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Salinity is one of the major abiotic stresses that inhibit the growth, development, and
productivity of crops, particularly in hot and dry areas of the world. It is an intensive
topic on which many studies have been conducted, with the aim of understanding the
physiological and molecular responses involved in plant salinity stress. In recent years, with
the rapid progress of molecular technologies, scientists have acquired more advanced tools
to reveal in-depth mechanisms and to establish crop breeding programs for enhancing plant
salinity tolerance. This Special Issue, entitled “Molecular Aspects of Plant Salinity Stress
and Tolerance”, collected 13 innovative publications which could enrich our knowledge
about the molecular mechanisms of plant salinity stress.

It has been shown that investigations using advanced analyzed tools associated with
multi-omics are reliable to gain new insights into the mechanisms associated with responses
to salinity stress. Song et al. profiled the transcriptome together with the evaluation
of photosynthetic efficiency of photosystem II and the amount of free amino acids in
watermelon seedlings when exposed to short-term salinity stress [1]. They revealed that
certain genes were found to express differentially in response to salinity, and these genes
might code for transcription factors, or were proposed to be related to primary metabolism,
endocytosis, hormonal pathways, and transporters. Isayenkov et al. investigated strategies
for adaptation to salinity in seaside barley, using nuclear magnetic resonance imaging
associated with multi-omics approaches [2]. The authors proposed that seaside barley
has developed specific mechanisms involving the capability to regulate concentrations of
Na+ and Cl− in leaves and morphological and physiological adaptations of roots when
subjected to salinity stress.

For monitoring the status of the cell wall, plants have evolved a system, namely,
cell wall integrity (CWI) [3]. Liu et al. provide a review on the roles of CWI in salinity
tolerance and propose that the genetic engineering of CWI-related genes using genome
editing technology might generate salt-tolerant varieties for applications in the future.

Jasmonates (JAs) are lipid-based plant hormones that regulate an array of processes
in plants, particularly involved in defense mechanisms and stress tolerance. Delgado
et al. refined the role of JAs in plant salinity tolerance, chiefly based on a genome-wide
association study, and concluded that MYC2 transcription factor and JASMONATE ZIM-
DOMAIN repressors are key components in JA signaling [4]. The authors provide a
perspective that the knowledge of JAs against plant salinity stress might be applied as a
guide in breeding programs.

Rice is one of the most important staple crops, as well as an intensively studied model
for plant salinity stress and tolerance. Ponce et al. contributed a review focusing on
the molecular mechanisms of salinity tolerance in rice [5]. The authors stated that the
most investigated plant hormone in plant salinity stress is abscisic acid, and the recently
identified mechanisms together with the key genes involved are critical to the breeding
programs of highly salt-tolerant cultivars in the future.
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Theoretically, biotechnological tools could be applied to identify candidate genes
and subsequently alter the patterns of gene expression using the classical gene transfer
method or targeted genome editing for acquiring salinity tolerance or inducing mutation
to obtain salinity-tolerant genotypes. Previously, calmodulin-like proteins (CMLs) were
found to be involved in salinity stress tolerance in Arabidopsis. Zhang et al. isolated a
CML gene, MpCML40, from Pongamia, and found that its heterologous expression could
improve salinity tolerance in yeast cells and enhance the rate of seed germination and
the length of roots when exposed to salt and osmotic stresses in Arabidopsis [6]. The
authors suggested that MpCML40 contributed to the proline accumulation for reducing the
damage caused by reactive oxygen species. A stress-induced aquaporin, ZxPIP1;3, was
identified by Li et al. from succulent xerophyte, is belonging to the PIP1 subgroup of plasma
membrane intrinsic proteins (PIPs) [7]. The overexpression of ZxPIP1;3 in Arabidopsis
showed certain improvements in growth and physiological attributes which lead to more
efficient photosynthesis under salinity and drought stresses. Tran et al. tested the ion
transport capacity of a PIP gene, HvPIP2;8, when expressed in the oocytes of Xenopus laevis.
It was shown that the expression of HvPIP2;8 enhanced the activity of water as well as
Na+/K+ transport and might be involved in the responses when subjected to salinity
stress in barley [8]. Kawakami et al. isolated one gene, SvHKT1;1, coded for a sodium
transporter from a halophytic turf grass, Sporobolus virginicus [9]. The authors found that
under severe salinity stress, SvHKT1;1 could prevent the excess accumulation of shoot
Na+ in S. virginicus. Zhang et al. investigated the role of soybean transcription factor
GmbZIP15 in regulating gene expression under abiotic stresses [10]. The resulting data
showed hypersensitivity to abiotic stress in soybeans when overexpressing GmbZIP15, and
thus they proposed that GmbZIP15 might be a negative regulator in plant salinity and
drought stresses.

In agriculture, the application of genetic engineering to introduce genes for acquiring
salinity tolerance has certain limitations. An alternative method to enhance plant salinity
tolerance is using green inoculants of plant growth-promoting rhizobacteria (PGPR), such
as salinity-tolerant (halophilic) plant-associated bacteria. Miller and Nielsen summarized
the molecular mechanisms involving the interactions between plants and salinity-tolerant
bacteria and proposed their potential applications in improving crop production under
salinity stress [11]. In the review by Ha-Tran et al., the authors identified that PGPR is
a promising agent for seed bio-priming to enhance seed vigor and germination and the
uniformity of subsequent seedling growth under salinity stress [12]. The advantages of the
PGPR together with the fluctuation of antioxidants and osmolytes in PGPR-treated plants
were comprehensively discussed, and the authors suggested that further investigation on
more complex interactions between plants and PGPR needs integrative multi-omics and
systems biology, and other advanced tools.

Plant breeding programs for developing salinity-tolerant crops are crucial for improv-
ing their growth, yield, and product quality in salt-affected fields. In rice breeding, it has
been recognized that salinity tolerance is contributed by multiple genes; consequently, it is
a complex quantitative trait which is usually difficult to be evaluated. Qin et al. reviewed
the advances in rice breeding for salinity tolerance, including the progress of molecular
markers, genetic mapping, genetic engineering, and the interventions of biotechnology
tools [13]. The authors suggested that the resulting high-salinity-tolerant germplasm is
valuable for rice breeding programs in the future.

In conclusion, the advances in plant salinity stress and tolerance presented in this
Special Issue include mechanistic insights revealed using powerful molecular tools to-
gether with multi-omics, and gene functions studied by genetic engineering and advanced
biotechnological methods. Additionally, the use of plant growth-promoting rhizobacte-
ria in the improvement of plant salinity tolerance and the underlying mechanisms and
progress in breeding for salinity-tolerant rice are comprehensively discussed. Clearly, the
published data have made significant progress in expanding our knowledge in the research
field of plant salinity stress, and the full results are valuable in developing salinity-stress-
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tolerant crops, benefiting their quality and productivity, and eventually, supporting the
sustainability of the food supply in the world.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Soil salinity is an increasing problem facing agriculture in many parts of the world. Climate
change and irrigation practices have led to decreased yields of some farmland due to increased salt
levels in the soil. Plants that have tolerance to salt are thus needed to feed the world’s population.
One approach addressing this problem is genetic engineering to introduce genes encoding salinity,
but this approach has limitations. Another fairly new approach is the isolation and development of
salt-tolerant (halophilic) plant-associated bacteria. These bacteria are used as inoculants to stimulate
plant growth. Several reports are now available, demonstrating how the use of halophilic inoculants
enhance plant growth in salty soil. However, the mechanisms for this growth stimulation are as yet
not clear. Enhanced growth in response to bacterial inoculation is expected to be associated with
changes in plant gene expression. In this review, we discuss the current literature and approaches
for analyzing altered plant gene expression in response to inoculation with halophilic bacteria.
Additionally, challenges and limitations to current approaches are analyzed. A further understanding
of the molecular mechanisms involved in enhanced plant growth when inoculated with salt-tolerant
bacteria will significantly improve agriculture in areas affected by saline soils.

Keywords: halophiles; plant growth-promoting rhizobacteria (PGPR); RNA sequence analysis (RNA-
seq); quantitative reverse transcriptase PCR (qRT-PCR)

1. Introduction

1.1. Soil and Crop Loss Due to Rapidly Increasing Concentrations of Salinity Buildup in Soil

According to the U.S. Department of Agriculture (USDA), about 10 million hectares of
land are lost yearly to soil salinization. The rate of soil salinization is influenced by many
factors, including the practice of poor irrigation techniques and local climates. In arid
climates such as Utah, the rate of salinization has been documented to occur about three
times faster than in temperate climates [1]. Most plants do not have the biochemical or
structural mechanisms needed to survive in high salt environments, leading to decreased
plant yield.

Salinity causes several negative effects on plant growth and development due to water
stress, cytotoxicity from elevated levels of sodium and chloride ions in the cytoplasm,
nutritional imbalance, the production of ethylene, reactive oxygen species and other oxida-
tive damage. These disruptions can seriously affect plant productivity [1,2]. Unless these
stressors are at least partially alleviated, severe decreases in plant yield can result.

1.2. Limitations of Bioengineering Salt Tolerance

As improving plant salt tolerance is of mounting importance around the world, a
number of approaches have been taken to address this problem. Introducing genes to
confer salinity tolerance to plants is one approach. It has been reported that transformed
tobacco plants expressing the gene for ectoine showed improved growth in salty soils [3].
Others suggest that Medicago truncatula production could be improved in salty soils when
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transformed with the rstB gene [4]. Some native plant genes have also been shown to play
a role in plant salt tolerance, such as PPR40 in Arabidopsis [5], ethylene response factors [6],
K+ transporter genes [7], and the chimeric ryegrass gene OsDST-SRDX, among others [8].
Still, there is much that is not understood about plant salt tolerance. For example, it is likely
that multiple genes may be needed to provide meaningful increases in salinity tolerance in
transgenic plants, and different genes may be required for different species. In addition,
transcriptional control elements may also differ between species [9]. These and many more
questions still need to be addressed in greater depth.

There are other potential limitations outside of genetic engineering. One of these
limitations is the approval process. In the United States there are three federal agencies
that oversee the approval of bioengineered crops: (1) the Food and Drug Administration
(FDA), (2) the Environmental Protection Agency (EPA), and (3) the U.S. Department of
Agriculture (USDA). Each of these agencies must be involved in the approval process of
new genetically modified organisms (GMOs) [10]. The approval process is often long and
difficult. There is one additional and significant limitation to a GMO salt-tolerant crop,
and that is the public perception. In an age where the safety of animal feed and the direct
human consumption of GMOs is questioned and avoided by many, public perceptions of
bioengineered salt-tolerant crops could potentially limit their use and impact [11].

1.3. Survival Skills: How Halophytes Survive in Salty Soil

While most plants lack necessary mechanisms of salt tolerance, there are uniquely
adapted plants named halophytes that complete their entire life cycle in soils containing
200–500 mM salt [1]. There are four main mechanisms of halophyte salt tolerance including:
(1) the secretion of salt through salt glands, (2) the regulation of cellular ion homeostasis
and osmotic pressure, (3) the detoxification of reactive oxygen species, and (4) alterations
in membrane composition [6,7,12–15]. Each mechanism listed above is energetically expen-
sive. As a result, most plants will need to increase photosynthesis to maintain homeostasis
under saline conditions [1,12–15].

However, plants are not alone in their battle against increasing salinity. The plants’
microbiota also play an important role in overall salt tolerance (see Figure 1; effects shown
in B–C).
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Figure 1. Salt tolerance-related plant growth promoting rhizobacteria (ST-PGPR) and their role
in enhanced salt tolerance in halophytes. (A) Saline soils cause an abundance of toxic molecules
such as ethylene and reactive oxygen species (ROS) to form and impede plant processes, leading to
disease and death in plants without sufficient mechanisms of salt tolerance. Na+ ions disrupt the
function of plant ion channels, leading to plant osmotic shock. (B) Direct mechanisms by which
ST-PGPR can enhance plant salt tolerance. Each ST-PGPR produces different antioxidants or solutes
to help fight salt toxicity. (C) Indirect methods of ST-PGPR plant salt tolerance enhancement. Not
all ST-PGPR rhizobium produce all substances mentioned above. Image produced based on ideas
adapted from [15].

2. The Role of Halophilic Plant-Associated Bacteria in Plant Growth under
Saline Conditions

Halophyte microbiomes contain plant growth promoting microbes both within the
plant (endosymbionts) and outside the plant around their root system (ectosymbionts).
These symbionts are often involved in promoting plant growth under stress and are referred
to as plant growth promoting rhizobacteria (PGPR). Some strains also assist halophyte
survival under salty conditions; such salt tolerance-related PGPR are noted as ST-PGPR [16].
ST-PGPR often fall into one of the salt-loving genera such as Halomonas and Halobacillus,
though microbes from the genus Kushneria and other genera have similarly been shown to
promote salt tolerance [1].

In recent years, there has been a significant increase in the number of publications
that demonstrate the ability of ST-PGPR to improve salt-sensitive (glycophyte) crop yield
in saline soil [1,14,16–19]. Many of these glycophytes are members of the grass family
including rice, wheat, and barley, though similar success with legumes including soybean
have been reported [19–21]. In rice, it was reported that two strains of endemic Halobacillus
including Halobacillus dabanensis strain SB-26 and Halobacillus sp. GSP-34 greatly increased
salt tolerance and plant yield when inoculated into saline soils [2]. Similarly, in wheat,
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ST-PGPR including Halomonas sp. demonstrated a 62.2% to 78.1% increase in the length
and wet mass of root and shoot tissues when compared to plants grown in the same salty
soil but without inoculum [18]. Nakayama et al. [3] showed that Halomonas elongata could
be used to improve the salt tolerance of tobacco plants. Similarly, ST-PGPR strains from
the microbiome of native Utah halophytes, when added to salty soil containing non-salt-
tolerant Medicago sativa (alfalfa) seedlings, reportedly increased plant yield when compared
to controls [1]. Some of these ST-PGPR strains were isolated from the rhizosphere closely
associated with roots, while other bacteria were isolated from within plant tissue.

2.1. Potential Mechanisms for Plant Growth Stimulation by ST-PGPR

Mechanisms by which endophytes enhance plant growth are thought to include
improved nutrient acquisition and changes in gene expression. For example, ACC (1-
aminocyclopropane-1-carboxylase) deaminase is a bacterial enzyme found in many en-
dophytes that stimulates nutrient acquisition and plant growth by reducing the amount
of ACC converted to ethylene. Ethylene is a known inhibitor of plant growth that is pro-
duced by the plant in response to salt, drought, and other environmental stresses [16,22].
Burkholderia phytofirmans is another endophyte that alters plant gene expression to enhance
the growth of multiple cultivars of switchgrass [23,24]. Inoculation with this strain was
found to induce wide-spread gene expression changes in the plant host, including the
altered expression of some transcription factors that are known to regulate the expression
of plant stress genes [25]. Other bacterial endophytes (species of Sphingomonas, Pantoea,
Bacillus and Enterobacter) have been identified as enhancing the salt tolerance of hybrid
elephant grass [26], likely because of enhanced nutrient acquisition and/or gene expression
changes. Plants inoculated with Halomonas elongata (accession number MK873884) and
1% NaCl demonstrated an average increase of 2.4-fold in the biomass of alfalfa plants
grown without inoculum [1]. These data suggest that this strain of Halomonas influences
plant salt tolerance, raising the question of how these bacteria stimulate plant growth under
saline conditions. H. elongata, a moderate halophile, produces a well-studied osmolyte
named ectoine. Ectoine is produced by the bacteria in direct relationship with how much
salt is in the environment surrounding the microbe. As levels of salt in the environment
increase, so do the ectoine levels in the bacteria. This increase in ectoine helps the bacteria
regulate osmotic pressure and fend off salt toxicity [3,16,17,19]. Though it remains unclear
whether ectoine is among or is the mechanism of observed salt tolerance conferred from
H. elongata to plants, there is growing evidence that ectoine plays some role in improving
salt tolerance. A study with tobacco plants showed that significant salt tolerance did occur
in plants inoculated with H. elongata producing ectoine vs. an ectoine knockout mutant;
plants inoculated with the knockout mutant showed a reduction in salt tolerance [3].

The development, understanding, and application of well-characterized halophilic
bacteria isolated from halophytes could help alleviate many of the challenges of soil salinity,
without the use of genetic engineering. Additionally, since these isolates are in their native
state, using them to inoculate plants would be considered an organic treatment. PGPR
technology has been applied to crop production for decades [27,28]. The focus in this
review is on the effects of ST-PGPR inoculation on gene expression in the plants that lead
to enhanced plant growth in salty soils.

2.2. Changes in Plant Gene Expression in Salt-Grown Plants Inoculated with ST-PGPR

The stimulation of plant growth in salty soil, in response to inoculation with halophilic
ST-PGPR, infers that the expression of at least some plant genes are altered to enhance
plant growth. In general, glycophytes exhibit a significant decrease in photosynthesis
when exposed to salinity stress, along with an increase in the production of reactive
oxygen species (ROS). One mechanism by which ST-PGPR stimulate plant growth is to
offset the decrease in photosynthesis by stimulating the expression of proteins involved
in this process in the plant [29,30]. One such ST-PGPR stimulated gene is auxin, a plant
hormone involved in regulating growth. Increased auxin production was reported for

8



Int. J. Mol. Sci. 2021, 22, 3611

Salicornia plants inoculated with actinobacteria and irrigated with seawater [29]. Taj and
Challabathula [30] observed an increased rate of photosynthesis and a decrease in ROS in
both tomato and rice inoculated with Staphylococcus sciuri.

Some other plant gene expression pathways likely to be involved are those that regu-
late redox potential, ion homeostasis, leaf gas exchange, ion transport, osmolyte production
and other genes involved in the stress response. Several studies have shown that inocula-
tion with halotolerant bacteria enhances plant growth by inducing increased expression of
antioxidant enzymes and proteins. For example, an increase in plant osmolyte production
has been shown to occur in tomatoes inoculated with Streptomyces [31], Staphylococcus
sciuri [30], Limonium (a coastal halophyte) and Bacillus flexus [32]. Several of these genes
are components of stress response pathways. Transcription factors that control these
pathways are also likely differentially expressed in inoculated plants exposed to salinity
stress. In maize and chickpea, some genes involved in these pathways have demonstrated
differential expression in response to microbial inoculation [33,34].

Bharti et al. [35] showed that several genes involved in salinity tolerance were differ-
entially expressed in both roots and shoots of wheat in response to inoculation with a strain
of Dietzia natronolimnaea and growth of the plants in salty soil. Their studies identified the
role of an abscisic acid (ABA)-signaling cascade which led to the upregulation of TaABARE
and TaOPR1 and the induction of TaMYB and TaWRKY transcription factors, leading to the
stimulation of several stress-related genes. In addition, they found that TaNHX1, TaHAK
and HaHKT1 ion transporter genes were differentially expressed in these plants, while
antioxidant enzymes were upregulated under these same conditions.

A similar study with wheat inoculated with Arthrobacter nitroguajacolicus was con-
ducted by Safdarian et al. [36]. This study involved the comparative transcriptomic analysis
of un-inoculated and inoculated wheat roots under salt stress. They found that 152 genes
were significantly upregulated, and five genes were downregulated under these condi-
tions. Many of the upregulated genes are involved in antioxidant biosynthesis, flavonoid,
porphyrin, and chlorophyll metabolism.

Another study showed the increased expression of two ZmPIP (plasma membrane
aquaporin protein) isoforms in response to inoculation with ST-PGPR [37]. ST-PGPR re-
portedly induce osmolyte accumulation and phytohormone signaling, allowing plants to
overcome osmotic shock caused by salinity. The inoculation of halophilic Bacillus amyloliq-
uefaciens SN13 onto rice (Oryza sativa) plants enhanced salt tolerance when the rice was
exposed to salinity (200 mM NaCl). The expression of 14 genes were affected by the follow-
ing: SOS1, ethylene responsive element binding proteins EREBP, somatic embryogenesis
receptor-like kinase SERK1, and NADP-malic enzyme (NADP-Me2). In the presence of
these elements, 14 genes experienced upregulation, while two (glucose insensitive growth
GIG and (SNF1) serine-threonine protein kinase SAPK4) were downregulated in plants
grown hydroponically in response to salinity [37].

Some studies have used the model plant Arabidopsis thaliana to examine differential
gene expression in response to inoculation with salt-tolerant bacteria. Baek et al. [38]
showed that plants inoculated with Bacillus oryzicola exhibited increased chlorophyll pro-
duction and the activation of the SOS1-dependent salt signaling pathway in compari-
son to uninoculated plants. SOS1 is a plasma membrane-localized Na+/H+ antiporter.
Liu et al. [39] performed transcriptome profiling in Arabidopsis inoculated with Bacillus
amyloliquefaciens, resulting in 1024 upregulated and 264 downregulated genes in plants
grown in 100 mM NaCl compared to uninoculated plants grown at the same salinity. Upreg-
ulated plant genes included those involved in auxin-mediated signaling, SOS scavenging,
sodium ion transport, photosynthesis, and the production of osmoprotectants, including
trehalose and proline. They also analyzed hormone pathway mutants and determined
that ethylene/jasmonic acid signaling but not ABA signaling may be altered in inoculated
plants to increase their salt tolerance.
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3. Overview of RNA Sequencing and Data Analysis

The regulation of gene expression is not just an on/off switch but can be better
compared to the volume dial on a radio, where expression can be dialed up or dialed down.
In the cell, the gene expression dial is adjusted according to environmental change and
cellular need [40]. Thanks to next generation sequencing (NGS) and bioinformatics, it is
easier than ever to analyze the volume of gene expression [41]. Gene expression analysis
is a multi-step process with two main parts: 1) sequencing, and 2) analysis of sequence
data [42]. In the studies discussed below, we focus on the analysis of differential gene
expression in response to the inoculation of plants with halophilic bacteria, compared to
uninoculated plants, grown in salty soil. Both sequencing and analysis necessitate multiple
sub-steps which will be briefly described.

Sequencing begins with the isolation of plant RNA, which is critical for all subsequent
steps. RNA is a notoriously unstable molecule due to its single-stranded nature and 2′
hydroxyl group on the ribose sugar, making the RNA molecule vulnerable to degradation.
This means that isolated RNA samples must always be kept on ice when working in the
lab and at −80C when stored. Careful isolation also includes avoiding contamination
by anything that contains RNase or will inhibit downstream steps [43]. Plant RNA can
be purified using a Trizol method or using an RNA isolation kit such as from Qiagen or
Invitrogen, coupled with using a shredder spin column to improve RNA recovery from
plant tissue. Following isolation, the RNA undergoes a quality assessment by Qubit or
High Sensitivity Fragment Analysis to ensure that the RNA is intact and to determine its
concentration. Once RNA quality has been assessed and is acceptable, the next step is
reverse transcription to produce cDNA, which is significantly more stable than RNA. At
this point, two options present themselves: (1) perform library prep for sequencing in lab,
or (2) send cDNA to a sequencing center for further processing [44]. Either option will
require the cDNA to undergo three additional processing steps: (1) cDNA fragmentation,
(2) size selection of cDNA fragments, and (3) NGS on the appropriate instrument (See
Figure 2A). The output of NGS is a large file of raw reads which represent base pairs
inferred by the sequencer during processing. After processing, reads are then quantified
and analyzed using bioinformatic tools.

As with all data analysis, the first step is to check quality. Since adapters are ligated
onto the cDNA during library prep, it is important to remove these sequences before
further processing [45]. Here, reads are mapped to an annotated transcriptome. If the plant
of interest has an annotated transcriptome this step is rather simple and straightforward.
If the percent of reads mapped is low, it is wise to re-evaluate the earlier quality control
steps. If the percent of reads mapped are high, then generally moving on to further
analysis is permissible. Moving on, however, requires the answer to the question, “which
genes are differentially expressed among samples?” Uncovering the answer is assisted
through building comparative table(s) and plotting data to help visualize fold changes
in gene expression. Further, performing gene ontology analysis is another great tool for
understanding gene function and potential interaction pathways (See Figure 2B).

Unfortunately, not every model organism has an assembled transcriptome, let alone
a well annotated transcriptome. What then? Thanks to bioinformatic packages and
assemblers such as trinity and SOAPdenovo-trans, there are many ways to create a de novo
assembly [46]. A de novo assembly, however, would not have any gene annotation. For
this reason, de novo assemblies are not very informative on their own. If, however, there
is a related organism with an annotated transcriptome, the de novo transcriptome can be
compared with that of its relative. This comparative analysis helps to determine gene name,
function, expression levels, and potential ontologies. This process is generally referred to
as “lift over” and will be further described in the next section. This next section outlines
some of the approaches used to analyze differential plant gene expression in response to
the bacterial inoculation of alfalfa plants grown in the presence or absence of salt.
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Figure 2. General overview of the steps involved in RNA- sequencing and subsequent analysis. (A) The major steps of RNA
processing, sequencing, and read output. (B) Main steps involved in RNA- sequence analysis. Figure from “Bioinformatics
for RNA- Seq Data Analysis” opensource article [42].

3.1. Approaches for Analyzing Changes in Plant Gene Expression in Response to
Bacterial Inoculation

All approaches used to determine differentially expressed genes (DEGs) in plants
start with a well-designed growth trial. Alfalfa grown with or without the inoculation of
Halomonas elongata (accession number MK873884) under four soil conditions: (1) no salt
or bacterial inoculant, (2) salt (1% NaCl) without bacteria, (3) bacteria without salt, and
(4) bacteria and salt assist in the analysis of gene expression changes for each growing
condition. After about 8 weeks of growth, plants can be harvested for root and shoot
tissues. These tissues can help determine whether differential gene expression occurs, and
if so, which of the four growing conditions and/or tissue types the gene expression change
is associated with. In order to assess the tissues for DEGs, RNA needs to be extracted. One
option is to grind tissues samples individually in liquid nitrogen for total RNA isolation
using a Purelink RNA Mini kit with a homogenizer for plant tissue (Invitrogen). After
grinding, tissue samples from each growing condition are lysed and homogenized. The
lysate is then passed through a spin column to remove genomic DNA and washed to
remove contaminants. Total RNA is then eluted from the column and subjected to quality
testing, often performed on a Bioanalyzer. Quality RNA is then converted into a library of
cDNA, which is either sequenced in house or sent to a sequencing center.

Sequence data files (reads) are subsequently reviewed for quality using a package
such as FASTQC. Sequence reads are then aligned to the M. sativa transcriptome on a
bioinformatics platform such as R. If using R, Rsubread is a robust splice-aware package that
will align, quantify, and analyze RNA-seq data. After alignment, genes and their associated
quantifications are determined for each condition and tissue type bioinformatically. Due
to the incomplete nature of the alfalfa gene ontology (GO) annotation, converting alfalfa
genes to their most similar homolog in Arabidopsis, in a process generally referred to as “lift
over,” can improve expression analysis. The results of the GO analysis, when collected into
a super-table containing all results from each tissue type and growth condition, allows for
easy visualization and comparison among different growth conditions and tissues.
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3.2. Mining Sequence Data for Candidate Genes

As previously mentioned, the inoculation of Halomonas elongata (accession number
MK873884) demonstrated an increase in alfalfa growth under salt-stress when compared
to the control. From this observation developed the hypothesis that the increase in plant
growth was likely due to changes in plant gene expression induced in the presence of
the bacterial inoculum [1]. To test such a hypothesis careful analysis of RNA-seq data
representative of each growing condition and plant tissue type must be acquired. Once
tables representing all data types are produced, candidate features are easily isolated via the
quick-and-dirty method of table sifting in Excel, or more eloquently, through bioinformatics.
Candidate features should represent both significantly up- and downregulated genes with
low Q-values (i.e., <1 × 10−5). A Q-value is a false discovery rate (FDR) adjusted p-value.
This value adjusts the original p-value to increase statistical stringency and further reduce
the presence of false-positive results. The lower a given Q-value, the more significant a
feature (i.e., up- or downregulated gene) is within the study [47]. Once gene candidates
are identified, it is common practice to validate targets by performing quantitative reverse
transcriptase PCR (qRT-PCR) [48]. To do so, RNA is isolated (as before described) from root
and shoot tissue of alfalfa grown in the presence or absence of the bacterial inoculum and
salt. Then, cDNA is prepared from isolated RNA using the Thermo Fisher Superscript IV.
With the sample now prepared, primers specific to the gene candidates are designed using
the analysis results from RNA-seq data. To determine potential changes in gene products
among different alfalfa growth treatments and tissue types, qRT-PCR is used to quantify
gene candidate amplification. The ABI StepOnePlus Real-Time PCR System is one of the
commonly used instruments to carry out this process. There are two methods of measuring
qPCR amplifications: 1) by an intercalating dye, or 2) via a fluorescently labeled probe [49].
Intercalating dyes are generally the more cost-efficient method of qPCR amplification when
many gene targets are being verified. Probes, however, are generally considered the cleaner
and more simplistic mode of quantification, as they generally require less optimization.
One example of a commonly used intercalating dye for qPCR is the standard PowerUp
SYBR Green Master Mix. One important note about SYBR is that it binds to any double
stranded DNA, including primer–dimers [50]. As a result, melt curves should always be
reviewed for each well after qPCR. If more than one melting curve presents, it may be due
to primer–dimer amplification. One way to confirm the correct product and absence of
primer–dimers is by analyzing qPCR products via gel electrophoresis. Gel visualization
is an excellent tool for testing if multiple melting curves are associated with more than
one amplicon. If the gel returns only one band then likely the multiple melting curves
shown on the qPCR machine are artifacts of intermediate steps in the amplification process
and are not due to primer–dimer formation. Alternatively, programs such as uMelt curve
prediction software (a free online tool) can accurately predict melting curves. This type of
predictive software serves as a comparative tool against the melting curve produced by the
qPCR instrument [51]. As always, selecting an appropriate control transcript as reference,
generally a house keeping gene such as the 18S rRNA transcript, is critically important. For
the amplification curve and general results, the 2-ΔΔCT method is selected for comparison.
Biological and technical replicates (three for each) are generally worked into the qRT-PCR
set-up, improving confidence in and analysis of later results.

3.3. Limitations of RNA Sequencing and Analysis

Before exploring the limitations of RNA sequencing and analysis, it is appropriate to
clearly state that these technologies have been revolutionary and their impact critical in
many technological and procedural advances [42]. Even so, these tools have limitations
and weaknesses that have not yet been overcome.

One such limitation to the success of RNA-seq and analysis is user error during
library preparation [52]. For instance, one important factor in good library preparation
for RNA-seq is the size selection of cDNA fragments [53]. Selecting the correct size
fragments improves the odds that most low molecular weight dimers are not included
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in sequencing, which improves the efficiency and accuracy of the sequence analysis [54].
Similarly, sequencing depth must be sufficient to cover low-abundance transcripts multiple
times. Doing so improves sequencers’ base pair inference, which also helps to improve
sequencing accuracy [55].

Further, commonly used second-generation sequencers (i.e., Illumina) have some
serious flaws. Short reads produced by this generation of instruments can become a
problem if performing a de novo assembly is desired [56]. Short read sequencing (SRS) uses
fragmented DNA generally 75–400 bp long. These short read lengths can become a problem
as the size of the genome being sequenced increases. For instance, larger complex genomes
such as that of humans contain many repetitive sequences, and due to the nature of PCR,
these sequences are preferentially amplified. As preferential amplification increases, there
is a risk of failing to generate enough sequence overlap between fragments for a quality de
novo assembly. This lack of sequence overlap makes stitching scaffolds into one contiguous
sequence very difficult, as an incredibly high number of reads are produced during short
read sequencing [57].

Another common limitation to RNA-seq analysis is understanding bioinformatic
packages well enough to select the best fit. For instance, three common comparative
genomics aligners are: (1) Bowtie2, (2) TopHat, and (3) Rsubread [58,59]. All three of these
tools serve to align sets of reads to a reference genome, but each does so with different
strengths and weaknesses [60]. Bowtie2, while especially good at aligning large sets of reads
to a reference genome, often fails to capture rare transcripts. TopHat on the other hand, is a
tool that builds upon Bowtie2, improving the splice variant problem and reliably capturing
rare transcripts [61]. Additionally, Rsubread is a package with robust read mapping of both
small and large genomes and performs quantification and variant analysis [59]. Though a
great option, Rsubread requires some understanding of the R platform and language to
use packages such as Rsubread [62].

4. Conclusions and Future Challenges

The potential for using salt-tolerant plant-associated bacteria as inoculants of gly-
cophyte crop plants to enhance growth and yield is clear from an increasing number of
reports in the literature. However, understanding the mechanisms driving plant growth
stimulation by these bacterial inoculants is currently limited. Photosynthesis is reduced
in plants under salinity stress, while inoculation with ST-PGPR often results in increases
in photosynthesis, as discussed in this review. Clearly, the expression of many genes is
altered in the inoculated plants, resulting in plants with an increased tolerance to salinity
and enhanced growth. While additional potential bacteria and plant interactions need to
be studied, it appears that there may be some bacterial species–plant specific interactions,
making it difficult to make general conclusions about the mechanisms involved. The
properties of the bacterial inoculant may directly provide some help in reducing the effect
of salinity by stimulating photosynthesis (see Figure 1), but different plants may exhibit
up- or downregulation of different genes in response to the bacteria. From the currently
available literature, it appears that gene pathways involving the regulation of redox po-
tential, ion homeostasis, leaf gas exchange, ion transport, osmolyte production, and other
genes involved in stress responses such as SOS pathways, as well as transcription factors
all have some control over the expression of these genes. The above pathways, or some
combination of them, appear to be involved in enhanced plant growth after inoculation
with ST-PGPR.

Improvements in sequencing technology and quantitative analysis of differential gene
expression have improved our capabilities to analyze changes in plant gene expression in
response to various signals and stresses. This includes the ability to analyze changes in the
gene expression of plants inoculated with salt-tolerant bacteria compared to uninoculated
plants. With time, these expression data will better elucidate the mechanisms by which
ST-PGPR enhance plant growth under saline conditions. However, there are still challenges
to address, which include the isolation of high-quality RNA from plant tissue and the use of
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a dependable computational pipeline to accurately measure differences in gene expression.
The new knowledge generated as more plants and bacterial inoculants are examined will
help farmers who have land affected by salinity increase their crop yield by using salt-
tolerant bacterial inoculants. This will also be of great benefit for increasing agricultural
productivity to feed the growing world human population, as good agricultural land is
quickly decreasing.
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Abstract: Salt stress is a major increasing threat to global agriculture. Pongamia (Millettia pinnata),
a semi-mangrove, is a good model to study the molecular mechanism of plant adaptation to the
saline environment. Calcium signaling pathways play critical roles in the model plants such as
Arabidopsis in responding to salt stress, but little is known about their function in Pongamia. Here,
we have isolated and characterized a salt-responsive MpCML40, a calmodulin-like (CML) gene from
Pongamia. MpCML40 protein has 140 amino acids and is homologous with Arabidopsis AtCML40.
MpCML40 contains four EF-hand motifs and a bipartite NLS (Nuclear Localization Signal) and
localizes both at the plasma membrane and in the nucleus. MpCML40 was highly induced after
salt treatment, especially in Pongamia roots. Heterologous expression of MpCML40 in yeast cells
improved their salt tolerance. The 35S::MpCML40 transgenic Arabidopsis highly enhanced seed
germination rate and root length under salt and osmotic stresses. The transgenic plants had a higher
level of proline and a lower level of MDA (malondialdehyde) under normal and stress conditions,
which suggested that heterologous expression of MpCML40 contributed to proline accumulation to
improve salt tolerance and protect plants from the ROS (reactive oxygen species) destructive effects.
Furthermore, we did not observe any measurable discrepancies in the development and growth
between the transgenic plants and wild-type plants under normal growth conditions. Our results
suggest that MpCML40 is an important positive regulator in response to salt stress and of potential
application in producing salt-tolerant crops.

Keywords: Millettia pinnata; calmodulin-like; salt tolerance; heterologous expression

1. Introduction

Salt stress is one of the significant environmental factors affecting plant growth and
productivity. Soil salinization is a fast-growing global problem, especially in the arid and
semi-arid areas of the world [1]. Moreover, lots of arable lands are changing to salinized
land now due to the rising sea level, so improving salt tolerance of crops by genetic modifi-
cation is a critical aspect of crop breeding. Halophytes are kinds of plants growing in high
salinity (salt concentration is around 200 mM NaCl or more) conditions where most crops
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cannot survive [2]. Mangroves are trees or large shrubs which grow within the intertidal
zone in tropical and subtropical regions. Mangrove species include true mangroves and
semi-mangroves (also called mangrove associates). True mangroves have morpholog-
ical specialization, such as aerial roots and vivipary; physiological mechanism for salt
exclusion and/or salt excretion [3]. Pongamia (Millettia pinnata syn. Pongamia pinnata) is
a semi-mangrove plant that can grow in either freshwater or moderate salinity water [3].
Unlike true mangroves, Pongamia does not have the salty glands or other specialized
morphological traits to endure salinity stress, which suggested that its salt tolerance may
be more attributed to gene regulation and protein function [3]. Therefore, investigating the
molecular mechanisms of Pongamia salt tolerance may provide promising strategies for
crop breeding by genetic modification.

Pongamia is a diploid legume (2n = 22) with a genome size of ~1300 Mb, which is
ten times that of Arabidopsis [4,5]. Several transcriptome analyses of Pongamia root, leaf,
flower, pod, and seedling have been reported in recent years [6–11]. However, only a few
Pongamia functional genes have been identified and characterized. Four circadian clock
genes (ELF4, LCL1, PRR7, and TOC1) were identified from Pongamia using soybean as the
reference [12]. A stearoyl-ACP desaturase (SAD) was isolated from Pongamia seeds and
suggested a seed development function [13]. Furthermore, two other desaturase genes,
MpFAD2-1 and MpFAD2-2 (Fatty Acid Desaturase 2), were also isolated and character-
ized [14]. Although 23,815 candidate salt-responsive genes were identified from Pongamia
by comparing the expression pattern under seawater and freshwater treatments using Illu-
mina sequencing, so far, only one report showed that a chalcone isomerase gene, MpCHI,
enhanced the salt tolerance of yeast (Saccharomyces cerevisiae) salt-sensitive mutants [7,15].

The calcium ion Ca2+ is a second messenger in all eukaryotes. It is perceived by sev-
eral Ca2+ binding proteins, including calmodulin (CaM), calmodulin-like protein (CML),
calcineurin B-like (CBL), and calcium-dependent protein kinase (CPK or CDPK) [16–18].
CaMs are present in all eukaryotes, but CMLs, CBLs, and CPKs are only identified in plants
and some protists [17,19]. The most common Ca2+ binding motif is the EF-hand motif
present in most Ca2+ binding proteins, including CaMs and CMLs [20,21]. In Arabidopsis,
there are only six typical CaM genes, while over 50 CML genes have been identified [22].
All six AtCaMs have very similar protein sequences with 149 amino acids containing
four EF-hand motifs. In contrast, AtCMLs have 80–330 amino acids with two to four
EF-hand motifs [22]. Many CML genes have been reported to be involved in abiotic stress
signaling [23,24]. In Arabidopsis, it was reported that the expression levels of AtCML12
(also called TCH3) and AtCML24 (also called TCH2) were highly enhanced under heat
stress [24,25]. The CML::GUS report gene data showed that AtCML37, AtCML38, and
AtCML39 genes were induced by several stimuli, including salt and drought stress [26].
AtCML15 (also called CaM15) could interact with Na+/H+ exchanger 1 (AtNHX1) and
played roles in maintaining cellular pH and ion homeostasis [27]. AtCML9 and AtCML24
genes were induced by abiotic stress and abscisic acid (ABA) and functioned in response to
ABA and salt or ion stress [28,29]. AtCML20 could negatively modulate ABA signaling and
drought response [30]. AtCML42 was reported to function in both herbivory defense and
ABA-mediated drought stress response [31]. A rice CML gene, OsMSR2, could increase
drought or salt tolerance and ABA sensitivity in Arabidopsis [32]. In addition to Arabidop-
sis and rice, several studies showed that CMLs in other plants were also involved in abiotic
stress signaling. Expression of 32 CML genes in wild-growing grapevine (Vitis amurensis)
was shown to be responsive to abiotic stresses, including drought, salt, heat, and cold [33].
In Glycine soja, GsCML27 participated in salt and osmotic stresses [34]. In Medicago truncat-
ula, MtCML40 was involved in salt stress [35]. In Camellia sinensis, CsCML16, CsCML18-2,
and CsCML42 were induced by cold and salt conditions, while CsCML38 was induced by
drought and ABA treatments [36].

In the present study, we identified a CML gene, MpCML40, from Pongamia. The
MpCML40 protein contained a typical EF-hand motif. Under salt treatment, the MpCML40

18



Int. J. Mol. Sci. 2021, 22, 3475

gene was highly induced in roots. Heterologous expression of MpCML40 in Arabidopsis
strongly enhanced the salt tolerance of transgenic plants.

2. Results

2.1. MpCML40 Is an EF-Hand Motif-Containing Calmodulin-Like Protein

The full-length cDNA of the MpCML gene was obtained by 5′ and 3′ rapid amplifica-
tion of cDNA ends (RACE) assay with four specific internal primers based on the sequence
of an EST from our previous study [7]. The full-length sequence of cDNA, which was
deposited in GenBank under accession number MW650864, comprised a 423 bp open
reading frame (ORF), 135 bp 5′ untranslated region (UTR), and 258 bp 3′ UTR followed
by a polyA tail (Table 1). The corresponding protein contained 140 amino acids. A phy-
logenetic tree based on the amino acid sequences of MpCML and 50 Arabidopsis CML
proteins revealed that this MpCML protein was homologous with AtCML40 (Figure 1).
Therefore, we named it MpCML40. In addition to AtCML40, the sequence of MpCML40
was also similar to some other members in this subfamily, such as AtCML37, AtCML38,
and AtCML39 (Figure 1). Based on SMART (Simple Modular Architecture Research Tool)
analysis, MpCML40 also had four EF-hand motifs (Figure 2), the same as AtCML38 and
AtCML39. However, the third EF-hand motif lacked the conserved 12 residues with the
pattern X•Y•Z•–Y•–X••–Z (also called DxDxDG loop), which might be a pseudo EF-hand
motif as previously reported [21,37,38]. Moreover, a predicted bipartite NLS (Nuclear
Localization Signal) was found in the third EF-hand motif (Figure 2), which indicated
MpCML40 might at least partially localize in the nucleus.

Table 1. The nucleotide sequence of MpCML40 cDNA. The open reading frame (ORF) of MpCML40 is highlighted in yellow.

1 CCACAACATA TAATAACAAC TCAATTTTCC ATTTGCATAC AAGTTACATT TTCTCCTTCT
61 TATTCTTCTT GTTATTGTGT ACATTAAAGA TTTGAACAAA TTACACTACA CCTTTAAGAT

121 AAGGAGCATT GTAAC ATGAT GAAGCATGCG GGTTTTGAGG GTGTTCTTCG ATATTTTGAT
181 GAAGATGGGG ATGGAAAGGT TTCACCTTCA GAGTTAAGGC ATGGATTGGG AATGATGGGT
241 GGGGAGCTTT TGATGAAAGA AGCAGAGATG GCAATTGAGG CACTGGATTC TGATGGTGAT
301 GGGTTGTTGA GTTTGGAGGA TTTGATTGCT TTGATGGAAG CAGGGGGAGA GGAACAAAAG
361 TTGAAGGATT TGAGAGAAGC TTTTGAGATG TATGACACTC AAGGGTGCGG ATTTATAACC
421 CCAAAGAGCT TGAAGAGGAT GCTTAAGAAG ATGGGAGAGT CCAAGTCCAT TGATGAATGC
481 AAATTGATGA TTAGTCAATT TGATTTGAAT GGGGATGGGA TGCTTAGCTT TGAAGAATTC
541 AGAATTATGA TGGAGTGA GG CCAGTATATT TGTTGATGAT ATTGTTTAGT TTGTTTGTTT
601 GTTTGGGAGG AAGAGGGGTA TAGTTAAGTG GATTTGATTT ATTTGTTTGC AGTTTGCACA
661 TGTATAAATA ACTCCTTTTG TGCTTTGCAA TACTTTTGAC AATTGATTAA CTGTTAGATT
721 TCTCCCAAGT TCCTACATAA AAAATTATTC AAATTTTCTT AATGGGAGTT GTATTATGAC
781 TATTATCATG GTTAAATATA TTTTTTATTT CGTTCCAAAA AAAAAAAAAA AAAAAAAAAA
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Figure 1. Phylogenetic tree of MpCML40 with Arabidopsis CML proteins. MpCML40 protein and
50 Arabidopsis calmodulin-like (CML) proteins were used for phylogenetic analysis [22]. MpCML40
was marked by a grey box.
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MpCML40      -------------------------------------------MMKHAGFEGVLRYFDED 17 
AtCML40      --------------------------------------MKSENVNKRDEYQRVFSCFDKS 22 
AtCML37      MTLAKNQKSSLSRLYKKVSSKRSESSRNLEDESRTSSNSSGSSSLNVNELRTVFDYMDAN 60 
AtCML38      MKNNTQPQSSFKKLCRKLSPKREDSAGEIQQH------NSSNGEDKNRELEAVFSYMDAN 54 
AtCML39      ---------------------MKNTQRQLSSS------FMKFLEEKNRDLEAVFAYMDAN 33 
                                                          :    . *:  :* .  
MpCML40      GDGKVSPSELRHGLGMMGGE---LLMKEAEMAIEALDSDGDGLLSLEDLIALMEAGGE-- 72 
AtCML40      HQGKVSVSTIERCVDAIKSGKRAVVDQEDTTNPNPEESTDDKSLELEDFVKLVEEGEE-- 80 
AtCML37      SDGKISGEELQSCVSLLGGA---LSSREVEEVVKTSDVDGDGFIDFEEFLKLMEGEDGS- 116 
AtCML38      RDGRISPEELQKSFMTLGEQ---LSDEEAVAAVRLSDTDGDGMLDFEEFSQLIKVDDE-- 109 
AtCML39      RDGRISAEELKKSFKTLGEQ---MSDEEAEAAVKLSDIDGDGMLDINEFALLIKGNDEFT 90 
              :*::* . :.  .  :      :  .*     .  :  .*  :.::::  *::        
MpCML40      -EQKLKDLREAFEMYDTQGCGFITPKSLKRMLKKMGESKSIDECKLMISQFDLNGDGMLS 131 
AtCML40      -ADKEKDLKEAFKLYEE--SEGITPKSLKRMLSLLGESKSLKDCEVMISQFDINRDGIIN 137 
AtCML37      DEERRKELKEAFGMYVMEGEEFITAASLRRTLSRLGESCTVDACKVMIRGFDQNDDGVLS 176 
AtCML38      -EEKKMELKGAFRLYIAEGEDCITPRSLKMMLKKLGESRTTDDCRVMISAFDLNADGVLS 168 
AtCML39      EEEKKRKIMEAFRMYIADGEDCITPGSLKMMLMKLGESRTTDDCKVMIQAFDLNADGVLS 150 
               ::  .:  ** :*       **  **:  *  :*** : . *.:**  ** * **::.  
MpCML40      FEEFRIMME 140 
AtCML40      FDEFRAMMQ 146 
AtCML37      FDEFVLMMR 185 
AtCML38      FDEFALMMR 177 
AtCML39      FDEFALMMR 159 

Figure 2. Amino acid sequence alignment of MpCML40, AtCML37, AtCML38, AtCML39, and AtCML40. The EF-hand
motifs were underlined, and the highly conserved amino acids in EF-hand motifs were highlight by yellow color. A predicted
bipartite Nuclear Localization Signal (NLS) was highlighted by green color.

2.2. MpCML40 Localizes at the Plasma Membrane and in the Nucleus

MpCML40 was predicted to have a bipartite NLS by the cNLS Mapper online tool
with a score of 6.7, which indicated that this protein might partially localize in the nu-
cleus [39–41]. To verify the subcellular localization of this protein, MpCML40-GFP was
expressed in tobacco (Nicotiana benthamiana) leaves by Agrobacterium tumefaciens-mediated
transient expression system. The results showed that MpCML40 was indeed partially local-
ized in the nucleus in tobacco epidermal cells, colocalized with free mCherry (Figure 3).
Besides, MpCML40-GFP was also colocalized with the specific plasma membrane (PM)
mCherry marker, with free GFP as a negative control (Figure 3). These results illus-
trated MpCML40 localized both at the plasma membrane and in the nucleus in tobacco
epidermal cells.

2.3. MpCML40 Gene Is Highly Induced by Salt Stress in Pongamia Roots

The AtCML37, AtCML38, and AtCML39 genes were all expressed in Arabidopsis root
and highly accumulated after salt treatments [26]. To analyze the spatial and temporal
expression pattern of MpCML40 under salt stress, one-month-old Pongamia seedlings
were subjected to qRT-PCR analyses. The relative expression level of MpCML40 was
significantly increased in roots and leaves after salt treatments (Figure 4). Especially in
the root, MpCML40 was strongly up-regulated at three and six hours after salt treatment
(Figure 4). These results demonstrated that MpCML40 was a salt-responsive gene.
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Figure 3. Subcellular localization of MpCML40-GFP. Subcellular localization of MpCML40-GFP was
assayed with plasma membrane (PM-mcherry) marker or free mcherry in tobacco leaf epidermal
cells. The fluorescence signals were detected 48 h after infiltration. Bar = 20 μM. The experiments
were repeated two times with similar results.

Table 2. The list of primer sequences.

Primer Primer Sequence (5′ → 3′)

MpActin.RtF AGAGCAGTTCTTCAGTTGAG
MpActin.RtR TCCTCCAATCCAGACACTAT

MpCML40.RtF GCACTGGATTCTGATGGTGATGGG
MpCML40.RtR GCTCTTTGGGGTTATAAATCCGCA

MpCML40.3’GSP TGGCAATTGAGGCACTGGATTCTGATGG
MpCML40.3’NGSP ATGGAAGCAGGGGGAGAGGAACAA
MpCML40.5’GSP TCCGCACCCTTGAGTGTCATACATCTCA

MpCML40.5’NGSP CCTCCAAACTCAACAACCCATCACCATC
MpCML40.yeastF CGCGGATCCATGATGAAGCATGCGGGTTTTGAGG
MpCML40.yeastR CCGCTCGAGTCACTCCATCATAATTCTGAA
MpCML40.plantF TATGGCGCGCCCATGATGAAGCATGCGGGTTTTGA
MpCML40.plantR CTCCATCATAATTCTGAATTCTT

AtACT2.RtF GACCTTTAACTCTCCCGCTATG
AtACT2.RtR GAGACACACCATCACCAGAAT
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Figure 4. Gene expression changes of MpCML40 in Pongamia roots and leaves upon salt stress. Relative expression levels of
the MpCML40 gene in roots (A) and leaves (B) after 500 mM NaCl treatment were analyzed by qRT-PCR using primers
listed in Table 2. MpActin gene was used as an internal reference. Error bars show mean values (±SD) of three independent
samples. *** p < 0.001 (Student’s t-test).

2.4. The pYES22-MpCML40-Transformed Yeast Has Enhanced Salt Tolerance

We used yeast to preliminarily study the function of MpCML40 in salt stress response.
The S. cerevisiae strain W303 was transformed with either pYES2-MpCML40 plasmid or
pYES2 empty vector. The positive colonies were transferred to the SD/-Ura agar plates with
different concentrations of NaCl. The yeast strains showed resistance to low concentrations
of NaCl. However, when the concentration increased to 1.5 M, the yeasts with pYES2-
MpCML40 plasmid grew faster than those with empty vectors (Figure 5), which suggested
that MpCML40 could substantially improve the salt tolerance of yeast.

 

Figure 5. Salt tolerance of the pYES2-MpCML40 transformed yeast. Series dilutions (1, 10, 100, 1000 folds) of the pYES2-
MpCML40 transformed yeast and pYES2 (empty control) transformed yeast were grown on SD/-Ura agar plate containing
different concentrations of NaCl (1 M, 1.25 M, 1.5 M).

2.5. Heterologous Expression of MpCML40 in Arabidopsis Strongly Enhances Salt and
Osmotic Tolerance

To investigate the possible functions of MpCML40 in salt stress response, we generated
the transgenic Arabidopsis plants carrying 35S-Pro::MpCML40 (Figure 6A). Two indepen-
dent transgenic lines were identified and validated by RT-PCR (Figure 6B). The growth and
development phenotype of the transgenic plants were very similar to wild-type plants. We
first checked the seeds; germination rate for the 35S::MpCML40 transgenic and wild-type
Arabidopsis under salt stress. High concentrations (200 mM and 250 mM) of NaCl strongly
inhibited seed germination of wild-type plants, whereas 200 mM of NaCl had no significant
effects on the transgenic plants (Figure 6C,D). Moreover, the seeds of the transgenic plants
showed obviously higher germination rate on the medium containing 250 mM of NaCl
compared with wild-type plants (Figure 6C,D). We also assayed the seed germination rate
under osmotic stress. Under low concentrations (200 mM and 300 mM) of sorbitol, the
seeds of both wild-type and transgenic plants had high germination rates (Figure 6E,F).
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However, the seed germination rate was significantly higher in transgenic plants than in
wild-type plants under high concentration (400 mM) of sorbitol (Figure 6E,F).

Figure 6. Effects of MpCML40 on seed germination rate under salt and osmotic stress. (A) Schematic
structure of the MpCML40 expression construct. 35S Pro, cauliflower mosaic virus 35S promoter.
35S Ter, cauliflower mosaic virus 35S terminator. (B) Expression levels of the MpCML40 gene in the
wild-type and transgenic Arabidopsis plants were analyzed by RT-PCRs using the MpCML40 full-
length primers listed in Table 2. AtACT2 (ACTIN2) was used as a control. (C–F) Typical phenotype
and germination rate of wild-type and transgenic Arabidopsis seeds germinated on 1

2 MS medium
containing different concentrations of NaCl (C,D) and sorbitol (E,F). Bar = 1 cm. Error bars show
mean values (±SD) of germination rate of three independent plates. *** p < 0.001 (Student’s t-test).

Secondly, the root lengths of wild-type and transgenic seedlings were measured under
salt and osmotic stress. The seedlings were germinated and grown for three days on
a normal 1

2 MS agar medium and then transferred to the medium containing different
NaCl or sorbitol concentrations. After ten days of treatments, the root lengths of both
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wild-type and transgenic seedlings were inhibited (Figure 7A–C). However, the roots of
the transgenic seedlings were significantly longer than those of wild-type seedlings under
salt and osmotic stress (Figure 7B,C).

Figure 7. Effects of MpCML40 on root growth under salt and osmotic stress. (A) Typical root length
phenotype of two-week wild-type and MpCML40 heterologously expressing Arabidopsis seedlings
grown on 1

2 MS medium containing 125 mM of NaCl and 400 mM of sorbitol. (B,C) The root length
of two-week wild-type and transgenic Arabidopsis seedlings grown on 1

2 MS medium containing
different NaCl and sorbitol concentrations. Bar = 1 cm. Error bars show mean values (±SE) of
germination rate from 50 independent seedlings. ** p < 0.01, *** p < 0.001 (Student’s t-test).

Lastly, we measured the levels of two critical stress-associated metabolites, malon-
dialdehyde (MDA) and proline, under mock or 200 mM NaCl conditions. Compared
with wild-type plants, the transgenic ones showed a significantly higher level of proline
and a slightly lower level of MDA (Figure 8A,B). To analyze the reactive oxygen species
(ROS) induced by salt stress, nitroblue tetrazolium (NBT) and 3,3’-diaminobenzidine (DAB)
staining were performed to detect the contents of H2O2 and O2

− under mock or 200 mM
NaCl condition. The leaves of transgenic plants showed lighter staining color than those
of wild-type plants did (Figure 8C,D), indicating lower contents of H2O2 and O2

− in
transgenic plants under salt stress.
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Figure 8. Effects of MpCML40 heterologous expression on salt-stress-related metabolites. (A) Proline content of wild-type
and 35S::MpCML40 Arabidopsis plants. (B) Micro Malondialdehyde (MDA) content of wild-type and 35S::MpCML40 plants.
Error bars show mean values (±SD) of germination rate from three independent samples. * p < 0.05 (Student’s t-test).
(C) NBT staining of wild-type and 35S::MpCML40 four-week-old Arabidopsis rosette leaves. Bar = 1 cm. (D) DAB staining
of wild-type and 35S::MpCML40 two-week-old Arabidopsis cotyledons grown on 1

2 MS agar plates. Bar = 1 mm.

3. Discussion

As a semi-mangrove, Pongamia usually grows under high salinity conditions, which
confer this species a unique genetic resource for exploring salt-responsive genes and
investigating molecular mechanisms of plant salt tolerance. From 23,815 candidate salt-
responsive genes formerly identified in Pongamia using Illumina sequencing [7], we
identified a salt-induced CML gene, MpCML40, and characterized its function in the process
of the salt stress response by heterologous expressing this gene in yeast and Arabidopsis.
Our results showed that heterologous expression of MpCML40 in yeast could improve its
salt tolerance. The 35S::MpCML40 transgenic Arabidopsis did not show any growth and
development phenotype compared with wild-type plants under normal growth conditions
but had a higher germination rate and root length under salt stress. Our findings supported
that MpCML40 played a critical role in salt stress response.

3.1. MpCML40 Is a Salt-Induced CML Gene

CMLs are novel plant-specific Ca2+ sensors. There were 50 and 32 CML genes in
Arabidopsis and rice, respectively [22,42]. CML genes were recently also identified in
tomato, Medicago, grapevine, and apple [33,43–47]. MpCML40 is the first CML gene
identified in Pongamia. The phylogenetic tree showed that MpCML40 was homologous
with AtCML40 (Figure 1). Meanwhile, MpCML40 was predicted to contain four EF-hand
motifs, which were similar to AtCML38 and AtCML39 (Figure 2). Judging from the
bipartite NLS, MpCML40 might be present in the nucleus and also at the plasma membrane
(Figures 2 and 3). CML genes in Arabidopsis, rice, and other plants were reported to be
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induced by several abiotic stresses. In our study, the expression level of MpCML40 was
highly enhanced upon salt stress, especially in roots at three and six hours after treatment
(Figure 4). These results were consistent with the previous report that the leaves and roots
of Pongamia had differential responses to salt stress while the roots were more efficient
than the leaves [48].

3.2. MpCML40 Improves Salt Tolerance in Both Yeast and Arabidopsis

A NaCl-induced gene from Pongamia, MpCHI, was formerly reported to enhance salt
tolerance of yeast [15]. Accordingly, we transformed MpCML40 into yeast cells and assessed
their salt responses. The wild-type yeast strain could grow in a high salt concentration
medium, but the MpCML40-transformed yeasts grew obviously better than wild-type yeasts
under 1.5 M of NaCl (Figure 5). Furthermore, we heterologously expressed MpCML40 in
Arabidopsis and conducted phenotype analysis. The 35S::MpCML40 transgenic plants had
nearly normal germination rate under 200 mM NaCl condition. In contrast, the wild-type
plants had significantly lower germination rates (Figure 6C,D). As NaCl concentration
increased to 250 mM, nearly no seeds of wild-type plants germinated, while the seeds of
transgenic plants still had a germination rate of about 50% (Figure 6C,D). In addition, the
transgenic plants also showed a better germination rate than wild-type plants did under
high concentrations of sorbitol (Figure 6E,F). Under both salt and osmotic stresses, the
transgenic seedlings exhibited longer roots (Figure 7).

Halophytes are considered as one of the best germplasms for identifying salt-responsive
genes, but only a few genes that could improve salt tolerance were isolated and character-
ized from mangroves, especially semi-mangroves [49]. Here, we found MpCML40 could
improve the salt tolerance of transgenic Arabidopsis. Moreover, to evaluate a genetic
modification plant, it is essential to check whether or not the growth and development of
the transgenic plant have been affected without stress conditions [2]. The 35S::MpCML40
transgenic plants did not show any visible growth and development retardation under
normal conditions.

Proline is an important osmolyte for stabilizing macromolecules and membranes
in the cell, and a higher level of proline can protect plant cells under salt and osmotic
stresses [50–52]. Our results showed that the 35S::MpCML40 transgenic Arabidopsis had
a higher level of proline even before salt treatment (Figure 8A), which revealed that
MpCML40 could contribute to proline accumulation for salt tolerance. MDA is the main
product of membrane lipid peroxidation under salt stress. Hence, the MDA level was
regarded as an indicator of cell membrane damage [52]. The lower levels of MDA in the
MpCML40-heterologous expressing plants supported the potential roles of MpCML40 in
salt stress response (Figure 8B). Besides, the light NBT and DAB staining color in transgenic
plants revealed reduced contents of ROS under salt stress (Figure 8C,D). Taken together,
our results uncovered that heterologous expression of MpCML40 in Arabidopsis might
contribute to proline accumulation to enhance salt tolerance of the transgenic plants and
protect them from the ROS destructive effects.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the genetic background of
the 35S::MpCML40 transgenic plants. The transgenic plants were generated by agrobacterium-
mediated floral dipping method and selected by BASTA (glufosinate ammonium) resistance.
The T3 generation of homozygous plants were used for phenotype analysis. The plants
were grown on soils and cultivated in the reach-in growth chamber with 16 h light at
22 ◦C and 8 h dark at 22 ◦C with approximately 120 μmol·m−2·s−1 of fluorescent white
light. Arabidopsis seedlings were germinated and cultivated on 1

2 MS agar plates ( 1
2 × MS

basal salts including 1% sucrose and 0.8% agar) with 16 h light at 22 ◦C and 8 h dark at
22 ◦C. Pongamia seeds were soaked in tap water at 28 ◦C in a growth cabinet until radicle
appeared. These germinated seeds were then planted in soil for further growth.
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4.2. Full-Length cDNA Cloning, Phylogenetic Analysis, and Motif Prediction

The highly conserved region of the unigene from the Pongamia transcriptome was
used as a template for designing gene-specific internal primers for 5′ and 3′ RACE as-
say using SMARTerTM RACE cDNA Amplification Kit (Takara Bio, Madison, WI, USA).
The total RNA was isolated from one-month-old Pongamia leaves. All primers used
were listed in Table 2. The 5′ and 3′ ends of cDNA were sequenced and assembled into
full-length cDNA. MpCML40 protein and 50 Arabidopsis CML proteins were used for
phylogenetic analysis [22]. The phylogenetic tree was constructed using the Maximum
Likelihood method implemented in the MEGA X program [53,54]. Alignment of MpCML40,
AtCML37, AtCML38, AtCML39 and AtCML40 was conducted with Clustal Omega [55].
The conserved EF-hand motifs were analyzed by SMART (Simple Modular Architecture
Research Tool) [56,57]. The NLS was searched by cNLS Mapper [39,40].

4.3. Subcellular Localization

PIP2A (plasma membrane intrinsic protein 2A) was used as the mCherry tagged
plasma membrane marker (PM-mCherry). The agrobacterial strain GV3101 containing
PM marker-mCherry or free mCherry constructs was used at OD600 = 0.5, and GV3101
containing MpCML40-GFP or free-GFP constructs was used at OD600 = 0.25. The four-
week-old N. benthamiana leaves were used for agrobacteria-mediated transient expression.
The images were taken at 48 h after infiltration using LEICA SP8 STED 3X fluorescence
microscope confocal system.

4.4. 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 1

2 MS
liquid medium containing 500 mM NaCl. The seedling samples were collected at 0, 1, 3,
6 h after treatments for total RNA extraction using TRIzol™ Plus (Takara Bio, Madison,
Wisconsin, USA) following the manufacturer’s protocol. About 1000 ng of total RNA was
digested by DNase I for 30 min at 37 ◦C before reverse transcription. DNase digestion
was terminated by addition of 25 mM EDTA and followed by incubation at 70 ◦C for
10 min. First strand cDNA synthesis was performed using an oligo(dT) 18 primer and
the GoScript™ Reverse Transcriptase (Promega, Madison, Wisconsin, USA). Subsequently,
qRT-PCR was performed on Roche LightCyler 480 with gene-specific primers and SYBR
Green (Life Technologies, Rockville, Maryland, USA). All primers used in qRT-PCR were
listed in Table 2.

4.5. Yeast Transformation and Growth Assay

The yeast strain W303 was used for growth assay. The yeast cells were cultured at
30 ◦C with shaking at 230 rpm and collected at the OD600 0.4–0.6. The yeast cells were
centrifuged at 1000 rpm for 5 min at room temperature. The supernatants were discarded,
and the cell pellets were suspended in sterile water. The cells were pooled into one tube
(final volume 25–50 mL) and centrifuged at 1000 rpm for 5 min at room temperature.
The cell pellets were suspended in 1.5 mL freshly prepared and sterile 1× TE/1× LiAc
solutions (10 mM Tris-HCl; 1 mM EDTA; pH 7.5; 100 mM LiAc). Next, 0.5 μg plasmid DNA
and 0.1 mg salmon sperm carrier DNA were added into 100 μL competent cells in a fresh
1.5 mL tube and mixed by vortexing. The 600 μL freshly prepared and sterile PEG/LiAc
solutions (40% PEG 4000; 10 mM Tris-HCl; 1 mM EDTA; pH 7.5; 100 mM LiAc) were added
to each tube and vortexed at high speed for 10 s. The mixture was incubated at 30 ◦C for
30 min with shaking at 200 rpm. Then, 70 μL DMSO was added and mixed well by gentle
inversion (Do not vortex). The mixture was heat-shocked for 15 min in a 42 ◦C water bath
and then transferred on ice for 1–2 min. The cells were centrifuged for 30 s at 6000 rpm at
room temperature. The supernatants were removed, and the cell pellets were re-suspended
in 0.5 mL sterile 1× TE buffer (10 mM Tris-HCl; 1 mM EDTA; pH 7.5). Later, 100–500 μL of
suspended cells were spread on each SD/-Ura selection agar plate and incubated at 30 ◦C
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until colonies appeared. The positive colonies were cultured overnight and then diluted to
1, 10, 100, 1000 folds. 5 μL of diluted yeast cells were transferred to SD/-Ura agar plate
containing different concentrations of NaCl and incubated at 30 ◦C until colonies appeared.

4.6. Phenotype Analysis of Wild-Type and 35S::MpCML40 Transgenic Arabidopsis Plants

For germination rate assays, at least 100 seeds of wild-type and transgenic plants
were sowed on 1

2 MS medium containing different concentrations of NaCl (150, 200, and
250 mM) and sorbitol (200, 300, and 400 mM). After three days of vernalization at 4 ◦C in
the dark, the seeds were transferred to light for the assessments of germination rates. A
seed was considered as germinated when the radical protruded through its envelope.

For root length assay, the seedlings were germinated and grown for three days on
normal 1

2 MS agar medium and then transferred to the medium containing different
concentrations of NaCl (100, 125, 150 mM) and sorbitol (200, 300, 400 mM). The root length
of at least 50 seedlings was measured by ImageJ software after 10 days of treatments.

4.7. Proline Content Measurement

Proline content was measured using Proline (PRO) Content Assay Kit (BC0290, Solar-
bio, Beijing, China) following the manufacturer’s protocol. Briefly, 10-day-old seedlings
from 1

2 MS agar plates were transferred into 1
2 MS liquid medium at 12 h before treatments

and then treated overnight with 200 mM of NaCl. 100 mg of seedlings were weighted
and homogenized with 1 mL of extraction buffer in mortar on ice. Then, the extraction
procedure was followed the manufacturer’s protocol. Proline content was determined by
reading the optical density of the sample at 520 nm using a spectrometer.

4.8. MDA Content Measurement

MDA content was measured using Micro Malondialdehyde (MDA) Assay Kit (BC0020,
Solarbio, Beijing, China) following the manufacturer’s protocol. Briefly, four-week-old
plants in soil were treated with 300 mM of NaCl for one week. 100 mg of seedlings
were weighted and homogenized with 1 mL of extraction buffer in mortar on ice. Then,
the extraction procedure was followed the manufacturer’s protocol. MDA content was
determined by reading the optical density of the sample at 600 nm, 532 nm, 450 nm using
a spectrometer.

4.9. DAB and NBT Staining

Two-week-old Arabidopsis cotyledons grown on 1
2 MS agar plate were used for DAB

staining, and four-week-old rosette leaves were used for NBT staining. The leaves were
vacuumed in 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 1 mg/mL DAB
solution or 0.2% NBT solution for 5 min and then staining for another 4 h.

5. Conclusions

In conclusion, we isolated and functionally characterized a gene encoding a calmodulin-
like protein, MpCML40, from Pongamia. The 35S::MpCML40 transgenic Arabidopsis ac-
cumulated high levels of prolines and was more tolerant to salt and osmotic stress than
wild-type Arabidopsis, suggesting that MpCML40 was a positive regulator in response
to salt stress. Importantly, the transgenic plants grew and developed as well as wild-
type plants under normal conditions. Our findings improved the understandings of
salt-responsive mechanisms in Pongamia and also provided a potential candidate for crop
breeding by genetic modification.
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Abstract: Cell wall biosynthesis is a complex biological process in plants. In the rapidly growing
cells or in the plants that encounter a variety of environmental stresses, the compositions and the
structure of cell wall can be dynamically changed. To constantly monitor cell wall status, plants
have evolved cell wall integrity (CWI) maintenance system, which allows rapid cell growth and
improved adaptation of plants to adverse environmental conditions without the perturbation of cell
wall organization. Salt stress is one of the abiotic stresses that can severely disrupt CWI, and studies
have shown that the ability of plants to sense and maintain CWI is important for salt tolerance.
In this review, we highlight the roles of CWI in salt tolerance and the mechanisms underlying the
maintenance of CWI under salt stress. The unsolved questions regarding the association between the
CWI and salt tolerance are discussed.

Keywords: cell wall integrity; cell wall sensor; salt stress; salt tolerance; LRXs; CrRLK1Ls

1. Introduction

High salinity is an adverse environmental stress that severely affects the growth and
yield of crops. Excessive accumulation of sodium in plants confers both ion toxicity and
osmotic stress, which in turn dramatically affect the morphological, physiological, biochem-
ical, and metabolic status of plants [1]. Currently, more than 20% of the irrigated lands in
the world are threatened by high salinity, and the area of saline soils is increasing gradually
every year accompanied by the global climate change and poor irrigation practices [2–4].
It is expected the global population will reach to nearly 10 billion in 2050, and to meet the
increasing food demand in future, the utilization of saline soils to grow major crops tends
to be inevitable. Therefore, the cultivation of crops with increased salt tolerance is a major
objective in salt stress community.

To avoid the damage caused by excessive salts in soil, plants have evolved various
strategies to overcome the problems caused by high salinity. Ion homeostasis, osmotic
adjustment, ROS balance, and metabolic adjustment are the major factors that are associated
with the tolerance of plants to salt stress. Based on the capacity of plants to adapt to salt
stress, plants can be classified into glycophytes and halophytes. Our major crops, such as
rice, maize, and wheat, are glycophytes that are unable to complete their life cycle when
they are being exposed to high salinity. Halophytes, however, have developed various
strategies to adapt to the environments with a high concentration of sodium. For example,
halophytes are able to extrude salts via glands or store excessive Na+ in the vacuoles of
epidermal bladder cells [5,6].

More and more studies point out that maintenance CWI is also critical for the adapta-
tion of plants to high salinity. Plant cell walls, which mainly consist of polysaccharides and
structural proteins, are essential for the establishment of plant morphology and protection
of plants against adverse environmental changes [7]. During plant growth and develop-
ment or in response to environmental stresses, the cell wall compositions and structures are
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dynamically modulated, allowing rapid cell elongation and increased stress tolerance [8].
To maintain CWI during the reorganization of cell wall, plants need to constantly moni-
tor the chemical and mechanical properties of the cell walls and also need to process an
ability to repair cell wall once they are seriously disrupted. It has been shown that CWI
maintenance mechanism exists in plants and is essential for the regulation of growth and
development and in response to stress conditions [9,10]. The progresses about CWI sensing
and maintenance system in plants have been summarized in several outstanding review
papers [8,11,12]. In this review, we focus on the elucidation of the associations between
CWI and salt tolerance in plants.

2. Importance of Cell Wall Biosynthesis in Salt Tolerance

The plant cell wall is a dynamic network composed of cellulose, hemicellulose, pectin,
lignin, and multiple types of structural proteins [13,14]. Moreover, cell wall-remodeling
enzymes, various ions, and reactive oxygen species (ROS) also exist in the apoplast and
are involved in the regulation of CWI. Upon exposure to high salinity, several changes
in the cell wall have been identified, including the reduction of cellulose content [15,16],
disruption of the cross-linking of pectins [9], and accumulation of lignin [17]. Studies have
shown that the plants that are defective in cell wall biosynthesis are hypersensitive to salt
stress, suggesting that maintenance of CWI is important for the adaptation of plants to
high salinity.

2.1. Cellulose

Cellulose is the most abundant organic component in the cell wall of terrestrial
vascular plants. Cellulose micro-fibrils are composed of β-1,4-linked glucan chains, which
are synthesized at the cell surface by cellulose synthase (CesA) complexes (CSCs) [18,19].
Each CSC is assembled into a hexameric rosette structure, harboring CesA catalytic subunits
and several accessory proteins. In Arabidopsis, there are ten CesA proteins [18]. It is well
known that CesA1, CesA3, and CesA6 are assembled in a CSC to synthesize cellulose
in the primary cell wall, while CesA4, CesA7, and CesA8 are mainly involved in the
synthesis of cellulose in the secondary cell wall [20]. Experimental data have shown that
the cellulose contents are significantly reduced after salt treatment and the plants with a
loss of function of CESA1 and CESA6 gene display reduced root elongation and severe root
tip swelling under salt stress, indicating that cellulose biosynthesis is important for salt
tolerance in plants [21,22]. Clear evidences have indicated that the CSCs are dissociated
from plasma membrane within 30 min after exposure to high salinity. However, during
the growth recovery phase after salt treatment, the CSCs can be reassembled at the plasma
membrane to synthesize new cellulose, and the capacity to reassemble CSCs during the
growth recovery stage is critical for plants to maintain root and hypocotyl growth under
salt stress [16].

Apart from the CesAs, several cellulose biosynthesis-related proteins have also been
reported involved in salt tolerance. For example, KORRIGAN1 (KOR1), a putative endo-
1,4-β-D-glucanase, is an integral part of the primary cell wall CSC and is required for root
elongation under salt stress [22,23]. Cellulose synthase interacting protein 1 (CSI1) and
companion of cellulose synthase 1 (CC1 and CC2) proteins, acting as companions of CesAs,
are both required for cellulose biosynthesis [16,21]. Mutations in CSI1 or CC1 and CC2 lead
to reduced root or hypocotyl elongation under salt stress. CTL1 encodes a chitinase-like
protein that participates in the deposition of the ordered cellulose, and mutation of this
gene results in increased sensitivity to high salinity [24] (Table 1).
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2.2. Hemicellulose

Hemicelluloses are grouped into xyloglucans (XyG), xylans, mannans, and β-(1,3;1,4)-
glucans, and the abundance and structure of these polysaccharides vary greatly in different
plants species [35]. Xylan is considered as a cross-linking polysaccharide in the establish-
ment of cell wall architecture [35,36]. XyG contributes to the strengthening of cell wall
during cell elongation by binding to cellulose micro-fibrils with hydrogen bonds [37,38].
XyG can be cleaved by the cell wall remodeling enzymes xyloglucan endotransglucosy-
lase/hydrolases (XTHs) [39]. After cleavage, the reducing end of the XyG is attached
to the non-reducing end of another XyG oligomer or polymer to produce chimeric XyG
molecules [39]. The XTHs-mediated modification of XyG is considered to be important
for controlling cell wall extensibility. Studies have reported that XTHs are involved in
salt stress response in plants. Arabidopsis XTH30, encoding a xyloglucan endotransglu-
cosylase/hydrolase 30, is strongly upregulated under salt stress [30]. Loss of function of
the XTH30 gene leads to increased salt tolerance, which is mainly caused by the slower
reduction of crystalline cellulose content and alleviated depolymerization of microtubules
in response to salt stress [30]. This result suggests that XTH30 plays a negative role in salt
tolerance. However, the positive roles of XTHs in salt tolerance have also been reported.
Constitutive expression of CaXTH3 in hot pepper [40,41] and PeXTH in Populus euphrat-
ica [42] enhance tolerance to salt stress, and disruption of XTH19 and XHT23 genes in
Arabidopsis results in decreased salt tolerance [43].

2.3. Pectin

Pectin is a group of acidic polysaccharides that are enriched with α-(1, 4)-linked galac-
turonic acids in the backbone [44]. Pectin accounts for up to 40% of the dry weight of higher
plant cell walls [44] and plays critical roles in plant growth and development [45], leaf senes-
cence [46], biotic [47] and abiotic stress responses [48]. Pectin is composed of three major
types: homogalacturonan (HG), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II
(RG-II) [7,44]. HG is synthesized in the Golgi apparatus and secreted to the apoplast in
a highly methy-esterified form and later it is selectively de-esterified by pectin methyl
esterases (PMEs) during cell growth and in response to environmental stimuli [7,44]. The
degree and pattern of the methyl-esterification of pectin in some extent determines the
stiffness of cell walls [49]. In Arabidopsis, there are around 66 members of PME family pro-
tein, and for most of PMEs, their activities can be inhibited by endogenous PME inhibitors
(PMEIs) or a natural inhibitor epigallocatechin gallate (EGCG) [50,51]. High salinity trig-
gers the demethyl-esterification of loosely bound pectins to inhibit cell swelling [52] and
previous studies showed that the activity of PMEs is either positively or negatively associ-
ated with salt tolerance in plants [53]. For instance, null Arabidopsis function mutant pme13
is hypersensitive to Na+ toxicity in seed germination and seedling growth [53]. In contrast,
overexpression of Chorispora bungeana PMEI1 or AtPMEI13 in Arabidopsis causes decreased
PMEs activity and enhanced methyl-esterification level of pectins, which subsequently
improves seeds germination and survival rate under salt stress [31]. The de-esterified
HG molecules can be cross-linked to form the so called egg-box structure, the process of
which is mediated by divalent cations, such as Ca2+, and the formation of egg-box structure
promotes cell wall stiffening [54]. In the presence of high concentration of Na+, the ratio of
Na+/Ca2+ in the apoplast is increased, and Na+ is supposed to replace Ca2+ to bind pectins
and thus disturbs the cross-linking of pectins, leading to reduced cell elongation [55].
Besides, the borate-mediated cross-linking of RG-II contributes to the strength of cell wall
and is required for the regulation of growth recovery after exposure to high salinity [56,57].

The roles of pectin in salt tolerance have also been reported in rice. Polygalacturonase
1 (PG1) is a cell wall hydrolase that is responsible for the degradation of cell wall pectin.
Overexpression of OsBURP16, which encodes a non-catalytic β subunit of PG1, results in
an increased pectin degradation and increased salt-hypersensitivity in rice [34]. OsTSD2
encodes a pectin methyltransferase in rice, and mutation in OsTSD2 leads to a higher
content of Na+ and a lower level of K+ in rice shoot under high salinity, which is mainly
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caused by the reduced expression of genes that are responsible for the maintenance of ion
homeostasis, such as OsHKT1;5, OsSOS1, and OsKAT1 [33] (Table 1).

2.4. Lignin

As one of the most abundant organic compound in plants, lignin is composed of
phenylalanine-derived [58] or tyrosine-derived [59] aromatic monomer substances and
is important for the secondary cell wall formation and the responses to a variety of en-
vironmental stresses [60]. High salinity induces the accumulation of lignin content and
cell wall thickening via the activation of lignin biosynthesis pathway [60]. The accumu-
lation of lignin contributes to the mechanical strengthening of cell wall and protection
of membrane integrity under salt stress [61]. The effects of lignin accumulation on salt
tolerance have been reported in different crops, including soybean [62], wheat [63], and
tomato [64]. CCoAOMT encodes a caffeoyl CoA O-methyltransferase (CCoAOMT), which
catalyzes caffeoyl CoA to feruloyl CoA in lignin biosynthesis pathway. The expression
of CCoAOMT is induced in salt-adapted cell, and the plants with a loss-of-function of
CCoAOMT are hypersensitive to salt stress [17]. BpMYB46 and BpNAC012, encoding two
transcription factors in white birch (Betula platyphylla), are required for the up-regulation
of lignin biosynthetic genes and salt stress-responsive genes, and overexpression of these
two genes enhances salt tolerance in B. platyphylla [65,66]. AgNAC1, a nuclear-localized
protein in celery, acts as a positive regulator in inducing the expression of lignin-related
and salt stress-responsive genes, and overexpression of AgNAC1 enhances the formation of
secondary walls and plant salt tolerance [67].

3. The Roles of the Cell Wall-Localized Glycoproteins in Salt Stress Response

In addition to dynamic and complex polysaccharide networks, several types of cell
wall proteins (CWPs) have been identified in the apoplast. CWPs play critical roles in cell
wall modifications and cell wall stress signals transduction. Hydroxyproline (Hyp)-rich
glycoproteins (HRGPs), proline-rich proteins (PRPs), glycine-rich proteins (GRPs), and
arabinogalactan proteins AGPs are the major types of CWPs [68]. For most of CWPs, they
are secreted into the apoplast in a glycosylation-modified form [69–71].

Extensins (EXTs) are a group of cell wall glycoproteins that belong to the HRGPs
family. EXTs are typically characterized for the enrichment of Ser-(Hyp)3–5 repeats in their
protein sequences [72], and each Hyp residue is decorated with up to five arabinose units
by several different arabinosyltransferases, including HPAT1-HPAT3 [73], RRA1-RRA3 [74],
XEG113 [75], and ExAD [76]. The arabinosylation of EXTs is suggested to be important for
the fulfillment of their biological functions. Our recent study showed that the mutation of
MUR4, which encodes an UDP-Xyl 4-epimerase that is essential for the conversion of UDP-
Xyl to UDP-Arap in Golgi, results in reduced root elongation under salt stress, suggesting
that arabinose biosynthesis and subsequently the modification of polysaccharides and
glycoproteins by arabinose are important for salt tolerance in plants [27].

Leucine-rich repeat extensins (LRXs) are chimeric proteins that contain an N-terminal
leucine-rich repeat (LRR) domain that binds with interacting partners and a C-terminal
extensin domain that is likely linked with the EXT network or polysaccharides in the
apoplast [77]. LRXs gene family consists of 11 members in Arabidopsis, among of which
LRX3, LRX4, and LRX5 are dominantly expressed in vegetative tissues [77]. The biological
functions of these three LRX proteins are redundant, as mutation of each single gene
does not cause any obvious phenotypes, but lrx34 double and lrx345 triple mutants both
exhibit dwarfism, increased accumulation of anthocyanin, and increased sensitivity to high
salinity [10]. It is worth noting that all these phenotypes are more severe in the lrx345 triple
mutant than that in the lrx34 double mutant. Our study indicated that fer-4 mutant as well
as the transgenic plants overexpressing RALF22 and RALF23 exhibit similar phenotypes
as lrx345 in terms of plant growth and salt sensitivity, and biochemical data show that
RALF22 and RALF23 are physically associated with LRX3/4/5 [10]. Combining the data
showing that FER is the receptor of RALFs [9], we can conclude that the LRX3/4/5, the
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secreted peptide RALFs, and the receptor-like kinase FER function as a module to mediate
salt stress response in the apoplast. It is supposed that the extensin domain of LRXs is
able to anchor polysaccharides in the cell wall [77,78], but it is still unknown whether
LRXs directly participate in the sensing of CWI or coordinate with FER to perceive CWI
(Figure 1).

Figure 1. Sensing and maintenance of cell wall integrity under salt stress. Salt stress-induced cell wall changes are proposed
to be sensed by multiple receptor-like kinases, including FER, THE1, MIK2, FEI1/2, and WAK1/2. As one of the most
important cell wall integrity (CWI) sensors, FER may function alone or together with LRX3/4/5-RALF22/23 module to
perceive the perturbation of CWI caused by high salinity. The AHA2-mediated acidification of the apoplastic pH increases
the affinity of LRXs with RALFs, while the alkaline state in the apoplast promotes the binding of RALFs with FER. FER and
probably also other cell wall sensors convert salt-triggered cell wall signals to multiple intracellular signals, including Ca2+,
ROS, abscisic acid (ABA), jasmonic acid (JA), and MPKs, which in turn regulate the expression of salt stress-responsive
genes in the nucleus. Salt stress can alter the redox status in the apoplast, and RbohD/F-mediated production of the
apoplastic H2O2 may affect the cross-linking of cell wall polymers and activate H2O2 sensor HPCA1. Glycosyl inositol
phosphorylceramide (GIPC) sphingolipids participate in the sensing of extracellular salt by directly binding to sodium ions.
Cell wall biosynthesis- and modification-related components, including pectin methyl esterases (PMEs), PME inhibitors
(PMEIs), and cellulose synthase (CesA), are involved in the regulation of salt tolerance in plants. Upon initial exposure to
salt stress, cortical microtubules are depolymerized and cellulose synthase complex (CSC) together with its companions CSI1
and CC1/2 are internalized into small CesA compartments/microtubule-associated CesA compartments (smaCCs/MASCs).
At the growth recovery stage after salt application, FER is probably required for the regulation of the reassembly of cortical
microtubules and the relocation of CSCs to the plasma membrane to synthesize cellulose, which subsequently enhances
the adaptation of plants to salt stress. Solid lines represent direct regulations, and dashed lines represent in-direct or
potential regulations.

AGPs are highly glycosylated with arabinogalactan chains and are proposed to play
important roles in salt stress response [69]. Our study showed that the reduced root elon-
gation of the mur4 mutant under high salinity is partially caused by the decreased AGPs,
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as application of gum arabic, a commercial source of Acacia senegal AGPs, restores the
root elongation of the mur4 mutant under salt stress [27]. As a glycosylphosphatidyli-
nositol (GPI)-anchored fasciclin-like AGP, salt overly sensitive 5 (SOS5)/fasciclin-like
arabinogalactan-protein 4 (FLA4) was identified based on a screening of mutants with
increased sensitivity to salt stress. The sos5/fla4 mutant exhibits reduced root elongation and
severe root tip swelling under salt stress [79,80]. SOS5 is glycosylated by galactosyltrans-
ferase 2 (GALT2) and GALT5, both of which belong to AGP-specific galactosyltransferases.
The galt2 galt5 double mutant displays a similar phenotype as the sos5/fla4 mutant in the
presence of high concentration of NaCl [80]. Recently, studies showed that AGPs are able
to cross-link with cell wall components. For instance, arabinoxylan pectin arabinogalactan
protein 1 (APAP1) is covalently linked to pectins [81], and arabinogalactan protein 31
(AGP31) physically associates with methyl-esterified polygalacturonic acid and galactans,
which are the branches of RG-I [82].

Expansins, first isolated from growing cucumber hypocotyls, consist of four subfam-
ilies: α-expansin, β-expansin, expansin-like A, and expansin-like B [83,84]. Expansins
are key regulators of cell-wall loosening and are required for cell enlargement under a
variety of environmental stresses [85]. Several studies have shown that the expression of
expansin-encoding genes is induced by high salt and the elevation of the protein levels of
expansins tends to promote salt tolerance in plants. ZmEXPB2, ZmEXPB6, and ZmEXPB8
genes in maize [86], AsEXP1 gene in turf grass [87], and OsEXPA3 gene in rice [88], are
induced upon exposure to high salinity. Down-regulation of ZmEXPB6 is correlated with
the reduced leaf growth of maize under salt stress [89]. Overexpression of rice expansin 7
(OsEXPA7) confers substantially enhanced tolerance to salt stress by lowering reactive
oxygen species (ROS) accumulation and increasing antioxidant activity in rice [90]. Ec-
topic expression of wheat expansin 2 (TaEXPA2) or TaEXPB23 improves salt tolerance in
tobacco [91,92]. Although expansins have been known to positively regulate salt stress
response in multiple species, few studies have revealed the mechanisms underlying the
expansins-mediated regulation of salt tolerance.

4. Salt Stress Alters the Redox Status in the Apoplast

Reactive oxygen species (ROS) are a class of metabolites, including hydrogen peroxide,
singlet oxygen, superoxide, and hydroxyl radicals, which are produced in chloroplasts,
mitochondria, peroxisomes, and apoplast [93]. The salt stress-triggered production of
ROS and their effects on CWI have been widely reported in plants [93–95]. ROS trig-
gers the cross-linking of cell wall compounds and enhances the mechanical strength of
cell wall under a short-term stress exposure. Under a prolonged stress treatment, the
formation of hydroxyl radicals (•OH) cleave plant polysaccharides, leading to cell wall
loosening [96]. The ROS-induced lignin biosynthesis facilitates the adaptation of plants to
high salt environment [95,97].

The production of ROS in the apoplast is mainly mediated by respiratory burst oxidase
homolog D (RbohD) and RbohF [98], two NADPH oxidases that are localized at the plasma
membrane. NADPH oxidases transfer electrons from cytosolic NADPH or NADH to
apoplastic oxygen, leading to the production of superoxide (O2

−), which is then catalyzed
to hydrogen peroxide (H2O2) by superoxide dismutases [99]. The expression of RbohD and
RbohF is induced under salt stress and rbohD rbohF double mutant is hypersensitive to salt
stress [100], suggesting that the ROS production in the apoplast is required for salt tolerance.
Salt-induced production of ROS by RbohD/F is able to activate Ca2+ channel to increase the
influx of Ca2+ into cytosol, which mediates the modulation of Na+/K+ homeostasis [100].
The H2O2 generated by RbohD/F during the early stage of stress treatment also acts as a
signal molecule to activate antioxidant system to attenuate salt stress-induced oxidative
damages [101]. Recent studies showed that RbohD/F form nanoclusters at the plasma
membrane in response to osmotic stress and later they are internalized into the cytoplasm
via membrane microdomains [102–104]. As high salt conditions are accompanied by
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osmotic stress, the formation of RbohD/F as nanoclusters at the plasma membrane is
perhaps also the case in the plants being exposed to high salinity (Figure 1).

Class III peroxidases are heme-containing enzymes, which are mainly localized in
the apoplast and vacuole. Class III peroxidases either positively or negatively modulate
apoplastic ROS levels [105]. Class III peroxidases explore H2O2 and O2

− to generate •OH,
which leads to the cleavage of polysaccharides and promotes cell wall loosening [106].
Class III peroxidase 71 (PRX71), which is strongly up-regulated in response to cell wall
damage (CWD), negatively regulates growth and cell size and positively regulates ROS
accumulation [94]. GsPRX9, encoding a Class III peroxidase, is induced by salt treatment in
soybean root, and the soybean transgenic plants overexpressing GsPRX9 exhibit increased
root growth and decreased H2O2 content under salt stress [107].

The biological significance of the salt stress-induced redox change in the apoplast
is still far from being fully understood. One of the outputs of the redox change is to
affect the formation of intra- and inter-molecular disulfide bond. A large number of cell
wall-localized glycoproteins and secreted peptides are characterized with the enrichment
of cysteines, which are potentially involved in the formation of disulfide bonds. There-
fore, we can speculate that the salt stress-induced redox change can affect the intra- and
inter-molecular disulfide bridges of cell wall glycoproteins, which in turn transduce cell
wall signals to the cellular interior. LRX8 and RALF4, which are both required for the
regulation of pollen tube growth, process cysteines that are involved in the formation of
disulfide bridges. A recent structural study showed that the formation of LRX8 homodimer
and also the physical association of RALF4 with LRX8 require oxidative environment.
Abolishment of the disulfide bonds via sites mutation or treatment of proteins with dithio-
threitol (DTT) largely prevents the formation of LRX8 homodimer and affects the affinity
of LRX8 with RALF4 [108]. These results suggest that the redox status in the cell wall
is required for the regulation of the formation of LRXs-RALFs complex. Based on this
hypothesis, we propose that the salt stress-induced change of apoplastic redox status
may affect the formation of homo- and hetero-dimers of LRX3/4/5 and also affect the
affinity of LRX3/4/5 proteins with RALFs, which finally transduce salt stress signals to the
intracellular signaling pathways.

5. The Impact of Apoplastic pH on Salt Tolerance

In the early 1970s, the acid growth theory was proposed, which states that acidification
of the apoplast promotes cell elongation, whereas alkaline state in the apoplast prevents
cell growth [109]. The reduction of apoplastic pH (apopH) activates several cell wall
proteins, including expansins and other remodeling enzymes, resulting in the loosening of
cell wall [110]. apopH in linear growing cells is regulated by plasma membrane-localized
H+-ATPases (AHAs) [111]. RALFs are a class of peptides that cause the alkalinization of the
apoplast by regulating H+-ATPases via Catharanthus roseus RLK1-like kinases (CrRLK1Ls).
FER is one of the CrRLK1L family proteins that consist of two carbohydrate-binding
malectin-like domains, a transmembrane domain, and an intracellular serine/threonine-
kinase domain [112,113]. FER inhibits the proton transport activity of AHA2 likely via
direct phosphorylation [114]. It is known that salinity triggers the transient alkalization
in the apoplast and inhibits plant growth [115], and our study showed that salt stress can
induce the formation of mature RALFs [10]. These data suggest that salt stress-induced
alkalinization of the apoplast is probably mediated by RALFs-FER-AHA2 module and the
acidification of the extracellular environment is important for salt tolerance. Two halophyte
species, Atriplex lentiformis and Chenopodium quinoa, which have a capacity to tolerate a high
concentration of sodium ion, display a high H+-ATPase activity under salt stress, which
contributes to a low apopH and fast Na+ efflux [116]. SOS1, encoding a plasma membrane
membrane-localized Na+/H+ antiporter, is required for the extrusion of excessive Na+

from the cytosol [117]. The Na+/H+ exchange activity of SOS1 is absent under normal
growth conditions. Upon salt stress, however, Na+-induces induced formation of an
ATP-dependent pH gradient can enhance the Na+/H+ transport activity of SOS1 [118].
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Altogether, low apopH facilitates plant growth under salt stress, but the direct effects of low
apopH on cell wall networks need more detailed studies.

6. Cell Wall Integrity Sensing and Signal Transduction under High Salinity

Unlike the traditional activation of plant receptor-like kinases by the corresponding
ligands, the sensing of CWI is not limited by ligand-receptor pattern, e.g., recognition
of wall fragments released from the damaged cell walls by receptor-like kinases, and is
probably also achieved via the recognition of the cell wall modifications and the alteration
of redox and apopH status. Currently, a series of plasma membrane-localized receptor-like
kinases and cell wall glycoproteins have been identified that are involved in the sensing
and maintenance of CWI. As a universal signal molecule, Ca2+ is also involved in the
transduction of CWI signaling signals in plants.

The cell wall appears to be the largest source of Ca2+ in plant cell [119]. Under
normal conditions, Ca2+ is used to stabilize pectins via the dimerization of HG chains [120].
AGPs have been shown to bind abundant Ca2+ [121]. Under salt stress, the excessive
accumulation of Na+ in the apoplast disrupts ion homeostasis, leading to rapid sodium-
specific calcium waves occurred in roots [122]. The imported calcium ions directly bind the
EF hands of RbohD/F and improve their catalytic activity [123,124]. Ca2+ is also an initial
signal to activate the SOS signaling pathway, which promotes the extrusion of Na+ from
the cytosol [125,126].

In addition to high salinity, other abiotic stresses, such as drought, cold, and osmotic
stress, can also induce the cytosolic Ca2+ influx within a few seconds to minutes. Although
the induction of Ca2+ signaling is a common event for these different abiotic stresses,
studies have shown that the different stresses-triggered Ca2+ influx is mediated by different
components. Reduced hyperosmolality-induced [Ca2+]i increase 1 (OSCA1) is specifically
required for the osmotic stress-triggered uptake of Ca2+ [127], and hydrogen-peroxide-
induced Ca2+ increases 1 (HPCA1) is required for H2O2-, but not for salt- and osmotic stress-
, induced influx of Ca2+ [128]. Glycosyl inositol phosphorylceramide (GIPC) sphingolipids,
which are glycosylated via glucuronosyltransferase MOCA1, was discovered as a sensor
of extracellular salt by directly binding to sodium ions [129]. The moca1 mutant lacking
functional GIPCs is defective in the activation of Ca2+ waves when being exposed to high
concentration of Na+, K+, or Li+ ion. GIPCs can bind Na+ to gate Ca2+ influx channels
and trigger the activation of SOS signaling pathway. However, which Ca2+ channels
are activated by GIPCs and the mechanism underlying the activation need further study
(Figure 1).

FER is considered as a CWI sensor and required for the activation of Ca2+ influx and
maintenance of CWI under salt stress [9]. Mutation of FER reduces salt-induced Ca2+ influx
in the root epidermis and increases sensitivity to high salinity. FER contains two malectin
domains that have been experimentally demonstrated to directly bind with de-methyl-
esterified HG in vitro and in vivo [9,130], suggesting that FER probably senses the cell wall
changes directly via its extracellular domain and then transduces the cell wall signals to
cellular interior via its cytoplasmic kinase domain. However, how the modification of
pectin affects the activity of FER is still elusive. Our recent study showed that LRX3/4/5,
RALFs, and FER function as a module to regulate salt stress response, which implies that
FER-mediated perception of CWI probably needs the aid of LRX3/4/5-RALFs regulatory
module [10]. Salt stress may dissociate the LRX3/4/5-RALFs complex via the salt stress-
induced redox and pH changes in the apoplast, and the released RALFs bind to LLG1-FER
complex and thereby allow the transduction of cell wall signals. The mechanism behind
the dissociation of LRX3/4/5 and RALFs under salt stress needs to be further investigated.

THESEUS1 (THE1) is a CrRLK1L family protein that was first identified in a screening
for the suppressors of prc1-1 [131]. The null mutation of the1 partially suppresses the
stunted growth and lignin deposition of the prc1-1 mutant, despite the reduced cellulose
content in the prc1-1 is not restored [131]. HERKULES1 (HERK1) is another CrRLK1L
protein that is phylogenetically closely related to FER and THE1. Double mutant herk1
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the1-4 displays similar phenotypes as fer-4 in terms of growth and salt stress response [52].
A recent study indicates that THE1 acts as the receptor of RALF34 to fine-tune lateral root
initiation [132]. These results suggest that FER, THE, and HERK1 may work together to
replay RALFs-mediated cell wall signals, but the biochemical associations among these
three CrRLK1L proteins are still largely unknown.

Male discoverer 1-interacting receptor like kinase 2 (MIK2) is a leucine-rich repeat
receptor-like kinase (LRR-RLK) that was identified by a genome-wide association study
(GWAS) based on the natural variations in response to salinity stress [133]. MIK2 controls
root growth direction under salt stress in a THE1-dependent manner [134]. The salt-
hypersensitive phenotype of mik2 mutant can be suppressed by the1-1, a null mutation
of THE1 [134]. Recently, the serine rich endogenous peptide (SCOOP) phytocytokines
were identified as the ligands of MIK2 to trigger immune responses [135], but whether
the SCOOP peptides participate in MIK2-mediated regulation of salt tolerance is still
unknown. FEI1 and FEI2 are two LRR-RLKs that are associated with cellulose synthesis
and anisotropic cell expansion and are involved in CWI sensing [136]. Double mutant fei1
fei2 displays root swelling and reduced cellulose biosynthesis under high sucrose or high
salt conditions [137]. Genetic analysis indicated that FEI2 functions downstream of THE1
in mediating CWI perception [138]. Mid1-complementing activity 1 (MCA1) is a plasma
membrane–localized stretch-activated Ca2+ channel and functions downstream of THE1 in
Arabidopsis [95,139]. Like the1-1 mutant, mca1 seedlings exhibit reduced deposition of lignin
and decreased jasmonic acid and salicylic acid biosynthesis in response to isoxaben-induced
CWD [138].

Wall-associated kinases (WAKs) are a family of receptor-like Ser/Thr kinases whose
extracellular domains are cross-linked with pectin fraction in a high affinity [140,141]. The
EGF-like domain of WAK1/2 preferentially binds to de-methyl-esterified HG over methyl-
esterified HG, and WAK1 also exhibits a high affinity with oligogalacturonides (OGs)
in vitro [140,142]. The binding of WAKs to pectin and OGs occurs only in the presence
of Ca2+ [140]. GRP-3, a glycine-rich cell wall protein, also acts as a potential switch for
the kinase activity of WAK1 and negatively regulates the defense responses elicited by
OGs [143]. A dominant allele of wak2 mutant exhibits constitutive activation of stress
responses, including increased ROS accumulation and cell wall biogenesis [142,144]. Under
long-term salt stress, tomato WAK1 mutant slwak1 exhibits disrupted osmotic homeostasis
and elevated sucrose content in roots, which in turn negatively affects fruit yield [145].
Similarly, Ds transposon insertion mutant of HvWAK1 in barley displays decreased salt
tolerance [146]. Although the WAKs have been shown to participate in the salt stress
response, the existing experimental evidences to elaborate the roles of WAKs in sensing the
CWI under salinity are still lacking. Recently, Gigli-Bisceglia et al. indicated that salinity
stress-induced de-methyl-esterification of pectin activates stress signaling pathways, which
may provide a direction to study the roles of WAKs in salt stress response [52] (Figure 1).

The CWD caused by salinity stress, isoxaben, an inhibitor of cellulose biosynthesis, or
driselase, a cell wall-degrading enzyme, can increase the protein levels of hormone-like
peptides PROPEP1/3, the precursors of plant elicitor peptide 1/3 (Pep1/3) [138,147]. The
Pep3 knockdown plants and the null mutant of Pep1 receptor 1 (PEPR1) both exhibit salt-
hypersensitivity [148]. These results suggest that the activation of PEPR1 by PROPEP3
positively regulates salt tolerance in Arabidopsis. Currently, the majority of studies on
Peps-PEPRs complexes focus on their roles in plant immunity, and in future the roles
of the Peps-PEPRs complexes-mediated signaling in abiotic stress responses need more
investigations.

HPCA1 is a LRR-RLK required for the sense of extracellular H2O2 [128]. The two
pairs of cysteine residues in the extracellular domain of HPCA1 are covalently modified by
extracellular H2O2, which leads to the activation of HPCA1 and elevation of Ca2+ influx.
In hpca1 mutant seedlings, the extracellular H2O2-induced Ca2+ influx, the activation of
ABA signaling, and the phosphorylation of MPK3/6 are all inhibited [128]. It was shown
that HPCA1 is not required for the salt stress-induced influx of Ca2+, but considering that
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high salinity can affect the redox status in the apoplast, so whether HPCA1 is also required
for the sense of salt stress-induced redox changes worth further investigations.

7. Salt Stress-Triggered Intracellular Signaling Pathway Regulated by Cell Wall Sensors

Although several plasma membrane-localized cell wall integrity sensors have been
identified that perceive cell wall changes, the intracellular signaling pathways that relay
cell wall signals are still largely unknown. The phosphorylation of MPK6 is a marker of the
environmental stimuli, and the transient activation of MPK6 under abiotic stress conditions,
including high salinity and cold, has been reported [149]. As a major signaling transducer,
the activity of MPK6 is regulated by multiple CWI sensors, such as FER, THE1, HERK1,
and HPCA1 [52,128]. In future, the regulatory mechanisms of these CWI sensors on the
activity of MPK6 need to be addressed.

After perception of CWD by cell wall sensors, plants can integrate and balance mul-
tiple hormone signals to improve salt tolerance. ABA and JA are the major hormones
involved in the response to diverse environmental stresses. In the lrx345 and fer-4 mu-
tants, the ABA and JA contents are constitutively increased and the salt-hypersensitivity of
these two mutants is largely caused by the disrupted homeostasis of phytohormones [150].
Phosphatase ABA insensitive 2 (ABI2) is a negative regulator of ABA signaling path-
way, and FER activates the guanine nucleotide exchange factor (GEF) 1/4/10/Rho of
plant 11 (ROP11) pathway to positively regulate the activity of ABI2 phosphatase, and
thereby modulating ABA signaling pathway [151,152]. MYC2, a master transcription factor
in JA signaling pathway, is also regulated by FER. FER positively regulates immunity by
inhibiting JA signaling via the phosphorylation-mediated destabilization of MYC2 [153].
It has also been shown that MYC2 negatively regulates salt tolerance via the inhibition of
proline biosynthesis [154]. In brief, these results suggest that FER controls the environmental
stress responses via the modulation of the homeostasis of phytohormones (Figure 1).

8. Cell Wall Repair under High Salinity

Upon exposure to salt stress, the cortical microtubules in the hypocotyl of seedling
are rapidly depolymerized, the process of which usually occurs within 2 h of salt appli-
cation. However, at the growth recovery stage (after salt treatment for ~8 h), the cortical
microtubules are reassembled into stable cortical arrays [16]. Evidences have shown that
the rapid depolymerization of the cortical microtubules network is important for salt
tolerance. For instance, stabilization of microtubules with paclitaxel leads to increased
salt-hypersensitivity, whereas constitutive disruption of microtubules with oryzalin or
propyzamide improves salt tolerance [155].

The depolymerization of cortical microtubules requires the alteration of the activities
of the atypical microtubule-associated protein kinase propyzamide hypersensitive 1 (PHS1)
and microtubule-associated protein SPIRAL1 (SPR1). Under normal growth conditions, the
kinase activity of PHS1 is inhibited by its own phosphatase domain, while salt or osmotic
stress blocks this inhibition and then enhances the phosphorylation and depolymeriza-
tion of α-tubulin [156]. SPR1 binds to the microtubules and antagonizes stress-induced
cortical microtubule depolymerization. Under salt stress, SPR1 is rapidly degraded by
the 26S proteasome and the inhibition of microtubule depolymerization is relieved [157].
Histone H2B monoubiquitination (H2Bub1) participates in the regulation of the expression
of protein tyrosine phosphatase 1 (PTP1) and MAP kinase phosphatase (MKP) genes, which in
turn modulate the phosphorylation and dephosphorylation of microtubule-binding pro-
teins via a PTP1/MKP-MPK3/6 signal mode, and finally promotes the rapid microtubule
depolymerization under salt stress [158].

CSCs synthesize cellulose via the binding with cortical microtubules, and the polymer-
ization status of cortical microtubules determines the movement of CSCs at the cell surface.
CSCs are assembled in the Golgi apparatus and translocated to the plasma membrane
via vesicle trafficking. Salt-induced depolymerization of microtubules is accompanied by
the internalization of CSCs into small CesA compartments/microtubule-associated CesA
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compartments (smaCCs/MASCs) [15]. At the growth recovery stage after salt treatment,
cortical microtubule is reassembled and CSCs is relocated to the plasma membrane to
synthesize cellulose. Increasing evidences have shown that the efficiency of plants to
reassembly cortical microtubule and cellulose during the growth recovery stage is critical
for salt tolerance. CC1 and its paralog CC2 were identified as companions of CSCs and are
required for the reassembly of cortical microtubule and subsequently cellulose biosynthesis
during the growth recovery stage [16]. In cc1 cc2 double mutants, CSCs dissociate from the
microtubules after salt treatment, but a stress-tolerant microtubule complex cannot be re-
produced, resulting in the abolishment of the localization of CSCs at the plasma membrane
and decreased cellulose synthesis. Microtubules-associated proteins 65-1 (MAP65-1) is a
plant microtubule-bundling protein, which participates in the polymerization and bundling
of cortical microtubules [159]. Phosphatidic acid (PA), a product of phospholipase D (PLD),
binds to MAP65-1 and increases its activity to enhance microtubule polymerization and
bundling [160]. The pldα1 mutant exhibits a defect in microtubule organization under salt
stress and increased salt-hypersensitivity. Moreover, 16:0–18:2 PA can activate MPK6 via
directly binding to MPK6 and the salt-induced transient activation of MPK6 is abolished in
the pldα1 mutant [149].

Brassinosteroid insensitive 2 (BIN2), a master negative factor in brassinosteroid signal
pathway, regulates the balance between salt stress response and growth recovery [161].
BIN2 is required for the negative regulation of cellulose biosynthesis. BIN2 phosphorylates
CESA1 to inhibit the activity of CSCs [162]. By exploring turboID-mediated proximity
labeling technology, Kim et al. found that BIN2 interacts with FER, but the biological
significance of this interaction has not yet been resolved [163]. It is possible that FER
regulates the activity of BIN2 via phosphorylation, and then modulates CesAs activity and
cellulose biosynthesis under salt stress.

9. Transcriptional Regulation of Cell Wall-Associated Genes under Salt Stress

Under salinity stress, plant cells sense salt signals via receptors or sensors and then
transmit the signals to the downstream regulatory networks to trigger the transcription of
salt stress-responsive genes, which in turn promote the adjustment of the physiological,
biochemical, and metabolic properties of plant cells to adapt to high salinity.

The transcriptional regulation of genes largely depends on the activity of the corre-
sponding transcription factors. Some transcription factors have been identified that are
required for the regulation of cell wall-associated genes in response to salt stress. For ex-
ample, salt stress induces the accumulation of β-1,4-galactan in root cell walls through the
up-regulation the of galactan synthase 1 (GALS1) gene. Based on a genetic screening, two
transcription factors basic pentacysteine 1 (BPC1) and BPC2 were identified that directly
bind to the promoter of the GALS1 gene and repress its expression [28]. The expression
of BPC1 and BPC2 genes is significantly reduced under salt stress. The bpc1 bpc2 double
mutant, in which the accumulation of β-1,4-galactan is elevated under salt stress com-
pared with the wild type, exhibits increased salt tolerance [28]. Oryza sativa MULTIPASS
(OsMPS) encodes an R2R3-type MYB transcription factor in rice. Expression profiling
revealed that, upon ABA or salt stress treatment, the expression of expansins, such as
OsEXPA4, OsEXPA8, OsEXPB2, OsEXPB3, and OsEXPB6, and the expression of cell wall
biosynthesis genes, such as endoglucanase genes OsGLU5 and OsGLU14, are negatively
regulated by OsMPS [164]. XTH19 and XTH23, belonging to xyloglucan endotransgluco-
sylase/hydrolase group II, are up-regulated by salt stress and BR [43]. In the xth23 single
or xth19 xth23 double mutant, lateral root growth is disrupted under salt stress, whereas
overexpression of XTH19 or XTH23 enhances salt tolerance and increases lateral root initia-
tion [43]. BRI1-EMS-SUPPRESSOR 1 (BES1) is a transcription factor that is involved in BR
signaling pathway. BES1 directly binds the promoter of XTH19 and XTH23 and positively
regulates their expression under salt stress [43] (Table 1).

Gene expression is also influenced by epigenetic regulation, such as histone modi-
fication and DNA methylation. Salt stress triggers the histone H3K9/K14 acetylation of
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some abiotic stress-responsive genes to crease their transcript levels [165]. General control
nonderepressible 5 (GCN5), encoding a histone acetyltransferase, is induced by salt stress
and acts as a maintainer of CWI. GCN5 mediates the acetylation of H3K9 and H3K14 in
the promoters of CTL1, PGX3 (polygalacturonase involved in expansion-3), and MYB54 under
salt stress, and thus fine-tunes their gene expression [32]. Constitutive expression of CTL1
partially restores the salt-hypersensitivity and CWD of the gcn5 mutant [32]. Similarly, the
H3K9 acetylation level in the genome of maize is also elevated after salt treatment, and the
increased acetylation level enhances the expression of ZmGCN5, which in turn promotes
the expression of ZmEXPB2 and ZmXET1 genes [166].

10. Conclusions and Future Perspective

Cell wall is not just a mechanical support for plant cells, but is also the frontline to
sense and transduce environmental stress signals. High salinity, as one of the globally
distributed abiotic stresses, can disrupt the CWI, and the severity of the salt-triggered
CWD largely depends on the concentration of the surrounding sodium ion combined with
other environmental conditions, such as light intensity and water availability. Study of
the mechanisms underlying the sensing and maintenance of CWI under salt stress not
only strengthens our understanding of salt stress responses in plants but also provides
new strategies for the cultivation of crops with improved salt tolerance. Regarding the
associations between CWI and salt tolerance, there are still many questions remain to be
addressed, and the most important ones could be that how the excessive accumulation of
Na+ in the apoplast affects the CWI, and how the salt-induced cell wall changes are sensed
by the cell wall sensors. Moreover, the Ca2+ channels that are required for the relay of salt-
triggered cell wall stress signals need to be identified and the cell wall repair mechanisms
under stress conditions need to be further investigated. With the development of gene
editing technologies and improved transformation efficiency, editing of CWI-related genes
in crops to generate salt-tolerant varieties can be applied in future.
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Abstract: To date, soil salinity becomes a huge obstacle for food production worldwide since salt
stress is one of the major factors limiting agricultural productivity. It is estimated that a significant
loss of crops (20–50%) would be due to drought and salinity. To embark upon this harsh situation,
numerous strategies such as plant breeding, plant genetic engineering, and a large variety of agri-
cultural practices including the applications of plant growth-promoting rhizobacteria (PGPR) and
seed biopriming technique have been developed to improve plant defense system against salt stress,
resulting in higher crop yields to meet human’s increasing food demand in the future. In the present
review, we update and discuss the advantageous roles of beneficial PGPR as green bioinoculants
in mitigating the burden of high saline conditions on morphological parameters and on physio-
biochemical attributes of plant crops via diverse mechanisms. In addition, the applications of PGPR
as a useful tool in seed biopriming technique are also updated and discussed since this approach
exhibits promising potentials in improving seed vigor, rapid seed germination, and seedling growth
uniformity. Furthermore, the controversial findings regarding the fluctuation of antioxidants and
osmolytes in PGPR-treated plants are also pointed out and discussed.

Keywords: PGPR; salt stress; salinity; abiotic stress; ACC deaminase; seed priming; IAA

1. Introduction

Soil salinization caused by saline irrigation regimes [1], by water scarcity [2], and by
the rise in sea level due to global warming [3]. Another potential source causing soil salinity
comes from compost fertilizer since the raw materials for composting operations are food
waste and municipal organic waste that contain large quantities of NaCl [4]. Salinity not
only hampers crop productivity, but also threatens the sustainability of agro-ecosystems
worldwide. The osmotic stress caused by high salinity (100–200 mM) is originated from the
reduction in solute potential of soil solution. The reduced solute potential, in turn, leads to
the decrease in hydraulic conductance and then in water and solute uptake by plants [5].
This conducts the prevalence of drought-like conditions and makes drought and salinity
occur simultaneously in various agricultural systems [6]. Salinity stress also imposes nutri-
ents deficiencies by interfering directly with ion transporters in the root plasma membrane
(e.g., K+-selective ion channels) [7], and by inhibiting root growth [8–10]. Due to the rising
severity of salinity on global food production, numerous strategies have been offered
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to cope with the increasing challenging soil conditions. Along with plant breeding [11],
plant genetic engineering [12], and genetic transformation [13], agricultural practices have
dramatically contributed to the improvement of plant tolerance to salinity stress. The sup-
plement of calcium (5 mM CaCl2) ameliorated the reduction in shoot and root of salt-treated
strawberry plants [14]. The pivotal physio–mechanical property of silicon (Si) has been
widely noticed in most plants, especially its alleviating role in improving photosynthetic
activity, enhancing essential nutrient uptake, and mitigating negative influence of abiotic
stress [15]. In the study of Hassanvand et al. (2019) [16], the reduction of pigment content
and essential oil yield in geranium (Pelargonium graveolens) plants caused by elevated EC
levels was effectively ameliorated by a weekly K2SiO3 application. Green leaf volatiles
(GLVs) are an important group of volatile organic compounds (VOCs) emitted by plants
under stressful conditions [17], and enable plants to activate defense-related genes [18].
Z-3-hexeny-1-yl acetate (Z-3-HAC), a GLV, was used in seed priming to promote a better
salt stress tolerance [17]. The Z-3-HAC-primed peanut (Arachis hypogaea L.) seedlings ex-
hibited higher antioxidant enzymes (AEs) activities, a higher net photosynthetic rate (Pn),
and an increased osmolyte accumulation, while reduced reactive oxygen species (ROS)
levels, electrolyte leakage (EL), and lipid peroxidation (LP) as compared to the non-primed
plants [17]. Being a metabolic intermediate in higher plants, 5-aminolevulinic acid (ALA)
is a common precursor of tetrapyrroles such as chlorophyll (Chl), heme and siroheme,
and this small signaling molecule also participates in several physiological processes to
counteract salt stress damage [19]. In the study of Wu et al. (2018) [20], an exogenous
application of ALA under salinity increased the contents of intermediates and Chl a, Chl b,
as well as repaired the damages of photosynthetic apparatus. Melatonin (N-acetyl-5-
methoxytryptamine) (Mel), a ubiquitous multifunctional signaling molecule, functions as
a stimulator in several physiochemical responses against stresses [21]. The application
of exogenous Mel mitigated salt stress by increasing the contents of polyamines (PAs),
the ubiquitous cellular components acting as antistress agents, in wheat seedlings [22].
Moreover, salt tolerance in Mel-treated rice plants was improved via the upregulation of
K+ transporter genes, the modulation of K+ homeostasis and the scavenging of hydroxyl
radicals [23].

The bacterization of plant crops with PGPR and the implementation of these useful
rhizobacteria in seed biopriming have demonstrated their beneficial properties in enhanc-
ing plant growth and development, and in augmenting plant salt stress tolerance through
different mechanisms. PGPR aid to alleviate salinity stress in plants by boosting water
absorption capability, enhancing essential nutrients uptake, accumulating osmolytes (OS)
(e.g., proline (Pro), glutamate (Glu), glycine betaine, soluble sugars, choline, O-sulphate,
and polyols), increasing AEs activities (e.g., superoxide dismutase (SOD, EC 1.15.1.1),
peroxidase (POD, EC 1.11.1.7), catalase (CAT, EC 1.11.1.6), ascorbate peroxidase (APX,
EC 1.11.1.11), monodehydroascorbate reductase (MDAR, EC 1.6.5.4), dehydroascorbate re-
ductase (DHAR, EC 1.8.5.1), glutathione reductase (GR, EC 1.6.4.2), and non-enzymatic an-
tioxidants (NEAs) (e.g., ascorbate (ASC), glutathione (GSH), tocopherols (TCP), carotenoids
(Car), and polyphenols (PPs)) in plant tissues [24–28]. In all types of salinity, sodium chlo-
ride (NaCl) is the most soluble and widespread salt [17] and Na+ is the primary cause of
ion-specific damage for many plants, especially for graminaceous crops [29]. Consequently,
to narrow down the scope of this review, we focus mainly on the negative effects of Na+

ion on plants, although high concentrations of Cl− anion are also toxic to plants. In this
point of view, three terms “salt”, “saline”, and “Na+” were used interchangeably in the
review to indicate the salinity.
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2. Adverse Effects of Salinity on Plants

2.1. Na+ Accumulation, Nutrients Uptake Inhibition, and Plant Growth Reduction

Under salt stress, Na+ is accumulated at higher concentrations in plant tissues, caus-
ing changes in Na+/K+ ratio and the inhibition of essential nutrient uptake [14,24,30].
This could be attributed to the competition between similar ionic radii of Na+ and K+ in
soils [31], causing the dysfunctional ionic selectivity of the cell membranes. In the review of
Manishankar et al. [32], high Na+ concentration in soil can change soil texture, leading to a
decrease in soil porosity. This leads to the reduction of soil aeration and water conductance.
Also according to Manishankar et al. [32], the zones of low water potential caused by
high salt deposition in the soil make difficult for the roots to uptake water and nutrients.
With 35 mM NaCl treatment, the Na+ concentration in strawberry leaves and roots was
3.4-fold higher than that in the control plants [14]. Moreover, salt stress also caused the
critical reduction in the fruit yield (FY) with 35% yield loss in the variety Camarosa and 45%
in the variety Oso Grande [14]. At 150 mM NaCl, a tremendous increase (50.4-fold) in the
Na+ content, and an increase in the Na+/K+ ratio (1.48 vs. 0.02) in the roots of Broussonetia
papyrifera, a woody plant used in paper industry, was recorded, in harmony with the de-
crease in K+ (25.6%), Ca2+ (23.3%), Mg2+ (21.4%), and P3+ (8.4%) contents [33]. In contrast,
an upsurge of Na+ concentration was found in the leaves of canola plants (Brassica napus
L.), with approximately 4-fold greater than that in the roots [30]. The Na+ content in the
common bean leaves (Phaseolus vulgaris L.) was 5–7–fold higher than that in the control com-
mon bean leaves, whereas the K+ content was decreased by 32–35% relative to the control
plants [34]. Likewise, the Na+ content in the salt treated-chickpea leaves (Cicer arietinum L.)
was 3.2-fold higher than that in the control leaves, leading changes in Na+/K+ ratio from
0.31 in the non-saline condition to 2.24 in the saline condition. The reduction in N, K, Ca,
Mg contents was also recorded by 54%, 55%, 60%, and 55%, respectively as compared to
those in the control leaves [35].

In general, phytotoxicity caused by high salt concentrations was found under in vitro
and greenhouse conditions and the toxic symptoms increase correlatively with the increase
in NaCl treatments. High salinity significantly affects plant growth and physio-biochemical
aspects, resulting in the decrease in germination rate (GRA), fresh and dry matters, pho-
tosynthetic pigments, essential nutrients uptake, and most importantly, in the loss of
final crop yields. In contrast, a significant increase in AEs activities, osmoregulators, LP,
membrane damage, ROS contents, Na+ accumulation, and Na+/K+ ratio was obviously
observed with the increasing NaCl concentrations [36]. The shoot dry weight (SDW) and
root dry weight (RDW) of 35 mM NaCl-treated strawberry plants (Fragaria x ananassa
Duch) were 45.8% and 58.6% lower than those in the control plants, respectively [14].
Salt stress adversely hampers all stages of plant growth, causing the reduction in FY
(227 vs. 415 g/plant), fruit weight (FW) (8.4 vs. 9.6 g/fruit), number of fruits per plant (NF)
(27 vs. 43), and water-soluble dry matter (SDM) (6.6% vs. 8.4%) of stressed plants relative
to the unstressed plants. The root dry weight (RDW) of common bean decreased by 59–61%
and the final yield lost by 27–30% under 200 mM NaCl [34]. Similarly, at 200 mM NaCl
concentration, salt stress reduced 38% SDW and 50% RDW of chickpea (Cicer arietinum cv.
Giza 1) compared to the control plants [35]. Regarding the influence of salinity on nutri-
tional values, although moderate saline stress enhanced glucosinolates and antioxidants
contents in broccoli (Brassica oleracea L. var. italica cv. Marathon) (40 mM NaCl) [22], and the
application of 6 dS m−1 (66 mM NaCl) increased the contents of lycopene, β-carotene,
vitamin C and overall phenolic compounds (PCs) of tomato fruits [23], high salinity concen-
trations (15 dS m−1 ~ 200 mM) markedly reduced protein, fat, and crude fiber contents of
wheat grains [24]. Moreover, the fruit size of tomato [37] and the FW of pepper [38], which
are considered major determinants of price and marketable characteristics, were strongly
reduced with the increase of saline levels. However, it is noteworthy that although high
salt concentration affects plants in an adverse manner, the definition of “low”, “moder-
ate”, or “high” salinity depends fundamentally on plant variety, growth stage, nutrient
composition in soil, and irrigation regime, etc.
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2.2. Impairment of Physio-Biochemical Attributes
2.2.1. Reduction in Photosynthetic Pigments

Salinity stress causes an unrepairable damage to the photosynthetic apparatus at any
development stage of plant’s life as it alters the chloroplasts structure, degrades chloroplast
envelope, and triggers chloroplast protrusions [39]. Numerous studies indicated that high
salinity led to a serious degradation of Chl and Car in salt-stressed plants; however, the de-
grees of reduction in these photosynthetic pigments (PhoPs) depended largely on plant
species, plant age, NaCl concentration and the duration of salt stress exposure. Specifically,
only 9%, 11%, 13%, and 14% reduction in the total chlorophyll (Tchl) were determined in
the rice (Oryza sativa L.) [40], soybean (Glycine max (L.) Merr.) [41], maize (Zea mays L.) [42],
and cucumber (Cucumis sativus L.) [43] seedlings, respectively. However, contrary to these
studies, the reduced contents of Tchl were tremendously varied from 22% in oat (Avena
sativa) seedlings [44], 41–42% in tomato (Solanum lycopersicum L.) seedlings [45,46], 44% in
tomato (Solanum lycopersicum L.) plants [47], 50% in peanut (Arachis hypogaea) seedlings [48],
56% in rice (Oryza sativa L.) seedlings [49] to 61% in rapeseed (Brassica napus L.) plants [30],
respectively. In addition, under salt detriment, 16% of Car decreased in the ginseng
plantlets, 19% of Car reduced in the mung bean plants, and 49% of Car decreased in the
tomato seedings were reported by Sukweenadhi et al. (2018) [50], Shahid et al. (2021) [36],
and Akram et al. (2019) [45], respectively. In addition, NaCl toxicity also declined Pn,
stomatal conductance, and transpiration rate in the stressed plants [51].

2.2.2. Increase in LP

Lipids are essential components of cell membranes responsible for structure mainte-
nance and cell functions control [52]. ROS are generated from several life processes and an
excess of ROS can damage cell, tissues and organs [53]. Salinity exposure brings about a
disturbance, an overflow, or even a disruption of electron transport chains (ETC) in mito-
chondria and chloroplasts in higher plants, resulting in ROS accumulation [54]. The major
site involved in the production of O2

•− is the photosystem I (PSI). In the presence of light,
O2 which is continuously provided by the water autolysis (Reaction 1: 2H2O → 4 e− + O2
+ 4 H+) can be reduced to O2

•− (Reaction 2: 2O2 + 2 e− → 2 O2
•−). The excess amount

of reduced ferredoxin (Fdred) and the limited NADP availability induce the autoxidation
of Fdred to Fdox and the generation of O2

•− (Reaction 3: Fdred + O2 → Fdox + O2
•−).

In addition, the Fdred can react with O2
•− to form H2O2 (Reaction 4: Fdred + O2

•− + 2 H+

→ Fdox + H2O2). Lipids are primary targets of ROS attack and the free radicals oxidation of
polyunsaturated fatty acids is called LP [55]. As a byproduct of LP, malonaldehyde (MDA)
has been largely used as an important indicator to evaluate the extent of damaging effects
caused by ROS and oxidative stress combination on membrane lipids to reduce membrane
stability [56]. The MDA content was tremendously increased by 36% in ginseng root
plantlets [50], 39% in maize [42], 47% in peanut [48], 70% in chickpea [35], 131% in oat [44],
153% in mung bean [36], and 300% in rice seedlings [57], indicating an severe damage to
cell membrane integrity and/or membrane permeability during salinity exposure [58].

2.3. Increased Accumulation of ROS and Elevated Production of AEs, NEAs, and OS

On the one hand, ROS function as signaling molecules to mediate a wide range of
important biological processes during plant growth and development such as seed germi-
nation [59], cell differentiation [60], root primary growth [61], and stem cell activities [62].
On the other hand, an elevated accumulation of ROS in plant tissues also causes oxidative
damage to protein, DNA, lipids, and Chl biosynthesis [63,64]. Salinity stress brings about
excessive accumulations of ROS including superoxide radical (O2

•−), hydrogen peroxide
(H2O2), singlet oxygen (1O2), and hydroxyl radicals (•OH), which disturb cellular redox
homeostasis and lead to oxidative stress [65]. ROS homeostasis, therefore, is essential to
maintain a delicate balance for plant growth, especially under environmentally adverse
conditions. To deal with salinity-derived oxidative stress, plants possess enzymatic defense
system that synthesizes an array of AEs, along with NEAs to neutralize and detoxify
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ROS [26,27]. The AEs conduct the scavenging activity by breaking down and removing free
radicals, while the NEAs perform their scavenging functions by interrupting free radical
chain reactions [66]. Furthermore, the accelerated synthesis and accumulation of OS are
also the common responses executed by plants to provide osmotic adjustments and to
protect cell membrane integrity [67]. In plants, Pro is synthesized by either glutamate path-
way or orinithine pathway [68] and is accumulated in cytosol and vacuole under stressful
conditions. Under non-stress conditions, Pro only accounts for less than 5% of the total pool
of free amino acids in plants. However, under various stresses, the Pro concentration might
increase up to 80% of the total amino acid pool, indicating its vital roles in ROS homeostasis
and water balance in plants [69]. Pro was found to exhibit protective roles against damages
caused by 1O2 or •OH [70]. Ethylene (C2H4), a small volatile phytohormone in higher
plants, is involved in all stages of plant growth and development, from seed germination
to fruit ripening [71]. Furthermore, ethylene has been considered as a stress hormone
since it participates in plant responses to various types of stress such as wounding [72],
salinity [73], and drought [74]. Although a small amount of ethylene, which is immediately
produced after the onset of a stress, can initiate the systemic resistance in plants, the excess
amount of ethylene from the second peak could bring about the inhibition of plant growth
or even lead to cell death [75].

3. Plant Growth-Promoting Rhizobacteria as the Promising Bioinoculants for Plant Crops

3.1. Key Criteria for Being Applicable PGPR

The close alliance among soil, plant, and microbes exists during the entire life cycle of
plants promotes plant development, induces systemic resistance in the host plant against
pathogens and mitigates salinity stress [76]. PGPR have been widely used for decades
to control insects pests [77], plant diseases [78], to promote plant growth [79], to man-
age nutrient [80], and to alleviate abiotic stress [81]. The ameliorative functions of PGPR
consist of three aspects, namely, the ability to protect themselves against hyperosmotic
conditions and abnormal NaCl concentrations, the capacity to aid plant tolerate better
to elevated salinity, and to improve soil quality [82]. Regarding the alleviating roles of
PGPR in promoting plant salinity tolerance, PGPR exhibit beneficial traits in mitigating
the toxic effects of high salt concentrations on morphological, physiological, and biochem-
ical processes in plants, resulting in the significant rescue of yield loss. According to
Fouda et al. [83], the application of PGPR could ameliorate the negative impacts of salinity
via two main mechanisms as follows: (1) PGPR activate stress response systems in the
host plants soon after the exposure of the plants to salinity, and (2) PGPR synthesize anti-
stress biochemicals such as AEs, NEAs, and OS that are responsible for the removal of
ROS [84]. Furthermore, PGPR can also mitigate salt stress symptoms by producing Na+-
binding exopolysaccharides (EPS), improving ion homeostasis, decreasing ethylene levels
through enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, and synthesizing
phytohormones [85–87].

3.1.1. ACC Deaminase-Producing PGPR and Other Plant Growth Promoting Attributes

Enzyme ACC deaminase [EC 4.1.99.4] catalyzes the cleavage of 1-aminocyclopropane-
1-carboxylate (ACC), an intermediate precursor of ethylene in higher plants, to produce
α-ketobutyrate and ammonia [88]. A proper amount of ethylene derived from the existing
pool of ACC, or so called the small peak of ethylene in the biphasic ethylene response model
described by Glick et al. [89] and Pierik et al. [90], is thought to be useful to plants in acti-
vating plant defensive responses to stress stimuli (e.g., temperature extremes, drought or
flooding, insect pest damages, phytopathogens, and mechanical wounding) [91]. However,
an elevated ethylene accumulation, also called stress ethylene or the larger peak of ethylene
in the biphasic model, may cause harmful effects (e.g., chlorosis, abscission, and senes-
cence) on plant growth [92], even lead to dead when present at high concentrations in plant
tissues [93]. Although PGPR possess many different mechanisms to maintain plant growth
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under salinity detriment, the production of ACC deaminase is extremely important in
reducing the elevated levels of ethylene, thereby indirectly support plant growth. The ACC
deaminase-producing PGPR that live on plant surfaces or colonize in the plant tissues
function as a sink for ACC [30] and the use of ACC as a nitrogen (N) source is beneficial to
plant health since N uptake is always suppressed under salt conditions [94]. Up to now,
a plethora of PGPR that have been studied to evaluate their roles in mitigating salinity stress
in plants. The PGPR, namely, Pseudomonas putida UW4 [30], Arthrobacter protophormiae [95],
Enterobacter sp. EJ01 [96], Enterobacter sp. UPMR18 [97], Zhihengliuella halotolerans, Bacillus
gibsonii, Halomonas sp. [98], Chryseobacterium gleum sp. SUK [99], Pseudomonas fluorescens
002 [100], Microbacterium oleivorans KNUC7074, Brevibacterium iodinum KNUC7183, and Rhi-
zobium massiliae KNUC7586 [101], Stenotrophomonas maltophilia SBP-9 [102], Enterobacter sp.
P23 [49], Burkholderia sp. MTCC 12259 [57], Paenibacillus yonginensis DCY84 [50], Bacillus
pumilus strain FAB10 [51], Pantoea agglomerans [103], Aneurinibacillus aneurinilyticus and
Paenibacillus sp. [88], Leclercia adecarboxylata MO1 [104], Pseudomonas argentinensis and Pseu-
domonas azotoformans [105], Bacillus subtilis (NBRI 28B), B. subtilis (NBRI 33 N), Bacillus
safensis (NBRI 12 M) [106], Bacillus megaterium NRCB001, B. subtilis subsp. subtilis NRCB002,
B. subtilis NRCB003 [107], and Kosakonia sacchari [36] can produce ACC deaminase, as well
as other important products such as indole-3-acetic acid (IAA), siderophore (Sid), EPS,
and Pro. In addition, PGPR can conduct biofilm forming, N fixation, phosphate (P) solubi-
lization, hydrogen cyanide (HCN) and antifungal enzymes production [99]. The capability
of PGPR for moderating salinity damage could be considered an indispensable trait for
strain selection [108], reflecting in the elevated amounts of ACC deaminase, IAA, EPS,
GSH, and Pro produced by themselves during salt exposure to protect their cells against the
damaging effects of high NaCl concentrations. For instance, at 500 mM NaCl, Sphingomonas
sp. LK11 produced more GSH and Pro to counteract the detrimental effects of salinity
imposed on its growth [108]. Similarly, the productions of ACC deaminase and Pro by
the halotolerant Burkholderia sp. MTCC 12259 were highly correlated with the increasing
NaCl concentrations in the medium broth, in which ACC deaminase reached the highest at
600 mM NaCl, while the highest Pro level was obtained at 1000 mM NaCl [57]. This result
was in accordance with the report of Ilyas et al. [109] when the Pro produced by a consor-
tium consisting of Bacillus sp. (KF719179), Azospirillum brasilense (KJ194586), Azospirillum
lipoferum (KJ434039), and Pseudomonas stutzeri (KJ685889) reached the maximum value
at the highest NaCl concentration (10%, w/v). Also, the productions of ROS-quenching
enzymes SOD, CAT, POD, PPO, and Pro in Enterobacter sp. P23 were increased with the
increase in NaCl concentrations [49]. The levels of IAA, Sid, and ACC deaminase produced
by K. sacchari strain MSK1 were increased with the increasing NaCl concentrations and
reached the highest levels at the highest NaCl concentration (400 mM) [36]. Recently, Misra
and Chauhan [106] found that two B. subtilis strains NBRI 28B, NBRI 33N, and B. safensis
NBRI 12 M increased the production of ACC deaminase, biofilm, EPS, and Alginate (Alg)
in proportion to the increasing NaCl concentrations in nutrient broth. This finding was
in corroboration with the previous study of Mukherjee et al. [110], in which Halomonas
sp. Exo1 could tolerate up to 20% (w/v) salt concentration and its EPS yield was directly
proportional to the increasing NaCl. These findings indicate that to be selected as potential
bioinoculants for improving crop yield in saline soil, the PGPR candidates need to possess
an ability to withstand and respond appropriately to high salinity in the environment.

3.1.2. Improvements of Growth Parameters, Nutrients Uptake, and Photosynthetic
Pigments in PGPR-Inoculated Plants under Non-Stress Conditions

The halotolerant bacterium Enterobacter sp. strain P23 isolated from India’s rice fields
possesses the abilities to exhibit high ACC deaminase activity, to solubilize P, to produce
IAA, Sid, and HCN [49]. In non-tress conditions, the P23-inoculated rice seedlings showed
better morphological parameters, namely shoot length (SL), root length (RL), shoot fresh
weight (SFW), SDW, root fresh weight (RFW), and RDW, higher Chl content than those
in the non-inoculated rice seedlings. This result was consistent with numerous other
studies where the PGPR-inoculated plants grew better than the non-inoculated plants in
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normal environments. Specifically, the values of SFW, RFW, SDW, RDW, Chl a, Chl b,
Car, and N, P, and K concentrations in the S20-inoculated maize seedlings were increased
by 2%, 6%, 5%, 2%, 4%, 7%, 2%, 16%, 43%, and 2%, respectively, as compared to the
control seedlings [111]. Also, in the Chryseobacterium gleum sp. SUK + feather lysate
inoculum (FLI)-inoculated wheat seedlings, an increase in 24% Tchl, and in 13% amino
acids was noticed [99]. Likewise, an increase in SL, RL, SFW, RFW, and Tchl was observed
in the L. adecarboxylata-inoculated tomato plants with 22%, 16%, 28%, 51%, and 13%
higher than those in the control plants, respectively [104]. The same trend in increased
vegetative parameters was found in the studies of Li and Jiang [42], Khan et al. [40],
Sapre et al. [44], Sarkar et al. [49], Akram et al. [45], and Alexander et al. [48]. The increase
in Tchl was widely observed in various studies, however, the extent to which these pigments
increased depends on PGPR strains, NaCl treatments, and plant species. For instance,
only a 5% Chl increase in maize seedling bacterized with B. aquimaris DY-3 was noticed
by Li and Jiang (2017) [42], whereas a 12% increase in P. putida H-2-3-inoculated soybean
seedlings [41], a 17% increase in S. maltophilia BJ01-peanut seedlings [48], a 29% increase in
K. sacchari-treated mung bean seedlings [36], a 41% increase in Bacillus megaterium BMA12-
bacterized tomato seedlings [45], 46% in B. pupilus-inoculated rice seedlings [40], and 60%
in A. brasilense-treated white clover plants [58].

PGPR can change root-system architecture by producing phytohormones, especially
auxins (Aux) [112], volatile compounds [113,114], and by mediating plant ethylene levels
via enzyme ACC deaminase [115]. The inoculation of Arabidopsis plants with Bacillus
megaterium caused a suppression in primary root growth, while induced lateral root growth
development, increased lateral root number, and promoted root hair length [116]. Recently,
the research group of Chu et al. (2020) [117] also found that Pseudomonas PS01 inhibited the
elongation of primary roots and triggered the formation of lateral root and the development
of root hair. López-Bucio and colleagues [116] suggested that the inhibition of primary
root was caused by a decrease in cell elongation and by a reduced cell proliferation in
the root meristem. Vegetative parameters of the endophytes-inoculated sorghum plants
(Sorghum bicolor) were widely varied with different endophytic PGPR species [118]. Intrigu-
ingly, although the amounts of IAA produced by Pseudomonas plecoglossicida-R382, Serratia
marcescens-R381, Pantoea coffeiphila-R342, Bacillus cereus-R8, Rhodopseudomonas boonkerdii-
R102, and Nocardioides aromaticivorans-R21 were comparable, the RDWs of their respective
inoculated sorghum plants were significantly different [118]. This finding suggests that
besides the effects of the bacterial IAA on root plant architecture, the interactions between
plant and microbe are multifaceted and might play a major role in shaping root system
development [119].

The positive influences of PGPR treatment on fruit/grain quality, total yield, and mar-
ketable grade yield were also investigated. The FY, fruit marketable yield (FMY), FW,
fruit length (FL), fruit diameter (FD), and texture of red fruit in Bacillus subtilis BEB-13bs-
inoculated tomato plants were improved by 21%, 6%, 29%, 9%, and 5%, respectively in
comparison with the control plants [120]. The maximum grain yield was recorded in
the wheat plants treated with a triple combination of Bacillus megaterium, Enterobacter sp.
and Arthrobacter chlorophenolicus [121], as well as the highest nutrient contents (e.g., N, P,
Cu, Zn, Mn, and Fe) were observed in the treated wheat grains.

Nevertheless, in some exception cases, the applications of PGPR under normal con-
ditions did not promote plant growth and yield. The PGPR even exhibited negative
effects on the growth of eggplant and tomato plants as reported in the studies of Abd
El-Azeem et al. [24] and Vaishnav et al., respectively [47]. Specifically, the SFW, SDW,
and yield of eggplant were decreased by 8%, 9%, 12%, respectively after inoculated with
X. autotrophicus BM13, decreased by 12%, 21%, and 30%, respectively when inoculated
with Bacillus brevis FK2 [24], as well as the SL of Sphingobacterium BHU-AV3-inoculated
tomato was reduced by 11% [47]. Similarly, the SL, RL, and total plant fresh weight (TPFW)
of C. gleum-inoculated wheat plants were decreased by 16%, 36%, and 13%, respectively
relative to the control [99]. The data in these previous reports were in accordance with our
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preliminary data (unpublished data) as the SFW and RFW values of the Curtobacterium sp.
C1-inoculated Arabidopsis plants were lower than those in the uninoculated plants.

Although the suppressive impacts of PGPR on plant growth and yield are scarcely
recorded under non-stress conditions, this should be taken into consideration prior to
PGPR bacterization practices in field. Furthermore, the response of plant variety to PGPR
is genotype-dependent as shown in the report of Nawaz et al. [122] where the salt toler-
ant wheat genotype Aas-11 responded positively to Bacillus pumilus and Exiguobacterium
aurantiacum, whereas the salt sensitive wheat genotype Galaxy-13 responded better to
Pseudomonas fluorescence. In this regard, we should agree that the interactions between host
plants and microbes are complicated and not always a win–win situation. In addition,
the adaptation of plant species to PGPR might markedly vary from case to case due to
genetic variation. More investigations at molecular level are required to deeply elucidate
the multi-dimensional impacts of microbes on plants.

3.1.3. Improvements of Growth Parameters, Nutrients Uptake, and Photosynthesis in
PGPR-Inoculated Plants under Salinity Conditions

Although PGPR can promote plant growth and improve nutrients uptake, as well
as stimulate the synthesis of PhoPs in non-stress environments, their ameliorative roles
in plant defense responses are fully expressed till plant crops endure harsh environmen-
tal conditions. In the reports of Awad et al. [123] and Abd El-Ghany and Attia [124],
they found that the bacterization of maize (Zea mays L.) plants and faba bean (Vicia faba
cv. Giza3) seeds with Azotobacter chroococcum, an EPS-producing bacterium, had the de-
creased Na+ and Cl− concentrations and the increased N, P, and K concentrations in their
plant tissues. PPs, known as potent antioxidants, can eliminate radical species (e.g., 1O2,
O2

•−, OH−, H2O2), thus preventing the propagation of oxidative chain reactions [125].
In the study of Hichem et al. [126], the amounts of total PPs including phenolic acids,
flavonoids, anthocyanins and proanthocyanidins increased accordingly with the increased
salinity in young and mature maize leaves and the elevated concentrations of these PCs
had an inverse correlation with H2O2 content and LP level in leaves, indicating the scav-
enging activity of endogenous PCs against free radicals [127]. The total PPs in the leaves
of Azotobacter chroococcum-inoculated maize seedlings were always higher than those in
the non-inoculated maize seedlings, regardless of salt concentrations [128]. Moreover,
the total PPs reached the highest level at the highest NaCl treatment (5.85 g NaCl/kg
soil). Abd_Allah et al. [35], who evaluated the effects of endophytic B. subtilis (BERA71)
on mitigating saline soil stress in chickpea plants (Cicer arietinum cv. Giza 1), found that
the B. subtilis (BERA71)-inoculated chickpea plants yielded higher plant biomass, achieved
higher photosynthetic pigments, while reduced ROS levels, and LP compared to the
non-inoculated seedlings. The positive correlation between Pro accumulation and salt
stress adaptation has been widely recognized. However, the results are still controver-
sial, and more investigations should be conducted to thoroughly explain the underlying
mechanisms that regulate AEs and OS production.

Regarding nutrient acquisition, the PGPR helped to decrease Na+ accumulation,
whereas enhanced the acquisition of N, Ca, Mg, and K contents in the chickpea plants [35].
The increased uptake of Mg2+ induced by Bacillus subtilis and Bacillus pumilus inoculation
was associated with the elevated PhoPs contents since Mg2+ is the major component of
Chl [40,129]. Accordingly, the expression level of Cab2, the gene encoding a Chl a/b protein
in Arabidopsis plant, was downregulated in Mg-deficient plants before any obvious symp-
tom of chlorophyll deficiency appears [130]. However, Abd_Allah and his colleagues [35]
did not investigate the mechanisms that enhanced the uptake of essential nutrients. There-
fore, it is unclear whether the increased nutrient acquisition in the B. subtilis-inoculated
chickpea plants was due to the modulation of root architecture [117,131], the mobiliza-
tion of P in the soil [132,133], or the N fixation [134,135] induced by B. subtilis. Similarly,
Khan et al. [40] noticed a limited uptake of Na+ in B. pumilus-inoculated paddy plants,
but the fundamental mechanism that suppressed Na+ uptake was not thoroughly inves-
tigated yet. In contrast, an extensive accumulation of Na+ was observed in the shoots of
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Bacillus-inoculated halophyte Arthrocnemum macrostachyum under high NaCl concentration
(1030 mM) [136]. Up to now, a plenty of studies recognize the roles of PGPR in increasing
K+/Na+ ratio, in activating K+-Na+ selectivity, in maintaining PhoPs, in enhancing nutrient
uptakes, thereby alleviating salt stress in saline environments [40]. However, more studies
are needed to clearly elucidate the mechanisms underlying these phenomena. The key
findings in recent PGPR studies were presented in Table 1.

3.1.4. Improvements of Growth Parameters, Nutrients Uptake, and Photosynthesis in
PGPR-Primed Seeds and Their Respective Seedlings under Salinity Conditions

Seed is a dramatically important component of agricultural production since it is con-
sidered the primary determinant in establishing a fruitful crop. Moreover, seed germination
is the first and the most critical stages of the plant’s life cycle [137,138]. The uniformity of
seed germination is one of the fundamental criteria that is used to evaluate SV [139]. In the
era of climate change, seeds always suffer from the environmental challenges that may
cause the reduction in seed GRA, GP, and the dysfunction of seedlings, resulting in a de-
crease in ultimate crop yields. Germinating seeds and seedlings appear to be more sensible
to salinity than the growing plants since the germination stage occurs on saline soil surface
where the drought-like condition reduces SV, suppresses protein synthesis, and disturbs
structural organization in germinating embryos [140,141]. In addition, seed germination is
strongly associated with the seedlings survival rate, as well as the subsequent vegetative
growth [142]. α-amylase is a key player in starch hydrolysis during seed germination
since it supplies carbon source and energy to germinating seeds in the early stages of
development before the initiation of the photosynthetic machinery [137]. A reduced water
uptake and a decrease in α-amylase activity caused by NaCl might cause the delay of
germination time [143]. Furthermore, the data from Dehnavi et al. (2020) [138] demon-
strated that salinity accounted for 98% of the variation in tested parameters including GP,
germination index, mean germination time, SVI, SL, and RL of seedlings, fresh and dry
weight of seedlings, and salinity tolerance indices.

Seed biopriming with living PGPR inoculum stimulates a speed and an uniformity of
gemination, assures a rapid, uniform, and high establishment of crops, thereby improving
yield and fruit/grain quality in non-stress and harsh conditions [144]. Under non-stress
conditions, the GRAs of two endangered fir plant species Abies hickelii and Abies religiosa
were highly stimulated by a combination of 12 h-hydropriming with PGPR biopriming,
resulting an improved GRA up to 91% of P. fluorescens JUV8-primed A. hickelli seeds vs.
28% of unprimed control and up to 68% of B. subtilis BsUV-primed A. religiosa seeds vs.
32% of unprimed control [145]. Similarly, the GRA of isolate Ac26-primed wheat seeds
was increased to 93.3% and the vigor index was 2830.7, much higher than those of the
unprimed control with 53.3% and 1097.5, respectively [146]. The subsequent development
of primed plants was also better than the unprimed plants, suggesting the lasting impacts
of PGPR treatment on physio–biochemical attributes of the treated plants [145,146].
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In the study of Sarkar et al. [57], the inoculation of rice seeds with Enterobacter sp.
strain P23 promoted higher germination percentage (GP) (76% ± 7.03 vs. 48% ± 4.78),
and higher seedling vigor index (SVI) (881.6 ± 67 vs. 57.5 ± 12.6) as compared to the
non-inoculated seeds. Under salt conditions, the Pro peaked its highest level, the SOD,
CAT, POD, PPO, and MDA exhibited their highest contents in uninoculated rice seedlings.
However, the activities of these enzymes in P23-inoculated seedlings were significantly
reduced relative to those in the non-inoculated seedlings. The productions of ethylene in
non-inoculated seedlings and P23 AcdS mutant-inoculated seedlings were comparable,
consistent with the study of Cheng et al. [30], while ethylene in the WT P23 strain-treated
plants was lower, indicating that the WT P23 succeeded in decreasing stress ethylene
production. Under 250 mM NaCl treatment, the SFW and SDW of P. putida UW 4-inoculated
canola plants (Brassica napus L.) were 1.7-fold higher than those of untreated plants [30].
However, the P. putida ACC deaminase (AcdS) minus mutant-inoculated canola plants did
not show significant difference in SFW and SDW relative to the untreated plants, indicating
the critical role of a functional ACC deaminase enzyme in plant growth under salinity
stress. The proteins involved in photosynthesis in the WT P. putida UW4 plants were
downregulated; however, to a lesser extent as compared to that in the uninoculated plants
or in the P. putida AcdS plants, resulting in the higher chlorophyll contents relative to the
uninoculated plants. Surprisingly, both AcdS and WT P. putida plants could accumulate
large amount of NaCl in their shoots with 3.7–7-fold higher than that in the uninoculated
plants, respectively while being able to maintain their normal growth. This could be
partly explained by the increase cell permeability caused by IAA that was produced
by the WT P. putida and the AcdS mutant. This finding is intriguing and controversial
since numerous other studies recognized the decreased Na+ uptake in PGPR-bacterized
plants [40,42,99,111]. In their another study, Sarkar et al. (2018) [49] primed the rice seeds
(Oryza sativa cv. Ratna) with Enterobacter sp. P23 and achieved greater GRA (76% vs. 48%),
as well as SVI (881.6 vs. 57.6) relative to the unprimed seeds. Subsequently, the growth and
development of the primed seedlings were better than the unprimed control, representing
via greater SFW, RFW, SDW, RDW, SL, RL, amylase, protease, Aux, and Chl values [49,57].
In the study of Zhu et al. (2020) [107], the treatment with 130 mM NaCl severely affected
the GRA of the non-primed alfalfa seeds (Medicago sativa L.) in comparison with the primed
seeds. Specifically, the gemination rate of the non-primed seeds reduced to 29% versus 32%
of B. megaterium NRCB001-primed seeds, 42% of B. subtilis NRCB002, and 40% of B. subtilis
NRCB003. Also in Zhu et al. [107], the vegetative parameters such as PH, RL, NL, TLA,
and TPDW of primed seedlings were always higher than those of unprimed seedlings and
the MDA content in their leaves were lower, suggesting a less injured cellular membrane
in the primed alfalfa grass.

Regarding the synergy between different PGPR and/or between the microbes and
chemicals, the synergistic effects of a consortium (A. aneurinilyticus + Paenibacillus sp.)
were observed via the maximum physio-morphology parameters of primed French bean
seedlings (Phaseolus vulgaris) in comparison to uninoculated- or individual A. aneurinilyticus
and Paenibacillus-primed seedlings [88]. Two VOCs, namely, 4-nitroguaiacol and quinoline
derived from Pseudomonas simiae exhibited their ability to induce soybean seed germination
under 100 mM NaCl treatment [147]. Furthermore, the combined treatment of sodium ni-
troprusside (SNP) and P. simiae resulted in the higher biomass, the lower MDA content and
EL in the treated soybean plants than other treatment plants [147]. Mel exhibits pleiotropic
biological activities such as growth regulation [148] and antioxidative property [149] and
has been widely used as a promising tool for mitigating salt stress in plants. Abd El-Ghany
and Attia (2020) [124] found that the combination of Mel and peat-based inoculants (Rhizo-
bium leguminosarum, a N fixing bacterium, and Azotobacter chroococcum, an EPS-producing
bacterium) synergistically enhanced salt stress tolerance in faba bean plants (Vicia faba) as
compared to Mel- or inoculants-treated seeds alone. Specifically, in the combined treatment
(100 μM Mel + inoculants), the content of Chl a, Chl b, Car, and Pro reached the highest,
suggesting the synergistic effects of Mel and beneficial PGPR in improving plant growth
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and other physiological aspects in salt stress conditions. The combination of Mel and
bacterial inoculants, in contrast, helped to boost the faba bean plant growth, to increase
PhoPs, Pro, N–P–K uptake, and to reduce the Na+/K+ ratio.

In conclusion, seed biopriming using PGPR enhances the GRA and SV index in
the primed seeds as compared to the unprimed seeds under saline conditions, thereby
supporting plants a vigorous growth and a better salinity tolerance during their whole
life [150]. The key findings in recent seed biopriming studies were presented in Table 2.

3.2. The Increase in AEs and/or Osmoregulators in PGPR-Inoculated Plants and PGPR-Primed
Seedlings under Salt Stress

The increased activities of AEs and/or the elevated accumulations of osmoregula-
tors in PGPB-inoculated plants were reported by Li and Jiang [42], Akram et al. [45],
Vaishnav et al. [47], Khalid et al. [58], Kim et al. [96], Habib et al. [97], Kang et al. [104],
Zhu et al. [107], Halo et al. [151], Bharti et al. [152], El-Esawi et al. [153], Vimal et al. [154],
El-Nahrawy and Yassin [155], Sun et al. [156]. For instance, the activity of ROS-scavenging
enzymes SOD, CAT of Enterobacter-treated okra plants was the highest amongst all treat-
ments, in parallel with their highest vegetative parameters SFW, SDW, RFW, and RDW [97].
Likewise, APX activity in Enterobacter-inoculated tomato plants was 20% higher and
2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay showed 24% increase in scaveng-
ing capacity in the inoculated plants relative to the control plants [96]. In the study of
Abd_Allah et al. [35], the activities of POD, CAT, GR, and SOD, and the contents of AsA,
GSH and proline were always the highest in the inoculated chickpea plants. The Ara-
bidopsis plants inoculated with Burkholderia phytofirmans PsJN revealed an elevated Pro
accumulation in comparison with the control plants [157]. In the Leclercia adcarboxylata-
treated tomato plants, Pro, serine (Ser), glycine (Gly), methionine (Met), and threonine
(Thr), as well as citric acid (CA) and malic acid (MA) were significantly accumulated [104].
The detailed profiles of AEs were presented in Tables 1 and 2.
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3.3. The Reduction in AEs and OS in PGPR-Inoculated Plants and PGPR-Primed Seedlings under
Salt Stress

The changes in AEs and osmo-regulators have been noticed in both uninoculated-
and inoculated plants under normal and salinity conditions. However, the reduction
or increase of these enzymes in PGPB-inoculated plants in response to salt conditions
remains controversial. The decreased profiles of OS and/or ROS-scavenging enzymes
were remarked by Kang et al. (2014 a) [43], Kang et al. (2014 b) [41], Barnawal et al.
(2014) [95], Khan et al. (2016) [40], Bhise et al. (2017) [99], Abd_Allah et al. (2018) [35],
Sapre et al. (2018) [44], Ansari et al. (2019) [51], Alexander et al. (2020) [48], Misra and
Chauhan (2020) [106], and Shahid et al. (2021) [36]. Specifically, in the study of Kang et al.
(2014a) [43], the activities of CAT, PPO, and POD enzymes and the PPs contents in the
inoculated plants (e.g., B. cepacia SE4, Promicromonospora sp. SE188 or A. calcoaceticus
SE370) were lower than those in the uninoculated plants under salt stress (120 mM of
NaCl). The reduced profiles of AEs in Kang and his colleagues’ findings were in agreement
with their another study on soybean using the bacterium P. putida H-2-3 [41] and also
in line with the study of Sapre et al. [44]. According to Sapre and colleagues’ finding,
the Klebsiella-treated wheat plants increased by 96% SOD and 286% POD, while the SOD
and POD in untreated plants were increased by 353% and 540%, respectively. These data
were in agreement with those found by Shahid et al. [36], and Sarkar et al. [49] as these
investigators found that the highest antioxidant enzyme activities were recorded in the
non-inoculated mung bean and rice plants, respectively. In parallel with the report of
Sarkar et al. [49], Rojas-Tapias et al. [128] also recorded the highest Pro content was found
in the non-inoculated maize seedling leaves under salt stress. The increase of PP contents in
bacterized plants was also recorded in [41,43], however, to a lesser extent than those in the
untreated plants. Similarly, Pro accumulations in the tissues of the control oat plants and
the control rice plants were much higher than those in the Klebsiella-inoculated oat plants
and Entorobacter-inoculated rice plants (230% and 175%, respectively vs. 155% and 75%,
respectively) [44,49]. These studies showed similar findings with Manaf and Zayed [158]
as the SOD activity and proline content in the cowpea plants treated with mycorrhizae
or P. fluorescence alone were lower than those in the untreated plants under 3000 ppm
NaCl irrigation regime. Manaf and Zayed assumed that the harmful effects of high salinity
made the plants lose the ability to control their metabolites [158], whereas Sapre et al. [44]
speculated that the treated plants did not sense much stress as the untreated plants did,
leading the lower levels of AEs, NEAs, and osmoregulators in their tissues. Misra and
Chauhan [106] proposed that the reduced Pro and AEs in Bacillus-treated maize plants
may be due to the formation of EPS and biofilm on plant root surfaces that prevented
plants from over-uptake Na+, thereby attenuating the detrimental effects of toxic ions on
plants. This assumption was corroborated by a study of Mukherjee et al. [110], who found
that the amount of EPS-bound Na+ increased with the increase in NaCl concentration in
the solution, thus confirming an efficient role of EPS in NaCl sequestration. In addition,
Sarkar et al. [49] explained that the increased antioxidant enzyme activities of Enterobacter
sp. P23 under saline stress could indirectly quench a significant amount of ROS in rice
seedlings, thus delaying the urge to synthesize ROS scavengers by stressed plants.

3.4. Genetic Diversities of Plant and Microbe, Plant–Microbe Interactions and Microbe–Microbe
Interactions Are Key Players in Regulating AEs Profiles

In the first case where different plant species inoculated with PGPR species from the
same genus Curtobacterium, the reduced PPO and POD activities were observed in the
Curtobacterium oceanosedimentum SAK1-treated soybean plants [159], whereas the increase
in POD, CAT, SOD, and APX were recorded in the Curtobacterium albidum SRV4-treated
paddy plants [154].

In the second situation, soybean plants inoculated with different PGPR species also
revealed the contrasting antioxidant enzyme profiles. For instance, the soybean plants
cv. Giza 35 treated with Bacillus firmus SW5 showed a significant increase in APX, SOD,
CAT, and POD activities [153], whereas the SOD and DPPH scavenging activities were
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relatively decreased in the soybean plants cv. Taekwang inoculated with Pseudomonas
putida H-2-3 [41]. Moreover, variation in enzyme activities were found in the maize variety
cv. Maharaja inoculated with different PGPR species [106]. Specifically, the maize seedlings
Maharaja treated with Bacillus subtilis (NBNI 28B) had higher GPX and CAT as compared
to the control, whereas the seedlings treated with B. subtilis (NBRI 33 N) and B. safensis
(NBRI 12 M) exhibited lower SOD, APX, GPX, CAT, and PPO than those in the control and
those in the NBNI 28B-bacterized seedlings [106].

Regarding the effect of consortium treatment on AEs, the POD activity in the salt-
sensitive wheat genotype Galaxy-13 inoculated with individual Pseudomonas fluorescence,
Bacillus pumilus, and Exiguobacterium aurantiacum was always higher than that in the
salt-tolerant wheat genotype Aas-11 [122]. The effect of the consortium (Pseudomonas
fluorescence, Bacillus pumilus, and Exiguobacterium aurantiacum), however, resulted in the
lower POD activity in the treated Galaxy-13 in respect of the treated Aas-11. Similarly,
CAT activity was higher in the Galaxy-13 treated alone with P. fluorescence and E. auran-
tiacum, in comparison with that in Aas-11, but the CAT activity of Galaxy-13 was lower
than that of Aas-11 in the consortium treatment. In contrast, Galaxy-13 had lower SOD
activity in a single inoculation with P. fluorescence and B. pumilus, but it exhibited higher
SOD activity than Aas-11 in the consortium treatment.

It is worthy to note that antioxidant response to salinity was varied in different
cultivars in the same plant species. Kharusi et al. (2019) [160] noticed that the salt-tolerant
date palm cultivar Umsila maintained a normal concentration of ROS by accumulating
elevated NEAs and by stimulating greater AEs activities with respect to the salt-sensitive
date palm cultivar Zabad. The activities of SOD, CAT, APX and the contents of GSH, FLA,
PCs, and Pro in Umsila were statistically significantly greater than those in Zabad when
exposed to salt stress.

In summary, the findings in these previous studies, taken together, suggest that an
increase or a reduction in the activities of AEs and/or OS in PGPR-inoculated plants
during salt stress adaptation depends mainly on the specificities of plant species, on PGPR
species, interactions between PGPR in consortia, and on plant–microbe interactions. These
controversial data indicate not only that the fine-tuning of the ROS quenchers might be
critical for plants to tolerate better to salt stress, but also pose questions concerning the exact
mechanisms of salt stress tolerance imposed by PGPR. So far, investigators mainly based
on their personal assumption, but not on scientific evidence, to elucidate the fluctuation in
AEs. Integrated Omics approach would be necessary to gain insight into this interesting
issue. The main message of the present review was displayed in the Figure 1.
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Figure 1. Roles of PGPR in alleviating salinity stress in plants. (A) represents the application of
PGPR as microbial beneficial tools in seed biopriming technique and as green bioinoculants in
seedlings treatment. The primed seeds demonstrate rapid germination and robust, uniform seedlings.
(B) shows positive effects of PGPR on vegetative parameters and physio-biochemical indexes in
PGPR-inoculated plants via various mechanisms e.g., production of OS, AEs to reduce osmotic and
ionic stress, and EPS suppress toxic ions uptake and ion exposure. The fluctuation of AEs and OS
profiles in PGPR-treated plants is also displayed in the left panel. The middle panel demonstrates
key characteristics of PGPR including the production of Sid, phytohormones, EPS, N fixation and P
solubilization. The lower panel emphasizes the importance of ACC deaminase-producing PGPR in
ameliorating the inhibitory effects of excess ethylene on plant growth.
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4. Roles of Multi-Omics Techniques in Deciphering Plant–Microbe Interactions

The modes of action of PGPR on plant salt-stress response mechanism are diverse
and complex and remain largely unclear, especially at the molecular level. In the study
of Kim et al. (2014) [96], the colonization of Enterobacter sp. EJ01 in Arabidopsis root tis-
sues conferred salt stress resistance by inducing salt stress responsive signaling pathways.
Specifically, after EJ01 inoculation, the expression levels of DREB2b, RD29A, and RAB18
genes related to ABA-dependent and ABA-independent pathways were upregulated,
even in the absence of salinity. The expression pattern of RD29B, however, was dependent
on salt treatment. In addition, P5CS1, a Pro biosynthesis-related gene, was upregulated
under salinity conditions. The inoculation of EJ01 into Arabidopsis plants induced the
host basal innate immunity, as well as the rapid defense responses at systemic level so
called induced systemic resistance (ISR). PGPR-elicited ISR was previously observed in
Arabidopsis seedlings treated with VOCs from Bacillus subtilis GB03 and Bacillus amylolique-
faciens IN937a. The use of transgenic and mutant lines of Arabidopsis indicated that the ISR
activated by the VOCs from GB03 was based on ethylene-dependent signaling pathway,
whereas the ISR was triggered by VOCs from IN937a through an ethylene-independent
signaling pathway [161]. In the study of Chen et al. [162], the upregulation of Na+/H+

antiporter (NHX) and H+-PPase genes in Bacillus amyloliquefaciens SQR9-inoculated maize
shoots facilitated Na+ sequestration into vacuoles. The recirculating of Na+ from shoot
to root via an elevated expression of high-affinity K+ transporter 1 (HKT1) gene was ob-
served in the treated maize plants. However, contrary to the results of Chen et al. [162],
the lowest expression pattern of HKT1 gene was found in the Pseudomonas simiae + sodium
nitroprusside (SNP) treated soybean plants [147]. A stable photosynthetic activity was
maintained by the highly expressed RBCS (RubisCo small subunit), RBCL (Rubisco large
subunit) genes [162], similar to the upregulation of the Rubisco-encoding gene rbcL in
the Klebsiella-treated oat seedlings [44]. Moreover, the senescence rate in SQR9-inoculated
treated maize was properly controlled by the reduced expression of NCED, a key gene in
ABA synthesis pathway.

In all treatments, the expression levels of AEs-encoding genes POD and CAT were
the highest in the P. simiae + SNP-treated soybean plants [147]. Genes associated with
Aux, CK, and GA signaling pathways in the Paenibacillus polymyxa YC0136-treated to-
bacco plants (Nicotiana tabacum L.) were found to be upregulated relative to the uninocu-
lated control plants, along with the elevated expression of WRKY and MYB transcription
factors (TFs) [163]. The WRKY and MYB TFs are responsible for gene regulations and
have a great influence in every aspect of plant growth and development, as well as in
plant stress responses [164,165]. Changes in the expression pattern of WRKY TF gene
under salinity conditions were reported in previous studies [166–168]. These findings
were in line with the transcriptome profiles of the rice roots bacterized with Azospirillum
brasilense, in which the hormones-encoding genes (e.g., Aux efflux carriers, Aux-responsive
genes, Aux response factors, ACC oxidase genes, ethylene insensitive 2, cytokinin-O-
glucosyltransferases, and cytokinin dehydrogenase precursors) were significantly upreg-
ulated, as well as the major plant TFs families, namely, AP2/ERF family, MYB family,
WRKY family, and the GRAS family [169]. The enhanced expressions of MYB and WRKY
TFs were also noticed in the Dietzia natronolimnaea-inoculated wheat plants under salinity
stress [152]. Furthermore, 9 genes in the SA pathway and 6 genes encoding phenylala-
nine ammonia lyase (PAL), a key enzyme in the phenylpropanoids metabolic pathway,
were upregulated with respect to the control plants, resulting the induction of systemic
resistance in tobacco host plant [163]. Malviya et al. [170] also found that the infection of
Burkholderia anthina MYSP113 into the sugarcane plantlets cv. GXB-9 induced the upreg-
ulation of phenylpropanoid biosynthesis genes and amino acid biosynthesis pathways,
in accordance with the findings from Liu et al. [163]. Likewise, phenylpropanoid biosyn-
thesis was the most enriched pathway in both differentially expressed genes (DEGs) and
abundant metabolites (DAMs) among all salt stress responses in barley rootzones [171].
In the Arthrobacter nitroguajacolicus-inoculated wheat roots treated with 200 mM NaCl,
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8 genes responsible for Fe uptake, and 2 phosphatase-encoding genes were upregulated,
as well as the upregulation of several transporter genes which were in charge of ions,
sugars, oligopeptide, and amino acids transports [172].

On the one hand, PGPR influence the expression patterns in the host plants. On the
other hand, changes in their transcriptome in response to their colonized plants were also
recorded [173]. During the interaction with the host plant, 2 genes ilvB and PPYC1_23850
related to Aux biosynthesis, 3 genes belonging to cell motility category (e.g., fliG, fliH, fliF),
31 genes related to transport proteins including 16 genes belong to ATP-binding cassette
(ABC), and 3 genes associated with a major facilitator superfamily (MFS) in P. polymyxa
YC0136 were significantly upregulated [163]. It was thought that root exudates from
tobacco attracted P. polymyxa YC0136 and may play roles as nutrients source for the growth
of YC0136 strain. This explained the upregulation of numerous transport and cell motility
genes in the bacterium. In response to host rice seedlings, Bacillus subtilis OKB105 also
altered its transcriptomic patterns, in which 52 genes related to nutrients transport and
metabolism were upregulated, suggesting the bacterium used carbohydrates and amino
acids secreted by rice seedlings as carbon and energy sources. In contrast to the data in [163],
many genes involved in chemotaxis and motility, however, were downregulated [173].

In summary, plants and PGPR influence each other in a mutualistic relationship.
Regarding plant resistance to salinity, the microbes regulate the WRKY and MYB TFs which
are widely distributed in higher plants. Subsequently, these master regulators will regulate
the expression of their key downstream stress responsive genes. The plants, in turn, provide
nutrients via root exudates for the growth of the microbes. This interaction benefits plants
in non-stress conditions, and also in environmental challenging conditions.

5. Promise, Limitations, and Future Directions

Considerable PGPB-related studies that have been carried out in the last decades
help to improve our knowledge concerning advantageous characteristics of PGPB, in both
basic and applied aspects. However, most studies focused on estimating the parameters
in vegetative growth stage, but rarely on evaluating the parameters that are related to
reproductive stage such as GW and FW, numbers of flower, numbers of seed, fruit per
plant, and plant yield. We found a scarcity of studies that evaluated beneficial effects
of PGPB on attenuating yield loss and on improving nutrient values. In our opinion,
this could be one of the main drawbacks of PGPB-related studies thus far if we consider the
improvement of crop yields, productivity, and the quality of fruit/grain under high saline
conditions to be our main goal in plant agriculture studies. In addition, in some studies,
the lack of important measurements regarding ion contents, ROS levels, phytohormone
concentrations, and electrolyte leakage in many studies make them difficult to evaluate
the overall effects of PGPB on plants. Furthermore, the short exposure of plants to salinity
in some studies unlikely reflects the real situation in fields where a variety of biotic and
abiotic stresses endures simultaneously and lasts permanently.

The recognition of PGPR as safe, efficient, and appropriate bioinoculants for agri-
cultural practice is widely accorded. However, the primary mechanisms employed by
PGPR to promote plant defense against salt stress need to be deeply unraveled, especially
changes in both Omics profiles (e.g., proteomics, transcriptomics, and metabolomics) in
the treated plants and in the microbes during interaction with their hosts. In addition,
the highly genetic variations of plants and PGPR are useful traits in coping with diverse
environmental issues. However, this attribute also makes the reproducibility from previous
studies’ findings challenging. As discussed in the present review, the patterns of ROS
quencher in PGPR-treated plants exhibited great differences from case to case mainly
due to the genetic diversity. The synergistic and/or antagonistic effects between PGPR
in consortia on plant growth and defense system, which occur commonly in terrestrial
soil ecosystems, should also be thoroughly deciphered. Consequently, an integration of
Omics technologies and systems biology should be considered in future studies to provide

81



Int. J. Mol. Sci. 2021, 22, 3154

broader picture and more detailed information concerning plant–microbe interactions in a
more complex scenario.

Author Contributions: Conceptualization, D.M.H.-T. and T.T.M.N.; Visualization, T.T.M.N.; Writing—
Original draft preparation, D.M.H.-T., T.T.M.N., E.H., S.-H.H., and C.-C.H.; Writing-Revised manuscript
D.M.H.-T.; Supervision, C.-C.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

Abbreviations

A. aneurinilyticus Aneurinibacillus aneurinilyticus
ABA Abscisic acid
ABC ATP-binding cassette
A. brasilense Azospirillum brasilense
A. calcoaceticus Acinetobacter calcoaceticus
ACC 1-aminocyclopropane-1-carboxylate
ALA 5-aminolevulinic acid
Alg Alginate
A. macrostachyum Arthrocnemum macrostachyum
A. protophormiae Arthrobacter protophormiae
APX Ascorbate peroxidase
ASC Ascorbate
Aux Auxin
B. aquimaris Bacillus aquimaris
B. gibsonii Bacillus gibsonii
B. iodinum Brevibacterium iodinum
B. megaterium Bacillus megaterium
B. pumilus Bacillus pumilus
BR Brassinosteroids
B. safensis Bacillus safensis
B. subtilis Bacillus subtilis
CA Citric acid
Car Carotenoids
CAT Catalase
C. gleum Chryseobacterium gleum
Chl Chlorophyll
CK Cytokinins
DHAR dehydroascorbate reductase
DPPH 2,2-diphenyl-1-picryl-hydrazyl-hydrate
E. aurantiacum Exiguobacterium aurantiacum
EL Electrolyte leakage
EPS Exopolysaccharide
ETC Electron transport chains
Fdox Oxidized ferredoxin
FDred Reduced ferredoxin
FD Fruit diameter
FL Fruit length
FLA Flavonoids
FLI Feather lysate inoculum
FMY Fruit marketable yield
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FW Fruit weight
FY Fruit yield
GA Gibberellins
GLVs Green leaf volatiles
GP Germination percentage
G-POD Guaiacol peroxidase
GPr Grain protein
GR Glutathione reductase
GRA Germination rate
gs Stomatal conductance
GSH Glutathione
GST Glutathione-S-transferase
GW Grain weight
GY Grain yield
H2O2 Hydrogen peroxide
IAA Indole-3-acetic acid
ISR Induced systemic resistance
JA Jasmonates
K Potassium
K. sacchari Kosakonia sacchari
L. adecarboxylata Leclercia adecarboxylata
LP Lipid peroxidation
MA Malic acid
MDA Malondialdehyde
MDAR monodehydroascorbate reductase
Mel Melatonin
MeSA Methyl salicylate
MFS Major facilitator superfamily
M. oleivorans Microbacterium oleivorans
N Nitrogen
N/A Not available
NF Number of fruits per plant
NL Number of leaves per plant
NT Number of tillers per plant
O2

•− Superoxide radical
OS Osmolytes
P Phosphate
PAs Polyamines
P. agglomerans Pantoea agglomerans
PAL Phenylalanine ammonia lyase
P. argentinensis Pseudomonas argentinensis
P. azotoformans Pseudomonas azotoformans
P. putida Pseudomonas putida
PCs Phenolic compounds
P. fluorescence Pseudomonas fluorescence
PGPR Plant growth- promoting rhizobacteria
PH Plant height
PHE Phenols
PhoPs Photosynthetic pigments
Pn Net photosynthetic rate
POD Peroxidase
PPs Polyphenols
PPO Polyphenol oxidase
P. putida Pseudomonas putida
Pro Proline
PSI Photosystem I
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P. yonginensis Paenibacillus yonginensis
RDW Root dry weight
RFW Root fresh weight
RL Root length
R. massiliae Rhizobium massiliae
ROS Reactive oxygen species
RWC Relative water content
SA Salicylic acid
SAM S-adenosyl-L-methionine
SDM Water-soluble dry matter
SDW Shoot dry weight
SFW Shoot fresh weight
Sid Siderophore
SL Shoot length
S. maltophilia Stenotrophomonas maltophilia
SNP Sodium nitroprusside
SOD Superoxide dismutase
SpDW Spike dry weight
StDW Stem dry weight
StFW Stem fresh weight
SVI Seedling vigor index
SW Seed weight
SY Seed yield
Tchl Total chlorophyll
TCP Tocopherol
TFs Transcription factors
TLA Total leaves area per plant
TPDW Total plant dry weight
TPFW Total plant fresh weight
Tr Transpiration rate
Tre Trehalose
TSS Total soluble sugar
X. autotrophicus Xanthobacter autotrophicus
Y Yield
Z. halotolerans Zhihengliuella halotolerans

References

1. de Lima-Neto, A.; Cavalcante, L.; Mesquita, F.d.O.; Souto, A.d.L.; dos Santos, G.; dos Santos, J.; de Mesquita, E. Papaya seedlings
irrigation with saline water in soil with bovine biofertilizer. Chil. J. Agric. Res. 2016, 76, 236–242. [CrossRef]

2. Reints, J.; Dinar, A.; Crowley, D. Dealing with Water Scarcity and Salinity: Adoption of Water Efficient Technologies and
Management Practices by California Avocado Growers. Sustainability 2020, 12, 3555. [CrossRef]

3. Tri, D.Q.; Tuyet, Q.T.T. Effect of Climate Change on the Salinity Intrusion: Case Study Ca River Basin, Vietnam. J. Clim. Chang.
2016, 2, 91–101. [CrossRef]

4. Gondek, M.; Weindorf, D.; Thiel, C.; Kleinheinz, G. Soluble Salts in Compost and Their Effects on Soil and Plants: A Review.
Compost Sci. Util. 2020, 28, 59–75. [CrossRef]

5. Rasool, S.; Hameed, A.; Azooz, M.; Muneeb-u-Rehman; Siddiqi, T.; Ahmad, P. Salt Stress: Causes, Types and Responses of Plants.
In Ecophysiology and Responses of Plants under Salt Stress; Ahmad, P., Azooz, M., Prasad, M., Eds.; Springer: New York, NY, USA,
2013; ISBN 978-1-4614-4747-4.

6. Attia, H.; Alamer, K.; Ouhibi, C.; Oueslati, S.; Lachaâl, M. Interaction Between Salt Stress and Drought Stress on Some Physiological
Parameters in Two Pea Cultivars. Int. J. Bot. 2020, 16. [CrossRef]

7. Maathuis, F.; Amtmann, A. K+ Nutrition and Na+ Toxicity: The Basis of Cellular K+/Na+ Ratios. Ann. Bot. 1999, 84, 123–133.
[CrossRef]

8. Bernstein, N.; Meiri, A. Root Growth of Avocado is More Sensitive to Salinity than Shoot Growth. J. Am. Soc. Hortic. Sci. 2004,
129, 188–192. [CrossRef]

9. Neves, G.; Marchiosi, R.; Ferrarese, M.; Siqueira-Soares, R.; Ferrarese-Filho, O. Root Growth Inhibition and Lignification Induced
by Salt Stress in Soybean. J. Agron. Crop Sci. 2010, 196, 467–473. [CrossRef]

10. Kafi, M.; Rahimi, Z. Effect of salinity and silicon on root characteristics, growth, water status, proline content and ion accumulation
of purslane (Portulaca oleracea L.). Soil Sci. Plant Nutr. 2011, 57. [CrossRef]

84



Int. J. Mol. Sci. 2021, 22, 3154

11. Fita, A.; Rodríguez-Burruezo, A.; Boscaiu, M.; Prohens, J.; Vicente, O. Breeding and Domesticating Crops Adapted to Drought
and Salinity: A New Paradigm for Increasing Food Production. Front. Plant Sci. 2015, 6. [CrossRef]

12. Wang, W.; Vinocur, B.; Altman, A. Plant responses to drought, salinity and extreme temperatures: Towards genetic engineering
for stress tolerance. Planta 2003, 218, 1–14. [CrossRef]

13. Jha, S. Chapter 14: Transgenic Approaches for Enhancement of Salinity Stress Tolerance in Plants. In Molecular Approaches in Plant
Biology and Environmental Challenges; Singh, S., Upadhyay, S., Pandey, A., Kumar, S., Eds.; Energy, Environment and Sustainability;
Springer Nature Singapore Pte Ltd.: Singapore, 2019; ISBN 978-981-15-0690-1.

14. Kaya, C.; Kirnak, H.; Higgs, D.; Saltali, K. Supplementary calcium enhances plant growth and fruit yield in strawberry cultivars
grown at high (NaCl) salinity. Sci. Hortic. 2002, 93, 65–74. [CrossRef]
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Abstract: Soil salinity is one of the most limiting stresses for crop productivity and quality worldwide.
In this sense, jasmonates (JAs) have emerged as phytohormones that play essential roles in mediating
plant response to abiotic stresses, including salt stress. Here, we reviewed the mechanisms underlying
the activation and response of the JA-biosynthesis and JA-signaling pathways under saline conditions
in Arabidopsis and several crops. In this sense, molecular components of JA-signaling such as MYC2
transcription factor and JASMONATE ZIM-DOMAIN (JAZ) repressors are key players for the JA-
associated response. Moreover, we review the antagonist and synergistic effects between JA and
other hormones such as abscisic acid (ABA). From an applied point of view, several reports have
shown that exogenous JA applications increase the antioxidant response in plants to alleviate salt
stress. Finally, we discuss the latest advances in genomic techniques for the improvement of crop
tolerance to salt stress with a focus on jasmonates.

Keywords: salt stress; jasmonates; jasmonate signaling pathway; crosstalk; exogenous jasmonate
applications; GWAS

1. Introduction

Salinity is a serious hazard for agriculture since most of the crop plants are salt-
sensitive [1]. Current data show that global soil salinization increased by more than 100
Mha between 1986 and 2016 and it is expanding on a global scale, approximately at a
rate of 2 Mha per year [2]. Thus, the future of food supplies for animals and humankind
is threatened [3]. Natural processes such as geological deposits due to parent rock con-
stituents, salinized groundwater, marine transgressions, storm flood events, tsunamis,
and recurrent drought events and the general increase in temperature [4,5] cause soil salin-
ization. Unfortunately, human interventions have also promoted the increment of saline
lands. Wrong irrigation practices, poor drainage conditions [6], the use of fertilizers [7],
mismanagement of treated wastewater [8], industrial [9], and mining operation effluents
enriched with a salt contribute to the salinity increment in the soil and water [10].

Under salt stress conditions, physiological and metabolic activities are impaired by
osmotic-, ionic-, and oxidative stresses, nutritional imbalance, or a combination of these
factors [11]. In fact, plant growth and development are limited by salt stress due to the
negative influences through the ionic and osmotic components on various biochemical reac-
tions and physiological processes such as photosynthesis, antioxidant metabolism, mineral
nutrient homeostasis, osmolyte accumulation, and hormonal signaling [12]. Most species,
including crops, activate tolerance mechanisms only after exposure to salt stress. Acti-
vation of the tolerance program drives plants to acclimatize under the saline condition
and involves altered physiological responses, redirection of metabolism, reinforcement of
defense and repair, and changes in developmental programs to adapt morphological and

93



Int. J. Mol. Sci. 2021, 22, 3082

anatomical characteristics [1,13]. Complex coordination of several signaling pathways is
needed to activate the plant responses to salt stress. Phytohormone-mediated signaling,
for instance, is crucial in the induction of gene networks related to salt tolerance [14].

Among abiotic stress-related hormones, abscisic acid (ABA) is well known to be the
key phytohormone in endogenous signaling that allows plants to survive adverse environ-
mental conditions [15]. The role of ABA for salinity adaptation has long been intensively
studied and documented [16–18]. More recently, the biological relevance of jasmonate
(JA) and its derivatives in the induction of tolerance to abiotic stresses has been demon-
strated [19–21]. JAs are critical signaling molecules in various development and defense
processes of plants [22,23] and play essential roles in plant response to salt stress [24–26].
Similar to ABA, accumulation of JAs has been reported in salt-tolerant crops compared
to sensitive cultivars [27]. Salt stress has been observed to cause increased levels of JA in
leaves and roots and the induction of JA biosynthesis-related genes [28–30]. In addition,
exogenous application of JA significantly reduces the Na+ ion content in salinity-tolerant
rice and wheat [27,31] and recovers salt-induced defects in seedling development and
photosynthetic activity [32,33]. All this evidence is highly correlated with a positive role
of JA in the plant response to salt stress. JA-crosstalk with other phytohormones has
aroused the interest of researchers since the interaction among multiple plant hormone
signaling integrates environmental and development cues. In this sense, JA has been
proposed as a core signal in the phytohormone signaling network [34] because it regulates
the balance between plant growth and defense [35,36]. The JA signaling components
JASMONATE ZIM-DOMAIN (JAZ) and MYC2 have been identified as the main nodes in
the orchestration of JA interplay with other hormone signaling pathways [37,38]. How-
ever, the cross-coordination between JA and the other phytohormone is far from being
completely understood.

Currently, many strategies have been implemented to obtain tolerant plants to salt
stress including classical plant breeding and genetic engineering approaches [39]. However,
the complexity of the salt tolerance trait requires more in-depth studies to be understood.
Exploring germplasm that possesses genetic variability across a wide spectrum of salt
tolerance-related traits could provide valuable information. The study of biparental map-
ping populations and diversity panels has allowed the discovery of beneficial genetic
variants (or alleles) that can be examined for traits that have significant components of
salt stress tolerance and their associated quantitative trait loci (QTL) [40]. The analysis of
these traits by phenotyping and genotyping techniques could reveal new insights into the
biological mechanisms underlying the salt tolerance phenotypes [41]. A widely employed
approach to identify the association between each genotyped marker and a phenotype of
interest that has been scored across several individuals is the genome-wide association
study (GWAS) [42]. It offers some advantages such as more accurate positioning and map-
ping, simultaneous assessments of multiple alleles at a locus, no requirement for linkage
group construction [43,44] and can serve as a basic experiment to identify candidates for
mutagenesis and transgenics [45].

With the possibility of performance-specific and predictable genetic modifications
through genome (or gene) editing (GE) tools, the information obtained by GWASs becomes
more valuable for plant breeding and crop improvement efforts. Among GE methods,
the CRISPR-Cas9 system has been used to enhance salt tolerance in some crops like rice and
tomato [46,47]. Given that JA regulates processes associated with growth, development,
and salt response, the components of JA-biosynthesis, metabolism, and signaling can be
targets for phytohormone engineering to produce salt-resilient crops with high yields.
Furthermore, increased knowledge of the signals and molecular mechanisms involved
in the plant salinity response would pave the path to obtain salt-tolerant crops without
productivity penalties.

In this review, we update the information of the role of JA in the salt stress response,
mainly in the topics related to JA-crosstalk with other phytohormones in salinity conditions,
although limited information about JA-crosstalk during salt stress is available, here we
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bring together the latest studies on this topic. Finally, we reviewed the use of genome-
associated tools to improve salt tolerance by manipulation of JA signaling.

2. Jasmonate Metabolism, Signaling, and Response during Salt Stress

2.1. JA Biosynthesis, Signaling, and Catabolism

The JA hormones have traditionally been studied in several plant species in the
regulation of aspects regarding development, metabolism, and adaptation to biotic stress.
However, JAs have lastly been associated with plant responses to several abiotic stresses,
adding to JAs extra functions in plant adaptation [20,48]. The JA pathway consists mainly
of the JA-associated biosynthesis, signaling, catabolism, and response. According to the
information obtained in Arabidopsis, JAs are oxylipins, which biosynthesis begins in the
plastids. The α-linolenic acid fatty acid, produced by the action of A1-type lipases (PLIP and
PLA1), is transformed into several intermediates by reactions catalyzed by 13-lipoxygenase
(13-LOX), allene oxide synthase (AOS), and allene oxide cyclase (AOC), leading to 12-oxo-
phytodienoic acid (OPDA) [49,50]. OPDA is translocated to the peroxisome where 12-oxo-
phytodienoate reductase 3 (OPR3) and several β-oxidation cycles give rise to jasmonic
acid (JA) [51]. The biosynthesis of methyl jasmonate (MeJA) and jasmonoyl-isoleucine
(JA-Ile) from JA is catalyzed by jasmonic acid methyltransferase (JMT) [52] and jasmonic
acid-amide synthetase 1 (JAR1) [53], respectively. Meanwhile, the reconversion of MeJA
and JA-Ile to JA is catalyzed by methyl jasmonate esterase (MJE) [54] and JA-Ile hydrolase
1 (JIH1) [55], respectively.

The JA-Ile molecule is the bioactive JA responsible for the activation of JA responses [56].
The physiological effects mediated by JA-Ile require activation of the JA signaling path-
way, which has been well characterized in Arabidopsis [57]. The F-box CORONATINE
INSENSITIVE1 protein (COI1) is part of the Skp-Cullin-F-box-type E3 ubiquitin ligase
complex (SCFCOI1) and together with JAZ proteins form the JA-Ile receptor [58–62]. In Ara-
bidopsis, when JA-Ile level is low, JAZ proteins repress MYC transcriptional activity by
recruiting NOVEL INTERACTOR OF JAZ (NINJA) and TOPLESS corepressors [63,64]
and by obstructing the association of the coactivator protein mediator complex subunit
25 (MED25) with the transcription initiation complex [65–67]. However, once the JA-Ile
level rises, it mediates the COI1-JAZ interaction leading to JAZ proteins ubiquitination
and degradation by the 26S proteasome. Then, MYC2 and additional transcription factors
(TFs) induce the expression of early JA-responsive genes such as JAZs, MYCs, and JA
biosynthetic ones [58,68]. MYC2 is a key transcription factor in the JA pathway and acts as
a regulatory hub for several biotic and abiotic stress-related responses. Its homologs, MYC3,
MYC4, and MYC5, also act alternatively in the JA pathway in Arabidopsis [57,69,70]. MYC2
contains a conserved basic helix-loop-helix (bHLH) domain [71], which is required to form
homo- or heterodimers with MYC3 and MYC4 [69], although the strongest activation of
JA-regulated genes is provided by the MYC2 tetramer [72]. The basic region of MYC2
protein is involved in binding to the sequence 5′-CACGTG-3′, known as G-box, which is
present in the MYC2 target promoters [73]. The G-box contains many other variants and
weaker binding sequences [74,75]. Furthermore, MYC2 N-terminal contains a putative
transcriptional activation domain (TAD) [69], and a JAZ interaction domain (JID) through
which interacts with the C-terminal Jas domain of JAZ proteins [58,69]. In several JA-
dependent functions, MYC2 regulates many secondary TFs by binding to their promoters,
which, in turn, activate downstream gene promoters, creating a hierarchical transcriptional
network of JA-mediated response [76–78].

Recently, an OPR3-independent pathway for JA synthesis has been described.
Chini et al. [79] isolated and characterized the complete knockout mutant of the opr3-
3 allele. Similar to wild-type (WT) plants, the opr3-3 mutants were resistant to necrotrophic
pathogens and insect feeding and activated COI1-dependent JA-mediated gene expression.
Through OPDA derivatives analysis the 4,5-didehydro-JA (4,5-ddh-JA) was identified to
act as a precursor for JA and JA-Ile biosynthesis in OPR3 absence. The authors demon-
strated that in the lack of OPR3, OPDA could enter the peroxisomal β-oxidation pathway
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to produce 4,5-ddh-JA, which after leaving the peroxisome, is reduced by the cytosolic
12-oxo-phytodienoate reductase 2 (OPR2). This pathway takes place naturally in WT plants
and is maximized in the opr3 mutant [79].

Together with JA biosynthetic and signaling genes, the JA-Ile catabolic genes are
strongly coregulated indicating the importance to maintain JA homeostasis [80]. There are
two JA-catabolic pathways: one is defined by CYP94B3/B1 and CYP94C1, members of
the cytochrome P450 enzymes of the subfamily 94 (CYP94) [81–83], and the other one
involves the IAA-alanine resistant 3 (IAR3) and IAA-amino acid hydrolase ILR1-like 6
(ILL6) enzymes, members of the amidohydrolase (AH) family [84]. CYP94B3 and CYP94B1
are JA-Ile ω-hydroxylases that generate 12OH-JA-Ile, and CYP94C1 catalyzes a more
complete JA-Ile oxidation to 12COOH-JA-Ile [82]. Meanwhile, IAR3 and ILL6 prompt JA-Ile
to deactivate by deconjugation reactions [55]. All these enzymes diminish specifically JA-Ile
hormone pools to weaken JA signaling as many loss and gain-of-function experiments have
demonstrated [85]. The proper regulation and termination of JA-mediated processes are
essential to avoid the harmful metabolic effects of a JA amplified response trigger by biotic
and abiotic stress. However, it is necessary to highlight that lately, a role of 12OH-JA-Ile in
JA signaling has been described [86,87]. Exogenous application of 12OH-JA-Ile mimicked
several JA-Ile effects including JA-marker gene expression, anthocyanin accumulation,
and trichome induction in Arabidopsis [86]. In silico and in vitro assays showed that 12OH-
JA-Ile could interact with some COI1-JAZs coreceptors and function as an active jasmonate
signal, but more weakly comparing with JA-Ile. It has been proposed that after a strong
immune response mediated by JA-Ile, 12OH-JA-Ile modulates JA-Ile activated processes
contributing to wound and defense plant response [87].

In Figure 1, a schematic diagram of the biosynthesis, signaling, and catabolism of JAs
is presented.

Figure 1. Overview of the jasmonate (JA) pathway including the major molecular players involved in biosynthesis, signaling,
and catabolism. Black, blue, and green fonts show the main metabolites, enzymes, and proteins, respectively, for each
section of the pathway. Scheme made based on [49,58,80]. For more details, see the text.

2.2. Salt Stress and JA Response

Earlier reports have shown the induction of some JA biosynthetic genes in Arabidopsis
roots under salt stress conditions [88,89]. In sweet potato, Zhang et al. [90] studied the
root transcriptomes of a salt-sensitive variety and a salt-tolerant line revealing a signifi-
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cant upregulation of the genes involved in the JA biosynthesis and signaling pathways
under salt stress. The upregulation in the salt-tolerant line was greater than the sensitive
line indicating the essential role of JA in the response of sweet potato to salt stress [90].
The Arabidopsis lipoxygenase3 (LOX3) was dramatically induced under salt treatment and
the lox3 mutant exhibited salt hypersensitivity. The lox3 mutant salt sensitivity phenotype
was rescued by the MeJA application indicating the association between JA and salt tol-
erance [91]. The TaAOC1 gene from bread wheat responds to salinity and its constitutive
expression in both bread wheat and Arabidopsis enhanced their level of tolerance to salt
stress [92]. On the contrary, the impaired function of AOC in the OPDA-deficient rice
ALLENE OXIDE CYCLASE mutants (cpm2 and hebiba) conferred salt tolerance [93]. It is not
clear what causes this tolerance, the lack of JA or JA-Ile, or the absence of their precursor
12-OPDA [19].

Several studies in Arabidopsis have demonstrated the essential role of MYC2 in salt
response mediated by JA signaling [94,95]. The salt and ABA inducible gene responsive to
dehydration 22 (RD22) is regulated by MYC2. The RD22 promoter region contains the MYC
and MYB recognition sites [96] and the AtMYC2 and AtMYB2 TFs specifically interact with
them, respectively. The atmyc2 mutant and MYC2 overexpressing (OE) plants treated with
ABA showed different RD22 expression levels, the latter increased the RD22 expression at
low ABA concentration (500 nM) while the former increased RD22 expression at higher
ABA concentration (1 μM) [94]. MYC2 also has an important role in the activation of JA
signaling by salt stress on the inhibition of cell elongation in Arabidopsis primary roots [95].
Additionally, the salt stress-mediated activation of MYC2 by the MAPK cascade regulates
the proline biosynthesis through the delta1-pyrroline-5-carboxylate synthase1 (P5CS1)
gene, which is a rate-limiting enzyme in the proline biosynthesis pathway [97]. Moreover,
Seo et al. [98] demonstrated that the E3 ubiquitin ligase PLANT U-BOX PROTEIN 10
(PUB10), which regulates MYC2 stability [99], positively regulates salt and osmotic stress
tolerance during seed germination. It was suggested that PUB10 acts as a negative regulator
of ABA signaling through MYC2 and participates in the fine-tuning of ABA signaling and
JA crosstalk in the abiotic stress tolerance in plants [98].

In turn, COI1, a core component of the JA-Ile coreceptor [59], is essential for JAZ
transcript upregulation in the roots during the response to salt stress [95]. The JAZ up-
regulation mediated by salt stress in a COI1-dependent manner observed in the roots
is likely to follow the canonical JA signaling pathway [100], with proteasome-mediated
degradation of JAZ proteins. In this sense, JAZ proteins, the negative regulators of JA
signaling, play an important role in the plant response to salt stress. Several JAZ homol-
ogous genes were upregulated by NaCl treatment in cotton, Arabidopsis roots, tomato,
and wheat [95,101–103]. Moreover, the OsJAZ9 overexpression in rice resulted in a higher
tolerance to salt stress [104] mainly through regulating the expression of ion transporters
for K+ homeostasis [105]. Similarly, enhancing the expression of OsJAZ8 transcripts as-
sured better performance of transgenic rice lines under salt stress [106]. Furthermore,
the rice nuclear factor, RICE SALT SENSITIVE3 (RSS3), forms a ternary complex with
class-C bHLH TFs and JAZ proteins and regulates root cell elongation during adaptation to
salinity [107]. Remarkably, JAZ genes from Glycine soja (GsJAZ2), Malus domestica (MdJAZ2),
Triticum durum (TdTIFY11a), and Pohlia nutans (PnJAZ1) introduced in Arabidopsis, granted
greater tolerance to salinity [103,108–110]. The introduction of GaJAZ1 from Gossypium
arboreum into Gossypium hirsutum (upland cotton) significantly increased salt tolerance in
upland cotton compared to the WT strain. GaJAZ1-transgenic and WT plants showed
many differentially expressed genes involved in JA signaling and biosynthesis, salt stress,
and other hormone pathways. In GaJAZ-OE plants, the expression level of JAZ1/3/6/8
and JAZ10 were upregulated without NaCl treatment compared to the WT, but under
salt conditions they were first downregulated (after 6 h and 12 h of treatment) and then
upregulated again (24 h of treatment), indicating a sophisticated regulation of these genes
in GaJAZ1-OE plants. Moreover, MYC2 was significantly upregulated while JAR1 was
downregulated in GaJAZ1-OE plants. JA biosynthesis was also affected in GaJAZ1-OE
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plants since various JA synthesis-related genes (e.g., LOXs, AOS, AOC4, and JMT) changed
their expression compared to the WT. Additionally, several salt stress-related genes encod-
ing for a vacuolar-associated protein (VSR1), an osmotic protein (OSM34), and a plasma
membrane ion exchanger (CHX18) among others showed significant downregulation re-
sulting in the accumulation of osmolytes that protect the plant from salt stress damage.
Furthermore, some phytohormone-related genes besides JA-related genes reprogrammed
their expression in GaJAZ1-OE plants compared to the WT including those related with
ethylene- (ACS, ERF2, and ERF4); ABA- (ABR1, ABA2, CBF4, and RD26); and auxin- (GH3.6)
pathways. In general, these results suggested that ectopic overexpression of GaJAZ1 affects
JA-related genes to increase salt tolerance in G. hirsutum plants albeit it also depends on
other factors including hormone-crossing signal and salt-inducible genes [111].

Recently, JA-Ile catabolic genes have also been related to salt stress tolerance. Thus,
OsCYP94C2b overexpression enhanced the viability of the transgenic rice under saline
conditions and delayed the salt stress-induced leaf senescence [112]. Similarly, a higher
CYP94C2b expression has been observed in some salt-tolerant rice varieties indicating that,
at least in part, CYP94C2b may account for salt tolerance [113]. Hazman et al. [85] analyzed
the accumulation of JAs and catabolic compounds in leaves from salt-exposed and control
seedlings. OPDA and JA levels were increased by NaCl (100 mM) at most time evaluated
points. Correspondingly, the JA-Ile catabolites 12OH-JA-Ile and 12COOH-JA-Ile were
enhanced in response to salt exposure. Then, they explored the rice CYP94 and AH gene
families and examined the transcriptional response of a gene subset under salt exposure.
Among the evaluated CYP94 genes, only OsCYP94C2a was induced by salt stress while the
transcripts of the AH genes fluctuated marginally. Apparently, OsCYP94C2a is the main
player of JA-Ile oxidation upon salt stress in rice [85,112,113].

The apparent incongruity in the JA contribution to salt adaptation due to the positive
effects of JA exogenous application (see Section 4), the upregulation of JA biosynthesis,
and the induction of negative regulators of JA signaling and JA-Ile catabolism, indicates
that timing and control of JA are maybe more important than its presence or absence [19,24].
Thus, detailed studies are required to reveal the underlying mechanism of efficient fine-
tuning of jasmonate signaling in salt adaptation. Table 1 summarizes the findings regarding
the main molecular components of the JA pathway associated with salt tolerance.

It is necessary to highlight that JA does not work independently in the improvement of
plant tolerance to salt stress. Instead, its tightened coordination with other phytohormone
signaling pathways allows the expression of multiple genes and flux of various metabolic
pathways to adjust plant response to stress severity, specifically, in the appropriate time
and tissue [18,34].
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3. Crosstalk between JA and Other Plant Hormones during Salt Stress

In JA signaling, the proteins MYC, JAZ, and COI1 have been established as the core of
the pathway and have been pointed to serve as a link between different hormone signal-
ing [116]. Thus, the JA crosstalk with other phytohormones involves these components.

3.1. JA and ABA

Several studies have reported the combined action of JA and ABA in the plant response
to salt stress. Although an earlier study described that ABA and JA antagonistically regulate
the expression of transcripts inducible by salt stress in rice (Oryza sativa) [28], in more recent
studies the synergistic action of both phytohormones has been observed. For instance,
the application of ABA together with different concentrations of JA activated the protection
mechanism against NaCl-associated stress in strawberry plants (Fragaria × ananassa) [117].
Likewise, ABA and JAs had a synergistic effect on the inhibition of seed germination under
salinity conditions [110]. Moreover, Yang et al. [118] confirmed the cooperation between JA
and ABA in the tolerance to salt stress mediated by phytochromes. Albeit the evidence of
the concerted action of JA-ABA, the cross-coordination that exists between their signaling
pathways is just beginning to be understood [119].

MYC2 seems to be an essential point for JA-ABA crosstalk as demonstrated in several
studies. Accordingly, MYC2-OE Arabidopsis plants and the myc2 mutant show boosted
and decreased ABA sensitivity, respectively [94,120]. Additionally, the expression of the
salt- and ABA-responsive gene RD22 is promoted by MYC2 [94,96]. MYC2 and ABI5 (a
transcription factor activated by the ABA signaling pathway) are modulated at the protein
level through MED25, which is a multifunctional subunit of the Arabidopsis mediator com-
plex [121]. In turn, the ABA receptor PYL6 directly interacts and alters the transcriptional
activity of MYC2 [122]. Meanwhile, PYL4 is involved in the coregulatory effects of ABA
and JA on plant growth and metabolism [123]. Furthermore, the induction of MYC2 by
ABA seems to depend on the JA-Ile COI1 receptor according to Lorenzo et al. [120]. Re-
cently, it has been reported that the application of ABA to strawberry plantlets involves the
upregulation of the MYC2 gene (FabHLH80) from 0.5 to 12 h post-treatment [124].

Some studies highlight the importance of JAZ proteins as key nodes of JA-ABA
crosstalk. The ubiquitin ligase E3 KEEP ON GOING (KEG), a known ABI5 repressor in the
ABA signaling pathway, directly interacts with JAZ12 and modulates its stability [125]. Fur-
thermore, JAZ3 interacts with ABI5 in vivo and represses its transcriptional activity [126].
The overexpression of PnJAZ1 (isolated from the moss P. nutans) in Arabidopsis plants inhib-
ited the expression of genes of the ABA-dependent pathway related to seed germination
and shoot growth under high salt conditions [110]. Furthermore, the transcription factor
GbWRKY1 (from Gossypium barbadense) negatively regulated ABA signaling through an
interaction network involving JAZ1 and ABI1 (the negative regulator of ABA signaling),
in the response to salt and drought stress [115]. The evidence demonstrates the role of JAZs
in the response to salt stress and JA-ABA crosstalk, however, the mechanisms of action in
which these proteins participate in salt tolerance remain to be fully elucidated.

3.2. JA and Other Phytohormones

The nature of jasmonate crosstalk with other phytohormones in salt stress cannot be
clearly described due to limited experimental data. At the molecular level, little is known
about the convergence points of JA signaling and other phytohormone pathways. Due to
the well-established central role of ABA under abiotic stress, more evidence of JA-ABA
crosstalk is available [19]. In recent years, the crosstalk among different phytohormone
mediating salt stress responses has been described [18]. However, it is necessary to deepen
the JA crosstalk with other phytohormones to regulate salt stress tolerance in plants.

3.2.1. JA and Ethylene (ET)

JA–ET crosstalk can be complex and depends on the specific situation. A synergistic
effect has been observed in promoting leaf senescence [127,128], but antagonistic interac-
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tion was found in controlling apical hook curvature [129]. JA–ET interactions in response
to pathogen infections, herbivore attacks, and environmental stress are context-specific.
The ET-stabilized transcription factor ETHYLENE-INSENSITIVE3 (EIN3) physically in-
teracts with MYC2 and inhibits its DNA binding activity attenuating JA-regulated plant
defense against generalist herbivores [129]. Since the jaz decuple mutant showed robust ac-
tivation of insect and fungal pathogen defenses, the JA–ET crosstalk seems to be mediated
via EIN3/ETHYLENE INSENSITIVE 3-like 1 (EIL1) along with JAZs-MYC2 [35]. The two
TFs ETHYLENE RESPONSE FACTOR1 (ERF1) and OCTADECANOID-RESPONSIVE ARA-
BIDOPSIS AP2/ERF 59 (ORA59) were previously implicated in integrating JA and ET
signaling in Arabidopsis [130,131]. Recently, a new convergence-point of JA–ET signaling
has been reported. OsLOX9, a JA biosynthetic pathway-related gene, is regulated by
OsEIL1 in response to piercing-sucking insect attacks [132].

In salt stress, the synergistic activation of the Arabidopsis ERF1 by JA and ET is required
for inducing tolerance [133]. Moreover, a rice root-specific pathogenesis-related protein
(RSOsPR10), induced by high salt and other abiotic stresses, promotes root growth and
root mass increasing salt tolerance [134]. JA and ET also induce RSOsPR10, while sali-
cylic acid (SA) almost completely suppresses its induction [135,136]. JA-inducible and
OsERF87-dependent expression of RSOsPR10 were strongly repressed by the SA-inducible
OsWRKY76 transcription factor [137]. As OsERF87 and OsWRKY76 bind at the RSOsPR10
promoter, they antagonistically regulate RSOsPR10 expression. This mechanism represents
a fine-tuning balance between JA/ET and SA signaling in plants under environmental
challenges. The description of the molecular components of the synergistic JA–ET crosstalk
in the regulation of RSOsPR10 expression requires investigation. Another gene activated
by salt stress and treatment with MeJA or ethephon (an ethylene releasing compound) is
GmCYP82A3, a gene from the soybean CYP82 family. Transgenic Nicotiana benthamiana
plants overexpressing GmCYP82A3 exhibited strong pathogen resistance and enhanced
salinity tolerance. Besides, an increased expression of the JA/ET signaling pathway-related
genes was observed in the transgenic plants [138]. How GmCYP82A3 is involved in JA–ET
crosstalk under salt stress could be an interesting topic to be approached.

3.2.2. JA and SA

The JA–SA antagonism is well known in plant defense pathways and key components
of JA–SA crosstalk have been identified. Recently, many of the molecular components
in the JA–SA crosstalk that regulate the plant immune network at transcriptional and
protein levels are reviewed by Aerts et al. [139]. Among them, MAPKs are involved in the
convergence of these phytohormone pathways [140–142]. AtMPK4 negatively regulates
the activation of SA- and the repression of JA-mediated defenses under biotic stress [140].
Besides, MPK4 positively regulates the glutaredoxin GRX480 in the SA signaling pathway
and negatively regulates MYC2 in the JA signaling pathway, which is necessary for JA
responsive genes (PDF1.2 and THI2.1) [100]. SA-induced NON EXPRESSOR OF PR GENE
(NPR1) activates GRX480, which can block the JA response gene expression mediated
by TGA (a D group of Arabidopsis bZIP TFs), confirming SA–JA antagonism [143]. Addi-
tionally, SA-induced protein kinase (SIPK) and wound-induced protein kinase (WIPK),
which are rapidly activated after perception of herbivory, regulate herbivory-induced JA
levels and JA-mediated defense metabolite accumulations. WIPK-signaling is associated
with large fitness costs in competing Nicotiana attenuata plants, while SIPK acts as an im-
portant regulator of plant fitness, possibly modulating SA-JA crosstalk through ethylene
signaling [142].

The role of JA and SA in salt stress tolerance has been explored previously [144],
but their relationship under salinity is not well known yet. Several reports show that SA
and JA can alleviate the hazardous effect of salt stress on plants. In strawberry, improved
physiological characters such as increased antioxidant activity and a reduced Na+/K+ ratio
were observed on MeJA and SA treatments [145]. Likewise, soybean performance under
salinity was improved by foliar spraying of JA and SA [146]. Treatment of soybean plants
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with SA plus JA stimulated H+-ATPase activity of tonoplast, nutrient uptake, and salt toler-
ance [147]. Additionally, exogenous applications of JA and SA decreased the concentration
of Na+ in soybean under different salt stress levels [148]. Moreover, MeJA treatment can
protect plants from salt-induced damage by acting role as an antioxidant and cooperating
with SA [149]. All the evidence invites a deepening in the JA–SA interplay under salinity
conditions for identifying the molecular components of their crosstalk.

3.2.3. JA and Gibberellins (GA)

JA and GA signaling pathway interaction has been described that occurs by the key
GA signaling proteins DELLAs and JAZs since they directly interact [150]. The JAZ–
DELLA interaction would interfere with the inhibition of MYC2 by JAZ proteins resulting
in the activation of MYC2 downstream genes. In presence of GA, DELLA proteins are
degraded and JAZs bind MYC2 to inhibit JA signaling [150,151]. On the other hand,
the della mutant is less sensitive to the plant growth inhibition mediated by JA suggesting
that JA delays the degradation of DELLA mediated by GA [152]. Curiously, JA signaling
upregulates the transcription of RGL3, a DELLA gene, which the promotor is a target
of MYC2 [153]. Additionally, RGL3 physically interacts with JAZ1 and JAZ8 [64,153]
suggesting the JA-mediated degradation of JAZ1 and consequent release of MYC2 to induce
the RGL3 expression, which in turn binds the non-JA degradable JAZ8 enhancing the MYC2-
dependent JA responses [153]. Recently, it was reported that JA and GA synergistically
promote fiber cell initiation of cotton (G. hirsutum) possibly mediated by the GhJAZ3 and
GhSLR1 (a DELLA protein) interaction [154].

The interplay of JA and GA under salt conditions has not been studied in depth.
However, there is evidence that in salt-stressed plants of basil (Ocimum basilicum) the GA
concentration significantly decreased and in non-stressed plants treated with JA. Stressed
plants treated with JA also showed a significant decrease in GA concentration [155] showing
the antagonistic effect of JA in the GA level under salt stress. The effects of the combination
of MeJA and NaCl treatment on the growth regulation and defense response of Nitraria
tangutorum, a desert halophyte, have been recently investigated [156]. Compared with
NaCl treatment alone, MeJA treatment aggravated the growth inhibition of seedlings
by antagonizing growth-related hormones like GA. It was demonstrated that the tran-
script levels of GA-responsive genes NtPIF3, NtGAST1, and NtGSAT4 were suppressed by
MeJA [156]. More studies are needed to find out the components of JA–GA crosstalk under
saline conditions.

3.2.4. JA and Cytokinin (CK)

Interactions between JA and CK could grant some developmental flexibility under
stress conditions since they mediate stress response and developmental processes. Al-
though there are scarce reports on JA–CK crosstalk, some data indicate that their inter-
action could be negative or positive [157,158]. Antagonistic effects of JA and CK have
been observed in different processes such as senescence, photosynthesis, RNA and pro-
tein synthesis, and vascular formation [157,159–161]. In contrast, a positive interplay
between these phytohormones in delaying senescence of the Iris flower (Iris × hollandica)
has been reported [158]. Moreover, CK treatments promoted gene expression of JA-amino
synthetase in Arabidopsis and tomato plants [162] suggesting an interaction between the
JA–CK pathway.

Recently, Avalbaev et al. [163] demonstrated the influence of exogenous MeJA on
endogenous CK content in wheat plants under normal and salinity conditions. Low concen-
trations of MeJA (0.01–1 μM) increased wheat seedling growth while higher concentrations
(10 and 100 μM) inhibited it. The hormonal balance of wheat seedlings was shifted by
exogenous application of 0.1 μM MeJA. In response to salt stress, MeJA-untreated wheat
plants increased the ABA level and gradually decreased indole acetic acid (IAA) and CK
contents. Meanwhile, MeJA-pretreated seedlings were characterized by a diminution of
ABA accumulation and IAA decreased level induced by salinity. Noticeably, a salinity-
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induced decline in the CK content was completely preventive by MeJA, which eventually
resulted in the maintenance of the wheat seedlings growth rate under salt stress. It was
suggested that MeJA application influences CK metabolism since cytokinin oxidase (CKX)
gene expression and enzyme activity decreased after 1 h of MeJA treatment [163]. CKX cat-
alyzes the degradation of CKs and controls the CK content in plants [164]. Similar results
were obtained on almond rootstocks when MeJA application (0.025–0.05 mM) increased
CK concentration in the leaf due to restriction of CKX activity and its gene expression [165].
MeJA-induced protection against salinity was found to be reached by modulating the ac-
tivity of the antioxidant system and accumulation of osmoprotectants [165,166]. However,
the mechanism by which exogenous MeJA mitigates the effect on the growth of salt-stressed
plants as a result of the inhibition of CK decline under salt stress is largely unknown.

3.2.5. JA and Auxin (AUX)

The JA–AUX crosstalk was early reported by the identification of the auxin-resistant1
(axr1) mutants with altered jasmonate responsive gene expression [167]. Moreover, a link
between JA signaling and AUX homeostasis was evidenced through the JA-mediated
modulation of YUCCA8 and YUCCA9 gene expression, which are involved in AUX biosyn-
thesis [168]. JA and AUX interaction also involves the ETHYLENE RESPONSE FACTOR109
(ERF109) during JA-induced lateral root formation [169]. Recently, Xu et al. [170] reviewed
the novel progresses on the integration of JA and ethylene into AUX signaling in regulating
root development of Arabidopsis thaliana [170]. Besides, Zhang et al. [171] provided an
example of metabolic-level crosstalk between the JA and AUX signaling pathways by
demonstrating that wounded leaves JA-inducible amidohydrolases (ILR1, ILL6, and IAR3)
contribute to regulate active IAA and JA-Ile levels, promoting AUX signaling while attenu-
ating JA signaling [171].

The transcription factor WRKY57, which is upregulated by IAA, but downregulated
by JA, has been described as a convergence node of JA and IAA-mediated signaling.
The JAZ4/8 and IAA29 (an AUX/IAA protein) repressors of JA and IAA signaling, re-
spectively, have an opposite function in WRKY57 regulation since both competitively
bind WRKY57 during JA-induced leaf senescence in Arabidopsis [172]. In earlier work,
Jiang et al. [173] found that the Arabidopsis adt mutant, which is constitutive to expressing
the WRKY57 gene, exhibited drought, osmotic, and salt tolerance. The enhanced tolerance
of the adt mutant to these stresses was associated with an increment of ABA content con-
sistently with the upregulation of RD29A, NCED3, and ABA3 genes. It was demonstrated
that WRKY57 could directly bind the W-box of RD29A and NCED3 promoter sequences,
suggesting that WRKY57 could regulate their expression. Since WRKY57 is regulated by
JAZ4/8 and IAA29 repressors [172], it could be interesting to evaluate their role in the
plant response to salt stress. Perhaps, it would shed light on the JA–AUX interplay under
salinity conditions.

The main molecular/physiological effects related to phytohormone crosstalk are
summarized in Table 2.
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Table 2. Molecular and physiological effects of the jasmonate (JA) crosstalk with abscisic acid (ABA), ethylene (ET), salicylic
acid (SA), gibberellins (GA), cytokinin (CK), and auxin (AUX) in different plants under salt stress conditions. For more
details, see the text.

Crosstalk Molecular/Physiological Effects Species References

JA-ABA

JA and ABA applications in conjunction activate the antioxidant
mechanism against salt stress Fragaria × ananassa [117]

Synergistic effect on the inhibition of seed germination under
salinity conditions Arabidopsis thaliana [110]

Synergism in the salt tolerance mediated by phytochrome
A and B Nicotiana tabacum [118]

JA–ET

Synergistic upregulation of AtERF1 required to induce
salt tolerance A. thaliana [133]

Synergistic upregulation of RSOsPR10 which promotes root
growth and increases salt tolerance Oryza sativa [136]

Synergistic upregulation of GmCYP82A3 which enhances
salinity tolerance

Glycine max
Nicotiana benthamiana [138]

JA–SA

Methyl jasmonate (MeJA) and SA application increases
antioxidant activity and reduced the Na+/K+ ratio F.× ananassa [145]

JA and SA application protects plants from salt-induced
damage and improves plant performance under salt conditions G. max [146]

JA and SA application stimulates H+-ATPase activity of
tonoplast, nutrient uptake, and salt tolerance G. max [147]

JA-GA
JA application decreases GA content in salt-stressed plants Ocimum basilicum [155]

MeJA application suppresses the transcript levels of the
GA-responsive genes NtPIF3, NtGAST1, and NtGSAT4 Nitraria tangutorum [156]

JA-CK
MeJA application prevents the salinity-induced decline of

endogenous CK by reducing the cytokinin oxidase enzymatic
activity and its related gene expression

Triticum aestivum
Prunus dulcis [163]

JA-AUX
An opposite function of JAZ4/8 and IAA29 repressors on the
regulation of WRKY57. Constitutive activation of WRKY57 in

adt mutant confers salt tolerance
A. thaliana [172,173]

4. Effects of JA-Exogenous Applications for Improving Salt Stress Tolerance

Exogenous jasmonate applications have effects on different physiological aspects,
including protection against biotic and abiotic stresses [174–176]. Methyl jasmonate (MeJA)
application induces protection against oxidative stress as has been reported in different
species and conditions [176–179].

In Arabidopsis thaliana, the total activities of catalase (CAT), peroxidase (POD/POX),
superoxide dismutase (SOD), and glutathione reductase (GR) increased considerably in
response to MeJA [180]. In crops, such as strawberry, MeJA applications during the
preharvest period increase the anthocyanin and ascorbic acid contents, CAT, and ascorbate
peroxidase (APX) activities in fruits at postharvest storage [176]. In this sense, increased
activity of the antioxidant enzymes, together with higher levels of antioxidant compounds,
as a result of MeJA treatment reinforces the antioxidant response of plants to reactive
oxidative species (ROS) caused by abiotic stresses, like high salt.

From a physiological point of view, salt stress increases free proline content, pho-
torespiration, and stomatal resistance among others, while decreasing net photosynthetic
rates, transpiration, protein, and relative water content (RWC) [181,182]. Pretreatment with
0.1 mM MeJA helps the pea seedlings to counteract the salt stress since RWC and protein
content of the treated seedlings were higher in comparison to NaCl-treated seedlings.
Moreover, MeJA-treated pea seedlings present a decrease of Na+ and Cl− accumulation
in the shoot [183]. In another experiment, pretreatment with 0.1 mM MeJA for 3 days
before salt treatment diminished the inhibitory effect of NaCl on the rate of 14CO2 fixa-
tion, and activity and content of ribulose-1,5-bisphosphate carboxylase/oxygenase [184].
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Additionally, in rapeseed (Brassica napus), exogenously applied MeJA counteracted the
inhibitory effects of NaCl by increasing RWC, soluble sugar content, and photosynthesis
rate [174]. The application of 0.25 mM MeJA was the most effective treatment to enhance
salt tolerance at a concentration of 60 mM NaCl in strawberry (F. × ananassa ‘Camarosa’)
seedlings [145]. In almond rootstocks, application of MeJA in optimal concentrations of
0.025–0.05 mM alleviated the adverse effect of salt stress by increasing the photosynthetic
rate, activity of antioxidant enzymes (APX, SOD, and POX), root and shoot dry mass,
and cell membrane integrity [165]. Alleviation of moderate salinity (40 mM NaCl) by foliar
application of 5 mM MeJA has also been reported in broccoli [185]. Pretreatment of cowpea
seeds with 0.05 mM MeJA improves plant tolerance to salt stress [186].

In other plants, like Limonium bicolor, which is a typical recretohalophyte with salt
glands in the epidermis, 300 mM NaCl led to a dramatic inhibition of seedling growth that
was significantly alleviated by the application of 0.03 mM MeJA, resulting in biomass close
to that of plants not subjected to salt stress [187]. Even in high salt concentrations such
as 500 mM NaCl, MeJA applied at 0.1 mM has a protective role in the defense response
of Robinia pseudoacacia especially with a marked increase in the activity of antioxidant
enzymes and related gene expression [188]. In another study, foliar applications of 0.5 mM
MeJA increased the essential oil content and the antioxidant activities of basil (O. basilicum
‘Genove’) on 30 mM NaCl and have noticeable effects on the main components of the
oils [189]. In Glycyrrhiza uralensis exposed to 100 mM NaCl, 0.025 or 0.05 mM MeJA
increased the root length of salt-stressed G. uralensis seedlings but decreased root diameter,
stem length, and stem diameter, enhancing peroxidase activity and ascorbate content [190].

In wheat seedlings, NaCl salt stress caused a significant increase in the malondi-
aldehyde (MDA) content and H2O2 concentrations and a concomitant decrease in SOD,
POD, CAT, and APX activities. Exogenous JA pretreatment (2 mM) combined with NaCl
treatment (150 mM) produced a significant decline in MDA and H2O2 concentrations and
an increase in SOD, POD, CAT, and APX activities. Moreover, a marked upregulation of
SOD, POD, CAT, and APX genes was observed in the JA–NaCl combined treatment in
comparison to NaCl treatment alone. Additionally, exogenous JA remarkably increased
glutathione (GSH) concentration in wheat seedlings treated with NaCl and decreased the
deleterious effect of salt stress on the growth of wheat [31]. These results indicate that
exogenous JA can effectively scavenge ROS by enhancing the activities of antioxidant en-
zymes and the concentration of antioxidant compounds in wheat seedlings under salt stress
and consequently play an important role in decreasing lipid peroxidation and increase the
ability of wheat to resist salt stress [31].

In roselle (Hibiscus sabdariffa), the exogenous JA treatment protected roselle seedlings
against salt-induced harms through enhancing the activities of both enzymatic and non-
enzymatic antioxidants, such as APX, pyrogallol peroxidase (PPX), and PPO, and the
accumulation of metabolites non-reducing sugars, total phenols, anthocyanins, flavonoids,
and proline. The JA-treated roselle exhibited a significant increase in growth parameters
under salt conditions compared to the WT [191]. In forage sorghum (Sorghum bicolor), at a
high salinity level (200 mM), seeds treated with 10 mM JA showed a positive effect on
various growth and physiological parameters such as emergence percentage, emergence
rate, shoot length, total fresh weight, salt tolerance index, and total chlorophyll among
others [192]. Similarly, seed priming and foliar application with JA enhanced salinity stress
tolerance of soybean (Glycine max) seedlings. Improved water and osmotic potentials,
water use efficiency, net photosynthetic, transpiration rate, stomatal conductance, and total
chlorophyll content were observed in JA-primed and treated soybean seedlings compared
to the untreated ones. Besides, JA treatment resulted in a reduction of Na+ concentration
and an increment of K+ concentrations in the leaf and root of the analyzed cultivars despite
salinity stress [193].

Although the exogenous application of JA and its derivates constitute a suitable
approach to improve the plant response to salt stress, this strategy has some limitations.
Due to the JA–SA antagonism during the plant defense response [194], an increment in
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JA content by its exogenous application will negatively affect the SA-mediated response
to biotrophic pathogens. In addition, JA can inhibit plant growth by reprogramming
plant metabolism to produce diverse defense compounds [35], thus the growth-defense
trade-off is also an issue. Moreover, the high economic cost of MeJA application in field
treatments [176] could prevent its use to mitigate the salt-induced damage in crop plants.
It is necessary to keep in mind that the activation of JA-beneficial effects in plant response
to salt stress depends on the JA levels and therefore, field experiments will be required to
analyze the cost-effective JA doses for exogenous applications.

5. Application of Genome-Associated Tools for Salt Tolerance Mediated by JA

Salt stress tolerance is a complex trait regulated by polygenes [195]. In this context,
QTL mapping and GWASs provide a suitable opportunity to identify genes responsible for
quantitative trait variation such as salt tolerance. In this regard, genetic factors associated
with salt stress have been previously investigated in several crops, such as rice [41,196,197],
barley [198,199], wheat [200,201], chickpea [202], sesame [203], cotton [204,205], and soy-
bean [206].

GWAS and QTL mapping have been implemented to identify the genetic factors
involved in both osmotic and ionic components of salinity stress. A typical GWAS workflow
to identify genes related to salt stress (and genes conferring salt tolerance) in crops is
represented in Figure 2. Four main steps can be distinguished: (1) plant genotyping;
(2) plant phenotyping based on morphological and physiological traits related to salt stress;
(3) identification of marker–trait associations (MTAs); and (4) identification of candidate
genes involved in the salt stress response. A diverse panel is genotyped using DNA
markers, i.e., single nucleotide polymorphisms (SNPs), diversity arrays technology (DArT),
or RNA-sequencing (RNA-seq) for the identification of genetic variants that affect the gene
expression level in a specific tissue. Parallelly, this panel is phenotyped for different traits
regarding the objectives of the study. In the context of salt stress in plants, the phenotyping
is generally carried out considering several morphological and physiological traits, such as
leaf area, root and shoot dry weight, seed germination rate, salt stress index (SSI), Na+/K+

ratio, chlorophyll content, and MDA, and, remarkably, changes in the phytohormone levels
such as JAs. Particularly, these traits are evaluated in plants or seedlings that have been
subjected to salt treatment. Subsequently, the genotypic and phenotypic data are combined
to associate alleles with particular traits using classical GWAS models, which significantly
detect molecular markers associated with the studied traits. Posteriorly, the MTAs can
serve as a starting point for the mining of candidate genes. Gene Ontology (GO) annotation
of the putative candidate genes can be carried out using BLAST tools.

In a GWAS for salt tolerance (or salt stress), the candidate genes are usually associated
with gene annotations, such as abiotic stress-related, anion transport, Ca+ binding and sig-
naling, phytohormone response elements, and others [207–209]. In this way, many TFs and
downstream genes related to phytohormones biosynthesis and signaling have been charac-
terized, including ABA, SA, JA, ET, and others considered as growth promotion hormones,
including AUX, GA, and brassinosteroids [41,205,209–213]. Additionally, the candidate
genes associated with salt stress or tolerance can be validated by quantitative reverse
transcription PCR (RT-qPCR) analysis.
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Figure 2. Genome-wide association study (GWAS) pipeline to identify jasmonate pathway-associated genes involved in
the salt stress response and salt tolerance in crops. GBS, SSI, GLM, and MLM correspond to genotyping by sequencing,
salt stress index, general linear model, and mixed linear model, respectively. For more details, see the text.

To our knowledge, several studies have analyzed the JA response to different stresses,
but few have explored JA-dependent genetic mechanisms taking into account natural
genetic variation. To et al. [214] performed a GWAS to identify genetic variants associated
with exogenous JA treatment responses in rice. They found a high natural variability for
the shoot and root growth (in a panel of 150 rice accessions) in response to JA treatment.
This GWAS revealed about 230 candidate genes, including several JA-responsive TFs
known to play a stress response role. Several GWASs have elucidated the participation
of JA in salt tolerance in plants. In this sense, Li et al. [203] reported potential candidate
genes related to drought and salt-induced stress in sesame. In this GWAS, the SiOPR3 gene
(detected for drought stress in sesame) is the ortholog of the Arabidopsis OPR3 gene an
essential component of the JA biosynthesis.

Besides, Rohila et al. [41] detected several candidate genes associated with seedling
stage salt tolerance by the GWAS approach in a rice core-collection. Particularly, one SNP
(on chromosome 3) was located close to the ALLENE OXIDE CYCLASE 1 (AOC1) gene.
This gene has been related to salt and other abiotic stresses, and it is a key gene in the
JA biosynthetic pathway in Arabidopsis [215]. Yuan et al. [205] combined the association
mapping and RNA-seq analyzes to explore candidate genes for salt-tolerance in cotton at
the germination stage. At least nine genes were associated with signaling or a response
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to signal factors, such as SA, GA, and JA. In other GWASs, genes related to the JA biosyn-
thesis and signaling pathways have been indirectly identified, in which upstream genes
from the JA signaling events and JA-regulated genes during salt stress were detected.
For instance, An et al. [216] carried out a GWAS to identify associations conferring salt
tolerance in rice. In this study, a significant SNP for seedling length was located on the
promoter of a salt stress-related gene (RSOsPR10), which has been proposed to be induced
by biotic and abiotic stresses, via the JA signaling pathway [135]. Sun et al. [204] reported
DNA polymorphisms associated with salt tolerance candidate genes at the cotton seedling
stage. Additionally, the expression levels of six genes were reported using salt-tolerant
and salt-sensitive varieties. Interestingly, the expression of Gh_A10G1756, a homolog of
the Arabidopsis CALCIUM-DEPENDENT PROTEIN KINASE 1 (AtCPK1) gene, had higher
expression in the salt-sensitive than salt-tolerant types [204]. The AtCPK1 gene medi-
ates pathogen resistance in Arabidopsis and plays a positive role in salt/drought-stress
response [217]. According to Coca and San Segundo [218], AtCPK1-OE plants showed
activation of two components of the chloroplastic pathway for JA biosynthesis (AOS and
AOC genes), which could support the idea that JA is a key element for triggering different
responses to salt stress in plants. Patishtan et al. [208] implemented a GWAS using a
diversity panel of 306 rice accessions treated with different salt concentrations. The au-
thors characterized more than 30 candidate genes for short, medium, and long-term NaCl
treatment. Notably, among these genes, a DNA polymorphism was associated with the
WRKY70 gene, which plays a pivotal role in an antagonistic interaction between SA and JA
responses [210,219].

Due to the above-mentioned studies, GWAS and association studies have successfully
identified many novel genes associated with traits of interest. These findings will be useful
towards the developing of varieties tolerant to salt stress, using new genomic techniques,
such GE; an aspect that has not been addressed in depth. In this sense, GE systems
provide the ability to modify genes and generate new possibilities for crop improvement
precisely. The RNA-guided CRISPR/Cas9 technology is simple to use across different
genome editing technologies [220] and has been generally used in major crops such as
wheat [221], maize [222], soybean [223], and many others. Even more, the highly efficient
multiplex editing toolkit based on an intron-optimized zCas9i gene, which allows assembly
of nuclease constructs expressing up to 32 sgRNAs [224], can enable simultaneously
targeting of multiple independent loci to generate complex genotypes or to functionally
interrogate groups of candidate genes such as those involved in phytohormones signaling.

To improve the salt tolerance in crops employing the CRISPR/Cas9 system with a
focus on phytohormones, an example is the targeting of the OsRR22 gene, which encodes a
transcription factor involved in CK signaling, which has effectively enhanced salt tolerance
in rice [46]. Recently, Liu et al. [225] enhanced drought tolerance in tomato (Solanum lycop-
ersicum) by CRISPR/Cas9 targeted mutagenesis of the SlLBD40 gene. SlLBD40 encodes an
organ boundaries domain transcription factor, which is highly induced by polyethylene
glycol (PEG), salt, and MeJA treatments. The analysis of the SlLBD40 expression in the
jasmonic acid-insensitive1 (jai1) mutant (a mutant in the JA-Ile tomato receptor COI1) and
MYC2-silenced plants demonstrated that SlLBD40 depends on JA signaling for its activation
and it might be downstream of SlMYC2 [225]. The previous works offer a good background
for targeting key components of the JA pathway to obtain high salinity tolerance in crops
using GE tools.

6. Concluding Remarks

Besides the role of development and abiotic stress responses, the jasmonate pathway is
certainly involved in plant salt stress responses. Several JA-biosynthetic genes are induced
under salt stress, although the lack of jasmonates is also related to this tolerance. Key JA-
associated molecular components such as the transcription factor MYC2 and the repressor
JAZ seem to be crucial in salt tolerance. Remarkably, overexpression of JAZ genes confers
salt tolerance in transgenic plants. Regarding phytohormone crosstalk between JA and
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others in a salt stress context, certainly, more information exists about JA-ABA crosstalk,
focused on MYC2 and JAZ interactions with the ABA signaling-components.

In terms of future applied perspectives, on the one hand, several reports demonstrate
the positive effects of JA exogenous applications on the physiological status against salt
stress. It should be considered as complementary crop management to face not only salinity-
derived damages but also all abiotic stresses in a global change framework. On the other
hand, genomic tools such as GWAS could help to reveal several JA pathway-associated
genes that can serve as a guide in breeding programs and targets in genome editing systems,
such as CRISPR/Cas9, to get salt-resistant crops. Surely, the next years will be promising
in discoveries and applications related to the role of jasmonates against salt stress in plants.
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Abstract: Soil salinity is a serious menace in rice production threatening global food security. Rice
responses to salt stress involve a series of biological processes, including antioxidation, osmoregula-
tion or osmoprotection, and ion homeostasis, which are regulated by different genes. Understanding
these adaptive mechanisms and the key genes involved are crucial in developing highly salt-tolerant
cultivars. In this review, we discuss the molecular mechanisms of salt tolerance in rice—from sens-
ing to transcriptional regulation of key genes—based on the current knowledge. Furthermore, we
highlight the functionally validated salt-responsive genes in rice.
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ion homeostasis

1. Background

Soil salinity is one of the most significant abiotic stresses hampering plant growth
and development, which ultimately translates to reduced crop yield. Soil salinization
is exacerbated by excessive use of chemical fertilizers and soil amendments, improper
drainage, and seawater ingress. It is estimated that over 6% of the world’s total land area is
salt affected, of which over 12 million hectares are irrigated lands posing a serious threat to
irrigated agriculture [1].

Rice, being one of the most important staple crops in the world, is crucial for food
security in many Asian countries. However, it is the most salt-sensitive cereal crop, with
varying responses at different growth stages [2]. It is relatively salt-tolerant at the germina-
tion, active tillering, and maturity stages, whereas it is highly sensitive at the early seedling
and reproductive stages [1]. Salt sensitivity during the seedling stage often translates
to reduced stand density in salt-affected paddies [3]. Meanwhile, sensitivity during the
reproductive stage results in yield reduction, as attributed to spikelet sterility [4,5]. Hence,
understanding how rice responds to salt stress is crucial in developing rice cultivars that
could withstand salt stress.

Salinity imposes two major stresses in rice, (i) osmotic stress, and (ii) ionic stress.
Osmotic stress is characterized by hyperosmotic soil solution disrupting cell turgor, similar
to drought’s effect. In contrast, ionic stress is characterized by altered Na+ and K+ concen-
trations inside the cell, disrupting many biological processes [1]. Both osmotic and ionic
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stresses are perceived by membrane-bound cytosolic sensors that relay the stress signals to
secondary messengers. In turn, the secondary messengers activate the protein phosphory-
lation cascades required for signal transduction pathways to develop salt-tolerant adaptive
traits. In general, osmotic stress triggers the plant for stomatal closure, inhibiting shoot
elongation. This ultimately results in reduced overall shoot growth, and, to a lesser extent,
reduced root growth [6]. Meanwhile, ionic stress inhibits enzyme activity and therefore
disrupts many biological processes, such as nitrogen metabolism [7,8]. Excess uptake of
Na+ ions changes the NH4

+ assimilation pathway, weakens the glutamate synthase path-
way, and elevates the glutamate dehydrogenase pathway, impacting leaf senescence [8].
Thus, plants develop several adaptive mechanisms—namely, Na+ efflux from the roots to
the rhizosphere, Na+ sequestration into the vacuole, and Na+ loading and unloading at the
xylem—to avert the deleterious effect of Na+ ions in the cytosol. These mechanisms are
mediated by several ion transporters coupled with H+-pumps.

In the last decades, a large number of salt-responsive genes have been functionally
validated in rice (Table 1). However, the overall gene regulatory network of rice responses
to salt stress remains elusive. In this review, we aim to discuss the current research progress
in gene regulatory networks involved in the development of salt tolerance adaptive mech-
anisms in rice. We also highlight the key genes involved in salt stress sensing, signaling,
transcriptional regulation, and genes encoding downstream functional molecules.

Table 1. List of functionally validated candidate genes involved from sensing to development of salt tolerance adaptive
mechanisms in rice.

Gene Name Gene ID Functional Annotation Method of Validation * Regulation Role References

Osmosensing

SIT1 LOC_Os02g42780 lectin receptor-type protein kinase Knockdown
Overexpression – [9]

Signaling

OsCam1-1 LOC_Os03g20370 Calmodulin Overexpression + [10]

OsCPK4 LOC_Os02g03410

CAMK_CAMK_like.12—
Ca2+/calmodulin-dependent protein

kinase(CAMK) includes
calcium/calmodulin dependent

protein kinases

Knockdown
Overexpression + [11]

OsCDPK7 LOC_Os04g49510
CAMK_CAMK_like.27—CAMK

includes calcium/calmodulin
dependent protein kinases

Overexpression + [12,13]

OsCPK12 LOC_Os04g47300
CAMK_CAMK_like.26—CAMK

includes calcium/calmodulin
dependent protein kinases

Overexpression + [14]

OsCPK21 LOC_Os08g42750
CAMK_CAMK_like.37—CAMK

includes calcium/calmodulin
dependent protein kinases

Overexpression + [15,16]

OsCIPK15 LOC_Os11g02240
CAMK_Nim1_like.4—CAMK
includes calcium/calmodulin

dependent protein kinases
Overexpression + [17]

OsCIPK31 LOC_Os03g20380
CAMK_Nim1_like.2—CAMK
includes calcium/calmodulin

dependent protein kinases
Mutant + [18]

OsMAPK5 LOC_Os03g17700
CGMC_MAPKCGMC_2_ERK.2—

CGMC includes CDA, MAPK, GSK3,
and CLKC kinases

Knockdown
Overexpression + [19]

OsMAPK33 LOC_Os02g05480

CGMC_MAPKCMGC_2_SLT2y_ERK.1—
includes cytidine deaminase (CDA),
glycogen synthase kinase 3 (GSK3),
mitogen-activated protein kinase

(MAPK), and CLKC kinases

Knockdown
Overexpression – [20]

OsMKK1 LOC_Os06g05520 MAPK Knockdown + [21]

OsMKK6 LOC_Os01g32660 STE_MEK_ste7_MAP2K.2—
STE kinases Overexpression + [22]

OsMaPKKK63 LOC_Os01g50370 STE_MEKK_ste11_MAP3K.4—
STE kinases Knockdown – [23]
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Table 1. Cont.

Gene Name Gene ID Functional Annotation Method of Validation * Regulation Role References

Transcriptional regulation

OsDREB1A LOC_Os09g35030 Dehydration-responsive element
(DRE)–binding protein Overexpression + [24]

OsDREB1D LOC_Os06g06970 DRE–binding protein Overexpression + [25]
OsDREB1F LOC_Os01g73770 DRE–binding protein Overexpression + [26]

OsDREB2A LOC_Os01g07120 APETALA2 (AP2) domain
containing protein Overexpression + [27,28]

OsDREB2B LOC_Os05g27930 AP2 domain containing protein Overexpression + [29]
OsAP23 LOC_Os03g05590 AP2 domain containing protein Overexpression – [30]
OsAP37 LOC_Os01g58420 AP2 domain containing protein Overexpression + [31]

OsSTAP1 LOC_Os03g08470
APETALA2/ethylene responsive

factor (AP2/ERF)-type
transcription factor

Overexpression + [32]

OsDREB6 LOC_Os09g20350 ERF transcription factor Knockdown
Overexpression + [33]

SERF1 LOC_Os05g34730 ERF020- transcription factor Knockdown + [34]

OsERF922 LOC_Os01g54890 Ethylene-responsive transcription
factor 2

Knockdown
Overexpression – [35]

OsRAV2 LOC_Os01g04800 B3 DNA binding domain
containing protein Mutant + [36]

OsNAP LOC_Os03g21060 No apical meristem (NAM)protein Overexpression + [37]
ONAC022 LOC_Os03g04070 NAM protein Overexpression + [38]
ONAC045 LOC_Os11g03370 NAM protein Overexpression + [39]
ONAC063 LOC_Os08g33910 NAM protein Overexpression + [40]
ONAC106 LOC_Os08g33670 NAM protein Overexpression + [41]
OsNAC2 LOC_Os04g38720 NAM protein Overexpression + [42,43]

OsNAC5 LOC_Os11g08210 NAM protein Knockdown
Overexpression + [44,45]

OsNAC6/
SNAC2 LOC_Os01g66120 NAM protein Overexpression + [46,47]

SNAC1 LOC_Os03g60080 NAM, ATAF and CUC (NAC)
domain-containing protein 67 Overexpression + [48]

OsNAC10 LOC_Os11g03300 NAC domain transcription factor Overexpression + [49]
OsNAC041 - - Knockdown + [50]

OsMYB2 LOC_Os03g20090 Myeloblastosis (MYB) family
transcription factor Overexpression + [51]

OsMYB3R-2 LOC_Os01g62410 MYB family transcription factor Overexpression + [52]
OsMYB48-1 LOC_Os01g74410 MYB family transcription factor Overexpression + [53]

OsMPS LOC_Os02g40530 MYB family transcription factor Overexpression + [54]

OsMYB91 LOC_Os12g38400 MYB family transcription factor Knockdown
Overexpression + [55]

OsMYBc LOC_Os09g12770 Adenosine-thymine (AT) hook motif
domain containing protein Mutant + [56]

OsABF2 LOC_Os06g10880 Basic leucine-zipper (bZIP)
transcription factor Mutant + [57]

OsABI5 LOC_Os01g64000 bZIP transcription factor Overexpression – [58]
OsbZIP23 LOC_Os02g52780 bZIP transcription factor Overexpression + [59]

OsbZIP71 LOC_Os09g13570 CPuORF2—conserved peptide
uORF-containing transcript

Knockdown
Overexpression + [60]

OsHBP1b LOC_Os01g17260 Transcription factor Overexpression + [61]
DST LOC_Os03g57240 ZOS3-19—C2H2 zinc finger (ZF) protein Mutant – [62]

OsTZF1 LOC_Os05g10670 ZF CCCH type family protein Knockdown
Overexpression + [63]

ZFP179 LOC_Os01g62190 ZOS1-15—C2H2 ZF protein Overexpression + [64]
ZFP182 LOC_Os03g60560 ZOS3-21—C2H2 ZF protein Overexpression + [65]

ZFP185 LOC_Os02g10200 ZF A20 and AN1 domain-containing
stress-associated protein

Knockdown
Overexpression – [66]

ZFP252 LOC_Os12g39400 ZOS12-09—C2H2 ZF protein Knockdown
Overexpression + [67]

OsLOL5 LOC_Os01g42710 LSD1-like-type ZF protein Overexpression + [68]
OrbHLH001 LOC_Os01g70310 Inducer of CBF expression 2 Overexpression + [69]
OsbHLH035 LOC_Os01g06640 Basic helix-loop-helix (bHLH) Mutant + [70]

Oshox22 LOC_Os04g45810 Homeobox associated leucine zipper Mutant Overexpression – [71]

OsTF1L LOC_Os08g19590 Homeobox domain containing protein Knockdown
Overexpression + [72]

OsMADS25 LOC_Os04g23910 MADS-box family gene with
MIKCc type-box

Knockdown
Overexpression + [73]
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Table 1. Cont.

Gene Name Gene ID Functional Annotation Method of Validation * Regulation Role References

OsWRKY45 LOC_Os05g25770 WRKY45 Knockdown
Overexpression – [74]

Osmoprotection

OsBADH1 LOC_Os04g39020 Aldehyde dehydrogenase Knockdown;
Overexpression + [75,76]

OsTPP1 LOC_Os02g44230 CPuORF22—conserved peptide
uORF-containing transcript Overexpression + [77]

OsTPS1 LOC_Os05g44210 Trehalose-6-phosphate synthase Overexpression + [78]

OsTPS8 LOC_Os08g34580 Trehalose-6-phosphate synthase Mutant + [79]Overexpression

Osmoregulation

OsPIP1;1 LOC_Os02g44630 Aquaporin protein Overexpression + [80,81]
OsPIP2;2 LOC_Os02g41860 Aquaporin protein Overexpression + [80]

Stomatal Closure

LP2 LOC_Os02g40240 Receptor kinase Overexpression + [82]
OsSRO1c LOC_Os03g12820 ATP8 Mutant Overexpression + [83]

Antioxidation

OsCu/Zn-
SOD LOC_Os08g44770 Copper/zinc superoxide dismutase Overexpression + [84]

OsMn-SOD LOC_Os05g25850 Manganese superoxide dismutase Overexpression + [85]

OsAPx1 LOC_Os03g17690 Cytosolic Ascorbate Peroxidase
encoding gene 1-8 Overexpression + [86]

OsAPx2 LOC_Os07g49400 Cytosolic Ascorbate Peroxidase
encoding gene 4,5,6,8

Knockdown + [87]Overexpression
OsGR3 LOC_Os10g28000 Glutathione reductase Knockdown + [88]

OsTRXh1/
OsTrx23 LOC_Os07g08840 Thioredoxin Knockdown;

Overexpression – [89]

OsGRX8 LOC_Os02g30850 OsGrx_C8—Glutaredoxin
subgroup III

Knockdown;
Overexpression + [90]

OsGRX20 LOC_Os08g44400 Glutathione S-transferase Knockdown;
Overexpression + [91]

Na+ exclusion

OsHKT1;1 LOC_Os04g51820 Na+ transporter Natural variation + [92]
OsHKT1;4 LOC_Os04g51830 Na+ transporter Mutant – [93]
OsHKT1;5/

SKC1 LOC_Os01g20160 Na+ transporter Natural variation + [94]

OsSOS1 LOC_Os12g44360 Sodium/hydrogen exchanger 7 Mutant + [95]

Na+ compartmentation

OsNHX1 LOC_Os07g47100 transporter, monovalent cation:proton
antiporter-2 family Overexpression + [96]

OsVP1 LOC_Os01g68370 B3 DNA binding domain
containing protein Overexpression + [96]

K+ uptake

OsHAK1 LOC_Os04g32920 Potassium transporter Mutant and
overexpression + [97]

OsHAK5 LOC_Os01g70490 Potassium transporter Knockdown
overexpression + [98]

OsHAK16 LOC_Os03g37840 Potassium transporter Overexpression + [99]
OsHAK21 LOC_Os03g37930 Potassium transporter Knockdown + [100]

* + positive regulation; – negative regulation.

2. Salt Stress Sensing

Stress sensing is the first event in plant response to any abiotic stresses, mounting an
effective adaptive strategy. Under salt stress condition, it is presumed that osmotic and
ionic stresses are perceived by membrane-bound cytosolic sensors that ultimately trigger
early salt-stress signaling routes (Figure 1). However, the current knowledge of how rice
sense salt stress is still limited and therefore remains an open question.
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Figure 1. Salt sensing and signaling involved in rice responses to salt stress. Under high salinity, salt-induced osmotic stress
begins, which is sensed by putative osmosensor OsHK3b, activated by OsHpt2. SIT1 also acts as a sensor via elevated kinase
activity and induces reactive oxygen species (ROS) production and mitogen-activated protein kinase (MAPK) signaling. The
activity of SIT1 is deactivated by the B’κ-PP2A subunit. Later, ionic stress occurs and is sensed by an unknown Na+ sensor.
The Na+ enters the mature epidermal cell through nonselective cation channel (NSCC), causing membrane depolarization,
and is polarized by P-type ATPases. Excess salt triggers a spike in the concentration of cytosolic secondary messengers,
including Ca2+, reactive oxygen species (ROS), and phosphatidic acid (PA). ROS triggers Ca2+ influx through the cyclic
nucleotide-gated ion channel (CNGC), activated by an unknown molecule. Ca2+ not only decreases K+ efflux but also
induces further ROS accumulation; thus, a positive feedback loop exists between Ca2+ and ROS. The cytosolic Ca2+ also
induces vacuolar Ca2+ release and activates Ca2+-binding proteins, such as OsCIPK24-OsCBL4 complex. This complex,
together with MAPK, activated by phosphatidic acid, upregulates the OsSOS1 to remove cytosolic Na+. The vacuolar
OsNHX1 gene is activated by OsCPK21, whereas the V-type ATPase is activated by OsCIPK24, establishing a proton gradient
and driving the activity of OsNHX1.

2.1. Osmosensing

Sensing salt-induced osmotic stress is crucial in early signaling cascades to develop salt
tolerance adaptive traits, such as growth retardation, reduction in stomatal conductance,
and high abscisic acid (ABA)accumulation. However, little is known about the genetics
and physiology of how rice sense hyperosmotic stress.
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The transmembrane-protein-receptors, such as histidine kinases and receptor-like
kinases (RLKs), function in osmotic stress perception in rice. Histidine kinases perceive
osmotic fluctuations and relay the signal to response regulators via phosphotransfer, which
is mediated by histidine-containing phosphotransfer protein (HpT) [101]. The first evidence
of osmosensing function of histidine kinases was reported in Arabidopsis. The AtHK1, a
histidine kinase encoding gene, interacts with AtHPt1 and functions as an osmosensor
during both drought and salt stress [102,103]. The ortholog of AtHK1 in rice, OsHK3b,
interacts with OsHpt2 and acts as a putative osmosensor [101,104]. However, functional
evidence on its osmosensing role in rice is not yet reported.

The RLKs function in drought and salt stress sensing by transmitting signals to
downstream signaling pathways [105]. The rice Salt Intolerance 1 (SIT1), a lectin RLK
expressed mainly in root epidermal cells, acts as an upstream mediator of salt stress via
elevated kinase activity [9]. Recently, Zhao et al. [106] reported that SIT1 phosphorylates B’κ
at Ser402, which in turn promotes the assembly of B’κ-protein phosphatase 2A (B’κ-PP2A)
holoenzyme. The B’κ-PP2A subunit positively regulates salt tolerance by deactivating
the activity of SIT1 via dephosphorylation at the Thr515/516. SIT1 kinase activity in turn
activates the mitogen-activated protein kinase (MAPK) 3 and MAPK 6 [9]. Thus, it could
be pointed out that RLKs are important in MAPK cascade activation during osmotic stress.
However, the relationship between the RLKs and MAPKs needs to be further elucidated.

Ca2+ permeable stress-gated cation channels (OSCA) also act as hyperosmotic stress
sensors. The first evidence of the role of OSCA in osmosensing was reported in Arabidopsis
with the characterization of OSCA1. The OSCA1 gene forms a hyperosmolality-gated Ca2+

permeable channel during osmotic stress, thereby increasing the cytosolic free Ca2+ con-
centration [107]. The rice genome consists of 11 OSCA genes, of which seven (OsOSCA1.1,
OsOSCA1.2, OsOSCA2.1, OsOSCA2.4, OsOSCA2.5, OsOSCA3.1, and OsOSCA4.1) were
upregulated during salt-induced osmotic stress and may function as an osmosensor [108].
However, the Ca2+ conducting function of the rice OSCA genes in response to hyperosmotic
stress remains an open question.

2.2. Na+ Sensing

The molecular mechanism of Na+ transport in plants is well understood; however,
Na+ sensing remains elusive. It has been reported that the ion transporters at the plasma
membrane are potential Na+ sensors. For instance, the plasma membrane Na+/H+ an-
tiporter SOS1 (Salt Overly Sensitive 1) is thought to be involved in Na+ sensing [109]. It was
later proposed that only the long hydrophilic cytoplasmic tail of SOS1 could potentially
sense Na+ ions [110]. However, no research experiments have been undertaken to support
this hypothesis, and therefore it needs to be clarified. Moreover, it is unlikely that SOS1
functions as initial Na+ sensor since the SOS3/SOS2 complex regulates its activity. Na+ ions
could also be sensed either extracellularly and intracellularly by membrane receptors and
unknown cytosolic sensors, respectively [110]. In rice, it was suggested that the intracellu-
lar Na+ ions are sensed by an unknown cytosolic sensor based on the observed elevated
levels of free cytosolic Ca2+ ions in salt stressed plants. Thus, more research is required to
point out the identity of such cytosolic Na+ sensor [111].

3. Signal Transduction

During salt stress, plants transduce the early stress signals to different cellular ma-
chinery called signal transduction. In general, signal transduction starts right after stress
sensing, followed by the synthesis of secondary signaling molecules, such as Ca2+ and
reactive oxygen species (ROS) (Figure 1). The production of secondary signaling molecules
modulates the cytosolic Ca2+ concentration that binds to different protein kinases, such as
calmodulins (CaMs)/CaM-like (CML), calcium-dependent protein kinases (CDPKs), cal-
cineurin B-like interacting protein kinases (CIPKs), and MAPKs. As these protein kinases
lack enzymatic activity, they catalyze protein phosphorylation via a Ca2+-dependent man-
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ner, resulting in protein conformational change. Thus, protein phosphorylation cascades
mainly depend on the cytosolic Ca2+ concentration [112,113].

3.1. CaM/CML

CaM/CML proteins are important Ca2+ transducers in plant responses to abiotic
stress [114,115]. In rice, five CaM-encoding genes—namely, OsCam1-1, OsCam1-2, OsCam1-
3, OsCam2, and OsCam3—were identified [10]. Among these, OsCam1-1 is highly activated
during salt stress. Yuenyong et al. [116] reported that the rice plants overexpressing OsCam1-
1 affected differential expression of genes involved in signaling, hormone-mediated regula-
tion, transcription, lipid metabolism, carbohydrate metabolism, photosynthesis, glycolysis,
tricarboxylic acid cycle, and glyoxylate cycle during salt stress. This further suggests that a
complex network of downstream cellular processes is involved in the CaM signal transduc-
tion pathway. CaM binds with other proteins and interacts with other signaling cascades,
such as plant hormone signaling, during stress conditions. For instance, it binds either
with MAPK or mitogen-activated protein kinase phosphatase (MKP) to regulate the MAPK
cascades [117]. Recently, six novel proteins—namely, OsLRK5a, OsDCNL2, OsWD40-139,
OsGDH1, OsCIP, and OsERD2—were identified as targets of OsCML16 in responses to salt
stress through yeast hybridization and bimolecular fluorescence complementation assay.
These target genes are involved in plant hormone signaling processes, including auxin and
ABA [118]. Interestingly, both OsCaM1 and OsCML16 could bind with OsERD2 and thus
could transduce Ca2+ via both CaM and CML proteins [118]. Although the functional role
of OsERD2 in response to salt stress is still unknown, it is speculated that it plays a vital
role in programmed cell death during innate immunity, similar with AtERD2 [119].

3.2. CDPK

CDPKs mediate downstream components of the Ca2+ signaling cascades by directly
binding Ca2+ to CaM-like domain. In rice, a total of 29 CDPK genes have been identi-
fied [120]. Four rice CDPK genes—namely, OsCPK4, OsCDPK7, OsCPK12, and OsCPK21—
were functionally validated and act as positive regulators of salt tolerance (Table 1). Over-
expression of rice CDPKs upregulate expression of genes involved in lipid metabolism
and the active oxygen detoxification system. For instance, overexpression of OsCPK4
upregulated the genes involved in oxidative stress and redox regulation [11]. Similarly,
transgenic rice plants overexpressing OsCPK12 significantly enhanced the expression of
genes encoding reactive oxygen species (ROS) scavenging enzymes, such as OsAPx2 and
OsAPx8 [14]. OsCDPK7 positively regulates salt tolerance by regulating salt-stress respon-
sive gene, rab16A [12,13]. Meanwhile, OsCPK21 enhances salt tolerance via regulation of
ABA- and salt stress-inducible genes, such as Rab21, OsNAC6, OsLEA3, OsP5CS, OsNHX1,
and OsSOS1 [15]. Further study revealed that OsCPK21 regulates salt tolerance by phos-
phorylating OsGF14e/Os14-3-3 at the Tyr138 [16]. This was the first evidence of 14-3-3
protein-associated phosphorylation of CDPK in rice. Despite intensive work in studying
the role of CDPKs in regulation of salt tolerance in rice, their role in different signaling
cascades needs to be elucidated.

3.3. Calcineurin B-Like Protein (CBL)/CIPK

CBLs are plant-specific Ca2+ sensors that bind with CIPKs to relay perceived Ca2+

signal, thereby inducing downstream gene regulation for abiotic stress. The SOS3–SOS2
complex is the first evidence of CBL–CIPK interaction in plant responses to salt stress [121].
Homologues of SOS2 and SOS3 in rice, the OsCIPK24 and OsCBL4, have been cloned,
which suggests that the SOS pathway also operates in rice responses to salt stress [122].
Further study revealed that OsCIPK24/OsSOS2, OsCBL4/OsSOS3, and OsSOS1 were
highly upregulated in salt-tolerant rice cultivars when subjected to salt stress [123]. This
suggests that the rice CBL4–CIPK24 complex, together with the Ca2+ signal, regulates
ion homeostasis similar to Arabidopsis. Therefore, the SOS pathway is conserved in both
dicots and monocots. Many other CBL and CIPK genes are involved in rice responses
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to salt stress based on transcriptome analysis [124,125]. However, only OsCIPK15 and
OsCIPK31 have been functionally validated for their role in salt tolerance. Transgenic rice
plants overexpressing OsCIPK15 showed enhanced salt tolerance with higher free proline
and soluble sugar concentration [17]. Similarly, OsCIPK31 acts as a positive regulator of
salt tolerance wherein the loss-of-function mutant oscipk31:Ds exhibited hypersensitive
phenotype under saline condition [18].

3.4. MAPK

MAPK is considered the last component of the protein phosphorylation cascade
in transducing Ca2+ ions in response to environmental stimulus. The MAPK signaling
pathway activates different transcription factors (TFs) involved in the production and scav-
enging of ROS [126]. Three classes of MAPKs are found in plants; namely, MAPK kinase
kinase (MKKK), MAPK kinase (MKK), and MAPK [127,128]. Rice has 15 MAPKs, 8 MKKs,
and 75 MKKKs, of which a few are involved in salt stress response (Table 1) [129–131]. Over-
expression and gene silencing validated the role of OsMAPK5 as a positive regulator of salt
tolerance [19]. Further study showed that OsMAPK5 phosphorylates SERF1, a regulator of
ROS signaling during initial response to salt stress [34]. Thus, OsMAPK5 plays an essential
role in the ROS signaling pathway. In contrast, OsMAPK33 acts as a negative regulator and
alters the expression of genes involved in Na+ transport [20]. OsMAPKKK63 also acts as a
negative regulator of salt tolerance and interacts with OsMKK1 and OsMKK6 [23]. Both
OsMKK1 and OsMKK6 are known mediators of rice responses to salt stress. Overexpression
of OsMKK6 enhances salt tolerance by inducing MAPK substrate phosphorylation [22].
Similarly, OsMKK1 acts as a positive regulator with highly upregulated transcripts under
saline conditions [21]. Moreover, yeast hybridization and in-vivo/vitro kinase assays
revealed that OsMPK4 is the downstream target of OsMKK1. OsMPK4 is involved in the
wounding signaling pathway in rice [132]. However, its functional role in salt tolerance is
not well characterized.

4. Transcriptional Regulation

In the past centuries, numerous proteins were reported to play an important role
in salt tolerance. Transcriptomic tools have further subdivided these proteins into two
major classes, the functional and regulatory proteins. Functional proteins are those that
directly function in protecting the plants from stress. These include ion transporters,
antioxidant proteins, osmolytes, water channel proteins, heat shock proteins, and late
embryogenesis abundant (LEA) proteins. On the contrary, regulatory proteins, such as
transcription factors (TFs), are involved in regulating the complex network of signal
transduction [133–136].

TFs are key proteins that bind with cis-elements in the promoter of target genes,
thereby modulating the rate of gene expression in the downstream signaling cascades
in response to different environmental cues. A large number of TFs have been identified
in rice, with 2025 TFs in Oryza sativa spp. indica and 2384 in spp. japonica [137]. In
recent years, many TFs along with their interacting proteins have been implicated in
rice responses to salt stress and regulate a series of signaling pathways (Table 1). Most
of these are members of APETALA2/ethylene responsive-factor (AP2/ERF), NAC
(NAM, ATAF, and CUC) proteins, myeloblastosis (MYB), basic leucine-zipper (bZIP)
type proteins, zinc finger (ZF) and basic helix-loop-helix (bHLH) TFs that regulate
many salt stress-responsive genes either through an ABA-dependent or -independent
manner (Figure 2). Thus, understanding how TFs, along with their interacting proteins,
regulate a network of signaling pathways and their downstream genes is crucial in
elucidating the salt tolerance mechanisms of rice.
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Figure 2. Transcriptional regulation involved in activating salt stress-responsive genes in rice. The transcriptional regulation
occurs via abscisic acid (ABA)-dependent and -independent pathway, whereby transcription factors (TFs) bind with their
corresponding cis-regulatory element. The APETALA2/ethylene responsive factor (AP2/ERF) and NAC (NAM, ATAF,
and CUC) TFs operate in an ABA-independent pathway. NAC TFs regulate other TFs, such as dehydration responsive
element-binding (DREB), myeloblastosis (MYB), and basic leucine-zipper (bZIP). The MYB, bZIP, zinc finger (ZF), basic-
helix-loop-helix (bHLH), DREB, and other TFs are involved in the ABA-dependent pathway.

4.1. APETALA2/Ethylene Responsive Factor (AP2/ERF) Regulation

AP2/ERF-type TFs are characterized by the presence of an AP2 DNA-binding domain
of approximately 60 amino acids. In rice, at least 163 AP2/ERF TFs have been identified.
This TF family is further subdivided into four subfamilies: the AP2, dehydration responsive
element-binding (DREB), ERF, and related to ABI3 and VP1 (RAV) proteins [138]. Among
these, DREB is widely involved in rice responses to salt stress, though a few AP2-, ERF-,
and RAV-type TFs regulate salt tolerance (Table 1).

DREB binds to the dehydration-responsive element/c-repeat (DRE/CRT) cis-elements
in the promoter region of stress-responsive genes. DREBs have been isolated in several
crops, and their overexpression enhances tolerance to different abiotic stresses, including
salinity [139]. Rice DREB1 genes enhance salinity tolerance by regulating osmoprotection,
as evident in rice and Arabidopsis DREB1 overexpression plants [25,26,140,141]. For instance,
OsDREB1A targets two dehydrin genes [24]. Dehydrins protect plasma membrane from
damage during drought- or salt-induced osmotic stress [142]. Moreover, the level of
proline and soluble sugars, which are important for osmotic adjustment, significantly
increased in DREB1 overexpression plants [140,143]. DREB genes mainly work in the ABA-
independent pathway; however, some also participate in the ABA-dependent pathway, as
exemplified by OsDREB1F. Transcript profiling in OsDREB1F overexpression lines showed
expression of ABA-dependent genes, rd29B and RAB18 [26]. DREB2-type genes also act as
positive regulators of salt tolerance. Overexpression of OsDREB2A and OsDREB2B in both
rice and Arabidopsis improved salt tolerance [24,27–29]. Another DREB gene, OsDREB6,
classified as an A-6 type of DREB TF positively regulates salt tolerance. Transgenic rice
plants overexpressing OsDREB6 showed high levels of proline, soluble sugars, and catalase.
Conversely, the levels of these enzymes were significantly reduced in RNAi plants [33]. This
suggests that DREB genes mainly enhance salt tolerance by regulating genes responsible
for osmoprotection and antioxidation. Similar to DREB, other TFs in the AP2/ERF family
enhance salt tolerance by regulating several downstream genes involved in osmotic stress
and antioxidant defense system. For instance, SERF1 gene regulates ROS-dependent
signaling as an initial response to salt stress [34]. Recently, Wang et al. [32] demonstrated
that OsSTAP1, an AP2/ERF-type TF, positively regulates salt tolerance by activating genes
encoding antioxidant enzymes (OsPOD1, OsPOD72, GSTT3) and aquaporin gene (NIP2-1).
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Unlike most of AP2/ERF-type TFs, OsERF922 and OsAP23 act as negative regulators and
downregulate the expression of defense-related genes [30,35].

4.2. NAC Regulation

NAC proteins are a plant-specific gene family that regulate both ABA-independent
and ABA-dependent inducible genes [144]. Several studies have been carried out to under-
stand the role of rice NAC genes in response to abiotic stimulus, including salinity. Most
functionally characterized rice NAC proteins act as positive regulators of salt tolerance
(Table 1). SNAC1, the first stress-related NAC type TF characterized in rice, enhances
both drought and salt tolerance [48]. Transcriptome analysis of transgenic plants overex-
pressing NAC proteins showed upregulation of many stress-inducible genes. For instance,
OsNAC2, OsNAC5, ONAC022, and ONAC106 target OsLEA3 [38,41,43,44]; OsNAP targets
several stress-related genes, including OsPP2C06/OsABI2, OsPP2C09, OsPP2C68, and
OsSalT [37]; and OsNAC2 targets genes involved in osmoprotection (OsP5CS1), antioxi-
dation (OsCOX11), K+-efflux channel genes (OsGORK and OsSKOR), and ABA-inducible
genes (OsNCED1 and OsNCED3) [42,43]. NAC TFs also regulate other stress-related TFs.
For instance, OsNAP induces the expression of OsDREB1A and OsMYB2 [37]. ONAC106
binds with the promoter of OsNAC5, OsDREB2A, and OsbZIP23 TF genes [41]. Similarly,
ONAC022 targets OsDREB2a and OsbZIP23 (Hong et al. 2016).

4.3. MYB Regulation

MYB proteins are one of the richest TF families in plants, representing at least
155 genes in rice. It is considered as an active player in plant development, secondary
metabolism, cell differentiation, organ morphogenesis, and response to both biotic and
abiotic stresses [145,146]. These TFs mainly participate in the ABA-dependent pathway,
upregulating a number of stress-responsive genes. For example, expression of OsMPS,
an R2R3 type MYB TF, is significantly induced by ABA and regulates several expansin
and glucanase genes [54]. Transcriptome analysis of transgenic rice plants overexpressing
OsMYB48-1 upregulates ABA biosynthesis genes (OsNCED4 and OsNCED5), early signal-
ing genes (OsPP2C68 and OSRK1), and late responsive genes (RAB21, OsLEA3, RAB16C,
and RAB16D) [53]. Similarly, OsMYB2 targets OsLEA3 and OsRab16A [51]. MYB TFs also
regulate the expression of some transporter genes. For example, OsMYBc binds with the
AAANATNY motif in the promoter of OsHKT1;1, thereby upregulating its expression [56].
Other rice MYB TFs involved in the regulation of salt tolerance are presented in Table 1.

4.4. bZIP Regulation

bZIP TFs are composed of a highly conserved basic region and a leucine zipper
domain of about 60 to 80 amino acids in length. Several rice bZIP TFs are involved in
transcriptional activation of several stress-responsive genes, most of which participate in
the ABA-dependent pathway (Table 1). Overexpression of OsbZIP71 upregulates several
genes that encode ion antiporters (OsCLC-1, OsNHX1, OsHKT6 and OsVHA-B) and ROS
scavenging (OsCAT). Interestingly, OsbZIP71 directly binds to the promoter of OsNHX1,
an Na+/H+ antiporter gene involved in vacuolar compartmentation of Na+ ions [60]. Os-
bZIP23 acts as a key player in salt tolerance by upregulating osmotic stress-inducible genes,
such as dehydrins and LEA proteins [59]. OsHBP1b, also categorized under the bZIP TF
family, could enhance salt tolerance by activating the genes involved in antioxidant defense
system [61]. It is worth noting that OsHBP1b is localized within the Saltol quantitative
trait locus (QTL) region, hence an important salt tolerance gene. Moreover, comparative
transcript profiling showed that OsHBP1b is highly expressed in popular salt-tolerant
rice cultivar Pokkali [147]. Meanwhile, OsABI5 acts as a negative regulator changing
the expression of many salt stress-responsive genes. OsABI5 significantly downregulates
the expression of OsHKT1;5/SKC1 and upregulates SalT gene [58]. Transcriptomic anal-
ysis showed that many other bZIP TFs play an important role in rice responses to salt
stress. However, their regulatory roles have not been functionally studied. Taken to-
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gether, bZIP TFs mainly regulate salt tolerance via the active oxygen detoxification and ion
homeostasis pathways.

4.5. ZF Regulation

ZF proteins are comprised of conserved motifs with cystine (Cys) and histidine (His)
residues. These motifs are classified according to the number and order of Cys and
His. [148]. Several studies have shown their function in transcriptional activation of several
biological processes involved in plant responses to environmental stimulus. Under salt
stress conditions, ZF TFs regulate the expression of genes associated with ROS scavenging
via ABA-independent and ABA-dependent pathways to reduce oxidative damage. The
ZFP179, ZFP182, and ZFP252 act as positive regulators of salt tolerance. These ZF TFs
transcriptionally activate the OsDREB1A, OsLEA3, OsPC5CS, and OsProT genes that are
involved in the synthesis of osmolytes, such as proline and soluble sugars [64,65,67].
Conversely, drought and salt tolerance (DST) and ZFP185 act as negative regulators and
downregulate several ABA-inducible genes, such as Prx24 [62,66]. Meanwhile, OsLOL5,
an LSD1-like-type ZF is involved in transcriptional activation of OsAPX2, OsCAT, and
OsCu/Zn-SOD [68]. Thus, ZF TFs play an essential role in the ROS signaling pathway.

4.6. bHLH Regulation

bHLH TFs widely exist in eukaryotic organisms and contain a conserved basic region
and a helix-loop-helix (HLH) domain [149]. These TFs play an essential role in several
abiotic stress tolerance, wherein several bHLH TF genes have been functionally validated.
Concerning salt tolerance, only a few were functionally validated. Three previously
reported bHLH TFs enhance salt tolerance in rice by activating ion transporters genes.
For instance, OsbHLH035 enhances salt tolerance by activating Na+ transporter genes,
OsHKT1;3 and OsHKT1;5/SKC1, which are involved in Na+ loading and unloading [70].
OrbHLH001 enhances Na+ efflux and K+ influx under salt stress by activating OsAKT1 [69].
Meanwhile, OsbHLH062 acts as transcriptional activator of OsHAK21 in response to salt
stress [150]. The bHLH TFs therefore regulate salt tolerance via the ion homeostasis
pathway. Moreover, these TFs activate gene expression through their interaction with the
specific E-box motif in the promoter of the target gene [69,141,151].

4.7. Other TFs Involved in Salt Tolerance

In addition to the TFs previously discussed, many other TF families play an essential
role in reprogramming transcriptome during salt stress. The homeodomain-leucine zipper
(HD-Zip) TF family is also important for salt tolerance, such as Oshox22 and OsTF1L.
Oshox22 acts a negative regulator of salt tolerance and is upstream to OsbZIP23 [71].
OsTF1L positively regulates salt tolerance mainly by regulating genes involved in stomatal
closure and lignin biosynthesis [72].

Apart from OsbZIP71, previously discussed, several TFs belonging to different families
regulate the expression of the OsNHX1 transporter gene. The OsNIN-like4 and OsPCF2, a
nodule inception (NIN) and teosinte branched 1/cycloidea/proliferating cell (TCP) pro-
teins, respectively, act as transcriptional activators of OsNHX1. Conversely, OsCPP5 and
OsNIN-like2 act as repressors [152]. OsMADS25, a MADS-box TF gene, acts as positive regu-
lator by upregulating the expression of genes involved in the ROS detoxification system [73].
Meanwhile, the WRKY-type TF, OsWRKY45, negatively regulates salt tolerance [74].

5. Salt Tolerance Adaptive Mechanisms

Several adaptive mechanisms have been observed in plant responses to salt stress.
In rice, osmoregulation, stomatal closure, and development of antioxidant enzymes are
the immediate responses during salt stress. This is later followed by Na+ exclusion and
sequestration upon uptake of toxic Na+ ions. The tissue specific localization of genes that
regulate salt tolerance adaptive traits in rice is presented in Figure 3.
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Figure 3. Rice salt tolerance adaptive mechanisms. In the leaf, (a) stomatal closure mediated either by DST or SNAC1 is the
initial response of rice to salinity. Salt stress downregulates DST which interacts with DCA1 and activates OsPrx24 and LP2.
Conversely, SNAC1 is upregulated, activating the OsSRO1c. These downstream genes mediate stomatal closure via H2O2

inhibition. (b,c) Na+ content in the leaf cytoplasm is controlled by vacuolar sequestration, xylem unloading, and phloem
loading. Excess Na+ is sequestered into the vacuole via OsNHX1 coupled with H+-pump and OsVP1, a vacuolar-type
H+-pyrophosphatase encoding gene. Na+ unloading at the xylem and Na+ loading at the phloem are mediated by OsHKT1;4
and OsHKT1;1, respectively. In the root, (d) Na+ is loaded at the xylem through nonselective cation channel (NSCC) and
OsSOS1 coupled with H+-pump. Conversely, OsHKT1;5 unloads the Na+ ions from the xylem and shuttles them back
to the parenchyma cells. Apart from Na+, K+ influx occurs mediated by OsHAK21, thereby increasing the K+/Na+ ratio.
(e) Enhanced suberin deposition in the root exodermis and endodermis also inhibits Na+ influx to the stele. Similarly, it
blocks water transport out of the stele. (f) The plasma membrane-bound OsPIP2;2 gene increases hydraulic conductivity
in the root endodermis, allowing water uptake. (g) Na+ enters the root epidermis via NSCC and is shuttled back to the
external medium via the OsSOS1 coupled with H+-pump.
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5.1. Osmoprotection and Osmoregulation

Cell dehydration due to low osmotic potential of soil water is the immediate effect
of salt stress. Under such a situation, plants (1) synthesize compatible solutes, known as
osmolytes, to maintain cell turgor and (2) activate water channel aquaporins that regulate
water uptake.

5.1.1. Osmolytes

Several osmolytes, such as trehalose and glycine betaine (GB), have been proven
effective in preventing cellular dehydration during salt stress [153]. Thus, exogenous
application of osmolytes has been utilized to enhance salt tolerance in rice [154–157].
However, very few studies have been conducted to characterize osmolyte encoding genes
for their role in salt tolerance.

The two key enzymes in trehalose biosynthesis, trehalose-6-phosphate phosphatase
(TPP) and trehalose-6-phosphate synthase (TPS), are involved in rice responses to salinity.
The OsTPP1, OsTPS1, and OsTPS8 positively regulate salt tolerance by increasing the
accumulation of trehalose and proline in rice overexpression plants [77–79].

GB is also an important osmolyte under salt stress that prevents lipid peroxida-
tion [158]. Additionally, accumulation of high GB enhances photosynthetic activity [159].
The OsBADH1, a major gene involved in converting betaine aldehyde to GB, plays an
important role in salt tolerance. This gene prevents oxidative damage, protects chlorophyll
degradation, and ultimately prevents leaf senescence during salt stress [75]. Moreover,
RNAi-directed knockdown of OsBADH1 enhances the production of ROS, causing lipid
peroxidation [76]. Thus, the gene acts as a positive regulator of salt tolerance.

5.1.2. Water Channel Aquaporins

Plant aquaporins also play a significant role in osmoregulation. Aquaporins are
membrane-localized channels that are mainly involved in water transport and homeosta-
sis [160,161]. Rice has 33 aquaporins, few of which regulate root hydraulic conductivity
under saline condition [162]. Overexpression of OsPIP1;1 and OsPIP2;2, plasma membrane
intrinsic proteins (PIPs) family genes in Arabidopsis, enhanced salt tolerance by maintaining
water homeostasis [80]. Likewise, rice overexpressing OsPIP1;1 increased root hydraulic
conductivity under salt stress [81]. Rice aquaporins might be coordinately orchestrated in
maintaining water homeostasis based on their organ-specific transcript expression. Tran-
script of OsPIP2 genes were highly expressed in the roots; thus, it could be the predominant
gene regulating water uptake in the roots (Figure 3f). Conversely, the OsPIP1 gene tran-
script was the highest in the leaves, suggesting its role in leaf water transport [80]. Apart
from the PIP genes, several tonoplast intrinsic protein (TIP) genes also play an important
role in salt-induced osmotic stress [163].

5.2. Stomatal Closure

Stomatal closure is the initial response of plants under salinity and is controlled by
both ABA and ROS signaling [164]. DST mainly regulates salt tolerance via stomatal closure
under salt-induced osmotic stress. Further study revealed that a leucine-rich repeat (LRR)-
RLK gene, LP2, required for stomatal closure is downstream to DST [82]. Interestingly,
DST interacts with DST co-activator 1 (DCA1) and regulates the expression of OsPrx24, a
gene encoding H2O2 scavenger [165]. Meanwhile, OsSRO1c, expressed in the guard cells
and a downstream gene target of SNAC1 TF, also regulates stomatal closure under both
drought- and salt-induced osmotic stress (Figure 3a). Overexpression of OsSRO1c in rice
plants showed enhanced stomatal closure and maintained H2O2 homeostasis under salt
stress. Conversely, knockdown mutants showed high sensitivity to osmotic stress [83].

5.3. Antioxidation

ROS synthesis is important in different signaling and physiological processes. How-
ever, overproduction of ROS is deleterious to different cellular components, such as pro-

131



Int. J. Mol. Sci. 2021, 22, 2254

teins, nucleic acids, and membrane lipids. Thus, plants synthesize ROS scavenging en-
zymes to maintain redox homeostasis [126,166]. In this section, we discuss genes encoding
ROS scavenging enzymes that are involved in rice responses to salt stress.

5.3.1. Superoxide Dismutase (SOD)

SODs catalyze the first step in the reactive-oxygen scavenging system by dismutation
of the highly toxic O2

− to H2O2. Thus, it is considered the most effective intracellular
antioxidant enzyme. Rice has three distinct types of SOD isoforms that are differentiated
according to the metals they contain, either Cu/Zn, Mn, or Fe. The activity of these SODs is
associated with specific subcellular localization: Mn-SOD is located in both mitochondria
and peroxisomes; Fe-SOD is located in the chloroplasts; and Cu/Zn-SOD is located in
the chloroplasts, cytosol, and peroxisome [167]. The expression of genes encoding these
SOD isoforms is highly influenced by salt stress and is activated by ZF-type TFs, as
discussed in Section 4.5. Mishra et al. [168] reported that the increase in SOD activity of
salt-tolerant rice cultivar CSR27 exposed to salinity was directly related to the upregulation
of Cu/Zn-SOD encoding genes. Similar results were reported by Rossatto et al. [169], who
observed upregulation of five Cu/Zn isoforms (OsCu/Zn-SOD, OsCu/Zn-SOD2, OsCu/Zn-
SOD3, OsCu/Zn-SOD4, OsCu/Zn-SODCc1) under salt stress. Moreover, the rice plants
overexpressing chloroplastic OsCu/Zn-SOD showed less salt-induced oxidative damage
owing to higher ROS detoxification [84]. Upregulation of OsMn-SOD was also observed in
rice subjected to salt stress. Tanaka et al. [85] reported that overexpression of OsMn-SOD in
the chloroplasts significantly increased SOD activity and therefore enhanced salt tolerance.
Similar results were observed in other plants such as wheat and tall fescue [170,171].
Conversely, salinity downregulates the expression of OsFe-SOD, thereby reducing the total
SOD activity [172]. This suggests that Cu/Zn-SOD and Mn-SOD isoforms play vital roles
in ROS detoxification system during stress condition.

5.3.2. Catalase (CAT)

CATs are strong antioxidant enzymes primarily located in the peroxisome that directly
catalyze the conversion of H2O2 to water and oxygen [173,174]. Thus, it is indispensable
in the ROS detoxification system. Cloning and characterization of the rice CAT genes
predicted three isoforms; namely, OsCatA, OsCatB, and OsCatC [175]. These genes are
transcriptionally activated by bZIP- and ZF-type TFs, as described in Sections 4.4 and 4.5.
RLK is also involved in transcriptional activation of CAT genes. For instance, the salt
tolerance receptor-like cytoplasmic kinase 1 (STRK1) activates OsCatC via phosphorylation
at the Tyr120 [176]. Several environmental factors, such as salinity, affect expression of
CAT genes. Under saline condition, elevated levels of CAT activity were observed in salt-
tolerant rice cultivars [177]. Interestingly, high OsCatB and OsCatC activity was observed
in salt-tolerant plants grown under salt stress [178]. A similar result was reported by
Wutipraditkul et al. [179], who observed an inhibitory effect of OsCatC in response to
salt stress.

5.3.3. Ascorbate Peroxidase (APX)

APXs, which exist in compartment-specific isoforms, have a higher affinity for H2O2
than CATs. Thus, they detoxify even at very low H2O2 concentrations. Rice has eight APX
encoding genes: the cytosolic isoforms OsAPx1 and OsAPx2; the peroxisome isoforms Os-
APx3 and OsAPx4; and the chloroplastic isoforms OsAPx5, OsAPx6, OsAPx7, and OsAPx8.
The OsAPx6 isoform is also localized in the mitochondria [180]. All these APX encoding
genes, except OsAPx3 and OsAPx5, were upregulated in rice under salt stress [178,181].
Overexpression of OsAPx2 showed very high APX activity, thereby enhancing salt tolerance
in rice [87]. Likewise, overexpression of either OsAPx1 or OsAPx2 exhibited high tolerance
to salt stress in Arabidopsis; however, OsAPx2 confers better tolerance than OsAPx1 [86].
Further study revealed that silencing both OsAPx1 and OsAPx2 genes in rice resulted in
normal growth and development under salt stress. This is attributed to the upregulation
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of CAT and APX genes [182,183]. Thus, deficiency of APXs is compensated by other
antioxidant enzymes.

5.3.4. Glutathione Reductase (GR)

GRs are flavoprotein oxidoreductases and are important components of the ascorbate
(AsA)-glutathione (GSH) cycle [184]. Rice has three GR isoforms: OsGR1, located in the
cytosol; and OsGR2 and OsGR3, located in both mitochondria and chloroplasts [185].
These rice GRs have been implicated for their role in different abiotic stimuli, including
salinity. Salt stress enhances the expression of OsGR2 and OsGR3 via the ROS detoxification
system [185–187]. Further study demonstrated that OsGR3, primarily expressed in the
roots, positively regulates salt tolerance [88].

5.3.5. Thioredoxin (TRX) and Glutaredoxin (GRX)

TRXs and glutaredoxin (GRX) are key players in redox regulation, therefore consid-
ered as redox-sensing compounds. TRX are reduced by TRX reductase, whereas GRX
utilizes glutathione as a cofactor in the ROS scavenging system [188]. The rice genome
has 30 and 48 genes encoding TRX and GRX, respectively. However, only a few have
been functionally validated for their role in salinity tolerance [189,190]. For instance, Os-
TRXh1/OsTRX23 negatively regulates salt tolerance. RNAi-directed knockdown of this
gene resulted in salt sensitivity, possibly due to its inhibitory activity on stress-activated
MAPKs [89,191]. OsTRXh1/OsTRX23 also inhibits the kinase activity of OsMPK3 and
OsMPK6 [192]. Meanwhile, OsGRX8 and OsGRX20 positively regulate salt tolerance by
restraining the accumulation of O2

- radicals [90,91].

5.4. Na+ Exclusion and Sequestration

Na+ ions are the major toxic element taken up by the plant during salt stress. Maintain-
ing low levels of toxic Na+ ions in the cytosol, either through Na+ exclusion or sequestration,
is the most effective strategy to avert the deleterious effects of salinity. Glycophytes, such
as rice, exclude Na+ from the shoot either by (i) Na+ efflux from roots to the rhizosphere,
(ii) Na+ loading and unloading at the xylem, or (iii) vacuolar Na+ compartmentation.

5.4.1. Na+ Efflux

The efflux of Na+ ions across the root plasma membrane into the external medium is
poorly understood. Nevertheless, it is central to the Na+ exclusion mechanisms in plants [1].
To date, only SOS1, coupled with H+-ATPases, is the major Na+ efflux transporter that
has been genetically characterized in plants [110,193]. The rice SOS1 ortholog (OsSOS1)
is expressed in epidermal cells at the root cap and in cells around the xylem similar
with Arabidopsis AtSOS1 [194]. The OsSOS1 activity, catalyzed by Na+/H+ exchange
at the plasma membrane, could suppress Na+ sensitivity of yeast mutant lacking the
Na+ efflux system, thus reducing the net cellular Na+ concentration. Similarly, OsSOS1
complementation in Arabidopsis mutant sos1-1 reduced growth defect in both saline and
non-saline conditions [122]. Further study demonstrated that rice sos1 loss-of-function
mutant displayed very high root Na+ uptake and impaired Na+ loading into the xylem [95].
Thus, OsSOS1 plays a critical role in Na+ efflux from root epidermal cells to the rhizosphere.

5.4.2. Na+ Loading and Unloading

Na+ loading and unloading at the xylem is regulated by high-affinity K+ trans-
porters (HKTs). HKTs are among the most well characterized Na+ and/or K+ plant trans-
porters identified in several plants and play a central role in salt tolerance [195,196]. Two
HKTs are highlighted in a proposed two-staged Na+ exclusion mechanism, whereby the
(i) OsHKT1;5/SKC1 mediates root-to-shoot Na+ transfer and (ii) OsHKT1;4 mediates leaf
sheath-to-blade Na+ transfer. The Na+ ions entering the root xylem via nonselective cation
channel (NSCC) are shuttled back to the parenchyma via OsHKT1;5/SKC1 (Figure 3d).
Meanwhile, OsHKT1;4 not only functions in Na+ unloading to the leaf sheath, but also
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to the stem during the reproductive stage [197]. Further study revealed that OsHKT1;4 is
involved in leaf Na+ exclusion via Na+ unloading at the xylem (Figure 3c). The mutant line
overexpressing OsHKT1;4 showed salt sensitivity owing to very high root Na+ uptake [93].
Thus, a coordinated balance in root and shoot Na+ exclusion is essential to achieve salt
tolerance. Another HKT1 gene, OsHKT1;1, transcriptionally activated by OsMYBc as pre-
viously discussed, is also reported to regulate Na+ exclusion, possibly through both Na+

unloading from the xylem and Na+ loading into the phloem (Figure 3c). The Na+ loaded
into the phloem is hypothesized to be recirculated from shoots to roots or from young
leaves to old leaves, thereby reducing salt injury in newly emerging leaf [56]. Moreover,
it was demonstrated that OsHKT1;1 is a positive regulator of salt tolerance that mediates
Na+ exclusion from the shoot [92]. Recent studies have shown that there are eight and
four transcript variations of HKT1 genes with different lengths in O. sativa spp. indica and
spp. japonica, respectively. These eight transcript variations in O. sativa spp. indica show
different expression levels and transport activities under salt treatment, which suggests the
existence of different transport mechanisms [198].

5.4.3. Vacuolar Na+ Sequestration

Few rice cultivars with high Na+ concentrations in the leaves were found to perform
well under saline condition. This is mainly due to the active compartmentation of Na+

ions into the vacuole, also known as tissue tolerance, mediated by the tonoplast localized
Na+/H+ antiporters (NHX) and energized by a proton motive force (Figure 3b) [193].
This mechanism allows the plant to use Na+ ions in maintaining cell turgor, and hence
continuous plant growth under salt [199,200]. Additionally, vacuolar Na+ sequestration
maintains cytosolic alkalinity and vacuolar acidity. Maintaining low vacuolar pH is essen-
tial since acidity allows the vacuole to isolate and break down misfolded proteins [201].
This phenomenon was only observed in salt-tolerant rice cultivars, such as Pokkali [111].

Four vacuolar NHX genes—namely, OsNHX1, OsNHX2, OsNHX3, and OsNHX5—
were identified in rice mediating cytosolic Na+ sequestration into the vacuole [202]. Further
study revealed that overexpression of OsNHX1 enhanced tissue tolerance and is regulated
by OsbZIP71 TF [60,96,203]. Very high transcripts of these NHX genes in either flag leaf or
panicle has also been observed [202]. This suggests their potential role in enhancing salt
tolerance at the reproductive stage.

Functional characterization of vacuolar-type H+-pyrophophatase (H+-PPase) also
showed enhanced salt tolerance. H+-PPase is the main driving force for Na+ transport from
the cytoplasm to the vacuole (Figure 3b). Overexpression of H+-PPase encoding genes
in different plants significantly enhanced salt tolerance [204–206]. In rice, overexpression
of OsVP1, a H+-PPase encoding gene, resulted in less serious Na+ toxicity under salt
stress. Moreover, double overexpression of OsNHX1 and OsVP1 conferred better salt
tolerance [96]. This is possibly due to the higher electrochemical gradient brought by OsVP1
overexpression, thereby promoting higher activity of OsNHX1 (Figure 3b). Interestingly, a
similar result has been found in simultaneous expression of SsNHX1 from Suaeda salsa and
AVP1 from Arabidopsis in rice [206].

5.5. Suberin Deposition

Suberin deposition is essential in blocking apoplastic leakage of Na+ ions into the stele,
resulting in low concentration of Na+ ions that can be transported into the shoot (Figure 3e).
In rice, a few studies have reported the role of suberin in salt tolerance. Enhancing suberin
in the form of silicon has significantly reduced the root-to-shoot Na+ uptake by preventing
apoplastic Na+ transport across the root [207]. Interestingly, the popular salt-tolerant
rice, Pokkali, showed higher suberin deposition compared with the salt-sensitive cultivar
IR20 [208]. However, the gene regulatory network involved in suberin deposition and salt
tolerance in rice is not well understood. The OsTPS8, involved in trehalose biosynthesis,
was also reported to enhance salt tolerance, mainly by enhancing suberin deposition [79].
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5.6. K+ Uptake

Cytosolic K+ concentration has emerged as an important aspect of a plant’s adapt-
ability to salt stress, wherein high K+ concentration directly relates to salt tolerance. Four
high-affinity K+ transporter (HAK) genes—namely, OsHAK1, OsHAK5, OsHAK16, and Os-
HAK21—play crucial roles in K+ homeostasis under stress conditions [97–100]. Interestingly,
differences in spatial expression were observed among these HAK genes. β-glucoronidase
(GUS) staining assay showed that OsHAK1, OsHAK5, and OsHAK16 were mainly expressed
in the root epidermis [97,98,100]. Conversely, OsHAK21 was mainly expressed in the root
xylem parenchyma [99]. Thus, OsHAK21 is likely the predominant gene mediating K+

influx in the xylem (Figure 3d).

6. Conclusions and Perspectives

Soil salinity, apart from drought and flooding, is a serious menace afflicting global
rice production. Being the staple crop of half of the world’s population, developing salt-
tolerant rice varieties is crucial, requiring a better overview on molecular and physiological
responses to salt stress. Rice responds to salinity through different biological processes,
starting with salt stress sensing. Sensing is mediated by different sensors. The sensors relay
stress signals to secondary messengers that activate protein phosphorylation cascades and
finally the transcriptional regulation of stress-responsive genes via abscisic acid (ABA)-
independent/ABA-dependent pathways. Rice response to salt stress also involves several
signaling components, transcription factors, and functional genes that directly mediate
osmoregulation, antioxidation, and ion homeostasis. Despite the characterization of these
genes, understanding the molecular mechanism of rice responses to salt stress remains a
great challenge.

Over the last few decades, remarkable progress in understanding the genomics-
physiology of salinity tolerance in plants has taken place. Several genes have been identified
to confer salt tolerance in rice; however, most were achieved through a reverse genetics
approach. Thus, a large number of genes need to be identified via forward genetics.
The current understanding of the molecular responses of rice to salt stress from sensing
and signaling up to the development of adaptive tolerance mechanisms is still obscure
and requires further research. In particular, identification of upstream pathways and the
molecular mechanisms involved in salt stress sensing is crucial to clearly disentangle
the osmotic and Na+ stress responses in rice. To date, only the role of ABA signaling in
rice responses to salt stress is widely studied. The crosstalk between signaling pathways
and of other hormones, including auxin, gibberellic acid, jasmonic acid, and ethylene, is
still not clear and needs further investigation. Studying the epigenetic regulations of salt
tolerance in rice is another important field to dissect. Epigenetic mechanisms control the
expression of stress-responsive genes in response to internal and environmental cues. Thus,
epigenomic variations may provide a useful resource of DNA methylomes that can be used
to better understand the complex salt tolerance mechanisms in rice.
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AP2/ERF APETALA2/ethylene responsive factor
APXAT Ascorbate peroxidaseAdenosine-thymine
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BzipCAMK Basic leucine-zipperCalcium/calmodulin-dependent protein kinase
CAT Catalase
CBLCDA Calcineurin B-like proteinCytidine deaminase
CDPK Calcium-dependent protein kinase
CIPK CBL-interacting protein kinase
CaM Calmodulin
CML Calmodulin-like protein
CPP Cysteine-rich poly comb-like protein
DRE/CRT Dehydration-responsive element/c-repeat
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DCA1 DST co-activator 1
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GRGUS Glutathione reductaseβ-glucoronidase
HAK High-affinity potassium transporter
HD-Zip Homeodomain-leucine zipper
HKT High-affinity K+ transporter
HpT Histidine-containing phosphotransfer protein
LEA Late embryogenesis abundant
LRR-RLK Leucine-rich repeat-receptor-like kinase
MAPK Mitogen-activated protein kinase
MKK MAPK kinase
MKKK MKK kinase
MKP Mitogen-activated protein kinase phosphatase
MYB Myeloblastosis
NAC NAM, ATAF and CUC
NAM No apical meristem
NHX Na+/H+ antiporter
NIN Nodule inception
OSCA Ca2+ permeable stress-gated cation channels
PA Phosphatidic acid
PIPQTL Plasma membrane intrinsic proteinQuantitative trait locus
RAV Related to ABI3 and VP1
RLK Receptor-like kinase
ROS Reactive oxygen species
SIT Salt intolerance
SOD Superoxide dismutase
SOS Salt overly sensitive
TCP Teosinte branched 1/cycloidea/proliferating cell
TF Transcription factor
TIP Tonoplast intrinsic
TPS Trehalose-6-phosphate phosphatase
TPP Trehalose-6-phosphate synthase
TRX Thioredoxin
VP Vacuolar-type H+-pyrophosphatase
ZF Zinc finger
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Abstract: Drought and salinity can result in cell dehydration and water unbalance in plants, which
seriously diminish plant growth and development. Cellular water homeostasis maintained by
aquaporin is one of the important strategies for plants to cope with these two stresses. In this study,
a stress-induced aquaporin, ZxPIP1;3, belonging to the PIP1 subgroup, was identified from the
succulent xerophyte Zygophyllum xanthoxylum. The subcellular localization showed that ZxPIP1;3-
GFP was located in the plasma membrane. The overexpression of ZxPIP1;3 in Arabidopsis prompted
plant growth under favorable condition. In addition, it also conferred salt and drought tolerance
with better water status as well as less ion toxicity and membrane injury, which led to more efficient
photosynthesis and improved growth vigor via inducing stress-related responsive genes. This study
reveals the molecular mechanisms of xerophytes’ stress tolerance and provides a valuable candidate
that could be used in genetic engineering to improve crop growth and stress tolerance.

Keywords: aquaporin; Zygophyllum xanthoxylum; plant growth; abiotic stress

1. Introduction

Abiotic stress factors, such as drought and high salinity, are recognized as major
environmental threats that may break plant water balance and result in tissue dehydration,
thus negatively impacting plant growth and development. As sessile organisms, plants
have gradually evolved various strategies to control water flux to cope with environmental
constraints [1,2].

Aquaporins (AQPs), a type of major intrinsic protein (MIP) spreading across the
plant kingdom, play important roles in maintaining cellular water homeostasis [3,4].
AQPs contain six membrane-spanning domains and two highly conserved Asn-Pro-Ala
(NPA) motifs [5]. According to their amino acid sequences and subcellular localization,
AQPs can be classified into five subfamilies, including plasma membrane intrinsic
proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin-26 intrinsic proteins (NIPs),
small basic intrinsic proteins (SIPs), and X-intrinsic proteins (XIPs) [6]. PIPs, located
at the plasma membrane, are the largest subfamily of plant AQPs and play key roles
in transcellular water transport. This subfamily can be subdivided into two groups,
PIP1s and PIP2s [7], which are different in the length of N- and C- termini and in
water conductivity. PIP2s, commonly possessing a longer C-termini and a shorter N-
termini, are more efficient in water movement. However, PIP1s, with shorter C-termini
and longer N-termini, have less water conductivity but possess the ability to transport
various uncharged small molecule [8,9]. Numerous studies have showed that PIPs are
involved in response to salt and drought stresses, and the ectopical expression of some
PIPs confers abiotic stress tolerance to plants [8]. The overexpression of OsPIP1-1 and
OsPIP2-2, two salt and drought-inducible PIPs, resulted in a higher salt and drought
tolerance of Arabidopsis [10]. In addition, the ectopical expression of MdPIP1;3 increased
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the fruit size of tomato and enhanced the drought tolerance of transgenic plants [11].
The overexpression of a salt-inducible PIP, TaAQP8, increased the salt stress tolerance
of transgenic tobacco with promoted root growth [12]. However, a majority of current
studies about AQPs mainly focus on glycophytes and rarely concentrate on xerophytes
or halophytes containing specific traits generated during their long-term evolution in
extremely severe environments [13,14].

Zygophyllum xanthoxylum, a kind of succulent xerophyte belonging to Zygophyllaceae,
is widely spread in arid and semiarid land in northwestern China [15]. For its remark-
able vitality to survive under adverse drought condition, Z. xanthoxylum is often used
in sand-fixing as well as water and soil conservation in the desert [16]. Previous studies
showed that this species can absorb Na+ from low salt soil and compartmentalize them into
vacuoles as a low-cost osmoregulation substance, which helps Z. xanthoxylum maintain
lower osmotic potential to absorb water under drought condition. All these studies focused
on ion transporters participating in the salt and drought stress tolerance of Z. xanthoxylum,
while the functions of AQPs in the course of water transportation and cellular water home-
ostasis maintenance remains unknown [15,17–19]. Previously, in order to understand the
mechanisms of Z. xanthoxylum to cope with severe environment, 50 mM NaCl-treated and
−0.5 MPa-treated transcriptome datasets of Z. xanthoxylum roots were analyzed [20,21].
An AQP, ZxPIP1;3, whose expression was induced under salt and osmotic treatment,
was screened.

In this study, ZxPIP1;3 was cloned, and its expression pattern under salt and osmotic
treatment was identified by qRT-PCR. In addition, the transient expression of ZxPIP1;3-GFP
fusion protein was used to investigate the subcellular localization in Nicotiana benthamiana.
Furthermore, ectopical overexpression transgenic Arabidopsis was generated to evaluate
the roles of ZxPIP1;3 in plant growth and stress tolerance.

2. Results

2.1. ZxPIP1;3 Is Induced under Osmotic and Salt Treatment

To verify the transcriptome data, 3-week-old Z. xanthoxylum seedlings were treated
with −0.5 MPa osmotic stress or 50 mM NaCl treatment (Figure 1A). The expression
level of ZxPIP1;3 was significantly increased after 6-h treatment, which confirmed that
ZxPIP1;3 was stress-inducible and suggested that ZxPIP1;3 may participate in plants’ salt
and drought stress response.

2.2. ZxPIP1;3 Encodes an AQP of PIP1 Subgroup

The full length of the ZxPIP1;3 open reading frame was 864 bp, encoding 287 amino
acids residues (Figure S1A). ZxPIP1;3 contained six putative transmembrane α-helices
(Figure S1B). The results of multiple sequence alignment and phylogenetic tree analysis
using full-length amino acid sequence indicated that ZxPIP1;3 was highly homologous
to DzPIP1;3 (Durio zibethinus) and HuPIP1;3 (Herrania umbratica) (Figure 1B,C). Through
subcellular localization using transient expression driven by the CaMV35S promoter in
N. benthamiana leaves, ZxPIP1;3-GFP was detected at the plasma membrane (Figure 1D).
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Figure 1. ZxPIP1;3 encodes a PIP1 protein whose expression level is related with osmotic and salt treatments. (A) qRT-PCR
validation of RNA sequencing data in Z. xanthoxylum roots under osmotic stress or salt treatment for 6 h. (B,C), alignment
(B) and phylogenetic analysis (C) of ZxPIP1;3 with other known PIP1 proteins. Dark blue, pink and aqua indicate that the
homology levels of these amino acids are 100%, more than 75% and more than 50% respectively. (D) Subcellular localization
of ZxPIP1;3-GFP in epidermal cells of tobacco leaves. GFP driven by CaMV35S promoter served as control. PM, plasma
membrane. N, nucleus. Green fluorescence represents GFP. Bar = 10 μm. For (A), asterisks indicate significant differences
from control condition. Data shown are means of three independent biological replicates (* p < 0.05, one way ANOVA).

2.3. Overexpression of ZxPIP1;3 Promotes Plant Growth

To study the performance of ZxPIP1;3 in plant growth and abiotic stress tolerance,
35S::ZxPIP1;3-FLAG was transformed into Arabidopsis. The expression levels of ZxPIP1;3
in transgenic lines was detected, and two lines, OE2 and OE3, with different expression
level were selected for further analysis (Figure S2).
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Col-0 and OE2, OE3 grown vertically on 1/2 Murashige and Skoog (MS) solid medium
for 7 days after germination were used to evaluate the effect of ZxPIP1;3 on root growth and
development. Comparing with wild type, primary roots of transgenic lines were longer
with more emerged lateral root and lateral root primordia (Figure 2A–C), which indicated
that ZxPIP1;3 overexpression promoted root growth under favorable conditions. We further
tested the roles of ZxPIP1;3 in shoot growth. The cotyledon of transgenic lines was larger
than those of wild-type plants (Figure 2A,D). For 4-week-old seedlings, OE2 and OE3 grow
better than Col-0 with larger rosette leaves (Figure 2E,F). Additionally, for plants during the
reproductive stage, transgenic lines were taller compared with Col-0 (Figure 2G,H). Thus,
it was evident that ZxPIP1;3 overexpression could significantly promote plant growth.

 

Figure 2. ZxPIP1;3 plays positive roles in plant growth. (A) Phenotypes of wild-type (Col-0) and ZxPIP1;3 overexpression
lines (OE2 and OE3) grow vertically on 1/2 Murashige and Skoog (MS) medium for 7 days after germination. Bar = 1 cm.
(B–D) Primary root length (B), number of emerged lateral roots and lateral root primordia (C) as well as cotyledon diameter
(D) of plants treated as described in the legend of (A). (E) Phenotypes of 4-week-old seedlings grown on soil culture.
Bar = 5 cm. (F) Rosette leaves diameter of plants treated as described in the legend of (E). (G) Phenotypes of 7-week-old
seedlings on soil culture. Bar = 5 cm. (H) Height of plants treated as described in the legend of (G). For (B–D), (F,H),
asterisks indicate significant differences from Col-0 (n = 13 per column. * p < 0.05, one way ANOVA).

2.4. ZxPIP1;3 Overexpression Improves Salt Tolerance of Transgenic Arabidopsis

To investigate the role of ZxPIP1;3 in response to salt stress, wild-type and transgenic
Arabidopsis were grown on 1/2 MS with 150 mM NaCl. Under salt stress treatment,
primary roots of OE2 and OE3 were longer than those of wild-type plants (Figure S3A).
This result indicated that ZxPIP1;3 transgenic seedlings were less sensitive to salt stress.

To further confirm the function of ZxPIP1;3 in salt stress tolerance, 4-week-old plants
were irrigated with 100 mM NaCl for 20 days. Under favorable condition, transgenic plants
grow better (Figure 3A). Under salt stress condition, the wild-type plants were etiolated and
aborted with sere leaves and inflorescence, while the leaves of transgenic plants were still
green, and the shoot apices of them grow well without abortion (Figure 3A,B). In addition,
the stems of OE2 and OE3 were longer and heavier with more branches than wild type
(Figure 3C–E). Physiological parameters including the content of organic osmoregulation
substance, relative water content, content of chlorophyll, net photosynthetic rate (Pn),
water-use efficiency (WUE) and malondialdehyde (MDA) content as well as K+/Na+

ratio were also measured (Figure 4). Salinity has osmotic effects on plants, which lead
to water deficiency [22]. To overcome physiological drought, a plant may synthesize
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organic osmotic substances, such as soluble sugar and proline, to increase water potential.
Under salt treatment, transgenic plants contained more soluble sugar and proline than wild
type, which resulted in much higher relative water content (Figure 4A–C). The stability
of chlorophyll is sensitive to plant water status, and higher relative water content can
protect chlorophyll from degradation [2]. Comparing with Col-0, the chlorophyll content
of OE2 and OE3 was much higher under both normal condition and salt stress treatment,
which was consistent with the phenotype (Figures 3A and 4D–F). Consequently, osmotic
homeostasis and higher chlorophyll content can also contribute to higher Pn and WUE
in OE2 and OE3 than Col-0 after salt treatment (Figure 4G,H). As a final product of cell
membrane lipid peroxidation, MDA is a good indicator of oxidative damage [23]. MDA
content was significantly lower in OE2 and OE3 than Col-0 (Figure 4I), which implicated
that membrane damage in transgenic lines was not as severe as those in wild type. Salinity
can also cause ion toxicity on plants. Moreover, Na+ at high concentration competes for sites
of transporters, which is necessary for K+ uptake [22]. There was no difference of K+ and
Na+ content between transgenic and wild-type lines under normal condition. However,
after salt treatment, OE2 and OE3 contained more K+ and less Na+ than Col-0, which
resulted in higher K+/Na+ ratio (Figure 4J–L). All these results indicated that ZxPIP1;3
overexpression improved the salt tolerance of transgenic lines.

 
Figure 3. Overexpression of ZxPIP1;3 improves growth vigor under salt treatment. (A) Phenotypes of soil-cultured seedlings
treated with (Salt) or without (Mock) 100 mM NaCl for 20 days. Bar = 10 cm. (B) Phenotypes of shoot apices of plants under
salt treatment as described in (A). Bar = 1 cm. (C–E) Dry weight of stems (C), number of branches (D) and plant height (E)
of plants described in the legend of (A). For (C–E), asterisks indicate significant differences from Col-0 (n = 13 per column.
* p < 0.05, ** p < 0.01, one way ANOVA).
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Figure 4. Several physiological parameters of the salt-treated wild-type and transgenic plants. Soluble sugar content (A),
proline content (B), relative water content (C), chlorophyll A content (D), chlorophyll B content (E), chlorophyll content (F),
net photosynthetic rate (Pn) (G), water-use efficiency (WUE) (H), content of malondialdehyde (MDA) (I), K+ content (J),
Na+ content (K), and K+/Na+ (L) were tested. Asterisks indicate significant differences from Col-0 (Values are mean ± SE
of three replicates. * p < 0.05, one way ANOVA).

2.5. ZxPIP1;3 Overexpression Confers Drought Tolerance of Transgenic Plants

To verify the functions of ZxPIP1;3 in drought stress response, drought stress treatment
was simulated by the cultivation of Col-0 and OE2, OE3 on 1/2 MS solid medium containing
300 mM mannitol. Under osmotic stress treatment, primary roots of OE2 and OE3 were
longer than those of Col-0 (Figure S3A). This result suggested that ZxPIP1;3 overexpression
decreased plants’ sensitivity to simulant drought stress.
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Further, the drought tolerance of wild-type and transgenic lines were evaluated in soil
culture. Col-0 and ZxPIP1;3 overexpression plants were grown under well-watered condi-
tion for 4 weeks before subjected to drought treatment. After 7 days of water withdrawal,
Col-0 began to wilt, while OE2 and OE3 grow well with unfolded leaves (Figure S3B). To
further evaluate the effect of drought stress on different lines, plants treated with dehydra-
tion were watered normally for 7 days for recovery. After that, these plants were subjected
to 7 days drought treatment again. Plants were photographed (Figure 5A) and then har-
vested for analyzing physiological parameters [19]. After period drought treatment, the
leaves of Col-0 were etiolated and wilted, whereas ZxPIP1;3 transgenic lines did not wilt
as severely as Col-0 (Figure 5A). In addition, stems’ dry weight and the branch numbers
of transgenic plants were higher than those of wild type (Figure 5B,C), which indicated
that OE2 and OE3 showed a stronger growth vigor in comparison to Col-0 under water
shortage. Physiological parameters including organic osmoregulation substance content,
relative water content, chlorophyll content, and the Pn and WUE as well as MDA content
of wild-type and transgenic lines were also measured (Figure 6). After period drought
treatment, the contents of organic osmoregulation substance, including soluble sugar and
proline, as well as relative water content in transgenic plants were higher than those of
wild type (Figure 6A–C). Photosynthesis is influenced by water status and chlorophyll
content. In addition, the accumulation of chlorophyll is also related with water status.
Compared with wild type, a higher relative water content prevented the chlorophyll of
transgenic lines from degradation, which resulted in higher chlorophyll concentration, Pn,
and WUE (Figure 6D–H). Water deficiency can also lead to cell membrane destabilization.
Under drought treatment, the MDA content of OE2 and OE3 was less than those of Col-0
(Figure 6I). All these results indicated that ZxPIP1;3 overexpression conferred drought
tolerance in transgenic plants.

 

Figure 5. Overexpression of ZxPIP1;3 improves growth vigor under drought treatment. (A) Phenotypes of soil-cultured
seedlings treated with (Drought) or without (Mock) period dehydration. Bar = 10 cm. (B,C), Dry weight of stems (B) and
number of branches (C) of plants treated as described in the legend of (A). For (B,C), asterisks indicate significant differences
from Col-0 (n = 13 per column. * p < 0.05, one way ANOVA).
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Figure 6. Several physiological parameters of the drought-treated wild-type and transgenic plants. Soluble sugar content (A),
proline content (B), relative water content (C), chlorophyll A content (D), chlorophyll B content (E), chlorophyll content (F),
Pn (G), WUE (H), and content of MDA (I) were tested. Asterisks indicate significant differences from Col-0 (Values are
mean ± SE of three replicates. * p < 0.05, one way ANOVA).

2.6. Expression Level of Stress-Related Genes Is Increased in ZxPIP1;3 Transgenic Plants under
Stress Treatment Compared with Wild-Type Plants

To assess the implication of ZxPIP1;3 in the abiotic stress response pathway, the
expression of three genes participating in stress response were analyzed via qRT-PCR
(Figure 7). Δ1-pyrroline-5-carboxylate synthetase 1 (P5CS1) plays vital roles in proline
biosynthesis [24]. The expression level of P5CS1 in all lines increased under salt and osmotic
stresses, and it was higher in transgenic lines compared with wild-type plants (Figure 7A).
The expression level of Response-to-Dehydration 29A (RD29A), an ABA-induced gene related
with responsiveness to drought, salt, and cold [25], was significantly higher in transgenic
plants comparing with Col-0 under osmotic and salt stress (Figure 7B). DEHYDRATION-
RESPONSIVE ELEMENT-BINDING PROTEIN 1A (DREB1A) is an APETALA2/ethylene-
responsive element-binding factor (AP2/ERF)-type transcription factor involved in plant
abiotic stress response [26]. The expression of DREB1A was remarkably enhanced in OE2
and OE3 under the stress-treated condition (Figure 7C).
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Figure 7. Relative expression levels of stress-related genes in wild-type and transgenic plants. The expression levels of
P5CS1 (A), RD29A (B), and DREB1A (C) were tested in 7-day-old wild-type (Col-0) and transgenic plants (OE2, OE3) under
normal (Control), salt (NaCl), and osmotic (Mannitol) treatments. Asterisks indicate significant differences from Col-0. Data
shown are means of three independent biological replicates. * p < 0.05, one way ANOVA.

3. Discussion

Z. xanthoxylum is widely distributed throughout the desert region of northwestern
China, where the mean annual precipitation is usually less than 200 mm [27]. Previous
studies have demonstrated that the main strategy for Z. xanthoxylum to cope with the
extremely arid environment is to absorb Na+ from the low salt soil and compartmentalize
them into vacuoles. Na+ can be used as a low-cost osmoregulator to decrease the osmotic
potential, which helps Z. xanthoxylum absorb water under drought stress [17,18,27]. Most
studies concerning the stress tolerance of this species were focused on the process of
sodium uptake and accumulation [17,18,27]. Various ion transporters and channels were
cloned and characterized [15,19]. However, mechanisms of the water influx that result from
Na+-accumulation are obscure. As a majority of transmembrane water flux is dependent
on AQPs, the first AQP from Z. xanthoxylum, ZxPIP1;3, was isolated, and its functions in
plant growth as well as abiotic stress tolerance were evaluated in the present study.

To cope with stressful conditions and the growing demand of food, it is vital to develop
cultivars with higher yields and improved tolerance to abiotic stress via genetic engineering
breeding [28,29]. However, most identified genes play opposing roles in stress tolerance
and plant growth, such as C repeat/dehydration-responsive element binding factor 1 (CBF1) and
DWARF AND DELAYED FLOWERING 1 (DDF1), whose overexpression conferred stress
tolerance at the expense of growth [30–32]. However, in this study, the overexpression of
ZxPIP1;3 can not only promote growth under normal condition (Figure 2) but also decrease
the inhibition of salt and drought stress on it (Figures 3 and 5), demonstrating that ZxPIP1;3
plays positive roles in plant growth as well as stress tolerance. Previous studies indicated
that AQPs exert an effect on plant growth via impacting water absorption. In addition, the
uptake of some nutrients can also be accompanied by water flux through AQPs [33]. Thus,
ZxPIP1;3 is an optimal candidate for crop breeding.

Both salinity and water shortage trigger cell dehydration. It is important for plants to
retain water from the environment under salt and drought stress. We observed that the
relative water content of ZxPIP1;3 transgenic plants was higher than those of wild type
under stress treatment (Figures 4C and 6C), indicating the enhanced ability of transgenic
plants to retain water. Similar phenotypes were also reported via studying other AQPs
transgenic plants, such as Arabidopsis overexpressing PIP1;1 from banana and potato
overexpressing StPIP1 [34,35]. To investigate the mechanism involved in this process, the
content of organic osmotic substances was measured, which were synthesized to adjust os-
motic potential. The soluble sugar content of transgenic plants was higher than that of wild
type (Figures 4A and 6A), implying that ZxPIP1;3 overexpression increased the ability of
osmotic regulation. This result was consistent with the overexpression of HvPIP2;5 [36] and
TsPIP1;3 [37], which also play positive roles in osmotic regulation. Plants also synthesize
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proline to adjust osmotic potential. P5CS participates in proline biosynthesis via reducing
glutamate to glutamate semialdehyde [24]. Studies showed that the overexpression of
ZmPIP1;1 and ScPIP1 can increase the accumulation of proline in transgenic plants via
inducing the expression of P5CS, which led to enhanced stress tolerance [36,38,39]. In
this study, consistent with previous studies, the expression level of P5CS1 and the accu-
mulation of proline in transgenic plants were also higher than those in wild-type plants
(Figures 4B, 6B and 7A). Abiotic stresses induce a rapid accumulation of ROS, which leads
to the cell membrane damage [23]. To estimate the membrane injury level, the content of
MDA, a product of lipid oxidation, was measured. It was observed that the MDA content
of transgenic plants was less than that of wild type (Figures 4I and 6I), indicating that the
membrane damage suffered by ZxPIP1;3 overexpressing plants under dehydration was not
as severe as wild type. Our results were consistent with previous studies demonstrating
that PIPs participated in reducing membrane damage under different stress [37,40,41]. The
water balance mediated by PIPs results in a relatively stable physiological status, which
may lead to reduced protein and lipid peroxidation followed by decreased MDA content
and membrane damage. High salinity decreases the growth rate of plants via increasing
cellular Na+ concentration. To avert the toxic effects of sodium in cytosol, plants intend to
compartmentalize Na+ into vacuoles. The transport of Na+ into vacuoles is regulated by
Na+/H+ antiporters and vacuolar H+-translocating enzymes, whose activation is related
to the stability of the membrane [42]. We surmised that the reduced membrane damage
contributed by ZxPIP1;3 overexpression may help to maintain the functions of transporters
localized in the cell membrane and promote the vacuolar Na+ compartmentation, which
reduced the cytotoxic effects of sodium.

Previous studies showed that most AQPs transgenic plants with enhanced stress
tolerance exhibit a higher expression level of stress-responsive genes under stress-treated
condition comparing with wild-type lines [34,38,43,44], which is consistence with our
results (Figure 7). Salt and drought stresses are water-related, which can change osmotic
gradients. Even though the certain mechanisms remained unclear, studies suggested that
AQPs may act as detectors of osmotic gradients and relay information to signaling chains
through protein conformation or interaction with downstream signaling elements [45–47].
Thus, there was no significant difference in the expression level of stress-responsive genes
between three lines under optimal condition (Figure 7). However, after salt or osmotic
treatment, the overexpression of ZxPIP1;3 may enhance plants’ response to these stress
signals and result in the higher expression level of stress-related genes indirectly (Figure 7),
which elevated plants’ stress tolerance.

In conclusion, we identified a stress-induced AQP, ZxPIP1;3, from Z. xanthoxylum
and demonstrated that ZxPIP1;3 not only improved growth vigor under favorable con-
dition but also conferred salt and drought tolerance via enhancing the capacity of water
retention as well as diminishing membrane injury and ion toxicity. This study reveals the
molecular mechanisms of xerophytes’ stress tolerance and provides a theoretical basis for
environmental protection in the desert area as well as discovers a valuable candidate for
crop breeding.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Z. xanthoxylum seeds were germinated on wet filter paper at 25 ◦C in the dark. After
germination, seedlings were transformed into a hole plate containing quartz sand, whose grain
size was about 0.5–0.8 cm, and them irrigated with modified Hoagland solution as Ma et al.
described [21] every 3 days. Seedlings were grown in greenhouse at 28 ◦C/23 ◦C (day/night)
under a 16-h-light/8-h-dark cycle with the flux density 800 μmol m−2 s−1. The relative
humidity was about 65–70%. Arabidopsis used in this study was in ecotype Columbia-0
(Col-0) background. Arabidopsis seeds were vernalized in sterile water at 4 ◦C for 3 days
before being grown on turfy soil in a greenhouse with relative humidity 65–75% at 22 ◦C
under a 16-h-light/8-h-dark cycle with the flux density of 100–120 μmol m−2 s−1.
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4.2. Expression Pattern Analysis

Three-week-old Z. xanthoxylum plants were used for different treatment for 6 h as
follows. (i) Control: seedlings were irrigated with modified Hoagland solution; (ii) Salt
treatment: seedlings were irrigated with modified Hoagland solution containing 50 mM
NaCl; (iii) Osmotic stress: seedlings were irrigated with modified Hoagland solutions
supplemented with sorbitol to adjust osmotic potential to -0.5 MPa. Roots of seedlings in
each condition were collected and frozen by liquid nitrogen immediately.

Total RNA was extracted by using an RNAprep Pure Plant Plus Kit (Polysaccha-
rides & Polyphenolics-rich) (TIANGEN, Beijing, China), and cDNA was synthesized from
DNase-pretreated RNA using a PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa
Biotechnology, Beijing, China). qRT-PCR was performed in triplicate on three bio-replicates
with a StepOne Real-Time PCR Thermocylcer (Applied Biosystems, Foster City, CA, USA)
using the Power SYBR™ Green Master Mix (TaKaRa Biotechnology, Beijing, China). Zx-
ACTIN (GenBank accession no. EU019550) was used as the internal control gene [15,19–21].
Sequences of primers are listed in Table S1. The 2−ΔΔCt method was used to determine the
relative expression level [48].

4.3. Cloning of ZxPIP1;3 and Sequence Analysis

Total RNA was extracted from roots of 3-week-old Z. xanthoxylum subjected to −0.5 MPa
osmotic stress. The cDNA sequence of ZxPIP1;3 (GenBank accession no. MW590708)
was amplified by using a SMART RACE cDNA Amplification Kit (TaKaRa Biotechnology,
China). Sequences of primers are listed in Table S1.

Nucleotide and amino acid sequences were analyzed by using DNAMAN (DNAMAN
Inc., San Ramon, CA, USA). Transmembrane helices were predicted by TMHMM Server
v 2.0 (http://www.cbs.dtu.dk/services/TMHMM/ (accessed on 1 January 2021)). Full-
length amino acid sequences of PIP1;3 from Arabidopsis, Actinidia chinensis, D. zibethinus,
Eucalyptus grandis, Gossypium arboretum, Gossypium austral, Gossypium hirsutum, Gossypium
raimondii, H. umbratical, and Theobroma cacao were obtained from the NCBI database (
https://www.ncbi.nlm.nih.gov/ (accessed on 1 January 2021)). DNAMAN were used for
sequence alignment and polygenetic analysis.

4.4. ZxPIP1;3 Expression Vector Construction

ZxPIP1;3 coding sequence was amplified with primers listed in Table S1. The prod-
uct was cloned into a pDONR-ZERO vector by BP reaction and then inserted into the
binary vectors, pBIB-BASTA-35S-GWR-GFP and pBIB-BASTA-35S-GWR-FLAG, by LR re-
action. These binary constructs were introduced into the Agrobacterium tumefaciens strain
GV3101 separately.

4.5. Subcellular Localization

GV3101 harboring pBIB-BASTA-35S-ZxPIP1;3-GFP was used for subcellular localiza-
tion. GV3101 harboring pCAMBIA1302 was used as control. After incubating in Luria–
Bertani broth containing 10 mM MES (pH 5.7) and 20 mM acetosyringone at 28 ◦C overnight
with shaking, cells were collected and adjusted to an OD600 of 0.6 with MS liquid media
containing 10 mM MES (pH 5.7), 10 mM MgCl2, and 150 mM acetosyringone. After incu-
bating at 28 ◦C for 2 h, the resuspension solution was injected into N. benthamiana. Leaves
were used for subcellular localization analysis after 48-h infiltration.

4.6. Transgenic Plants Generation

The transformation of Arabidopsis Col-0 plants was performed via the floral dipping
method by using GV3101 harboring pBIB-BASTA-35S-GWR-FLAG. The expression level
of ZxPIP1;3-FLAG in transgenic plants with BASTA resistance was investigated via semi-
quantitative RT-PCR. In addition, the expression levels of ZxPIP1;3-FLAG in wild type
and OE2, OE3 were also evaluated via qRT-PCR. To avoid nonspecific amplification, the
reverse primers for semi-quantitative RT-PCR and qRT-PCR were designed by using the
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FLAG sequence. AtACTIN 2 (AT3G18780) was used as the internal control for both semi-
quantitative RT-PCR and qRT-PCR. Primers are listed in Table S1. The third generation of
homozygous plants were used for further analysis.

4.7. Root and Shoot Growth Analysis

For lateral root growth analysis, seeds of wild-type and transgenic lines were plated
on 1/2 MS solid medium and grown for 7 days after germination. Photographs were taken
with a digital camera. The number of lateral root and lateral root primordia of 15 seedlings
for each line were counted via an Olympus light microscope (magnification 100×), and 13
seedlings for each line were used for statistical analysis.

For primary root growth analysis, seeds of wild-type and transgenic plants were
plated on 1/2 MS solid medium without or with 150 mM NaCl or 300 mM mannitol and
grown for 7 days after germination. Photographs were taken with a digital camera. A
primary root length of 15 seedlings for each line under respective treatment was measured
by using Digimizer (MedCalc Software Ltd. Ostend, Belgium), and 13 seedlings for each
line under respective treatment were used for statistical analysis.

For shoot growth analysis, cotyledon diameter, rosette leaves diameter and plant
height, dry weight of stems, and number of branches were measured. For each parameter,
13 out of 15 individuals were used for statistical analysis for different lines.

4.8. Salt Tolerance Analysis of Transgenic Plants

For salt treatment with soil-grown plants, 4-week-old seedlings were irrigated with or
without 100 mM NaCl for 20 days every 4 days. After being photographed with a digital
camera, plants were harvested for physiological parameters analysis. The content of soluble
sugar and proline, relative water content, chlorophyll content, and net photosynthetic
rate, K+/Na+ ratio as well as malondialdehyde content were determined as described in
previous studies, respectively [17,18,36,49,50].

4.9. Drought Tolerance Analysis of Transgenic Plants

For drought tolerance analysis in soil culture, 4-week-old plants were subjected with
dehydration for 7 days and photographed with a digital camera (Figure S3B). To further
evaluate the effect of drought stress on growth, drought-treated plants were irrigated
normally for 7 days for recovery and treated with another 7 days’ water withdraw. Plants
were photographed via a digital camera (Figure 5A) and then harvested for analyzing
physiological parameters. The content of soluble sugar and proline, relative water content,
chlorophyll content, and net photosynthetic rate, as well as malondialdehyde content were
determined as previous studies, respectively [17,18,36,49,50].

4.10. Expression Pattern Analysis of Stress-Related Genes

Wild-type and transgenic lines grown on 1/2 MS solid medium for 7 days were treated
as follows for 6 h: (i) Control: 1/2 MS liquid medium; (ii) Salt stress: 1/2 MS liquid medium
containing 150 mM NaCl; (iii) Osmotic stress: 1/2 MS liquid medium containing 300 mM
Mannitol. Roots of each treatment were collected, and total RNA were extracted. The
transcript level of three stress-related genes P5CS1 (AT2G39800), RD29A (At5G52310),
and DREB1A (At4G25480) were evaluated, and AtACTIN 2 (AT3G18780) was used as the
internal control. The primer sequences used in this part are listed in Table S1.

4.11. Statistical Analysis

All analyses were performed by using IBM SPSS Statistics, version 22. (SPSS Inc.,
Chicago, IL, USA). All data shown as mean ± standard error of means were analyzed
using one-way ANOVA, followed by Duncan’s test. Statistically significant mean values
were denoted as * (p < 0.05) or ** (p < 0.01).
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Abstract: The adaptation strategies of halophytic seaside barley Hordeum marinum to high salinity
and osmotic stress were investigated by nuclear magnetic resonance imaging, as well as ionomic,
metabolomic, and transcriptomic approaches. When compared with cultivated barley, seaside barley
exhibited a better plant growth rate, higher relative plant water content, lower osmotic pressure,
and sustained photosynthetic activity under high salinity, but not under osmotic stress. As seaside
barley is capable of controlling Na+ and Cl− concentrations in leaves at high salinity, the roots
appear to play the central role in salinity adaptation, ensured by the development of thinner and
likely lignified roots, as well as fine-tuning of membrane transport for effective management of
restriction of ion entry and sequestration, accumulation of osmolytes, and minimization of energy
costs. By contrast, more resources and energy are required to overcome the consequences of osmotic
stress, particularly the severity of reactive oxygen species production and nutritional disbalance
which affect plant growth. Our results have identified specific mechanisms for adaptation to salinity
in seaside barley which differ from those activated in response to osmotic stress. Increased knowledge
around salt tolerance in halophytic wild relatives will provide a basis for improved breeding of
salt-tolerant crops.

Keywords: halophytic wild barley; salinity; osmotic stress; metabolome; transcriptome; ionome;
stress adaptation; Hordeum marinum

1. Introduction

High salinity is one of the biggest threats to modern agriculture and crop productivity, leading to
an annual estimated economic loss of over 10 billion USD [1]. More than 800 million hectares of
agricultural land (>6% of the planet’s total land area) are considered to be salt-affected [2]. The area
of salinized soils is reported to be increasing at a rate of 10% per year, and is an issue in more than
100 countries worldwide [3,4].

High levels of salinity result in impaired plant growth and development through various
mechanisms, including osmotic stress (OST) due to loss of cellular water content, cytotoxicity due to
excessive uptake of Na+ and Cl− ions, oxidative stress due to generation of reactive oxygen species
(ROS), and nutritional imbalance [5]. Compared to salt-sensitive plants, or glycophytes, the increased
salt tolerance of plants grown in a saline environment, or halophytes, is achieved predominantly by a
greater robustness of employed mechanisms rather than qualitative differences [5,6]. These mechanisms
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involve maintaining the homeostasis of cellular ions, making osmotic adjustments and ROS scavenging.
Na+ and Cl− ions are themselves the important contributors to the cellular osmotic potential [7].
Because they are toxic if not compartmentalized, these ions have to be sequestrated into vacuoles or
endosomal compartments by ion exchangers and the H+ pumps localized to the tonoplast or endosomal
membranes [8]. Organic osmolytic solutes, such as sugars, sugar alcohols, and proline, accumulate
in the cytoplasm of halophytic species to balance the osmotic potential of Na+ and Cl−, contained in
the vacuole, and to maintain the physiological functions of the cell [9]. From an energy-saving aspect,
cellular osmotic adjustment is achieved more efficiently by the use of ions than of organic solutes [7].

Plant species have evolved diverse and unique ways to survive in harsh saline environments.
Certain dicot halophytic plants, in order to resist or avoid accumulation of toxic ions, have developed
special structures and organs, such as epidermal bladder cells, which accumulate excessive Na+ in
their vacuoles, and hydathodes, which actively secrete salt and reduce the concentration of toxic
ions in the cells [10,11]. The majority of halophytic monocots do not exhibit such specialized organs,
but have developed other ways to survive under saline conditions. Several wild species within
the Triticeae tribe, to which the major crops wheat (Triticum aestivum) and barley (Hordeum vulgare)
belong, exhibit exceptional salinity tolerance [10]. The seaside barley (Hordeum marinum), a typical
Mediterranean halophytic plant of coastal salt marshes, is considered one of the major genetic sources
for salinity tolerance [12]. The amphidiploid wheat hybrids with H. marinum exhibit improved
salt tolerance compared with wheat [13,14]. H. marinum possesses a higher water saturation deficit
and osmotic potential in comparison with that of cultivated barley due to higher accumulation of
proline, glycine betaine, and dehydrins [15,16]. Proteomic analysis also revealed increased levels of
proteins involved in energy metabolism [15]. Furthermore, antioxidant enzymes in seaside barley
were shown to have significantly higher activity in plants grown at high salinity [17]. Transcriptome
studies suggest that the salt-tolerance strategy of H. marinum comprises low energy consumption,
utilization of inorganic ions as cheap osmotic agents, and changes in the activity of the HmHKT1;5 and
HmHKT2;1 transporters [18–20]. However, the molecular mechanisms underlying the biochemical
and morphological changes and physiological strategies employed by H. marinum during acclimation
to salinity remain mostly unexplored.

The aim of the present study was to elucidate the differences in adaptation strategies of
H. marinum plants to OST and salinity stress (SST) at the molecular, metabolic, morphological,
and physiological levels.

2. Results

2.1. Different Physiological Responses of H. marinum and H. vulgare to OST and SST

To evaluate differences in the response of H. vulgare and H. marinum to SST and to elicit salinity
adaptation responses in halophytic seaside barley, the plants were cultivated in hydroponic culture
containing 300 mM NaCl, which corresponds to slightly over 500 mOsm osmotic pressure. Preliminary
OST experiments showed deleterious effects on plants after treatment with the same osmotic pressure
(32% PEG6000), probably due to impermeability of this osmotic agent through cell membranes.
Therefore, plants were cultivated in media supplemented by 15% PEG6000, which plants could still
tolerate. SST and OST treatments affected the growth of both H. vulgare and H. marinum plants, albeit to
a different extent (Figure 1). The relative growth rate (RGR) of H. marinum plants was approximately
2-fold lower under either SST or OST conditions (Figure 1C). A similar decrease in the RGR of H. vulgare
plants was observed under OST; however, application of SST resulted in a ~95% reduction of growth
rate relative to the control (Figure 1F). Under high salinity, the H. vulgare plants exhibited leaf chlorosis
and wilting as marks of severe salt toxicity, whereas the H. marinum plants maintained their strong
green color (Figure 1A,B). Under OST, however, they turned a yellow shade. Furthermore, after SST,
the osmotic pressure recorded in H. marinum plants was slightly lower than that in H. vulgare (Figure S1).
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Figure 1. Changes in growth of Hordeum marinum and H. vulgare plants under osmotic (OST) and
salinity (SST) stresses. (A,B) Morphological characteristics of H. marinum (A) and H. vulgare plants (B)
under SST and OST after reaching the maximum stress (27 days old); (C,F) relative growth rate,
(D,G) plant water content (PWC), and (E,H) shoot/root weight ratio of H. marinum (C–E) and H. vulgare
(F–H) plants under control and stressed conditions. Scale bars = 5 cm. Data are mean ± SD; n = 8,
t significant at: *, p < 0.05, and ***, p < 0.001.

Comparative non-invasive magnetic resonance imaging of H. marinum plants demonstrated
alterations in the hypocotyl and root structure, compared to the controls, under SST (Figure 2).
Numerous root primordia and seminal roots were initiated in the hypocotyl region, resulting in more
fibrous roots (Figure 2A,B). NMR models (Figure 2C,D) allowed the calculation of volumes and surface
area of roots. While the volumes of individual roots were only marginally decreased under conditions
of high salinity compared to the control (0.43 ± 0.20 vs. 0.55 ± 0.10, mm3), the total surface area of the
stressed roots was ~23.8% higher, due to the production of a larger number of thinner roots.

Plant water content (PWC) in H. marinum tissues was depleted by ~30% after application of either
OST or SST (Figure 1D). In particular, the cortex region of the saline-affected roots contained less
water than that of the control roots (Figure 2E,F). A decrease of ~25% in PWC was also observed in
the H. vulgare plants under OST, and SST resulted in almost 50% less PWC compared to the control
plants (Figure 1G). Thus, seaside barley exhibited a greater ability to retain water under conditions
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of high salinity in comparison to H. vulgare. Finally, a greater reduction in shoot:root weight ratio
was observed in H. vulgare plants under SST than in H. marinum (Figure 1E,H). Together, these data
indicate that stress treatments, in particular salinity, hinder the growth of H. vulgare, while H. marinum
exhibits stronger resistance to SST, as reflected in enhanced water retention, preserved shoot growth,
and, possibly, sustained biosynthetic activity.

Figure 2. Comparative non-invasive magnetic resonance imaging (MRI) revealed structural changes in
SST roots of H. marinum when compared to the control. (A,B) The representative virtual cross-sections
show the internal structure of hypocotyl regions of plants growing under the control condition (A)
and SST (B). Numerous root nodules in the hypocotyl region (white arrows) and root cross-sections
(doubled arrows) are visible. (C,D) Fragments of the 3D models show spatial arrangement of the fibrous
roots in control (C, green) and SST (D, red). (E,F) Relative differences in water distribution across the
root tissues are visualized in virtual cross-sections of control (E) and SST (F) roots. MRI signal in (E,F)
is at an identical scale and represented using a rainbow-based color scheme. High signal intensities in
red (max) indicate high water saturation, while the blue regions (min) indicate lower water saturation.
Scale bars = 1 mm.

2.2. Different Photosynthetic Activity and Assimilate Allocation in H. marinum and H. vulgare Plants
Under SST

To evaluate the photosynthetic activity and assimilate allocation in H. marinum and H. vulgare
plants under stress conditions, we analyzed the uptake and distribution of assimilates following
the treatment of control and stressed shoots with 13C-labeled CO2 (Figure 3). When compared with
domesticated barley, H. marinum shoots showed ~2-fold higher efficiency of 13C uptake. In H. marinum,
the efficiency of 13C assimilation was slightly decreased under OST, and not significantly changed under
SST, indicating maintenance of photosynthetic activity rate. On the other hand, the 13C assimilation in
H. vulgare shoots appeared significantly decreased under OST and was almost negligible under SST
(Figure 3A).

The H. marinum control plants re-allocated large amounts of 13C-labeled assimilates to the roots
(Figure 3B). Application of either OST or SST led to a significant decrease, but not a complete block of
the 13C allocation to the roots. The H. vulgare roots also accumulated less 13C-labeled assimilates than
the equivalent control plants under OST, while 13C accumulation was barely detectable in SST-treated
roots due to the inhibited photosynthetic 13C fixation by the shoots.
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Figure 3. 13C uptake and distribution in shoots (A) and roots (B) of Hordeum marinum and H. vulgare
plants under control conditions as well as under osmotic and salinity stresses. Dashed lines indicate
natural 13C abundance. Data are mean ± SD; n = 5, t significant at: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

2.3. Comparative Analysis of Mineral Composition Under SST and OST

We analyzed the mineral content of H. marinum roots and shoots under control and stress
conditions (Table 1).

Table 1. Element compositions in shoots and roots of Hordeum marinum under osmotic and salinity
stress compared to control.

Element
Shoots, (μg/g) DW * Roots (μg/g) DW *

Control Osmotic Stress Salinity Control Osmotic Stress Salinity

11B 17.9 ± 3.9 13.7 ± 3.1 * 13.3 ± 0.7 ** 5.8 ± 1.2 5.7 ± 0.7 5.0 ± 0.8
98Mo 1.8 ± 0.1 2.4 ± 0.5 ** 3.4 ± 0.3 *** 1.8 ± 0.9 1.2 ± 0.1 2.8 ± 0.1 **

31P 6510.8 ± 276.4 8006.4 ± 371.0 *** 5696.5 ± 191.9 *** 7152.7 ± 167.5 7850.4 ± 252.0 *** 6463.2 ± 199.8 ***
44Ca 6958.7 ± 1596.1 6364.0 ± 394.0 2604.8 ± 424.6 *** 2806.7 ± 375.5 6850.9 ± 752.6 *** 1388.8 ± 282.9 ***

55Mn 108.1 ± 14.8 205.7 ± 49.2 *** 91.1 ± 37.6 199.4 ± 27.0 379.4 ± 36.6 *** 200.1 ± 23.3
60Ni 4.5 ± 2.3 9.8 ± 3.7 ** 6.5 ± 5.8 6.5 ± 3.2 13.8 ± 3.2 *** 16.7 ± 8.2 **
63Cu 20.5 ± 2.1 38.7 ± 48.3 19.8 ± 4.7 297.9 ± 18.0 183.3 ± 13.9 *** 282.8 ± 20.3
66Zn 35.3 ± 2.3 74.1 ± 6.3 *** 56.4 ± 4.8 *** 44.2 ± 5.1 35.7 ± 2.1 *** 111.1 ± 7.0 ***
23Na 539.2 ± 162.3 545.9 ± 68.7 25614.5 ± 2381.9 *** 728.2 ± 81.8 505.7 ± 51.6 *** 36680.6 ± 3394.2 ***
26Mg 3048.6 ± 680.1 2805.7 ± 415.2 1504.1 ± 201.5 *** 1391.7 ± 233.3 1730.4 ± 51.0 ** 1075.7 ± 83.3 **

34S 449439 ± 353.8 5845.4 ± 942.7 ** 3329.9 ± 249.6 *** 3125.5 ± 191.7 3544.4 ± 162.8 *** 3123.6 ± 155.7
39K 54968.5 ± 3184.1 52948.5 ± 6022.5 42608.6 ± 2273.7 *** 41786.5 ± 1919.9 37967.2 ± 2353.3 ** 27505.5 ± 1466.2 ***

* DW, dry weight. Significantly increased contents are highlighted in blue, significantly decreased contents are
highlighted in red. Data are means ± SD, n = 8–10, * t significant at p < 0.05, ** t significant at p < 0.01 and
*** t significant at p < 0.001.

Following incubation with 300 mM NaCl, a marked elevation of Na content was observed in
both tissue types, albeit ~1.4-fold lower in the shoots than in the roots. Contrary to Na, the K and
particularly the Ca contents were significantly reduced in the shoots and roots of SST-treated plants.
Ca2+ is recognized as a crucial second messenger in signaling pathways linking the perception of
environmental stimuli to plant adaptive responses [21]. The estimated K/Na ratio was higher in the
shoots than in roots (1.66 vs. 0.75) under SST, possibly indicating more efficient K+ retention in green
tissue. OST led to K reduction but Ca elevation in the roots, whereas no change was observed in
their levels in the shoots. Zn and Mo contents were also elevated in both tissues under SST and in
the shoots under OST. In OST-treated roots, Zn content was reduced, while Mo was not affected.
Furthermore, under SST, P and Mg concentrations were decreased in both sample types, and S and
B contents were decreased only in the shoots. These results suggest that salinity evokes changes in
mineral uptake and allocation in the whole plant to counteract Na and Cl excess and adjust the osmotic
pressure. In contrast to SST, OST resulted in a rise in mineral contents (P, Mn, Ni, and S) in the shoots,
accompanied by decreases in the Cu and Na contents in the roots, likely reflecting ionic adaptations to
high osmotic pressure.
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2.4. Alterations of Metabolite Profiles in Response to SST and OST

Changes in metabolome of the roots and shoots of H. marinum plants were investigated under
OST and SST by untargeted metabolite profiling. In total, 138 and 136 metabolites were identified in
the roots and shoots, respectively (Table S1). In the roots, the levels of 59 metabolites were significantly
altered by >2-fold (a decrease observed in 44 and an increase in 15 metabolites) following treatment
with OST, whereas a change was detected in 61 metabolites (35 decreased and 26 increased) in those
under SST conditions. In the shoots of the plants, OST led to a change in the levels of 68 metabolites
(45 decreased and 23 increased) and SST resulted in differences for 58 metabolites (40 decreased and
18 increased) (Table S1).

Principal component analysis of the metabolite profiles of H. marinum plants revealed differential
responses to OST versus SST (Figure S2), with only 14 metabolites being affected under both stresses.
The largest increase was detected for the flavonoid 3-methoxy-4-hydroxyhippuric acid under both types
of stress (Table S1). The levels of ascorbate and its precursor mannose-6P were increased under OST
but decreased under SST in the shoots (Figure 4). A strong increase in gluconolactone, a polyhydroxy
acid with metal-chelating and ROS-scavenging activities [22], was specifically detected in SST-treated
roots (Table S1). These data suggest differences in ROS production and scavenging in H. marinum
tissues under OST versus SST.

Figure 4. Changes in osmolytic metabolites, and the antioxidant system in roots and shoots of
Hordeum marinum under osmotic and salinity stresses. Bars represent means of seven independent
replicates ± SE. Significant differences to control treatments at specified time points after excision are
indicated by asterisks (Wilcoxon, Mann-Whitney U-test; *, p < 0.05).

Plants often exhibit an increase in free proline following exposure to hyperosmotic stress or
SST [23]. In H. marinum, such an increase was larger under SST than OST in both tissue types.
The trehalose-6P content was decreased in both tissues under OST, while an increase in mannitol-1P
was observed in the roots, but not the shoots, under both stresses (Figure 4). These elevated levels
indicate increased mannitol biosynthesis.
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The levels of fructose-6P and lactate were decreased in both tissues under OST and SST conditions
(Figure 5). An increase in citrate in both tissues under OST and in shoots under SST, but decrease
in organic acids associated with malate conversion [2-oxoglutarate, succinate (in both tissues after
SST and in roots after OST), fumarate (only in shoots) and malate], were detected in the metabolites
associated with the tricarboxylic acid (TCA) cycle (Figure 5). The levels of purine nucleotides generally
exhibited trends opposite to those of uric acid, allantoin, and allantoate in roots and shoots, particularly
under OST (Figure 6). These results indicate that, in stressed plants, there is a reduction of processes
related to nucleotide and energy metabolism and possibly cellular proliferation.

Figure 5. The effect of osmotic and salinity stresses on the sugar and central metabolism and
corresponding transcriptomic changes in roots and shoots of Hordeum marinum. Metabolic data,
presented as bars, are means ± SE; n = 7. Significant differences to control treatments at specified time
points after excision are indicated by *, p < 0.05 (Wilcoxon, Mann-Whitney U-test). Up-regulated genes
are labeled by blue, down-regulated by red color.

Homeostasis of the auxin indole-3-acetic acid (IAA) is achieved through amino acid conjugation
and catabolism [24]. The levels of the IAA-Ala conjugate (reversible storage compound of IAA) were
increased in plants under both type of stress. 2-oxindole-3-acetic acid (oxIAA), a major inactive and
irreversible IAA degradation product, was markedly increased in SST-treated roots (Table S1). Thus,
adjustment of auxin content may be involved in salinity adaptation.
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Figure 6. The effect of osmotic and salinity stresses on the purine catabolism and corresponding
transcriptomic changes in roots and shoots of Hordeum marinum. Metabolic data, presented as bars,
are means ± SE; n = 7. Significant differences to control treatments at specified time points after excision
are indicated by *, p < 0.05 (Wilcoxon, Mann-Whitney U-test). Up-regulated genes are labeled by blue,
down-regulated by red color, and those with no changes in expression by grey color.

Levels of mevalonate pyrophosphate, involved in the mevalonate pathway of terpenoid backbone
biosynthesis [25], were decreased in all tissues, particularly in roots under SST (Table S1). The content
of methylerythritol-4P (MEP), part of the MEP pathway of terpenoid synthesis, decreased in shoots
under both types of stress (Table S1). Distinct components of the shikimate pathway (e.g., quinic acid
and shikimate-3P) were significantly reduced under OST. Tyramine content, a product of tyrosine
metabolism and a precursor in alkaloid biosynthesis via the shikimate pathway, was decreased in the
roots under both types of stress (Table S1).

2.5. Transcript Profiling in H. marinum Suggests a Stronger Influence by OST than SST

We analyzed changes in RNA transcript abundances in the roots and shoots of H. marinum
following treatment with OST and SST, using RNA sequencing. In total, 2232 differentially expressed
genes (DEGs) with known or predicted function were detected in at least one tissue type as a result of
at least one type of stress (fold change in expression ≥ 3, false discovery rate (FDR) < 0.05) (Table S2).
The largest changes in transcriptome were observed in the OST-treated shoots with 1210 DEGs detected
(821 down- and 389 upregulated), followed by the OST-treated roots with 1063 DEGs (469 down- and
594 upregulated). Notably fewer DEGs were detected under SST in the roots (545 DEGs: 220 down-
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and 325 upregulated) and shoots (270 DEGs: 106 down- and 164 upregulated genes). While a difference
in DEGs between stressed roots and shoots was expected due to their functional specificity, the overlap
between DEGs detected following OST versus SST of the same tissue was also small (Figure 7A,B).

Figure 7. (A,B) Venn diagram showing the numbers of common and stress-specific differentially
expressed genes (DEG) in roots (A) and shoots (B) after osmotic (15% PEG6000) and salt (300 mM
NaCl) stresses. (C) A schematic overview of the main processes occurred during salinity and osmotic
stress in H. marinum. Activated processes are highlighted in blue, inhibited processes are highlighted in
red. Arrows indicate directions of mineral, phytohormone, and sugar redistribution between roots and
shoots upon stress treatment.

2.6. OST Differentially Affects Shoot and Root Development

Of the DEGs detected in OST-treated shoots, the majority (117 genes) encoded proteins involved
in transcription, translation, and general cellular processes, and included diverse histones (43 genes),
ribosomal proteins (25 genes), cyclins (6 genes), cell division control (2 genes), and expansins (2 genes)
(Table S2); all of them were downregulated. The same group of DEGs was also prominent in
OST roots (59 genes), in which the genes involved in control of cell division and elongation
(cortical cell-delineating proteins, expansins, mitogen-activated protein kinase, cell cycle control phosphatase)
were also repressed. Under OST conditions, the most highly upregulated gene in both the shoots and
roots encoded rRNA N-glycosidase, which is involved in ribosomal degradation [26]. Three pumilio

167



Int. J. Mol. Sci. 2020, 21, 9019

genes, whose products may influence mRNA stability [27], were also highly upregulated in the shoots.
These data indicate inhibition of cell division and elongation in plants under OST. Furthermore,
repression of actin depolymerizing factor and actin together with activation of dynein, two β-tubulins,
and flotillin-like protein genes suggests reorganization of the cytoskeleton and intracellular trafficking
under these conditions.

OST resulted in downregulation of genes associated with cell wall metabolism (cellulose
synthases, fasciclin-like arabinogalactan proteins, pectinesterases, xyloglucan endotransglucosylases
and UDP-glycosyltransferases) in shoots and roots, signifying strong repression of cell wall
biosynthesis. In the roots, genes involved in lipid biosynthesis were mostly repressed (including
3-ketoacyl-CoA synthases and fatty acid desaturase), while those responsible for lipid degradation
(GDSL esterase/lipases, papatins, and lipoxygenase) exhibited increased transcription. In the
shoots, from the repression of GDSL esterase/lipases (9 genes), 3-ketoacyl-CoA synthases (6 genes),
bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily proteins (6 genes),
glycerol-3-phosphate acyltransferases (4 genes), fatty acid desaturases (3 genes), fatty acid hydroxylases
(2 genes), lipoxygenases (2 genes), and phospholipases (2 genes), it can be deduced that total lipid
metabolism was likely minimized.

In contrast to the response under OST, SST-treated plants revealed only minor transcriptional
changes in genes involved in general cellular processes and in the metabolism of lipids and the
cell wall (Table S2). Downregulation of expansins, GTPase RsgA, CRIB domain-containing protein
RIC1, and α-tubulin 4, as well as upregulation of flotillin and β-tubulin 2, indicate cytoskeleton
reorganization in roots under SST. Of 20 DEGs associated with cell wall metabolism, three pectin
lyase genes, two fasciclin-like arabinogalactan protein genes, and one xyloglucan endotransglucosylase gene
showed decreased expression, while four UDP-glycosyltransferase genes and one xylanase inhibitor gene
revealed increased expression in the roots. Moreover, the transcription of five genes encoding laccase,
which is involved in lignin biosynthesis, was increased up to 10-fold in both the shoots and roots,
suggesting increased lignification of cell walls under SST conditions.

2.7. OST But Not SST Leads to Strongly Diminished Photosynthetic Processes

OST led to a marked downregulation of genes encoding proteins from the
entire photosynthetic machinery (Table 2): chlorophyll a-b binding proteins (18 genes),
subunits of reaction center of photosystems I and II (9), thylacoid membrane proteins (7), RUBISCO (4),
subunits of cytochrome b6-f complex (2), plastocyanin, ferrodoxin, and ribulose-5P-3-epimerase. However,
this was not observed under SST conditions. Heme oxygenase, whose product plays a role in the
protection against oxidative damage via ROS scavenging [28], was upregulated in shoots under both
OST and SST. The expression of protein D1, required for the repair of photosystem II [29], was increased
over 44-fold in SST-treated shoots.

2.8. Primary Metabolism and Sugar Conversion Are Altered Under SST and OST

Upregulated expression of genes involved in sucrose cleavage (sucrose synthases and invertases)
as well as starch and glucan degradation (glucan-1,3-β-glucosidases, and β-amylase), together with the
reduction of expression of those responsible for fructan biosynthesis (sucrose:sucrose 1-fructosyltransferase,
sucrose:fructan 6-fructosyltransferase, and fructan:fructan 1-fructosyltransferase), suggest a shift from the
production of di- and polysaccharides towards their degradation to hexoses in plants under both types
of stress (Figure 5). The transcription of aldose reductase and α-galactosidase, involved in monosaccharide
conversion and sorbitol synthesis, was also increased, as was the expression of trehalose-P synthase and
trehalose-6P phosphatase was also upregulated in the roots (Table S2).

A group of DEGs associated with the TCA cycle and glycolysis showed upregulation in
OST-treated plants (Table 2). However, the expression of pyruvate dehydrogenase and NAD-dependent
malic enzyme was also increased in plants under SST (Figure 5). Increased transcription of
isocitrate lyase and malate synthase suggests activation of the glyoxylate bypass [30,31]. The expression
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of alanine:glyoxylate aminotransferase and NADP-dependent malate dehydrogenase, whose products are
involved in photorespiration, was increased only in plants treated with OST (Table S2).

Table 2. Gene ontology (GO) term enrichment in the differentially expressed genes (DEGs) from the
specific tissue under osmotic or salt stresses.

Biological Process
Fold Enrichment in

OST Roots OST Shoots SST Roots SST Shoots

Tricarboxylic acid metabolism (GO:0072351 + GO:0072350) 9.56–16.73 7.84–13.55
Generation of precursor metabolites and energy (GO:0006091) 2.06

Nicotianamine metabolism (GO:0030418 + GO:0030417) 16.73 13.55
Amine metabolism (GO:0009309 + GO:0044106) 5.01–5.52

Cold acclimation and response to cold (GO:0009631 + GO:0009409) 14.6 6.91–29.86
Nitrate response and transport (GO:0010167 + GO:0015706) 9.61–10.14

Transition metal ion transport (GO:0000041) 4.27
Anion transport (GO:0015698 + GO:0006820 + GO:0098656) 2.79–4.25 3.51–5.62

Ion transport (GO:0006811) 1.97 2.37
Transmembrane transport (GO:0055085) 1.85 2.06

Response to inorganic substances (GO:0010035) 3.21
Response to acid chemical (GO:0001101) 2.85 2.8 3.67

Oxidation-reduction (GO:0055114 + GO:0072593 + GO:0098869) 1.71 1.84–3.24 2.1 2.13
Tryptophan metabolism (GO:0000162 + GO:0006568) 11.87–15.37

Indole compound metabolism (GO:0042435 + GO:0042430) 11.87–15.37
Indolalkylamine metabolism (GO:0046219 + GO:0006586) 11.87–15.37

Response to abscisic acid (GO:0009737) 5.74
Response to alcohol (GO:0097305) 5.68

Response to lipid (GO:0033993) 4.11
Drug metabolism (GO:0042737+ GO:0017144) 2.54–2.8 3.33

Photosynthesis (GO:0015979 + GO:0009768 + GO:0009765) 3.88–8.55
Chromatin organization (GO:0097549 + GO:0045814 + GO:0034401) 5.2–5.41

Antibiotic metabolism (GO:0016999 + GO:0017001) 3.02–3.14
Cofactor metabolism (GO:0051187 + GO:0051186) 2.07–3.01

Cellular detoxification (GO:1990748 + GO:0097237) 2.5
Small molecule biosynthetic process (GO:0044283) 2.01

Allantoinase, whose product converts allantoin into allantoate, was repressed in shoots under both
stress conditions, while AMP-deaminase expression was upregulated, suggesting activation of metabolic
conversion of adenine ribonucleotides into allantoin. Similarly, adenine phosphoribosyltransferase 5,
responsible for de novo synthesis of adenosine monophosphate (AMP), was upregulated under OST,
whereas adenylate kinase, which performs interconversion of adenine nucleotides, was downregulated
highlighting a channeling of adenine nucleotides towards catabolism (Figure 6).

2.9. SST and OST Affect the Expression of Distinct Groups of Transporters

H. marinum roots under both OST and SST demonstrated marked changes in expression of genes
encoding different membrane transport proteins, including ion and anion transporters (Table 2),
the majority of which were upregulated (Table S2). The pattern of salinity-responsive DEGs related to
membrane transport, was mostly different to that resulting from OST.

Among anion transporters, three boron transporter genes with potential anion efflux activity [32]
were specifically and highly upregulated in SST-treated roots, suggesting a role for them in Cl− removal.
Upregulation of S-type anion channels SLAH2 and SLAH3 may serve the purpose of enrichment with
NO3

–, as a main competitor of Cl−, to minimize Cl− accumulation [33,34]. In the shoots of SST-treated
plants, upregulation of NRT1/PTR FAMILY 7.3, a potential anion transporter [35], may be linked to
further regulation of root-to-shoot anion transport. In OST-treated roots, however, six other genes
from the NRT1/PTR family were downregulated. Increased expression of an aluminum-activated
malate transporter may also be associated with Cl− efflux [36,37] or malate extrusion into soil to increase
phosphate availability [38]. In line with the latter possibility, five phosphate transporters were strongly
upregulated in the roots under SST.

Among ion transporters, the expression of K+ channel SKOR was increased ~11-fold exclusively
in SST-treated roots, indicating enhanced re-translocation of K+ as the main Na+ competitor [39,40].
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The transcript levels of cation/H+ antiporter 16, another potential player in the maintenance of Na+/K+

homeostasis, were also increased. The expression HKT5 transporters and NHX exchangers, shown to be
important for adaptation to high salinity [41], was unchanged in H. marinum under SST, but decreased
under OST (HKT14;1 and HKT1;1 in the shoots, HKT1;5 and HKT2;1 in the roots). Upregulation of
ammonium transporter 2 in roots under both stress types may indicate increased ammonium transport
to foster N demand in stressed plants. Ammonium assimilation is less energy-demanding than nitrate
uptake [42]. In line with this, six genes encoding high-affinity nitrate transporters were repressed in
roots under OST, further supporting the hypothesis of increased ammonium uptake. OST, but not SST,
led to the marked amplification of the expression of seven Zn transporter genes (up to 8-fold), five plant
cadmium resistance protein (PCRP) genes, two Zn-facilitator like protein (ZFLP) genes, and two YELLOW
STRIPE-like proteins (YSL) genes. ZFLP1 participates in polar auxin transport and drought stress
tolerance in Arabidopsis [43]; PCRPs are involved in both Zn extrusion and long-distance transport [44];
and YSLs are thought to be implicated in the transport of metals [45]. Two glutamate receptors, GLR1.3
and GLR2.8, both nonselective cation channels [46], were upregulated in OST-treated roots and shoots,
respectively. Mechanosensitive ion channel 10 (MSL10) was downregulated in roots under both types
of stress. Membrane tension during stress may lead to activation of cation conductance via MSL
channels [46]. Moreover, two cyclic nucleotide-gated channels, which may also be involved in Na+

uptake [47], were downregulated ~10-fold in roots under both stresses.
Different sucrose exporter genes SWEET [48] were upregulated in tissues under particular stress

treatments: SWEET12 and SWEET14b in roots under both stresses, SWEET13a and SWEET13b in
SST-treated roots, and SWEET14a and SWEET15b in OST-treated plants. However, hexose transporter
genes SWEET2b and SWEET16 were downregulated in shoots under OST. Two monosaccharide
transporters were upregulated under SST. Furthermore, GDP-mannose transporter 1 was upregulated
in both tissue types following both stresses. Of 14 DEGs encoding aquaporins, which mediate water
uptake and movement in plants, 12 were repressed in at least one of the two tissues under at least one
type of stress.

2.10. Gene Expression Analysis Suggests Differences in Amino Acid and Secondary Metabolite Accumulation
Under OST and SST

Regarding DEGs related to amino acid metabolism, the majority were upregulated in SST-treated
plants (Table S2). High expression of genes involved in phenylalanine, tyrosine, and tryptophan
metabolism (tyrosine decarboxylase, 10 genes; anthranilate synthase, 2 genes; tryptophan synthase,
2 genes; and anthranilate phosphoribosyltransferase) indicate a shift towards alkaloid, diterpene,
and phenylpropanoid biosynthesis. Transcripts of proline dehydrogenase 2, involved in proline
degradation, were decreased, but those of prolyl 4-hydroxylase, involved in proline synthesis,
were increased, in line with proline enrichment in SST-treated plants (Figure 4). Repressed genes were
mainly associated with amino acid degradation (γ-glutamyl P-reductase, 2 genes; glutamate decarboxylase;
choline dehydrogenase, 2 genes; cystathionine β-lyase, and phenylalanine ammonia lyase). An increase
in glutamate synthase transcripts indicates enhanced synthesis of glutamate, which can regulate ion
transport via selective glutamate-gated cation channels [49].

In roots under both types of stress, increased expression of isovaleryl-CoA-dehydrogenase
and copalyl-diP synthase, which use amino acid degradation products to produce diterpenoids,
and two sterol C4-methyl oxidase genes, further support a shift towards diterpenoid biosynthesis.
From the downregulation of two cinnamoyl-CoA reductase genes, two phytoene synthase genes,
one β-carotene hydroxylase, and one β-carotene isomerase, it appears that the synthesis of isoprenoids
and carotenoids may be hampered under OST. The expression of ascorbate oxidase, encoding
an ascorbate-degrading enzyme, was increased up to 14-fold in roots under OST and SST.
Strong upregulation of 12 nicotianamine synthase genes was observed specifically in OST-treated
shoots and roots.
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2.11. Gene Expression Analysis Indicates Changes in Plant Hormone Levels Under Stress

Both types of stress-induced changes in the expression of genes responsive to abscisic acid (ABA),
the key phytohormone in adaptation to stress [50]. Strong transcriptional upregulation (up to 12-fold)
of genes encoding ABA-induced small hydrophilic proteins [50], together with elevated expression of
the ABA-responsive GRAM domain-containing protein genes [51], imply an increased ABA level in the
roots under both stress conditions. However, downregulation of two ABA receptor PYR1 genes only in
SST-treated roots indicate differences in ABA perception and signaling under the two types of stress.

Strong transcriptional activation in SST-treated roots (up to 12-fold) of two indole-3-glycerol
phosphate synthase genes, encoding a branch-point enzyme in the tryptophan-independent IAA
biosynthetic pathway, points to increased auxin synthesis under conditions of high salinity.
Different genes encoding auxin efflux carrier proteins, involved in auxin transport, were upregulated
in roots and shoots under both stresses. By contrast, the genes encoding the auxin-responsive proteins
IAA23 and IAA4 were downregulated. IAA4 forms part of a module that negatively regulates
adventitious root development in Populus [52].

Transcripts of 1-aminocyclopropane-1-carboxylate oxidase and jasmonate O-methyltransferase,
which encode the key enzymes in ethylene and jasmonate biosynthesis, respectively, were increased in
plants under OST, whereas those of diverse ethylene-responsive transcription factor genes were decreased
in roots under both stresses.

In line with lower Ca2+ content in SST-treated plants (Table 1), the transcript levels of three
calmodulin genes, one Ca2+-dependent protein kinase, and one Ca2+-sensing receptor were decreased in
SST-treated roots.

2.12. Overlap in Expression of Stress-Responsive Genes

Of the 44 stress-related DEGs detected in OST-treated roots, 28 were also detected in roots
treated with SST (Table S2). Of these, ten dehydrin genes were upregulated under both stresses.
Between one (under SST) and eight (under OST) chaperone DnaJ genes were also upregulated.
While the main function of dehydrins and chaperones is to protect biomolecules, certain dehydrins
possess metal-binding capacity and are regarded as ROS scavengers [53]. Regarding gene expression
in the shoots, 71 stress-related DEGs were detected under OST, and only 19 under SST, but with an
overlap of 13 common DEGs. At least one gene encoding a proline-rich protein was downregulated in a
particular tissue, possibly reflecting a redirection of proline into the free pool as a key stress-protecting
amino acid. One group of pathogen-related genes (chitinase, 9 genes; germin-like protein, 3 genes)
exhibited increased expression under one or both types of stress, while another (disease resistance protein,
4 genes; defensin, 2 genes) revealed a decrease. Six thaumatin genes were upregulated in OST-treated
roots, three of which were also activated under SST. Two genes encoding kiwellin, a protein accumulated
to high levels under SST in H. vulgare [54], were also upregulated in H. marinum under similar conditions.
Rapid alkalinization factor 23, involved in regulation of salt tolerance in Arabidopsis [55], was upregulated
in SST-treated shoots and roots. Various repeat domain protein families are also anticipated to be
involved in abiotic stress [56]. Expression of a Kelch repeat-containing protein was increased in both
tissues under the two types of stress, while WD40 (6 genes), pentatricopeptide (7 genes), tetratricopeptide
(5 genes), and ankyrin repeat proteins (2 genes) were additionally upregulated in OST-treated shoots.

In plants, stress generally induces the production of toxic ROS. Alterations in the expression of the
peroxidase gene superfamily, whose products are involved in ROS scavenging, and lignin production,
were observed: nine genes were downregulated while another eight were upregulated in roots under
SST and, in part, OST. In the shoots, a total of 25 peroxidases were repressed, while only four genes
were upregulated under OST, and four genes were downregulated and three were upregulated under
SST. Rearrangements were also revealed in the expression of the thioredoxin family in plants under
OST, but not SST. The increase in expression of two catalase genes and Neighbor of BRCA1 gene 1,
involved in pexophagy [31], was detected only in SST-treated roots. Two genes encoding nonsymbiotic
phytoglobin, a NO sensor involved in hypoxia response [57], were strongly upregulated in roots under
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both stresses. Of genes encoding glutathione S-transferase, which produces a strong nonenzymatic
antioxidant glutathione implicated in abiotic stress tolerance, four were upregulated in SST-treated
roots and ten in OST.

3. Discussion

While the growth and development of both H. marinum and H. vulgare plants were affected
by OST and SST, domesticated barley plants suffered much more strongly, particularly from SST,
as manifested by their leaf chlorosis and wilting, as well as by an almost complete halt in photosynthetic
activity and assimilate transport. H. marinum plants, however, remained dark-green under SST.
They had not even revealed higher photosynthetic efficiency under control conditions but were also
able to maintain photosynthetic activity and carbon fixation under high salinity. Genes involved
in the defense of the photosystem were transcriptionally boosted in SST-treated H. marinum shoots.
These observations indicate a more efficient photosynthetic apparatus in H. marinum which deserves
more detailed investigations in the future. As a result, H. marinum plants exhibited better growth
capacity, water retention, and shoot development under SST. By contrast, the plants turned yellow
under OST, even though exposed to 2.5-fold lower osmotic pressure as compared to SST, likely due
to a significant stress response, also supported by observed changes in metabolite and transcript
profiles. Genes of the photosynthetic machinery and chlorophyll metabolism were strongly repressed
in OST-treated shoots, in line with the yellow color. Transcriptional inhibition of processes related
to cell proliferation and differentiation, and activation of lipid and cell wall degradation processes
appeared to be triggered predominantly by OST rather than SST. This was in agreement with decreased
purine and pyrimidine levels, as well as increased levels of their degradation products under OST.
From the fact that a larger number of genes associated with ROS detoxification were upregulated,
OST likely caused more severe ROS production than SST. While upregulation of genes involved in the
TCA cycle and, in part, glycolysis, coupled with decreased levels of glycolytic intermediates indicated
increased energy metabolism during both types of stress, the plant response to OST was possibly more
energy demanding than to SST. OST-treated plants likely utilize the glyoxylate cycle for additional
energy production. These data are in line with the increased levels of proteins involved in energy
metabolism [15]. Overexpression of SWEET proteins is indicative of increased sucrose transport to the
roots, and its utilization for energy retrieval. Increased sugar degradation to hexoses, representing the
main energy source, is further feasible. A significant increase in glucose content in H. marinum plants
under salinity has been described recently [18,58].

Seaside barley possesses a higher capacity than domesticated barley to regulate osmotic
homeostasis under SST. Differently to OST, where impermeable PEG6000 caused strong stress response,
halophytic H. marinum might recruit Na+ and Cl+ ions under high salinity to regulate osmotic pressure
with fewer energy investments for the plant. In addition, the biosynthesis and accumulation of other
osmolites may further contribute to osmoregulation. This is in line with the higher proline levels
and increased expression of genes encoding hydrophilic dehydrins, germin-like, and other osmolytic
proteins detected in SST-treated plants. Additionally, mannitol-1P content was strongly increased
in roots, especially under SST. Similarly, halophytic Prosopis strombulifera accumulate large amounts
of mannitol-1P as an osmoprotective agent [59]. From the upregulation of trehalose-P synthase and
trehalose-6P phosphatase, and decreased levels of trehalose-6P intermediate, SST-treated roots appear
to accumulate trehalose, another known osmoprotective agent [60]. Moreover, as follows from the
activation of genes of sorbitol synthesis, sorbitol accumulation is also possible. In tomato plants,
increased aldose reductase activity and sorbitol synthesis were shown to improve salt tolerance [60].
Enhanced ureide accumulation may be associated with osmoprotection, but also to stabilization of
proteins and membranes [61], efficient N utilization due a low C/N ratio of heterocyclic molecules that
optimize the transport of organic N under reduced photosynthetic capacity [62], and activation of ABA
and jasmonic acid signaling [63].
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NMR analysis revealed morphological changes in the H. marinum roots, which were associated
with adaptation to high salinity. While more roots were maintained in their primordial state under SST,
the root surface area was significantly increased, achieving enhanced metabolite uptake and active
ion efflux and improved root-rhizosphere interaction. Transcriptional changes also indicate increased
deposition of lignin in cell walls, which likely serves to create an apoplastic barrier to prevent water and
solute loss and to reduce ionic flow through the apoplastic pathway [64]. High rate of Na+ accumulation
in the tissues of SST treated plants may be caused by Na+ replacement of Ca2+ in cell walls [65–67].
Even though Na+ was highly accumulated in SST-treated tissues, its concentration in the shoots was
1.4-fold lower than in the roots, implicating active Na+ recruitment as an additional cheap osmotic
agent in the latter, and suggesting prevention of Na+ transport to photosynthetic tissues. It is worth
mentioning that the experimental studies demonstrate much higher level of Na+ accumulation in shoot
tissues of H. vulgare [16,18,20]. Accordingly, few changes at the metabolic and transcriptional levels
were detected in SST-treated shoots, when compared with the roots (Table 2). Changes in transcription
levels of genes encoding transport proteins were particularly extensive in the roots (Table 2) and
are considered to correspond to prevention/deceleration of toxic ion accumulation and assurance of
nourishment and water uptake. Despite K+ being generally regarded as a main competitor of Na+ in
uptake and transport [5], K+ content was decreased in stressed roots, but the K+/Na+ ratio was higher
in the shoots. The K+ decrease is likely caused by stress-induced K+ leakage and competition with
Na+ in root environment [5]. The K+/Na+ ratio of 1.4 achieved in our experiments is very similar to
that observed in other H. marinum ecotypes and differs strongly from the K+/Na+ ratio of 4.3 found
in H. vulgare plants [20]. These results further support the idea that the salt tolerance of H. marinum
may be based on maintaining Na+/K+ balance in its shoots under salinity [16,18,20,59,68]. Despite the
proposed roles of SOS1, HKT1;1, HKT1;5, and HKT2;2 in establishing this balance in H. marinum
under salinity [18], none of the corresponding genes were found to be differentially expressed in our
study. A significant decrease of HmHKT2;1 transcript was observed in one H. marinum ecotype but
remained unchanged in plants of another ecotype after SST [20]. Instead, other transporters, including
K+ transporter SKOR, an ammonium transporter, a cation/H+ antiporter, and a Mg2+ transporter,
were strongly transcriptionally upregulated in SST-treated roots, and may therefore enhance cation
uptake and xylem loading to compete with Na+. Decreased expression of GLR3.4 and a cyclic
nucleotide-gated channel, both potentially nonspecific Na+ channels, may also contribute to minimization
of Na+ uptake by the roots. In SST-treated H. vulgare roots, expression of HvHKT1;5 and HvSOS1 was
also decreased, whereas that of HvSKOR was increased [69]. Besides substitution of Na+ by K+ in
the cytosol, Na+ compartmentalization into the vacuoles or endosomes may serve as an additional
mechanism of salinity tolerance in H. marinum. However, this vacuolar or endosomal sequestration
could not be explained by the expression of NHX transporters and thus remains unclear. While Ca2+

has been described as an early component of salt sensing [5], the Ca2+ level under SST was decreased,
likely due to its replacement by Na+ in cell walls and vacuoles, the compartments with the largest Ca2+

pools in plants [65–67]. It would be a good option to study functions of Na+ and K+ transport proteins,
in particular HmSKOR, with further prospective application in domesticated cereals.

The roots of H. marinum are also likely to be able to control Cl− ions under high salinity.
The increased expression of S-type anion channels SLAH2 and SLAH3 specifically under SST is
probably connected with Cl− retrieval from the xylem and/or efflux from the roots. The repression
of MSL10, a channel with a moderate Cl− preference [70], may further reflect the reduction of Cl−
uptake. Upregulation of four boron transporters in SST-treated roots is notable. These transporters
belong to the anion exchanger family [71], do not have strict boron selectivity and may transfer
other anions including Cl−, contributing to its removal. Combined salt and boron tolerance have
been frequently described [72,73]. Increased expression of several S and P transporter genes, as well
as NRT1/PTR family protein genes, may indicate activation of anion uptake to compete with Cl−.
It would be of interest to test the role of these transporters in salinity tolerance and their suitability for
biotechnological improvement of other crops.
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In OST-treated plants, a different group of specific cation and anion transporters was upregulated,
whose activity may result in the increased cation (Mg2+, Ca2+, Zn2+) and anion (MoO4

2−, SO4
2−, PO4

3−)
uptake required for osmotic adjustments. Transcriptional depletion of key salinity tolerance genes
HKT1;5 and HKT1;4, along with upregulation of Na+/H+ exchanger 5 in the shoots, implies endosomal
sequestration of Na+/K+ for cellular osmotic rearrangements. Marked upregulation of different Zn
transporters was specifically detected in OST-treated roots, in line with increased Zn2+ accumulation
in the shoots. Zn2+ has been shown to be involved in ROS scavenging [74] and stomata opening via
determination of the K+ influx rate [75]. Increased Zn content in the shoots under OST is thought to
facilitate ROS detoxification and regulation of water management.

Strong transcriptional upregulation of amino acid-degrading enzymes in the roots under
both types of stress was coupled with upregulation of genes encoding enzymes involved in
utilizing degradation products to produce secondary metabolites. The accumulation of flavonoids
occurred specifically in SST-treated roots, whereas their biosynthesis was likely repressed under OST.
Accumulation of isoprenoids and carotenoids might be also repressed under OST. While flavonoids
may function as ROS scavengers, some (e.g., chalconoids) are able to block voltage-dependent K+

channels [76]. Ectopic expression of chalcone synthase has been shown to increase salt tolerance [77].
Increased flavonoid accumulation in H. marinum is thought to contribute to the inhibition of
stress-induced K+ leakage and ROS balance. Due to transcriptional upregulation of numerous tyrosine
decarboxylase genes, involved in the production of little-studied phenylethylamine hordenine [78],
the role of alkaloid hordenine in stress tolerance has become obvious and deserves further investigation.

To conclude, the mechanisms of salt tolerance of seaside barley are complex and comprised
of adaptations on morphological, physiological, biochemical, and transcriptomic levels (Figure 7C).
Seaside barley is likely capable of controlling Na+ and Cl− concentrations in its leaves when its roots
are subjected to high salinity. However, transporters, shown to achieve salinity tolerance [14,79],
were unchanged in the plant line used in the present study, in line with variability of H. marinum
accessions in salinity tolerance [80,81]. The adaptation of H. marinum to SST includes fine-tuning
of membrane transport for effective management of both restriction of ion entry and sequestration,
as well as accumulation of osmolytes, which help to minimize energy costs. In contrast, markedly
more resources and energy are required to overcome the negative consequences of OST, particularly
due to the severity of ROS accumulation and nutritional imbalance affecting plant growth under
stress. Our results demonstrate that, in order to adapt to salinity, seaside barley has developed specific
mechanisms that differ from those which are activated in response to OST.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Seeds of seaside barley (Hordeum marinum ssp. marinum), originated from Tuscany region,
and cultivated barley (Hordeum vulgare) cv. Golden Promise were germinated on moist filter paper in
the dark at 20 ◦C. Seven day-old seedlings were transferred on hydroponic half-strength Hoagland’s
No. 2 solution (Sigma-Aldrich, St. Louis, MO, USA) and incubated in the growth chamber under
irradiance of 350 mmol m−2 s−1, 12 h photoperiod, and 20 ◦C. Due to the halophytic nature of H. marinum,
0.2 mM NaCl was added to the control incubation solution [15]. The incubation solution was fully
replaced every week by a newly prepared one in order to prevent nutrient depletion. After 14 days
of growing, plants were exposed stepwise to the increasing concentrations of 50 mM NaCl or 2.5%
PEG6000 per day until 300 mM NaCl (salinity stress) or 15% PEG6000 (osmotic stress) were reached.
Control plants were exposed to 0.2 mM NaCl continuously. All plants were sampled after five days
(32 days old) of maximum stress and separated into shoot (crown and growing point) and root (2 cm
root tips) fractions. To average the genetic background and local environmental influences, a bulk
of 10–15 plants, grown in a single hydroponic tank either under the control or stress conditions,
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were collected for one biological replication. In total, 10 biological replications were harvested, frozen,
and used in further analyses.

4.2. Determination of Morphological and Physiological Characteristics

Fresh plant tissues were collected in 1.5 mL Eppendorf microcentrifuge tubes. The tissue
sap was excavated by squeezing whole plants with Pellet pestle (Eppendorf, Germany). Osmotic
pressure of experimental solutions and sap obtained from squeezed whole plants was measured by
Vapor Pressure Osmometer WESCOR 5500 (Thermo Fisher Scientific GmbH, Dreieich, Germany)
according to manufacturer’s instructions. The relative growth rate (RGR) was calculated from
the fresh weight data taken at start of stress application and final harvest using the formula
RGR = (ln fresh weight2 − ln fresh weight1)/(t2 − t1), where fresh weight1 = fresh weight (g) at t1;
fresh weight2 = fresh weight (g) at t2; and t1 and t2 = time at start and end of experiments in
days. The RGRs of individual plants were presented as percentages relative to value in control
conditions. Plant water content (PWC) in H. marinum and H. vulgare plants was determined as follows:
PWC = (FW − DW)/DW, where DW was dry weight and FW was fresh weight of an individual
plant. The PWC values were converted into percentages relative to the value in the control condition.
To estimate shoot/root ratio in tested plants, the FW of shoots and roots of individual plants of
H. marinum and H. vulgare were measured after end of stress application.

4.3. Elemental Analysis

Approximately 10 mg of pulverized and dried (at 65 ◦C) plant material was weighed into PTFE
digestion tubes and 1 mL of concentrated nitric acid (67–69%) was added to each tube. After 4 h
incubation, samples were digested under pressure using a high-performance microwave reactor
Ultraclave 4 (MLS, Leutkirch, Germany). Samples were then transferred to Greiner centrifuge tubes
and diluted with de-ionized water to a final volume of 8 mL. Elemental analysis was carried out using
a sector field high resolution mass spectrometer (HR)-ICP-MS ELEMENT 2 (Thermo Fisher Scientific,
Dreieich, Germany) with Software version 3.1.2.242. A 10 points external standard calibration curve
was set from a certified multiple standards solution (Bernd Kraft, Germany). A least-square regression
was applied to best fit the linearity of the curve. Elements Rh and Ge (ICP Standard Certipur®, Merck,
Germany) were infused online and used as internal standards for matrix correction.

4.4. Non-Invasive NMR-Imaging and NMR-Spectroscopy of Plant Tissues

The NMR imaging of H. marinum tissue was conducted according to [82]. In total, three plants
for each type of treatment were analyzed. The internal tissue structure of stressed and control plants
was visualized noninvasively with an isotropic resolution of around 40 μm. The NMR analysis
was conducted on a Bruker Ascend TD 400 MHz NMR spectrometer (Bruker GmbH, Rheinstetten,
Germany). Image processing was performed by application of software MATLAB (The Mathworks,
Natick, MA, USA) and AMIRA (Thermo Fisher Scientific GmbH, Dreieich, Germany).

4.5. Measurement of 13C Uptake

400 ppm 13CO2 was applied for 24 h to bag-covered hydroponic tanks with control or stressed
plants grown in the chamber in the above-described conditions. Afterwards, treated plants were
separated into shoot and root fractions, lyophilized, ground, and analyzed on elemental analyzer
coupled to stable isotope ratio mass spectrometer (Vario MICRO cube/Isoprime Vision, Elementar
Analysensysteme GmbH, Langenselbold, Germany). Five biological repetitions with three technical
replicates each were analyzed.
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4.6. Untargeted Metabolite Profiling

For the untargeted analysis of central metabolites, the freeze-dried and homogenized samples
were incubated for 20 min at 4 ◦C in 600 μL of extraction buffer consisting of equal volumes of
methanol and chloroform (Roth, Karlsruhe, Germany) followed by addition of 300 μL of water and
centrifugation at 14,000 rpm at 4 ◦C for 10 min. Supernatant was transferred into a new tube and
stored at −80 ◦C, prior to the analysis by ion chromatography using Dionex-ICS-5000+HPIC system
(Thermo Scientific, Dreieich, Germany) coupled to a Q-Exactive Plus hybrid quadrupol-orbitrap
mass spectrometer (Thermo Scientific, Dreieich, Germany). The detailed chromatographic and mass
spectrometry (MS) conditions are described in the Table S3. The randomized samples were analyzed
in full MS mode. The data-dependent MS-MS analysis for the compound identification was performed
in the pooled probe, which also served as a quality control (QC). The batch data was processed using
the untargeted metabolomics workflow of the Compound Discoverer 3.0 software (Thermo Fisher
Scientific, Dreieich, Germany). The compounds with the maximum relative standard deviation (RSD)
below 35% of the QC area were selected for quantification. The compounds were identified using the
inhouse library, as well as a public spectral database mzCloud, and the public databases KEGG, NIST
and ChEBI via the mass- or formula-based search algorithm. The p-values of the group ratio were
calculated by ANOVA and a Tukey-HCD post hoc analysis. Adjusted p-values were calculated using
Benjamini-Hochberg correction.

4.7. RNA Extraction, Sequencing and Transcript Analysis

The total RNA was isolated using TRIzol (Thermo Fisher Scientific, Schwerte, Germany) with
subsequent DNAse treatment (Thermo Fisher Scientific, Schwerte, Germany) and additional purification
using Plant RNA purification kit (Qiagen, Hilden, Germany). cDNA libraries were prepared
using Lexogen SENSE RNA-Seq Kit (Lexogen, Vienna, Austria) and sequencing was performed
in HiSeq2500 device (Illumina, San Diego, CA, USA). Three repetitions were performed for each
data point. The complete data set is deposited at the European Nucleotide Archive with accession
number: PRJEB38377.

Adapter trimming was performed using Cutadapt software, version 1.9.1 [83]. Quality trimming
was performed using CLC assembly cell software, version 5.0.1 (Qiagen, Hilden, Germany).
Read mapping was performed on the H. vulgare genome [48] using the software Kallisto,
version 0.45.0 [84]. Differential expression was calculated using the R package DESeq2,
version 1.18.1 [85]. Differential expression thresholds were set at log2-fold change > 1.5 and
FDR-adjusted p values (according to Benjamini Hochberg) < 0.01. Venn diagrams were created
using InteractiVenn [86]. Gene ontology (GO) terms enrichment analysis for biological process carried
out using the GO enrichment tool by Panther [87].

4.8. Statistical Analysis

Significance analysis was performed by Student’s t test using BBBB software (IBM SPSS Statistics,
version 16). The difference at p < 0.05 was considered as significant. For data presentation, significance
was marked as: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/23/
9019/s1. Figure S1: Osmotic potential of incubation media and in tissue sap samples derived from squeezed whole
H. marinum and H. vulgare plants under osmotic and salinity stress as compared to control conditions; Figure S2:
Principal component analysis of metabolite distribution in roots and shoots of osmotic- and salt-treated plants as
compared to control; Table S1: The metabolomic changes in roots and shoots of Hordeum marinum L. caused by
osmotic and salinity stress; Table S2: List of differentially expressed genes in shoots and roots of Hordeum marinum L.
under osmotic and salinity stress; Table S3: Chromatographic and mass spectrometry conditions for the untargeted
metabolite analysis.
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Abbreviations

ABA Abscisic acid
DEG Differentially expressed gene
DW Dry weight
FW Fresh weight
IAA Indole-3-acetic acid
MEP Methylerythritol-4P
NMR Nuclear Magnetic Resonance
OST Osmotic stress
PWC Plant water content
RGR Relative growth rate
ROS Reactive oxygen species
SST Salinity stress
TCA Tricarboxylic acid
YSL YELLOW STRIPE-like protein
ZFLP Zn-facilitator like protein
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Abstract: Soil salinization and a degraded ecological environment are challenging agricultural
productivity and food security. Rice (Oryza sativa), the staple food of much of the world’s population,
is categorized as a salt-susceptible crop. Improving the salt tolerance of rice would increase the
potential of saline-alkali land and ensure food security. Salt tolerance is a complex quantitative trait.
Biotechnological efforts to improve the salt tolerance of rice hinge on a detailed understanding of the
molecular mechanisms underlying salt stress tolerance. In this review, we summarize progress in
the breeding of salt-tolerant rice and in the mapping and cloning of genes and quantitative trait loci
(QTLs) associated with salt tolerance in rice. Furthermore, we describe biotechnological tools that can
be used to cultivate salt-tolerant rice, providing a reference for efforts aimed at rapidly and precisely
cultivating salt-tolerance rice varieties.

Keywords: biotechnology breeding; high-throughput sequencing; QTLs; rice; salt tolerance

1. Introduction

Plants grow in dynamic environments and frequently experience various abiotic stresses, such
as drought, high salinity, cold, and heat [1]. Salt stress is one of the most severe environmental
stresses. The effects of salt stress on plants include osmotic stress, ionic toxicity, and nutritional
deficiencies and eventually lead to growth inhibition and crop yield losses [2,3]. Soil salinization is
mainly caused by poor-quality drainage and irrigation systems, climate change (which leads to sea
level rise), and drought [4]. Soil salinity is a global problem that affects more than 20% of cultivated
land, including half of all irrigated areas, and this percentage is expected to increase [5]. Therefore,
improving the salt tolerance of crops would not only lead to the effective use of saline-alkali land,
but also support sustainable agriculture and alleviate the world food crisis.

Rice (Oryza sativa) is an important staple food crop worldwide. As the global population continues
to rise, rice production also needs to increase. However, global rice production is threatened by climate
change [6]. Rice is considered to be a salt-susceptible species [7], and its salt tolerance depends on
growth stage, organ type, and genotype [8–10]. Generally, the seedling and reproductive stages are
more susceptible to salinity than the vegetative stage, roots are more sensitive than other organs [8],
and japonica rice is more sensitive than indica rice [9]. Salinity stress suppresses photosynthesis and
growth, leading to biomass loss, as well as partial sterility, which ultimately results in reductions in
rice yield [11,12]. Therefore, the breeding of salt-tolerant rice cultivars is considered to be one of the
most economic options to assure food security.

As a semi-aquatic plant, rice lives in a water-saturated environment during most of its life cycle.
This environment has led to many distinct adaptations rice—for example, the ethylene response
phenotype of rice is different from that of other species [13]. In Arabidopsis thaliana, ethylene plays a
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positive role in regulating salt tolerance, whereas, in rice, ethylene negatively regulates salt tolerance [14].
Since rice is an important food crop, yield and quality are two important criteria for rice producers.
However, improving the stress tolerance of rice with less effect on yield and quality has been a challenge
for breeders. It is hoped that the breeding of salt-tolerant rice varieties will be accelerated by dissecting
the genetics underlying salt tolerance and using biotechnology to generate salt-tolerant plants.

Several reviews have summarized the mechanisms of plant responses to salt stress [15–17],
but only a few have focused on rice and the progress toward breeding salt-tolerant rice varieties. In this
review, we summarize the current status of salt-tolerant rice breeding, recent advances in the mapping
and cloning of salt-tolerant genes/quantitative trait loci (QTLs), and new technologies that can be used
for breeding salt-tolerant rice varieties. We also highlight current challenges to breeding salt-tolerant
rice, providing a basis for further studies and efforts aimed at breeding salt-tolerant rice varieties.

2. Salt-Tolerant Rice Identification and Evaluation Methods

The development of an efficient and reliable evaluation system is a prerequisite for breeding
salt-tolerant rice varieties. The current rice salt tolerance indicators are divided into two aspects:
morphological parameters and physiological parameters [18,19]. The morphological parameters
evaluation method is to conduct salt treatments at different growth stages of rice and then observe and
record the salt damage symptoms of plants, leaves, tillers, and spikelet fertility [20,21]. The standard
evaluation score of visual salt injury was proposed by The International Rice Research Institute (IRRI);
this method scores the salt tolerance of rice from 1 to 9 based on the tiller number, leaf symptoms,
and the growth status of the whole plant under salt stress; the lower score (1) indicates tolerant and
higher score (9) denotes sensitive genotypes [22]. However, this method is greatly affected by human
qualitativeness, and there are time differences in the rate of leaf death and plant death of different
materials. Therefore, this identification and evaluation system cannot completely and accurately reflect
the salt tolerance of rice varieties.

Salinity stress induces metabolite changes, and several physiological mechanisms are perceived
to contribute to the overall ability of rice plants to cope with excess salts [15,16,23]. Studies have
shown that the Na+/K+ ratio, proline content, hydrogen peroxide, peroxidase activity, and sugars,
etc. are affected under salt stress [21,24]. Therefore, it can be used to screen salt-tolerant rice varieties
by comparing the changes of physiological and biochemical indices in rice with or without salt
treatment. However, physiological and biochemical parameter methods lack specific evaluation
standards, and the measurement of these indices requires corresponding instruments or kits, which are
relatively cumbersome to operate.

Rice salt tolerance is a complex genetic and physiological characteristic, and the extent of its
sensitivity varies during different growth and developmental stages [8–10]. The salt tolerance during the
whole life of rice is a comprehensive reflection of the salt tolerance in each growth and developmental
stage, which is closer to production practice and has more practical significance. However, due to
soil heterogeneity, climatic factors and other environmental factors may influence the physiological
processes; it is difficult to screen salt-tolerant rice varieties at the field level. Hence, screening under
laboratory conditions is considered to be advantageous over field screening. Since the salt types in
saline-alkali fields are double salts, the salt tolerance identified in the laboratory does not always
correlate with that in the field. Therefore, the most reliable way to evaluate the salt tolerance of rice is
to compare the changes of morphological parameters and physiological parameters in various growth
and developmental stages under salt treatment and normal condition, both in the laboratory and in
the field.

3. Salt Stress Affects Rice Growth and Grain Quality

The response and adaptation of rice to salt stress is a complex process. Salt stress causes
root growth inhibition, leaf rolling, reduced plant height and tiller number, and spikelet sterility,
which, ultimately, leads to a reduced yield [21,25]. In addition to morphological changes, salt stress

184



Int. J. Mol. Sci. 2020, 21, 8385

also causes physiological and biochemical changes, such as the inhibition of photosynthesis;
decreased water content; altered metabolism; increased Na transport to the shoot; and decreased
K, Zn, and P uptake [12,25,26].

Since rice is a staple food, grain quality is an important driver of marketability. Rice grain is
composed mainly of carbohydrates, predominantly starches. The determinants of rice grain quality
are grain texture, taste, and visual attributes, which are further determined by the composition and
structure of the starch molecules [27]. The effect of salt stress on rice grain starch depends on the
salt concentration and the rice genotype. Specifically, salinity treatment leads to a decrease in starch
content when the salt concentration is higher than 5-dS/m2 electrical conductivity, in both salt-tolerant
and salt-susceptible cultivars of rice [28,29]. However, grain starch increased in the Nipponbar cultivar
when low concentrations of salt (2 or 4-dS/m2 electrical conductivity) were applied at the anther
appearance and seedling stages [30], suggesting that the response of rice to salt stress is complex and
highly context-dependent.

Another indicator of rice grain quality is the nutritional value of the grain. Rice grain contains
a variety of minerals, such as Ca, Mg, and P, and some trace elements, such as Fe, Cu, Zn, and Mn.
Rice also contains the vitamins like thiamine, riboflavin, and niacin [25]. Several studies have shown
that the absorption and uptake of micro- and macro-mineral nutrients are altered under salinity
stress [31,32]. Saleethong et al. measured the macronutrients and micronutrients in grains of Pokkali
(a salt-tolerant variety) and KDML105 (a salt-sensitive variety) under saline conditions and found that
salt stress resulted in significant reductions in macronutrient elements but an increase in Ca in brown
rice grains of both cultivars. Moreover, the amounts of Mn, Cu, and Zn were higher in Pokkali than in
KDML105 [31]. Verma and Neue reported that the contents of Na, Fe, and Zn increased, while those of
P and Mn decreased in rice grain with increased salinity, but the contents of N, Mg, Cu, K, and Ca
were not affected in the varieties used in this study [32]. In addition to affecting the mineral content,
salt stress can increase the rice grain protein content and amino acid levels [25]. Although little is
known about the effects of salt stress on vitamins in rice grains, salinity caused a significant reduction
in vitamin contents in wheat grains [33]. In summary, these studies show that the effect of salt stress on
rice grain quality is multifaceted and depends on the salt concentration and the rice variety.

4. Breeding of Salt-Tolerant Rice Varieties

Developing elite salt-tolerant rice varieties is considered to be the most economically viable and
environmentally friendly method to effectively use saline-alkali land. As a food crop, yield is an
important indicator to evaluate the merits of rice varieties. Salt-alkali tolerance in rice is defined as the
ability to grow on land with a 0.3% saline-alkali concentration, with a yield of more than 4500 kg per
hectare. Through years of hard work, breeders have sought out, collected, evaluated, and developed
many salt-tolerant rice resources.

Ceylon (modern-day Sri Lanka) was the first country to carry out the screening and cultivation
of salt-tolerant rice varieties, introducing the first salt-tolerant rice variety, Pokkali, in 1939 [34].
Subsequently, India and the Philippines bred a series of salt-tolerant rice varieties, such as Kala Rata
1-24, Nona Bokra, Bhura Rata, SR 26B, Chin.13, and 349 Jhona. Bangladesh bred BRI, BR203-26-2, Sail,
and other salt-tolerant rice varieties. Thailand bred the salt-tolerant rice variety FL530. Japan bred the
salt-tolerant rice varieties Mantaro rice, Kanto 51, Hama Minoru, Chikushiqing, and Lansheng. The United
States bred the salt-tolerant rice variety American Rice. South Korea bred the salt-tolerant rice varieties
Dongjinbyeo, Ganchukbyeo, Gyehwabyeo, Ilpumbyeo, Seomjimbyeo, and Nonganbyeo. Russia bred 16 the
salt-tolerant rice varieties, including VNIIR8207 and Fontan [35–43]. IRRI hosts more than 127,000 rice
accessions collected worldwide, providing a rich source of genetic diversity. By evaluating the salt
tolerance of these rice varieties, researchers identified approximately 103 varieties that were moderately
to highly salt tolerant, including Nona Bokra, Pamodar, Jhona349, IR4595-4-1-13, IR4630-22-2-5-1-3,
IR9764-45-2-2, and IR9884-54-3 [44,45].
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China began to study the salt tolerance of rice in the 1950s. In the 1980s, China launched a
national collaborative research program on the salt-alkali resistance of rice and wheat. During the
Seventh Five-Year Plan period (1986–1990), China began evaluating the salt tolerance of rice germplasm.
This large-scale national cooperation resulted in some progress. The Liaoning Saline or Alkaline Land
Utilization and Research Institute launched a salt-tolerant rice breeding program in the 1970s and
cultivated a series of salt-tolerant japonica rice varieties, such as Liaoyan No. 2, Liaoyan 241, and Liaoyan
16. In 1984, the institute developed highly salt-tolerant indica rice varieties 81-210. Since 1989,
salt-tolerant varieties, such as Salt-resistant No. 100, Yangeng 29, Yanfeng 47, and Yangeng 228, have been
cultivated [42]. The Jiangsu Institute of Agricultural Sciences in Coastal Areas began identifying and
evaluating salt-tolerant rice germplasm resources in the 1980s. From more than 1300 germplasm
resources, this group obtained 61 that were salt-tolerant [43], from which they developed many
salt-tolerant materials, such as Yancheng 156, Yandao No. 10, and Yandao No. 12 [43]. In addition,
breeding institutes and breeders in China have used existing salt-tolerant germplasms or conventional
breeding methods to obtain salt-tolerant rice varieties, such as Changbai No. 6, Changbai No. 7, Changbai
No. 9, Changbai No. 13, Jigeng No. 84, and Jinyuan 101 [42].

Sea Rice 86 (SR86) is a new cultivar domesticated from a wild strain of rice that was first found
in 1986 in saline-alkaline soil submerged in sea water near the coastal region of the city of Zhanjiang
in Southeast China [46]. SR86 showed a significantly higher ability to cope with high salinity than a
highly salt-resistant rice variety, Yanfen 47, measured by both germination and salt inhibition rates [46].
After more than 20 years of breeding and selection, SR86 retains an extraordinary tolerance to salinity
and is considered to be a strategic germplasm resource for the development of new rice varieties.
SR86 is being used to investigate the mechanism of salt tolerance and effective breeding strategies.

In recent years, our laboratory has also carried out a breeding program to develop salt-tolerant
rice. We collected more than 750 rice accessions, including 500 rice accessions from all over the world
and 250 salt-tolerant rice varieties from domestic coastal cities, such as Tianjin, Liaoning, Shandong,
and Jiangsu. We investigated the salt tolerance of these varieties in Dongying, Shandong Province
(37◦31′29” N 118◦33′57” E), a typical saline-alkali field in China. Briefly, thirty-day-old seedlings were
transplanted to a normal field or saline field (0.35% NaCl, pH 8.2) at a spacing of 20 cm × 15 cm, and all
agronomic traits were performed at the maturity stage. Through comparing the agronomic traits of
the normal field and saline field, we selected a series of varieties with excellent agronomic traits and
salt tolerance (Table 1) (unpublished data). Using these varieties, we made more than 300 hybrid
combinations, generated more than 100 salt-tolerant genetic populations, and identified more than
1000 high-yielding salt-tolerant recombinant inbred lines.

Table 1. Rice varieties with excellent agronomic traits and salt tolerance results.

Material Code
Plant Height (cm) Panicle Length (cm) Tiller Number Yield (kg/hectare)

Control Salt Control Salt Control Salt Control Salt

DYST1 94.6 ± 1.8 73.1 ± 3.5 21.6 ± 0.7 19.4 ± 1.0 8.0 ± 1.2 5.6 ± 0.5 6438.0 6271.5
DYST2 92.8 ± 3.2 71.8 ± 3.0 18.2 ± 1.8 16.9 ± 1.2 10.6 ± 1.5 9.6 ± 0.9 7159.5 5106.0
DYST3 91.3 ± 4.1 64.9 ± 4.2 19.2 ± 1.6 17.4 ± 1.5 13.0 ± 0.7 7.2 ± 1.1 8325.0 4662.0
DYST4 91.5 ± 3.9 78.8 ± 4.0 19.2 ± 1.1 18.4 ± 1.8 11.4 ± 1.8 8.0 ± 2.0 7270.5 6216.0
DYST5 99.7 ± 2.6 83.3 ± 1.8 22.8 ± 1.3 20.3 ± 1.6 11.8 ± 1.8 8.8 ± 2.2 8325.0 5217.0
DYST6 95.6 ± 1.0 74.6 ± 3.6 21.0 ± 0.6 18.9 ± 0.9 13.2 ± 0.8 11.0 ± 2.9 8103.0 5050.5
DYST7 91.6 ± 2.6 79.4 ± 5.4 21.8 ± 1.3 20.5 ± 0.7 11.8 ± 2.2 10.6 ± 1.7 6993.0 5050.5
DYST8 96.0 ± 3.1 81.5 ± 3.0 21.3 ± 0.7 20.3 ± 1.3 12.0 ± 1.4 10.8 ± 2.3 7992.0 5827.5
DYST9 95.6 ± 2.8 80.6 ± 3.0 21.3 ± 1.2 20.6 ± 1.1 11.6 ± 1.8 10.2 ± 2.9 8268.8 5142.0
DYST10 95.2 ± 1.8 83.0 ± 1.0 20.4 ± 1.6 19.7 ± 1.4 11.2 ± 2.4 10.2 ± 1.6 8880.0 5550.0

“Control” indicates that the variety was grown in a normal field. “Salt” indicates that the variety was grown in a
field containing 0.35% NaCl and pH 8.2 throughout its life cycle. “DYST” means Dongying Salt Tolerance.
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5. Mapping and Cloning of Salt-Tolerant Genes/QTLs

Salt stress has two main stress effects on rice: osmotic stress and ionic stress [2,3]. Osmotic stress
reduces the water uptake by roots and causes internal dehydration. It also leads to the excessive
accumulation of reactive oxygen species (ROS), which damages various cellular components and
macromolecules and, eventually, leads to plant death [47]. Ionic stress is caused by the excessive
accumulation of Na+ and Cl− in metabolically active intracellular compartments. High intracellular
concentrations of Na+ inhibit the uptake of other ions, which can disrupt the metabolism and potentially
kill the plant [2,3]. Thus, enhancing the ability of rice to minimize and adjust to osmotic and ionic
stresses is an effective way to improve the salt tolerance of rice.

Salinity tolerance in rice is a polygenic trait controlled by QTLs [17]. Using mapping populations
derived from crosses between salt-sensitive varieties and salt-tolerant varieties, researchers have
identified a large number of QTLs (Table 2). Only a few major salt tolerance QTLs or genes have
been identified by genomic methods. For example, qSKC-1 and qSNC-7 are involved in regulating
K+/Na+ homeostasis under salt stress and explain 48.5% and 40.1%, respectively, of the total phenotypic
variance [48]. Isolation of the qSKC-1 gene by map-based cloning revealed that it encodes a member of
the HKT-type transporter family [49]. The QTL Saltol, which acts to maintain shoot Na+/K+ homeostasis
in the salt-tolerant cultivar Pokkali, explained 43% of the variation in the seedling shoot Na+/K+ ratio
in a recombinant inbred line (RIL) population derived from a cross between indica varieties IR29
and Pokkali [50]. qSE3, which encodes a K+ transporter gene, OsHAK21, promotes seed germination
and seedling establishment under salinity stress in rice [51]. qST1 and qST3, which are located on
chromosomes 1 and 3, respectively, conferred salt tolerance at the young seedling stage and explained
36.9% of the total phenotypic variance in the RIL population derived from a cross between Milyang 23
and Gihobyeo [52]. qST1.1, which plays a key role in salt tolerance in SR86, explained 62.6% of the
phenotypic variance [53]. The identification of QTLs is only one step toward determining the genes
associated with salinity tolerance; further research is needed to discover the major salt-tolerance genes
and investigate their regulatory mechanisms in rice.

Table 2. Quantitative trait loci (QTLs) identified for salt tolerance in rice.

Parents Number of QTLs Stage Reference

Capsule × BRRI dhan29 30 seedling [54]
DJ15 × Koshihikari 9 seedling [55]

Hasawi × IR29 20 seedling [56]
CSR27 ×MI48 25 seedling, vegetative and reproductive [57]

Xiushui09 × IR2061-520-6-9 47 seedling [58]
At354 × Bg352 6 seedling [59]

Pokkali × Bengal 50 seedling [60]
Cheriviruppu8 × Pusa Basmati 1 16 reproductive [61]
Teqing × Oryza rufipogon Griff 15 seedling [62]

Milyang 23 × Gihobyeo 2 seedling [52]
Nona Bokra × Koshihikari 11 seedling [48]

CSR27 ×MI48 8 maturity [63]
Nona Bokra × Jupiter 33 seedling [64]

IR75862 ×
Ce258/Zhongguangxiang1 18 seedling [65]

Pokkali × IR36 6 maturity [49]
Tarommahali × Khazar 2 seedling [66]

Jiucaiqing × IR26 22 seedling [67]
Jiucaiqing × IR26 16 germination [68]

9311 × Oryza rufipogon Griff 10 seedling [69]
Dongnong425 × Changbai10 13 seedling [70]

Pokkali × IR29 17 seedling [50]

Recently, great progress has been made toward the identification and cloning of salt-tolerance
genes through the molecular genetic analysis of plant responses to salt stress. For example, researchers
have been interested in genes involved in ROS metabolism, because maintaining an appropriate level
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of ROS is essential for the survival of plants under salt stress. The level of ROS in plants depends on
two processes: ROS biosynthesis and ROS scavenging. In rice, a salt treatment induces or represses the
expression of respiratory burst oxidase homologs (Rbohs), which catalyze the conversion of O2 to O2

− [71],
suggesting that Rbohs are candidate genes for improving salt tolerance in rice. In addition to the genes
involved in ROS biosynthesis, genes related to ROS scavenging also have the potential to improve
rice salt tolerance. For example, ascorbate peroxidase (APX) catalyzes the conversion of H2O2 to H2O
and O2 using ascorbate as the specific electron donor [72]. The overexpression of APX genes in rice
reduces ROS levels and enhances salt tolerance [73–75]. The knockdown of OsVTC1-1 and OsVTC1-3,
which are involved in ascorbate synthesis, increases the accumulation of ROS and decreases the salt
resistance of rice [76–78].

Genes involved in Na+/K+ homeostasis are also candidates for improving salt tolerance in
rice. High-salinity stress results in altered K+/Na+ ratios, which lead to metabolic changes in the
plant [79]. Na+ causes growth inhibition via Na+ toxicity, whereas K+ is essential for plant growth and
development. Therefore, restricting the intracellular accumulation of toxic sodium (Na+) is beneficial
for survival under salt stress [2,3]. Members of the high-affinity K+ transporter (HKT) family in rice
function as Na+ and Na+/K+ transporters in controlling Na+ accumulation, and enhancing or inhibiting
the expression of HKT genes changes the intracellular Na+ content and the salt tolerance of rice [80,81].
Thus, modifying ion channels is an option to improve the salt tolerance of rice.

In addition to genes related to ROS and Na+/K+ homeostasis, many other genes influence the salt
tolerance of rice [16]. For example, rice expansin 7 (OsEXPA7), which encodes a cell wall-loosening
protein, positively regulates salt tolerance in rice by coordinating sodium transport, ROS scavenging,
and cell-wall loosening [82]. Response regulator 22 (OsRR22) encodes a B-type response regulator
protein that acts as a transcription factor regulating genes involved in the osmotic stress response
and/or ion transport between parenchyma cells and vascular tissue cells in the root [83]. OsCYP71D8L,
a cytochrome P450 monooxygenase in the CYP71 clan in rice, negatively regulates salt tolerance by
affecting gibberellin and cytokinin homeostasis [84]. The dominant suppressor of KAR2 (OsDSK2a) is a
ubiquitin-binding protein that mediates seedling growth and salt responses in rice through interacting
with elongated uppermost internode (EUI) to affect gibberellin metabolism [85]. Although a number
of salt-tolerance genes have been identified (Table 3), further information is needed about how to
effectively use these genes to improve rice salt tolerance.

Table 3. Genes associated with rice salt tolerance.

Genes Name Accession Number Gene Function

OsSOS1 Os12g0641100 Exports Na+ ions out of cells, positively regulates salt tolerance
OsHKT1;1 Os04g0607500 Mediate Na+-specific transport, positively regulates salt tolerance
OsHKT1;4 Os04g0607600 Mediate Na+-specific transport, positively regulates salt tolerance
OsHAK21 Os03g0576200 K+ transporter, positively regulates salt tolerance
OsEIN2 Os07g0155600 Ethylene signaling component, negatively regulates salt tolerance
OsEIL1 Os03g0324300 Ethylene signaling component, negatively regulates salt tolerance
OsEIL2 Os07g0685700 Ethylene signaling component, negatively regulates salt tolerance

OsAPX2 Os07g0694700 Encoding ascorbate peroxidases, positively regulates salt tolerance

OsCPK12 Os04g0560600 Encoding a calcium-dependent protein kinase, positively regulates
salt tolerance

DST Os03g0786400 Encoding Zinc-finger protein, negatively regulates salt tolerance
SIT1 Os02g0640500 Encoding a lectin receptor-like kinase, positively regulates salt tolerance

OsDOF15 Os03g0764900 Encoding a DOF-binding with one finger transcription factor,
negatively regulates salt tolerance

OsTIR1 Os05g0150500 Auxin receptor, positively regulates salt tolerance
OsAFB2 Os04g0395600 Auxin receptor, positively regulates salt tolerance

OsGA2ox5 Os07g0103500 Encoding a gibberellin metabolism enzyme, positively regulates
salt tolerance
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Table 3. Cont.

Genes Name Accession Number Gene Function

OsTIR1 Os05g0150500 Auxin receptor, positively regulates salt tolerance

DRO1 Os07g0614400 Associated with root angle modifications, negatively regulates
salt tolerance

OsEXPA7 Os03g0822000 Encoding cell wall-loosening proteins, positively regulates salt tolerance

OsPIL14 Os07g0143200 Phytochrome interacting factor like gene, positively regulates
salt tolerance

SLR1 Os03g0707600 rice DELLA protein, GA signaling suppressor, positively regulates
salt tolerance

OsDSK2a Os03g0131300 The UBL-UBA protein, negatively regulates salt tolerance

IDS1 Os03g0818800 Encoding an apetala2/ethylene response factor transcription factor,
negatively regulates salt tolerance

AGO2 Os04g0615700 Encoding a ARGONAUTE family protein, positively regulates
salt tolerance

BG3 Os01g0680200 A putative cytokinin transporter, positively regulates salt tolerance
OsRR2 Os06g0183100 Encoding a B-type response regulator, negatively regulates salt tolerance

OsRR9 Os11g0143300 Negative regulators of cytokinin signaling, negatively regulates
salt tolerance

OsRR10 Os12g0139400 Negative regulators of cytokinin signaling, negatively regulates
salt tolerance

OsC2DP Os09g0571200 Encoding a novel C2 domain-containing protein, positively regulates
salt tolerance

OsOTS1 Os06g0487900 The ubiquitin-like protease class of SUMO protease, positively regulates
salt tolerance

OsZFP179 Os01g0839100 Encoding C2H2-type zinc-finger protein, positively regulates
salt tolerance

OsZFP182 Os03g0820300 Encoding TFIIIA-type zinc-finger protein, positively regulates
salt tolerance

OsZFP185 Os02g0195600 Encoding A20/AN1-type zinc-finger protein, negatively regulates
salt tolerance

OsZFP213 Os12g0617000 Encoding C2H2-type zinc-finger protein, positively regulates
salt tolerance

OsZFP245 Os07g0587400 Encoding TFIIIA-type zinc-finger protein, positively regulates
salt tolerance

OsZFP252 Os12g0583700 Encoding TFIIIA-type zinc-finger protein, positively regulates
salt tolerance

OsMGT1 Os01g0869200 A rice Mg2+ transporter, positively regulates salt tolerance

CYP71D8L Os02g0184900 Encoding a cytochrome P450 monooxygenases, positively regulates
salt tolerance

OsCYP94C2b Os12g0150200 Encoding a JA-catabolizing enzyme, positively regulates salt tolerance

OsVTC1-1 Os01g0847200
GDP-D-mannose pyrophosphorylase (GMPase)

catalyzes the synthesis of GDP-D-mannose, positively regulates
salt tolerance

OsVTC1-3 Os03g0268400
GDP-D-mannose pyrophosphorylase (GMPase)

catalyzes the synthesis of GDP-D-mannose, positively regulates
salt tolerance

6. Biotechnology Promises to Accelerate Breeding of Salt-Tolerant Rice Cultivars

Publication of the rice reference genome and the development of next-generation sequencing
(NGS) techniques provide an opportunity to explore genome-wide genetic variations and carry out
genotyping in a highly efficient way [86]. The relatively low cost of sequencing enables the use
of genome and transcriptome sequencing to discover a large number of sequence polymorphisms
and to map some agronomic traits [87]. Genome-wide association studies (GWAS) are a powerful
approach for identifying valuable natural variations in trait-associated loci, as well as allelic variations
in candidate genes underlying quantitative and complex traits, including those related to growth,
salt tolerance, and nutritional quality [88,89]. Compared to a traditional QTL linkage analysis, GWAS
is based on high-density variations in natural populations and can detect multiple alleles at the same
site [90]. Several loci associated with salt tolerance have been identified in rice based on GWAS. Kumar
et al. conducted a GWAS of 12 different salt tolerance-related traits at the reproductive stage and
identified 20 single-nucleotide polymorphisms (SNPs) significantly associated with the Na+/K+ ratio
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and 44 SNPs associated with other traits observed under salt stress conditions [91]. Liu et al. used 708
rice accessions to perform a GWAS to identify the genes associated with rice salt tolerance and identified
seven accessions carrying favorable haplotypes of four genes significantly associated with grain yield
under salt stress. These promising candidates will provide valuable resources for salt-tolerant rice
breeding [89]. Lekklar et al. conducted a GWAS for salt tolerance during rice reproduction, and more
than 73% of the identified loci overlapped with the previously reported salt QTLs [92]. Yuan et al.
performed a GWAS using 664 cultivated rice accessions from the 3000 Rice genomes, and twenty-one
salt-tolerant QTLs and two candidate genes were identified [93]. These studies indicate that GWAS is a
powerful strategy for mapping QTLs of salt tolerance in rice.

Effective phenotyping data (phenomics data) is a prerequisite for the discovery of genes/QTLs,
association mapping, and GWAS. Despite recent advances in genomics, the lack of appropriate
phenomics data limits the progress in genomics-assisted crop improvement programs. Therefore,
the acquisition of high-throughput, effective, and comprehensive trait data in rice has become an acute
need [94,95]. High-throughput phenotyping offers the opportunity capture phenotypically complex
variations underpinning adaptation in traditional phenotypic selection or statistics-based breeding
programs [94,95]. With the development of plant phenotyping platforms, we can obtain the phenomics
data more effectively and cost-efficiently, and the integration of high-throughput trait phenotyping
with genomics will greatly promote the genetic dissection of salt tolerance-related traits.

Genomic and transcriptomic analysis, proteomics, and metabolomics are powerful tools for
identifying genes related to salt tolerance in rice. Salt stress causes a series of changes in rice,
including changes in gene expression, protein content, and metabolite levels [96–98]. By comparing
the transcriptome, proteome, and metabolome of rice under salt stress versus normal conditions, or in
salt-tolerant versus salt-sensitive varieties, we can obtain many potential genes related to salt tolerance.
For example, a study comparing transcriptome profiles of FL478 and IR29 found more than one
thousand genes that were differentially expressed under salt stress compared to normal conditions [96].
Sun et al. analyzed the transcriptome data of a salt-tolerant rice landrace called Changmaogu and
detected a large number of genes that were differentially expressed at the germination and seedling
stages under salt stress. A further analysis revealed that most of the differentially expressed genes were
clustered in the pathways of ABA signal transduction and carotenoid biosynthesis [97]. Peng et al.
used an Isobaric Tags for Relative and Absolute Quantitation (iTRAQ)-based proteomic technique to
detect proteins that become more or less abundant under salt stress and identified 332 differentially
abundant proteins in seedlings of salinity-tolerant and dwarf 58 (sd58) and Kitaake [98]. Although these
studies provide many candidate genes for salinity tolerance, whether these genes can be used for
breeding salt-tolerant rice remains to be verified. The transgenic approach and genome editing
approach are powerful tools for verifying whether genes can be used for salt-tolerant rice breeding.
Using the transgenic approach and genome editing approach, ideal materials for target genes can
rapidly be obtained and used to assess the salt tolerance, which would accelerate efforts to improve the
salinity tolerance in rice.

Based on high-density genome-wide SNP markers detected by next-generation sequencing,
the SNP marker-assisted selection method is used to accelerate the process of breeding salt-tolerant
rice. Using this method, Rana et al. precisely introgressed the hitomebore salt tolerant 1 (hst1) gene
from the salt-tolerant cultivar Kaijin into the high-yielding cultivar Yukinko-mai. Their offspring,
YNU31-2-4, had agronomic traits similar to Yukinko-mai under normal growth conditions. Under salt
stress, the yield of YNU31-2-4 was significantly higher than that of Yukinko-mai [99]; Bimpong et al.
used marker-assisted selection to develop salt-tolerant rice cultivars through introgressing Saltol into
the lowland cultivar, Rassi, and obtained 16 introgression lines for further African-wide testing prior to
release in six West African countries [100]. Pauyawaew et al. introgressed Saltol into KDML105 by two
rounds of marker-assisted backcrossing, and introgression lines with positive Saltol alleles are being
tested for salinity tolerance in the salt-affected areas in the northeast of Thailand [101]. All these results
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suggest that SNP marker-assisted selection breeding is a fast and effective method to improve rice
salt tolerance.

The most current methods of genomic selection use single SNP markers to predict the genetic
merits of individuals, but haplotypes may have several advantages over single markers for genomic
selection. A haplotype is the combination of a series of genetic mutations that coexist on a single
chromosome; it contains multiple SNPs and can better capture the linkage disequilibrium and genomic
similarity in different lines [102,103]. The use of haplotypes can improve the accuracy of genomic
prediction. Thus, identifying key haplotypes related to the salt tolerance of rice will provide useful
genetic resources and parent materials for breeding salt-tolerant rice.

7. Challenges and Perspectives

Salt stress is one of the main environmental factors affecting rice growth and rice yield worldwide.
Improving the salt tolerance of rice is the most direct and effective method to solve this problem.
After years of collection and screening, scientists have obtained several salt-tolerant rice germplasms
(Table 2), which have laid the foundation for studying the mechanism of salt tolerance in rice and
developing salt-tolerant rice cultivars. This review summarizes the progress to date on the breeding of
salt-tolerant rice and proposes that genomics and molecular tools for precision breeding will accelerate
the development of salt-tolerant cultivars.

Rice salt tolerance is controlled by multiple genes and is a complex physiological characteristic [17].
The evaluation of rice salt tolerance is also complex. Phenotypic traits are typically used to evaluate
the salt tolerance of rice varieties [18], an approach that lacks comprehensiveness and accuracy and
may result in an assessment of salt tolerance that is not consistent with actual performances in the
field. Therefore, a standardized system to evaluate rice salt tolerance is urgently needed. Moreover,
salt tolerance is genotype-dependent. Although numerous QTLs controlling salt tolerance traits have
been identified in different mapping populations (Table 2), only a few major salt tolerance genes
have been isolated from QTLs [48,49]. The inconsistency and variability of QTLs in different genetic
backgrounds and environments have limited their applications in breeding programs.

Using traditional breeding methods, scientists have bred a series of salt-tolerant rice cultivars,
but the mechanism of salt tolerance in rice is largely unclear. How plants perceive salt stress, how these
signals are translated into adaptive responses, and how multiple salt tolerance genes coordinately
regulate salt tolerance in rice are all questions that need further investigation. Moreover, traditional
breeding methods are time-consuming and inefficient. SNP marker-assisted selection and genetic
engineering technology will greatly improve the molecular breeding process [99,104]. Therefore,
efforts should be made to capture useful salt tolerance genes as possible genetic markers to introgress
into elite rice varieties. In addition, it is difficult to obtain salt-tolerant varieties that can be used in field
production by the introduction of a single gene or several genes. To cultivate valuable salt-tolerant
rice varieties, multiple salt tolerance genes or haplotypes need to be gathered into elite rice varieties;
how to quickly and effectively introduce these genes or haplotypes simultaneously is another problem
that needs to be solved. With the innovation of breeding technology, many new breeding technologies,
such as MutMap, knock-out/in, and genome editing, will accelerate the process of salt-tolerant rice
cultivation [83,105]. Further studies should focus on cloning salt tolerance genes and elucidating their
regulatory mechanisms and on investigating how multiple genes or haplotypes can be transferred at
the same time with stable inheritance by their offspring.

Due to variations in saline-alkali soils and environmental conditions in different areas,
the cultivation of salt-tolerant rice varieties is subject to strong geographical constraints; varieties
cultivated in one place are unsuitable for planting in another. Therefore, research efforts should focus
on identifying molecular markers and haplotypes associated with salt tolerance and on developing
salt-tolerant rice. The main rice varieties in various regions should be transformed with genes associated
with improved salt tolerance by using a combination of molecular breeding and traditional breeding
approaches. The resulting core rice germplasm with a high salt tolerance and excellent agronomic
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traits would provide a valuable germplasm resource for breeding programs aimed at developing
salt-tolerant rice.
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Abstract: Soybean (Glycine max), as an important oilseed crop, is constantly threatened by abiotic
stress, including that caused by salinity and drought. bZIP transcription factors (TFs) are one of
the largest TF families and have been shown to be associated with various environmental-stress
tolerances among species; however, their function in abiotic-stress response in soybean remains
poorly understood. Here, we characterized the roles of soybean transcription factor GmbZIP15
in response to abiotic stresses. The transcript level of GmbZIP15 was suppressed under salt- and
drought-stress conditions. Overexpression of GmbZIP15 in soybean resulted in hypersensitivity to
abiotic stress compared with wild-type (WT) plants, which was associated with lower transcript levels
of stress-responsive genes involved in both abscisic acid (ABA)-dependent and ABA-independent
pathways, defective stomatal aperture regulation, and reduced antioxidant enzyme activities.
Furthermore, plants expressing a functional repressor form of GmbZIP15 exhibited drought-stress
resistance similar to WT. RNA-seq and qRT-PCR analyses revealed that GmbZIP15 positively regulates
GmSAHH1 expression and negatively regulates GmWRKY12 and GmABF1 expression in response
to abiotic stress. Overall, these data indicate that GmbZIP15 functions as a negative regulator in
response to salt and drought stresses.

Keywords: GmbZIP15; transcription factor; salt stress; drought stress; RNA-seq; soybean

1. Introduction

As a result of their sessile nature, plants are subject to variable biotic and abiotic-stress
conditions. As the most pertinent abiotic-stress conditions, drought and salinity threaten the
growth and productivity of crops. Plants respond and adapt to these stress conditions by activating
stress-related pathways, which comprise signal perception and transduction, regulation of gene
expression, and biochemical and physiological responses [1]. Signaling pathways, including those
involving various phytohormones, multiple secondary metabolism processes, and reactive oxygen
species (ROS), are crucial for plant survival under environmental-stress conditions [2–4].
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Abiotic stress usually leads to the generation of ROS such as hydrogen peroxide (H2O2) and
superoxide (O2−); however, ROS overaccumulation is cytotoxic [5,6]. To control the level of ROS
accumulation under stress conditions, plants have evolved a wide range of antioxidants to scavenge
ROS and reinstate cellular redox homeostasis. Previous studies have found that ROS signaling
is linked to abscisic acid (ABA), Ca2+ fluxes, and sugar sensing, and is likely to be involved in
ABA-dependent signaling pathways activated under abiotic stress [5,7]. Overexpression of GmSIN1 in
soybean (Glycine max) promotes root growth and salt tolerance by enhancing cellular ABA and ROS
contents [7]. In rice (Oryza sativa), OsCPK12 promotes salt-stress resistance, likely through repression
of ROS production and/or the participation of the ABA signaling pathway [8].

ABA is one of the most important stress-related phytohormones and plays a pivotal role in
signal transduction during abiotic-stress responses [8,9]. Cellular ABA levels in plants increase in
response to abiotic stress, leading to the expression of stress-responsive genes, the regulation of
metabolic processes, and the quenching of ROS, thereby maintaining plant cell homeostasis under
stress conditions [10]. Recent studies have found that plants respond to abiotic-stress conditions
mainly through ABA-dependent and ABA-independent signaling pathways, which are regulated
by AREB/ABFs and DREB2A transcription factors (TFs), respectively [11]. In Arabidopsis under
abiotic-stress conditions, ABA enacts responses primarily through four bZIP TFs, namely, ABF1,
AREB1/ABF2, AREB2/ABF4, and ABF3, the expression of which is activated by SnRK2s [10–14].
Abiotic stress and ABA has also been shown to induce the expression of AREB1/ABF2, AREB2/ABF4,
and ABF3 [15], and an increased abundance of these AREB/ABFs in turn increases ABA sensitivity and
abiotic-stress resistance [13,16]. ABF1 has also been shown to function in drought-stress responses,
despite its lower expression level compared to other abiotic-stress-induced AREB/ABFs, and thus
areb1areb2abf3abf1 plants display decreased drought resistance compared to areb1areb2abf3 plants
regarding primary root growth [10]. DREB2 proteins are members of the AP2/ERF family of
plant-specific TFs and function in an ABA-independent manner [11]. Among the DREB2 genes
in Arabidopsis, DREB2A is largely induced by drought, salinity, and cold stress [17]. Three DREB
homologues, namely, GmDREBa, GmDREBb, and GmDREBc, have been identified in the soybean
genome and the transcript levels of GmDREBa and GmDREBb in the leaves of soybean seedlings were
shown to increase following salt-, drought-, and cold-stress treatment [18].

Transcription factors are considered to be the most important regulators of gene expression.
Several groups of TFs, such as DREB, NAC, MYB, WRKY, and bZIP, are responsible for abiotic-stress
responses [19–23]. The bZIP TFs, which represent one of the largest plant TF families, can be divided
into different subfamilies depending on the bZIP domain [24]. Plant bZIP TFs play crucial regulatory
roles in multiple abiotic-stress resistances [12,25,26]. In Arabidopsis, ABI5 expression is regulated by
ABF3, which may contribute to salt-stress tolerance [14]. In rice, OsABF1 improves drought tolerance by
activating the transcription of COR413-TM1 [12]. Overexpression of the sweet potato (Ipomoea batatas)
TF IbABF4 in Arabidopsis resulted in increased ABA sensitivity as well as enhanced drought and
salt-stress tolerance [27].

Soybean is one of the most important crops and is widely cultivated worldwide because of its
nutritive value. However, soybean growth is threatened by many abiotic-stress factors such as salinity,
drought, and extreme temperature. In a previous study, 160 bZIP family members were identified
from the soybean genome and were divided into 12 subgroups [24]. Among these, many family
members have been characterized to play roles in abiotic-stress responses, including GmbZIP132,
GmbZIP110, GmbZIP44, GmbZIP62, and GmbZIP78 [28–30]. However, the function of GmbZIP15,
the only member of subfamily K, in response to abiotic stress remains poorly understood. In this study,
biochemical and physiological analyses were performed to reveal the regulatory roles of GmbZIP15 in
abiotic-stress responses.
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2. Results

2.1. GmbZIP15 Expression Pattern in Response to Abiotic-Stress Conditions

We previously identified 160 bZIP genes from soybean and characterized their expression in
response to abiotic stress [24]. Among these genes, the expression of GmbZIP15 was suppressed
by drought and flooding stress and it was therefore selected for further investigation. To validate
the response of GmbZIP15 to abiotic-stress conditions, we generated soybean plants overexpressing
GmbZIP15 (OX-GmbZIP15), and two lines (OE-8, OE-16) with higher expression level were selected
for further research (Figure S1). The qRT-PCR analysis was used to determine GmbZIP15 expression
patterns in 2-week-old wild-type (WT) and two overexpression lines under salt and drought treatments.
Under normal conditions, GmbZIP15 expression level in OX-GmbZIP15 plants was clearly higher than
that in WT; however, GmbZIP15 expression in OX-GmbZIP15 plants treated with NaCl and mannitol
sharply decreased, but was higher than WT plants by 12 h and was nearly undetectable by 24 h
post-treatment (Figure S2A,B). In addition, through the GUS staining of 1-week-old pGmbZIP15:GUS
transgenic Arabidopsis seedlings grown on media supplemented with 100 mM NaCl or 200 mM
mannitol, GmbZIP15 promoter activity was observed to be significantly decreased in cotyledons
and true leaves under NaCl and mannitol conditions compared to normal conditions (Figure S2C),
which was consistent with the results of qRT-PCR (Figure S1A,B). These results suggest that the
expression of GmbZIP15 is suppressed by abiotic stress.

2.2. GmbZIP15 Negatively Regulates Salt and Drought Tolerance in Soybean

To investigate the role of GmbZIP15 in plant response to salt stress, transgenic soybean
plants carrying functional repression of GmbZIP15 (35S:GmbZIP15-SRDX) were obtained and
two lines (SRDX-15, SRDX-21) with higher expression levels were selected for further research
(Figure S1). WT, OX-GmbZIP15 and 35S:GmbZIP15-SRDX seedlings were treated with 200 mM
NaCl. Following 2 weeks of salt treatment, WT and 35S:GmbZIP15-SRDX soybean seedlings exhibited
a comparable degree of leaf shedding, whereas OX-GmbZIP15 plants displayed a severe, almost lethal
wilt phenotype (Figure 1A). These results suggest that overexpression of GmbZIP15 in soybean causes
sensitivity to salt stress.

To test the function of GmbZIP15 in plant drought responses, WT, OX-GmbZIP15 and
35S:GmbZIP15-SRDX seedlings were withheld water for 2 weeks. Compared to WT and
35S:GmbZIP15-SRDX seedlings, OX-GmbZIP15 seedlings were severely wilted and almost all leaves
displayed a considerable dehydration phenotype (Figure 2A). To test whether the dehydration
phenotype could be rescued, we rewatered the drought-treated plants for 3 days. Although there was
slight shedding of the old leaves of WT and 35S:GmbZIP15-SRDX seedlings after rewatering, there was
vigorous new leaf growth, suggesting that WT and 35S:GmbZIP15-SRDX plants can recover from
such a dehydration phenotype. In contrast, OX-GmbZIP15 seedlings did not display growth recovery
after rewatering. Combined, these results further support that GmbZIP15 acts as a potential negative
regulator of abiotic-stress response.

In addition, the transcription levels of drought-/salt-tolerance marker genes, including GmDREBb,
GmMYB118, and GmWRKY28, were evaluated by qRT-PCR in WT and OX-GmbZIP15 plants.
Under mock conditions, the expression levels of each marker were considerably higher in OX-GmbZIP15
plants compared to WT plants (Figure S3A,B). However, under salt stress, the expression levels of
GmDREBb, GmMYB118, and GmWRKY28 dramatically decreased in OX-GmbZIP15 plants compared
with that in WT plants (Figure S3A). Similarly, under drought stress, the expression levels of GmDREBb,
GmMYB118, and GmWRKY28 genes in OX-GmbZIP15 plants also decreased significantly compared
with that in WT plants (Figure S3B). These results indicate that GmbZIP15-overexpressing soybean
plants are hypersensitive to abiotic stress.
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Figure 1. GmbZIP15 negatively regulates salt-stress resistance in soybean. (A) Phenotype observation
of transgenic soybean seedlings in response to salt stress. The pictures were obtained before or after
200 mM NaCl treatment for 2 weeks. Numbers in the panels denote the frequencies of the phenotypes
shown. (B) Diaminobenzidine (DAB) staining of the soybean leaves. All the plants were treated with
200 mM NaCl for 4 days and then the leaves were harvested. The depth of color shows the H2O2

content in leaves. Bar = 1 cm.
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Figure 2. GmbZIP15 negatively regulates drought-stress resistance in soybean. (A) Phenotype
observation of transgenic soybean seedlings in response to drought stress. The pictures were obtained
under normal conditions; thereafter, the plants were not watered for 2 weeks, then rewatered for 3
days. Numbers in the panels denote the frequencies of the phenotypes shown. (B) DAB staining of
the soybean leaves. All the plants were not watered for 4 days and then the leaves were harvested.
The depth of color shows the H2O2 content in the leaves. Bar = 1 cm.

2.3. GmbZIP15 Depresses the ROS Scavenging Ability of Soybean

Abiotic stress can lead to damage to plant cells via oxidative stress involving the generation of
ROS [31]. Diaminobenzidine (DAB) staining showed that H2O2 levels were largely increased in the
leaves of OX-GmbZIP15 soybean plants compared with WT plants as indicated by the larger amount
of reddish-brown precipitate observed following the treatment with 200 mM NaCl and 300 mM
mannitol (Figures 1B and 2B). By contrast, the H2O2 contents in 35S:GmbZIP15-SRDX soybean plants
were comparable with that in WT plants under salt- or drought-stress conditions (Figures 1B and 2B).
We further investigated whether altered H2O2 contents reflected altered ROS-scavenging capability
in these plants. For this, the activities of the two main antioxidant enzymes involved in ROS
scavenging, namely, peroxidase (POD) and catalase (CAT), were determined in WT, OX-GmbZIP15,
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and 35S:GmbZIP15-SRDX soybean seedlings before and after 24-h treatment with 200 mM NaCl
and 300 mM mannitol. Before stress treatment, OX-GmbZIP15 soybean plant showed higher
activities of POD and CAT than WT plants (Figure S4A,B), whereas following salt- and drought-stress
treatments, there was a marked decrease in POD and CAT activities in OX-GmbZIP15 soybean plant
compared to WT plants (Figure S4A,B). These results indicate that ROS scavenging was depressed in
GmbZIP15-overexpressing soybean plants upon abiotic stress.

2.4. Changes of Stomatal Aperture in GmbZIP15 Transgenic Soybean Plants during Abiotic-Stress Conditions

Abiotic stress usually leads to a reduction in plant water loss through the regulation of the
stomata aperture [32]. Thus, we analyzed stomatal regulation and its possible association with
the stress-sensitive phenotype of GmbZIP15 transgenic soybean plants. The stomatal apertures
(width/length, W/L) of WT, OX-GmbZIP15, and 35S:GmbZIP15-SRDX soybean plants were measured
under control and abiotic-stress conditions. As shown in Figure 3, WT and transgenic soybean
plants displayed similar stomatal apertures under control conditions. Moreover, following 200 mM
NaCl and 300 mM mannitol treatments, there were no obvious differences in stomatal apertures
between 35S:GmbZIP15-SRDX and WT plants; however, a greater stomatal aperture was observed
in OX-GmbZIP15 plants compared to WT and 35S:GmbZIP15-SRDX plants (Figure 3A,B). These data
show that there is defective stomatal closure in OX-GmbZIP15 plants upon abiotic stress.

Figure 3. Changes in the stomatal aperture in GmbZIP15 transgenic soybean plants under salt- and
drought-stress conditions. (A,B) Comparison of stomatal aperture with width over length before or after
200 mM NaCl treatment for 1 h (A) or before or after 300 mM mannitol treatment for 1 h (B). Data were
calculated from 100 stomata of the leaves of three different soybean plants. The experiments were
performed three times with similar results. Bar = 10 μm. Errors bars indicate ± SD of three biological
replicates. Significant differences between samples labeled a, b, and c were determined by one-way
ANOVA, p < 0.05.

2.5. Conservation of GmbZIP15-Mediated Abiotic-Stress Responses in Soybean and Arabidopsis

To further investigate the function of GmbZIP15 in response to abiotic stress, OX-GmbZIP15
and 35S:GmbZIP15-SRDX transgenic Arabidopsis plants were generated and two lines of each with
higher expression levels were selected for further research (Figure 4B). Five-week-old soil-grown WT,
OX-GmbZIP15 and 35S:GmbZIP15-SRDX transgenic Arabidopsis plant were watered with 150 mM
NaCl. After 2 weeks, approximately 80% of WT (n = 50) and 35S:GmbZIP15-SRDX plants (n = 50)
remained viable, while nearly 90% of OX-GmbZIP15 plants (n = 50) died (Figure S5A). These results
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indicate that, similar to OX-GmbZIP15 soybean plants, OX-GmbZIP15 Arabidopsis plants were also
sensitive to salt stress. Similarly, following a 2-week dehydration treatment of WT, OX-GmbZIP15,
and 35S:GmbZIP15-SRDX transgenic Arabidopsis plants, approximately 85% of WT (n = 50) and
35S:GmbZIP15-SRDX (n = 50) plants showed some degree of wilting phenotype but remained alive,
whereas approximately 90% of the OX-GmbZIP15 plants (n = 50) displayed a severe, near lethal
wilting phenotype (Figure S5B). These results suggest that OX-GmbZIP15 overexpression causes similar
drought- and salt-stress sensitivity in both Arabidopsis and soybean.

In addition, seed germination efficiency of WT, OX-GmbZIP15, and 35S:GmbZIP15-SRDX
Arabidopsis lines were evaluated under control and drought- and salt-stress conditions. For this,
seeds of each line were germinated on 1/2 Murashige and Skoog Medium (MS) with or without
150 mM NaCl or 300 mM mannitol; the growth of two OX-GmbZIP15 lines were inhibited severely
(Figure 4A). In addition, the cotyledon greening rate was much lower in OX-GmbZIP15 compared to
WT and 35S:GmbZIP15-SRDX transgenic Arabidopsis plants (Figure 4C). Taken together, these results
indicate that GmbZIP15 plays a conserved role in drought- and salt-stress responses in both soybean
and Arabidopsis.

To further understand the causal factors behind the drought- and salt-stress hypersensitivity
of GmbZIP15-overexpressing Arabidopsis plants, we assayed expression levels of several known
abiotic-stress-responsive genes in WT and OX-GmbZIP15 transgenic Arabidopsis plants under
control and drought- and salt-stress conditions. Transcript levels of each of the analyzed genes,
including AtWRKY33, AtCOR6-6, AtDREB2A, and AtRD29A, were suppressed in OX-GmbZIP15 plants
compared with WT plants under normal conditions (Figure 4D,E). Under salt stress, the expression
levels of AtCOR6-6, AtDREB2A, and AtRD29A were increased in both WT and OX-GmbZIP15 plants
following salt-stress treatment, although the magnitude of expression induction was much lower in
OX-GmbZIP15 plants (Figure 4D). Similar patterns of repressed expression of abiotic stress-responsive
genes were detected in OX-GmbZIP15 plants following drought-stress treatment. The expression levels
of AtWRKY33, AtDREB2A, and AtRD29A were induced in both WT and OX-GmbZIP15 plants by
drought stress, but to a smaller extent in OX-GmbZIP15 plants (Figure 4E). These results indicate that
the drought- and salt-stress hypersensitivity caused by GmbZIP15 overexpression in Arabidopsis may
be due to the repressed expression of drought- and salt-responsive genes.

AtbZIP60 is the homologue of GmbZIP15 in Arabidopsis. To investigate the role of AtbZIP60 in
response to drought and salt stress, we analyzed the growth of the bzip60 mutant (SALK_050203C)
under control and drought- and salt-stress conditions. The results showed that the growth of the
bzip60 mutant was significantly repressed as compared to that in WT plants after 150 mM NaCl or
300 mM mannitol treatment (Figure 4A), which was accompanied by a lower cotyledon greening rate
(Figure 4C), suggesting that these mutants are sensitive to drought and salt stress. These results agree
with the previous findings that overexpression of AtbZIP60 enhances salt, drought, and cold tolerance
in rice [33]. Moreover, these data suggest that the roles of GmbZIP15 and AtbZIP60 in response to
abiotic stress have diversified.
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Figure 4. GmbZIP15-overexpressed Arabidopsis is hypersensitive to salt and drought stresses.
(A) Phenotype observation of wild-type (WT) and GmbZIP15 transgenic Arabidopsis plants under
normal and stress conditions. All the seeds were germinated on the 1/2 Murashige and Skoog
Medium (MS) medium under normal conditions or supplemented with 150 mM NaCl or 300 mM
mannitol for 1 week. (B) Transcript level detection of GmbZIP15 in transgenic Arabidopsis plants.
(C) Quantification of the cotyledon green rate. (D,E) GmbZIP15 regulates stress-responsive gene
expression in WT and GmbZIP15 transgenic Arabidopsis plants. Gene expression levels of AtCOR6-6,
AtDREB2A, and AtRD29A were quantified by qRT-PCR assays after 150 mM NaCl treatment for 0.12,
and 24 h (D). Gene expression levels of AtWRKY33, AtDREB2A, and AtRD29A were quantified by
qRT-PCR assays after 300 mM mannitol treatment for 0.12, and 24 h (E). Errors bars indicate ± SD of
three biological replicates. Significant differences between samples labeled a, b, and c were determined
by one-way ANOVA, p < 0.05.

2.6. Transcriptomic Analysis of OX-GmbZIP15 Transgenic Soybean Plants in Response to Salt and
Drought Stress

To further reveal the molecular mechanism behind the abiotic-stress sensitivity caused by
GmbZIP15 overexpression, we conducted RNA sequencing (RNA-seq) analysis using OX-GmbZIP15-16
(OE) and WT soybean plants grown under either control conditions (mock treated) or treated
with NaCl or mannitol. Three biological replicates were collected for each sample. In OE and
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WT plants, 2229 and 1693 differentially expressed genes (DEGs) were detected respectively, under
salt-stress conditions compared to control conditions (fold change: ≥ 2 and p ≥ 0.05) (Figure 5A).
Moreover, 8917 and 4811 DEGs were detected in OE and WT plants, respectively, under drought-stress
conditions compared to control conditions (Figure 5A, Table S1). Thus, there were more DEGs
induced by both salt and drought stress in OE plants than in WT plants, indicating that GmbZIP15
is responsible for gene expression changes upon salt and drought stress. In addition, we detected
1361 common DEGs (695 upregulated and 546 downregulated) in OE plants upon salt and drought
stress (Figure 5B). In order to characterize the DEGs downregulated in the OE line upon salt and
drought stresses, we studied their gene annotation (GO) term enrichment compared to that for
untreated OE plants. As shown in Figure 5, a number of metabolic processes were enriched in both
salt-stress and drought-stress downregulated gene sets in OE plants, such as response to stimuli,
oxidation-reduction reactions, photosynthesis, hydrolase activity, phenylalanine biosynthesis, and some
secondary metabolism processes (Figure 5C–F). These results imply that the above metabolic pathways
are repressed in GmbZIP15-overexpressing soybean plants under abiotic stress.

Figure 5. Transcriptomic analysis of OX-GmbZIP15 transgenic soybean plants. (A) Number of specific
and common salt- and drought-responsive differentially expressed genes (DEGs) in the WT and
OX-GmbZIP15-16 soybean plants. (B) Number of specific and common DEGs in the OX-GmbZIP15-16
soybean plants after salt and drought-stress treatment. (C,D) gene annotation (GO) analysis of the DEGs
downregulated in OX-GmbZIP15-16 soybean plants after salt stress: (C) biological process; (D) molecular
function. (E,F) GO analysis of the DEGs downregulated in OX-GmbZIP15-16 soybean plants after
drought stress; (E) biological process; (F) molecular function. The numbers next to the columns indicate
the number of DEGs with corresponding annotation and the p-value, respectively (C–F).
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2.7. GmbZIP15 Regulates the Expression of GmSAHH1, GmABF1, and GmWRKY12 in Soybean in Response
to Abiotic Stress

On the basis of the RNA-seq data, five genes (FPKM > 100) with higher expression levels in
OE plants compared with WT plants under normal conditions were selected for further analysis.
However, only three of these genes (GmSAHH1, GmWRKY12, and GmABF1) were cloned successfully.
GmSAHH1 encodes a phosphate dehydrogenase, and expression of its Arabidopsis homologue
(ATSAHH1; At4g13940) is detected in developing seeds and some anthers [34]. Moreover, the abundance
of ATSAHH1 is reduced in protein extracts from salt-treated cells [35].

We performed a further qRT-PCR analysis to validate the RNA-seq data. Results consistently
showed that the expression of GmSAHH1 was higher in OE than in WT soybean plants under
normal conditions, but lower in OE than in WT plants under salt- and drought-stress conditions
(Figure S6A,B). This repressed expression of GmSAHH1 under abiotic stress was similar to that of
GmbZIP15. To further investigate the biological function of GmSAHH1 expression changes under abiotic
stress, GmSAHH1-overexpressing (OX-GmSAHH1) transgenic Arabidopsis plants were obtained, and two
lines with higher expression levels were selected for further research (Figure 6A) and then subjected
to salt- and drought-stress treatments. Before treatment, no obvious morphological differences
between 5-week-old WT and OX-GmSAHH1 plants were observed. By contrast, under salt and
drought stress, OX-GmSAHH1 transgenic plants exhibited much more pronounced wilting compared
with WT plants, which was almost lethal (Figure S5A,B). Seedling growth was also significantly
inhibited in OX-GmSAHH1 plants upon salt and drought stress (Figure 6B). The similar salt- and
drought-stress hypersensitivity of both GmbZIP15- and GmSAHH1-overexpressing plants suggests
that GmbZIP15-regulated responses to salt and drought stress are likely mediated by GmSAHH1
expression activation.

Previous work found that GmWRKY12 positively regulates drought- and salt-stress responses
in association with ABA and salicylic acid (SA), and GmWRKY12 overexpression in soybean roots
enhances soybean salt and drought tolerance [36]. In our RNA-seq data, GmWRKY12 exhibited
higher expression in OE plants than in WT plants under normal conditions and displayed increased
expression in OE plants under stress conditions than normal conditions. We conducted a further
qRT-PCR analysis and found that the expression of GmWRKY12 was induced by salt and drought
treatment in WT and OE plants (Figure S6A,B). Moreover, we cloned an ABA-responsive gene
(GmABF1) based on RNA-seq data, and its homologue in Arabidopsis (AtABF1, AT1G49720) is an
ABA-dependent TF that regulates the expression of downstream ABA-inducible genes to improve
plant drought resistance [10,37]. Our result demonstrated that its expression is induced by salt
and drought stress (Figure S6A,B). Furthermore, GmWRKY12-overexpressing (OX-GmWRKY12) and
GmABF1-overexpressing (OX-GmABF1) seedlings and plants showed improved salt- and drought-stress
tolerance compared to WT plants (Figure 6B and Figure S6A,B), which agreed with the induced
expression of GmWRKY12 and GmABF1 under salt and drought stress. These results suggest that
GmbZIP15 regulates plant salt- and drought-stress responses partly through inhibiting the expression
of GmWRKY12 and GmABF1 upon abiotic stress.
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Figure 6. Phenotypic analysis of GmSAHH1-, GmWRKY12-, and GmABF1-overexpressed Arabidopsis
plants in response to salt and drought stresses. (A) Transcript level detection of GmSAHH1, GmWRKY12,
and GmABF1 in transgenic Arabidopsis plants. Errors bars indicate ± SD of three biological replicates.
Significant differences between samples labeled asterisks were determined by one-way ANOVA, p< 0.05.
(B) Growth observation of WT and overexpression of GmSAHH1, GmWRKY12, and GmABF1 Arabidopsis
seedlings under either normal conditions or 150-mM-NaCl- and 300-mM-mannitol-supplemented
1/2 MS medium.

3. Discussion

Abiotic stress, including salt and drought stress, has a considerable impact on the quality and
yield of agricultural products. The important oilseed crop, soybean, is threatened by diverse categories
of abiotic stress. Previous studies have indicated that bZIP TFs play diverse roles in response to
various biotic and abiotic stress factors in different crop species, such as rice, soybean, rape, cotton,
and maize [38–41]. In this study, a group-K bZIP TF, namely, GmbZIP15, was identified in soybean,
and its functions in response to abiotic-stress conditions were analyzed in detail.

AtbZIP60, the Arabidopsis GmbZIP15 homologue, positively modulates plant responses to salt,
cold, and abiotic-stress conditions [33]. Here, we found that GmbZIP15 acts as a negative regulator of
abiotic-stress responses. The transcription of GmbZIP15 was suppressed by salt and drought stress
(Figure S1A,B) and GmbZIP15-overexpressing soybean displayed hypersensitivity to salt and drought
stress (Figures 1A and 2A). Our study suggests that GmbZIP15 function in abiotic-stress responses
differs from that of AtbZIP60, which is possibly due to the functional divergence of soybean and
Arabidopsis during long-term evolution.

To adapt to abiotic stress, especially salt and drought stresses, the plants derive several
strategies, including ion regulation and compartmentalization, induction of antioxidant enzymes,
plant hormones and regulatory genes [42–44]. For example, the novel soybean regulatory gene
GmTIP2;3 could effectively improve the tolerance of yeast to drought stress [43,45]. In addition,
when under abiotic-stress conditions, plant endogenous ABA accumulates rapidly and activates
the expression of stress-responsive genes, causing many physiological responses [37,46]. It has
been demonstrated that ABA plays key roles in maintaining seed dormancy, inhibiting germination,
and preventing seedling growth [47], and that abiotic stress is able to induce ABA biosynthesis and
trigger ABA-dependent signaling pathways [48]. GmbZIP15 negatively regulates the expression of
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GmABF1, and the overexpression of GmABF1 in Arabidopsis confers increased resistance to salt- and
drought-stress conditions (Figure 6B). In addition, GmWRKY12 in association with ABA positively
regulates drought- and salt-stress responses, and the overexpression of GmWRKY12 in soybean
roots enhances plant salt and drought tolerance [36]. These results indicate a negative regulation
of GmbZIP15 for ABA signaling which might via GmABF1 and GmWRKY12 in response to abiotic
stress. In addition, the stress-responsive genes AtDREB2A and AtRD29A in OX-GmbZIP15 Arabidopsis
plants (Figure 4C,D) and GmDREBb (Figure S2A,B) in OX-GmbZIP15 soybean plants exhibited lower
transcript levels than those in WT plants under salt or drought conditions. AREBs and DREB are
two groups of TFs that independently regulate the expression of genes involved in ABA-dependent
and ABA-independent pathways [11]. The promoter regions of RD29 genes (RD29A and RD29B
in Arabidopsis) are targeted by AREBs and DREBs; these genes encode hydrophilic proteins that
endow plants with enhanced resistance to abiotic and cold stress [49]. Therefore, our study suggests
that GmbZIP15 might act a negative regulator of plant drought- and salt-stress responses through
ABA-dependent and ABA-independent pathways.

Abiotic stress potentially impairs plant cellular physiology and biochemistry via the excess
generation of ROS [7,50,51]. For example, SlWRKY81 improved drought tolerance in tomato plants
via the repression of SlP5CS1 transcription and thus reducing proline biosynthesis [52]. In this study,
H2O2 contents sharply increased in OX-GmbZIP15 plants compared to WT plants under drought-
and salt-stress conditions (Figures 1B and 2B). To control the level of ROS accumulation under stress
conditions, plants have evolved a number of antioxidants, such as SOD, POD, and CAT, to scavenge
ROS and to restore cellular redox homeostasis [53–57]. With the development of molecular biology,
our understanding of molecular and physiology mechanisms is becoming clearer. Our results showed
that the activities of POD and CAT were suppressed in OX-GmbZIP15 transgenic soybean plants
under salt and drought stress (Figure S2C,D), indicating compromised ROS scavenging capability in
OX-GmbZIP15 plants in comparison with WT plants. Therefore, we hypothesize that GmbZIP15 plays
a negative role in regulating these ROS-scavenging enzyme systems under abiotic stress.

Previous studies showed that bZIP TFs function in many biotic and abiotic-stress responses in plants
through regulating diverse biochemical and physiological pathways [12,23,39,58]. RNA- sequencing
has been widely used to investigate the molecular processes related to adaptive responses to abiotic
stresses and to identify stress-resistance candidate genes by analyzing differences in transcript
abundance [44]. In our research, we found that the functional annotation of DEGs that were enriched
in the set of downregulated genes in OE plants after salt and drought treatment compared to that
in control conditions indicated that, under salt or drought-stress conditions, GmbZIP15-regulated
genes were mainly involved in processes such as oxidoreductase activity, phenylalanine biosynthesis,
phosphotransferase activity, and some secondary metabolism (Figure 5). As an important polyphenolic
secondary metabolite, isoflavones play a crucial role in plants facing diverse environmental-stress
conditions [59–61]. PtSAP13, for example, enhances salt tolerance by upregulating the transcript
level of stress-responsive genes and inducing multiple biological pathways, such as phenylalanine
biosynthesis and dioxygenase activity [62], thus implying that the phenylalanine metabolism
process is involved in GmbZIP15-regulated abiotic-stress responses (Figure 5C,E). In addition,
photosynthesis is essential for plant growth and is important for plants to maintain a balance
between growth and stress responses [63,64]. For example, when cyanobacteria grow under stress
conditions, photosynthesis-related genes are usually downregulated, whereas stress response-related
genes are upregulated [65]. Water deficiency significantly affects photosynthetic characteristics.
The drought-tolerant soybean cultivar displayed the maximum values of chlorophyll fluorescence
(Fv/Fm, qP, φPSII, and ETR) [66]. When under environmental stress, plants will close their stomata
and thus restrict the entry of CO2 into the leaf and reduce the rate of photosynthesis [67]. In this
study, many downregulated genes in OX-GmbZIP15 transgenic plants after drought and salt stress
were associated with photosynthesis (Figure 5C–F), suggesting that stress adaption was prioritized
over photosynthesis; however, impaired stomatal aperture regulation in OX-GmbZIP15 affected plant
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survival. In addition, enzyme-catalyzed removal of ROS such as superoxide and H2O2 are important
in plant survival under stress conditions [54,63]. As observed here, those genes downregulated in
response to abiotic stress represented antioxidant-related processes. Taken together, multiple metabolic
pathways seem to be involved in the GmbZIP15-mediated abiotic-stress response network.

In summary, overexpression of GmbZIP15 in soybean resulted in hypersensitivity to salt and
drought stresses compared with wild-type (WT) plants, which was associated with lower transcript
levels of stress-responsive genes, defective stomatal aperture regulation, and reduced antioxidant
enzyme activities. Furthermore, RNA-seq and qRT-PCR analyses revealed that GmbZIP15 positively
regulates GmSAHH1 expression and negatively regulates GmWRKY12 and GmABF1 expression in
response to salt and drought stresses (Figure 7). These data provided new information for understanding
the function of GmbZIP15 and might facilitate the improvement of plant abiotic-stress tolerance through
genetic manipulation in the future.

Figure 7. A schematic model of GmbZIP15 mediated abiotic-stress tolerance in soybean.
GmbZIP15 negatively modulates the abiotic-stress tolerance: GmbZIP15 positively regulates the
expression of GmSAHH1 and negatively regulates the expression of GmWRKY12 and GmABF1 in
response to abiotic stresses. The arrows indicate induction or positive modulation; the blunt-end
arrows represent block or suppression.

4. Materials and Methods

4.1. Vector Construction and Transformation

To generate the OX-GmbZIP15 construct, the GmbZIP15 (Glyma.02G161100) coding DNA sequence
(CDS) was amplified and the PCR fragments were cloned into the pENTR/D-TOPO vector (Invitrogen,
Carlsbad, CA, USA). The pENTR clones were recombined into the destination vector pGWB506 using
LR Clonase II (Invitrogen). The resulting construct also contained the selectable marker BAR for
glufosinate resistance [68].

35S: GmbZIP15-SRDX was generated by amplifying GmbZIP15 cDNA sequence and an SRDX
motif was added to the end of the cDNA sequence (ctagatctggatctagaactccgtttgggtttcgcttaa). The PCR
fragment was cloned into the pENTR/D-TOPO vector (Invitrogen), and the pENTR/D-TOPO clones
were recombined into the destination vector pGWB506 using LR Clonase II (Invitrogen) [69].
The vectors OX-GmbZIP15 and 35S: GmbZIP15-SRDX were then transformed into soybean by
agrobacterium-mediated method [70] and the soybean genotype C03-3 was used.

GmWRKY12 (Glyma.01G224800)-, GmABF1 (GmbZIP157, Glyma.20G049200)-, and GmSAHH1
(Glyma.08G108800)-overexpressing vectors were constructed as above [68]. WT Arabidopsis (Col-0)
plants were then infected with the transformed bacteria by the floral dip method [71]. All the primers
used in the article were listed in Table S2.

4.2. Plant Materials and Stress Treatments

Soybean plant seeds including WT (C03-3) and transgenic GmbZIP15 plants were grown for
15 days in pots containing nutritional soil and vermiculite in green house. The seedlings were then
exposed to drought and salt stresses. For drought stress, the soybean seedlings were watered with
300 mM mannitol to induce the rapid drought stress. For salt treatment, the seedlings were transferred
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to 200 mM NaCl solution. All seedlings leaves were harvested at 0, 6, 12, and 24 h under stress
conditions for RNA extraction.

Arabidopsis ecotypes Col-0 was used in this study. The T-DNA mutant Atbzip60 (SALK_050203C)
was obtained from the Arabidopsis Biological Resource Centre (ABRC). All Seeds were germinated
on 1/2 MS medium containing NaCl or mannitol, after vernalization at 4 ◦C for 3 days, the plates
containing the seeds were placed in a growth chamber with temperature 22 ◦C, and a photoperiod of
16 h light/8 h dark.

4.3. Diaminobenzidine (DAB) Staining

Following previously described methods for hydrogen peroxide (H2O2) detection [72], the soybean
leaves after salt and drought treatment for 4 days were immediately vacuum-infiltrated for 20 min
with Tris-HCl (pH 7.4) containing 1% (w/v) DAB. Thereafter, all the leaves were placed in light for 10 h
then boiled for 20 min in 75% ethanol.

4.4. Determination of Stomatal Aperture

The fully expanded leaves of 2-week-old soybean plants were floated in the stomatal opening
buffer with 30 mM KCl and 10 mM MES-KOH, pH 6.15 for 2 h under a cool white light, and then
200 mM NaCl or 300 mM mannitol were added to the opening buffer [22]. After 1 h, the subepidermal
peels were stripped and used for stomatal aperture measurements under the microscope. In addition,
different phytohormones were added to the opening buffer and the stomatal apertures were observed
at different timepoints.

4.5. RNA Extraction and Quantitative qRT-PCR

Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA) then reverse-transcribed
using the PrimeScript RT-PCR kit (TaKaRa) [71]. The relative expression levels of selected genes were
detected by qRT-PCR using Bio-Rad QRT-PCR system (Foster City, CA, USA) and SYBR Premix Ex Taq
II (TaKaRa Perfect Real Time). The qRT-PCR program was 95 ◦C for 30 s; 40 cycles of 95 ◦C for 5 s and
60 ◦C for 34 s; and 95 ◦C for 15 s [68]. GmActin was used for normalization.

4.6. Determination of Antioxidant Enzyme Activity

The antioxidants including peroxidase (POD) and catalase (CAT) were extracted from
approximately 0.1 g of soybean leaves using 1 mL extraction solution. The 2-week-old seedlings were
treated with 200 mM NaCl or 300 mM mannitol for 24 h and then the leaves were harvested. The enzyme
activities were measured according to the protocol from Solarbio Biochemical Assay Division.

4.7. RNA-Seq Data Analysis

Leaves of 2-week-old soybean plants including WT and OX-GmbZIP15-16 plants treated
with 200 mM NaCl or 300 mM mannitol were harvested at 24 h for RNA-seq, and three
biological replicates were analyzed. The libraries were constructed by BGI (Beijing Genomics
Institute) then sequenced. GO analyses were performed using the agriGO online toolkit
[http://bioinfo.cau.edu.cn/agriGO/index.php].

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/20/7778/s1.
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Abbreviations

ABA Abscisic acid
JA Jasmonic acid
SA Salicylic acid
ETH Ethephon
DREB Dehydration responsive element binding protein
NAC No Apical Meristem
bZIP Basic leucine-zipper
MS Murashige and Skoog Medium
GO Gene annotation
ETR Electron transport rate
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Abstract: Some plasma membrane intrinsic protein (PIP) aquaporins can facilitate ion transport.
Here we report that one of the 12 barley PIPs (PIP1 and PIP2) tested, HvPIP2;8, facilitated cation
transport when expressed in Xenopus laevis oocytes. HvPIP2;8-associated ion currents were detected
with Na+ and K+, but not Cs+, Rb+, or Li+, and was inhibited by Ba2+, Ca2+, and Cd2+ and to a lesser
extent Mg2+, which also interacted with Ca2+. Currents were reduced in the presence of K+, Cs+,
Rb+, or Li+ relative to Na+ alone. Five HvPIP1 isoforms co-expressed with HvPIP2;8 inhibited the ion
conductance relative to HvPIP2;8 alone but HvPIP1;3 and HvPIP1;4 with HvPIP2;8 maintained the
ion conductance at a lower level. HvPIP2;8 water permeability was similar to that of a C-terminal
phosphorylation mimic mutant HvPIP2;8 S285D, but HvPIP2;8 S285D showed a negative linear
correlation between water permeability and ion conductance that was modified by a kinase inhibitor
treatment. HvPIP2;8 transcript abundance increased in barley shoot tissues following salt treatments
in a salt-tolerant cultivar Haruna-Nijo, but not in salt-sensitive I743. There is potential for HvPIP2;8
to be involved in barley salt-stress responses, and HvPIP2;8 could facilitate both water and Na+/K+

transport activity, depending on the phosphorylation status.

Keywords: aquaporins; barley; ion transport; oocytes; plasma membrane intrinsic proteins (PIPs)

1. Introduction

Aquaporins are well known for their transport of water and other small neutral solutes [1].
Higher plants have five aquaporin subfamilies (plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), Nodulin 26-like intrinsic proteins (NIPs), small basic intrinsic proteins (SIPs),
and X-intrinsic proteins (XIPs) [2], where the PIP group aquaporins consist of two separate groups,
PIP1 and PIP2. PIPs can influence plant hydraulic conductivity [3], and some have also been implicated
in guard cell closure in response to ABA [4], in signaling in guard cells [5], and in CO2 sensing [6].
The regulation of PIPs in plants changes in response to salt treatments, and these changes might
influence plant adaptation to salinity [7,8].
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Salinity (NaCl) affects the expression of the PIP2 aquaporins in a time- and isoform-dependent
manner [3,8]. Changes in aquaporin regulation in response to changes in salinity are particularly
interesting because previous studies have revealed that a significant proportion of the highly abundant
AtPIP2;1 protein relocates from the plasma membrane in Arabidopsis roots to an internalized location,
and this could account for the reduction in root hydraulic conductance that is observed under salinity [9].
Targeting of PIPs to the plasma membrane and regulation of their internalization under salinity is
dependent on the phosphorylation status of a serine (S283) in the carboxyl terminal domain [1,9].

Anion and cation transport properties have been reported for subsets of plant PIPs when expressed
and tested in heterologous systems. For example, the rice (Oryza sativa) OsPIP1;3, which is upregulated
in roots under drought stress, has recently been shown to be able to transport nitrate anions when
expressed in mammalian HEK293 cells, and to also function as a water channel [10]. This aquaporin
may be orthologous to the animal AQP6 that shows anion transport activity, though normally not
water channel activity [11]. Two Arabidopsis PIPs, AtPIP2;1 and AtPIP2;2, have been shown to display
non-selective cation conductance (K+ > Na+) when expressed in Xenopus laevis oocytes and these
aquaporins have similar but not identical features to a human HsAQP1 ion and water channel
aquaporin [12–14]. It was hypothesized that AtPIP2;1 could account for the voltage-independent
non-selective cation channels (viNSCC) in plants [12] since the PIP2;1 and PIP2;2 cation conductance
was inhibited by a low pH and by divalent cations [12,13], similar to the features observed for the
viNSCCs observed in patch-clamp measurements on root protoplasts and roots [15–17]. There is also
the similarity of inhibition of NSCCs and AtPIP2;1/AtPIP2;2 by cGMP [14,18]. There are other features
of voltage-independent NSCCs that remain to be tested on the ion conducting PIP2s, including the
selectivity to different monovalent cations. It is also unknown how many of the PIP2 isoforms of a
species may induce ion conductance.

PIP1 and PIP2 isoforms can interact to form heterotetramers [19]. This interaction influences
the movement of the PIP1 members to the plasma membrane [19,20], which also influences water
transport, substrate selectivity, and pH dependence compared to the PIP2 homotetramers [12,21,22].
The cation transporting AtPIP2;1 was reported to have decreased cation transport when co-expressed
with AtPIP1;2 in X. laevis oocytes [12], and this also resulted in increased water transport, as has been
reported previously for several PIP1/PIP2 combinations [20,23,24].

Recently, the impact of phosphorylation at two C-terminal serines of AtPIP2;1, which are known
to be differentially phosphorylated in Arabidopsis in response to changes in the environment [9],
were examined in relation to water and cation transport characteristics [14]. This was undertaken since
salinity stress results in changes in phosphorylation and membrane targeting of AtPIP2;1 [9,25–27].
When expressed in X. laevis oocytes, it was found that the phosphorylation status of S280 and S283
inferred from the phosphomimic mutation (serine to aspartic acid) or phospho-null mutation (serine
to alanine) caused a reciprocal change in water and ion permeation. High ion conductance and low
water permeability was more often associated with the DD mutation (S280D, S283D), while high water
permeation and low ion conductance was associated with the AA mutation [14].

Barley (Hordeum vulgare) is an important grain crop worldwide and is relatively salt tolerant
compared to other crops and Arabidopsis [28,29]. In barley, the analysis of an expressed sequence tag
(EST) database and subsequent cDNA cloning have led to the identification of five HvPIP1 and seven
HvPIP2 genes [24,30,31]. More recently, four more HvPIP2 genes were identified by a search for barley
aquaporin sequences on publicly available databases [32]. Robust water transport activity via HvPIP2;1
to HvPIP2;5 and HvPIP2;8 have been demonstrated using Xenopus laevis oocytes [24,31]. HvPIP1;3
showed a relatively weak water transport activity, and all the other HvPIP1s showed no water channel
activity when expressed alone in oocytes [24]. HvPIPs can influence the root hydraulic conductivity of
barley, and the phosphorylation status and membrane internalization of the HvPIPs are implicated
in the response of barley roots to salinity/osmotic stress [24,33–36]. Previous studies have revealed
that there are multiple transporters influencing plasma membrane monovalent cation conductance
in barley [37,38]. Hence, it is possible that the barley PIP2s could contribute to previously observed
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monovalent cation conductance across the barley plasma membranes, but this remains untested. Here,
the barley PIP2s (from HvPIP2;1 to HvPIP2;8 except HvPIP2;6) and PIP1s (HvPIP1;1 to HvPIP1;5)
are surveyed to test for ion transport activity when expressed in X. laevis oocytes by two electrode
voltage clamp (TEVC) experiments. We provide evidence that HvPIP2;8, an abundantly expressed
aquaporin that shows water channel activity [31], also showed cation conductance. The HvPIP2;8
cation selectivity, divalent cation sensitivity, interaction with PIP1 isoforms, and potential effects of
differential phosphorylation states were examined, as well as the HvPIP2;8 expression patterns in
different barley cultivars.

2. Results

2.1. Ion Transport Activity Was Observed for HvPIP2;8 in Tests Screening for Barley PIP Ionic Conductance

To test for HvPIP ion transport activity, two electrode voltage clamp (TEVC) experiments were
conducted using X. laevis oocytes expressing HvPIP2s (from HvPIP2;1 to HvPIP2;8). This revealed that
only the expression of HvPIP2;8 elicited large bidirectional and voltage-independent currents in the
bath solution, including 86.4 mM NaCl and 9.6 mM KCl, and 30 μM free Ca2+ (low Ca2+ condition)
(Figure 1A). Small currents were observed for HvPIP2;1 in low Ca2+ conditions, and in some experiments
these currents were greater than the currents recorded for the water-injected controls (Table S2). When
the bath solution contained a high Ca2+ concentration, 1.8 mM Ca2+, the HvPIP2;8-associated currents
were smaller than in low Ca2+ conditions (Figure 1B). The HvPIP2;8-associated ionic conductance
was 36.46 and 14.50 μS in low and high external free Ca2+ conditions, respectively, and these values
were significantly higher than the ionic conductance of the water-injected oocytes (3.31 and 3.44 μS,
respectively: Supplementary Table S2). HvPIP2;2, HvPIP2;3, HvPIP2;4, HvPIP2;5, and HvPIP2;7
did not elicit ionic conductance that was significantly different to that of the water-injected oocytes
(Figure 1A,B, Supplementary Table S2).

The ionic conductance induced by HvPIP2;8 was further examined in response to various
concentrations of Ca2+ supplemented in a 86.4 mM NaCl and 9.6 mM KCl bath solution. Interestingly,
the ionic conductance was strongly inhibited in accordance with increases in the external free Ca2+

concentration (Figure 1C, Supplementary Figure S1). This result suggested a negative correlation
between the HvPIP2;8-mediated ionic conductance and the external free Ca2+ concentrations. In all
experiments, no shift of the reversal potential was observed at high or low external calcium
concentrations (Supplementary Table S3), indicating that the channel was not permeable to Ca2+.

Figure 1. Cont.
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Figure 1. Electrophysiological survey to test for HvPIP2 ion transport (A,B) Current–voltage
relationships of X. leavis oocytes expressing each HvPIP2 in the presence of 86.4 mM NaCl and
9.6 mM KCl with 30 μM Ca2+ (A) or 1.8 mM Ca2+ (B). A total of 10 ng of each HvPIP2 cRNA or
water (control) was injected into X. laevis oocytes. (C) Relationships between the external free Ca2+

concentration and HvPIP2;8-mediated Na+ conductance in the presence of 86.4 mM NaCl and 9.6 mM
KCl (R2 = 0.93). The free Ca2+ concentrations are given in Methods. A step pulse protocol of −120 mV
to +30 mV with a 15 mV increment was applied on every oocyte. Ionic conductance was calculated
based on the data obtained from V = −75 mV to −120 mV of the membrane potential. Data are the
means ± SE (n = 5 for A,C, and n = 7 for B).

2.2. HvPIP2;8 Monovalent Alkaline Cation Selectivity

Current–voltage relationships for the HvPIP2;8-expressing oocytes were recorded in the presence
of 96 mM Na+, K+, Rb+, Cs+, or Li+ (as chloride salt; Figure 2A). When the oocytes were bathed in a
96 mM Li+, Rb+, or Cs+ solution, the HvPIP2;8-associated currents did not differ from the background
currents recorded for the water-injected control oocytes; ionic conductance was only detected for the
HvPIP2;8-expressing oocytes when bathed in either a Na+- or K+-containing solution (Figure 2A,B).

Figure 2. Cont.
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Figure 2. Monovalent alkaline cation selectivity of HvPIP2;8 and the effect of the interaction of K+

and Na+ on HvPIP2;8-mediated ion conductance activity. Current–voltage relationships obtained
from oocytes either expressing HvPIP2;8 (A) or injected with water (B) HvPIP2;8 displays a different
monovalent alkaline cation selectivity. Oocytes were successively immersed in bath solutions with
a high calcium condition, supplemented with Na+, K+, Cs+, Rb+, and Li+ (as chloride salts) at the
concentration of 96 mM. (C) Inhibition of HvPIP2;8-mediated Na+ transport by monovalent alkaline
cations in the presence of 48 mM NaCl with 48 mM of each alkaline cation. (D) The effect of external
Na+/K+ concentration ratios on the conductance of HvPIP2;8-expressing oocytes from V (membrane
potential) = −75 mV to −120 mV. The total concentration of (Na + K) was constantly 96 mM. X. laevis
oocytes were injected with 10 ng of HvPIP2;8 cRNA for the recording of the conductance in every
experiment. Data are the means ± SE (n = 7 to 8 for A, n = 5 for B, n = 4 to 5 for C, and n = 5 to 6 for D).

HvPIP2;8-associated currents were then measured in the presence of solutions with combinations
of different monovalent cations. Current–voltage relationships were obtained from HvPIP2;8 expressed
in oocytes bathing in 48 mM Na+ solutions in the co-presence of either 48 mM K+, Cs+, Rb+, or Li+

(as chloride salt). Smaller HvPIP2;8-associated currents were observed in Na+ solutions when other
monovalent cations were added to the solution (Figure 2C). A positive shift in the reversal potential
was observed in 96 mM NaCl solutions relative to 48 mM NaCl solutions, consistent with HvPIP2;8
mediating Na+ transport (Figure 2C, Supplementary Figure S2). However, in the presence of solutions
containing 48 mM KCl and 48 mM NaCl, there were smaller HvPIP2;8-mediated Na+ currents than in
solutions with only 48 mM NaCl (Figure 2C). The use of solutions that included different combinations
of Na+ and K+ concentrations revealed that an external Na+:K+ ratio of 50:50 limited the ionic
conductance of the HvPIP2;8-expressing oocytes; the magnitude of the currents in the 50:50 ratio
solutions was 88.4% and 81.9% of the magnitude of the currents in a 100:0 or 0:100 Na+:K+ ratio
solution, respectively (Figure 2D, Supplementary Figure S3). These observations indicated that the
Na+ permeability of HvPIP2;8 appears to be highly dependent on the external K+ concentration.

2.3. HvPIP2;8 Was not Permeable to Cl−

The effect of the presence of the external anion Cl− on HvPIP2;8 ion transport was tested using
Na-gluconate and Choline-Cl solutions (96 mM each). Similar current–voltage relationships for
HvPIP2;8-expressing oocytes were observed regardless of whether there was Cl− or gluconate solutions
used in the bath (Figure 3A), and there was no shift in the reversal potential (−9 mV) for the different
solutions, indicating that the HvPIP2;8-induced currents were not affected by Cl−. In the presence
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of 96 mM Choline-Cl, the HvPIP2;8-expressing oocytes elicited minor currents (−0.68 ± 0.42 μA at
−120 mV), comparable to those of the water-injected control oocytes (−0.39 ± 0.03 μA at −120 mV),
which was significantly different to the currents observed in the presence of 96 mM NaCl (Figure 3B).
These results indicated that the HvPIP2;8-associated Na+-induced currents across the plasma membrane
of the oocytes were not affected by the external Cl− concentration.

Figure 3. HvPIP2;8-mediated Na+ transport is Cl− independent. (A) Current–voltage relationships
obtained from oocytes either expressing HvPIP2;8 or injected with water in the presence of either 96 mM
NaCl or 96 mM Na-gluconate. Inset: Expanded current voltage curves around the reversal potential.
(B) Current–voltage relationships obtained from oocytes either expressing HvPIP2;8 or injected with
water in the presence of either 96 mM NaCl or 96 mM Choline-Cl. All solutions contained 30 μM Ca2+.
X. laevis oocytes were injected with 10 ng of HvPIP2;8 cRNA. Data are the means ± SE (n = 7 to 8).

2.4. Effects of Divalent Cations on HvPIP2;8-Mediated Ion Transport Activity

The effect of different divalent cations on the ion conductance activity of HvPIP2;8 was tested.
Maximal ionic conductance associated with HvPIP2;8 was observed when the oocytes were bathed in a
divalent cation-free saline (86.4 mM NaCl, 9.6 mM KCl, 10 mM HEPES, pH 7.5 with Tris, and osmolality
was adjusted to 200 mosmol Kg−1 with supplemental mannitol). However, the HvPIP2;8 channel
was inhibited by the extracellular application of 1.8 mM Ba2+, Cd2+, or Ca2+ (Figure 4A). In contrast,
the application of 1.8 mM MgCl2 gave rise to a weaker inhibitory effect on the HvPIP2;8-mediated ion
currents (Figure 4A,B).

Figure 4. Cont.
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Figure 4. Effects of divalent cations on the ion current responses in oocytes expressing HvPIP2;8.
(A) Effect of divalent cations on the ion currents of the HvPIP2;8-transporter; bath solutions with a
high 1.8 mM Ca2+ background calcium conditions were successively replaced with either 1.8 mM
Ca2+, Ba2+, Cd2+, and Mg2+ (as chloride salts), at concentrations of 86.4 mM NaCl and 9.6 mM KCl.
(B) Box plot summary of the ionic conductance presented in (A); the ionic conductances were calculated
from V = −75 mV to −120 mV. (C) Relief of Ca2+ inhibition by the addition of Mg2+ on the ion current
responses in oocytes expressing HvPIP2;8; note the different range of the Y-axis from the plot in (A).
(D) Box plot summary of the ionic conductance presented in (C). Steady-state current–voltage curves of
the X. laevis oocytes injected with 10 ng of cRNA per oocyte were recorded. Currents from the oocytes
injected with water were the negative controls from the same batch. Significant differences (p < 0.05)
are indicated by different letters using one-way ANOVA with Duncan’s multiple comparisons test.
Data are the means ± SE of three independent experiments, (n = 6 for A,B).

An increase in the MgCl2 concentration in the presence of 1.8 mM CaCl2 tended to partially
cancel out the inhibitory effect of Ca2+ in relation to the ion channel activity (Figure 4C,D). These
results indicate that there may be a competitive interaction between Ca2+ and Mg2+, which influences
HvPIP2;8-mediated ion channel activity and the presence of more external Mg2+ can partially relieve
the inhibitory effect of high Ca2+ on HvPIP2;8 ionic conductance.

2.5. Co-Expression of HvPIP2;8 with HvPIP1s Limited HvPIP2;8 Ion Transport Activity

Co-expression of HvPIP1;2 and HvPIP2;1-2;5 resulted in increases in water transport across
the plasma membrane of the oocytes, relative to the water transport of oocytes expressing HvPIP2s
alone [24], but HvPIP2;8 was not included in that work [31]. Here, we examined the effect of the
co-expression of HvPIP1s (HvPIP1;1 to HvPIP1;5) with HvPIP2;8 in relation to ionic conductance. When
expressed alone, each HvPIP1 displayed similar currents to the water-injected controls (Figure 5A,C).
However, when each HvPIP1 was co-expressed with HvPIP2;8, the large HvPIP2;8-associated currents
were not observed in any of the co-expression combinations examined, whereas when HvPIP2;8
was expressed alone, the HvPIP2;8-associated currents were significant as expected (Figure 5B,D).
These results indicate that HvPIP1s might be interacting with HvPIP2;8 and that this either prevents,
or significantly reduces (for HvPIP1;3 and HvPIP1;4), the HvPIP2;8 ion channel activity.
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Figure 5. Co-expression of HvPIP1s and HvPIP2;8 reduces HvPIP2;8-dependent currents in X. laevis
oocytes. (A) Current–voltage relationships obtained from oocytes either expressing HvPIP2;8 alone,
each HvPIP1 alone, or injected with water; each HvPIP1 of the five HvPIP1s did not show ion channel
activity when expressed alone. (B) Co-expression of HvPIP2;8 with each HvPIP1 largely inhibited the
ion channel activity of HvPIP2;8. (C,D) Box plot summary of the ionic conductance for data shown in
(A,B), respectively. Oocytes were injected with 10 ng cRNA of HvPIP2;8, 40 ng cRNA of each HvPIP1
in both the solo- and co-expression analyses. The bath solution included 86.4 mM NaCl, 9.6 mM KCl,
1.8 mM MgCl2, 1.8 mM EGTA, 1.8 mM CaCl2, 10 mM HEPES, and a pH 7.5 with Tris, and therefore the
free Ca2+ concentration was 30 μM. Significant differences (p < 0.05) are indicated by different letters
using one-way ANOVA with Duncan’s multiple comparisons test. Data are the means ± SE (n = 8).

2.6. An HvPIP2;8 S285D Phosphomimic Mutant Had Greater Ionic Conductance Than Wild Type HvPIP2;8

To investigate the possibility of a regulatory role for a C-terminal tail serine at residue 285,
a phosphomimic mutant of HvPIP2;8 was generated where the site coding for this residue was mutated
such that it coded for aspartic acid (D) instead of serine (S). The ionic conductance and osmotic water
permeability (Pos) of this mutant was compared to the wild type HvPIP2;8 and water-injected controls
in oocytes from three independent frogs. The ionic conductance observed for HvPIP2;8 S285D was
greater than the ionic conductance for HvPIP2;8 and nearly seven-fold higher than the water-injected
controls (Figure 6A; Supplementary Figure S4A). There was no significant difference in the mean Pos

for HvPIP2;8 S285D relative to HvPIP2;8 WT, but there was a 3.5-fold variability in the magnitude
of Pos as well as variability between batches (Figure 6B,C; Supplementary Figure S4B). To explore
whether phosphorylation at HvPIP2;8 S285 could influence the Pos and ionic conductance relationship,
simple linear regressions were fitted for the HvPIP2;8 wild type and HvPIP2;8 S285D between the Pos

and ionic conductance from oocytes harvested from three independent frogs (Figure 6C). To remove
the frog batch variability in the Pos and ionic conductance, the mean of Pos and ionic conductance of
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the H2O controls were subtracted from both the HvPIP2;8 wild type and HvPIP2;8 S285D (Figure 6C).
No significant relationship between the Pos and ionic conductance was observed for the wild type
HvPIP2;8, whereas for the HvPIP2;8 S285D-expressing oocytes, a negative reciprocal relationship was
observed (Figure 6C,D).

Figure 6. Phosphorylation mimic HvPIP2;8 S285D influences HvPIP2;8-facilitated cation transport.
Oocytes were injected with 46 nL water (Control) or with 46 nL water (n = 11) containing 23 ng HvPIP2;8
WT (n = 30) or HvPIP2;8 S285D (n = 40) cRNA. Ionic conductance and osmotic water permeability
(Pos) of the cRNA-injected oocytes were determined via the TEVC and the swelling assay, respectively.
(A) Na+ conductance relative to H2O-injected control (dotted line). Currents were recorded in “Na100”
(100 mM NaCl; 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, 50 μM CaCl2, 100 mM NaCl or 100 mM KCl,
osmolality 220 mosmol Kg−1 (adjusted with D-mannitol), and pH 8.5). (B) Pos relative to H2O-injected
control (dotted line). Data in (A,B) was collected from three different frogs and is shown as the
mean ± SE, where each data point represents an individual oocyte; for each oocyte, both the ionic
conductance and Pos were measured; data from (C,D) is from one batch and again for each oocyte
both the ionic conductance and Pos were measured. Significant differences (p < 0.05) are indicated by
different letters (one-way ANOVA, Fisher’s post-test). (C) Relationships between the mean Pos and
mean ionic conductance for HvPIP2;8 WT and HvPIP2;8 S285D with the mean of the controls subtracted.
This data is from oocytes from the same three independent frogs as shown in (A,B). (D) Kinase inhibitor
H7 influenced the relationship between the ionic conductance and water permeability in HvPIP2;8
S285D-expressing oocytes. Oocytes were either untreated or were pre-treated in a low Na+ Ringer
solution that contained 10 μM H7 dihydrochloride (H7) for 2 h before TEVC and the swelling assay.
An individual conductance was plotted against the corresponding Pos for each oocyte, and the mean
for the water-injected controls is shown (black circle, dotted line). Linear regression of Pos versus ionic
conductance was only significant for HvPIP2;8 S285D without H7 treatment (p < 0.005).

We investigated whether the activity of the endogenous kinases in the X. laevis oocytes might
influence the phosphorylation state of HvPIP2;8 or HvPIP2;8 S285D by applying a kinase inhibitor
H7. The H7 treatment significantly increased the ionic conductance and reduced the Pos of HvPIP2;8
S285D relative to the HvPIP2;8 S285D-expressing oocytes that were not subjected to the H7 treatment
(Figure 6D, Supplementary Figure S4C). Analysis of the predicted phosphorylation sites in HvPIP2;8
(http://www.cbs.dtu.dk/services/NetPhos/) indicated that there are nine candidate sites targeted by
protein kinase A or C, which are the kinases involved in Xenopus oocyte signal transduction pathways.
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S285 was not included in the nine candidate sites predicted by NetPhos, indicating that the endogenous
oocyte kinases are likely to target an alternative site or sites ( Supplementary Figure S4D,E; [39]).

2.7. Expression of HvPIP2;8 in Barley

Previously, HvPIP2;8 was observed to be stably expressed in shoots, roots, pistils, and leaves [31].
In this study, to further explore the transcript regulation of HvPIP2;8, qPCR was used to assess
expression in salt-treated and control shoot and root samples from the barley cultivar Haruna-Nijo
(Figure 7). In roots, the transcript levels remained stable in both the salt-treated and control samples
(Figure 7). However, in shoots from Haruna-Nijo plants, HvPIP2;8 transcripts were more abundant in
the salt-treated samples than the control samples after 1 day of either the 100 mM or 200 mM NaCl
treatment. After five days of NaCl treatment, the HvPIP2;8 transcripts were less abundant in the
shoots than they were at 1 day after NaCl treatment (Figure 7). RT-PCR showed that the transcript
levels of HvPIP2;8 were increased in shoots of the salt-tolerant cultivar, K305 subjected to a 200 mM
NaCl treatment relative to the controls (Supplementary Figure S5). Whereas, in the salt-sensitive
cultivar, I743, there was no difference in the abundance of HvPIP2;8 in the salt- and control-treated
samples (Supplementary Figure S5). This indicates that the HvPIP2;8 gene expression in shoots of
barley cultivars might vary depending on cultivar and environmental conditions.

Figure 7. The expression level of the HvPIP2;8 transcripts in a barley cultivar, Haruna-Nijo, detected
by qPCR. Five-day-old barley seedlings were prepared by hydroponic culture and further grown on
the culture solution with or without NaCl (100 mM or 200 mM) for 1 day or 5 days. Transcript levels
of HvPIP2;8 in shoots and roots were investigated by absolute quantification. Absolute amounts of
transcripts (copies/μg RNA) were displayed. Significant differences (p < 0.05) are indicated by different
letters using one-way ANOVA with Duncan’s multiple comparisons test. Data are the means ± SE,
and n = 3.

3. Discussion

HvPIP2;8 has the potential to function as both a water and a cation channel, where the channel
characteristics can be influenced by K+ and divalent cation activity, protein phosphorylation, and protein
interactions, and where the HvPIP2;8 transcript levels can be influenced by salt treatments. We observed
that Xenopus oocytes expressing HvPIP2;8 displayed significant ionic conductance relative to the controls
and relative to the oocytes expressing any of the six other HvPIP2s and five HvPIP1 proteins. Previous
studies have demonstrated water channel activity for HvPIP2;1, HvPIP2;2, HvPIP2;3, HvPIP2;4,
HvPIP2;5, and HvPIP2;7 when expressed in oocytes, indicating that the low or absent ionic conductance
associated with expression of these proteins is unlikely to relate to miss-folding or miss-targeting [24,35].
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HvPIP2;8-associated ionic conductance was inhibited by external Ca2+, Cd2+, and Ba2+, but less
so by Mg2+ (Figure 4B). HvPIP2;8 was permeable to both Na+ and K+, and the Na+ permeability
of HvPIP2;8 was inhibited in the presence of external K+, but not external Cl−. Co-expression of
HvPIP2;8 and HvPIP1 proteins reduced the HvPIP2;8-induced ionic conductance with differences
between the PIP1 isoforms; HvPIP1;3 and HvPIP1;4 co-expressed with HvPIP2;8 still maintained a
higher ionic conductance than the water-injected controls (Figure 5D). Greater ionic conductance was
observed for an S285D mutant version of HvPIP2;8 relative to the wild type, but no difference in the
Pos. Treatments to manipulate oocyte kinase activity differentially influenced wild type HvPIP2;8
relative to the S285D mutant. The salt-tolerant and salt-sensitive barley lines differed in their response
to salt treatments, such that the salt tolerant cultivars tested displayed an increase in the abundance of
HvPIP2;8 transcripts within the first day after the salt treatments.

In saline conditions, excessive salt accumulation is detrimental to plant growth and limits crop
productivity. This problem is often referred to as ionic toxicity, and for many cereals it is brought about
by excessive Na+ influx into roots followed by excess Na+ accumulation, particularly in the aerial
parts of the plants [40]. Uptake of Na+ at the root–soil boundary is conferred by multiple pathways
involving a range of different types of membrane transporters and channels. For example, OsHKT2;1,
one of the high-affinity K+ transporter family proteins in rice, mediates direct Na+ absorption from the
outer environment of roots when the rice plant faces K+ starvation conditions [41]. The roles of some
important Na+ transporters, such as the SOS1, NHX, and HKT families, which contribute to salt-stress
resistance, have been well characterized [28]. However, some pathways for Na+ influx into plant
roots remain unresolved at the molecular level, although we assume owing to electrophysiological
studies that non-selective cation channels (NSCC) mediate significant Na+ influx into roots following
salinity stress [15–17,37]. Candidates for NSCCs include cyclic nucleotide-gated channels (CNGCs)
and glutamate receptors (GLRs), but confirmation of the molecular identity of the NSCC will require
further research [42,43]. In the future, determining the structure and the role of unidentified Na+

permeable transporters/channels in plants that contribute to NSCC activity, including Na+ permeable
aquaporins, will help us to understand the complete picture of Na+ transport and homeostasis during
salinity stress.

Aquaporins are well known for their function as water channels [34–36,44]. Previous research
has revealed that heterologous expression of AtPIP2;1, categorized as a plasma membrane-localized
aquaporin in Arabidopsis thaliana, is associated with non-selective cation conductance, and this ion
channel function is sensitive to Ca2+ [12]. More recently, the Ca2+ sensitivity of another water and
ion channel aquaporin, AtPIP2;2, was revealed [13]. In the present study, we used TEVC experiments
to screen X. laevis oocytes expressing barley HvPIPs and the controls, and this revealed significant
HvPIP2;8-associated ion channel activity under low Ca2+ conditions. Among the set of 12 HvPIPs
tested, HvPIP2;8 stood out in relation to conferring ion channel activity in oocytes (Figures 1A
and 5A). The screen revealed that HvPIP2;1 might be capable of facilitating ionic conductance,
but the HvPIP2;1-associated currents were significantly smaller than the HvPIP2;8-associated currents
(Figure 1A, Supplementary Table S2). It is also noteworthy that all the plant aquaporins so far shown
to conduct cations in the Xenopus oocytes show different characteristics in terms of cation selectivity
and divalent cation inhibition. The human AQP1, which has an ion channel function, also shows
differences in channel characteristics relative to PIP2;1 and PIP2;2 [13]. This would strongly suggest
that the aquaporins are not triggering a native Xenopus channel to be activated or recruited to the
membrane. The effect of the phospho-mimic mutations in HvPIP2;8 and AtPIP2;1 discussed below is
also difficult to explain in terms of recruitment of a native Xenopus channel.

As HvPIP2;8 has been demonstrated to conduct water and ions when expressed in oocytes ([31];
Figure 1), we hypothesize that this aquaporin can function as a channel that mediates both water and
ion transport in plants. The Na+ channel activity associated with HvPIP2;8 was sensitive to external
Ca2+ concentrations (Figure 1B,C), and the IC50 of the channel was calculated to be approximately
401 μM (https://www.aatbio.com/tools/ic50-calculator), which was similar to the Ca2+ sensitivity of
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the AtPIP2;1 ionic conductance (IC50 = 321 μM; [12]). The inhibition by Ca2+ is not total since even at
1.8 mM there is still a significant ion conductance (Figure 4D). The analysis of alkali monovalent cations
selectivity revealed that HvPIP2;8 mediated not only Na+ but also K+ transport, although HvPIP2;8
did not mediate Rb+, Cs+, or Li+ transport (Figure 2A,B). However, these monovalent cations, and K+,
blocked the Na+ channel activity of HvPIP2;8 when the same amount of each cation was included in the
bath solutions (Figure 2C,D). Inhibition or activation of Na+ transport activity by the presence of similar
or greater concentrations of external K+ in the TEVC bath solution has been observed for different
types of high-affinity K+ transport (HKT)-type sodium transporters. For example, Triticum aestivum
TaHKT1;5-D and Triticum monococcum TmHKT1;5-A encode dual affinity Na+-transporters and their
dual affinity Na+ transport was inhibited by raising the external K+ concentration [45,46]; whereas,
for OsHKT2;2, extracellular K+ stimulated the OsHKT2;2-mediated Na+ transport [47]. Additional
research is needed to model how different monovalent ions interact with the pore lining residues
of the ion channel aquaporins towards understanding the K+ inhibition effect on the HvPIP2;8 Na+

channel activity.
The influence of divalent cations on the HvPIP2;8-mediated Na+ currents was complicated.

The application of 1.8 mM Ba2+, Ca2+, or Cd2+ inhibited the HvPIP2;8 ionic conductance (Figure 4A,B).
The application of the same amount of Mg2+ in the bath solution did not have an equivalent inhibitory
influence on the ionic conductance (just an approximately 63% reduction compared to no divalent
control: Figure 4A,B). However, an increase in the Mg2+ concentrations in the presence of Ca2+ seemed
to ameliorate the inhibitory effect of the Ca2+ (Figure 4C,D). The competitive interaction between Ca2+

and Mg2+ might be due to a higher affinity for Mg2+ than for Ca2+. Alternatively, Mg2+ might interact
with the same binding site as Ca2+. Previous research revealed that the AtPIP2;1 and AtPIP2;2 ionic
conductance was significantly inhibited by 100 μM and 10 μM extracellular free Ca2+, respectively,
and the ionic conductance was also significantly inhibited by the addition of Ba2+ and Cd2+ [13]. There
was also an interaction between Ca2+ inhibition and Ba2+ relief of block for AtPIP2;1 [13] that is similar to
the interaction seen here for Ca2+ and Mg2+. The determination of specific interaction sites for divalent
cations in the structure of HvPIP2;8 will be essential to understanding the characteristics observed.

A previous study showed that co-expression of HvPIP2;8 with HvPIP1;2 in X. laevis oocytes did
not enhance the water transport activity compared to that of the expression of HvPIP2;8 alone [31].
In contrast, we observed that co-expression of HvPIP1;2 with other HvPIP2s (2;1 to 2;5) increased
the water permeability coefficient [24]. This indicates that heteromerization of each HvPIP2 and
HvPIP1;2 could modulate water channel activity differently. We observed here that co-expression
of HvPIP2;8 with the HvPIP1s, including HvPIP1;2, significantly decreased the ionic conductance
relative to expression of HvPIP2;8 alone (Figure 5), indicating that the HvPIP2;8-mediated ion channel
activity might be negatively regulated through heteromerization. Some isoforms retained some ion
conductance when co-expressed (HvPIP1;3 and HvPIP1;4). A previous study revealed that when
AtPIP2;1 was co-expressed with AtPIP1;2 the water permeability was greater than when AtPIP2;1 or
AtPIP1;2 was expressed alone [12]. However, the ionic conductance of AtPIP2;1 could be suppressed to
the level of the water-injected controls when AtPIP2;1 was co-expressed with AtPIP1;2, indicating that
the ionic conductance was not associated with higher water permeability [12]. However, this was done
at high external Ca2+ concentration and it remains to be seen if the same result would be obtained at
lower external Ca2+. Together, these results reveal that the activity for water and ion channel PIPs could
be differently regulated by independent mechanisms. At present, the mechanism of HvPIP1-dependent
decreases in the ion transport activity of HvPIP2;8 is still unknown. It might be related to changes
in the central tetrameric pore dimensions comparing the ion conducting homotetramer with the
heterotetramer since the central tetrameric pore is the favored pathway for ion conductance through
AQP1 [48]. Elucidating the underlying molecular mechanisms will be important to understand the
functions of HvPIP2;8 as a Na+-permeable ion channel.

The water and ion channel functions, and the membrane localization of the aquaporins,
have previously been reported to be influenced by the phosphorylation status of the C-terminal
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domain (CTD). For example, versions of AtPIP2;1 mimicking either a phosphorylated state or
unphosphorylated state of residues 280 and 283 by mutating these serine residues to either an aspartic
acid (D) or an alanine (A) were used to test whether changes in phosphorylation in the CTD might
influence AtPIP2;1 water and ion channel function [14]. This revealed that the phosphorylation mimic
mutants S280D, S283D, and S280D/S283D had a significantly greater ion conductance for Na+ and
K+, whereas the phosphonull mutants S280A single and S280A/S283A double had greater water
permeability. Interestingly, among the HvPIP2s, HvPIP2;8 is the only HvPIP2 lacking an AtPIP2;1
S280 equivalent site at CTD; and HvPIP2;8 also lacks a serine on loop D that is present in AtPIP2;1
(Supplementary Figure S4F). As a first step towards exploring whether changes in phosphorylation of
the HvPIP2;8 CTD may influence water ion channel function, a phosphomimic mutant S285D was
generated. The ionic conductance of HvPIP2;8 S285D was greater than that of HvPIP2;8 WT, but the
Pos was similar (Figure 6A,B). Treatments with a kinase inhibitor, H7, resulted in an increase in S285D
ionic conductance and a decrease in Pos relative to the untreated S285D (Figure 6D). H7 influences the
activity of endogenous kinases, which can alter the phosphorylation state of the aquaporins that have
been heterologously expressed in the oocytes [14,39,49]. The observation that treatment with H7 can
increase the ionic conductance and decrease the Pos of HvPIP2;8 S285D indicates that there is likely
to be residues, other than S285, where differential phosphorylation of these additional residues in
HvPIP2;8 can influence the water and ion channel activity. A significant negative relationship between
Pos and ionic conductance was observed for HvPIP2;8 S285D (Figure 6D), suggesting a mutually
exclusive gating of ion and water flow for this mutant, which was also observed for the AtPIP2;1
phospho-mimic mutants [14]. There are nine HvPIP2;8 residues that are candidate sites for potentially
being phosphorylated by the endogenous oocyte kinases PKA and PKC (Supplementary Figure S4D,E),
including a serine site on loop D that could be influential in gating based on previous structural analysis
of Spinacia oleracea SoPIP2;1 [50]. The next step towards determining which additional sites are targeted
by endogenous oocyte kinases will be require testing of additional mutant versions of HvPIP2;8; this
will assist in determining which phosphorylation sites may be part of the post-translational mechanisms
for regulating HvPIP2;8 water and ion channel function.

In barley, the HvPIP2;8 gene expresses in both roots and shoots (Figure 7). Interestingly, HvPIP2;8
expression in shoots was upregulated in response to salt stress (Figure 7). An RT-PCR analysis revealed
that the upregulation trend for HvPIP2;8 transcript abundance was observed in salt-tolerant barley,
but not detected in a salt-sensitive barley cultivar (Supplementary Figure S5). These observations,
and the characteristics of the HvPIP2;8 observed by TEVC experiments, led us to wonder whether
HvPIP2;8 could play a positive role in shoot tissues to help cope with salt stress. We observed
that the external free Ca2+ concentrations have a significant impact on the ion channel activity of
HvPIP2;8 (Figures 1 and 5, and Supplementary Figure S1). It is well known that Ca2+ plays key
roles in ameliorating Na+ toxicity under salt stress [51]. In addition, changes in free Ca2+ have
important signaling roles, particularly in response to stress conditions [52,53]. The implications of Ca2+

sensitivity could be different depending on what kind of physiological role HvPIP2;8 has in planta:
for example, if the HvPIP2;8 mediated the Na+ influx into the cytosol of mesophyll cells in leaves, then
a Ca2+-dependent inhibitory effect might be a positive feature as it could prevent excess Na+ influx; or
if HvPIP2;8 played a role analogous to the role of the HKT1s, some of which are known to function in
unloading of Na+ from the xylem to protect the leaf blades [54], then a Ca2+-dependent inhibitory
effect might be a negative feature as it could prevent Na+ transport into stelar cells in shoots, such as in
leaf sheaths. It is also possible that HvPIP2;8 might be an entry point for Na+ influx in root surface
cells under salt stress when there is a low external Ca2+. When equivalent external K+ and Na+ were
available, we observed that the presence of the K+ inhibited the Na+ transport (Figure 2). This could
have physiological relevance in relation to regulating monovalent ion transport in conditions where K+

is abundant relative to when Na+ is in excess, such as in saline conditions. Water and ion transport
are involved in the regulation of cell expansion, and aquaporins that can transport both ions and
water could also potentially have key functions in cell expansion processes [55,56]. To understand
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the physiological roles of HvPIP2;8, it will be necessary to phenotype the barley control and mutant
or transgenic lines that significantly vary in the abundance of HvPIP2;8. It will also be essential to
determine the specific location and abundance of the HvPIP2;8 protein in both roots and shoots in
control and salt-stressed conditions.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

For sterilization, the seeds of barley (Hordeum vulgare L., cv. Haruna-Nijo, cv. K305, cv. I743)
were treated with 10% H2O2 for 10 min. After 1 day, seeds were immersed in distilled water with
aeration, and the germinated seeds were transplanted and hydroponically cultured with aeration in
3.5 L pots with 0.25 mM CaSO4 for 2 days, and then for more days after replacing the medium with
the hydroponic solution as described previously [57]. With aeration, all pots were in the dark for first
1 day, and then for a 12 h dark/12 h light cycle with fluorescent lamps of 150 photons μmol m−2 s−1 in
an airconditioned room (23 ± 0.5 ◦C). Salt stress (100 mM or 200 mM NaCl) was treated with 5-day-old
seedlings by adding 20.5 g and 40.9 g NaCl to the 3.5 L of hydroponic solution, respectively.

4.2. Extraction of RNA and Gene Expression Analysis by RT-PCR and Real-Time Quantitative PCR (qPCR)

Shoots and roots were sampled from hydroponically grown barley plants at 5, 6, or 10 days old
(control), and 1 or 5 days after the treatment of 100 mM or 200 mM NaCl. Samples were rinsed and
immediately frozen in liquid nitrogen. Total RNA was extracted using a mortar and pestle and the
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). cDNA was synthesized using the Rever Tra Ace
kit (Toyobo, Osaka Japan). cDNA fragments of HvPIP2;8 (GenBank accession number AK356299) and
Elongation factor 1α (EF1α, GenBank accession number Z50789) as the internal control were amplified
with a set of specific primers (Supplementary Table S1). Absolute quantification was performed in
the qPCR analysis using the 7300 real-time PCR machine (Applied Biosystem, Foster City, CA, USA)
with PCR conditions of 50 ◦C for 2 min, 95 ◦C for 10 min, 33 cycles of 95 ◦C for 15 s, and 58 ◦C for
1 min to analyze the expression level of HvPIP2;8. Transcript copy numbers were quantified from three
technical replications, and two biological independent experiments were conducted.

4.3. Preparation of HvPIP cRNAs

The coding region of each HvPIP (from Hordeum vulgare cv. Haruna-Nijo) was cloned into the
vector pXβG-ev1 [24,31]. Each construct was linearized and cRNAs were synthesized using the
mMESSAGE mMACHINE T3 kit (Ambion, Austin, TX, USA), with a final concentration of 1 μg/μL.

4.4. Expression of HvPIPs in X. laevis Oocytes

Oocytes were obtained from adult female X. laevis frogs and placed in a modified Barth’s solution
(MBS: 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 1.5 mM Tris-HCl (pH 7.6), 0.3 mM Ca(NO3)2

.4H2O,
0.41 mM CaCl2.4H2O, 0.82 mM MgSO4

.7H2O, 10 μg mL−1 penicillin sodium salt, and 10 μg mL−1

streptomycin sulfate) or in a low Na+ Ringer solution (62 mM NaCl, 36 mM KCl, 5 mM MgCl2, 0.6 mM
CaCl2, 5 mM HEPES (pH 7.6), 5% (v/v) horse serum, and antibiotics (0.05 mg mL−1 tetracycline,
100 units mL−1 penicillin, and 0.1 mg mL−1 streptomycin)) in the experiments comparing HvPIP2;8
S285D relative to HvPIP2;8 WT. The lobes were torn apart and treated with 1 mg mL−1 collagenase B
(type B, Boehringer Mannheim, Germany) in Ca-free MBS for 1.5 h. Isolated oocytes were washed
several times and incubated in MBS for 1 day at 20 ◦C before the microinjection.

Oocytes were injected with 10 ng of HvPIP2 cRNA. As for HvPIP1s, 40 ng of each cRNA was
injected. Oocytes were injected with nuclear-free water as a negative control in all experiments.
Injected oocytes were incubated for 24 h to 48 h at 20 ◦C in MBS or a low Na+ Ringer solution until the
electrophysiological experiments were performed. The experiments using frog oocytes were approved
by the Animal Care and Use Committee, Okayama University (approval number OKU-2017271),
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which follows the related international and domestic regulations. Experiments testing HvPIP2;8 wild
type (WT) relative to the HvPIP2;8 S285D mutant, and additional replication experiments confirming
the HvPIP2 relative ionic conductance, were performed at the University of Adelaide, Waite Research
Institute. For the experiments comparing HvPIP2;8 WT an HvPIP2;8 S285D, the currents were recorded
in “Na100”: 100 mM NaCl; 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, 50 μM CaCl2, 100 mM NaCl
or 100 mM KCl, osmolality 220 mosmol Kg−1 (adjusted with D-mannitol), and a pH of 8.5. Ionic
conductance was calculated by taking the slope of a regression of the linear region across the reversal
potential (−40 mV to +20 mV). Oocytes were either untreated or were pre-treated in a low Na+ Ringer
solution that contained 10 μM H7 dihydrochloride (H7) for 2 h before TEVC and the swelling assay.

4.5. Electrophysiology

Two-electrode voltage clamp (TEVC) was performed using X. laevis oocytes injected with water
or cRNA. Borosilicate glass pipettes (Harvard Apparatus, GC150TF-10, 1.5 mm O.D. × 1.17 mm I.D.)
for voltage and current injecting electrodes were pulled and filled with 3 M KCl. A bath clamp
system was used to minimize the effect of series resistance in the bath solution. The bath current
and voltage sensing electrodes consisted of a silver–silver chloride electrode connected to the bath
by 3% agar with 3 M KCl bridges. All bath solutions contained a background of high external
calcium concentration (1.8 mM MgCl2, 1.8 mM Mannitol, 1.8 mM CaCl2, 10 mM HEPES, pH 7.5
with Tris) or low external calcium concentration (1.8 mM MgCl2, 1.8 mM EGTA (ethylene glycol-bis
(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid), 1.8 mM CaCl2, 10 mM HEPES, pH 7.5 with Tris),
except where otherwise mentioned. Osmolality of the bath solutions was adjusted to 200 mosmol
Kg−1 with supplemental mannitol. Free Ca2+ was calculated using https://somapp.ucdmc.ucdavis.
edu/pharmacology/bers/maxchelator/CaMgATPEGTA-NIST-Plot.htm. Divalent cations (Ca2+, Mg2+,
Ba2+ and Cd2+) and monovalent cations (Na+, K+, Li+, Cs+ and Rb+) were added as chloride salts or
gluconate salts. Each oocyte was carefully pierced with the voltage and current electrodes and the
membrane voltage was allowed to stabilize. Conductance responses were monitored through the
experiments by the repeat of steps from −120 mV to +30 mV with 2 s steady states and 5 s intervals.
The recording was performed and analyzed with an Axoclamp 900A amplifier and Clampex 9.0
software (Molecular Devices, CA, USA) at room temperature (20–22 ◦C).

For the analysis of the HvPIP2;8 285S mutants relative to the HvPIP2;8 wild type (WT), the oocyte
preparation, oocyte water permeability, and electrophysiology have been described [14]. The water- or
cRNA-injected oocytes were incubated in a low Na+ Ringer solution (62 mM NaCl, 36 mM KCl, 5 mM
MgCl2, 0.6 mM CaCl2, 5 mM HEPES, 5% (v/v) horse serum, and antibiotics (0.05mg mL−1 tetracycline,
100 units mL−1 penicillin/0.1 mg mL−1 streptomycin), pH 7.6, for 24–36 h. The water- or cRNA-injected
oocytes were pre-incubated in a 3 mL iso-osmotic solution (5 mM NaCl, 2 mM KCl, 1 mM MgCl2,
50 μM CaCl2, pH 8.5) with an osmolality of 240 mosmol Kg−1 (adjusted with D-mannitol) for 1 h prior
to being transferred to a solution with the same ionic composition (5 mM NaCl, 2 mM KCl, 1 mM
MgCl2, 50 μM CaCl2, pH 8.5), with an osmolality of 45 mosmol Kg−1 for the photometric swelling
assay. Two-electrode voltage clamp (TEVC) recordings were performed on X. laevis oocytes 24–36 h
post injection. Preparation of glass pipettes was as described [14]. TEVC experiments were performed
using an Oocyte Clamp OC-725C (Warner Instruments, Hamden, CT, USA) with a Digidata 1440A
data acquisition system interface (Axon Instruments, Foster City, CA, USA). Injected oocytes were
continuously perfused with solution after being pierced with the voltage and current electrodes and
allowed to stabilize. TEVC was performed in solutions consisting of 100 mM NaCl (“Na100”) or
100 mM KCl (“K100”) in a basal solution (2 mM KCl, 1 mM MgCl2, and 5 mM HEPES, osmolality
was adjusted to 220–230 mosmol Kg−1 with D-mannitol) with 50 μM CaCl2 and a pH of 8.5. For
experiments involving kinase inhibitor H7, the injected oocytes were incubated prior to TEVC in a low
Na+ Ringer solution (described previously) supplemented with 10 μM H7 dihydrochloride (Sigma,
#17016) from concentrated stocks dissolved in water. Steady-state currents were recorded starting from
a −40 mV holding potential for 0.5 s and ranging from 40 mV to −120 mV with 20 mV decrements for
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0.5 s before following a −40 mV pulse for another 0.5 s. Ionic conductance was calculated by taking
the slope of a regression of the linear region across the reversal potential (−40 mV to +20 mV). TEVC
recordings were analyzed with CLAMPEX 9.0 software (pClamp 9.0 Molecular Devices, CA, USA).

Biological replication included testing of different oocytes from different batches harvested from
different frogs, and the oocyte and batch replication was three or more; the representative result from
one or more oocyte batch from each experiment is included in the figures.

4.6. Statistical Analysis

Statistical analysis was conducted using SPSS statistics software (version 20). Analysis of variance
was identified by one-way ANOVA followed by the least significant difference (LSD) test at the
0.05 level; or one-way ANOVA followed by Fisher’s post-hoc test.

5. Conclusions

Our electrophysiological analyses of barley HvPIP aquaporins expressed in X. laevis oocytes have
shown that HvPIP2;8 facilitates an ionic conductance at the plasma membrane in the presence of Na+

and/or K+ in an external Ca2+-sensitive manner. Co-expression of HvPIP1s and HvPIP2;8 significantly
reduced the HvPIP2;8-dependent ionic conductance, and our manipulation of protein phosphorylation
revealed that this channel is likely to be subject to complex regulation involving heteromerization and
post-translational modification. These findings progress our insight into the potential roles of plant
aquaporins under salt stress and they are likely to inspire future research to uncover the molecular and
structural mechanisms that control the dual permeability of aquaporins for ions and water, and testing
of the physiological role of HvPIP2;8 in planta.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/19/
7135/s1. Supplementary Figure S1. The inhibition of Na+ transport by external free Ca2+ concentration in Xenopus
laevis oocytes expressing HvPIP2;8 in the presence of 86.4 mM NaCl and 9.6 mM KCl. The background solution
contained (1.8 mM MgCl2, 1.8 mM EGTA, 1.8 mM CaCl2, 10 mM HEPES pH 7.5 with Tris) for external free 30 μM
Ca2+ to 1 mM Ca2+ concentration; and (1.8 mM MgCl2, 1.8 mM Mannitol, 1.8 mM CaCl2, 10 mM HEPES pH 7.5
with Tris) for external free 1.8 mM Ca2+ concentration as control. Steady-state current-voltage curves of X. laevis
oocytes injected with 10 ng of cRNA per oocyte from the same batch (n = 5–6 for HvPIP2;8 cRNA). Supplementary
Figure S2. Reversal potentials of HvPIP2;8 mediated ionic currents in the presence of 48 mM NaCl with 48 mM
each alkaline cation. Data are means ± SE (n = 4–5). Supplementary Figure S3. Interaction between K+ and Na+
on HvPIP2;8 mediated currents. (A) Effect of external Na+ cation on K+ permeability. (B) Effect of external K+
cation on Na+ permeability through HvPIP2;8-transporter. The total concentration of (Na + K) was constantly 96
mM. Na+ and K+ external concentration (chloride salt) were 9 different ratios bath solutions with high calcium
condition contained a background (1.8 mM MgCl2, 1.8 mM CaCl2, 1.8 mM Mannitol, 10 mM HEPES pH 7.5 with
Tris). Steady-state current-voltage curves of X. laevis oocytes injected with 10 ng of cRNA per oocyte from the same
batch. Data are means ± SE, n = 5–6. Supplementary Figure S4. (A,B) HvPIP2;8 WT and HvPIP2;8 S285D cRNA
injected oocytes exhibited batch to batch variation in three independent frogs. Oocytes were injected with 46 nL
water (Control) or with 46 nL water (n = 11) containing 23 ng HvPIP2;8 WT (n = 30) or HvPIP2;8 S285D (n = 40)
cRNA. Ionic conductance and osmotic water permeability (Pos) of cRNA injected oocytes was determined via
TEVC and swelling assay, respectively. Dots in black indicates 1st batch, dots in red indicates 2nd batch and dots
in blue indicates 3rd batch. Data is shown as mean ± SEM where each data point represents an individual oocyte.
Significant differences (p < 0.05) are indicated by different letters (one-way ANOVA, Fisher’s post-test). (C) Kinase
inhibitor H7 treatment increase Na+ and K+ conductance in HvPIP2;8 S285D expressing oocytes. Oocytes were
injected with 46 nL water (Control) or with 46 nL water containing 23 ng HvPIP2;8 WT or HvPIP2;8 S285D cRNA.
Ionic conductance of cRNA injected oocytes was determined via the TEVC. For TEVC, currents were tested in
solution containing 100 mM NaCl and 2 mM KCl or 100 mM KCl; and each solution contained: 1 mM MgCl2,
5 mM HEPES, 50 μM CaCl2, 100 mM NaCl or 100 mM KCl, osmolality of 220 mosmol Kg−1, pH 8.5. There was
2 mM KCl in the Na solution, but the K+ solution did not contain Na+. Oocytes injected with water (with H7,
n = 5; without H7, n = 4) or HvPIP2;8 (with H7, n = 14; without H7, n = 10) or HvPIP2;8 S285D (with H7, n = 17;
without H7, n = 11) cRNA were either untreated or were pre-treated in low Na+ Ringers solution that contained
with 10 μM dihydrochloride (H7) for 2 h before TEVC. Data is shown as mean ± SE where each data point
represents an individual oocyte. Significant differences are indicated by one asterisk (p < 0.05) or two asterisks
(p < 0.01) (one-way ANOVA, Fisher’s post-test). (D) Predicted protein kinase A (PKA) and protein kinase C (PKC),
phosphorylation sites in HvPIP2;8. Blue, amino acids predicted to be phosphorylated by PKA. Red, amino acids
predicted to be phosphorylated by PKC. NetPhos 3.1 server (http://www.cbs.dtu.dk/services/NetPhos/, access
time 07/2020) was used to determine the sites. (E) Predicted amino acid sequence alignment for HvPIP2;8 and
AtPIP2;1 indicating predicted phosphorylation sites based on NetPhos (http://www.cbs.dtu.dk/services/NetPhos/)
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analysis. Sites predicted to be phosphorylated by either PKA or PKC are listed, along with key sites of interest
related to gating Spinacia oleracea SoPIP2;1 (Leu200) [58] and protein interactions AtPIP2;1 G103 [6]. (F) Predicted
amino acid sequence alignment for eight HvPIP2s relative to AtPIP2;1; it is important to note that the sequence of
HvPIPs in different barley varieties may differ. Supplementary Figure S5. Expression analysis of HvPIP2;8 using
RT-PCR. Salt tolerant K305 (A,B), salt sensitive I743 (C,D), and moderate tolerant Haruna-Nijo where HvPIP2;8 was
isolated originally (E,F) were grown 5 days without salt stress then grow more 1 day and 5 days with or without
supplemented 100 or 200 mM NaCl. Total RNA was isolated from shoots and roots and HvPIP2;8 fragments
(A,C,E) or internal standard EF1α (B,D,F) fragments were amplified. Black and white arrow heads indicate PCR
products of HvPIP2;8 and EF1α, respectively. Representative result was shown in 3 replications. M, DNA size
markers. Table S1. Gene-specific primer pairs used in PCR experiments. Table S2. Ionic conductance of oocytes
injected HvPIP2s or water in the presence of 86.4 mM NaCl and 9.6 mM KCl. Ionic conductance was calculated
based on the data obtained from V = −75 mV to −120 mV of the membrane potential in Figure 1. Data are means
± SE (n = 5–7), ns (not significant), * (p < 0.05) using one-way ANOVA with Duncan’s multiple comparisons test.
Table S3. Reversal potential of ion currents in oocytes expressing HvPIP2;8 in the presence of NaCl or KCl. Free
external Ca2+ was calculated as about 30 μM in low Ca2+ and 1.8 mM in high Ca2+ solutions. Data are means ± SE.
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Abstract: We characterized an Na+ transporter SvHKT1;1 from a halophytic turf grass, Sporobolus
virginicus. SvHKT1;1 mediated inward and outward Na+ transport in Xenopus laevis oocytes and
did not complement K+ transporter-defective mutant yeast. SvHKT1;1 did not complement athkt1;1
mutant Arabidopsis, suggesting its distinguishable function from other typical HKT1 transporters.
The transcript was abundant in the shoots compared with the roots in S. virginicus and was upregulated
by severe salt stress (500 mM NaCl), but not by lower stress. SvHKT1;1-expressing Arabidopsis lines
showed higher shoot Na+ concentrations and lower salt tolerance than wild type (WT) plants under
nonstress and salt stress conditions and showed higher Na+ uptake rate in roots at the early stage
of salt treatment. These results suggested that constitutive expression of SvHKT1;1 enhanced Na+

uptake in root epidermal cells, followed by increased Na+ transport to shoots, which led to reduced
salt tolerance. However, Na+ concentrations in phloem sap of the SvHKT1;1 lines were higher than
those in WT plants under salt stress. Based on this result, together with the induction of the SvHKT1;1
transcription under high salinity stress, it was suggested that SvHKT1;1 plays a role in preventing
excess shoot Na+ accumulation in S. virginicus.

Keywords: Arabidopsis thaliana; halophyte; high-affinity potassium transporter (HKT); Na+ transporter;
salt tolerance; Sporobolus virginicus

1. Introduction

Soil salinity is one of the major environmental stress factors, causing significant losses in global
agricultural productivity [1]. To fight this problem, it is necessary to develop salt-tolerant crops,
which require a better understanding of the physiological mechanisms controlling salinity tolerance in
plants. Salt stress imposes both osmotic and ionic stresses, and then oxidative stress caused by these
stresses. Osmotic imbalance causes water deficit, reduced leaf area expansion, and stomatal closure,
which ultimately lessen photosynthesis and growth [2]. Toxic Na+ can accumulate in the cytoplasm and
cause imbalances in the absorption of other essential ions such as K+, leading to malfunction of essential
biochemical and physiological processes [3]. Na+ has a strong inhibitory effect on K+ uptake by cells [4].
The increase in cytoplasmic Na+ and reduction of K+ result in changes in membrane potential, osmotic
pressure, turgor pressure, calcium signaling, reactive oxygen species signaling, and transcriptional
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regulation, as well as alteration of gene expression and modification of protein expression pattern and
spectra of small interfering RNAs (siRNAs), signaling molecules, phytohormones, and metabolites [5].
K+ deficiency can disrupt various enzymatic processes and impose an energetic burden on the cell
owing to the requirement of organic solute synthesis to compensate for the export of Na+ for osmotic
adjustment [1]. More than 50 enzymes are activated by K+, which cannot be substituted with Na+ [6].
Therefore, it is important to understand how Na+ is taken up and transported in plants under saline
conditions. In order to maintain a high cytosolic K+/Na+ ratio, plants have different K+ and Na+

transporters to protect the plant against damage due to toxic Na+ accumulation [7,8]. To maintain
low cytoplasmic Na+ concentrations and cell turgor pressure, Na+ can be sequestrated into vacuoles
by the tonoplast-localized Na+/H+ exchanger 1 (NHX1) [9]. In the root epidermis cells, a plasma
membrane-localized Na+/H+ antiporter (SOS1) extrudes Na+ back to the soil in a mechanism coupled to
H+ transport [10]. Other Na+ transporters also play crucial roles in salinity tolerance by controlling the
Na+ movement throughout the plant. Na+ enters roots passively, via non-selective cation channels [11]
and possibly other Na+ transporters such as high-affinity potassium transporters (HKTs) [6]. The HKTs
permeable either to Na+ only (HKT1) or to K+ and Na+ (HKT2) are thought to play major roles in
controlling Na+ accumulation in plants. For a detailed overview of the physiological roles of HKTs,
see the review by Almeida et al. [7]. The HKT2s were shown to have a role in Na+ uptake from the
external medium. In rice, OsHKT2;1 catalyzes Na+ uptake in low K+, low Na+ (<2 mM) conditions [12].
OsHKT2;1 functions as a relatively Na+-specific transporter that mediates Na+ influx in K+-starved
roots and, thus, promotes their growth [12,13]. Overexpression of HvHKT2;1 in barley causes increased
Na+ uptake in salt stress conditions [14]. Similarly, altered expression of TaHKT2;1 in wheat affected
Na+ accumulation in the low-affinity range [15]. We also reported that SvHKT2;1 and SvHKT2;2 from a
halophyte, Sporobolus virginicus, mediate both K+ and Na+ transport in transgenic Arabidopsis, Xenopus
laevis oocytes, and yeast [16]. S. virginicus is a halophytic C4 grass and shows a salinity tolerance up
to 1.5 M NaCl [17]. The HKT1s play major roles in Na+ transport. In Arabidopsis, the HKT family
comprises a single member, AtHKT1;1, which is permeable to Na+ only [18] and contributes to Na+

removal from the ascending xylem sap and Na+ recirculation from the leaves to the roots via the
phloem vasculature [19–22]. Similarly, Na+ removal from the root xylem sap and/or shoot phloem was
reported for other HKT1s including OsHKT1;1, OsHKT1;4, and OsHKT1;5 in rice [23–27], TaHKT1;5-D
in bread wheat [28], HvHKT1;1 and HvHKT1;5 in barley [29,30], and TmHKT1;5-A in wheat [31].
On the other hand, a halophytic relative of Arabidopsis, Eutrema salsuginea (previously Thellungiella
halophila or Thulengiella salsuginea), possessed three copies of HKT1 genes [32]. Of the three, EsHKT1;1
and EsHKT1;2 showed high affinity for Na+ and K+, respectively, in yeast [33]. Another Arabidopsis
halophytic relative, Eutrema parvula (Schrenkiella parvula), possesses two HKT1 genes EpHKT1;1 and
EpHKT1;2 [34]. Although EpHKT1;2 and EsHKT1;2 belong to HKT1, they show K+ uptake ability,
which makes them functionally different from other members of HKT1 [35]. Thus, the ion permeability
of HKT1s differs depending on the plant species. However, there is no report on the functions of
HKT1s from halophytic monocotyledonous plants.

In this study, we isolated a gene for sodium transporter SvHKT1;1 from a halophytic turf grass,
Sporobolus virginicus, and revealed its unique expression profile, ion permeability, and possible functions
in salt tolerance.

2. Results

2.1. Comparison of Amino-Acid Sequences of SvHKT1;1 and Other HKTs

Among the unigenes of S. virginicus [36], we searched for genes that are homologous to known
HKT and identified SvHKT1;1, which belongs to class I HKT genes because its deduced amino-acid
(AA) sequences contain a serine in the first P-loop (Supplementary Figure S1) [37,38]. Phylogenetic
analysis following alignment of the AA sequences of SvHKT1;1 with other class I HKTs indicated an
evolutionally close relationship to Setaria italica (foxtail millet) SiHKT1;1 and rice OsHKT1;1 (Figure 1).
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Figure 1. Phylogenetic analysis of high-affinity potassium transporters (HKTs). A phylogenetic analysis
of the selected HKT amino-acid sequences was performed using the neighbor-joining method in
the MEGA-X [39] software package. Accession numbers of amino-acid sequences used are listed in
Supplementary Figure S1. The branch length is proportional to the evolutionary distance between
the HKTs, indicating the number of amino-acid changes per site. The scale bar shows a length
corresponding to 0.10 of the value.

2.2. Expression of SvHKT1;1 Gene and Na+ Concentration in S. virginicus under Salt Stress

The expression profile of SvHKT1;1 gene in roots and shoots of S. virginicus was determined by
qRT-PCR using eIF3 as a reference gene under different salt stress conditions. SvHKT1;1 transcript was
found to preferentially accumulate in shoots compared with roots under any conditions (Figure 2A–D).
In experiments at different salt concentrations, the expression stayed at similar levels under 0–300 mM
NaCl conditions but significantly increased under 500 mM NaCl in both roots and shoots (Figure 2A,B).
In a time-course experiment, the expression in both shoots and roots were upregulated 6 h after
treatment with 500 mM NaCl, then decreased to levels several times higher than that at 0 h until 48 h
after the treatment (Figure 2C,D). Similar expression profiles were observed by qRT-PCR analysis
using actin as a reference gene (Supplementary Figure S2). Thus, SvHKT1;1 expression is specifically
upregulated by high Na+ concentration and preferentially detected in shoots.
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Figure 2. Expression profile of SvHKT1;1 gene and Na+ concentrations in Sporobolus virginicus under
salt stress. The expression profile of SvHKT1;1 gene and Na+ concentrations in roots and shoots
of hydroponically grown S. virginicus were determined. (A–D) Expression levels of SvHKT1;1 gene
determined by qRT-PCR under different NaCl concentrations (A,B) or at different time points after
salt treatment (C,D). Plants grown in 1/2 Murashige and Skoog (MS) medium were transferred to
1/2 MS medium supplemented with 0, 100, 300, or 500 mM NaCl, and the roots (A) and shoots (B)
were harvested at 48 h after the treatment. Plants grown in 1/2 MS medium were transferred to 1/2
MS medium supplemented with 500 mM NaCl, and the roots (C) and shoots (D) were harvested at
indicated time points. Expression levels relative to that in roots at 0 h after treatment (1.0) are shown.
eIF3 was used as a reference gene. (E–H) Na+ (E,F) and K+ (G,H) concentrations in roots (E,G) and
shoots (F,H) of hydroponically grown S. virginicus under different NaCl concentrations. The roots and
shoots were harvested at 48 h after the treatment. Data are presented as means ± SE (n = 3 biological
replicates). Single and double asterisks denote significant differences compared with the values of WT
plants of the same conditions at p < 0.05 and p < 0.01, respectively, determined using the Student’s
t-test.

Na+ and K+ concentrations in roots and shoots of S. virginicus were determined under different
salt stress conditions. Na+ was found to preferentially accumulate in roots compared with shoots
under salt stress (Figure 2E,F). Shoot and root Na+ concentration linearly increased in accordance with
the NaCl concentration up to 300 mM NaCl but dropped at 500 mM, when SvHKT1;1 transcription
was dramatically upregulated (Figure 2E,F). On the other hand, root K+ concentration decreased with
increasing external NaCl concentration but shoot K+ concentration remained constant (Figure 2G,H).

2.3. Localization of SvHKT1;1 in Nicotiana benthamiana Cells

To investigate the intracellular localization of EGFP–SvHKT1;1 fusion protein, Agrobacterium
expressing EGFP–SvHKT1;1 or a control EGFP-only construct were infiltrated into N. benthamiana leaf
cells, and the fluorescence signals were observed using confocal laser scanning microscopy (Figure 3).
EGFP–SvHKT1;1 fusion protein specifically localized to the plasma membrane (Figure 3B,E,H).
In contrast, when EGFP alone was expressed, it localized to the nucleus and the cytoplasm
(Figure 3A,D,G). This pattern was verified by treatment with a hypertonic solution, 0.5 M mannitol,
which induced plasmolysis (Figure 3C,F,I), indicating SvHKT1;1 localized to the plasma membrane.
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Figure 3. Subcellular localization of EGFP-fused SvHKT1;1 protein in Nicotiana benthamiana leaves.
Confocal fluorescence images of EGFP (A–C), differential interference contrast images (D–F), and merged
images (G–I) of N. benthamiana leaf cells expressing EGFP control (A,D,G) and EGFP–SvHKT1;1
(B,C,E,F,H,I). Images of non-plasmolyzed (A–F) and plasmolyzed (G–I) cells. Scale bar represents 20
μm and is applicable to all panels in this figure.

2.4. Functional Analysis of SvHKT1;1 in X. laevis Oocytes

To examine K+ and/or Na+ transporter activities in X. laevis oocytes, SvHKT1;1 complementary
RNAs (cRNAs) were injected into oocytes, and the electrophysiological profile was analyzed.
In two-electrode voltage clamp (TEVC) experiments, SvHKT1;1 produced inward and outward
currents (Figure 4A) when oocytes were bathed in both NaCl and Na-gluconate solutions, but ion
currents were hardly detected in KCl solution (Figure 4A). These results indicate that the SvHKT1;1
transporter mediates Na+, but not K+ or Cl−, transport. On the other hand, water-injected control
oocytes showed small background currents in the same conditions (Figure 4B).

Figure 4. Analyses of SvHKT1;1-mediated ion transport by two electrode voltage clamp experiments
using Xenopus laevis oocytes. Current–voltage relationship of oocytes injected with 12.5 ng of SvHKT1;1
complementary RNA (cRNA) (A) or water (B) bathed in solutions containing an indicated amount
of NaCl, KCl, or Na-gluconate. Voltage steps ranged from −150 to +30 mV with 15-mV increments.
Data are presented as means ± SD (n = 3–7).
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2.5. SvHKT1;1 Does Not Complement Yeast with Defective K+ Transporters

To examine K+ channel/transporter activities in yeast, SvHKT1;1 was expressed in yeast strain
9.3 with defective K+ transporters (Supplementary Figure S3). Yeast lines harboring SvHKT1;1 and a
negative control expressing an empty vector showed similar poor growth on agar containing 0.2 mM
K+, whereas yeast lines harboring positive control SvHKT2;1 grew better than SvHKT1;1 and negative
control lines (Supplementary Figure S3). These results indicate that SvHKT1;1 does not complement
the K+-uptake deficiency in the mutant yeast.

2.6. SvHKT1;1 Does Not Complement athkt1;1 Mutant Arabidopsis Plants

We transformed athkt1;1 Arabidopsis plants in which the gene for AtHKT1;1 sodium transporter was
tagged with T-DNA. The AtHKT1;1 transcript was not detected in the mutant line, and the SvHKT1;1
transcript was detected in two independent transgenic mutant lines (athkt1;1/SvHKT1;1-B and -C)
transformed with the SvHKT1;1 gene driven by the AtHKT1;1 promoter by semi qRT-PCR (Figure 5A).
When transferred onto 100 mM NaCl medium, the transgenic lines, as well as athkt1;1 mutant line,
showed diminished growth (Figure 5B,C). This result indicated that SvHKT1;1 does not complement
the defected AtHKT1;1 function. Root Na+ concentrations in both the mutant and the transgenic
lines were significantly increased compared to that in WT plants, despite the loss of functionality of
AtHKT1;1, whereas their shoot Na+ concentrations increased, but not significantly, under salt stress
(Figure 5D,F). Interestingly, root K+ concentrations in the transgenic lines decreased significantly or
tended to decrease compared to that in WT plants, although no difference was observed among their
shoot K+ concentrations (Figure 5E,G).

Figure 5. Complementation test of athkt1;1 mutant Arabidopsis with AtHKT1;1pro::SvHKT1;1 construct.
Transcripts of AtHKT1;1 or SvHKT1;1 were detected in WT, mutant, and two independent lines of
transformed Arabidopsis plants (three biological replicates) by RT-PCR (A). The appearance (B) and
fresh weight (C) of the plants grown for two weeks on 100 mM NaCl medium. Na+ (D,F) and K+ (E,G)
concentrations in the shoots (D,E) and roots (F,G) of the plants. Data are presented as means ± SD
(n = 9 (B,C) and n = 3 (D–G)). Please note that each panel has a different Y-axis scale. Single and double
asterisks denote significant differences compared with the values of WT plants of the same conditions
at p < 0.05 and p < 0.01, respectively, determined using the Student’s t-test.

244



Int. J. Mol. Sci. 2020, 21, 6100

2.7. Constitutive Expression of SvHKT1;1 in Wild-Type Arabidopsis Plants

We introduced 35S::SvHKT1;1 into WT Arabidopsis and examined the expression levels of the
transgenes in four T2 lines with putative single transgenes (#4, 7, 8, and 17), judging from the segregation
ratio of the hygromycin tolerant T3. There was a large variation in the expression level (Figure 6A).
We examined root growth of the transgenic lines on 0.1 mM K+ medium, because expression of K+/Na+

symporters, SvHKT2;1 and SvHKT2;2, in Arabidopsis resulted in enhanced root growth under K+-starved
conditions in our previous study [16]. The SvHKT1;1 transgenic lines showed elongated root growth
compared with WT plants, while the root growth of WT plants was severely inhibited (Figure 6B,C).
A weak correlation was observed between the values of root elongation and the transcription levels.

Figure 6. Expression level of the transgene, root growth, and salt tolerance of transgenic Arabidopsis
plants expressing SvHKT1;1. (A) Expression levels of transgenes in the SvHKT1;1 transgenic lines.
Actin was used as an internal standard. ND; not detected. Data are presented as means ± SE (n = 3
biological replicates). (B) Root elongation of transgenic and WT seedlings grown on 0.1 mM K+medium.
Data are presented as means ± SE (n = 3 biological replicates). (C) The appearance of transgenic lines
and WT seedlings on 0.1 mM K+ medium examined in panel B. (D) Fresh weight (FW) of WT and the
transgenic lines. One-week-old seedlings germinated on 1/2 MS agar medium were transplanted onto
1/2 MS agar medium supplemented with 50 mM NaCl, and their FW was determined after another two
weeks of incubation. Data are presented as means ± SE (n = 10 biological replicates). (E) The appearance
of plants examined in panel D. Single and double asterisks denote significant differences compared
with the values of WT plants of the same conditions at p < 0.05 and p < 0.01, respectively, determined
using the Student’s t-test. Single and double asterisks denote significant differences compared with the
values of WT plants of the same conditions at p < 0.05 and p < 0.01, respectively, determined using the
Student’s t-test.

Then, we assessed salt tolerance of the SvHKT1;1 lines at seedling stage in comparison with
WT plants and the SvHKT2;1-1 line, which showed reduced salt tolerance in our previous study [40].
Arabidopsis seedlings were transferred onto 1/2 MS agar medium supplemented with 50 mM NaCl,
incubated for a further 14 days, and their shoot fresh weight (FW) was determined. SvHKT1;1 lines
showed diminished growth on 50 mM NaCl medium, although not as severely as that of the SvHKT2;1-1
line (Figure 6D,E). These results indicated that constitutive expression of SvHKT1;1 increased salt
sensitivity of the transgenic lines.
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We measured shoot FW and ion concentrations in shoots and roots of the transgenic lines
hydroponically cultured in 1/2 MS liquid medium supplemented with 0 or 100 mM NaCl at the bolting
stage (Figure 7). Under nonstress conditions (0 mM NaCl), there was no difference between shoot
growth of the transgenic lines and WT plants (Figure 7A). Under salt stress, the transgenic lines showed
significantly or relatively smaller growth than WT plants (Figure 7B). Under nonstress condition,
shoot Na+ concentrations in two transgenic lines were significantly higher and the other two were
higher than those in WT plants, while no significant differences were observed in shoot K+ between
SvHKT1;1 lines and WT plants (Figure 7C,D). No significant differences were observed in their root
Na+ and K+ concentrations (Figure 7E,F). Under salt stress, shoot Na+ and root K+ concentrations
in the transgenic lines were significantly or relatively higher than those of WT plants (Figure 7G,J).
No significant differences were observed in shoot K+ and root Na+ concentrations between SvHKT1;1
lines and WT plants (Figure 7H,I).

Figure 7. Shoot fresh weight and ion concentrations of SvHKT1;1 transgenic lines and WT plants.
(A,B) Shoot fresh weight of WT plants and the transgenic lines. Two-week-old seedlings germinated
on 1/2 MS agar medium were hydroponically cultured in 1/2 MS liquid medium for another one
week, and then cultured in 1/2 MS medium supplemented with 0 (A) or 100 mM (B) NaCl, and their
FW was determined after one week. (C–J) Ion concentrations in WT plants and the transgenic lines.
Na+ (C,E,G,I) and K+ (D,F,H,J) concentrations in their shoots (C,D,G,H) and roots (E,F,I,J) were
determined. Data are presented as means ± SE (n = 3–4 biological replicates). Please note that each
panel has a different Y-axis scale. Single and double asterisks denote significant differences compared
with the values of WT plants of the same conditions at p < 0.05 and p < 0.01, respectively, determined
using the Student’s t-test.

2.8. K+ and Na+ Concentrations in the Xylem and Phloem Saps of Arabidopsis Expressing SvHKT1;1

To examine the mode of SvHKT1;1-mediated K+ and Na+ transport in Arabidopsis plants, SvHKT1;1
lines and WT plants were hydroponically cultured in 1/2 Hoagland solution, and K+ and Na+

concentrations in the xylem and phloem saps were determined at the bolting stage (Figure 8). We used
Hoagland solution in this experiment because Arabidopsis plants showed better growth performance in
1/2 Hoagland solution than in 1/2 MS medium. Under nonstress condition, Na+ concentrations in the
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xylem saps of SvHKT1;1 lines were higher, but not significantly, than those in WT plants (Figure 8A),
and Na+ concentrations in the phloem saps were lower, but not significantly, in SvHKT1;1 lines than
those in WT plants (Figure 8C). K+ concentrations in the xylem and phloem saps were similar among
the transgenic lines and WT plants, except for xylem sap of the #7 line (Figure 8B,D). In contrast,
the phloem sap Na+ concentrations were significantly higher in SvHKT1;1 lines than in WT plants
under 100 mM NaCl conditions (Figure 8E). The phloem sap K+ concentrations were similar among
the transgenic lines and WT plants (Figure 8F). We could not obtain xylem sap from the transgenic
lines and WT plants under salt stress.

Figure 8. Na+ and K+ concentrations in the xylem and phloem saps from SvHKT1;1 transgenic lines and
WT plants. (A–D) Ion concentrations in the xylem and phloem saps of WT plants and the transgenic
lines under nonstress condition. Plants were hydroponically cultured in 1/2 Hoagland liquid solution
until the bolting stage, and Na+ (A,C) and K+ (B,D) concentrations in their xylem (A,B) and phloem
(C,D) saps were determined. (E,F) Ion concentrations in the phloem saps of WT plants and the
transgenic lines under 100 mM NaCl. ND; not determined. Three-week-old plants were subjected to
1/2 Hoagland liquid solution supplemented with 100 mM NaCl for seven days, and Na+ (E) and K+ (F)
concentrations in their phloem saps were determined. Xylem saps were not obtained from salt-treated
plants. Data are presented as means ± SE (n = 3–4 biological replicates). Please note that each panel has
a different Y-axis scale. Single and double asterisks denote significant differences compared with the
values of WT plants of the same conditions at p < 0.05 and p < 0.01, respectively, determined using the
Student’s t-test.

2.9. Ion Uptake and Translocation Rates in Arabidopsis Seedlings after Salt Treatment

To examine the mode of Na+ and K+ uptake, release, or translocation by SvHKT1;1 in the roots of
transgenic lines, we subjected the transgenic and WT seedlings to liquid 1/2 MS medium supplemented
with 100 mM NaCl for 1 h and measured the changes of their Na+ and K+ concentrations at the early
stage of saline stress (Figure 9). While Na+ uptake rate in roots of WT plants and SvHKT2:1-1 line
took negative values, indicating their Na+ release, SvHKT1;1 lines showed significantly increased
or almost unchanged uptake rate after they were transferred to 100 mM NaCl medium (Figure 9A).
Na+ translocation rates in both shoots and whole plants of all transgenic lines were significantly higher
than those in WT plants (Figure 9A). These results indicated enhanced Na+ uptake and translocation
rates in the transgenic lines compared with WT plants. There were no differences in K+ uptake and
translocation rates among the transgenic lines and WT plants, except for whole plants of SvHKT1;1
transgenic line #7 (Figure 9B).
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Figure 9. Na+ and K+ uptake and translocation rates in SvHKT1;1 transgenic lines and WT plants
under salt stress. Twelve-day-old Arabidopsis seedlings, which were pre-incubated in 1/2 MS liquid
medium for 24 h to adapt to liquid medium, were transferred into micro cuvettes filled with 1/2 MS
liquid medium supplemented with 100 mM NaCl and further incubated for one hour. Their roots
and shoots were separately harvested before and after the treatment, dried overnight, and weighted.
Na+ (A) and K+ (B) uptake and translocation rates in the roots, shoots, and whole plants under salt
stress were calculated and expressed as mmol per g of dry weight per hour of salt treatment (mmol·g
DW–1·h–1). Ten seedlings were pooled and used as one sample. Data are presented as means ± SE
(n = 3 biological replicates). Single and double asterisks denote significant differences compared with
the values of WT plants at p < 0.05 and p < 0.01, respectively, determined using the Student’s t-test.

3. Discussion

We isolated a gene for class I HKT, SvHKT1;1, from a halophyte S. virginicus. The deduced AA
sequence contains a serine in the first P-loop, which is common to HKT1 sodium transporters [37,38].
Electrophysiological analysis showed that SvHKT1;1 mediates inward and outward Na+, but not K+,
transport in X. laevis oocytes (Figure 4), which was commonly observed in typical glycophytic HKT1s.
SvHKT1;1 did not complement K+ transport activity in K+ transporter-defective mutant yeast. Thus,
SvHKT1;1 was proven to be a typical Na+ monoporter.

Although HKT1s were reported to have diverse expression patterns in both dicotyledonous and
monocotyledonous plants, the expression profile of SvHKT1;1 is unique compared with that of other
HKT1s. The transcript was abundant in the shoots compared with the roots and was upregulated by
severe salt stress (500 mM NaCl), but not by mild or moderate salt stress (less than 300 mM) (Figure 2).
AtHKT1;1 expression was reported to be slightly induced by mild salt stress [20,41,42]. OsHKT1;1
expression in rice was associated with the phloem and xylem of leaves and roots, and its transcripts were
induced in shoot but not in roots [23,25], while the induction of OsHKT1;5 expression by salt stress was
found in the roots but not in shoots [24,26]. OsHKT1;4 transcripts were prominent in leaf sheaths and
stem [27]. In wheat, an OsHKT1;5-like gene, TmHKT1;5-A, showed root-specific constitutive expression
and was not induced by NaCl [31]. On the other hand, expression of EsHKT1;2 and EpHKT1;2 in
halophytic Arabidopsis relatives was dramatically induced by salt stress (150 mM) [33,43]; however,
EsHKT1;2 and EpHKT1;2 showed K+ uptake ability and were, therefore, functionally distinguished
from SvHKT1;1. Thus, each HKT1 has a diverse expression profile, and their expression patterns may
reflect the unique Na+ management strategy of each plant.

Downregulation of EsHKT1;2 in E. salsuginea leads to a hyper-salt-sensitive phenotype under
K+-deficient conditions [33,35], and overexpression of EpHKT1;2 enhanced its salt stress tolerance [43].
Based on these findings, these genes could be considered major contributors to the halophytic nature of
E. salsuginea and E. parvula [43]. It was pointed out that HKT1s in non-halophytes are also associated
with salt tolerance. Na+ removal from root xylem sap and/or shoot phloem was reported for HKT1s
including AtHKT1;1 in Arabidopsis [19–22], OsHKT1;1 and OsHKT1;5 in rice [23–25], TaHKT1;5-D
in bread wheat [28], HvHKT1;1 and HvHKT1;5 in barley [29,30], and TmHKT1;5-A in wheat [31].
Phylogenetic analysis showed that SvHKT1;1 is evolutionally close to some of these HKT1s, such as
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OsHKT1;1 and HvHKT1;1 (Figure 1); however, SvHKT1;1 driven by the AtHKT1;1 promoter did
not complement the athkt1;1 Arabidopsis mutant (Figure 6), indicating the distinguished function of
SvHKT1;1 from these HKT1s.

The shoot and root Na+ concentrations in S. virginicus increased linearly in accordance with the
NaCl concentration in culture solution up to 300 mM NaCl, where SvHKT1;1 was not upregulated,
but the Na+ concentration decreased at 500 mM, where SvHKT1;1 was dramatically upregulated
(Figure 2). This well-synchronized pattern between the gene expression and the decrease in shoot Na+

concentration suggested that SvHKT1;1 could be involved in Na+ excretion from shoots in S. virginicus
and is upregulated only when the plants need to cope with extremely severe salinity. This mechanism
may make it possible for S. virginicus to accumulate shoot Na+ under salinity stress but not to exceed
levels required for osmotic adjustment. It was suggested that a plant’s ability to exclude Na+ is
positively correlated with the overall salinity tolerance in glycophytes, including wheat, sorghum,
maize, and tomato [31,44–48]. However, the essentiality of Na+ exclusion may differ depending
on severity of the stress [49] and the capacity of Na+ sequestration in the shoot (tissue tolerance).
Comparison of barley cultivars of different salt tolerance suggested that plants need to rapidly adjust
their shoot osmotic potential by sending an appropriate amount of Na+ to the shoot within the first
few days and shutting down any further Na+ delivery to the shoot [49]. We reported that S. virginicus
also gradually accumulates a certain amount of Na+ in shoots under 500 mM NaCl conditions over
five days, but regulates so that the Na concentration does not excess a certain level [17]. A halophytic
relative of A. thaliana, T. halophila (E. salsuginea), accumulated less Na+ and more K+ than A. thaliana
during short-term (25 h) exposure to salt stress; however, after long-term exposure (5 weeks), T. halophila
accumulated more Na+ than A. thaliana [50]. Thus, halophytes have the property that they do not
accumulate high concentrations of Na+ in the short term. The expression of SvHKT1;1 in S. virginicus
was dramatically upregulated at 6 h after 500 mM NaCl treatment but not under 300 mM NaCl
(Figure 2). This early response of SvHKT1;1 in high Na+ conditions may be responsible for the Na+

accumulation in the short term. Therefore, we hypothesize that SvHKT1;1 could play a major role
in preventing excess Na+ accumulation in S. virginicus shoots under high-saline conditions. To test
this hypothesis, more detailed spatial–temporal expression profiling of SvHKT1;1 and loss-of-function
experiments in S. virginicus are needed.

In this study, we investigated the function of SvHKT1;1 in transgenic Arabidopsis because our
attempt to transform S. virginicus was unsuccessful and, thus, the knockout or knockdown line is not
available. The transgenic lines showed elongated root growth on low-K+ medium (containing 0.1 mM
K+ and 0.725 mM /Na+), where root growth of WT plants is severely inhibited (Figure 6B,C). A similar
phenotype was observed in Arabidopsis expressing K+/Na+ symporters, SvHKT2s [16]. These results
indicated that enhanced root growth of the transformants under low K+ conditions was due to an
increase in the ability to absorb Na+ but not K+.

Overexpression of AtHKT1;1 specifically in the root xylem parenchyma cells of Arabidopsis
improved Na+ exclusion and salinity tolerance [51], and root cortical and epidermal cell-specific
expression of AtHKT1;1 in rice enhanced salinity tolerance [52]. These results indicate that the major
role of AtHKT1;1 in salt tolerance is Na+ exclusion from root xylem. However, surprisingly, constitutive
overexpression of AtHKT1 in potato also reduced Na+ accumulation in leaves and enhanced salt
tolerance [53]. In this study, shoot Na+ concentrations in transgenic Arabidopsis lines were significantly
higher than those of WT plants under 100 mM NaCl conditions (Figure 7G). Na+ concentrations in
xylem saps were relatively higher than those in WT plants under nonstress conditions (Figure 8A).
Measurement of Na+ uptake and translocation rates also indicated enhanced Na+ uptake in roots
of SvHKT1;1 lines under salinity conditions (Figure 9A). Considering these results together, it was
suggested that constitutive expression of SvHKT1;1 enhanced Na+ uptake in root epidermal cells
and then increased Na+ transport to shoots, which led to reduced salt tolerance (Figures 5 and 7).
On the other hand, Na+ concentrations in phloem sap of the SvHKT1;1 lines were not significantly
different from those in WT plants under nonstress conditions (Figure 8C); however, the transgenic
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lines showed higher phloem sap Na+ concentrations than WT plants under 100 mM NaCl conditions
(Figure 8E). These results may suggest that SvHKT1;1 mediated Na+ uploading into phloem when
an excess amount of Na+ was accumulated in shoots to translocate Na+ to roots. Since shoot Na+

concentration in the transgenic lines under 100 mM NaCl (Figure 7H) was six times higher than that in
S. virginicus under 300 mM NaCl (Figure 2F), the condition may be adequate for SvHKT1;1 to mediate
Na+ uploading to phloem. These data further support our hypothesis that SvHKT1;1 could play a
major role in preventing excess Na+ accumulation in S. virginicus shoots under high-saline conditions,
although tissue specificity of SvHKT1;1 expression was not revealed.

4. Materials and Methods

4.1. Isolation of SvHKT1;1 Gene

We searched for HKT gene homologs in previously constructed unigenes assembled
from S. virginicus RNA-Seq data [36], and we found HKT-like unigenes. Among them,
one unigene sequence, which is similar to sodium transporter AtHKT1;1 gene, SvHKT1;1
(DDBJ (DNA Data Bank of Japan). accession number LC545616), was PCR-amplified using
specific primers, SvHKT1B1F 5′–CACCATGCATCCAGCCAGTTCAGTTCTA–3′ and SvHKT1B2R
5′–TCCTTGAGGTCATGGAGTTGG–3′. Amplified sequences were cloned into pENTER vectors
(Thermo Fisher Scientific, Tokyo, Japan) to form the entry vector, pENTER-SvHKT1;1.

4.2. Phylogenetic Analysis

A phylogenetic analysis of the HKT amino-acid (AA) sequences using the neighbor-joining
method, following their alignment using ClustalW, was performed using the MEGA-X software
package [39]. Accession numbers for amino-acid sequences of HKTs used for phylogenetic analysis are
listed in Supplementary Figure S1.

4.3. Real-Time qRT-PCR

S. virginicus plants were hydroponically cultivated in 1/2 MS salt solution, and then
transplanted to 1/2 MS salt solution supplemented with 0, 100, 300, or 500 mM NaCl treatments.
Shoots and roots (n = 3 biological replicates) were separately harvested for RNA isolation and
ion measurement 48 h after the treatments. The RNAiso plus (TakaraBio, Ohotsu, Japan) was
used to extract the total RNA, and real-time qRT-PCR was performed as previously reported [36].
A pair of primer sets, qSvHKT1BF 5′–CTTGGCCCACATAGTATCAGG–3′ and qSvHKT1BR
5′–GGTGAAGATGGAGAAGGTGCATAC–3′, was used. The relative expression levels of the target to
reference genes, eukaryotic translation initiation factor 3 subunit-like protein (eIF3) and actin from S. virginicus,
was detected using primer sets, qSveIF1F 5′–ACATGTGAGTCTGACCTCGTCGAC–3′ and qSveIF2R
5′–TGAGCAAGCCAATGGCCTTCTCAG–3′ and SvActinF 5′–CAGATCATGTTCGAGACCTTC–3′
and SvActinR 5′–GACGGTGTGGCTGACACCAT–3′, respectively, and they were calculated using the
delta-delta Ct method.

Similarly, RNA was extracted from 14-day-old Arabidopsis plants grown on 1/2 MS medium.
Real-time qRT-PCR analysis was performed as previously reported [16] using primer sets for SvHKT1;1
and ubiquitin extension protein 5 (UBQ5), UBQ5F 5′–TGTGAAGGCGAAGATCCAAG–3′, and UBQ5R
5′–GAGACGGAGGACGAGATGAAG–3′ as a reference.

For semi-quantitative RT-PCR analysis, first-strand complementary DNA (cDNA) was synthesized
from 250 ng of total RNA using a QuantiTect Reverse Transcription Kit (Qiagen, Tokyo, Japan) according
to the manufacturer’s instructions and diluted 20-fold, and 1 μL was used as a template. Semi qRT-PCR
was carried out for 30 cycles of 98 ◦C for 10 s, followed by 60 ◦C for 10 s, and 68 ◦C for 60 s, using Tks
Gflex DNA Polymerase (TakaraBio). In addition to primer pairs for SvHKT1;1 and UBQ5, primer
sets for AtHKT1;1, AtHKT101F 5′–GAGAACTAAAATGGACAGAGTGGTG–3′ and AtHKT102R
5′–GTACCAAGATAGCTGGGGAAAGTG–3′, were used.
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4.4. Subcellular Localization of SvHKT1;1 in Nicotiana benthamiana Leaves

To examine the subcellular localization of SvHKT1;1, the entry vector pENTER-SvHKT1;1 was
reacted with a destination vector, pH7WGF2.0, encoding an N-terminal EGFP fusion [54] using LR
clonase reactions (Thermo Fisher Scientific). As a control, a nonfused EGFP construct was used.
The recombinant plasmids were transformed into Agrobacterium tumefaciens strain GV3101, and then
infiltrated into N. benthamiana leaves. Two days post infiltration, GFP fluorescence and differential
interference contrast images were observed using an FX3000 confocal fluorescence microscope
(Olympus, Tokyo, Japan). To observe plasmolyzed cells, leaf cells were treated with 500 mM
mannitol for 30 min.

4.5. Functional Analysis of SvHKT1;1 in X. laevis Oocytes

The SvHKT1;1 cDNA was PCR-amplified using primers to produce the entry vector
pENTER-SvHKT1;1, excised from the entry vectors using the restriction enzymes NotI and AscI,
and then inserted into the NotI and AscI sites of pXBG-NA [16]. A mMESSAGE mMACHINE
in vitro transcription kit (Thermo Fisher Scientific) was used to synthesize the capped-analogue RN.
Oocytes and TEVC experiments were prepared and performed as described previously [16], with a
minor modification. In brief, 12.5 ng of cRNA of SvHKT1;1 was injected into X. laevis oocytes and
incubated at 18 ◦C for two days. Water-injected oocytes were also prepared as negative controls.
The data recordings and analysis were performed using an Axoclamp 900 A amplifier and an Axon
Instruments Digidata 1440 A with Clampex 10.3 and Clampfit 10.3 software (Molecular Devices,
Sunnyvale, CA, USA). The analyses of ion selectivity using alkali cation salts used oocytes bathed
in a background solution containing 96 mM NaCl, KCl, or Na-glutamate salts, adjusted to pH 7.5.
The background solution also contained 1.8 mM CaCl2, 1 mM MgCl2, 1.8 mM mannitol, and 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) for NaCl or KCl salt, and 1.8 mM Ca-Glu,
1 mM Mg-Glu, 1.8 mM mannitol, and 10 mM HEPES for Na-Glu salt. The experiments using frog
oocytes were approved by the Animal Care and Use Committee, Okayama University (approval
number OKU-2017271 on 26 June 2017) that follows the related international and domestic regulations.

4.6. Production of Transgenic Arabidopsis

The entry vector pENTR-SvHKT1;1 was reacted using LR enzyme (Thermo Fisher Scientific) with
a destination vector pGH1 [16] and pAtHKT1 [42], to form pGH1-SvHKT1;1 and pAtHKT1-SvHKT1;1,
in which the transgenes are driven by CaMV35S and Arabidopsis AtHKT1;1 promoters, respectively.
Arabidopsis wild-type (WT) plants (ecotype Columbia) and a T-DNA-tagged athkt1;1 mutant line
(ABRC Stock Number: CS372002 [55]) were transformed with expression vectors pGH1-SvHKT1;1
and pAtHKT1-SvHKT1;1, respectively, by floral dipping [56]. Agrobacterium strain GV3101 was used
for transformation.

4.7. Cultivation of Arabidopsis Plants

Seeds of Arabidopsis were sown on 1/2 MS agar medium (1/2 MS salts, 1% sucrose and 0.8% agar
at pH 5.7). The plants were grown at 23 ◦C under a 16-h/8-h light/dark cycle with approximately
60 μmoL·m−2·s−1 light intensity. For salt stress treatment at seedling stage, seven-day-old seedlings
were transplanted onto 1/2 MS agar medium supplemented with 50 mM NaCl and incubated for a
further 14 days.

Hydroponic culture of transgenic Arabidopsis was performed using the Home Hyponica Karen
(Kyowa Co., LTD, Osaka, Japan) system with 1/2 MS medium or 1/2 Hoagland salt solution [57]
supplemented with 0.2% 2-(N-morpholino)ethanesulfonic acid (MES) as the hydroponic culture
solution. Fourteen-day-old plants grown on 1/2 MS agar medium were transplanted to the hydroponic
system. For salt stress treatment at bolting stage, the hydroponic culture solution was replaced with 1/2
MS medium supplemented with 0 or 100 mM NaCl and 0.2% MES at the age of 24 days, when plants
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had almost started bolting. For RNA extraction, 14-day-old Arabidopsis plants cultivated on 1/2 MS
agar medium were used.

4.8. Measurement of Ion Concentrations in Plants

Measurement of ion concentrations in plants was performed as described previously using an Ion
Analyzer IA-300 (Toa DKK, Tokyo, Japan) [16].

4.9. Collection of Xylem and Phloem Saps

Transgenic and WT Arabidopsis plants were grown on 1/2 MS plate medium supplemented with
1% sucrose (pH 5.7) for two weeks, and then were transplanted to liquid 1/2 Hoagland solution
supplemented with 0.2% MES (pH 5.7) until they reached the bolting stage. Collection of xylem and
phloem sap was carried out according to the methods of Sunarpi et al. [20]. The collected samples
were used for ion measurement using an Ion Analyzer IA-300.

4.10. Measurement of Ion Uptake and Translocation Rates in Arabidopsis Seedlings after Salt Treatment

Rates of Na+ and K+ uptake or release in WT plants and the transgenic lines were determined
based on the changes in their Na+ and K+ concentrations after exposure to salinity stress. Seedlings at
12 days old grown on 1/2 MS agar medium supplemented with 1% sucrose were used. Ten seedlings
were pooled and used as one sample. Nine pooled samples were prepared for each line. The pooled
samples were transferred into microcuvettes filled with 3.0 mL of 1/2 MS liquid medium, taking care to
fully immerse the roots into the medium; finally they were incubated at 23 ◦C under approximately
60 μmoL·m−2·s−1 light intensity. After 24 h of incubation, three pooled samples were harvested from
each line as samples before salt treatment (zero-time samples). They were briefly washed with pure
water, harvested by dividing into shoots and roots, and dried at 60 ◦C overnight to determine the
dry weight (DW). The remaining pooled samples were briefly washed in liquid 1/2 MS medium
supplemented with 100 or 200 mM NaCl (three pooled samples for each condition), transferred to
another microcuvette filled with 3.0 mL of 1/2 MS medium supplemented with 100 or 200 mM NaCl.
After 60 min of incubation, seedlings were briefly washed in pure water, harvested as salt-treated
samples (samples after 60 min) by dividing into roots and shoots, and dried at 60 ◦C overnight to
determine their DW. The change in Na+ and K+ concentrations in the roots, shoots, and whole plants
by 60 min of 100 or 200 mM NaCl treatment was calculated and expressed as millimoles per gram of
dry weight per hour (mmol·g DW–1·h–1).

5. Conclusions

SvHKT1;1 from a halophytic turf grass, S. virginicus. SvHKT1;1 is an Na+ transporter and
its expression is abundant in the shoots compared with the roots in S. virginicus and interestingly
upregulated only by severe salt stress (500 mM NaCl). Arabidopsis constitutively expressing SvHKT1;1
showed higher shoot Na+ concentrations and lower salt tolerance than WT plants by its enhanced Na+

uptake in roots. Na+ concentrations in phloem sap of the transgenic Arabidopsis were higher than
those in WT plants under salt stress These results suggested possibility that SvHKT1;1 plays a role in
preventing excess shoot Na+ accumulation in S. virginicus.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/17/
6100/s1: Figure S1: Alignment of partial amino-acid sequences of selected class I HKTs, Figure S2: Expression
profiles of SvHKT1;1 gene in Sporobolus virginicus, Figure S3: Growth of yeast strain 9.3 transformed with the
empty vector or the plasmid containing SvHKT2;1 or SvHKT1;1 gene, Table S1: Accession numbers for amino-acid
sequences of HKTs used for phylogenetic analysis.
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Abstract: Watermelon (Citrullus lanatus L.) is a widely popular vegetable fruit crop for human
consumption. Soil salinity is among the most critical problems for agricultural production,
food security, and sustainability. The transcriptomic and the primary molecular mechanisms
that underlie the salt-induced responses in watermelon plants remain uncertain. In this study,
the photosynthetic efficiency of photosystem II, free amino acids, and transcriptome profiles of
watermelon seedlings exposed to short-term salt stress (300 mM NaCl) were analyzed to identify
the genes and pathways associated with response to salt stress. We observed that the maximal
photochemical efficiency of photosystem II decreased in salt-stressed plants. Most free amino
acids in the leaves of salt-stressed plants increased many folds, while the percent distribution of
glutamate and glutamine relative to the amino acid pool decreased. Transcriptome analysis revealed
7622 differentially expressed genes (DEGs) under salt stress, of which 4055 were up-regulated.
The GO analysis showed that the molecular function term “transcription factor (TF) activity” was
enriched. The assembled transcriptome demonstrated up-regulation of 240 and down-regulation of
194 differentially expressed TFs, of which the members of ERF, WRKY, NAC bHLH, and MYB-related
families were over-represented. The functional significance of DEGs associated with endocytosis,
amino acid metabolism, nitrogen metabolism, photosynthesis, and hormonal pathways in response
to salt stress are discussed. The findings from this study provide novel insights into the salt tolerance
mechanism in watermelon.

Keywords: watermelon; salt stress; RNA-seq; amino acids; endocytosis

1. Introduction

Soil salinization is recognized as a major problem for agricultural production and sustainability
at a global level. The area of degraded saline soils has rapidly increased due to climate change and
limited rainfall, posing a great challenge to global food security [1]. It is estimated that around 20%
to 50% of irrigated land is salt-affected in arid and semi-arid regions [2–4]. Salt adversely impacts
plant growth and development as it holds water and nutrients in the soil at high tension making these
components unavailable for plants at the root zone.

Watermelon (Citrullus lanatus L.) is a widely popular vegetable fruit crop for human consumption
worldwide. Although China tops the watermelon production, it is grown widely across arid and
semi-arid environments in the world. Watermelons can tolerate some degree of soil acidity [5] but
grow best in non-saline sandy loam or silt loam soils. The research efforts to improve salt tolerance
using conventional or transgenic breeding have had limited success due to the genetically and
physiologically complex nature of salt-induced responses [3,6]. In watermelon, approaches such as
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salt-tolerant rootstocks [5,7,8] and agronomical practices [9,10] have been explored. Understanding the
molecular mechanisms underscoring the salt stress response in model xerophyte plant species would
contribute to finding conserved response cues in plants and identifying salt-tolerant traits [11–13].
Watermelon, being relatively tolerant of drought and salt stress, makes an excellent model crop
to study salt stress-induced responses. There has been little research on transcriptome analysis to
understand molecular regulation of salt stress-induced responses in watermelon. In the present study,
we examined gene expression changes in watermelon seedlings due to short-term salt stress using
RNA sequencing (RNA-seq) and discuss putative candidate genes and pathways associated with salt
stress induced responses. The results from this study will provide a foundation to understand salt
tolerance mechanisms and its exploitation to allow development of salt-tolerant watermelon cultivars.

2. Results

2.1. Validation of Salt Stress Treatment

We studied how short-term exposure of watermelon seedlings to salt stress changed chlorophyll
fluorescence parameters (as determined on dark-adapted and illuminated leaves) and amino acid
metabolism. Six-week-old seedlings of the cultivar Crimson Sweet subjected to salt stress treatment
were monitored for photosystem II (PSII) performance to measure the maximal quantum yield of
PSII photochemistry (Fv/Fm) and the efficiency of excitation capture of the open PSII center (Fv’/Fm’)
(Figure 1). Measurements of photosystem II efficiency showed a consistent reduction in the PSII
efficiency (Qy) in both dark-adapted and illuminated leaf samples. The decrease in Qy in treated
plants was much more rapid than the control ones over time. Early decrease in Qy in our experiment
is consistent with reports showing inhibition of PSII activity due to salt stress [8,14,15]. In the
light-adapted leaves, Qy of salt-stressed tissues was dramatically lower than that of control plants,
confirming a negative effect on the quantum yield of PSII electron transport by salinity stress after
seven hours of exposure.

Figure 1. Photosynthetic efficiency of photosystem II. The maximal quantum yield of photosystem
II (PSII) photochemistry (Fv/Fm) (A) and the efficiency of excitation capture of the open PSII center
(Fv’/Fm’) (B) in cv. Crimson Sweet leaves under salt stress were measured using FluorPen (PAR-FluorPen
FP 110/D). Asterisks ** and * represent significant difference at p < 0.05 and p < 0.1, respectively. Qy,
equal to Fv/Fm in the dark (A) or light-adapted (B) samples, photosystem II efficiency. The error bars
represent the standard deviation.

During salt stress, plants accumulate high concentrations of compatible osmolytes, such as
nitrogen-containing compounds, mainly amino acids. In this study, most free amino acids showed
several-fold increases in response to salt stress implying that the accumulation of free amino acids is
crucial to salt stress in watermelon (Figure 2). The changes in the percent of amino acids relative to the
pool size are shown in Figure S1 (Supplementary Materials) and the absolute amounts of each amino
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acid in Table S1 (Supplementary Materials). The branched-chain amino acids (valine, Val; isoleucine,
Ile; leucine, Leu), serine (Ser), and Asparagine (Asn) showed much higher fold change increases than
glutamate (Glu) and glutamine (Gln). The relative proportion of most amino acids also increased in
the leaves after salt stress, except Glu, Gln, tryptophan (Trp), and glycine (Gly). No significant changes
were observed in the content of most amino acids in roots due to short-term salt stress (Table S1),
implying their limited localized synthesis or transport. It has been suggested that high abundant amino
acids (proline, Pro; Arginine, Arg; asparagine, Asn, Glu) are synthesized during abiotic stress, while the
low abundant amino acids (BCAAs) accumulate due to increased protein turnover or degradation
under conditions such as salt stress [16,17]. However, such an increase in amino acid accumulation
through proteolysis happens to a lesser extent in salt stress than drought stress [18]. Consistent with the
meta-analysis [1], we also observed a significant decrease in the proportion of Glu and Gln, which serve
as precursors for the synthesis of Pro, citrulline (Cit), and Arg, as well as polyamines. There was a
limited increase in terms of fold change or change in percent accumulation in Pro or Cit, which are a
major drought stress-induced amino acids in watermelon leaves [19]. Our results are consistent with
studies that showed non-overlapping patterns of amino acid accumulation in salt stress and drought
stress as well as a smaller increase in Cit due to salt stress [20] than drought stress.

Figure 2. Fold-change increases in amino acids in watermelon leaves due to salt stress: The fold-change
in plants treated with NaCl relative to the control group for amino acids showing significant changes
(t-test, p < 0.05). The absolute amino acid quantities were normalized using internal standards and
expressed as fold-change relative to control.

2.2. Transcriptome Profiling of Salt-Stressed Seedlings

To understand the transcriptomic changes due to salt stress, we performed RNA-seq analysis
of seedlings exposed to salt stress. A total of six libraries were sequenced using the Illumina
HiSeq platform comprising three replicates each of the control and salt-treated plants. On average,
42.20 to 47.67 million paired-end raw reads were generated from leaf tissues in both treatments,
of which more than 96% mapped to the reference watermelon genome (Supplementary Materials,
Table S2). The RNA-seq dataset is accessible through GEO Series accession number GSE146087
(https://www.ncbi.nlm.nih.gov/geo/).

2.3. Identification of Differentially Expressed Genes (DEGs)

The relative expression levels of genes were evaluated as the fragment per kilobase of transcript
sequence per millions base pairs sequenced (FPKM) values, calculated based on the uniquely mapped
reads for under control or salt stress condition. The RNA-seq data identified a total of 7622 differentially
expressed genes in response to salt stress using comparative analysis when a cutoff of adjusted p-value
(padj) < 0.05 and |log2fold change [L2fc]| > 1 were used. Out of the total DEGs, 4055 (53.2%) of those
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DEGs were up-regulated, while 3,567 (46.8%) of them were down-regulated. A volcano scatter plot
showing the number of DEGs (Figure 3) and a list of DEGs is presented in the Supplementary Materials
(Table S3). A wider dispersion indicates the presence of a higher level of difference regarding gene
expression in response to salt stress. A higher number of up-regulated than down-regulated DEGs is
consistent with a meta-analysis that included 25 independent salt stress transcriptomic studies [12],
suggesting activation of a set of conserved genes regulating intrinsic salt-stress induced responses.

Figure 3. Summary of differentially expressed genes (DEGs) in the watermelon leaves during salt stress.
Each point represents a gene; blue dots indicate no significant difference; red dots indicate up-regulated
DEGs; green dots indicate down-regulated DEGs. The horizontal axis shows the fold change of genes
between different samples (padj < 0.05), and the vertical coordinate indicates the statistically significant
degree of changes in gene expression levels at −log10 (padj p-value).

2.4. GO, and KEGG Enrichment Results of DEGs

To uncover the molecular mechanisms underlying the salt tolerance in watermelon leaves,
the DEGs were characterized using the Gene Ontology (GO) knowledgebase (http://geneontology.org/).
GO enrichment scatterplots show the top 20 enriched functions for up- or down-regulated DEGs
due to salt stress (Figure 4). Among the biological process (BP) terms the function “protein folding”
(GO:0006457) and among the molecular function (MF) the function “transcription factor activity”,
sequence-specific DNA binding (GO:0003700) were enriched in the up-regulated unigenes with the
cutoff of adjusted q-value < 0.05. On the contrary, in the cellular component (CC) category, “thylakoid”
(GO:0009579), “photosystem” (GO:0009521), “photosynthetic membrane” (GO:0034357), “chromosomal
part” (GO:0044427), “photosystem I” (GO:0009522), “chromosome” (GO:0005694), and “photosystem
II” (GO:0009523) were the most enriched GO terms among the down-regulated DEGs.
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Figure 4. Gene Ontology (GO) enrichment scatter plot. The GO enrichment analysis showing the
top 20 enriched functions for up-regulated (A) and down-regulated (B) DEGs. The horizontal axis is
GeneRatio (the ratio between the number of differentially expressed genes in each GO term, and all
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differentially expressed genes that can be found in the GO database). The vertical axis is the description
of GO terms. The significance showing padj q-values are shown as a color scale, where the color and
size of the dots represent the range of q-value, and the number of DEGs mapped to the indicated
functions, respectively.

Pathway analysis of DEGs was performed using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database with KOBAS [21]. The up-regulated and down-regulated DEGs were
assigned to 106 and 114 pathways, respectively. The KEGG enrichment analysis showing the top
20 enriched functions is shown in Figure 5. The KEGG pathway annotations like “Ribosome
biogenesis in eukaryotes”, “Endocytosis”, “Protein processing in endoplasmic reticulum” and
“Spliceosome” were enriched in the up-regulated unigenes due to salinity stress. However, among
the down-regulated unigenes, several KEGG pathways were significantly enriched such as “glycan
degradation”, “beta-Alanine metabolism”, “Terpenoid backbone biosynthesis”, “Photosynthesis”,
“Photosynthesis-antenna proteins”, “Histidine metabolism”, “Glycosaminoglycan degradation”,
“Valine, leucine, and isoleucine degradation”, “Folate biosynthesis” and “Homologous recombination”.

Figure 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment scatter plot. The KEGG
enrichment analysis showing the top 20 enriched pathways for up-regulated (A) and down-regulated
(B) DEGs. The horizontal axis is GeneRatio (the ratio between the number of differentially expressed
genes in each pathway, and all differentially expressed genes that can be found in the KEGG database).
The vertical axis is the description of the KEGG term. The significance showing padj q-values are
shown as a color scale, where the color and size of the dots represent the range of q-value and the
number of DEGs mapped to the individual pathways, respectively.

2.5. Differentially Expressed Transcription Factors (TF) in Response to Salinity Stress

TFs play a critical role in salt stress-induced responses via transcriptional regulation of several
genes in plants [22]. The assembled transcriptome demonstrated a total of 240 differentially expressed
TFs were up-regulated in NaCl-treated leaf samples, while 194 TFs showed decreased expression
due to salinity stress. The distribution of transcription factor families identified among DEGs in
watermelon leaves in response to salt stress is shown in Figure 6. Of the up-regulated TFs, the largest
number was found in ERF (36 unigenes), followed by WRKY (23 unigenes) and NAC (19 unigenes)
families. In contrast, the largest number of down-regulated TFs were found in bHLH (24 unigenes),
MYB-related (16 unigenes), and C2H2 (15 unigenes) families. The up-regulation of members of
ERF TFs in this study indicates the significant involvement of the ethylene signaling pathway in
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response to salt stress in watermelon. Ethylene signaling modulates salt response via membrane
receptors, components in the cytoplasm, and transcription factors [23]. The salinity stress promotes
ethylene biosynthesis activating the downstream network and expression of ERFs [24]. The role of
several tomato ERF.E2, ERF.F5, ERF.E3, ERF.B3, and ERF84 genes in enhancing salt tolerance has been
demonstrated [25–29]. The ectopic expression of the barley [30], wheat [31,32], and rice [33] ERF genes
also enhanced tolerance to salt stress. Consistent with our results, recent transcriptomic studies in
cotton [34] and potato [35] plants revealed the induction of a high proportion of ERFs in response to
salt stress, suggesting the essential role of ERFs in salt response mechanisms in plants. Despite its
significance, with few exceptions [36,37], there is not much information available about the role of ERF
TFs in cucurbits. The WRKY TF family is one of the largest families in higher plants and plays a crucial
role in plant development and stress responses, including salt stress. Our results are consistent with
a study showing the up-regulation of most WRKY genes using NaCl treatment in watermelon [38]
and Cucurbita pepo [39]. Transcriptomic studies in other plants have demonstrated the differential
expression of several members of the WRKY family in response to salt stress [40,41]. The functional
role of WRKY TFs in enhancing salt tolerance has been validated using transgenic approaches by
overexpressing WRKY genes from maize [42], cotton [43], soybean [44] and grapevine [45]. Similarly,
NAC TFs have been implicated in a wide range of stresses, including salinity. Our data is in agreement
with studies validating the induction of several NAC TFs during salt stress in watermelon [46] and
melon [47].

Figure 6. Distribution of transcription factor families. The red and green bars show the total number of
down-regulated and up-regulated TFs in the respective family, respectively.

Reliability of Transcriptome Sequencing Data

To validate the reliability of transcriptome sequencing data, relative gene expression analysis
of selected genes associated with Cit metabolism (AAT, N-acetylornithine; AOD2, N-acetylornithine
deacetylase; ArgD, arginine decarboxylase; ASL1, arginosuccinate lyase; ASS1, arginosuccinate
synthase; CPS1 and CPS2, carbamoyl phosphate synthase; OTC, ornithine carbamoyltransferase) was
performed using real-time quantitative PCR (qRT-PCR). Cit is a major non-protein amino acid in
watermelon and accounts for almost 50% of the leaf amino acid pool in response to abiotic stress [19]. Cit,
being an intermediate of the master metabolic pathway that synthesizes several salt stress-associated
metabolites (spermine and spermidine, Pro, GABA, Arg), selected genes associated with its metabolism
were expected to perturb in response to salt stress. The qRT-PCR data (Figure 7) were very consistent
with the transcriptome sequencing data. Additionally, the linear regression equation y = 0.9229x
− 0.395 with a high correlation (R2 = 0.97) showed a positive correlation and significant similarity
between the two analysis techniques (Figure S2). The expression of AOD2 and ASS1 was significantly
induced in salt-stressed samples, while the expression of CPS2 was down-regulated. The induction in
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the expression of AOD2 in salt-treated samples explains the enhanced accumulation of Cit, while the
upregulation of ASS1 supports the enhanced Arg accumulation.

Figure 7. Quantitative real-time PCR (RT-qPCR) analysis.). Relative expression profiles of genes
involved in the citrulline metabolic pathways in seedling leaf tissues of Crimson Sweet due to salt
stress. The error bars are the means ± SE (n = 3), and asterisks (*) represent significant differences
between treated and control tissues (p < 0.05).

The reliability of RNA-seq data was further validated by comparing the correlations among
biological replicates using the Pearson correlation coefficient (Figure S3). Unlike the high correlation
among the libraries for the same treatment (i.e., biological replicates), the weak correlation across
treatments (control vs. salt treatments) suggests a larger effect of salt stress on the gene expression
profiles of watermelon leaf tissues. Additionally, to demonstrate the source of variance in the RNA-seq
data, principal component analysis (PCA) with three principal components (PC1, 2, and 3) was
performed (Figure S4). The PC score plots showed that the contribution of PC1 alone was 74.94%,
followed by PC2, (9.44%), and PC3 (6.60%). The three biological replicates were collected after salt-stress
and control samples were clustered together, validating the minimal variance in the analysis and
suitability of data for the subsequent analysis.

3. Discussion

3.1. DEGs Associated with Endocytosis

High concentrations of salt lower the water potential and lead to ionic disequilibria across the
plasma membrane, which subsequently inhibits cellular activities by entering the cytoplasm [48].
Endocytosis involves the internalization of plasma membrane proteins into the cell via a series of
vesicle compartments and plays an essential role in cellular responses to environmental stimuli [49].
KEGG enrichment analysis revealed that the “Endocytosis” pathway was significantly activated
in response to salt stress (Figure S5, Supplementary Materials, Table S4). Besides its role in plant
growth and development, endocytosis is involved in inducing abiotic stress responses by regulating
vacuolar transport [50]. Endocytosis controls cell polarity and signaling by regulating plasma
membrane-associated receptors and transporters proteins [51] and the production of ROS needed
for salinity tolerance [52]. The role of vesicle trafficking in adaptation against salinity stress has
been validated [53–58]. Our data confirmed the induction of several Rab genes (ClCG02G019840,
ClCG10G007150, ClCG10G012520, ClCG09G002000) in response to salt stress. The expression of
native Rab7 from Pennisetum glaucum and its overexpression in tobacco [57] and rice [58] were greatly
induced by salt stress. Exposure of plants to the salinity stress also activates phospholipase D (PLD),
a phosphatidyl choline-hydrolyzing enzyme that triggers the activation of the downstream adaptive
responses to relieve the damage caused by stress, including salinity [59]. Consistent with studies
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reporting activation of PLDs due to salt stress [60–63], expression of watermelon PLDs (ClCG00G000210,
ClCG08G014000, ClCG06G004910) were also induced due to salt stress. Further, vacuolar protein
sorting (VPS) components play an important role in maintaining osmo-homeostasis of vacuoles by
sequestering toxic ions, like sodium and chloride, or other compounds involved in osmoregulation.
Several VPS genes were up-regulated due to salt stress in this study. Additionally, expression of genes
involved in the formation of clathrin-coated vesicles such as clathrin proteins (ClCG11G006070), ADP
ribosylation factors (ClCG05G025400, ClCG07G011900, ClCG10G001580, ClCG10G021000), ARF-guanine
nucleotide exchange factors (ClCG01G025140, ClCG11G018450, ClCG01G014890), adaptor protein
(ClCG02G021820), and products in phosphatidylinositol signaling (ClCG03G009330) were up-regulated
due to salt stress. The molecular chaperones HSP70 mediate uncoating of vesicles before merging
with early endosomes. In our study, four DEGs encoding HSP70 (ClCG04G008300, ClCG09G019940,
ClCG09G020000, ClCG11G011300) assigned to the endocytosis pathway were strongly up-regulated.
Studies have confirmed the induction and up-regulation of HSP70 in saline stress situations rice [64],
wheat [65], and potato [66].

Additionally, we found several genes in the SNARE interaction in the vascular proteins
pathway were up-regulated due to salt stress (Figure S6, Supplementary Materials, Table S5).
The members of the superfamily of N-ethylmaleimide-sensitive factor adaptor protein receptor
(SNARE)-domain-containing proteins are involved in transport processes between individual
compartments, including endocytosis [67]. Although a high number of SNARE proteins are present in
the plant kingdom, their role in plant biotic and abiotic stress has only been recently understood [68].
We identified several Syntaxin family proteins (ClCG02G015160, ClCG07G004070, ClCG08G012870,
ClCG09G005420, ClCG10G004910, ClCG10G018250) and Golgi SNAP receptor complex member 1, target
SNARE coiled-coil domain, vesicle-trafficking SEC22b, and vesicle transport v-SNARE 11-like genes that were
up-regulated. Several studies [69–72] have reported the functional role of SNARE interactions in salt
stress, justifying the significance of SNARE proteins in salt stress-induced responses in watermelon.

3.2. DEGs Related to Amino Acid Metabolism

To counter the detrimental effects of salt-induced stress, plants produce compatible solutes like free
amino acids to minimize high salinity-caused osmotic stress. Positive correlations between increased
salt tolerance and accumulations of total free amino acids have been reported in several crops [73–76].

3.2.1. Branched-Chain Amino Acids (BCAAs)

Proline accumulation is known as an important mechanism in osmotic regulation in plants
under a wide range of abiotic stresses [77]. However, it has been recognized that the levels of other
amino acids, like BCAAs, are often greater or comparable to proline [19,78,79]. A partial deficiency
of BCAAs resulted in increasing the sensitivity to salt stress [80]. Induction in the expression of
threonine dehydratase (ClCG04G009590) along with the repression of both Thr catabolic threonine aldolases
(ClCG02G017030 and ClCG06G009580) are in agreement with increased accumulation of BCAAs.
The up-regulation of branched-chain amino acid aminotransferase (BCAT, ClCG08G016800), involved
in both the synthesis and degradation of BCAAs, suggests its role in maintaining the non-toxic
levels of free BCAAs and alleviating the injury caused by salt stress. The down-regulation of several
genes involved in the degradation of BCAAs such as 2-oxoisovalerate dehydrogenase (ClCG03G014630),
3-hydroxyisobutyrate dehydrogenase (ClCG03G006140, ClCG05G009680), 3-hydroxyisobutyryl-CoA hydrolase
(ClCG05G002680, ClCG05G016290, ClCG11G016500, ClCG03G012360), 3-ketoacyl-CoA thiolase
(ClCG01G011180, ClCG02G002930), methylcrotonoyl-CoA carboxylase (ClCG02G006000), and several
aldehyde dehydrogenases substantiates the role of BCAA accumulation during salt stress. A partial
deficiency of BCAAs resulted in increasing the sensitivity to salt stress in Arabidopsis [80]. Although
several studies have reported stress-induced accumulation [75], the metanalysis of transcriptome and
metabolome datasets revealed that the low abundant BCAAs could also accumulate due to increased
protein degradation [16]. Nevertheless, it has been suggested that BCAAs can serve either as substrates
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for stress-induced protein biosynthesis or as signaling molecules for regulating stress-responsive gene
expression [80]. Intriguingly, acetolactate synthase (ALS) small subunit (ClCG03G010140), involved
in BCAAs synthesis, was also down-regulated. However, though the feedback inhibition of ALS
by BCAAs lacks recent experimental evidence, the non-overlapping sub-cellular localization of ALS
subunits and their functional roles in Na+ homeostasis suggest the need for additional studies to
understand the significance of ALS in salt stress-induced responses [80].

3.2.2. Arginine-Polyamine-β-Alanine Pathway

Increased Arg accumulation, which is a precursor for polyamine synthesis, is supported
by up-regulation in the expression of argininosuccinate synthase (ClCG06G017780), along with
down-regulation of arginine decarboxylase (ClCG06G014050) and arginine biosynthesis bifunctional protein
(ArgJ; ClCG10G020940), suppressing a futile cyclic version of arginine biosynthesis. Besides their role in
plant growth and development, polyamines like putrescine (Put), spermine (Spm), and spermidine (Spd)
play an important role in response to abiotic stress [81]. Put is synthesized directly from arginine by
catabolic enzymes arginine decarboxylase (ADC) or agmatine deiminase (ADI) or from ornithine, catalyzed
by ornithine decarboxylase (ODC). Put then converts to Spm and Spd via spermidine synthase and spermine
synthase in the presence of decarboxylated S-adenosylmethionine (dcSAM) [82], which is synthesized
by SAM decarboxylase (SAMDC) via decarboxylation of S-adenosylmethionine (SAM) [83]. In our
study, RNA-seq analysis showed up-regulation of SAMDC (ClCG05G011880) and relatively abundant
spermidine synthases (ClCG05G025220 and ClCG05G008800) but down-regulation of less abundant
spermidine synthases (ClCG06G016890 and ClCG05G005220) genes. Unlike ADC (ClCG06G014050),
expression of ADI (ClCG06G015290) and ODC (ClCG08G013990) involved in Put synthesis were
also up-regulated. Although the expression of ADC expression was reduced, an induction of ODC,
which catalyzes an alternative pathway of Put synthesis, seems to partly compensate the need for
production of Put during salt stress. The polyamines Spm and Spd also serve as precursors of β-alanine
synthesis in plants. β-alanine is converted to a quaternary ammonium osmoprotective compound
called β-alanine betaine participating in tolerance to high salt concentration [84,85]. Up-regulation
of polyamine oxidase 1 (ClCG09G003930) and polyamine oxidase 2 (ClCG07G010820, ClCG11G016630)
further supports the possible involvement of β-alanine in salt-induced responses.

3.2.3. Amino Acid Transporters

Altered amino acid compositions in response to salt stress subsequently result in alterations in
the expression of amino acid transporters. Several amino acid transporters have been identified in
plants [86–88] and are grouped into two subfamilies based on sequence similarities and biochemical
properties. Under salt stress, we identified a total of 45 up-regulated DEGs and 17 down-regulated
DEGs associated with amino acid transport function (Supplementary Materials, Table S6). Salt stress
induces changes in amino acid compositions, and the enhanced expression of amino acid transporters
has been validated in Arabidopsis [89], rice [87], and wheat [90]. The DEGs involved in amino acid
transport may play important roles in regulating the partitioning of different amino acids and maintain
osmotic potential in response to salt stress.

3.3. DEGs Associated with Nitrogen Metabolism

Nitrogen (N) metabolism, a central process for plant growth and development, is strongly
influenced by salinity. Excess salt disturbs different steps of N metabolism, namely nitrate (NO3

-) or
ammonium (NH4

+) uptake, N transport and assimilation into amino acids, and protein synthesis [91].
The absorbed N is reduced to nitrite by nitrate reductase (NR) and then to NH4

+ by nitrite reductase
(NiR). N is further assimilated into Gln and Glu via glutamine synthetase (GS) and glutamate synthase
(GOGAT) and used for further biosynthesis of other nitrogenous compounds. NH4

+ can be
incorporated into Glu by glutamate dehydrogenase (GDH). Although the activities of GOGAT, GS,
and GDH exhibit salt-dependent regulation, their regulation (induction or repression) varies among
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species, cultivars, tissues, and developmental changes [92,93]. A salt-induced reduction [94] and
stimulation [95] of NR activity have been reported in plants. Our results showed that salt stress
selectively inhibited high-affinity nitrate transporters (ClCG05G025540, ClCG03G003060) and NRT1 like
genes (ClCG02G009090, ClCG10G002910) but induced expression of low-affinity nitrate transporters
(ClCG06G016390, ClCG11G002980), suggesting differential impacts of salinity on the transporters.

Further, the down-regulation of two glutamate dehydrogenases (ClCG01G004910, ClCG04G005320,
ClCG07G013590), glutamine synthetase (ClCG09G004580), and carbonic anhydrases (ClCG05G025330,
ClCG10G018930) validated the negative impacts of salt stress on nitrogen assimilation. The expression
of the gene encoding alanine transaminase (ClCG09G001390) was up-regulated, causing 2-oxoglutarate
to generate Glu. Glutamate decarboxylase (GDC) promotes the synthesis of Pro and GABA from Glu.
Our data showed that the expression of GDCs (ClCG00G006020, ClCG01G006890, ClCG01G006910)
was highly induced in response to salt stress, implying increased accumulation of Pro and downstream
metabolites such as citrulline or polyamines contribute towards salt tolerance. Differential responses
of various members of the same gene family due to salt stress are consistent with a study in rice [96].
Accumulation of excess Ser can be attributed to the activation of phosphorylated pathways of Ser
synthesis as the expression of D-glycerate 3-kinase (ClCG09G002370), D-3-phosphoglycerate dehydrogenase
(ClCG05G010250) and phosphoserine aminotransferase (ClCG10G000330) were strongly up-regulated.
Ser is considered as a critical player in biochemical responses for the regulation of intracellular redox,
energy levels, and cellular pH, particularly in stress conditions [97].

3.4. Disruption of the Energy Metabolisms by the Salt Stresses

Effective photosynthesis results through coordinated activities of four protein complexes—PSI,
PSII, the cytochrome b6/f complex, and ATP synthase. As confirmed in the GO and KEGG pathway
enrichment analysis, several DEGs identified in this study associated with these complexes were
down-regulated due to salt stress (Figure S7, Supplementary Materials, Table S7). The down-regulation
of PsbO (ClCG01G016370), PsbP (ClCG07G010800), PsbQ (ClCG05G000900, ClCG03G005130),
PsbS (ClCG08G005640), and PsbW (ClCG02G016710, ClCG09G007590) in PSII complex were consistent
with decreasing magnitude of Fv/Fm, suggesting impaired chlorophyll fluorescence of PSII during salt
stress progression. Although both the PSI and PSII reaction centers are affected by salt stress, studies
in cucumber found that PSI is more vulnerable to injury than PSII [98]. Several genes encoding PSI
protein complex viz PsaE (ClCG11G010230), PsaF (ClCG01G009000), PsaG (ClCG10G004510), PsaH
(ClCG07G013150), PsaK(ClCG01G025030), PsaL(ClCG11G010740), PsaN (ClCG01G015380), and PsaO
(ClCG01G011760), along with proteins involved in photosynthetic electron transfer (PetE, PetF, PetH),
were also down-regulated confirming inhibition of photosynthetic activities under salt stress. A
decrease in electron transfer rate accumulates excess electrons leading to electron leakage, which results
in the outbreak of reactive oxygen species (ROS) and damage to the PSII reaction center [99,100]. Further,
nearly all the proteins (Lhca1 to Lhca5, Lhcb1 to 4, Lhcb7) involved in light-harvesting chlorophyll
(LHC) were down-regulated (Figure S8, Supplementary Materials, Table S7). The inactivation of
photosynthesis and LHC complex due to salt stress observed in this study is consistent with several
studies [56,101,102] and validates the role of PSI and PSII complexes in balancing energy supply and
ROS generation under salt stress in watermelon.

3.5. DEGs Associated with Hormonal Regulation

In the present study, the functional analysis identified many DEGs associated with hormone
signaling transduction pathways emphasizing the involvement of plant hormones in regulating the
response to salt stress in watermelon leaves. We grouped the DEGs into various phytohormone signaling
pathways, such as auxin (AUX), cytokinin (CTK), gibberellin (GA), abscisic acid (ABA), ethylene
(ETH), brassinosteroid (BR), jasmonic acid (JA), and salicylic acid (SA) (Figure 8, Supplementary
Materials, Table S8). Studies have confirmed the reduced auxin levels and decreased auxin transporter
expression in plants under saline conditions [103,104]. The expression of most of the genes involved in
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auxin signal transduction pathways such as auxin transporter protein 1 (AUX1), transport inhibitor
response (TIR1), auxin response factor gene (ARF), auxin early response gene (Aux/IAA), and small
auxin-up RNAs (SAUR) were significantly down-regulated in response to salt stress. Up-regulation
of GH3 genes due to salt stress is consistent with previous studies [105] and is possibly responsible
for triggering cellular mechanisms to protect cell auxin homeostasis during changes in extracellular
auxin levels. Although cytokinins play an important role in plant growth and development, numerous
pieces of evidence indicate both positive and negative effects on stress tolerance. Salt-treated plants
showed increased or decreased accumulation of active cytokinins in plants [106–108]. In our study,
expression of genes CRE1, B-ARR, and A-ARR were up-regulated, while B-ARR was down-regulated
due to salt stress. The changes in the expression of genes associated with cytokinins are consistent
with salt-induced changes in tomato [109,110] and Arabidopsis [108] plants.

The ABA signaling pathway is associated with salt stress-induced responses and helps plants
by reducing the buildup of Na+ and improving osmotic adjustment. In the present study, three of
the ABA receptors (PYR/PYL) and serine/threonine-protein kinase 2 (SNRK2) were significantly
down-regulated in salt treatment, suggesting inhibition of the ABA signaling pathway by saline
treatments. The only salt-induced changes in the expression of two F-box gibberellin-insensitive
dwarf2 (GID2) and transcription factor genes associated with the GA signaling pathway suggest a
sub-optimal role of the GA pathway in salt stress-induced responses in watermelon.

Although ethylene is a stress hormone regulating numerous stress responses, its specific roles in
salt stress tolerance in plants remain unclear [111]. In this study, we observed up-regulation of ethylene
receptors (ETR) and serine/threonine-protein kinase CTR1 (CTR1), which serve as negative regulators
of the ethylene signaling transduction pathway. On the contrary, a positive regulator of ethylene signal
transduction, ethylene-insensitive protein 3 (EIN3), was also up-regulated. No significant differences
in expression levels of EIN2 and ERF1/2 genes were observed. Taken together, salt stress seems to have
either a negative or trivial impact on the ethylene signaling pathway.

In the present study, genes involved in the BR pathway viz. BRI1-associated receptor kinase
(BAK1), BR-signaling kinase (BSK), brassinosteroid insensitive 2 (BIN2), and brassinosteroid resistant
1/2 (BZR1/2) were significantly up-regulated, suggesting activation of the BR signaling pathway in
response to salt stress. Similar activation of genes involved in the BR signaling pathway during salt
stress has been reported in Arabidopsis [112]. Up-regulation of the cyclin gene CycD3 in our study is
consistent with a study showing similar responses due to the exogenous application of 24-EBR [113].
Although the results confirm the activation of the BR signaling pathway, the exact functional relevance
of the BR pathway in salt-induced responses needs further investigation.

In the JA signal pathway, the expression of jasmonate ZIM domain-containing protein (JAZ)
genes and JASMONATE INSENSITIVE 1/MYC2 (JIN1/MYC2) were significantly up-regulated due
to salinity, indicating activation of JA signaling transduction by saline stress. The up-regulation of
COI1-dependent JA-responsive JAZ genes due to salt stress has been reported in Arabidopsis [114].
It is plausible to assume that salt stress-induced JA-Ile promotes the interaction of JAZ proteins with
COI1, followed by their degradation via the 26S proteasome and de-repression of MYC2 to induce
transcription of JA-responsive genes in watermelon.
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Figure 8. DEGs mapped to the plant hormone signaling transduction pathways in watermelon leaves.
(A) Auxin signaling pathway, (B) cytokinin pathway, (C) gibberellin (GA) pathway, (D) abscisic acid
pathway, (E) ethylene signaling pathway, (F) brassinosteroid pathway, (G) jasmonic acid pathway,
(H) salicylic acid pathway. The red and green boxes show the number of down- or up-regulated
DEGs, respectively.
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4. Materials and Methods

4.1. Salt Stress Experiment and Photochemical Efficiency Measurement

Watermelon (C. lanatus L. cv. Crimson Sweet) seeds were sown in trays filled with a soilless
media (Quick Dry Infield Conditioner, Turface Atheletics™, Buffalo Grove, IL, USA) and placed in the
greenhouse at the Texas A&M AgriLife Research and Extension Center, Uvalde, TX, USA. Six-week-old
seedlings with three fully expanded leaves were carefully lifted out from Turface media, washed under
running water, and incubated in 50 mL tubes (VWR®, Radnor Corporate Center, Radnor Township,
PA, USA) containing 300 mM NaCl and deionized water as a control (Barnstead™ Smart2Pure™
Water Purification System, Thermo Scientific, Waltham, MA, USA). The concentration of NaCl used
in this study was previously validated for its sensitivity in watermelon [115,116]. Chlorophyll
fluorescence was measured at the end of the experiment using a portable fluorometer (PAR-FluorPen
FP 110/D; PSI (Photon Systems Instruments), Drasov, Czech Republic) after dark adaption for 30 min.
This measurement was initiated from 1 h after initiation of the treatment and was continued every 2 h.
The maximum photochemical efficiency of PSII (Fv/Fm) was calculated according to the manufacturer’s
protocol. After 7 h of exposure to salt stress, leaf and root tissue samples were collected from four
independent seedlings for each treatment and flash-frozen using liquid nitrogen before storing at −80
°C for further processing.

4.2. Extraction Method and Quantification of Free Amino Acids with Ultra-Performance Liquid
Chromatography-Electron Spray Ionization Tandem Mass Spectrometry (UPLC-ESI-MS/MS)

Approximately 20 mg frozen tissue samples collected into 2 mL microcentrifuge tubes were
homogenized into fine powder in a paint shaker (Harbil model 5G-HD paint shaker) using 3 mm
stainless steel beads (Demag stainless steel balls, Abbott Ball Company, Inc., West Hartford, CT,
USA) to quantify free amino acids. Amino acids were extracted using an established protocol [34] by
suspending the homogenized samples in 100 mM cold HCl extraction buffer, followed by incubation
on ice (~20 min) and then centrifuging at a speed of 14,609× g for 20 min at 4 ◦C. The supernatants
were collected and filtered through a 96-well 0.45-μm-pore filter plate (Pall® Life Sciences Filter,
Pall Corporation, Port Washington, NY, USA). The eluents collected in 96-well trap plates were stored
at −20 ◦C for further amino acid quantification.

The derivatization of filtrates was carried out with an AccQ•Tag 3X Ultra-Fluor™ derivatization
kit (Waters Corporation, Milford, MA, USA) following the standard protocol. L-Norvaline (Sigma,
St. Louis, MO, USA) was used as an internal standard at a fixed concentration of at 25 pmol/μl. Amino
acid calibrators were purchased from KairosTM Amino Acid Kit (Waters Corporation, Milford, MA,
USA). Lyophilized amino acid powder of six amino acid calibrators representing different concentrations
(5.0 pmol/μL to 1000 pmol/μL) was reconstituted with 2 mL of 0.1 M HCl to establish detection limits
ranging from 0.45 pmol/μL to 90 pmol/μL. Calibration curves were built in TargetLynxTM Application
Manager (Waters Corporation, Milford, MA, USA).

UPLC-ESI-MS/MS analysis was performed using a Waters Acquity H-class UPLC system equipped
with a Waters Xevo TQ mass spectrometer by using electrospray ionization (ESI) probe. The Waters
Acquity H-class UPLC system was composed of an autosampler, a binary solvent manager, a Waters®

ACQUITY UPLC® Fluorescence (FLR) detector, a column heater and a Water’s AccQ•Tag Ultra column
(2.1 mm i.d. × 140 mm, 1.7 μm particles). The mobile phase consists of water phase (A) (0.1% formic
acid v/v) and acetonitrile (B) (0.1% formic acid v/v) with a stable flow rate at 0.5 mL/min and column
temperature setting at 55 °C. The gradient of non-linear separation was set as follows: 0–1 min (99%
A), 3.2 min (87.0% A), 8 min (86.5% A), and 9 min (5% A). Finally, 2 μL of the derivatized sample was
injected onto the column for analysis. IntelliStart software (Waters Corp, Milford, MA, USA) was
used to optimize amino acid multiple reaction monitoring (MRM) transitions, collision energy values,
and cone voltage. The ESI source was set to 150 ◦C with the gas desolvation flow rate at 1000 L/h, gas
flow cone at 20 L/h, desolvation temperature at 500 ◦C, the capillary voltage at 2.0 kV, gas collision
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energy varied from 15 to 30 V, and cone voltage at 30 V for detecting all amino acids. MRM was
operated in positive mode. Water’s MassLynx™ 4.1 software was used for instrument monitoring and
data acquisition. The data integration, calibration curves, and quantitation (0.45–90 pmol/μL) were
carried out with TargetLynx™ Application Manager (Waters Corporation, Milford, MA, USA).

4.3. cDNA Library Preparation and RNA-Seq Analysis of Salt-Stressed Seedling Leaves

Six independent libraries were created by using a total of 6 RNA samples from 3 replicate
leaf tissues of cv. Crimson Sweet under the control and salt-treated condition. The samples were
flash-frozen in liquid nitrogen and ground to a fine powder using 3-mm-diameter steel balls (Abbott Ball,
West Hartford, CT, USA) in a paint shaker (Harbil, Wheeling, IL, USA). Total RNA was extracted using
an RNeasy® Plant Mini Kit (QIAGEN Sciences, Germantown, MD, USA) as per the manufacturer’s
protocol. The purity of the RNA was confirmed using a NanoPhotometer® spectrophotometer
(IMPLEN GmbH, Inc., München, Germany). The RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, USA) was used to assess RNA integrity and quantitation.
Sequencing libraries were generated using a NEBNext® Ultra™ RNA Library Prep Kit for Illumina®

(New England Biolabs, Ipswich, MA USA) following the manufacturer’s protocol. The clustering of
the index-coded samples was performed on a cBot Cluster Generation System using PE Cluster Kit
cBot-HS (Illumina) according to the manufacturer’s instructions. After cluster generation, the libraries
were sequenced on an Illumina Hiseq platform, and 150 bp paired-end reads were generated. Raw
reads of fastq format were processed to obtain clean reads by removing the adapter, reads containing
poly N (reads when uncertain nucleotides constitute more than 10 percent of either read; N > 10%),
and low-quality reads (reads when low-quality nucleotides (base quality less than 20) constitute more
than 50% of the read). The Qscore (quality value) of over 50% bases of these reads is ≤5) from raw
data. At the same time, Q20, Q30, and GC content of the clean data were calculated. Watermelon
reference genome version 2 (cv. Charleston Gray) and gene model annotation files were downloaded
from CuGenDB (http://cucurbitgenomics.org/). Index of the reference genome was built using Bowtie
v2.2.3, and paired-end clean reads were aligned to the reference genome using TopHat v2.0.12. HTSeq
v0.6.1 was used to count the reads mapped to each gene. FPKM [117] of each gene was calculated
based on the length of the gene and reads count mapped to this gene. Differential expression analysis
of genes was performed using the DESeq R package (1.18.0) [118]. Genes with p-value < 0.05 found by
DESeq were considered as differentially expressed. Gene ontology (GO) [119] enrichment analysis of
differentially expressed genes was implemented using the GOseq R package, in which gene length
bias was corrected. GO terms with a p-value less than 0.05 were considered significantly enriched by
DEGs. To test the statistical enrichment of differential expression genes, KOBAS software in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways database [120] was used. To identify the
source of variance in the expressed transcripts between control and salt treatment, and the repeatability
of samples within a group, principal component analysis (PCA) was used. PCA was performed using
the scikit-learn package [121] and plotted using Matplotlib [122]. The RNA-seq dataset is accessible
through GEO Series accession number GSE146087 (https://www.ncbi.nlm.nih.gov/geo/).

4.4. Validation by Quantitative Real-Time PCR

To validate the RNA-seq data, total RNA was extracted from three replicate leaf tissues of
salt-stressed seedlings (Crimson Sweet). The expression pattern of selected DEGs was examined
using quantitative real-time PCR (RT-qPCR). The gene-specific primers based on the selected unigene
sequences (Table S9) were designed using Primer Premier 3.0 software. Total RNA was extracted with
the Quick-RNA™Miniprep Kit (Zymo Research Corporation, Irvine, CA, USA) followed by DNase1
(Zymo Research Corporation, Irvine, CA, USA) treatment, and subjected to reverse transcription using
iScript RT Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA ). The quality and quantity of
the RNA were examined using a Denovix DS-11+ spectrophotometer (DeNovix Inc. Wilmington, DE,
USA). Gene expression analysis via reverse transcription-qPCR was performed using a BioRad CFX96
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qPCR instrument and by using a SsoAdv Univer SYBR GRN Master Kit (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Watermelon β-actin and α-tubulin5 genes [123] were used as the internal controls,
and the relative expression levels (Cq values) for each gene were normalized by taking an average of
three biological replicates. The relative expression levels of each gene were calculated using the 2−ΔΔCt

method. The primers for qPCR used in this chapter are listed in Supplementary Materials, Table S9.

5. Conclusions

In conclusion, this study represents comprehensive information regarding the transcriptome
of watermelon seedlings in response to salt stress. The transcriptome profiling generated over 43
million reads from the control and salinity-treated libraries. The transcriptome assembly detected
7622 genes that were expressed differentially in response to salinity. These differentially expressed genes
included transcription factors, genes related to primary metabolism, endocytosis, hormonal pathways,
and transporters involved in responses to salinity. The gene expression patterns of the TFs identified
in this study help in improving our understanding of the significance of transcriptional regulation in
watermelon during salt stress. These results provide a basis for future studies aimed at discovering
novel genes, their functional validation in model species, and finding molecular mechanisms associated
with salt tolerance in watermelon.
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