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Highlights 15 

DREB2B transcription is seed specific and a negative regulator of seed vigor by ABA-mediated 16 

pathway, which interacts with RCD1s, and functions synergistically with ABI3 to affecet seed 17 

germination and vigor in Arabidopsis and cotton. 18 

Abstract 19 

Seed vigor is an important trait for ecology, agronomy, and economy and varies with different 20 

plant species and environmental conditions. Dehydration-Responsive Element-Binding Protein 21 

2B (DREB2B), a subgroup of the DREB transcription factor family, is well-known in drought 22 

resistance. However, the role of DREB2B in the regulation of seed vigor has not been identified. 23 
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Here, we found that DREB2B is a negative regulator of seed vigor by ABA-mediated pathway in 24 

Arabidopsis with loss of function mutant and over-expressed transgenic lines. Furthermore, 25 

DREB2B showed epistatic and parallel to ABI3 simultaneously in seed vigor regulation by 26 

genetic and molecular approaches. DREB2B homolog gene (GhDREB2B-A09) was also 27 

identified in cotton. The expression analysis indicated that transcripts of DREB2B were higher in 28 

mature dry seed, and the transgenic plants showed the conservative roles of DREB2B in 29 

Arabidopsis and cotton. In addition, we identified that DREB2B interacted with RADICAL-30 

INDUCED CELL DEATH1 (RCD1) to involve seed vigor regulation together in Arabidopsis 31 

and cotton with BiFC experiment and mutant phenotypic analysis. Collectively it is concluded 32 

that DREB2B interacting with RCD1 or SRO1 function at upstream of and synergistic with ABI3 33 

to regulate seed vigor negatively in Arabidopsis and cotton, which provides novel knowledge in 34 

the seed development study. 35 

Keywords: DREB transcription factor, seed germination, seed vigor, tetrazolium, Abscisic acid, 36 

Controlled Deterioration Test. 37 

Introduction 38 

Ecologically, the seed is an essential tissue for their survival, diffusion, and initiation of the 39 

succeeding generation in plant species (Koornneef et al., 2002). Seed longevity determined by 40 

seed vigor is a quantitative trait defined as the period of seed dry storage in which the seed does 41 

not lose its viability and remains capable to germinate after maturation (Angelovici et al., 2010; 42 

Bartee and Krieg, 1974). It is gradually established during seed development and is necessary for 43 

plant survival during unfavorable conditions. However, it decreases with the seed storage life 44 

span in dry storage conditions (Abdelmagid and Osman, 1975; Jing-bao et al., 2011) and might 45 

be affected by temperature and moisture content in many species (Bailly et al., 2004). Therefore 46 

besides natural aging, artificial accelerated aging in which seeds are stored at a higher 47 

temperature and moisture conditions, is used to determine seed longevity (Oracz et al., 2007; 48 

Yamaguchi et al., 2007) and known as “Controlled Deterioration Treatment (CDT)” or 49 

“Accelerated Aging” in the field of seed longevity search (Chen et al., 2016; Hay et al., 2019). 50 

Abscisic acid (ABA) shows significant functions in plant development including seed dormancy 51 

and germination, primary root growth, seedling development, reproductive growth, and response 52 

to abiotic stresses (Lovegrove and Hooley, 2000; Razem et al., 2006; Shu et al., 2013). In a 53 
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study, ABA also showed an important role in seed vigor and longevity (Dekkers et al., 2016). In 54 

addition, mutations in many Arabidopsis genes involved in ABA biosynthesis and signaling 55 

pathway controlling seed maturation and dormancy led to a reduction in seed vigor and viability 56 

such as lec1-3, aba1-5, abi3-1, abi3-5, and abi3-7 mutants, which showed significantly shorter 57 

longevity and lower vigor under ambient storage conditions (Cantoro et al., 2013; Hu et al., 58 

2017; Liu et al., 2013; Ravindran et al., 2017; Sugliani et al., 2009). Moreover, ABI3 plays a 59 

central role upstream of heat shock transcription factor HSFA9 to involve seed longevity and 60 

vigor control in Arabidopsis (Kotak et al., 2007; Sano et al., 2016; Tejedor-Cano et al., 2010). 61 

Dehydration-Responsive Element-Binding Protein 2B (DREB2B) is a member of the DREB2 62 

transcription factor family belonging to the subfamily of Ethylene-responsive element-binding 63 

proteins (EREBP) TF family (Okamuro et al., 1997; Sakuma et al., 2002; Weigel, 1995). 64 

DREB2B encodes DRE/CRT (one of the major cis-acting elements function in ABA-responsive 65 

or non-responsive gene expression during abiotic stresses) -binding protein DRE/CRT (Liu et al., 66 

1998; Nakashima and Yamaguchi-Shinozaki, 2010). The DREB2B gene was identified as a key 67 

transcription factor that functions particularly in dehydration and heat stress response (Liu et al., 68 

1998). However, the role of DREB2B related to seed vigor and longevity is unknown. Here, the 69 

higher seed germination rate, stronger seed vigor, and longevity, and reduced germination 70 

sensitivity to ABA of dreb2b knockout mutant illustrated that DREB2B is a negative regulator in 71 

seed vigor and longevity by ABA-mediated pathway. Genetic analysis showed that DREB2B 72 

function epistatic and synergistic with ABI3 to involve seed vigor through different pathways. 73 

Besides, it is suggested that DREB2B interacted with RCD1 family proteins to form a complex 74 

to negatively control seed vigor in Arabidopsis and cotton. 75 

Materials and Methods 76 

Genetic materials and growth conditions 77 

The dreb2b (SALK_102687C), abi3-16 (SALK_023411C), rcd1-3 (SALK_116432), sro1-1 78 

(SALK_074525), sro1-2 (SALK_126383) mutants were got from the Arabidopsis Biological 79 

Resource Center (ABRC) and belong to Columbia-0 (Col-0) background as well as Col-0 wild 80 

type (WT) was used as a control for all experiments (Supplementary Table S1). rcd1-3, and 81 

sro1-1 mutants were identified as before (Jaspers et al., 2009). dreb2b/abi3-16 double mutant 82 

was acquired by crossing the single homozygous dreb2b and abi3-16 mutants. All homozygous 83 
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single and double mutant lines were isolated by PCR-based screening using gene-specific 84 

(LP/RP) and T-DNA (BP/RP) primers of respective mutant lines obtained from Salk Institute 85 

Genomic Analysis Laboratory (SIGnAL) database (Supplementary Table S2). PCR was done 86 

with 35 cycles stand on the primers’ annealing temperature. 87 

WT, mutants, and double mutant seeds were surface sterilized for 15-mints in 10% bleach and 88 

washed at least five times with double distilled water. Sterilized seeds were kept for 72 h at 4°C 89 

in dark for stratification and sown on ½MS medium at 22°C, with 16h light/8h dark photoperiod. 90 

15-days old seedlings were moved to soil and grown in a growth chamber at 22°C. Seeds used in 91 

experiments were reaped and placed under dry conditions at 25°C. 92 

Germination analysis 93 

To determine the germination ratio, seed vigor, and sensitivity to ABA and PAC, seeds were 94 

collected from WT and mutant plants of different genotypes grown simultaneously and stored 95 

under the same conditions. For germination and seed vigor tests, seeds from all genotypes were 96 

spread on filter paper moistened with distilled water in 5cm Petri dishes; while, for ABA and 97 

PAC sensitivity, all lines were soaked on filter paper with mock solutions or solutions enriched 98 

with ABA and PAC concentration in Petri dishes, and all germination analysis was performed as 99 

described previously (Bentsink et al., 2006).  100 

Controlled Deterioration Test (CDT) 101 

CDT was performed as described previously with minor modifications (Liu et al., 2015; 102 

Yamaguchi et al., 2007). Mutants and WT seeds were harvested at the same time, dried, and then 103 

stored under the same conditions two weeks earlier to the experiment. The seeds were stored in a 104 

closed glass container saturated with KCl solution to provide 82% relative humidity (RH) for 3-105 

days at room temperature for equilibration. After equilibration, the seeds were stored at 42°C 106 

with 82% relative humidity (RH) in a temperature and humidity controlled incubator for 3-, 5- 107 

and 7-days. After CDT treatment seeds were dried at room temperature for two days and tested 108 

for germination as described previously or other determination (Bentsink et al., 2006). 109 

Tetrazolium assay for seed viability 110 

Tetrazolium assay was performed as described in an online published protocol with little 111 

modification (Rajjou et al., 2008; Verma et al., 2013). With or without CDT treated seeds were 112 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 10, 2020. ; https://doi.org/10.1101/2020.12.09.418798doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.09.418798


initially surface sterilized with 10% hypochlorous acid (having 0.1% Triton X-100) for 15 113 

minutes and washed five times with sterilized distilled water. After that seeds were socked in 1% 114 

tetrazolium solution (pH-7.0) at 30°C in darkness for 2 days. After staining seeds were washed 115 

three times with sterilized distilled water. Seeds viability was determined by investigating the 116 

color intensity and staining pattern. Viable seeds turned to red, while non-viable or dead seeds 117 

stayed unstained. 118 

Gene identification and bioinformatics analysis 119 

For the identification of DREB2B gene homolog in cotton (G. hirsutum), the Arabidopsis 120 

DREB2B (AT3G11020.1) gene was used as query and its homolog gene was identified in G. 121 

hirsutum (NAU, version 1.1) via BLAST search, and protein sequences were further verified by 122 

hidden Markov model (HMM) as described previously (Faiza et al., 2019; QANMBER et al., 123 

2018). As a result, Gh_A09G2423 was identified as its closest homolog which was named  124 

GhDREB2B-A09. For alignment, firstly, multiple sequence alignment was created in Clustal X 125 

2.0 (http://www.clustal.org/clustal2/) and alignment was visualized by online tool ESPript 126 

(http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). The phylogenetic tree was created through 127 

MEGA 7.0 (Kumar et al., 2016) using the neighbor-joining (NJ) method with 1000 bootstrap 128 

replicates with 50% cutoff values as described previously (Qanmber et al., 2019c). Domain 129 

prediction was carried out by Interproscan 63.0 (http://www.ebi.ac.uk/InterProScan/) and 130 

SMART (http://smart.embl-heidelberg.de/) search. For promoter cis-element analysis, 2kb 131 

upstream of the start codon was subjected to PlantCARE (Ghaderi-Far et al., 2012) database and 132 

the figure was generated using TBtools (Forman and Jensen, 1965). 133 

Expression analysis 134 

To determine gene expression in different developmental stages, tissues such as root, stem, leaf, 135 

flower, siliques at 3, 6, 9, 12, 15, 18 days after pollination (DAP), and mature seeds, were 136 

collected from Arabidopsis plant grown under normal growth conditions. To collect siliques at 137 

different developmental stages, blooming flowers were first marked by tying with cotton threads 138 

on the day of pollination, and then siliques were collected on a required day after pollination. 139 

Further, cotton tissues were also collected at different developmental stages including root, stem, 140 

leaf, flower, ovules of -2, 0, 3, 5, 10, 15, 20, and 25 DPA (day post-anthesis) as well as fiber 141 

tissues of 1, 10, 15, and 20 DPA, and mature seed from ZM24 (CCR124) cotton plant, grown 142 
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under field conditions in Zhengzhou China (Yang et al., 2019; Yang et al., 2014). To collect 143 

imbibed seeds, seeds were imbibed in double-distilled water and kept at room temperature, and 144 

collected after different hour intervals (2, 6, 12, 18, and 24 h). 145 

The total RNA from all collected tissues was isolated using RNAprep Pure Plant Kit 146 

(TIANGEN, Beijing, China), as per the manufacturer’s instructions. For complementary strand 147 

(cDNA) synthesis and PCR amplification, Prime Script® RT reagent kit (Takara, Dalian, China) 148 

and SYBR Premix Ex Taq™ II (Takara) was used (Qanmber et al., 2019a). ACTIN2 149 

(At3G18780.1) (Wang et al., 2013) and GhHis3 (AF024716) (Wan et al., 2016) were used as a 150 

control for Arabidopsis and cotton respectively and PCR was performed with three independent 151 

biological replicates. The relative expression values were calculated and used to draw the figures 152 

as described before (Ali et al., 2020; Qanmber et al., 2019b). 153 

To evaluate the mRNA level of ABA biosynthesis, signaling and catabolism genes in dreb2b 154 

mutant dry seeds and mRNA level of DREB2B, ABI3, RCD1, and SRO1 in dreb2b, abi3-16, 155 

rcd1-3, sro1-1, dreb2b/abi3-16, snl1snl2-1 mutants, the RNA was extracted from freshly 156 

harvested WT and mutant seeds as described above. The primers used for qRT-PCR in this study 157 

were enlisted in Supplementary Table S2. 158 

Plasmid construction  159 

For plasmids construction, the full-length coding region and 1.6 and 1.8 promoter fragments of 160 

DREB2B and GhDREB2B-A09 were amplified from Arabidopsis and ZM24 seeds cDNA and 161 

DNA respectively using high-fidelity DNA polymerase. The amplified CDS were then fused 162 

with  pCAMBIA-2300 containing GFP-tag for over-expression and complementary lines as well 163 

as subcellular localization analysis, under the control of 35S constitutive promoter; By gateway 164 

technology, the CDS were also transferred to pAS2-attR containing GAL4 binding domain for 165 

transcriptional activity. The promoters were fused into pBI121 (K, 2007) containing the GUS 166 

gene for promoter-GUS activity analysis. The primers used for amplification of genes coding 167 

regions and promoter were enlisted in supplementary Table S2. 168 

Transformation 169 

The fusion genes for over-expression, promoter-GUS activity, and complementation were then 170 

individually introduced into Col-0 and dreb2b mutant plants respectively via the floral dip 171 
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method (Zheng et al., 2020) with Agrobacterium tumefaciens strain (GV3101). After that 172 

harvested seeds were surface sterilized as described above. Positive lines were selected on ½MS 173 

medium plates holding kanamycin (50 mg/L) incubated under 16 h / light and 8 h / dark cycle at 174 

22°C. The 3:1 segregating transformants lines were selected on MS medium and further verified 175 

by PCR. T3 or T4 homozygous transgenic plants were used for analyses.  176 

Transcriptional activity assay 177 

To examine the transcriptional activity, fusion constructs of pBD-DREB2B and pBD-178 

GhDREB2B-A09 were individually introduced into Y2H-Gold yeast cells and spread on a 179 

medium plate lacking Trp, incubated at 28°C for 2-4 days. The positive colonies were cultured in 180 

an SD/-Trp liquid medium to OD600 of approximately 1, then the culture was diluted 10 to 100 181 

times with fresh medium and grown further on three selected medium plates such as SD/-Trp, 182 

SD/-Trp-His, and SD/-Trp-His+x-α-gal at 28°C for 2-4 days. The transcriptional activity on three 183 

selected medium plates was observed and images were captured with a digital camera (Canon). 184 

For β-galactosidase assay constructs were processed according to the instructions of the β-185 

galactosidase assay kit provided by Clontech. For each construct, five colonies were assayed and 186 

β-galactosidase activity was expressed in miller units. 187 

Subcellular localization and GUS staining 188 

For protein localization, tobacco (Nicotiana benthamiana) leaves were co-infiltrated with the 189 

Agrobacterium strains (GV3101) containing the 35S:DREB2B-GFP and 35S:GhDREB2B-A09-190 

GFP construct along with p19 (Smith, 1995). The infiltrated plants were kept in dark for 24 h 191 

and then in light for 48 h. The protein localization images from tobacco epidermal cells were 192 

obtained with a fluorescence microscope (Olympus) after 72 h of infiltration. 193 

To verify the transient expression, protein localization was determined in root and radical cells of 194 

homozygous 35S:DREB2B and 35S:GhDREB2B-A09 lines at T4 generation. 15-days old 195 

seedlings and radical cells after 24 h imbibitions were used to detect the GFP fluorescence with 196 

1µg/mL–14’, 6-diamidino-2-phenylindole (DAPI) (cell nuclei staining dye) (Sigma-Aldrich), 197 

and images from the root and radical cells were obtained with a fluorescence microscope 198 

(Olympus). 199 
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To determine the tissue-specific localization, freshly collected seedlings and tissues from T4 200 

transgenic plants of pBI121-promoter were incubated into GUS solution (Yuan Ye, Shang Hai) 201 

at 37°C overnight according to the manufacturer’s instructions. After staining, samples were 202 

rinsed 3 to 4 times with 70% ethanol and images were captured with a stereo-microscope. 203 

Bimolecular fluorescence complementation (BiFC) 204 

Firstly, the potential interaction factors of DREB2B and GhDREB2B-A09 were predicted by the 205 

online prediction tools Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) 206 

and ccNET (http://structuralbiology.cau.edu.cn/gossypium/cytoscape/network.php) (Turley and 207 

Chapman, 2009) respectively. The predicted interactions between DREB2B and RCD1 or SRO1 208 

were further verified by BiFC. First, the full-length coding regions of DREB2B, RCD1, SRO1, 209 

DREB2BL-A09, GhRCD1L-A05, GhRCD1L-D05, GhRCD1L-A08, GhRCD1L-D12, and 210 

GhRCD1L-A12 were amplified from Arabidopsis and cotton cDNA (Supplementary Table S2). 211 

The amplified fragments were then cloned into vectors pXY104 and pXY106, prepared nYFP-212 

DREB2B, nYFP-DREB2BL-A09, cYFP-RCD1, cYFP-SRO1, cYFP-GhRCD1L-A05, cYFP-213 

GhRCD1L-D05, cYFP-GhRCD1L-A08, cYFP-GhRCD1L-D12, and cYFP-GhRCD1L-A12 214 

constructs were transformed into GV3101 and were co-infiltrated into 5-6 weeks old tobacco 215 

leaves as described above. The YFP fluorescence signals were perceived with a fluorescence 216 

microscope (Olympus). 217 

Results 218 

DREB2B negatively regulates seed longevity and vigor 219 

Previously, the expression of the DREB2B gene was down-regulated in an snl1snl2-1 double 220 

mutant which showed clearly decreased seed dormancy and longevity phenotypes (Wang et al., 221 

2013), suggesting that DREB2B might have functions in seed related traits. To investigate the 222 

role of DREB2B in seed related traits, loss of function mutant dreb2b with a T-DNA insertion at 223 

513bp in exon was identified as a null mutant (Supplementary Fig. S1A). Firstly, we analyzed 224 

the germination ratio of freshly harvested seeds in both WT and dreb2b plants after different 225 

week’s intervals. dreb2b showed a slightly higher seed germination rate to that of WT within a 226 

short storage period (room temperature) (Supplementary Fig. S1B), indicating the potential role 227 

of DREB2B in seed vigor. Further, the percentage of seed germination was measured after 6, 12, 228 

18, and 24 months interval during a longer period of dry storage and showed that dreb2b showed 229 
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significantly higher (63%) seed germination than that of WT (26%) after 24 months of dry 230 

storage (Fig. 1A), which indicated that DREB2B might negatively regulate seed longevity. 231 

Additionally, the germination speed of freshly harvested seeds was also examined after two 232 

weeks of dry storage. After 96 h imbibition following stratification, dreb2b showed 60% 233 

germination while WT showed 16%. Although, 95% germination of dreb2b and WT was 234 

observed at 168 h imbibition respectively (Fig. 1B, C), signifying the quicker seed germination 235 

in dreb2b and negative role of DREB2B in seed vigor. Moreover, the role of DREB2B was 236 

further confirmed by DREB2B complementary assays in 35S:DREB2B/dreb2b lines. The seeds 237 

from two independent complementary lines exhibited a similar germination speed to that of WT 238 

after stratification (Supplementary Fig. S1C, D), which verified the role of DREB2B in seed 239 

vigor. 240 

Furthermore, the dreb2b seed longevity was analyzed by CDT too. The germination ratios were 241 

59% and 83% for WT and dreb2b respectively after 3-days CDT treatments. In contrast, the 242 

germination ratio of untreated seeds were 85% and 95% for WT and dreb2b respectively (Fig. 243 

1D-F). In addition, tetrazolium staining displayed that seeds of WT and dreb2b showed 100% 244 

viability without CDT treatment, whereas, after 3-days CDT treatment, a higher number of alive 245 

seeds in dreb2b (42%) mutant than WT (15%) was observed (Fig. 1G, H). CDT treatment and 246 

tetrazolium staining further confirmed the negative role of DREB2B in seed vigor and longevity. 247 

DREB2B regulates seed vigor and germination dependent on ABA pathway 248 

Abscisic acid (ABA) and gibberellins (GA) are pivotal phytohormones in seed germination and 249 

vigor regulation. To investigate whether DREB2B functions in ABA or GA dependent pathway 250 

to direct seed vigor and germination, dreb2b seed germination was determined by applying 251 

exogenous ABA and PAC (Pactobutrazol, an inhibitor for GA synthesis). As a result, dreb2b 252 

showed increased germination compared to WT with different ABA concentrations (Fig. 2A) 253 

suggesting the hyposensitivity of dreb2b for ABA. However, after PAC treatment dreb2b 254 

showed similar germination to that of control (WT) (Supplementary Fig. S2A). These results 255 

pointed out that DREB2B may be involved in the ABA-mediated pathway to negatively regulate 256 

seed germination and vigor. 257 

Many genetic studies indicated that the ABA metabolism and signaling genes are important in 258 

the regulation of seed germination (Finkelstein et al., 2002; Matilla et al., 2015; Nambara et al., 259 
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2010; Sun, 2008). Thus, the expressions of key genes such as NCED4, ABI3, CYP707A1, and 260 

CYP707A2 were analyzed in the dreb2b mutant. The result showed that the expressions of ABI3 261 

and CYP707A1 were significantly down-regulated and up-regulated in dreb2b mutant 262 

respectively (Fig. 2B) indicating that DREB2B might regulate seed germination and vigor by 263 

regulating the ABI3 involved ABA signaling positively and CYP707A1 mediated ABA 264 

hydrolysis negatively. 265 

DREB2B functions upstream of and synergistically with ABI3 to involve seed vigor 266 

regulation 267 

ABI3 is a key regulator in the ABA signaling pathway, positively controlling the seed longevity 268 

and the seed dormancy (Finkelstein et al., 2008; Hu et al., 2017; Yamaguchi et al., 2007). Here, 269 

we identified the clearly decreased transcription of ABI3 in dreb2b (Fig. 2B). Moreover, the 270 

DREB2B transcript level in abi3-16 mutant seeds was almost the same as in WT (Supplementary 271 

Fig S2B). To further explore the relationship between DREB2B and ABI3, dreb2b/abi3-16 272 

double mutant was generated and the expression of both genes (DREB2B and ABI3) was 273 

assessed by qRT-PCR. Significantly down-regulated expression of DREB2B and ABI3 in 274 

dreb2b/abi3-16 elucidating that dreb2b/abi3-16 is a loss of function double mutant of both genes 275 

(Supplementary Fig S2C). Additionally, the up-regulated expression of DREB2B with different 276 

ABA concentrations indicated that DREB2B is induced more significantly than ABI3 by ABA 277 

(Supplementary Fig S2D). To deeply investigate the correlation between DREB2B and ABI3 in 278 

the regulation of seed germination and vigor, germination speed was analyzed in freshly 279 

harvested seeds for dreb2b/abi3-16 double mutant, dreb2b, abi3-16 single mutants, and WT. 280 

Similar early germination was observed in both single mutants (dreb2b and abi3-16), while 281 

dreb2b/abi3-16 showed more quick germination (89%) than single mutants and WT (Fig. 2C, D), 282 

which indicated that DREB2B may be negatively involved in seed germination synergistically 283 

with ABI3. dreb2b/abi3-16 seed longevity and viability was further determined by different days 284 

(0, 3, 5, and 7) CDT treatments. After 3, 5, and 7-days CDT, germination and viability were 285 

significantly reduced in all genotypes, and the abi3-16 was arrested most severely, whose 286 

germination decreased to 23% just after 3-days CDT and completely loosed seed viability after 287 

5-days CDT supporting the previous report (Clerkx et al., 2004; Sugliani et al., 2009); dreb2b 288 

was less affected by CDT compared to abi3-16 and WT and loosed its viability until 7-days CDT 289 

same as WT. Whereas, germination of dreb2b/abi3-16 were 80%, 45%, and 22% after 3, 5, and 290 
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7-days CDT treatments, respectively; in addition, it showed 12% viable seeds even after 7-days 291 

CDT which is significantly higher than other lines (Fig. 2E-H).  292 

Summarily, the abi3-16 mutation in dreb2b increased the seed germination and vigor 293 

significantly, suggest that ABI3 and DREB2B are involved in seed germination and vigor 294 

additively and synergistically. Combing the seed germination and gene expression analysis, it 295 

indicated that DREB2B might function upstream of and synergistic with ABI3 in seed 296 

germination and vigor regulation through different pathways.  297 

DREB2B transcription is seed-specific in Arabidopsis and cotton 298 

Cotton is a kind of important cash crop, the uniform and quick germination of cotton seed are 299 

vital for its quality and yield. So, DREB2B homolog genes were identified in G. arboreum, G. 300 

hirsutum, G. barbadense, G. raimondii, Z. may, and O. sativa to explore the potential functional 301 

genes in seed vigor regulation of cotton. A total of ten DREB2B homologous genes (Six in cotton, 302 

two in maize, and two in rice) were identified and a phylogenetic tree was constructed with a 303 

maximum similarity matrix. The result illustrated the maximum similarity of DREB2B with 304 

Gh_A09G2423, which was studied in our research and renamed as GhDREB2B-A09 (Fig. 3A). 305 

Further protein sequence analysis indicated that both Arabidopsis and cotton DREB2Bs 306 

(DREB2B and GhDREB2B-A09 respectively) show the low identity of amino acids with 307 

conserved AP2 domains and low complexity regions (LC) (Supplementary Fig. S3A, B). 308 

Furthermore, the expression patterns of DREB2B and GhDREB2B-A09 were examined by qRT-309 

PCR in different developmental tissues and imbibed seeds. The results showed that DREB2B and 310 

GhDREB2B-A09 were preferentially expressed in the mature seed as compared to other tissues 311 

(Fig. 3B, C). In imbibed seeds, the transcript level of DREB2B was up-regulated gradually and 312 

reach a peak until 6 h after imbibition, after that it was down-regulated to the level of dry seed; 313 

while the transcript level of GhDREB2B-A09 was equally in dry seeds and at 6 h imbibition, and 314 

decreased clearly in other imbibition time points detected (Fig. 3D). These results suggested that 315 

DREB2B and GhDREB2B-A09 may share some conserved role partially in seed germination and 316 

vigor, the difference in expression profiles of both also indicated potential functional 317 

differentiation of DREB2B in Arabidopsis and cotton corresponding with their different amino 318 

acid sequences. 319 

Transcriptional activity of DREB2B in Arabidopsis and cotton  320 
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Both DREB2B and GhDREB2B-A09 belongs to the AP2 domain transcription factor family. 321 

Therefore, their transcriptional activity was tested by a yeast assay system as described in 322 

“Materials and Methods” section. Both transcription factors showed obvious transcriptional 323 

activity than the control, and the GhDREB2B-A09 acquired higher transcriptional activity than 324 

DREB2B (Fig. 3E). Furthermore, the transcriptional activity was also confirmed by β-325 

galactosidase assay and the results agreed with the yeast assay (Fig. 3F). Collectively, these 326 

results illustrated and confirmed the transcriptional activity of both transcription factors from two 327 

different species (Arabidopsis and G. hirsutum). 328 

DREB2Bs localization in different sub-cellular or tissue level 329 

To further investigate the mechanisms of DREB2Bs, the transient expression of DREB2B and 330 

GhDREB2B-A09 at the sub-cellular level was determined in epidermal cells of tobacco leaves 331 

and fusion proteins green fluorescent signals were detected in the membrane and cytoplasm (Fig. 332 

4A). 333 

To verify this type of localization in the cytoplasm instead of the nucleus, the 15-days old 334 

seedlings root cells of over-expressed DREB2B-GFP and GhDREB2B-A09-GFP transgenic 335 

plants at T4 generation were examined again. The green fluorescent signals in young seedlings’ 336 

root cells were also detected in the cytoplasm and membrane (Fig. 4B). Furthermore, the 337 

cytoplasm localization was also confirmed by detecting green fluorescent signals with DAPI 338 

staining in the radical cells of transgenic plant seeds after 24 h imbibition (Fig. 4C). In 339 

combination, these results proved and authenticated the multiple sub-cellular localizations (e.g. 340 

cytoplasm, membrane) of DREB2B and GhDREB2B-A09. 341 

Further, 2KB promoter sequences of DREB2B and GhDREB2B-A09 from the translational start 342 

site (TSS) was used for promoter cis-elements analysis which showed that both genes contained 343 

hormones (MeJA, salicylic acid, gibberellin, auxin, and abscisic acid), light, defense and 344 

stressed, plant growth and development (endosperm and meristem expression) responsive and 345 

MYBHv1 binding sites related cis-elements in their promoter region (Supplementary Fig. S3C). 346 

Then, promoter activities of DREB2B and GhDREB2B-A09 at T4 generation were investigated in 347 

all vegetative and reproductive stages by histochemical GUS staining. DREB2B and 348 

GhDREB2B-A09 showed strong promoter activity in almost all vegetative and reproductive 349 

tissues such as in young seedlings, shoot, root, leaf, shoot and root initiation point, root tip, root 350 
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hair, secondary root, anther, petals, and stigma (Fig. 4D-Y) respectively, indicating the similar 351 

and constitutive function of both genes in seedling and reproductive organs development of the 352 

plant. 353 

Over-expression of DREB2B and GhDREB2B-A09 reduce seed vigor 354 

To deeply investigate the role of DREB2B in seed germination and vigor of Arabidopsis and 355 

cotton, DREB2B and GhDREB2B-A09 over-expression lines (35S:DREB2B and 356 

35S:GhDREB2B-A09) were generated. qRT-PCR results showed a significantly higher 357 

expression of DREB2B and GhDREB2B-A09 in over-expression lines of both genes, respectively 358 

(Supplementary Fig. S4A, B). Moreover, the upregulated expression of ABI3 in 35S:DREB2B 359 

lines elucidating that ABI3 is regulated by DREB2B at least partially to involve the regulation of 360 

seed germination and vigor. 361 

Further, germination speed of 35S:DREB2B and 35S:GhDREB2B-A09 lines, mutant and WT 362 

were tested. The germination of dreb2b was earlier than WT, while 35S:DREB2B and 363 

35S:GhDREB2B-A09 lines showed delayed germination compared to WT at 96 and 120 h 364 

imbibition. The dreb2b mutant seeds rapidly started to germinate and the germination rate 365 

reached over 60% and 80% at 96 h and 120 h imbibition respectively. WT seeds began to 366 

germinate later and reached about 10% and 65% germination rate at 96 h and 120 h respectively, 367 

while the 35S:DREB2B and 35S:GhDREB2B-A09 lines began to germinate at 96 h and reached 368 

about 35% germination rates at 120 h. Moreover, two DREB2B complementary lines exhibited a 369 

similar seed germination speed to that of WT. The above results validated the conservative and 370 

negative relationship between seed germination and DREB2B expression in Arabidopsis and 371 

cotton (Fig. 5A, B). 372 

In turn, CDT assay also was used to confirm the seed vigor and viability of 35S:DREB2B and 373 

35S:GhDREB2B-A09 lines. After 3-days CDT treatment, seeds of all the genotypes exhibited 374 

some delay in germination compared with mock; while dreb2b mutant seeds showed a relatively 375 

lower sensitivity, and 35S:DREB2B and 35S:GhDREB2B-A09 lines showed higher sensitivity, as 376 

compared with WT (Fig. 5C, D). The germination ratio was 40% and 17-19% for 35S:DREB2B 377 

and 35S:GhDREB2B-A09 lines respectively, whereas WT and dreb2b showed 60% and 81% 378 

germination at 7-days imbibition respectively. A tetrazolium assay after 3-day CDT treatment 379 

showed that viable seeds in 35S:DREB2B and 35S:GhDREB2B-A09 lines were decreased to a 380 
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lower ratio 6-13%; while dreb2b mutant displayed more viable seeds (42%) compared to WT 381 

(19%) and complementary lines (17-20%) (Supplementary Fig. S4B, C). 382 

DREB2B interacts with RCD1conservatively in Arabidopsis and cotton 383 

The above results showed that DREB2B functions dependent and independent on ABI3 to 384 

mediate the seed vigor, which forwards us to unravel some interacting factors of DREB2B to 385 

understand a more detailed pathway involved by DREB2B in seed vigor. Online prediction 386 

analysis (eFP Browser and ccNET) indicated that DREB2B protein might interact with RCD1 387 

(RADICAL-INDUCED CELL DEATH 1) and SRO1 (SIMILAR TO RCD-ONE 1) in 388 

Arabidopsis and cotton. To confirm that, five homologous RCDs (GhRCD1L-A05, GhRCD1L-389 

D05, GhRCD1L-A08, GhRCD1L-A12, and GhRCD1L-D12) (Supplementary Table S2) were 390 

identified in cotton and the alignment of the amino acid of total seven RCD1 family proteins 391 

showed the moderate identity among them; then a phylogenetic tree was constructed and 392 

depicted that GhRCD1s in chromosomes A12, D12 and A08 are the more closer homology with 393 

Arabidopsis RCD1 and SRO1 (Supplementary Fig. S5A, B). Further analysis indicated that all 394 

RCD1s from Arabidopsis and G. hirsutum contain WWE domain and other two domains (PARP 395 

and RST), which may contribute to the conserved and physical interaction (Supplementary Fig. 396 

S5C) between DREB2B and RCD1 family genes in the plant. 397 

Then, the interaction of DREB2B proteins with RCD1 and SRO1 in Arabidopsis and cotton were 398 

subsequently analyzed in planta using BiFC. The interaction of Arabidopsis DREB2B with 399 

RCD1 was observed in the membrane and cytoplasm while with SRO1 in the nucleus (Fig. 6A). 400 

However, the interactions of GhDREB2B-A09 with five GhRCD1Ls proteins (GhRCD1L-A05, 401 

GhRCD1L-D05, GhRCD1L-A08, GhRCD1L-A12, and GhRCD1L-D12) were observed in the 402 

membrane and cytoplasm (Fig. 6B). These results were in accordance with the previous study 403 

that RCD1 and SRO1 interacted with several transcription factors belonging to the DREB 404 

transcription factor family including DREB2B and other transcription factor families (Jaspers et 405 

al., 2009; Wu et al., 2018). Meantime, the localization difference between the interaction factor 406 

analysis of DREB2B from Arabidopsis and cotton indicated some specificity for the underlying 407 

mechanisms associated with DREB2B in seed vigor regulation of different plant species. 408 

RCD1 and SRO1 negatively regulate seed vigor   409 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 10, 2020. ; https://doi.org/10.1101/2020.12.09.418798doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.09.418798


To investigate the roles of RCD1 and SRO1, transcript levels of them were determined in 410 

different developmental tissues and imbibed seeds of Arabidopsis and G. hirsutum. RCD1 411 

exhibited very higher transcript levels (no less than 200 folds higher compared to other tissues) 412 

in 9, 15, 18 DAP siliques and mature seeds. SRO1 transcript level was gradually up-regulated 413 

during the late phase of seed development at 15 and 18 DAP siliques and mature seeds similar to 414 

RCD1 (Fig. 6C). The up-regulated expression of RCD1 and SRO1 during seed maturation 415 

indicated that both genes have specified roles during seed maturation. In addition, RCD1 416 

exhibited almost the same pattern as that of DREB2B in imbibed seeds (Fig. 6D and 3D), 417 

suggesting that RCD1 might function in seed germination similar to DREB2B. However, the 418 

SRO1 mRNA was down-regulated in imbibed seeds at all-time points (Fig. 6D). 419 

In cotton, GhRCD1L-A05 and GhRCD1L-D05 showed constitute expression and higher levels in 420 

later developmental ovules; GhRCD1L-A08, GhRCD1L-A12, and GhRCD1L-D12 showed 421 

specific expression in the ovules (Fig. 6E, F). While in imbibed seeds, the only expression of 422 

GhRCD1L-A12 was up-regulated clearly at 18 h imbibition (Fig. 6G). The expression results 423 

indicated that RCD1 family genes may play redundant and specific roles in seed related traits. 424 

To confirm the roles of RCD1 and SRO1 in seed germination and vigor, germination speed of 425 

rcd1-3, sro1-1, and sro1-2 in freshly harvested seeds was examined at different hour intervals 426 

during imbibition after stratification. rcd1-3, sro1-1, and sro1-2 germination were earlier and 427 

completed the 50-60% germination in 96 h after stratification similar to dreb2b while only 10% 428 

seed germination was observed in WT (Fig. 7A, B). More than 80% seed germination of dreb2b, 429 

rcd1-3, sro1-1, and sro1-2 mutants were observed, whereas, WT showed less than 60% 430 

germination after 120 h imbibition. The similar seed germination phenotype of dreb2b, rcd1-3, 431 

sro1-1, and sro1-2 mutants demonstrated that DREB2B and its interacting proteins (RCD1 and 432 

SRO1) may function through the same pathway to involve seed germination. 433 

Furthermore, rcd1-3, sro1-1, and sro1-2 mutants showed less sensitivity to CDT compared to 434 

WT similar to dreb2b, and germination ratio of treated seeds was 59, 80, 90, 80, and 81% for 435 

WT, dreb2b, rcd1-3, sro1-1, and sro1-2 respectively after 7-days (Fig. 7C, D) imbibition; all 436 

these lines also showed similar seed germination pattern with above without CDT treatment (Fig. 437 

7E, B). These results confirmed that DREB2B together with RCD1 and SRO1 is playing a 438 

negative role in the regulation of seed vigor and germination. 439 
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Here rcd1-3, sro1-1, and sro1-2 mutants showed similar seed vigor and germination phenotype 440 

to dreb2b and confirmed that DREB2B works together with RCD1 and SRO1 to negatively 441 

involve seed vigor and germination regulation. Hence, to further confirm the correlation between 442 

DREB2B and its interacting proteins (RCD1 and SRO1), the expression of RCD1 and SRO1 in 443 

dreb2b, abi3-16 and dreb2b/abi3-16 mutant’s dry seeds while DREB2B and ABI3 expression in 444 

rcd1-3, and sro1-1 mutant’s dry seeds was detected (Supplementary Fig. S6A, B). The 445 

expression analysis exhibited the 0.7 to 0.8 fold down-regulated mRNA level of RCD1 and 446 

SRO1 in dreb2b and abi3-16 mutant’s dry seeds while their expression was almost completely 447 

down-regulated in dreb2b/abi3-16 double mutant dry seeds. However, the transcript level of 448 

DREB2B and ABI3 in rcd1-3, and sro1-1 was also down-regulated confirmed that both 449 

interacting proteins (DREB2B, RCD1, and SRO1) positively regulate each other and work 450 

together in the regulation of seed vigor and germination negatively. Besides, the up-regulated 451 

expression of RCD1 and SRO1 in response to ABA treatments showed that similar to DREB2B 452 

its interacting proteins also induced by ABA and use ABA-mediated pathway for seed vigor and 453 

germination regulation negatively (Supplementary Fig. 6C). 454 

Discussion 455 

DREB2B plays a negative role in seed germination and vigor 456 

EREBP, a super-family of plant-specific transcription factors, contain a highly conserved AP2 457 

DNA-binding domain (Okamuro et al., 1997; Weigel, 1995), and were classified into subfamilies 458 

DREB, ERF, AP2, RAV, and others based on the number of repetitions and the sequence of the 459 

AP2 domain in Arabidopsis (Sakuma et al., 2002). The DREB proteins namely, DREB1 and 460 

DREB2 can induce a set of abiotic stress-related genes (Lata and Prasad, 2011). Eight DREB2-461 

type proteins were identified in Arabidopsis (Nakashima et al., 2000; Sakuma et al., 2002), 462 

among which DREB2B confers various abiotic stress-tolerance in many species (Marcos-Filho, 463 

2015; Pettigrew and Dowd, 2011). Here, a loss of function dreb2b mutant was identified and it 464 

exhibited significantly longer seed longevity and quicker germination compared to the WT (Fig. 465 

1A, B, C). Additionally, dreb2b mutant showed higher seed germination and more viable seeds 466 

than WT after artificial aging treatment (Fig. 1D-H). These results suggested that the abundance 467 

of BREB2B protein in seeds appears to be negatively correlated with seed germination and 468 

longevity. 469 
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DREB2B is involved in ABA-dependent pathway partially 470 

ABA is a type of very vital hormone in seed development as well as seed vigor (Dekkers et al., 471 

2016). In our study, it is observed that the absence of DREB2B protein leads to decreased 472 

inhibition of seed germination in response to exogenous ABA, suggesting that DREB2B might 473 

function in an ABA-dependent pathway to direct seed germination and vigor. Moreover, the 474 

significantly reduced expression of ABI3 and higher expression of CYP707A1 in dreb2b 475 

supported that both ABA synthesis and signaling play downstream of DREB2B at least partially 476 

(Fig. 2B, Supplementary Fig. S2B). Collectively, the reduced ABA sensitivity of dreb2b, 477 

induced expression of DREB2B in response to ABA treatments, and altered expression of ABA 478 

pathway genes all suggested that DREB2B exert roles involved in the ABA pathway to 479 

negatively manage seed germination and vigor (Fig. 2A, B). 480 

DREB2B functions synergistically with ABI3 in seed vigor regulation 481 

ABI3 is a well-known positive regulator for seed vigor and seed dormancy (Arad et al., 2002; 482 

Ooms et al., 1993), supporting the results in this study (Fig. 2C-H). The down-regulation of ABI3 483 

in dreb2b and unchanged expression of DREB2B in abi3-16 indicated that DREB2B might 484 

function upstream of ABI3 partially (Fig. 2B, Supplementary Fig. S2B). Moreover, dreb2b/abi3-485 

16 double mutant exhibited better seed germination and vigor than single mutants (Fig. 2D, F, G) 486 

which indicated that the DREB2B and ABI3 show synergistic roles in genetic in the seed 487 

germination speed and seed vigor through different pathways. Combining with the expression of 488 

DREB2B or ABI3 in abi3-16 or dreb2b mutants respectively, all these indicated that seed 489 

germination after stratification and seed germination after CDT treatment may not be regulated 490 

by the same pathways, and in these different processes, DREB2B and ABI3 play roles with an 491 

additive model in part as well as through some different downstream pathways. 492 

Conservative roles of DREB2B in seed vigor of Arabidopsis and cotton 493 

To ask the function of DREB2B in cotton seed vigor, GhDREB2B-A09 was identified as the 494 

homologous gene of DREB2B from G. hirsutum with the conserved AP domains (Supplementary 495 

Fig. S3A, B). The expression analysis indicated that the higher expression of DREB2B and 496 

GhDREB2B-A09 were detected in mature seed compared to other tissues of plant development. 497 

Moreover, in imbibed seeds, the expression of DREB2B and GhDREB2B-A09 were up-regulated 498 

quickly. The similar higher transcript level in mature seed and during imbibition suggested that 499 
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DREB2B and GhDREB2B-A09 are playing similar promising roles in seed germination and vigor 500 

(Fig. 3B-D). Besides, transcriptional activity through the yeast system and β-galactosidase assay 501 

illustrated that DREB2B and GhDREB2B-A09 are functional transcription activation factors 502 

(Fig. 3E, F). 503 

Next, 35S:DREB2B and 35S:GhDREB2B-A09 lines showed significantly slow germination speed 504 

(Fig. 5A, B) and drastically reduced seed vigor and viability after CDT treatment compared to 505 

WT, complementary lines, and dreb2b (Fig. 5C-E, Supplementary Fig. S4B, C). All these 506 

supported and confirmed that DREB2B is negatively involved in seed vigor and germination in 507 

Arabidopsis and cotton. 508 

How is the biochemical and molecular channels of DREB2B in seed germination and vigor 509 

regulation?  510 

DREB2B is involved in multiple abiotic stresses tolerance and seed development. However, its 511 

detailed biochemical and molecular mechanism is still ambiguous. Firstly, we tested the protein 512 

sub-cellular localization. Transient and stable expression analysis of protein localization of 513 

DREB2B and GhDREB2B-A09 authenticated that both DREB2B transcription factor proteins 514 

are exclusively localized in cytoplasm and membrane, indicating the different mechanisms of 515 

DREB2B from common transcription factors in the nucleus, which also provide some new and 516 

conceivable molecular mechanisms of transcription factors. Both of the promoters-GUS analysis 517 

of DREB2B and GhDREB2B-A09 also showed their similar and constitute expression in plant 518 

development (Fig. 4D-Y), supporting the multiple and conservative roles of DREB2B in 519 

Arabidopsis and cotton. Second, the interaction factors of DREB2B and GhDREB2B-A09, 520 

RCD1s were explored and identified by protein interaction software (eFP Browser and ccNET) 521 

and supported the previous study (Wu et al., 2018). Further, BiFC experiments proved the direct 522 

interaction of DREB2B and GhDREB2B-A09 with RCD1s in membrane, cytoplasm, or nucleus, 523 

which indicated the potentially different molecular mechanisms of DREB2B associated with 524 

different interacting factors. But it remains to be determined the putative interaction specificity 525 

between two proteins and the biological significance of their interactions. RCD1 belongs to the 526 

(ADP-ribosyl) transferase domain containing subfamily with a WWE protein-protein interaction 527 

domain and acts as an integrative node within different hormonal signaling (e.g. ABA, Ethylene, 528 

JA) and in several stresses responses (e.g. drought, cold) (Ahlfors et al., 2004). In addition, the 529 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 10, 2020. ; https://doi.org/10.1101/2020.12.09.418798doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.09.418798


interaction of RCD1 with other proteins highlighted its different functions. For example, RCD1 530 

interacts with the cytoplasmic tail of Salt Overly Sensitive1 (SOS1) which elucidated the cross-531 

talk between the ion-homeostasis and oxidative-stress detoxification pathways involved in plant 532 

salt tolerance (Katiyar-Agarwal et al., 2006). In another study, the interaction between 533 

glutathione peroxidase3 and RCD1 was identified which hypothesized that RCD1 could be a 534 

plant equivalent of the yeast redox-regulated transcription factor Yap1 (Miao et al., 2006). 535 

Moreover, previous screening of RCD1 interaction factor by yeast two-hybrid identified several 536 

transcription factors such as DREB2A, DREB2B (Belles-Boix et al., 2000), suggesting that 537 

RCD1 might affect the function or activity of transcription factors to regulate downstream genes, 538 

which also support the interaction between RCD1 and DREB2B in seed development regulation. 539 

Collectively, RCD1 is a multifunctional factor interacting with various proteins, which make it 540 

like an adaptor or post-translational factor involved in the different complex and physiological 541 

pathway, but the detailed mechanisms are unclear. 542 

To confirm the physiological roles of RCD1 genes in seed germination and vigor, the 543 

expressions of RCD1, SRO1 were investigated in different developmental tissues and imbibed 544 

seeds of Arabidopsis and G. hirsutum by qRT-PCR (Fig. 6C-G). The higher transcript of RCD1 545 

and SRO1 during seed maturation and imbibition compared to other tissues indicated their 546 

potential roles during seed development and germination. The similar expression pattern of 547 

RCD1 family genes and DREB2B in developed and imbibed seeds suggested the underlying 548 

interaction between them in seed development and germination. Furthermore, in line with 549 

expectations, rcd1-3, sro1-1, and sro1-2 mutants exhibited a quicker germination rate and better 550 

seed vigor same as dreb2b (Fig. 7A-E). Additionally, the down-regulated expression of RCD1 551 

and SRO1 in dreb2b and DREB2B in rcd1-3 and sro1-1 further proved their interaction; up-552 

regulated expression of RCD1 and SRO1 in response to ABA similar to DREB2B evidenced the 553 

same pathway involved by them (Supplementary Fig. S6A-C). From these results, it is concluded 554 

that DREB2B and its interacting proteins (RCD1 and SRO1) have a positive correlation with 555 

each other and form complex to regulate seed germination and vigor negatively together via an 556 

ABA-mediated pathway. 557 

Hypothetical model associated with DREB2B in seed vigor/longevity regulation 558 
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In a word, we hypothesized a model for DREB2B in seed vigor regulation here (Fig. 8). ABI3 is 559 

an important positive regulator for seed vigor through downstream heat shock factors such as 560 

HsfA9, which is controlled by DREB2B partially. Furthermore, the complex comprising 561 

DREB2B and RCD1s also plays crucial roles synergistically with ABI3 through an unidentified 562 

downstream factor or pathway in seed vigor, which functions downstream of ABA same as ABI3. 563 

To exploring the downstream factors by RNA-Seq, ChIP-Seq et al. approaches would be very 564 

important in the detailed mechanisms involved by DREB2B in seed vigor regulation. A previous 565 

study showed that ROS (reactive oxygen species) change the profile and function of the RCD1 566 

protein. RCD1 interacts and suppresses the activity of the transcription factors ANAC013 and 567 

ANAC017, which mediate a ROS-related retrograde signal originating from mitochondrial 568 

complex III, providing a feedback control on its function (Shapiguzov et al., 2019). These 569 

indicated that RCD1 can modify interacting factors positively or negatively with several different 570 

approaches to mediate downstream pathways. Thus, to reveal the underlying mechanism within 571 

the interaction between DREB2B and RCD1 would provide more interesting and novel clues for 572 

the roles of them. DREB2B showing a non-nuclear localization indicated its special mechanism. 573 

More intensive research such as determination of the structure, transcription activity, and protein 574 

localization of DREB2B before and after interaction with RCD1 family proteins would be 575 

interesting and helpful for the detailed mechanism of DREB2B and RCD1 in seed germination 576 

and vigor. The down-regulated mRNA level of RCD1 and SRO1 in snl1snl2-1 double mutant 577 

like DREB2B suggested that SNL1/2 functions upstream of DREB2B, RCD1, and SRO1 in the 578 

regulation of seed germination and vigor through an indirect interaction (Supplementary Fig. 579 

S6D), which shed some light on the regulation between epigenetic and DREB2B-RCD1 580 

complex. 581 
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Table S2: Primers for mutants screening, qPCR, and amplification of coding regions and 

promoters of genes used in the study. 

Fig. S1: Identification of dreb2b null mutant and its seed germination and vigor phenotype 

verification. 

Fig. S2: DREB2B is induced by ABA to involve in seed vigor regulation. 

Fig. S3: Protein and promoter sequences analysis of DREB2B and GhDREB2B-A09. 

Fig. S4: Expression of DREB2B and GhDREB2B-A09 in over-expression lines and 

determination of seed germination and vigor of WT, dreb2b mutant, and complementary lines, 

35S:DREB2B and 35S:GhDREB2B-A09 lines. 

Fig. S5: Protein sequence analysis of RCD1s in Arabidopsis and cotton.  

Fig. S6: Expression analysis of DREB2B, ABI3, RCD1, and SRO1 in different lines and response 

to ABA.  

Figure Legends 

Fig. 1. Phenotypic analysis of dreb2b in seed germination and vigor (A) Seed germination and 

vigor analysis of dreb2b mutant and WT after different months of dry storage at room 

temperature. The seed germination rate of dreb2b mutant and WT was calculated at 7 days after 

imbibition followed stratification. (B) Germinating seeds images of WT and dreb2b were taken 

at 84 and 168 hours after imbibition followed stratification. (C) dreb2b mutant and WT seed 

germination speed after different hour’s interval was calculated from 2 weeks old seeds 

harvested at the same time. (D) Seed germination images of WT and dreb2b with 3 day CDT or 

without CDT were taken at 7 days after imbibition with stereo-microscope. (E, F) WT and 

dreb2b seed germination rate treated with 3 days CDT or without CDT treatment was calculated 

with different day’s interval after imbibition. (G) Tetrazolium staining photos of WT and dreb2b 

mutant seeds. Tetrazolium staining was performed with and without CDT treated seeds. (H) 

Viable seed ratios of WT and dreb2b were evaluated by examining the tetrazolium staining 

pattern and color intensity. (B, D, G) For each genotype, 80-100 seeds were used. Bars, 500µm. 

(C, E, F) Experiments were performed in three replicates and germination ratio was measured 

from averages of three replicates with 100 seeds per replicate from independent lines of each 

genotype. Error bars indicate SD based on three biological replicates. Asterisks over the bars 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 10, 2020. ; https://doi.org/10.1101/2020.12.09.418798doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.09.418798


indicate a significance level among means determined by the student’s T-test (*P� 0.05, **P� 

0.01, ***P� 0.001). 

Fig. 2: DREB2B regulated the seed germination and vigor through the ABA pathway. (A) Seed 

germination test of WT and dreb2b under ABA treatments. Freshly harvested seeds were soaked 

in distilled water with (0.025, 0.05, 0.1, and 0.5) or without ABA (Mock). The germination rate 

was counted at 7 days after imbibition followed stratification. (B) mRNA level of genes involved 

in ABA pathway in freshly harvested dreb2b mutant and WT dry seeds. Error bars indicate SD 

based on three biological replicates. Asterisks over the bars indicate a significance level among 

means determined by the student’s T-test (*P� 0.05, **P� 0.01, ***P� 0.001). (C) Microscopic 

images of WT, dreb2b, abi3-16 mutants, and dreb2b/abi3-16 double mutant seeds showing 

germination speed were taken at 84, 96 and 168 hours after imbibition followed stratification. 

(D) WT, dreb2b, abi3-16 mutants, and dreb2b/abi3-16 double mutant seed germination after 

different hour intervals were observed and calculated from fresh seeds harvested 2 weeks before 

the experiment. (E) Images of WT, dreb2b, abi3-16 mutants, and dreb2b/abi3-16 double mutant 

with 0, 3, 5, and 7 days CDT were taken at 7 days after imbibition with stereo-microscope. (F) 

WT, dreb2b, abi3-16, and dreb2b/abi3-16 double mutant seeds were treated with 0, 3, 5, and 7 

days CDT, and the germination ratio of treated seeds was calculated at 0, 3, 5, and 7 days after 

imbibition. (G) Photos of WT, dreb2b, abi3-16 mutants, and dreb2b/abi3-16 double mutant seeds 

stained by tetrazolium after 0, 3, 5, and 7 days CDT treatments were taken with stereo-

microscope. For each genotype, 80-100 seeds were used. Bars, 500µm. (H) Viable seed ratio of 

WT, dreb2b, abi3-16 mutants, and dreb2b/abi3-16 double mutant treated with 0, 3, 5, and 7 days 

CDT were calculated by examining the tetrazolium staining pattern and color intensity. (C, E) 

For each genotype, 80-100 seeds were used. Bars, 1mm. (A, D, F, H) Experiments were 

performed in three replicates and germination ratio was measured from averages of three 

replicates with 100 seeds per replicate from independent lines of each genotype. Error bars 

indicate SD based on three biological replicates. Asterisks over the bars indicate a significance 

level among means determined by the student’s T-test (*P� 0.05, **P� 0.01, ***P� 0.001). 

Fig. 3: Expression and transcription activity analysis of DREB2B and GhDREB2B-A09 

transcription factor. (A) Phylogenetic analysis of DREB2B and its homologous proteins. 

Phylogenetic tree of DREB2B homolog transcription factors in G. arboreum, G. hirsutum, G. 

barbadense, G. raimondii, Z. may, and O. sativa. The neighbor-joining tree based on multiple 
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sequences alignment was built to show the relationships among DREB2B proteins from seven 

other plant species. (B, C) Determination of mRNA level of DREB2B and GhDREB2B-A09 in 

different developmental tissues of Arabidopsis and cotton respectively. (D) Determination of 

mRNA level of DREB2B and GhDREB2B-A09 in imbibed seeds of Arabidopsis and cotton 

collected at different time intervals. (B-D) Error bars represent the standard deviations of three 

independent experiments. (E) Transcriptional activity of DREB2B and GhDREB2B-A09 was 

determined by a yeast assay approach. 10 and 100 times diluted culture with absolute culture was 

spread on three different types of plates. The growth of yeast cells on SD/-Trp, SD/-Trp-His, and 

SD/-Trp-His+ β-galactosidase medium was analyzed. pAS2 (an empty vector) was used as a 

negative control. (F) the β-galactosidase activity of pAS2-DREB2B and pAS2-GhDREB2B-A09. 

β-galactosidase activity from yeast culture of pAS2-DREB2B and pAS2-DREB2B-A09 was 

calculated in Miller units represented at y-axis and the error bars denoted the standard deviations 

of three independent experiments. 

Fig. 4: Sub-cellular and tissue level localization of DREB2B and GhDREB2B-A09. (A) GFP-

DREB2B and GFP-GhDREB2B-A09 were transiently expressed in tobacco epidermal cells and 

green fluorescence (GFP) was observed with a confocal microscope. The images were presented 

bright field, fluorescence, and merge of bright field and fluorescence. (B, C) GFP-DREB2B and 

GFP-GhDREB2B-A09 with GFP was transformed in Col and stable expression of green 

fluorescence (GFP) was observed endogenously in the root and radical cells after 24 hours of 

imbibed of transgenic plants at T4 generation. The images were presented bright field, 

fluorescence, and merge of bright field and fluorescence. DAPI, 4,6-diamidino-2-phenylindole. 

(D-Y) DREB2B and GhDREB2B-A09 promoter activity were determined by histochemical GUS 

staining. (D, O) Ten-day-old Seedlings, (E, P) shoot and root, (F, Q) Leaf, (G, R) Shoot and root 

initiation point, (I, S) Root, (H, T) Root tip, (J-L, U-W) anther, (N, X) petals, (M, Y) stigma. (A, 

B) Bars, 50 µm. (C-Y) Bars, 500µm. 

Fig. 5: Seed germination and vigor phenotype of WT, dreb2b mutant, and complementary lines 

(35S:DREB2B/dreb2b), 35S:DREB2B, and 35S:GhDREB2B-A09 lines. (A) Germinating seeds 

microscopic images of WT, dreb2b mutant and complementary line, 35S:DREB2B and 

35S:GhDREB2B-A09 lines were taken at 84, 96 and 168 hours after imbibition followed 

stratification. For each genotype, 80-100 seeds were used. Bars, 500µm. (B) Seed germination 

after different hour intervals were observed and calculated for WT, dreb2b mutant,  
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complementary lines, 35S:DREB2B, and 35S:GhDREB2B-A09 lines from fresh seeds harvested 

2 weeks before the experiment. (C) Seed germination images of WT, dreb2b mutant, and 

complementary lines, 35S:DREB2B and 35S:GhDREB2B-A09 lines treated with or without CDT 

treatment. Images were taken 7 days after imbibition with stereo-microscope. Bars, 500µm. (D, 

E) WT, dreb2b mutant and complementary lines, 35S:DREB2B and 35S:GhDREB2B-A09 lines 

seeds germination ratio treated with 3 days and without CDT was calculated at different time 

points. (B, D, and E) Experiments were performed in three replicates and germination ratio was 

measured from averages of three replicates with about 100 seeds per replicate from independent 

lines of each genotype. Error bars indicate SD based on three biological replicates. Asterisks 

over the bars indicate a significance level among means determined by the student’s T-test (*P� 

0.05, **P� 0.01, ***P� 0.001). 

Fig. 6: Interaction between DREB2B and the member of RCD1 family proteins in cotton and 

Arabidopsis and the expression profiles of RCD1 family genes in cotton and Arabidopsis. (A) 

Bimolecular fluorescence complementation (BiFC) for interactions between RCD1, SRO1 and 

DREB2B. For BiFC assays, Nicotiana benthamiana leaves were co-agro-infiltrated with 

constructs expressing DREB2B fused to the N- and RCD1or SRO1 fused to the C-terminus half 

of YFP. RCD1 showed strong interaction with DREB2B in the cytoplasm while SRO1 in the 

nucleus. Bars, 50µm. (B) BiFC assay for interactions between GhRCD1L and GhDREB2B-A09 

was performed as described before. GhRCD1L-A05, GhRCD1L-D05, GhRCD1L-A08, 

GhRCD1L-A12, and GhRCD1L-D12 showed strong interaction with GhDREB2B-A09 in the 

cytoplasm. The reconstructed YFP fluorescence was recorded 72h post agroinfiltration by 

confocal microscopy. Bars, 50µm. (C, E and F) mRNA level of RCD1, SRO1, and GhRCD1L in 

different developmental tissues of Arabidopsis and cotton. (D, G) mRNA level of RCD1, SRO1, 

and GhRCD1L in imbibed seeds of Arabidopsis and cotton collected at different time intervals. 

(C-G) Error bars represent the standard deviations of three independent experiments. ACTIN2 

and GhHis3 genes were used as an internal control for Arabidopsis and cotton respectively. 

Fig. 7: Phenotypic analysis of seed vigor of WT, dreb2b, rcd1-3, sro1-1 and sro1-2 (A) Seeds 

microscopic images of WT, dreb2b, rcd1-3, sro1-1 and sro1-2 showing germination speed were 

taken at 84, 96 and 168 hours after imbibition followed stratification. For each genotype, 80-100  

seeds were used. Bars, 1mm. (B) Germination ratio after different hour intervals was observed 

and calculated for WT, dreb2b, rcd1-3, sro1-1, and sro1-2 from fresh seeds harvested 2 weeks 
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before the experiment. (C) Images of WT, dreb2b, rcd1-3, sro1-1, and sro1-2 seeds treated with 

or without CDT treatment were taken at 7 days after imbibition with stereo-microscope. For each 

genotype, 80-100 seeds were used. Bars, 1mm. (D, E) WT, dreb2b, rcd1-3, sro1-1 and sro1-2 

seed germination ratio treated with 3 days and without CDT was calculated with different day’s 

interval. (B, D, and E) For each genotype, three replicates with about 100 seeds per replicate 

were used and error bars represented averages ± s.d. of three independent batches of seeds for 

each genotype. Asterisks over the bars indicate a significance level among means determined by 

the student’s T-test (*P� 0.05, **P� 0.01, ***P� 0.001). 

Fig. 8: Model of DREB2B function in seed vigor dependent and independent on ABI3 pathways. 

Previously identified seed vigor regulation pathway illustrated that ABI3 induced the expression 

of downstream transcription factor HsfA9 to improve seed vigor. Comparatively, in our study, 

DREB2B interacts and form a complex with RCD1s, meanwhile it partially induce the 

expression of ABI3 and function synergistically with ABI3 in seed vigor regulation by activating 

some unfamiliar factors and pathways. In this model, ABI3 is involved in two antagonistic 

pathways, one is dependent on HsfA9 positively and another is dependent on an unclear pathway 

negatively, but the correlation and underlying mechanisms between these two pathways are 

blank. Anyway, both ABI3 and DREB2B associated pathways are activated by ABA in seed 

vigor regulation. 
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