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Abstract 32 

Seeds are essential for plant reproduction, survival, and dispersal. Germination ability and 33 

successful establishment of young seedlings strongly depends on seed quality and on 34 

environmental factors such as nutrient availability. In tomato (Solanum lycopersicum) and many 35 

other species, seed quality and seedling establishment characteristics are determined by genetic 36 

variation, as well as the maternal environment in which the seeds develop and mature. The 37 

genetic contribution to variation in seed and seedling quality traits and environmental 38 

responsiveness can be estimated at transcriptome level in the dry seed by mapping genomic loci 39 

that affect gene expression (expression QTLs) in contrasting maternal environments.  40 

In this study, we applied RNA-sequencing to measure gene expression of seeds of a 41 

tomato RIL population derived from a cross between S. lycopersicum (cv. Moneymaker) and S. 42 

pimpinellifolium (G1.1554). The seeds matured on plants cultivated under different nutritional 43 

environments; i.e. on high phosphorus or low nitrogen. The obtained SNPs were subsequently 44 

used to construct a high-density genetic map. We show how the genetic landscape of plasticity in 45 

gene regulation in dry seeds is affected by the maternal nutrient environment. The combined 46 

information on natural genetic variation mediating (variation in) responsiveness to the 47 

environment may contribute to knowledge-based breeding programs aiming to develop crop 48 

cultivars that are resilient to stressful environments.   49 
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Introduction 50 

Seeds are essential for reproduction and dispersal of plants and function as survival structures to 51 

overcome harsh environmental conditions unfavourable for plant growth. Well-timed 52 

development and ripening of seeds, to ensure optimal seed performance and the ability to 53 

germinate in a permissive environment, are therefore essential for plant fitness. Successful 54 

germination strongly depends on seed performance, which is affected by environmental 55 

conditions, such as temperature, water availability, light conditions, and the nutrient status that 56 

the maternal plant experienced [1-5]. More specifically, seed performance/germination in species 57 

such as tomato and the model plant Arabidopsis thaliana is determined during seed development 58 

and maturation, and depends on temperature [6-8], photoperiod [9, 10], nutrient composition and 59 

levels [8, 11, 12]. Seed quality, germination and seedling establishment traits also have strong 60 

genetic determinants and (natural) genetic variation in quality traits, including Quantitative Trait 61 

Loci (QTLs), have been reported [8, 12-17]. 62 

Phosphate and nitrate are essential plant nutrients with profound effects on plant growth 63 

[18, 19] and seed performance/germination traits [8, 12, 15, 20]. In Arabidopsis it has been 64 

shown that seeds produced by plants fertilized with higher-than-normal levels of phosphate 65 

showed increased germination rates under stressful conditions [8]. Nitrate is known to have a 66 

strong effect on seed germination and seed dormancy in multiple plant species [21], with high 67 

concentrations of nitrate supplied to the mother plant leading to lower dormancy of the seeds 68 

[11]. This is attributed to nitrogen effects on the gibberellin/abscisic acid (GA/ABA) balance in 69 

the seeds; with higher endogenous nitrate levels resulting in lower ABA levels in seeds and 70 

hence, shallower dormancy [22]. In Arabidopsis, altered nitrate levels experienced by the mother 71 

plant also has a substantial effect on the levels of multiple metabolites and transcripts in the 72 

seeds, with a notable reduction in nitrogen metabolism-related metabolites and genes [23].  73 
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Tomato (Solanum lycopersicum) is one of the most important vegetable crops worldwide 74 

and is a model organism for research on fruit-bearing crops [24-27]. However, in the process of 75 

domestication, breeding selection and propagation, a substantial fraction of the genetic variation 76 

of the founder’s germplasms has been lost [26-28]. Moreover, due to a focus on fruit quality, 77 

resistance and yield traits, other desirable traits that have not been directly selected for have been 78 

lost over time in modern varieties. This includes several seed quality traits [28-32]. Trait 79 

variation loss can be restored by including wild cultivars/ancestors of modern commercial tomato 80 

such as Solanum pimpinellifolium, that represent a rich source of genetic variation, in breeding 81 

programs and in studies on tomato (quantitative) genetics [26, 33-37]. For instance, wild cultivars 82 

have been used in genetic screens and genome wide association studies (GWAS) to discover 83 

genomic loci and genes involved in variation in metabolic traits [38-42], insect resistance [43], 84 

floral meristem identity [31], trichome formation [44], and fruit shape and size [28, 34, 45]. In 85 

addition to GWAS, Recombinant Inbred Line (RIL) populations, derived from experimental 86 

crossing between S. lycopersicum and S. pimpinellifolium, are frequently used to uncover the 87 

effect of genetic variation on tomato traits [46-52], including various seed quality traits [12, 14, 88 

15, 17, 53, 54].  89 

The introduction and improved feasibility of diverse ~omics techniques have accelerated 90 

studies into the molecular mechanisms underlying natural variation in tomato traits in the past 91 

two decades [55]. In particular, advances in transcriptomics techniques such as microarray 92 

analysis and later RNA-sequencing, have proven useful in this context, by enabling e.g. GWAS 93 

studies. Moreover, measuring gene expression in RILs has enabled expression-QTL (eQTL) 94 

analysis as a powerful tool to detect gene regulatory loci [56-61]. Combining the wealth of 95 

information obtained by mapping eQTLs enables (re)construction of regulatory networks 96 

underlying plant traits [56, 60, 62]. In addition, comparison of eQTL profiles from multiple 97 
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environments may aid our understanding of how genetic variation shapes the effects the 98 

environment has on the appearance of phenotypes [57, 63, 64]. In plant (Arabidopsis) and worm 99 

(Caenorhabditis elegans) model systems it has been shown that especially trans- eQTLs are 100 

dynamic and can be highly specific for a certain environment [57, 63-68]. 101 

Although seed quality and seedling establishment characteristics are determined by both 102 

genetic variation and the maternal environment in which the seeds develop and mature [8, 12, 103 

15], it is currently unknown if the maternal environment causes a perturbated eQTL landscape in 104 

the progeny seeds and how the nutrient environment of the mother plant affects these landscapes. 105 

We therefore followed an RNA-seq approach and quantified natural variation in mRNA levels in 106 

the dry seeds of a tomato RIL population from a cross derived from S. lycopersicum (cv. 107 

Moneymaker) and S. pimpinellifolium (G1.1554) parents [17, 49], that were cultivated either in a 108 

low nitrogen or a high phosphorus environment. In this work we first present a high-density 109 

RNA-seq-derived genetic map of tomato and subsequently we demonstrate how the genetic 110 

landscape of gene regulation of tomato dry seeds is affected by the nutritional environment of the 111 

mother plant.  112 

Altogether, our detailed analysis of the genetic underpinning of plasticity in gene expression as 113 

responsiveness to the maternal environment, attributed to the progeny seeds, may contribute to 114 

knowledge-based breeding programs aiming to develop crop cultivars that are resilient to 115 

stressful environments, including production of high-quality seeds under sub-optimal 116 

environmental conditions. 117 

 118 

  119 
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Results 120 

An RNA-seq-derived genetic map of tomato 121 

We performed an RNA-sequencing experiment to uncover the interplay between genetic 122 

variation, the nutritional status of the maternal environment and mRNA abundances in progeny 123 

tomato seeds. The used seeds were derived from tomato RIL plants of a cross between S. 124 

lycopersicum (cv. Moneymaker; MM) and S. pimpinellifolium (G1.1554; PI) [17, 49] and their 125 

parental lines. All maternal plants were pre-cultivated on standard nutrient conditions and upon 126 

flowering transferred to either low nitrogen (LN) or high phosphate (HP) nutrition (~100 RILs in 127 

total, ~50 RILs in each environment) [15].  128 

In addition to estimating expression differences among individuals, RNA-seq reads allowed for 129 

the identification of single nucleotide polymorphisms (SNPs) in transcribed genes of the parental 130 

lines and the RILs. These SNPs were subsequently used to construct high density genetic and 131 

physical maps of the RIL population, to facilitate QTL and eQTL mappings [13, 69]. In total, we 132 

detected 43,188 consistent SNPs between the parental lines. These SNPs were subsequently used 133 

to reconstruct the genotypes (i.e. determine the crossover locations) of the RILs in high detail 134 

(Figure 1A). Across our RIL set, a balanced distribution of the parental alleles was observed 135 

genome-wide, with the notable exception of chromosome 2, which had a substantial higher 136 

frequency of PI alleles (Figure 1B). Overall, 2,847 recombination (crossover) events were 137 

detected across the RIL population. As expected, the crossovers were found almost exclusively in 138 

euchromatic regions of the chromosomes, causing severe distortion between the physical and 139 

genetic maps, as described before [70](Figure 1C). On average, two recombination events were 140 

detected per RIL per chromosome. Altogether, the population size and recombination events 141 

provided 4,515 unique genetic markers and 4,568 distinguishable genomic loci/bins suitable for 142 

mapping, improving the previously available map [71] (Supplementary table 1). The detected 143 
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loci had a size-range from 60 Mb to 1.7 Kb, with an average locus size of 180 Kb and a median 144 

of 11 Kb (Supplementary table 2). Given the high local recombination frequency, relatively 145 

small loci were overrepresented towards the chromosome tips (Figure 1C). Together, our dataset 146 

enables precise mapping of QTLs and eQTLs, especially towards the tips of the chromosomes.   147 

 148 

Figure 1: (A) Genetic map showing the genotype of the RILs and parental lines per chromosome 149 

(ch01 to ch12). Dark blue indicates MM (bottom horizontal line, with line number 0), light blue 150 

indicates PI (horizontal line above MM, with line number 100). Shades between dark and light 151 

blue visualize the certainty of the estimate that a locus corresponds to either MM or PI, 152 

depending on the SNPs identified (see legend above the panel; PI estimate). (B) Allele frequency 153 

(percentage) of S. pimpinellifolium (PI) alleles for each marker across the chromosomes, 154 

considering all RILs in the population. (C) Cumulative number of recombination events per 155 

chromosome for the whole population. Chromosome numbers are indicated above panels A, 156 

position on the chromosomes (in Mb) is shown on the x-axis below panel C.  157 

 158 
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The maternal nutrient environment affects mRNA abundances in seeds. 159 

Next, we compared mRNA abundances in all HP-treated lines (RILs and parental lines) with the 160 

mRNA abundances in LN-treated lines, to identify genes contributing to differences between the 161 

two environments. Principal Component Analysis (PCA) demonstrated the presence of a 162 

substantial effect of the maternal nutrient environment on transcript levels in seeds (Figure 2A). 163 

A linear model was used to identify which mRNAs were differentially expressed between the two 164 

maternal environments. A multiple-testing correction was applied and differential expression of 165 

2,871 mRNAs (out of 14,772 detected mRNAs) was found (Bonferroni corrected p-value < 0.05) 166 

to depend on the nutritional conditions the mother plant experienced during the seed maturation 167 

phase (i.e. LN or HP) (Supplementary table 3). Of these 2,871 mRNAs, 922 were more 168 

abundant in seeds developed and ripened in HP conditions compared to LN, and 1,949 mRNAs 169 

were significantly more abundant in LN conditions compared to HP. The mRNAs of genes that 170 

were more abundant after LN treatment were among others enriched for Gene Ontology (GO) 171 

terms: ‘chloroplast’, ‘ATP binding’, ‘proteasome’ and ‘nitrate transport’ (Supplementary table 172 

4). mRNAs that were more abundant in seeds grown in HP conditions were enriched for the GO 173 

terms: ‘cellular response to hypoxia’, ‘pectin esterase activity’ and ‘glucosinolate metabolic 174 

process’ (Supplementary table 4).  175 

 We also inquired the differences of the mRNA abundances between the MM and PI 176 

parental lines, within and between treatments. To this end, we again employed a linear model, but 177 

were less stringent in the statistical thresholds (as there were no confounding effects). We found 178 

2,976 mRNAs differentially expressed between the two parental lines regardless of treatment and 179 

382 mRNAs that were differentially expressed between the lines due to treatment (linear model, 180 

FDR ≤ 0.05; Figure 2B and Supplementary table 5). GO enrichment indicated that the 1,240 181 

mRNAs more abundant in MM compared to PI were, among other categories, enriched, for 182 
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‘transcription factor activity’, ‘oxidation-reduction’, ‘protein -binding’, ‘-phosphorylation’, ‘-183 

ubiquitination’, ‘chloroplast’, ‘circadian rhythm’, and ‘metal ion binding’ (Supplementary table 184 

6a). The 1,736 mRNAs that were more abundant in PI compared to MM were, among other 185 

categories, enriched for ‘cytosol’, ‘chloroplast’, ‘nucleus’, ‘mitochondrion’, ‘cytoplasm’, 186 

‘ribosome’, ‘translation’, ‘nucleolus’, ‘endoplasmic reticulum’, ‘oxidation-reduction’, ‘vacuole’, 187 

and ‘copper ion binding’ (Supplementary table 6a). The 382 genes showing a significant 188 

interaction effect between the parental background and maternal environment showed an 189 

enrichment for the GO terms ‘oxidation-reduction’, ‘extracellular region’, ‘transcript regulation’, 190 

‘iron ion binding’, and ‘response to gibberellin’ (Supplementary table 6b). Of note, the 191 

‘oxidation-reduction process’ and ‘transcript regulation’ GO terms are enriched in the 192 

upregulated genes of both MM and PI, which is not surprising since both GO terms are quite 193 

general and each represents many genes. These results show that the nutrition status of the 194 

mother plant (environment; E) as well as genotype (G), and the interaction between the two (G x 195 

E), modulate mRNA abundances in dry seeds of tomato. 196 

197 
  198 

Figure 2: Nutrition status-related mRNA abundance differences between genotypes and seed 199 

development and maturation environments. (A) The first two axes of a principal component 200 
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analysis on the log2 ratio with the mean transcripts per million (TPM) values. The first axis 201 

(PCO1) explained 16.9% of the variance in the data, the second 12.2%. Square symbols represent 202 

individual RILs, Moneymaker (MM) parental samples are represented by dots and S. 203 

pimpinellifolium (PI) parental samples by triangles. The colours indicate high phosphorous (HP; 204 

green) or low nitrogen (LN; orange) treatments applied to the mother plants. (B) Differentially 205 

abundant mRNAs in the two parental lines that are  either not affected (line) or affected by 206 

treatment (interaction). Lower mRNA abundance is shown in purple and higher in green (see 207 

legend).  208 

  209 

Heritability and transgression in mRNA abundances 210 

To estimate the contribution of genetic variation to differences in mRNA abundance between the 211 

genetic backgrounds (plant lines) and treatments (nutrient status), we calculated the Broad-Sense 212 

Heritability (BSH). In addition, replicated measurements in the parental lines were used to 213 

estimate non-genetic variance. We found 5,112 genes in HP and 5,332 genes in LN that showed 214 

significant heritability for mRNA abundance, of which 2,973 genes overlapped (39.8%; 215 

permutation, FDR < 0.05; Figure 3A; Supplementary table 7a). Subsequently, we checked if 216 

genes with significant heritable contribution to mRNA abundance differences were 217 

predominantly affected by the maternal nutrient environment. However, we did not find such an 218 

enrichment for any of the overlapping groups of genes (hypergeometric test, p > 0.01; 219 

Supplementary figure 1A). We thus conclude that, overall, the number of genes with significant 220 

heritability for mRNA abundance were not specifically responsive to the maternal nutrient 221 

treatments. The genes with heritable mRNA abundance in HP alone were enriched for the GO 222 

terms: ‘translation’, ‘ribosome’, ‘mitochondrion’, and more (Supplementary table 7b). Those 223 

that showed significant heritability only in LN were enriched for the GO terms: ‘ABA metabolic 224 

process’, and others (Supplementary table 7b). The genes that showed significant heritability in 225 

both environments were enriched for various GO terms: ‘oxidation-reduction process’, 226 

‘ribosome/translation’, ‘nucleolus’, ‘cell wall’, ‘heme binding’, ‘ion binding’, and ‘vacuole’ 227 

(Supplementary table 7b). 228 
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 229 

We next assessed the complexity of the genetic regulation underlying mRNA abundance 230 

differences. To this end, the transgression was calculated, i.e., trait values in RILs that extent 231 

beyond the parental means. We found significant transgression in mRNA abundance (trait) levels 232 

for 1,043 genes in the maternal HP treatment and 1,145 genes in the maternal LN treatment 233 

(permutation, FDR < 0.05; Supplementary table 8a). This suggests a polygenic genetic 234 

architecture for mRNA abundance. Of these, the mRNA abundances of 185 genes showed 235 

significant transgression beyond the parental means in both treatments (Figure 3B). Also, here, 236 

we tested for significant overlap with treatment-related genes. Yet, with 18% response to 237 

treatment of the transgressive mRNAs, there was no significant enrichment for transgressive 238 

mRNA abundances with treatment-related differences (hypergeometric test, p > 0.01; 239 

Supplementary figure 1B). So, alike heritability, transgression is apparently not linked to a 240 

reduction of nitrogen or increase of phosphorus content in the maternal growth environment. 241 

Moreover, compared to genes showing significant heritability, many fewer GO terms were 242 

enriched in the genes showing transgression, and those GO terms that were enriched, generally 243 

had a lower level of significance. For genes showing transgression in HP alone, the GO terms 244 

‘cell periphery’, ‘positive gravitropism’, ‘cysteine biosynthetic process’, ‘symporter activity’ and 245 

‘response to heat’ were enriched. Whereas for genes only showing transgression in LN the GO-246 

terms ‘beta-glucosidase activity’, ‘preprophase band’, and ‘phragmoplast’ were enriched. The 247 

GO term ‘DNA-binding transcription factor activity’ was enriched in genes showing 248 

transgression in both environments (Supplementary table 8b). 249 

 250 

 251 

 252 
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 253 
 254 

Figure 3: Venn diagrams showing the overlap and differences of (A) genes with significant 255 

heritable variance (Supplementary table 7a) and (B) genes exhibiting significant transgression  256 

(Supplementary table 8a), of mRNA abundance levels between LN (orange) and HP (green; FDR 257 

< 0.05).  258 

 259 

The maternal nutrient environment produces specific eQTL landscapes. 260 

Altogether, our analyses revealed both a considerable effect of the maternal nutrient environment 261 

(HP versus LN) and a significant influence of genetic variation in the RIL panel (heritability) on 262 

the detected mRNA abundance levels. By combining our constructed high density SNP genetic 263 

map (Figure 1A, Supplementary table 1) with the obtained mRNA abundance dataset (Figure 264 

2), we were able to identify eQTLs that potentially contribute to the variation in mRNA 265 

abundance (Figure 4A-F). In other words, the identified eQTL loci have a high chance of 266 

harboring polymorphic regulatory factors (e.g., genes or other genetic elements) for mRNA 267 

abundance, prospectively explaining variation in the seed and germination trait phenotypes 268 

observed. 269 

We detected a maternal environment-specific trans-eQTL landscape, as the distribution of 270 

the position of the trans-eQTLs was very different between the two environments. For the HP 271 

environment, 4,281 eQTLs for 3,833 genes were identified, of which 2,247 were cis-eQTLs and 272 

2,034 were trans-eQTLs. For the LN environment, 7,487 eQTLs were detected for 6,815 genes, 273 

of which 2,356 were cis-eQTLs and 5,131 were trans-eQTLs (FDR < 0.05; -log10(p) > 3.9; 274 

Figure 4A-D; Supplementary Table 9; Supplementary Table 10). A significant overlap 275 
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between cis-eQTLs of the two environments was noted (Figure 4E; 1,506 overlapping cis-276 

eQTLs; 48.6%; hypergeometric test, p < 1*10-16). On the contrary, the trans-eQTLs were mainly 277 

specific for each tested maternal environment (Figure 4F; 590 overlapping trans-eQTLs; 9.7%; 278 

hypergeometric test, p = 1.0). However, both cis- and trans-eQTLs were not enriched for genes 279 

with differentially abundant mRNA levels based on the maternal environment (hypergeometric 280 

test, p > 0.01; Supplementary figure 2A and B). Together with the significant transgression 281 

(Supplementary table 8a) and considerable heritability of mRNA abundances (Supplementary 282 

table 7a; Figure 3A), this indicates that trans-eQTLs represent a genotype-specific interaction 283 

with the maternal nutrient environment. Many different GO terms were found to be enriched in 284 

the genes with environment specific eQTLs. For an overview see Supplementary table 11). 285 
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 286 

Figure 4: Characteristics of the detected eQTL landscapes in tomato dry seeds in (A, B)  LN and 287 

(C, D) HP environments. (A, C) Cis-trans plots of eQTLs mapped (-log10(p) > 3.9). The 288 

positions (in Mb, per chromosome) of the eQTL peaks are plotted on the x-axis and the positions 289 

of the corresponding genes on the y-axis. Chromosome numbers are indicated on the top and 290 

right (grey labels). Colored dots indicate cis-eQTLs (black), eQTLs associated with higher 291 

mRNA abundance due to the MM allele (blue dots) or with higher abundance by the PI allele (red 292 

dots). (B, D) Histograms showing the distribution of the amount of cis- (lower panel) and trans 293 

(upper panel)-eQTLs over the chromosomes, arranged by eQTL peak location counted per 2 294 

million bases (Mb) bins. The dashed lines in the trans-eQTL panels indicate the threshold for 295 

calling a trans-band (poisson distribution, p < 0.0001). (E) The overlap of cis-eQTLs in the two 296 

treatments and (F) the overlap of trans-eQTLs in the two maternal environments. 297 
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 298 

The majority of the trans-eQTLs clustered in maternal nutrient environment-specific eQTL 299 

hotspots or trans-bands (Figure 4A, C). Hence, these genomic regions harbor the main loci 300 

underlying the genetic variation in environment-specific gene expression regulation in our 301 

dataset. A total of 13 trans-bands (9 in the HP treatment and 4 in the LN treatment; see Methods 302 

for the trans-band criteria) were identified, which account for 1,206 of the trans-eQTLs in the HP 303 

treatment (59.3% of HP total) and 4,181 of the trans-eQTLs in the LN treatment (81.5% of LN 304 

total; Table 1).  305 

 306 

Table 1: Overview of detected trans-band (TB) eQTLs. Indicated are given ID’s, location on the 307 

physical genome (map position in Mb), number of eQTLs underlying the trans-band (+ sign: 308 

MM > PI; - sign PI > MM), GO terms enriched in the eQTLs underlying the trans-band in either 309 

MM or PI and co-location with known phenotypic QTLs for germination [15, 17]; + sign: MM > 310 

PI; - sign PI > MM).  311 

 312 
TB ID Position eQTLs GO enrichment  

(+ MM higher) 
GO enrichment  
(- PI higher) 

Germination QTL  
Refs: [15, 17] 

LN_TB1 ch03: 
56-64 
Mb 

2369 
(2330+; 39-) 

Translation; ribosome; nucleolus; 
RNA binding; mitochondrion; 
cell wall; and more 

None Th-I (LN-)  

LN_TB2 ch04:4-8 
Mb 

1348 
(1311+; 37-) 

Telomere; nucleus; protein 
binding; ubiquitin; and more 

None Gmax water (LN+); T10 
water (LN+); T10 NaCl, 
mann, HT (LN+); T50 
water, mann, (LN+); AUC 
water, mann (LN+) 

LN_TB3 ch04:54-
56 Mb 

99 
(45+; 54-) 

None Secretory vesicle; and 
more 

Gmax NaCl, mann (LN+); 
SW (LN+)  

LN_TB4 ch12:62-
66 Mb 

365 
(348+; 17-) 

Golgi; endosome; glycosylation; 
ER; and more 

None None in LN 

HP_TB1 ch01:2-4 
Mb 

41 
(16+; 25-) 

None None None in HP 

HP_TB2 ch04:6-8 
Mb 

38 
(7+; 31-) 

None Heme binding; 
oxidoreductase; iron 
ion binding 

Gmax mann, HT (HP+); 
Th-I (HP+) 

HP_TB3 ch06:2-4 
Mb 

96 
(5+; 91-) 

None None U8416 NaCl, HT (HP+) 

HP_TB4 ch06:32-
34 Mb 

254 
(12+; 242-) 

None RNA processing Th-T (HP+) 

HP_TB5 ch06:44-
48 Mb 

182 
(13+; 169-) 

None Tricarboxylic acid 
cycle; plastid; 
vacuolar membrane; 
cell wall 

T10 NaCl, mann, HT 
(HP+); T50 NaCl, HT 
(HP+); AUC NaCl (HP+) 

HP_TB6 ch07:0-2 
Mb 

77 
(32+; 45-) 

None None None in HP 

HP_TB7 ch08:58-
60 Mb 

83 
(80+; 3-) 

Vacuole; oxidoreductase; golgi None Th-D (HP+) 
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HP_TB8 ch11:0-
6Mb 

371 
(249+; 122-) 

chromosome, centromeric region; 
ubiquitin conjugating enzyme 
activity 

Transferase activity; 
hydrolase activity; 
response to heat 

None 

HP_TB9 ch11:52-
54Mb 

64 
(63+; 1-) 

Ribosome; nucleolus; translation; 
and more 

None T10 mann (HP-) 

 313 

Thus, trans-bands are a major explanatory factor for trans-eQTLs. In other words, a relatively 314 

large proportion of trans-eQTLs are caused by a few pleiotropic major-effect loci. Remarkably, 315 

the MM allele had a positive effect on mRNA abundance for the majority of the eQTLs of the 316 

trans-bands in the LN soil environment, whereas this was not so prevalent in the HP environment 317 

(Table 1; Figure 4A, C). Most of these trans-bands showed enrichment for specific GO terms, 318 

such as ‘translation’ and ‘specific cellular organelles' for LN and, ‘oxidoreductase’ and ‘vacuole’ 319 

for HP. (Table 1, Supplementary table 12). Moreover, many of the trans-bands co-locate with 320 

known QTLs for germination and seed traits (Table 1 [15, 17]). These eQTLs can therefore 321 

contribute to uncovering the molecular genetic mechanisms underlying the germination and seed 322 

trait QTLs.  323 
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Discussion 324 

Our RNA-sequencing data obtained from a Tomato RIL population (S. lycopersicum (cv. 325 

Moneymaker; MM) x S. pimpinellifolium (G1.1554; PI)) [17, 49], allowed for the construction of 326 

a detailed and high resolution genetic map, describing the genotypes using 4,515 SNP markers. 327 

This is over five times more than previously reported in Kazmi et al., 2012 [71], which used 865 328 

markers. However, intrinsic to RNA-seq data, only SNPs present in the coding parts of the genes 329 

(mRNA’s) could be used. Therefore, determining the exact locus where recombination took place 330 

would need additional genome sequencing as described in [70].  331 

By measuring transcript levels (i.e. mRNA abundances) in the seeds of a tomato RIL 332 

population that had matured in different maternal nutrient environments, we show that the 333 

maternal environment affects both regulation and the genetic architecture of gene expression in 334 

progeny seeds. Especially, trans eQTLs proved environment specific, which is comparable to 335 

other species [57, 63-67, 72-74]. We found 3,833 genes (~26% of all detected expressed genes in 336 

the RILs), with an eQTL in HP and 6,815 genes (~46% of all expressed genes in the RILs) with 337 

an eQTL in LN. This is comparable to the number detected by Ranjan et al. 2016 [75], who used 338 

the upper part of 5 day-old hypocotyls of introgression lines (ILs), developed from the wild 339 

desert-adapted species Solanum pennellii and domesticated Solanum lycopersicum cv. M82 [76], 340 

and found 5,300 genes (~25% of total expressed genes) to have an eQTL, with roughly half in cis 341 

and half in trans. We also found this close to 50/50 ratio in the HP condition, whereas in the LN 342 

condition the ratio of cis/trans eQTLs was increased to 30/70. Research in yeast indicated that the 343 

detection of trans-acting eQTLs is more strongly affected by the power of the study than 344 

detection of cis-acting eQTLs [73]. So, it is likely that in our study we would have even more 345 

trans-eQTLs relative to cis- eQTLs. 346 
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By comparing two different maternal environments in a population originating from two different 347 

genetic backgrounds, many different maternal environment specific eQTLs were detected. This 348 

underlines the interplay between genetics and nutrient environment in our study. Yet, we expect 349 

much of the variation caused by this interplay will be uncovered in future studies increasing 350 

numbers of different timepoints, environments and genotypes. More detailed data on the number 351 

and type of polymorphisms between tomato lines, such as frameshifts [77] and copy number 352 

variations [35], could facilitate identification of the causal polymorphic genes in this and other 353 

eQTL studies. Moreover, combining eQTLs with QTLs obtained using phenotypic trait data [12, 354 

15, 17], as well as other molecular data such as proteomics and/or metabolomics [47], will 355 

contribute to obtaining mechanistic insight on how genotypic variation leads to phenotypic 356 

variation between individuals at a systemic level. Furthermore, these eQTLs could be used as a 357 

lead in studies with a larger source of wild-genotypes and combined with GWAS [39-42, 44, 78], 358 

to pinpoint causal polymorphisms underlying variation at both the molecular and phenotypic 359 

levels.  360 
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Methods 361 

 362 

Plant lines, growth conditions, and nutrient treatments 363 

The mother plants (maternal conditions) were cultivated as described in Kazmi et al. 2012 and 364 

Geshnizjani et al. 2020 [15, 17], in the greenhouse at Wageningen University, the Netherlands. In 365 

short; the parental lines Solanum lycopersicum cv. Money maker (MM) and Solanum 366 

pimpinellifolium accession CGN14498 (PI) as well as the derived recombinant inbred lines 367 

(RILs; [49]; Supplementary table 1) were grown on rockwool under standard nutrient 368 

conditions (14 mM Nitrate and 1 mM Phosphate) with a 16h light (25°C) and 8h darkness (15°C) 369 

photoperiod. From the moment the first flower opened, the plants were fertilized with the specific 370 

nutrient solutions, low nitrate (2.4 mM Nitrate, 1 mM Phosphate) and high phosphate (14 mM 371 

Nitrate, 5 mM Phosphate) in two biological replicates per environment. The seeds were collected 372 

from healthy and ripe fruits and the pulp still attached to the seeds was removed with 1% 373 

hydrochloric acid (HCl) and a mesh sieve. Water was used to remove the remaining HCl and 374 

pulp. For disinfection, seeds were treated with trisodium phosphate (Na3PO4.12H2O). 375 

Subsequently, seeds were dried at 20°C for 3 days on a clean filter paper in ambient conditions. 376 

The seeds were then stored in paper bags at room temperature. 377 

 378 

RNA-isolation, library prep and RNA-seq  379 

We used 10 mg grinded powder derived from 30 whole, dry, brushed, after-ripened seeds (12 380 

months after harvest) of parental lines and the RILs grown under the different nutrient 381 

environments in a GGG design [79, 80] to extract total RNA. In total, 3 replicates per treatment 382 

for the parental lines where sequenced and 49 single RIL seed pools for HP and 52 single RIL 383 

seed pools for LN (Supplementary table 13). RNA was isolated using the NucleoSpin RNA 384 
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plant isolation kit (Macherey-Nagel 740949) with on-column DNA digestion and adding Plant 385 

RNA isolation Aid (Life technologies) according to the manufacturer’s protocol and instructions. 386 

Strand-specific RNA-seq libraries were prepared from each RNA sample using the TruSeq RNA 387 

kit from Illumina according to manufacturer’s instructions. Poly-A-selected mRNA was 388 

sequenced using the Illumina HiSeq2500 sequencer, producing strand-specific single-end reads 389 

of 100 nucleotides. Raw sequence reads can be found in the Sequence Read Archive (SRA; 390 

www.ncbi.nlm.nih.gov/sra) under ID: PRJNA704909 391 

 392 

Alignment and SNP calling 393 

Reads were trimmed using Trimmomatic (version 0.33, [81] to remove low quality nucleotides. 394 

Trimmed reads were subsequently mapped to the Tomato SL4.0 reference genome with the 395 

ITAG4.0 annotation [82] using the HISAT2 software (version 2.1.0, [83] with the --dta-cufflinks  396 

option. The resulting SAM alignment files were sorted and indexed using samtools version1.9 397 

[84]. SNPs were called using bcftools mpileup with a minimum read depth of 3. 398 

 399 

Generation of a genetic map from RNA-seq data 400 

The genetic map used for mapping the eQTLs was made from the RNA-seq data following the 401 

protocol described in Serin & Snoek et al. 2017 [13] and Snoek et al. 2019 [69]. With the 402 

following modifications: SNPs were filtered for those that were consistently found in all 403 

replicates of the parental lines and observed in all RILs. Then the genotype per RIL was 404 

determined per sliding bin of 100 SNPs where the mean position of those SNPs was taken as the 405 

physical position of the obtained marker. 406 

 407 

 408 
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Quantification of RNAseq 409 

Before mRNA abundance analysis, between 12M and 31M reads per sample were mapped to the 410 

SL4.0 genome with ITAG4.0 annotation [82] using HISAT2 as described above. The mRNA 411 

abundance was quantified to counts using Stringtie [85] with the options -e, -B and -G. In R, the 412 

counts were used to calculate transcripts per million (TPM). The TPM values were log2-413 

transformed by 414 

������ � log����� 	 1� 

Additionally, to use for statistics, also a ratio with the average was calculated, by  415 

������,	,
 � log��
���	,


���������



� 

Where the log2 was calculated for each transcript i of sample j by dividing over the average value 416 

for that transcript ��������� over all samples j. After transformation, the transcripts were filtered for 417 

TPMlog > 0, and detection in all samples. 418 

 419 

mRNA abundance analysis and QTL analyses 420 

The analyses reported below were conducted in “R” (version 3.5.3, x64)[86] with custom written 421 

scripts, accessible via https://git.wur.nl/published_papers/sterken_tomato-eqtl_2021. For 422 

analysis, the dplyr and tidyr packages were used for data organization [87, 88], and plots were 423 

generated using ggplot2 [89]. 424 

 425 

Treatment related mRNA abundance differences 426 

The principal component analysis comparing the mRNA abundances was done on the TPMrat-427 

transformed data, using the prcomp function in “R”. The mRNA abundance differences between 428 

treatments were tested between the LN and HP treatments using the linear model 429 
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������,	 � �	 	 
	  

where TPMlog,i is the abundance level of transcript i (one of 14,772 transcripts) in RIL j (n = 55 430 

for the HP treatment and n = 58 for the LN treatment), T is the treatment (HP or LN), and e is the 431 

error term. To reduce the chance of detecting differences due to genetic variation, a strict 432 

multiple-testing correction was applied (Bonferroni) using p.adjust. The threshold for 433 

significance was -log10(p) > 5.47 (FDR = 0.05). 434 

 To determine the effect of treatment on the differences in mRNA abundance between the 435 

parental lines, we ran a linear model explaining the differences due to treatment and line effects 436 

on the MM and PI parental data. The model used was 437 

������,	,
 � �	,
 	 �	,
 	 �	,
 � �	,
 	 
	,
  

where TPMlog,i,j is the abundance level of transcript i (one of 14,772 transcripts) in parental 438 

replicate j (n = 3 for both treatments for MM and PI), T is the treatment (HP or LN), L is the line 439 

(MM or PI), and e is the error term. Values were corrected for multiple testing using p.adjust 440 

following the Benjamini Hochberg algorithm. The thresholds for FDR = 0.05 were: -log10(p) = 441 

1.71 for line, -log10(p) = 2.08 for treatment, and -log10(p) = 2.89 for the interaction between line 442 

and treatment. We took the most stringent p value, -log10(p) = 2.89 as threshold to determine 443 

significance.   444 

 445 

Transgression 446 

Transgression was calculated by counting the number of lines with expression levels beyond 447 

three standard deviations from the mean of the parental lines (as in RB Brem and L Kruglyak 448 

[90]); µ ± 3*σ. This was done for both treatments separately. The lower boundary was 449 

established by the parental line with the lowest mean, and the upper boundary was established by 450 
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the parental line with the highest mean. The standard deviation used to determine transgression 451 

(σ) was calculated as the pooled standard deviation of the two parental lines (n =3 for both).  452 

 Significance of the transgression was calculated by permutation. The expression values 453 

were randomized over the line designations and the same test as above was conducted. This was 454 

repeated 1000 times for each transcript, so the obtained values could be used as the by-chance 455 

distribution. The 50th highest value was used as the false discovery rate (FDR) = 0.05 threshold. 456 

 457 

Heritability 458 

The heritability was calculated by estimating the genotypic variance in the RILs and the 459 

remaining variance (e.g. measurement error) in the parental lines (as in JJ Keurentjes, J Fu, IR 460 

Terpstra, JM Garcia, G van den Ackerveken, LB Snoek, AJ Peeters, D Vreugdenhil, M 461 

Koornneef and RC Jansen [56]). This was done for both treatments separately, by  462 

���

� �

���
 � ��

���

 

where VRIL is the variance within the RIL population and Ve is the pooled variance of both 463 

parental lines.  464 

 To establish whether the heritability was significant and not outlier-driven, we applied a 465 

permutation approach (as in A Vinuela, LB Snoek, JA Riksen and JE Kammenga [91]). The trait 466 

values were randomized over the line designations and the heritability calculation were repeated. 467 

This was done 1000 times for each transcript to generate a by-chance distribution. The 50th 468 

highest value was used as the FDR = 0.05 threshold.  469 

 470 

 471 

 472 
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eQTL mapping 473 

For eQTL mapping a single marker model was used, and was applied separately for both 474 

treatments (as in [65, 92]). QTLs were mapped using the model 475 

������,	,
 � �
 	 

 

where TPMlog,i,j is the expression level of transcript i (one of 14,772 transcripts) in RIL j (n = 49 476 

for the HP treatment and n = 52 for the LN treatment). The expression levels were explained over 477 

the genotype on marker location x (x = 1, 2, ..., 4515) of RIL j. 478 

 To determine the reliability of the detected QTLs and correct for multiple testing, a 479 

permutation approach was used. As in the other permutations, the expression levels were 480 

randomly distributed over the lines and this randomized set was mapped again according to the 481 

procedure described above, which was repeated 10 times. To determine the FDR, we applied a 482 

correction for multiple testing under dependency [93]  483 

���

���
�
��

�
� � � log��� 

where FDS (false discovery) is the number of eQTLs detected in the permutation and the RDS 484 

(real discovery) is the number of eQTLs detected in the QTL mapping at a specific significance 485 

level. The number of true null hypotheses tested (m0), was 14,772 -RDS, where the number of 486 

hypotheses tested (m) was the number of transcripts, 14,772. The q-value was set at 0.05, which 487 

led to a threshold of –log10(p) = 3.7 for the LN treatment and –log10(p) = 3.9 for the HP 488 

treatment. To keep comparisons straightforward (similar effect sizes), analyses were conducted at 489 

the most stringent threshold (-log10(p) > 3.9).  490 

 The eQTL types (cis or trans) were called based on distance to the gene encoding the 491 

affected transcript. A trans-eQTL had to be located at least 1 Mb from the gene. Furthermore, we 492 

calculated the confidence interval of the QTL as a 1.5-drop from the highest –log10(p). For a 493 
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trans-eQTL to be called, the location of the affect transcript was required to be outside of this 494 

confidence interval as well. 495 

 496 

Trans-band identification 497 

Identification of regulatory hotspots (trans-bands) was based on assessing whether the number of 498 

trans-eQTLs mapped to a locus exceeded the expected number based on an equal genome-wide 499 

distribution (as in [65, 94]. We used a Poisson distribution to ascertain the significance of eQTL 500 

abundances per 2 Mb bin. For the HP treatment, we expected 15.8 trans-eQTL per bin, and for 501 

the LN treatment we expected 40.8 trans-eQTL per bin. We used a conservative threshold for 502 

calling a bin enriched in trans-eQTL, p < 0.0001. After identifying significant bins, adjacent bins 503 

(significant bins, with up to 1 non-significant bin in-between) were merged to a single trans-504 

band. 505 

 506 

Enrichment 507 

GO enrichment was determined using the hypergeometric test in R on the GO annotation done 508 

for ITAG2.4 downloaded from AgriGO (www.bioinfo.cau.edu.cn/agriGO) [95] combined with 509 

the annotation for ITAG3.1 and expanded with the GO annotation of the Arabidopsis 510 

homologues. All expressed genes were used as background genes in the enrichment test.  511 

 512 

Map and eQTL data in TomQTL 513 

The physical map of the RIL population and the eQTL –log10(p-value) scores are available for 514 

download and online exploration in TomQTL at http://www.bioinformatics.nl/TomQTL/, an 515 

interactive website based on AraQTL [63] and WormQTL2 [74]. 516 

 517 
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Supplementary tables and figures 534 

 535 

Supplementary table 1: Genetic map of the parental and Recombinant Inbred Lines used. 536 

Matrix of the 101 lines used, 3 F1 heterozygotes (columns) and the 4,515 detected markers listed 537 

per chromosome (ch01-ch12) (lines). The genotypes are likelihood based where “0” indicates a 538 

locus derived from MM and “1” indicates a locus derived from PI. Chromosome number and 539 

genomic position (basepair) are given in the first two columns. Position is the average basepair 540 

position of the 100 SNPs sliding bin used to determine the parental origin of the locus. 541 

 542 

Supplementary table 2: Introgression size statistics. Minimum, maximum, mean and median 543 

introgression sizes per chromosome (first column). 544 

 545 

Supplementary table 3: Outcome of a linear model to detect differentially abundant mRNAs 546 

between the HP versus LN-treated RILs. For the mRNAs, two identifiers are given in the 547 

columns: identifier, and Name. Furthermore, the location (chromosome number and genome 548 

position of gene start in basepairs), orientation (+ or – strand), and size (length in basepairs) are 549 

indicated. Then, the outcome of the linear model is listed, first the significance in -log10(p) 550 

followed by two types of corrections for multiple testing: Bonferroni (conservative, as used in the 551 

main text) and Benjamini Hochberg False-discovery rate (FDR; less conservative for 552 

comparison). The column effect describes the difference between HP and LN treated maternal 553 

environment. A description of the effect direction (treatment) is given in the last column. 554 

 555 

Supplementary table 4: Gene Ontology (GO) enrichment data of maternal environment-related 556 

mRNAs. Shown are the GO bin ID, GO bin category (GO name), GO aspect; molecular function 557 
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(F), cellular component (C), and biological process (P), P value (p.value), Total mRNA’s 558 

identified in mRNA bin and GO (in.set), total number of genes in GO (In.GO) and total mRNA 559 

set size (set.size). 560 

 561 

 562 

Supplementary table 5: Outcome of a linear model to detect differentially abundant mRNAs 563 

between the MM and PI parental lines and their interaction with the environment. For the 564 

mRNAs, two identifiers are given in the columns: identifier, and Name. Furthermore, the location 565 

(chromosome number and genome position of gene start in basepairs), orientation (+ or – strand), 566 

size (length in basepairs) are indicated. Then, the outcome of the linear model is listed, first the 567 

tested factor, then significance in -log10(p) and a correction for multiple testing (Benjamini 568 

Hochberg (FDR)). The column effect describes the difference between the factors tested and the 569 

interpretation of the effect direction is given in the last column.  570 

 571 

Supplementary table 6a: Gene Ontology enrichment analysis of mRNAs that are higher in 572 

parental lines MM (left), PI (middle) and their interaction (right). Significantly different genes 573 

were taken from the model (see methods and material) only including the parental lines. See 574 

legend table S4 for details and abbreviations. 575 

 576 

Supplementary table 6b: Gene Ontology enrichment analysis of mRNA differences between the 577 

parental lines and nutrient environment; higher in HP (left) or higher in LN (right). Significantly 578 

different genes were taken from the model (see methods and material) including the parental lines 579 

and the nutritional environment. See legend table S4 for details and abbreviations. 580 

 581 
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Supplementary table 7a: Heritability of mRNA abundances from the HP and LN maternal 582 

environments. The treatment column indicates the maternal nutrient environment, the mRNA ID 583 

is specified in the trait column. H2_keurentjes is the heritability, which was calculated using the 584 

genotypic variance (Vg) and the residual variance (Ve) as described in Keurentjes et al. (2007) 585 

[56]. The FDR column indicates the FDR = 0.05 threshold as determined by 1,000 permutations. 586 

The last two columns specify if an mRNA abundance was significantly heritable and whether it 587 

was specific for one or multiple maternal environments, or not (group). 588 

 589 

Supplementary table 7b: Gene Ontology enrichment analysis of mRNAs with significant 590 

heritability. 591 

 592 

Supplementary table 8a: Transgression for mRNA abundances from the HP and LN maternal 593 

environments in the RILs. The treatment column indicates the maternal environment, the mRNA 594 

ID is specified in the trait column. The n_lines_transgression column specifies how many RILs 595 

displayed transgression. The FDR column shows how many RILs showed transgression at the 596 

FDR = 0.05 threshold as determined by 1,000 permutations. The last two columns specify if an 597 

mRNA abundance was significantly transgressive or not and whether it was specific for one or 598 

multiple maternal environments, or not (group). 599 

 600 

Supplementary table 8b: Gene Ontology enrichment analysis of mRNAs with significant 601 

transgression. See legend table S4 for details and abbreviations. 602 

 603 

Supplementary table 9: Number of eQTLs detected per chromosome and treatment (LN; upper 604 

table, HP; lower table). Indicated are for all eQTLs, QTL type (cis or trans) and QTL effect 605 
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found per chromosome per nutrient environment (+ or -). The last column indicates the number 606 

of eQTLs in the trans-bands (TB). 607 

 608 

Supplementary table 10: List with eQTLs mapped in both the LN and HP maternal nutrient 609 

environments. First, the maternal environment is listed, second the mRNA ID (trait). Then 610 

columns with the location information of the eQTL: chromosome number, location (bp; and the 611 

confidence interval bp_left and bp_right), and the marker. Then, the significance in -log10(p) is 612 

given and the effect size (negative is higher in MM-derived loci; positive is higher in PI-derived 613 

loci). Furthermore, the type of QTL is given (cis or trans) and whether the QTL is part of a trans-614 

band. Also, the variance explained by a single marker model is given (R2_sm). Subsequently, the 615 

name and location (chromosome number and start of the gene in basepairs) of the mRNA is 616 

listed. 617 

 618 

Supplementary table 11: Gene Ontology enrichment in genes with an eQTL. See legend table 619 

S4 for details and abbreviations. 620 

 621 

Supplementary table 12: Gene Ontology enrichment in genes with eQTLs mapping to a trans-622 

band. See legend table S4 for details and abbreviations. 623 

 624 

Supplementary table 13: Recombinant Inbred Lines per treatment. 625 

 626 

Supplementary figure 1: Venn-diagrams showing (A) the overlap between all nutrient 627 

treatment-affected mRNA abundances and HP and LN heritable mRNA abundances and (B) 628 

mRNAs showing transgressive segregation in the HP and LN treatment. 629 
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 630 

Supplementary figure 2: Venn-diagrams showing the overlap between treatment-affected 631 

mRNAs, (A) trans-eQTLs and (B) cis-eQTL mapped in the HP and LN nutrient environments. 632 

 633 

 634 

 635 

Figures 636 

Figure 1: (A) Genetic map showing the genotype of the RILs and parental lines. Dark blue 637 

indicates MM (bottom horizontal line, with index 0), light blue indicates PI (horizontal line above 638 

MM, with index 1). Shades between dark and light blue visualize the certainty of the estimate 639 

that a locus corresponds to either MM or PI, depending on the SNPs identified (see legend above 640 

the panel). (B) Allele frequency (percentage) of S. pimpinellifolium (PI) alleles for each marker 641 

across the chromosomes, considering all RILs in the population. (C) Cumulative number of 642 

recombination events per chromosome for the whole population. Chromosome numbers are 643 

indicated above panels A, position on the chromosomes (in Mb) is shown on the x-axis below 644 

panel C. 645 

 646 

Figure 2: Nutrition status-related mRNA abundance differences. (A) The first two axes of a 647 

principal component analysis on the log2 ratio with the mean transcripts per million (TPM) 648 

values. The first axis (PCO1) explained 16.9% of the variance in the data, the second 12.2%. 649 

Square symbols represent individual RILs, Moneymaker (MM) parental samples are represented 650 

by dots and S. pimpinellifolium (PI) parental samples by triangles. The colours indicate high 651 

phosphorous (HP; green) or low nitrogen (LN; orange) treatments. (B) Differentially abundant 652 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 1, 2021. ; https://doi.org/10.1101/2021.03.29.437558doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.29.437558
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 32 of 44 

 

mRNAs in the two parental lines not affected by treatment (line) and affected by treatment 653 

(interaction). Lower abundance is shown in purple and higher in green.  654 

 655 

Figure 3: Venn diagrams showing the overlap and differences of (A) genes with significant 656 

heritable variance and (B) genes exhibiting significant transgression, of mRNA abundance levels 657 

between LN (orange) and HP (green; FDR < 0.05).  658 

 659 

Figure 4: Characteristics of the detected eQTL landscapes in tomato dry seeds in (A, B)  LN and 660 

(C, D) HP environments. (A, C) Cis-trans plots of eQTLs mapped (-log10(p) > 3.9). The 661 

positions of the eQTL peaks are plotted on the x-axis and the positions of the corresponding 662 

genes on the y-axis. Chromosomes are indicated on the top and right in the grey labels. Colours 663 

indicate cis-eQTL (black), eQTL associated with higher mRNA abundance due to the MM allele 664 

(blue) or with higher abundance by the PI allele (red). (B, D) Histograms showing the distribution 665 

of the cis- and trans-eQTL over the chromosomes, arranged by eQTL peak location counted per 666 

2 million bases (Mb) bins. The dashed lines in the trans-eQTL panels indicate the threshold for 667 

calling a trans-band (poisson distribution, p < 0.0001). (E) The overlap of cis-eQTL in the two 668 

treatments and (F) the overlap of trans-eQTL in the two maternal environments. 669 

 670 

Table 1: Overview of detected Trans-band (TB) eQTLs. Indicated are given ID’s, location on the 671 

physical genome (map position in Mb), number of eQTLs underlying the trans-band (+ sign: 672 

MM > PI; - sign PI > MM), GO terms enriched in the eQTLs underlying the trans-band in either 673 

MM or PI and co-location with known phenotypic QTLs for germination [15, 17].  674 

 675 

  676 
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