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ABSTRACT
The control of seed dormancy by ethylene has been well studied, but the underlying 
molecular mechanisms are not fully understood. Here, we report the characterization 
of the Arabidopsis thaliana mutant reduced dormancy 3 (rdo3) and the cloning of the 
underlying gene. We demonstrate that rdo3 is a loss-of-function mutant of the 
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ethylene receptor ETHYLENE RESPONSE1 (ETR1). ETR1 controls seed dormancy 
partially through the DELAY OF GERMINATION1 (DOG1) pathway. Molecular and 
genetic analyses demonstrated that ETHYLENE RESPONSE FACTOR12 (ERF12) is 
involved in the regulation of seed dormancy downstream of ETR1. ERF12 interacts 
with TOPLESS (TPL) and genetically requires TPL to function. ERF12 and TPL 
repress the expression of DOG1 by occupying its promoter. Thus, we identified the 
dormancy pathway ETR1-ERF12-TPL-DOG1 and provide mechanistic insights into 
the regulation of seed dormancy by linking the ethylene and DOG1 pathways. 
  

INTRODUCTION 1 

Dormancy is an adaptive trait that helps plants optimize seed germination at 2 

the proper time, ensuring the completion of the plant life cycle within a suitable 3 

growing season. This trait is highly important for plant survival and crop yields. 4 

Factors inhibiting germination reside within the embryo and/or the surrounding 5 

structures, such as the seed coat and endosperm (Bewley and Black, 1994; 6 

Hilhorst, 2007). Dormancy is a quantitative trait whose depth and duration are 7 

regulated by genetic and environmental factors (Finkelstein et al., 2008; 8 

Penfield, 2017). The balance between abscisic acid (ABA) and gibberellins 9 

(GAs) plays a crucial role in the regulation of seed dormancy and germination. 10 

ABA plays a key role in the induction and maintenance of dormancy, and GAs 11 

are involved in dormancy release and germination (Finkelstein et al., 2008; 12 

Nambara et al., 2010; Graeber et al., 2012). In addition to ABA and GAs, other 13 

hormones such as ethylene play important roles in the control of seed 14 

dormancy and germination (Linkies and Leubner-Metzger, 2012; Arc et al., 15 

2013; Corbineau et al., 2014).  16 

Physiological studies have shown that exogenous ethylene reduces the 17 

level of seed dormancy and improves seed germination. Treatment with 18 

ethephon and 1-aminocyclopropane -1-carboxylic acid (ACC), two ethylene 19 

suppliers, breaks seed dormancy in Amaranthus retroflexus (Kepczynski et al., 20 

1996). A high concentration of ethylene is required to break the physiological 21 

dormancy of fresh Townsville stylo seeds (Ribeiro and Barros, 2006); however, 22 

low levels of ethylene are able to stimulate Rhus coriaria seed germination 23 

(Ne'Eman et al., 1999). ACC treatment also improves germination speed in 24 
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Arabidopsis thaliana and tomato (Solanum lycopersicum) seeds 25 

(Siriwitayawan et al., 2003). These physiological findings indicate that ethylene 26 

plays a pivotal role in seed dormancy release and germination. 27 

Genetic analysis of Arabidopsis mutant lines with altered ethylene 28 

biosynthesis and/or signaling revealed the molecular regulation of dormancy 29 

by ethylene. ACC synthase (ACS) and ACC oxidase (ACO) are two key 30 

enzymes in the ethylene biosynthetic pathway (Adams and Yang, 1979; 31 

Linkies and Leubner-Metzger, 2012). The Arabidopsis loss-of-function aco2 32 

mutant exhibits impaired ACC-mediated reversion of the ABA-induced 33 

inhibition of seed germination (Linkies et al., 2009). The Arabidopsis 34 

ethylene-overproducer mutant eto3, an allele of ACS9 (Chae et al., 2003), 35 

shows decreased sensitivity to ABA during germination (Veeraputhiran and 36 

Janardhan, 2010). Another ethylene-overproducer mutant, eto1, shows slightly 37 

reduced seed dormancy (Cheng et al., 2009).  38 

In Arabidopsis, ethylene responses are mediated by five 39 

membrane-associated receptors, including ETHYLENE RESPONSE1 (ETR1), 40 

ETHYLENE RESPONSE SENSOR1 (ERS1), ETR2, ERS2, and ETHYLENE 41 

INSENSITIVE4 (EIN4) (Wang et al., 2002). These receptors modulate the 42 

activity of the Raf-like kinase CTR1 (CONSTITUTIVE TRIPLE RESPONSE1) 43 

to relieve its inhibition of EIN2. EIN2 activation triggers the activity of EIN3 and 44 

EIL1 (ETHYLENE INSENSITIVE3-like 1), which regulate the expression of 45 

ethylene response factors (ERFs) (Riechmann et al., 2000). Seeds of the etr1 46 

and ein2 mutants display enhanced primary dormancy compared to wild type 47 

(Beaudoin et al., 2000; Chiwocha et al., 2005; Cheng et al., 2009), whereas 48 

the ctr1 mutant has a slightly enhanced rate of germination (Beaudoin et al., 49 

2000; Cheng et al., 2009). ERF7-deficient RNAi transgenic Arabidopsis lines 50 

show more sensitivity to ABA and increased seed dormancy compared to the 51 

wild type (Song et al., 2005). Overexpression of Sl-ERF2 in transgenic tomato 52 

results in reduced seed dormancy (Pirrello et al., 2006). ERF1 promotes 53 

gibberellin biosynthesis to counter the inhibitory effects of ABA on germination 54 
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at in lettuce high temperatures (Yoong et al., 2016). Ethylene might boost 55 

dormancy release and promote germination indirectly through interactions with 56 

GA and ABA (Ghassemian et al., 2000).  57 

The Arabidopsis DELAY OF GERMINATION1 (DOG1) gene is a major 58 

regulator of seed dormancy (Bentsink et al., 2006). The accumulation of DOG1 59 

protein in dry seeds is tightly correlated with the depth of dormancy, and the 60 

regulation of dormancy by DOG1 requires a functional ABA signaling pathway 61 

(Kendall et al., 2011; Nakabayashi et al., 2012). Two DOG1-interacting 62 

proteins, PP2C phosphatase ABA-HYPERSENSITIVE GERMINATION1 63 

(AHG1) and AHG3, function as a convergence point of the ABA and DOG1 64 

pathways (Nee et al., 2017; Nishimura et al., 2018). DOG1 might also be 65 

involved in gibberellin catabolism indirectly, since GA2ox6 66 

(GIBBERELLIN2-OXIDASE6) expression showed a 10-fold decrease in dog1 67 

mutants compared to the wild type (Kendall et al., 2011). In addition, DOG1 68 

causes temperature-dependent alterations in seed GA metabolism by 69 

inhibiting the expression of GA-regulated genes encoding cell-wall remodeling 70 

proteins (Graeber et al., 2014).  71 

Four mutants with reduced dormancy (rdo) have been obtained in 72 

mutagenesis screens of the accession Landsberg erecta (Ler) 73 

(Léon-Kloosterziel et al., 1996; Peeters et al., 2002). These mutants did not 74 

show altered ABA levels or altered sensitivity to ABA. The identification of the 75 

underlying genes of two of these mutants, RDO2 and RDO4/HUB1 (HISTONE 76 

MONOUBIQUITINATION1), revealed that transcription elongation efficiency 77 

and histone H2B monoubiquitination are involved in the regulation of seed 78 

dormancy (Liu et al., 2007; Liu et al., 2011).  79 

Here we report the identification of the Arabidopsis reduced dormancy 3 80 

(rdo3) mutant and show that RDO3 encodes the ethylene receptor ETR1. 81 

Furthermore, we show that ERF12 plays a key role in the regulation of seed 82 

dormancy by interacting with TOPLESS (TPL) in the downstream pathway of 83 

ethylene signaling mediated by ETR1/RDO3. Moreover, DOG1 is a direct 84 
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target of the ERF12-TPL repressor complex, thereby regulating seed 85 

dormancy mediated by the ethylene pathway.  86 

 87 

RESULTS 88 

RDO3 Encodes ETR1 89 

The rdo3 mutant was originally isolated in a γ-irradiation mutagenesis screen 90 

of Ler based on its significantly reduced dormancy phenotype and was roughly 91 

mapped to chromosome 1 (Peeters et al., 2002). We first confirmed its 92 

reduced seed dormancy and its pleiotropic phenotypes, which were described 93 

as slightly darker leaves and a somewhat flattened top on inflorescence leaves 94 

by Peeters et al. (Peeters et al., 2002). We also noticed a slightly reduced 95 

plant height (Figure 1A and Supplemental Figure 1A). A segregating 96 

population from a cross between rdo3 and near isogenic line LCN1-23 97 

(Keurentjes et al., 2007) was used for fine mapping. The location of rdo3 was 98 

confined to a 50 kb region containing nine genes between markers T6JI9-1 99 

and T27F4-2 (Supplemental Figure 1B). By sequencing these genes, ETR1 100 

was identified as a candidate gene for RDO3 (Supplemental Figures 1B and 101 

1C), because a four base pair deletion was detected in the second exon of 102 

ETR1 in the rdo3 mutant (Supplemental Figure 1C). This gene had previously 103 

been identified as encoding an ethylene receptor (Schaller and Bleecker, 104 

1995). The identity of RDO3 as the ETR1 gene was further confirmed by a 105 

complementation experiment. Two independent transformants 106 

(Pro35S:ETR1/rdo3-#1 and Pro35S:ETR1/rdo3-#2), which segregated for a 107 

single insertion event of the transgene, showed similar dormancy levels to 108 

those of wild-type Ler plants (Figure 1B). The pleiotropic phenotypes of rdo3, 109 

including dwarfness and seed longevity, were also rescued, as shown in 110 

Figures 1A and 1C. Seeds of rdo3 showed enhanced resistance to controlled 111 

deterioration treatment (CDT), but the complementation lines displayed the 112 

same sensitivity to a CDT treatment as wild type (Figure 1C). 113 

The deletion of four base pairs in the second exon causes a frameshift and 114 
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an early stop codon after the mutation. Therefore, rdo3 represents a 115 

loss-of-function mutant of ETR1 in the Ler background. We also analyzed two 116 

loss-of-function mutants of ETR1 in the Col-0 background, i.e., etr1-6 and 117 

etr1-7 (Hua and Meyerowitz, 1998). Both mutants showed reduced seed 118 

dormancy similar to that of rdo3 (Figure 1D), indicating that loss-of-function 119 

mutants of ETR1 cause reduced dormancy, unlike the gain-of-function mutant 120 

etr1-2, which shows increased seed dormancy (Chiwocha et al., 2005). 121 

Moreover, rdo3 showed enhanced sensitivity to ethylene (Figures 1E and 1F), 122 

which is consistent with the ethylene phenotypes of etr1-6 and etr1-7 (Hua and 123 

Meyerowitz, 1998).  124 

 125 

ETR1 requires DOG1 to regulate seed dormancy 126 

DOG1 is a key, specific regulator of seed dormancy (Bentsink et al., 2006). To 127 

explore the relationship between ETR1 and DOG1 in regulating seed 128 

dormancy, we crossed the dog1-2 mutant with etr1-2, which shows increased 129 

seed dormancy (Chiwocha et al., 2005). The double mutant etr1-2 dog1-2 130 

showed a similarly low dormancy level to that of dog1-2 (Figure 2A). In addition, 131 

we crossed the rdo3 mutant with NILDOG1, a near isogenic line (NIL) 132 

containing a strong DOG1 Cape Verde Islands (Cvi) allele in the Ler 133 

background (Alonso-Blanco et al., 2003). The homozygous rdo3 mutant in the 134 

NILDOG1 background showed a higher dormancy level than Ler (Figure 2B). 135 

To investigate the relationship between ETR1 and DOG1, we also examined 136 

DOG1 expression in these lines. DOG1 showed strongly reduced expression 137 

in rdo3, the highest level of expression in NILDOG1, and a moderate level of 138 

expression in rdo3/NILDOG1 (Figure 2C); these results are consistent with 139 

seed dormancy levels of these lines. These results indicate that the regulation 140 

of seed dormancy by ETR1 requires DOG1, and they suggest that DOG1 141 

might function downstream of ETR1.  142 

GUS staining of ProDOG1:GUS transgenic lines shown that DOG1 was 143 

expressed in the hypocotyls and cotyledons of imbibed seeds and early 144 
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seedlings (Supplemental Figure 2). Therefore, we analyzed the triple 145 

responses of dog1-2, NILDOG1/rdo3 and etr1-2 dog1-2 as a measure of their 146 

sensitivity to ethylene. As shown in Supplemental Figures 3A and 3B, the level 147 

of ethylene sensitivity of NILDOG1/rdo3 was between that of rdo3 and 148 

NILDOG1 and similar to that of wild-type Ler. Interestingly, compared with 149 

etr1-2, the double mutant etr1-2 dog1-2 showed the same sensitivity to 150 

ethylene, even though dog1-2 is more sensitive to ethylene than Col 151 

(Supplemental Figures 3C and 3D). These results indicate that the relationship 152 

between ETR1 and DOG1 in the regulation of seed dormancy is different from 153 

that in the regulation of ethylene sensitivity.  154 

 155 

ERF12 regulates seed dormancy downstream of ETR1 156 

To explore the role of ETR1 in the regulation of seed dormancy, we analyzed 157 

previously produced transcriptomic data from siliques of rdo3 and wild-type Ler 158 

18-19 days after pollination (Liu et al., 2011; GEO accession number: 159 

GSE28446). At this stage, 113 genes were up-regulated and 40 genes were 160 

down-regulated in rdo3 compared to Ler (Supplemental Data Set 1 and 2). 161 

Most of the up-regulated genes are involved in stress-related and ethylene 162 

pathways, and some are involved in dormancy (Supplemental Figure 4). The 163 

down-regulated genes play roles in cell wall modification, ethylene and other 164 

hormone pathways (Supplemental Figure 4). ERF12, which encodes an 165 

ethylene response factor, showed significantly increased transcript levels in 166 

rdo3. The expression of ERF12 in rdo3 was 1.96 times higher than in wild type 167 

(Supplemental Data Set 1).  168 

RT-qPCR analysis confirmed the increased expression level of ERF12 in 169 

rdo3 (Figure 3A, Supplemental Data Set 1). By contrast, ERF12 transcript 170 

levels were similar to that of the wild type in the complementation lines (Figure 171 

3A). We produced plants expressing ERF12 ectopically by placing ERF12 172 

cDNA under the control of the 12S promoter, which confers seed-specific 173 
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expression (Wang et al., 2016). Three independent single insertion lines 174 

showed reduced seed dormancy compared with wild-type Col-0 (Figure 3B). 175 

These results indicate that ERF12 is a negative regulator of seed dormancy, 176 

which is consistent with the high ERF12 transcript levels in the non-dormant 177 

rdo3 mutant. The erf12 single mutant did not show an altered seed dormancy 178 

phenotype. ERF12 is homologous to ERF3; we generated the erf3 erf12 179 

double mutant, which showed slightly increased seed dormancy compared to 180 

the wild type (Figure 3C, Supplemental Figure 5A and 5B). This result confirms 181 

the notion that ERF12 and its homologous gene ERF3 play negative roles in 182 

the regulation of seed dormancy. Moreover, reduced seed dormancy was also 183 

observed when ERF12 was expressed under the control of the seed-specific 184 

DOG1 promoter (ProDOG1) (Nakabayashi et al., 2012; Graeber et al., 2014; 185 

Nee et al., 2017) (Supplemental Figure 5C).  186 

To uncover the genetic relationship between ERF12 and ETR1, we 187 

crossed etr1-2 with the transgenic Pro12S:ERF12 line and obtained 188 

homozygous plants. The etr1-2/Pro12S:ERF12 seeds exhibited a significantly 189 

reduced rate of dormancy similar to the phenotype of Pro12S:ERF12 (Figure 190 

3D), suggesting that ERF12 functions downstream of ETR1 in the regulation of 191 

seed dormancy. We also tested the sensitivity of Pro12S:ERF12 lines to GA 192 

and ABA by treating seed with the GA biosynthesis inhibitor paclobutrazol 193 

(PAC) and ABA (Supplemental Figure 6). The seed germination rate of the 194 

ERF12 OE lines was similar to that of wild type in response to GA or ABA, 195 

suggesting that ERF12 regulates seed dormancy through pathways that are 196 

independent of GA and ABA. 197 

 198 

ERF12 interacts with the co-repressor TPL in the nucleus 199 

ERF12 physically interacts with the co-repressor TPL, as revealed in a 200 

high-throughput yeast two-hybrid screening (Causier et al., 2012). We 201 

confirmed this finding by yeast two-hybrid analysis (Figure 4A) and using a 202 

chromogenic marker X-α-Gal assay (Figure 4A, Supplemental Figure 7). As 203 
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the N-terminus of TPL contains a protein interaction domain (Szemenyei et al., 204 

2008), we also confirmed the protein interaction between the TPL N-terminal 205 

fragment and ERF12 (Figure 4B). When a mutated EAR (ERF-associated 206 

amphiphilic repression) motif (L/FDLNL/F(X)P) was introduced into ERF12, 207 

ERF12 and TPL no longer interacted (Supplemental Figure 7), indicating that 208 

the EAR motif is crucial for the interaction of ERF12 and TPL. 209 

To verify the interaction between ERF12 and TPL in planta, we performed 210 

bimolecular fluorescence complementation (BiFC) in Arabidopsis protoplasts 211 

as described previously (Abel and Theologis, 1994; Kovtun et al., 2000; 212 

Hwang and Sheen, 2001). YFP fluorescence signals were observed in 213 

Arabidopsis protoplasts co-expressing the constructs Pro35S:nYFP-TPL and 214 

Pro35S:cYFP-ERF12 and the constructs Pro35S:nYFP-TPL-N and 215 

Pro35S:cYFP-ERF12 (Figure 4C), indicating that TPL can interact with ERF12 216 

in vivo. When we used ERF022, which also belongs to ERF family but lacks an 217 

EAR motif, as does the fusion protein used to perform BiFC, YFP fluorescence 218 

was not observed (Figure 4C), which further demonstrates the important role 219 

of the EAR motif in the interaction of ERF12 with TPL. 220 

Therefore, we reasoned that TPL might also be involved in regulating seed 221 

dormancy. Indeed tpl-1, a dominant negative mutant of TPL (Long et al., 2002; 222 

Long et al., 2006), showed an increased seed dormancy phenotype (Figure 223 

5A), which is consistent with the phenotype of erf3 erf12. Two T-DNA insertion 224 

mutants, tpl-9 (SALK_034518) and tpl-10 (SALK_097230), also showed 225 

slightly increased seed dormancy (Supplemental Figures 8A and 8B). 226 

Accordingly, TPL overexpression lines driven by the 12S promoter showed 227 

reduced seed dormancy (Figure 5B). These results indicate that TPL indeed 228 

plays a role in seed dormancy. Genetic analysis showed that tpl-9 is 229 

completely epistatic to Pro12S:ERF12 (Figure 5C), suggesting that the 230 

promotion of seed germination by ERF12 requires TPL. Moreover, the tpl-9 231 

dog1-2 double mutant showed reduced seed dormancy similar to dog1-2 232 

(Figure 5D), suggesting that the regulation of seed dormancy by TPL depends 233 
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on DOG1.  234 

 235 

ERF12 and TPL Promote Seed Germination by Repressing the DOG1 236 

Pathway 237 

ERF12 is a member of the ERF (ethylene response factor) subfamily B-1 238 

belonging to the ERF/AP2 transcription factor family, which regulate 239 

DRE-mediated transcription of cold- and/or drought-inducible genes by acting 240 

as repressors (Ohta et al., 2001). A putative DRE/CRT element was found 241 

(-646 bp) in the promoter of DOG1, indicating the possible binding of ERF12 to 242 

the promoter of DOG1. To determine whether DOG1 is a target of ERF12, we 243 

crossed an ERF12 overexpression plant with a transgenic plant harboring the 244 

ProDOG1:GUS reporter construct; this construct was described previously 245 

(Nakabayashi et al., 2012). Homozygous embryos from the F3 generation 246 

lines were collected for GUS staining (Figure 6A), and fresh seeds were tested 247 

for GUS expression by RT-qPCR (Figure 6B). Compared to ProDOG1:GUS in 248 

the Col-0 background, the expression level of GUS was reduced in the ERF12 249 

overexpression background (Figure 6B). This result indicates that the 250 

overexpression of ERF12 down-regulates DOG1 promoter activity. The 251 

expression of DOG1 was also down-regulated in the ERF12 OE lines, which is 252 

consistent with their reduced GUS staining (Figures 6A and 6C). Furthermore, 253 

RT-qPCR showed that DOG1 was down-regulated in the TPL OE lines and 254 

up-regulated in the tpl and erf mutants (Figure 6D). The overexpression of 255 

ERF12 and TPL in the respective transgenic lines was confirmed by RT-qPCR 256 

(Supplemental Figure 9). These results suggest that DOG1 is involved in the 257 

regulation of seed dormancy mediated by ERF12 and TPL.  258 

We analyzed the physical interaction between ERF12 and the DRE/CRT 259 

element in the DOG1 promoter by Electrophoretic Mobility Shift Assay (EMSA). 260 

Adding ERF12 protein to biotin-labeled DRE/CRT elements caused reduced 261 

gel migration, indicating the formation of a DNA-protein complex (Figure 7A). 262 

The used of increased amounts of ERF12 protein led to enhanced amounts of 263 
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the slower migrating band. However, when biotin-unlabeled DRE/CRT probe 264 

was added as a competitor, the amount of the slow-migrating DNA-protein 265 

band decreased with increasing concentration of competitor. Furthermore, we 266 

generated Pro12S:YFP-ERF12 transgenic lines, which showed reduced seed 267 

dormancy (Supplemental Figure 10).  268 

We performed chromatin immunoprecipitation (ChIP) experiments to 269 

investigate the interaction between ERF12 and the DOG1 promoter using an 270 

anti-YFP antibody. Six DNA fragments spanning the putative binding site in the 271 

DOG1 promoter (as shown in Figure 7B) were analyzed by RT-qPCR. Relative 272 

fold enrichment was calculated by normalizing the value of immunoprecipitated 273 

anti-YFP fragments to that of the control sample lacking antibody. Fragment 274 

P3, which contains the putative binding site with the ‘G/ACCGAC’ sequence, 275 

showed the highest enrichment compared with the other fragments (Figure 276 

7C), demonstrating a possible direct binding of ERF12 to this fragment in the 277 

promoter region of DOG1.  278 

Next, to examine whether ERF12 and TPL repress DOG1 transcription, we 279 

transiently expressed ERF12 and/or TPL, together with the LUC reporter gene 280 

driven by the DOG1 promoter in Arabidopsis protoplasts. As shown in Figure 281 

7D, ERF12 and TPL separately slightly inhibited LUC reporter gene expression. 282 

Remarkably, the coexpression ERF12 and TPL drastically suppressed the 283 

activity of the ProDOG1:LUC reporter, and this suppression recovered when 284 

the DRE/CRT element was mutated, suggesting that ERF12 and TPL act 285 

synergistically to bind to the promoter of DOG1 and suppress its activity via the 286 

DRE/CRT element. Finally, we generated the 5uDOG1 DRE/CRT-LUC 287 

reporter gene construct as described previously by adding five tandem copies 288 

of the DOG1 DRE/CTR sequence to the 35S promoter (Fujimoto et al., 2000; 289 

Song et al., 2005). Treatment with ERF12 resulted in a dramatically reduction 290 

in the expression of LUC, which was driven by 5uDOG1 DRE/CRT 291 

(Supplemental Figure 11). This observation supports the notion that ERF12 292 

functions as a transcriptional repressor in Arabidopsis. 293 
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 294 

DISCUSSION 295 

The phase from seed dormancy to germination is one of the major 296 

developmental transitions in the life cycle of plants. However, the control of 297 

germination by seed dormancy is still poorly understood at the molecular level. 298 

A mutagenesis screen for reduced dormancy in the Ler background yielded 299 

four mutants (Peeters et al., 2002). The underlying genes of two of these, 300 

hub1-2 and rdo2-1, were previously cloned (Liu et al., 2007; Liu et al., 2011). 301 

Here, we report the cloning and characterization of the underlying gene for the 302 

third mutant, rdo3. We demonstrate that RDO3 encodes ETR1, which 303 

regulates seed dormancy by a mechanism that integrates the ethylene 304 

response and DOG1 pathways. 305 

 306 

RDO3 encodes ETR1 307 

The rdo3 mutant was selected in a ץ radiation mutagenesis screen based on 308 

its dramatically reduced dormancy (Peeters et al., 2002). By combining precise 309 

mapping, sequencing and complementation, we identified RDO3 as ETR1, 310 

which encodes an ethylene receptor. Sequencing revealed a four base pair 311 

deletion in rdo3, which leads to a frameshift and early stop codon 312 

(Supplemental Figures 1B and 1C). The reduced seed dormancy and ACC 313 

hypersensitivity phenotypes of rdo3 were consistent with those of the 314 

loss-of-function mutants etr1-6 and etr1-7 in the Col background (Figures 1B, 315 

1D-1F) (Hua and Meyerowitz, 1998). This observation indicates that loss of 316 

function of ETR1 causes reduced seed dormancy, and gain of function leads to 317 

increased seed dormancy (Figures 1B and 1D) (Chiwocha et al., 2005). 318 

Therefore, ETR1 plays a positive role in the establishment of seed dormancy. 319 

Five ethylene receptors have been identified in Arabidopsis: ETR1, ETR2, 320 

ERS1, ERS2, and EIN4 (Chang et al., 1993; Hua and Meyerowitz, 1998; Hua 321 

et al., 1998; Sakai et al., 1998). These receptors play overlapping roles in the 322 

control of many traits mediated by ethylene, but it was recently found that 323 
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ETR1 and ETR2 play opposite roles in the control of seed germination under 324 

various inhibitory conditions such as high NaCl levels (Wilson et al., 2014; 325 

Bakshi et al., 2017), indicating that the roles of these receptors might be 326 

dependent or independent of ethylene signaling. It is not clear whether ETR1, 327 

ETR2 and other receptors play different roles in the regulation of seed 328 

dormancy; how the other receptors regulate seed dormancy should be 329 

investigated in the near future. 330 

Seed longevity is a very important agronomic trait related to seed 331 

dormancy. We found that rdo3 had enhanced seed longevity compared to the 332 

wild type in a controlled deterioration test (Figure 1C), which is consistent with 333 

the finding that seed longevity is negatively correlated with seed dormancy in 334 

Arabidopsis (Nguyen et al., 2012). However, mutants such as dog1, hub1 and 335 

snl1/snl2, which exhibit strongly reduced seed dormancy, show very poor seed 336 

longevity (Bentsink et al., 2006; Liu et al., 2007; Wang et al., 2013), which is 337 

different from rdo3. These results indicate that seed longevity and dormancy 338 

are independently regulated. The improved seed longevity of rdo3 might be 339 

related to its resistance to heat stress (Léon-Kloosterziel et al., 1996; Tamura 340 

et al., 2006). 341 

342 

ERF12 is involved in regulating seed dormancy mediated by ETR1 343 

ETR1 is involved in seed dormancy by influencing ABA, auxin, cytokinin and 344 

GA metabolic pathways (Chiwocha et al., 2005). Higher levels of ABA, auxin, 345 

cytokinin and GA were found in etr1-2 seeds than the wild type. However, the 346 

key molecular factors that function downstream of ETR1 are not clear. In this 347 

study, based on the results of phenotypic and genetic analysis of transgenic 348 

plants, we propose that ERF12 likely participates in the regulation of seed 349 

dormancy mediated by the ETR1 signaling pathway. Transgenic plants with 350 

enhanced ERF12 levels showed reduced seed dormancy consistent with that 351 

of rdo3 (Figures 3B and Supplemental Figure 5C). However, the erf12 T-DNA 352 

mutant had no obvious seed dormancy phenotype compared with wild type 353 
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(Figure 3C), which might be due to redundancy. ERF12 is a member of the 354 

ERF-1B family, which includes 15 genes such as ERF3, ERF4 and ERF7355 

(Ohta et al., 2001; Nakano et al., 2006). Thus, we constructed the erf3 erf12 356 

double mutant, which showed slightly increased dormancy (Figure 3C) 357 

indicating functional redundancy among the ERFs members. To clarify the 358 

relationship between ERF12 and ETR1, we created an etr1-2/Pro12S:ERF12 359 

homozygous line. This line showed a similar seed germination rate to that of 360 

Pro12S:ERF12 (Figure 3D), indicating that ERF12 functions downstream of 361 

ETR1 in the regulation of seed dormancy. 362 

It is well established that seed dormancy is determined by the balance 363 

between ABA and GA, but the relationship between the ethylene pathway and 364 

ABA/GA signaling in seed dormancy is unclear. Although ABA levels were 365 

slightly different between rdo3 and wild type, their levels of ABA sensitivity 366 

were similar. This finding indicates that an altered mode of ABA action is not 367 

the cause of the reduced dormancy in rdo3 (Peeters et al., 2002). We also 368 

tested the sensitivity of ERF12 transgenic lines to ABA and PAC but did not 369 

observe any obvious phenotype (Supplemental Figure 6), which fits with the 370 

observations for rdo3. However, this result does not mean that ETR1 and 371 

ERF12 are not involved in ABA or GA pathways to regulate dormancy. The 372 

dog1 mutant also did not show obvious phenotypes in response to ABA 373 

treatment (Bentsink et al., 2006), but DOG1 functions by directly interacting 374 

with the ABA signaling proteins AHG1 and AHG3 (Nee et al., 2017; Nishimura 375 

et al., 2018). Therefore, ETR1 and ERF12 might regulate seed dormancy 376 

through the DOG1 pathway. 377 

It has not been clear how ethylene signaling mediated by ETR1 is 378 

transferred to ERF12. Some studies have indicated that ERF5, a member of 379 

the ERF B-3 family, interacts with the kinases MPK3/6 in response to the 380 

pathogen defense reaction (Son et al., 2012), suggesting the possibility of an 381 

interaction between MPK family members and ERF12. Interestingly, 382 

transcriptome data and RT-qPCR analysis showed that MPK14 and MKK9 383 
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were significantly upregulated in rdo3 (Supplemental Data Set 1; 384 

Supplemental Figure 4B), and their transgenic lines showed reduced seed 385 

dormancy (Supplemental Figures 5E and 5F). MKK9 is a member of the MPK 386 

kinase kinase family and has kinase activity. However, it is not known whether 387 

it binds directly to the receptor ETR1 to transmit a signal. A related study has 388 

shown that phosphorylation of EIN3 Thr174 by a MAP kinase cascade from 389 

MKK9 to MPK3/6 promotes the protein stability of EIN3. By contrast, 390 

phosphorylation of the Thr572 site accelerates the degradation of EIN3, 391 

possibly through an independent MAP kinase cascade involving CTR1 (Yoo et 392 

al., 2008). A weak interaction between MKK3 and MPK14 was reported using 393 

yeast two-hybrid assays, and MPK14 is activated by phosphorylation by MKK3 394 

(Doczi et al., 2007). Popescu et al. classified MKKs according to their target 395 

MPKs and found that MKK9 functions in a manner similar to MKK3 and MKK7, 396 

suggesting the possible interaction of MKK9 and MPK14 (Popescu et al., 397 

2009). MPK14 might receive a signal from MKK9, but more evidence is 398 

needed to confirm a direct relationship between these proteins. 399 

 400 

ERF12 interacts with TPL to regulate seed dormancy 401 

ERF transcription factors are divided into two categories: transcriptional 402 

activation factors and inhibitory factors. ERF12 is a transcription inhibitor 403 

(Yang et al., 2005) containing an EAR motif that functions as a repression 404 

domain and is responsible for the interaction between transcription factors and 405 

TPL/TPR co-repressors (Ohta et al., 2001; Hiratsu et al., 2004; Szemenyei et 406 

al., 2008). The direct interaction between ERF12 and TPL was first 407 

demonstrated in a high-throughput yeast two-hybrid assay (Causier et al., 408 

2012). In the current study, we confirmed the interaction between ERF12 and 409 

TPL using the chromogenic marker X-α-Gal assay in yeast two-hybrid analysis 410 

(Figures 4A, 4B and Supplemental Figure 7). Furthermore, we showed that 411 

ERF12 interacts with TPL in planta by BiFC (Figure 4B). Loss of function of 412 

TPL resulted in increased seed dormancy (Supplemental Figure 8B). Genetic 413 
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analysis indicated that ERF12 requires TPL to regulate seed dormancy (Figure 414 

5C), which is consistent with the interaction between ERF12 and TPL. The 415 

sensitivity of tpl mutants to PAC and ABA was not different from wild type 416 

(Supplemental Figures 8D and 8E), suggesting that TPL might regulate seed 417 

dormancy through pathways independent of GA and ABA. TPL/TPR belongs to 418 

the Gro/Tup1 corepressor family (Causier et al., 2012). These types of 419 

repressors do not bind to DNA directly; they must be recruited by a 420 

transcription factor to inhibit the expression of their target genes. These results 421 

suggest that ERF12 and TPL participate in the regulation of seed dormancy by 422 

functioning as a complex downstream of ETR1. 423 

424 

ERF12 binds to the promoter of DOG1 and suppresses its expression 425 

DOG1 was identified as a major quantitative trait locus (QTL) controlling seed 426 

dormancy (Bentsink et al., 2006). Its expression is seed-specific and shows a 427 

strong peak during seed dormancy establishment (Nakabayashi et al., 2015). 428 

DOG1 mRNA and protein levels are tightly correlated with the strength of seed 429 

dormancy (Bentsink et al., 2006; Nakabayashi et al., 2012; Fedak et al., 2016). 430 

Therefore, we measured the expression level of DOG1 by RT-qPCR and found 431 

that DOG1 displayed lower transcript levels in rdo3, Pro12S:ERF12 and 432 

Pro12S:TPL transgenic lines and higher levels in the erf3 erf12 double mutant 433 

and tpl-1 compared to the wild type (Figures 2 and 6, Supplemental Figure 4B). 434 

This indicates that DOG1 may be regulated by the ethylene pathway to control 435 

seed dormancy. The triple response test further showed that dog1-2 is more 436 

sensitive to ACC (Supplemental Figures 3C and 3D), implying that DOG1 437 

plays a role in ethylene signaling since DOG1 protein is stable during seed 438 

imbibition (Nakabayashi et al., 2012) and DOG1 was expressed in the 439 

hypocotyls and cotyledons of imbibed seeds and early seedlings 440 

(Supplemental Figure 2). Moreover, genetic analysis demonstrated that DOG1 441 

is required for etr1-2 to promote seed dormancy establishment (Figure 2A), 442 

and a strong allele of DOG1 from the Cvi accession rescued the seed 443 
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dormancy of rdo3 (Figure 2B), suggesting that DOG1 functions downstream of 444 

ETR1.  445 

We demonstrated that ERF12 is also involved in seed dormancy 446 

downstream of ETR1, which motivated us to study the relationship between 447 

ERF12 and DOG1. An analysis of the DOG1 promoter revealed a DRE/CRT 448 

(5'-RCCGAC-3') element 646 bp upstream of the start codon of DOG1, which 449 

can be bound by ERF subfamily proteins (Hao et al., 1998; Xu et al., 2007). A 450 

previous study reported that ERF11, which also belongs to the ERF B-1 451 

subfamily, binds to DRE regulatory regions of ACS genes and represses their 452 

transcription (Li et al., 2011). Furthermore, ERF53, a member of the ERF A-6 453 

family, binds to both GCC-box and DRE/CRT (5'-RCCGAC-3') elements 454 

(Sakuma et al., 2002; Gong et al., 2008). ERF71 also binds to GCC-box or 455 

DRE/CRT elements to regulate root development and root cell elongation (Lee 456 

et al., 2015). Therefore, we speculate that ERF12 might bind to a DRE/CRT 457 

element to regulate DOG1 transcription.  458 

In this study, we obtained several pieces of evidence to support this 459 

hypothesis. Firstly, we showed that GUS staining signals and GUS expression 460 

were reduced in the ProDOG1:GUS/Pro12S:ERF12 homozygous lines 461 

(Figures 6A and 6B). Secondly, an EMSA test showed that ERF12 directly 462 

binds to the DOG1 promoter fragment harboring a DRE/CRT element (Figure 463 

7A). Thirdly, binding of ERF12-YFP to a DRE/CRT element was demonstrated 464 

in vivo by ChIP-qPCR (Figures 7B and 7C). Finally, a transient transcriptional 465 

activity assay showed that coexpression of ERF12 and TPL significantly 466 

suppressed the activity of the ProDOG1:LUC reporter and that this 467 

suppression recovered when the DRE/CRT element was mutated (Figure 7D). 468 

These results indicate that DOG1 could be a direct target of the ERF12 469 

transcription factor, suggesting that DOG1 partially takes part in regulating 470 

seed dormancy mediated by the ethylene pathway. Thus, ERF12 recruits 471 

TPL/TPR to the promoter of DOG1 to repress its transcription. We also found 472 

that DOG1 expression was downregulated in Pro12S:TPL lines and 473 
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upregulated in tpl-1 (Figure 6D), implying that DOG1 plays a role in the 474 

regulation of seed dormancy mediated by TPL. The DREB/CBF-DRE/CRT 475 

regulon is associated with drought and cold responses (Sakuma et al., 2002). 476 

Here, we found that the ERF12-DRE/CRT regulon is associated with seed 477 

dormancy and might also be related to seed maturation, since DOG1 has 478 

effects on seed maturation (Dekkers et al., 2016).479 

Overall, in this study, we identified RDO3 as ETR1 and showed that 480 

ERF12 functions downstream of ETR1 to regulate seed dormancy. MPK14 481 

and MKK9 might take part in the signal transduction pathway in which a signal 482 

is transmitted to ERF12. ERF12 forms a repressor complex with TPL and 483 

binds to the DOG1 promoter, thereby inhibiting its expression and regulating 484 

seed dormancy (Figure 8). ERF12 could represent a link between ethylene 485 

and the DOG1 pathway in the regulation of seed dormancy in Arabidopsis. 486 

Since ETR1 is an ethylene receptor, it is located at the beginning of the 487 

ethylene signal transduction pathway, and the crosstalk between the ethylene 488 

pathway and other pathways occurs via multiple layers with kinases and other 489 

regulators (Linkies and Leubner-Metzger, 2012; Arc et al., 2013; Corbineau et 490 

al., 2014). Therefore, we cannot exclude the possibility that ETR1 also 491 

regulates seed dormancy by linking with other pathways. This notion requires 492 

further study. However, our findings uncovered at least part of the molecular 493 

mechanism by which ethylene regulates seed dormancy through the 494 

ETR1/RDO3-ERF12-TPL-DOG1 module, which provides the possibility for 495 

breeders to control pre-harvest sprouting in crops in the future. 496 

497 

METHODS 498 

Plant Materials and Growth Conditions 499 

The Arabidopsis thaliana erf3 (Salk_200697), erf12 (Sail_873_D11), tpl-9 500 

(Salk_034518), tpl-10 (Salk_087230), dog1-2 (Bentsink et al., 2006), etr1-2, 501 

etr1-6 and etr1-7 (Hua and Meyerowitz, 1998) mutants, Pro12S:ERF12, 502 

Pro12S:YFP-ERF12, ProDOG1:ERF12, Pro12S:TPL and ProDOG1:GUS are 503 
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all in the Columbia (Col) background. The rdo3 mutant, tpl-1 and NILDOG1 are 504 

in the Ler background. T-DNA insertion lines Salk_2009697, Sail_873_D11, 505 

Salk_034518 and Salk_087230 were obtained from the Arabidopsis Biological 506 

Resource Center (ABRC); homozygous individuals were identified by 507 

PCR-based screening. Gene-specific primers, selected from the SALK 508 

SIGnAL database, were used in combination with T-DNA left border primers. 509 

RT-PCR with RNA isolated from leaves was performed to confirm the 510 

homozygous knockout lines. PCR was performed on a Biometra instrument 511 

with 35 cycles for ACTIN8, ERF3, ERF12 and TPL dependent on the primers’ 512 

annealing temperature. Primers used for PCR are listed in Supplemental Data 513 

Set 3. Double mutant and hybrid progeny (NILDOG1/rdo3, etr1-2dog1-2,514 

etr1-2/Pro12S:ERF12, erf3 erf12, tpl-9/Pro12S:ERF12, tpl-9 dog1-2) were 515 

obtained by genetic crossing, and homozygous lines were selected. Plants 516 

were grown in the greenhouse with a 16-h-light, under 80-90 μmol m-2 s-1 white 517 

light intensity/8-h-dark cycle at 22 ± 2 °C, and seeds for dormancy phenotype 518 

analysis were harvested from the same experiment and stored under dry 519 

conditions (25 °C). The seeds were sown on half-strength MS medium after 520 

sterilization with 10% (w/v) NaClO and washed with sterilized water at least 521 

three times. The plates were incubated at 4°C in darkness for 3 days to stratify 522 

and then transferred to a climate chamber with a cycle of 12 h light which was 523 

80-90 μmol m-2 s-1 white light intensity and 12 h dark at 25 °C,524 

525 

Dormancy and Germination Assays 526 

The seed dormancy assay was performed as described by Alonso-Blanco 527 

(Alonso-Blanco et al., 2003). Freshly harvested seeds were plated on filter 528 

paper moistened with water in 5 cm Petri dishes. At least 200 seeds from 529 

independent seed batches were used for each genotype. The germination rate 530 

was determined after 7 days of incubation in a climate room, with a cycle of 531 

12-h-light/12-h-dark (25 °C). For the seed germination sensitivity assay, the532 

filter paper was soaked with mock solutions or solutions supplemented with 533 
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PAC (Sigma) or ABA (Sigma). Seeds for each germination assay were 534 

harvested at the same time and stored under the same conditions. 535 

536 

Controlled deterioration test (CDT) 537 

Seeds without dormancy were used to perform the CDT treatment. A closed 538 

container with saturated KCl solution to provide 82% relative humidity was 539 

used to store the seeds. Seeds were equilibrated for 4 days at 25 °C in the 540 

dark, transferred to 82% relative humidity, and incubated at 43 ± 0.5 °C in the 541 

dark for 2 days. After drying at room temperature for 1 day,the  seeds were 542 

tested for germination (Bentsink et al., 2000). 543 

544 

ACC Treatment 545 

Seeds were treated as described previously (An et al., 2010) with some 546 

modifications. Seeds were plated on half-strength MS medium (pH 5.8) 547 

containing 0.6% (w/v) agar with 10 μM aminocyclopropane carboxylic acid 548 

(ACC) (Sigma), which is a precursor of ethylene. The plates were incubated at 549 

4 °C in the dark for 3 days and transferred to a chamber set at 25 °C in the 550 

dark. Seedling hypocotyls were measured as described by Hall et al. (Hall et 551 

al., 1999). Each genotype was repeated at least three times with seeds 552 

harvested from plants grown simultaneously in the same tray and stored under 553 

identical conditions as a biological repeat 554 

555 

Plasmid Construction and Plant Transformation 556 

Total RNA was extracted from young Col-0 leaves using a Qiagen RNeasy kit 557 

(Qiagen). First-strand cDNA was synthesized with SuperScript II reverse 558 

transcriptase (Invitrogen). The TPL construct (pENTR233-TPL) was ordered 559 

from ABRC. ERF12 cDNA was amplified with Phusion DNA polymerase (NEB). 560 

All primers used in this study are listed in Supplemental Data Set 3. 561 

Pro12S:ERF12 (or TPL) was constructed by inserting ERF12 or TPL cDNA 562 

into the 12S:pLEELA vector as described previously (Wang et al., 2016). The 563 
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constructs were transformed into wild-type plants. All binary constructs were 564 

introduced by electroporation into Agrobacterium tumefaciens strain GV3101 565 

carrying the helper plasmid pMP90RK, which was subsequently used for 566 

transformation by the floral dip method (Clough and Bent, 1998). 567 

Transformants were selected based on their ability to survive in 1/2MS 568 

medium with 10 mg/L DL-phosphinothricin. To select transgenic plants with a 569 

single T-DNA insertion, transformants were selected on 1/2MS medium with 570 

DL-phosphinothricin, and lines with 3:1 (resistant plants: sensitive plants)571 

progeny segregation were selected. The homozygous single insertion lines 572 

were used for phenotypic analysis. The sequences of all constructs were 573 

confirmed by sequencing. 574 

575 

RNA Isolation and RT-qPCR analysis 576 

Total RNA was extracted from leaves of T-DNA insertion lines and wild-type 577 

plants using TRIzol (Invitrogen) following the manufacturer’s protocol. Total 578 

RNA was extracted from freshly harvested seeds or imbibed seeds using an 579 

RNAqueous kit with plant RNA isolation aid (Ambion) and purified using a 580 

Qiagen RNeasy mini kit. cDNA was synthesized with a QuantiTect reverse 581 

transcription kit (Qiagen). RT-qPCR was performed using SYBR Premix Ex 582 

Taq (TaKaRa) by an Eppendorf instrument with 35 cycles. The relative 583 

expression level of each gene was calculated using a standard curve with a 584 

serial dilution of plasmid of known concentration, and ACTIN8 was used as an 585 

internal control (Chua et al., 2005; Czechowski et al., 2005; Graeber et al., 586 

2011). All RT-qPCR analyses were performed with at least three biological 587 

replicates. Primers are listed in Supplemental Data Set 3. 588 

589 

Yeast Two-Hybrid Assay 590 

The cDNAs of ERF12, TPL and the TPL truncated fragment were amplified 591 

with primers ERF12-F and ERF12-R, TPL-F and TPL-R, and TPL-F and 592 

TPL-t-R, respectively, from Col-0 seeds and pENTR233-TPL. The 593 
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ERF12-mEAR fragment was cloned using ERF12-mEAR-1, ERF12-EARm-2 594 

and ERF12-mEAR-3 primers successively, as shown in Supplemental Data 595 

Set 3, followed the Fast Mutagenesis System (TransGen Biotech). The 596 

resulting fragments were fused in-frame with the GAL4 activation domain (AD) 597 

and the binding domain (BD) of the AD (pACT2-attR) and BD (pAS2-attR) 598 

vectors to generate prey and bait plasmids, respectively (modified from 599 

Clontech). These pairs of bait and prey plasmids were co-transformed into 600 

yeast AH109 cells using the lithium acetate method (Clontech) and analyzed 601 

for yeast growth on selective medium lacking histidine, leucine, tryptophan, 602 

and adenine at 30 °C for 2 to 4 days. Colonies were transferred to filter paper, 603 

permeabilized in liquid nitrogen, and their ß-galactosidase activity was tested 604 

with a solution containing an X-Gal substrate. The plates containing filter paper 605 

were incubated at room temperature for 3 h. Colonies producing 606 

ß-galactosidase were recognized by their blue color. 607 

 608 

BiFC Analysis 609 

The cDNAs of ERF12 and TPL, and the TPL N-terminal fragment (200 aa) 610 

amplified with the same primers as for the Y2H experiment and the CDS of 611 

ERF022 were fused in-frame into vectors pESPYNE and pESPYCE to 612 

generate Pro35S:nYFP-TPL, Pro35S:nYFP-TPL-N, Pro35S:cYFP-ERF12 and 613 

Pro35S:cYFP-ERF022. Construct Pro35S:nYFP-TPL with 614 

Pro35S:cYFP-ERF12, Pro35S:nYFP-TPL-N with Pro35S:cYFP-ERF12 and 615 

Pro35S:nYFP-TPL with Pro35S:cYFP-ERF022 were co-transformed into 616 

Arabidopsis protoplasts by PEG-mediated transient transformation as 617 

described, with some modifications (Abel and Theologis, 1994; Kovtun et al., 618 

2000; Hwang and Sheen, 2001). For microscopy, protoplasts were cultured for 619 

12 hours after transformation. DAPI staining of protoplasts was performed with 620 

1 μg mL–1 DAPI in 10 mM phosphate-buffered saline buffer. A Leica TCS SP5 621 

confocal laser-scanning microscope was used to detect the fluorescence 622 

signals. 623 
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624 

EMSA 625 

GST-ERF12 recombinant protein was expressed in the E. coli BL21 strain and 626 

purified with Glutathione Sepharose 4B (GE Healthcare, 17-0756-01) 627 

according to the manufacturer’s instructions. EMSA was performed using a 628 

LightShift Chemiluminescent EMSA kit (Thermo Scientific, 20148) according to 629 

the manufacturer’s protocol. 630 

631 

ChIP Assay 632 

Approximately 0.5 g freshly harvested seeds were used for the ChIP assay. 633 

Chromatin preparation and immunoprecipitation were performed as described 634 

(Bowler et al., 2004). The seeds were fixed in 1% formaldehyde for 10 min 635 

under a vacuum. Glycine was added to a final concentration of 0.125 M, and 636 

the reaction was terminated by incubation for 5 min under a vacuum. The 637 

seeds were rinsed three times with sterilized water and frozen in liquid nitrogen. 638 

After isolation, chromatin was sheared to 300-2,000 bp fragments by 639 

sonication (Branson Sonifier 250). Immunoprecipitation was performed by 640 

adding specific antibodies (1:1000)(Abcam, ab290) and protein G 641 

agarose/salmon sperm DNA (Millipore) to the extract. ChIP assays were 642 

performed using 15 μg anti-YFP antibody (Abcam). After washing, immune 643 

complex was eluted from the protein G beads and reverse crosslinked by 644 

incubation at 65 °C overnight. The samples were treated with proteinase K for 645 

1 h at 65 °C. DNA was extracted in a final volume of 50 μL using a QIAquick 646 

PCR purification kit (Qiagen). A volume of 1 μL DNA was used for each qPCR. 647 

The qPCR with SYBR FAST qPCR Master Mix (2u) (KAPA) was carried out on 648 

a real-time system (Eppendorf). Each sample was assayed in triplicate by PCR. 649 

ACTIN8 was used as a negative control in the ChIP assay (Chua et al., 2005; 650 

Wang et al., 2013; Wang et al., 2016). The primers used for the ChIP assays 651 

are listed in Supplemental Data Set 3. 652 

653 
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LUC Activity Assay 654 

For the transient transcriptional activity assay, a 721 bp DNA fragment of the 655 

DOG1 promoter was amplified by PCR and cloned into pGreenII0800 (Hellens 656 

et al., 2005), which harbors the Pro35S:REN (Renilla) cassette, to create the 657 

reporter ProDOG1:LUC. The coding sequences of ERF12 and TPL were 658 

respectively cloned into the pUC18-3uHA vector as effectors (Chen et al., 659 

2013). In addition, the reporter gene 5uDOG1 DRE/CRT-LUC, containing five 660 

tandem copies of DOG1 DRE/CTR sequence, was constructed as described 661 

previously (Fujimoto et al.,2000; Song et al., 2005). All primers used are listed 662 

in Supplemental Data Set 3. The ProDOG1:LUC, 5uDOG1 DRE/CRT-LUC 663 

reporter plasmid, effector constructs (Pro35S:ERF12, Pro35S:TPL), were 664 

cotransformed into Arabidopsis protoplasts. After transfection, the protoplasts 665 

were cultured at 22 °C in the dark for 12 h. LUC and REN activities were 666 

measured with a luminometer following the manufacturer’s instructions 667 

(Promega; E1910). LUC activity was calculated by normalizing to that of REN 668 

(LUC/REN*1000). 669 

670 

GUS Activity analysis 671 

ProDOG1:GUS (Nakabayashi et al., 2012) provided by Kazumi Nakabayashi 672 

was transformed into wild-type Col-0, and three independent transformants 673 

were obtained. Transgenic plants were selected based on their ability to 674 

survive in 1/2MS medium with 50 mg/mL ammonia benzyl kanamycin (Sigma) 675 

and 25 mg/mL hygromycin (Sigma). To investigate whether ERF12 represses 676 

DOG1 activity, overexpressed ERF12 (Pro12S:ERF12) was introduced into 677 

ProDOG1:GUS transgenic plants by crossing and selection of homozygous 678 

lines. GUS expression levels were detected in freshly harvested seeds, and a 679 

GUS staining assay was performed using embryos extracted from freshly 680 

harvested seeds as described previously (Wang et al., 2016). 681 

Accession Numbers 682 
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Sequence data from this article can be found in the GenBank/EMBL libraries 683 

under the following accession numbers: ETR1 (AT1g66340), DOG1684 

(AT5g45830), ERF12 (AT1g28360), ERF3 (AT1g50640), ERF022685 

(AT1g33760), MKK9 (AT1g73500), MPK14 (AT4g36450), TPL (AT1g15750).686 

The microarray data derived from the wild type and the rdo3 mutant have been 687 

deposited in the National Center for Biotechnology Information’s Gene 688 

Expression Omnibus database under accession number GSE28446. 689 

690 
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