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ABSTRACT 16 

ABSCISIC ACID REPRESSOR-1 (ABR1), an APETALA2 (AP2) domain containing transcription 17 

factor (TF) contribute important function against variety of external cues. Here, we report an 18 

AP2/ERF TF, AtERF60 that serves as an important regulator of ABR1 gene. AtERF60 is induced in 19 

response to drought, salt, abscisic acid (ABA), salicylic acid (SA), and bacterial pathogen PstDC3000 20 

infection. AtERF60 interacts with DEHYDRATION RESPONSE ELEMENTS (DRE1/2) and GCC 21 

box indicating its ability to regulate multiple responses. Overexpression of AtERF60 results in the 22 

drought and salt stress tolerant phenotype in both seedling and mature Arabidopsis plants in 23 

comparison with the wild type (WT-Col). However, mutation in AtERF60 showed hyperactive 24 

response against drought and salt stress in comparison with its overexpression and WT. Microarray 25 

and qRT-PCR analysis of overexpression and mutant lines indicated that AtERF60 regulates both 26 

abiotic and biotic stress inducible genes. One of the differentially expressing transcripts was ABR1 27 

and we found that AtERF60 interacts with the DRE cis-elements present in the ABR1 promoter. The 28 

mutation in AtERF60 showed ABA hypersensitive response, increased ABA content, and reduced 29 

susceptibility to PstDC3000. Altogether, we conclude that AtERF60 represses ABR1 transcript by 30 

binding with the DRE cis-elements and modulates both abiotic and biotic stress responses in 31 

Arabidopsis.        32 
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Introduction 35 

Plants face multiple environmental stresses including various biotic and abiotic stresses which disturb 36 

their normal growth and development leading to massive agricultural losses (He et al., 2018). To 37 

adapt under these environmental conditions, plants have developed various evolutionary mechanisms 38 

governed through a complex regulatory network. TFs participate in regulating various interconnected 39 

and diverse signaling cascades by interacting with cis-elements present in their promoters (Liu et al., 40 

2014). AP2/ERFs are one of the most important TF families that appeared as a key regulator of a large 41 

cluster of downstream target genes involved in various stress responses (Phukan et al., 2017). The 42 

AP2/ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR (EREB) domain of AP2/ERFs is 43 

made up of conserved 40–70 amino acids that act as a DNA binding domain (Nakano et al., 2006). 44 

Based on the DNA binding domain, AP2/ERFs are classified into three groups, first is ERF (single 45 

ERF domain, contains subgroup I to X, VI-L and Xb-L), second is AP2 (tandem copies of two AP2 46 

domains and few of them are with single AP2 domain) and third is RAV (ERF domain associated 47 

with a B3 DNA-binding domain). Soloist is a protein that contains an ERF domain, however its 48 

sequence and gene structure strongly diverge from ERF TFs (Shigyo and Ito, 2004, Nakano et al., 49 

2006, Swaminathan et al., 2008, Zhuang et al., 2008; Licausi et al., 2010, Licausi et al., 2013). 50 

Together, these proteins are involved in integrating multiple phytohormone signals and regulate both 51 

abiotic and biotic stress responses (Gutterson and Reuber, 2004). ERF binds with the ETHYLENE-52 

RESPONSE ELEMENT (ERE) or GCC-box to provide biotic stress resistance (Franco-Zorrilla et al., 53 

2014).      54 

Different properties of AP2/ERFs, including the DNA binding properties and induction upon various 55 

stresses, implement these TFs to coordinate multiple responses and participate in regulatory processes 56 

(Abiri et al., 2017). It is evident that AP2/ERFs and various phytohormones such as ethylene, Methyl 57 

jasmonate (MeJA), ABA, SA act in concert to regulate various plant processes (Licausi et al., 2013). 58 

The coordinated action of ABA and different abiotic stresses led to the activation of several stress-59 

inducible genes and DREB2s (Lee et al., 2016). AP2/ERFs such as ABA-INSENSITIVE 4 (ABI4) 60 

and CBFA (CCAAT binding factor A) are ABA-responsive and help to activate the ABA-61 

dependent/independent stress-responsive genes (Zhang et al., 2013). AP2/ERFs mutants with altered 62 

hormone sensitivity and abiotic stress responses have been identified and studied, mentioning this 63 

family of TFs as an important candidate to study the interactions between plant hormones and abiotic 64 

stresses.        65 
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The ERF subfamily protein is usually conscious to pathogen attack and contributes to plant immunity. 66 

Overexpression of ERF subfamily protein is usually related with altered disease resistance phenotypes 67 

in plants (Onate-Sanchez et al., 2007; Zhang et al., 2016; Zheng et al., 2019). Overexpression of rice 68 

OsEREBP1 activates ABA and JA signaling pathways eventually resulted in enhanced tolerance 69 

under both biotic and abiotic conditions (Jisha et al., 2015). ABA regulates various important 70 

agronomical traits of plant development and physiology, such as seed dormancy and maturation, 71 

along with responses to several environmental stress factors, such as salinity, drought, and cold stress 72 

mediated through different components of ABA signaling (Himmelbach et al., 2003; Sah et al., 2016). 73 

During the investigation of gene expression regulated with ABA, an AP2-domain containing protein 74 

known as ABR1 was identified that acts as a negative regulator of ABA responses (Pandey et al., 75 

2005). Later on, it was studied that ABR1 (group X of AP2/ERF) acts as a transcriptional activator 76 

and is involved in the wounding response (Baumler et al., 2019). ABR1 is an important molecule 77 

thought to play a functional role in the host-pathogen interface and acts as a susceptibility core that 78 

binds with different effector molecules of Pseudomonas syringae (Schreiber et al., 2021). Despite the 79 

importance of ABR1 involved in the regulation of both biotic and abiotic stress responses, its 80 

transcriptional regulator is not known. Here in our study, we have identified and characterized 81 

AtERF60 (homologue of MaRAP2 from Mentha arvensis) (Phukan et al., 2018). We investigated that 82 

AtERF60 regulates ABR1 gene by binding with their promoter and modulates both biotic and abiotic 83 

stress response in Arabidopsis.       84 

Results 85 

AtERF60 is induced under salt, dehydration, ABA, and SA treatments 86 

Sequencing analysis of AtERF60 confirmed that the CDS of AtERF60 is 819 bp in length, encoding a 87 

polypeptide of 273 amino acids. The alignment of complete ORF with its amino acid sequence has 88 

shown that it has a 58 amino acids conserved AP2/ERF DNA binding domain (DBD) (Fig. S1). 89 

Protein sequences of related AtERF60 among different plant species were recovered from Genbank to 90 

build the maximum likelihood phylogenetic tree. Phylogenetic homology of AtERF60 was studied 91 

utilizing MEGA6.06 software and found that it lies within the same clade and is closely related to the 92 

ERF of Camelina sativa and Capsella rubella (Fig. 1A). To investigate the evolutionary relation or 93 

diversity of AtERF60, we aligned the DBD of some closely related homologs from different plant 94 

species and found that the DBD of AtERF60 is closest to the AP2/ERF DBD of Camelina sativa (Fig. 95 

1B). We studied the relative expression of AtERF60 in response to salt, dehydration, wounding, ABA, 96 

SA, and methyl jasmonate (MeJA) treatments in Arabidopsis thaliana Col-0 plants. We observed that 97 

AtERF60 is induced early after 1 hour of ABA treatment. AtERF60 is maximally induced after 3 98 

hours of salt and dehydration treatment, whereas the AtERF60 showed a similar expression pattern 99 
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after 1 and 3 hours of SA treatment (Fig. 1C). Additionally, AtERF60 is not induced in response to 100 

MeJA and wounding treatment as compared to the untreated control WT.   101 

AtERF60 interacts with DRE/GCC box cis-elements and can activate the reporter gene in yeast 102 

The recombinant GST-tagged-AtERF60 was induced and purified in bacterial expression system (Fig. 103 

S2A). An expected molecular mass of 56.0 kD along with GST-tagged-AtERF60 was observed and 104 

separated using SDS-PAGE (Fig. S2B). To study the DNA binding property of AtERF60, we 105 

performed EMSA of recombinant AtERF60 with DRE-1 and GCC-box cis-elements. Specific probes 106 

were designed for DRE-1 (GCCGAC) and GCC-box (AGCCGCC) cis-element along with their 107 

mutated forms containing a single nucleotide substitution (Fig. 2A). We found that AtERF60 interacts 108 

with DRE-1 and GCC-box cis-elements, while does not able to bind with its mutated probe carrying a 109 

change of single nucleotide (Fig. 2B). To study the transactivation property, we performed β-110 

galactosidase activity in Saccharomyces cerevisiae (Y187 strain). We cloned AtERF60 in pGBKT7 111 

vector downstream of modified PT7 promoter fused with GAL4-DBD (Fig. 2C). AtERF60 showed 112 

positive β-galactosidase activity utilizing ONPG as a substrate as compared to the vector control (Fig. 113 

2D). We quantified the β-galactosidase activity and observed that AtERF60 has significantly higher β-114 

galactosidase activity as compared to the vector control (Fig. 2E). The EMSA and β-galactosidase 115 

activity demonstrate that AtERF60 interacts with DRE-1 and GCC-box cis-elements and might be 116 

involved in the regulation of downstream target genes.     117 

AtERF60 provides resistance against salt and drought stress in Arabidopsis seedlings     118 

As it was observed that AtERF60 was maximally induced under dehydration and salt stress 119 

treatments, and specifically interacts with DRE-1 and GCC-box cis-elements, therefore, we studied 120 

the regulatory role of AtERF60 under osmotic and dehydration stress in Arabidopsis. Overexpression 121 

lines (OX) under regulation of constitutive promoter CaMV35S and T-DNA insertion mutant (MT) 122 

lines of AtERF60 were confirmed by semi-quantitative PCR using gene-specific primers (Fig. S3A). 123 

We also analyzed the expression level of AtERF60 in these lines through qRT-PCR, which showed 124 

significantly increased AtERF60 expression level (>4 folds) in the OX lines and reduced AtERF60 125 

expression level in MT lines (Fig. S3B). We provided drought and salt stress to AtERF60-OX and MT 126 

(erf60) lines to observe their stress response. Under control conditions, no phenotypic difference was 127 

observed in the AtERF60-OX and erf60 mutant lines as compared to the WT seedlings. Under 128 

200mM salt and 300mM mannitol stress conditions, WT seedlings exhibited reduced germination, 129 

growth, early senescence, and chlorosis, while AtERF60-OX and erf60 mutant lines displayed 130 

resistant phenotype (Fig. 3A, B). However, an increased tolerance level was observed in the erf60 131 

mutant lines under salt and drought stress as compared to the AtERF60-OX lines. Total fresh weight 132 
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and chlorophyll content were observed to be significantly increased in both the AtERF60-OX and 133 

erf60 mutant lines as compared to the WT seedlings. However, the erf60 mutant plants showed better 134 

response, and higher total fresh weight and chlorophyll content as compared to the AtERF60-OX 135 

plants (Fig. 3C, D). This is particularly interesting because an increased tolerance level was observed 136 

in the erf60 mutant lines under salt and drought stress as compared to the AtERF60-OX lines. These 137 

results suggest that AtERF60 is responsible for governing the abiotic stress tolerant phenotype in 138 

Arabidopsis plant.            139 

Loss of AtERF60 function affects multiple gene expression  140 

To study the target genes influenced by AtERF60 in Arabidopsis, we performed a microarray analysis 141 

of both AtERF60-OX and erf60 mutant lines under control conditions in two independent biological 142 

replicates (Table S1). We found that a total of 32 genes were downregulated (>2 folds) in the 143 

AtERF60-OX as compared to the erf60 mutant with a significant P-value of <0.05 (Fig. 4A, Table 144 

S2). We further validated the expression of above identified genes using qRT-PCR analysis in both 145 

AtERF60-OX and MT lines as compared to the WT. We found that most of the genes encoding 146 

COMPROMIZED RECOGNITION OF TCV1 (CRT1), Peroxidase superfamily protein, Aspartyl 147 

protease family protein, O-glucosyl hydrolases family 17 protein, Alcohol dehydrogenase 1 (ADH1), 148 

Acyl-CoA synthetase 5 (ACS5), EIDI like 3, and ABR1 were significantly upregulated in the erf60 149 

mutant background as compared to the WT (Fig. 4B). Also, some of the genes encoding α/β 150 

hydrolases superfamily protein, Chalcone and Stilbene synthase family protein, MYB-like, Acyl-151 

transferase family protein, and UDP-glycosyltransferase family protein were found to be upregulated 152 

in the AtERF60-OX as compared to the WT (Fig. 4B). The microarray and qRT-PCR analysis 153 

revealed that AtERF60 might be involved in the regulation of these target genes directly or indirectly 154 

by binding with their promoter cis-elements. Therefore, we screened out the individual promoters and 155 

searched for the presence of probable cis-elements (Supplementary file 1).    156 

AtERF60 interacts with ABR1 promoter 157 

Sequence analysis revealed the presence of dehydration (A/GCCGAC) and ABA-responsive cis-158 

elements (ACGTC/G) in the ABR1 promoter. Based on the presence of these core cis-elements in the 159 

ABR1 promoter, we studied the interaction of AtERF60 with the ABR1 promoter using EMSA. Probes 160 

specific to DRE and ABRE cis-elements were designed along with their mutated counterpart with a 161 

change in a single nucleotide (Fig. 5A). It was observed that AtERF60 interacts with both DRE-1 and 162 

DRE-2 cis-elements, while it does not able to produce gel shift with the ABRE cis-elements and its 163 

counterpart with a single nucleotide mutation (Fig. 5B). This showed that binding of AtERF60 is 164 

specific to A/GCCGAC cis-elements and is completely abolished when the sequence specific 165 
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nucleotide is mutated. To study the in vivo association of AtERF60 with ABR1 promoter, we 166 

performed Y1H assay. The resulting ABR1 promoter carrying the DRE1 and DRE2 cis-elements 167 

upstream of the HIS3 reporter gene was cloned in the pHIS2.0 vector. After preparing the effector 168 

construct having AtERF60 cloned in pGADT7, both the constructs were co-transformed in yeast S. 169 

cerevisiae (Y187 strain) under the selection media SD-his-leu. We found the positive Y1H interaction 170 

between the AtERF60 with the ABR1 promoter as co-transformants were competent to grow in the 171 

selection media SD-his-leu media (Fig. 5C).    172 

Mutation in AtERF60 resulted into hyperactive response against drought and salt stress  173 

To study the functional contribution of AtERF60 in abiotic stress, we provided the salt and drought 174 

stress treatment to 5 weeks old Arabidopsis plants and regularly monitored the change in the 175 

phenotype on different days. The moisture content of soil was monitored at different days of drought 176 

stress, and the resulting phenotype was observed (Fig. S4 A-C). We found that erf60 mutant plants are 177 

highly tolerant to drought and salt stress. However, overexpression of AtERF60 resulted in reduced 178 

tolerance towards drought and salt stress as compared to the erf60 mutant plants. Severe wilting, 179 

anthocyanin accumulation, chlorosis, and necrosis symptoms were observed in the WT and AtERF60-180 

OX plants. It was also observed that erf60 mutant plants sustained drought stress up to 12-14 days and 181 

salt stress up to 16-18 days (Fig. 6A, B). Plant samples were collected after six days of drought stress 182 

to study the relative expression of microarray validated genes using qRT-PCR analysis. We found that 183 

genes encoding CRT1, Aspartyl protease family protein, Chalcone and stilbene synthase family 184 

protein, ACS5, EIDI-like 3, and ABR1 were highly upregulated in the erf60 mutant background as 185 

compared to the WT. Also, few genes encoding peroxidase superfamily protein, and CYP704B1 186 

family protein were found to be upregulated in the AtERF60-OX as compared to the WT under 187 

drought stress (Fig. 6C). Based on the microarray data and qRT-PCR analysis under control and after 188 

drought stress, we observed that ABR1, CRT1, and ACS5 are the common set of target genes that were 189 

highly induced in the erf60 mutant plants as compared to the WT (Fig. 6C). Interestingly, ABR1 was 190 

found to be down regulated in the AtERF60-OX and upregulated in the erf60 mutant plants under 191 

drought stress conditions as compared to the WT. These results revealed that AtERF60 might be 192 

transcriptionally regulating the ABR1 gene to modulate abiotic stress response in Arabidopsis.                    193 

erf60 mutant showed hypersensitive response to ABA and delayed germination 194 

The specific interaction of AtERF60 with the ABR1 promoter region prompts us to check the ABA 195 

sensitivity and germination rate of AtERF60-OX and erf60 mutant seedlings. We observed that erf60 196 

mutants showed delayed seed germination as compared to WT. However, an opposite phenotype of 197 

early germination was observed in the AtERF60-OX lines as compared to WT seeds in the half MS 198 
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media (Fig. S5A). Also the percentage germination was found to be significantly reduced in the erf60 199 

mutants and increased in the AtERF60-OX lines as compared to WT seeds (Fig. S5B). To test the 200 

ABA hypersensitive response, we grew Arabidopsis seeds in the half MS media treated with the 201 

different concentrations of ABA. We observed that the mutant seeds exhibit a hypersensitive response 202 

to exogenous ABA at (6 μM) as compared to the WT and overexpression lines. The germination of 203 

erf60 mutant seeds in half MS without ABA did not show any phenotypic difference as compared to 204 

the WT and OX lines (Fig. 7A). The germination percentage of seedlings were calculated after 2 205 

weeks and compared to the WT seeds on the normal half MS medium. It was found that germination 206 

of erf60 mutant seeds was significantly inhibited at 6 and 8 μM concentrations of ABA. The 207 

germination percentage of the erf60 mutant seeds was significantly reduced to less than 30% at 6 μM 208 

and less than 20% at 8 μM ABA concentrations. We did not obtain much significant difference with 209 

an ABA concentration of less than 4 μM (Fig. 7B). Moreover, overexpression of AtERF60 led to 210 

reduced sensitivity and a better germination rate (>70%) as compared to both WT and erf60 mutants 211 

at the concentration of 6 and 8 μM ABA. These results suggest that mutation in the AtERF60 renders 212 

the delayed germination and hypersensitive response to ABA in the Arabidopsis seedlings.         213 

AtERF60 regulates ABA content  214 

To study the regulatory role of AtERF60 in ABA biosynthesis, we determined the total ABA content 215 

in the AtERF60-OX and erf60 mutant lines. Mature Arabidopsis plants of 18 days were utilized to 216 

determine the ABA content using HPLC. The peak obtained in the internal standard ABA was 217 

compared with the significant peak obtained in the plant samples at same retention time and relative 218 

quantification was performed. We observed that ABA content was significantly decreased in the 219 

AtERF60-OX lines and increased in the erf60 mutant lines under control conditions as compared to 220 

WT (Fig. 7C). The ABA content in the AtERF60-OX lines was found to be 85.7 and 67.2 ng/g fresh 221 

wt respectively, which is significantly decreased as compared to WT (120.35 ng/g fresh wt). The 222 

ABA content in the erf60 mutant lines (256.7 and 201.6 ng/g fresh wt) was observed to be 223 

significantly enhanced compared to WT and AtERF60-OX lines. This result suggests that AtERF60 224 

negatively regulates the ABA content in the Arabidopsis.   225 

AtERF60 regulates defense response in Arabidopsis  226 

ABR1 is considered a functionally important molecule that interacts with 227 

different Pseudomonas syringae effectors (Schreiber et al., 2021). We sought to test our idea that 228 

AtERF60 regulates the central key component ABR1 and modulates plant response to biotic stress. To 229 

investigate the influence of AtERF60 in biotic stress, we infiltrated Arabidopsis plants 230 

with Pseudomonas syringae pv. tomato (Pst) strain DC3000. The AtERF60-OX lines exhibited 231 
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increased chlorosis and necrosis at 4 days of post-inoculation (dpi), whereas erf60 mutant lines 232 

displayed reduced disease symptoms as compared to the WT (Fig. 8A). Furthermore, the erf60 mutant 233 

lines supported a significantly lower population of bacterial PstDC3000 as compared to the WT. The 234 

bacterial population in the erf60 mutant lines was reduced by 1.8 log (CFU/cm2) representing a 235 

decrease of 71% after 4 dpi (Fig. 8B). A significant reduction in electrolyte leakage was observed 236 

in erf60 mutant lines compared to the WT at 4 dpi with PstDC3000 (Fig. 8C). In contrast 237 

to erf60 mutant lines, significantly enhanced pathogen population and electrolyte leakage were 238 

observed in AtERF60-OX lines compared to the WT (Fig. 8B, C). Further, we used the confocal 239 

microscopy to follow the pathogen colonization in Arabidopsis plants using the GFP-240 

tagged PstDC3000 strain. In vivo imaging revealed the formation of the distinct microcolonies of 241 

GFP-tagged PstDC3000 that were evenly dispersed in the intercellular spaces of leaves of WT (Fig. 242 

8D). We observed reduced colonization of GFP-tagged PstDC3000 in erf60 mutant lines 243 

while AtERF60-OX lines displayed enhanced colonization of bacterial pathogen (Fig. 8D). Together, 244 

these results suggest that mutation in the AtERF60 gene causes a reduction in susceptibility 245 

of Arabidopsis towards bacterial pathogen, PstDC3000.  246 

We examined the expression of AtERF60 and ABR1 genes in Arabidopsis plants following infection 247 

with PstDC3000. The expression of the AtERF60 and ABR1 genes are strongly induced in WT in 248 

response to PstDC3000 infection as observed at 6 hours post-inoculation (hpi) and 24 hpi. On the 249 

other hand, ADH1, ACS, SOD, and CRT1 genes are not induced in response to the infection 250 

with PstDC3000 (Fig. 8E). Also, the expression of ABR1 is significantly induced and reduced in 251 

the erf60 mutant and the AtERF60-OX plants, respectively, following the challenge with 252 

the PstDC3000 (Fig. 8F, G). Thus, our data suggest a negative regulation of ABR1 by AtERF60 under 253 

biotic stress. 254 

Discussion 255 

AP2/ERFs are involved in regulating various downstream signaling cascades by interacting with 256 

different cis-elements of target gene promoters and regulate multiple responses (Phukan et al., 2018). 257 

In our study, we report that AtERF60 from Arabidopsis regulates abiotic and biotic stress tolerance by 258 

interacting and repressing the downstream target gene ABR1. In this study, we have identified a 259 

transcription factor, AtERF60, induced in response to drought conditions, salt stress, ABA/SA-260 

treatment, and bacterial pathogen PstDC3000 infection. Induction of the AtERF60 in response to 261 

ABA and SA suggests that the AtERF60 might be regulating abiotic and biotic stress responses in an 262 

ABA/SA-dependent manner. In Arabidopsis, ERF53 (Hsieh et al., 2013), RAP2.6 (Zhu et al., 2010), 263 

and ERF-VIIs (Yao et al., 2017) are induced in response to ABA to up-regulate the genes containing 264 

DRE/ABRE cis-elements. In addition, OsERF71 confers drought stress tolerance in rice by positively 265 
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regulating ABA signaling and root architecture (Li et al., 2018). There are limited number of 266 

AP2/ERFs reported to be involved in response to SA treatment (Xie et al., 2019). Interestingly, 267 

AtERF60 was found to be induced in response to both ABA and SA treatment showing its possible 268 

involvement in young Arabidopsis seedlings both abiotic and biotic stress response through these two 269 

hormones or their cross-talk. The potential of AP2/ERFs to counter different signals and regulate 270 

multiple stresses facilitates them to make a highly complex stress regulatory network. Some 271 

AP2/ERFs are induced frequently, while others are induced upon prolonged stress, which suggests 272 

that their function might be influenced mutually (Van den Broeck et al., 2017).         273 

The diversity of AP2/ERFs in response to various stresses depends on the flexibility of the AP2 274 

domain that implements the binding to different cis-elements such as DRE/CRT and GCC-box 275 

elements (Huang et al., 2008, Cheng et al. 2013, Franco-Zorrilla et al., 2014, Catinot et al., 2015). Our 276 

previous study conclusively demonstrated that AP2/ERF TFs such as PsAP2 and MaRAP2-4 from the 277 

Opium poppy and Mentha arvensis, respectively, bind with both GCC and DRE box cis-elements to 278 

modulate biotic and abiotic stress response in transgenic plants (Mishra et al., 2015; Phukan et al., 279 

2018). AtERF60 specifically interacts with both GCC and DRE box cis-elements, and is involved in 280 

the regulation of both biotic and abiotic stress response in Arabidopsis. We observed that it interacts 281 

with the core cis-element of DRE (GCCGAC), and the binding was abolished when we used the 282 

mutated version. We also observed that it interacts with the core GCC box element GCCGCC and 283 

mutation of the probe into GCCACC abolished its interaction. These results suggest that CCGCC is 284 

the core sequences which are preferred for AtERF60 to interact. If we mutate G of CCGCC to 285 

CCACC the binding was abolished. While for the DRE sequence we find that the mutation in last two 286 

CC to AC does not affect its affinity. Some ERFs including ERF71, ERF4, and ERF1 are also 287 

reported to interact with both DRE and ERE elements in Arabidopsis (Lee at al., 2015; Xie et al., 288 

2019). The ability of AtERF60 to interact specifically with both DRE and GCC further supports its 289 

probable involvement in both abiotic and biotic stress response.  290 

Additional insight into AtERF60 function in abiotic and biotic stress response was gained by 291 

processing and analyzing the microarray as well as expression data in both the overexpression and 292 

mutant background. Microarray analysis, promoter binding activity, and phenotypic studies suggest 293 

the regulatory role of AtERF60 in Arabidopsis. Here in our study, we found the interaction of 294 

AtERF60 with promoter of ABR1, but we have also reported the upregulation of target genes such as 295 

CRT1, Eukaryotic aspartyl protease family protein, Chalcone and Stilbene synthase gene,  Acyl CoA 296 

synthase 5, EID1 like 3 protein in the erf60 mutant plants after 6 days of drought stress. These are 297 

upregulated transcripts under stress condition in the erf60 mutant plants might play a crucial role in 298 

regulating the abiotic ic stress tolerance in erf60 mutant lines. Overexpression of AtERF60 results in 299 

the upregulation of genes, such as alpha beta-hydrolyaze super family protein, MYB like HTH 300 
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protein, UDP glucosyltransferase superfamily protein, and these transcripts might be responsible for 301 

the improved salt and drought stress tolerance in AtERF60 overexpression lines. The fold expressions 302 

of majority of differentially expressing transcripts are significantly high in the mutant background 303 

under control, drought and bacterial pathogen infection suggesting its better resistance against both 304 

abiotic and biotic stress. In addition to the ABA-mediated positive regulation of various AP2/ERFs in 305 

abiotic stress responses, several studies have shown that AP2/ERFs also hinder ABA signaling in 306 

Arabidopsis (Xie et al., 2019). Nonetheless, AP2/ERFs having an EAR motif or B3 repression domain 307 

showed a repressive effect on target genes (Kagale and Rozwadowski, 2011; Causier et al., 2012). 308 

AtERF7 negatively regulates stress response, overexpression of which showed reduced ABA 309 

sensitivity and increased water loss (Song et al., 2005). The better adaptability of AtERF60 mutant 310 

plants than its overexpressing lines might be due to the increased ABA content in the mutant 311 

background and much higher expression of other stress related transcripts. The relationship of 312 

AtERF60 with other target genes which are differentially expressing in the mutant and overexpression 313 

background and its post-translational or transcriptional modification will further help us to understand 314 

its role in ABA or SA mediated signalling under abiotic/biotic stress response. Similarly, an AP2/ERF 315 

TF known as TINY was involved in regulating drought stress response in plants by modulating 316 

brassinosteroid mediated plant growth (Xie Z et al., 2019). AP2/ERF family TFs were also involved 317 

in improving drought tolerance by regulating the lignin biosynthesis and modifying the plant cell wall 318 

structure and growth (Lee et al., 2016). AP2/ERF is an important regulatory factor in the responsive 319 

pathway of salt stress signaling (Zhuang et al., 2008). Under salt stress conditions, a DREB subgroup 320 

TF known as SALT-RESPONSIVE ERF1 conducts signals through the MAP kinase cascade 321 

signaling pathway and inducing a salt stress response in plants (Schmidt et al., 2013).  322 

ABR1 gene is regulated by abiotic and biotic stress signals in plants. Mutation in AtERF60, an 323 

upstream regulator of the ABR1 gene showed hypersensitive response to exogenous ABA. We believe 324 

that this response might be due to the increased ABA content in erf60 mutant lines. To put it another 325 

way, altered stress sensitivity may be an ABA-dependent or ABA-independent phenomenon (Tuteja, 326 

2007; Lim and Lee, 2020). AtERF60 regulates ABA signalling by targeting ABR1 gene in an ABA 327 

dependent manner. ABR1 consists of a conserved RAYD element particularly involved in different 328 

protein-protein interactions and a conserved DNA binding YRG element typical of EREBPs 329 

(Okamuro et al., 1997). Computational predictions of ABR1 revealed various sequences like Short 330 

Linear Interaction Motifs (SLiMs) and Molecular Recognition Factors (MoRFs), which give 331 

platforms for binding several molecules (Vacic et al., 2007; Weatheritt and Gibson, 2012). ABR1 was 332 

first reported as a transcriptional repressor. However, later on, it was also observed that ABR1 has 333 

weak transcriptional activation activity due to the presence of the CACCG DNA-binding motif (Li et 334 

al., 2016).  335 
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In this study, mutation in AtERF60 resulted in reduced susceptibility against bacterial pathogen 336 

PstDC3000. In contrast, AtERF60-OX plants exhibited enhanced susceptibility to PstDC3000. 337 

AtERF60 and ABR1 are induced in response to PstDC3000 infection suggesting their involvement 338 

under biotic stress. This work identifies AtERF60 as the pathogen-responsive gene for the first time. 339 

Similar to our observation, induction of Arabidopsis ABR1 gene has been previously shown following 340 

infection with PstDC3000 (Schreiber et al., 2021). ABR1 contributes to plant immunity by interacting 341 

with Pseudomonas syringae effector molecule HopZ1a along with other different effectors (Schreiber 342 

et al., 2021). Increased expression of ABR1 in the erf60 mutant plants in response to the pathogen 343 

infection suggests that AtERF60 influences the ABR1 gene expression during biotic stress.  Under the 344 

same condition, ABR1 expression is repressed in AtERF60-OX plants. In this context, it is worth 345 

noting that ABR1 overexpression transgenic lines of Arabidopsis exhibited enhanced resistance to 346 

biotrophic pathogens, Pst and Hyaloperonospora arabidopsidis (Choi and Hwang, 2011). 347 

Further, ABR1 silencing in pepper plants led to the enhanced growth of Xanthomonas 348 

campestris pv. vesicatoria (Choi and Hwang, 2011). Our results suggest that AtERF60 plays an 349 

important role in the plant-pathogen interaction via negative regulation of ABR1 expression. However, 350 

further studies would be required to get insights into AtERF60-mediated plant defense responses. 351 

Altogether, we conclude that AtERF60, an AP2/ERF TF negatively regulates ABR1 gene in 352 

Arabidopsis under the control and abiotic/biotic stress conditions. The erf60 mutant plants accumulate 353 

more ABA and exhibits enhanced resistance against drought and bacterial pathogen PstDC3000.  354 

Materials and Methods 355 

Plant growth conditions and stress treatment 356 

WT was grown according to the method followed by Phukan et al. (2017). WT seeds were surface 357 

sterilized (3% sodium hypochlorite solution), stratified at 40C for 96 hours, and then transferred to the 358 

growth chamber under controlled conditions with photoperiod (16:8 h light-dark) at 22°C and 60% 359 

relative humidity. For salt stress in young Arabidopsis seedlings, WT seeds were grown in the plain 360 

half MS media for 7 days and then transferred to 200mM salt-containing half MS media. Salt stress 361 

treatment in 5- week old Arabidopsis plants in pots was provided by giving equal volume of 100mM 362 

NaCl solution at fixed time intervals. For drought stress treatment in young Arabidopsis seedlings, 363 

WT seeds were grown for two weeks in half MS media containing 300mM mannitol. Drought stress 364 

was provided to 5-week old Arabidopsis plants in pots by withholding water for 3-4 days. The 365 

moisture content of soil was measured with the soil moisture meter (Delmhorst, KS-D1). MeJA 366 

treatment was provided by spraying a 100 μM solution made in dimethyl sulfoxide (DMSO) and 367 

Triton-X. Control plants were sprayed with solution containing only DMSO and Triton- X. For SA 368 

and ABA treatment, plants were sprayed with 100 μM of SA and ABA, while control plants were 369 
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sprayed with water. The aerial part, including the stem and leaves, was punctured with a needle to 370 

avoid major injuries. To extract contaminations, treated samples were obtained at various periods and 371 

cleaned thoroughly with sterile water.                372 

Relative expression and phylogenetic analysis  373 

Total RNA was isolated from plant samples utilizing RNeasy (R) Plant Mini Kit (Qiagen), and cDNA 374 

was prepared utilizing high capacity cDNA reverse transcription kit (Applied biosystems). Total 375 

cDNA was checked for quality by performing PCR using the control primers provided in the kit. The 376 

qRT-PCR (Applied biosystems 7900-HT Fast Real-Time PCR) was performed to determine the 377 

expression level of transcripts utilizing SYBR Green PCR master mix kit (Takara). A unique region 378 

of transcripts was selected for designing qRT-PCR primers and mentioned in Table S3. Actin and 379 

ubiquitin were used as an endogenous control for normalizing gene expression. The 2-ΔΔCt method was 380 

utilized to calculate the relative expression of genes. 381 

The complete translated nucleotide sequence of AtERF60 was deciphered by using the online Expasy 382 

translate tool (https://www.expasy.org/). Using AtERF60 as a query sequence, the BLASTp algorithm 383 

was used to find out the homologous protein sequences from various plant species. To examine the 384 

evolutionary relationship between various ERF60 homologs, MEGA 6.06 version was utilized to 385 

draw the phylogenetic tree using the maximum likelihood algorithm. The protein sequences that 386 

showed maximum homology with AtERF60 were selected to construct a phylogenetic tree and 387 

multiple sequence alignment analysis. The sequence alignment was performed by using clustal omega 388 

online program using default parameters (https://www.ebi.ac.uk/Tools/msa/clustalo/). 389 

Cloning experiments, generation of transgenic lines, and mutant screening  390 

The AtERF60 was amplified by using gene-specific primers and cloned in PTZ57R/T vector. To 391 

analyze the in vitro interaction of protein and DNA, AtERF60 was cloned in pGEX4T2 expression 392 

vector fused with GST. The positive clones were confirmed by PCR and digestion with primer-393 

specific restriction enzymes (BamHI and XhoI) (Fig. S6A). The resulting positive construct was 394 

transformed in Lon and OmpT protease deficient E. coli BL21 (DE3) strain for expression in the 395 

bacterial system. To study the functional role of AtERF60 in planta, we cloned it in pBI121 binary 396 

vector downstream of the CaMV35S promoter. The positive clones were confirmed by PCR and final 397 

digestion utilizing the specific restriction enzymes (BamHI and XbaI) (Fig. S6B). The AtERF60 398 

transgenic lines in Arabidopsis were raised using the Agrobacterium-mediated gene transformation 399 

(Fig. S7A). Ten independent transgenic lines containing AtERF60 were generated and two lines 400 

showing similar responses were used in the study. Transgenic lines in Arabidopsis were confirmed by 401 

using genomic DNA PCR using pBI-121 nptII (KanR) specific primers. The PCR amplification, 402 
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confirms the successful integration of desired gene (Fig. S7B). To determine the functional role of the 403 

AtERF60, we used T-DNA mutant lines of AtERF60 (SALK_138492). The erf60 mutants were 404 

screened by using genomic DNA PCR with specific primers designed from the left border of T-DNA 405 

(Fig. S8).  406 

Electrophoretic mobility shift assay and β-galactosidase activity 407 

To study the in vitro protein–DNA interaction, AtERF60 was cloned in the bacterial expression vector 408 

pGEX4T2. The open reading frame was continued with GST without disturbing the amino acid 409 

sequences. The cloned construct was then transformed in Lon and OmpT protease deficient E. coli 410 

BL21 (DE3) strain and induced with 0.4 mM IPTG at 37°C for 5 h. The recombinant fusion protein 411 

was purified with Glutathione Sepharose beads (Sigma). Definite probes were designed for different 412 

cis-elements as well as for their mutated versions (Table S3). EMSA was carried out by following the 413 

manufacture's protocol mentioned in the 2nd generation DIG gel shift kit (Roche). For performing the 414 

β-galactosidase activity, AtERF60 was cloned in pGBKT7 and transformed in yeast Y187. The 415 

positive colonies in yeast were confirmed using colony PCR and grown overnight at 28°C. Cells were 416 

harvested and resuspended in Z-buffer. The β-galactosidase activity using ONPG as substrate was 417 

performed following the protocol mentioned in the yeast β-galactosidase assay kit (Thermo scientific).     418 

Yeast One-Hybrid (Y1H) assay 419 

Y1H assay was performed to study the in vivo protein DNA interaction. AtERF60 was cloned in 420 

pGADT7 vector, and ABR1 promoter fragment was cloned in pHIS-2.0 vector. Both the positive 421 

cloned constructs were co-transformed in yeast Y187 strain using lithium acetate (LiAc) mediated 422 

yeast transformation methods (Gietz and Schiest, 2007). The competent cells of yeast were prepared 423 

in a LiAc solution used for transformation. Positive cloned constructs along with the excess carrier 424 

DNA were transformed in the yeast competent cells. The positive colonies were screened by plating 425 

transformed yeast cells on selection media (SD-His-Leu). The positive colonies resulted in the 426 

selection media which confirms in vivo interaction were streaked in plain YPD and selection media 427 

(SD-His-Leu). All the yeast experiments were carried out following the yeast protocols handbook 428 

(Clontech).      429 

Total chlorophyll estimation 430 

Total chlorophyll was estimated from the leaf tissues as described previously in the protocol with 431 

minor modifications (Vernon, 1960). Total leaf tissue (approximately 100 mg) was taken and crushed 432 

into fine powder in liquid nitrogen and suspended in 80% chilled acetone. The extracted solution was 433 

centrifuged for 15-20 min 13000 rpm. The supernatant was then transferred to a fresh tube and the 434 
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pellet was discarded. Total volume was made up to 10 ml by adding 80% chilled acetone. The amount 435 

of total chlorophyll was calculated in mg/g fresh weight of the plant sample by taking absorbance at 436 

663 nm and 645 nm as described in the protocol.    437 

Microarray analysis 438 

The complete RNA was extracted from the plant samples (WT, ERF60-OX, and erf60 mutant) under 439 

controlled conditions utilizing the RNeasy (R) Plant Mini Kit (Qiagen) following the manufacturer's 440 

instructions. The Arabidopsis GXP 4x44K AMADID slide was used to hybridize the RNA, which 441 

was further aided and labeled with Cy3-CTP. The microarray was performed and scanned at 535 nm, 442 

and the images were analyzed using Agilent Feature Extraction software (v10.7) to calculate signal 443 

and background strength. The images obtained from the microarray were cleaned and are uniform in 444 

intensity, with very little background noise. For statistical significance and normalization, Gene-445 

Spring GX 12.6 software was utilized. The values of fold induction obtained from two different lines 446 

were normalized to a single fold induction. The Student's t-test was used to correct P-values for 447 

downregulation and upregulation of genes in experimental and biological replicates. The P-value cut-448 

off for gene up- and downregulation was set to <0.05.   449 

High performance liquid chromatography (HPLC) 450 

HPLC was performed to determine the ABA concentration in the WT, AtERF60-OX, and erf60 451 

mutant lines. The Arabidopsis plants were grown in half MS media and after 18 days plant samples 452 

were harvested and freeze dried in the liquid nitrogen. The ABA extraction protocol was followed as 453 

described in the methods with slight modifications (Forcat et al., 2008). Whole plant (10 mg fresh wt) 454 

was taken into the fresh centrifuge tubes and crushed in the 0.5 ml of 10% methanol containing 1% 455 

acetic acid. The supernatant was removed carefully and re-extracted in the same extraction buffer and 456 

incubated for 30 minutes in ice. The resulting extract (90-95% recovery) was utilized for the ABA 457 

quantification. Internal standard of ABA (Sigma) at different concentrations was utilized for making 458 

calibration plot (Fig. S9). The detection and quantification of ABA was performed in HPLC system 459 

(Waters 2696 with UV detector). Chromatographic separation was carried out on a C18 column 460 

(4.6×250 mm, 5 µm) maintained at 25°C with a gradient elution having the flow rate of 0.6 ml/min. 461 

Solvent A (Acetonitrile) and Solvent B (0.1% phosphoric acid solution) was used as mobile phase. 462 

The gradient elution program was set up accordingly: 20% A and 80% B (0 min), 25% A and 75% B 463 

(5 min), 30% A and 70% B (8 min), 35% A and 65% B (15 min), 45% A and 55% B (25 min). The 464 

ABA was quantified by using the calibration plot based on the peak areas at the maximum wavelength 465 

of 260 nm.  466 
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Bacterial pathogen assays with Pseudomonas syringae pv. tomato DC3000 (PstDC3000) 467 

Bacterial pathogen PstDC3000 was grown at 28°C overnight on LB media containing 50μg/ml 468 

rifampicin. For infiltration, bacteria were re-suspended in 10 mM MgCl2 to obtain OD600 = 0.2. The 469 

leaves of 5-week-old WT, AtERF60-OX, and erf60 Arabidopsis plants were syringe infiltrated 470 

with PstDC3000. Disease symptoms were observed at regular intervals and photographed. Bacterial 471 

populations [Log (CFU/cm2)] in leaf tissues of WT, AtERF60-OX, and erf60 plants at 0, 2, and 4 dpi, 472 

were determined according to Katagiri et al. (2002). For electrolyte leakage assay, 4 leaf discs of the 473 

equal-area (0.5 cm2) were taken from each WT, AtERF60-OX, and erf60 plants inoculated 474 

with PstDC3000 at 4 dpi. These leaf discs were then agitated in a tube containing 10 ml milli-Q water 475 

for 3 h. The conductivity was measured using the electrical conductivity meter for each sample 476 

(HORIBA Scientific, F74BW). Afterward, leaf discs for each sample were autoclaved to release the 477 

total ions, and conductivity corresponding to total ions was measured. Electrolyte leakage values 478 

(conductivity value at 3 h) were presented as the percentage relative to total ions.  479 

Pathogen colonization in Arabidopsis plants was visualized using Zeiss confocal laser-scanning 480 

microscope (LSM-880). We used GFP-tagged PstDC3000 for this assay. Confocal images of leaf 481 

samples of WT, AtERF60-OX, and erf60 plants inoculated with GFP-tagged PstDC3000 were taken 482 

at 2 dpi. GFP acquisition was performed at 488 nm excitation with emission collection at 493-598 nm. 483 

For leaf red chlorophyll autofluorescence, excitation at 633 nm and emission collection at 647-721 484 

was used. Image processing was performed using Zeiss application software. Leaf samples 485 

from Arabidopsis plants were collected at 6 and 24 hpi to examine the expression of selected genes in 486 

response to PstDC3000 challenge using the qRT-PCR assay. For the control, leaves were infiltrated 487 

with 10 mM MgCl2. Actin and ubiquitin were used as endogenous control for gene normalization. 488 

Statistical analysis 489 

The experiments in the study were performed in two independent biological replicates each with three 490 

technical repeats. The data shown in the study are mean + SD. Student t-test was performed using 491 

instat.exe version 3.0 software to measure the degree of significance with P-value ≤ 0.05 is significant 492 

and denoted by an asterisk above the bar graph in the figures. A double asterisk denotes a higher level 493 

of significance with a P-value ≤ 0.01. 494 
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 665 

Figure legends 666 

Figure 1. Phylogenetic analysis and expression study of AtERF60. (A) Maximum likelihood 667 

phylogenetic tree was constructed using MEGA6.06 showed that AtERF60 is closely related to the 668 

ERF of Camelina sativa and Capsella rubella and lies within the same clade. The numbers represent 669 
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the bootstrap values. Only bootstrap values greater than 50% are shown. The scale represents the 670 

number of substitutions per site. (B) Clustal Omega alignment of AtERF60 protein showed their 671 

conserved DNA binding domain is highly similar to Camelina sativa. Protein sequences were 672 

retrieved from NCBI database and selected based on the maximum homology with AtERF60 protein. 673 

(c) Relative expression of AtERF60 transcript in response to salt, dehydration, SA, wounding, ABA 674 

and MeJA treatment after 1, 3, and 5 h. Relative expression of transcripts was calculated taking 675 

untreated plant samples as a control (WT). Actin and ubiquitin were used as an endogenous control 676 

for gene normalization. Error bars indicate mean ± SD. Student’s t-test, **, P < 0.01. 677 

Figure 2. EMSA and β-galactosidase activity of recombinant AtERF60 protein purified from 678 

Escherichia coli (BL21 strain). (A) Probes containing DRE (GCCGAC) and GCC-box (AGCCGCC) 679 

cis-elements were designed to study the DNA-protein interaction. The desired cis-elements are 680 

marked with red color while the binding site carrying mutations are highlighted with blue colour. (B) 681 

EMSA of AtERF60 showed that it specifically interacts with DRE-1 and GCC regulatory cis-elements 682 

(M-mutated/substituted and L-DIG-labelled). (C) Representation of cloned AtERF60 in pGBKT7 683 

vector downstream of PT7 vector fused with GAL4-DBD. (D) The β-galactosidase activity of 684 

AtERF60 in yeast S. cerevisiae (Y187 strain). AtERF60 showed positive β-galactosidase activity 685 

(develops yellow color using ONPG as a substrate) as compared to the vector control. I and II 686 

represents the two different sets of experiments performed in triplicates. (E) β-galactosidase units 687 

(Miller units) were determined as follows: 1,000 × OD420/ (t × V × OD660), where t is the incubation 688 

time and V is volume of culture. Error bars indicate mean ± SD. Student’s t-test, **, P < 0.01.   689 

Figure 3. erf60 mutants showed better tolerance to salt and drought stress in Arabidopsis seedlings. 690 

(A) Growth of AtERF60-OX lines in MS media containing salt and mannitol as compared to the WT. 691 

The WT seedlings showed reduced growth, chlorosis, and senescence as compared to the AtERF60-692 

OX lines under salt and drought stress. (B) Growth of erf60 mutant lines in MS media containing salt 693 

and mannitol as compared to the WT. The erf60 mutant lines showed better growth response as 694 

compared to the WT seedlings. No sign of chlorosis and senescence was observed in mutant plants. 695 

Seeds were grown on MS media for one week before being moved to media supplemented with 200 696 

mM NaCl for one week. Seeds were geminated on MS media containing 300 mM mannitol for 2 697 

weeks to induce dehydration stress. (C) Total fresh weight (mg) and (D) Chlorophyll content (mg/g 698 

fresh weight, line-1) in the AtERF60-OX and MT lines after 2 weeks of salt and dehydration treatment 699 

as compared to the WT seedlings. Error bars indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 700 

0.01.     701 

Figure 4. Microarray analysis and in vitro validation of selected target genes in the AtERF60-OX and 702 

erf60 mutant plants under controlled conditions. (A) Heat map showing the induced expression of 703 
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target genes obtained after microarray analysis. Most of the target genes were found to be upregulated 704 

in the erf60 mutant plants as compared to the AtERF60-OX plants. Color scale represents the log2 fold 705 

change values. (B) Relative expression of target genes as determined by qRT-PCR in the AtERF60-706 

OX and erf60 mutant lines as compared to the WT. The expression of target genes in the erf60 mutant 707 

background corroborates with the microarray data. Actin and ubiquitin were used as an endogenous 708 

control for gene normalization. Error bars indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 709 

0.01.  710 

Figure 5. AtERF60 interacts with both DRE1 and DRE2 cis-elements present in the ABR1 promoter. 711 

(A) Probes containing DRE1/2 (A/GCCGAC) and ABRE1/2 (ACGTC/G) cis-elements were designed 712 

to study the DNA-protein interaction. The desired cis-elements are marked with red colour while the 713 

binding site containing mutations are marked with blue colour. (B) EMSA of AtERF60 showed that it 714 

specifically interacts with the regulatory DRE1 and DRE2 cis-elements present in the ABR1 promoter 715 

whereas it does not interact with the ABRE1/2 cis-elements (M-mutated/substituted and L-DIG-716 

labelled). (C) Yeast one-hybrid (Y1H) assay was performed in yeast Y187 strain to study the in vivo 717 

interaction of AtERF60 with ABR1 promoter carrying the probable cis-elements. The effector 718 

(AtERF60-pGAD) and reporter (ABR1 promoter-pHIS2.0) constructs were generated and co-719 

transformed in yeast Y187. The positive colonies containing the resulting co-transformants obtained 720 

in the selection media (SD-his-leu) were streaked and shown.     721 

Figure 6. erf60 mutant plants showed enhanced drought and salt tolerance phenotype in mature 722 

Arabidopsis plants. (A) Phenotype of AtERF60-OX and erf60 mutant plants as compared to the WT 723 

after different days of severe drought stress. Drought stress is provided to 5-week old Arabidopsis 724 

plants in pots after withholding water for 3-4 days. (B) Phenotype of AtERF60-OX and erf60 mutant 725 

plants as compared to the WT after different days of salt stress. The salt stress was induced by giving 726 

equal amount of 100mM NaCl solution at fixed time intervals. The erf60 mutant plants showed 727 

enhanced drought and salt stress tolerant phenotype as compared to the WT. (C) Relative expression 728 

of target genes was determined by qRT-PCR after 6 days of drought stress in the AtERF60-OX and 729 

erf60 mutant lines as compared to the WT. Actin and ubiquitin were used as an endogenous control 730 

for gene normalization. Error bars indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 0.01. 731 

 Figure 7. erf60 mutants showed enhanced sensitivity to exogenous ABA in Arabidopsis seedlings. 732 

(A) The hypersensitivity to exogenous ABA was observed in the erf60 mutants at 6μM concentration, 733 

whereas AtERF60-OX plants showed insensitivity towards ABA treatment. (B) Percentage 734 

germination rate in the AtERF60-OX and erf60 mutant plants after different ABA concentrations 735 

(μM) as compared to the WT. (C) ABA content (ng/g fresh weight) in the WT, AtERF60-OX and 736 
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erf60 mutant lines after 18 days of seed germination under control conditions. Error bars indicate 737 

mean ± SD. Student’s t-test, **, P < 0.01.     738 

Figure 8. erf60 mutants exhibit reduced susceptibility to PstDC3000. (A) Disease symptoms in leaves 739 

of WT, AtERF60-OX and erf60 mutant lines inoculated with Pst DC3000. Photographs were taken in 740 

triplicates at 4 days post-inoculation (dpi). (B) Bacterial growth in leaves of WT, AtERF60-OX 741 

and erf60 mutant lines inoculated with PstDC3000 at 0, 2, and 4 dpi. (C) Electrolyte leakage from 742 

leaves of WT, AtERF60-OX and erf60 mutant lines inoculated with PstDC3000 at 4 dpi. Electrolyte 743 

leakage values are given as the percentage of total ions. (D) Confocal images of leaves of 744 

WT, AtERF60-OX and erf60 mutant lines with GFP-tagged PstDC3000 at 2 dpi. For GFP acquisition, 745 

488 nm excitation and 493-598 nm emission were used, whereas, for leaf red chlorophyll 746 

autofluorescence, 633 nm excitation, and 647-721 emission were used. GFP fluorescence (green), 747 

chlorophyll autofluorescence (red), and merge of both signals are shown. Scale bar represents 100 748 

μm. (E) Expression analysis of ABR1, ERF60, ADH1, ACS, SOD, and CRT1 genes in WT following 749 

infection with Pst DC3000 at 6 hours post-inoculation (hpi) and 24 hpi are presented relative to WT 750 

infiltrated with 10mM MgCl2. ABR1 and ERF60 are induced in response to pathogen PstDC3000. 751 

(F) Relative expression of ABR1, ADH1, ACS, SOD, and CRT1 genes in the AtERF60-OX 752 

and erf60 mutants following infection with PstDC3000 relative to the WT infected with Pst DC3000 753 

at 6 hpi and 24 hpi. (G) Relative expression of ABR1 gene in the AtERF60-OX and erf60 mutants 754 

infected with PstDC3000 at 24 hpi relative to AtERF60-OX and erf60 plants infiltrated with 10mM 755 

MgCl2. Actin and ubiquitin were used as an endogenous control for gene normalization. Error bars 756 

indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 0.01. 757 

Supplementary data 758 

Figure S1. Nucleotide and amino acid alignment of AtERF60. Complete cDNA (1224 bp) carrying 759 

819 bp of ORF. Red colour represents amino acid sequence and blue colour represent AP2/ERF DNA 760 

binding domain. AtERF60 has a 145 bp 5’ UTR and 259 bp of 3’ UTR. It encodes a protein of 273 761 

amino acids having a molecular weight of 30kD.          762 

Figure S2. Protein induction and purification of AtERF60. (A) 56 kD GST fused AtERF60 protein 763 

was induced with different concentration (mM) of IPTG at 370C. (B) Recombinant AtERF60 protein 764 

was purified from E. coli BL21 (DE3) strain. The recombinant protein was induced for 5 hours at 765 

370C with 0.3 mM IPTG and affinity purified with sepharose GST beads. An affinity purified 766 

recombinant protein with a molecular weight of 56.0 kD and GST-tagged recombinant protein was 767 

segregated on SDS-PAGE. 768 
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Figure S3. (A) Semi-quantitative PCR to confirm the overexpression and mutation of AtERF60 in 769 

two different lines along with WT. Actin was used as an internal control. (B) Relative expression of 770 

AtERF60 in the OX and MT plants as compared to the WT using qRT-PCR analysis. The data was 771 

normalized relative to actin as an endogenous control. Error bars indicate mean ± SD. Student’s t-test, 772 

**, P < 0.01.   773 

Figure S4. (A) Total moisture content of dry and water saturated soil at two different days of drought 774 

stress. (B) Total moisture content of soil containing Arabidopsis plants at two different days of 775 

drought stress. (C) Phenotype of Arabidopsis plants after 1 and 20 days of drought stress. The erf60 776 

mutant lines showed enhanced tolerance to drought stress as compared to the WT plants.           777 

Figure S5. (A) Delayed germination in the erf60 mutants observed after one week of seed plating in 778 

the half MS media. (B) Percentage germination of the ERF60-OX and mutant lines as compared with 779 

the WT. Error bars indicate mean ± SD. Student’s t-test, **, P < 0.01.       780 

Figure S6. Cloning and generation of transgenic lines of AtERF60. (A) Confirmation of positive 781 

clones of AtERF60 by PCR and digestion in bacterial expression vector pGEX4T2. (B) Confirmation 782 

of positive clones of AtERF60 in pBI121 vector by PCR and digestion.  783 

Figure S7. (A) Selection of transgenic lines on kanamycin supplemented half MS media. (B) PCR 784 

confirmation of transgenic lines. Genomic DNA PCR of transgenic lines with NPT II (KanR) primers. 785 

Figure S8. Mutant screening of AtERF60. Genomic DNA PCR of mutant AtERF60 Salk lines. LB- 786 

left border, RP- right primer, LP- left primer. The resulting amplification using primers specific LB 787 

and RP showed mutant homozygous lines. 788 

Figure S9. Calibration plot of internal standard ABA (Sigma) at different concentrations (ng/ml). The 789 

linearity graph was plotted based upon the resulting peak areas at different concentrations.     790 

Supplementary file 1. List of selected Arabidopsis promoter sequences used in the study.  791 

Table S1. Microarray data showing list of up and downregulated genes obtained.     792 

Table S2. List of genes identified from microarray analysis with significant p-value (<0.05).   793 

Table S3. List of primers used in the study.                 794 
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aaaaaacaaatatttagaaacaaaaaatgctataattcttcctttttcttgttctttcag

agattttgatttctattcaatcgactaagagggtgtgtttttaatccctctctgttttaa

ttttgtttcctagtctttaaagatcc 

atggcagccatagatatgttcaatagcaacacagatccttttcaagaagagctcatgaaa 

 M  A  A  I  D  M  F  N  S  N  T  D  P  F  Q  E  E  L  M  K  

gcacttcaaccttataccaccaacactgattcttcttctcctacgtattcaaacacagtc 

 A  L  Q  P  Y  T  T  N  T  D  S  S  S  P  T  Y  S  N  T  V  

ttcggtttcaatcaaaccacatctctcggtctaaaccagctcacaccttaccaaatccac 

 F  G  F  N  Q  T  T  S  L  G  L  N  Q  L  T  P  Y  Q  I  H  

caaatccaaaaccagcttaaccagagacgtaacataatctctccaaatctagccccaaag 

 Q  I  Q  N  Q  L  N  Q  R  R  N  I  I  S  P  N  L  A  P  K  

cctgtcccaatgaagaacatgaccgctcagaaactctatagaggagttagacaaaggcac 

 P  V  P  M  K  N  M  T  A  Q  K  L  Y  R  G  V  R  Q  R  H  

tggggaaaatgggtagctgagatccgtttacccaagaaccggacccgactctggcttgga 

 W  G  K  W  V  A  E  I  R  L  P  K  N  R  T  R  L  W  L  G  

actttcgacacagctgaagaagcagccatggcttatgacctagctgcttacaagctaaga 

 T  F  D  T  A  E  E  A  A  M  A  Y  D  L  A  A  Y  K  L  R  

ggcgagttcgcgagacttaatttcccacagttcagacacgaggatggatactacggagga 

 G  E  F  A  R  L  N  F  P  Q  F  R  H  E  D  G  Y  Y  G  G  

ggtagctgtttcaatcctcttcattcctctgtcgacgcaaagctccaagagatttgtcag 

 G  S  C  F  N  P  L  H  S  S  V  D  A  K  L  Q  E  I  C  Q  

agcttgagaaaaacagaggatattgacctcccctgttctgaaacagagcttttcccgcca 

 S  L  R  K  T  E  D  I  D  L  P  C  S  E  T  E  L  F  P  P  

aaaacagagtatcaagaaagtgaatatgggttcttgagatctgatgagaattcgttttca 

 K  T  E  Y  Q  E  S  E  Y  G  F  L  R  S  D  E  N  S  F  S  

gatgagtctcatgtggaatcttcttcgccggaatctggtattactacgttcttggacttt 

 D  E  S  H  V  E  S  S  S  P  E  S  G  I  T  T  F  L  D  F  

tcggattctggatttgatgagattgggagtttcgggctggagaagtttccttctgtggag 

 S  D  S  G  F  D  E  I  G  S  F  G  L  E  K  F  P  S  V  E  

attgattgggatgcgattagcaaattgtccgaatcttaa  

 I  D  W  D  A  I  S  K  L  S  E  S  -

acaaagcaaagagaagactttttcttttaggagtttgtctttcaatttcagtgtcttata
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Figure 1. Phylogenetic analysis and expression study of AtERF60. (A) Maximum likelihood phylogenetic tree was constructed using MEGA6.06 

showed that AtERF60 is closely related to the ERF of Camelina sativa and Capsella rubella and lies within the same clade. The numbers represent 

the bootstrap values. Only bootstrap values greater than 50% are shown. The scale represents the number of substitutions per site. (B) Clustal Omega 

alignment of AtERF60 protein showed their conserved DNA binding domain is highly similar to Camelina sativa. Protein sequences were retrieved 

from NCBI database and selected based on the maximum homology with AtERF60 protein. (C) Relative expression of AtERF60 transcript in 

response to 1, 3, and 5 hours of salt, dehydration, SA, wounding, ABA and MeJA treatment. Relative expression of transcripts was calculated taking 

untreated plant samples as a control (WT). Actin and ubiquitin were used as an endogenous control for gene normalization. Error bars indicate mean 

± SD. Student’s t-test, **, P < 0.01. 
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Figure 2. EMSA and β-galactosidase activity of recombinant AtERF60 protein purified from Escherichia coli (BL21 strain).(A) Probes 

containing DRE (GCCGAC) and GCC-box (AGCCGCC) cis-elements were designed to study the DNA-protein interaction. The desired cis-

elements are marked with red color while the binding site carrying mutations are highlighted with blue color. (B) EMSA of AtERF60 showed 

that it specifically interacts with DRE-1 and GCC regulatory cis-elements (M-mutated/substituted and L-DIG-labelled). (C) Representation of 

cloned AtERF60 in pGBKT7 vector downstream of PT7 vector fused with GAL4-DBD. (D) The β-galactosidase activity of AtERF60 in yeast S. 

cerevisiae (Y187 strain). AtERF60 showed positive β-galactosidase activity (develops yellow color using ONPG as a substrate) as compared to 

the vector control. I and II represents the two different sets of experiments performed in triplicates. (E) β-galactosidase units (Miller units) were 

determined as follows: 1,000 × OD420/ (t × V × OD660), where t is the incubation time and V is volume of culture. Error bars indicate mean ± 

SD. Student’s t-test, **, P < 0.01.   
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Figure 3. erf60 mutants showed better tolerance to salt and drought stress in Arabidopsis seedlings. (A) Growth of AtERF60-OX lines in MS medium 

containing salt and mannitol as compared to the WT. The WT seedlings showed reduced growth, chlorosis, and senescence as compared to the 

AtERF60-OX lines under salt and drought stress. (B) Growth of erf60 mutant lines in MS media containing salt and mannitol as compared to the WT. 

The erf60 mutant lines showed better growth response as compared to the WT seedlings. No sign of chlorosis and senescence was observed in mutant 

plants. Seeds were grown on MS media for one week before being moved to media supplemented with 200mM NaCl for one week. Seeds were 

geminated on MS media containing 300mM mannitol for 2 weeks to induce dehydration stress. (C) Total fresh weight (mg) and (D) Chlorophyll 

content (mg/g fresh weight, line-1) in the AtERF60-OX and MT lines after 2 weeks of salt and dehydration treatment as compared to the WT seedlings. 

Error bars indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 0.01.    
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Figure 4. Microarray analysis and in vitro validation of selected target genes in the AtERF60-OX and erf60 mutant plants under controlled 

conditions. (A) Heat map showing the induced expression of target genes obtained after microarray analysis. Most of the target genes were found 

to be upregulated in the erf60 mutant plants by 2-4 folds as compared to the AtERF60-OX plants. Color scale represents the log2 fold change 

values. (B) Relative expression of target genes as determined by qRT-PCR in the AtERF60-OX and mutant lines as compared to the WT. The 

expression of target genes in the erf60 mutant background corroborates with the microarray data. Actin and ubiquitin were used as an endogenous 

control for gene normalization. Error bars indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 0.01.  

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 29, 2021. ; https://doi.org/10.1101/2021.12.29.474403doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.29.474403
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 6

(B)

(C) YPD SD-H-L

DRE-1: AGAGCCGACAGATGCCGACTGGCCGACCT

DRE-1 (M): AGAGCCTACAGATGCCTACTGGCCTACCT

DRE-2: AGAACCGACAGATACCGACTGGCCGCCCT

DRE-2 (M): AGAACCTACAGATACCTACTGACCTACCT

ABRE-1: AGAACGTCAGATACGTCTGACGTCCT

ABRE-1 (M): AGAACATCAGATACATCTGACATCCT

ABRE-2: AGAACGTGAGATACGTGTGACGTGCT

ABRE-2 (M): AGAACATCAGATACATCTGACATCCT(A)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. AtERF60 interacts with both DRE1 and DRE2 cis-elements present in the ABR1 promoter. (A) Probes containing DRE1/2 (A/GCCGAC) 

and ABRE1/2 (ACGTC/G) cis-elements were designed to study the DNA-protein interaction. The desired cis-elements are marked with red color 

while the binding site containing mutations are marked with blue color. (B) EMSA of AtERF60 showed that it specifically interacts with the 

regulatory DRE1 and DRE2 cis-elements present in the ABR1 promoter whereas it does not interact with the ABRE1/2 cis-elements (M-

mutated/substituted and L-DIG-labelled). (C) Yeast one-hybrid (Y1H) assay was performed in yeast Y187 strain to study the in vivo interaction of 

AtERF60 with ABR1 promoter carrying the probable cis-elements. The effector (AtERF60-pGAD) and reporter (ABR1 promoter-pHIS2.0) 

constructs were generated and co-transformed in yeast Y187. The positive colonies containing the resulting co-transformants obtained in the 

selection media (SD-his-leu) were streaked and shown.     
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Figure 6. erf60 mutant plants showed enhanced drought and salt tolerance phenotype in mature Arabidopsis plants. (A) Phenotype of AtERF60-OX 

and mutant (MT) plants as compared to the WT after different days of severe drought stress. Drought stress is provided to 5 week old Arabidopsis 

plants in pots after withholding water for 3-4 days. (B) Phenotype of AtERF60-OX and MT plants as compared to the WT after different days of salt 

stress. The salt stress was induced by giving equal amount of 100mM NaCl solution after fixed time intervals. The erf60 mutant plants showed 

enhanced drought and salt stress tolerant phenotype as compared to the WT. (C) Relative expression of target genes was determined by qRT-PCR 

after 6 days of drought stress in the AtERF60-OX and MT lines as compared to the WT. Actin and ubiquitin were used as an endogenous control for 

gene normalization. Error bars indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 0.01. 
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Figure 7. erf60 mutants showed enhanced sensitivity to exogenous ABA in Arabidopsis seedlings. (A) The hypersensitivity to exogenous 

ABA was observed in the erf60 mutants at 6μM concentration, whereas AtERF60-OX plants showed insensitivity towards ABA treatment. 

(B) Percentage germination rate in the AtERF60-OX and erf60 mutant plants after different ABA concentrations (μM) as compared to the 

WT. (C) ABA content (ng/g fresh weight) in the WT, AtERF60-OX and erf60 mutant lines after 18 days of seed germination under control 

conditions. Error bars indicate mean ± SD. Student’s t-test, **, P < 0.01.    

 

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 29, 2021. ; https://doi.org/10.1101/2021.12.29.474403doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.29.474403
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 9

W
T

E
R

F
6

0
-O

X
e
rf

6
0

Green MergeRed

W
T

E
R
F60

-O
X
-L

1

E
R
F60

-O
X
-L

2

er
f6

0-
L1

er
f6

0-
L2

0

2

4

6

8

B
a
c
te

ri
a
l 
p

o
p

u
la

ti
o

n

lo
g

(C
F

U
/C

m
2
)

0 DPI 2 DPI 4 DPI

***

** **

*

*

** **

W
T

E
R
F60

-O
X
-L

1

E
R
F60

-O
X
-L

2

er
f6

0-
L1

er
f6

0-
L2

0

20

40

60

80

100

%
 e

le
c
tr

o
ly

te
 l

e
a
k
a
g

e

(A)

(B) (C)

(D)

WT ERF60-OX-L1 ERF60-OX-L2 erf60-L1 erf60-L2

**
**

** **

(E)

W
T

E
R
F60

-O
X
-L

1

E
R
F60

-O
X
-L

2

er
f6

0-
L1

er
f6

0-
L2

0

20

40

60

80

100

%
 e

le
c
tr

o
ly

te
 l

e
a
k
a
g

e

W
T

E
R
F60

-O
X
-L

1

E
R
F60

-O
X
-L

2

er
f6

0-
L1

er
f6

0-
L2

0

2

4

6

8

B
a
c
te

ri
a
l 
p

o
p

u
la

ti
o

n

lo
g

(C
F

U
/C

m
2
)

0 DPI 2 DPI 4 DPI

ABR1 ERF60 ADH1 ACS SOD CRT1

0

4

8

12

16

R
e
la

ti
v

e
 f

o
ld

 e
x

p
r
e
ss

io
n

WT-MgCl2

WT-6hr (DC3000)

WT-24hr (DC3000)

ABR1 ERF60 ADH1 ACS SOD CRT1

0

4

8

12

16

R
e
la

ti
v

e
 f

o
ld

 e
x

p
r
e
ss

io
n

WT-MgCl2

WT-6hr (DC3000)

WT-24hr (DC3000)

** **

**

**

ABR1 ADH1 ACS SOD CRT1

0

3

6

9

12

R
el

a
ti

v
e 

fo
ld

 e
x

p
re

ss
io

n WT-MgCl2

ERF60-OX 6hr (DC3000)

ERF60-OX 24hr (DC3000)

erf60 6hr (DC3000)

erf60 24hr (DC3000)

ABR1 ADH1 ACS SOD CRT1

0

3

6

9

12

R
e
la

ti
v

e 
fo

ld
 e

x
p

r
es

si
o

n WT-MgCl2

ERF60-OX 6hr (DC3000)

ERF60-OX 24hr (DC3000)

erf60 6hr (DC3000)

erf60 24hr (DC3000)

ABR1 ADH1 ACS SOD CRT1

0

3

6

9

12

R
e
la

ti
v

e
 f

o
ld

 e
x

p
r
e
ss

io
n WT-MgCl2

ERF60-OX 6hr (DC3000)

ERF60-OX 24hr (DC3000)

erf60 6hr (DC3000)

erf60 24hr (DC3000)

(F)

(G) ABR1

0

1

2

3

4

R
e
la

ti
v

e
 f

o
ld

 e
x

p
r
e
ss

io
n ERF60-OX (MgCl2)

erf60 (MgCl2)

ERF60-OX 24hr (DC3000, 24 hr)

erf60 (DC3000, 24hr)

**

**

**

**

** **

** **

**

**

**

*
* * * *

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. erf60 mutants exhibit reduced susceptibility to PstDC3000. (A) Disease symptoms in leaves of WT, AtERF60-OX and erf60 mutant lines inoculated 

with Pst DC3000. Photographs were taken in triplicates at 4 days post-inoculation (dpi). (B) Bacterial growth in leaves of WT, AtERF60-OX and erf60 mutant 

lines inoculated with PstDC3000 at 0, 2, and 4 dpi. (C) Electrolyte leakage from leaves of WT, AtERF60-OX and erf60 mutant lines inoculated with PstDC3000 

at 4 dpi. Electrolyte leakage values are given as the percentage of total ions. (D) Confocal images of leaves of WT, AtERF60-OX and erf60 mutant lines with 

GFP-tagged PstDC3000 at 2 dpi. For GFP acquisition, 488 nm excitation and 493-598 nm emission were used, whereas, for leaf red chlorophyll autofluorescence, 

633 nm excitation, and 647-721 emission were used. GFP fluorescence (green), chlorophyll autofluorescence (red), and merge of both signals are shown. Scale bar 

represents 100 μm. (E) Expression analysis of ABR1, ERF60, ADH1, ACS, SOD, and CRT1 genes in WT following infection with Pst DC3000 at 6 hours post-

inoculation (hpi) and 24 hpi are presented relative to WT infiltrated with 10mM MgCl2. ABR1 and ERF60 are induced in response to pathogen PstDC3000. 

(F) Relative expression of ABR1, ADH1, ACS, SOD, and CRT1 genes in the AtERF60-OX and erf60 mutants following infection with PstDC3000 relative to the 

WT infected with Pst DC3000 at 6 hpi and 24 hpi. (G) Relative expression of ABR1 gene in the AtERF60-OX and erf60 mutants infected with PstDC3000 at 24 

hpi relative to AtERF60-OX and erf60 plants infiltrated with 10mM MgCl2. Actin and ubiquitin were used as an endogenous control for gene normalization. Error 

bars indicate mean ± SD. Student’s t-test, *, P < 0.05; **, P < 0.01. 
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