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The Solanum lycopersicum WRKY3 Transcription Factor SlWRKY3 Is Involved in Salt Stress Tolerance in Tomato
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Salinity threatens productivity of economically important crops such as tomato (Solanum lycopersicum L.). WRKY transcription factors appear, from a growing body of knowledge, as important regulators of abiotic stresses tolerance. Tomato SlWRKY3 is a nuclear protein binding to the consensus CGTTGACC/T W box. SlWRKY3 is preferentially expressed in aged organs, and is rapidly induced by NaCl, KCl, and drought. In addition, SlWRKY3 responds to salicylic acid, and 35S::SlWRKY3 tomatoes showed under salt treatment reduced contents of salicylic acid. In tomato, overexpression of SlWRKY3 impacted multiple aspects of salinity tolerance. Indeed, salinized (125 mM NaCl, 20 days) 35S::SlWRKY3 tomato plants displayed reduced oxidative stress and proline contents compared to WT. Physiological parameters related to plant growth (shoot and root biomass) and photosynthesis (stomatal conductance and chlorophyll a content) were retained in transgenic plants, together with lower Na+ contents in leaves, and higher accumulation of K+ and Ca2+. Microarray analysis confirmed that many stress-related genes were already up-regulated in transgenic tomatoes under optimal conditions of growth, including genes coding for antioxidant enzymes, ion and water transporters, or plant defense proteins. Together, these results indicate that SlWRKY3 is an important regulator of salinity tolerance in tomato.
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INTRODUCTION

Excessive salt accumulation represents a challenge for the cultivation of economically important crops such as tomato (Solanum lycopersicum L.). Cultivated tomato is overall considered as moderately (∼70 mM NaCl) tolerant to salinity (Pérez-Alfocea et al., 1996). Salinity affects numerous traits of plant growth (biomass formation, root/shoot ratio, ..), biochemistry (photosynthesis, hormonal and nutritional imbalance, …) and physiology, and consequently final yield (Albacete et al., 2008). Important efforts are devoted to deciphering the complex aspects of salinity response and tolerance in tomato (Cuartero et al., 2006).

Transcription factors (TFs), including WRKY-type proteins, regulate a plethora of downstream stress-related genes, leading to biochemical and physiological modifications necessary for plant adaptation (Ouyang et al., 2007; Phukan et al., 2016). WRKY family’s name is attributed to the conserved heptapeptide WRKYGQK motif and its variants, positioned at the N-terminal end of an approximately 60 amino acids DNA binding region. The so called WRKY domain constitutes the hallmark of the family, and classically defines four-stranded β sheets including an atypical C2H2 or C2HC zinc-finger structure following the WRKY stretch of residues (Rushton et al., 2010; Yamasaki et al., 2012). Consistent with the number of WRKY domains, the structure of the zinc-finger motif, in addition to the presence of extra conserved motifs such as leucine zipper or serine-threonine rich regions, WRKY are principally divided into three groups (I, II, and III), the second one being further split into three subgroups (IIa + IIb, IIc, IId + IIe) (Ülker and Somssich, 2004; Rushton et al., 2010; Rinerson et al., 2015a).

WRKY proteins regulate multiple processes related to plant development and reproduction (Zhang et al., 2011; Guo et al., 2015; Yang et al., 2016), phenolic compounds biosynthesis (Schluttenhofer and Yuan, 2015), hormonal signaling (Yu et al., 2010; Zhang et al., 2015), or senescence (Rinerson et al., 2015b). However, fundamental roles of WRKY regulators reside in their involvement in plant defense signaling in response to pathogens, nematodes or herbivores, and from a growing body of evidence, in tolerance to abiotic stresses (Rushton et al., 2010; Chen et al., 2012; Gong et al., 2015; Banerjee and Roychoudhury, 2015). In soybean (Glycine max), 25 out of 64 tested WRKY genes respond to high salinity, drought or cold treatments (Zhou et al., 2008; Song et al., 2016), and comparable results have been reported in Arabidopsis (Jiang and Deyholos, 2006), Gossypium aridum (Fan et al., 2015), wheat (Triticum aestivum L.) or rice, among others (Berri et al., 2009; Niu et al., 2012).

Functional characterization of WRKYs involved in salt stress response have been conducted in different plant species, and highlighted the involvement of WRKY regulators in oxidative stress management (Liu et al., 2013; Wang et al., 2013; Zheng et al., 2013; Shi et al., 2014; Wang X. et al., 2015; Agarwal et al., 2016). Wheat TaWRKY2, TaWRKY19, TaWRKY44, and TaWRKY93 improve tolerance to salinity and drought by enhancing osmoprotectants (proline and soluble sugars) accumulation and improving oxidative stress management (Niu et al., 2012; Qin et al., 2015; Wang X. et al., 2015). Cotton (Gossypium hirsutum) GhWRKY39-1, GHWRKY34, and GhWRKY41 enhance plant germination and growth in presence of salt, reduce sodium and ROS accumulation (Shi et al., 2014; Chu et al., 2015; Zhou et al., 2015), and similar mechanisms of tolerance have been reported for chrysanthemum (Dendranthema grandiflorum) DgWRKY3 (Liu et al., 2013), Gossypium aridum GarWRKY17 and GarWRKY104 (Fan et al., 2015), or for a Jatropha curcas WRKY (Agarwal et al., 2016). Tamarix hispida ThWRKY4 improves Arabidopsis plants germination and growth in presence of salt, and prevents chlorophyll degradation, together with oxidative stress control (Zheng et al., 2013). Additional regulators of salt stress response have been described, and include Arabidopsis AtWRKY25, AtWRKY33 (Jiang and Deyholos, 2009) and AtWRKY8 (Hu et al., 2013), together with AtWRKY46 (Ding et al., 2014).

Very few WRKY (namely SlWKRY and SpWRKY1) induced by salt and drought has been hitherto partially characterized in tomato, and their constitutive expression in tobacco resulted in higher tolerance to these stresses by improving plant growth and reducing oxidative stress (Li et al., 2012, 2015). Herein we identified SlWRKY3 [which actually corresponds to SlWRKY81 of Huang et al. (2012) classification], which has been reported as up-regulated by salinity and different pathogens (Huang et al., 2012). This study describes the functional characterization of SlWRKY3 in response to salinity. SlWRKY3 is induced by diverse osmotic stresses, in addition to salicylic acid (SA). Constitutive overexpression of SlWRKY3 in tomato enhanced the expression of genes involved in abiotic stress management, ion and water transport, and cellular detoxification. It improved plant tolerance to salinity, following physiological, biochemical and hormonal modifications. Altogether, these results indicate that SlWRKY3 is a novel regulator of tolerance to osmotic stresses in tomato.

MATERIALS AND METHODS

Plant Material and Osmotic Stresses/Hormonal Treatments Assays

Tomato (S. lycopersicum cv Ailsa Craig) seedlings (3 weeks old) were cultivated in 52 L tanks containing aerated half-strength Hoagland nutrient solution as described in Hichri et al. (2014). Plants were grown in a phytotron at 24°C/22°C under a 16 h day/8 h night photoperiod (230 μmol.m-2.s-1). Arabidopsis (Arabidopsis thaliana cv Columbia) were grown in soil at 20°C/19°C under a 16 h day/8 h night photoperiod (190 μmol.m-2.s-1).

For in vitro culture, tomato and Arabidopsis seeds were surface sterilized (Hichri et al., 2014). Transgenic tomato seeds were germinated on MS medium containing 100 mg/L then 200 mg/L kanamycin for seedlings, at 24°C under a 16 h day/8 h night regime. Arabidopsis seeds were cold-treated (48 h, 4°C), and subsequently plated on half strength MS medium, supplemented or not with 35 mg/L kanamycin.

For salinity treatment assays, salt (125 mM NaCl) was added to the culture tank. To conduct multiple osmotic stresses (150 mM NaCl, 150 mM KCl or drought by air drying at 21°C) and hormonal assays during 3 h (for both types of treatments), plants were grown in smaller tanks with a capacity of 4.5 L.

Zeatin (mixed isomers including approximately 80% trans-zeatin), abscisic acid, salicylic acid, and indole acetic acid were used at a final concentration of 10 μM.

RNA Extraction and Quantitative RT-PCR Analysis

Tomato total RNA extraction, DNase I treatment, RNA purification, reverse-transcription and quantitative RT-PCR (qRT-PCR) analyses were conducted as described in Hichri et al. (2014). Sequences of primers used for qRT-PCR analysis are available in Supplementary Table S1.

Data were normalized according to the SlGAPDH, SlActin, and SlEF1α housekeeping genes expression levels. Normalized expression was calculated using the Gene Expression Analysis for iCycleiQ_ Real Time PCR Detection System software from Bio-Rad with a method derived from the algorithms outlined by Vandesompele et al. (2002).

Constructs and Plant Transformation

SlWRKY3 cDNA was amplified by PCR with the Pfu DNA polymerase (Promega) following the manufacturer’s instructions. SlWRKY3 cDNA was subcloned into pGEM-T-easy vector (Promega). Subsequently, SlWRKY3 open reading frame was cloned into the pDONR221 entry vector (GatewayTM Technology, Invitrogen) by a BP recombination reaction prior to sequencing. SlWRKY3 was consequently transferred to the pK7WG2D binary vector (Karimi et al., 2002) by a LR recombination reaction (GatewayTM Technology, Invitrogen). The recombinant plasmid was introduced into Agrobacterium tumefaciens strain GV3101 for Arabidopsis transformation and LBA4404 (Clontech) for tomato transformation.

Arabidopsis plants were transformed by the floral dip method (Clough and Bent, 1998) and analyses conducted on self-fertilized F3 homozygous transgenic lines. Tomato stable transformation was adapted from Ellul et al. (2003), and analyses conducted on F3 homozygous lines. All the transgenic lines described are available in S. Lutts laboratory.

To determine SlWRKY3 subcellular localization, SlWRKY3 ORF was introduced in frame into the pYFP-attR vector (Subramanian et al., 2006) which allows transient expression of the protein via N-terminal fusion to the Yellow Fluorescent Protein. Isolation, purification and PEG-mediated transformation of tomato protoplasts starting from young leaves of in vitro grown plants have been conducted as previously described (Hichri et al., 2010). YFP, YFP–SlWRKY3 fusion protein, and chlorophyll fluorescence were visualized using a Zeiss 710 confocal microscope (Carl Zeiss, Jena, Germany) using a plan-apochromat 63×/1.40 objective. Images were analyzed with the Zen Software (Zeiss).

Constructs and Yeast Transformation

For yeast auto-activation assay, SlWRKY3 ORF was cloned between EcoRI and BamHI restriction sites into the pGBKT7 vector (BD Bioscience) by in frame fusion to the GAL4 DNA Binding Domain (DBD) coding region, under control of the ALCOHOL DEHYDROGENASE1 (ADH1) promoter. pGBKT7 carries the TRYPTOPHAN1 (TRP1) nutritional marker. Recombinant plasmids were introduced into the Y8930 yeast strain, presenting the ADE2 and HIS3 reporter genes.

Protein Purification and Protein Binding Microarray

SlWRKY3 was cloned into the pMAL-c2 expression vector (New England Biolabs) between BamHI and PstI restriction sites, allowing in frame fusion of SlWRKY3 with the maltose binding protein (MBP) coding sequence. Construct was introduced into the Escherichia coli BL21 strain. SlWRKY3 expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside, during 5 h at 37°C. Protein binding array experiments were conducted as described in Hichri et al. (2014).

Osmotic Potential, Malonyldialdehyde and Proline Extraction and Quantification, Cell Membrane Stability and Cell Viability

Osmotic potential was measured on Leaf 5 (fifth fully expanded leaf from the bottom of the plant) according to Zhu et al. (2001) using a vapor pressure osmometer (Wescor 5500). Malonyldialdehyde was extracted from Leaf 5 by the thiobarbituric acid reaction as reported in Hichri et al. (2014). Proline was quantified spectrophotometrically on Leaf 5 using the ninhydrin method according to Bates et al. (1973).

Cell membrane stability was assessed on the basis of the leakage of UV absorbing substances (Redmann et al., 1986). The relative leakage ratio was quantified on Leaf 5 after incubation of leaf segments in the presence of either deionized water or 100 mM NaCl (Lutts et al., 1996). Cell viability was determined through reduction of 2,3,5-triphenyltetrazolium chloride (TTC) from samples incubated at 30°C in darkness in tubes containing 0.5% (v/v) TTC in 50 mM K2HPO4, pH 7.0 for 15 h (Lutts et al., 2004). The produced formazan was extracted with ethanol 94% (v/v) at 80°C during 5 min and quantified spectrophotometrically at 487 nm.

Chlorophyll, Mineral and Hormones Extraction and Quantification, Stomatal Conductance

Relative water content was calculated from fresh, turgid (after 5 h rehydration in 30 mL sealed vials containing deionised water, in darkness at 4°C) and dry weight of leaf segments collected on Leaf 4. Chlorophyll was extracted from Leaf 5 using acetone 80% (v/v) and quantified spectrophotometrically (Lutts et al., 1996).

For mineral extraction (Leaf 4), samples were oven-dried during 3 days at 70°C, and 50–100 mg dry weight of plant samples were digested in perchloric acid/nitric acid (3:1, v/v) mixture (Hichri et al., 2014). Sodium, potassium and calcium ion concentrations were determined using an atomic absorption spectrometer (Thermo Scientific ICE 3300; Waltham, US-MA). All measurements were performed in triplicate.

Hormones were extracted as detailed in Hichri et al. (2014).

The stomatal conductance (gs) was measured on Leaf 4 using an AP4 system (Delta-T Devices; Cambridge, United Kingdom) between 2 and 4 pm.

Microarray Analysis

Total RNA was extracted from four tomato seedlings (whole seedlings including roots, 4 weeks-old) of WT and W3 line transgenic plants grown in vitro on MS medium and purity and yield were assessed as described before (Hichri et al., 2014). RNA extraction, fluorescence labeling, statistical analysis and annotation of genes for each technical repetition (RNA extraction) was conducted as described in Hichri et al. (2014). Data were submitted to the GEO repository under GSE74504 reference.

Statistical Analysis

Statistical analyses were conducted with SAS software (SAS System for Windows version 9.1, SAS Institute Inc., Carry, NC, United States). An analysis of variance (ANOVA) using the mean discrimination was performed on all data set using the Student–Newman–Keuls test at the 5% level.

Accession Numbers

Accession numbers are the following: SlWRKY3 (ADZ15316), VpWRKY1 (ACY69975), GarWRKY5 (AIY62459), JcWRKY56 (AGQ04250), FcWRKY70 (AKA59519), StWRKY6 (ABU49725), NtWRKY4 (AAF61864), SmWRKY7 (AKA27873), AtWRKY70 (NP_191199), AtWRKY62 (NP_195810) and AtWRKY38 (NP_197649), BnWRKY70 (ACQ76810), NcWRKY53 (ABN79278), OsWRKY45 (DAA05110), OsWRKY100 (NP_001056863), TaWRKY45 (ABO15542).

RESULTS

SlWRKY3 Encodes a WRKY Transcriptional Activator

A previous study allowed the identification of tomato TFs putatively involved in salinity tolerance, including an unknown WRKY candidate (initial accession DY523772) (Ouyang et al., 2007). Its 972 bp sequence including an open reading frame of 876 bp was amplified by PCR. The cloned cDNA was initially termed SlWRKY3 (GenBank accession HQ706095) and actually corresponds to SlWRKY81 (Solyc09g015770.2.1) of Huang et al. (2012) classification. SlWRKY3 belongs to Group III, comprising 11 members in tomato (Huang et al., 2012).

SlWRKY3 is predicted to encode a 291 amino acids (aa) protein, with a molecular weight of 33 kDa. Analysis of SlWRKY3 sequence indicated the existence of a putative basic monopartite NLS KRRK, between aa 93 and 96 (Figure 1A). SlWRKY3 bears a WRKY domain of 59 residues starting at aa 111, including the WRKYGQK conserved stretch as labeled in Figure 1A, and followed by an atypical C2HC zinc-finger motif, C-X7-C-X23-HTC (from Cys134 to Cys169, Figure 1A). Besides, SlWRKY3 carries the conserved motif 17 of unknown function in its N-terminal end, shared between members of Group III and Group II-b of the tomato WRKY proteins family (Huang et al., 2012), as well as two serine rich regions (residues 79–86 and 224–227) (Figure 1A).


[image: image]

FIGURE 1. Identification of SlWRKY3. (A) Comparison of SlWRKY3 sequence with StWRKY6, NtWRKY4, VpWRKY1, and AtWRKY70. Identical residues are colored in black, and conserved residues in dark gray. The WRKY domain and the putative nuclear localization site are labeled. The Cys and His residues forming the zinc-finger motif are indicated by stars. (B) Phylogenetic analysis of SlWRKY3 and related proteins: StWRKY6, NtWRKY4, GarWRKY5, JcWRKY56, FcWRKY70, SmWRKY7, VpWRKY1, AtWRKY70, AtWRKY62 and AtWRKY38, NcWRKY53, BnWRKY70, OsWRKY45, OsWRKY100, and TaWRKY45. The phylogenetic tree was constructed according to the neighbor-joining method, using MEGA6 (Tamura et al., 2013). The percentage of reliability of each branch point of the rooted tree, as assessed by the analysis of 1000 trees (bootstrap replicates), is shown on the branch stem.



A phylogenetic tree of SlWRKY3 and 15 additional WRKY proteins belonging to the sub-group III was constructed by means of the neighbor-joining method using full-length aa sequences (Figure 1B). SlWRKY3 clusters with the potato (S. tuberosum) StWRKY6 and tobacco (Nicotiana tabacum) NtWRKY4, both induced by pathogens and/or SA (Chen and Chen, 2000) (Figure 1B). It also clusters with Fortunella crassifolia FcWRKY70 (Gong et al., 2015), JcWRKY56 (Xiong et al., 2013), G. aridum GarWRKY5 (Fan et al., 2015), and Vitis pseudoreticulata VpWRKY1 (Li et al., 2010), all of them known to respond to drought and/or salinity stresses. The second group also comprises WRKY proteins implicated in osmotic stresses tolerance (OsWRKY100, NcWRKY53, OsWRKY45) and/or pathogens response (AtWRKY70, BnWRK70, TaWRKY45, OsWRKY45, AtWRKY62, and AtWRKY38) (Kim et al., 2008) (Figure 1B), which are differently modulated by SA, jasmonic acid (JA), ethylene and abscisic acid (ABA).

Main trans-regulation properties of SlWRKY3 were examined, including subcellular localization, trans-activation ability, and DNA-binding specificity. SlWRKY3 ORF fused in frame in its N-terminal end to the yellow fluorescent protein (YFP) coding sequence under control of the cauliflower mosaic virus 35S promoter was transiently introduced into tomato protoplasts. As shown in Figure 2A (a,a′), the YFP-SlWRKY3 fusion protein was strictly localized in the nucleus, while free YFP was distributed throughout the cytosol in addition to the nucleus [Figure 2A (b,b′)]. These results are in agreement with the expected role of TFs.
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FIGURE 2. SlWRKY3 subcellular localization, trans-regulation properties and DNA-binding specificities. (A) Transient expression of YFP-SlWRKY3 fusion protein and control YFP in tomato leaf protoplasts. (a,a′) YFP-SlWRKY3 fluorescence and bright field/YFP fluorescence, respectively. (b,b′) Control YFP fluorescence and bright field/YFP fluorescence, respectively. Scale bar indicates 5 μM. (B) SlWRKY3 transactivation ability. SlWRKY3 coding region was fused to GAL4-DBD into the pGBKT7 vector carrying the nutritional marker TRP1 as reporter gene. The resulting plasmid, and the empty pGBKT7 vector used as negative control, were transformed into the yeast strain Y8930 harboring ADE2 and HIS3 reporter genes. Yeasts were separately grown on SD (synthetic dropout) medium lacking either tryptophan (a,b; pGBKT7 or GAL4-DBD-SlWRKY3, respectively), or adenine and histidine (a′,b′; pGBKT7 or GAL4-DBD-SlWRKY3, respectively). (C) Position weight matrix (PWM) representation of the top scoring 8-mer obtained in “seed-and-wobble” algorithm. (D) Box plot of the distribution of enrichment scores (E-scores) of all possible 8-mers containing the indicated elements. Boxes represent quartiles 25–75%, black line represents the median of the distribution (quartile 50%) and bars indicate quartiles 1 to 25% (above) and 75 to 100% (below). The higher and sharper distributions of E-scores corresponding to TTGACT and TTGACC motifs reflect higher binding affinity of SlWRKY3 to these elements. (E) Box plot of the distribution of E-scores of all possible 8-mers containing the indicated elements varying at their 5′-end nucleotide, showing highest affinity of SlWRKY3 for the DNA element GTTGACY. Representation of the boxes is as in (D). (F) E-scores of the 8-mers indicated in the Figure. Each point represents the average of two different E-scores, corresponding to NGTTGACC and NGTTGACT. Highest affinity was observed for CGTTGACY, as represented in the logo representation in (C). In spite of this, all the 8-mers containing the element GTTGACY were very efficiently recognized by SlWRKY3.



Next, SlWRKY3 capacity to activate a downstream gene expression was assessed in yeast. SlWRKY3 coding sequence was cloned in frame to the GALACTOSE 4 (GAL4) DNA binding domain (Trp+ plasmid) and the construct introduced into the Y8930 yeast strain carrying the ADENINE 2 and the HISTIDINE 3 nutritional markers for adenine and histidine auxotrophy. As observed in Figure 2B, yeasts transformed with SlWRKY3 were able to rapidly grow on control medium lacking tryptophan [Figure 2B (b)] and on selective medium lacking histidine and adenine [Figure 2B (b′)]. In contrast, yeasts carrying an empty vector could only grow on medium devoid of tryptophan [Figure 2B (a,a′)]. These results indicate that SlWRKY3 is a strong transcriptional activator.

Finally, SlWRKY3 DNA binding specificities were assessed in vitro according to a protein binding microarray approach (Godoy et al., 2011). SlWRKY3 coding sequence was fused in frame to the maltose-binding protein, and the fusion protein hybridized to the Protein-Binding-Microarray 11 (Godoy et al., 2011). Results indicate that SlWRKY3 binds to the consensus CGTTGACY (Y, pyrimidine) element (Figure 2C) that contains the core W-box described for other WRKY TFs (Ciolkowski et al., 2008). Likewise, the binding preferences to C or T at the 3′-end of the W-box were assessed. We observed similar binding affinity for W-boxes containing any of the pyrimidine residues, although a slight preference for T was observed (Figure 2D). By contrast, “mutant” W-boxes containing a purine residue at 3′ were poorly recognized by SlWRKY3 (Figure 2D). Similarly, a detailed analysis of binding preferences to the W-box with different flanking nucleotides at the 5′-end was conducted. In this case, SlWRKY3 binds more efficiently to W-box containing G at the 5′-end (Figure 2E), and even higher to DNA elements with CG at their 5′-end (Figure 2F).

SlWRKY3 expression profile during plant development was assessed by quantitative RT-PCR (qRT-PCR). In vegetative organs (Figure 3A), SlWRKY3 transcripts accumulate mostly in old leaves (∼16 times more transcripts than in young leaves or roots), followed by the stem. In reproductive organs (Figure 3B), SlWRKY3 is highly expressed in the red fruit, with 12.6 more transcripts than in the flower or during early stages of fruit development (green and breaker stages). Taken together, these results indicate that SlWRKY3 is predominantly expressed in old leaves and red mature fruit, and could thus be involved in regulation of senescence-related processes.
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FIGURE 3. Analysis of SlWRKY3 expression profile. QRT-PCR analysis of SlWRKY3 spatio-temporal expression profile during tomato plant development, in vegetative organs (A) and reproductive organs (B). QRT-PCR analysis of SlWRKY3 expression pattern in response to salinity (150 mM NaCl) in (C) roots or (D) leaves (young leaves (YL) and old leaves (OL), separately). SlWRKY3 weakest relative expression (value is 1) occurs at 8 h for YL and 12 h for OL. (E) Expression of SlWRKY3 in tomato roots exposed to 150 mM NaCl, 150 mM KCl or drought. Actin and GAPDH were used as internal controls. Data represent means and SDs of three technical replicates (n = 4 plants). Different letters indicate significant differences between treatments according to the Student-Newman-Keuls test at P < 0.05. Ro, roots; St, stem; Bu, bud; Fl, flower; G, green stage; B, breaker stage; R, red stage of tomato fruit development.



SlWRKY3 Is Induced by Different Osmotic Stresses

To investigate the putative involvement of SlWRKY3 in salt stress response, SlWRKY3 expression under short-term salinity stress (150 mM NaCl, 24 h) was analyzed by qRT-PCR. In roots, SlWRKY3 expression was rapidly induced, and gradually increased with time, before peaking 8 h after stress onset with transcripts accumulating 10 times more than in control roots. SlWRKY3 expression subsequently decreased, but corresponding transcripts remained nearly five times higher 24 h after salt stress beginning than in untreated (T0) roots (Figure 3C). In tomato leaves, SlWRKY3 transcripts accumulation followed a similar pattern in young and old leaves (Figure 3D). Indeed, SlWRKY3 transcripts rapidly accumulated, with a peak of abundance occurring as soon as 1 h after salt stress onset. SlWRKY3 expression steadily decreased afterward. Twelve hours after stress commencement, SlWRKY3 transcripts remained slightly similar in salt treated young leaves, and were two times less abundant in old leaves, than in untreated leaves (Figure 3D).

SlWRKY3 expression under additional osmotic stresses was investigated in tomato roots exposed for 3 h to 150 mM NaCl, 150 mM KCl or drought (air drying). As observed in Figure 3E, SlWRKY3 transcripts were the most abundant in case of NaCl treatment (11.15 more transcripts than in untreated roots), followed by drought and KCl treatment. Altogether, these results suggest that SlWRKY3 is up-regulated by different osmotic stresses.

SlWRKY3 Is Involved in Salicylic Acid Signaling

Phytohormones including ABA, zeatin (cytokinin, CK), indole acetic acid (auxin, IAA) and SA were separately added to tomato hydroponic cultures. Hormonal effects on SlWRKY3 expression were analyzed by qRT-PCR on tomato roots 3 h after treatments onset, and compared to untreated plants for ABA, CK, and IAA (Figure 4A) or mock plants (treated with 0.044% ethanol) for SA (Figure 4B). As reported in Figure 4A, CK treatment significantly (P < 0.05) enhanced 2.5 times SlWRKY3 transcripts accumulation compared to untreated roots. Similarly, after SA treatment, SlWRKY3 transcripts increased 12 times compared to mock plants. Neither exogenous ABA nor IAA hormones could remarkably modify SlWRKY3 expression in the tested conditions.
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FIGURE 4. SlWRKY3 hormonal regulation. (A,B) QRT-PCR analysis of SlWRKY3 expression in response to different hormonal treatments. EF1α and GAPDH were used as internal controls for ABA, CK, and IAA treatments, while actin and GAPDH were used as internal controls for SA treatment. Data represent means and SDs of three technical replicates (n = 6 plants). (C) Hormonal contents of 35S::SlWRKY3 (W3 and W23) and WT tomato seedlings grown in vitro on regular MS medium. (D) Hormonal contents in Leaf 4 of transgenic and WT plants grown in hydroponics under control conditions or 5 days on 125 mM NaCl. Data represent means and SDs of two readings of the same extract (n = 4 plants). Different letters indicate significant differences between treatments or tomato lines according to Student–Newman–Keuls test at P < 0.05. SA, salicylic acid; JA, jasmonic acid; JA-Ile, jasmonoyl-isoleucine; CK, cytokinins; ABA, abscisic acid; IAA, indole-3-acetic acid; CK, cytokinin. FW, fresh weight.



To gain further insights onto SlWRKY3 hormonal regulation, tomato overexpressing SlWRKY3 ORF driven by the CaMV35S promoter were generated (described below). Hormonal contents of 3-weeks old seedlings (four leaves stage) grown in vitro were analyzed in two F2 transgenic lines (W3 and W23) and compared to wild-type (WT) plants (Figure 4C). Under normal conditions of growth, SlWRKY3-transgenic tomatoes accumulated a higher mean SA contents (4624 pmol/g FW and 7429 pmol/g FW for W3 and W23, respectively) than WT (3888 pmol/g FW). Over-accumulation of SA is often correlated with reduced amounts of JA. Comparable JA contents were, however, measured in transgenic tomatoes (231 pmol/g FW and 305 pmol/g FW for W3 and W23, respectively) and WT (268 pmol/g FW) (Figure 4C). In contrast, the JA conjugate jasmonoyl-isoleucine (JA-Ile), representing the bioactive form of the hormone, was more profuse (P < 0.05) in transgenic tomatoes than in WT.

Total phytohormones were then extracted from Leaf 4 of plants grown in hydroponics under control conditions (no treatment) or 5 days after stress (125 mM NaCl) initiation (Figure 4D). In the absence of salt treatment, W23 and W3, respectively, accumulated more and less SA than WT. Salinity decreased SA contents for all type of plants and after 5 days, W3 and W23 accumulated up to 50% less SA than WT. Similar results have been described for JA, since JA contents were higher in W3 (12 pmol/g FW) than W23 or WT under control conditions, and salt negatively affected JA accumulation for WT, W3 and W23. Finally, before stress application, all lines accumulated comparable JA-Ile contents (∼1.5 pmol/g FW). Although salt stress decreased JA-Ile contents in WT and transgenic plants, these concentrations remained up to 60% higher in W3 and W23 than in WT.

35S::SlWRKY3 Tomatoes Show Improved Tolerance to Salinity

In Arabidopsis, SlWRKY3 overexpression improved plant germination efficiency in presence of NaCl, mannitol and KCl (Supplementary Figure S1). Functional analysis of SlWRKY3 was subsequently assessed in homologous system. SlWRKY3 was introduced in tomato under control of the CaMV35S promoter as reported above. Analyses were conducted on the three F2 transgenic lines W3, W9, and W23, and compared to WT. Tolerance of transgenic and WT tomatoes to long term salinity constraint (125 mM NaCl, 20 days) was investigated using hydroponic cultures. All type of plants were in parallel cultivated in control conditions (no treatment) (Supplementary Figures S2–S4).

Compared to control conditions (Supplementary Figure S2), salinity affected shoot and root growth (Figures 5A,B). Before stress initiation, transgenic and WT lines presented comparable aerial part (∼4 g) and roots (∼2 g) weight. As soon as 5 days after salt stress beginning, W3, W9, and W23 plants grew significantly (P < 0.05) better than WT. Twenty days after stress initiation, the weight of WT plants shoot was up to 45% less than that of transgenic lines (Figure 5B). A similar tendency was observed for roots, since transgenic plants significantly (P < 0.05) displayed during salinization term a higher formation of roots fresh weight (FW) than WT. All transgenic lines significantly (P < 0.05) showed in addition during stress period higher relative water content of Leaf 4 than WT (Figure 5C). Furthermore, leaf 4 stomatal conductance of transgenic and WT tomatoes was similar (∼350 mmol/m2.s) before salt stress onset (Figure 5D). Five days after stress establishment, gs started to decrease by around 50% for all type of lines, and even to less than 20% of its initial value 10 days after stress beginning. Finally, after 20 days of exposure to salinity, W3 (59.3 mmol/m2.s), W9 (62.5 mmol/m2.s), and W23 (99.5 mmol/m2.s) presented a better gs than WT (42.3 mmol/m2.s). Evaluation of chlorophyll a (Chl a) contents of Leaf 4 were also in agreement with positive effects of SlWRKY3 overexpression on photosynthesis efficiency. Salinity reduced indeed Chl a contents in all tomato lines (Figure 5E). However, these contents remained significantly (P < 0.05) higher in 35S::SlWRKY3 than in WT.
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FIGURE 5. Evaluation of growth and photosynthesis parameters of 35S::SlWRKY3 (W3, W9, and W23) and WT tomato plants exposed to long-term salt stress (125 mM NaCl, 20 days). (A) Phenotype of 35S::SlWRKY3 and WT plants exposed to 20 days salinity. (B) Shoot and root fresh weight. (C) Relative water content and (D) Leaf stomatal conductance (gs) of Leaf 4. (E) Chlorophyll a (Chl a) contents of Leaf 5. Data represent means ± SEs of four biological replicates. Letters indicate values that significantly differ between SlWRKY3 transgenic tomatoes and WT according to Student–Newman–Keuls test at P < 0.05.



One strategy of glycophyte plants to cope with the ionic component of salt stress comprises selective exclusion of Na+, and maintenance of high K+ or Ca2+ concentrations necessary to proper cellular metabolism and enzymatic activity. Before stress initiation, WT and transgenic tomatoes accumulated less than 0.2 mg/kg dry weight (DW) Na+ (Figure 6A). Sodium contents increased in all type of plants over stress period, and 5 days after stress onset, transgenic lines significantly (P < 0.05) exhibited lower contents of Na+ as compared to WT. Comparable tendencies were observed 10 and 20 days after treatment onset. A similar analysis of K+ and Ca2+ content was conducted on the same leaf 4. Before salt application, all type of lines showed similar K+ contents (between 46 and 54 mg/kg DW) (Figure 6B). These concentrations decreased with time and 20 days after salinity onset, WT exhibited the lowest concentration of K+. Salinity affected as well calcium accumulation to a much greater extent in WT than in transgenic lines (Figure 6C). Altogether, these results showed a limited Na+ accumulation in SlWRKY3 gain-of-function tomatoes over salinity stress period, together with preservation of K+ and Ca2+ balance.
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FIGURE 6. Ions accumulation in Leaf 4 of 35S::SlWRKY3 (W3, W9, and W23) and WT tomato plants exposed to long-term salt stress (125 mM NaCl, 20 days). (A) Sodium (Na), (B) Potassium (K), and (C) Calcium (Ca) contents. Data represent means ± SEs of four biological replicates. Letters indicate values that significantly differ between SlWRKY3 transgenic tomatoes and WT according to Student–Newman–Keuls test at P < 0.05.



In the absence of stress, Leaf 5 osmotic potential Ψs was ranging between -0.23 and -0.31 MPa for WT and transgenic lines. Ψs values remained statistically lower at 10 and 20 days after stress initiation for all transgenic lines than for WT (Figure 7A). This prompted us to examine which metabolites could differentially accumulate between WT and transgenic lines. Before salt treatment, WT and transgenic lines accumulated less than 10 μmol/g FW proline (Figure 7B). Salinity dramatically increased proline contents for all type of tomato plants as early as 5 days post-stress, but up to 50% more for WT than for transgenic lines.
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FIGURE 7. Evaluation of oxidative-stress related parameters of 35S::SlWRKY3 (W3, W9 and W23) and WT tomato plants exposed to long-term salt stress (125 mM NaCl, 20 days). (A) Osmotic potential of Leaf 5. (B) Proline and (C) Malonyldialdehyde (MDA) contents of Leaf 5. (D) Relative leakage rate (RLR) and (E) 2,3,5-triphenyltetrazolium chloride (TTC) staining measured on Leaf 5. Data represent means ± SEs of four biological replicates. Letters indicate values that significantly differ between SlWRKY3 transgenic tomatoes and WT according to Student–Newman–Keuls test at P < 0.05.



Next, effects of induced senescence due to sodium toxicity were assessed, including membrane lipid peroxidation which was evaluated through malonyldialdehyde (MDA) quantification (Figure 7C). Before stress onset, WT and transgenic plants showed similar MDA values (∼1 nmol/g FW). Salinity strongly increased MDA contents in all plants, and 20 days after salt stress onset, W3 (2.3 nmol/g FW) and W23 (2.5 nmol/g FW) showed up more than 50% less MDA than WT (5.4 nmol/g FW) or W9 (4.8 nmol/g FW). Likewise, evaluation of the relative leakage rate (RLR) revealed that 35S::SlWRKY3 lines displayed over stress period a lower RLR than WT (Figure 7D). Reduction of 2,3,5-triphenyltetrazolium chloride (TTC) to formazan is also a direct index of plant tissue viability. No difference was recorded between transgenic lines and WT in the absence of stress (Figure 7E). Salinity induced a progressive decrease in TTC reduction for all types of lines. However, tissue viability remained over stress period significantly higher for transgenic than for WT tomatoes (Figure 7E).

In summary, upon salinization, 35S::SlWRKY3 transgenic plants display a better osmotic adjustment, detoxification of reactive oxygen species (ROS), and membrane protection than WT.

Transcriptome Analysis of Tomato SlWRKY3-Overexpressing Lines

A commercial Affymetrix tomato microarray representing 43,803 tomato probes was used to find out differentially expressed genes between WT and the W3 transgenic line. Analysis was conducted on tomato seedlings grown in vitro under normal growth conditions and allowed identification of 804 up-regulated and 166 down-regulated genes differentially (P ≤ 0.05) expressed between W3 and WT (Figure 8A).
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FIGURE 8. Microarray analysis of differentially regulated genes between WT and W3-line tomatoes. (A) Number and categories of genes up- and down-regulated in tomato W3 transgenic line compared to WT. (B) QRT-PCR analysis of SlWRKY3 putative target genes in transgenic tomato lines W3 and W23, comparatively to WT. Actin and GAPDH were used as internal controls. Data represent means and SDs of three technical replicates (n = 4 plants). NAM (No Apical Meristem) transcription factor; ERF2, Ethylene Response Factor 2; Osmo, osmotin; MIP, membrane intrinsic protein (aquaporin); Lip, lipase; MIPS, myo-inositol phosphate synthase; BaxIn, BAX Inhibitor; PR6, pathogenesis-related 6.



Among differentially up-regulated genes, 19 were encoding TFs, with 5 of them belonging to the large AP2 family, and 3 to the bZIP-type regulators (Figure 8A and Table 1). Additional families of TFs were also represented such as zinc-finger, NAM/NAC, and WRKY. Similarly, down-regulated TFs included zinc-finger, WRKY, basic Helix-Loop-Helix (bHLH) and MADS-box members, among others, indicating that constitutive expression of SlWRKY3 affected different types of downstream regulators (Table 1). Genes related to osmotic stress responses were of particular interest. Around 25 genes related to abiotic stresses response were differentially up-regulated in the W3 line, and included dehydration, wound, cold and salt stress responses proteins, as well as chaperones (Table 2). Interestingly, 34 genes coding for aquaporins and ions transporters were also significantly induced in W3 compared to WT, while detoxification enzymes such as glutathione-S-transferases and peroxidases were represented by 23 genes (Table 2).

TABLE 1. Transcription factors encoding genes differently up-regulated or down-regulated (P ≤ 0.05) between SlWRKY3-transgenic tomato line W3 and WT.
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TABLE 2. Up-regulated genes differently (P ≤ 0.05) expressed between SlWRKY3-line W3 and WT, and related to osmotic stress tolerance and plant defense.
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Differentially expressed genes related to hormone biosynthesis/signaling were likewise picked up (Table 2). This group encompassed genes coding for ACC oxidase and ACC synthase involved in ethylene biosynthesis, salicylic acid carboxyl methyltransferase (which catalyzes the formation of SA methyl salicylate involved in plant defense response), auxin-responsive SAUR (small auxin up RNA) and LAX3 (auxin influx carrier) proteins, as well as the jasmonate ZIM-domain protein 3, a repressor of the jasmonate pathway.

Additionally, it is noteworthy that 63 up-regulated genes encoded proteins related to plant defense (Table 2), and included Pathogenesis-Related (PR) proteins, regulator of development and cell death (DCD) processes, in addition to enzymes involved in degradation of pathogens cell wall. Around 35 genes encoding proteins involved in lipid metabolism were moreover significantly up-regulated in the W3 line compared to WT. Finally, more than 30 genes encoding proteins involved in phosphorylation (kinases, and to a lesser extent phosphatases) differentially showed more transcripts in the W3 line.

To validate the microarray data, eight genes were selected for further qRT-PCR analysis and accumulation of the corresponding transcripts measured in seedlings of WT and compared to lines W3 and W23 (Figure 8B). These genes encoded NAM (AK324393) and ERF2 (AW034241) TFs, lipase (AW622151), aquaporin (BG130774), myo-inositol phosphate synthase (MIPS, AK321761), PR6 (Y08804), osmotin (AK322366), and Bax inhibitor (AK322997). In accordance with microarray data, all tested genes were up-regulated in W3 and W23 compared to WT (Figure 8B).

We next evaluated the presence of SlWRKY3-binding elements in the promoters of genes up-regulated in the W3 line. We selected up-regulated genes presented in Tables 1, 2 and recovered their promoter sequences (1 and 3 kb) from available tomato databases. The core W-box (TTGACY) was slightly more represented in the promoters of genes up-regulated than the corresponding “mutant” element (TTGACR), considering 1 and 3 kb promoter regions. This tendency was more pronounced in the case of extended motifs containing G and CG residues at their 5′-ends (Table 3).

TABLE 3. Presence of W-boxes in the promoters of genes up-regulated in SlWRKY3-overexpressing W3 line.
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DISCUSSION

Although WRKY involvement in abiotic stress tolerance has been established (Chen et al., 2012; Liu et al., 2013; Ding et al., 2014; Qin et al., 2015), a WRKY complete characterization has never been conducted so far in tomato, and has never involved physiological, biochemical and transcriptomics data together (Supplementary Figure S5). SlWRKY3 is rapidly induced in roots and leaves by salt treatment, as well as by drought and KCl. SlWRKY3 is assigned to tomato Group III, where 4 out of the 11 members are strongly induced by salinity (Huang et al., 2012). SlWRKY3 may or may not directly regulate all the panoply of stress-related genes necessary to salinity response (Table 3), as it is a strong transcriptional activator (Figure 2B). In Arabidopsis, mutation of AtWRKY8 resulted in plants hypersensitivity to salt, and decreased expression of stress-related genes such as RD29A or RD29B (Hu et al., 2013). AtWRKY8 binds to RD29A promoter under salt stress conditions (Hu et al., 2013), suggesting that WRKYs directly interfere with stress-related genes expression. Likewise, soybean GmWRKY27 improves plant tolerance to salinity via modulation of the expression of several stress-related genes, and directly binds to the promoter of GmNAC29, a negative effector of stress tolerance (Wang F. et al., 2015). In addition, several types of TFs more or less known to participate in osmotic stresses tolerance in tomato are differentially regulated in SlWRKY3-transgenic tomatoes compared to WT. AP2/ERF regulators such as SlDREB2 (Hichri et al., 2016), bZIP (Orellana et al., 2010), zinc-fingers (Hichri et al., 2014), and NAC (Zhu et al., 2014) are important actors of salinity tolerance in tomato by modulation of stress-related genes expression.

Salinity impacts multiple aspects of plant growth and development by imposing an osmotic stress followed by toxicity effects due to sodium and chloride ions. Diverse cellular mechanisms are consequently deployed in plants and include biosynthesis of compatible solutes such as proline necessary to maintain cell turgor and preserve enzymatic activities/cellular structures (Parida and Das, 2005). In SlWRKY3 transgenic tomatoes, proline contents were similar to that of WT before stress, increased following exposure to salinity, but remained lower than in WT. Similar results were reported following SlDREB2 overexpression in tomato, where salinity tolerance was associated in transgenic plants with reduced proline contents over stress period compared to WT (Hichri et al., 2016). However, salinity tolerance is associated in tobacco overexpressing TaWRKY44 with increased proline contents (Wang X. et al., 2015), revealing that plants differently face osmotic stress adaptation. Since SlWRKY3-transgenic tomatoes displayed during stress period smaller osmotic potential than WT, they may thus accumulate other secondary metabolites interfering with osmotic stress management, such as sugars for instance (Wang X. et al., 2015; Agarwal et al., 2016).

Among additional processes required for salt tolerance, protection of cell membrane from oxidation, in addition to scavenging of ROS (superoxide and hydroxyl radicals, hydrogen peroxide), are of particular importance. SlWRKY3 overexpressors were able to better withstand oxidative stress than WT, by maintaining lower contents of MDA and RLR percentage, together with higher TTC. High basal expression, in absence of any stress, of antioxidant enzymes (GSTs and peroxidases notably) encoding genes in SlWRKY3 transgenic plants compared to WT as suggested by microarray profiling data (Table 2), could possibly explain the reduced membrane lipid peroxidation since no need for de novo biosynthesis of these enzymes in case of salinity would be required for the establishment of protective mechanisms. Under salt and drought constraints, 35S::SlWRKY tobacco plants similarly displayed a lower electrolyte leakage as well as reduced MDA contents compared to WT due higher activities of superoxide dismutase and peroxidase (Li et al., 2012), and similar results have been reported in tobacco overexpressing tomato SpWRKY1 (Li et al., 2015). In general, WRKY TFs control oxidative stress in different plant species (Liu et al., 2013; Wang et al., 2013; Zheng et al., 2013; Ding et al., 2014; Shi et al., 2014; Agarwal et al., 2016).

In W3 transgenic tomatoes, the fatty acids biosynthesis and metabolism pathway were highly induced compared to WT, which may contribute to salinity tolerance as well. Membrane restructuration through augmentation of the unsaturation, and thus maintenance of the membrane fluidity, constitutes indeed a mechanism of adaptation reported for extremely halotolerant yeast-like fungus (Gostincar et al., 2009). In Arabidopsis, the lipase encoding gene AtLTL1 is induced by osmotic stresses, and its overexpression substantially improved plant germination, growth and reproduction under salinity (Lu et al., 2010). In tomato, overexpression of the reticulum endoplasmic-type omega-3 fatty acid desaturase (LeFAD3) encoding gene improved plant growth and oxidative status in presence of NaCl (Wang et al., 2014).

Glycophyte species do likewise achieve multiple strategies to minimize toxic effects due to sodium accumulation, such as preferential transport and sequestration of Na+ into the vacuoles of old leaves, Na+ exclusion from roots and stem retention, or maintenance of high K+ contents (Volkmar et al., 1998; Parida and Das, 2005; Zhou et al., 2015). Among the mechanisms of Na+/K+ homeostasis and compartmentalization regulation, the salt overly sensitive (SOS) system is probably the best described (Yang et al., 2009; Núñez-Ramírez et al., 2012). According to our microarray data, a Na+/K+-transporting ATPase, as well as a vacuolar cation/proton exchanger, a vacuolar H+-ATPase, and a Ca2+/H+-exchanging protein, are up-regulated in W3 tomatoes, and could thus be putatively involved in sodium exclusion and pH homeostasis regulation. In fact, regulation of homeostasis may also be illustrated by potassium and calcium, which accumulates more in all transgenic plants at high salinity than in WT in order to counter the toxic effects of sodium. Critical role of K+ in salt stress alleviation has been well documented (Shen et al., 2015), and positive effects of Ca2+ on salt stress tolerance have also been reported (Navarro et al., 2000; Nie et al., 2015). Two CBL (calcineurin B-like calcium sensor)-interacting serine/threonine-protein kinases (CIPK) transducing Ca2+ signals are additionally induced in W3 transgenic tomatoes. In Arabidopsis, CIPK21 positively regulates salt stress response by controlling water and ion homeostasis across the tonoplast (Pandey et al., 2015). Together, these data strongly support the hypothesis that regulation of sodium, potassium and calcium homeostasis is crucial for salt stress management.

In addition to its involvement in salinity response/tolerance, our results indicate that SlWRKY3 is also induced in tomato roots following drought stress. Putative involvement of SlWRKY3 in drought response/tolerance can be supported by the elevated number of aquaporin encoding genes up-regulated in SlWRKY3-transgenic tomatoes. Three aquaporin encoding genes were highly induced in Arabidopsis plants overexpressing ThWRKY4, a positive regulator of salinity tolerance in halophytes (Zheng et al., 2013). Transgenic tobacco plants overexpressing the aquaporin encoding genes TdPIP1;1 and TdPIP2 of durum wheat displayed improved tolerance to abiotic and salinity stresses (Zheng et al., 2013), emphasizing the role of plant water status in stress tolerance. In addition, aquaporin overexpression also interferes with plant oxidative status (Chang et al., 2016) and Na+/K+ homeostasis (Wang L. et al., 2015). In our current study, expression of the MIP aquaporin tested (Figure 8B) is strongly repressed by salinity (150 mM NaCl, 12 h) in tomato roots. Counteracting the repression of aquaporin encoding genes by induction of its constitutive expression would thus help to rescue salt-stress effects.

CONCLUSION

We provided in our study different types of data to support SlWRKY3 involvement in salt stress response in tomato. To gain further insights onto SlWRKY3 mechanisms and better understand its regulatory role, analysis of slwrky3 mutants, accumulation of NaCl in transgenic plants roots as well as transcriptomic data in presence of salt, are required. A specific focus was given in this study to salinity, but SlWRKY3 involvement in additional environmental and biotic stresses tolerance can further be considered. This latter hypothesis is supported by the study of Huang et al. (2012), demonstrating that SlWRKY3 (WRKY81) is induced by different types of pathogens.

AUTHOR CONTRIBUTIONS

IH, YM, and SL designed the research. EZ, PD, and VM performed the hormonal analysis of the plant material and helped in the treatment and interpretation of the data. EG performed the physiological characterization of the selected plant material. JF-Z, IL-V, and RS performed the protein purification and protein binding microarray. AC performed the microarray analysis. AE performed the cellular localization of the YFP–SlWRKY3 fusion protein.

FUNDING

This work was supported by the Fonds National pour la Recherche Scientifique (FNRS, Belgium, convention N° 1.5117.11), the Université Catholique de Louvain (postdoctoral fellowship to IH), the Czech Science Foundation (16-146495, to EZ, PD, and VM), the Wallonie-Bruxelles International program (Rhéa 2011/35047) and the Spanish Ministry for Science and Innovation (grant nos. BIO2010–21739, CSD2007–00057, and EUI2008–03666 to RS) for work in the Solano Laboratory.

ACKNOWLEDGMENT

The authors are grateful to Brigitte Vanpée, Jacques Bar, Thomas Dagbert, Marc Migon, and Baudouin Capelle for technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.01343/full#supplementary-material

REFERENCES

Agarwal, P., Dabi, M., Sapara, K. K., Joshi, P. S., and Agarwal, P. K. (2016). Ectopic expression of JcWRKY transcription factor confers salinity tolerance via salicylic acid signaling. Front. Plant Sci. 7:1541. doi: 10.3389/fpls.2016.01541

Albacete, A., Ghanem, M. E., Martínez-Andújar, C., Acosta, M., Sánchez-Bravo, J., Martínez, V., et al. (2008). Hormonal changes in relation to biomass partitioning and shoot growth impairment in salinized tomato (Solanum lycopersicum L.) plants. J. Exp. Bot. 59, 4119–4131. doi: 10.1093/jxb/488331813ern251

Banerjee, A., and Roychoudhury, A. (2015). WRKY proteins: signaling and regulation of expression during abiotic stress responses. Sci. World J. 2015:807560. doi: 10.1155/2015/807560

Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free proline for water stress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060

Berri, S., Abbruscato, P., Faivre-Rampant, O., Brasileiro, A. C., Fumasoni, I., Satoh, K., et al. (2009). Characterization of WRKY co-regulatory networks in rice and Arabidopsis. BMC Plant Biol. 9:120. doi: 10.1186/1471-2229-9-120

Chang, W., Liu, X., Zhu, J., Fan, W., and Zhang, Z. (2016). An aquaporin gene from halophyte Sesuvium portulacastrum, SpAQP1, increases salt tolerance in transgenic tobacco. Plant Cell Rep. 35, 385–395. doi: 10.1007/s00299-015-1891-9

Chen, C., and Chen, Z. (2000). Isolation and characterization of two pathogen- and salicylic acid-induced genes encoding WRKY DNA-binding proteins from tobacco. Plant Mol. Biol. 42, 387–396. doi: 10.1023/A:1006399311615

Chen, L., Song, Y., Li, S., Zhang, L., Zou, C., and Yu, D. (2012). The role of WRKY transcription factors in plant abiotic stresses. Biochim. Biophys. Acta 1819, 120–128. doi: 10.1016/j.bbagrm.2011.09.002

Chu, X., Wang, C., Chen, X., Lu, W., Li, H., Wang, X., et al. (2015). The cotton WRKY gene GhWRKY41 positively regulates salt and drought stress tolerance in transgenic Nicotiana benthamiana. PLoS ONE 10:e0143022. doi: 10.1371/journal.pone.0143022

Ciolkowski, I., Wanke, D., Birkenbihl, R. P., and Somssich, I. (2008). Studies on DNA-binding selectivity of WRKY transcription factors lend structural clues into WRKY-domain function. Plant Mol. Biol. 68, 81–92. doi: 10.1007/s11103-008-9353-1

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 735–743. doi: 10.1046/j.1365-313x.1998.00343.x

Cuartero, J., Bolarín, M. C., Asíns, M. J., and Moreno, V. (2006). Increasing salt tolerance in the tomato. J. Exp. Bot. 57, 1045–1058. doi: 10.1093/jxb/erj102

Ding, Z. J., Yan, J. Y., Xu, X. Y., Yu, D. Q., Li, G. X., Zhang, S. Q., et al. (2014). Transcription factor WRKY46 regulates osmotic stress responses and stomatal movement independently in Arabidopsis. Plant J. 79, 13–27. doi: 10.1111/tpj.12538

Ellul, P., Garcia-Sogo, B., Pineda, B., Ríos, G., Roig, L. A., and Moreno, V. (2003). The ploidy level of transgenic plants in Agrobacterium-mediated transformation of tomato cotyledons (Lycopersicon esculentum Mill.) is genotype and procedure dependent. Theor. Appl. Genet. 106, 231–238. doi: 10.1007/s00122-002-0928-y

Fan, X., Guo, Q., Xu, P., Gong, Y., Shu, H., Yang, Y., et al. (2015). Transcriptome-wide identification of salt-responsive members of the WRKY gene family in Gossypium aridum. PLoS ONE 10:e0126148. doi: 10.1371/journal.pone.0126148

Godoy, M., Franco-Zorrilla, J. M., Pérez-Pérez, J., Oliveros, J. C., Lorenzo, O., and Solano, R. (2011). Improved protein-binding microarrays for the identification of DNA-binding specificities of transcription factors. Plant J. 66, 700–711. doi: 10.1111/j.1365-313X.2011.04519.x

Gong, X., Zhang, J., Hu, J., Wang, W., Wu, H., Zhang, Q., et al. (2015). FcWRKY70, a WRKY protein of Fortunella crassifolia, functions in drought tolerance and modulates putrescine synthesis by regulating arginine decarboxylase gene. Plant Cell Environ. 88, 2248–2262. doi: 10.1111/pce.12539

Gostincar, C., Turk, M., Plemenitas, A., and Gunde-Cimerman, N. (2009). The expressions of Delta 9-, Delta 12-desaturases and an elongase by the extremely halotolerant black yeast Hortaea werneckii are salt dependent. FEMS Yeast Res. 9, 247–256. doi: 10.1111/j.1567-1364.2009.00481.x

Guo, D., Zhang, J., Wang, X., Han, X., Wei, B., Wang, J., et al. (2015). The WRKY transcription factor WRKY71/EXB1 controls shoot branching by transcriptionally regulating RAX genes in Arabidopsis. Plant Cell 27, 3112–3127. doi: 10.1105/tpc.15.00829

Hichri, I., Heppel, S. C., Pillet, J., Léon, C., Czemmel, S., Delrot, S., et al. (2010). The basic helix-loop-helix transcription factor MYC1 is involved in the regulation of the flavonoid biosynthesis pathway in grapevine. Mol. Plant 3, 509–523. doi: 10.1093/mp/ssp118

Hichri, I., Muhovski, Y., Clippe, A., Žižková, E., Dobrev, P. I., Motyka, V., et al. (2016). SlDREB2, a tomato dehydration-responsive element-binding 2 transcription factor, mediates salt stress tolerance in tomato and Arabidopsis. Plant Cell Environ. 39, 62–79. doi: 10.1111/pce.12591

Hichri, I., Muhovski, Y., Žižkova, E., Dobrev, P. I., Franco-Zorilla, J. M., Solano, R., et al. (2014). The Solanum lycopersicum Zinc Finger2 cysteine-2/histidine-2 repressor-like transcription factor regulates development and tolerance to salinity in tomato and Arabidopsis. Plant Physiol. 164, 1967–1990. doi: 10.1104/pp.113.225920

Hu, Y., Chen, L., Wang, H., Zhang, L., Wang, F., and Yu, D. (2013). Arabidopsis transcription factor WRKY8 functions antagonistically with its interacting partner VQ9 to modulate salinity stress tolerance. Plant J. 74, 730–745. doi: 10.1111/tpj.12159

Huang, S., Gao, Y., Liu, J., Peng, X., Niu, X., Fei, Z., et al. (2012). Genome-wide analysis of WRKY transcription factors in Solanum lycopersicum. Mol. Genet. Genomics 287, 495–513. doi: 10.1007/s00438-012-0696-6

Jiang, Y., and Deyholos, M. K. (2006). Comprehensive transcriptional profiling of NaCl-stressed Arabidopsis roots reveals novel classes of responsive genes. BMC Plant Biol. 6:25. doi: 10.1186/1471-2229-6-25

Jiang, Y., and Deyholos, M. K. (2009). Functional characterization of Arabidopsis NaCl-inducible WRKY25 and WRKY33 transcription factors in abiotic stresses. Plant Mol. Biol. 69, 91–105. doi: 10.1007/s11103-008-9408-3

Karimi, M., Inzé, D., and Depicker, A. (2002). GATEWAY vectors for Agrobacterium-mediated plant transformation. Trends Plant Sci. 7, 193–195. doi: 10.1016/S1360-1385(02)02251-3

Kim, K. C., Lai, Z., Fan, B., and Chen, Z. (2008). Arabidopsis WRKY38 and WRKY62 transcription factors interact with histone deacetylase 19 in basal defense. Plant Cell 20, 2357–2371. doi: 10.1105/tpc.107.055566

Li, H., Xu, Y., Xiao, Y., Zhu, Z., Xie, X., Zhao, H., et al. (2010). Expression and functional analysis of two genes encoding transcription factors, VpWRKY1 and VpWRKY2, isolated from Chinese wild Vitis pseudoreticulata. Planta 232, 1325–1337. doi: 10.1007/s00425-010-1258-y

Li, J. B., Luan, Y. S., and Jin, H. (2012). The tomato SlWRKY gene plays an important role in the regulation of defense responses in tobacco. Biochem. Biophys. Res. Commun. 427, 671–676. doi: 10.1016/j.bbrc.2012.09.120

Li, J. B., Luan, Y. S., and Liu, Z. (2015). Overexpression of SpWRKY1 promotes resistance to Phytophthora nicotianae and tolerance to salt and drought stress in transgenic tobacco. Physiol. Plant. 155, 248–266. doi: 10.1111/ppl.12315

Liu, Q. L., Zhong, M., Li, S., Pan, Y. Z., Jiang, B. B., Jia, Y., et al. (2013). Overexpression of a chrysanthemum transcription factor gene, DgWRKY3, in tobacco enhances tolerance to salt stress. Plant Physiol. Biochem. 69, 27–33. doi: 10.1016/j.plaphy.2013.04.016

Lu, Y., Chi, X., Li, Z., Yang, Q., Li, F., Liu, S., et al. (2010). Isolation and characterization of a stress-dependent plastidial delta12 fatty acid desaturase from the Antarctic microalga Chlorella vulgaris NJ-7. Lipids 45, 179–187. doi: 10.1007/s11745-009-3381-8

Lutts, S., Almansouri, M., and Kinet, J. M. (2004). Salinity and water stress have contrasting effects on the relationship between growth and cell viability during and after stress exposure in durum wheat callus. Plant Sci. 167, 9–18. doi: 10.1016/j.plantsci.2004.02.014

Lutts, S., Kinet, J. M., and Bouharmont, J. (1996). NaCl-induced senescenvce in leaves of rice (Oryza sativa L.) cultivars differing in salinity resistance. Ann. Bot. 78, 389–398. doi: 10.1006/anbo.1996.0134

Navarro, J. M., Martínez, V., and Carvajal, M. (2000). Ammonium, bicarbonate and calcium effects on tomato plants grown under saline conditions. Plant Sci. 157, 89–96. doi: 10.1016/S0168-9452(00)00272-7

Nie, L., Feng, J., Fan, P., Chen, X., Guo, J., Lv, S., et al. (2015). Comparative proteomics of root plasma membrane proteins reveals the involvement of calcium signalling in NaCl-facilitated nitrate uptake in Salicornia europaea. J. Exp. Bot. 66, 4497–4510. doi: 10.1093/jxb/erv216

Niu, C. F., Wei, W., Zhou, Q. Y., Tian, A. G., Hao, Y. J., Zhang, W. K., et al. (2012). Wheat WRKY genes TaWRKY2 and TaWRKY19 regulate abiotic stress tolerance in transgenic Arabidopsis plants. Plant Cell Environ. 35, 1156–1170. doi: 10.1111/j.1365-3040.2012.02480.x

Núñez-Ramírez, R., Sánchez-Barrena, M. J., Villalta, I., Vega, J. F., Pardo, J. M., Quintero, F. J., et al. (2012). Structural insights on the plant salt-overly-sensitive 1 (SOS1) Na(+)/H(+) antiporter. J. Mol. Biol. 424, 283–294. doi: 10.1016/j.jmb.2012.09.015

Orellana, S., Yañez, M., Espinoza, A., Verdugo, I., González, E., Ruiz-Lara, S., et al. (2010). The transcription factor SlAREB1 confers drought, salt stress tolerance and regulates biotic and abiotic stress-related genes in tomato. Plant Cell Environ. 33, 2191–2208. doi: 10.1111/j.1365-3040.2010.02220.x

Ouyang, B., Yang, T., Li, H., Zhang, L., Zhang, Y., Zhang, J., et al. (2007). Identification of early salt stress response genes in tomato root by suppression subtractive hybridization and microarray analysis. J. Exp. Bot. 58, 507–520. doi: 10.1093/jxb/erl258

Pandey, G. K., Kanwar, P., Singh, A., Steinhorst, L., Pandey, A., Yadav, A. K., et al. (2015). Calcineurin B-like protein-interacting protein kinase CIPK21 regulates osmotic and salt stress responses in Arabidopsis. Plant Physiol. 169, 780–792. doi: 10.1104/pp.15.00623

Parida, A. K., and Das, A. B. (2005). Salt tolerance and salinity effects on plants: a review. Ecotoxicol. Environ. Saf. 60, 324–349. doi: 10.1016/j.ecoenv.2004.06.010

Pérez-Alfocea, F., Balibrea, M. E., Santa Cruz, A., and Estañ, M. T. (1996). Agronomical and physiological characterization of salinity tolerance in a commercial tomato hybrid. Plant Soil 180, 251–257. doi: 10.1007/BF00015308

Phukan, U. J., Jeena, G. S., and Shukla, R. K. (2016). WRKY transcription factors: molecular regulation and stress responses in plants. Front Plant Sci. 7:760. doi: 10.3389/fpls.2016.00760

Qin, Y., Tian, Y., and Liu, X. (2015). A wheat salinity-induced WRKY transcription factor TaWRKY93 confers multiple abiotic stress tolerance in Arabidopsis thaliana. Biochem. Biophys. Res. Commun. 464, 428–433. doi: 10.1016/j.bbrc.2015.06.128

Redmann, R. E., Haraldson, J., and Gusta, L. V. (1986). Leakage of UV-absorbing substances as a measure of salt injury in leaf tissue of woody species. Physiol. Plant. 67, 87–91. doi: 10.1111/j.1399-3054.1986.tb01267.x

Rinerson, C. I., Rabara, R. C., Tripathi, P., Shen, Q. J., and Rushton, P. J. (2015a). The evolution of WRKY transcription factors. BMC Plant Biol. 15:66. doi: 10.1186/s12870-015-0456-y

Rinerson, C. I., Scully, E. D., Palmer, N. A., Donze-Reiner, T., Rabara, R. C., Tripathi, P., et al. (2015b). The WRKY transcription factor family and senescence in switchgrass. BMC Genomics 16:912. doi: 10.1186/s12864-015-2057-4

Rushton, P. J., Somssich, I. E., Ringler, P., and Shen, Q. J. (2010). WRKY transcription factors. Trends Plant Sci. 15, 247–258. doi: 10.1016/j.tplants.2010.02.006

Schluttenhofer, C., and Yuan, L. (2015). Regulation of specialized metabolism by WRKY transcription factors. Plant Physiol. 167, 295–306. doi: 10.1104/pp.114.251769

Shen, Y., Shen, L., Shen, Z., Jing, W., Ge, H., Zhao, J., et al. (2015). The potassium transporter OsHAK21 functions in the maintenance of ion homeostasis and tolerance to salt stress in rice. Plant Cell Environ. 38, 2766–2779. doi: 10.1111/pce.12586

Shi, W., Hao, L., Li, J., Liu, D., Guo, X., and Li, H. (2014). The Gossypium hirsutum WRKY gene GhWRKY39-1 promotes pathogen infection defense responses and mediates salt stress tolerance in transgenic Nicotiana benthamiana. Plant Cell Rep. 33, 483–498. doi: 10.1007/s00299-013-1548-5

Song, H., Wang, P., Hou, L., Zhao, S., Zhao, C., Xia, H., et al. (2016). Global analysis of WRKY genes and their response to dehydration and salt stress in soybean. Front. Plant Sci. 7:9. doi: 10.3389/fpls.2016.00009

Subramanian, C., Woo, J., Cai, X., Xu, X., Servick, S., Johnson, C. H., et al. (2006). A suite of tools and application notes for in vivo protein interaction assays using bioluminescence resonance energy transfer (BRET). Plant J. 48, 138–152. doi: 10.1111/j.1365-313X.2006.02851.x

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6: molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729. doi: 10.1093/molbev/mst197

Ülker, B., and Somssich, I. E. (2004). WRKY transcription factors: from DNA binding towards biological function. Curr. Opin. Plant Biol. 7, 491–498. doi: 10.1016/j.pbi.2004.07.012

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., et al. (2002). Accurate normalization of real-time quantitative RT–PCR data by geometric averaging of multiple internal control genes. Genome Biol. 3:Research0034.

Volkmar, K. M., Hu, Y., and Steppuhn, H. (1998). Physiological responses of plants to salinity: a review. Can. J. Plant Sci. 78, 19–27. doi: 10.4141/P97-020

Wang, C., Deng, P., Chen, L., Wang, X., Ma, H., Hu, W., et al. (2013). A wheat WRKY transcription factor TaWRKY10 confers tolerance to multiple abiotic stresses in transgenic tobacco. PLoS ONE 8:e65120. doi: 10.1371/journal.pone.0065120

Wang, F., Chen, H. W., Li, Q. T., Wei, W., Li, W., Zhang, W. K., et al. (2015). GmWRKY27 interacts with GmMYB174 to reduce expression of GmNAC29 for stress tolerance in soybean plants. Plant J. 83, 224–236. doi: 10.1111/tpj.12879

Wang, H. S., Yu, C., Tang, X. F., Zhu, Z. J., Ma, N. N., and Meng, Q. W. (2014). A tomato endoplasmic reticulum (ER)-type omega-3 fatty acid desaturase (LeFAD3) functions in early seedling tolerance to salinity stress. Plant Cell Rep. 33, 131–142. doi: 10.1007/s00299-013-1517-z

Wang, L., Li, Q., Lei, Q., Feng, C., Gao, Y., Zheng, X., et al. (2015). MzPIP2;1: an aquaporin involved in radial water movement in both water uptake and transportation, altered the drought and salt tolerance of transgenic Arabidopsis. PLoS ONE 10:e0142446. doi: 10.1371/journal.pone.0142446

Wang, X., Zeng, J., Li, Y., Rong, X., Sun, J., Sun, T., et al. (2015). Expression of TaWRKY44, a wheat WRKY gene, in transgenic tobacco confers multiple abiotic stress tolerances. Front. Plant Sci. 6:615. doi: 10.3389/fpls.2015.00615

Xiong, W., Xu, X., Zhang, L., Wu, P., Chen, Y., Li, M., et al. (2013). Genome-wide analysis of the WRKY gene family in physic nut (Jatropha curcas L.). Gene 524, 124–132. doi: 10.1016/j.gene.2013.04.047

Yamasaki, K., Kigawa, T., Watanabe, S., Inoue, M., Yamasaki, T., Seki, M., et al. (2012). Structural basis for sequence-specific DNA recognition by an Arabidopsis WRKY transcription factor. J. Biol. Chem. 287, 7683–7691. doi: 10.1074/jbc.M111.279844

Yang, L., Zhao, X., Yang, F., Fan, D., Jiang, Y., and Luo, K. (2016). PtrWRKY19, a novel WRKY transcription factor, contributes to the regulation of pith secondary wall formation in Populus trichocarpa. Sci. Rep. 6:18643. doi: 10.1038/srep18643

Yang, Q., Chen, Z. Z., Zhou, X. F., Yin, H. B., Li, X., Xin, X. F., et al. (2009). Overexpression of SOS (Salt Overly Sensitive) genes increases salt tolerance in transgenic Arabidopsis. Mol. Plant 2, 22–31. doi: 10.1093/mp/ssn058

Yu, S., Ligang, C., Liping, Z., and Diqiu, Y. (2010). Overexpression of OsWRKY72 gene interferes in the abscisic acid signal and auxin transport pathway of Arabidopsis. J. Biosci. 35, 459–471. doi: 10.1007/s12038-010-0051-1

Zhang, C. Q., Xu, Y., Lu, Y., Yu, H. X., Gu, M. H., and Liu, Q. Q. (2011). The WRKY transcription factor OsWRKY78 regulates stem elongation and seed development in rice. Planta 234, 541–554. doi: 10.1007/s00425-011-1423-y

Zhang, L., Gu, L., Ringler, P., Smith, S., Rushton, P. J., and Shen, Q. J. (2015). Three WRKY transcription factors additively repress abscisic acid and gibberellin signaling in aleurone cells. Plant Sci. 236, 214–222. doi: 10.1016/j.plantsci.2015.04.014

Zheng, L., Liu, G., Meng, X., Liu, Y., Ji, X., Li, Y., et al. (2013). A WRKY gene from Tamarix hispida, ThWRKY4, mediates abiotic stress responses by modulating reactive oxygen species and expression of stress-responsive genes. Plant Mol. Biol. 82, 303–320. doi: 10.1007/s11103-013-0063-y

Zhou, L., Wang, N. N., Gong, S. Y., Lu, R., Li, Y., and Li, X. B. (2015). Overexpression of a cotton (Gossypium hirsutum) WRKY gene, GhWRKY34, in Arabidopsis enhances salt-tolerance of the transgenic plants. Plant Physiol. Biochem. 96, 311–320. doi: 10.1016/j.plaphy.2015.08.016

Zhou, Q.-Y., Tian, A.-G., Zou, H. F., Xie, Z. M., Lei, G., Huang, J., et al. (2008). Soybean WRKY-type transcription factor genes, GmWRKY13, GmWRKY21, and GmWRKY54, confer differential tolerance to abiotic stresses in transgenic Arabidopsis plants. Plant Biotechnol. J. 6, 486–503. doi: 10.1111/j.1467-7652.2008.00336.x

Zhu, G. Y., Kinet, J. M., and Lutts, S. (2001). Characterization of rice (Oryza sativa L.) F3 populations selected for salt resistance. I. Physiological behavior during vegetative growth. Euphytica 121, 251–263. doi: 10.1023/A:1012016431577

Zhu, M., Chen, G., Zhang, J., Zhang, Y., Xie, Q., Zhao, Z., et al. (2014). The abiotic stress-responsive NAC-type transcription factor SlNAC4 regulates salt and drought tolerance and stress-related genes in tomato (Solanum lycopersicum). Plant Cell Rep. 33, 1851–1863. doi: 10.1007/s00299-014-1662-z

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Hichri, Muhovski, Žižková, Dobrev, Gharbi, Franco-Zorrilla, Lopez-Vidriero, Solano, Clippe, Errachid, Motyka and Lutts. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fpls-08-01343-g002.jpg
0.4

T

0.2

E-score

GTTGACY ATTGACY CTTGACY TTTGACY

0,485

04751 *

E-score

0,465

*
01 — 0.455 v * Y
CGTTGACYAGTTGACY TGTTGACY GGTTGACY

TIGACT TTGACC TTGACG TTGACA






OPS/images/fpls-08-01343-g003.jpg
Relative expression Relative expression

Relative expression

—— o

c c
I ) . =]
YL oL St Ro
Roots
a
b
c
Cc
c c c

0 1 2 4 6 8 12 24
Time (hours) after salt stress induction

_i_

Lo S

Control KCI Drought NaCl

Relative expression

Relative expression

T T

b b b
(15 O 0
Bu Fl G B

R
Leaves — OL
=3 YL

a
b
a
c b
c c
d
d

0 1 2 4 8 12
Time (hours) after salt stress induction





OPS/images/fpls-08-01343-g004.jpg
>
w

a
30 a 12 I
T 1
c | S f =
O 25 ] O 10
17 | I3
g ) g
a 20 a 8
3 3
b
2 - b b L
K 1 T == 8
® 10 —t Q 4
o I o
05 2 b
00 L 1 0 . .
Control  ABA CK IAA Control SA
-— JA
C 12000 s 350 a == JAlle
o
< 300 4 a
12000 a o
E
=~ 250 a
E 10000 g
- )
" 8000 = 2004
o <
° a 2
£ 6000 % 150
e o
X 4000 : 2 100
\ 8
o
2000 E 50 4
© b a
( c
0- =0
WT w3 w23 WT w3 w23
D 15 m— WT 287 [——
— w3
= W23
- = s
= s L
o w -
< 0 =
2 2 g
<]
. g s
< < =
% g <
S

0 5

0 5
Days after salt stress induction Days after salt stres induction Days after salt stress induction

0 5





OPS/images/fpls-08-01343-g005.jpg
RS R

o st i [

R





OPS/images/fpls-08-01343-g006.jpg
Na (mg.kg”' DW)

Ca (mg.kg'1 DW)

- T - WT
= W3 - W3
10 - — Wo B 67 aa — W9
a — w23 a /I was
: a
a 50 4 a
81 b ab
b o~
c ; 40 1 e _E 2e8
o |c c| B (=] h
2 304 a
o 8a
E
< 2
b
10
- - 0 ) , . . ,
10 20 0 5 10 20
Days after salt stress induction Days after salt stress induction
- WT
W3
35 — we
b w23
aa
3.0 1 a2 ag a
a a a
254 a
a ab
201 b b
15
1,0 4
05 4
0,0 - -
0 5 10 20

Days after salt stress induction





OPS/images/fpls-08-01343-g007.jpg
Osmotic potential (MPa)

MDA (nmol.g”'FW)

TTC ADO.g"' FW)

0,0 1

-0.5 4

-1,0 1

-1,5 4

-2,0 4

-2,5 4

Days after salt stress induction

-3.0 -

o
"

IS

N
L

0.6 1

0.5 4

o
EN
"

o
w
s

o
N
"

o
o
L

14
=}

0 5 10 20
b b'a b
b
a [+
b
-— WT § T
W3 - bl |
C—I w9 a
C— w23 a
-— WT
-l W3
W9
8 /W23
a
a
a
a
bl |b
b| |b
b
b
aga?
0 5 10 20
Days after salt stress induction
- WT
W3
/I wo
/w23
a a
a —i a ad
1
b a
ab
ab aad
£ abezrh
c
0 5 10 20

Days after salt stress induction

Proline (umol.g”"' FW)

RLR (%)

- WT
= W3
100 4 — wo
—— w23
80 - 2
b b
60 - bbb 4 B b%
i c
40 A
20
a
0 .
0 5 10 20
Days after salt stress induction
- WT
= W3
50 4 /W9
w23
a
40 A
b
30 4 bb b b
b|L[b Ny 3
b
20
ad,y a
10 4
0 - \
0 5 10 20

Days after salt stress induction





OPS/images/fpls-08-01343-g008.jpg
Circadian clock regulation

Phenolic coumpounds biosynthesis
Abiotic stresses related protein
Primary metabolites biosynthesis
Glycolysis
Photosynthesis/chlorophyll biosynthesis
Hormone biosynthesis/signaling
Plasma membrane/cell wall component
Respiration/ Krebs cycle

Cell wall modification

Transcription factors

Signal transduction
Detoxification

Protein folding

Fatty acids metabolism
Kinases/phosphatases

General transcription machinery/nucleic acids processing
Carbohydrates and C-compounds metabolism/transport

Relative expression Relative expression

Relative expression

lon/water transporters
thers
Plant defence
Unknown
Protein metabolism

1

|k

Iil

]

il

ﬁ

]

|

[ i

Hl Up-regulated genes
[ Down-regulated genes

Number of genes

0 20 40 60 80
NAM 4 ERF2
35 T
*
s°
@
o
3
o 2
i E
T & E
I e, }
0 T T T
WT w3 w23 WT w3 w23
MIP 5 Lip
I : :
- S -
| ;
D 3
Qo
T 3
[}
2 2 g
5 =
[0]
['4
L m
T T T 0 T T T
WT W3 W23 WT W3 W23
Baxin 2 PR6
L 20
5 T
g . |
2 15
T 3
L 2
k)
[} F:
14
5
T T T 0 T T
WT w3 w23 WT W3 W23

Relative expression

Relative expression

120 140 160

Osmo
WT W3 w23
MIPS
i
1
WT Ws w23






OPS/images/cover.jpg
, frontiers
in Plant Science

The Solanum lycopersicum
WRKY3 Transcription Factor
SIWRKY3 Is Involved in Salt
Stress Tolerance in Tomato





OPS/images/fpls-08-01343-g001.jpg
A - - B

S1WRKY2
StWRKYS
NtWEKY4 VPWRKY1
VPWRKYL GarWWRKY5
AtWEKYT0
JcWRKY56
S1WRKY3 FcWRKY70
SLWRKYS
NtWRKY4 NIWRKY4
VPWRKYL
AEWRKE70 SIWRKY3
WRKYx 100 L— StwRKY6
S1WRKY2
ey SmWRKY7
HtWEKY4
iy AtWRKY70
ALWRKYTO 10— BaWRKYT70
T AtWRKY62
S1WRKY2 -NrrESFD »x$ E e T TQES CSDUFLE DHD:EH 1
StWEKYS MY SFDI - BT ’YP [l=J8 FOE SSSIMFLEREENE Y 100 AtWRKY38
NEWRKY4 R e et = VL) A 1 B )P - - - == == =
VPWRKYL £Q ARDES I LEFESNNQDDSH: Pssppuﬂ-:ﬁsz[mnn‘:?mﬂx H mmquﬁsssiy L1 ] — OsWRKY45
AtWRKY70 186 PEKSKTCDHHSEIFMDSEDHES -------=--c-cooaox P STEMEEEDNPHRHHGEE TENDLELVWELZM
= = TaWRKY45
S1WRKY2 240 TPR;EE.‘-@ EPD‘ES ﬂ'igﬁ NcWRKY53
EtWERKYE 243 PETPATIZEN SEDV, 78 OsWRKY100
NtWRKY4 212 ----
VPWRKYL 272 LTTE c{rncm s@ E s THS!
AtWRKY70 2139 HNGKTS ]:“L = CDLMVE GGG





OPS/images/fpls-08-01343-t003.jpg
1 kb 3 kb

Number of % Promoters Number of % Promoters
elements with elements elements with elements

TTGACY 85 72.7 236 95.4
TTGACR 58 62.1 161 90.9
GTTGACY 17 24.2 38 43.9
GTTGACR 4 6.1 20 27.3
CGTTGACY 4 6.1 7.6

CGTTGACR 0 0 50 0





OPS/images/logo.jpg
’ frontiers
in Plant Science





OPS/images/fpls-08-01343-t002.jpg
Accession

Stress-related proteins
AK329158
TA36603_4081
AK329506
BG734684
TA41419_4081
AK328356
TA38285_4081
AK323694
AW035414
Water/ions transporters
AK324945
AK322565
AK321157
AW093618
AK322020
BG130774
NP000693
AK319783
Detoxification
AK325343
AK323682
BT013000
TA38392_4081
AK327211
Hormones biosynthesi
TA36689_4081
AW217769
AK324766
AK224709
AK319805
AK323740
AK224691
Fatty acids metabolism
AWB22151
AK329281
AK319365
G0375192
AK319952
Plant defense
AK322366
AW224719
60373278
DB694032
Y08804
AWO031662
AK247569
AK322997

Cell wall modification
AJ560647
BP904709
AK320289
AK321776
AY497475
Kinases
BP90BIE7
AI773030
AK329792
AK325830
AW220068
AK319220

Description

Putative dehydration-responsive protein RD22
Chaperone Hspg0-1

Wound/stress induced protein

Heat shock protein 70

Low temperature and salt responsive protein
Universal stress protein A-like protein

Caffeic acid O-methylransferase I

Cinnamyl alcohol dehydrogenase
Phenylalanine ammonia lyase

Inorganic phosphate transporter

Metal transporter

Putative high-affinity nitrate transporter
Vacuolar cation/proton exchanger 3-like
Ca?*/H*-exchanging protein

PIP-type aquaporin
Sodium/potassium-transporting ATPase
Vacuolar H*-ATPase

Glutathione S-transferase
Glutathione S-transferase
Peroxidase
Peroxidase
Glutathione S-transferase

ACC oxidase

Salicylic acid carboxyl methyltransferase
Putative gibberelin 20 oxidase 1-like
SAUR family protein

LAX3

ACC synthase 2

Jasmonate ZIM-domain protein 3

Lipase/esterase
Putative acyl-CoA synthetase
Monogalactosyldiacylglycerol synthase 2
Stearoyl-ACP desaturase

Delta-9 fatty acid desaturase

Osmotin (PR P23)
NRC1/NBS-LRR type resistance protein
Endochitinase

Defensin

Pathogenesis Related 6 (PR6)

Glucan endo-1,3-beta-glucosidase B

DCD (Development and cell Death) regulator
Bax inhibitor

Expansin
Pectin methylesterase

GDP-mannose pyrophosphorylase
Beta-glucosidase 01

Xyloglucan endotransglucosylase-hydrolase XTHS

Serine/threonine-protein kinase
LRR receptor-lie serine/threonine-protein kinase
Mitogen-activated protein kinase 3
Serine/threonine-protein kinase

CBL-interacting serine/threonine-protein kinase
CBL-interacting serine/threonine-protein kinase

Log2 fold

10.4
104
83
54
43
4
105
5
26

74
6.1
53
4.9
48
4
29
3

79
78
7.3
5.6

10.6
6.4
5.8
43
42

28

21.2
6.5
5.6
4.8
45

16.2
18.3
8.2
73
6.6
6.6
5.6

5.9

42
31

Tt
52
43
42
33
26





OPS/images/fpls-08-01343-t001.jpg
Accession Transcription factor family
Up-regulated genes.

AK22452 oREB

BP890068 P20

k320001 A2

AK319979 Pris

AWO3a281 ERF2

AW651406. ozP

AK221603 ozP

Axaze827 ozP

EuBasees CONSTANS: ke Zinc Finger

ATBa616 Stress-associated protein 6 Zinc finger)
BoE27288 BIFS ke (NAC)

AK32A393 NAM ko

Bw412776 WRKY.

322575 WRKYS

70239950 Top

AK19300 TCP transcrption factor 14
TAAI176.4081  GRASE

AK25371 Putative transcripton factor
BPe7o218 Putative Saquamosa promoter-binding protein
Down-regulated genes

08690655 ‘CONSTANS-LIKE 16 Zic Fingor
8697244 ‘CONSTANS-LIKE 9 Zinc Finger
AW624869 ‘CONSTANS-LIKE 10 Zic Finger
AWG22750  WRKY

k47980 WRKY.

k247135 PIFT DHLY)

81935893 putative BHLH

Ax21902 MADS box

K253 PHD finger

8925618 Bl-ike homeodomain protein 2 POX domain)
B921917 Tubby-fke F-box protein

Log2fold

25
27
27
34
a3
26
28
a1
35
67
29

58
145
25

33
34
35

39
55
68
39
52
25
24

22
22
26





