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Summary  38 

 Seedling emergence timing is crucial in competitive plant communities and so 39 

contributes to species fitness. To understand the mechanistic basis of variation in 40 

seedling emergence timing, we exploited the contrasting behaviour of two 41 

Arabidopsis ecotypes; Cape Verde island (Cvi) and Burren (Bur-0).  42 

 We used RNAseq analysis of RNA from exhumed seeds and quantitative trait loci 43 

(QTL) analyses on a mapping population from crossing the Cvi and Bur-0 ecotypes. 44 

 We determined genome-wide expression patterns over an annual dormancy cycle in 45 

both ecotypes identifying nine major clusters based on the seasonal timing of gene 46 

expression, and variation in behaviour between them. QTL were identified for depth 47 

of seed dormancy and Seedling Emergence Timing (SET).  48 

 Both analyses showed a key role for DOG1 in determining depth of dormancy, but 49 

did not support a direct role for DOG1 in generating altered seasonal patterns of 50 

seedling emergence. The principle QTL determining Seedling Emergence Timing 51 

(SET1: dormancy cycling) is physically close on chromosome 5, but distinct from 52 

DOG1. We show that SET1 and two other SET QTLs each contain a candidate gene 53 

(AHG1, ANAC60, PDF1 respectively) closely associated to DOG1 and abscisic acid 54 

signalling and suggest a model for the control of SET in the field.  55 

 56 

Key words: ABA signalling, Arabidopsis, DOG1, dormancy cycling, germination, seed 57 

dormancy, QTL analysis, 58 

 59 

Introduction 60 

Annual plant seeds are most often shed in a dormant state. The depth of this dormancy differs 61 

between species and is greatly influenced by the maternal environment. However, once shed 62 

the depth of dormancy adjusts to the seedbank environment and continually changes in an 63 

annual cycle (Finch-Savage and Leubner-Metzger, 2006). It is this process that ensures 64 

germination and subsequent seedling growth takes place in a favourable habitat and climate 65 

space during the correct season for the resulting plant to complete its life cycle. Dormancy 66 

cycling is therefore essential to species fitness and the competitiveness of weeds in crop 67 

production practice. Understanding this process is crucial to the future management of natural 68 

plant populations and the development of more environmentally benign cultural weed 69 

management practices.  70 
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 71 

Many molecular mechanisms that can regulate dormancy have been identified individually in 72 

controlled laboratory studies (Finch-Savage and Leubner-Metzger, 2006 ; Holdsworth et al., 73 

2008 ; North et al., 2010 ; Graeber et al., 2012; El-Maarouf-Bouteau et al., 2013; Dekkers 74 

and Bentsink, 2015; Rodriguez et al., 2015; Nee et al., 2017; Nishimura et al., 2018). 75 

However, our understanding of how the seed employs this complex suite of mechanisms 76 

during dormancy cycling in response to the variable environment (principally temperature) of 77 

the soil seed bank is only just developing. The essential feature of dormancy cycles is that 78 

seeds remain dormant and non-germinating throughout this process, but sensitivity (depth of 79 

dormancy) to spatial factors in the environment (principally light) changes (Finch-Savage and 80 

Footitt, 2012). Seeds only progress to germination completion on exposure to these factors 81 

when seeds have become sensitive to them, and it is this process that determines germination 82 

and seedling emergence timing (Finch-Savage and Footitt, 2017). 83 

 84 

A model for the regulation of dormancy cycling in Arabidopsis has been proposed (Finch-85 

Savage and Footitt, 2017). Central to this is the hormone balance between gibberellins (GA) 86 

and abscisic acid (ABA) through both synthesis and sensitivity. Environmental signals such 87 

as light and nitrate feed directly into that balance via upregulating GIBBERELLIC ACID 3-88 

OXIADASE 1 (GA3ox1; GA synthesis) and CYTOCHROME P450 707A2 (CYP707A2; 89 

ABA catabolism) expression respectively to favour loss of dormancy and germination 90 

completion when dormancy is shallow (Finch-Savage and Footitt, 2017). Overriding this is 91 

the response to temperature which drives seasonal changes in the level of expression of many 92 

genes linked to the hormone balance (Cadman et al., 2006; Finch-Savage et al., 2007), but 93 

also DOG1 (DELAY OF GERMINATION 1; Bentsink et al., 2006), a putative DNA-binding 94 

transcription factor, linked to the accumulation of thermal time (Footitt et al., 2015). These 95 

determine the depth of dormancy as the seasons change in the annual cycle (Footitt et al., 96 

2011, 2013, 2014). DOG1 is essential and its mutation can completely remove seed 97 

dormancy (Bentsink et al., 2006). Understanding of the key factors linking DOG1 to the 98 

hormone balance and regulation of dormancy is now developing. DOG1 has been shown to 99 

physically interact with two phosphatases (ABA-HYPERSENSITIVE GERMINATION 1 100 

and 3; AHG1 and 3) to functionally block their essential downstream roles in the release of 101 

seed dormancy (Nee et al., 2017). A further phosphatase PROTEIN PHOSPAHATASE 2A 102 

SUBUNIT A2 (PP2AA/PDF1)) also physically interacts with DOG1 but acts upstream to have a 103 
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negative role in seed dormancy. These phosphatases are a potential link between DOG1 and 104 

the regulation of seasonal patterns in the depth of dormancy.  105 

 106 

DOG1 transduces environmental effects during maturation to alter depth of dormancy 107 

(Kendall et al., 2011; Nakabyashi et al., 2012) and subsequent changes at the chromatin level 108 

are closely linked to environmental signals in the soil seedbank that determine changes in the 109 

depth of dormancy (Footitt et al., 2015). The latter was suggested as a means to accumulate 110 

thermal time and influence the timing of germination through seed dormancy cycling; thus 111 

linking DOG1 and dormancy cycling. Further support for this view comes from two studies 112 

by Huang et al., (2010) and Postma and Agren (2016) who suggest DOG1 is the principal 113 

quantitative trait locus (QTL) affecting the pattern of seedling establishment in the field. 114 

However, the annual pattern of DOG1 expression is correlated to the seasonal temperature 115 

pattern in different ecotypes (Cvi and Bur-0), even though they have contrasting seed 116 

dormancy cycles. Thus DOG1 expression follows environmental cues and does not appear to 117 

directly determine the pattern of dormancy cycling (Footitt et al., 2013). It therefore remains 118 

unclear whether DOG1 variation itself can drive variation in dormancy cycling behaviour. 119 

 120 

To develop a better understanding of dormancy cycling we used the Arabidopsis ecotypes, 121 

Cape Verde islands (Cvi) and Burren (Bur-0). These ecotypes are adapted to warm/dry and 122 

cool/damp climates respectively. As a result they have contrasting obligate winter and 123 

summer annual behaviour in the experimental environment used (Footitt et al., 2013). We 124 

exploited this adaptation to diverse climates to compare full genome expression patterns 125 

across annual dormancy cycles. Furthermore, to dissect the control of this down-stream 126 

expression we constructed a new recombinant inbred line (RIL) mapping population from 127 

these same ecotypes. Using this population we screened for depth of dormancy in controlled 128 

laboratory conditions. We then screened for timing of seedling emergence (annual dormancy 129 

cycle) in a field-based thermogradient tunnel under simulated global warming scenarios. 130 

Analysis of data from these controlled environments shows DOG1 to be the principal QTL 131 

for depth of seed dormancy in mature seeds. However, analysis of data following sowing in 132 

variable environments shows the principle QTL determining subsequent seedling emergence 133 

patterns (dormancy cycling; SET1) is physically close on chromosome 5, but distinct from 134 

DOG1. Furthermore, we show QTLs for emergence time contain genes closely associated to 135 

DOG1 signal transduction and ABA signalling pathways and discuss a model for the control 136 

of seedling emergence timing in the field.  137 
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 138 

Materials and Methods  139 

The Arabidopsis ecotypes Cape Verde Islands (Cvi; N8580) and Burren (Bur-0; 140 

CS6643) were used in a series of experiments. Seed dormancy cycles were carried out in the 141 

field to determine genome-wide gene expression patterns and a Recombinant Inbred Line 142 

(RIL) mapping population was developed between these obligate winter (Cvi) and summer 143 

annual (Bur) ecotypes. The population was used to screen depth of seed dormancy at maturity 144 

in controlled environments and seedling emergence was recorded in a range of naturally 145 

variable environments. The data collected were subjected to Quantitative trait loci (QTL) 146 

analyses.  147 

 148 

Seed Production and gene expression during dormancy cycling in field soils.  149 

Seed production and experimental procedures for their dormancy cycling in field soil were as 150 

described elsewhere (Footitt and Finch-Savage, 2011; Footitt et al., 2011; 2013). Total RNA 151 

was extracted from 50mg seeds recovered from field soils during dormancy cycling as 152 

described previously (Footitt et al., 2013) for genome-wide gene expression analysis using 153 

RNAseq. Prior to burial, seed samples were taken from Bur-0 and Cvi for analysis (Time 154 

zero). Seeds were buried in October 2009 and exhumed monthly to August 2010 (giving 11 155 

time points) in Bur-0. In Cvi seeds were buried in October 2007 and exhumed monthly to 156 

September 2008 (giving 12 time points). Sequencing was then carried out using an Illumina 157 

HiSeq 2000 device. Between 64 million and 87 million 101-bp paired-end reads from 158 

Illumina libraries were prepared from the F3 bulked samples, respectively,and were aligned 159 

against the Arabidopsis Col-0 TAIR10 reference sequence using Tophat 1.4.1 to the 160 

Arabidopsis TAIR10 reference sequence. The data can be found in the Euorpean Nucleotide 161 

Archive, accession number PRJEB33535. Only samples that passed quality control were 162 

considered; for January in Bur-0 and August in Cvi only one sample passed quality control 163 

others were excluded from the analysis. The Cufflinks package was used to quantify gene and 164 

isoform abundance and quantify gene and isoform differential expression (Trapnell et al., 165 

2012). To understand major seasonal gene expression genes significantly differentially 166 

regulated between at least 2 time points were calculated using Cuffdiff and false discocvery 167 

rate of 5%. Genes with a minimuma fold change of at least 4-fold were used for K-means 168 

clustering, varying the value of K to optimize cluster composition to contain genes with 169 

similar gene expression patterns.  170 

 171 
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Cvi X Bur Mapping population.  172 

The Cvi (maternal line) ecotype was crossed with Bur-0 (paternal line). The resulting F1 173 

seeds were dry after-ripened at room temperature for two months. Seeds (F2) from one F1 174 

plant were used for single seed descent to the F8 generation under glasshouse conditions. 175 

Measures to prevent biasing the population for low dormancy were adapted from Alonso-176 

Blanco et al., (1998). 184 F8 lines were selected for production of the F9 generation in growth 177 

cabinets at two temperatures (15 °C and 21 °C under a 16 h light/8h dark cycle at a light 178 

intensity of 100 μmoles m-2 sec-1 and 80% RH (RH was gradually reduced to 45%)) to 179 

produce populations with different levels of dormancy. Full details of population production 180 

and genotyping are provided in Supporting Information Methods S1.  181 

 182 

Screening for seed dormancy in the F9 generation.  183 

Germination was tested at 10 and 20°C in the light to evaluate the level of low and high 184 

temperature thermo-dormancy. In addition, seeds produced at 15°C were (a) incubated at 185 

20°C in the presence of 10 mM KNO3 to evaluate nitrate sensitivity; and (b) were dry after-186 

ripened at 20°C in the dark for 30 days then returned -80°C before testing germination at 187 

20°C. This by comparison with germination at 20°C prior to after-ripening indicated the 188 

depth of dormancy in each line. Each test was repeated to give three independent replicates. 189 

Germination recording and analysis used the GERMINATOR system as described in Joosen 190 

et al., (2010, Supporting Information Methods S1). Final percentage germination data were 191 

analysed in Genstat (VSN International, 2013) using REML (VSN International, Hemel 192 

Hempstead, UK), following an empirical logit transformation, in which the data were 193 

adjusted by 0.5% to move germination rates away from 0 and 100%. Replicate tests, box 194 

within tests, and a residual were taken as random factors. Means from this analysis were 195 

subjected to QTL analysis. 196 

 197 

Seedling emergence of F9 seeds under global warming scenarios in a thermogradient 198 

tunnel.  199 

A projected median emissions scenario for the local experimental area used in this 200 

work (West Midlands, UK) indicates an increase in the summer mean temperature of 3.7 °C 201 

by 2080 compared to the recent past (1981-2000) (UK Climate Change Projections, 2014; 202 

http://ukclimateprojections.metoffice.gov.uk/). We used a thermogradient tunnel (Wurr et al., 203 

1996) to establish a gradient from ambient to approximately + 4 °C, which gave a soil 204 

temperature gradient of 2.5°C. Seedling emergence was recorded at three positions along the 205 

http://ukclimateprojections/
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gradient (termed Ambient, Middle and Warm) on 86 RILs chosen to represent the full range 206 

of characteristics seen in the population. The experiment was repeated on two occasions to 207 

simulate seed dispersal in the spring on 15-16 May 2013 (Winter annual behaviour) and in 208 

the autumn on 22-23 October 2013 (Summer annual behaviour). Full details of the 209 

procedures used in these emergence experiments are provided in Supporting Information 210 

Methods S1. To quantify the tendency to behave as a winter annual, the parameter “emerge” 211 

was calculated, for each of the RILs, as the percentage of seedlings which emerged during the 212 

periods after the mean soil temperatures had reached the annual maximum, and before they 213 

had reached the annual minimum. These periods were the same for each of the three regions 214 

within the thermogradient tunnel. Data from the spring and autumn set-up times were 215 

combined. 216 

 217 

QTL analysis. 218 

Quantitative trait loci analyses were performed according to Walley et al., (2012).  Briefly, 219 

mean RIL trait data were used as input for QTL analysis using MapQTL® 6 (Van Ooijen, 220 

2009), and R/ qtlv1.39-5 (Broman et al. 2003) in R v3.3.0 (R Core Team, 2016) for 221 

comparisons. Interval mapping (single-QTL model) was first implemented in MapQTL® 6 222 

and results compared to results from the ‘scanone’ function with EM’ algorithm in R/ qtl; 223 

empirical genome-wide LOD significance thresholds were determined using permutation 224 

tests (1000 iterations) and QTL declared when α ≤ 0.05. Markers linked to QTL were then 225 

used as cofactors in approximate multiple QTL models (MQM) as implemented in 226 

MapQTL® 6. QTL models were recalculated using different combinations of cofactors in a 227 

stepwise approach until there was no change in the recorded LOD and R2 associated with the 228 

QTL model. Final QTL coordinates were delimited using 1.0 and 1.5 LOD support intervals.  229 

QTL coordinates were used to illustrate QTL locations on the linkage map using MapChart 230 

(Voorrips, 2002). 231 

 232 

Results 233 

To understand the mechanistic basis of variation in seedling emergence timing, we compared 234 

and exploited the contrasting behaviour of two Arabidopsis ecotypes Cape Verde island (Cvi) 235 

and Burren (Bur-0). In the local climate of the experimental area, Cvi and Bur-0 have been 236 

shown to be obligate winter and summer annuals respectively (Footitt et al., 2013; Fig.1). 237 

 238 

Analysis of genome-wide expression patterns over an annual seasonal cycle 239 
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We sowed seeds in fully-replicated randomized block field experiments in 2007 and 2009 240 

and then exhumed seeds at monthly intervals over one year. Throughout, seeds remained 241 

below ground until exhumed in the dark and were therefore dormant in the absence of 242 

exposure to light. RNAseq analysis of total RNA from exhumed seeds enabled the 243 

determination of differences in genome-wide expression patterns over an annual seasonal 244 

cycle between the two ecotypes using Illumina short read sequencing (see methods; Fig. 1, 245 

Table S1). Potential for germination (depth of dormancy) was determined by exposing these 246 

seeds to light. Seeds of the two ecotypes had contrasting patterns in depth of dormancy, as a 247 

result germination  potential increased at the time of year characteristic of a winter annual 248 

(Cvi) and a summer annual (Bur-0) (late summer and late spring respectively; Footitt et al., 249 

2013; Fig1). To understand the principle differences in gene expression patterns between the 250 

ecotypes we used K-means cluster analysis, progressively decreasing the number of clusters 251 

until all remaining clusters showed distinct gene expression patterns. This identified nine 252 

major clusters based on the seasonal timing of gene expression, and variation in behaviour 253 

between Bur-0 and Cvi. To understand the significance of each cluster, we used GO-Term 254 

analysis, and additionally identified known transcripts with described roles in seed dormancy 255 

or germination within each cluster (Table S1). Addition of environmental variables into the 256 

cluster analysis enabled their association with major gene expression patterns (Fig 1). 257 

Distinct clusters of annual gene expression patterns were revealed. Three clusters (clusters 1, 258 

2, and 8) were associated with environmental variables and were common to both ecotypes. 259 

In line with their different patterns of depth of dormancy the ecotypes also exhibited different 260 

and sometimes contrasting (clusters 3, 4, 5, 6, 7 and 9) gene expression profiles indicating 261 

temporal separation of gene expression driven by climate adaptation. Each cluster contained 262 

genes linked to seed dormancy and germination as summarized in Fig 1, and full groupings 263 

of genes in each cluster are shown in Table S1.  264 

 265 

Clusters 1-4 contained genes that were expressed predominantly in winter, associated with 266 

either high soil moisture or low temperature, in both ecotypes (clusters 1 and 2) or unique to 267 

Bur-0 or Cvi (clusters 3 and 4). This included DOG1, NCED6 (NINE-CIS-268 

EPOXYCAROTENOID DIOXYGENASE 6), MIR156 (MicroRNA156) and ABI1 (ABA 269 

INSENSITIVE 1) previously linked to deep dormancy. Counterbalancing this is a major 270 

summer-expressed cluster (cluster 8) common to Cvi and Bur-0 that contains genes expressed 271 

in shallow dormant seeds, such as genes encoding the DELLA proteins and GIBBERELLIN 272 

20-OXIDASE (GA20OX).  273 
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 274 

Four other major clusters had altered expression dynamics between the two ecotypes. Cluster 275 

5 contains genes that are specifically-down-regulated in April in Bur-0, coinciding with the 276 

annual increase in seed dormancy. Interestingly these same genes were rapidly induced in 277 

Cvi at the same time of year as dormancy was declining. Thus cluster 5 is alternatively 278 

regulated between Bur-0 and Cvi. It is enriched in genes associated with wounding and 279 

defence responses (P <0.001) and includes transcription factors that confer the ABA response 280 

(MYC2 , MYB-RELATED PROTEIN 96 (MYB96)).  281 

 282 

Related to cluster 5 was cluster 6 which showed a similar gene expression pattern in Bur-0, 283 

but in Cvi this cluster was expressed during the summer seedling emergence window. This 284 

cluster contains genes whose expression is positively-correlated with the shallow dormant 285 

state in both ecotypes and coincides with germination/seedling emergence recorded in 286 

separate plots that were regularly disturbed to expose seeds to light (Fig. 1: time of 287 

emergence indicated by red arrows). These “shallow dormancy” genes may be associated 288 

with fine-tuning of germination timing, in contrast to the “winter genes” likely linked by the 289 

annual temperature cycle to deep dormancy and prevention of germination in winter in both 290 

ecotypes. Cluster 6 contained genes that are targets of the N-end rule pathway in seeds such 291 

as group VII ERF transcription factors (Vincente et al., 2017 & 2019), and WRKY 292 

transcription factors associated with defence responses (Jiang et al., 2017). The analysis 293 

suggests that the regulation of clusters 5 and 6 was related to “shallow” dormancy control 294 

(i.e. after loss of deep dormancy in Cvi and change in depth of dormancy in the shallow 295 

dormant Bur-0). These clusters were dominated by oxylipin, defence, ethylene and ABA-296 

associated response genes.   297 

 298 

Cluster 7 is dominated by genes associated with the maturation programme including seed 299 

storage proteins, oleosins and Heat Shock Transcription Factors (HSFs), along with the 300 

dormancy-regulator MOTHER OF FT AND TFL1 (MFT) (Dave et al., 2016). Their 301 

expression was not related to temperature but instead peaked prior to, or during dormancy 302 

loss. Peak expression therefore occurs at the point when seeds have an increasing potential to 303 

germinate and are therefore susceptible to environmental stresses. Genes in this cluster may 304 

therefore be reprising their role in seed maturation when desiccation tolerance is established. 305 

Finally, cluster 9 contains 1099 genes strongly expressed in germinating seeds such as 306 

ribosomal proteins, SPATULA, cell wall remodelling genes and CYP707A2 (ABSCISIC ACID 307 



 10 

8’-HYDROXYLASE 2). These were highly expressed in mature Bur-0 seeds at burial, but only 308 

expressed in Cvi during the summer emergence window (cluster 9). This cluster also contains 309 

Gibberellin oxidases such as the GA20OXs and a GA2OX (GA2OX6 known to be cold 310 

induced), but no GA3OXs which are linked to the completion of germination. Because these 311 

genes are highly expressed in germinating seeds, compared to dormant seeds Finch-Savage et 312 

al., 2007), this reflects the fact that Bur-0 seeds are capable of immediate germination if 313 

given light (Footitt et al., 2013). 314 

 315 
Because DOG1 has been implicated in control of field emergence timing, we took DOG1-316 

dependent gene expression (Bentsink et al., 2010; Dekkers et al., 2013), and assessed how 317 

these genes behaved in buried Bur-0 and Cvi seeds (Fig. 2). Using Near isogenic Lines 318 

(NILs), Bentsink et al., (2010) identified DOG1-upregualted genes by comparing gene 319 

expression in seeds carrying the strong Cvi allele (NIL-DOG1) and the weak Ler DOG1 320 

allele. In our RNAseq data those DOG1CVI-upregulated genes were expressed in winter at a 321 

higherlevel in Cvi than in Bur-0 (Fig. 2a). In contrast genes up-regulated in the DOG1LER 322 

background were expressed in summer and were higher in Bur-0. This shows that DOG1 323 

affects gene expression year-round in buried seeds. In the Dekkers et al., (2013) data set (Fig. 324 

2b), genes highly expressed in dog1-1 compared to wild type were primarily those in the 325 

germination-associated clusters 6 and 9 shown in Figure 1 (see Fig. 1: Table S1), suggesting 326 

that these genes are those that in general are highly expressed in less dormant seeds. 327 

Focussing on genes whose expression in seeds depends on DOG1, a major class of these 328 

were in cluster 7 (maturation-associated) or cluster 2 which are expressed, along with DOG1 329 

itself, in winter (Fig. 1). In CVI these maturation-associated genes are expressed 330 

predominantly in the secondary dormant phase (Fig. 1), but in Bur-0 they are highly 331 

expressed on exit from secondary dormancy. However, there were no DOG1-regulated genes 332 

in cluster 5 which contains the gene expression profiles most strongly associated with 333 

differences in germination timing between Bur-0 and Cvi. Overall, our analysis shows a key 334 

role for DOG1 in determining the depth of primary dormancy,  in the regulation of genes co-335 

expressed with DOG1 in winter, and in coupling the high expression of maturation-associated 336 

genes to the dormant phase. However, we found no evidence that DOG1 generally controls 337 

the expression of genes which show altered seasons of expression between Bur-0 and Cvi 338 

(Figure 1 cluster 5), suggesting that these are affected by a DOG1-independent mechanism. 339 

 340 
Genetic control of depth of dormancy and field emergence time 341 
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To define more directly the genetic control of different seasonal patterns of gene expression 342 

and field emergence we constructed a new RIL mapping population from a cross between the 343 

ecotypes Cvi and Bur-0 shown above to have contrasting annual seasonal cycles. This 344 

population was screened for germination and dormancy traits in controlled environments and 345 

seedling emergence timing traits in variable environments (Fig. 3). Trait data were then 346 

analysed and line means used for QTL analyses (Fig. 4; Table S2).  347 

 348 

QTL analysis of depth of dormancy in controlled constant environments 349 

To identify QTL for depth of dormancy (potential to germinate at a given temperature) we 350 

screened seeds and plants of the Cvi x Bur-0 F8 RIL population. To investigate the effect of 351 

production temperature we screened seeds produced at both 15 and 21 °C and found those 352 

produced at 15 °C to be significantly more dormant than those produced at 21 °C (Fig. 3a, b). 353 

As Arabidopsis seeds are thermodormant, each of these productions were screened for 354 

germination at 10 and 20 °C to determine the effect of germination temperature (Fig. 3a, b); 355 

both common and distinct QTL were identified (Fig. 4; Table S2). Bur-0 seeds preferentially 356 

germinate at the higher temperature, whereas Cvi preferentially germinate at the lower 357 

temperature (Fig. 3a, b; Footitt et al., 2013). The RIL population expressed a full spectrum of 358 

germination phenotypes, including transgressive segregation extending beyond the parental 359 

means.   360 

 361 

QTL with overlapping support intervals were located on chromosome 5 (At5) for all 362 

germination traits co-located with DOG1 (Bentsink et al., 2010). These co-locating QTL on 363 

At5 dominated the potential to germinate (depth of dormancy) with LOD scores of, for 364 

example, 21.2 and 28.2 (43 and 53% of explained variance, respectively) at 10 and 20 °C 365 

respectively for seeds produced at 21 °C (Fig. 4; Table S2). At 20 oC the genotype increasing 366 

germination (increasing genotype) was Cvi, whereas at 10 °C which facilitated a greater 367 

percentage germination it was Bur-0. In the deeper dormant seeds produced at 15 °C and 368 

germinated in the presence of nitrate the LOD score was 44.4. (68% of explained variance; 369 

increasing genotype Bur-0). In contrast, following after-ripening (AR) of seeds produced at 370 

15 °C the LOD score was 4.7 only (11% of explained variance; increasing genotype Bur-0). 371 

Further minor QTL were identified. Seeds produced at 15 °C with germination at 10 °C 372 

revealed a QTL on At2 with a LOD score of 2.5 (5% of explained variance; increasing 373 

genotype Cvi), whereas germination at 20 °C revealed a further two QTL on At3 (one co-374 
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locating with DOG6, Bentsink et al., 2010) with LOD scores of 3.6 and 4.3 respectively (8 375 

and 4% of explained variance and increasing genotype Bur-0 and Cvi respectively).  376 

 377 

QTL analysis of seedling emergence timing in a seasonal environment 378 

We sowed seed of 86 RILs (F9) chosen to represent the range of characteristics seen in the 379 

full population produced at 15 °C at two times of year to represent seeds shed in spring and in 380 

autumn. These were sown at three positions within a thermogradient tunnel at low (ambient 381 

temperature), middle (c. ambient + 2 °C), and warm (c. ambient +4 °C) temperatures (Fig. 3c, 382 

d) to cover the range of projected global warming at this location through to 2080 (Huang et 383 

al., 2018). The soil was disturbed every 2 weeks to expose buried seeds to light to remove the 384 

final layer of dormancy when the seeds became sensitive; nitrate was naturally present in the 385 

soil (3.12  0.51 mg (Kg DW-1)) and was therefore not a treatment. Time to seedling 386 

emergence (includes germination) was recorded and characteristic seedling emergence 387 

patterns for a summer and winter annual were exhibited by Bur-0 and Cvi parent lines 388 

respectively (Fig. 3c, d). A full range of patterns between these two were exhibited by the 86 389 

RILs selected to cover the full range of dormancy seen in the wider population.  390 

 391 

To quantify seedling emergence patterns (e.g. Fig. 3c, d) for the identification of Seedling 392 

Emergence Timing (SET) QTL we calculated the relative proportion of seedling emergence 393 

that occurred when temperature was falling following both autumn and spring sowings. This 394 

measure “Emerge” characterized the tendency to be a winter annual and five SET QTL were 395 

identified. The most significant QTL was on At5 (LOD 17.3; SET1) accounting for 46% of 396 

the explained variance. This was close to, but confidence intervals did not include DOG1 397 

(Fig 4; Fig. S1; Table S2). When marker physical coordinates were plotted against 398 

coordinates in the genetic map of At5, a near linear order was present suggesting a close 399 

relationship between physical and genetic distances (Fig S1). These data confirm that the 400 

QTL SET1 is independent of DOG1 and thus DOG1 did not impact SET. 401 

 402 

Further QTL were also identified. There were three separate QTL on At3, each collocating 403 

with different DOG QTLs identified by Bentsink et al., (2010): SET2 (LOD 3.2; DOG22), 404 

SET3 (LOD 3.5; DOG21), and SET4 (LOD 12.6; DOG6). These accounted for 6, 17 and 29% 405 

of the explained variance respectively. A further QTL SET5 was identified on At2 (LOD 3.8) 406 

and this collocated with DOG20 (Bentsink et al., 2010). All these QTL had Cvi as the 407 
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increasing genotype. We looked for interactions between the SET QTL identified as involved 408 

in the control of dormancy cycling. There was a large effect of SET1 and SET4, with a 409 

smaller effect of SET2 even after fitting the former two. There were no interactions, so the 410 

genetic effects were roughly additive on the logit scale.  411 

 412 
Discussion 413 
 414 
DOG1 determines depth of dormancy at maturity, but not the post shedding annual 415 

dormancy cycle that determines timing of seedling emergence. 416 

We identified QTL for depth of dormancy in a new RIL mapping population and confirmed 417 

previous results (Bentsink et al., 2006) that DOG1 was the principle QTL in line with its 418 

protein determining depth of dormancy at the end of maturity. Consistent with this we 419 

identified the same QTL when seeds were produced both at 15 and 21 °C despite the far 420 

deeper dormancy across lines in the former. Different minor QTLs were also identified when 421 

the seeds produced were germinated at 10 or 20 °C indicating the manifestation of dormancy 422 

at different temperatures is differently regulated in this thermodormant species.  423 

 424 

However, the principle aim of this work was to gain greater understanding of the regulation 425 

of the annual dormancy cycle in seeds which determines the timing of the crucial phase 426 

transition to seedling establishment and growth. We studied genome-wide expression patterns 427 

during annual dormancy cycling in two ecotypes (Bur-0 and Cvi) with contrasting annual 428 

cycles. These patterns were summarized into nine clusters with patterns linked to shallow and 429 

deep dormancy, environmental conditions and the potential for germination. As DOG1 had 430 

previously been causally linked to seedling emergence timing (Huang et al., 2010; Postma 431 

and Agren, 2016; Finch-Savage and Footitt, 2017) we looked specifically at genes previously 432 

identified as having DOG1-dependent gene expression (Bentsink et al., 2010; Dekkers et al., 433 

2013) in both Cvi and Bur-0. Genes that were upregulated in the more dormant NILDOG1 434 

compared to Ler (Bentsink et al., 2010) were more highly expressed by Cvi (deep dormant) 435 

in the winter than in Bur-0 (shallow dormant) (Fig. 2a). In contrast, those genes upregulated 436 

in Ler were more highly expressed in Bur-0 than Cvi in the summer. Importantly this shows 437 

that the consequences of altered DOG1 activity are not limited to the period of high DOG1 438 

expression, and suggests that summer gene expression can be affected by the levels of gene 439 

expression in the winter. Furthermore it shows the pattern of DOG1 expression is highly 440 

relevant to the annual gene expression linked to changing depth of dormancy. Nevertheless, 441 

although our QTL analysis clearly indicated a key role for DOG1 in determining primary 442 
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dormancy depth and in the regulation of maturation-associated genes, it did not support a 443 

direct role for DOG1 in generating altered seasonal patterns of gene expression between the 444 

two ecotypes. Crucially, this is independently supported by the analysis of global expression 445 

patterns where DOG1 was confined to a temperature dependent cluster (Cluster 2) rather than 446 

an ecotype dependent cluster. A new QTL SET1 was identified as the principle regulator of 447 

seedling emergence timing. The close proximity of SET1 and DOG1 on Chromosome 5 448 

suggests the presence of a contiguous region forming a dormancy regulon. In support of this 449 

proposition of the 363 genes in the interval including DOG1 and SET1, 45 appear in ABA 450 

response or seed related GO categories. 451 

 452 

We show here when plotting the physical coordinates that SET1 is clearly distinguishable 453 

from DOG1 as a distinct QTL in our analysis (Fig. S1); we therefore looked at the intervals 454 

defining the emergence QTL collocating with DOG1 in previous work (Huang et al., 2010: 455 

Postma and Agren, 2016). Although it is difficult to compare directly since different mapping 456 

populations with associated genetic maps having different marker intervals were used; the 457 

greater mean intervals around the QTL (>8.6 cM) compared to SET1 here at 2.3 cM suggests 458 

that in the previous work the confidence intervals of the SET1 and DOG1 QTL would overlap 459 

and those analyses likely lacked the power to distinguish the two QTLs. Indeed, it may have 460 

been that SET1 was not segregating in those studies; however, Montesinos et al. (2009) show 461 

that many ecotypes have indistinct annual cycles that morph into winter or summer annual 462 

behaviour depending on the environment. Here the construction of a mapping population 463 

from parents selected to have contrasting obligate winter and summer annual behaviour, 464 

compared to for example the two winter annuals used elsewhere (Postma and Agren, 2016), 465 

maximised phenotypic variation, with extremes in the observed phenotypes providing 466 

enhanced detection and resolution of QTL determining different seedling emergence patterns.  467 

 468 
Candidate genes underlying QTLs for dormancy cycling and seedling emergence timing 469 

(SET). 470 

Current knowledge of gene function in the literature and the results above can be applied to 471 

justify selection of clear candidate genes underlying SET QTL and therefore the regulation of 472 

dormancy cycling. Although SET1 does not collocate with DOG1, the other 4 SET QTL 473 

collocated with DOGs 20, 21, 22 and 6. The latter is particularly interesting since it 474 

collocated with the second most significant QTL for both depth of dormancy and emergence 475 

timing (SET4). It was also collocated with a QTL for seedling emergence timing by Huang et 476 
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al (2010). The genes underlying DOG1 and DOG6 have been cloned; DOG1 is At5g45830 477 

(Bentsink et al., 2006) and DOG6 is ANAC060; At3G44290 (He, 2014). GO functions 478 

identified both as having DNA binding activity; the former sequence-specific DNA binding 479 

and the later DNA-binding transcription factor activity. The genes underlying SET1, 2, 3, and 480 

5 QTLs are not known. RNA seq analysis above and previous work shows that neither DOG1 481 

nor the level of ABA directly determine seedling emergence timing, but both are required 482 

(reviewed by Finch-Savage and Footitt, 2017). Control appears to come from changing 483 

sensitivity to ABA linked to the amount of DOG1 present. High levels of DOG1 and ABA in 484 

deep dormancy prevent germination, whereas reduced DOG1, ABA and sensitivity to ABA 485 

in shallow dormancy result in an increasing sensitivity to light that removes the final layer of 486 

dormancy to allow germination completion (Footitt et al., 2011). Thus, the characteristic 487 

profile of candidate genes controlling seedling emergence timing is that they should interact 488 

with DOG1, influence ABA sensitivity, and because DOG1 expression does not differ, the 489 

expression of the candidate is likely to differ in the Bur-0 and Cvi ecotypes to enable the 490 

generation of their characteristic germination timings (seedling emergence).  491 

 492 

In each of the regions defined by markers linked to SET1 to 5 QTLs there are 92, 57, 26, 82 493 

and 64 genes respectively (Table S3). Analysis of gene ontology (GO) for these genes with 494 

roles in ABA responses and seed related functions indicated that each SET QTL contains 495 

genes with functions assigned to these categories (Table S4). Individually SET1 (45%) and 496 

SET4 (29%) and SET3 (17%) accounted for much of the explained variance in seedling 497 

emergence timing and so we concentrated on these three QTLs. SET3 and 4 have clear 498 

candidate genes. In SET3 there was only one gene with an appropriate GO categorisation 499 

(PROTEIN PHOSPAHATASE 2A SUBUNIT A2 (PP2AA/PDF1)), which acts upstream to 500 

DOG1. PDF1 encodes one of the three scaffolding subunits of the PP2A family (Zhou et al., 501 

2004) and has been previously shown to have a negative role in seed dormancy (Nee et al., 502 

2017). As reported above SET4 collocates with DOG6, which has previously been cloned as 503 

ANAC060; At3G44290 (He, 2014). ANAC060 does not appear in seed related GO categories 504 

(Table S4), however it is in the GO category “Cellular response to glucose stimulus”. Both 505 

these genes have the characteristic profile for candidate genes controlling seedling emergence 506 

outlined above. 507 

 508 

ANAC060 (DOG6; SET4) exhibited an annual expression pattern that differed from that of 509 

DOG1 (Fig 5). This is consistent with their different functions since DOG1 increases 510 

sensitivity to ABA and enhances dormancy (Finch-Savage and Footitt, 2017), whereas 511 

ANAC060 reduces sensitivity to ABA (Li et al., 2014). ANAC60 expression is induced by the 512 
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sugar-ABA signalling cascade and normally results in sugar sensitivity. However, in Col-0 a 513 

20 base pair insertion before the final exon that encodes an in-frame stop codon results in a 514 

truncated protein that is retained in the nucleus were it reduces glucose induced ABA 515 

accumulation and ABI4 expression so reducing sensitivity to ABA (Li et al., 2014). This 20 516 

base pair insertion is present in ANAC060 in both Cvi and Bur-0 (data from 1001 genomes 517 

project http://1001genomes.org). Both act at the level of DNA binding, DOG1 expression 518 

was correlated (negatively) to the annual temperature cycle; but ANAC060 was not. 519 

Potentially this behaviour provides a sensitive response to the environment that can differ 520 

between ecotypes. Recently, basic LEUCINE ZIPPER TRANSCRIPTION FACTOR67 521 

(bZIP67) was shown to transactivate DOG1 during maturation to help establish primary 522 

dormancy (Bryant et al., 2019). Interestingly this gene maps adjacent to DOG6 and within 523 

SET4, however, consistent with its role in the induction of DOG1 its gene expression pattern 524 

peaks prior to or coincident with increased DOG1 (Fig. S2) in both ecotypes and thus does 525 

not fulfil the criteria above as a candidate SET gene. 526 
 527 

In the most significant QTL SET1 we found 10 genes with an appropriate GO categorisation 528 

(Table S4). Three of these genes (At5G51990, At5G52050, At5G52200) were not 529 

represented in the RNAseq data described above and were therefore not expressed during 530 

dormancy cycling. Four further genes (At5G51340, At5G51430, At5G52300, At5G52310) 531 

were significantly (P<0.05) correlated with DOG1 and temperature and therefore do not fit 532 

the criteria above for candidate genes whose expression patterns should differ between Cvi 533 

and Bur-0. Of the remaining three genes (At5G51110, At5G51300, At5G51760) only the 534 

latter AHG1 (Nishimura et al., 2007) interacts with DOG1 (Nee et al., 2017; Nishimura et al., 535 

2018) and therefore fits all the criteria to make it a clear candidate gene. AHG1 is known to 536 

interact with DOG1, alter ABA sensitivity, have a seed dormancy phenotype, and encodes a 537 

PP2C (protein phosphatase of the 2C family) with essential roles in the release of seed 538 

dormancy (Nee et al., 2017; Nishimura et al., 2018). AHG1 also interacts with DELAY OF 539 

GERMINATION-LIKE 3 (DOGL3) with seeds over expressing DOGL3 having delayed 540 

germination (Nishimura et al., 2018). During the annual dormancy cycle, the transcript 541 

profile of DOGL3 was similar in magnitude and pattern to DOG1 with DOGL3 levels 542 

somewhat higher than DOG1 when dormancy is lowest (coincident with high germination 543 

potential) (Fig. S3). Like DOG1, DOGL3 is not within a SET QTL.  544 

 545 

A second PP2C, AHG3 was also found to interact with DOG1 by Nee et al. (2017). Both 546 

were epistatic to DOG1, altered sensitivity to ABA and were considered by Nee et al., (2017) 547 

http://1001genomes.org/
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to be the likely point at which ABA and DOG1 pathways converge in the regulation of 548 

dormancy. Thus, unlike PDF1, identified as a candidate above in SET3, which acts upstream 549 

of DOG1, AHG1 and AHG3 act downstream of DOG1. Thus, enhanced levels of DOG1 and 550 

absence of AHG1 and 3 in the double mutant ahg1 ahg3 both lead to enhanced dormancy 551 

(Nee et al., 2017). AHG1 and AHG3 were shown to be redundant with AHG1 being the 552 

dominant allele (Nee et al., 2017) and this is consistent with AHG3 not being present in any 553 

of the SET QTLs. Nishimura et al. (2018) show that AHG1 does not bind to the ABA 554 

receptor protein PYR1 to alter the ABA response, but AHG3 and some other PP2C’s do. 555 

Thus, Nishimura et al (2018) proposed a model whereby AHG3 and other PP2C’s down 556 

regulate ABA signalling via a pathway independent of DOG1/AHG1. This provides the 557 

intriguing possibility that DOG1 regulated ABA sensitivity via AHG1 could operate in the 558 

deep dormancy phase of cycling, while AHG3 binding to the PYR1 receptor could regulate 559 

dormancy in the shallow phase where PYR1 expression is highest (Footitt et al., 2011, 2013). 560 

The ANAC60, AHG1 and PDF1 expression patterns differed strongly between the two 561 

ecotypes and differed from that of DOG1 (Fig. 5a, b, e, f).  562 

 563 

DOG1 acts upstream to suppress the action of AHG1 and crucially DOG1 expression is 564 

linked to the same pattern of seasonal temperature in both ecotypes studied; thus as DOG1 565 

expression decreases towards zero with likely reduced protein activity it would be the 566 

presence of AHG1that would reduce ABA sensitivity to initiate dormancy loss leading to 567 

germination and seedling emergence. We therefore considered the relative amounts of 568 

expression of the two genes. An increase in AHG1/DOG1 ratio coincided with increasing 569 

germination potential in the population. Combined with the known modification of the DOG1 570 

protein as dormancy declines (Nakabayashi et al. 2012), this indicates that their dynamic 571 

relationship at the protein level is changing. Although, regulation is at the protein level the 572 

AHG1/DOG1 ratio increased in Bur-0 coincident with germination of recovered seeds in the 573 

laboratory and crucially with the two flushes of seedling emergence seen in the field (Fig 5c, 574 

d). Furthermore in Cvi, the ratio increased coincident with maximum germination of 575 

recovered seeds and prior to seedling emergence in the field. Seedling emergence in the field 576 

requires adequate soil moisture as well as exposure of the seed to light. In both ecotypes 577 

seedling emergence therefore coincided with rain fall (Fig 5c, d) following an increase in the 578 

AHG1/DOG1 ratio.  579 

 580 
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In support of this possible mechanism of DOG1 repression of AHG1, we also looked at the 581 

ratio AHG1/DOG1 expression in the data of Cadman et al. (2006) who measured gene 582 

expression in a range of fixed dormant states of different depths that form the building blocks 583 

of dormancy cycling. The ratio was very low in deeply dormant states and increased 584 

progressively in states with shallower dormancy (Fig. S4) confirming what we observe here. 585 

Furthermore, and consistent with this, AHG1 was expressed in the newly imbibed seeds, but 586 

not as seeds progressed to germination completion (Fig. S4). During dormancy cycling PDF1 587 

expression level was similar to ANAC60 (Fig. 5e, f) and interestingly the ratio of these two 588 

genes to DOG1 although of lower magnitude had the same pattern as AHG1/DOG1 with 589 

peaks coinciding with germination and seedling emergence (Fig. S5). 590 

 591 

A model for the regulation of dormancy cycling via negative responses to ABA  592 

Both ANAC60 and AHG1 reduce sensitivity to ABA, but the latter’s activity is repressed by 593 

DOG1 (Nee et al, 2017) the other not. Thus, ANAC60 would tend to oppose the DOG1 594 

influence on the hormone balance and the relative importance of the two will differ between 595 

ecotypes. Indeed all three candidate genes (AHG1, ANAC60 and PDF1) considered here 596 

negatively affect ABA sensitivity and suggests that dormancy cycling is regulated via a 597 

negative response to ABA. This is in direct contrast to initial depth of dormancy, which is 598 

dominated by a positive response to ABA via DOG1. Based on the results presented and 599 

those of Nee et al, (2017) and Nishimura et al (2018), we propose a model (Fig. 6) of the 600 

regulation of dormancy cycling as an extension to that of Finch-Savage and Footitt (2017) 601 

centred on the hormone balance mechanism. We have shown that all the proposed 602 

components of the model are present in the contrasting ecotypes compared. However, the 603 

responses of these components during the annual cycle differ in a way that is consistent with 604 

the ecotypes characteristic patterns of dormancy cycling and timings of germination 605 

completion and subsequent seedling emergence.  606 

 607 

Acknowledgements 608 

We thank Warwick Crop Centre Horticultural Services staff for maintaining glasshouse and 609 

thermogradient tunnel experiments. The work was funded by the Biotechnology and 610 

Biological Sciences Research Council-UK (BB/1022202/1). 611 

 612 

Author contributions 613 



 19 

WEFS, SF planned and designed research. SF, AJH, SP, WEFS performed experiments. SF, 614 

SP, PGW, JRL analysed data. WEFS, SF, SP wrote the manuscript with additions by PGW, 615 

JRL. 616 

 617 

References  618 

Alonso‐ Blanco C, Peeters AJ, Koornneef M, Lister C, Dean C, van den Bosch N, Pot J, 619 

Kuiper MT. 1998. Development of an AFLP based linkage map of Ler, Col and Cvi 620 

Arabidopsis thaliana ecotypes and construction of a Ler/Cvi recombinant inbred line 621 

population. The Plant Journal 14: 259-271. 622 

 623 

Bentsink L, Jowett J, Hanhart CJ, Koornneef M. 2006. Cloning of DOG1, a quantitative 624 

trait locus controlling seed dormancy in Arabidopsis. Proceedings of the National Academy 625 

of Sciences USA 103: 17042-17047. 626 

Bentsink L, Hanson J, Hanhart CJ, Blankestijn-de Vries H, Coltrane C, Keizer P, El-627 

Lithy M, Alonso-Blanco C, de Andrés MT, Reymond M, et al. 2010. Natural variation for 628 

seed dormancy in Arabidopsis is regulated by additive genetic and molecular pathways. 629 

Proceedings of the National Academy of Sciences USA 107: 4264-4269.  630 

Bhaskara GB, Wen TN, Nguyen TT, Verslues PE. 2017. Protein phosphatase 2Cs and 631 

microtubule-associated stress protein 1 control microtubule stability, plant growth, and 632 

drought response. The Plant Cell 29: 169-191. 633 

  634 

Broman, KW, Wu H, Sen Ś, Churchill GA. 2003. R/qtl: QTL mapping in experimental 635 

crosses. Bioinformatics 19: 889–890. 636 

 637 

Bryant FM, Hughes D, Hassani-Pak K, Eastmond PJ. 2019. Basic LEUCINE ZIPPER 638 

TRANSCRIPTION FACTOR 67 transactivates DELAY OF GERMINATION 1 to establish 639 

primary seed dormancy in Arabidopsis. The Plant Cell 31: 1276-1288. 640 

   641 

Cadman CSC, Toorop PE, Hilhorst HWM, Finch-Savage WE. 2006. Gene expression 642 

profiles of Arabidopsis Cvi seeds during dormancy cycling indicate a common underlying 643 

dormancy control mechanism. The Plant Journal 46: 805-822. 644 

 645 



 20 

Dave A, Vaistij FE, Gilday AD, Penfield SD, Graham IA. 2016 Regulation of Arabidopsis 646 

thaliana seed dormancy and germination by 12-oxo-phytodienoic acid. Journal of 647 

Experimental Botany 67: 2277-2284. 648 

 649 

Dekkers BJW, Bentsink L. 2015. Regulation of seed dormancy by abscisic acid and 650 

DELAY OF GERMINATION 1. Seed Science Research 25: 82-98. 651 

 652 

Dekkers BJW, Pearce S, van Bolderen-Veldkamp RP, Marshall A, Widera P, Gilbert J, 653 

Drost HG, Bassel GW, Muller K, King JR et al. 2013. Transcriptional dynamics of two 654 

seed compartments with opposing roles in Arabidopsis seed germination. Plant Physiology 655 

163: 205-215. 656 

 657 

El-Maarouf-Bouteau H, Meimoun P,Job C, Job D, Bailly C. 2013. Role of protein and 658 

mRNA oxidation in seed dormancy and germination. Frontiers in Plant Science 4: 77.  659 

 660 

Finch Savage WE, Leubner-Metzger G. 2006. Seed dormancy and the control of 661 

germination. New Phytologist 171: 501-523. 662 

 663 

Finch-Savage WE, Cadman CSC, Toorop PE, Lynn JR, Hilhorst HWM. 2007. Seed dormancy 664 

release in Arabidopsis Cvi by dry after-ripening, low temperature, nitrate and light shows common 665 

quantitative patterns of gene expression directed by environmentally specific sensing. The Plant 666 

Journal 51: 60-78. 667 

Finch-Savage WE, Footitt S. 2012. To germinate or not to germinate: a question of 668 

dormancy relief not germination stimulation. Seed Science Research 22: 243-248  669 

Finch-Savage WE, Footitt S. 2017. Seed dormancy cycling and the regulation of dormancy 670 

mechanisms to time germination in variable field environments. Journal of Experimental 671 

Botany 68: 843-856. 672 

Footitt S, Douterelo-Soler I, Clay H, Finch-Savage WE. 2011. Dormancy cycling in 673 

Arabidopsis seeds is controlled by seasonally distinct hormone signalling pathways. 674 

Proceedings of the National Academy of Sciences USA 108: 20236-20241 675 

 676 

Footitt S, Huang Z, Clay H, Mead A, Finch-Savage WE. 2013. Temperature, light and 677 



 21 

nitrate sensing coordinate Arabidopsis seed dormancy cycling resulting in winter and summer 678 

annual phenotypes. The Plant Journal 74: 1003-1115 679 

 680 

Footitt S, Clay H, Dent K, Finch-Savage WE. 2014. Environment sensing in spring-681 

dispersed seeds of a winter annual Arabidopsis influences the regulation of dormancy to align 682 

germination potential with seasonal changes. New Phytologist 202: 929-939. 683 

 684 

Footitt S, Muller K, Kermode AR, Finch-Savage WE. 2015. Seed dormancy cycling in 685 

Arabidopsis: Chromatin remodelling and regulation of DOG1 in response to seasonal 686 

environmental signals. The Plant Journal 81: 413-425. 687 

 688 

Graeber K, Nakabayashi K, Miatton E, Leubner-Metzger G, Soppe WJJ. 2012. 689 

Molecular mechanisms of seed dormancy. Plant Cell and Environment 35: 1769–1786. 690 

 691 

He H. 2014. The environmental regulation of seed dormancy. PhD Thesis. Wageningen 692 

University, The Netherlands. 693 

 694 

 Holdsworth MJ, Bentsink L, Soppe WJJ. 2008. Molecular networks regulating 695 

Arabidopsis seed maturation, after-ripening, dormancy and germination. New Phytologist 696 

179: 33-54 697 

 698 

Huang X.Q, Schmitt J, Dorn L, Griffith C, Effgen S, Takao S, Koornneef M, Donohue 699 

K. 2010. The earliest stages of adaptation in an experimental plant population: strong 700 

selection on QTLS for seed dormancy. Molecular Ecology 19:1335-1351. 701 

 702 

Huang Z, Footitt S, Finch-Savage WE. 2014. The effect of temperature on reproduction in 703 

the summer and winter annual Arabidopsis thaliana ecotypes Bur and Cvi. Annals of Botany 704 

113: 921-929. 705 

 706 

Huang Z, Footitt S, Tang A, Finch‐ Savage WE. 2018. Predicted global warming 707 

scenarios impact on the mother plant to alter seed dormancy and germination behaviour in 708 

Arabidopsis. Plant, Cell & Environment 41:187-197. 709 

 710 



 22 

Jiang J, Ma S, Ye N, Jiang M, Cao J, Zhang J. 2017. WRKY transcription factors in plant 711 

responses to stresses. Journal of Integrative Plant Biology 59: 86-101. 712 

 713 

Kendall SL, Hellwege A, Marriot P, Whalley C, Graham IA, Penfield S. 2011. Induction 714 

of dormancy in Arabidopsis summer annuals requires parallel regulation of DOG1 and 715 

hormone metabolism by low temperature and CBF transcription factors. The Plant Cell 23: 716 

2568-2580. 717 

 718 

Li P, Zhou H, Shi X, Yu B, Zhou Y, Chen S, Wang Y, Peng Y, Meyer RC, Smeekens 719 

SC, et al. 2014. The ABI4-induced Arabidopsis ANAC060 transcription factor attenuates 720 

ABA signaling and renders seedlings sugar insensitive when present in the nucleus. Plos  721 

Genetics 10: e1004213 722 

 723 

Montesinos A, Tonsor SJ, Alonso-Blanco C, Pico FX. 2009. Demographic and genetic 724 

patterns of variation among populations of Arabidopsis thaliana from contrasting native 725 

environments. PLoS One 4: e7213. 726 

 727 

Nakabayashi K, Bartscha M, Xianga Y, Miattona E, Pellengahra S, Yanob R, Seob M, 728 

Soppe W. 2012. The time required for dormancy release in Arabidopsis is determined by 729 

DELAY OF GERMINATION1 protein levels in freshly harvested seeds. The Plant Cell 24: 730 

2826-2838.  731 

 732 

Née G, Xiang Y, Soppe WJ. 2017. The release of dormancy, a wake-up call for seeds to 733 

germinate. Current Opinion in Plant Biology 35: 8-14.  734 

 735 

Nee G. Kramer K, Nakabayashi K, Yuan B, Xiang Y, Finkemeier I, Soppe WJJ. 2017. 736 

DELAY OF GERMINATION1 requires PP2C phosphatases and the ABA signaling pathway 737 

to control seed dormancy. Nature Communications 8: 72. 738 

 739 

Nishimura N, Yoshida T, Kitahata N, Asami T, Shinozaki K, Hirayama T. 2007. ABA‐740 

Hypersensitive Germination1 encodes a protein phosphatase 2C, an essential component of 741 

abscisic acid signaling in Arabidopsis seed. The Plant Journal 50: 935-949. 742 

 743 



 23 

Nishimura N, Tsuchiya W, Moresco JJ, Hayashi Y, Satoh K, Kaiwa N, Irisa T, 744 

Kinoshita T, Schroeder JI, Yates III JR, et al. 2018. Control of seed dormancy and 745 

germination by DOG1-AHG1 PP2C phosphatase complex via binding to heme. Nature 746 

communications 9: 2132-2132. 747 

 748 

North H, Baud S, Debeaujon I, Dubos C, Dubreucq B, Grappin P, Jullien M, Lepiniec 749 

L, Marion-Poll A, Miquel M, et al. 2010. Arabidopsis seed secrets unravelled after a decade 750 

of genetic and omics-driven research. The Plant Journal 61: 971-981. 751 

 752 

Postma FM, Agren J. 2016. Early life stages contribute strongly to local adaptation in 753 

Arabidopsis thaliana. Proceedings of the National Academy of Sciences USA 113: 7590-754 

7595. 755 

 756 

R Core Team. 2016. R: A Language and environment for statistical computing, reference 757 

index version 3.3.0. Vienna, Austria: R Foundation for Statistical Computing. 758 

 759 

Rodríguez MV, Barrero JM, Corbineau F, Gubler F, Benech-Arnold RL. 2015. 760 

Dormancy in cereals (not too much, not so little): about the mechanisms behind this trait. 761 

Seed Science Research 25: 99-119.  762 

 763 

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H, Salzberg SL, 764 

Rinn JL, Pachter L. 2012. Differential gene and transcript expression analysis of RNA-seq 765 

experiments with TopHat and Cufflinks. Nature Protocols 7: 562–578. 766 

 767 

Van Ooijen JW. 2009. MapQTL® 6, Software for the mapping of quantitative trait loci in 768 

experimental populations of diploid species. Kyazma B.V., Wageningen, Netherlands. 769 

 770 

Vicente J, Mendiondo GM, Pauwels J, Pastor V, Izquierdo Y, Naumann C, Movahedi 771 

M, Rooney D, Gibbs DJ, Smart K, et al. 2019. Distinct branches of the N‐ end rule 772 

pathway modulate the plant immune response. New Phytologist 221: 988-1000. 773 

 774 

Vicente J, Mendiondo GM, Movahedi M, Peirats-Llobet M, Juan YT, Shen YY, 775 

Dambire C, Smart K, Rodriguez PL, Charng YY, et al. 2017. The Cys-Arg/N-end rule 776 



 24 

pathway is a general sensor of abiotic stress in flowering plants. Current Biology 27: 3183-777 

3190. 778 

 779 

Voorrips RE. 2002. MapChart: software for the graphical presentation of linkage maps and 780 

QTLs. Journal of Heredity 93: 77-78. 781 

 782 

VSN International. 2013. GenStat for Windows 16th Edition. VSN International, Hemel 783 

Hempstead, UK. Web page: Genstat.co.uk 784 

 785 

Walley PG, Carder J, Skipper E, Mathas E, Lynn J, Pink D, Buchanan-Wollaston V. 786 

2012.  A new framework broccoli x broccoli genetic map: better for breeders, better for 787 

complex trait analysis. Theoretical and Applied Genetics 124: 467-484.  788 

 789 

Wurr DCE, Fellows JR, Phelps K. 1996. Investigating trends in vegetable crop response to 790 

increasing temperature associated with climate change. Scientia Horticulturae 66: 255-263. 791 

 792 

Zhou HW, Nussbaumer C, Chao C, DeLong A. 2004. Disparate roles for the regulatory A 793 

subunit isoforms in Arabidopsis protein phosphatase 2A. The Plant Cell 16: 709-722. 794 

 795 

 796 

Figure 1. Gene expression patterns for Arabidopsis ecotypes Cvi and Bur-0 during an 797 

annual dormancy cycle. Cluster analysis of RNAseq data from samples exhumed at 798 

intervals over eleven (Cvi) and ten (Bur-0) month periods following sowing in October. 799 

Seasons are indicated along with example genes and a summary of GO term analysis in each 800 

cluster. Soil warmth (red dotted) shows the pattern of maximum temperature and soil cold 801 

(Maximum recorded tempertature – actual temperature (MaxT-T)) shows an inverted pattern 802 

of minimum temperature (blue dotted). Soil moisture (grey dotted) is also shown. Potential to 803 

germinate on exhumation and exposure to light (i.e. pattern of dormancy; green dotted) is 804 

shown with the time of seedling emergence in disturbed plots (red arrows). Environmental 805 

parameters and germination rates were published previously (Footitt et al., 2011; Footitt et 806 

al., 2013) 807 

 808 

Figure 2. Annual expression patterns of DOG1 influenced genes in Arabidopsis. (a). 809 

Annual expression pattern of genes up- and down-regulated in NILDOG1 compared to Ler 810 
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identified in Bentsink et al. (2010); dark green line is Cvi and light green line is Bur-0. (b). 811 

Cluster analysis of the annual expression patterns of genes up- and down-regulated in dog1-1 812 

compared to the wild type identified by Dekkers et al. (2013). Names of selected genes are 813 

alongside each cluster and the changing level of germination of exhumed seeds at 20 oC in 814 

the light indicates the depth of dormancy. Error bars indicate SE. 815 

 816 

 817 

Figure 3. Arabidopsis seed germination and seedling emergence traits in a Bur-0 X Cvi 818 

recombinant inbred line (RIL) mapping population. Seed germination at 10 and 20 oC in 819 

the parents and in 182 RILs produced at (a) 15 and (b) 21 oC. (c,d) The annual pattern of 820 

temperature is shown for the ambient end (solid line), middle (dashed line) and warm (dotted 821 

line) ends of the thermogradient tunnel. Circles and squares represent the timing of seedling 822 

emergence for the (c) Cvi and (d) Bur-0 parents of the RIL population. Circle and square are 823 

emergence following spring and autumn dispersal respectively; the larger the symbol the 824 

greater the level of seedling emergence. 825 

 826 

Figure 4. Quantitative trait loci (QTL) responsible for depth of dormancy in controlled 827 

environments, and the timing of Arabidopsis germination and seedling emergence 828 

during annual dormancy cycling in the field. QTL for seedling emergence timing (SET) 829 

and for germination of seeds produced at 15 and 21 °C germinated at both 10 and 20 °C were 830 

identified. Further QTL for germination following afterripening (AR) and in the presence of 831 

nitrate (N) were identified with seeds produced at 15 °C. QTL name first shows the 832 

production temperature with AR when used, then germination temperature with N when used 833 

and chromosome number. For example, 15@20_3.0, but then15@20_3.1 for a second QTL 834 

on the same chromosome. QTL shown in red have Bur-0 as the genotype increasing 835 

germination, those in black have Cvi as the genotype increasing germination. Boxes indicate 836 

1.5 LOD confidence intervals on the cM scale shown. DOG1 and AHG1 loci are shown. 837 

 838 

Fig 5. Expression of candidate genes in Arabidopsis. Annual expression profiles of 839 

candidate genes in Bur-0 (a,c,e) and Cvi (b,d,f). (a) DOG1 and AHG1. (c,d) The profile of the 840 

ratio of AHG1/DOG1 expression over the annual cycle mirrors the increasing sensitivity to 841 

light allowing germination completion in both ecotypes. An increased ratio is followed by 842 

seedling emergence recorded on plots that were regularly disturbed to expose seeds to light. 843 

Such exposure completes dormancy loss if seeds have become sensitive to light in the annual 844 

mailto:15@20_3.0
mailto:15@20_3.1
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cycle. Arrows indicate rain fall coincident with the start of seedling emergence. (e,f) The 845 

annual expression profiles of ANAC60 and PDF1. Error bars indicate SE, absence indicates 846 

SE is smaller than the symbol 847 

 848 

Figure 6.  Schematic model for the regulation of dormancy cycling in Arabidopsis.  849 

Maternal environment affects DOG1 and DOG6 (ANAC60) to determine initial depth of 850 

dormancy. Their influence differs with accession, for example Cvi is known to have a very 851 

strong dominating DOG1 allele (Bentsink 2006). DOG1 and ANAC60 expression patterns 852 

alter during the annual cycle and the DOG1 response is thought to be anchored to that of 853 

temperature acting as a means of accumulating thermal time (Footitt et al 2015, Finch-Savage 854 

and Footitt 2017). PDF1 acts upstream to DOG1 to reduce depth of dormancy, and may 855 

therefore facilitate the DOG1 environmental response (Nee et al, 2017).  In winter DOG1 856 

expression is high, AHG1 action is suppressed by DOG1 and seeds are not sensitive to spatial 857 

signals. During spring DOG1 expression decreases to reduce suppression of AHG1 with a 858 

concurrent reduction in sensitivity to ABA. Presence of AHG1 therefore determines the 859 

timing of subsequent germination and seedling emergence. In response there is increased 860 

sensitivity to spatial signals (light and nitrate) that further alter the hormone balance and 861 

remove the final layer of dormancy in favour of germination completion. In addition DOG6 862 

appears to act at the same level (DNA binding) as DOG1, but where DOG1 increases 863 

sensitivity to ABA by inhibiting AHG1, ANAC60 reduces sensitivity (Li et al, 2014)  864 

 865 
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Fig. S1: Marker physical coordinates plotted against coordinates in the genetic map of At5. 868 

 869 

Fig. S2: Expression patterns of DOG1 and bZIP67 in Bur and Cvi. 870 
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Fig. S3: Expression patterns of DOG1 and DOGL3 in Bur and Cvi. 872 
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Fig. S4: The ratio of AHG1/DOG1 in the data of Cadman et al. 2006. 874 
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Fig. S5: The ratio of PDF1 and ANAC60 to DOG1 over an annual cycle. 876 
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Table S1: Details of genes shown in 9 clusters identified by RNAseq analysis (Fig. 1). 878 



 27 

 879 

Table S2: Quantitative trait loci identified for traits describing measures of germination and 880 

the speed of germination in the Cvi x Bur F8 RIL mapping population. 881 
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Table S3: Details of genes present in SET QTLs (Fig. 4) 883 

 884 
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