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Abstract

Plant salt tolerance is a complex trait controlled by multiple genes. In recent years, considerable attention has
been directed toward elucidating the molecular basis of plant salt tolerance, and numerous salt related genes have
been identified. High salinity is one of the most serious threats to crop production. To understand better the
molecular basis of plant responses to salt stress, a comprehensive knowledge of the up-and down-regulating genes
under salt stress is necessary. Solanum lycopersicum is a moderately salt tolerant crop species with considerable
economic importance in salinity affected arid and semi-arid regions of the world. In this study, the tomato culti-
vars “Pusa Ruby” (PR) and “Punjab Keshari” (PK) were used for transcriptional profiling under salinity stress
(200 mM NaCl for 6 h), using semi-quantitative RT-PCR. The experiment was designed to target ten defense rela-
ted genes in roots and leaves of two-month-old plants. A comparable transcript expression profile of up-regulated
and down-regulated genes has been created in two different varieties of tomato, in response to salinity. The study
confirmed that transcriptional responses differed in leaves and roots, indicating that the molecular mechanisms
for responses to the stress in tomato leaves were distinct from those in the roots. Our results revealed a differen-
tial expression of all the targeted genes under study in both cultivars of tomato. A higher level of expression of
stress responsive genes in PK leaves in comparison to PR leaves, together with a much higher basal expression
of the targeted genes targeted in our study suggested a more effective defense system in PK.
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Introduction

Salt stress is one of the main abiotic stresses which
limit the productivity and geographical distribution of
plants. High concentrations of salt in soils are respon-
sible for substantial decreases in the yield of a wide va-
riety of crops all over the world (Tester and Davenport,
2003). The specific toxicity resulting from the accumula-
tion of high concentrations of Na+ and Cl! in plants pro-
vokes various physiological and biochemical alterations
and, in consequence, inhibits plant growth and produc-
tion (Maggio et al., 2004; Munns, 2005). It is necessary
to understand how plants respond and adapt to this
stress in order to prevent crop yield losses. Salt tole-
rance might be affected by the expression of many diffe-
rent genes which are involved in different pathways,
such as ion compartmentation, ion extrusion, ion selecti-

vity, compatible solute synthesis and reactive oxygen
species (ROS) scavenging (Blumwald et al., 2000; Zhu,
2001; Zhu, 2003; Munns and Tester, 2008). Cultivated
tomato, one of the most important vegetable crops in the
world, is moderately sensitive to salinity. The existence
of salt tolerant varieties of several wild tomato species
has made tomato a model crop for comparative studies
on the mechanisms of salt tolerance. Our previous in-
vestigations have focused on the physiological and bio-
chemical characterization of a few tomato cultivars.

The regulation of gene expression is one of the key
phenomena in plants, by which they respond and try to
adapt to salt stress. One of the most intriguing examples
of such salt-induced gene regulation in plants is the salt-
induced activation of the phosphorylation/kinase cas-
cade, followed by the activation of various transcription
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factors (Xiong et al., 2002). To re-establish cell homeo-
stasis and normal functioning under salt stress, the acti-
vated transcription factors regulate either the expres-
sion of genes which encode proteins contributing to salt
tolerance, or the activity of enzymes which are involved
in pathways leading to the protection and repair of cells
under salt stress (Flowers, 2004; Munns, 2005). Plants
use different strategies to survive the problem of sali-
nity. Some of these strategies of salt tolerance involve
altering their germination and growth rates (Debez
et al., 2004), accumulating osmolytes, and increasing the
activity of an antioxidant system etc. (Ashraf and Foolad,
2007; Fu et al., 2013; Talei et al., 2013). Protection
against various environmental stresses has been well do-
cumented (Khan and Singh, 2008; Gill et al., 2011). Du-
ring the course of plant growth, the form and functions
of various organs undergo significant changes and the
ability of the plant to react to salinity stress depends on
the genes that are expressed at the developmental stage,
during which the stress is imposed (Epstein and Rains,
1987). Osmotic adjustment in plants subjected to salt
stress can be achieved by the accumulation of high
concentrations of either inorganic ions or low molecular
weight organic solutes. Although both of these play
a crucial role in higher plants grown under saline condi-
tions, their relative contribution varies among species
and cultivars, and even between different compartments
within the same plant (Ashraf, 1994; Greenway and
Munns, 1980). Salt-induced changes in the transcrip-
tome profile in roots of two tomato cultivars with distinct
salt tolerance were compared (Ouyang et al., 2007).
It was also suggested that the molecular mechanisms for
responses to the stress in leaves are distinct from those
in roots (Qing et al., 2009).

During the past few decades significant progress has
been made in the identification and characterization of
genes, enzymes or compounds with significant roles in
plant salt tolerance at the cellular or organism level (Al-
lakhverdiev et al., 1999; Apse et al., 1999; Bohnert and
Shen, 1999; Grover et al., 1999; Chinnusamy et al., 2005;
Cuartero et al., 2009; Plett and Moller, 2010). Manipula-
tions in the production of such elements which are im-
portant for salt tolerance, e.g. through transgenic ap-
proaches, have resulted in the development of plants
from various species with enhanced salt tolerance (Apse
et al., 1999; Serrano et al., 1999; Zhang and Blumwald,
2001).

The aim of this study was to compare the responses
of two tomato cultivars to salinity. To help decipher the
complex molecular mechanisms of plant salt tolerance,
a strategy of RT-cDNA was used to find out how the two
cultivars of tomato differ regarding the effect of salt stress
on the same set of stress-regulated genes. Selection was
made for particular “genes of interest” for our investiga-
tion based on their known or hypothesized functions and
involvement in stress responses in different tomato
cultivars. To understand the expression pattern of various
genes under salt stress conditions, we developed a com-
parative profile based on ten stress-related genes, in two
different varieties of tomato. Ten genes (Rab1A, Rab1B,
Rab1C, Rab11a, Aquaporin, ZFP, NAC1, CBF1, WRKY6
and ER43) were identified by searches of the EST data-
base (Table 1). Rab GTPases play a central role in the pro-
cess of vesicle trafficking in eukaryotic cells (Molendijk
et al., 2004; Grosshans et al., 2006). Aquaporins (AQ) are
channel proteins present in the plasma membrane as well
as in the intracellular membranes of cells, where they fa-
cilitate the transport of water, neutral solutes or gasses.
ZFP, the leucine zipper-based transcription factors with
well-established roles in plant development and biological
processes have also been shown to induce stress toleran-
ce in plants (Liao et al., 2008; Ni et al., 2008). The NAC
[No apical meristem (NAM), Arabidopsis transcription
activation factor (ATAF), Cup-shaped cotyledon (CUC)]
protein family is one of the largest families of plant spe-
cific transcription factors (Olsen et al., 2005). C-Repeat
binding factors (CBFs), a family of transcription factors
(TFs), regulate the expression of COR (cold regulated) ge-
nes on cold stress exposure. WRKY TFs are key regula-
tors of many processes in plants. These include the res-
ponses to biotic and abiotic stresses. Members of the ER
(ethylene responsive) family are involved in the cross-talk
of different kinds of abiotic stress and signaling pathways,
in that they are highly regulated by various kinds of abio-
tic factors and plant hormones, such as low temperature,
ethylene, drought, high salinity, abscisic acid, and jasmo-
nate (Liu et al., 1998; Zhang et al., 2004). A comparative
transcript profiling will be helpful to evaluate the relative
performances of cv. PR and cv. PK in combating salt
stress. In this report, two cultivars of S. lycopersicum PR
and PK have been compared in terms of their molecular
responses to salt stress. A semi-quantitative RT-PCR ana-
lysis with ten stress inducible genes was performed to
assess their regulation by salt stress.
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Table 1. List of genes and their short descriptions, which were used for designing primers for RT-PCR analysis

Gene name
Solanum lycopersicum

Accssn.
no.

of NCBI

Sizes
of the cDNAs

base pair

Source tomato sp.
and annotation

Rab1A  U38464 611
 LA1221, 
 Small GTP binding protein

Rab1B U38465 611
 LA1221, 
 Small GTP binding protein

Rab1C U38466 611
 LA1221, 
 Small GTP binding protein

Rab11a AJ245570 656
 Ailsa Craig, 
 Rab11GTPase putative role in secretion in cell wall

Aquaporin AB211518 800
 Micro-tom, 
 Water channel protein

Zinc finger protein (ZFP ) BT013336 900
 Micro-tom, 
 DNA binding transcription Factor

NAC1 EU670750 905
 LA2711, 
 Pathogen responsive transcription factor, NAM like protein

CBF1 AY034473 650
 TA496, 
 Cold responsive 
 Putative transcription factor

WRKY6 AK322575 881
 Micro-tom, 
 Transcription factors invoved in Plant defense mechanism

ER43 AF096249 650
 Evita, 
 Ethylene responsive gene (Ethylene responsive Factor 43)

Materials and methods

Plant material and growth conditions

Seeds of local cultivars of S. lycopersicum, e.g. cv.
“Pusa Ruby” and cv. “Punjab Keshari”, were purchased
from Amtala Seed Center, Amtala, West Bengal.

The seeds were surface sterilized in 0.1% HgCl2 for 10
min, and then rinsed with water. Selected seeds were ger-
minated aseptically on petri dishes containing moistened
filter paper. After three days, germinated seeds were
grown for another twelve days. These seedlings were then
transferred to trays containing fresh 0.25× MS (Mura-
shige and Skoog, 1962) (Sigma) liquid media. Plants in
the tray were grown in vivo for another 45 days in a tis-
sue culture room (16 h dark and 8 h light period, 25-
26EC). The media were replaced weekly. For salt treat-
ment, eight-week-old plants in a tray containing 0.25
× strength MS solution were supplemented with 0 and
200 mM NaCl and exposed for 6 hours. Then, the plants
were washed thoroughly with sterile de-ionized water,
their leaves and roots were sampled separately and

stored at !80EC for investigations. Three replicates
were performed for each treatment.

Specific primers

Annotations of the ten genes under study are listed
in Table 1. Primers specific to cDNAs of the targeted
genes were designed and used in RT-PCR experiments
for amplification of the full length cDNAs, as shown in
supplementary Table S1.

RNA extraction and quantification

Total RNA was isolated from roots and leaves using
a hot phenol method (Kay, 1987). Next, it was quantified
using a NanoDrop Spectrophotometer (NanoDrop 1000,
Thermo Scientific, USA). The integrity of total RNA was
assessed by gel electrophoresis (standard 1.2% agarose
gel).

RT-PCR

RNA samples were treated with DNaseI to remove
residual traces of DNA. The first-strand cDNA was syn-
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siscript™ reverse transcriptase (Qiagen), according to
the manufacturer’s instructions, in a final volume of
20 μl. The reverse transcription mix was diluted five
times and 2 μl was used for general PCR using Taq poly-
merase (Genetbio) with these thermocycling conditions:
1 × 94EC/2 min, 30× 94EC/60 s, 1 × (55 to 59EC)/60 s,
and 1 × 72EC/11.5 min and held at 4EC. Separate PCR
reactions were carried out in a Thermal Cycler (PTC-
200, Peltier Thermal Cycler, MJ Research, USA) for
different targeted genes with specific primers. The am-
plified fragments were purified and directly sequenced
without an intermediary cloning step using a BigDye
Terminator version 3.1 Cycle Sequencing kit (Applied
Biosystems, Foster City, USA). The electrophoresis and
data collection were performed on an ABI Prism 3100XL
Genetic analyzer (Hitachi Applied Biosystems).

Gene expression and data analysis

Various techniques have been employed to study
gene expression profiles in plants under different abiotic
stresses. Among such techniques, PCR-based protocols
offer the simplest approach to study differential expres-
sions of genes under varying levels of salt stress, various
time intervals, and different developmental stages or in
various plant tissues. Here, transcript levels of Rab1A,
Rab1B, Rab1C, Rab11a, Aquaporin, ZFP, NAC1, CBF1,
WRKY6  and ER43 genes, in two tomato cultivars PR
and PK (treated and untreated), were examined and
compared.

RT-PCR products (supplementry Fig. S4) were ana-
lyzed on 1.0% (w/v) agarose gels containing ethidium
bromide (0.5 μg/ml). The products were documented by
digital imaging after visualization under ultraviolet light.
The band intensity was expressed as relative absorbance
units using a GelDoc Imaging System, QuantityOne (Bio-
Rad, USA). Densitometer read-outs were normalized to
the values obtained for the housekeeping gene 18SrRNA.

A two-color based heat map of semi-quantitative
RT-PCR was generated using Multi-Experiment Viewer
(MeV_4_7_7_r2621_win.zip/tm4) to provide a visual im-
pression of how the various sample groups are related.
In this experiment, two-month-old plants (PR and PK)
were subjected to 200 mM NaCl stress for a period of
6 h. The normalized expression intensity values of ex-
pression data were imported to the TM4 software suite
to generate a heat map. All data are presented as a mean 

Fig. 1. Expression Heat map for relative expression of 10 tar-
geted genes detected by semi-quantitative RT-PCR in 2 varie-
ties of tomato, using Tm4 “Multi Experiment Viewer”. Gene
names appear to the right of the figure and each column repre-
sents samples from treated or untreated organs. The color bar
representing log2 transformed values where pink indicates up-
regulation and green indicates down-regulation. Genes listed
at the right side have been described in more detail in text

and in Table 1

± SE of three replicates. The expression levels of selec-
ted genes were then compared (Fig. 1 and Table 1).

Results

Performance of Pusa Ruby and Punjab Keshari 
under NaCl stress

To characterize the differences between PR and PK
in terms of salt tolerance in respect to the genes under
study, two-month-old plantlets of both genotypes were
treated hydroponically for 6 h with different concentra-
tions of NaCl (0 to 200 mM). When a higher concentra-
tion of salt (>200 mM) was applied, plants of both geno-
types were severely wilted within 30 min.

The effect of different salt concentrations (0, 50,
100, 150 and 200 mM) on in vitro grown plantlets was
investigated (supplementary Fig. S2). Under 200 mM
NaCl, chlorosis was obvious only in PR, although a slo-
wer growth was observed in both genotypes. The sur-
vival rate for PR decreased after 35 days, but PK plants
were able to survive. Under 200 mM NaCl, the survival
rate for PK after 30 days was still higher than that for
PR. These results indicated that PK may be more salt
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tolerant than PR. The cross-sectional view of root sec-
tions of both the treated and untreated plants showed
that the roots became transfigured under salt stress.
The cross-sectional area of the vascular cylinder showed
significant differences between all treatments, decrea-
sing with the increasing concentration of NaCl. With
regard to the parenchyma, only those treated with the
highest salt concentrations were significantly different to
the controls. Epidermis cells in the investigated roots
brushed off under salt stress. In addition, the pericycle
cells shrank and the epidermis cells separated from the
cortex cells (supplementary Fig. S3).

Gene expression profiling

In order to gain a better understanding of the mecha-
nism underlying the salt tolerance of PR and PK, the
transcriptome changes after 6 h salt stress were investi-
gated using RT-PCR for ten selected genes. A 6 h treat-
ment with 200 mM NaCl was used to focus mainly on
the early responses to salinity shock.

In general, differential expression patterns were ob-
tained in the putative salt-tolerant genotype PK and the
putative moderately salt tolerant genotype PR. Upon 6 h
salt stress, all the ten genes were up-regulated in leaves
and down-regulated in roots of cv. PK (Fig. 1 and sup-
plementary Fig. S4), except for ZFP which was up-regu-
lated in the roots, whereas in cv. PR all the candidate
genes were down-regulated in both tissues (Fig. 1 and
supplementary Fig. S4.).

Expression of genes Rab1A, Rab1B, Rab1C and Rab11a
under stress and normal growth conditions

Transcript accumulation in the treated roots and
leaves of both the cultivars showed significant differen-
ces (Fig. 1 and supplementary Fig. S4).

Under salinity stress, the transcript levels of four ge-
nes (Rab1A, Lab1B, Rab1C and Rab11a ) were undetec-
table in preparations from the roots of cv. PR, whereas
they were detectable in the roots of cv. PK. In PR leaves,
the expression of three genes (Rab1B, Rab1C and
Rab11a ) was undetectable and the expression of Rab1A
was only detected at a low level. The stress driven ex-
pression of these genes was quite high in the leaves of
PK, whereas in roots all of them were down-regulated
(Fig. 1 and supplementary Fig. S4).

Under normal growth conditions in cv. PR, the basal
expression of Rab1A, Rab1B and Rab11a was high in

leaves, but the expression of all four genes was low or
undetectable in roots. In cv. PK, the basal expression of
Rab1A was found to be quite high in both roots and
leaves. Rab1B/1C/11a transcripts were found to be
abundant only in roots, whereas in leaves their expres-
sion was quite low (Fig. 1 and supplementary Fig. S4).

Expression of ZFP, NAC1, CBF1, WRKY6 and ER43
under stress and normal growth conditions

Salinity stress induced three-fold higher accumula-
tion of transcripts of CBF1 and NAC1 in leaves of cv.
PK, but lowered WRKY6 expression in leaves. The
transcripts of NAC1, CBF1 and WRKY6 were repressed
in the treated roots of PK plants. All of these five genes,
except for ZFP, were highly repressed in the leaves of
PR, whereas three of them (WRKY6, NAC1 and ER43 )
remained unaltered in the roots. The ZFP gene was up-
regulated to some extent in both organs of PK and mo-
derately in leaves of PR. It was repressed by about 30%
in roots of cv. PR (Fig. 1 and supplementary Fig. S4).

Under unstressed conditions, the basal expression
of these five genes (ZFP, NAC1, CBF1, WRKY6 and
ER43 ) in PK was found to be higher in roots than in
leaves (Fig. 1 and S4). In the case of cv. PR, apart from
ZFP, the other four genes were abundant in leaves,
whereas in roots the expression levels of WRKY6, NAC1
and ER43 remained undetectable.

Expression of the Aquaporin gene under stress 
and normal growth conditions

Aquaporin gene expression after treatment with
200 mM NaCl for 6 h was induced only in the leaves of
cv. PK. In untreated leaves of PK, its expression was low
but a three-fold enhancement was detected after NaCl
treatment. In roots of cv. PK it was significantly down-
regulated. PR showed a high constitutive level of expres-
sion of this gene in leaves which were repressed when
treated. Under both conditions, the transcript levels of
AQ were undetectable in roots of PR.

Discussion

To improve salt tolerance in cultivated tomato, it is
necessary to understand the mechanisms underlying its
salt tolerance. Salt stress and many other biotic and abio-
tic stresses are coordinately regulated by different inter-
connected pathways (Ludwig et al., 2005; Ma et al., 2006).
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Salt tolerance determinant genes can be categorized
into two functional groups (Hasegawa et al., 2000). The
first includes effectors responsible for processes that are
necessary for stress alleviation or adaptation. The se-
cond consists of regulatory genes which include trans-
cription factors (TFs) (Hasegawa et al., 2000). The func-
tional characterization of various TFs under salt-stress
conditions may provide essential information. For ex-
ample, overexpression of certain stress-responsive TFs
in transgenic crops may lead to an enhanced plant salt
tolerance and improved crop productivity under saline
conditions. The TF genes in our study, i.e. WRKY6,
NAC1, ZFP, CBF1 and ER43, were highly induced in
stressed conditions especially in the leaves of PK. There
are several reports of such induction of TFs in abiotic
stress (Sakamoto et al., 2004; Huang et al., 2009; Hsieh,
2002; Yamaguchi-Shinozaki and Shinozaki, 2006; Tao et
al., 2011). In addition, the high level of constitutive ex-
pression of genes coding for these TFs, even under un-
stressed conditions, may be the underlying reason why
PK developed a much higher salt tolerance than PR.

C-Repeat binding factors (CBFs) play a vital role in
protecting plants from the deleterious effects of cold
stress (Thomashow, 2010). In the present study, cultivar
PK of tomato displayed accumulation of CBF1 trans-
cripts in response to salt treatment. However, the extent
of the increase in transcript abundance was significantly
higher in treated leaves, while it was down-regulated in
the roots. Such up-regulation of TFs must have also
contributed to PK’s high tolerance. There have been
reports indicating that constitutive overexpression of
CBF1 in transgenic tomato increased drought, chilling
and oxidative stress tolerance (Hsieh, 2002). Similarly,
transgenic Arabidopsis overexpressing CBF-type genes
displayed strong tolerance to drought, high salinity and
freezing with growth retardation (Yamaguchi-Shinozaki
and Shinozaki, 2006).

Genes from the NAC family have been found to parti-
cipate in various biological processes including develop-
ment, biotic and abiotic stresses (Hegedus et al., 2003;
Guo et al., 2005). While in our experiments a high level
of NAC1  transcript was observed in treated leaves of
PK, the same gene was found repressed in leaves and
roots of cv. PR, even though it was highly expressed in
control leaves. In Arabidopsis, three NAC proteins
(ANAC019, ANAC055, and ANAC072) have been iden-
tified (Yamaguchi-Shinozaki and Shinozaki, 2006). Over-

accumulation of these NAC TFs resulted in up-regulation
of several stress-inducible genes and improved drought
tolerance of the transgenic Arabidopsis plants. Up-regu-
lation of these genes caused a significantly increased
tolerance to abiotic stress in the transgenic lines (Yama-
guchi-Shinozaki and Shinozaki, 2006). An Arabidopsis
NAC gene, AtNAC2, has been found to be involved in
the salt stress response and in lateral root development
(He et al., 2005). It is worth noting that the NAC1 gene
in this study is precisely the one identified by Selth et al.
(2005) as being involved in interactions with a tomato
leaf curl virus (TLCV). Selth reported that SINAC1 gene
expression was up-regulated in response to TLCV infec-
tion. TLCV induces synthesis of NAC1 which interacts
with the REn (replication enhancer) and thus appears to
be involved in viral replication. So, it seems that NAC
genes play an important role in the cross-linking of dif-
ferent signaling pathways.

The association between zinc finger TFs and plant
salt tolerance has been reported previously. As far as
our findings are concerned, under stressed conditions
the expression of ZFP  was found to be significantly
enhanced only in the leaves of PR. However, in PK the
basal levels of ZFP transcripts, in both tissues, were
a small amount higher in comparison to PR. Additionally,
accumulation of the transcript enhanced marginally
under stress in both organs. PK demonstrated a margi-
nal increase in its expression in both organs under
stress. There are reports where transgenic rice plants
overexpressing ZFP245 have shown significant tolerance
to cold and drought stresses (Huang et al., 2009). Ear-
lier reports have also indicated that the expression of
genes from the zinc finger TF family was highly induced
by severe salt stress. In particular, rice zinc-finger gene
OSISAP1, and two Arabidopsis Cys2/His2 -type zinc-
finger genes – AZF2 and STZ – have been found to be
strongly induced by different types of stress, including
high salt treatment (Mukhopadhyay et al., 2004; Saka-
moto et al., 2004). Overexpression of OSISAP1 in trans-
genic tobacco conferred tolerance to cold, dehydration,
and salt stress at the seed-germination/seedling stage
(Mukhopadhyay et al., 2004).

Accumulation of WRKY6  transcript was detected in
leaves of both cultivars in stressed and unstressed con-
ditions. Most of the genes under study, including WRKY6,
were down-regulated in treated roots of both the cultivars.
Transgenic rice plants overexpressing OsWRKY45-2



A comparative molecular analysis of two genotypes of Solanum lycopersicum in respect of the expression of selected salt 313

showed increased ABA sensitivity and salt stress tole-
rance (Tao et al., 2011). WRKYs have diverse roles in
plant development and stress regulation (Nakashima
et al., 2007; Zhou et al., 2002 and 2008). Generally,
over-accumulation of TFs controlling multiple genes
from various pathways may lead to attaining tolerance
against multiple stresses (Sreenivasulu et al., 2007).
Several recent reports have emphasized the importance
of TFs in mediating responses against abiotic stresses.

As PK showed better tolerance to salinity stress, the
transcript levels for the TFs were also found to be
higher in PK, including that for ER43, which is an ethy-
lene responsive element binding factor. Ethylene is re-
quired for salt-stress signaling and adaptation (Ma et al.,
2006). Tomato contains multiple homologous genes
coding for ethylene receptors that are expressed diffe-
rentially in fruit ripening and defense response proces-
ses. In the presented experiments, the transcript level
of ER43 enhanced two-fold in both organs of PK, which
indicates that the plant hormone ethylene plays an im-
portant role in tomato salt tolerance.

The expression of small GTP (smGTP) genes (Rab1A,
Rab1B, Rab1C and Rab11a) was found to be strongly in-
duced by salt only in leaves of PK. Additionally, transcripts
of all the mentioned Rab genes were found to be abundant
in PK under normal conditions and their abundance was
even higher in roots than in leaves. While in PR the basal
level of the transcripts was high in untreated leaves, none
was detectable in roots under normal growth conditions.
It is to be noted that the Rab1C transcript was not detec-
ted in unstressed or stressed PR plants. This suggests
that stress inducible signaling pathways are constitutively
active in PK even under unstressed conditions and must
have contributed to a much higher tolerance of this culti-
var compared to that of PR. Our observation of the acti-
vation of expression of smGTP genes during salt stress is
consistent with the current understanding of the trans-
criptional regulatory networks utilized by plants to survive
abiotic stresses (Yamaguchi-Shinozaki and Shinozaki,
2006). The transcription levels were found to be high in
leaves, even though the leaves were not in direct contact
with the NaCl medium. These relative changes (higher
transcript accumulation in NaCl treated leaves) are pro-
bably due to long distance signaling through hormones,
e.g. ABA, or nutrient movement from root to leaf.

Under normal growth conditions, the transcript
abundance of AQ gene in leaves was twice as high in PR

than in PK. The control PR leaves show quite a high
expression of AQ gene, which was not detected in the
treated leaf samples. Our expression data show that the
water channel proteins of the cell membrane (AQ) are
constitutively abundant in untreated leaves of PR, but
extensively down-regulated in salt treated plants. This
must be to limit the initial water loss. We have to assu-
me that a high level of a basal AQ gene expression might
be to facilitate transcellular water movement. In
200 mM NaCl, the expression of the AQ gene was signi-
ficantly up-regulated in leaves and down-regulated in
roots of cv. PK, while it was highly repressed in leaves
or roots of PR. Earlier reports have suggested that the
expression of AQ genes may be down-regulated due to
the reduction of cell hydraulic conductivity (Shope et al.,
2006). In roots of most of the plant species investigated
so far, drought or salt stresses resulted in a marked
decrease in transcript levels of AQ gene. In Arabidopsis,
exposed to 100 mM NaCl, this transcript is repressed by
70% (Javot et al., 2002). In corn, a coordinated down-re-
gulation of most aquaporin transcripts has also been
noticed (Alexandersson et al., 2005). An increased level
of aquaporin channel proteins in the aerial parts of PK
under salinity stress might have facilitated a water flow
to the vegetative parts. Additionally, studies on Hor-
deum vulgare (barley) leaves have suggested that an
increased abundance of HvPIP16 transcripts, in res-
ponse to salt, may reflect the role of this aquaporin in
promoting residual growth of the leaf under stress
(Fricke et al., 2006).

The results of our previous biochemical experiments
(Roy and Sengupta, 2014) with leaves of three two-
month-old tomato cultivars (PR, PK and Ailsa Craig)
indicated that a 6 h salt shock treatment with 200 mM
NaCl was sufficient to cause significant changes in the
content of such biochemical constituents as proline,
polyamines (PAs), cysteine, H2O2, MDA (malondialde-
hyde), and pigments (anthocyanin and carotenoids). Sig-
nificant accumulation of osmoprotectants and antioxi-
dants proved that the defense system of PK is much
stronger than that of PR, keeping reactive oxygen spe-
cies and MDA under control. Proline is one of the most
important osmoprotectants in plants. Under salt stress,
most plant species exhibit a remarkable increase in
proline content (Patel and Pandey, 2008; Dasgan et al.,
2009). Extremely large amounts of proline accumulation
have also been found in cv. PK. Our earlier study also
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showed that PK produced a higher level of polyamines
(putrescine and spermidine) when treated with 200 mM
NaCl. It is noteworthy that these data presented here
correlate with the result of our previous biochemical
experiments, where PK was also found to be more stress
resistant than cv. PR in respect to accumulation of
transcripts of the stress responsive genes under study.

Conclusions

This report proposes that comparative expression
profiling of two cultivars of S. lycopersicum, PR and PK,
would expedite the identification of genes with impor-
tant roles in salt stress tolerance. An RT-PCR analysis
with ten different stress inducible genes has revealed
a differential gene regulation in the two cultivars during
an early phase of the stress. The transcriptional respon-
ses varied in leaves and roots, showing that the mole-
cular mechanisms for responses to the stress are dis-
tinct in these organs. The greater extent of up-regulation
of stress-responsive genes in PK suggests that PK is
more salt tolerant than PR. These differences at the
transcriptomic level show that cultivars of the same spe-
cies can use different molecular strategies to cope with
unfavorable conditions. The data presented herein en-
hance our understanding of the molecular mechanisms
of tomato responses to salinity stress and lay the ground-
work for genetic engineering strategies to improve the
stress tolerance of agronomically important species.
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