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RESEARCH ARTICLE 

Basic LEUCINE ZIPPER TRANSCRIPTION FACTOR67 Transactivates 
DELAY OF GERMINATION1 to Establish Primary Seed Dormancy in 
Arabidopsis

Fiona M. Bryant, David Hughes, Keywan Hassani-Pak, and Peter J. Eastmond* 

Department of Plant Science, Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ, 
UK.
Corresponding Author: peter.eastmond@rothamsted.ac.uk 

Short title: bZIP67 regulates DOG1 expression 

One-sentence summary: Basic LEUCINE ZIPPER TRANSCRIPTION FACTOR67 acts 
downstream of LEAFY COTYLEDON1 to induce DELAY OF GERMINATION1 expression 
during Arabidopsis seed maturation and to establish primary dormancy.

The author responsible for distribution of materials integral to the findings presented in this 
article in accordance with the policy described in the Instructions for Authors 
(www.plantcell.org) is: Peter J. Eastmond (peter.eastmond@rothamsted.ac.uk). 

ABSTRACT 
Seed dormancy governs the timing of germination, one of the most important 
developmental transitions in a plant’s life cycle. The DELAY OF GERMINATION1 (DOG1) 
gene is a key regulator of seed dormancy and a major quantitative trait locus in 
Arabidopsis thaliana. DOG1 expression is under tight developmental and environmental 
regulation, but the transcription factors involved are not known. Here we show that basic 
LEUCINE ZIPPER TRANSCRIPTION FACTOR67 (bZIP67) acts downstream of the 
central regulator of seed development, LEAFY COTYLEDON1, to transactivate DOG1 
during maturation and help to establish primary dormancy. We show that bZIP67 
overexpression enhances dormancy and that bZIP67 protein (but not transcript) 
abundance is increased in seeds matured in cool conditions, providing a mechanism to 
explain how temperature regulates DOG1 expression. We also show that natural allelic 
variation in the DOG1 promoter affects bZIP67-dependent transactivation, providing a 
mechanism to explain ecotypic differences in seed dormancy that are controlled by the 
DOG1 locus. 

INTRODUCTION 1 

Seed dormancy is a complex life history trait that plays an important role in local 2 

adaptation, as well as dispersal (Finch-Savage and Leubner-Metzger 2006). Dormancy 3 

prevents seed germination when immediate environmental conditions are suitable, but the 4 

longer-term probability of survival is low (Finch-Savage and Leubner-Metzger 2006). In the 5 

weedy annual species Arabidopsis thaliana, seed dormancy varies geographically, with 6 

strong dormancy being more prevalent where summers are long and dry, and weak 7 
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dormancy being associated with short wet summers ( Chiang et al., 2011; Kronholm et al., 8 

2012). Alonso-Blanco et al. (2003) mapped several quantitative trait loci (QTL) that control 9 

dormancy using a biparental recombinant inbred (RI) population derived from a cross 10 

between the highly dormant ecotype Cape Verde Islands (Cvi-0) and a less dormant 11 

ecotype Landsberg erecta (Ler-0). The first of these QTL to be cloned was DELAY OF 12 

GERMINATION1 (DOG1) (Alonso-Blanco et al., 2003; Bentsink et al., 2006). DOG1 is 13 

thought to act as a timer for seed dormancy release, since it is modified during after-14 

ripening (Nakabayashi et al., 2012). Its mode of action has been the subject of several 15 

studies and remains to be fully elucidated (Nakabayashi et al., 2012; 2015; Graeber et al., 16 

2014; Dekkers et al., 2016; Huo et al., 2016; Née et al., 2017). DOG1 expression is 17 

regulated by key environmental cues that control dormancy, such as temperature (Chiang 18 

et al., 2011; Kendall et al., 2011; Nakabayashi et al., 2012), and by allelic variation in 19 

DOG1, which appears to explain a substantial proportion of the phenotypic variation in 20 

dormancy observed in wild populations of Arabidopsis (Alonso-Blanco et al., 2003; 21 

Bentsink et al., 2006; Chiang et al., 2011; Kerdaffrec et al., 2016). 22 

 Genetic studies have shown that a network of transcriptional master regulators 23 

orchestrates the seed maturation program, of which the establishment of primary 24 

dormancy is a part (Vicente-Carbajosa and Carbonero 2005; Santos-Mendoza et al., 25 

2008). In Arabidopsis, four transcription factors (TFs) function as positive regulators of this 26 

process: LEAFY COTYLEDON1 (LEC1), ABSCISIC ACID INSENSITIVE3 (ABI3), 27 

FUSCA3 (FUS3) and LEC2 (Giraudat et al., 1992; Meinke 1992; Keith et al., 1994; West et 28 

al., 1994; Lotan et al., 1998; Luerssen et al., 1998; Stone et al., 2001). LEC1 acts at the 29 

highest level in the regulatory hierarchy controlling the maturation phase (West et al., 30 

1994; Santos-Mendoza et al., 2008) and encodes a homologue of the mammalian nuclear 31 

TF YB (NF-YB) subunit of the trimeric CCAAT-box binding complex (CBC) (Lotan et al., 32 

1998; Lee et al., 2003). ABI3, FUS3 and LEC2 (known collectively as AFL) encode TFs 33 

containing a conserved B3 DNA binding domain, which is specific to plants (Giraudat et 34 

al., 1992; Luerssen et al., 1998; Stone et al., 2001). DOG1 is induced during seed 35 

maturation (Bentsink et al., 2006; Nakabayashi et al., 2012), and its expression is known 36 

to rely indirectly on LEC1 (Pelletier et al., 2017) and to require AFL (Braybrook et al., 2006; 37 

Mönke et al., 2012; Wang and Perry 2013; González-Morales et al., 2016). Kendall et al., 38 

(2011) also showed that enhanced DOG1 expression in seeds matured at low temperature 39 

requires C-REPEAT BINDING FACTORS from the APETALA2-domain TF family. DOG1 is 40 

also regulated by alternative splicing, alternative polyadenylation, histone modifications 41 
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and a cis-acting antisense non-coding transcript (asDOG1) (Bentsink et al., 2006; Müller et 42 

al., 2012; Graeber et al., 2014, Cyrek et al., 2016; Fedak et al., 2016). 43 

 Despite previous studies on DOG1 regulation, it is not known precisely which TFs 44 

bind to the DOG1 promoter and are responsible for driving its expression during embryo 45 

maturation, nor is it known how temperature (Chiang et al., 2011; Kendall et al., 2011; 46 

Nakabayashi et al., 2012) and allelic variation in the DOG1 promoter (Bentsink et al., 47 

2006; Kerdaffrec et al., 2016) affect their ability to perform this function. We previously 48 

carried out a reverse genetic screen on TFs that are induced by LEC1 during Arabidopsis 49 

seed maturation and identified basic LEUCINE ZIPPER TRANSCRIPTION FACTOR 67 50 

(bZIP67) as a regulator of several genes involved in seed storage reserve deposition 51 

(Mendes et al., 2013). Here, we show that bZIP67 is also a direct regulator of DOG1 52 

expression, specifying LEC1’s action in the establishment of primary dormancy. We also 53 

show that temperature regulates bZIP67 at the level of protein abundance and that 54 

bZIP67-dependent transactivation of DOG1 is affected by natural variation in the gene 55 

promoter (Bentsink et al., 2006; Kerdaffrec et al., 2016). 56 

 57 

RESULTS 58 

bZIP67 is required for DOG1 expression and protein accumulation 59 

We previously characterized two Arabidopsis mutant alleles of bZIP67 in ecotype Col-0 60 

(Mendes et al., 2013). Affymetrix ATH1 microarray experiments indicated that DOG1 61 

expression may be reduced by as much as 13-fold in whole developing siliques of bzip67-62 

1 (Mendes et al., 2013). To test whether bZIP67 is required for DOG1 expression during 63 

seed development, we performed quantitative (q)RT-PCR analysis of transcript abundance 64 

in wild type (WT), bzip67-1 and bzip67-2 plants grown in standard conditions (i.e. 22oC 65 

16h light/16oC 8h dark cycle) (Nakabayashi et al., 2012; 2015) (Figure 1). DOG1 is 66 

alternatively spliced, producing five transcript variants, of which epsilon is the major form 67 

(Nakabayashi et al., 2015). A noncoding antisense DOG1 RNA (asDOG1) is also 68 

expressed independently of the sense transcripts (Fedak et al., 2016). Using a qRT-PCR 69 

primer pair that detects all sense transcripts, we determined that total DOG1 transcript 70 

abundance in WT increased over the linear cotyledon (LCOT), mature green (MG) and 71 

post mature green (PMG) stages of embryo development (Pelletier et al., 2017) and then 72 

declined in freshly harvested dry seeds (DS) (Nakabayashi et al., 2012; 2015) (Figure 1A). 73 

However, in bzip67-1 and bzip67-2 seeds, total DOG1 transcript abundance was 74 

significantly (P<0.05) lower, with the largest reduction (>10-fold) detected at the MG and 75 
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PMG stages, when expression in WT is strongest (Figure 1A). We also performed 76 

immunoblot analysis to quantify DOG1 in DS (Figure 1B), when the protein is most 77 

abundant (Nakabayashi et al., 2012). The antibody was raised against an N-terminal 78 

peptide (Cyrek et al., 2016) that is conserved in all Col-0 DOG1 isoforms (Nakabayashi et 79 

al., 2015). Although we could detect DOG1 protein in WT, it was >7-fold less abundant in 80 

bzip67-1 and bzip67-2 (Figure 1B). DOG1 was also absent from the dog1-2 (Nakabayashi 81 

et al., 2012) negative control and was recovered to a WT level in the bzip67-1 mutant 82 

when complemented with a T-DNA construct expressing GFP-bZIP67 under the control of 83 

the bZIP67 promoter (Bensmihen et al., 2005; Mendes et al., 2013) (Figure 1B). These 84 

data show that bZIP67 is required for DOG1 expression and protein accumulation in 85 

Arabidopsis seeds. 86 

 87 

bZIP67 is required for the establishment of primary seed dormancy 88 

To investigate whether disruption of bZIP67 affects primary seed dormancy, we grew WT, 89 

bzip67-1 and bzip67-2 plants in standard conditions and scored the percentage of seeds 90 

that had germinated at 3 d after imbibition (Nakabayashi et al., 2012; 2015) (Figure 2). 91 

Freshly harvested WT seed batches exhibited <20% germination, and an after-ripening 92 

period of >1 week was required before >90% germination was achieved (Nakabayashi et 93 

al., 2012; 2015) (Figure 2A). By contrast, >90% of fresh bzip67-1 and bzip67-2 seeds 94 

germinated before after-ripening (Figure 2A). Seed batches from the ‘complemented’ 95 

bzip67-1 mutant containing a T-DNA construct expressing GFP-bZIP67 under the control 96 

of the bZIP67 promoter (Bensmihen et al., 2005; Mendes et al., 2013) exhibit a WT 97 

dormancy phenotype (Figure 2A). We also grew the Col-0 dog1-2 mutant (Nakabayashi et 98 

al., 2012) and a bzip67-1 dog1-2 double mutant as controls and confirmed that they have 99 

a similar reduced dormancy phenotype to bzip67-1 (Supplemental Figure 1). These data 100 

show that bZIP67 is required for the establishment of primary seed dormancy and raise 101 

the possibility that bZIP67 functions within the same pathway as DOG1. 102 

 103 

Overexpression of bZIP67 enhances seed dormancy 104 

To determine whether overexpression of bZIP67 might cause a gain-of-function 105 

phenotype, we analysed three independent overexpression (OE) lines in which bZIP67 is 106 

under the control of the strong embryo maturation-specific glycinin (GLY) promoter 107 

(Mendes et al., 2013) (Figure 2B). Disruption of bZIP67 reduced DOG1 expression in 108 

freshly harvested seeds (Figure 1A). By contrast, total DOG1 transcript abundance was 109 
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significantly (P<0.05) enhanced in freshly harvested seeds of the OE lines grown in 110 

standard conditions, as compared to WT (Figure 2B). The freshly harvested OE seeds 111 

also exhibited deeper dormancy, requiring a longer period of after-ripening than WT to 112 

achieve >90% germination (Figure 2C). However, when bZIP67 was overexpressed in the 113 

dog1-2 background, the enhanced seed dormancy was suppressed (Supplemental Figure 114 

1). These data suggest that bZIP67 may contribute to the regulation of seed dormancy 115 

through the control of DOG1 expression. 116 

 117 

bZIP67 protein abundance is increased in seeds matured in cool conditions  118 

When Arabidopsis seeds mature in cool conditions, DOG1 transcript levels remain high 119 

right through to the end of seed desiccation (Kendall et al., 2011), contributing to a deeper 120 

state of dormancy (Chiang et al., 2011; Kendall et al., 2011; Nakabayashi et al., 2012; 121 

Murphey et al., 2015). To investigate whether bZIP67 function also affects dormancy in 122 

seeds matured in cool conditions, we grew plants to flowering in standard (22oC 16h light / 123 

16oC 8h) conditions and then transferred them to cool (16oC 16h light / 14oC 8h dark) 124 

conditions (Nakabayashi et al., 2012) (Figure 3). In ecotype Col-0, dog1 seeds are 125 

dormant when matured in cool conditions, but the level of dormancy is reduced relative to 126 

WT (Kendall et al., 2011; Murphey et al., 2015). We observed a similar reduced dormancy 127 

phenotype for bzip67, where significantly (P<0.05) fewer days of seed dry storage (DSDS) 128 

than WT were required before >50% of bzip67 seeds germinated (Murphey et al., 2015) 129 

(Figure 3A). Seed batches of bzip67-1 ProbZIP67:GFP-bZIP67 (Mendes et al., 2013) 130 

exhibited WT dormancy levels when matured in cool conditions (Figure 3A). We measured 131 

total transcript abundance in the mature seeds of this complemented line and found that, 132 

unlike DOG1 (Kendall et al., 2011; Nakabayashi et al., 2012), there was no significant 133 

increase (P>0.05) in bZIP67 expression in cooler conditions (Figure 3B). However, 134 

immunoblot analysis performed using an anti-GFP antibody showed that GFP-bZIP67 135 

protein quantity was increased approximately 2-fold in cooler conditions (Figure 3C). 136 

These data suggest that bZIP67 is subject to posttranscriptional regulation by 137 

temperature; increased bZIP67 abundance could explain why DOG1 expression is 138 

enhanced in seeds matured in cool conditions (Chiang et al., 2011; Kendall et al., 2011; 139 

Nakabayashi et al., 2012). 140 

 141 

Ectopic expression of LEC1 induces bZIP67 and DOG1 expression 142 
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Ectopic expression of LEC1 in Arabidopsis triggers somatic embryogenesis and activates 143 

the transcriptional program for embryo maturation (Lotan et al., 1998; Pelletier et al., 144 

2017). When LEC1 is expressed, it binds to and activates bZIP67, and lec1 embryos are 145 

also deficient in both bZIP67 and DOG1 expression (Pelletier et al., 2017). To test whether 146 

LEC1 also induces DOG1 expression, we transfected Arabidopsis mesophyll protoplasts 147 

with a LEC1 effector plasmid driven by the CaMV 35S promoter or with an empty vector 148 

control (EVC) (Yamamoto et al., 2009; Mendes et al., 2013) and measured both bZIP67 149 

and total DOG1 transcript abundance over 5 d (Figure 4). LEC1 expression led to a 150 

significant (P<0.05) increase in bZIP67 transcript abundance by 2 d after transfection, and 151 

by 5 d, bZIP67 expression was >80-fold higher than in the EVC (Figure 4A). A significant 152 

(P<0.05) increase in DOG1 expression was also detected following transfection with the 153 

LEC1 effector plasmid, but it occurred ~1 d later than bZIP67, and by 5 d, DOG1 154 

expression was >25-fold higher than in the EVC (Figure 4A). These data show that DOG1 155 

is induced by LEC1 expression and that this occurs after the induction of bZIP67. 156 

 157 

bZIP67 binds to the DOG1 promoter 158 

To determine whether bZIP67 binds to the DOG1 promoter, we performed chromatin 159 

immunoprecipitation (ChIP)-qPCR experiments on protoplasts from bzip67-1 160 

ProbZIP67:GFP-bZIP67 and WT plants transfected with Pro35S:LEC1 (Mendes et al., 161 

2013). We carried out qPCR using primer pairs corresponding to six regions of DOG1 162 

(Figure 4B) and also to ACTIN7 (ACT7) as a negative control. Amplicons P2, P3 and P4, 163 

spanning 0 to 1 kb upstream of the DOG1 transcriptional start site (TSS), were significantly 164 

(P<0.05) enriched in bzip67-1 ProbZIP67:GFP-bZIP67 compared to either the ACT7 or 165 

WT controls, and enrichment was strongest at P3 (-400 bp), suggesting that bZIP67 binds 166 

to this region of the DOG1 promoter (Figure 4C). No enrichment was observed using P3 167 

when protoplasts were transfected with an empty vector control (EVC) rather than 168 

Pro35S:LEC1 (Figure 4C). To confirm that bZIP67 binds to the DOG1 promoter in vivo, we 169 

also performed ChIP-qPCR experiments on developing (MG-PMG stage) seeds of bzip67-170 

1 ProbZIP67:GFP-bZIP67 plants (Mönke et al., 2012; Pelletier et al., 2017) and detected a 171 

significant (P<0.05) enrichment using P3 (Supplemental Figure 2). 172 

We have previously shown that bZIP67 can bind to G box-like (GBL) cis-elements 173 

with the core sequence 5′-ACGT-3′ (Mendes et al., 2013). The DOG1 promoter contains 174 

multiple GBL elements (Nakabayashi et al., 2012), but only GBL1 and GBL2 (both 5’-175 

CACGTA-3’) are present in the -400 bp region (Figure 4B and Supplemental Figure 3). To 176 
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test whether bZIP67 can bind to GBL1 and GBL2, we performed a DNA-protein-interaction 177 

enzyme-linked immunosorbent assay (DPI-ELISA) (Brand et al., 2010) (Figure 4D). 178 

Epitope-tagged recombinant bZIP67 was incubated with immobilized double-stranded 179 

DNA oligonucleotides and binding was determined by immuno-detection (Mendes et al., 180 

2013). When bZIP67 was applied to oligonucleotides containing GBL1 and GBL2, the 181 

ELISA signal was >30-fold stronger than when an equal concentration of the 182 

corresponding GBL oligonucleotides with mutated (KO) 5′-ACGT-3′ cores (Mendes et al., 183 

2013) were tested (Figure 4D). In competition experiments to define specificity, the 184 

addition of free GBL oligonucleotides also significantly reduced the ELISA signal from 185 

bound GBLs (P<0.05), while the addition of free GBL KO oligonucleotides did not 186 

(Supplemental Figure 4). A combination of in vivo and in vitro experiments therefore 187 

suggests that bZIP67 binds to the DOG1 promoter. 188 

 189 

Transactivation of DOG1 by bZIP67 requires LEC1 expression 190 

Next, we tested whether bZIP67 expression is sufficient to transactivate DOG1 alone, or 191 

whether it requires LEC1 and/or other regulatory factors induced by LEC1 (Pelletier et al., 192 

2017) (Figure 5). We cloned a ~600 bp region of the Col-0 DOG1 promoter containing 193 

GBL1 and GBL2 (Figure 5A) upstream of β-glucuronidase (GUS) and transfected the 194 

construct into bzip67-1 protoplasts in combination with Pro35S:bZIP67, Pro35S:LEC1 or 195 

empty vector control (EVC) effector plasmids (Yamamoto et al., 2009; Mendes et al., 196 

2013). Protoplasts from bzip67-1 were used to prevent induction by endogenous bZIP67 197 

(Kagaya et al., 2005; Mu et al., 2008) (Figure 4A). Co-transfection of ProDOG1:GUS with 198 

EVC resulted in minimal GUS reporter activity (Figure 5B), which is consistent with the 199 

finding that DOG1 expression is restricted to seeds (Bentsink et al., 2006; Nakabayashi et 200 

al., 2012). Co-transfection with Pro35S:bZIP67 did not enhance GUS activity significantly 201 

(P>0.05). Co-transfection with Pro35S:LEC1 led to a <2-fold increase in GUS activity 202 

(Figure 5B). However, when Pro35S:bZIP67 was co-transfected together with 203 

Pro35S:LEC1, the level of GUS activity was enhanced by >18-fold (Figure 5B). These data 204 

suggest that bZIP67 is required for DOG1 expression, but is not sufficient, and that 205 

transactivation also relies on the expression of LEC1 (Pelletier et al., 2017). LEC1 induces 206 

the expression of several regulators of embryo maturation that may participate in DOG1 207 

induction, including CBC components LEC1-like (L1L) (Kwong et al., 2003) and NF-YC2 208 

(Yamamoto et al., 2009) and AFL (Mu et al., 2008; Pelletier et al., 2017). There is also 209 

evidence that bZIPs form ternary complexes with AFL and CBC to regulate transcription 210 
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during Arabidopsis seed maturation (Nakamura et al., 2001; Yamamoto et al., 2009; 211 

Mendes et al., 2013; Baud et al., 2016). 212 

 213 

Transactivation of DOG1 by bZIP67 requires GBL and RYL promoter elements 214 

To determine whether transactivation of DOG1 requires the GBL1 and GBL2 cis-elements 215 

in the promoter, we mutated the 5’-ACGT-3’ core sequences in the ProDOG1:GUS 216 

construct (Mendes et al., 2013) and tested its ability to drive GUS expression in bzip67-1 217 

protoplasts when co-transfected together with Pro35S:bZIP67 and Pro35S:LEC1. 218 

Disruption of GBL1 and GBL2 each reduced GUS reporter activity by >70%, and 219 

mutations in both blocked transactivation of GUS completely (Figure 5C). ChIP 220 

experiments have suggested that LEC1 does not bind DOG1 (Pelletier et al., 2017) and 221 

that CCAAT-box motifs that may be bound directly by CBC containing LEC1 or L1L 222 

(Gnesutta et al., 2017) are absent from the -600 bp DOG1 promoter. However, an 223 

overlapping RY-like (RYL) element (5′-GCATGC-3′) repeat exists between GBL1 and 224 

GBL2 (Figure 4A and Supplemental Figure 3). This putative cis-element could be bound 225 

by AFL (Braybrook et al., 2006; Baud et al., 2016). AFL are induced by LEC1 (Pelletier et 226 

al., 2017) and are required for DOG1 expression (Braybrook et al., 2006; Mönke et al., 227 

2012; Wang and Perry 2013; González-Morales et al., 2016; Pelletier et al., 2017). 228 

Furthermore, ChIP experiments suggested that AFL FUS3 binds to DOG1 in vivo (Wang 229 

and Perry 2013). Mutating the core sequence of the repeated RYL cis-element (Baud et 230 

al., 2016) eliminated GUS reporter activity driven by Pro35S:bZIP67 and Pro35S:LEC1 231 

(Figure 5C). These data suggest that bZIP67-dependent transactivation of DOG1, induced 232 

by LEC1, relies on GBL and RYL cis-elements. 233 

 234 

Natural variation in the DOG1 promoter affects bZIP67-dependent transactivation 235 

DOG1 was originally cloned by QTL mapping by exploiting the natural variation in 236 

dormancy observed between ecotypes Cvi-0 and Ler-0, and expression analysis revealed 237 

a positive correlation between DOG1 transcript abundance and dormancy in these (and 238 

many other) Arabidopsis accessions (Bentsink et al., 2006; Chiang et al., 2011; Kerdaffrec 239 

et al., 2016). Although allelic variation at the DOG1 locus explains a substantial proportion 240 

of phenotypic variation in seed dormancy, it is not known how cis-variation affects DOG1 241 

expression (Bentsink et al., 2006; Chiang et al., 2011; Kerdaffrec et al., 2016). We 242 

therefore created ProDOG1:GUS constructs using -600 bp promoter regions from Cvi-0 243 

and Ler-0 and tested their ability to drive GUS reporter expression when co-transfected 244 
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together with Pro35S:bZIP67 and Pro35S:LEC1 in bzip67-1 protoplasts (Figure 6). GUS 245 

reporter activity driven by the Ler-0 promoter (Figure 6A) was >5-fold lower than when 246 

driven by that of Cvi-0 or Col-0 (Figure 6B). The intergenic region upstream of DOG1 in 247 

Ler-0 and Cvi-0 contains 15 sequence variants, including three within the -600 bp 248 

promoter region (Bentsink et al., 2006). None of these variants lie in GBL1, GBL2 or RYL, 249 

but a 285 bp insertion/deletion (INDEL) is present at -328 bp, situated between these cis-250 

elements and the TSS (Figure 6A and Supplemental Figure 3). 251 

Deletion of this 285 bp insertion from the Ler-0 DOG1 promoter led to a >5-fold 252 

increase in GUS reporter activity, and conversely, its insertion into either the Cvi-0 or Col-0 253 

DOG1 promoters led to a >5-fold decrease in GUS reporter activity (Figure 6B). These 254 

data suggest that the INDEL may be responsible for the allele-specific difference in DOG1 255 

transcript abundance observed between Ler-0 and Cvi-0 (Bentsink et al., 2006). It is not 256 

clear precisely how the INDEL affects DOG1 expression. It might act by introducing 257 

repressive cis-elements into the promoter or by changing its length/context, i.e., the 258 

distance between existing cis-elements and the core promoter region most proximal to the 259 

TSS (Liu et al., 2014). To help distinguish between these possibilities, we replaced the 260 

Ler-0 insertion with an unrelated 285 bp intergenic sequence from Arabidopsis and found 261 

that this also suppressed bZIP67-dependent GUS reporter activity (Figure 6B). This result 262 

suggests that the INDEL could simply acts as a spacer (Liu et al., 2014). Although we 263 

cannot discount the possibility that cis-elements might also exist in the insertion, they do 264 

not appear to be required to attenuate DOG1 expression. 265 

 266 

Natural variation in the DOG1 promoter and GBL elements affect dormancy 267 

To test whether the INDEL and GBLs affect DOG1 function in vivo, we transformed the 268 

non-dormant dog1-2 mutant with a ~5 kb genomic construct containing Col-0 DOG1 269 

(Nakabayashi et al., 2015) and also with variants of this construct containing either the 285 270 

bp Ler-0 insertion or mutations in GBL1 and GBL2 (Figure 7). Analysis of freshly harvested 271 

seed batches from multiple homozygous transgenic lines grown in standard conditions 272 

showed that the Col-0 DOG1 genomic clone could complement dog1-2 (Nakabayashi et 273 

al., 2015), whereas the variant clones with either the 285 bp Ler-0 insertion or GBL1 and 274 

GBL2 mutations failed to restore WT levels of seed dormancy (Figure 7A). We also 275 

measured DOG1 expression in freshly harvested seeds of the transgenic lines using a 276 

qRT-PCR primer pair selective for the WT allele (Nakabayashi et al., 2012). Total DOG1 277 

transcript abundance in dog1-2 seeds containing the Col-0 DOG1 genomic construct was 278 
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>6-fold higher than in seeds containing the variant clones with either the 285 bp Ler-0 279 

insertion or GBL1 and GBL2 mutations (Figure 7B). These data confirm the notion that 280 

GBL1 and GBL2 are necessary for in vivo DOG1 expression, and they indicate that the 281 

285 bp INDEL also modifies DOG1 expression, and consequently, the strength of primary 282 

dormancy (Bentsink et al., 2006; Nakabayashi et al., 2012). 283 

 284 

DISCUSSION 285 

In this study, we showed that the bZIP67 TF induces DOG1 expression during Arabidopsis 286 

seed development by binding to GBL cis-elements in the promoter of this gene and that it 287 

operates downstream of LEC1 and likely in concert with other central regulators of seed 288 

maturation from the CBC and AFL TF families (Figure 8). Models based on temporal and 289 

spatial transcriptional profiling have previously placed bZIP67 within the regulatory circuitry 290 

that governs seed maturation (Belmonte et al., 2013). bZIP67 expression relies on LEC1 291 

and AFL (Kagaya et al., 2005; Braybrook et al., 2006; Mu et al., 2008; Mönke et al., 2012; 292 

Wang and Perry 2013; González-Morales et al., 2016; Pelletier et al., 2017), and there is 293 

evidence that CBC and AFL form ternary complexes with bZIPs to transactivate seed 294 

maturation genes (Nakamura et al., 2001; Yamamoto et al., 2009; Baud et al., 2016). It 295 

remains to be determined whether CBC or AFL are direct regulators of DOG1 expression. 296 

Whole-genome ChIP experiments suggested that FUS3 binds to DOG1 (Wang and Perry 297 

2013), while Pelletier et al., (2017) and Mönke et al., (2012) did not detect DOG1 binding 298 

by LEC1 and ABI3, respectively. Unlike mutants in many of these central regulators of 299 

seed maturation, bzip67 lacks a morphological phenotype (Bensmihen et al., 2005; 300 

Belmonte et al., 2013). However, we previously found that DOG1 is one of just a few seed 301 

maturation-associated genes that are strongly downregulated in developing bzip67 302 

siliques (Mendes et al., 2013), and we have shown here that, because bZIP67 is required 303 

for DOG1 expression in developing seeds, it is also required for the establishment of 304 

primary seed dormancy. It is noteworthy that bZIP67 maps adjacent to two dormancy 305 

genes (DOG6 and REDUCED DORMANCY1) whose identities are unclear, although they 306 

are unlikely to be synonymous, based on their contrasting phenotypes (Léon-Kloosterziel 307 

et al., 1996; Peeters et al., 2002; Alonso-Blanco et al., 2003). 308 

 Temperature is a key environmental regulator of DOG1 expression and seed 309 

dormancy in Arabidopsis (Chiang et al., 2011; Kendall et al., 2011; Nakabayashi et al., 310 

2012). We demonstrated that cool conditions during seed maturation enhance bZIP67 311 

protein (but not transcript) abundance and that overexpression of bZIP67 can increase 312 
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DOG1 expression and cause dormancy to deepen. bZIP67 is one of four bZIPs from clade 313 

A, which are expressed in Arabidopsis seeds (Bensmihen et al., 2005). The best-314 

characterised of these bZIPs is ABSCISIC ACID INSENSITIVE5 (ABI5), which is also 315 

bZIP67’s closest homologue (Bensmihen et al., 2005). ABI5 functions in ABA signalling 316 

and regulates seed germination and early seedling growth in response to abiotic stress 317 

(Finkelstein et al., 2000; Lopez-Molina et al., 2001; Skubacz et al., 2016). ABI5 is 318 

expressed later in seed development than bZIP67 (Bensmihen et al., 2002; 2005) and 319 

does not appear to be required for primary dormancy (Finkelstein 1994), although it is 320 

regulated by DOG1 (Dekkers et al., 2016). Interestingly, ABI5 is subject to extensive 321 

posttranslational regulation (Skubacz et al., 2016), and key phosphorylation, ubiquitination, 322 

and s-nitrosylation sites identified in ABI5 are also within regions conserved in bZIP67 323 

(Supplemental Figure 5). Group A bZIPs are also thought to form heterodimers 324 

(Deppmann et al., 2004). They can bind to similar (or identical) GBL cis-elements 325 

(Finkelstein 1994; Carles et al., 2002; Deppmann et al., 2004) and have negative, as well 326 

as positive, regulatory functions (Finkelstein 1994; Finkelstein and Lynch 2000). Further 327 

work will therefore be required to determine precisely how bZIP67 is regulated by factors 328 

such as temperature (Figure 8) and whether additional clade A bZIPs are also involved in 329 

DOG1 expression. 330 

 DOG1 also plays important roles in secondary dormancy and dormancy cycling 331 

(Finch-Savage et al., 2007; Footitt et al., 2011; Finch-Savage and Footitt 2017). DOG1 332 

expression is enhanced in secondary dormant Cvi-0 seed (Cadman et al., 2006; Finch-333 

Savage et al., 2007). DOG1 expression correlates with other dormancy marker genes over 334 

the course of an annual cycle in the seed soil bank (Footitt et al., 2011), and the principal 335 

QTL for timing of emergence from the soil in a Cvi-0/Burren (Bur-0) RI mapping population 336 

also co-locates with DOG1 (Finch-Savage and Footitt 2017). However, bZIP67 does not 337 

appear to be expressed in secondary dormant Cvi-0 seed, based on published microarray 338 

data (Cadman et al., 2006; Finch-Savage et al., 2007). Therefore, it is possible that 339 

bZIP67’s role in transactivating DOG1 is restricted to seed maturation and that other TFs 340 

may control DOG1 (and asDOG1) expression post-imbibition and through dormancy 341 

cycles in the seed soil bank (Finch-Savage and Footitt 2017). 342 

 Functional allelic variation in DOG1 is believed to be widespread and to have 343 

considerable adaptive significance (Alonso-Blanco et al., 2003; Bentsink et al., 2006; 344 

Bentsink L, et al., 2010; Chiang et al., 2011; Kerdaffrec et al., 2016). Nakabayashi et al., 345 

(2015) previously identified a non-synonymous substitution in DOG1 that affects protein 346 
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function, but DOG1 expression also differs greatly between Arabidopsis accessions 347 

(Bentsink et al., 2006; Chiang et al., 2011). Cis-regulation of gene expression is common 348 

in Arabidopsis (Keurentjes et al., 2007), and Gan et al., (2011) previously reported that 349 

potential cis-acting sequence variants, associated with ecotypic differences in gene 350 

expression, are concentrated in the promoter regions, which are also hotspots for meiotic 351 

recombination (Choi et al., 2015). Here we showed that variation in promoter length, 352 

caused by a 285 bp INDEL, affects bZIP67-dependent transactivation of DOG1 (Figure 8), 353 

providing a molecular mechanism to explain how the DOG1 QTL contributes to the 354 

phenotypic difference in seed dormancy observed between ecotypes Cvi-0 and Ler-0 355 

(Alonso-Blanco et al., 2003; Bentsink et al., 2006). Transcriptional activation is known to 356 

be modulated by promoter context, as well as response element-dependent specificity 357 

(Nagpal et al., 1992; Sanguedolce et al., 1997). Liu et al. (2014) previously showed that 358 

natural variation in FLOWERING LOCUS T (FT) promoter length, resulting from INDELs, 359 

is widespread in Arabidopsis and modulates the photoperiodic response of the floral 360 

transition. 361 

 The 285 bp insertion in the Ler-0 DOG1 promoter that confers low expression 362 

appears to be a duplication of an intergenic region from Chromosome 3, corresponding to 363 

9,981,927 to 9,982,211 bp in Col-0. It is noteworthy that Ler-0 carries the erecta mutation, 364 

which is a product of x-ray mutagenesis (Zapata et al., 2016). This raises the following 365 

question: is the 285 bp INDEL a natural polymorphism? The insertion is present in the 366 

chromosome-level assembly of the Ler-0 genome (Zapata et al., 2016), but it is not listed 367 

in Polymorph 1001 (http://tools.1001genomes.org/polymorph), which contains variants 368 

from de novo assembly of short-read sequencing of 1135 Arabidopsis accessions (The 369 

1001 Genomes Consortium 2016). When we mapped the short-read data for 1135 370 

accessions (The 1001 Genomes Consortium 2016) to Ler-0 DOG1, we found that the 285 371 

bp insertion is also present in two accessions that are phylogenetically distinct from Ler-0. 372 

These accessions are Landsberg-0 (La-0) and Kazakhstan-13 (Kz-13). The 285 bp 373 

insertion is therefore a natural polymorphism, but it appears to be rare. However, DOG1 374 

expression is also known to vary amongst ecotypes that lack the 285 bp insertion 375 

(Bentsink et al., 2006), and other cis-acting polymorphisms in non-coding regions of the 376 

gene are most likely to be causal in these instances (Bentsink et al., 2006; Kerdaffrec et 377 

al., 2016). Further work will be required to identify the mode of action of these 378 

polymorphisms, but it is likely that many also affect the efficiency of bZIP67-dependent 379 

transactivation. 380 
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 381 

METHODS 382 

Plant material and growth conditions 383 

The Arabidopsis thaliana bzip67 T-DNA insertion mutants (Mendes et al., 2013) were 384 

originally identified on the SIGnAL T-DNA Express web page (http://signal.salk.edu/cgi-385 

bin/tdnaexpress) and seeds were obtained from the European Arabidopsis Stock Centre 386 

(University of Nottingham, UK). The dog1-2 mutant and ProbZIP67:GFP-bZIP67 reporter 387 

line used in this study have been described previously (Bensmihen et al., 2005; 388 

Nakabayashi et al., 2012). For plant growth, seeds were sown on moist Levington F2 389 

compost in 7 cm2 pots. The pots were stored in the dark at 4oC for 4 d before being 390 

transferred to a Gallenkamp 228 growth cabinet with T5 49 watt fluorescent tubes set to a 391 

‘standard’ 22oC 16h light (PPFD = 150 µmol m-2 s-1) / 16oC 8 h dark regime (Nakabayashi 392 

et al., 2012) and 70% relative humidity. In some experiments, plants were then transferred 393 

at the onset of flowering to a ‘cool’ 16oC 16h light (PPFD = 150 µmol m-2 s-1) / 14oC 8 h 394 

dark regime (Nakabayashi et al., 2012). During seed set, plants were monitored every day 395 

and seeds were harvested from individual siliques on the primary raceme, as soon as they 396 

became dehiscent. The seeds were used immediately for germination assays or were 397 

after-ripened by dry storage at 22oC in the dark at 70% relative humidity. 398 

 399 

Germination assays 400 

Approximately 50 freshly harvested or after ripened seeds from each individual plant were 401 

sown directly onto a 0.8% (w/v) agar plate prepared using deionized water and the plate 402 

was placed in a Gallenkamp 228 growth cabinet set to 22oC, 70% relative humidity (16h 403 

light/8h dark; PPFD = 150 µmol m-2 s-1). After-ripened WT and mutant seed batches 404 

exhibited >90% germination after 3 d of imbibition, and so this time point was used 405 

routinely for germination assays (Nakabayashi et al., 2012; 2015). Germination was 406 

scored as radicle emergence and was observed under a dissecting stereomicroscope. To 407 

determine DSDS50 (the number of days of seed dry storage required before seeds 408 

germinated at >50%), we carried out germination assays on seed batches every 7 days, 409 

until >90% germination was achieved (Murphey et al., 2015). 410 

 411 

Gene expression analysis and immunoblotting 412 

DNase-treated total RNA was isolated from seeds at different morphological stages of 413 

development (Pelletier et al., 2017) and from protoplasts using the RNeasy kit from Qiagen 414 
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Ltd. (Crawley, West Sussex, UK), except that for seeds, the method was modified 415 

(Mendes et al., 2013). The synthesis of single-stranded cDNA was carried out using 416 

SuperScriptTM II RNase H- reverse transcriptase from Invitrogen Ltd. (Paisley, UK). 417 

Quantitative (q)-PCR was performed as described previously (Mendes et al., 2013), except 418 

that DOG1 or bZIP67 expression levels were normalized to the geometric mean of three 419 

reference genes. The reference genes (UBQ5, EF-1α and ACT8) were selected owing to 420 

their stable expression over the course of seed development (Gutierrez et al., 2008) and at 421 

different temperatures (Chiang et al., 2011; Nakabayashi et al., 2012). The primer pairs 422 

used for qPCR are listed in Supplemental Table 1. For analysis of DOG1 protein, seeds 423 

were homogenized in 50 mM Tris-HCl buffer (pH 6.8) and the total protein was denatured 424 

and concentrated using chloroform/methanol precipitation (Wessel and Flügge 1984). 425 

Protein quantification, SDS-PAGE, and immunoblotting were then performed as described 426 

previously (Craddock et al., 2015), except that anti-DOG1 (AS15 3032, Agrisera AB), anti-427 

3-ketoacyl-CoA thiolase (KAT2) (Germain et al., 2001) or anti-GFP antibodies (Roche) and 428 

anti-IgG-HRP (Invitrogen) were used as primary and secondary antibodies at 1 in 1000 429 

and 1 in 10,000 dilutions, respectively, and HRP was detected using either an Enhanced 430 

Chemiluminescence kit (Perkin-Elmer) or colorimetric kit (Bio-Rad). Images were scanned, 431 

and band intensity was quantified using Image J (https://imagej.nih.gov/ij/). 432 

 433 

Transient expression in Arabidopsis protoplasts 434 

The -600 bp promoter region of DOG1 was amplified from Col-0, Cvi-0 and Ler-0 genomic 435 

DNA using primer pairs listed in Supplemental Table 1. The products were cloned into the 436 

entry vector pENTR/D-TOPO and then transferred to the destination vector pBGWFS7 437 

(Karimi et al., 2002) using the Gateway LR Clonase enzyme mix from Invitrogen Ltd., 438 

following the manufacturer’s instructions. Additional versions of the DOG1 promoter 439 

containing GBL (5′-ACGT-3′ to 5′-AAGG-3′) and RYL (5′-CATG-3′ to 5′-CAAC-3′) cis-440 

element mutations (Figure 6A; Mendes et al., 2013) and INDELs (Figure 7A) were created 441 

by gene synthesis and cloned into pBGWFS7 using the same procedure. Arabidopsis 442 

mesophyll protoplasts were prepared from the leaves of WT, bzip67-1 ProbZIP67:GFP-443 

bZIP67 and bzip67-1 plants and transfected with effector plasmids as described previously 444 

(Yamamoto et al., 2009; Mendes et al., 2013). After PEG-calcium transfection with plasmid 445 

DNA carrying reporter gene constructs (ProDOG1:GUS and Pro35S:LUC) and/or 446 

combinations of effector plasmids (Pro35S:bZIP67 and Pro35S:LEC1), the cells were 447 

cultured for up to 5 d (Kim and Somers 2010) before performing qPCR analysis of 448 
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transcript abundance or luciferase (LUC) and β-glucuronidase (GUS) activity assays using 449 

methods described previously (Yamamoto et al., 2009; Mendes et al., 2013). 450 

 451 

Chromatin Immunoprecipitation and protein-DNA binding assays 452 

Chromatin immunoprecipitation (ChIP) assays were performed using leaf mesophyll 453 

protoplasts (Mendes et al., 2013) and developing seeds (Mönke et al., 2012) from bzip67-454 

1 ProbZIP67:GFP-bZIP67 and WT plants. Protoplasts were transfected with a 455 

Pro35S:LEC1 effector plasmid or an empty vector control (EVC) as described previously 456 

(Yamamoto et al., 2009; Kim and Somers 2010; Mendes et al., 2013). After 5 d, the 457 

protoplasts were harvested, and ChIP-qPCR assays were carried out following the 458 

procedures described previously (Mendes et al., 2013). Chromatin isolation from MG-PMG 459 

stage seeds (Pelletier et al., 2017) was performed by following the method described by 460 

Junker et al., (2012) and as adapted by Mönke et al., (2012). After chromatin was isolated, 461 

it was extensively sheared by sonication to obtain fragment sizes between 300-400 bp. 462 

Rat anti-GFP monoclonal antibodies (Roche) and Dynabeads Protein G magnetic beads 463 

(Invitrogen) were used to immunoprecipitate the genomic fragments. qPCR was performed 464 

on the immunoprecipitated DNA from bzip67-1 ProbZIP67:GFP-bZIP67 and WT plant 465 

material as described previously (Mendes et al., 2013) using primer sets corresponding to 466 

six regions of the DOG1 gene and to ACT7 as a control (Supplemental Table 1) and were 467 

corrected for their individual PCR amplification efficiencies (Mendes et al., 2013). Protein-468 

DNA binding assays were performed using the DPI-ELISA method (Brand et al., 2010) as 469 

described previously (Mendes et al., 2013). Biotinylated complementary oligonucleotides 470 

for GBL1 and GBL2 cis-elements in the DOG1 promoter are listed in Supplemental Table 471 

1. 472 

 473 

Complementation of dog1 474 

A ~5kb region of Col-0 DOG1, including ~2.2 kb upstream and ~1 kb downstream of the 475 

coding region, was amplified by PCR (Nakabayashi et al., 2015) and cloned into the entry 476 

vector pENTR/D-TOPO and then transferred to destination vector pEarlyGate 301 (Earley 477 

et al., 2006). Versions of Col-0 DOG1 containing the 285 bp Ler-0 insertion or GBL1 and 478 

GBL2 mutations were also created by overlap extension PCR (Heckman and Pease 479 

2007), using the Ler-0 or mutated Col-0 DOG1 promoter and Col-0 DOG1 genomic 480 

constructs as templates. Heat shock was used to transform the plasmids into 481 

Agrobacterium tumefaciens strain GV3101, and Arabidopsis transformation was then 482 
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carried out using the floral-dip method (Clough and Bent 1998). Herbicide resistance was 483 

used to select more than 40 T1 primary transgenic lines per construct, and multiple 484 

homozygous T3 lines were subsequently recovered and analyzed. 485 

 486 

Statistical analysis 487 

All experiments were carried out using either three or five biological replicates, and the 488 

data are presented as the mean values ±SE. We used analysis of variance (ANOVA) to 489 

assess differences between genotypes or treatments (Supplemental Table 2). Following 490 

significant (P<0.05) F-test results, means were compared using the appropriate least 491 

significant difference (LSD) value at the 5% (P=0.05) level of significance, on the 492 

corresponding degrees of freedom. The GenStat (©VSN International Ltd., Hemel 493 

Hempstead, UK) statistical system was used for these analyses. 494 

 495 

Accession numbers 496 

The TAIR accession numbers for the sequences of major genes mentioned in this study 497 

are as follows: bZIP67 (At3g44460), DOG1 (At5g45830), LEC1 (At1g21970), ABI3 498 

(At3g24650), FUS3 (At3g26790), LEC2 (At1g28300), L1L (At5g47670), NF-YC2 499 

(At1g56170), ABI5 (At2g36270) and FT (At1g65480). 500 

 501 

Supplemental data 502 

Supplemental Figure 1. Comparison of seed dormancy in bzip67-1 and dog1-2. 503 

Supplemental Figure 2. Detection of DOG1 promoter binding by bZIP67 in seeds. 504 

Supplemental Figure 3. Sequence alignment of DOG1 promoter regions showing cis-505 

elements and 285 bp INDEL present in the promoter. 506 

Supplemental Figure 4. Binding specificity of bZIP67 to GBL1 and GBL2. 507 

Supplemental Figure 5. Sequence alignment of clade A bZIPs from Arabidopsis that are 508 

expressed in seeds. 509 

Supplemental Table 1. Primers used in study. 510 

Supplemental Table 2. ANOVA Tables. 511 

 512 

ACKNOWLEDGMENTS 513 

We thank Tsukaho Hattori for providing constructs, François Parcy and Sandra Bensmihen 514 

for the ProbZIP67:GFP-bZIP67 reporter line and Steve Penfield for dog1-2 seed. Haolin Li 515 

assisted with bioinformatic analysis of the DOG1 promoter. This work was funded by the 516 



 

17 
 

UK Biotechnology and Biological Sciences Research Council through grant 517 

BB/P012663/1. 518 

 519 

AUTHOR CONTRIBUTIONS 520 

P.J.E designed research; F.M.B. and P.J.E. performed research; F.M.B., D.H., K.H-P. and 521 

P.J.E. analyzed data; and P.J.E. wrote the paper. 522 

 523 

References 524 

 525 

The 1001 Genomes Consortium (2016) 1,135 Genomes Reveal the Global Pattern of 526 

Polymorphism in Arabidopsis thaliana. Cell 166: 481–491. 527 

 528 

Alonso-Blanco C, Bentsink L, Hanhart CJ, Blankestijn-de Vries H, Koornneef M (2003) 529 

Analysis of natural allelic variation at seed dormancy loci of Arabidopsis thaliana. Genetics 530 

164: 711-729. 531 

 532 

Baud S, et al. (2016) Deciphering the Molecular Mechanisms Underpinning the 533 

Transcriptional Control of Gene Expression by Master Transcriptional Regulators in 534 

Arabidopsis Seed. Plant Physiol 171: 1099-1112. 535 

 536 

Belmonte MF, et al. (2013) Comprehensive developmental profiles of gene activity in 537 

regions and subregions of the Arabidopsis seed. Proc Natl Acad Sci USA 110: E435-538 

E444. 539 

 540 

Bensmihen S, et al. (2002) The homologous ABI5 and EEL transcription factors function 541 

antagonistically to fine-tune gene expression during late embryogenesis. Plant Cell 14: 542 

1391-403. 543 

 544 

Bensmihen S, Giraudat J, Parcy F (2005) Characterization of three homologous basic 545 

leucine zipper transcription factors (bZIP) of the ABI5 family during Arabidopsis thaliana 546 

embryo maturation. J Exp Bot 56: 597-603. 547 

 548 



 

18 
 

Bentsink L, Jowett J, Hanhart CJ, Koornneef M (2006) Cloning of DOG1, a quantitative 549 

trait locus controlling seed dormancy in Arabidopsis. Proc Natl Acad Sci USA 103: 17042-550 

17047. 551 

 552 

Bentsink L, et al. (2010) Natural variation for seed dormancy in Arabidopsis is regulated by 553 

additive genetic and molecular pathways. Proc Natl Acad Sci USA 107: 4264-4269. 554 

 555 

Brand LH, Kirchler T, Hummel S, Chaban C, Wanke D (2010) DPI-ELISA: a fast and 556 

versatile method to specify the binding of plant transcription factors to DNA in vitro. Plant 557 

Methods 6: 25. 558 

 559 

Braybrook SA, et al. (2006) Genes directly regulated by LEAFY COTYLEDON2 provide 560 

insight into the control of embryo maturation and somatic embryogenesis. Proc Natl Acad 561 

Sci USA 103: 3468-3473. 562 

 563 

Cadman CS, Toorop PE, Hilhorst HW, Finch-Savage WE (2006) Gene expression profiles 564 

of Arabidopsis Cvi seeds during dormancy cycling indicate a common underlying 565 

dormancy control mechanism. Plant J 46: 805-822. 566 

 567 

Carles C, et al. (2002) Regulation of Arabidopsis thaliana Em genes: role of ABI5. Plant J 568 

30: 373-383. 569 

 570 

Chiang GC, et al. (2011) DOG1 expression is predicted by the seed-maturation 571 

environment and contributes to geographical variation in germination in Arabidopsis 572 

thaliana. Mol Ecol 20: 3336-3349. 573 

 574 

Choi K, et al. (2015) Arabidopsis meiotic crossover hot spots overlap with H2A.Z 575 

nucleosomes at gene promoters. Nat Genet 45: 1327-1336. 576 

 577 

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated 578 

transformation of Arabidopsis thaliana. Plant J 16: 735-743. 579 

 580 

Craddock CP, Adams N, Bryant FM, Kurup S, Eastmond PJ (2015) PHOSPHATIDIC ACID 581 

PHOSPHOHYDROLASE Regulates Phosphatidylcholine Biosynthesis in Arabidopsis by 582 



 

19 
 

Phosphatidic Acid-Mediated Activation of CTP:PHOSPHOCHOLINE 583 

CYTIDYLYLTRANSFERASE Activity. Plant Cell 27: 1251-1264. 584 

 585 

Cyrek M, et al. (2016) Seed Dormancy in Arabidopsis Is Controlled by Alternative 586 

Polyadenylation of DOG1. Plant Physiol 170: 947-955. 587 

 588 

Dekkers BJ, et al. (2016) The Arabidopsis DELAY OF GERMINATION 1 gene affects 589 

ABSCISIC ACID INSENSITIVE 5 (ABI5) expression and genetically interacts with ABI3 590 

during Arabidopsis seed development. Plant J 85: 451-465. 591 

 592 

Deppmann CD, et al. (2004) Dimerization specificity of all 67 B-ZIP motifs in Arabidopsis 593 

thaliana: a comparison to Homo sapiens B-ZIP motifs. Nucleic Acids Res 32: 3435–3445. 594 

 595 

Earley KW, et al. (2006) Gateway‐compatible vectors for plant functional genomics and 596 

proteomics. Plant J 45: 616-626. 597 

 598 

Fedak H, et al. (2016) Control of seed dormancy in Arabidopsis by a cis-acting noncoding 599 

antisense transcript. Proc Natl Acad Sci USA 113: E7846-E7855. 600 

 601 

Finch-Savage WE, Cadman CS, Toorop PE, Lynn JR, Hilhorst HW (2007) Seed dormancy 602 

release in Arabidopsis Cvi by dry after-ripening, low temperature, nitrate and light shows 603 

common quantitative patterns of gene expression directed by environmentally specific 604 

sensing. Plant J 51: 60-78. 605 

 606 

Finch-Savage WE, Footitt S (2017) Seed dormancy cycling and the regulation of 607 

dormancy mechanisms to time germination in variable field environments. J Exp Bot 68: 608 

843-856. 609 

 610 

Finch-Savage WE, Leubner-Metzger G (2006) Seed dormancy and the control of 611 

germination. New Phytol 171: 501-523. 612 

Finkelstein RR (1994) Maternal Effects Govern Variable Dominance of Two Abscisic Acid 613 

Response Mutations in Arabidopsis thaliana. Plant Physiol 105: 1203-1208. 614 

 615 



 

20 
 

Finkelstein RR, Lynch TJ (2000) The Arabidopsis abscisic acid response gene ABI5 616 

encodes a basic leucine zipper transcription factor. Plant Cell 12: 599-609. 617 

 618 

Footitt S, Douterelo-Soler I, Clay H, Finch-Savage WE (2011) Dormancy cycling in 619 

Arabidopsis seeds is controlled by seasonally distinct hormone-signaling pathways. Proc 620 

Natl Acad Sci USA 108: 20236-20241. 621 

 622 

Gan X, et al. (2011) Multiple reference genomes and transcriptomes for Arabidopsis 623 

thaliana. Nature 477: 419-423. 624 

 625 

Germain V, et al. (2001) Requirement for 3‐ketoacyl‐CoA thiolase‐2 in peroxisome 626 

development, fatty acid β‐oxidation and breakdown of triacylglycerol in lipid bodies of 627 

Arabidopsis seedlings. Plant J 28: 1-12.  628 

 629 

Giraudat J, et al. (1992) Isolation of the Arabidopsis ABI3 gene by positional cloning. Plant 630 

Cell 4: 1251-1261. 631 

 632 

Gnesutta N, Saad D, Chaves-Sanjuan A, Mantovani R, Nardini M (2017) Crystal Structure 633 

of the Arabidopsis thaliana L1L/NF-YC3 Histone-fold Dimer Reveals Specificities of the 634 

LEC1 Family of NF-Y Subunits in Plants. Mol Plant 10: 645-648. 635 

 636 

González-Morales SI, et al. (2016) Regulatory network analysis reveals novel regulators of 637 

seed desiccation tolerance in Arabidopsis thaliana. Proc Natl Acad Sci USA 113: E5232-638 

E5241. 639 

 640 

Graeber K, et al. (2014) DELAY OF GERMINATION 1 mediates a conserved coat-641 

dormancy mechanism for the temperature- and gibberellin-dependent control of seed 642 

germination. Proc Natl Acad Sci USA 111: E3571-E3580. 643 

 644 

Gutierrez L, et al. (2008) The lack of a systematic validation of reference genes: a serious 645 

pitfall undervalued in reverse transcription-polymerase chain reaction (RT-PCR) analysis 646 

in plants. Plant Biotechnol J 6: 609-618. 647 

 648 



 

21 
 

Heckman KL, Pease LR (2007) Gene splicing and mutagenesis by PCR-driven overlap 649 

extension. Nature Protocols 2: 924–932. 650 

 651 

Huo H, Wei S, Bradford KJ (2016) DELAY OF GERMINATION1 (DOG1) regulates both 652 

seed dormancy and flowering time through microRNA pathways. Proc Natl Acad Sci USA 653 

113: E2199-2206. 654 

 655 

Junker A, et al. (2012) Elongation-related functions of LEAFY COTYLEDON1 during the 656 

development of Arabidopsis thaliana. Plant J 71: 427-442. 657 

 658 

Kagaya Y, et al. (2005) Indirect ABA-dependent regulation of seed storage protein genes 659 

by FUSCA3 transcription factor in Arabidopsis. Plant Cell Physiol 46: 300-311. 660 

 661 

Karimi M, Inzé D, Depicker A (2002) GATEWAY vectors for Agrobacterium-mediated plant 662 

transformation. Trends Plant Sci 7: 193-195. 663 

 664 

Keith K, Kraml M, Dengler NG, McCourt P (1994) fusca3: A Heterochronic Mutation 665 

Affecting Late Embryo Development in Arabidopsis. Plant Cell 6: 589-600. 666 

 667 

Kendall SL, et al. (2011) Induction of dormancy in Arabidopsis summer annuals requires 668 

parallel regulation of DOG1 and hormone metabolism by low temperature and CBF 669 

transcription factors. Plant Cell 23: 2568-2580. 670 

 671 

Keurentjes JJ, et al. (2007) Regulatory network construction in Arabidopsis by using 672 

genome-wide gene expression quantitative trait loci. Proc Natl Acad Sci USA 104: 1708-673 

1713. 674 

 675 

Kerdaffrec E, et al. (2016) Multiple alleles at a single locus control seed dormancy in 676 

Swedish Arabidopsis. Elife 5 pii: e22502. 677 

 678 

Kim SY, Ma J, Perret P, Li Z, Thomas TL (2002) Arabidopsis ABI5 subfamily members 679 

have distinct DNA-binding and transcriptional activities. Plant Physiol 130: 688-697. 680 

 681 



 

22 
 

Kim J, Somers DE (2010) Rapid Assessment of Gene Function in the Circadian Clock 682 

Using Artificial MicroRNA in Arabidopsis Mesophyll Protoplasts. Plant Physiol 154: 611-683 

621. 684 

 685 

Kronholm I, Picó FX, Alonso-Blanco C, Goudet J, Meaux J (2012) Genetic basis of 686 

adaptation in Arabidopsis thaliana: Local Adaptation at the Seed dormancy QTL DOG1. 687 

Evolution 66: 2287–2302. 688 

 689 

Kwong RW, et al. (2003) LEAFY COTYLEDON1-LIKE defines a class of regulators 690 

essential for embryo development. Plant Cell 15: 5-18. 691 

 692 

Lee H, Fischer RL, Goldberg RB, Harada JJ (2003) Arabidopsis LEAFY COTYLEDON1 693 

represents a functionally specialized subunit of the CCAAT binding transcription factor. 694 

Proc Natl Acad Sci USA 100: 2152-2156. 695 

 696 

Léon-Kloosterziel KM, van de Bunt GA, Zeevaart JA, Koornneef M (1996) Arabidopsis 697 

Mutants with a Reduced Seed Dormancy. Plant Physiol 110: 233-240. 698 

 699 

Liu L, et al. (2014) Induced and natural variation of promoter length modulates the 700 

photoperiodic response of FLOWERING LOCUS T. Nat Commun 5: 4558. 701 

 702 

Lopez-Molina L, Mongrand S, Chua NH (2001) A postgermination developmental arrest 703 

checkpoint is mediated by abscisic acid and requires the ABI5 transcription factor in 704 

Arabidopsis. Proc Natl Acad Sci USA 98: 4782–4787. 705 

 706 

Lotan T, et al. (1998) Arabidopsis LEAFY COTYLEDON1 is sufficient to induce embryo 707 

development in vegetative cells. Cell 93: 1195-1205. 708 

 709 

Luerssen H, Kirik V, Herrmann P, Miséra S (1998) FUSCA3 encodes a protein with a 710 

conserved VP1/AB13-like B3 domain which is of functional importance for the regulation of 711 

seed maturation in Arabidopsis thaliana. Plant J 15: 755-764. 712 

 713 

Meinke DW (1992) A Homoeotic Mutant of Arabidopsis thaliana with Leafy Cotyledons. 714 

Science 258: 1647-1650. 715 



 

23 
 

 716 

Mendes A, et al. (2013) bZIP67 regulates the omega-3 fatty acid content of Arabidopsis 717 

seed oil by activating fatty acid desaturase3. Plant Cell 25: 3104-3116. 718 

 719 

Mönke G, et al. (2012) Toward the identification and regulation of the Arabidopsis thaliana 720 

ABI3 regulon. Nucleic Acids Res 40: 8240–8254. 721 

 722 

Mu J, et al. (2008) LEAFY COTYLEDON1 is a key regulator of fatty acid biosynthesis in 723 

Arabidopsis. Plant Physiol 148: 1042-1054. 724 

 725 

Müller K Bouyer D Schnittger A, Kermode AR (2012) Evolutionarily conserved histone 726 

methylation dynamics during seed life-cycle transitions. PLoS One 7: e51532. 727 

 728 

Murphey M, Kovach K, Elnacash T, He H, Bentsink L, Donohue K (2015) DOG1-imposed 729 

dormancy mediates germination responses to temperature cues. Environmental and 730 

Experimental Botany 112, 33-43. 731 

 732 

Nagpal S, et al. (1992) Promoter context- and response element-dependent specificity of 733 

the transcriptional activation and modulating functions of retinoic acid receptors. Cell 70: 734 

1007-1019. 735 

 736 

Nakamura S, Lynch TJ, Finkelstein RR (2001) Physical interactions between ABA 737 

response loci of Arabidopsis. Plant J 26: 627-635. 738 

 739 

Nakabayashi K, et al. (2012) The time required for dormancy release in Arabidopsis is 740 

determined by DELAY OF GERMINATION1 protein levels in freshly harvested seeds. 741 

Plant Cell 24: 2826-2838. 742 

 743 

Nakabayashi K, Bartsch M, Ding J, Soppe WJ (2015) Seed Dormancy in Arabidopsis 744 

Requires Self-Binding Ability of DOG1 Protein and the Presence of Multiple Isoforms 745 

Generated by Alternative Splicing. PLoS Genet 11: e1005737. 746 

 747 

Née G, et al. (2017) DELAY OF GERMINATION1 requires PP2C phosphatases of the 748 

ABA signalling pathway to control seed dormancy. Nat Commun 8: 72. 749 



 

24 
 

 750 

Peeters AJ, et al. (2002) Characterization of mutants with reduced seed dormancy at two 751 

novel rdo loci and a further characterization of rdo1 and rdo2 in Arabidopsis. Physiol Plant 752 

115: 604-612. 753 

Pelletier JM, et al. (2017) LEC1 sequentially regulates the transcription of genes involved 754 

in diverse developmental processes during seed development. Proc Natl Acad Sci USA 755 

114: E6710-E6719. 756 

 757 

Sanguedolce MV, Leblanc BP, Betz JL, Stunnenberg HG (1997) The promoter context is a 758 

decisive factor in establishing selective responsiveness to nuclear class II receptors. 759 

EMBO J 16: 2861-2873. 760 

 761 

Santos-Mendoza M, et al. (2008) Deciphering gene regulatory networks that control seed 762 

development and maturation in Arabidopsis. Plant J 54: 608-620. 763 

 764 

Skubacz A, Daszkowska-Golec A, Szarejko I (2016) The Role and Regulation of ABI5 765 

(ABA-Insensitive 5) in Plant Development, Abiotic Stress Responses and Phytohormone 766 

Crosstalk. Front Plant Sci 7: 1884. 767 

 768 

Stone SL, et al. (2001) LEAFY COTYLEDON2 encodes a B3 domain transcription factor 769 

that induces embryo development. Proc Natl Acad Sci USA 98: 11806-11811. 770 

 771 

Vicente-Carbajosa J, Carbonero P (2005) Seed maturation: developing an intrusive phase 772 

to accomplish a quiescent state. Int J Dev Biol 49: 645-651. 773 

 774 

Wang F, Perry SE (2013) Identification of direct targets of FUSCA3, a key regulator of 775 

Arabidopsis seed development. Plant Physiol 161: 1251-1264. 776 

 777 

Wessel D, Flügge UI (1984) A method for the quantitative recovery of protein in dilute 778 

solution in the presence of detergents and lipids. Anal Biochem 138: 141–143. 779 

 780 

West M, et al. (1994) LEAFY COTYLEDON1 Is an Essential Regulator of Late 781 

Embryogenesis and Cotyledon Identity in Arabidopsis. Plant Cell 6: 1731-1745. 782 

 783 



 

25 
 

Yamamoto A, et al. (2009) Arabidopsis NF-YB subunits LEC1 and LEC1-LIKE activate 784 

transcription by interacting with seed-specific ABRE-binding factors. Plant J 58: 843-856. 785 

 786 

Zapata L, et al. (2016) Chromosome-level assembly of Arabidopsis thaliana Ler reveals 787 

the extent of translocation and inversion polymorphisms. Proc Natl Acad Sci USA 113: 788 

E4052–E4060. 789 

790 



Seed developmental stage

LCOT MG PMG DS

D
O
G
1 

ex
pr

es
si

on
 le

ve
l

0

1

2

3

4

5 WT
bzip67-1
bzip67-2

A

B

W
T

bz
ip
67
-1

bz
ip
67
-2

do
g1
-2

DOG1

LC

* * * *****

C
om
p.

100% 94%14%10%0%

Figure 1. Effect of bZIP67 disruption on DOG1 expression and protein abundance in Col-0 seeds. (A)
DOG1 transcript abundance in developing seeds of wild type (WT), bzip67-1 and bzip67-2. qRT-PCR
was performed on linear cotyledon (LCOT), mature green (MG), postmature green (PMG) and dry seed
(DS) stages, using a primer pair that detects all sense transcripts. Values are the mean ±SE of
measurements on five biological replicates (i.e. batches of seeds from separate plants) and are
normalized to the geometric mean of three reference genes and expressed relative to WT DS. Asterisk
denotes a significant difference from WT (P<0.05). (B) DOG1 protein content in DS of dog1-2, bzip67-
1, bzip67-2, WT and bzip67-1 ProbZIP67:GFP-bZIP67 (Comp.). The top panel is an immunoblot using
anti-DOG1 and the bottom using anti-KAT2 as a loading control (LC). DOG1 abundance was
measured by densitometry, normalized to LC, and is given below as a percentage of WT.
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Figure 2. Effect of bZIP67 disruption and overexpression on the dormancy of Col-0 seeds. (A) Effect of
dry storage period on germination of seed batches harvested from wild type (WT), bzip67-1, bzip67-2
and bzip67-1 ProbZIP67:GFP-bZIP67 (Complemented). (B) DOG1 expression level in freshly
harvested seeds of WT and three ProGLY:bZIP67 overexpressing (OE) lines. (C) Effect of dry storage
period on germination of seeds overexpressing bZIP67. Values are the mean ±SE of measurements on
five biological replicates (i.e. batches of seeds from separate plants) and in B are normalized to the
geometric mean of three reference genes and expressed relative to WT. Asterisk denotes a significant
difference from WT (P<0.05).
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Figure 3. Effect of cool conditions during seed maturation on bZIP67 function. (A) Number of days of
seed dry storage required to reach >50% germination (DSDS50). Wild type (WT), bzip67-1, bzip67-2,
bzip67-1 ProbZIP67:GFP-bZIP67 (Complemented [Comp.].) and dog1-2 seeds were matured in a cool
16oC 16h light / 14oC 8h dark (16/14) regime and germinated after increasing periods of dry storage.
(B) GFP-bZIP67 and DOG1 transcript and (C) GFP-bZIP67 protein abundance in freshly harvested
Comp. seeds matured in a standard (22/16) or a cool (16/14) regime. In A and B values are the mean
±SE of measurements on three biological replicates (i.e. batches of seeds from separate plants) and in
B are normalized to the geometric mean of three reference genes and expressed relative to DOG1
22/16. Asterisk denotes a significant difference from WT in A and 22/16 in B (P<0.05). In C the top
panel is an immunoblot using anti-GFP and the bottom using anti-KAT2 as a loading control (LC).
Immunoblots are shown for three biological replicates (i.e. batches of seeds from separate plants).
GFP-bZIP67 abundance was measured by densitometry, normalized to LC, and is given on the right as
a fold increase in 16/14 verses 22/16.
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Figure 4. Induction of DOG1 by LEC1 expression and DOG1 promoter binding by bZIP67. (A) A time
course of bZIP67 and DOG1 expression in WT protoplasts following transfection with Pro35S:LEC1.
Values are the mean ±SE of measurements on three biological replicates (i.e. three separate
protoplast preparations) and are normalized to the geometric mean of three reference genes and
expressed relative to the empty vector control (EVC). (B) A diagram of the DOG1 locus showing the
positions of amplicons (P1-6) used for ChIP-qPCR. GBL elements are marked as circles. (C) Detection
of DOG1 promoter binding by bZIP67 in protoplasts using ChIP-qPCR. Protoplasts from bzip67-1
ProbZIP67:GFP-bZIP67 and WT plants were transfected with Pro35S:LEC1 (or EVC) and anti-GFP
antibodies were used for ChIP. ACT7 was used as a negative control. Values are expressed as a
percentage of the input and are the mean ±SE of measurements on three biological replicates (i.e.
three separate protoplast preparations). (D) DPI-ELISA assays quantifying in vitro bZIP67 binding to an
equimolar concentration of wild type (WT) verses mutant (KO) GBL1 and GBL2 oligonucleotides.
Values are the mean ±SE of five biological replicates (i.e. separate incubations). Asterisk denotes a
significant (P<0.05) difference from time zero in A, ACT7 in C and WT in D.
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Figure 5. Transactivation of DOG1 in bzip67-1 protoplasts by co-expression of bZIP67 and LEC1. (A)
A diagram of the -600 bp DOG1 promoter showing the positions of GBL1, GBL2 and RYL elements.
(B) Effect of bZIP67 and LEC1 expression on ProDOG1:GUS reporter activity. EVC is empty vector
control. (C) Effect of GBL and RYL element mutations on ProDOG1:GUS reporter activity. Values are
the mean ±SE of measurements on three biological replicates (i.e. three separate protoplast
preparations) and are expressed as a ratio with Pro35S:LUC. Asterisk denotes a significant (P<0.05)
difference from EVC in B and WT promoter in C.
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Figure 6. Effect of promoter length on bZIP67-dependent transactivation of DOG1. (A) A diagram of
natural and synthetic DOG1 promoter variants showing the position of the 285 bp INDEL, GBL (closed
circle) and RYL (open circles) elements relative to the TSS. (B) Effect of the INDEL (+ or – I) on
ProDOG1:GUS reporter activity in bzip67-1 protoplasts co-transfected with Pro35S:bZIP67 and
Pro35S:LEC1. R is the insertion of 285 bp of a randomly selected intergenic sequence from
Arabidopsis. Values are the mean ±SE of measurements on three biological replicates (i.e. three
separate protoplast preparations) and are expressed as a ratio with Pro35S:LUC. Asterisk denotes a
significant (P<0.05) difference from Ler-0.
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Figure 7. Effect of the 285 bp INDEL and GBL1 and 2 on seed dormancy and DOG1 expression. (A)
Germination and (B) DOG1 expression in freshly harvested dog1-2 seed from three homozygous
transgenic lines (a-c) containing either a Col-0 DOG1 genomic construct (Col-0) or a variant with either
the Ler-0 285 bp insertion (Col-0+I) or GBL1 and GBL2 mutated (Col-0-GBL). Values are the mean
±SE of measurements on five biological replicates (i.e. batches of seeds from separate plants) and in B
are normalized to the geometric mean of three reference genes and expressed relative to WT. Asterisk
denotes a significant (P<0.05) difference from dog1-2 in A and WT in B.



LEC1

bZIP67

ABI3

FUS3

LEC2

DOG1

?

INDEL

GBL RYL

Heat

Figure 8. A model for transcriptional regulation of DOG1 expression during seed maturation.
Expression of LEC1 is necessary and sufficient for the induction of bZIP67 and AFL (ABI3, FUS3 and
LEC2), and ALF are also necessary for bZIP67 expression (Pelletier et al., 2017). Our data suggest
that LEC1 expression also induces DOG1 in a bZIP67-dependent manner and that bZIP67 binds to
GBL cis-elements in the DOG1 promoter, which are necessary for expression. Other LEC1-inducible
proteins are also necessary for DOG1 expression, but it is not known whether AFL bind to RYL cis-
elements in DOG1 directly. However, loss and gain of bZIP67 function in seeds is sufficient to reduce
and increase DOG1 expression (and dormancy), respectively, and bZIP67 protein abundance is also
increased by cool conditions during seed maturation that promote DOG1 expression (and dormancy).
Our data also suggest that a 285 bp INDEL situated between GBL and the transcriptional start site is
responsible for the difference in DOG1 expression found in ecotypes Ler-0 and Cvi-0.
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