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One sentence summary: This study provides a comprehensive physiological and
transcriptome atlas of Arabidopsis thaliana seed maturation, revealing the complex gene
expression and regulation of key seed quality traits, including desiccation tolerance and
longevity, through identification of candidate regulatory genes and their physiological
validation.

Abstract

Seed maturation is a critical developmental phase during which seeds acquire essential traits
for nutritional value and desiccation survival. Abscisic acid (ABA) signalling has long been
recognized as a key positive regulator of this process, coordinating the expression of genes that
drive the acquisition of vital seed quality traits (SQTs) crucial for survival, resilience, and
storage. However, the precise molecular regulation of many SQTs remains elusive. To address
this gap, we conducted an extensive transcriptome analysis of seed maturation in Arabidopsis
thaliana, focusing on Col-0 wild-type and ten mutant lines affecting ABA biosynthesis,
signaling, and catabolism from 12 days after pollination up to the dry seed stage. Our study
employed Weighted Gene Co-Expression Network Analysis (WGCNA) and module-trait
correlation to uncover specific gene groups linked to the regulation of multiple SQTs. We
identified Late Embryogenesis Abundant (LEA) genes uniquely associated with desiccation
tolerance and three DREB AND EAR MOTIF PROTEIN (DEAR) transcription factors involved
in seed longevity regulation. The value of our dataset lies not only in its depth and detail, but
also in its integration into SeedMatExplorer, a web tool specifically designed to advance seed
maturation research. SeedMatExplorer serves as a unique resource, enabling researchers to
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explore, visualize, and generate new hypotheses about gene expression regulation during seed
maturation and the intricate control of SQTs. This physiological and transcriptomic atlas offers
unprecedented insights into the complex, coordinated gene expression that drives SQT
acquisition in Arabidopsis seeds, making it an invaluable asset for the scientific community.

Keywords: seed maturation, seed quality, co-expression network, transcriptomics, desiccation
tolerance, longevity.

Introduction

Seeds are a crucial stage of a plant’s life cycle, allowing the plant species to survive in space
and time, and through severe environmental challenges. In most plant species, seed
development can be divided into three main phases: embryogenesis, maturation, and drying.
During embryogenesis (also called morphogenesis or histodifferentiation) cell division takes
place to form the embryo body plan (Mansfield et al., 1991, Baud et al., 2002). In the maturation
phase (also called seed filling), cell division ceases, an increase in cell expansion is observed
because of nutrient reserve deposition, and embryonic chlorophyll is gradually degraded (Jalink
et al., 1998, Leprince et al., 2017). Finally, in most plant species, a drying phase (or late seed
maturation) takes place, which is marked by a decrease in the seed water content reaching a
metabolically inactive, quiescent state (Leprince et al., 2017, Angelovici et al., 2010, Kermode,
1990, Kermode and Bewley, 1985, Kermode et al., 1986). The seed maturation phase has gained
increasing attention in the past years not only because this is a phase in which the seeds gain
nutritional value, but also because this is the moment in which several seed quality traits (SQTs)
important for seed survival, resilience, and storage are acquired (Leprince et al., 2017). For
example, seed longevity, defined as the capacity of seeds to remain alive during storage, is a
critical SQT for ex situ conservation of plant genetic resources and for seed persistence in
agricultural and ecological contexts (Pritchard, 2020, Zinsmeister et al., 2020b, Leprince et al.,
2017). Dormancy and desiccation tolerance (DT) are two other SQTs of great agronomical and
ecological importance that have been associated with optimising seedling establishment
(Dekkers et al., 2015) and plant evolution and adaptation on land, respectively (Nonogaki et al.,
2022).

During seed maturation, the acquisition of the above-mentioned SQTs requires the coordinated
activity of multiple genes. The hormone abscisic acid (ABA) has been identified as a crucial
positive regulator of these genes (Groot and Karssen, 1992, Finch-Savage and Leubner-
Metzger, 2006, Finkelstein et al., 2008, Holdsworth et al., 2008, Yan and Chen, 2017, Sajeev
et al.,, 2024). ABA accumulates during seed maturation and declines during seed drying
(Karssen et al., 1983, Nambara and Marion-Poll, 2003, Kanno et al., 2010). With the isolation
of mutants deficient in and insensitive to ABA in the early *80s and ’90s, Arabidopsis thaliana
became one of the main models to study the genetic and molecular control of seed maturation
(Karssen et al., 1983, Koornneef et al., 1982, Koornneef et al., 1984, Léon-Kloosterziel et al.,
1996, Meurs et al., 1992, Nambara et al., 1998). ABA deficiency has been associated with the
absence of primary dormancy, and plants with overexpression or loss of ABA biosynthesis
genes show increased and decreased seed dormancy, respectively (Karssen et al., 1983, Léon-
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85 Kloosterziel et al., 1996, Nambara et al., 1998, Lefebvre et al., 2006). On the other hand,

86  mutations of ABA catabolism genes, such as the enzyme CYP70742, lead to ABA over-

87  accumulation and enhanced dormancy (Kushiro et al., 2004, Okamoto et al., 2006). ABA is

88 also directly involved in the control of seed DT, as mutants with strong defects in ABA

89  sensitivity fail to acquire DT during maturation (Ooms et al., 1993, Ooms et al., 1994).

90  ABSCISIC ACID INSENSITIVE 3 (ABI3), encoding a transcription factor of the B3-domain

91  family, is one of the main master regulators of seed maturation affecting the acquisition of

92  multiple SQTs (Karssen et al., 1983, Koornneef et al., 1982, Koornneef et al., 1984, Koornneef

93 etal., 1989, Giraudat et al., 1992, Nambara et al., 1995, Nambara et al., 1994). ABI3 is one of

94  the main transducers of the ABA signal during seed maturation, and strong mutant alleles of

95  ABI3 (e.g., abi3-4; abi3-5 and abi3-6) fail to degrade chlorophyll and to acquire dormancy, DT

96 and longevity, and also fail to accumulate seed storage proteins (SSPs) and late embryogenesis

97  abundant proteins (LEAs) (Koornneef et al., 1989, Ooms et al., 1993, Ooms et al., 1994, Bies-

98  Etheve et al., 1999, Sugliani et al., 2009).

99  Advances on gene expression analyses, particularly transcriptomics, facilitated genetic studies
100 aimed at further understanding the ABI3-mediated transcriptional control of seed maturation.
101 For example, using a strong ABI3 allele mutant (abi3-6), Delmas et al. (2013) discovered that
102 ABI3 is involved in embryo degreening during seed maturation by affecting the expression of
103 enzymes involved in the chlorophyll degradation pathway. Furthermore, these authors
104  discovered that ABI3 is involved in two independent seed maturation programs: one that
105 regulates seed degreening through STAY GREEN (SGR) genes which is partially coupled to
106  ABA sensitivity, and another that regulates seed maturation and acquisition of DT. Similarly,
107  studies on the weak ABI3 mutant allele (abi3-1) identified the green-seed (GRS) locus and
108 DELAY OF GERMINATION (DOG) 1 as novel enhancers of the 4B/3-dependent green seed
109  phenotype (Clerkx et al., 2003, Dekkers et al., 2016). DOG/1 is a key regulator of seed dormancy
110  acquisition, depth, and release in Arabidopsis (Alonso-Blanco et al., 2003, Bentsink et al., 2006,
111 Nakabayashi et al., 2012). Interestingly, genetic, molecular, and transcriptomic evidence
112 indicates that DOGI likely functions independently of ABA, but the pathways converge to
113 regulate multiple downstream steps of seed maturation (Nakabayashi et al., 2012, Née et al.,
114 2017, Dekkers et al., 2016). DOG1 mutant seeds (dog!-1) show reduced longevity and lower
115  expression of several seed maturation genes such as LEAs and seed storage proteins (SSPs),
116  while abi3-1dogl-1 double mutants produce ABA insensitive, green seeds (Bentsink et al.,
117 2006, Dekkers et al., 2016). Despite the importance of chlorophyll degradation for proper seed
118  maturation (Clerkx et al., 2003, Teixeira et al., 2016, Li et al., 2017, Nakajima et al., 2012), it
119  remains largely elusive why chlorophyll is produced and then degraded during seed maturation
120 and how this process is temporally regulated (Leprince et al., 2017). Furthermore, the
121 mechanisms that explain how DOGI (as well as SGR) enhances the abi3-1 phenotype and how
122 ABA levels and sensitivity are involved in embryo degreening are still largely unknown
123 (Delmas et al., 2013, Dekkers et al., 2016). The integration of transcriptome data with advanced
124  molecular assays like chromatin immunoprecipitation (ChIP) enabled the identification of
125  direct and indirect targets of ABI3, providing additional evidence for the role of ABI3 in directly
126  regulating the expression of genes associated with seed maturation, DT, dormancy, and
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127 longevity (Monke et al., 2012, Tian et al., 2020). Direct targets of ABI3 include several LEAs
128  involved in DT, genes responsible for the biosynthesis of Raffinose Family Oligosaccharides
129 (RFOs) associated with seed longevity, genes involved in chlorophyll degradation, and the
130  dormancy regulator DOGI (Tian et al., 2020). Together, the insights gained from these
131 approaches highlighted how intricate and multifaceted the regulation governing seed
132 maturation and the acquisition of SQTs is.

133 Gene co-expression network analyses have emerged as a commonly used method to unravel the
134  complex regulation of processes related to seed maturation in multiple species (Basnet et al.,
135 2013, Sekhon et al., 2014, Qi et al., 2018, Serin et al., 2016, Cheng et al., 2018, Niu et al., 2022,
136  Song et al., 2022, Guo et al., 2023, Wang et al., 2023). Such approaches, combined with
137 thorough temporal physiological analyses of SQT acquisition during maturation, allowed the
138  identification of key regulators (hub genes) of specific SQT in multiple model and crop species,
139  such as Medicago truncatula, maize, tomato, and soybean (Bizouerne et al., 2021, Righetti et
140  al., 2015, Verdier et al., 2013, Zinsmeister et al., 2020a, Zinsmeister et al., 2016, Garg et al.,
141 2017, Pereira Lima et al., 2017, Niu et al., 2022, Wang et al., 2023, Yao et al., 2023). Despite
142 the widespread use of transcriptomics to study seed development in A. thaliana (Santos-
143  Mendoza et al., 2008, Le et al., 2010, Belmonte et al., 2013, Holdsworth et al., 2008, Gonzalez-
144  Morales et al., 2016, Verma et al., 2022), there remains a scarcity of studies using large-scale
145  co-expression network analysis to explore the specific regulation of SQT acquisition during
146  Arabidopsis seed maturation, even with the advancements in co-expression network analysis
147  tools (Canto-Pastor et al., 2021). One reason for the limited focus on using Arabidopsis as a
148 model to study the regulation of SQTs is the challenge in identifying their specific regulators.
149  This difficulty is likely caused by the short length of the seed maturation phase and the overlap
150  of processes, such as seed filling and late maturation drying (Verdier et al., 2013, Leprince et
151 al.,2017). This complicates the dissection of temporal regulatory modules and genes associated
152 with specific SQTs.

153  To overcome this challenge, we developed a comprehensive integrative approach aimed at
154  identifying novel, specific regulators of SQTs in Arabidopsis. For this, we used wild-type
155  (Columbia-0) and ten mutant combinations of known regulators of seed maturation and ABA
156  signalling for a detailed temporal physiological analysis of SQT acquisition. We generated
157  high-resolution transcriptome datasets to construct a gene co-expression network through gene
158  clustering analysis that allowed us to perform correlation analysis of the physiological data to
159  identify biological processes, gene modules and key regulatory genes specifically associated
160  with different SQTs. To validate our transcriptome datasets and co-expression network, we
161  identified candidate genes involved in DT and longevity. Using T-DNA insertion and multiple
162  CRISPR-Cas9 mutants we functionally validated their role in planta. Finally, we generated an
163 open access, user-friendly web-based tool, SeedMatExplorer
164  (http://www.bioinformatics.nl/SeedMatExplorer/login), which offers experimental data, gene
165  expression pattern analysis, gene module identification, and correlation analysis to allow further
166  exploitation of our broad datasets by the scientific community.

167
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168  Results

169  Physiological characterization of Arabidopsis seed maturation

170  We characterised temporal changes in physiological parameters (fresh weight, dry weight, and
171 water content) and acquisition of SQTs (germination, dormancy, desiccation tolerance (DT),
172 longevity, and chlorophyll content) associated with Arabidopsis maturation. We used seeds
173 from wild-type Columbia-0 (WT, Col-0) and of single gene mutants and mutant combinations
174  of genes involved in ABA biosynthesis (4BA42), signalling (4813, DOGI), and catabolism
175  (CYP707A42) (Supplemental Table 1) were harvested and phenotyped every two days from 12
176  to approximately 26 (dry seed, DS) days after pollination (DAP) in two experimental rounds
177 (Supplemental Table 2).

178 In WT Col-0 seeds at 12 DAP, the total seed weight (fresh weight) was composed of
179  approximately 75% water (moisture content) and approximately 25% of dry matter (dry weight)
180  (Figure 1A). From 12 DAP to 20 DAP the water content decreased to about 44% and the dry
181  weight increased by approximately 80%, while the total seed weight slightly fluctuated. From
182 20 DAP until the DS stage a significant decrease in the water content to approximately 10%
183  was observed, while the dry weight remained unchanged. Together, these observations suggest
184  that Col-0 Arabidopsis seeds are in the seed filling phase from 12 DAP to 20 DAP and that the
185  maturation drying phase starts at 20 DAP. Despite showing slightly distinct patterns of water
186  loss, all mutants and the WT reached a low water percentage (approximately 9-12%) at 26 DAP
187  (Supplemental Figure 1A).
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Figure 1. Physiological characterisation of Arabidopsis thaliana seed maturation. A -
Physiological traits (top: seed fresh weight, dry weight, and water content) and seed quality
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191 traits (SQTs) acquisition (middle: germinability and dormancy, bottom: desiccation tolerance,
192 longevity, and chlorophyll fluorescence) for Arabidopsis (Col-0) seeds at different days after
193  pollination (DAP) and in the dry seed (DS) stage. B - Global transcriptome relationships among
194  different stages of seed maturation and mutants using principal component analysis (PCA) of
195  the RNA-seq read counts (normalised with variance stabilising transformation) for 123 seed
196  samples. C - Number of differentially expressed (DE) genes of Col-0 (round 2) and abi3-6
197  (round 2 and 3) between consecutive days after pollination (DAP). D - Numbers of shared and
198  unique up and downregulated genes (p-adj. < 0.01) for Col-0 and abi3-6 seed maturation
199  between 22 DAP and 20 DAP, and between 24 DAP and 22 DAP. E - Gene ontology (GO)
200 term enrichment of shared and uniquely upregulated and downregulated genes in Col-0 and
201 abi3-6 between 20 DAP to 22 DAP (p-adj. < 0.05). The top 20 representative enriched GO
202  categories among the upregulated (left) and downregulated (right) genes are shown. The green
203  colour indicates significance, and size of the dots represent enrichment level (-logiop-adj.). Red
204  arrows indicate biological processes related to stress response.

205

206  The germination ability of Col-0 seeds remained at 100% from 12 DAP until the end of the
207  maturation drying phase (Figure 1A). However, seed dormancy fluctuated during the seed
208 filling phase and showed a steep decrease from 20 DAP to 22 DAP, going from 100% to
209  approximately 15% and increasing again to approximately 75% at the DS stage. As expected,
210  the germinability of all genotypes with a mutation in the DOGI gene (dogl-4, dogl abaZ2-1,
211 abi3-12 dogl-4, abi3-12 dogl-4 abal-1, abi3-12 dogl-4 cyp707a2) was higher and their
212 dormancy percentage was overall lower than Col-0 throughout the maturation, while the
213 opposite pattern was observed only in the abi3-12 mutant (Supplemental Figure 1B-C).

214  We also observed a temporal separation in the acquisition of other SQTs in the Col-0 WT seeds.
215 In Col-0, a dramatic decrease in chlorophyll fluorescence was observed from 18 DAP onwards,
216  suggesting that chlorophyll degradation initiates during the seed filling phase and progresses
217 until the end of seed drying (Figure 1A). The chlorophyll fluorescence of all mutants also
218  decreased during maturation; however, abi3-6 and abi3-12 dogl-4 aba2-1 showed a slower
219  decrease in chlorophyll fluorescence when compared to Col-0 (Supplemental Figure 1D). DT
220  was acquired between 12 and 18 DAP during the seed filling phase, while longevity acquisition
221 occurred in the maturation drying phase from 20 DAP to the DS stage (Figure 1A). Considering
222 the definition of DT as the ability to survive the loss of almost all cellular water without
223 irreversible cellular damage (Leprince and Buitink, 2010), the seeds of all mutants, except for
224 abi3-6, acquired DT since they reached around 10% moisture content at the end of seed
225  maturation (DS stage, Supplemental Figure 1A) and were still able to germinate with or without
226  dormancy breaking treatment (Supplemental Figure 1B-C). However, at the DS stage, all
227  mutants showed a quicker decrease in germination percentage during storage at an elevated
228  partial pressure of oxygen (EPPO, 200 bar) when compared to Col-0 (Supplemental Figure 1E),
229  suggesting that their longevity acquisition might have been impaired during seed maturation.
230  The viability of Col-0 started to decrease after 80 days of EPPO storage, followed by abi3-12,
231 aba2-1, and dogl-4. A higher reduction in storability was observed for abi3-6 and for the
232 double and triple mutants that combined the abi3-12 allele with other mutations in ABA
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233 biosynthesis or signalling. To investigate the contribution of ABA accumulation to SQT
234  acquisition during maturation, we quantified ABA at 18 DAP, the timepoint preceding the
235  transition from seed filling and maturation drying, as well as in dry seeds of all mutants and
236  wild-type (Supplemental Figure 2A-B). As expected, the single and combinations of the aba2-
237 I mutant (abi3-12 aba2-1 and abi3-12 dogl-4 aba2-1) had significantly lower ABA when
238 compared to Col-0 at 18 DAP, indicating that decreased 4BA42 expression is sufficient to
239  decrease the levels of ABA during seed maturation in these mutants (Supplemental Figure 2A).
240  On the other hand, abi3-12 and abi3-12 dogl-4 cyp707a2 showed significantly higher ABA
241 content. The higher accumulation of ABA in abi3-12 could explain why this mutant displays
242 much higher dormancy than all other mutants and the wild-type during seed maturation
243 (Supplemental Figure 1C). On the other hand, loss of ABA catabolism enzyme CYP707a2 in
244 the double abi3-12 dogl-4 background explains the higher ABA content in its seeds at 18 DAP.
245 At the dry stage all mutants had similar seed ABA content as the wild-type, except the abi3-12
246  dogl-4 cyp707a2 triple mutant which had significantly higher ABA content (Supplemental
247  Figure 2B) suggesting that, as long as CYP707a2 is fully functional, seeds will accumulate
248  wild-type levels of ABA at the end of maturation.

249

250 SeedMatExplorer: A transcriptome atlas of Arabidopsis seed maturation

251 To systematically identify transcriptional signatures associated with Arabidopsis seed
252  maturation, we performed RNA sequencing (RNA-seq) of whole Col-0 seeds at eight stages
253  throughout maturation, every two days from 12 DAP to dry seeds (DS, ~26 DAP) (Supplemental
254  Table 2, Supplemental Figure 3). We included multiple Arabidopsis seed maturation mutants
255  at different seed maturation stages to obtain a global view of the transcriptomes associated with
256  the acquisition of specific SQTs. Using principal component analysis (PCA) a clear separation
257  between the different genotypes was observed in the first principal component (PCl1),
258  explaining 40.4% of the total variability, while PC2 shows a clear progression of the maturation
259  time for each genotype, contributing with 31.52% of the variability (Figure 1B). We observed
260  a gradual separation in the maturation time course among the various mutants compared to the
261 maturation samples of Col-0. The abi3-6 maturation time course was notably the furthest from
262  the Col-0 samples while the abi3-12 had a less extreme transcriptome profile change,
263  suggesting a significant change in the transcriptional profile of seed maturation when ABI/3
264  expression is severely impaired. The transcriptional profiles of the maturation time course for
265  dogl-4 were closer to the respective time points in Col-0, suggesting that DOG/ also influences
266  the seed maturation transcriptome, although not to the same extent as the severe abi3-6
267  mutation. As the abi3-12 mutation was introduced into double and triple mutant combinations,
268  we observed a greater separation between their samples compared to the same time points in
269  Col-0 (Figure 1B). In Col-0, the number of up and downregulated genes between consecutive
270  time points increased until 20 DAP (Figure 1C, Supplemental Data Set 1). From 22 DAP to 24
271 DAP a striking decrease in both up and downregulated genes indicates a potential shutdown of
272 the transcriptional program as the seeds reach the dry state. In abi3-6, the number of upregulated
273 genes remained constant until 22 DAP, while the number of downregulated genes gradually
274  decreased. From 22 DAP to 24 DAP a striking decrease in both up and downregulated genes,
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275  similar to Col-0, was observed (Figure 1C, Supplemental Data Set 2). A very small percentage
276 of upregulated (18.2%) and downregulated (5.0%) genes were shared between Col-0 and abi3-
277 6 before the transcriptome shutdown (20 - 22 DAP), and no up or downregulated genes were
278  shared between both genotypes after the transcriptome shutdown (22 - 24 DAP) (Figure 1D).
279  This suggests that, despite a similar transcriptome shutdown before reaching the dry seed stage,
280  Col-0 and abi3-6 have very distinct transcriptome profiles. Gene Ontology (GO) enrichment
281  analysis revealed distinct enrichment of biological processes between Col-0 and abi3-6 before
282  the transcriptome shutdown (22 - 24 DAP) (Figure 1E, Supplemental Data Set 3). Overall, abi3-
283 6 showed upregulation of processes related to stress response, e.g. response to abscisic acid,
284  response to osmotic stress, response to water deprivation, cellular response to hypoxia, response
285  to cold, and response to salt stress. On the other hand, several of these stress-related processes
286  were significantly downregulated in Col-0, which could suggest a stress response towards the
287  end of seed maturation in abi3-6.

288 To allow easy visualisation and exploration of our seed maturation dataset for multiple A.
289  thaliana mutants, we generated a user-friendly web interface, SeedMatExplorer
290  (https://www.bioinformatics.nl/SeedMatExplorer/app/). It allows comprehensive visualisation
291 of the SQTs with phenotyping data, individual gene expression analyses in the different
292  mutants, differential expression (DE), gene ontology (GO) analyses, and weighted correlation
293  network (WGCNA) analysis (described below).

294

295  Multiple co-expressed gene modules are associated with specific SQT's

296  Using dynamic time warping (DTW) (Giorgino, 2009) we aligned the RN A-seq sample time-
297  series from two experimental rounds (Supplemental Figure 4A-B), allowing us to combine the
298  datasets for further analysis. This provided a powerful basis for our weighted correlation
299  network analysis (WGCNA), through which we were able to identify modules of co-expressed
300 genes that could be linked to the SQTs from our extensive phenotypic data. We identified 17
301  modules with contrasting expression patterns, and we visualised their expression profiles as
302  module eigengene, which represents the weighted average expression profile of the genes in
303  the module (Figure 2A, Supplemental Data Set 4).

304
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305
306  Figure 2. Module eigengenes (MEs) generated by WGCNA. A - ME expression profiles,

307  representing the expression of the module’s genes for each genotype throughout the maturation
308 time course. These profiles are the first principal component of expression read counts that have
309  been normalised with variance stabilising transformation. The numbers in the upper right corner
310 indicate gene count in individual clusters. DS = Dry Seed. B - Module eigengene (ME)
311  associations with the indicated seed physiological traits. The scale on the right indicates the
312 Pearson correlation coefficient (PCC). The numbers at the top indicate the number of samples
313 used for the analysis. DT = desiccation tolerance, CDT = controlled deterioration test.

314

315 The largest modules contained around 2200 genes (grey, tan, and black modules) and the
316  smallest module contained 54 genes (lightcyan). Interestingly, the expression pattern of some
317  modules, for example magenta, blue, turquoise, and cyan, clearly follow a similar genotype
318  separation pattern as we have observed in the PCA (Figure 1C), suggesting that these gene
319 modules significantly contribute to the underlying transcriptional differences between the
320 multiple genotypes (Figure 2A). The greenyellow module showed larger differences in
321 expression profile in abi3-6, with much lower gene expression levels in abi3-6 compared to the
322 other genotypes, which could indicate that this module contains genes whose expression
323 underlies the extreme phenotypic differences of abi3-6 (Supplemental Figure 1B-E).

324  To further explore our gene modules and identify genes and transcription factors (TFs)
325 associated with the regulation of SQTs, we calculated Pearson’s correlation coefficient (PCC)
326  to determine which of the 17 gene modules identified with WGCNA were significantly
327  correlated with the trait data available for each of the genotypes (Figure 2B). Multiple distinct
328  modules positively and negatively correlated with the same traits, indicating that the control of
329  multiple SQTs investigated here has complex genetic regulation through multiple gene groups
330  with distinct expression patterns. For the Col-0 SQTs, acquisition of DT had the highest
331 correlation with the greenyellow module (PCC=0.87). The tan module showed the strongest
332 negative correlation with DT (PCC=-0.77). Both longevity acquisition datasets for Col-0 (2d
333 and 5d CDT) showed multiple strong positive and negative correlations, with the highest

10


https://doi.org/10.1101/2024.11.04.621888
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.04.621888; this version posted November 5, 2024. The copyright holder for this
preprint (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 available under aCC-BY-NC-ND 4.0 International license.

334  positive correlations (PCC above 0.9) with modules brown, red, green, and turquoise, and the
335  highest negative correlation (PCC below -0.9) with modules purple, yellow, magenta and black.
336 Using the phenotypic data acquired from all genotypes (wild-type and mutants), and the
337  maturation stage (DAP) as a time component, we also identified several modules specifically
338  associated with other seed traits. For example, the seed maturation stage (DAP) was highly
339  positively correlated with module green (PCC=0.92) and module red (PCC=0.85), and highly
340 negatively correlated with modules purple, yellow, and black. As expected, the opposite
341 correlation trend between these modules was observed for water content and chlorophyll
342 fluorescence, since these two traits are an indication of the seed maturation stage. The other
343  traits (normal seedlings, germination, and dormancy) showed correlations below 0.51 and
344  above -0.57 with all gene modules.

345  Given the importance of DT and longevity for seed resilience and survival in dry environments
346  and under commercial (artificial) storage, we focused on the modules that could be most
347  relevant for these traits to better understand their relationship and identify candidate regulators.
348  For that, we made use of an approach that incorporates Pearson correlation, Gene Ontology
349  (GO) enrichment, and enrichment of LEASs. Initially, we evaluated the Pearson correlation
350 between the eigengenes of each module and the DT and longevity trait values. Correlation
351 analysis was restricted to Col-0 as this genotype had the most complete time-series trait data
352 (Supplemental Table 2). We considered modules surpassing a correlation threshold of 0.8, to
353  be relevant to longevity or DT (Figure 2B). For the remaining genotypes, the data used for
354 longevity and DT was obtained exclusively for fully mature seeds. We used this information
355 on the relative differences between genotypes (e.g., higher versus lower longevity,
356  Supplemental Figure 1) to filter out modules that, although correlated based on Col-0 data,
357  showed contradicting differences between genotypes for trait and expression data. To address
358 the limitations of a correlation-based approach, specifically that gene expression may precede
359 trait acquisition and the fact that our correlation calculations did not include all genotypes, we
360 employed additional measures to refine our selection of relevant modules. Namely, modules
361  that approached or surpassed the correlation threshold were deemed more relevant if they
362  showed enrichment of GO terms related to an abiotic stress response (Supplemental Figure 5).
363  Additionally, we assessed the enrichment of the modules with LEAs using Fisher’s exact test
364  using the total pool of genes included in WGCNA as a background (Supplemental Table 3).
365 The enrichment was considered significant if the resulting p-value was less than 0.05.

366  Based on the output of these analyses we highlight below the identification of candidate gene
367  modules associated with DT and longevity.

368

369 A LEA-enriched gene module is associated with DT acquisition in Arabidopsis

370  Ofall modules from our WGCNA analysis, the greenyellow module had the highest correlation
371 with the DT acquisition trait. We observed a much lower expression of this gene module in the
372 abi3-6 genotype (Figure 2A), which correlates with the known desiccation sensitive phenotype
373  of this mutant. Since ABI3 is a master regulator of DT acquisition in seeds, we selected genes
374  from the greenyellow module based on existing ABI3 ChIP-seq experiments or transcriptome
375  experiments (Monke et al., 2012, Gonzalez-Morales et al., 2016, Tian et al., 2020). We found
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376  that, from 80 genes in the greenyellow module, 66 genes (82.5%) are associated with 4BI3
377  regulation based on ChIP-seq experiments in embryonic tissues, of which 52 genes (65%) are
378  directly, positively regulated by 4ABI3 (Tian et al., 2020; Supplemental Table 4 and 5). To
379  further corroborate that our analysis identified relevant regulators and to investigate if we found
380 novel genes associated with DT, we also compared our greenyellow module genes with genes
381  from two DT co-expression modules identified by Gonzalez-Morales et al. (2016) (Figure 3A,
382  Supplemental Table 6). We found that 60 genes (75%) of the greenyellow module genes have
383  Dbeen identified as DT-associated in the co-expression network analysis of Gonzalez-Morales
384  etal. (2016), while 5 genes have been identified only in our analysis. These potentially novel
385 DT-associated genes encode for an EVOLUTIONARILY CONSERVED C-TERMINAL
386 REGION 7 protein (ECT7, AT1G48110) involved in N6-methyladenosine (m6A) mRNA
387 reading (Cai et al, 2024), a NUCLEOTIDYL TRANSFERASE PROTEIN 7 (NTP7,
388  AT3G56320) involved in microRNA (miRNA) cytidilation (Song et al., 2019); an NPH3 family
389  protein (AT5G17580) found to be a target of miR415 (Zheng et al., 2012) and miR159/319
390 (Zhou et al., 2007), a protein kinase (AT5G58540) of unknown function, and a DAMAGED
391 DNA BINDING 2 (DDB2, AT5G58760) protein involved in DNA methylation and repair
392 (Schalk et al., 2016) (Figure 3B).

393
A B
Locus Other name/description
ATB"‘?ttalrgz‘gE Greenyellow module AT1G48110  ECTY;EVOLUTIONARILY CONSERVED C-TERMINAL REGION 7
(Tlan et al. 2020) AT3GS56320  NTP7;PAP/OAST substrate-binding domain superfamily
AT5G17580  Phototropic-responsive NPH3 family protein
AT5G58540  Protein kinase superfamily protein
5 AT5G58760  DAMAGED DNA BINDING 2;DDB2
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395  Figure 3. A - Venn diagram of genes identified as direct or indirect targets of ABI3 through
396  ChIP-seq and transcriptome analysis (Tian et al., 2020), genes from two Arabidopsis seed DT
397  co-expression subnetworks (SNETDT, Gonzalez-Morales et al. (2016), and genes from the
398  greenyellow module. B — Functional descriptions of the 5 genes specifically identified as
399  associated with DT in this study. C - Phenotypic analysis of 10 independent A. thaliana LEA
400 T-DNA insertion lines belonging to DT modules for desiccation tolerance (DT) and
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401  germination percentage at 16 DAP (Supplemental Table 7). Bars indicate standard error of the
402  mean; asterisks indicate significant difference (p<<0.05) when comparing mutant and respective
403  wild type background (Col-3 as the wild-type background of /ea35-2 and /ea35-3, and Col-0 as
404  the wild-type background of all other mutants) for germination percentage or DT percentage
405  according to Student’s t-test (n = 3).

406

407  Interestingly, the greenyellow module also showed the highest enrichment of LEAs of all
408  modules, with 11 genes (13.8%), of which 9 genes are direct targets of ABI3 (Supplemental
409  Table 6, Tian et al. (2020)). Based on the high correlation of this module with DT acquisition,
410  the high enrichment of known ABI3-regulated genes (Figure 2B, Supplemental Table 5), and
411 the fact that LEAs have been strongly associated with DT in seeds, we hypothesised this module
412 s the strongest candidate to contain genes involved in DT acquisition in Arabidopsis seeds. To
413  validate the findings of our WGCNA and module-trait correlation analysis we used ten
414  independent T-DNA mutant lines of six LEA genes identified in the greenyellow module and
415  analysed their DT acquisition at 16 DAP, since at this time point wild-type Arabidopsis seeds
416  acquired DT (Figure 1A, Supplemental Table 7). As expected, at 16 DAP, seeds of the wild-
417  types were able to germinate at approximately 100% after desiccation (Figure 3C). Although
418  the DT percentage for most LEA mutants did not show a significant difference compared to the
419  wild-types, there was generally a greater variability in DT percentage observed at this time
420 point. One LEA mutant line (lea42.1, group LEA 4, Supplemental Table 7) showed
421 significantly reduced DT at 16 DAP. This gene is expressed in seeds and has previously been
422 described to form droplet-like structures in imbibed seeds (Ginsawaeng et al., 2021,
423  Hundertmark and Hincha, 2008), but its involvement with DT acquisition has not yet been
424  described. Together, our co-expression and module-trait correlation analyses identified
425  potentially novel genes involved with the acquisition of DT during seed maturation in
426  Arabidopsis.

427

428  Transcription factor binding site analysis identifies regulators of longevity acquisition
429  Longevity is a complex quantitative trait regulated by multiple genetic factors and by the seed
430  maturation and storage environments (Zinsmeister et al., 2020b). Accordingly, in our co-
431 expression analysis we found that multiple gene modules were positively correlated with
432 longevity acquisition using module-trait correlation analysis using the CDT data (Figure 2B).
433  The brown (PCC=0.96), red (PCC=0.95), green (PCC=0.94), and turquoise (PCC=0.91)
434 modules had the highest positive correlations, while magenta (PCC=-0.92), purple (PCC=-
435  0.96), yellow (PCC=-0.93) and black (PCC=-0.92) had the highest negative correlations. We
436 then decided to focus on identifying transcription factors (TFs) that might work as master
437  regulators of the expression of these longevity-related genes. For this, we tested longevity-
438  associated gene modules for enrichment in TF binding sites using TF2Network (Kulkarni et al.,
439  2018). By selecting only genes that were included in the WGCNA analysis and by removing
440  all TFs with a low expression or coefficient of variance, we filtered the list down to 332 TFs
441 potentially associated with regulation of seed longevity (Supplemental Data Set 5). Enrichment
442  analysis showed that nine different TF families were significantly overrepresented in our list:
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443  ARR-B (p=0.0329), BES1 (p=0.0143), bZIP (p=5.36e-06), Dof (p=0.000188), ERF (p=2.89e-
444  13), G2-like (p=5.34e-05), GATA (p=1.62¢-08), MIKC MADS (p=0.0413) and TCP
445  (p=0.000335) (Figure 4A).
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448  Figure 4. A - In turquoise: TF families identified by motif enrichment analysis with
449  TF2Network for longevity modules. TF families were determined based on the plantTFDB list;
450  the background distribution is shown as grey bars. The numbers adjacent to the bars indicate
451 the number of TFs that were found in TF2Network analysis, and parentheses show the number
452 of TFs that would have been expected by chance. Black values show the BH adjusted p-values
453  (Benjamini and Hochberg, 1995) for Fisher's exact test. The result includes all transcription
454  factors from TF2Network analysis that passed filtering for low expression and low variation,
455  using the same thresholds as in the WGCNA analysis (see Materials & Methods). Red asterisks
456  indicate significant enrichment of binding motifs in the dataset (p<0.05). B - Percentage of
457  germination of mature dry seeds stored under natural conditions (50%RH, 20°C) for 47 days
458  from Col-0 and multiple CRISPR-Cas9 mutants germinated in the presence of 10 pM GA4+7
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459  and 10 mM KNO:s. C - Half viability time (number of days to lose 50% of seed viability) of
460  seeds submitted to CDT. Asterisks in B and C indicate significant differences (p<0.05) based
461  on a Wilcoxon Sum Rank test and error bars indicate standard error (n = 4). The different
462  CRISPR alleles and backgrounds are described in Supplemental Figure 7 and Supplemental
463  Table 9.

464

465  We used multiple filtering steps (see Material & Methods) to carefully select a set of 25 TFs as
466  the top candidates for the regulation of longevity acquisition during maturation (Supplemental
467  Table 8). For further validation of the role of these TFs, we focused on four DREB AND EAR
468  MOTIF PROTEIN (DEAR) from the DREB subfamily A-5 of ERF/AP2 transcription factor
469  family as it contains stress-inducible TFs that act as transcriptional repressors of multiple
470  abiotic stresses (Mizoi et al., 2012). We selected DEAR4 (RAP2.10, AT4G36900), DEARS
471 (RAP2.9, AT4G06746), and RAP2.1 (AT1G46768), and the closely related homolog DEAR?2
472 (AT5G67190) from the turquoise module and we generated single, double, triple, and quadruple
473  mutants using CRISPR-Cas9 (Supplemental Table 9). DEAR4 overexpression has been
474  reported to lead to lower germination under stress conditions (ABA and NaCl treatments) and
475  knock-down mutants display delayed leaf senescence (Zhang et al., 2020). DEARS5 has been
476 shown to be downregulated in response to heat and drought stresses, suggesting a role as a
477  repressor under these conditions in Arabidopsis (Prasch and Sonnewald, 2013). RAP2.1 has
478  been described as a transcriptional repressor under cold and drought, as rap2.1 T-DNA insert
479  alleles showed reduced sensitivity to these stresses (Dong and Liu, 2010). To investigate the
480 role of these candidate TFs on longevity we assessed germination after storage under natural
481  conditions (50%RH, 20°C, 47 days) and after CDT (Figure 4B-C). We observed that mutants
482  dearZrap2.1, dear2deardrapl.l, and dear2deard4dearSrap2.1 showed significantly lower
483  germination than Col-0, which could indicate that the seed maturation processes, including
484  longevity acquisition, are impaired in these mutants. We found that dear5 and deard4dear5 were
485  significantly less sensitive to CDT compared to Col-0, while dear4 was not significantly
486  different from the wild-type despite showing a slightly higher viability after CDT. These results
487  suggest that DEARS is a potential negative regulator of seed longevity in Arabidopsis.
488  dear2rap?.l was significantly more sensitive to CDT while their respective single mutants did
489  not differ from the wild-type, indicating a redundant role for DEAR2 and RAP2.1 on seed
490 longevity. Together, these findings support a combinatorial and antagonistic function of
491  DEARSs in Arabidopsis thaliana seed longevity regulation.

492

493  Discussion

494  In Arabidopsis, the seed maturation and late maturation phases are shorter compared to other
495  plant species (Leprince et al., 2017), which has been thought to lead to an overlap of events
496  such as seed filling, acquisition of DT and longevity, and to complicate the identification of
497  molecular regulators of specific SQT (Leprince et al., 2017, Verdier et al., 2013). With an
498  extensive phenotypic and transcriptional analysis of the Arabidopsis thaliana wild-type (Col-
499  0) and of mutants of known regulators of seed maturation, including ABI3 and ABA
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500 biosynthesis and catabolism genes, we identified (groups of) genes involved in the control of
501 the acquisition of different SQTs.

502  Seed maturation is characterised by an increase in seed dry mass caused by the accumulation
503  of storage reserves and ends when seeds enter a quiescent stage caused by drying (Ali et al.,
504 2022, Kozaki and Aoyanagi, 2022). Under the growth condition used in this study, the complete
505 development of Arabidopsis until the dry seed (DS) stage lasted about 26 DAP, the seed filing
506  occurred from 12 DAP to 20 DAP and drying occurred from 20 DAP onwards (Figure 1A).
507  Changes in these physiological parameters were also accompanied by a dynamic change in the
508  acquisition of SQTs. The start of chlorophyll degradation has been proposed as an indicator of
509 the maturity level of seeds and the transition to the late seed maturation phase (Jalink et al.,
510 1998, Teixeira et al., 2016, Leprince et al., 2017, Barboza da Silva et al., 2021, Zinsmeister et
511 al., 2020b). Our data shows a sharp increase in chlorophyll degradation from 18 DAP onwards,
512  while seed filling is still on the way (Figure 1 A, Supplemental Figure 1B). This indicates that
513 the start of chlorophyll degradation in Arabidopsis does not overlap with the transition to the
514 late seed maturation phase and, therefore, cannot be used as a parameter to indicate the maturity
515 level of Arabidopsis seeds.

516 DT and longevity are two interdependent traits that are essential for long term dry seed survival
517  and storability (Dekkers et al., 2015). Similar to species such as tomato (Bizouerne et al., 2021),
518 soybean (Pereira Lima et al., 2017), and Medicago (Verdier et al., 2013), we observed a
519  temporal separation between DT and longevity acquisition. DT acquisition started early during
520 the seed filling phase, and at 16 DAP the seed population was fully desiccation tolerant (Figure
521 1A). On the other hand, the start of longevity acquisition overlapped with the start of the late
522  seed maturation phase at 20 DAP. Contrary to what has been previously proposed, our findings
523  show that it is possible to temporally separate the seed filling and late seed maturation events
524  in Arabidopsis, as well as the onset of DT and longevity acquisition.

525  We then generated a comprehensive gene expression atlas of Col-0 and of ABA biosynthesis,
526  catabolism, and signalling mutants to study the underlying transcriptional control of SQT
527  acquisition (Supplemental Table 1). ABI3 mutation strongly affects overall seed development,
528  especially the accumulation of seed storage and LEA proteins (Nambara et al., 1992, Santos-
529  Mendoza et al., 2008), chlorophyll degradation (Delmas et al., 2013); DT and longevity
530  acquisition (Ooms et al., 1993) and dormancy acquisition (Léon-Kloosterziel et al., 1996). In
531 line with this, our RNA-seq data analysis revealed that mutation on the strong allele of 4AB/3
532  (abi3-6) leads to an extreme transcriptome shift during seed maturation when compared to Col-
533 0 (Figure 1B), although both genotypes showed a transcriptome shutdown from 22 DAP
534  onwards, after the onset of drying (Figure 1C). We found a significant upregulation of stress-
535 related biological processes during abi3-6 maturation contrary to Col-0, just before the global
536  transcriptome shutdown at 22 DAP (Figure 1D). ABI3 mutation has been shown to directly
537 affect the expression of stress responsive genes in Medicago seeds under osmotic stress
538  (Terrasson et al., 2013) and in Arabidopsis seedlings under dehydration stress (Bedi et al.,
539  2016). It is possible that, with the start of seed drying at 20 DAP, the functional impairment of
540  ABI3 function in abi3-6 leads to an enhanced expression of stress-responsive genes instead of
541  the expected expression of DT-related genes. In fact, previous transcriptome studies have
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542  identified desiccation-associated cell-protective genes, such as LEAs, as direct targets of ABI3
543  (Monke et al., 2012, Gonzalez-Morales et al., 2016, Tian et al., 2020).

544 By combined analysis of the RNA-seq data and the phenotypic data of SQT acquisition for Col-
545 (0 and ABA-related mutants, we identified seventeen distinct gene expression modules which
546  could be correlated with specific SQTs (Figure 2). We found that acquisition of DT, acquisition
547  of longevity, and the maturation stage have a similar module-trait correlation pattern (Figure
548  2B), indicating that DT and longevity are not only interdependent (Dekkers et al., 2015), but
549 are also similarly influenced by the seed developmental stage. On the other hand, the correlation
550 similarity between seed moisture and chlorophyll fluorescence was the opposite of what we
551 observed for DT acquisition, longevity, and maturation stage. Although the physiological
552 relationship between seed moisture content variation, especially drying, and chlorophyll
553  degradation has been previously described for crop species (Adams et al., 1983, Green et al.,
554 1998, Gomes et al., 2003, Sinnecker et al., 2005), the effects of seed drying on chlorophyll
555  degradation during seed maturation have not yet been explored at the molecular level.

556  An in-depth analysis of the gene module with the highest correlation with DT (greenyellow
557 module) showed a high enrichment of genes previously described as being part of the 4AB/3
558 regulon and involved with DT (Gonzalez-Morales et al., 2016, Tian et al., 2020) (Figure 3,
559  Supplemental Table 3-5). Among these, we found several LEAs and five genes that, as of our
560 knowledge, have not yet been associated with DT and that can be further explored in future
561  research (Figure 3B). To validate the findings of our module-trait correlation analysis, we used
562  T-DNA lines to assess the contribution of the greenyellow module-LEAs on DT. Overall, we
563  found that mutation of individual LEAs led to a higher variation in DT acquisition in the seed
564  population at 16 DAP, and mutation of AtLEA42 led to significant impairment in seed DT
565  acquisition. LEAs are known to belong to a group of low protein sequence similarity and highly
566  redundant functions (Hundertmark & Hincha, 2008; Artur et al., 2019), therefore mutation in
567  single LEA genes might not be sufficient to induce a quantifiable DT phenotype during seed
568  maturation. Nevertheless, our study confirms the participation of LEAs on DT acquisition in
569  Arabidopsis and indicates that certain LEAs may have a more prominent role in seed maturation
570  than others.

571 Longevity is a complex, quantitative trait which is regulated by the combinatorial interaction
572 of multiple TFs (Sano et al., 2016, Zinsmeister et al., 2020b, Alizadeh et al., 2021). Therefore,
573  we turned our attention to the four gene modules with the highest positive correlation with the
574  longevity trait in our dataset (brown, red, green, and turquoise, Figure 2B) to identify TFs
575 involved in the control of this complex SQT. In our approach, we combined genes from the
576  longevity-associated modules to identify enriched TF binding sites in their promoter regions
577 and to identify candidate TFs that may bind to these motifs for validation. As expected, we
578 identified several TF binding motifs enriched in the promoter of longevity-associated genes,
579  including four DEAR transcription factors from the DREB subfamily A-5 of the ERF/AP2
580 family (Figure 4, Supplemental Table 9). Using CRISPR-Cas9 mutants we identified a
581  repressing role for DEARS and a potentially redundant positive role for DEAR2 and RAP2.1 on
582  seed longevity. These findings disentangle part of the complex and multifactorial regulation of
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583  seed longevity and provide a list of potentially novel TFs that can be prioritised for further
584  validations.

585 In conclusion, our study offers a comprehensive dataset that sheds light on the regulatory
586  mechanisms of seed maturation in Arabidopsis, with a particular focus on the acquisition of
587  seed quality traits (SQTs) critical for storage and survival. All this information is seamlessly
588 integrated into SeedMatExplorer (https://www.bioinformatics.nl/SeedMatExplorer/app/), a
589  unique resource designed to facilitate the testing and generation of new hypotheses about gene
590  expression regulation during seed maturation and the control of multiple SQTs.

591

592  Materials and Methods

593

594  Plant materials and growth conditions

595  Arabidopsis thaliana (L.) Heynh. accession Columbia (Col-0) and several mutants known to
506 display maturation defects (Supplemental Table 1) were used. cyp707a2-1 (Salk 072410,
597  Okamoto et al. (2006)), aba2-1 (Léon-Kloosterziel et al., 1996), abi3-6 (Nambara et al., 1994),
598 dogl-4 (SM_3 20808, Tissier et al. (1999)), abi3-12 (Nambara et al., 2002) were obtained in
599  the Nottingham Arabidopsis Stock Centre (NASC). The dogl-4 is an induced transposon
600 insertion mutant (SM_3 20808, Tissier et al. 1999) and was obtained as described by Bentsink
601 et al. (2006). Genotyping of T-DNA mutants was performed by standard PCR using primers
602  provided by the Salk Institute Genomic Analysis Laboratory
603  (http://signal.salk.edu/tdnaprimers.2.html). The abi3-12 described by Nambara et al. (2002)
604  was genotyped using (d)CAPS markers forward: ATGGCGAGACAGAGGAGGTTCTTGTC
605 and Reverse: CCGAGGTTACCCACGTCGCTTTGCT developed using dCAPS Finder 2.0
606  (http://helix.wustl.edu/dcaps/dcaps.html) (Neff et al., 2002) and wild-type fragments were
607  digested with Ava II restriction enzyme (NEB, R0152). Double and triple mutants were
608  obtained after crossing their respective parents. F2 and F3 individuals were genotyped using
609  PCR and CAPS markers to confirm their double or triple mutant genotype. To generate dormant
610  Col-0 lines (Col-0+DOG [-Cvi), Col-0 plants were transformed with a 5 kb construct containing
611  the DOGI-Cvi gene (Bentsink et al., 2006). Tail-PCR located the insertion site in line 2-1-2,
612 RT-qPCR on DNA confirmed the single insertion in this line. Plants were grown on 4 x 4 cm
613  Rockwool blocks in a growth chamber at 20°C/18 °C (day/night) under a 16-h photoperiod of
614  artificial light (150 pmol m™ s™') and 70% relative humidity (RH). Plants were watered three
615  times per week with the standard nutrient solution Hyponex (He et al., 2014). Several flowers
616  were tagged in every plant of all genotypes just before anthesis to allow follow up on days after
617  pollination (DAP). For each round of experiments plants were grown together and seeds were
618  harvested from 12 DAP to 26 DAP in 2 days intervals. For each sample, four biological
619  replicates were used, and each biological replicate consisted of 4 to 6 siliques. Fresh siliques
620  were immediately dissected, and the seeds were carefully removed for seed quality traits (SQTs)
621  phenotyping. The samples for RNA extraction were immediately frozen in liquid nitrogen and
622  stored at -80 °C. The experiment was repeated 3 times, hereby called rounds 1, 2, and 3. Round
623 1 consisted of pre-tests to assess scalability for phenotyping and RNA-seq sampling and rounds
624 2 and 3 consisted of phenotyping for moisture content, fresh weight, dry weight, germination,
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625 dormancy, desiccation tolerance (DT), chlorophyll fluorescence, and longevity. RNA-seq
626  sampling was also done for Col-0 and the mutants used in this study in both rounds 2 and 3
627  (Supplemental Table 2).

628

629  Seed quality trait phenotyping

630  The water content of the seed samples was determined gravimetrically on a fresh weight basis
631  using two replicates of 3 siliques per time point for each genotype. The seeds were excised from
632  the siliques using fine tweezers, the fresh weight was determined within 10 minutes after
633  excision and the dry weight was determined after 24 hours of drying at 105 °C. To assess
634  germination capacity and dormancy level, four replicates of seeds immediately excised from 4
635  to 6 siliques were sown onto two layers of blue germination paper soaked with 40 ml H.O and
636  incubated at 22 °C in continuous light for 7 days. Pictures were taken twice or thrice every day
637 to calculate the maximum germination percentage (gMax%) and time to reach 50% of
638  germination (T50), the latter as a dormancy-related parameter using the Germinator program
639  (Joosen et al., 2010). To obtain a measure of chlorophyll content we used a non-destructive
640  method based on chlorophyll fluorescence. The seeds we analysed with the PathoScreen system
641  developed by Wageningen University and Research and commercialised by PhenoVation B.V.
642  (Kastelein et al., 2014). The same four replicates of seeds from 4 to 6 siliques used for
643  germination phenotyping were analysed in the PathoScreen and the chlorophyll fluorescence
644  signals were recorded as the ratio between the variable fluorescence (fv) and the maximum
645  fluorescence. DT was assessed according to Ooms et al. (1993). In summary, four replicates of
646  seeds from 4 to 6 siliques at different DAPs were dissected and artificially desiccated for 48
647  hours at 22 °C and 30% relative humidity (RH) in the dark. Desiccated and non-desiccated
648  seeds were sown onto two layers of blue paper soaked with 10 uM GA4+7 and 10 mM KNOs to
649  break possible residual seed dormancy. DT percentage was calculated as the difference in seed
650  germination percentage after 5 days and the percentage of normal seedling formation after 7
651  days between desiccated and non-desiccated samples. Longevity assessment was performed
652  using a controlled deterioration test (CDT) for Col-0 from 16 — 26 DAP (Delouche and Baskin,
653 2021, Powell and Matthews, 2005) (Delouche and Baskin, 2016; Powell and Matthews, 1984)
654  and Elevated Partial Pressure of Oxygen (EPPO) assay for mature seeds of all genotypes (Groot
655 etal., 2012). For CDT, four replicates of Col-0 seeds were placed in an opened 1.5ml tube and
656  stored above a saturated KCl solution in a closed ventilated tank at 80—85 % relative humidity
657 (RH) and 40 °C for 2 and 5 days. RH was monitored using a data logger (EL-USB-1-LCB,
658  Lascar Electronics). For the EPPO assay three replicates of seeds from the total bulk harvest
659  from all genotypes were placed in 2 ml tubes perforated with a hole of approximately 1 mm
660  diameter closed with an oxygen-permeable polyethylene membrane, placed in 1.5 L steel tanks,
661  filled with air at a rate of 0.4 MPa per minute from buffer tanks until the tank pressure reached
662  approximately 20 MPa (Buijs et al., 2018). The tanks were stored at 22°C and 55% RH, and
663  the seeds were collected after 21, 42, 62, 77, 91, 105 and 119 days. After CDT and EPPO, seed
664  germination data analysis was performed as described previously using Germinator (Joosen et
665 al., 2010). ABA quantification was performed on 18 DAP and dry seeds. In summary, five
666  milligrams of seeds were ground to fine powder and extracted with 1 mL of 10% (v/v) methanol
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667  containing 100 nM deuterated ABA as an internal standard. The extraction was further carried
668  out according to Flokova et al. (2014) with minor modifications, namely the use of a Strata-X
669 30 mg/3 mL SPE column (phenomenex). For the detection and quantification of ABA by LC-
670  MS/MS, we used the same procedure as Zhang et al. (2024) with minor modifications. Multiple
671  reaction monitoring (MRM) mode was used for the quantification and identification of ABA,
672 by comparing the retention time and MRM transitions (263.25>153.15 + 263.25>219.15). The
673  final content of each sample was normalised using the internal standard.

674

675 RNA extraction, sequencing, and analysis

676  Total RNA was extracted according to the hot borate protocol modified from Wan and Wilkins
677  (1994). Two to three replicates of a pool of seeds from 4 siliques for each treatment (genotypes
678  and time points) to a total of123 samples (Supplemental Table 2) were used. The samples were
679  homogenised and mixed with 800 uL of extraction buffer heated to 80 °C (0.2 M Na borate
680  decahydrate (Borax), 30 mM EGTA, 1% SDS, 1% Na deoxy-cholate (Na-DOC), 1.6 mg DTT
681  and 48 mg PVP40). One milligram of proteinase K was added to this suspension and incubated
682  for 15 min at 42°C. After adding 64 puL of 2 M KCIl, the samples were incubated on ice for 30
683 min and subsequently centrifuged for 20 min at 12,000 g. 270 uL of ice-cold 8 M LiCl was
684  added to the supernatant in a final concentration of 2 M and the tubes were incubated overnight
685  onice. After centrifugation for 20 min at 12,000 g at 4 °C, the pellets were washed with 750 pL
686  ice-cold 2 M LiCl. The samples were centrifuged for 10 min at 10,000 g at 4 °C and the pellets
687  were resuspended in 100 uL DEPC treated water. The samples were cleaned with phenol
688  chloroform and treated with DNAse (RQ1 DNase, Promega). The RNA quality and
689  concentration were assessed by agarose gel electrophoresis and UV spectrophotometry. RNA
690 was processed for use in RNA-seq with mRNA enrichment polyA capture (Illumina
691  Incorporated, San Diego, CA, USA). The sequencing of a total of 123 samples was performed
692  strand specific on Illumina Hiseq 2500, using cDNA and random hexamer priming, and
693  generating single-end 125 nt reads.

694  The raw reads were mapped to the TAIR10 Arabidopsis reference genome with the Araportl1
695 annotation (Cheng et al., 2017) using the HISAT2 software v2.1.0 (Kim et al., 2015). The
696  alignment rate was about 99%. Transcript expression was quantified from uniquely mapped
697  reads using the StringTie program v1.3.2 (Pertea et al., 2015). StringTie’s prepDE.py script was
698 used to extract read counts from the StringTie output. Fragments per kilobase of exon per
699  million fragments mapped (FPKM) were calculated from StringTie output with the R package
700  Ballgown (Frazee et al., 2015). Pearson correlation coefficient was calculated between
701 biological replicates with the normalised expression levels of log2 (FPKM+1). DESeq2 (Love
702 et al., 2014) was used for differential expression (DE) analysis. For exploring gene functions
703  during analyses, the Araportl1 annotation (Cheng et al., 2017) .gff file was downloaded from
704  arabidopsis.org. Custom R scripts (R v4.0.3) were used to parse the information and link it to
705  the relevant genes during the analyses. To analyse sample variation, seed gene expression
706  profiles were investigated using principal component analysis (PCA) and hierarchical
707  clustering. For PCA, we first normalised the RNA-seq read counts of all genes with a variance
708  stabilising transform (VST) using the R package 'DESeq2' V1.30.0 (Love et al., 2014). We then
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709  conducted PCA using the R function prcomp with default settings and visualised the results
710  using ggplot2.

711

712 Dynamic time warping

713 To align time series data of round 2 and 3 samples from Col-0 and abi3-6, dynamic time
714  warping was performed by using functions from the R package ‘dtw’ (V1.22.3) (Giorgino,
715  2009). The means of replicates were used for time warping to prevent the assignment of
716  different time labels to replicates. Since the phenotype data for round 3 was more complete and
717 could be used for both correlations with round 2 and 3 expression data, the expression data of
718  Col-0 round 3 samples was used as a template and the expression of round 2 was used as a
719  query for the dynamic time warping alignment. In summary, the time axis alignment was done
720  with the option to allow open beginnings or ends for the alignment enabled. This restricted the
721 choice of step-patterns to ‘asymmetric’, ‘rigid” and 7 types of Rabiner- Juang step-patterns and
722 the most common alignment was selected as the final result. The majority of step-patterns
723 obtained suggested adding 2 days to the labels of early Col-0 round 2 expression data (12-22
724  DAP) and not changing the labels of the latest time points. For round 2 samples of the abi3-6
725  genotype, the same transformation was applied, since the lack of overlap with the round 3 time
726  points made another dynamic time warping impossible. The effect of dynamic time warping is
727  illustrated by comparison of the WGCNA module eigengenes with or without time warping of
728  Col-0 and abi3-6 round 2 samples, in the Supplemental Figure 4A-B.

729

730  Gene co-expression network analysis

731 We constructed a co-expression network using the WGCNA package V1.69 (Langfelder and
732 Horvath, 2008) in R, including all 123 samples for the 11 available genotypes in the analysis.
733 Three different criteria were used to filter the genes: having an expression of above 25 counts
734 in at least 25% of the samples, at least 9 samples with an expression above 100 counts, or a
735  coefficient of variation above 0.3. The expression of the remaining genes was normalized using
736  the varianceStabilizingTransformation function from the R package DESeq2 V1.30.0 (Love et
737 al., 2014). We next checked for outliers among the samples by conducting hierarchical
738  clustering using R's hclust function with average linkage and Euclidean distance. For
739  constructing the co-expression network calculated the adjacency of genes with a soft-
740  thresholding power of 8 for a scale-free topology fit of a 'signed hybrid' network. The adjacency
741 matrix was then transformed into a topological overlap matrix (TOM) to derive the weighted
742 network. Genes were clustered hierarchically with average linkage, using 1-TOM as a distance
743 metric. To separate the clustering result into modules, the function cutreeDynamic from the
744 dynamicTreeCut package V1.63-1 was used with deepsplit=0 and a minimum required module
745  size of 30 genes. Highly similar modules were merged with mergeCloseModules from the
746 WGCNA package (Langfelder and Horvath, 2008), combining all modules with a dissimilarity
747  of less than 0.14 to a final 17 modules with distinct patterns.

748  We determined the functions associated with our WGCNA modules through Gene Ontology
749  (GO) enrichment analysis of biological processes, which we conducted using topGO R package
750  v2.42.0. To map GO terms to genes, we used the annotations available in the org.At.tair.db
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751  database. The significance of GO term enrichments in the modules was tested with the runTest
752 function of topGO, selecting the ‘weight01’ algorithm and Fisher’s exact test to calculate p-
753  values. All genes included in the WGCNA analysis served as the background for these tests.
754  For multiple testing correction, we applied the BH-FDR correction method (Benjamini and
755  Hochberg, 1995).

756

757  Motif enrichment and transcription factor selection

758  Motif enrichment was performed with the selected modules to find potential transcription
759  factors (TFs) relevant to the traits. All genes from the selected modules were used for motif
760  enrichment, except for the longevity-related modules turquoise and black because the large
761 number of genes in these modules (>2000) would decrease the specificity of the analysis. Here,
762  the EPPO data from all genotypes allowed for subsetting the genes based on ranked correlation.
763  Genes falling in the top right quadrant of the module membership versus gene significance plot
764  of the modules were selected to be used in motif enrichment (Supplemental Figure 6). The
765  threshold gene significance (GS) and module membership (MM) were chosen to reduce the
766  genes by about half. For the turquoise module: MM>0.78, GS>0.65, and black module
767 MM>0.8, GS>0.69. The genes were submitted to TF2Network (Kulkarni et al., 2018) and the
768  TFs found based on enriched position weight matrices were exported for further filtering. TFs
769  of interest were manually selected based on their expression profiles for the different genotypes.
770 The following two selection criteria were used: The first criterion was based on selecting TFs
771 that showed an increase or decrease in the expression profile for Col-0 at 18 or 20 DAP for
772 longevity acquisition. With the second criterion, TFs that had different expression profiles for
773 the mutants were prioritised, separating genotypes that acquire longevity from those that do not.
774 Some TFs could be further prioritised by showing that they are directly regulated by 4B/3 based
775  on the research of Tian et al. (2020), or by finding that they have genes as nearest neighbours
776  that were previously shown to be important for the trait of interest, like LEAs for DT and
777  longevity (full list provided in Supplemental table 10 and 11). We considered genes nearest
778  neighbors if they showed a topological overlap score of 0.2 or greater in the WGCNA TOM
779  matrix. The motivation for selecting each transcription factor is described in Supplemental
780  Table 8.

781

782  T-DNA and CRISPR-Cas9 mutants for phenotypic validations

783  Ten Arabidopsis thaliana T-DNA lines of six LEAs identified in the DT greenyellow module
784  (Supplemental Table 7) were obtained from the Nottingham Arabidopsis Stock Centre (NASC)
785  and genotyped using standard primers from SIGnAL-SALK (Supplemental Table 12). Out of
786  the ten T-DNA lines, eight were SALK lines having a Col-0 background, while two (lea35.2
787  and lea35.3) were SAIL lines with a Col-3 background. To generate CRISPR-Cas9 mutants,
788  genes were selected based on the list of TFs related to longevity acquisition and filtered as
789  described previously. To build the constructs, closely related genes (based on protein sequence)
790  were targeted simultaneously in one construct (Supplementary Table 13). For each gene, we
791 designed one or two guides using CHOPCHOP V3 (Labun et al., 2019) (Supplemental Figure
792 7, Supplementary Table 13). Target sites were selected for the lowest mismatch value and
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793  closest proximity to the translational start site, with a preference for the first exon, if specific
794  enough. The guide-RNAs and subsequent expression vectors were cloned using the GoldenGate
795  cloning system described by Stuttmann et al. (2021). As an expression vector, we chose the
796  pDGES88S (pNOS:nptll Ubq:FCY-UPP_pRPS5a:zCas910 ccdB_CmR) to select transformants
797  for kanamycin resistance and to later on select against transformants using the fungicide 5-
798  fluorocytosine (5-FC) (Stuttmann et al., 2021). Col-0 plants were transformed using floral
799  dipping and T1 seeds were harvested in bulk for each construct and immediately germinated on
800 % MS plates with 100 pg/ml kanamycin to select only successfully transformed seedlings. For
801  each construct, 11 to 35 surviving seedlings were transferred to rockwool under greenhouse
802  conditions and genotyped for signs of mutagenesis. Gene specific primers surrounding the
803 target sites of each locus were used to genotype all lines (Supplemental Table 13). Primers were
804  designed ~150 bp upstream and ~300 bp upstream of the target sites close to the ATG, and for
805  genes targeted with two target sites an additional primer was designed ~150 bp downstream of
806  the distal target site. T1 seedlings showing a PCR product size differing from Col-0 were
807  selected for further propagation. Seeds from each T1 parent were propagated separately on 1
808 mM 5-FC 2 MS plates to select against the Cas9 constructs. Eight surviving T2 seedlings per
809  plate were transferred to rockwool for further selection and were genotyped as a pool for signs
810  of mutagenesis. Pools of T2 plants that showed signs of mutagenesis were further genotyped
811 by PCR as single plants. The individual T2 plants with mutations visible by PCR were selected
812  for further propagation and, in addition, plants with a homozygous mutation were sequenced.
813  Homozygous plants were then propagated and used for trial phenotyping experiments and T2
814  plants with one or more non-homozygous mutations were propagated for another round of
815  selection for homozygosity in the next generation.

816

817  Mutant phenotypic analysis

818  T-DNA mutants were phenotyped for DT as described previously (Ooms et al., 1993) with
819  modifications. Plants were grown under controlled conditions as described previously and
820  siliques were harvested at 16 days after pollination (DAP) and dissected using tweezers with
821  the help of a stereomicroscope to remove the seeds. Three replicates of seeds pooled from three
822  siliques were immediately desiccated for 8 hours at 22°C and 30% RH in dark or directly sown
823  onto two layers of blue germination paper soaked with 40 ml dH-O. After seven days, non-
824  germinated seeds were transferred to blue germination paper containing 10 pM GA4+7 and 10
825 mM KNOj and incubated for another 5 days to break residual dormancy. DT percentage was
826  calculated as described previously. The total number of seeds at the start of the assay and the
827  number of germinated seeds with and without desiccation after seven days were determined
828 and statistically analysed using the Germinator software (Joosen et al., 2010). The CRISPR-
829  Cas9 mutant plants were grown under the conditions described above. For each line, four
830 replicates containing four plants were used and seeds were harvested from each replicate
831  individually. After three months of after-ripening (50% RH, 20° C) seeds were subjected to
832  CDT. For this, seeds were stored in the dark at 89% Relative Humidity (RH) and 40°C. After
833 0,2,5, 7,8, 9, and 10 days of storage, germination on dH,O was assessed. Maximum
834  germination percentage (Gmax)) Wwas determined after seven days, making use of the
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835  Germinator software (Joosen et al., 2010). For each replicate, Gmax Was fitted to a logistic curve
836  to determine the half-viability period (pso). To assess if mutant lines had longevity phenotypes,
837  pso of each mutant line was compared to Col-0. Statistical analyses were performed using a
838  Wilcoxon rank-sum test (o = 0.05).

839

840  Accession numbers

841  Identifiers for all genes mentioned in this work are provided in Supplemental Table 14.

842

843  Supplementary Data

844  Supplemental Figures

845  Supplemental Figure 1. Seed maturation traits of the Arabidopsis thaliana mutants aba2-1,
846  abi3-6, abi3-12, aba2-1 abi3-12, dogl-4, dogl aba2-1, abi3-12 dogl-4, abi3-12 dogl-4 aba?2-
847 1, abi3-12 dogl-4 cyp707a2 and 1.2-1 Col-0 + DOGI1-Cvi. A - Water content percentage, B -
848  Total germination percentage, C - Dormancy percentage, D - Chlorophyll fluorescence (fv/fm),
849 and E - Germination percentage after Elevated Partial Pressure of oxygen (EPPO) treatment.
850  Each mutant genotype is represented by the same colours in all panels. A-D was performed
851 using seeds from different maturation stages (days after pollination, DAP), n=4. EPPO
852  treatment was performed in mature seeds (>26DAP), n = 3.

853  Supplemental Figure 2. ABA content in (A) 18 DAP and (B) dry seeds. Values are normalised
854 by 5 mg of seeds and internal standard (IS) by LC-MS/MS, (n=4). ANOVA was conducted to
855 test for differences in mean ABA content across genotypes, pairwise comparisons were made
856  using Tukey’s HSD post-hoc test. In the figure, a compact letter display illustrates statistically
857  similar means: genotypes sharing the same letter in panel A or B have means that are not
858  significantly different. Specifically, a shared letter indicates a Tukey HSD p-value above the
859  significance threshold of 0.05.

860  Supplemental Figure 3. Hierarchical clustering of RNAseq samples using R's hclust function
861  with average linkage and Euclidean distance.

862  Supplemental Figure 4. Effect of dynamic time warping on module eigengenes (MEs). A.
863  MEs without warping time axis. B. MEs with warped time axis. Time warping was used to
864  adjust time point labels of round 2 to round 3, only Col-0 and abi3-6 samples are affected.
865  Adjustment of time axis labels for round 2 samples was as follows: +2 days for each sample
866  from 12 to 22 days. This figure shows a better agreement of the ME profiles of Col-0 round 2
867  (grey) and Col-0 round 3 (lightgreen), clearly noticeable when comparing for the black module,
868  before and after time-warping. Improved alignment of time-series for abi3-6 round 2 samples
869  is noticeable when comparing the ME of abi3-6 (pink) with the ME of abi3-12 dogl-4 (red),
870  for example for the turquoise module, before and after time-warping.

871 Supplemental Figure 5. Overview of significantly enriched GO terms and trait correlations
872  for modules obtained from WGCNA analysis. The selection of GO terms includes all biological
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873  processes with a significant enrichment (padj <0.05). A column with grey text displays the
874  number of genes in each module annotated with a GO term, as well as the total number of genes
875  annotated with the term in the background population. The expected number of genes associated
876  with each GO term is shown based on the total number of genes in the module and the
877  prevalence of the term in the background population. At the bottom of each graph, a heatmap
878 is presented depicting the Pearson correlation between the eigengene of each module and a set
879  of traits. The p—value corresponding to the correlation shown in parentheses.

880  Supplemental Figure 6. Subsetting of the genes from WGCNA modules ‘black’ and
881  ‘turquoise’ to select those most relevant to longevity acquisition. The genes are separated on
882  the scatter plots’ x-axis based on module membership (MM), the correlation of a gene’s
883  expression profile with the module eigengene of its respective WGCNA module, and on the y-
884  axis by the correlation of their dry stage expression across genotypes with longevity ranks for
885 those genotypes from the EPPO experiment. Only genes that fall in the area shaded green (top-
886  right) were included in longevity motif enrichment analysis.

887  Supplemental Figure 7. Overview of CRISPR-Cas9 mutant construct generation. Sgl - Single
888  guide RNA 1.

889

890  Supplemental Tables

891  Supplemental Table 1. Overview of genotypes used in this study and their respective
892  phenotypes.

893  Supplemental Table 2. RNA-seq sample overview. Number of samples sequenced per time
894  point (DAP = days after pollination, DS = Dry Seed).

895  Supplemental Table 3. Enrichment of LEAs amongst the ABI3 regulated genes for WGCNA
896  modules. P-values were obtained with Fisher’s exact test.

897  Supplemental Table 4. Description and ABI3 regulation of genes belonging to the greenyellow
898  module (DT). LEA genes are indicated in bold.

899  Supplemental Table 5. Enrichment of ABI3 regulated genes for WGCNA modules. P-values
900  were obtained with Fisher’s exact test.

901  Supplemental Table 6. Genes that are direct or indirect targets of ABI3 based on Tian et al.
902  (2020), genes from the greeyellow module (this work) and genes of two desiccation-tolerance
903  subnetworks based on Gonzéalez-Moralez et al. (2016).

904  Supplemental Table 7. The T-DNA lines of Arabidopsis LEA (Atlea) from the greenyellow
905 module used for desiccation tolerance assessment.

906  Supplemental Table 8. Filtered lists of candidate transcription factors involved in longevity
907  regulation in Arabidopsis. Genes selected for CRISPR-Cas9 mutant validation are indicated in
908  bold.

909  Supplemental Table 9. Summary of CRISPR-Cas9 lines generated in this study.

910  Supplemental Table 10. List of genes with described association with seed longevity in
911  multiple plant species.

912  Supplemental Table 11. Primers used for genotyping LEA T-DNA lines.
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913  Supplemental Table 12. Overview of CRISPR-Cas9 mutants of longevity-related TFs.

914  Supplemental Table 13. List of guide RNAs and genotyping primers used for CRISPR-Cas9
915  mutants generated in this study.

916  Supplemental Table 14. Gene names and IDs mentioned in the text.

917

918  Supplemental Data Sets

919  Supplemental Data Set 1. Differentially expressed (DE) genes between individual subsequent
920 days after pollination (DAP) for Col-0. AGI — gene identifier, log2FC — log2 fold- change, stat
921 - statistics, p-adj — false discovery rate adjusted p-value <0.01.

922  Supplemental Data Set 2. Differentially expressed (DE) genes between individual subsequent
923  days after pollination (DAP) for abi3-6. AGI — gene identifier, log2FC — log2 fold- change, stat
924 - statistics, p-adj — false discovery rate adjusted p-value <0.01.

925  Supplemental Data Set 3. Gene Ontology (GO) term enrichment for downregulated and
926  upregulated differentially expressed (DE) genes at 20 and 22 days after pollination (DAP)

927  Supplemental Data Set 4. List of TFs identified using TF2Network and in the WGNA analysis.
928  Supplemental Data Set 5. Genes belonging to 17 modules created with WGCNA.
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