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Abstract: Drought is a major abiotic stress limiting agricultural crops production worldwide. In our study, we isolated a novel C2H2-type zinc finger protein gene ZF2 from chickpea. ZF2 consisted of 232 amino acids with two QALGGH motifs in Cys2/His2 zinc finger domain. Transient expression analysis of ZF2:GFP fusion protein showed that ZF2 was a nuclear localized protein. In the yeast assay system, the full-length of ZF2 did not show transcriptional activation. Expression of ZF2 gene was enhanced by treatments of several abiotic stresses and phytohormones. The promoter region of ZF2 contained multiple stress- and hormone-related cis-elements. Overexpression of ZF2 in Arabidopsis significantly improved the root length and fresh weight at seedling stage and enhanced the survival rates and proline content under drought treatment. These results indicated that ZF2 functioned as a positive regulator in drought response.
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Abbreviation



	ABA
	abscisic acid



	cDNA
	DNA complementary to RNA



	DRE
	dehydration responsive element



	GFP
	green fluorescent protein



	LTRE
	low-temperature-responsive element



	MeJA
	jasmonic acid



	PCR
	polymerase chain reaction



	qRT-PCR
	quantitative reverse transcriptase PCR



	X-α-Gal
	5-bromo-4-chloro-3-indolyl β-α-D-galactopyranoside




1  Introduction

Abiotic stresses, including drought, high salinity and extreme temperature, influence the growth and development of plants. The plants have evolved efficient mechanisms in response to these unfavorable conditions to achieve an optimal adaptation to adverse environment. In these acclimation mechanisms, transcriptional modulation is considered to play an important role [1]. Transcription factors could control the expression of downstream genes as positive or negative regulators [2]. A great deal of transcription factors have been proved to be involved in abiotic stresses, such as NAC, MYB, WRKY zinc-finger proteins [3–8].

Zinc finger represents a sequence of protein domains in which cysteines and/or histidines coordinate a zinc atom to form a compact finger structure. Zinc finger protein has been divided into C2H2, C3H, C3HC4 and other types on the grounds of the order and number of Cys and His residues [9,10]. Thereinto, C2H2 zinc finger protein is a common and important class of transcription factors. The motif sequence of C2H2 zinc finger proteins is CX2-4CX3FX5LX2HX3-5H (X: any amino acid; number: amino acid amounts), which two pairs of specific cysteines and histidines combine with a Zn ion, folding to form a finger shaped structure composed of an α-helix and a β-sheet. Most C2H2 zinc finger proteins have a constant domain QALGGH, which is unique to plant zinc finger proteins [11]. So far, a lot of genes encoding C2H2 zinc finger proteins from different plants have been demonstrated to be associated with stress-responsive [12,13].

SCOF-1 and GmZF1, C2H2 zinc finger protein genes from soybean, had been proved to improve the tolerance to low temperature in Arabidopsis [14,15]. The Arabidopsis C2H2 zinc finger protein gene ZFP3 had been demonstrated to increase salt and osmotic stresses tolerance [16]. A C2H2 zinc finger protein gene from soybean, GmWRKY16, improves resistance to salt and drought tolerance through an ABA-mediated pathway. The wild soybean C2H2 zinc finger protein GsZFP1 played the role of positive regulation in plant tolerance to drought and cold stress [17]. A potato C2H2 zinc finger protein gene, StZFP1, was related with plant response to dehydration and salt stresses [11]. Overexpression of a tomato C2H2-type zinc finger protein gene SlCZFP1 in rice and Arabidopsis increased plant resistance to cold [18]. In addition, C2H2-type zinc finger proteins had been found to negatively regulate plants response to stress. Soybean C2H2-type zinc finger protein GmZFP3 acted as a passive role in plant tolerance to drought stress [16].

Chickpea (Cicer arietinum L.) is an important legume crop in the arid and semi-arid regions. It is rich in environmental stress resistance genes because of long-term growth in extreme environments. To date, a few genes of chickpea, such as CarNAC2, CarNAC4, CarNAC5 and CarNAC6 have been confirmed to be related with tolerance to abiotic stress [6,15,19]. However, studies have been rarely done about C2H2-type zinc finger protein genes of chickpea. In the present study, we isolated a putative C2H2-type zinc finger gene, named ZF2, from the complementary DNA (cDNA) library analysis of chickpea leaves under drought stress treatment [20]. Drought stress could induce the expression of ZF2 gene, and ZF2 transgenic Arabidopsis plants obtained significantly increased tolerance to drought treatment.

2  Materials and Methods

2.1 Plant Materials and Stress Treatments

Chickpea (Cicer arietinum L.) cultivar Xj-209 was used for isolation and expression analysis of ZF2 gene in this study. Seeds were grown under greenhouse conditions using the following conditions: 25°C, 60% relative humidity, 12 h daylength. Arabidopsis wild type (WT) was grown in a greenhouse with 70% relative humidity, 22°C, 16 h daylength.

The 14-day-old chickpea plants were subjected to stress and chemical treatments [6,7]. The chickpea roots were immersed in aqueous solution of 200 mM NaCl, 20% (w/v) PEG 6000, 100 μM MeJA, 100 μM ABA, 20 μM IAA and 50 μM H2O2, respectively, with H2O as control. Chickpea seedlings were transferred to 4°C or 37°C in growth chamber for cold and heat treatment, respectively. The leaves in the same position were sampled at designated time intervals after treatments.

2.2 Isolation and Sequence Analysis of ZF2 Gene

Fresh leaves of chickpea were used to extract total RNA with the TRIZOL Kit (Invitrogen, China), and the total RNA was reverse-transcribed according to the instructions of PrimeScriptTM RT reagent Kit with gDNA Eraser (TAKARA, Japan). The ZF2 gene specific primers were applied to clone the ZF2 full-length sequences from chickpea leaves tissue cDNA. ZF2 sequence was analyzed by blast at NCBI (http://www.ncbi.nlm.nih.gov/blast/). Alignment of ZF2 with homologous proteins from other species was obtained with DNAMAN 8.0. MEGA 5.0 was used to build a phylogenetic tree with the Neighbor-Joining (NJ) method (bootstrap 1000). The name and accession number of 19 proteins used in this section are listed in Supplementary Table 1.

2.3 Isolation and in Silico Sequence Analysis of ZF2 Promoter

The cetyltrimethylammonium bromide (CTAB) method was used to extract the genomic DNA from fresh leaves of chickpea. The number and location of cis-elements in the promoter sequence were analyzed by the online search tool PLACE (http://www.dna.affrc.go.jp/PLACE/) [21].

2.4 Gene Expression Profile Analysis

The quantitative Real-time Polymerase Chain Reaction (qRT-PCR) was performed on each cDNA template using SYBR ®Premix Ex TaqTM II (TAKARA, Japan). The specific primers, ZF2-Q-F and ZF2-Q-R, were used to examine the expression of ZF2 gene. AtTublin and CarACTIN1 were used as endogenous control genes in Arabidopsis thaliana and chickpea, respectively. The primer sequences used in this part were listed in Supplementary Table 1. The qRT-PCR conditions were as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 56°C for 20 s, and 72°C for 20 s. A standard curve of each primer pair was performed to make sure the primer pair conformed the requirement and melting curve analysis was generated to check the specificity of amplification. All data were obtained with three independent biological replicates, each including three technical replicates. Relative quantification values calculated using 2−∆∆Ct method were used to represent the relative expression levels of candidate genes.

2.5 Subcellular Location of ZF2 Protein

To research the localization of ZF2 protein, we inserted the full-length coding sequence of ZF2 into PA7 vector [5], which contains a sequence of coding GFP proteins. Particle bombardment was executed to transfer the recombinant construct and negative control vector into tobacco epidermal cells. After incubation on MS medium for 1 d, the tobacco epidermal cells were observed using a confocal microscope (ZEISS, LSM780).

2.6 Transactivation Assay

The coding region of ZF2 full-length (1-693 bp), the N-terminus without DLN coding sequence (1-543 bp), and the C-terminus (544-693 bp) were inserted into the yeast expression vector pGBKT7 (pBD) to obtain pBD-ZF2-FL (1-232 aa), pBD-ZF2-N (1-181 aa) and pBD-ZF2-C (182-232 aa), respectively. According to the lithium acetate method, expression vectors and pBD empty vector (the negative control) were introduced into the yeast strain AH109. The transformed strains were streaked onto SD/-Trp or SD/-His plates and their growth status and the activity of α-galactosidase were recorded to estimate the trans-activation activity of each protein.

2.7 Transformation of Arabidopsis

PCR was used to amplify the coding region of ZF2 gene, which was inserted into PBI121-GFP vector to obtain the overexpression vector PBI121-ZF2 [15]. To study the function of ZF2 promoter, the promoter sequence of ZF2 was used to replace the CaMV 35S of PBI121-GUS vector to create the recombinant vector PBI121-ZF2-P, in which the GUS gene was driven by ZF2 promoter. The PBI121-ZF2, PBI121-ZF2-P vectors and PBI121-GUS vector (as a control) were transferred into the Argobacterium tumefaciens strain EHA105. Using the floral dip method, the Argobacterium tumefaciens strains with PBI121-ZF2, PBI121-ZF2-P and PBI121-GUS were transformed into Arabidopsis WT plants, respectively. Positive transgenic plants were screened on selective plates containing kanamycin (50 mg/mL), detected through PCR, RT-PCR.

2.8 Assay for Drought Tolerance

1/2 MS plates containing 200 mM mannitol were used to grow WT and transgenic seeds, with blank plates as control. After 14 d, root length and fresh weight of each plant was measured. Three-week-old soil-planted WT and transgenic plants were subjected to drought stress by withholding water until most of the WT plants presented fatal effects of dehydration. The survival rates of WT and transgenic lines were calculated after 3 d re-watering. Approximately 20 plants of each line were applied to the experiments. Fresh leaves from drought-treated and well-watered plants were collected to measure the content of free proline. All experiments were repeated independently at least three times.

2.9 Statistical Analysis

Student’ t test was applied to compare mean values. Statistically significant differences were determined at a value of P < 0.05 or P < 0.01.

3  Results

3.1 ZF2 is a C2H2-Type Zinc Finger Protein

Phylogenetic analysis of ZF2 and other zinc finger proteins indicated that ZF2 was orthologous to C2H2-type ZFPs of soybean SCOF-1 and GmZAT10-like (Fig. 1A). Multiple sequence alignment of ZF2 with the other typical C2H2-type zinc finger proteins showed that ZF2 protein included two canonical Cys2/His2 zinc finger domains and two QALGGH motifs in domains, which were conserved plant-specific sequences (Fig. 1B). In addition, a putative nuclear localization signal sequence and DLN box/EAR-motif were founded in amino acid sequence (Fig. 1B).
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Figure 1: Sequence analysis of ZF2 and related C2H2-type zinc finger proteins. (A) Phylogenic relationship between ZF2 and other zinc finger proteins from Glycine max (SCOF-1; GmZF; GmZAT10-like; GmZFP3), Petunia hybrida (ZPT2-2; ZPT2-3), Arabidopsis thaliana (AZF1; AZF2; AZF3; STZ/ZAT10; ZAT12), Oryza sativa Japonica group (ZFP150; ZFP179; ZFP182), Glycine soja (GsZFP), Ricinus communis (RcZFP), Medicago truncatula (MtZFP), Cicer arietinum (CaZF). (B) Multiple sequence alignment of ZF2 with typical zinc finger proteins. Identical and conserved amino acids are displayed in black and light backgrounds, respectively. The conserved domain is underlined

3.2 Localisation of ZF2 Protein is in the Nucleus of Plant Cells

To validate the location of ZF2 protein, we fused its open reading frame to a gene encoding GFP protein and introduced this construct into tobacco epidermal cells to express ZF2::GFP transiently. The ZF2::GFP fluorescence signal was found to be distributed in the nucleus, while the distribution of free GFP signal was ubiquitous (Fig. 2). This result indicated that ZF2 was located in the nucleus of plant cells.
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Figure 2: Subcellular localization of ZF2. The 35::GFP and 35S::ZF2-GFP fusion proteins were transiently expressed in tobacco epidermal cells and observed by a laser scanning confocal microscope. mCherry was used to indicate the position of nucleus

3.3 ZF2 Lacks Transcriptional Activation Activity in Yeast Cells

We fused the ZF2-FL (full-length), ZF2-N (N-terminal without DLN domain), ZF2-C (DLN domain) to the GAL4 DNA binding domain to assay the transcriptional activation ability of ZF2 protein. The fusion plasmids, ZF2-FL-BD, ZF2-N-BD, ZF2-C-BD and empty vector BD, were transformed into yeast strain AH109, respectively. As shown in Fig. 3, only the cells containing ZF2-C-BD could grow well on SD/-His plate and possessed α-galactosidase activity, whereas the yeast cells containing ZF2-FL-BD, ZF2-N-BD and empty vector BD could not grow. It indicated that ZF2 full-length protein could not activate expression of HIS reporter gene in yeast cells, whereas the C-terminal with DLN domain has transcriptional activation activity in yeast cells.
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Figure 3: Transactivation assay of ZF2 in yeast cells. The full-length (ZF2-FL), N-terminal (ZF2-N), and C-terminal (ZF2-C) with GAL4-DB fusion effector were introduced into the yeast strain AH109. Transformants were streaked on SD/-Trp or SD/-His plates and pGBKT7 were used as a negative control. X-α-Gal was used to detect the activity of α-galactosidase

3.4 Various Stress Treatments Could Induce the Expression of ZF2

The expression pattern of ZF2 gene under diverse stress was investigated by qRT-PCR. There were no significant changes of ZF2 expression levels under control conditions (H2O treatment) at sampling points (data not shown). The expression of ZF2 gene was significantly induced under dehydration stress, and peaked to 11.4-folds at 48 h. The relative expression levels of ZF2 gene were found to up-regulate under the salt, heat and cold stress treatments (Fig. 4A). In addition, we discovered that the transcription levels of ZF2 were also induced by various phytohormones and signaling moleculars, such as ABA, IAA, MeJA and H2O2 (Fig. 4B).
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Figure 4: The expression pattern of ZF2 under various stress treatments. (A) Expression patterns under drought, salt, heat and cold, respectively. (B) Expression patterns under ABA, IAA, MeJA and H2O2, respectively. Error bars indicate SD, and asterisks indicate a significant difference (*P < 0.05; **P < 0.01) compared to the non-treatment controls

3.5 Promoter Analysis of ZF2 Gene

A 2461 bp upstream fragment (A in initiation codon ATG as +1 and the first base before ATG as −1) of ZF2 gene was isolated from the genomic of chickpea leaf. Using PLACE database, we analyzed the key cis-acting elements and their position on ZF2 promoter. Multiple stress- and hormone-related cis-acting elements were found (Table 1). Three MYB recognition sites, eleven MYC recognition sites and one DRE/CRT motif associated with drought stress response were discovered. Six sequences of salt- and pathogenesis-related cis-acting elements GT-1 were detected. Two PRE cis-acting elements, which mainly participate in proline synthesis and response to osmotic stress were found. Four ABA responsive elements (ABRE) and one GA responsive element (GARE) were discovered. Moreover, there were one low temperature responsive element (LTRE) and one light-responsive element (I-box) in ZF2 promoter (Fig. 5A).
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Figure 5: Isolation and analysis of ZF2 promoter. (A) Schematic map of cis-elements on the ZF2 promoter sequence. The arrow indicates the direction of transcription. The putative cis-elements are marked in the boxes and their positions are directed by the lateral lines. (B) Histochemical expression of GUS gene driven by ZF2 promoter in transgenic Arabidopsis. (a) 7-day old seedling. (b) Leaf. (c) Flower. (d) pod

Promoter plays a crucial part in regulating the expression level and controlling the spatial and temporal expression pattern of a gene [22]. Histochemical β-glucuronidase (GUS) staining of transgenic Arabidopsis plants containing a ZF2 promoter::GUS reporter construct was used to determine the expression pattern of ZF2. In 7-day old seedlings, expression of GUS was observed mainly in leaves and hypocotyl as shown in Fig. 5B. In mature plants, GUS primarily expressed in leaves, petals and puerile pods, whereas only little expression could be observed in stems and mature pods.

3.6 ZF2 Transgenic Arabidopsis Obtain Increased Drought Tolerance

To further study the function of ZF2 gene, we obtained transgenic Arabidopsis plants, in which ZF2 gene was overexpressed under the control of CaMV35S promoter. Three independent homozygous transgenic lines (ZF2-1, ZF2-2, and ZF2-3) were chosen to be used in subsequent experiments. Under normal conditions, there was no obvious morphological difference between wild-type plants and ZF2 transgenic plants. At the seedling stage, the root length and fresh weight of transgenic and wild type under normal and drought treatments were measured. As shown in Fig. 6A, there was no difference on the growth of primary roots of wild-type and transgenic plants under normal condition. Whereas, the root length and fresh weight of transgenic plants were significantly higher than those of wild-type plants under the drought treatment.
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Figure 6: Drought stress tolerance analysis of ZF2 transgenic Arabidopsis. (A) Responses of WT and transgenic Arabidopsis seedlings cultured on 1/2 MS medium supplemented with mannititol. (a) Phenotypes of WT and transgenic seedlings grown on MS medium containing 0 or 200 mM mannitol. (b, c) Root length and fresh weight of 2-week-old seedlings. (B) Overexpression of ZF2 enhanced drought tolerance in Arabidopsis. (a) Phenotypes of WT and transgenic plants under drought stress. 3-week-old WT and transgenic plants were subjected to 14 days drought stress followed by 3 days re-watering. (b) Survival rate of WT and transgenic plants in drought tolerance assays. (c) Free proline content of WT and three transgenic lines. Error bars indicate SD, and asterisks indicate a significant difference (*P < 0.05; **P < 0.01) between the transgenic and WT plants

The survival rates of soil-planted wild-type and ZF2 transgenic lines under drought treatment were also investigated. After 14 days of dehydration (the soil moisture content dropped to approximately 20%), most of the Arabidopsis plants displayed wilting. However, the performance of ZF2 transgenic plants was superior to that of the wild-type plants (Fig. 6B). After 3 days re-watering, only 28% of wild-type lines could continue to grow, and the survival rates of three transgenic lines were 83%, 76%, and 82%, respectively.

Proline is an important osmotic adjustment substance in plants, which could be used as an indicator in the stress evaluation of plants [23]. Under normal condition, the free proline content did not show significant difference between the wild-type and transgenic plants. Nevertheless, the content of proline in ZF2 transgenic plants was significantly (P < 0.01) higher than that of wild-type plants under drought conditions (Fig. 6B). Together, our data demonstrated that ZF2 overexpressing Arabidopsis plants obtained enhanced tolerance to drought stress, and ZF2 might be a positive regulator in response to such stress.

4  Discussion

Abiotic stresses usually lead to the action of large number of genes, including both functional genes (encoding structural and enzymatic proteins) and regulatory genes (encoding signal transduction proteins and transcription factors) [24–26]. These genes improve tolerance to stress in plants through diversified pathways. It has been confirmed that C2H2-type zinc finger transcription factors were concerned with plant response to various environment stresses [27–32]. It has reported that SCOF-1 encoded a C2H2-type zinc finger transcription factor with two zinc finger domains, and cold stress could induce the expression of SCOF-1 [14,33]. However, the member of zinc finger proteins was rarely reported in chickpea, and the function of zinc finger proteins related to chickpea response to stress is still not clearly defined.

In the present study, a novel C2H2-type zinc finger protein gene ZF2 from the cDNA library constructed from chickpea leaves under drought treatment was isolated. ZF2 gene encodes a polypeptide of 232 amino acids, which has a spacer composed of 34 amino acids between two Cys2/His2 zinc finger domains. The length of spacers is different in various zinc finger proteins and the diversity may be connected with the specificity of target DNA sequences [9,10]. ZF2 protein contained conserved QALGGH motifs, which has been found in many of C2H2-type zinc finger proteins. GmZFP3 contained this motif, which has been shown to reduce tolerance to drought in plant [16]. The overexpression of GmZF1 gene, which could encode a C2H2-type zinc finger protein with QALGGH motif, enhanced the tolerance to cold stress in Arabidopsis [15]. Whereas, a lot of C2H2-type zinc finger proteins without QALGGH motif were identified from different plants in recent years. GsZFP1 protein from wild soybean (Glycine soja) lacking the QALGGH motif was proved to play an important part in enhanced tolerance to drought and cold stresses [17]. These results indicated the QALGGH motif might play different roles in different plants.

ABA acts as a signal regulator in plants response to abiotic stresses [2]. In our study, exogenous ABA treatment induced the expression of ZF2 gene, which suggested that ZF2 might respond to abiotic stresses through ABA-dependent signal transduction pathway. ABRE (ABA responsive element) is a typical cis-acting element in mediating ABA-dependent signaling [1]. There were four ABRE in the promoter region of ZF2. Furthermore, ABA-independent signal transduction pathway also plays a crucial part in plant stress responses [34]. LTRE and DRE cis-acting elements, which have been identified to participate in abiotic stresses response via ABA-independent pathway, also existed in ZF2 promoter [35,36]. Therefore, we hypothesized that ZF2 gene might be involved in plant response to abiotic stresses through both ABA-dependent and -independent signal transduction pathways.

The full-length and N-terminal of ZF2 protein did not show transcriptional activation. It is interesting that the deletion mutants, ZF2-C (the DLN domain separately), had transcriptional activation activity in yeast cells. The DLN-box had been reported to play the function of transcriptional suppressor, such as STZ/ZAT 10 from Arabidopsis [37] and ZPT2-3 from petunia [29]. However, a part of zinc finger proteins with DLN-box, such as CaZF from chickpea and ZFP179 from rice [38,39], were related to transcriptional activation. Based on our results, we propose the following hypotheses. First, the ZF2 protein may serve as a transcriptional repressor and activate the expression of stress responsive genes by inhibiting the inhibitors of these genes [37]. Second, the ZF2 protein might play different roles in yeast and plant. It was considered that the activation function of yeast systems was different to those on plants [40]. Third, ZF2 may need post-translational modification or environmental stimuli to function as a transcriptional activator.

Although the expression of ZF2 gene was induced by various stress treatments, our research focused on revealing the molecular mechanism of ZF2 in response to drought stress. We obtained ZF2 overexpressed Arabidopsis thaliana lines to analyze biological functions of the ZF2 gene. Under drought stress simulated by mannitol, the root length and fresh weight of transgenic plants at the seedling stage were significantly higher than those of wild-type plants. The survival rates of wild-type plants were lower to those of ZF2 transgenic lines after the dehydration treatment. These results demonstrated that the negative impact of drought stress on the growth and development of wild-type plants was higher than that on ZF2 transgenic plants. Environment stresses often cause direct and indirect dehydration stress on plants, and osmotic adjustment substance are accumulated to improve the stress tolerance [6,7]. As the most widely distributed multifunctional osmolyte in many organisms, the accumulation of proline can be used as an indicator of plant stress tolerance [41,42]. In our study, the content of free proline in transgenic Arabidopsis lines was higher than that on the wild-type under drought condition, indicating that the ZF2 gene might be involved in proline metabolism. Based on the above results, we speculate that the ZF2 gene improved the tolerance to drought in plants by proline accumulation.

In summary, we isolated a novel C2H2-type zinc finger protein gene ZF2 from chickpea. Expression of ZF2 was induced by various abiotic stresses. ZF2 functioned as a positive regulator in plant response to drought. Although chickpea is widely cultivated in the world, there is little research on the function of genes in chickpea. This study broadens our understanding on the function of zinc finger protein in chickpea and offers a potential candidate for molecular breeding in improving the tolerance to abiotic stresses in staple crops. With the development of follow-up work, we will have a clearer understanding on the biological and molecular functions of ZF2.
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Supplementary 1. The name of C2H2-type zinc finger proteins used for constructing phylogenetic tree

SCOF-1 (AAB39638.1); ZPT2-2 (BAA05077.1); ZPT2-3 (BAA05079.1); AZF1 (BAA85108.1); AZF2 (BAB02542.1); AZF3 (NP_199131.1); STZ/ZAT10 (NP_174094.1); ZAT12 (AAM65582.1); ZFP150 (AAP42460.1); ZFP179 (AAL76091.1); ZFP182 (AAP42461.1); GmZF (AAZ03389.1); GmZAT10-like (NP_001254622.1); GsZFP (ACJ48970.1); RcZFP (XP_002515449.1); MtZFP (XP_003604205.2); CaZF (ACD13216.1); GmZFP3 (AHN52234.1); ZF2 (ACO54859.10).
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Table 1: Stress-related cis-element in the promoter of ZF2

Element Core Position Function
sequence
W-box TGAC/ —226, =243, =296, —470, =559, —631, =785, Response to SA, GA and
TTGAC —2428 pathogenesis signal
MYB CNGTTR/ -—-1211, —1921, —2295 Response to drought stress
recognition WAACCA and ABA signal
site
PRE ACTCAT —45, 2155 Response to proline and
drought signal
MYC CANNTG -113,-174, -208, —688, =996, —1146, —1504, Response to drought, ABA
recognition —1795, —1905, —2015, —2152 and cold signal
site
GT-1 motif GAAAAA —836,—1483, —1774, -2107, —2135, —2143  Response to pathogen and
salt signal
GARE TAACAAR —1458, -1925 Response to GA signal
ABRE ACGTG —194, =783, —1157, —1394 Response to ABA signal
DRE/CRT RYCGAC 223 Response to drought signal
LTRE CCGAC —222 Response to cold signal
[-box GATAA —1699, —2119 Response to light signal
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Supplementary Table 1: Primers used in this study

Primer names

Primer sequences ( 5-3) Fuction

ZF2-F
ZF2-R
ZF2-PA7-F
ZF2-PA7-R
ZF2-Q-F
ZF2-Q-R

CarACTINI-Q-F
CarACTINI-Q-R

ZF2-P-F
ZF2-P-R
ZF2-P-PBI-F
ZF2-P-PBI-R
P35S-F
PGUS-R
ZF2-BD-F
ZF2-N-BD-R
ZF2-C-BD-F
ZF2-BD-R
ZF2-PBI-F
ZF2-PBI-R

5-CCCAAAACATGGCTCTAGAA-3’ Primers for ZF2 ORF
5-AATTATTCATTGAAGATGATGAGG-3’
5-ACGCGTCGACATGGCTCTAGAAGC-3’
“-CGACGTCGACTTGAAGATGATGAGGAA-3’
5-GGCGACGACCAATCAA-3’
~-GTTACAGCCGCACCAT-3’
~GCCTGATGGACAGGTGATCAC-3'
~-GGAACAGGACCTCTGGACATCT-3'
5'-GTTTAGGTTTGGCTGGTTGGC-3’
5'-GGTAGTGGTTGTGGGTGAGTT-3’
“GACCATGATTACGCCAAGCTTGTTTAGGTTTGGCTGGTTGGC-3’
“ATAAGGGACTGACCACCCGGGGTTTTGGGTATATTGAATTTT-3’
5-CAGTGAGCGCAACGCAATTA-3’
~-GGCTTTCTTGTAACGCGCTT-3'
“ATGGCCATGGAGGCCGAATTCATGGCTCTAGAAGCTCTTAAC-3" Primers for pGBKT7-ZF2
“CCGCTGCAGGTCGACGGATCCGACAGTATGTGTGGATCCC-3'
5“ATGGCCATGGAGGCCGAATTCAGTCATCGTGATTTCGATC-3’
“CCGCTGCAGGTCGACGGATCCTCATTGAAGATGATGAGGAAT-3’
“TCCCCCGGGAATGGCTCTAGAAGCTC-3'

-TCCCCCGGGTTGAAGATGATGAGG-3'

Primers for PA7-ZF2

Primers for qRT-PCR

Primers for ZF2 promoter

Primers for pBI121-ZF2
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