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Abstract

Plants are frequently exposed to wide range of harsh environmental factors, such as
drought, salinity, cold, heat, and insect attack. Being sessile in nature, plants have devel‐
oped different strategies to adapt and grow under rapidly changing environments. These
strategies involve rearrangements at the molecular level starting from transcription, regu‐
lation of mRNA processing, translation, and protein modification or its turnover. Plants
show stress-specific regulation of transcription that affects their transcriptome under
stress conditions. The transcriptionally regulated genes have different roles under stress
response. Generally, seedling and reproductive stages are more susceptible to stress.
Thus, stress response studies during these growth stages reveal novel differentially regu‐
lated genes or proteins with important functions in plant stress adaptation. Exploiting the
functional genomics and bioinformatics studies paved the way in understanding the rela‐
tionship between genotype and phenotype of an organism suffering from environmental
stress. Future research programs can be focused on the development of transgenic plants
with enhanced stress tolerance in field conditions based upon the outcome of genomic
approaches and knowing the mystery of nucleotides sequences hidden in cells.

Keywords: Salt tolerant genes, Salt Tolerance, Transgenic Plants, MicroRNA, Quantative
Trait loci

1. Introduction

Nature’s rage influences plants in the form of various biotic and abiotic stresses. Extreme abiotic
stress conditions, such as salinity, flooding, heat, drought, and cold, as well as heavy metal
toxicity and oxidative stress affect plants in many different ways. Human activities exacer‐
bate these stress conditions to a greater extent. All the abiotic and biotic stresses, including
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various pathogens, cause havoc to plants eventually limiting their growth and yield poten‐
tials. About 50% of crop yields are reduced due to abiotic stresses, making them the major cause
of crop failure worldwide [1]. Abiotic stresses are a serious threat to the sustainability of
agricultural industry. Naturally, a number of stresses combine with each other and act together;
therefore, the negative effects are aggravated to a greater extent when compared to a single
stress factor. To combat these stresses, combinations of diverse pathways are triggered [2].

In physical terms, stress is defined as a mechanical force per unit area applied to an object. It
is difficult to measure the exact force applied by the stresses because the plants are immotile.
This makes it harder to define stress in biological terms. A condition, which may act as a stress
for one plant, may be ideal for another plant. Hence, a biological stress can most suitably be
defined as a harsh condition or force that impedes the normal functioning of a biological system
such as plants [3].

The plasma membrane serves as a barrier that separates a cell from its surrounding environ‐
ment. Some of the small lipid molecules like steroid hormones are able to pass through this
membrane and diffuse into the cytoplasm, whereas the membrane does not allow the water
soluble molecules, such as ions, proteins, and other large molecules, to pass through it. Cells
start responding when extracellular molecules come in contact with the plasma membrane.
This foreign molecule is called an elicitor, and the protein that is present on the cell membrane
and interacts with the elicitor is called a receptor. A number of biotic and abiotic stress signals
serve as elicitors for the plant cells [4].

2. Salinity stress and its causes

Total amount of dissolved mineral salts in water and soil is termed as salinity [5]. These salts
comprise electrolytes of anions (majorly CO3

2−, SO4
2−, Cl−, NO3

−, HCO3
−) and cations (majorly

Ca2
+, K+, Mg2

+, Na+). Salts that are soluble in water get deposited in the upper layer of soil to a
greater extent that hinders the agricultural productivity of that land area [6]. Although fewer
salts are present in the rainwater, these salts can be accumulated in the soil over a certain period
of time. Salts can also be deposited by soil transported by wind from far off places. Impure
irrigation water also contributes to the level of deposited salts in the agricultural lands [7].

Salinity stress is one of the main abiotic stresses and is considered as a restraint to crop yield.
Increased salinization of cultivable land has disastrous effects worldwide [8]. Hyperosmotic
and hyperionic stresses are caused by increased salinity, which can lead to plant death [9]. A
number of factors are responsible for causing salinity in a given area such as the extent of
precipitation or evaporation and weathering of rocks. Deserts have high salinity due to the
fact that the rate of evaporation is greater than the rate of precipitation.

All the key processes within a plant are significantly influenced when the plant is exposed to
salt stress [10]. The water stress resulting under salt stress affects the leaf growth and devel‐
opment. Cell division and expansion as well as stomatal opening and closing are negatively
influenced by the salinity stress [11]. If the stress condition prevails, then the ionic stress strikes,
and eventually, a major decline in photosynthetic rate occurs, and the leaves start to die [12].
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Deforestation is a leading cause of salt stress. Heavy salt–rich irrigation is the major cause of
salinity in agricultural lands. The process of evapotranspiration is responsible for the retention
of excessive amounts of salt in the soil every year. This is due to abundant loss of water as a
result of both evaporation and transpiration. Almost all of the main agricultural crops are
sensitive to salt stress that results in serious damage to the yields of the crops [13]. Soil contents
altered by the deposition of large amounts of salt in the soil, and as a result, soil becomes less
porous reducing soil aeration and water transport [14]. Salinity stress and drought stress are
quite similar in terms of physiology [15].

3. Stress signaling pathways

The receptors present on the plant cell surface receive the stress signals and transfer them
downstream, resulting in the production of secondary messengers, e.g. reactive oxidative
stress (ROS), calcium, and inositol phosphates [16]. Calcium level is further controlled by these
messengers within the cell. As a result of this disturbance in the intracellular Ca2+ level, the
Ca2+ sensors are triggered, which change their conformation in a calcium-dependent manner
[14]. These sensors initiate a phosphorylation cascade by interacting with their respective
partners and activate the stress responsive genes or the transcription factors that regulate stress
response genes. The products of stress response genes help in plant survival and mitigate the
stress conditions. Production of hormones (such as ethylene, salicylic acid, and abscisic acid
(ABA) takes place because of changes in gene expression under the stress. Initial signal is
amplified by messenger ‘Sensor’ stress response molecules, and a secondary signaling
pathway may be induced. Such molecules which do not take part directly in signaling but play
a role in alteration of signaling components are called accessory molecules [17].

The stress responsive genes can be divided into two major categories: early- and late-induced
genes. Early-induced genes are prompted immediately after stress signals are received, and
most of the times, they express in shorter period. In this category, a number of transcription
factors are included because they do not require synthesis of new proteins for their stimulation.
In contrast, late-induced genes are expressed slowly under the stress condition, i.e., express
after hours of receiving stress signals, and their expression is persistent [18]. In this gene
category, major stress responsive genes, such as (COR cold responsive), KIN (cold induced),
or RD (responsive to dehydration), and membrane stabilizing proteins, osmolytes, antioxi‐
dants, and LEA (late embryogenesis abundant)-like proteins are included [19].

4. Salt tolerance

The percentage of biomass production in saline conditions in comparison with normal growing
environment during an extended period is known as salt tolerance. In this regard, vivid
variations are found among different plants due to the fact that decline in growth is dependent
on the length of time over which plants are growing in the salinity-affected soils. For example,
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a salt-tolerant plant like sugar beet may undergo 20% decrease in dry weight when grown in
200 mM NaCl [20]. In contrast, a moderately tolerant plant like cotton may undergo 60%
decrease in the dry weight, whereas a sensitive plant like soybean may become dead [21] and
a halophyte like Suaeda maritima may grow to its full potential in the 200 mM NaCl condition
[22]. Evaluation of salt tolerance for perennial plant species can also be done based on survival
rate. A marked decline in growth rate is observed in both salt-tolerant as well as nontolerant
species during a short time in salt stress. This has been seen in the case of durum wheat and
bread wheat, where durum wheat is more salt sensitive [23] and the same was also observed
in the case of barley and triticale [15]. This led to realizing the importance of time frame and
the mechanisms that different plants use at different growth stages when exposed to salinity.

5. Mechanisms of salt tolerance

The initial discovery of biochemists that enzymes of halophytes and nonhalophytes are equally
tolerant to increased levels of NaCl is found to be true [24]. This was explained by the example
of enzymes obtained from a halophyte Atriplex spongeosa and those obtained from peas or beans
that were equally sensitive to NaCl [21, 25]. This is because most enzymes get inhibited at Na
+ concentration more than 100 mM, and some are observed in the case of Cl–. Even K+ can also
inhibit enzymes when present in 100–200 mM concentrations [26]. Hence, the salt-tolerant
mechanisms can be divided into two main categories: (1) preventing or reducing the amount
of salt being uptake by plant tissue and (2) reducing the concentration of salt present in the
cytoplasm. These both types of mechanisms are found in halophytes, which not only exclude
salt very effectively but also quite effectively compartmentalize the excess salt in cell vacuoles.
Due to this reason, halophytes are able to grow in saline soils far better and for longer time
spans than other plants.

6. Conventional ways to manage salinity

Accumulation of large amounts of salts in the water around the root area is referred to as soil
salinity [6]. Plants can tolerate soil salinity by two processes: salt exclusion and salt inclusion
[27]. Plants, which are able to eliminate salts from the whole plant or specific plant tissues, are
known as salt excluders. Such plants possess low Na+ and Cl− content as the membrane
permeability prefers K+ over Na+ uptake in these plants. On the other hand, salt accumulators
can withstand high salt concentrations by two approaches. The first approach is the enduring
increased amounts of intercellular salts. The second approach is through the elimination of
surplus amounts of salt from the plant because the roots of these plants can absorb salt ions
but prevent their harmful effects [28].

To recover the agricultural lands from salt stress and for increased yields, it is necessary to
remove excess amounts of salts from the root region. The common strategies used for this
purpose are leaching, scraping, and flushing. As these methods were quite costly, new
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approaches were introduced for contending salt stress. One of them is the use of halophytes
in salinity-affected lands. Halophytes are the plants that can exclude the deposited salts from
the soil surface in addition to withstanding high levels of accumulated salts [29]. For this
purpose, some halophytes possess salt glands, which are specialized leaf cells having the
ability to expel salt. Some others use salt hairs present on stems for this purpose while some
have stomatal guard cells, which regulate the rate of transpiration according to the surround‐
ing salt concentration. Another strategy used to protect the plants from the injurious effects of
salinity is foliar feeding of nutrients. This enhances plant salt tolerance by relieving plants from
Na+ and Cl− injury [30].

Soil salinity can also be controlled using better farm management practices. In this regard,
improved irrigation methods, such as drip irrigation, can be used to apply controlled amount
of water to the land. In rain-fed areas, crop rotation of annual crops with perennial crops (having
deep roots) should be practiced to re-establish the equilibrium between rainfall and used water.
This will avert the water tables from rising and delivering salts to the surface [31].

7. Genetic responses to salinity

Genetic response in case of salinity stress takes in a complex mechanism that is used by plants
to up-regulate or down-regulate (increase or decrease) the production of specific gene products
(protein or RNA). These mechanisms have been recognized at different stages of central dogma
process like from transcriptional initiation to RNA processing, post-transcriptional modifica‐
tion, and translation, and to the post-translational modification of a protein [32]. Understand‐
ing about the transcriptional behavior of plants provides a detailed knowledge about the gene
expression at mRNA level. Transcriptional profiling is widely used to screen out candidate
genes involved in stress responses. Till now, massive information about the salt responsive
genes, transcription factors which either up-regulated or down-regulated, has been identified
using transcriptome profiling methodology. Further genomic approaches contribute signifi‐
cant role in encoding, cloning, and characterization of these genes. Gene expression under the
certain conditions altered by transcription factors. These factors are considered the most
important switches that up-regulate or down-regulate the gene expression. Among them, bZIP,
WRKY, AP2, NAC, C2H2 zinc finger gene, MYB and DREB family proteins comprise a large
number of stress-responsive members. These transcription factors have the capacity to alter
the gene expression by cis-acting specific binding in the promoter region of broad range of
genes.

Up-regulation in the expression of bZIP genes were observed in sensitive wheat cultivar under
persistent salinity stress and down-regulation in salt-tolerant variety [33]. It predicts the role
of NAC transcription factor in salinity tolerance in both rice and wheat cultivars. In rice,
transcriptional regulators, such as DREB1/CBF, DREB2, and AREB/ABF, have been demon‐
strated to play a significant role in abiotic stress responses [34, 35]. Transcription factors, such
as OsNAC5 and ZFP179, show an up-regulation under salinity stress, which may regulate the
synthesis and accumulation of proline, sugar, and LEA proteins that in turn play an integral
role in stress tolerance [36].
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Full-length cDNA is a vital resource for studying the full functional genes in wheat. A group
of gene “MYB gene” family analyzed by Zhang et al. [37] that respond to one or more abiotic
stress treatments. They isolated 60 full-length cDNA sequences encoding wheat MYB proteins
and also construct phylogenetic tree with other wheat, rice, and Arabidopsis MYB proteins to
understand their evolutionary relationships and the putative functions of wheat MYB proteins
based on Arabidopsis MYB proteins with known functions. Tissue-specific analysis and abiotic
stress response expression profiles were also carried out to find potential genes that participate
in the stress signal transduction pathway, including the analysis of transgenic Arabidopsis
plants expressing the MYB gene, TaMYB32 [38]. In Arabidopsis, salt stress results in up-
regulation of AtWRKY8 gene expression, which directly binds with the promoter of RD29A
[39]. A large number of genes and transcription factors are up-regulated in response to salinity
in different plant species, which serve diverse functions [40]. Some of the examples of salt-
responsive genes are listed in the Table 1, and these genes are mainly classified into the
following functional categories: ion transport or homeostasis (e.g., SOS genes, AtNHX1, and
H+ -ATPase), senescence-associated genes (e.g., SAG), molecular chaperones (e.g., HSP genes),
and dehydration-related transcription factors (e.g., DREB). Among stress-responsive genes,
the SOS transcription gene family is considered to play a very stimulating role in ion homeo‐
stasis, thereby conferring salt tolerance [32, 41]. Most of the salinity responsive genes, such as
ROS-scavenging and osmotic-regulating genes, are also up-regulated by salinity in salinity
tolerant species. Schmidt et al. [42] observed more than 10 extensively up-regulated genes in
the halophyte plant species Spartina alterniflora under salt stress. Most of these genes were
related to osmotic regulation process.

Gene Name Species NaCl Concentration Gene functions References

SOS1
SOS2
SOS3
AtNHX1

Brassica juncea
Brassica campestris

25 and 50 mM

(1) Plasma membrane Na+/K+ antiporter
(2) Protein kinase
(3) Calcium-binding protein
(4) Vacuolar Na+/K+ antiporter

[40]

PRP
SAG
HSPC025

Oryza sativa 50 mM

(1) Proline-rich proteins and cell wall
protection
(2) Senescence-associated genes, regulatory
processes, and cellular signal transduction
(3) Heat-shock proteins, protein stabilizing

[43]

OsHSP23.7
OsHSP71.1,
OsHSP80.2

Oryza sativa 100 mM
Heat-shock proteins, molecular
chaperones, folding, assembling and
transporting proteins

[44]

AtSKIP
Arabidopsis
thaliana

150 mM
Transcription factor, transcriptional
preinitiation, splicing, and
polyadenylation

[45]

OsHsp17.0,
OsHsp23.7

Oryza sativa 200 mM
Heat-shock proteins, molecular
chaperones, folding, assembling and
transporting Proteins

[46]
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Gene Name Species NaCl Concentration Gene functions References

DcHsp17.7 Carrot 300 mM
Cell viability and membrane stability
under heat stress

[47]

JcDREB Arabidopsis thaliana 300 mM Transcription factor [48]

katE gene Escherichia coli 150 mM Membrane stability [49]

Salt overly
sensitive (SOS)
genes

Ipomoea batatas 120 mmol L−1
Ion homeostasis
Improve biochemical indicators

[50]

AtNHX1 Arabidopsis thaliana 220 mM
Calcium-binding protein, vacuolar Na +/K+

antiporter
[51]

SNAC1 Oryza sativa 200mM
Enhancing root development and reducing
transpiration rate
Biochemical adjustment

[52]

OsRab7 Oryza sativa 250 mM
Vesicle trafficking gene enhanced seedling
growth and increased proline content

[53]

PtSOS2 Populus tremula 85 mM
Protein kinases enhanced photosynthetic
pigments and physiological parameters

[54]

TaSC Triticum aestivum 150mM Enhanced membrane stability [55]

PeXTH Populus euphratica 200 mM
Cell viability and membrane stability
enhanced water holding capacity

[56]

StP5CS Solanum tuberosum 150 mM Osmolyte accumulation [57]

CYP94
(cytochrome
P450)

Oryza sativa 200 mM Enhanced CYP94C2b expression [58]

TaSC Triticum aestivum 120 mM Regulate the gene expression program [55]

H3K4me3 Arabidopsis thaliana 150 mM
Gene priming, regulate the gene
expression program

[56]

WsSGTL1 Withania somnifera 100 mM
Stabilized the phenotypic and
physiological parameters

[59]

GmPIP1;6 Glycien max 100 mM
Multifunctional aquaporin involved in
root water transport, photosynthesis, and
seed loading

[60]

AtSTO1 Arabidopsis thaliana 150 mM
Enhanced the salt tolerance increased
concentrations of 9-cis-epoxycarotenoid
dioxygenase3

[61]

ONAC045 Oryza sativa 200 mM Functioned as a transcriptional activator [62]

SOS1 Nicotina tabacum 150 mM
(1) Plasma membrane Na+/K+ antiporter
(2) Protein kinase

[63]
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Gene Name Species NaCl Concentration Gene functions References

(3) Calcium-binding protein
(4) Vacuolar Na+/K+ antiporter

mtlD Escherichia coli 200 mM
Enhanced the production of mannitol 1-
phosphate dehydrogenase

[64]

glyoxalase II Oryza sativa 200 mM
Detoxification of cytotoxic 2-oxo-
aldehydes

[65]

HAL5 100 mM

Regulate Na(+)/K(+) homeostasis, lower leaf
Na(+) accumulation, reducing Na(+)

transport from root to shoot, maintaining
Na(+)/K(+) homeostasis

[66]

AtSTO1 Arabidopsis thaliana 200 mM

Increased concentrations of 9-cis-
epoxycarotenoid dioxygenase3, greater
overall biomass, greater root biomass,
improved photosynthesis, and greater pith
size

[61]

TaSTRG Triticum aestivum 200 mM

Higher salt and drought tolerance, lower
intracellular Na(+)/K(+) ratio, higher survival
rate, fresh weight and chlorophyll content,
accumulated higher proline and soluble
sugar contents and had significantly
higher expression levels of putative
proline synthetase and transporter genes

[67]

Table 1. Salt responsive genes with their origin and possible functions

Recently, Schmidt et al. [42] characterized root-specific salt-responsive ERF1 (SERF1) transcrip‐
tion factor gene in Oryza sativa that showed a root-specific induction upon salt and H2O2

treatment. Plants deficient for SERF1 are more sensitive to salt stress compared with the wild
type, although constitutive overexpression of SERF1 improves salinity tolerance. Different types
of kinases also regulate the activity of transcription factors and have been found to be signifi‐
cant players of plant adaptation to salinity stress. Serra et al. [68] studied the OsRMC encodes
a receptor-like kinase and described as a negative regulator of salt stress responses in rice. Two
transcription factors, OsEREBP1 and OsEREBP2, belonging to the AP2/ERF family were shown
to bind to the same GCC-like DNA motif in OsRMC promoter and to negatively regulate its
gene expression. Basic region/leucine zipper (bZIP) TFs (Transcription factors are proteins
involved in the process of converting, or transcribing, DNA into RNA. Transcription factors
include a wide number of proteins, excluding RNA polymerase, that initiate and regulate the
transcription of genes) possesses a basic region that binds DNA and a leucine zipper dimeriza‐
tion motif. A bZIP class of ABRE-binding transcription factor, known as OSBZ8, has also been
identified from rice and has been shown to be highly expressed in salt-tolerant cultivars than
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in salt-sensitive one [69]. Moreover, OSBZ8 has been shown to be activated/phosphorylated by
a SNF-1 group of serine/threonine kinase in the presence of Spd during salinity stress [69].

Sairam et al. [70] isolated and analyzed the expression response of wheat lip19 (encoding
bZIP-type transcription factors) against cold stress. Further analysis confirmed the upregula‐
tion of Wlip19 gene in a freezing-tolerant wheat cultivar than in a freezing-sensitive cultivar,
while under drought and exogenous ABA application, higher activity of Wlip19 also observed.
Heterologous expression of Wlip19 in tobacco has showed a significant increase in abiotic
stress tolerance. Alternative splicing of RNA/mRNA played a critical role to cope stress
condition especially abiotic stress by switching on/off the transcriptional activities. These
splicing factors and spliceosomal proteins mainly involved in plant growth, development
process, responses to external environmental factor by affecting the cellular process, cell fate,
plant immune/defense system, and tolerance efficiency. All these processes point to critical
role of the splicing/alternative splicing under abiotic stress environment [71].

In addition to protein coding genes, recently discovered microRNAs (miRNAs) and endoge‐
nous small interfering RNAs (siRNAs) have emerged as important players in plant stress
responses. Therefore, post-transcriptional gene regulation plays a crucial role in the plant salt
response (Figure 1) [72]. Initial clues suggesting that small RNAs are involved in plant stress
responses stem from studies showing stress regulation of miRNAs and endogenous siRNAs,
as well as from target predictions for some miRNAs [73]. There has been strong evidence
leading to the proposal that miRNAs are hypersensitive to abiotic or biotic stress as well as to
diverse physiological processes [74, 75]. Drought, cold, and salinity are major abiotic stresses
for plants; all of these conditions strongly induced miR402 overexpression. Numerous studies
on plants, such as Arabidopsis thaliana and Oryza sativa, have been studied with respect to
miRNA expression analysis and have revealed an important role for miRNAs in response to
abiotic stress.

Various studies with respect to miRNAs profiling under abiotic stress point out the several
differentially expressed miRNAs. In response to salt stress, miRNAs, such as miR396, miR394,
miR393, miR319, miR171 miR169, miR168, and miR167, were up-regulated, whereas the
miR398 was down-regulated in Arabidopsis, thus indicate a role for miRNAs in the response
to salt stress [76].

Up-regulation of miRS1 and miR159.2 in response to salt stress was observed in Phaseolous
vulgaris [77]. The expression of miR530a, miR1445, miR1446a-e, miR1447, and miR171l-n was
increased, whereas the expression of miR482.2 and miR1450 was decreased during salt stress
in Populus trichocarpa [76]. Furthermore, two members of miR169 family namely miR169g and
miR169n showed enhanced expression during salinity. With the development of genomics
tools and computational algorithms to predict and identify the miRNAs in various plant
species, the number of miRNAs associated with salt stress response is increasing. A compre‐
hensive understanding of miRNA-based gene regulation under salt stress will definitely help
in elucidating the complex network of regulatory factors, proteins, and metabolites.
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8. QTL mapping in relation to plant salinity tolerance

A quantitative trait locus (QTL) is a section of DNA (the locus) that correlates with variation
in a phenotype (the quantitative trait). The QTL typically is linked to, or contains, the genes
that control that phenotype. Genetic marker is an identifiable fragment of DNA that is linked
with a specific point and indicates genetic differences within the genome. Molecular markers
act as a ‘signs’ or ‘flags’ should not be considered as normal genes. Genetic markers that are
tightly linked are referred to as “gene tags” [78]. The DNA markers can be grouped in various
categories based on their technical requirements, the number of genetic markers that can be
detected throughout the genome, and the amount of genetic variation found at each marker
[79]. Restriction fragment length polymorphisms (RFLPs) are one of the earliest types of DNA-
based marker system, which detect the variation in restriction fragment length by Southern
hybridization, which cause single base changes that led to the creation or removal of a
restriction endonuclease recognition site to detect shift in fragment size. Although this
technique is an important tool in breeding programs, it has been superseded by microsatellite
or simple sequence repeat (SSR) markers and is now rarely used. SSR markers detect variation
in the number of short repeat sequences, usually two or three base repeats that allow the
detection of multiple alleles. The expressed sequence tag (EST) databases have now opened
the opportunity for the identification of single nucleotide polymorphisms (SNPs) that occur
at varying frequencies depending on the species and genome region being considered [80].

Figure 1. A pathway showing miRNA-mediated post-transcriptional regulation of salt stress–responsive plant genes
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These DNA marker types could be associated with quantitative traits, which are known as
quantitative trait loci (QTLs). Mapping of QTLs for salt tolerance have been a slow process
due to the complexity of this trait and poor understanding about it. Ren et al. [81] discovered
a gene locus named as QTL SKC1, which codes for a transporter that removes Na+ from the
xylem [82]. Several QTLs have been identified in different crop plants. QTLs for yield and
physiological characteristics were identified at a late stage of growth of barley under salinity
stress [83]. A total of 10 traits were considered for which 30 QTLs were identified under salt
stress and nonstress conditions. Of these 30, 13 QTLs were discovered under salt stress [83].
In white clover, QTLs for salt tolerance were identified at the vegetative stage of plants and
the results showed that, in white clover, multiple QTLs are responsible for controlling the salt
tolerance [84]. However, QTLs for salt tolerance in tomato were detected at the seedling stage
of Solanum pennellii and Solanum lycopersicoides plants. In S. pennellii, four major QTLs were
detected, for salt tolerance, on chromosomes 6, 7, and 11, whereas in Solanum lycopersicoides
six major QTLs were identified under salt stress on chromosomes 4, 6, 9, and 12 [85]. QTLs for
salt tolerance in soybean were identified on chromosome 3 [86]. QTLs identified by SSR
markers in various plants are given in Table 2.

Crop plants Locus Traits Reference

Wheat (Triticum
aestivum L.)

Kna1
Nax1

Controls the selectivity of Na+ and K+ transport from
root to shoot and maintains high K+/Na+ ratio
Both are involved in decreasing Na+ uptake and
enhancing K+ loading into the xylem

[88, 89]
[90, 91]

Rice (Oryza sativa L.)

qRL-7, qDWRO-9a and
qDWRO-9b qBI-1aand
qBI-1b
QNa, QNa:K, SKC1/
OsHKT8
qDM-3 and qDM-8,
qSTR-6
qNAK-2 and qNAK-6
Saltol
Saltol and nonSaltol
QKr1.2

Play important roles in root length and root dry
weight at seedling stage under saline conditions
Regulate K+/Na+ homoeostasis
Improve Na+/K+ ratio under saline conditions
Improve Na+/K+ ratio
Controls shoot Na+/K+ homoeostasis
Control shoot Na+/K+ homoeostasis
Controls K+ content in root

[92]
[81]
[93]

[94, 95, 96, 97]

Barley (Hordeum
vulgare)

Five QTL for ST were
identified on
chromosomes 1H, 2H,
5H, 6H, and 7H, which
accounted for more than
50% of the phenotypic
variation
A locus HvNax3 on the
short arm of

Enhance vegetative growth under saline stress
Reduces shoot Na+ content by 10–25% in plants
grown under salt stress (150 mM NaCl)

[98]
[99]
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Crop plants Locus Traits Reference

chromosome 7H in wild
barley (Hordeum vulgare
ssp. spontaneum)
accession CPI-71284-48

White clover (Trifolium
repens L.)

Several QTLs for ST,
some at common
locations, but each of
low scale

Affect ST during vegetative stage [84]

Soybean (Glycine max
(L.) Merr.)

A major QTL for ST was
identified near the
Sat091 SSR marker on
linkage group (LG) N
Eight QTLs for ST were
detected
A major QTL for ST was
detected

Maintains growth under salt stress
Maintains growth under salt stress
Maintains healthy growth under salt stress

[100]
[101]
[102]

Table 2. QTLs for ‘Salt Tolerance’ (ST) in various plants identified by SSR markers [87]

9. Engineering plants for enhanced salt tolerance: Transgenic approach

Plant breeding strategy for salt tolerance is not much successful due to the reproductive barrier
and also as it involves the risk of other undesirable traits transfer. Reproductive barriers and
uncontrolled transfer of the traits make the conventional approach of plant breeding and
genetics less desirable technique for abiotic stress tolerance in varieties’ development. Other
advanced techniques like genetic engineering for single gene transfer are considered more
powerful to deal with this problem [38]. Transgenic plants are those plants, which have desired
gene of interest directly integrated into the plant genome and developed from only a single
plant cell. Transgenic plants with improved traits, including resistance to pests, pesticides,
diseases or adverse environmental conditions, improved nutritional value, and enhanced
product shelf life, have been developed through different genetic engineering techniques.
Despite a number of social, political, and legal concerns, many countries are now allowing
transgenic crop production in conjunction with their conventional crop production [103].
Transgenic approaches are being successfully pursued by researchers in some crops not only
to improve the quality but also to increase the tolerance to abiotic stress, but tolerance trait is
a quantitative complex trait and involves a number of genes. Thus, improving crop salt
tolerance by genetic engineering is not so easy. Genes that encode ion transport proteins,
compatible organic solutes, antioxidants, heat-shock and late embryogenesis abundant
proteins, and transcription factors for gene regulation have focused by the biologist for
improving the salt tolerance trait in various trait through genetic engineering techniques [104].
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Gene Type of product Source Target plant Reference

coda Glycine betaine Arthrobacter globiformis Tomato [106]

coda Glycine betaine Arthrobacter globiformis Brassica juncea [107]

Cox Glycine betaine Arthrobacter pascens Rice [108]

OsTPS1 Trehalose-6-phosphate synthase Rice Rice [109]

TPS1 Trehalose-6-phosphate synthase Yeast Tomato [110]

OstA, ostB Trehalose Escherichia coli Rice [111]

AtTPS1 Trehalose Arabidopsis Tobacco [112]

mtlD Mannitol Tobacco Tobacco [113]

mtlD Mannitol Wheat Escherichia coli [114]

M6PR Mannitol Celery Arabidopsis [115]

S6PDH Sorbitol Apple Japanese Persimmon [116]

P5CS Proline Rice Mouth-bean [117]

P5CS Proline Vigna acontifolia Nicotiana tabacum [118]

SOD2 Na+/H+ antiporter Schizosaccharomyces pombe Arabidopsis [119]

nhaA Na+/H+ antiporter E. coli Arabidopsis [120]

AVP1 Vacuolar H+-pyrophosphates Arabidopsis Cotton [121]

AtNHX1 Vacuolar Na+/H+ antiporter Arabidopsis Tomato [122]

AgNHX1 Vacuolar Na+/H+ antiporter Atriplex gmelini Rice [123]

BnNHX1 Vacuolar Na+/H+ antiporter Brassica Tobacco [124]

GhNHX1 Vacuolar Na+/H+ antiporter Cotton Tobacco [125]

GlyII GlyoxylaseII Rice Tobacco [126]

OsNAC5 NAC1 Transcription factor Rice Rice, Arabidopsis [36]

GmbZIP1 bZIP Transcription factor Soybean Arabidopsis, tobacco [127]

TaMYB2A MYB2A transcription factor Wheat Arabidopsis [128]

BrERF4 Ethylene responsive element 4 Brassica Arabidopsis [129]

MCM6 DNA helicase Pea Tobacco [130]

T30hsp70 Heat-shock protein Trichoderma harzianum Arabidopsis [130]

HVA1 LEA protein Hordeum vulgare L Rice [131]

GhMPK2 MAP kinase Cotton Tobacco [132]

Table 3. List of various genes responsible for salinity tolerance in plants with their role, source, and target plants
(transgenic plants).
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Plants try to survive with salinity by bringing various metabolic changes, such as a production
of osmolytes, antioxidative enzymes, and up-regulating various genes involved in stress
response like ion transporters, ion channels, transcriptional factors, and various signaling
pathway components. The scientist studied various pathway responses that altered due to the
salinity as mentioned above to generate the transgenic plants by transferring the salt-respon‐
sive genes into the salt susceptible plants from different genetic background (relatively salt-
tolerant plants) or altering the expression of existing genes [105]. There are a number of gene(s)
known which are responsible for salinity tolerance when transferred in plants through genetic
engineering (Table 3).

Discovery of salt-tolerant genes is essential to induce salt tolerance in crop plants to enable
them to grow on saline soils. Successful examples of identification and expression of salt
tolerance genes include: over expression of AtNHX1 in Arabidopsis [133], tomato [134], Brassica
napus [122], and cotton [135]. Likewise, overexpression of SOS1 gene in Arabidopsis also induces
salt tolerance [136]. YCF1 is a yeast protein, which belongs to the ATP-binding cassette
transporter family. Expression of this protein in Arabidopsis enhanced the salt tolerance in the
transgenic plants to a significant level [137]. Since last several years’ identification and
transformation of salt tolerance genes in crop plants have been done [30]. When AtNHX1
(vacuolar Na+/H+ antiporter from A. thaliana) was over expressed in tomato, Brassica [122,
134], and Arabidopsis [133], the transformed plants showed enhanced salt tolerance and were
able to grow at 200 mM NaCl concentration. On the basis of growth responses of these
transgenic plants, it has been concluded that they can grow on saline soils very well. Over
expression of another Na+/H+ antiporter from Atriplexgmelini (AgNHX1) in rice enabled the
transformed plants to grow at 300 mM concentration of NaCl for 3 days. Similar findings were
observed when the same gene was transformed in wheat [138] and maize [139].

Overexpression of Na+/H+ antiporter from rice in the same species showed enhanced yield
under salt stress [140]. Overexpression of HKT1-1 transporter in root cells surrounding the
xylem of Arabidopsis thaliana, resulted in more removal of Na+ ions from the xylem and into
specialized compartments in the root tissues preventing the premature injury of shoots and
leaves that could occur due to Na+ accumulation [141]. The reason behind low number of
successful transformations of salt-tolerant genes in crops is that these efforts have mostly been
restricted to model plants like Arabidopsis, rice, and tobacco. Furthermore, there are some
problems in applying this technology to other crop plants, such as monocots, due to the
difficulty of obtaining series of independent T2 lines because the process is labor intensive and
expensive [142].

10. Conclusion

Agriculture is immensely affected by salinity worldwide and is predicted to be a larger
problem in near future. The damaging effects of high salinity can be seen in plants at organ‐
ismic level, leading to immature death or decreased productivity. Some plant species are more
tolerant to these detrimental effects than others. Salt stress leads to high yield losses worldwide.
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Therefore, the changes aimed at overcoming these issues need to be fully implemented as soon
as possible. Information related to the biochemical indicators at the cellular level may act as
selection criteria for salt tolerance in different crops. There are many transgenic plants with
high stress tolerance towards abiotic stress, yet stress tolerance has complex mechanism that
includes multiple physiological and biochemical changes and multiple genes. Transgenic
plants, which are commercially valuable, should have relatively high productivity and other
traits important for their yield. Genetic modification, moreover, should be combined with
marker-assisted breeding along with stress-related genes and QTLs. These strategies must be
integrated, and such approaches should be combined to effectively increase plant stress
tolerance

Author details

Abdul Qayyum Rao1*, Salah ud Din1, Sidra Akhtar1, Muhammad Bilal Sarwar1,
Mukhtar Ahmed1,  Bushra Rashid1, Muhammad Azmat Ullah Khan1, Uzma Qaisar2,
Ahmad Ali Shahid1, Idrees Ahmad Nasir1 and Tayyab Husnain1

*Address all correspondence to: qayyum.cemb@pu.edu.pk

1 Division of Plant Science, Centre of Excellence in Molecular Biology (CEMB), Pakistan

2 School of Biological Sciences (SBS), University of the Punjab, Pakistan

References

[1] Mahajan S, Tuteja N. Cold, salinity and drought stresses: an overview. Arch Biochem
Biophys. 2005;444:139–58. DOI: http://10.1016/j.abb.2005.10.018

[2] Lal R. Soils and sustainable agriculture: a review. Sustainable Agriculture. Springer
Netherlands; 2009. pp. 15–23. DOI: http://10.1007/978-90-481-2666-8_3

[3] Hernandez J, Olmos E, Corpas F, Sevilla F, Del Rio L. Salt-induced oxidative stress in
chloroplasts of pea plants. Plant Science. 1995;105:151–67. DOI: http://
10.1016/0168-9452(94)04047-8

[4] Sondergaard TE, Schulz A, Palmgren MG. Energization of transport processes in
plants. Roles of the plasma membrane H+-ATPase. Plant Physiol. 2004;136:2475–82.
DOI: http://10.1104/pp.104.048231

[5] Grattan S. Irrigation water salinity and crop production. UCANR Publications, Oak‐
land, CA; 2002. DOI: http://10.1007/s00425-003-1105-5

Genomics of Salinity Tolerance in Plants
http://dx.doi.org/10.5772/63361

287



[6] Rengasamy P. World salinization with emphasis on Australia. Journal of Experimen‐
tal Botany. 2006;57:1017-23. DOI: http://10.1093/jxb/erj108

[7] Eudoxie GD, Wuddivira M.Soil, water, and agricultural adaptations. Impacts of Cli‐
mate Change on Food Security in Small Island Developing States Ganpat WG, Isaac
WA (Editor),. 2014; IGI Global: p. 255. DOI: http://10.4018/978-1-4666-6501-9.ch001

[8] 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.
DOI: http:// 10.1007/s00425-003-1105-5

[9] Dai Q-l, Chen C, Feng B, Liu T-t, Tian X, Gong Y-y, et al. Effects of different NaCl
concentration on the antioxidant enzymes in oilseed rape (Brassica napus L.) seed‐
lings. Plant Growth Regulation. 2009;59:273–8. DOI: http://10.1007/s10725-009-9402-z

[10] Parida AK, Das AB. Salt tolerance and salinity effects on plants: a review. Ecotoxicol‐
ogy and Environmental Safety. 2005;60:324–49. DOI: http://10.1016/j.ecoenv.
2004.06.010

[11] Flowers T. Improving crop salt tolerance. Journal of Experimental Botany.
2004;55:307–19. DOI: http://10.1093/jxb/erh003

[12] Cramer GR, Nowak RS. Supplemental manganese improves the relative growth, net
assimilation and photosynthetic rates of salt‐stressed barley. Physiologia Plantarum.
1992;84:600–5. DOI: http://10.1034/j.1399-3054.1992.840415.x

[13] Flowers T, Yeo A. Breeding for salinity resistance in crop plants: where next? Func‐
tional Plant Biology. 1995;22:875–84. DOI: http://10.1071/pp9950875

[14] Kabata-Pendias A. Trace elements in soils and plants. CRC press, oca Raton, USA;
2010. DOI: http://10.1201/9781420039900.ch5`

[15] Munns R, Schachtman D, Condon A. The significance of a two-phase growth re‐
sponse to salinity in wheat and barley. Functional Plant Biology. 1995;22:561–9. DOI:
http://10.1071/pp9950561

[16] Kaur N, Gupta AK. Signal transduction pathways under abiotic stresses in plants.
Current Science. 2005;88:1771–80. DOI: http://10.1007/978-3-642-25829-9_1

[17] Zhu J-K. Salt and drought stress signal transduction in plants. Annual Review of
Plant Biology. 2002;53:247. DOI: http://10.1007/978-1-4020-5578-2_7

[18] Cornic G, Massacci A. Leaf photosynthesis under drought stress. Photosynthesis and
the Environment. Springer Netherlands; 1996. pp. 347–66. DOI: http://
10.1007/0-306-48135-9_14

[19] Kasuga M, Liu Q, Miura S, Yamaguchi-Shinozaki K, Shinozaki K. Improving plant
drought, salt, and freezing tolerance by gene transfer of a single stress-inducible tran‐
scription factor. Nature Biotechnology. 1999;17:287–91. DOI: http://
10.1002/9780470515778.ch13

Plant Genomics288



[20] Ghoulam C, Foursy A, Fares K. Effects of salt stress on growth, inorganic ions and
proline accumulation in relation to osmotic adjustment in five sugar beet cultivars.
Environmental and Experimental Botany. 2002;47:39–50. DOI: http://10.1016/
s0098-8472(01)00109-5

[21] Greenway H, Munns R. Mechanisms of salt tolerance in nonhalophytes. Annual Re‐
view of Plant Physiology. 1980;31:149–90. DOI: http://10.1146/annurev.pp.
31.060180.001053

[22] Flowers T, Yeo A. Ion relations of salt tolerance. Solute Transport in Plant Cells and
Tissues. Springer Netherlands. 1988:392–416. DOI: http://10.1002/9780470988862.ch15

[23] Francois L, Maas E, Donovan T, Youngs V. Effect of salinity on grain yield and quali‐
ty, vegetative growth, and germination of semi-dwarf and durum wheat. Agronomy
Journal. 1986;78:1053–8. DOI: http://10.2134/agronj1986.00021962007800060023x

[24] Ashraf M, McNeilly T. Salinity tolerance in Brassica oilseeds. Critical Reviews in
Plant Sciences. 2004;23:157–74. DOI: http://10.1080/07352680490433286

[25] Flowers T, Troke P, Yeo A. The mechanism of salt tolerance in halophytes. Annual
Review of Plant Physiology. 1977;28:89–121. DOI: http://10.1626/jcs.68.supple‐
ment2_321

[26] Greenway H, Osmond C. Salt responses of enzymes from species differing in salt tol‐
erance. Plant Physiology. 1972;49:256–9. DOI: http://10.1104/pp.49.2.260

[27] Sykes S. The inheritance of salt exclusion in woody perennial fruit species. Plant and
Soil. 1992;146:123–9. DOI: http://10.1007/bf00012004

[28] Badr M, Shafei A. Salt tolerance in two wheat varieties and its relation to potassium
nutrition. Journal of Agricultural Research. 2002;35:115–28.

[29] El-Fouly M, Moubarak Z, Salama Z, editors. Micronutrient foliar application increas‐
es salt tolerance of tomato seedlings. International Symposium on Techniques to
Control Salination for Horticultural Productivity 573; 2000. DOI: http:// http://
10.17660/ActaHortic.2002.573.57

[30] Munns R. Comparative physiology of salt and water stress. Plant, Cell & Environ‐
ment. 2002;25:239–50. DOI: http://10.1046/j.0016-8025.2001.00808.x

[31] Topcu S. Water for agriculture: a major and inefficient consumer. Turkey’s Water
Policy. Springer Berlin Heidelberg; 2011. p. 93–115. DOI: http://
10.1007/978-3-642-19636-2_6

[32] Gupta B, Huang B. Mechanism of salinity tolerance in plants: physiological, bio‐
chemical, and molecular characterization. International Journal of Genomics. 2014;
2014:701596. DOI: http://10.1155/2014/701596

[33] Johnson RR, Wagner RL, Verhey SD, Walker-Simmons MK. The abscisic acid-respon‐
sive kinase PKABA1 interacts with a seed-specific abscisic acid response element-

Genomics of Salinity Tolerance in Plants
http://dx.doi.org/10.5772/63361

289



binding factor, TaABF, and phosphorylates TaABF peptide sequences. Plant
Physiology. 2002;130:837–46. DOI: http://10.1104/pp.001354

[34] Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K. AP2/ERF family transcription factors
in plant abiotic stress responses. Biochimica et Biophysica Acta (BBA)-Gene Regula‐
tory Mechanisms. 2012;1819:86–96. DOI: http://10.1016/j.bbagrm.2011.08.004

[35] Fujita Y, Yoshida T, Yamaguchi‐Shinozaki K. Pivotal role of the AREB/ABF-SnRK2
pathway in ABRE-mediated transcription in response to osmotic stress in plants.
Physiologia plantarum. 2013;147:15–27. DOI: http://10.1111/j.1399-3054.2012.01635.x

[36] Song S-Y, Chen Y, Chen J, Dai X-Y, Zhang W-H. Physiological mechanisms underly‐
ing OsNAC5-dependent tolerance of rice plants to abiotic stress. Planta.
2011;234:331–45. DOI: http://10.1007/s00425-011-1403-2

[37] Zhang L, Zhao G, Jia J, Liu X, Kong X. Molecular characterization of 60 isolated
wheat MYB genes and analysis of their expression during abiotic stress. Journal of
Experimental Botany. 2012;63:203–14. DOI: http://10.1093/jxb/err264

[38] Roy SJ, Negrão S, Tester M. Salt resistant crop plants. Current Opinion in Biotechnol‐
ogy. 2014;26:115–24. DOI: http://10.1016/j.copbio.2013.12.004

[39] Hu Y, Chen L, Wang H, Zhang L, Wang F, Yu D. Arabidopsis transcription factor
WRKY8 functions antagonistically with its interacting partner VQ9 to modulate sal‐
inity stress tolerance. The Plant Journal. 2013;74:730–45. DOI: http://10.1111/tpj.12159

[40] Chakraborty K, Sairam RK, Bhattacharya R. Differential expression of salt overly sen‐
sitive pathway genes determines salinity stress tolerance in Brassica genotypes. Plant
Physiology and Biochemistry. 2012;51:90–101. DOI: http://10.1016/j.plaphy.
2011.10.001

[41] Hasegawa PM, Bressan RA, Zhu J-K, Bohnert HJ. Plant cellular and molecular re‐
sponses to high salinity. Annual Review of Plant Biology. 2000;51:463–99. DOI: http://
10.1146/annurev.arplant.51.1.463

[42] Schmidt R, Mieulet D, Hubberten H-M, Obata T, Hoefgen R, Fernie AR, et al. SALT-
RESPONSIVE ERF1 regulates reactive oxygen species–dependent signaling during
the initial response to salt stress in rice. The Plant Cell. 2013;25:2115–31. DOI: http://
10.1105/tpc.113.113068

[43] Roshandel P, Flowers T. The ionic effects of NaCl on physiology and gene expression
in rice genotypes differing in salt tolerance. Plant and Soil. 2009;315:135–47. DOI:
http://10.1007/s11104-008-9738-6

[44] Zou J, Liu A, Chen X, Zhou X, Gao G, Wang W, et al. Expression analysis of nine rice
heat shock protein genes under abiotic stresses and ABA treatment. Journal of Plant
Physiology. 2009;166:851–61. DOI: http://10.1016/j.jplph.2008.11.007

[45] Gah‐Hyun, Zhang X, Chung MS, Lee DJ, Woo YM, Cheong HS, et al. A putative nov‐
el transcription factor, AtSKIP, is involved in abscisic acid signalling and confers salt

Plant Genomics290



and osmotic tolerance in Arabidopsis. New Phytologist. 2010;185:103–13. DOI: http://
10.1111/j.1469-8137.2009.03032.xLim

[46] Zou J, Liu C, Liu A, Zou D, Chen X. Overexpression of OsHsp17. 0 and OsHsp23. 7
enhances drought and salt tolerance in rice. Journal of Plant Physiology.
2012;169:628–35. DOI: http://10.1016/j.jplph.2011.12.014

[47] Song N-H, Ahn Y-J. DcHsp17. 7, a small heat shock protein in carrot, is tissue-specifi‐
cally expressed under salt stress and confers tolerance to salinity. New Biotechnolo‐
gy. 2011;28:698–704. DOI: http://10.1016/j.nbt.2011.04.002

[48] Tang M, Liu X, Deng H, Shen S. Over-expression of JcDREB, a putative AP2/EREBP
domain-containing transcription factor gene in woody biodiesel plant Jatropha curcas,
enhances salt and freezing tolerance in transgenic Arabidopsis thaliana. Plant Science.
2011;181:623–31. DOI: http://10.1016/j.plantsci.2011.06.014

[49] Islam MS, Azam MS, Sharmin S, Sajib AA, Alam MM, Reza MS, et al. Improved salt
tolerance of jute plants expressing the katE gene from Escherichia coli. Turkish Journal
of Biology. 2013;37:206–11. DOI: http://10.3906/biy-1205-52

[50] Shang G, Li Y, Hong Z, LIU C-l, HE S-z, LIU Q-c. Overexpression of SOS genes en‐
hanced salt tolerance in sweetpotato. Journal of Integrative Agriculture. 2012;11:378–
86. DOI: http://10.1016/s2095-3119(12)60022-7

[51] Sottosanto JB, Saranga Y, Blumwald E. Impact of AtNHX1, a vacuolar Na+/H+ anti‐
porter, upon gene expression during short-and long-term salt stress in Arabidopsis
thaliana. BMC Plant Biology. 2007;7:18. DOI: http://10.1186/1471-2229-7-18

[52] Liu G, Li X, Jin S, Liu X, Zhu L, Nie Y, et al. Overexpression of rice NAC gene
SNAC1 improves drought and salt tolerance by enhancing root development and re‐
ducing transpiration rate in transgenic cotton. PLoS One. 2014;9(1): e86895. DOI:
http://10.1371/journal.pone.0086895

[53] Peng X, Ding X, Chang T, Wang Z, Liu R, Zeng X, et al. Overexpression of a Vesicle
Trafficking Gene, OsRab7, enhances salt tolerance in rice. The Scientific World Jour‐
nal.;2014: 483526. DOI: http://10.1155/2014/483526

[54] Zhou J, Wang J, Bi Y, Wang L, Tang L, Yu X, et al. Overexpression of PtSOS2 enhan‐
ces salt tolerance in transgenic poplars. Plant Molecular Biology Reporter.
2014;32:185–97. DOI: http://10.1007/s11105-013-0640-x

[55] Huang X, Zhang Y, Jiao B, Chen G, Huang S, Guo F, et al. Overexpression of the
wheat salt tolerance-related gene TaSC enhances salt tolerance in Arabidopsis. Journal
of Experimental Botany. 2012;63:5463–73. DOI: http://10.1093/jxb/ers198

[56] Han Y, Wang W, Sun J, Ding M, Zhao R, Deng S, et al. Populus euphratica XTH over‐
expression enhances salinity tolerance by the development of leaf succulence in
transgenic tobacco plants. Journal of Experimental Botany. 2013;64:4225–38. DOI:
http://10.1093/jxb/ert229

Genomics of Salinity Tolerance in Plants
http://dx.doi.org/10.5772/63361

291



[57] Zhang G-C, Zhu W-L, Gai J-Y, Zhu Y-L, Yang L-F. Enhanced salt tolerance of trans‐
genic vegetable soybeans resulting from overexpression of a novel 1-pyrroline-5-car‐
boxylate synthetase gene from Solanum torvum Swartz. Horticulture, Environment,
and Biotechnology. 2015;56:94–104. DOI: http://10.1007/s13580-015-0084-3

[58] Kurotani K-i, Hayashi K, Hatanaka S, Toda Y, Ogawa D, Ichikawa H, et al. Elevated
levels of CYP94 family gene expression alleviate the jasmonate response and enhance
salt tolerance in rice. Plant and Cell Physiology. 2015:pcv006. DOI: http://
10.1093/pcp/pcv006

[59] Mishra MK, Chaturvedi P, Singh R, Singh G, Sharma LK, Pandey V, et al. Overex‐
pression of WsSGTL1 gene of Withania somnifera enhances salt tolerance, heat toler‐
ance and cold acclimation ability in transgenic Arabidopsis plants. PLoS One.
2013;8:e63064. DOI: http://10.1371/journal.pone.0063064

[60] Zhou L, Wang C, Liu R, Han Q, Vandeleur RK, Du J, et al. Constitutive overexpres‐
sion of soybean plasma membrane intrinsic protein GmPIP1; 6 confers salt tolerance.
BMC Plant Biology. 2014;14:181. DOI: http://10.1186/1471-2229-14-181

[61] Lawson SS, Michler CH. Overexpression of AtSTO1 leads to improved salt tolerance
in Populus tremula× P. alba. Transgenic Research. 2014;23:817–26. DOI: http://10.1007/
s11248-014-9808-x

[62] Zheng X, Chen B, Lu G, Han B. Overexpression of a NAC transcription factor enhan‐
ces rice drought and salt tolerance. Biochemical and Biophysical Research Communi‐
cations. 2009;379:985–9. DOI: http://10.1016/j.bbrc.2008.12.163

[63] Yue Y, Zhang M, Zhang J, Duan L, Li Z. SOS1 gene overexpression increased salt tol‐
erance in transgenic tobacco by maintaining a higher K+/Na+ ratio. Journal of Plant
Physiology. 2012;169:255–61. DOI: http://10.1016/j.jplph.2011.10.007

[64] auso TD, Thankappan R, Kumar A, Mishra GP, Dobaria JR, Venkat Rajam M. Over-
expression of bacterial'mtlD'gene confers enhanced tolerance to salt-stress and water-
deficit stress in transgenic peanut ('Arachis hypogaea') through accumulation of
mannitol. Australian Journal of Crop Science. 2014;3:413. DOI: http://
10.1155/2014/125967

[65] Saxena M, Roy SD, Singla-Pareek S-L, Sopory SK, Bhalla-Sarin N. Overexpression of
the glyoxalase II gene leads to enhanced salinity tolerance in Brassica juncea. The
Open Plant Science Journal. 2011;5:23–8. DOI: http://10.2174/1874294701105010023

[66] García‐Abellan JO, Egea I, Pineda B, Sanchez‐Bel P, Belver A, Garcia‐Sogo B, et al.
Heterologous expression of the yeast HAL5 gene in tomato enhances salt tolerance
by reducing shoot Na+ accumulation in the long term. Physiologia Plantarum.
2014;152:700–13. DOI: http://10.1111/ppl.12217

Plant Genomics292



[67] Zhou W, Li Y, Zhao BC, Ge RC, Shen YZ, Wang G, Huang ZJ. Overexpression of
TaSTRG gene improves salt and drought tolerance in rice. Journal of plant physiolo‐
gy. 2009;166:1660-71. DOI: http://10.1016/j.jplph.2009.04.015.

[68] Serra TS, Figueiredo DD, Cordeiro AM, Almeida DM, Lourenço T, Abreu IA, et al.
OsRMC, a negative regulator of salt stress response in rice, is regulated by two
AP2/ERF transcription factors. Plant Molecular Biology. 2013;82:439–55. DOI: http://
10.1007/s11103-013-0073-9

[69] Mukherjee K, Choudhury AR, Gupta B, Gupta S, Sengupta DN. An ABRE-binding
factor, OSBZ8, is highly expressed in salt tolerant cultivars than in salt sensitive culti‐
vars of indica rice. BMC Plant Biology. 2006;6:18. DOI: http://:10.1186/1471-2229-6-18

[70] Sairam R, Tyagi A. Physiology and molecular biology of salinity stress tolerance in
plants. Current Science. 2004;86:407–21. DOI: http://10.1007/1-4020-4225-6_7

[71] Staiger D, Brown JW. Alternative splicing at the intersection of biological timing, de‐
velopment, and stress responses. The Plant Cell. 2013;25:3640–56. DOI: http://10.1105/
tpc.113.113803

[72] Mangrauthia SK, Agarwal S, Sailaja B, Madhav MS, Voleti S. MicroRNAs and their
role in salt stress response in plants. Salt Stress in Plants. Springer New York; 2013.
pp. 15–46. DOI: http://10.1007/978-1-4614-6108-1_2

[73] Xie F, Stewart CN, Taki FA, He Q, Liu H, Zhang B. High‐throughput deep sequenc‐
ing shows that microRNAs play important roles in switchgrass responses to drought
and salinity stress. Plant Biotechnology Journal. 2014;12:354–66. DOI: http://10.1111/
pbi.12142

[74] Lu C, Tej SS, Luo S, Haudenschild CD, Meyers BC, Green PJ. Elucidation of the small
RNA component of the transcriptome. Science. 2005;309:1567–9. DOI: http://10.1111/
pbi.12142

[75] Sunkar R, Zhu J-K. Novel and stress-regulated microRNAs and other small RNAs
from Arabidopsis. The Plant Cell. 2004;16:2001–19. DOI: http://10.1105/tpc.104.022830

[76] Lu S, Sun YH, Chiang VL. Stress-responsive microRNAs in Populus. The Plant Jour‐
nal. 2008;55:131–51. DOI: http://10.1111/j.1365-313x.2008.03497.x

[77] Arenas-Huertero C, Pérez B, Rabanal F, Blanco-Melo D, De la Rosa C, Estrada-Nav‐
arrete G, et al. Conserved and novel miRNAs in the legume Phaseolus vulgaris in re‐
sponse to stress. Plant Molecular Biology. 2009;70:385–401. DOI: http://10.1007/
s11103-009-9480-3

[78] Asins M. Present and future of quantitative trait locus analysis in plant breeding.
Plant Breeding. 2002;121:281–91. DOI: http://10.1046/j.1439-0523.2002.730285.x

Genomics of Salinity Tolerance in Plants
http://dx.doi.org/10.5772/63361

293



[79] Yeo AR, Koyama ML, Chinta S, Flowers TJ. Salt tolerance at the whole-plant level.
Plant Tolerance to Abiotic Stresses in Agriculture: Role of Genetic Engineering.
Springer Netherlands; 2000. pp. 107–23. DOI: http://10.1007/978-94-011-4323-3

[80] Horst L, Wenzel G. Molecular marker systems in plant breeding and crop improve‐
ment. Springer, Berlin Heidelberg; 2007. DOI: http://10.1007/b137756

[81] Ren Z-H, Gao J-P, Li L-G, Cai X-L, Huang W, Chao D-Y, et al. A rice quantitative trait
locus for salt tolerance encodes a sodium transporter. Nature Genetics. 2005;37:1141–
6. DOI: http://10.1038/ng1643

[82] Huang S, Spielmeyer W, Lagudah ES, Munns R. Comparative mapping of HKT
genes in wheat, barley, and rice, key determinants of Na+ transport, and salt toler‐
ance. Journal of Experimental Botany. 2008;59:927–37. DOI: http://10.1093/jxb/ern033

[83] Xue D, Huang Y, Zhang X, Wei K, Westcott S, Li C, et al. Identification of QTLs asso‐
ciated with salinity tolerance at late growth stage in barley. Euphytica. 2009;169:187–
96. DOI: http://10.1007/s10681-009-9919-2

[84] Wang J, Drayton MC, George J, Cogan NO, Baillie RC, Hand ML, et al. Identification
of genetic factors influencing salt stress tolerance in white clover (Trifolium repens L.)
by QTL analysis. Theoretical and Applied Genetics. 2010;120:607–19. DOI: http://
10.1007/s00425-003-1105-5

[85] Li J, Liu L, Bai Y, Finkers R, Wang F, Du Y, et al. Identification and mapping of quan‐
titative resistance to late blight (Phytophthora infestans) in Solanum habrochaites
LA1777. Euphytica. 2011;179:427–38. DOI: http://10.1007/s10681-010-0340-7

[86] Tuyen D, Lal S, Xu D. Identification of a major QTL allele from wild soybean (Glycine
soja Sieb. & Zucc.) for increasing alkaline salt tolerance in soybean. Theoretical and
Applied Genetics. 2010;121:229–36. DOI: http://10.1007/s00122-010-1304-y

[87] Kumar M, Choi J-Y, Kumari N, Pareek A, Kim S-R. Molecular breeding in Brassica
for salt tolerance: importance of microsatellite (SSR) markers for molecular breeding
in Brassica. Frontiers in Plant Science. 2015;6: 688. DOI: http://10.3389/fpls.2015.00688

[88] Gorham J, Jones RW, Bristol A. Partial characterization of the trait for enhanced K+−
Na+ discrimination in the D genome of wheat. Planta. 1990;180:590–7. DOI: http://
10.1007/bf02411458

[89] Dubcovsky J, Santa Maria G, Epstein E, Luo M-C, Dvořák J. Mapping of the K+/Na+

discrimination locus Kna1 in wheat. Theoretical and Applied Genetics. 1996;92:448–
54. DOI: http://10.1007/bf00223692

[90] Lindsay MP, Lagudah ES, Hare RA, Munns R. A locus for sodium exclusion (Nax1),
a trait for salt tolerance, mapped in durum wheat. Functional Plant Biology.
2004;31:1105–14. DOI: http://10.1071/fp04111

Plant Genomics294



[91] Huang S, Spielmeyer W, Lagudah ES, James RA, Platten JD, Dennis ES, et al. A so‐
dium transporter (HKT7) is a candidate for Nax1, a gene for salt tolerance in durum
wheat. Plant Physiology. 2006;142:1718–27. DOI: http://10.1104/pp.106.088864

[92] Sabouri H, Sabouri A. New evidence of QTLs attributed to salinity tolerance in rice.
African Journal of Biotechnology. 2008;7: 4376–4383.

[93] Sabouri H. QTL detection of rice grain quality traits by microsatellite markers using
an indica rice (Oryza sativa L.) combination. Journal of Genetics. 2009;88:81–5. DOI:
http://10.1007/s12041-009-0011-4

[94] Yao M-Z, Wang J-F, Chen H-Y, Zhai H-Q, Zhang H-S. Inheritance and QTL mapping
of salt tolerance in rice. Rice Science. 2005;12:25–32.

[95] Thomson MJ, de Ocampo M, Egdane J, Rahman MA, Sajise AG, Adorada DL, et al.
Characterizing the Saltol quantitative trait locus for salinity tolerance in rice. Rice.
2010;3:148–60. DOI: http://10.1007/s12284-010-9053-8

[96] Alam R, Sazzadur Rahman M, Seraj ZI, Thomson MJ, Ismail AM, Tumimbang‐Raiz
E, et al. Investigation of seedling‐stage salinity tolerance QTLs using backcross lines
derived from Oryza sativa L. Pokkali. Plant Breeding. 2011;130:430–7. DOI: http://
10.1111/j.1439-0523.2010.01837.x

[97] Ahmadi J, Fotokian M-H. Identification and mapping of quantitative trait loci associ‐
ated with salinity tolerance in rice (Oryza Sativa) using SSR markers. Iranian Journal
of Biotechnology. 2011;9:21–30.

[98] Zhou M, Johnson P, Zhou G, Li C, Lance R. Quantitative trait loci for waterlogging
tolerance in a barley cross of Franklin× YuYaoXiangTian Erleng and the relationship
between waterlogging and salinity tolerance. Crop Science. 2012;52:2082–8. DOI:
http://10.2135/cropsci2012.01.0008

[99] Shavrukov Y, Gupta NK, Miyazaki J, Baho MN, Chalmers KJ, Tester M, et al.
HvNax3—a locus controlling shoot sodium exclusion derived from wild barley (Hor‐
deum vulgare ssp. spontaneum). Functional & Integrative Genomics. 2010;10:277–91.
DOI: http://10.1007/s10142-009-0153-8

[100] Lee G, Boerma H, Villagarcia M, Zhou X, Carter Jr T, Li Z, et al. A major QTL condi‐
tioning salt tolerance in S-100 soybean and descendent cultivars. Theoretical and Ap‐
plied Genetics. 2004;109:1610–9. http://10.1007/s00122-004-1783-9

[101] Chen H, Cui S, Fu S, Gai J, Yu D. Identification of quantitative trait loci associated
with salt tolerance during seedling growth in soybean (Glycine max L.). Crop and
Pasture Science. 2008;59:1086–91. DOI: http://10.1071/ar08104

[102] Hamwieh A, Tuyen D, Cong H, Benitez E, Takahashi R, Xu D. Identification and val‐
idation of a major QTL for salt tolerance in soybean. Euphytica. 2011;179:451–9. DOI:
http://10.1007/s10681-011-0347-8

Genomics of Salinity Tolerance in Plants
http://dx.doi.org/10.5772/63361

295



[103] James C. Global status of commercialized biotech/GM crops: 2010. International Serv‐
ice for the Acquisition of Agri-biotech Applications (ISAAA) Ithaca, NY, USA; 2010.
DOI: http://10.1017/s0014479706343797

[104] Ashraf M, Athar H, Harris P, Kwon T. Some prospective strategies for improving
crop salt tolerance. Advances in Agronomy. 2008;97:45–110. DOI: http://10.1016/
s0065-2113(07)00002-8

[105] Munns R, Tester M. Mechanisms of salinity tolerance. Annual Review of Plant Biolo‐
gy. 2008;59:651–81. DOI: http://10.1146/annurev.arplant.59.032607.092911

[106] Goel D, Singh AK, Yadav V, Babbar SB, Murata N, Bansal KC. Transformation of to‐
mato with a bacterial codA gene enhances tolerance to salt and water stresses. Jour‐
nal of Plant Physiology. 2011;168:1286–94. DOI: http://10.1016/j.jplph.2011.01.010

[107] Dong Y, Ogawa T, Lin D, Koh H-J, Kamiunten H, Matsuo M, et al. Molecular map‐
ping of quantitative trait loci for zinc toxicity tolerance in rice seedling (Oryza sativa
L.). Field Crops Research. 2006;95:420–5. DOI: http://10.1016/j.fcr.2005.03.005

[108] Su J, Hirji R, Zhang L, He C, Selvaraj G, Wu R. Evaluation of the stress-inducible pro‐
duction of choline oxidase in transgenic rice as a strategy for producing the stress-
protectant glycine betaine. Journal of Experimental Botany. 2006;57:1129–35. DOI:
http://10.1093/jxb/erj133

[109] .Li H-W, Zang B-S, Deng X-W, Wang X-P. Overexpression of the trehalose-6-phos‐
phate synthase gene OsTPS1 enhances abiotic stress tolerance in rice. Planta.
2011;234:1007–18. DOI: http://10.1007/s00425-011-1458-0

[110] Cortina C, Culiáñez-Macià FA. Tomato abiotic stress enhanced tolerance by trehalose
biosynthesis. Plant Science. 2005;169:75–82. DOI: http://10.1016/j.plantsci.2005.02.026

[111] K A, Kim J-K, Owens TG, Ranwala AP, Do Choi Y, Kochian LV, et al. Trehalose accu‐
mulation in rice plants confers high tolerance levels to different abiotic stresses. Pro‐
ceedings of the National Academy of Sciences. 2002;99:15898–903. DOI: http://
10.1073/pnas.252637799

[112] Almeida AM, Villalobos E, Araújo SS, Leyman B, Van Dijck P, Alfaro-Cardoso L, et
al. Transformation of tobacco with an Arabidopsis thaliana gene involved in trehalose
biosynthesis increases tolerance to several abiotic stresses. Euphytica. 2005;146:165–
76. DOI: http://10.1007/s10681-005-7080-0

[113] Tarczynski MC, Jensen RG, Bohnert HJ. Stress protection of transgenic tobacco by
production of the osmolyte mannitol. Science. 1993;259:508–10. DOI: http://10.1126/
science.259.5094.508

[114] Abebe T, Guenzi AC, Martin B, Cushman JC. Tolerance of mannitol-accumulating
transgenic wheat to water stress and salinity. Plant Physiology. 2003;131:1748–55.
DOI: http://10.1104/pp.102.003616

Plant Genomics296



[115] Sickler CM, Edwards GE, Kiirats O, Gao Z, Loescher W. Response of mannitol-pro‐
ducing Arabidopsis thaliana to abiotic stress. Functional Plant Biology. 2007;34:382–91.
DOI: http://10.1071/fp06274

[116] Gao M, Tao R, Miura K, Dandekar AM, Sugiura A. Transformation of Japanese per‐
simmon (Diospyros kaki Thunb.) with apple cDNA encoding NADP-dependent sor‐
bitol-6-phosphate dehydrogenase. Plant Science. 2001;160:837–45. DOI: http://
10.1016/s0168-9452(00)00458-1

[117] Su J, Wu R. Stress-inducible synthesis of proline in transgenic rice confers faster
growth under stress conditions than that with constitutive synthesis. Plant Science.
2004;166:941–8. DOI: http://10.1016/j.plantsci.2003.12.004

[118] Kishor PK, Hong Z, Miao G-H, Hu C-AA, Verma DPS. Overexpression of [delta]-
pyrroline-5-carboxylate synthetase increases proline production and confers osmo‐
tolerance in transgenic plants. Plant Physiology. 1995;108:1387–94. DOI: http://
10.1016/j.plantsci.2005.05.025

[119] Gao X, Ren Z, Zhao Y, Zhang H. Overexpression of SOD2 increases salt tolerance of
Arabidopsis. Plant Physiology. 2003;133:1873–81. DOI: http://10.1104/pp.103.026062

[120] Wu L, Fan Z, Guo L, Li Y, Chen Z-L, Qu L-J. Over-expression of the bacterial nhaA
gene in rice enhances salt and drought tolerance. Plant Science. 2005;168:297–302.
DOI: http://10.1016/j.plantsci.2004.05.033

[121] Pasapula V, Shen G, Kuppu S, Paez‐Valencia J, Mendoza M, Hou P, et al. Expression
of an Arabidopsis vacuolar H+‐pyrophosphatase gene (AVP1) in cotton improves
drought‐and salt tolerance and increases fibre yield in the field conditions. Plant Bio‐
technology Journal. 2011;9:88–99. DOI: http://10.1111/j.1467-7652.2010.00535.x

[122] Zhang H-X, Hodson JN, Williams JP, Blumwald E. Engineering salt-tolerant Brassica
plants: characterization of yield and seed oil quality in transgenic plants with in‐
creased vacuolar sodium accumulation. Proceedings of the National Academy of Sci‐
ences. 2001;98:12832–6. DOI: http://10.1073/pnas.231476498

[123] Ohta M, Hayashi Y, Nakashima A, Hamada A, Tanaka A, Nakamura T, et al. Intro‐
duction of a Na+/H+ antiporter gene from Atriplex gmelini confers salt tolerance to
rice. FEBS Letters. 2002;532:279–82. DOI: http://10.1016/s0014-5793(02)03679-7

[124] Wang J, Zuo K, Wu W, Song J, Sun X, Lin J, et al. Expression of a novel antiporter
gene from Brassica napus resulted in enhanced salt tolerance in transgenic tobacco
plants. Biologia Plantarum. 2004;48:509–15. DOI: http://10.1023/b:biop.
0000047145.18014.a3

[125] Wu C-A, Yang G-D, Meng Q-W, Zheng C-C. The cotton GhNHX1 gene encoding a
novel putative tonoplast Na+/H+ antiporter plays an important role in salt stress.
Plant and Cell Physiology. 2004;45:600–7. DOI: http://10.1093/pcp/pch071

Genomics of Salinity Tolerance in Plants
http://dx.doi.org/10.5772/63361

297



[126] Singla-Pareek S, Reddy M, Sopory S. Genetic engineering of the glyoxalase pathway
in tobacco leads to enhanced salinity tolerance. Proceedings of the National Acade‐
my of Sciences. 2003;100:14672–7. DOI: http://10.1073/pnas.2034667100

[127] Gao S-Q, Chen M, Xu Z-S, Zhao C-P, Li L, Xu H-j, et al. The soybean GmbZIP1 tran‐
scription factor enhances multiple abiotic stress tolerances in transgenic plants. Plant
molecular biology. 2011;75:537–53. DOI: http://10.1007/s11103-011-9738-4

[128] Mao X, Jia D, Li A, Zhang H, Tian S, Zhang X, et al. Transgenic expression of Ta‐
MYB2A confers enhanced tolerance to multiple abiotic stresses in Arabidopsis. Func‐
tional & Integrative Genomics. 2011;11:445–65. DOI: http://10.1007/s10142-011-0218-3

[129] Seo YJ, Park J-B, Cho Y-J, Jung C, Seo HS, Park S-K, et al. Overexpression of the eth‐
ylene-responsive factor gene BrERF4 from Brassica rapa increases tolerance to salt
and drought in Arabidopsis plants. Molecules and Cells. 2010;30:271–7. DOI: http://
10.1007/s10059-010-0114-z

[130] Montero-Barrientos M, Hermosa R, Cardoza RE, Gutiérrez S, Nicolás C, Monte E.
Transgenic expression of the Trichoderma harzianum hsp70 gene increases Arabidop‐
sis resistance to heat and other abiotic stresses. Journal of Plant Physiology.
2010;167:659–65. DOI: http://10.1016/j.jplph.2009.11.012

[131] Xu D, Duan X, Wang B, Hong B, Ho T-HD, Wu R. Expression of a late embryogenesis
abundant protein gene, HVA1, from barley confers tolerance to water deficit and salt
stress in transgenic rice. Plant Physiology. 1996;110:249–57. DOI: http://10.1104/pp.
110.1.249

[132] Zhang L, Xi D, Li S, Gao Z, Zhao S, Shi J, et al. A cotton group C MAP kinase gene,
GhMPK2, positively regulates salt and drought tolerance in tobacco. Plant Molecular
Biology. 2011;77:17–31. DOI: http://10.1007/s11103-011-9788-7

[133] Apse MP, Aharon GS, Snedden WA, Blumwald E. Salt tolerance conferred by over‐
expression of a vacuolar Na+/H+ antiport in Arabidopsis. Science. 1999;285:1256–8.
DOI: http://10.1126/science.285.5431.1256

[134] Zhang H-X, Blumwald E. Transgenic salt-tolerant tomato plants accumulate salt in
foliage but not in fruit. Nature Biotechnology. 2001;19:765–8. DOI: http://
10.1038/90824

[135] He C, Yan J, Shen G, Fu L, Holaday AS, Auld D, et al. Expression of an Arabidopsis
vacuolar sodium/proton antiporter gene in cotton improves photosynthetic perform‐
ance under salt conditions and increases fiber yield in the field. Plant and Cell Physi‐
ology. 2005;46:1848–54. DOI: http://10.1093/pcp/pci201

[136] 136Shi H, Lee B-h, Wu S-J, Zhu J-K. Overexpression of a plasma membrane Na+/H+

antiporter gene improves salt tolerance in Arabidopsis thaliana. Nature Biotechnology.
2003;21:81–5. DOI: http://10.1038/nbt766

Plant Genomics298



[137] Koh E-J, Song W-Y, Lee Y, Kim KH, Kim K, Chung N, et al. Expression of yeast cad‐
mium factor 1 (YCF1) confers salt tolerance to Arabidopsis thaliana. Plant Science.
2006;170:534–41. DOI: http://10.1016/j.plantsci.2005.10.007

[138] Xue Z-Y, Zhi D-Y, Xue G-P, Zhang H, Zhao Y-X, Xia G-M. Enhanced salt tolerance of
transgenic wheat (Tritivum aestivum L.) expressing a vacuolar Na+/H+ antiporter gene
with improved grain yields in saline soils in the field and a reduced level of leaf Na+.
Plant Science. 2004;167:849–59. DOI: http://10.1016/j.plantsci.2004.05.034

[139] Yin X-Y, Yang A-F, Zhang K-W, Zhang J-R. Production and analysis of transgenic
maize with improved salt tolerance by the introduction of AtNHX1 gene. Acta Bota‐
nica Sinica—English Edition. 2004;46:854–61. DOI: http://10.1007/s11248-007-9085-z

[140] Fukuda A, Nakamura A, Tagiri A, Tanaka H, Miyao A, Hirochika H, et al. Function,
intracellular localization and the importance in salt tolerance of a vacuolar Na+/H+

antiporter from rice. Plant and Cell Physiology. 2004;45:146–59. DOI: http://
10.1093/pcp/pch014

[141] Møller IS, Gilliham M, Jha D, Mayo GM, Roy SJ, Coates JC, et al. Shoot Na+ exclusion
and increased salinity tolerance engineered by cell type–specific alteration of Na+

transport in Arabidopsis. The Plant Cell. 2009;21:2163–78. DOI: http://10.1105/tpc.
108.064568

[142] Yamaguchi T, Blumwald E. Developing salt-tolerant crop plants: challenges and op‐
portunities. Trends in Plant Science. 2005;10:615–20. DOI: http://10.1016/j.tplants.
2005.10.002

Genomics of Salinity Tolerance in Plants
http://dx.doi.org/10.5772/63361

299




