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Abstract 22 

The quality of seeds contributes to plant performance, especially during germination and in 23 

the young seedling stage, and hence affects the economic value of seed crops. A seed’s innate 24 

quality is determined during seed development and the following seed maturation phase. It is 25 

tightly controlled by the genetic make-up of the mother plant and further shaped by the 26 

environmental conditions of the mother plant. The interaction between genotype and 27 

environment can result in substantial quantitative variation in seed traits like dormancy and 28 

viability.  29 

Making use of naturally occurring variation within the Arabidopsis thaliana 30 

germplasm, we studied the interaction between seed production environments and the genetic 31 

architecture of mother plants on diverse seed quality traits. An Arabidopsis Bayreuth-0 x 32 

Shahdara recombinant inbred line (RIL) population was grown in four different seed 33 

production environments: high temperature, high light, low phosphate, and control conditions. 34 

The seeds harvested from the mother plants that were exposed to these environments from 35 

flowering until seed harvest were subsequently subjected to germination assays under 36 

standard and mild stress conditions (cold, heat, osmotic stress and added phytohormone 37 

ABA). Quantitative trait locus (QTL) analysis identified many environmental-sensitive QTLs 38 

(QTL x E) as well as several interactions between the maternal and germination 39 

environments. Variation in the number and position of the QTLs was largely determined by 40 

the germination conditions, however effects of the maternal environment were clearly present 41 

regarding the genomic location as well as significance of the individual QTLs.  42 

Together, our findings uncover the extensive environmental modulation of the genetic 43 

influence on seed performance and how this is shaped by the genetic make-up of the mother 44 

plant. Our data provides a systems-view of the complex genetic basis of genotype-by-45 

environment interactions determining seed quality. 46 
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 50 

Introduction 51 

Seed performance traits such as dormancy, viability and vigor are critical in the early stages 52 

of the plant’s life cycle as they ultimately determine the fitness of the individual and 53 

reproductive success within a population [1]. Seed performance is determined by the 54 

combination of environmental conditions and the quality of the seeds [2, 3]. The latter has a 55 

genetic basis and is established during seed development and maturation, occurring mostly on 56 

the mother plant before shedding [2, 3]. Important seed quality characteristics include: i) the 57 

ability of the seeds to germinate timely and uniformly under a wide range of conditions 58 

(vigor, seed dormancy), ii) genetic purity, iii) ability to be stored (in the soil or on the shelf) 59 

for a long period of time without losing viability (longevity) and iv) the capability to establish 60 

a strong and resilient seedling [4]. In agriculture, the quality of seeds scales to the 61 

performance of crops [5]. 62 

The timing of germination, an important aspect of seed quality, is controlled by innate 63 

seed dormancy. Seed dormancy is defined as the inability to germinate shortly after 64 

maturation, despite favorable environmental conditions for germination and allows the seed to 65 

overcome upcoming unfavorable periods - such as winter cold - for seedling establishment [6] 66 

[7]. Primary dormancy in Arabidopsis can be released by a period of dry storage termed after-67 

ripening. In many natural accessions, a quick release of dormancy can be accomplished by a 68 

combined dark and cold treatment (stratification) applied to imbibed seeds prior to initiation 69 

of germination. Another important determinant of the success of germination is the post-70 
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dispersal environment of non-dormant seeds. Unfavorable germination conditions like dry, 71 

hot, or saline soils, can reduce, delay, or prevent seed germination [8].  72 

 Seed development and maturation are critical phases in a (mother) plant’s life cycle, 73 

yet are particularly sensitive to environmental perturbations, including stresses [9, 10]. Both 74 

at the vegetative and reproductive stage, the mother plant, as well as the developing seed, 75 

process environmental information [11]. Environmental factors such as temperature [12-15], 76 

light quality and intensity [2, 16, 17], photoperiod [18] and nutrient availability [2, 19] affect 77 

many plant and seed traits. Interestingly, several studies suggest that environmental 78 

conditions perceived by the mother plant affect the timing of germination of its offspring 79 

seeds [2, 20-22]. For instance, perception of high temperature during seed development can 80 

result in reduced seed dormancy [14], while seed maturation under cold conditions can induce 81 

strong dormancy [20, 23]. 82 

The occurrence of extensive natural phenotypic variation in diverse seed traits sparked 83 

investigations into the genetic basis of traits like dormancy [24, 25] and germination in 84 

Arabidopsis [8, 26-29] and in commercial crops [30, 31]. Genetic variation was also observed 85 

for the effect of the maternal environment on seed traits, in panels of different genotypes [18]. 86 

Significant genotype x environment (GxE) interactions were detected [2, 32-34], suggesting 87 

that the genetic contribution to GxE interaction can be unraveled by quantitative genetic 88 

approaches. This genetic contribution can be estimated by assessing  recombinant inbred line 89 

(RIL) populations derived from genetic backgrounds that segregate for the traits of interest, 90 

followed by quantitative trait locus (QTL) mapping [35]. Testing RIL populations in multiple 91 

environments can subsequently bring substantial insight into the QTL/GxE interactions 92 

underlying the phenotypic expression of traits under study [8, 36-42]. 93 

The effects of the maternal environment on the genetic architecture of seed quality and 94 

germination traits are still sparsely studied as only a few publications provide insight into the 95 

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

The copyright holder for this preprintthis version posted February 22, 2023. ; https://doi.org/10.1101/2023.02.22.529582doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.22.529582
http://creativecommons.org/licenses/by-nc/4.0/


5 

 

GxE interaction of the maternal environment and how this shapes the QTL landscape of 96 

offspring seed quality [43-45]. The focus of these studies was mainly on seed dormancy, in 97 

view of the trait’s ecological implications [20]. Additional knowledge on diverse seed quality 98 

traits, including seed vigor, can provide a more comprehensive understanding of seed 99 

performance and its plasticity, potentially to be used in plant breeding efforts towards the 100 

development of more resilient varieties [5, 32, 33].  101 

In this study, we used an Arabidopsis thaliana RIL population derived from two 102 

natural accessions: Bayreuth-0 (Bay-0) and Shahdara (Sha) [46], to probe the interactions 103 

between the maternal environment and the genetic architecture of the mother plants on seed 104 

quality and germination traits of seeds exposed to different environmental conditions. The 105 

parental lines and the RIL population were grown in four different seed production 106 

environments: high temperature, high light, low phosphate and standard (control) conditions, 107 

from flowering until seed harvest [2]. Germination characteristics of the harvested seeds were 108 

quantified following exposure to diverse environmental germination conditions (imbibed/non-109 

imbibed, stratified/non-stratified, dry/imbibed, cold, heat and high salinity). This enabled us 110 

to describe the interactions between genetic background, maternal and germination 111 

environment. Our work uncovers a complex genetic architecture with both robust and highly 112 

environment-specific QTLs for seed and germination traits. The detection of extensive 113 

interaction between genotype, maternal and germination environment resulting in plasticity in 114 

seed development and germination can be of use in targeted breeding approaches aiming for 115 

resilient crop varieties that perform optimally when exposed to specific environmental 116 

perturbations. 117 
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Results 118 

Phenotypic variation in seed quality and germination traits 119 

To determine the genetic basis of diverse seed and germination traits of seeds produced under 120 

different maternal environments (ME), a Bay-0 x Sha recombinant inbred line (RIL) 121 

population [46, 47] was grown in standard (ST) long day conditions (light intensity of 150 122 

μmol m–2 s–1,  day/night cycle of 16h/8h at 22°C/18°, 0.5 mM P). From the moment of floral 123 

initiation, ‘mother’ plants were moved to either of three controlled mild stress environments: 124 

high temperature (HT; day/night cycle of 25°C/23°C), high light (HL; 300 μmol m–2 s–1) or 125 

low phosphate (LP; 0.01 mM P) or were kept in the previously mentioned standard conditions 126 

(ST) as a control, until the ripe seeds were harvested. Using the harvested seeds, we 127 

quantified 70 traits including seed dormancy, seed longevity and seed vigor as well as 128 

germination rates (Supplemental  Table 1-3). For most seed and germination traits extensive 129 

phenotypic variation was observed within the RIL population and among the parental lines in 130 

the different environments (Figure 1, Figure 2, Supplemental  Figure 1, Supplemental  131 

Table 3).  132 

Compared to Bay-0, Sha seeds derived from mother plants of all maternal 133 

environments had a higher level of primary dormancy (Gmax fresh; Figure 1A), indicated by a 134 

lower percentage of germination of fresh harvested seeds, and by its requirement of more 135 

days of seed dry storage to reach 50% germination (DSDS50; Figure 1B). Imbibed Sha seeds 136 

derived from all ME’s also displayed a higher fraction of germinated seeds after controlled 137 

deterioration treatment (Gmax CDT; Figure 1C), indicative for a higher longevity. In standard 138 

conditions (ST), Sha seeds were slightly heavier than those of Bay-0, yet under all three mild 139 

stress ME’s Bay-0 seed weight superseded those of Sha (Dry seed weight; Figure 1D). This 140 

was partly reflected in larger seeds, with Sha seeds being bigger in the ST and LP 141 

environment, but not when derived from the HT or HL environment (Dry seed size; Figure 142 
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1E). However, after imbibition seeds of Bay-0 were larger regardless of the ME (Imbibed 143 

seed size; Figure 1F). Considering the whole RIL population, the HL maternal environment 144 

had the most pronounced effect on seed quality and germination traits as compared to ST 145 

control conditions. The HT maternal environment led to an increase in primary dormancy 146 

(Gmax fresh), reduced DSDS50, and reduced seed size of both dry and imbibed offspring seeds 147 

(Figure 1A, B, E, F). The HL maternal environment led to an overall increased DSDS50, 148 

reduced longevity and increases in seed weight and size (Figure 1B, C, E, F). The LP 149 

maternal environment had relatively mild effects and only resulted in increased DSDS50 and 150 

mildly reduced seed size (Figure 1B, F). 151 

For most traits some transgression (offspring with phenotypic values extending 152 

beyond the parental values) was observed (Figure 1). For Gmax transgression was one-sided, 153 

where a part of the RILs showed higher values than the highest-value parental line (Bay-0 in 154 

this case) but did not exceed the Sha value on the other side of the trait distribution (Figure 155 

1A). For the HT maternal environment this was less pronounced as the Gmax was overall 156 

increased in this condition. One-sided transgression was also found for DSDS50 (Figure 1B), 157 

for which also HT had a pronounced effect, lowering the DSDS50 for most RILs. Two-sided 158 

transgression was found for the traits Gmax after CDT, dry seed weight, dry seed size, and 159 

imbibed seed size (Figure 1C-F). For these traits the HL maternal environment had the 160 

strongest effect on the phenotypic distribution in the RILs. A smaller but noticeable effect 161 

was also found for the HT environment. Together this shows complex interactions between 162 

the genetic background, maternal environments, and specific traits (Figure 1). 163 
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 164 

Figure 1. Effect of the seed maternal environment on offspring seed and germination 165 

traits of RIL population genotypes and parental lines. The phenotypic values of the 166 

parental lines, Bay-0 and Sha are indicated with blue and red dots, respectively. (A) 167 

percentage of germination of freshly harvested seeds (Gmax fresh). (B) number of days of dry 168 

storage of seeds required to reach 50% of germination (DSDS50). DSDS50 data was square 169 

root transformed. (C) Germinating fraction (percentage) after controlled deterioration (CDT), 170 

a proxy for seed longevity (Gmax after CDT). (D) Average dry seed weight of 1000 seeds in 171 

milligram (mg) (Dry seed weight). (E) Average projected seed size of 1000 seeds in 172 

micrometer2 (µm2) (Dry seed size). (F) Average projected size of imbibed seeds in 173 

micrometer2 (µm2) (Imbibed seed size). Boxes indicate boundaries of the second and third 174 

quartiles of the RIL distribution data. Black horizontal bars indicate median and whiskers Q1 175 

and Q4 values within 1.5 times the interquartile range. Violin plots designate phenotype 176 

distributions. Colored shadings represent the different maternal environments; standard 177 

(control) conditions (ST, grey), low phosphorus (LP, green), high temperature (HT, red) and 178 

high light (HL, yellow). Significant differences between maternal environments are indicated 179 

by different capital letters above the plots, calculated using an ANOVA test with post-hoc 180 

Tukey HSD (p-value < 0.01).  181 

 182 
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Seed vigor was assessed by assaying diverse seed germinating traits of fully after-183 

ripened stratified and non-stratified seeds exposed to different germination environments (GE; 184 

Supplemental  Table 1, 2). GE’s included were salt (100 mM NaCl), cold (10°C), heat 185 

(32°C) and osmotic stress (-0.6 MPa mannitol) and the presence of the phytohormone 186 

Abscisic acid (0.25 µM ABA). The latter is associated with suppression of germination and 187 

induction of seed dormancy [6]. Standard conditions (ST, in water at 20°C) were used as 188 

control. The effect of these GE’s was tested by measuring germination rate (Gmax), 189 

germination speed (t10 and t50; time needed to reach 10% or 50% of total germination), 190 

uniformity of germination (u8416; the time interval between 16% and 84% of viable seeds to 191 

germinate) and the area under the germination curve until 300 hours (AUC), summarizing the 192 

mentioned germination parameters (Supplemental  Table 1, 2, 3).  193 

As found for seed traits (Figure 1), extensive phenotypic variation was observed for 194 

the diverse germination traits among the genotypes and parental lines across ME’s and GE’s 195 

(Figure 2, Supplemental  Figure 1, Supplemental  Table 2). We first determined the 196 

(dis)similarity in variation between the diverse traits within the RIL population (and their 197 

parental lines) by comparing the patterns found by Principal Component Analysis (PCoA) 198 

(Supplemental  Figure 2). This pointed to the existence of two major trait groups in our data. 199 

On one hand the t10, t50 and u8416 clustered together and on the other hand AUC and Gmax 200 

(Supplemental  Figure 2). We therefore focused on the distributions of t50 and AUC values, 201 

as representative proxy of the two trait groups. The data of the other traits (Gmax, u8416 and t10) 202 

are provided in Supplemental  Figure 1 and all data (including AUC and t50) can be accessed 203 

and further explored interactively through the AraQTL website 204 

(www.bioinformatics.nl/AraQTL/; [48]). 205 

Overall, AUC values of the Bay-0 parental line were lower than those of Sha in most 206 

GE’s across ME’s (Figure 2A) in both stratified and non-stratified seeds, indicating that Sha 207 
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seeds are more vigorous and resilient against sub-optimal germination conditions. This is in 208 

line with the higher stress sensitivity reported for Bay-0 as compared to Sha [8, 29]. We 209 

observed that most of the RILs (> 80%) did germinate readily in standard conditions (ST; i.e, 210 

water at 20oC) with little variation, while germination in mild stress-inducing environments 211 

was overall reduced but exhibited larger phenotypic variation across the RIL population. 212 

Although seed vigor was affected by the maternal environment (ME) to different extent, the 213 

germination environment overall appears much more determinative for progeny seed vigor. 214 

Put in other words, the difference between ST and average trait effect of individual GE’s is 215 

larger than the trait variation observed between ME’s within a GE block. Under some 216 

conditions, marked transgression was observed, as substantial parts of the segregating 217 

progenies (RILs) were clearly performing worse or better than the parental genotypes (Figure 218 

2A).  219 

 220 

 221 

Figure 2. Effect of the seed maternal and germination environments on seed vigor traits 222 

of RIL population genotypes and parental lines. (A) AUC and (B) t50
 values. The 223 
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phenotypic values of the parental lines, Bay-0 and Sha are indicated with blue and red dots, 224 

respectively. AUC and t50 were assessed using fully after-ripened non-stratified seeds (upper 225 

row) and fully after-ripened stratified seeds (lower row) and were exposed to salt, cold, heat 226 

or osmotic stress or ABA. Boxes indicate boundaries of the second and third quartiles of the 227 

RIL distribution data. Black bars indicate median and whiskers Q1 and Q4 values within 1.5 228 

times the interquartile range. Outliers are represented by grey dots. Violin plots designate 229 

phenotypic distributions. Colored shadings represent the different maternal environments; 230 

standard (control) conditions (ST, grey), low phosphorus (LP, green), high temperature (HT, 231 

red) and high light (HL, yellow). Significant differences between maternal environments are 232 

indicated by different capital letters above the plots calculated using an ANOVA test with 233 

post-hoc Tukey HSD (p-value < 0.01). 234 

 235 

In most GE’s, Bay-0 showed higher t50 values than Sha, indicating that Sha seeds 236 

germinated quicker (Figure 2B). This is in line with previously reports [8, 29]. Considering 237 

the GE’s, overall slowest germination was observed under cold conditions and fastest 238 

germination under high temperatures. In all cases, the effect of the GE prevailed over the 239 

effect of the ME (Figure 2B). Nevertheless, several significant effects of the maternal 240 

environment were detected. Transgression was predominantly two-sided and was observed in 241 

all GE and ME combinations (Figure 2B). Of note, overall, the germination environment is 242 

more determinative for AUC as well as t50 values than the maternal environment for both 243 

stratified and non-stratified seeds. 244 

To probe for signs of possible shared genetic architecture, correlations between the 245 

diverse seed and germination trait values obtained from the different GE’s and ME’s across 246 

the RILs and parental lines were calculated (Figure 3, Supplemental Table 4). In general, 247 
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only moderate correlations between the diverse seed traits, such as size, and seed germination 248 

traits were observed, suggesting limited overlap in determinative genetic components. Of 249 

note, the trait correlations were overall stronger when traits were obtained from non-stratified 250 

seeds as compared to those of stratified seed batches, suggesting that stratification in part 251 

dampens the effect of the ME and/or GE. Seed dormancy (DSDS50) was as expected generally 252 

negatively correlated with AUC (Figure 3A) and positively with t50 (Figure 3B) and LP and 253 

HL maternal environments exacerbated this effect. On the contrary, Gmax CDT demonstrated a 254 

positive interaction with AUC, and negative with t50, which was exacerbated under HT 255 

(Figure 3). No particularly clear correlation was observed between dry seed size and seed 256 

vigor (AUC and t50) traits.  257 

 258 

 259 

Figure 3: Heatmap of Spearman correlation coefficients of RIL seed and germination 260 

trait values. (A) AUC and (B) t50 correlation values obtained after exposure to different 261 

germination conditions. The x-axes (columns) represent different GE’s: Standard conditions, 262 

salt, cold, heat or osmotic stress or ABA application. The y-axis (rows) represents ME’s: 263 

standard, ST, grey color coding; low phosphate, LP, green; high temperature, HT, red; high 264 

light, HL, yellow. Seed traits included are number of days of dry storage of seeds required to 265 

reach 50% of germination (DSDS50), percentage of germination after controlled deterioration 266 
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(Gmax CDT) and dry seed size (drySS). Correlations for both stratified and non-stratified seeds 267 

are shown. 268 

 269 

G x E interactions for seed germination traits 270 

As a result of genotype by environment (G x E) interactions, trait values per genotype (in our 271 

case individual RILs and parental lines) can differ from one environment to another. This can 272 

cause the genotypes to rank differently on phenotypic values between the environments, 273 

depending on the relative contribution of underlying genetic components vs. the effect of the 274 

environmental condition [33]. To estimate G x E interactions in our dataset, Spearman 275 

correlation analysis and clustering of germination traits across the multiple environments was 276 

performed for all ME x GE combinations and all RIL and parental genotypes (Figure 4, 277 

Supplemental  Table 4). Overall, positive correlations of the AUC phenotype between the 278 

ME and GE conditions were found (Figure 4A). Also, for t50 mostly positive correlations 279 

between the ME’s and GE’s was observed (Figure 4B). This points to a common genetic 280 

basis, within the t50 traits and within the AUC traits, independent of the ME and GE, as well 281 

as a part that can be ME and/or GE specific (Figure 4). Principle Component Analysis 282 

confirmed the substantial environmental contribution to trait values (Figure 5). Variation in 283 

the AUC seed germination traits between different genetic backgrounds (RILs and parental 284 

lines) were mainly explained by the germination environment (e.g. ABA), but the maternal 285 

environment conditions also caused some recognizable clustering, mainly attributed to the HT 286 

maternal environment. This suggests additional effects of the maternal (ME) over the 287 

germination environment (GE) (Figure 5). For t50, a clear separation was identified for 288 

stratified vs. non-stratified seeds (Figure 5B), which was less-so the case for AUC (Figure 289 

5A). 290 
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 291 

Figure 4. Heatmap and hierarchical clustering of S correlation coefficients of (A) AUC 292 

and (B) t50 seed germination trait values among all tested maternal and seed germination 293 

environments. Negative correlations are indicated in purple shading, positive correlations in 294 

green shading (see legend at the top left). The 48 possible maternal and seed germination 295 

environments are indicated on the axes and color coded. Maternal environments indicated on 296 

the y-axis are coded: ST, grey; LP, green; HT, red; HL, yellow. The germination 297 

environments on the top x-axis are coded: standard, (ST) grey; ABA, purple; cold, blue; heat, 298 

red; mannitol, yellow/brown; NaCl, green. Stratified seeds are indicated with dark colors and 299 

with ‘strat’. The remaining category of non-stratified seeds is not letter-coded but is indicated 300 

by lighter colors. 301 

 302 
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 303 

Figure 5: Biplots of the first two Principal Component (PC) axes of (A) AUC and (B) t50 304 

trait value distributions within the RIL population, including the parental lines (all tested 305 

maternal environments and stratified and non-stratified seeds), plotted per germination 306 

environment (indicated above the panels). Maternal environment conditions are indicated; ST, 307 

grey; HL, green; HT, red; LP, yellow. Stratified seeds are indicated as triangles, non-stratified 308 

seeds as circles. Lines connect the samples per stratification treatment (grey, not stratified; 309 

blue; stratified).  310 

 311 

QTL mapping of seed traits 312 

To define the genetic architecture of the contribution of the maternal environment (ME) to 313 

diverse seed traits, we adopted an QTL mapping approach. Mapped traits include imbibed and 314 

dry seed size (SS), dry seed weight (SW), percentage of germination of fresh seeds (Gmax) and 315 

after controlled deterioration (Gmax CDT), and days of dry storage required to reach 50% of 316 

germination (DSDS50). The obtained QTL profiles per ME were overlayed to find differences 317 

and similarities (Figure 6, Supplemental  Table 5).  318 
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For imbibed seed size we detected one highly significant QTL at the right arm of 319 

chromosome 5, which was observed in all four ME datasets, suggesting that the explaining 320 

polymorphism underlying this QTL is a genetic determinant of seed size independent of 321 

maternal environment perturbation. For dry seed size several maternal environments QTLs 322 

were identified. Most QTLs were shared by at least two different ME’s, except some QTLs on 323 

chromosome 5, which appear specific to the HT maternal environment. Interestingly, dry seed 324 

weight showed a very similar QTL distribution pattern as dry seed size both in terms of 325 

location and effect. However, the HT-specific QTLs on chromosome 5 for dry seed size were 326 

not mirrored in the seed weight data set. In addition, the HL and LP ME QTL on the center of 327 

chromosome 5, that is shared with the ST ME conditions in the dry seed size dataset, is not 328 

observed in the dry seed weight QTL distribution.  329 

For Gmax of fresh seeds, QTLs were found on chromosomes 1, 3, 4, and 5. The QTL 330 

on chromosome 1 was only detected for the HT maternal environment, whereas contrarily the 331 

QTL found on chromosome 5 was almost absent in the HT maternal environment but present 332 

in the other ME’s. In the HT maternal environment, the DSDS50 QTL distribution revealed a 333 

QTL on chromosome 1 that co-locates with the Gmax of fresh seeds QTL although it has an 334 

opposite effect. For the other maternal environments, no QTLs were detected at this genomic 335 

position. However, dry seed size and dry seed weight QTLs for HL, and Gmax CDT QTLs for 336 

all ME’s were detected slightly upstream (left arm chromosome 1) and overlapped with the 337 

confidence interval of the Gmax fresh QTL. Additional DSDS50 QTLs were detected on 338 

chromosome 3 for HT and HL and chromosome 5 for HL, LP and ST. For Gmax CDT several 339 

diffuse small effect QTLs were observed lacking well-defined borders. Some of the QTLs co-340 

located with QTLs found for seed size and seed weight.  341 
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Overall, we conclude that there is a complex genetic component that modulates the 342 

effect the maternal environment has on diverse progeny seed traits. Several of the QTLs were 343 

detected in multiple ME environments, which suggests that integrating diverse maternal 344 

environments into seed traits involves shared genetic loci (Figure 6, Supplemental  Table 5). 345 

Nevertheless, several QTLs were only detected for a single ME condition, suggesting that 346 

also ME-specific genetic components mediating seed trait values exist. 347 

 348 

 349 

Figure 6: QTL profiles plot of seed and germination traits; Imbibed and dry seed size (SS), 350 

dry seed weight (SW), fraction of germination of fresh seeds (Gmax) and after controlled 351 

deterioration (Gmax CDT), and days of dry storage required to reach 50% of germination 352 

(DSDS50). Chromosome numbers are show at the top. Genomic positions (x-axes) are 353 

indicated in mega base pairs (Mb) per chromosome. QTL effect direction and likelihood are 354 

indicated by significance (-log10) multiplied by the effect sign, on the y-axis (+ Bay-0 effect > 355 
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Sha effect, - Sha effect > Bay-0 effect). The colors of the QTL distributions indicate the 356 

maternal environment; ST, grey; LP, green; HT, red; HL, yellow. 357 

 358 

QTL mapping of germination traits with QTL x E  359 

Since the germination traits were measured in different germination environments (GE) using 360 

seeds derived from different maternal environments (ME), two QTL mapping approaches 361 

were used to explore QTL-by-environment interactions (QTL x E). We mapped QTLs for the 362 

seed germination traits AUC and t50 of seeds derived from mother plants that received ST,  363 

LP, HT, and HL environmental treatments. These seeds were exposed to salt, cold, heat, 364 

osmotic stress, or ABA during germination. Single trait multiple-environment linkage 365 

analysis was performed on the mean phenotypic values of the AUC across germination (GE) 366 

conditions, for each maternal environment (ME). As a second approach, all observations were 367 

fitted in a linear model, which allowed estimation of the interactions between the genomic 368 

marker, maternal environment, germination environment and stratification treatment. 369 

The single trait multiple-environment mapping approach revealed many phenotypic 370 

QTLs distributed over the five chromosomes, for AUC and t50 (Figure 7, 8, 9, 10, Table 1, 371 

Supplemental  Tables 6 & 7). For both AUC and t50, the co-locating QTLs were grouped in 372 

13 main QTL clusters per trait (Table 1). The direction of the effects of the QTLs within 373 

these clusters was consistent across the environments and QTLs with both Bay-0 and Sha as 374 

high value allele were identified (Figure 7, 8, 9, 10). Yet, the distribution of allelic effects 375 

was much more equal between AUC traits, than for the t50 traits, with more positive allelic 376 

effects for the Bay-0 allele (Figure 8, 10). We observed variation in the number of QTLs, as 377 

well as variation in the explained variance of individual QTLs across the different ME’s, 378 

which is indicative for substantial QTL x E interaction. In addition, germination QTLs with 379 
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environment specificity were identified. For example, for AUC, in the HT maternal 380 

environment data, several QTLs were identified on the left arm of chromosome 1 and 381 

chromosome 3, while QTLs at the bottom of chromosome 1 and top chromosome 5 are 382 

mostly specific to LP (Figure 7). For t50, the HT maternal environment showed the most 383 

specific QTLs in both position as well as strength/significance (Figure 9, 10). This shows that 384 

the genetic loci underlying trait variation can be modulated by the maternal environment and 385 

emerge as ME-specific QTLs. Of note, for t50 we observed a bias for higher trait values 386 

associated with Sha alleles and overall, the significance of t50 QTLs is less pronounced than 387 

observed for AUC (-log 10(p) range of ~15 respectively ~100).  388 
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 389 

Figure 7: Distribution plot (A) and heatmap (B) of QTL profiles for AUC calculated by 390 

a single trait multiple environments linkage analysis approach. (A) The -log10(p-value) 391 

significance profiles for different components of the mixed model mapping approach are 392 

given, which are indicated by different colors: genotypic marker (MRK), maternal 393 

environment (ME), germination environment (GE), stratification (STR). Right-side label: G0 394 

show the most significant effects: MRK and GE x MRK. Right-side label: G2 shows less 395 

significant effects: ME x MRK, STR x MRK and GE x STR x MRK. Right-side label: G3 396 
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show the least significant effects: ME x GE x MRK and ME x STR x MRK. (B) QTL profiles 397 

of the 12 germination conditions (Standard, NaCl, Mannitol, Heat, Cold and ABA, all with 398 

(yes) or without (no) stratification) are indicated in the rows per block of maternal 399 

environment conditions (standard, ST; low phosphate, LP; high temperature, HT; high light, 400 

HT). The direction and effect of the QTLs are indicated by the color scale; purple to orange 401 

(via red) indicates a higher trait value associated with the Sha allele (defined as negative 402 

effect) and green to yellow indicates a higher trait value associated with the Bay-0 allele 403 

(defined as positive effect). The white vertical lines delineate the chromosomes (A,B) 404 

Genomic positions (x-axes) are indicated in mega base pairs (Mb) per chromosome 405 

(chromosome numbers indicated on top of each block.  406 

 407 

 408 

Figure 8: Allelic effects (AUC difference between the bay and sha alleles) of the 13 main 409 

identified QTL regions (indicated as qtl1 to qtl13 above the columns) detected for the AUC 410 

trait. X-axis shows allelic effect. Y-axis shows the AUC phenotype measured under different 411 
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GE conditions (Standard, NaCl, Mannitol, Heat, Cold and ABA, all with (yes) or without (no) 412 

stratification) of seeds derived per ME (horizontal blocks; standard, ST; low phosphate, LP; 413 

high temperature, HT; high light, HT), also indicated by colors. Panel labels on the right 414 

indicate the ME conditions of the seeds. Positive signs indicate Bay-0 effect > Sha effect and 415 

negative signs indicate Sha effect > Bay-0 effect. 416 

 417 

Table 1: Main QTL regions detected for the AUC and t50 phenotypes. QTL region name, 418 

marker ID (bin_marker) used for effect calculation, chromosome number, physical position 419 

(Mbp) and genetic position (cM) are given in columns.  420 

 421 

bin_marker chromosome physical.position.(Mbp) genetic.position.(cM) 

qtl1 RSM_1_3.25 1 3.25 13.59 

qtl2 RSM_1_9.95 1 9.95 41.39 

qtl3 RSM_1_26.05 1 26.05 94.68 

qtl4 RSM_1_29.65 1 29.65 116.9 

qtl5 RSM_2_6.75 2 6.75 20.24 

qtl6 RSM_2_17.05 2 17.05 62.11 

qtl7 RSM_3_3.35 3 3.35 10.44 

qtl8 RSM_3_16.15 3 16.15 49.89 

qtl9 RSM_4_10.35 4 10.35 52.51 

qtl10 RSM_5_1.35 5 1.35 7.147655 

qtl11 RSM_5_7.15 5 7.15 29.00167 

qtl12 RSM_5_21.15 5 21.15 78.06281 

qtl13 RSM_5_25.65 5 25.65 96.11812 

 422 
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 423 

Figure 9: Distribution plot (A) and heatmap (B) of QTL profiles for t50 calculated by 424 

single trait multiple environments linkage analysis approach. (A) The -log10(p-value) 425 

significance profiles for different components of the mixed model mapping approach are 426 

given, which are indicated by different colors: genotypic marker (MRK), maternal 427 

environment (ME), germination environment (GE), stratification (STR). G0 show the most 428 

significant effect, GE x MRK. G1 the most significant after G0, MRK and STR x MRK. G2 429 

shows less significant effects, ME x MRK, and GE x STR x MRK. G3 show the least 430 
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significant effects, ME x GE x MRK and ME x STR x MRK (B) QTL profiles of the 12 431 

germination (GE) conditions (Standard, Mannitol, NaCl, Heat, Cold and ABA, all with (yes) 432 

or without (no) stratification) are indicated in the rows per block of maternal environment 433 

conditions (standard, ST; low phosphate, LP; high temperature, HT; high light, HT). The 434 

direction and effect of the QTLs is indicated by the color scale; purple to orange (via red) 435 

indicates a higher trait value associated with the Sha allele (defined as negative effect) and 436 

green to yellow indicates a higher trait value associated with the Bay-0 allele (defined as 437 

positive effect). The white vertical lines delineate the chromosomes (A, B) Genomic positions 438 

(x-axes) are indicated in mega base pairs (Mb) per chromosome (chromosome numbers 439 

indicated on top of each block.  440 

 441 

442 

  443 

Figure 10: Allelic effects (t50 (hours) difference between the bay and sha alleles) of the 13 444 

main identified QTL regions (indicated as qtl1 to qtl13 above the columns) detected for the t50 445 
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trait. X-axis shows allelic effect. Y-axis shows the t50 phenotype measured under different GE 446 

conditions (Standard, NaCl, Mannitol, Heat, Cold and ABA, all with (yes) or without (no) 447 

stratification) of seeds derived per ME (horizontal blocks; standard, ST; low phosphate, LP; 448 

high temperature, HT; high light, HT), also indicated by colors. Panel labels on the right 449 

indicate the ME conditions of the seeds. Positive signs indicate Bay-0 effect > Sha effect and 450 

negative signs indicate Sha effect > Bay-0 effect. 451 

 452 

Discussion 453 

It is well-known that the environment experienced by the mother plant during seed 454 

development and maturation affects progeny seed traits such as dormancy and germination 455 

[11]. The genotype-dependent response to environmental cues sparked studies on the 456 

interaction between maternal environment and genotype, and the effect on seed phenotypes 457 

[2, 18, 22, 34, 45, 49]. However, only a handful of studies took advantage of natural occurring 458 

genetic variation to identify the extent and effect of the maternal environment on seed traits at 459 

the genetic level and systematically assessed the G x E interactions. Postma and Agren [43] 460 

and, Kerdaffrec and Nordborg [44] identified changes in the effect size of QTLs associated to 461 

seed dormancy in Arabidopsis populations grown in field experiments. However, various 462 

factors such as photoperiod and temperature, change continuously, unpredictably, and 463 

simultaneously in the field. Therefore, experiments under controlled conditions, in which the 464 

effect of tweaking individual environmental cues without changing others, are useful to 465 

disentangle effects of individual environmental inputs precisely. In this context, we grew an 466 

Arabidopsis recombinant inbred line (RIL) population under four controlled conditions from 467 

flowering until seed harvest. Extensive phenotyping and QTL mapping of seed and 468 

germination traits of progeny produced under the different conditions revealed the effect of 469 

the maternal environment at the phenotypic and genetic level. In addition, we used fresh and 470 
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after-ripened seeds, dry seeds, and imbibed seeds, stratified and non-stratified seeds and let 471 

these germinate under mildly stressful environmental conditions.  472 

Overall, considerable phenotypic variation was observed between the parental lines as 473 

well as within the Bay-0 x Sha RIL population in response to both the germination 474 

environment and maternal environments (Figure 1, 2). In many instances, the phenotypes of 475 

the RILs extended beyond the parental values, indicative of segregating natural genetic 476 

variation in alleles that affect the trait values in a genetically additive manner. The effects of 477 

the maternal environment and germination environments on seed traits were in line with 478 

previous studies. For instance, temperature is a known key determinant in the timing and 479 

duration of key developmental phases including flowering and plant morphology, as well as 480 

reproductive development [50-52]. Warmer temperature leads to earlier flowering and 481 

subsequently earlier seed set [9, 51, 53]. In line with other studies[12, 15], the high 482 

temperature maternal environment promoted germination by reducing dormancy levels 483 

(Figure 1). Altogether, our complex multi-variate approach demonstrates that multi-484 

environment analysis is a valuable tool for understanding the genetic control of seed and 485 

germination traits, and other traits alike. 486 

Larger seed size and seed weight was observed under HL (Figure 1), in line with findings in 487 

other genetic backgrounds [2, 17]. In several studies, seed size has been associated with 488 

seedling vigor and faster germination [14]. However, the low correlation between seed size 489 

and seed performance found in this study (Figure 3) shows that this relation is at least 490 

complex. This is in accordance with the poor correlation between tomato seed traits and 491 

seedling performance, in different maternal environments reported by Geshnizjani et al. 492 

(2020). Seeds that matured under HL conditions did show a reduced percentage of 493 

germination when exposed to NaCl, Mannitol or heat (Figure 2). This could be explained by 494 

either a higher water requirement of these seeds to complete germination compared to smaller 495 

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

The copyright holder for this preprintthis version posted February 22, 2023. ; https://doi.org/10.1101/2023.02.22.529582doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.22.529582
http://creativecommons.org/licenses/by-nc/4.0/


27 

 

seeds, for which water absorption can occur faster, or by a disrupted osmotic balance which 496 

may complicate water uptake by the seeds. These findings are in line with an earlier 497 

observation that an increase in resources in the maternal environment, caused by high light, 498 

decreases the fraction of seeds with early germination [54]. When the mother plant 499 

experiences non-optimal conditions, such as low phosphate, offspring can become more 500 

dormant [2, 9]. The low phosphate environment also affected seed traits, such as germination 501 

in mannitol (Figure 2), which resulted in LP-sensitive QTLs at the top of chromosome 5 502 

(Figure 7, 8, 9, 10). Under phosphorus starvation conditions, the allocation of phosphorus 503 

might occur at the expense of its storage in seeds, although studies have reported that mainly 504 

yield, rather than seed quality, is affected under resource limiting environments [19]. 505 

Together, these results indicate that suboptimal environmental conditions experienced by the 506 

mother plant, that are transmitted to the progeny, can proposedly be translated into different 507 

functional strategies, such as promotion or (temporary) inhibition of seed germination, 508 

allowing the seeds to adjust their germination behaviour to fit their immediate environment 509 

[55].  510 

Besides the dominating effect of the seed’s germination environment on the various 511 

germination traits (Figure 2), the maternal environmental conditions also affected 512 

germination traits in the RILs, indicated by genotype-by-maternal environment (G x ME) 513 

interactions (Figure 4, Table 1). Such interactions were also reported in other studies [2, 18, 514 

44] and are supported by this study through the analysis of variance, which estimated that, 515 

overall, approximately 40% of the seed germination variation in the RILs was due to G x ME 516 

(Table 1). Together, these results show that there is a genetic contribution, and natural 517 

variation therein, to the effect that the maternal environment has on the expression of progeny 518 

seed quality and germination traits. Our quantitative genetic study identified many seed 519 

quality and germination QTLs across the different ME’s and GE’s. We identified 13 QTL 520 
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clusters (Figure 8, 10, Table 1), which correspond to genomic locations of previously 521 

identified QTLs controlling germination under standard and stress conditions [8, 56]. The 522 

effect of the maternal environments was mostly observed as change in allelic effect size of the 523 

detected QTLs, which is the most common type of interaction for QTL x E [33]. For marker-524 

assisted selection in breeding approaches, such QTLs present the advantage of enhancing 525 

germination under various conditions. For these QTLs, alleles promoting germination can be 526 

queried from parents having opposite phenotypes.  527 

The maternal and germination conditions significantly attributed to the magnitude-of-528 

change of the QTL effects (Figure 7, 8, 9, 10). Common germination QTLs across maternal 529 

environments showed higher significance scores than ME specific QTLs. However, some ME 530 

specific QTLs could be detected, for example in the HT ME, yet some could easily be missed 531 

due to not reaching the significance threshold under these conditions. The result of the QTL 532 

analyses, and the extensive QTL x E interactions identified, illustrate the dynamics of the 533 

contribution of the genetic architecture to responses to different maternal environments. The 534 

fact that both common and maternal environment-specific QTLs were identified, suggests that 535 

studies that assess multiple environments like here presented could be more often considered 536 

to fill gaps in our understanding of gene regulatory networks, in response to environmental 537 

perturbations. 538 

Taken together, our complex multi-variate approach demonstrates that multi-539 

environment analysis is a valuable tool for understanding the genetic control of seed and 540 

germination traits, and other traits alike. We showed that the maternal environment, and the 541 

environmental condition during germination, prominently affect seed traits and seed 542 

germination, and that extensive natural genetic variation exists underlying the modulation of 543 

these effects. The extent of QTL x E observed because of genetic interaction with the 544 

maternal and germination environments strengthens the need for contrasting multi-545 
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environment studies to reveal the genetic mechanisms underlying phenotypic plasticity. Such 546 

studies are particularly relevant in the context of climate change [57, 58], to understand the 547 

fundamental mechanisms of plant adaptation and acclimation to environmental change [20], 548 

and also for breeding purposes, to safeguard future crop production in changing 549 

environments. 550 

 551 

Material and methods 552 

Plant materials and growth conditions 553 

In total 165 lines of a Arabidopsis Bayreuth (Bay-0) x Shahdara (Sha) accessions recombinant 554 

inbred line core collection [46, 47] were used, including the parental lines. All lines were 555 

sown on imbibed filter paper, placed in individual petri dishes and stratified (4 days at 4°C in 556 

the dark). The sowing of the seeds differed in time based on the estimated flowering time of 557 

the RILs observed in previous experiments [8] to synchronize flowering. The seeds were then 558 

allowed to germinate in climate-controlled incubators with continuous light at 22°C. At the 559 

time of radicle protrusion, 16 seedlings per line were transferred to Rockwool blocks, with 560 

one seedling per block. The plants were further grown in a controlled climate room under 561 

long day conditions (light/darkness cycle of 16h/8h) at 22°C/18°C with a light intensity of 562 

150 μmol m–2 s–1 and 70% relative humidity [2]. The plants were automatically watered with 563 

standard nutrient solution (Supplemental Table S1) three times a week.  564 

When plants flowered, the stems and branches were cut in order to ensure 565 

development of all seeds occurred under the defined controlled mild stress condition (i.e. 566 

maternal environment; ME). Three to four plants per line were transferred to different climate 567 

cells set under different controlled environmental stresses being: low phosphate nutritive 568 

solution (LP; 0.01 mM), high temperature (HT; 25°C/23°C) and high light (HL; 300 μmol m–2 569 
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s–1), or were maintained in the standard growth conditions (ST; 20°C/18°C, 150 μmol m–2 s–1, 570 

0.5 mM phosphate) [2]. The plants were kept in these conditions until seed harvest. When all 571 

plants produced a sufficient amount of fully matured seeds, seeds were bulk-harvested from 572 

3-4 plants per genotype. A fraction of the fresh harvested seeds was dried and stored at -80°C 573 

in sealed 2 ml tubes, while the remaining seeds were stored in paper bags placed in a 574 

cupboard at ambient room temperature to allow after-ripening. 575 

Phenotyping  576 

Seed phenotyping was performed as described previously [2]. Seed size was determined by 577 

taking pictures of approximately 500 seeds on white filter paper using a Nikon D80 camera. 578 

Pictures were analyzed using ImageJ. The same seeds were transferred into weighing cup and 579 

weighed with an AD-4 Autobalance (PerkinElmer, Inc.). Single seed weight was subsequently 580 

determined by dividing the total weight by the number of seeds.  581 

Germination experiments were performed using the GERMINATOR set-up described 582 

in [59]. Seeds were sown on two layers of blue filter paper (Anchor paper company, St Paul, 583 

MN, USA; www.seedpaper.com) with 48 ml of demi-water. Up to 6 seed batches were sown 584 

on parts of the same filter paper. Automatic scoring of seed germination was performed using 585 

a mounted camera system. Pictures were taken one to three times a day, for 5 up to 10 days 586 

after sowing, until green cotyledons became visible.  587 

The curve fitting module of the GERMINATOR setup was used to analyze the general 588 

cumulative germination data. Gmax was measured as the total seed germination percentage at 589 

each time point. T10 and t50 values were calculated as the time needed to reach 10% 590 

respectively 50% of germination of viable seeds. The calculation of the area under the 591 

germination curve (AUC) was extended to 300 hours to capture the full phenotypic variation 592 

under all germination conditions. The germination tests were performed using approximately 593 
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50 seeds per experiment. Two independent experiments were performed to obtain replicated 594 

phenotypic values. 595 

The germination potential of the freshly harvested seeds (Gmax fresh) and release of 596 

primary seed dormancy were determined by performing weekly germination experiments. 597 

Seeds were considered fully after-ripened if the percentage of germination reached more than 598 

90% in two consecutive germination experiments. Fully after-ripened seeds were transferred 599 

to sealed Eppendorf tubes and stored at -80°C to prevent loss of viability during storage. The 600 

DSDS50 was calculated as the number of days of seed dry storage required to reach 50% 601 

germination [24].  602 

The vigor of the seeds was assessed using fully after-ripened seeds by germinating the seeds 603 

in twelve different germination conditions. These germination experiments were initiated 604 

when more than 80% of the lines were fully after-ripened, as described above. Seeds were 605 

germinated using demineralized water in standard germination conditions. Germination 606 

experiments in sub-optimal conditions were conducted at high (32°C) and low (10°C) 607 

temperatures, under osmotic stress (-0.6 MPa mannitol; Sigma Aldrich); under salt stress (100 608 

mM NaCl; Sigma Aldrich; ~-0.45 MPa) and in presence of ABA (0.25 µM ABA, Duchefa 609 

Biochemie). Germination experiments in these conditions were performed with and without 610 

stratification. Stratification consisted of storage of the sown imbibed seeds in the dark for 4 611 

days at 4°C prior to transfer to the light (i.e. allowing germination). Since stratification can 612 

induce variation in stress sensitivity, we adjusted the concentrations for the NaCl and ABA 613 

treatments to 125 mM NaCl and 0.5 µM ABA for the experiments with stratification. NaCl 614 

and mannitol stress and ABA treatments were performed by adding solutions of the indicated 615 

concentrations to the filter paper instead of solely demi-water prior to stratification.  616 

Seed longevity was assessed by a controlled seed deterioration test. To this aim, dry 617 

seeds were incubated at 40°C at 85% relative humidity in a closed tank in the presence of a 618 
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saturated ZnSO4 solution. After five days, seeds were removed and germinated in standard 619 

conditions as described above. 620 

Data analysis  621 

Previous studies showed no difference in the QTL mapping when performed using either 622 

transformed or non-transformed germination data [8]. Therefore, due to the large number of 623 

traits, all analyses were performed on untransformed data, except for DSD50 which was 624 

square root transformed. Figures were made using the R [60] package GGplot2 [61]. 625 

Heatmaps were made using the R package gplots [62]. ANOVA analysis was performed for 626 

phenotypic mean comparisons of the seed traits measured in the RILs grown under the four 627 

maternal environments. Post-hoc Tukey test was then used at the confidence level of 0.99 to 628 

determine pairwise group significant differences. 629 

Heritability  630 

For each trait in each maternal environment (ME), the broad-sense heritability (H2) was 631 

calculated from estimated variances: 632 

H2 = σ2G / (σ2G+ σ2E) 633 

Where σ2G is the genetic variance and σ2E is the environmental variance. The variance 634 

component analysis was analysed using a two-step mixed model approach (REML) from the 635 

preliminary single environment analysis in Genstat (18th Edition). Genotype and replicate 636 

were set as random effects in the model.  637 

QTL analysis 638 

QTL mapping was performed using a genetic map for the Bay-0 x Sha population derived 639 

from RNA-seq data [47]. Briefly, the genotyping of 160 RILs resulted in the identification of 640 

1059 polymorphic markers between the two parental lines. A general linear multi-marker 641 

model was used with a forward mapping approach, with a maximum of 9 cofactors and 40 642 
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marker window size (~4Mbp, whole window, ~2Mbp to each side). All QTL profiles can be 643 

found in AraQTL [48]. 644 
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Supplemental Figures  666 

 667 

Supplemental  figure 1: Effect of the seed maternal and germination environment on 668 

seed vigor traits of RIL population genotypes and parental lines. (A) Gmax, (B) t10
 values 669 

and (C) u8416. The phenotypic values of the parental lines, Bay-0 and Sha are indicated with 670 

blue and red dots, respectively. Gmax, t10 and u8416 were assessed using fully after-ripened non-671 

stratified seeds (upper row) and fully after-ripened stratified seeds (lower row) and were 672 

exposed to salt, cold, heat or osmotic stress or ABA. Boxes indicate boundaries of the second 673 

and third quartiles of the RIL distribution data. Black bars indicate median and whiskers Q1 674 

and Q4 values within 1.5 times the interquartile range. Outliers are represented by grey dots. 675 

Violin plots designate phenotypic distributions. Colored shadings represent the different 676 

maternal environments; standard (control) conditions (ST, grey), low phosphorus (LP, green), 677 

high temperature (HT, red) and high light (HL, yellow).  678 

 679 
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 680 

Supplemental  figure 2: PCoA of the phenotypic values of the germination traits (RIL 681 

and parental) between the maternal environment and germination environments. PC1 is 682 

shown on the x-axis, including explained variation, PC2 is shown on the y-axis, including 683 

explained variation. Germination environments indicated by color, stratification (yes/no) 684 

indicated by shape, trait indicated by the labels on top of the panels, maternal environment 685 

indicated by labels on the right of the panels.  686 

 687 

 688 
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