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Abstract

WRKY proteins are superfamily of transcription factors, which are up or down-regulated in response to biotic and
abiotic stress though limited study has conducted on transcriptional repression of tomato WRKY genes to salt
stress. Thus, this study was conducted on three transgenic tomato (Solanum lycopersicum L. cv. Moneymaker) T1
generation plants carrying RNAi constructs for WRKYS, WRKY 12, and WRKY 13 to identify WRKYSs that can
act as negative regulators and uncover associated gene expression. In vitro propagated transgenic and wild type
(MM) seedlings were transferred to pots under greenhouse. The plants were watered with standard solution
supplemented with 0 or 100 mM NaCl for 4 weeks and evaluated for their responses. The result showed WRKY 12
and WRKY 13 RNAI lines performed better under salt stress with successful silencing which suggest the two
WRKY transcription factors act as negative regulators. SOS/ is up regulated in WRKY 13 RNAi, which may lead
to low Na" accumulation and contribute to salt tolerance. Expression of APX is up regulated in WRKY 12 and
WRKY 13 RNAI, which may contribute to salt tolerance mechanism of the two genotypes. Microarray analysis of
abiotic stress related genes might give clear indication for the regulatory role of WRKY 12 and WRKY 13 in abiotic
stress tolerance.

Keywords: Solanum lycopersicum. Salt Stress. WRKY RNAI. Negative Regulator

DOI: 10.7176/JBAH/10-17-03

Publication date:September 30" 2020

INTRODUCTION

Transcription factors are proteins which have substantial role in regulating stress-inducible gene expression
enabling plants to adapt biotic and abiotic stresses (Besseau et al., 2012; Chen et al., 2012; Gao et al., 2007; Singh
et al.,, 2002). Transcription factors including dehydration responsive element-binding factor (DREB), ABA-
responsive elements (ABARE), zinc-finger proteins, WRKY, and NAC transcription factors are induced by certain
abiotic stresses and activate expression of abiotic stress related genes (Hu and Xiong, 2014). Overexpression or
suppression of these regulatory genes enhances activation of different stress responsive genes (Zheng et al., 2009;
Abe et al., 2003; Orellana et al., 2010). WRKY proteins are a superfamily of transcription factors containing one
or two highly conserved WRKY domains, 60 amino acid region comprising conserved WRKYGQK sequences at
N-terminal together with zinc-finger-like motif at its C-terminal (Eulgem et al., 2000). They are known to be
involved in regulating diverse functional processes such as growth, development, hormone-mediated pathways,
biotic and abiotic stresses (Ramamoorthy et al., 2008). The WRKY transcription factors comprise different family
members in different plant species. Studies indicated that there are 74 members of WRKY genes in Arabidopsis
(Arabidopsis thaliana), 64 in soybean (Glycine max), 81 in tomato, 102 and 98 in indica and japonica rice,
respectively (Huang et al., 2012; Ross et al., 2007; Ulker and Somssich, 2004; Zhou et al., 2008).

Based on the genome wide investigation of WRKY genes in tomato, a total of 81 WRKY members have been
identified (Huang et al., 2012). Microarray analysis of these members showed significant change in expression
pattern in response to biotic and abiotic stresses. Further expression analysis of selected SIWRKY in real-time
quantitative RT-qPCR showed that majority of the tested SIWRKY genes were up-regulated in response to drought,
salt, and pathogen invasion, while down regulation has also observed for some of the SIWRKY genes. Like other
TFs, tomato WRKY TFs may act as transcriptional repressors. However, there is limited study on tomato either
individual WRKY genes have transcriptional repression in stress response including salt stress. Thus, targeted
down regulation of gene expression is an alternative approach to release suppression effect. RNA interference
(RNAI) is a powerful tool that can aid to uncover the function of individual gene (Hannon, 2002). To study the
involvement of WRKY genes in salt tolerance, several different WRKY genes were silenced in tomato through
RNAI in transgenic lines that have been developed previously. Therefore, the objectives of this research were (1)
to verify the silencing level of WRKY genes in transgenic tomato lines (2) to evaluate the phenotypic,
physiological, and biochemical response of WRKY RNAI transgenic lines to salt stress and (3) to identify WRKY
genes that can act as negative regulators and uncover associated gene expression in response to salt stress.

MATERIALS & METHODS

Transgenic plant materials

Transgenic tomato (Solanum lycopersicum L. cv. Moneymaker) T1 generation plants carrying RNAI constructs
for WRKY gene silencing (WRKYS5 RNAi, WRKY12 RNAiand WRKY13 RNAIi) were used for the study. The
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RNAI transgenic tomato lines were propagated in vitro to perform subsequent experiments.

Growth conditions

Seeds harvested from first generation (T1) transgenic plants were cultured on MS agar medium supplemented with
100mgL!' Kanamycin (Kn). After 2 weeks of culture, kanamycin-resistant and kanamycin-sensitive seedlings were
identified. Seedlings maintained on MS medium containing kanamycin were chosen as transformed plants while
non-germinated were excluded. The transformants were grown and propagated further in vitro without Kn for
subsequent experiments. The propagation was done by cutting the nodal part and growing on 2 MS agar medium.
For transfer to the greenhouse, the apical nodal part was cut and rooted on ¥ MS medium supplemented with 20
mgL! of cefotaxime as an antibacterial agent. After two weeks of in vitro growing, the seedlings were transferred
to pots filled with vermiculite under greenhouse condition with a photoperiod regime of 16hr light and 8hr dark,
and 70% RH.

Treatment of salt stress

The transferred seedlings were covered with a transparent cup for the first four days to acclimatize. The plants
were further grown for 14 days by watering with half strength Hoagland nutrient solution. Then, the plants (4
plants per line) were watered with standard solution supplemented with 0 or 100 mM NacCl in one day interval for
4 weeks to evaluate their response to salt stress. Salt solution was applied till leaching was observed from the pot
to maintain the appropriate and uniform concentration.

Experimental design and evaluation of salt tolerance
The experiment was laid out in randomized complete block design with two treatments (control and salt) and four
replications for each, consisting of the different WRKY RNAi and wild type (MM) tomato plants.

Morphological measurements

Growth parameters such as shoot length, fresh weight and dry weight were measured at the end of the experiment
(4 weeks after salt treatment). The above ground parts were harvested and the fresh weight (FW) was measured
immediately after harvest. Samples were dried in oven at 70°C for 48hrs and dry weight (DW) was measured
subsequently.

Physiological assessment

Chlorophyll content

Chlorophyll content was measured 4 weeks after salt treatment using Minolta chlorophyll meter SPAD-502. Two
measurements per plant were taken from fully expanded matured leaflets and the average value was taken for each
individual plant.

Electrolyte leakage

Leaf samples were collected from the transgenic and wild type control plants. Twelve (12) leaf disks (~7mm in
diameter) were prepared from each line by cutting with metal leaf borer and put in tube containing 20 ml of MQ
ultrapure water supplemented with 1uM paraquat solution. The samples were incubated overnight under dark
condition for 12 hrs. Then, the tubes were transferred to light condition for 24 hrs. The electrical conductivity of
the solution was measured twice i.e. on 24hrs and 48hrs using EC meter. Then, samples were autoclaved at 121°C
for 5 min and the final electrical conductivity was measured after cooling down. The electrolyte leakage (EL %)
was calculated in percentage as described in previous study (Dionisio-Sese and Tobita, 1998) using the equation;
EL= ECV/ECf* 100 Where, ECi: initial electrical conductivity (24 & 48hrs); ECf: final electrical conductivity
(after autoclaving).

Biochemical analysis

Dried leaves and stems were used for ion content analysis (Na*, K*, Ca?", Mg?*, SO4*, POs*", and CI"). The dried
samples were ground with a Imm mesh. 29-31mg of the resulting powder was weighed and ashed in an oven for
6hrs at a maximum temperature of 575°C. After cooling down, 1ml of 3M formic acid was added and the samples
were shaken for 15 min at 99°C and 400rpm to dissolve the ash. 9ml of milliQ water was subsequently added and
the solution was mixed properly. After that 200ul was taken from the mixture and added into ion chromatography
(IC) plastic tube containing 9.8ml of milliQ water (50-fold dilution). The standards and blanks were prepared
before the analysis. Ion content was measured with ion chromatography (Metrohm). Anions were analyzed by
Methrom 881 compact IC pro (2.882.0020) using Metrosap A 150, 150/4.0 mm column equipped with a Mertosap
C5/5 Supp 4/6 guard column. While, cations were analyzed by Methrom 881 Compact IC pro (2.882.0010) using
Metrosap C4 Supp 4,250/4.0 mm column equipped with a Metrosap A Supp 4/6 guard column. The peak areas for
the cations and anions were determined and converted to concentration according to the standard formula. Then,
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the ion content in leaves and stems was normalized to dry weight of the samples.

Gene expression analysis

Primer design

WRKY gene specific primers (Table 1) were designed using the available web-based primer design program
(http://www.ncbi.nlm.nih.gov/). Primers were designed outside the RNAi construct towards 3' end of the sequence
region. Multiple alignments were made for all the WRKY genes to identify non-conserved regions of the coding
sequence to be used for primers design.

Table 7. Primer sequences used for the expression analysis of WRKY genes

WRKY gene Primer name Sequence ( 5'-——-> 3' order)

WRKYS5 WRKYS5 F AGACCAGCAAAGAAATCTCCA
WRKYS5 R TTTCTCCAGAAACACTTATGATCG

WRKY12 WRKY12 F GCATGAAAATGGCTGATATTCCACC
WRKY12 R AGCTGCATCGTCTAATGCTCTTT

WRKY13 WRKY13 F ACCATCACTCTTCTTCTTCTTCACC
WRKY13 R GAACTTGCAAAGGGGAATTGATGA

RNA isolation & cDNA synthesis

Leaf samples were taken from the second leaf counting from the top (first to be moderately expanded) of salt
treated and control plants. The samples were immediately frozen in liquid nitrogen and stored at -80°C before
RNA extraction. The leaf samples were ground thoroughly in liquid nitrogen with mortar and pestle. RNA was
isolated using RNeasy Plant Mini Kit following the manufacturer’s instruction. The concentration and quality of
the isolated RNA was checked in nanodrop spectrometer and 2% agarose gel electrophoresis, respectively. One
pg of total RNA was treated with RNase-free DNase I (invitrogen) to prevent contamination with DNA. DNase I
was inactivated with 1ul of 25 mM EDTA solution. The RNA was then reverse transcribed using iScriptTM cDNA
synthesis kit following the manufacturer’s instruction.

Quantitative real-time PCR (qPCR)

After cDNA synthesis, real-time qPCR was used to examine and quantify the expression level of the WRKY genes
targeted for silencing in each of the WRKY RNAI lines under control conditions. The reaction mix containing
5ul SYBR GREEN super mix, 1ul forward primer, 1pl reverse primer, and 3pl template cDNA was prepared with
a final volume of 10ul. The PCR amplification was set as initial denaturation at 95°C for Sminutes followed by 39
cycles of 94°C for 10s, 59°C for 30s followed by a melt curve analysis. Relative expression of the genes was
determined from the difference in cycles observed to reach the threshold (AACt) between the target genes and
reference gene. Elongation factor (EF-1a) was used as a reference gene in each PCR reaction. Each sample analysis
was performed in two biological and two technical replicates. The expression level relative to the reference gene
expression level was calculated using the formula; 224t (Livak and Schmittgen, 2001).

Expression analysis of stress related genes

The expression of putative candidate genes involved in hormonal biosynthesis (NCED1: Absisic Acid Pathway),
ion homeostasis (SOS1), cell death regulation (MCA1), and ROS scavenging genes (APX1 and SOD) was
analyzed with real-time qPCR.

Table 8. . Primer sequences used for the expression analysis of stress related genes

Stress related genes Primer name Sequence (5'--—->3")
SOD SISOD F CCTCTCACTGGTCCACAGTCCA
SISOD R AGCAGTTAACCCTGGAGGCCA
APXI1 SIAPX1 F CCATTTGGAACAATCAGGCACCCG
SIAPX1 R CGGGGCCTCCCGTAACTTCA
NCEDI NCEDI1 Fl1 TCGAAAACCCGGATGAACAAGTGA
NCEDI1 RI AACCAGAAACTTTTGGCCATGGTTC
SOS1 SISOS1 F GCACATCTTCACGATGCTGTCCA
SISOS1 R AGAGGGTTGCACCACGTAACTTCA
MCALI MCA F1 CACTCTTTGACGTCTTTGGCG
MCA RI1 AACCATACCCATGAACCCGC

Statistical analysis

The collected growth and physiological data were subjected to GenStat 16th edition (64 bit). Significance effects
of the treatment were determined by analysis of variance (ANOVA). The treatment means were compared by
Fisher protected least significance difference (LSD) test with a significance level of p<0.05. Correlation analysis
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was made between morphological and biochemical parameters.

RESULT

Expression Analysis of WRKY Genes

Real-time PCR was performed using gene specific primers to determine the silencing level of WRKY genes in
RNAI transgenic lines. The expression of individual WRKY genes in RNAI lines was checked only in control
condition since we do not know their expression before and better to start from control. Their expression was
calculated relative to the expression of the native WRKY genes in MM background. As expected, the relative
expression of WRKY genes was lower compared to their expression in MM (Table 3).

Table 9. WRKY gene expression in independent RNAI lines (2" column) and wild type (MM) background (4
column) and the relative expression (5% column) calculated by dividing expression of WRKYs in RNAI lines to
their respective expression in MM background, (n=2).

WRKY RNAI lines Expression SD MM Relative to MM
WRKY5-2 0.0212 0.0072 0.0529 0.4016
WRKYS5-3 0.0074 0.0006 0.0529 0.1403
WRKY12-1 0.1063 0.0192 0.2028 0.5239
WRKY12-2 0.0218 0.0019 0.2028 0.1073
WRKY12-3 0.0086 0.0011 0.2028 0.0424
WRKY13-1 0.0002 0 0.0011 0.1821
WRKY13-2 0.0002 0 0.0011 0.1681
WRKY13-3 0.0003 0.0001 0.0011 0.2913

SD = standard deviation

Growth Response of Genotypes to Salt Stress

Salt stress tolerance of RNAI lines silenced for 3 tomato WRKY genes and wild type (MM) tomato plants was
evaluated under 100mM NaCl and control conditions. Since the plants were vegetatively propagated, the
transgenic lines were uniform while transferred to the greenhouse. Clear phenotypic differences were visible after
two weeks of salt treatment. In addition to genotypic variation to salt stress response, some of the transgenic lines
showed altered phenotype in control conditions. The WRKY5-3 RNAI transgenic plants showed wilted and
yellowish leaves (cell death) in control condition but this was partly reversed under salt stress (picture not shown).

Influence of Salinity on Shoot Length

Shoot length was measured twice, i.e. two and four weeks after salt treatment. No significant differences in shoot
length were found among genotypes in the first two weeks of salt treatment (data not shown). Visible phenotypic
variation in shoot length was observed after the plants were exposed for four weeks to 100mM NaCl treatment.
The results indicate that salt stress significantly (p<0.05) decreased the shoot length of tomato genotypes as
compared to control condition. The genotype WRKY 12-1, and WRKY 12-2 RNAI lines exhibited the highest shoot
length under salt stress (Fig. 1a)

Genotypic Variation in Biomass Production under Salt Stress

To evaluate the effect of salt stress on the whole plant level, shoot fresh weight (SFW) and shoot dry weight (SDW)
was calculated. Under salt stress WRKY12-1, WRKY12-2, WRKY13-1, and WRKY 13-3 RNAi showed higher
SFW, ranging from 236 to 264g, compared to MM and other lines (Fig. 1b), while WRKY5-3 RNAI had lower
SFW both under salt and control conditions. Similar results were observed in shoot dry weight (SDW). Salt stress
caused reduction in SDW compared to control (Fig. 1c). Under salt stress WRKY12-1 and WRKY13-3 RNAi
lines showed higher SDW, while WRKY5-3 had lower SDW compared to MM and other lines.
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Figure 1. Growth response of WRKY-RNAi and wild type (MM) tomato under 100mM NaCl & control conditions.
(a) Shoot length (cm), (b) Shoot fresh weight (gm), (¢) Shoot dry weight (gm). Growth parameters were measured
4 weeks after salt treatment. (n=4, error bars indicate the standard error)

Physiological Response of Genotypes under Salt Stress

Chlorophyll Content

Chlorophyll content of the leaves can be used as an indicator of the photosynthetic activity and performance of the
plants under stress conditions (Wu et al., 2008). Thus, tolerant plants are generally expected to have higher
chlorophyll content than sensitive ones. In this study, chlorophyll content of transgenic and wild type plants was
measured three weeks after 100 mM NaCl treatment. The result indicates that there was significant difference
(p<0.05) in chlorophyll content among genotypes both under salt and control conditions. In general, the
chlorophyll content of all the genotypes was higher under salt stress condition compared to control (Fig. 2d). Under
salt stress higher chlorophyll content was measured in WRKY'13-3 and WRKY12-3 RNAI plants with 61.32 and
61 SPAD readings, respectively compared to MM and other lines. In contrast, low chlorophyll content was
measured in WRKY5-3 with 50.7 SPAD readings. The Chlorophyll content was slightly higher in MM (53 SPAD
readings) under salt stress though not significantly different from most RNA! lines.

Response of genotypes to oxidative stress

Paraquat, a non-selective herbicide, acts as photosynthesis inhibitor. In many scientific studies paraquat is used as
a model chemical to induce reactive oxygen species (ROS) (Bus and Gibson, 1984). Under light conditions, it
accept electrons from photosystem-I (PS-I) and transfer them to oxygen molecules, inducing the production of
ROS which induce injury to plant cells. Electrolyte leakage is an indication of plant membrane stability and can
give indication to many stress related physiological and biochemical responses of plants including antioxidant
enzyme synthesis, lipid peroxidation, and leaf senescence (Liu and Huang, 2000). In this study, membrane stability
of the leaves against oxidative stress was investigated by measuring the electrolyte leakage percentage (EL %) at
two time point after incubating the leaf discs from transgenic and wild type plants in 1 uM paraquat solution. As
a result, significant differences in EL% were found among the transgenic lines both 24 and 48hrs exposure time.
Generally, electrolyte leakage increased drastically as the duration of the paraquat treatment increased from 24 to
48hrs (Fig. 2c). WRKYS5-3 RNAI plants exhibited higher EL (53.9%) compared to MM. The leaf discs of some
transgenic lines were almost completely damaged after 48hrs though variation was found among genotypes. The
EL % was approximately doubled at 48hrs exposure as compared to 24hrs, which suggest the cell membrane is
severely damaged due to prolonged oxidative stress. WRKY5-2 and WRKY5-3 lines were sensitive to oxidative
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stress compared to MM (Fig. 2c).
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Figure 2. Biochemical (leaf & stem ion content) & physiological response of WRKY transgenic and wild type
(MM) tomato plants under 100mM NaCl & control conditions. (a) Leaf and stem sodium (Na*) content (mg/g),
(b) Leaf and stem potassium (K*) content (mg/g), (¢) Electrolyte leakage (EL%) after incubating the leaf discs for
24 and 48 hrs., (d) Chlorophyll content (SPAD unit), (n=4, error bars represent standard error.

Ton Content Analysis

Leaf and stem ion content was determined in transgenic and wild type plants grown under salt and control
conditions. Statistically significant differences were observed between genotypes for Na’, K', and CI
accumulation in leaves and stems. The Ca?" and Mg?* content did not show much variation among genotypes (data
not shown). Under salt stress, Na" is mainly accumulated in leaves rather than the stems. Its accumulation in leaves
ranged from 28.8 to 46.4mg per gram of dried samples (Fig. 2a). Leaf Na" content was lower in WRKY13-2,
WRKY13-3 RNAI lines and MM. In stems, WRKY 12-3, WRKY13-1, WRKY13-2, and WRKY13-3 independent
transgenic lines had lower Na™ accumulation while WRKY5-3 RNAI line had higher Na* content compared to
MM and other lines (Fig. 2a).

Under control condition, K* content was much higher in stems though substantial accumulation of K* was
observed in leaves as well (Fig. 2b). Potassium content tended to decrease in stems and leaves of all the genotypes
under 100mM NaCl treatment. Under salt stress, the highest K* content was observed in stems where Na* was less
accumulated. The RNAI plants were slightly different in K* accumulation both in leaves and stems under salt
stress. Under salt stress, MM, WRKY 12-2, and WRKY13-3 RNAI lines were among the genotypes which had
lower K* content in stems, while WRKY5-3 RNAI line had higher K* content compared to MM and other lines.

Expression of Stress Related Genes under Salt Stress

Based on the morphological, physiological and gene expression data three genotypes (WRKY5-3, WRKY12-2,
and WRKY13-3 RNAI lines) including MM were selected for further expression analysis under salt stress.
WRKY5-3 had altered phenotype (i.e. necrotic spots) and poor growth performance under control condition that
was partly relieved under salt stress. WRKY12-2 and WRKY 13-3 RNAi showed good performance both under
salt and control conditions; relatively higher shoot length and biomass accumulation with slight variation in leaf
Na' content (higher in WRKY12-2 and lower in WRKY 13-3). Furthermore, the electrolyte leakage data indicated
that WRKYY5-3 line was very sensitive to the oxidative stress while WRKY 12-2 and WRKY 13-3 lines were less
sensitive. The variation in growth performance, physiological, and biochemical response of the genotypes might
be due to transcriptional regulation of WRKY TFs to various abiotic stress related genes. Thus, the expression of
putative abiotic stress related genes involved in hormonal pathways, ROS scavenging, ion homeostasis, NADPH-
oxidase, and cell death regulation was analyzed in three WRKY RNAI lines and MM under control and salt stress
conditions.
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Figure 3. Expression of putative stress related genes in WRKY transgenic and wild type (MM) tomato plants under
100mM NacCl and control condition. (a) 9-Cis-epoxycarotenoid Dioxygenase (NCED), (b) Superoxide Dismutase
(SOD), (¢) Plasma Membrane Na+/H+ Antiporter-1 (SOS1), (d) Ascorbic Peroxide (APX1). Expression value for
each gene represent relative to the expression of MM under control condition. Error bars represent standard error.

Abscisic acid (ABA) pathway

Abscisic acid (ABA) is generally considered as a stress hormone, which is highly induced in response to various
biotic and abiotic stresses. Abscisic acid is synthesized from cleavage of carotenoids (9-cis-epoxycarotenoid) by
a rate limiting enzyme 9-cis-epoxycarotenoid dioxygenase (NCED) (Aswath et al., 2005). Under salt stress, the
expression of NCED1 was slightly higher in WRKY 12-2 RNAi compared to other genotypes, while lower in MM,
WRKY5-3, and WRKY13-3 RNAi. Under control condition, relatively higher expression was observed in
WRKY12-2 and WRKY13-3 RNAI lines compared to MM (Fig.3a).

ROS scavenging genes

Reactive oxygen species (ROS), generated by different abiotic stresses, are highly toxic and cause damage to
proteins, lipids, carbohydrates, DNA, and membrane function (Gill and Tuteja, 2010). Thus, plants have
antioxidant response proteins such as superoxide dismutase (SOD), ascorbic peroxide (APX), catalase (CAT) and
other non-enzymatic antioxidants. Superoxide dismutase acts as the first defense response under abiotic stresses
by removing ROS and producing H>O, as a product. Since H,O» is still toxic to plant cell, it further detoxified by
APX which has high affinity to H>O and play key role in scavenging H,O, to H>O (Ahmad et al., 2008). Here,
the expression of SOD1 and APX1 on selected genotypes both in control and 100mM NaCl. Under salt stress,
expression of SOD was not induced both in transgenic and wild type plants (Fig.3b). Its expression was slightly
higher in WRKY12-2 and WRKY13-3 RNAi both under salt and control conditions compared to condition MM
and WRKY5-3 RNAI. On the other hand, the expression of APX1 was induced under salt stress in all transgenic
and wild type plants. Moreover, its expression was much higher in WRKY 12-2 and WRKY13-3 RNAi under salt
and control conditions (Fig.3d), while slightly higher expression detected in MM and WRKY5-3 RNAi under salt
stress.

Ion homeostasis

Under salt stress, plants have different cell transport process that attribute to reduce the accumulation of Na* ions
in the cytosol and maintain ion homeostasis. Thus, they can either hinder Na* uptake through utilizing selective
ion uptake, sequestrating Na* to the vacuole, or extrusion Na* out of the cell across plasma membrane (Tester and
DAVENPORT, 2003). The plasma membrane Na*/H" antiporter SOS1 (Salt-Over-Sensitive 1) is localized in
plasma membrane and proposed to have a role in removal of Na+ from xylem sap and load Na* to the root xylem
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under severe and mild salt stress conditions, respectively (Shi et al., 2002b). It has been also demonstrated that
SOSI1 involved in Na* partitioning in different plant organs (Olias et al., 2009). In this study, the expression of
SOS1 was evaluated in WRKY RNAI transgenic and wild type plants in response to salt stress. The result shows
that salt stress induce the expression of SOSI in all transgenic and wild type plants, except WRKY12-2 RNAi
which showed high expression level under control conditions (Fig.3c). Relative expression of SOS1 was higher in
WRKY13-3 RNAi while no differences were observed between MM and WRKY 12-2 RNAi under salt.

Regulation of cell death

Metacaspase (cysteine protease) is involved in regulation of programmed cell death (PCD) in response to biotic
and abiotic stresses (Watanabe and Lam, 2011). Here, we checked the expression of metacaspase -1 (MCA1) under
control and salt stress condition. As shown in Figure 4, salt stress did not induce the expression of MCAL in all
transgenic and wild type plants. In line with leaf necrotic and cell death phenotype of WRKY5-3 RNAi under
control, the highest transcript level of MCA1 was observed in WRKY5-3 RNAi under control condition. Moreover,
WRKY12-2 and WRKY 13-3 RNAi showed comparatively higher expression of MCA 1 under control condition.
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Figure 4. Expression of Metacaspase-1 (MCA1) in WRKY RNAI transgenic and wild type (MM) tomato plants
under 100mM NacCl and control condition. Expression value for each gene represent relative to the expression of
MM under control condition. Error bars represent standard error.

DISCUSSION

WRKY transcription factors are reported to be involved in negative or positive transcriptional reprogramming
associated with biotic and abiotic stresses (Chen et al., 2012; Duan et al., 2014). In this study, the involvement of
WRKY genes in salt tolerance was investigated using WRKY RNAI transgenic and wild type (MM) plants under
100mM NaCl in comparison to control plants of the respective genotype. Visible phenotypic variation was
observed among genotypes after prolonged exposure for salt stress. Though the reduction in biomass due to salinity
varies in plant species, the percentage of biomass production in saline compared to control conditions is usually
used as indicator for the level of tolerance and sensitivity of plants to salt stress (Greenway and Munns, 1980).
Though variation was found among different WRKY transgenes, the results here showed that the shoot length and
biomass production were drastically reduced under salt stress compared to control. The reduction of shoot length
and biomass might be due to osmotic stress, and/or ion toxicity arising from high Na* in leaves which in turn
influences photosynthetic efficiency (Munns, 2002). Previous studies reported that shoot length, photosynthesis,
stomatal conductance, plant water status, fresh weight, and dry weight of tomato were adversely affected by
increased salt concentration (Hajer et al., 2006; Najla et al., 2007).

In contrary to other studies, the chlorophyll content of the transgenic and wild type plants was increased under
salt stress compared to control plants. In another study, however, they argued that salt stress decreased chlorophyll
content due to damage of chlorophyll pigment apparatus (Giannakoula and Ilias, 2013) and/or inhibition of
chlorophyll biosynthesis resulted from shortage of essential nutrients involved in enzymatic activity. The higher
chlorophyll content under salt stress compared to controls could be due to growth retardation (reduction in leaf
length and area) which can be faster than chlorophyll degradation leading to increase in chlorophyll concentration
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per unit leaf area under salt stress (Najla et al., 2009). Furthermore, the maintenance of high chlorophyll content
under salt stress might be due to the production of anti-oxidant enzymes that prevent the degradation of leaf
chlorophyll content (Sevengor et al., 2011).

Interesting phenotypes were observed on lines silenced for WRKYS, WRKY 12, and WRKY13. WRKY12-2
and WRKY 13-3 RNAI lines performed better both under salt and control conditions with the respective genes
being significantly silenced. On the other hand, reduced growth habit and necrotic leaf phenotype was observed
for WRKYS5-3 RNAI. The chlorophyll content and absolute biomass production was also significantly lower in
WRKY5-3 RNAi. WRKY12-2 and WRKY13-3 RNAI transgenic lines had higher shoot length under salt stress
and no phenotypic defect (both in salt and control conditions) was observed in independent transgenic lines of the
two WRKY genes. Therefore, this suggests that WRKY 12 and WRKY 13 act as negative regulators in salt stress
response. NCBI blasting search was done to find homologous in other plant species having similar functions related
to stress response. Three Arabidopsis WRKY TFs (AtWRKY7, AtWRKY11, and WRKY17) which are
homologous with tomato WRKY12 (SIWRKY?2) are reported as negative regulators in defense response to
Pseudomonas syringae (Journot-Catalino et al., 2006; Kim et al., 2006). Similarly, knockout mutants of
Arabidopsis AtWRKY27, homologue with WRKY'S, showed delayed symptom in response to bacterial pathogen
Ralstonia solanacearum (Mukhtar et al., 2008) confirming negative regulation of WRKYS in defense response.
Although several homologous were found in Arabidopsis and other plant species less information is available on
the function of WRKY s in abiotic stress response.

In addition to biotic and abiotic stress response, WRKY TF are also involved in plant growth and development
(Johnson et al., 2002; Robatzek and Somssich, 2002). Rice OsWRKY 78, for instance, is actively involved in stem
elongation (Zhang et al., 2011). The higher shoot length of WRKY12-2 and WRKY 13-3 RNAi might be due to
the release of suppression effect of gibberellins though it needs to be verified further. Although not a homologoues
with the studied tomato WRKY genes, OsWRKY71 in rice has been shown as a negative regulator of gibberellins
by repressing GA-induced Amy32b a-amylase promoter confirming the negative regulation of a WRKY TF in
gibberellins (Zhang et al., 2004).

Salinity disturbs ion homeostasis which affects membrane function, metabolic activity, and growth in plants.
To prevent ion toxicity plants have different response mechanisms including selective ion uptake, ion exclusion,
and/or vacuolar compartmentation (Tester and DAVENPORT, 2003). Though WRKY12-2 and WRKY 13-3 RNAi
were found to exhibit greater tolerance to salt stress in terms of growth performance, the tolerance mechanism of
the two genotypes might be different. This is because WRKY13-3 RNAi accumulates lower leaf and stem Na*
content, while WRKY 12-2 RNAI had significantly higher stem Na" content but, no difference in K* and leaf Na*
content. To have further insight to the molecular basis of the two genotypes, the expression of plasma membrane
Na'/H* antiporter SOS1 (Salt Over Sensitive 1) gene was analyzed in silenced and wild type plants both in control
and salt stress. Previously, SOS1 RNAi silenced transgenic tomato plants showed lower growth performance with
higher accumulation of Na* ion in roots and leaves under salt stress, while the wild type plants accumulated higher
Na' in stems and lower in leaves and roots (Olias et al., 2009). Thus, SOS1 plays critical role in Na" extruding
from the roots and partitioning of Na* in different plant organs. Salt stress induced expression of SOS1 both in
transgenic and MM plants. Moreover, its expression was highly induced in WRKY13-3 RNAIi under salt stress.
Thus, the lower accumulation of Na* in leaves and stems of WRKY13-3 RNAI is possibly Na* extruded from the
roots to the growth medium. On the other hand, almost the same expression of SOS1 was detected in WRKY 12-
2 RNAI under stress and control conditions. Ion content was determined at the whole plant level. Thus, the higher
leaf Na* content in WRKY12-2 RNAi does not necessarily entail ion toxicity since the absorbed Na* possibly
accumulated in older leaves and/or sequestrated to the vacuoles. Salt tolerant plants maintain high Na* ion
concentration in older leaves while lower Na* concentration in young leaves (Cuartero and Fernandez-Muiioz,
1998). Plants also have cell transport mechanisms to reduce Na* toxicity and osmotic stress through sequestrating
Na" to the vacuole and preventing Na* accumulation in the cytosol (Apse and Blumwald, 2007). Vacuolar NHX-
type Na'/H" antiporters are involved in mediating Na* transport from cytosol to vacuole helped with H* ATPase
and H" PPase producing electrochemical H' concentration gradient (Yarra et al., 2012b). Thus, this suggests that
tolerance mechanisms of WRKY'12-2 RNAi may be associated with transcriptional regulation of vacuolar Na*/H*
antiporter genes and this need to be verified further.

Abiotic stresses including salinity induced overproduction of ROS causing disruption of normal metabolic
process, damage to cellular structure and enhance oxidative stresses (Ahmad et al., 2008). Hence, measurement of
electrolyte leakage (EL), malondialdehyde (MDA) content, and peroxidase activity are most important indicators
for the extent of membrane damage and defense response of plants against oxidative stress (Li et al., 2012).
Significantly higher EL% was measured in WRKY5-3 RNAIi line both at 24 and 48hrs, while WRKY12-2,
WRKY13-3 RNAI lines and MM showed low EL% both at 24 and 48hrs. The higher EL in WRKY5-3 RNAi may
not completely show its sensitivity to oxidative stress. This is because the cell death regulatory gene (MCA1) was
up regulated in WRKY5-3 RNAIi and this gene might induce high ROS production which already damage the
membrane and result in high EL. Furthermore, EL alone wouldn’t entail sensitivity and tolerance to oxidative
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stress. It should also be considered that the ROS can be generated from different organelles including mitochondria
and leaf peroxisomes besides to chloroplast (Mittova et al., 2003). Bearing this in mind, the variation in EL among
the genotypes may be due to enhancement of expression and activities of ROS scavenging genes. WRKY TFs
were shown to regulate anti-oxidant defense response through reducing H»O» and enhancing peroxidase activity
(Miao et al., 2004; Zheng et al., 2013). To confirm expression of anti-oxidant genes, superoxide dismutase (SOD)
and ascorbate peroxidase-1 (APX1) were analyzed in transgenic and MM plants. Expression of SOD was slightly
higher in WRKY12-2 and WRKY 13-3 RNAI both in stress and control conditions. It was shown that SIWRKY
overexpressed transgenic tobacco plants accumulated significantly lower MDA, while the POD and SOD level
were significantly up-regulated after salt treatment as compared to wild type plants (Li et al., 2012). In another
study, suppression of ROS accumulation and enhanced activities of ROS-scavenging enzymes (POD, SOD, CAT)
were observed in DgWRKY 1-overexpresed tobacco plants under salt stress compared to the wild type plants (Liu
et al., 2013). In this study, the expression of SOD was slightly higher in WRKY 12-2 and WRKY 13-3 RNAI lines
relative to MM, while lower expression observed in WRKY5-3 RNAi. Similarly, APX1 was highly expressed in
WRKY12-2 and WRKY13-3 RNAI, while slightly higher expression observed in WRKY5-3 RNAi both under
salt and control conditions. From this result it seems silencing of WRKY 12 and WRKY 13 may up-regulate the
expression of ROS anti-oxidant SOD and APX1 genes, while silencing of WRKYS down-regulates anti-oxidant
genes. Nevertheless, the lower SOD and APX1 in WRKY5-3 may also be related to senescence of the leaf since
the activity of SOD and other anti-oxidant enzymes decreased as plants senesce (Mittler, 2002). Moreover, it has
to be considered that scavenging and production of ROS is a complex mechanism in which some anti-oxidant
enzymes have functional redundancy. WRKY5-3_.RNAi showed higher expression of MCA1 which is associated
with programmed cell death. Taking all together, the necrotic and yellowish leaf phenotype of WRKY5-3.RNAi
might be related to program cell death induced by higher expression of MCA1 and/or ROS production as signaling
molecule.

CONCLUSION

This preliminary result shows that WRKY 12 and WRKY13.RNAI lines performed better under salt stress with
successful silencing which suggest that the two WRKY TFs act as negative regulators in salt stress tolerance in
tomato. Furthermore, there was no fitness cost in these genotypes hence used potentially for breeding. WRKY12
and WRKY13.RNAi showed slight differences in Na” content compared to MM. Furthermore, SOS1 is up
regulated in WRKY 13 RNAI, which may lead to low Na* accumulation and contribute to salt tolerance. Under
salt stress expression of APX was up regulated in WRKY 12 and WRKY 13.RNAi, which may contribute to the
tolerance mechanism of the two genotypes to salt stress. WRKY5 potentially is a negative regulator of cell death,
as its silencing resulted in necrotic lesion, increased membrane leakage and increased expression of apoptosis
marker genes. Microarray analysis of abiotic stress related genes might give clear indication for the regulatory role
of WRKY 12 and WRKY13 in abiotic stress tolerance.
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