C2H2 ZFPs from diverse plants
functioned conservatively.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

The Arabidopsis thaliana ecotype Columbia (Col-0) was used as a wild type to gener-
ate 35S:MpZFP1 transgenic plants. The transgenic plants were generated by agrobacterium-
mediated flora dipping [41]. The Arabidopsis seeds were germinated and cultivated on
1/2 MS agar plates (half MS basal salts supply with 1% sucrose and 0.8% agar) in a tissue
culture room, with a long-day (16 h light and 8 h dark) photoperiod, at 22 ◦C. Ten-day-old
seedlings were transferred into pots with soil and grown in a growth chamber, with a
long-day photoperiod, at 22 ◦C. The Pongamia seeds were soaked in tap water at 28 ◦C in
a growth cabinet until radicles appeared. These germinated seeds were then planted in soil
for further growth.

4.2. Full-Length cDNA Cloning, Motif Prediction and Phylogenetic Analysis

SMARTerTM RACE cDNA Amplification Kit (Takara Bio, Otsu, Japan) was used for 5′

and 3′ RACE. The putative MpZFP1 fragment from the Pongamia transcriptome dataset
was used as a template for designing gene-specific internal primers. A nested PCR protocol
was carried out with the primers listed in Table 1. The 5′ and 3′ ends of cDNA were
sequenced and assembled into full-length cDNA. The conserved motifs of MpZFP1 and
homologous protein were analyzed using SMART (Simple Modular Architecture Research
Tool) and SMS online tools [45]. MpZFP1 and 18 Arabidopsis C1-2i proteins (download
from TAIR) were used for phylogenetic analysis. The phylogenetic tree was constructed
using the Neighbor-Joint method implemented in the MEGA X program [46].
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Table 1. Primers used in this study.

Name Sequences (5′–3′) Description

MpActin_F AGAGCAGTTCTTCAGTTGAG RT-PCR

MpActin_R TCCTCCAATCCAGACACTAT RT-PCR

Mp18s_RtF GCTCGTAGTTGGACCTTG RT-PCR

Mp18s_RtR TTCGCAGTTGTTCGTCTT RT-PCR

MpZFP1_RtF TTTGCTGTAGGACAAGCTTTGGGA RT-PCR

MpZFP1_RtR CGGGAAACAAAATTGATCTCTTGCT RT-PCR

RD22_RtF ACGTCAGGGCTGTTTCCAC RT-PCR

RD22_RtR TACTTCTGTTTGTGACACACC RT-PCR

RD29A_RtF TTCCGTTGAAGAGTCTCCAC RT-PCR

RD29A_RtR AACAAAACACACATAAACATCC RT-PCR

RD29B_RtF CCACGGTCCGTTGAAGAGTC RT-PCR

RD29B_RtR CAAAAACACAAACATTCAAAAGC RT-PCR

AtAct2_RtF GACCTTTAACTCTCCCGCTATG RT-PCR

AtAct2_RtR GAGACACACCATCACCAGAAT RT-PCR

Long-UPM CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCA RACE

Short-UPM CTAATACGACTCACTATAGGGC RACE

NUP AAGCAGTGGTATCAACGCAGAGT RACE

MpZFP1_5′GSP TGGCTTCTTATGGCTTGCACGGT RACE

MpZFP1_5′NGSP TGGCGGTTACATGTCTTGCACTCGAAG RACE

MpZFP1_3′GSP GGACAAGCTTTGGGAGGCCACATGA RACE

MpZFP1_BamHIF TATGGATCCATGAAGAGAGAAAGGGAAGGT clone

MpZFP1_SacIR CACGAGCTCTCAATTGAAACAATGAACCAAAG clone

4.3. Subcellular Localization Analysis

The MpZFP1-GFP fusion expression vector was transferred into agrobacteria strain
GV3101. The four-week-old N. benthamiana leaves were used for agrobacteria-mediated
transient expression. GFP fluorescence was taken after 48 h of infiltration using a LEICA
SP8 STED 3X fluorescence microscope confocal system. Two hours before microscope
detection, the infiltrated leaves were stained with DAPI to mark the nucleus.

4.4. RNA Extraction and Quantitative Real-Time PCR

One-month-old Pongamia seedlings were transferred from soil into 1/2 MS liquid
medium. After overnight culture, the normal 1/2 MS liquid medium was replaced by a
1/2 MS liquid medium containing 500 mM NaCl. The seedling samples were collected 0,
2, 4, 8, 12 h after treatments. Two-week-old Arabidopsis were used for stress-responsive
gene analysis. The seedlings were transferred to a 1/2 MS liquid medium from a 1/2 MS
agar plate one day before treatment. The samples were frozen by liquid nitrogen after 3 h
treatment with or without 200 mM NaCl in a fresh 1/2 MS liquid medium. The total RNAs
were isolated using TRIzol™ Plus (Takara Bio, Otsu, Japan) following the manufacturer’s
protocol. About 1000 ng of total RNA were digested by DNase I for 30 min at 37 ◦C before
reverse transcription. The DNase digestion was terminated by the addition of 25 mM
EDTA and followed by incubation at 70 ◦C for 10 min. A first-strand cDNA synthesis was
performed using an oligo(dT) 18 primer and GoScript™ Reverse Transcriptase (Promega,
Madison, WI, USA). Subsequently, qRT-PCR was performed on a Roche LightCycler 480
with gene-specific primers and an SYBR Green mix (Takara Bio, Otsu, Japan). All primers
used in the qRT-PCR are listed in Table 1.
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4.5. Phenotype Analysis of Wild-Type and 35S:MpZFP1 Transgenic Arabidopsis Plants

For the germination rate assays, at least 100 seeds of wild-type and transgenic plants
were sowed on a 1/2 MS medium containing different concentrations of NaCl (0, 150, 200,
and 250 mM). After two days of stratification at 4 ◦C in the dark, the seeds were transferred
to light for the assessment of their germination rates. A seed was considered as germinated
when the radical protruded through its envelope.

For the root length assay, the seedlings were germinated and grown for three days on
a normal 1/2 MS agar medium, and then transferred to the medium containing 0 or 125 mM
of NaCl. The root length was measured by ImageJ software after 7 days of treatment. At
least 30 plants for each genotype in each biological repetition were checked.

For the growth assay, the seedlings were germinated and grown for five days on a
normal 1/2 MS agar medium, and then transferred to the medium containing 0 or 125 mM
of NaCl. The seedlings were transferred to pots with soil after 10 days of treatment. The
survival rate was scored after 10 days of recovery. To address the influence of salt stress on
biomass, the 30-day-recovery seedlings were dried in a drying oven for three days at 85 ◦C
and their weights were measured. At least 30 plants for each genotype in each biological
repetition were checked.

4.6. DAB and NBT Staining

Three-week-old Arabidopsis leaves grown on a 1/2 MS agar plate were used for
DAB staining and NBT staining. The leaves were vacuumed in a 1/2 MS liquid medium
containing 200 mM of NaCl for 5 min and then soaked for another 4 h. Staining was
performed by vacuuming the leaves in a 1 mg/mL DAB solution or a 0.2% NBT solution
for 5 min and then staining for another 4 h.

5. Conclusions

C2H2 ZFPs have been reported to regulate responses to abiotic stress in a number of
plants. We functionally characterized a nucleus-localized C2H2 ZFP, MpZFP1, which was
involved in salt tolerance in Pongamia in the study. The ectopic expression of MpZFP1 in
Arabidopsis greatly enhanced the salt tolerance of transgenic plants through the activation
of stress-responsive gene expression and ROS scavenging. Abiotic stresses, including
salt stress, frequently impose constraints on plant distribution and growth performance,
which threatens food security. The transgenic lines grew as well as the wild-type plants
under normal growth conditions, which makes them ideal candidates for the breeding of
stress-tolerant crops by using genetic modification.
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Abstract: Although recent studies suggest that the plant cytoskeleton is associated with plant
stress responses, such as salt, cold, and drought, the molecular mechanism underlying microtubule
function in plant salt stress response remains unclear. We performed a comparative proteomic
analysis between control suspension-cultured cells (A0) and salt-adapted cells (A120) established
from Arabidopsis root callus to investigate plant adaptation mechanisms to long-term salt stress. We
identified 50 differentially expressed proteins (45 up- and 5 down-regulated proteins) in A120 cells
compared with A0 cells. Gene ontology enrichment and protein network analyses indicated that
differentially expressed proteins in A120 cells were strongly associated with cell structure-associated
clusters, including cytoskeleton and cell wall biogenesis. Gene expression analysis revealed that
expressions of cytoskeleton-related genes, such as FBA8, TUB3, TUB4, TUB7, TUB9, and ACT7, and a
cell wall biogenesis-related gene, CCoAOMT1, were induced in salt-adapted A120 cells. Moreover,
the loss-of-function mutant of Arabidopsis TUB9 gene, tub9, showed a hypersensitive phenotype to
salt stress. Consistent overexpression of Arabidopsis TUB9 gene in rice transgenic plants enhanced
tolerance to salt stress. Our results suggest that microtubules play crucial roles in plant adaptation
and tolerance to salt stress. The modulation of microtubule-related gene expression can be an effective
strategy for developing salt-tolerant crops.

Keywords: salt stress; salt adaptation; proteomics; microtubules; tubulin

1. Introduction

Plant adaptation to environmental stress is regulated by cascades of molecular net-
works, including stress perception, signal transduction, metabolic adjustment, and the
regulation of stress-responsive gene expressions, to reestablish cellular homeostasis, such
as osmotic and ionic homeostasis, and protect proteins and cell membranes by using
heat shock proteins (Hsps), chaperones, late embryogenesis abundant (LEA) proteins,
osmoprotectants, and free-radical scavengers [1]. Plant cells have adapted to salt stress
by changing cell wall composition [2,3]. Extensin, a significant cell wall glycoprotein,
is cross-linked with phenolics by reactive oxygen species (ROS) accumulation to stiffen
the cell wall when plant cells are exposed to salt stress [2]. The RhEXP4, expansin A4 of
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rose, overexpressing Arabidopsis plants show increased seed germination, root growth, and
several lateral roots under salt stress conditions [4]. A higher pectin content in root tips
enhances plant tolerance to salt stress by increasing root growth compared with the cell
wall composition in two soybean cultivars [5]. The dysfunction of Arabidopsis AtCSLD5, a
pectin biosynthesis enzyme in sos6 (salt overly sensitive 6) mutant, enhances plant sensitiv-
ity to salt stress [6]. The Arabidopsis CC1 and CC2 proteins, along with cellulose synthases,
interact with microtubules (MTs) and are essential for seedling growth under salt stress
conditions [7]. However, the molecular mechanisms of changing cell wall dynamics by salt
stress, including signal transduction and cell wall integrity pathways, remain unclear.

The plant cytoskeleton comprises the systemic polymers between actin filaments and
MTs [8,9]. MTs form heterodimers by polymerization between α-tubulin and β-tubulin [10];
also, actin filaments polymerize to form filamentous structures by G-actin [11]. The adap-
tive mechanisms of the plant cytoskeleton to salt stress are varied by organization, dynam-
ics, and cellular processes [12,13]. MTs play essential roles in the cell cycle, cell growth, and
stress response by forming highly dynamic polymers [14,15]. Additionally, MT depoly-
merization and reorganization are essential for enhancing plant tolerance to salt stress [16].
In plants, response to salt stress, calcium ions, abscisic acid (ABA), and ROS as signaling
molecules are associated with cortical MT array organization [17–19]. Cytosolic-increased
calcium induces MT depolymerization by regulating calcium channels in the salt stress
response [18]. The plant hormone, ABA, influences the organization and stability of cortical
MTs [18]. ABA promotes the ectopic derivative of root cells by depolymerizing and reorga-
nizing cortical MTs and activating MT depolymerization in guard cells during stomatal
closure [20,21]. ROS induces the MTs’ reorganization through MT disassembly and the
formation of irregular MT polymers [19]. When ROS homeostasis is collapsed by salt stress,
tubulin forms a modified structural state by assembling non-typical tubulin structures [22].
Propyzamide-hypersensitive 1 (PHS1), a mitogen-activated protein kinase phosphatase,
phosphorylates α-tubulin and elevates MT depolymerization to salt stress [23]. When
plants are exposed for a long period to salt stress, cortical MT reorganization is induced by
the depolymerization and reassembly of MT networks [17]. The MT-associated proteins,
65-1 and MAP65-1, facilitate MT polymerization and bundling, enhance MT-stabilizing
activity, and expedite cortical MT recovery by binding phosphatidic acid under salt stress
conditions [24]. Although the role of MTs during plants’ responses to salt stress has been
much studied, the mechanism of the actin cytoskeleton is less understood. The actin
cytoskeleton leads to assembly and bundle formation in response to a short period of salt
stress; however, long-term exposure to salt stress or exposure to high salt stress induces
the disassembly of the actin cytoskeleton [25]. Salt stress regulates the cellular process of
actin dynamics via the salt overly sensitive (SOS) pathway and calcium signaling [26]. The
arp2 (actin-related protein 2) mutant showed a hypersensitive phenotype to salt stress by
increasing mitochondria-dependent [Ca2+]cyt levels [27].

Salt stress affects the expression levels of MT-associated genes and proteins. The
loss-of-function mutants of prefoldin subunits 3 (PFD3) and PFD5 showed a hypersensitive
phenotype to salt stress by decreasing expression levels of α-tubulin and β-tubulin [28].
The 26S proteasome degrades MT-associated protein SPIRAL1 (SPR1)-stabilizing MT in
response to salt stress [16]. Proteomics analyses reveal that the plant adaptation to salt
stress is associated with complex networks of protein expression and post-translational
modifications [29–31]. Functional profiling of various proteins by a comparative proteomic
approach has made it possible to characterize essential proteins involved in salt tolerance in
various plant species, including Thellungiella halophila [32], Halogetong lomeratus [33], Tangut
Nitraria [34], canola [35], sesame [36], and rice [37]. Adaptation to salt stress is a congested
process in the whole plant and cellular levels and needs to adjust the transcription of
various genes that trigger protein profile change [38,39]. Thus, quantitative analysis of
expressed proteins by proteomics is valuable for understanding the molecular mechanisms
underlying plant adaptation and tolerance to salt stress.
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Our previous metabolite profiling study using salt-adapted Arabidopsis callus suspension-
cultured cells reveals that various cellular processes, including cell wall thickening, play
essential roles in plant salt adaptation [40]. In this proteomics study, we revealed that major
differentially expressed proteins (DEPs) identified from salt-adapted cells were functionally
associated with cytoskeleton and cell wall biogenesis. Structural and morphological changes of
plant cells mediated by cytoskeleton and cell wall biogenesis functions are vital for adaptation
and tolerance to salt stress.

2. Results

2.1. Morphological Features of Salt-Adapted Callus Suspension-Cultured Cells

Plants exhibit growth inhibition and impediment of tissue development in response
to salt stress because of a deficit of cell wall extensibility [41]. When we compared mor-
phologies between control cells (A0) and salt-adapted cells (A120; adapted to 120 mM
NaCl), we observed that the A120 cells showed distinct morphological changes compared
with A0 cells, including spherical or ellipsoidal and isodiametric shapes (Figure 1a). Ad-
ditionally, newly divided A120 cells stuck together in small clumps. Vacuole size and
the cytoplasmic volume in A120 cells were significantly reduced compared with those
in A0 cells (Figure 1a). These data suggested that plant suspension cells have changed
their morphology to adapt to long periods of salt stress. To understand the molecular
mechanism underlying cell morphology changes during salt adaptation, we identified
DEPs in salt-adapted A 120 cells by proteomics analysis. Additionally, we characterized
their biological functions by molecular genetic analysis using Arabidopsis mutants and
transgenic rice plants (Figure 1b).

μ

Figure 1. Characterization of Arabidopsis salt-adapted cells. (a) The morphological phenotype of
control suspension cells (A0) grown in normal MS medium and salt-adapted cells (A120) grown
in high salt MS medium with 120 mM NaCl. The photograph was taken using a microscope after
2 weeks of subculture. Scale bars indicate 50 µm. (b) Experimental scheme of proteomic and
functional analyses.

2.2. Overview of Proteomic Profiles in Salt-Adapted Cells

Crude proteins were extracted from A0 and A120 cells grown in normal media (for
A0 cells) and saline media with 120 mM NaCl (for A120 cells) for 8 days after subculture
using the trichloroacetic acid/acetone/phenol extraction protocol [42] and quantified using
a 2D-Quant Kit (GE Healthcare, Waukesha, WI, USA). Representative two-dimensional
gel electrophoresis (2-DE) images from three biological replicates of A0 and A120 cells
are displayed in Figure 2. With a cut-off point as a p-value of <0.05 for the differential
expression between A0 and A120 cells, 50 DEP spots were identified by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/TOF MS) (Table 1).
When comparing expression levels in A120 cells with those in A0 cells, we identified
45 induced spots and 5 reduced spots in A120 cells (Table 1). Fifty DEPs identified in
A120 cells were classified into functional categories based on gene ontology (GO) analysis

339



Int. J. Mol. Sci. 2021, 22, 5957

using the PANTHER program (http://pantherdb.org) (Figure 3). The DEPs were included
in “binding” (42.6%), “catalytic activity” (42.6%), “structural molecule activity” (8.5%),
and “translation regulator activity” (6.4%) categories in the molecular function (Figure 3a,
red color). In the biological process, DEPs were included in five categories, which are
“biological regulation” (1.9%), “cellular process” (55.6%), “localization” (1.9%), “metabolic
process” (33.3%), and “response to stimulus” (7.4%) (Figure 3a, green color). The DEPs
were included in “cellular, anatomical entity” (46.6%), “intracellular” (48.3%), and “protein-
containing complex” (5.2%) categories in the cellular component (Figure 3a, black bar). In
the analysis of protein class, the two largest proportions of DEPs belonged to the “metabolite
interconversion enzyme” (41.5%) and “cytoskeletal protein” (14.6%) classes (Figure 3b).
Above these, DEPs were included in “calcium binding protein” (4.9%), “chaperone” (12.2%),
“gene-specific transcriptional regulator” (2.4%), “nucleic acid metabolism protein” (2.4%),
“protein modifying enzyme” (7.3%), “protein-binding activity modulator” (2.4%), and
“translational protein” (9.8%) classes (Figure 3b). In the analysis of pathway class, the largest
proportion of DEPs belonged to the “cytoskeletal regulation by Rho GTPase” (30.8%) class
(Figure 3c). Above these, DEPs were associated with “apoptosis signaling pathway” (7.7%),
“cell cycle” (7.7%), “de novo purine biosynthesis” (7.7%), “fructose galactose metabolism”
(7.7%), “glycolysis” (7.7%), “S-adenosylmethionine biosynthesis” (15.4%), “TCA cycle”
(7.7%), and “ubiquitin-proteasome pathway” (7.7%) (Figure 3c). Thus, our results suggested
that critical cellular changes during plant adaptation to salt stress were related to cytoskeletal
regulation and metabolite processes.

 

Figure 2. Proteome analysis of control A0 and salt-adapted A120 cell lines. The 50 differentially
expressed protein (DEP) spots (45 up- and 5 down-regulated in A120 cells) were identified by 2-DE
and MALDI-TOF/TOF analyses.

Table 1. Identification of DEPs between control A0 and salt-adapted A120 Arabidopsis callus suspension-cultured cells.

Spot No. a Locus No. Protein Name Theo. Mr/pI b Queries
Matched c Scores d Expect

Fold
(A0 vs. A120)

1, 28 AT1G56070 LOS1 Low expression of osmotically
responsive genes 1

95.10/
5.89 31 566 3.70 × 10−50 1.554

2 AT1G62740 HOP2 Stress-inducible protein, putative 67.63/
6.24 22 349 1.90 × 10−28 2.538

3 AT4G13940 SAHH1 S-adenosyl-L-homocysteine
hydrolase 1

53.97/
5.66 27 522 9.40 × 10−46 −1.133

4 AT1G51710 UBP6 Ubiquitin carboxyl-terminal
hydrolase 6

54.00/
5.82 27 467 3.00 × 10−40 2.473

5 AT4G01850 SAM-2 S-adenosylmethionine synthase 2 43.63/
5.67 28 616 3.70 × 10−55 1.932

6 AT2G36880 MAT3 Methionine adenosyltransferase 3 42.93/
5.76 33 699 1.90 × 10−63 1.249

7 AT1G77120 ADH1 Alcohol dehydrogenase class-P 41.84/
5.83 27 798 2.40 × 10−73 −1.614

8 AT4G02930 GTP binding Elongation factor
Tu family protein

49.61/
6.25 33 1100 1.50 × 10−103 1.129

9 AT3G51800 CPR Metallopeptidase M24
family protein

43.28/
6.36 17 280 1.50 × 10−21 4.172
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Table 1. Cont.

Spot No. a Locus No. Protein Name Theo. Mr/pI b Queries
Matched c Scores d Expect

Fold
(A0 vs. A120)

10 AT5G14780 FDH1 Formate dehydrogenase,
chloroplastic/mitochondrial

42.67/
7.12 25 560 1.50 × 10−49 2.048

11 AT4G26910 Dihydrolipoamide
succinyltransferase

50.03/
9.21 13 185 4.70 × 10−12 2.026

12, 50 AT3G04120 GAPC1 Glyceraldehyde-3-phosphate
dehydrogenase 1, cytosolic

37.01/
6.62 30 1040 1.50 × 10−97 4.510

13 AT5G43330 MDH2 Lactate/malate dehydrogenase
family protein

35.98/
7.00 24 675 4.70 * 10−61 1.407

14 AT5G23540 RPN11 26S proteasome non-ATPase
regulatory subunit 14 homolog

34.39/
6.31 18 241 1.20 × 10−17 5.121

15 AT3G52930 FBA8 Fructose-bisphosphate
aldolase 8, cytosolic

38.86/
6.05 31 1090 1.50 × 10−102 1.031

16 AT5G65020 ANNAT2 Annexin D2, calcium
binding proteins

36.36/
5.76 27 339 1.9 × 10−27 1.426

17 AT2G47470 PDIL2-1 Disulfide isomerase-like
(PDIL) protein

39.81/
5.80 20 576 3.70 × 10−51 1.308

18 AT5G02500 HSP70-1 Arabidopsis thaliana heat shock
cognate protein 70-1

57.54/
5.01 34 844 5.90 × 10−78 −4.195

19 AT1G21750 PDIL1-1 Disulfide isomerase-like
(PDIL) protein

55.85/
4.81 23 457 3.00 × 10−39 1.466

20, 21 AT5G62700 TUB3 Tubulin beta chain 3 51.27/
4.73 38 778 2.40 × 10−71 3.032

22 AT2G29550 TUB7 Tubulin beta-7 chain 51.34/
4.74 36 674 5.90 × 10−61 3.857

23 AT5G38470 RAD23D Rad23 UV excision repair
protein family

40.10/
4.58 17 382 9.40 * 10−32 2.453

24 AT4G20890 TUB9 Tubulin beta-9 chain 50.31/
4.69 38 715 4.70 × 10−65 1.649

25 AT5G44340 TUB4 Tubulin beta chain 4 50.36/
4.76 31 490 1.50 ×× 10−42 2.158

26 AT4G37910 HSP70-9 Heat shock 70 kDa protein 9,
mitochondrial

73.32/
5.51 29 625 4.70 × 10−56 2.615

27 AT5G09810 ACT7 Actin 7 41.94/
5.31 32 1100 1.50 × 10−103 1.110

29 AT1G35720 ANNAT1 Annexin D1, calcium binding
proteins

36.30/
5.21 27 754 5.90 × 10−69 2.469

30 AT1G79230 STR1
Thiosulfate/3-mercaptopyruvate

sulfurtransferase 1,
mitochondrial

42.15/
5.95 21 529 1.90 × 10−46 1.487

31 AT3G53970 Probable proteasome inhibitor 32.15/
4.94 15 329 1.90 × 10−26 3.353

32 AT1G62380 ACO2 1-aminocyclopropane-1-carboxylate
oxidase 2

36.39/
4.98 21 722 9.40 × 10−66 −2.900

33, 34 AT4G20260 PCAP1 Plasma membrane associated
cation-binding protein 1

18.98/
9.88 9 168 2.40 × 10−10 −1.309

37 AT5G38480 GRF3 14-3-3-like protein GF14 psi 32.00/
4.91 8 149 1.90 × 10−08 1.052

38 AT4G04020 PAP1 Probable plastid-lipid-associated
protein 1, chloroplastic

34.99/
5.45 23 786 3.70 × 10−72 5.711

40 AT4G10480 NACα4
Nascent polypeptide-associated
complex (NAC), alpha subunit

family protein

23.10/
4.25 8 202 9.40 × 10−14 2.031

41, 42 AT4G02450 P23-1 HSP20-like chaperones
superfamily protein

25.38/
4.46 10 248 2.40 × 10−18 3.315

43 AT4G34050 CCoAOMT1
S-adenosyl-L-methionine-

dependent methyltransferases
superfamily protein

29.25/
5.13 20 659 1.90 × 10−59 7.222

45 AT1G47420 SDH5 Succinate dehydrogenase subunit
5, mitochondrial

28.15/
6.19 15 410 1.50 × 10−34 5.433

46, 48 AT3G55440 CTIMC Triosephosphate
isomerase, cytosolic

27.38/
5.39 26 904 5.90 × 10−84 1.155

47 AT5G20720 CPN20 20 kDa chaperonin, chloroplastic 26.79/
8.86 8 87 0.033 1.638

49 AT5G26667 UMK3
P-loop containing nucleoside

triphosphate hydrolases
superfamily protein

22.58/
5.79 13 298 2.40 × 10−23 2.088

51 AT1G02930 GSTF6 Glutathione S-transferase F6 23.47/
5.80 18 467 3.00 * 10−40 1.795

52 AT3G22630 PBD1 Proteasome subunit beta
type-2-A

22.64/
5.95 15 138 2.40 * 10−07 1.952

53 AT4G38680 CSP2
Glycine-rich protein 2,

Arabidopsis thaliana cold shock
protein 2

19.49/
5.62 5 97 0.0031 4.117

54 AT3G62030 CYP20-3
/ROC4

Peptidyl-prolyl cis-trans
isomerase CYP20-3, chloroplastic

26.73/
8.63 16 418 2.40 × 10−35 1.402
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Table 1. Cont.

Spot No. a Locus No. Protein Name Theo. Mr/pI b Queries
Matched c Scores d Expect

Fold
(A0 vs. A120)

55 AT1G26630 ELF5A-2 Eukaryotic translation initiation
factor 5A-1 (eIF-5A 1) protein

17.36/
5.55 7 232 9.40 × 10−17 2.141

56 AT5G59880 ADF3 Actin-depolymerizing factor 3 16.03/
5.93 10 545 4.70 × 10−48 1.290

57 AT3G53990 F5K20_290
Adenine nucleotide alpha

hydrolases-like
superfamily protein

17.90/
5.66 21 575 4.70 × 10−51 1.502

58 AT3G23490 CYN Cyanate hydratase 18.64/
5.49 15 574 5.90 × 10−51 1.316

59 AT4G13850 RBG2 Glycine-rich RNA-binding
protein 2, mitochondrial

14.74/
6.73 7 268 2.40 × 10−20 13.161

60 AT5G18060 SAUR23 SAUR-like auxin-responsive
protein family

72.78/
5.87 21 69 1.9 2.814

a The number of identification spots. b Theoretical mass (Mr, kDa) and pI of identified proteins. Theoretical values were retrieved from the
protein database. c Number of matched peptides. d The mascot scores.

 

−

−

− −

Figure 3. Functional classification of DEPs using the PANTHER database. (a) The bar chart of
molecular function (red), biological process (green), and cellular components (black) represented is
based on the PANTHER GO analysis. (b) Bar chart of the PANTHER protein classes in DEPs. (c) Bar
chart of the PANTHER pathway classes in DEPs. The input percentage was calculated on the basis of
the number of proteins mapped to the GO term divided by all protein numbers in the lists of DEPs
(Arabidopsis thaliana IDs from the NCBI database).
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2.3. Functional Network Analysis of Differentially Expressed Proteins

To understand the biological functions and modes of action of 50 DEPs in plant salt
adaptation, we analyzed putative physical interactions of DEPs using the Cytoscape soft-
ware platform (https://cytoscape.org/) (accessed on 1 April 2021) and the IntAct database
(https://www.ebi.ac.uk/intact/) (accessed on 1 April 2021) (Figure 4). The Cytoscape with
large databases of protein–protein, protein–DNA, and genetic interactions is a powerful
software for studying the prediction of a physical interaction network in model organ-
isms [43]. Out of 50 DEPs, the physical interactions of 34 DEPs were identified from this
analysis. The largest cluster was the “cell structure-associated cluster,” including 12 DEPs
(red ellipse) in the functional network. The proteins in this cluster were mainly involved in
the regulation of cell structures, including both cytoskeleton functions, such as actin fila-
ments (ACT7, ADF3, and FBA8) and MTs (TUB3, TUB4, and TUB9), and secondary cell wall
biogenesis (CCoAOMT1) (Figure 4). Even though TUB7 and PCAP1 proteins were highly
induced in A120 cells (Table 1), they were not identified in functional network analysis.
This is probably due to the lack of physical interaction information identified so far. PCAP1,
also known as MT-destabilizing protein 25 (MDP25), functions as a negative regulator
in hypocotyl cell elongation [44]. Additionally, other DEPs physically interacted with
various functional proteins clustered in the ROS-associated cluster (CTIMC and ANNAT1;
green ellipse), drought- and ABA-associated cluster (GRF3 and RBG2; purple ellipse),
temperature-associated cluster (HSP70-1, HSP70-9, HOP2, and CSP2; orange ellipse), and
transcriptional/translational system-associated cluster (PBD1, RPN11, PAP1, and CPN20;
gray box) (Figure 4). The connectivity of protein interaction networks suggested that signif-
icant cellular and molecular changes in plant adaptation to salt stress might be associated
with the plant cytoskeleton and cell wall biogenesis, affecting cell structure changes.

Figure 4. Interaction network analysis with DEPs by the Cytoscape software platform using IntAct
molecular interaction database. Yellow squares indicate proteins of the input lists, whereas blue
squares indicate proteins of physical interaction.
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2.4. Expression Patterns of Cytoskeleton-Related Genes in Salt-Adapted Cells

To confirm the results of proteomics and bioinformatics analyses suggesting the crucial
roles of cell structure-related proteins in plant salt adaptation (Table 1 and Figure 4), we
tested the expressions of 12 genes encoding DEPs. This belonged to the cytoskeleton and
cell wall biogenesis functions between A0 and A120 cells using quantitative real-time PCR
(qRT-PCR). We also included two cytoskeleton-related genes, TUB7 and PCAP1, in the
gene expression analysis.

The expression of cytoskeleton-related genes, including AT3G52930 (FBA8), AT5G62770
(TUB3), AT5G44340 (TUB4), AT2G29550 (TUB7), AT4G20890 (TUB9), and AT5G09810
(ACT7), and cell wall-related gene, AT4G34050 (CCoAOMT1), was significantly induced
in A120 cells (Figure 5). However, the expression of other genes, such as AT4G13940
(SAHH1), AT4G20260 (PCAP1), and AT4G10480 (NACα4), in this cluster was decreased in
A120 cells. Those of AT2G47470 (PDIL2-1), AT1G21750 (PDIL1-1), AT3G62030 (CYP20-3),
and AT5G59880 (ADF3) were similar in A0 and A120 cells (Figure 5). Among 14 genes
tested, FBA8, TUB3, TUB4, TUB7, TUB9, ACT7, and CCoAOMT1 were induced in mRNA
(Figure 5) and protein levels (Table 1) in salt-adapted A120 cells. Although TUB7 was
not identified in functional network analysis (Figure 4), its mRNA was more abundant in
A120 cells (Figure 5). Since four TUB genes, TUB3, TUB4, TUB7, and TUB9, were induced
in the protein and mRNA levels in A120 cells, MT-related proteins play essential roles in
plant adaptation to salt stress.

α

≤

β

β

β
β

Figure 5. Transcript levels of cell structure-related genes in control (A0) and salt-adapted (A120) cells.
Total RNAs were extracted from the A0 and A120 cells. Transcript levels were determined by
quantitative real-time PCR (qRT-PCR). UBQ10 was used as a quantitative control for qRT-PCR.
Error bars represent the standard deviation (SD) of three independent replicates. Asterisks indicate
significant differences in the A0 cells (* p-value < 0.5; **, p-value ≤ 0.01, Student’s t-test).
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2.5. The Effect of the Loss-of-Function β-Tubulin Genes in Salt Stress Response

Recent evidence indicates that the regulation of MTs’ destabilization and reorgani-
zation is essential for plant adaptation to salt stress [17,45,46]. Furthermore, the largest
protein family among the cell structure-associated cluster is related to the β-tubulin family
proteins, including TUB3, TUB4, TUB7, and TUB9 (Table 1 and Figure 4). To character-
ize the physiological functions of β-tubulin in salt stress responses, we isolated T-DNA
insertion mutants of Arabidopsis β-tubulin genes (tub3, SALK_073132; tub4, SALK_204506;
tub7, SALK_026797; tub9, SALK_015876). Wild-type (WT, ecotype Col-0) and four tub
mutant plants were grown on MS medium for 5 days and then transferred to the soil to
test mutant phenotypes under salt stress conditions. After 9 days, we supplied water
containing 130 mM NaCl to the soil once a week for 4 weeks. The tub4 mutants displayed
strongly tolerant phenotypes, such as enhanced plant height and late wilting of leaves, to
salt stress compared to WT plants (Figure 6b). In contrast, tub9 mutants were hypersensi-
tive to salt stress with a quickly wilting phenotype compared with WT plants (Figure 6d).
Furthermore, tub3 and tub7 mutants showed similar phenotypes, including plant height
and wilting of leaves, to WT plants under salt stress conditions (Figure 6a,c). These results
suggested that both TUB4 and TUB9 play significant roles in plant adaptation and tolerance
to salt stress, but their mode of function differs.

 

βFigure 6. Characterization of loss-of-function mutants of Arabidopsis β-tubulin genes in salt stress.
The 2-week-old wild-type (WT), tub3 (a), tub4 (b), tub7 (c), and tub9 (d) mutants grown on soil were
treated with 130 mM NaCl for four weeks. Photos show a representative of 12 to 16 individual test
plants. Scale bars indicate 5 cm.

2.6. The Effect of TUB9 Overexpression in Rice during Salt Stress

The hypersensitive phenotype of Arabidopsis tub9 mutants to salt stress suggests that
the overexpression of Arabidopsis TUB9 gene can enhance crop tolerance to salt stress. To
confirm this, we generated transgenic rice plants overexpressing Arabidopsis TUB9 gene un-
der the control of the CaMV 35S promoter (TUB9-OX). The Arabidopsis TUB9-OX construct
was transformed into rice (“Ilmi” cultivar) embryogenic callus, and three independent
TUB9-OX T1 lines were selected by hygromycin B resistance and RT-PCR analysis. Under
normal conditions, TUB9-OX transgenic plants were shorter than WT plants (Figure 7a).
Besides plant height, other morphological phenotypes of TUB9-OX transgenic plants were
comparable with WT plants. Ten-day-old WT and TUB9-OX transgenic plant seedlings
were transferred into MS liquid media containing 120 mM NaCl. After 7 days of salt
treatment, salt-treated WT and TUB9-OX transgenic plants were recovered in liquid MS
medium without NaCl for 10 days. The TUB9-OX transgenic plants had greener leaves and
higher heights than WT plants (Figure 7b). The number of rice transgenic plants with green
leaves in WT and TUB9-OX transgenic lines was counted in the recovery stage after salt
treatment to calculate the survival rate. The survival rate of TUB9-OX transgenic plants
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was approximately 40%; however, most WT plants had no green leaves (Figure 7b,c). These
results suggested that Arabidopsis TUB9 gene functions as a positive regulator in plant
adaptation to salt stress and can enhance plant tolerance to salt stress.

≤

β

β

 

Figure 7. Characterization of TUB9-overexpressing transgenic rice plants. (a) Comparison of plant
growth in wild-type (WT, “Ilmi” cultivar) and TUB9-overexpressing transgenic rice plants (TUB9-OX).
Photographs were taken at maturity (milky ripening) stages. (b) Comparison of plant tolerance
in WT and TUB9-OX plants to salt stress. Ten-day-old seedlings were treated with 120 mM NaCl
for 7 days. After NaCl treatment, plants were recovered in MS medium without NaCl. Scale bars
indicate 5 cm. (c) Quantitative analysis of survival rate of WT and TUB9-OX plants after salt stress
treatment. Error bars represent the standard deviation (SD) of three independent replicates of the
same experiment. Asterisks represent significant differences in the WT (** p ≤ 0.01, Student’s t-test).

3. Discussion

Salt stress disrupts cell division in leaves and roots through various cellular mech-
anisms, such as calcium ion, ROS, and ABA-dependent responses [47]. The changes in
cellular morphology, such as cell proliferation and cell expansion, are essential for plant
adaptation and tolerance to salt stress [47,48]. However, cellular and molecular mecha-
nisms of morphological changes during salt adaptation have not been well elucidated.
This study demonstrated that salt-adapted A120 cells showed morphological changes,
such as spherical or ellipsoidal and isodiametric shapes, compared with control A0 cells
(Figure 1a). Results of GO and network analysis using proteomics data showed that many
DEPs identified from salt-adapted cells were associated with regulating cell structures,
including cytoskeleton and cell wall biogenesis (Figures 3 and 4). Moreover, our gene
expression and molecular genetic analyses revealed that β-tubulin family proteins play
positive and negative roles in plant adaptation and tolerance to salt stress (Figures 6 and 7).
Our results suggest that β-tubulin MTs are vital components in modulating plant adapta-
tion and tolerance to salt stress.

3.1. Molecular Functions of Differentially Expressed Proteins in Salt-Adapted Cells

This study elucidated the molecular mechanisms underlying plant adaptation to
prolonged salt stress by comparative proteomics between control and salt-adapted cells.
The previous proteomics studies conducted using suspension cells demonstrated that
molecular mechanisms of suspension cells in salt stress response are complicated but similar
to those studied at the whole plant level [49,50]. Using proteomics, we identified 50 DEPs,
including 45 up-regulated and 5 down-regulated proteins, in salt-adapted cells compared
with control cells (Table 1). Functional network analysis revealed that the identified DEPs
were included in various functional clusters, but many of them in cell structure-associated
clusters, including cytoskeleton and cell wall biogenesis functions (Figure 4).

3.1.1. Cell Structure-Associated Cluster

The plant cell surface comprises the cell wall, plasma membrane, and cytoskele-
ton [41]. Plant cytoskeletons play essential functions in plant tolerance and survival to
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salt stress [17,18]. Many up-regulated proteins in A120 cells were MTs and actin filament-
related proteins (Table 1 and Figure 4). The ACT7 (AT5G09810), ADF3 (AT5G59880), and
FBA8 (AT3G52930) proteins were involved in the actin cytoskeleton. Actin cytoskeletons
are composed of two classes, which are vegetative (ACT2, ACT7, and ACT8) and reproduc-
tive (ACT1, ACT3, ACT4, ACT11, and ACT12). ACT7 transcription is high in vegetative
organs and induced by auxin [51]. The act11 mutant decreases pollen germination and
increases pollen tube growth by increasing the actin turnover rate [52]. However, the loss-
of-function ACT2 mutant vegetative class affects root hair growth but is not complemented
by overexpressing ACT7, even if they are of the same classes [53]. Additionally, ACT7
physically interacts with ACT1, ACT11, ACT12, actin-depolymerizing factor 6 (ADF6),
and actin-interacting protein 1-2 (AIP1-2) (Figure 4). ADF3 (actin-depolymerizing factor 3)
depolymerizes F-actin and acts as a crucial regulator in plant defense response to biotic
stress [54]. Abiotic stresses also regulate the protein and gene expression of ADFs. OsADF
proteins in rice leaves are highly accumulated because of drought stress [55]. OsADF3
protein is induced by salt stress in two rice cultivars (Oryza sativa L. cv. Nipponbare
and Oryza sativa L. cv. Tainung 67) [56,57]. FBA8, which encodes fructose-bisphosphate
aldolase 8, is involved in actin polymerization and various abiotic stress responses, such as
salt, drought, ABA, and temperature stresses [50,58]. MT dynamics, polymerization and
depolymerization, are necessary for cellular processes of plant tolerance and adaptation
to salt stress [17]. Our results revealed that TUB3, TUB4, TUB7, and TUB9 proteins, in-
volved in MT depolymerization and reorganization, play vital roles in plant adaptation
and tolerance to salt stress (Table 1 and Figure 4). It was also reported that TUA6 (α-chain
tubulin 6) and TUB2 (β-chain tubulin 2) proteins are highly expressed in Arabidopsis roots
in response to salt stress [59].

CCoAOMT1 (AT4G34050), encoding caffeoyl-coA o-methyltransferase 1, plays an
essential role in lignin biosynthesis and salt stress response [60]. ccoaomt1 mutants showed
a hypersensitive phenotype to salt and drought stresses [60,61]. SAHH1 (AT4G13940),
encoding S-adenosyl-L-homocysteine hydrolase 1, is involved in the interaction between
cytokinin and DNA methylation. Protein disulfide isomerase-like (PDIL) protein 1-1
(PDIL1-1, AT1G21750), which plays essential roles in ER trafficking, is associated with
the response to salt stress. The loss-of-function mutant of PDIL2-1 (AT2G47470) disrupts
pollen tube growth by delaying embryo development [62]. In addition, protein disulfide
isomerase genes in maize are induced by abiotic stress, such as salt, drought, ABA, and
H2O2 [63]. Cyclophilin CYP20-3 (ROC4, AT3G62030), which plays an important role in
redox regulation, is involved in salt stress response [64]. CYP20-3 protein composes the
sophisticated and reticular connective networks with FBA8, SAHH1, CCoAOMT1, PDIL1-1,
and PDIL2-1 (Figure 4). However, nascent polypeptide-associated complex (NAC) alpha
subunit family protein (NACα4 and AT4G10480) is involved in the cell structure-associated
cluster (Figure 4). NACα4 function is not well known; however, the NAC complex plays a
vital role in abiotic stress responses, such as drought and salt in barley [65].

3.1.2. ROS-Associated Cluster

Plants depend on cellular signaling and pathways via the reestablishment of ROS
homeostasis in salt stress adaptation [66]. CTIMC (AT3G55440), which encodes triosephos-
phate isomerase (TPI), plays an essential role in redox regulation and is induced in response
to salt stress by reactive carbonyl species (RCS). CTIMC protein forms a complex network
in abiotic stress signaling through redox regulation by ROS-related proteins, including
protein detoxification (DTX) proteins, L-type lectin receptor kinases 32 (LECRK32), plasma
membrane intrinsic protein 1-5 (PIP1-5), nitrate transporter 1.1 (NPF1.1), cysteine-rich RLK
2 (CRK2), and acyl-lipid desaturase 2 (ADS2) (Figure 4). ANNAT1 (AT1G35720), annexin
protein, has peroxidase activity and is involved in various abiotic stresses, such as salt,
drought, and ABA. The annat1 mutant showed tolerance to salt and drought stress by
regulating ABA and proline biosynthesis [67]. ANNAT1 protein forms a complex network
in various signaling pathways by controlling ROS-related proteins, including NPF6.1,
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7.2, 8.2, 8.3, ADS2, respiratory burst oxidase homolog D (RBOHD), LysM Receptor-Like
Kinase1 (CERK1), PIN5, cyclic nucleotide-gated channels 17 (CNGC17), proline transporter
1 (PROT1), and sugar transporter 7 (SWEET7) (Figure 4).

3.1.3. Drought- and ABA-Associated Cluster

Growth regulating factor 3 (GRF3) influences plant tolerance to drought stress and
organ growth by increasing leaf size. Glycine-rich RNA-binding protein 2 (RGB2/GRP2)
affects seed germination in an ABA-independent manner under salt stress. GRF2 and RGB2
proteins are related to various plant stress-associated proteins, such as CBL-interacting pro-
tein kinases (CIPK12), cyclin-B 2-2 (CYCB2-2), ABA-responsive element-binding protein 3
(AREB3/DPBF3), cytosolic invertase 1 (CINV1), and cyclin-H 1-1 (CYCH1-1) (Figure 4).

3.1.4. Temperature-Associated Cluster

Heat shock 70 kDa protein 1 (HSP70-1), a key component in protein folding, plays
a vital role in stomatal closure and seed germination and response to ABA stress. Mi-
tochondrial HSP70-9 protein is involved in iron–sulfur protein biogenesis. Cold shock
protein 2 (CRP2) protein plays different roles as a negative regulator in response to cold
stress and as a positive regulator in salt stress response. Hsp70-Hsp90 organizing protein 2
(HOP2) influences plant adaptation to prolonged heat stress. These four proteins compose
functional networks via physical interaction with chaperon regulators, including heat
stress transcription factor A-1 (HSF1A), suppressor of G2 allele of skp1 (SGT1) homolog
B (SGT1B), Bcl-2-associated athanogene 3 (BAG3) and 5 (BAG5), and cytokinin response
factor 3 (CRF3) (Figure 4).

3.1.5. Transcriptional/Translational System-Associated Cluster

Proteasome subunit beta type 2-A (PBD1) and regulatory particle non-ATPase 11
(RPN11) play an important role in the plant ubiquitin–proteasome system via protein
degradation and stabilization. Plastid-lipid-associated protein 1 (PAP1) contributes to
the protection of photosystem II (PSII) and in response to ABA stress. Chloroplast co-
chaperonin 20 (CPN20) acts as a negative regulator in ABA signaling. These four pro-
teins compose functional networks via physical interaction with protein stability- or gene
transcription-related proteins, including 26S proteasome regulatory subunit 4 homolog A
(RPT2A), RPN1A, trithorax-related protein 5 (ATXR5), importin alpha isoform 6 (IMPA6),
calmodulin-like protein 18 (CML18), sensitive to proton rhizotoxicity 2 (STOP2), authentic
response regulator 14 (ARR14), budding uninhibited by benzymidazol 3.3 (BUB3.3), and
WRKY17 (Figure 4).

3.2. The Role of Microtubules in Plant Adaptation and Tolerance to Salt Stress

MTs are fixed in the plasma membrane and composed of a greater part of plant
interphase arrays [9,15]. The cortical MT arrays are involved in plant response to various
abiotic stresses, especially salt stress [9,18]. Plants increase salt tolerance by regulating
depolymerization and reorganization of the cortical MTs [48]. MAP65-1 acts as a positive
regulator in plant salt tolerance by promoting cortical MT reorganization [68]. Calcium ions
reorganize the damage of MT arrays in the salt stress response of plant cells [17]. The loss-
of-function sos3, a calcium sensor in the salt stress response, mutant shows hypersensitivity
to salt stress due to the irregular organization of MTs [26]. Plants with salt-susceptible
phenotypes have a lower concentration of calcium ions than that of salt-tolerant plants [69].
Our proteomic analysis showed that the four β-tubulin family proteins, including TUB3,
TUB4, TUB7, and TUB9, were induced in salt-adapted A120 cells compared with control
A0 cells (Table 1 and Figure 4). Additionally, the mRNA levels of TUB3, TUB4, TUB7, and
TUB9 genes were higher in A120 cells than in A0 cells (Figure 5). Our results suggest that
the elevation of β-tubulin mRNAs and protein levels can affect MT functions and enhance
plant adaptation to salt stress. In our molecular genetic analysis, the loss-of-function
tub4 mutant showed enhanced tolerance to salt stress. In contrast, the tub9 mutant was
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more hypersensitive than WT plants (Figure 6). The overexpression of TUB9 in rice plants
enhanced the plant’s tolerance to salt stress (Figure 7). Interestingly, tub4 and tub9 mutant
plants showed opposite phenotypes in response to transiently applied salt stress, even
though TUB4 and TUB9 protein levels were higher in cells that have adapted to salt stress
for a long time. These results suggest that TUB4 and TUB9 proteins play different roles
in plant responses to short-term and long-term salt stresses. It was also reported that
short-term and long-term salt stress have different effects on the actin filament assembly
and disassembly [25]. It would be worthwhile to dissect the biological functions of TUB4
and TUB9 in plant adaptation and tolerance to salt stress in further studies.

Altogether, our results suggest that β-tubulin proteins play different roles in plant
adaptation and tolerance to salt stress by regulating MT depolymerization and reorgani-
zation. Therefore, changes in MT dynamics in plant cells would be essential for cellular
processes to enhance the adaptation and tolerance to salt stress. Furthermore, morpho-
logical changes in salt-adapted suspension cells are at least partly due to the changes
in MT dynamics.

4. Materials and Methods

4.1. Growth Conditions of Callus Suspension Cells

Salt-adapted callus suspension cells were generated from Arabidopsis thaliana (Col-0
ecotype) roots as described in detail in a previous study [40]. Callus suspension cells were
maintained at 23 ◦C in the dark with gentle shaking (140 rpm).

4.2. Proteomic Profiling Using Two-Dimensional Gel Electrophoresis

Total protein was isolated from 5 g of A0 and salt-adapted cells (A120) using trichloroacetic
acid/acetone/phenol extraction protocol described in detail in a previous study [42]. Total
soluble proteins were quantified using the 2D-Quant Kit (Amersham Biosciences Europe
GmbH, Freiburg, Germany). Two-dimensional gel electrophoresis was performed with
Protean IEF cell (Bio-Rad, Hercules, CA, USA) for the first-dimensional isoelectric focusing
using immobilized pH gradient strips (24 cm, pH 4–7; Bio-Rad Laboratories, Hercules, CA,
USA), and with the Protean Xi-II Cell system (Bio-Rad Laboratories, Hercules, CA, USA)
for the second-dimensional sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
After Coomassie brilliant blue staining, gel images were taken using a GS-800 Imaging Den-
sitometer Scanner (Bio-Rad Laboratories, Hercules, CA, USA) and analyzed using PDQuest
v.7.2.0 (Bio-Rad Laboratories, Hercules, CA, USA). All experiments were performed in
three independent biological replicates, and the volume of each spot was detected and nor-
malized to a relative density. Proteins showing a statistically significant difference (p < 0.05)
between A0 and A120 cells were identified. For protein identification, differential protein
spots visualized in the gel were excised and subjected to in-gel digestion as described
previously [42]. Protein identification was performed by MALDI-TOF/TOF MS using the
ABI 4800 Plus TOF-TOF Mass Spectrometer (Applied Biosystems, Framingham, MA, USA).
Fifty proteins were identified, of which peptide and fragment mass tolerance was fixed at
100 ppm. The high confidence interval displayed statistically reliable search scores (more
than 95% confidence) corresponding to protein’s experimental isoelectric point (pI) and
molecular weight.

4.3. Bioinformatics Analysis

The functional classification of DEPs identified in proteomics was performed using
the PANTHER classification system (http://www.pantherdb.org/) (accessed on 3 April
2021). We used network-based enrichment by Cytoscape software platform to forecast
physical interactions of DEPs (https://cytoscape.org/) (accessed on 1 April 2021) using
the IntAct database (https://www.ebi.ac.uk/intact/) (accessed on 1 April 2021).
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4.4. Analysis of Quantitative Real Time PCR (qRT-PCR)

Total RNA was extracted from A0 and A120 cells using the RNeasy Plant Kit (Qiagen,
Valencia, CA, USA) following the manufacturer’s protocol. To remove genomic DNA
contaminants, extracted RNA was treated with DNaseI (Thermo Fisher Scientific, Waltham,
MA, USA). One µg of total RNA was used the first strand of cDNA synthesis using a cDNA
synthesis kit (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol.

The qRT-PCR analysis was performed using the QuantiMix SYBR (PhileKorea, Seoul,
Korea), and the relative values of indicated gene expression were automatically calculated
using the CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA,
USA) by applying normalization of the expression of UBQ10. The qRT-PCR was performed
using the following conditions: 50 ◦C for 10 min, 95 ◦C for 10 min; followed by 50 cycles
at 95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C for 15 s. The gene specific primers in qRT-PCR
analysis are listed in Supplementary Table S1.

4.5. Plant Materials and Growth Conditions

Oryza sativa L. (“Ilmi” cultivar) and Arabidopsis thaliana (Col-0 ecotype) plants were used
in all experiments. Rice plants were grown under natural light conditions in a greenhouse
at 25–30 ◦C. The tub3 (SALK_073132), tub4 (SALK_204506), tub7 (SALK_026797), and
tub9 (SALK_015876) mutants were obtained from Arabidopsis Biological Resource Center
(https://www.arabidopsis.org/) (accessed on 24 February 2014). Arabidopsis plants were
grown in a growth chamber in long-day conditions (16 h light/8 h dark) at 23 ◦C.

4.6. Generation of Transgenic Rice Plants

To generate the transgenic rice plants overexpressing the Arabidopsis TUB9 gene, we
cloned the full-length cDNA (1335 bp) of the Arabidopsis TUB9 gene into pH2GW7 vec-
tor under the control of CaMV 35S promoter. The TUB9-OX construct was introduced
into Agrobacterium tumefaciens (LBA4404) by electroporation. We used a modified ver-
sion of the general rice-transformation protocol [70]. Transgenic TUB9-OX (T1) plants
were selected on MS medium containing hygromycin B and then transferred to soil and
allowed to self-pollinate.

4.7. Salt Stress Treatment

In Arabidopsis, 5-day-old WT seedlings, tub3, tub4, tub7, and tub9 plants grown
on MS media were transferred to soil. After 9 days, we supplied water containing
130 mM NaCl to the soil once a week for 4 weeks. Photographs of each representative
of 12–16 individual plants were taken to analyze plant phenotypes. In rice, 10-day-old
WT seedlings and TUB9-OX plants germinated in MS media containing hygromycin B
were transferred into MS liquid medium with 120 mM NaCl. After 7 days, plants were
recovered in MS solution without NaCl for 10 days. Photographs were taken to represent
8–10 individual plants to analyze plant phenotypes.

4.8. Statistical Analyses

Statistical analyses, including Student’s t-test, were performed using Excel 2010. qRT-
PCR analysis was performed in three independent biological replicates, and the average
values of 2∆∆CT were used to determine expression differences. Data were indicated as
means ± standard deviation (SD). Error bars indicate SD.

5. Conclusions

This study suggests that the morphological changes of plant cells are an essential
cellular process for adaptation to prolonged salt stress. We revealed that various protein
families involved in various cellular processes play a role in salt adaptation response using
proteomic analysis. Furthermore, gene expression and molecular genetic analyses demon-
strated that β-tubulin proteins play an important role in plant adaptation and tolerance
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to salt stress. Altogether, our results suggest that the dynamics of depolymerization and
reorganization of tubulin MTs play critical roles in plant adaptation to salt stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22115957/s1, Table S1: Primers used for qRT-PCR.
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