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Running title : Endosperm cell expansion controls seed germination 

 
Short Summary : This study demonstrates that endosperm cell expansion is 
crucial for germination and two NAC transcription factors play pivotal roles in 
this process. NAC25 and NAC1L act downstream of GAs and the RGL2 DELLA 
protein to upregulate cell-wall remodelling enzyme gene expression. 
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ABSTRACT  

A key component of seed germination is the interplay of mechanical forces 

governing embryo growth and the surrounding restraining endosperm tissue. 

Endosperm cell separation is therefore thought to play a critical role in the 

control of this developmental transition. Here we demonstrate that in 

Arabidopsis thaliana seeds, endosperm cell expansion is a key component of 

germination. Endosperm cells expand to accommodate embryo growth prior to 

germination. We show that this is an actively regulated process supported by 

spatiotemporal control of the cell expansion gene EXPANSIN 2 (EXPA2). The 

NAC transcription factors NAC25 and NAC1L were identified as upstream 

regulatory effectors of EXPA2 expression, GA-mediated endosperm expansion 

and seed germination. The DELLA protein RGL2 repressed activation of 

EXPA2 promoter by NAC. Our findings demonstrate a key role of this gene 

network in regulating endosperm cell-expansion to control the seed to seedling 

transition. 

 

Keywords: cell expansion, cell wall remodelling enzymes, endosperm, 

expansin, NAC transcription factors, seed germination.  
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INTRODUCTION 

 

In multicellular organisms, the regulation of growth requires a precise 

coordination between cell division and cell expansion. In the case of plants, the 

presence of a cell wall and absence of cell movement largely influence their 

ability to grow (Coen et al., 2004). Therefore, plants require mechanisms to 

modify the physical properties of their cell walls according to tissue-specific 

growth rates and developmental stages as well as in response to environmental 

cues.  

Seed germination in Arabidopsis thaliana (hereafter Arabidopsis) is a 

useful system to study growth regulatory mechanisms since the developmental 

transition from seed to seedling is driven exclusively by cell shape change in the 

absence of cell division (Holdsworth et al., 2008; Sliwinska et al., 2009). The 

ability of seeds to germinate is thought to result from a balance between 

physical restrictions imposed by the embryo-surrounding tissues (testa and 

endosperm) and the ability of the embryo to grow and protrude (Finch-Savage 

and Leubner-Metzger, 2006; Holdsworth et al., 2008). The impact of endosperm 

on plant survival and seed vigour has been well documented (Bassel, 2016; 

Finch-Savage and Bassel, 2016), and it was shown that it has the capacity to 

communicate bidirectionally with the embryo (Groot and Karssen, 1987; Bassel 

et al., 2006; Lee et al., 2010), e.g., by influencing initial embryo growth (Lee et 

al., 2012b) or even by inhibiting germination altogether (Bethke et al., 2007; Lee 

et al., 2010). The decline in the mechanical resistance of the micropylar 

endosperm (the endosperm covering the radicle tip) leading to endosperm cell 

separation appears to be a general prerequisite for radicle (root tip) protrusion 

(germination sensu stricto) (Yan et al., 2014b; Steinbrecher and Leubner-

Metzger, 2016).  

In a number of plant species (including Arabidopsis) endosperm cell 

separation precedes germination, a process stimulated by gibberellins (GAs) 

that regulate the coordinated expression of cell wall remodelling enzymes 

(CWREs) which correlates with cell dissociation (Groot and Karssen, 1987; 

Chen and Bradford, 2000; Dubreucq et al., 2000; Chen et al., 2002; Müller et 

al., 2006; Penfield et al., 2006; Morris et al., 2011; Endo et al., 2012; Lee et al., 

2012a; Martínez-Andújar et al., 2012; Yan et al., 2014a; Scheler et al., 2015; 
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Sechet et al., 2016). However, molecular mechanisms linking GA action with 

CWRE expression and the effect of CWREs on endosperm functionality and 

germination remain poorly understood. 

In order to better understand the relationship between embryo growth 

and endosperm functionality, we investigated the biophysical and molecular 

events that take place within cells of the endosperm during Arabidopsis seed 

imbibition prior to radicle protrusion. This analysis identified the necessity of 

endosperm expansion for the completion of germination. Functional and genetic 

consequences underpinning these events were investigated, revealing a GA-

mediated network of transcription factor (TF) regulated CWRE action. 

 

 

RESULTS 

 

Endosperm cells expand during germination. We examined endosperm cell 

expansion dynamics during seed germination using confocal microscopy and 

quantitative image analysis prior to radicle protrusion. Specifically, changes in 

endosperm cell geometry before (6 hours after imbibition; hai) and after (27 hai) 

testa rupture were analyzed. Confocal z-stacks of seeds with testa removed 

were taken to study the underlying endosperm (Figure 1A). Using 2.5 D image 

analysis, the size of endosperm cells was determined by cell segmentation 

(Figure 1B) and area analysis (Figure 1C) in MorphoGraphX (Barbier de Reuille 

et al., 2015). The endosperm was divided into 4 regions corresponding to the 

different anatomical parts of the underlying embryo it encapsulates (Figure 1D): 

radicle tip (micropylar endosperm, ME; region 1); radicle and lower hypocotyl 

(adjacent ME; region 2); hypocotyl (peripheral endosperm, PE; region 3); and 

cotyledons (cotyledon PE; region 4). Statistical analysis of the changes in cell 

surface area in these different regions before and after testa rupture identified 

significant differences in cell size for each region (Figure 1E). Endosperm cell 

growth was greatest in regions overlying the radicle and lower hypocotyl, which 

is consistent with these being previously identified as the sites of cell expansion 

in the underlying embryo (Bassel et al., 2014).  

To visualize changes in endosperm cells during Arabidopsis seed 

germination, we prepared microscopic sections of seeds before and after testa 
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rupture. A concomitant formation of central vacuoles in the embryo and 

endosperm cells was seen at the time of testa rupture (Supplemental Figure 1A 

and 1B), reflecting reserve mobilization and resulting in vacuolation of protein 

storage vacuoles (Penfield et al., 2004; Bethke et al., 2007). When using a 

transgenic line with GFP targeted to the tonoplast (Cutler et al., 2000) early 

stages of germination showed a high density of vacuoles representing the 

multiple protein storage vacuoles present at this stage (Supplemental Figure 

1C). Progressive formation of a large central vacuole was observed during the 

later stages of germination, co-incident with endosperm cell expansion 

(Supplemental Figure 1D). These results suggest that the observed subcellular 

events in the endosperm reflect those occurring in the embryo (Sliwinska et al., 

2009) and are linked to endosperm cell expansion.  

 

EXPA2 is an endosperm-specific CWRE marker of cell expansion. Previous 

work has shown that the expression of many CWREs, promoted by GAs, 

correlates with endosperm cell separation (Morris et al., 2011; Endo et al., 

2012; Dekkers et al., 2013; Steinbrecher and Leubner-Metzger, 2016).  

Wherever cells are growing or modifying their cell walls, one or more expansin 

genes are usually involved (Cosgrove, 2015). EXPANSIN 2 (EXPA2, 

At5g05290) encodes an endosperm-specific alpha-expansin induced by GAs, 

not repressed by ABA, under the control of DELLAs and with a proven genetic 

role in enhancing germination (Ogawa et al., 2003; Cao et al., 2006; Penfield et 

al., 2006; Morris et al., 2011; Endo et al., 2012). For these reasons, we decided 

to study the temporal and spatial expression kinetics of EXPA2 in the context of 

endosperm expansion prior to germination. 

We generated transgenic seeds containing a 2 kb EXPA2 promoter 

(upstream of the ATG) fused to the β-glucuronidase gene (GUS) in a Col-0 

background (ProEXPA2:GUS). Seeds were imbibed and endosperms 

separated from embryos at different times (6, 12, 18 and 24 hai) and assayed 

for histochemical staining to assess the temporal and spatial expression pattern 

in the endosperm (no GUS staining was observed in the embryo as this gene is 

endosperm-specific; Supplemental Figure 2). Initially, we analysed expression 

driven by this promoter in the endosperm of intact seeds. As shown in Figure 

2A, GUS expression was observed by 18 hai in the endosperm region overlying 
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the radicle and lower hypocotyl, and subsequently extended along the region 

overlying the hypocotyl. This spatiotemporal activity of the EXPA2 promoter 

overlaps the dynamics of endosperm expansion prior to germination (Figure 

1E). Histochemical staining of the ProEXPA2:GUS seeds in the presence or 

absence of ABA, PAC and PAC+GAs, confirmed that EXPA2 promoter activity 

in the endosperm depends on GAs and cannot be repressed by ABA (Figure 

2B).  

The endosperm perceives environmental signals that affect germination 

control (Lee et al., 2010). Communication with the embryo is bidirectional and 

endosperm cell separation requires a signal from the embryo (Groot and 

Karssen, 1987; Morris et al., 2011; Bassel, 2016). To determine whether 

EXPA2 promoter activity depends on an embryo signal and its timing, 

endosperms were separated from embryos at different times  during early seed 

imbibition (45, 60, 75 and 90 min after imbibition) and subsequently incubated 

isolated from the embryo for a total of 24 h to allow completion of downstream 

gene expression programmes. This analysis shows that GUS expression, 

driven by the EXPA2 promoter relies on an inductive signal that is initiated 

between 45-60 min after imbibition of the seed (Figure 2C).  

 
The EXPA2 promoter contains a conserved sequence required for binding 

and transactivation by two NAC transcription factors. The above results 

prompted us to identify cis-elements controlling EXPA2 promoter and upstream 

transcriptional regulators. We used a phylogenetic shadowing approach 

(Castrillo et al., 2011) with orthologous EXPA2 gene promoters to define 

conserved cis-elements. An 80 bp sequence was identified (EXPA2-CS) with 

almost 50% overall identity among the eight species analysed (Supplemental 

Figure 3). Transgenic seeds carrying a luciferase reporter gene under the 

control of the EXPA2-CS, or a minimal promoter (control), were used to quantify 

luciferase expression in vivo (Figure 3A). The 4xEXPA2-CS construct was able 

to increase luciferase expression 6-fold over the control construct 24 hai, 

suggesting that the EXPA2-CS is bound by TFs that activate gene expression 

in seeds (Figure 3B).  

To identify TFs able to regulate EXPA2 expression through binding to the 

EXPA2-CS, we used the EXPA2-CS sequence as bait to screen a library of 
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Arabidopsis TFs in a yeast one hybrid system (Castrillo et al., 2011; Sánchez-

Montesino and Oñate-Sánchez, 2017; Sánchez-Montesino and Oñate-

Sánchez, 2018). Only two yeast strains contained inserts able to activate the 

reporter gene (HIS3) under the control of the EXPA2-CS and to grow on the 

screening medium (Supplemental Figure 4A). Isolation and sequencing of the 

corresponding GAL4AD-TF plasmids showed that they contained two NAC TFs, 

hereafter NAC25 (At1g61110) and NAC1-like (NAC1L; At3g12977).  

Two putative NAC-binding sequences (NACbs; 5´-ACGGAATT-3´) were 

identified in the EXPA2-CS and a mutated version containing 2 bp changes in 

the core sequence (Puranik et al., 2012; Franco-Zorrilla et al., 2014) of each 

NACbs was generated (EXPA2-CSm; Figure 3C). Diploid cells containing the 

EXPA2-CS bait and AD-NAC25 or AD-NAC1L were able to grow in the 

presence of 3-AT (a competitive inhibitor of the product of the HIS3 gene) at 

concentrations blocking the growth of cells harbouring control plasmids (AD-∅ 

and AD-GFP; Figure 3D). No differences in growth with control yeast cells were 

observed when the EXPA2-CSm or a GA-responsive sequence present in the 

promoters of genes expressed in the epidermis of the embryo (LIP1-CS; 

Rombolá-Caldentey et al., 2014) were used as bait (Figure 3D and 

Supplemental Figure 4B). In conclusion, our results indicate that both NAC TFs 

bind the EXPA2-CS in yeast and that integrity of the core NACbs is required for 

their binding. 

To determine the relevance of the NACbs for NAC transactivation of the 

EXPA2 promoter, we carried out transient expression analyses in planta. As 

reporters, we fused the same initial 2 kb EXPA2 promoter (see Figure 2) to the 

luciferase reporter gene (ProEXPA2). We also generated a 2 kb EXPA2 

promoter version containing the same NACbs mutations shown in Figure 3C 

(ProEXPA2m). As effectors, we cloned the two NAC ORFs under the control of 

the 35S promoter (Figure 3E). Nicotiana benthamiana leaves were then 

infiltrated with different combinations of Agrobacterium tumefaciens cultures 

carrying reporters and effectors. Both NAC TFs were able to increase 

ProEXPA2 expression but not that of the mutated version (ProEXPA2m), 

indicating that intact NACbs are required for full transactivation mediated by the 

NAC TFs in planta (Figure 3F). 
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The NACbs mediate GA responses and the RGL2 DELLA protein 

represses NAC-mediated transactivation. Endosperm cell separation and 

EXPA2 upregulation are both GA-mediated processes (Ogawa et al., 2003; 

Penfield et al., 2006; Holdsworth et al., 2008; Yan et al., 2014a; Yan et al., 

2014b). To analyze the role of the NACbs in the GA-mediated induction we 

generated transgenic seeds containing either EXPA2-CS or EXPA2-CSm fused 

to luciferase (LUC). High levels of luciferase activity were detected at 24 hai in 

control conditions but were reduced by almost 8-fold in the presence of 

paclobutrazol (PAC), an inhibitor of GA biosynthesis (Figure 4A). In addition, 

luciferase levels in seeds imbibed with PAC but supplemented with GA were 

similar to those in the control. Seeds carrying the EXPA2-CSm showed much 

lower basal expression and did not exhibit responsiveness to GA. These results 

indicate that transcription driven by the EXPA2-CS is modulated in response to 

GA and mediated by the NACbs.  

To determine if the NACbs plays a broader role in GA-regulated gene 

expression, we looked for enrichment of the NACbs (5´-ACGGAATT-3´) in the 

promoters of genes represented in transcriptomes of germinating wild-type 

seeds compared with the GA-deficient ga1-3 mutant (Koornneef and van der 

Veen, 1980; Sun and Kamiya, 1994) and the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 

mutant lacking four DELLA genes (Cao et al., 2006). The average occurrence 

of the NACbs sequence was found to be significantly higher in GA-upregulated 

(GAup) and DELLA-downregulated (DELLAdown) gene promoters when 

compared with the control (Figure 4B). When the occurrence of a monocot GA-

responsive cis-element (GARE) (Skriver et al., 1991; Gubler and Jacobsen, 

1992) was analyzed in these gene promoters, no significant enrichment was 

found (Ogawa et al., 2003; Rombolá-Caldentey et al., 2014). 

We analysed the molecular mechanism mediating GA responsiveness of 

the EXPA2 promoter. Our results clearly indicate a role of the NACbs sequence 

in GA responses (Figure 4A and 4B). One possibility could be that DELLA 

proteins block NACbs-mediated gene expression by sequestering NACs in a 

physical interaction. To test this possibility, the coding sequence for the RGL2 

protein, the predominant DELLA repressor of seed germination in Arabidopsis 

(Lee et al., 2002; Tyler et al., 2004; Cao et al., 2005), was fused to the GAL4 

DNA binding domain and used as bait for yeast two hybrid experiments. Yeast 
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cells carrying BD-RGL2 and the AD-NAC25 construct, but not those harbouring 

the control plasmids or the AD-NAC1L construct, were able to grow on the 

selection medium in the presence of 3-AT (Figure 4C), indicating that NAC25 is 

able to interact with the RGL2 protein. To validate this protein interaction in 

planta, we carried out co-immunoprecipitation experiments using HA and GFP 

translational fusions of NAC25 and RGL2, respectively. As shown in Figure 4D, 

the HA-NAC25 protein was detected by the anti-HAHRP antibody only in protein 

extracts that had been agroinfiltrated with the corresponding construct (α-HA 

panels, lanes 2,3,5 and 6) and the HA epitope fused to the NAC25 protein was 

efficiently immunoprecipitated by the anti-HA antibody (α-HA panels, lanes 5 

and 6). Likewise, the anti-GFPHRP antibody successfully detected the RGL2-

GFP hybrid protein (α-GFP panel, lanes 1 and 3). Since the RGL2-GFP protein 

was detected after the HA-NAC25 was immunoprecipitated with the anti-HA 

antibody (α-GFP panel, lane 6), these results demonstrate that NAC25 interacts 

with RGL2 in planta. 

To measure the effect of this interaction on the transactivation ability of 

NAC25 we carried out transient expression assays. As shown in Figures 4E and 

4F, RGL2 is unable to regulate EXPA2 expression on its own, but efficiently 

blocks NAC25 mediated transactivation. It has been demonstrated that EXPA2 

and RGL2 are expressed in the seed endosperm (Penfield et al., 2006; Lee et 

al., 2010; Yan et al., 2014a; this paper). To check for expression of NAC genes 

in the endosperm, we isolated RNA from Arabidopsis embryos and endosperms 

dissected at different times upon seed imbibition and quantified their mRNA 

expression by RT-qPCR. Our results (Supplemental Figure 5) show that NAC25 

and NAC1L are expressed in both tissues at early timepoints but mainly in 

endosperm at later timepoints, indicating that this regulation is meaningful in the 

context of seed germination.  

 
NAC25 and NAC1L are positive regulators of seed germination and CWRE 

gene expression. To analyse the role of these TFs in planta, we characterised 

the seed germination properties of two single loss-of-function mutants for the 

NAC25 and NAC1L genes (Supplemental Figure 6 and Supplemental Table 1). 

Mutation of either gene led to delayed germination when compared to the wild- 

type (Figure 5A), indicating that both NAC TFs are positive regulators of this 
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process. To identify other genes regulated by the NAC TFs we compared gene 

expression during seed germination in the nac25 and nac1L null mutants and 

wild-type controls using deep sequencing of RNA populations (RNA-seq). 

Analyses of RNA-seq results led to the identification of NAC25 and NAC1L-

regulated genes (Supplemental Table 2). When genes differentially regulated 

over 2-fold were considered, we identified 1,260 and 2,094 genes as putative 

NAC1L and NAC25 regulated genes, respectively (Figure 5B). In both null 

mutants most genes were downregulated accounting for up to 88% in nac1L-1 

(1,109 DOWN and 151 UP) and 94.5% in nac25-1 (1,980 DOWN and 114 UP) 

suggesting that both genes are positive regulators of gene expression. The ratio 

of downregulated to upregulated genes in both transcriptomes increased when 

only genes differentially regulated above 4-fold were considered, further 

highlighting the role of both NAC proteins as activators of gene expression. 

Importantly, the overwhelming majority of nac1L-1 downregulated genes (93%) 

were commonly downregulated in nac25-1, while almost 48% of nac25-1 

downregulated genes were specific for this mutant. These data suggest that 

NAC25 has a wider regulatory role than NAC1L and that NAC1L lies in the 

same regulatory pathway. In agreement with these results, a nac25-1 nac1L-1 

double mutant produced a similar germination delay to those observed for the 

single mutants (Figure 5C). Thus, NAC25 and NAC1L could share regulatory 

roles by forming a protein complex through physical interaction. Our results 

using the Y2H system indicate that NAC25 and NAC1L are able to form homo 

and heterodimers (Figure 5D). To validate these protein interactions in planta, 

bimolecular fluorescence complementation (BiFC) experiments were performed 

by agroinfiltration of N. benthamiana leaves. The NAC CDSs were 

translationally fused to the N-terminal half of the yellow fluorescent protein (N-

YFP) or the C-terminal half of the cyan fluorescent protein (C-CFP) as indicated 

in Supplemental Figure 7. A strong fluorescent signal was observed in nuclei of 

N. benthamiana cells for every co-infiltration containing pairs of NAC 

translational fusions but not with controls. These results indicate that NAC25 

and NAC1L can interact in planta and support our genetic evidence indicating 

they could be essential components of the same regulatory complex.  

We carried out gene ontology analyses using genes downregulated at 

least 4-fold in nac25-1. We could observe overrepresentation of genes related 
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to growth and cell wall modification and response to GAs (Supplemental Table 

3), two biological processes playing a central role in germination and 

endosperm function. RT-qPCR analyses for some of those genes confirmed 

their downregulation (Supplemental Figure 8). These analyses showed that 

EXPA2 is strongly downregulated in both nac25-1 (almost 30-fold) and nac1L-1 

(almost 20-fold) mutants, confirming our discovery of EXPA2 promoter 

activation by these TFs. We compared the nac25-1 downregulated 

transcriptome with transcriptomes related to GA responses during seed 

germination. Figure 5C shows that over 50% of the genes upregulated ≥4-fold 

by GAs (Cao et al., 2006) were also downregulated ≥4-fold in nac25-1. This 

percentage increased to almost 70% when genes with 2-fold changes were 

compared (Supplemental Figure 9). In contrast, almost no overlap was 

observed with genes repressed by GAs. According to the results of Cao et al. 

(2006), almost 90% of the GA induced genes (≥4-fold) were downregulated by 

DELLAs (DELLAdown) and we observed that over 50% of the DELLAdown 

genes were also downregulated in nac25-1. Stamm et al. (2012) published a list 

of genes specifically downregulated by RGL2, the major DELLA repressor of 

seed germination, and over 30% of them (≥4-fold) were also downregulated in 

nac25-1. No overlap was observed when GA-related transcriptomes from buds 

were compared (Cao et al., 2006), suggesting that NAC25 regulation is seed-

specific. 

Eighty five genes related to cell wall modification were repressed > 2-

fold, including expansins, xyloglucan endotransglucosylases, pectin 

methylesterases and arabinogalactans, and most were inducible by GA under 

the control of DELLA (Supplemental Table 4) according to published 

transcriptomes (Ogawa et al., 2003; Cao et al., 2006; Stamm et al., 2012; De 

Giorgi et al., 2015). When the 500 bp promoters of the 85 CWRE genes 

(Supplemental Table 4) were analyzed, a significant enrichment of the NACbs 

was observed (Figure 5D). This enrichment was higher than that found in other 

transcriptomes, suggesting that many CWRE genes could be direct targets of 

NACs. However, no NACbs enrichment was observed in the nac25-1 

downregulated genes, compared to TAIR, suggesting that other proteins might 

be involved in their regulation (Supplemental Table 5).  
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NAC25 and NAC1L positively regulate endosperm cell expansion. To 

assess the effect of NAC25 and NAC1L on endosperm physical properties, we 

measured endosperm cell expansion in imbibed WT, nac25-1 and nac1L-1 

seeds. Since testa rupture is an early marker of germination, we determined the 

rupture kinetics in the genotypes under study. By 27 and 32 hai, testa rupture 

had occurred in 20 to 50% of WT, while it was almost negligible for the mutant 

seeds (Figure 6A). Next, we removed the testa of seeds at 6 and 27 hai and 

subjected them to confocal laser scanning microscopy and 3D reconstruction, 

segmentation and clustering. Quantification of changes in cell surface area in 

the four endosperm regions was performed (Figure 6B). Wild-type seeds 

increased endosperm cell surface in all regions examined, the highest increase 

being observed in regions 1 and 2 (70%) followed by regions 4 (44%) and 3 

(26%). nac25-1 and nac1L-1 seeds however did not show any significant 

increase in cell surface in any of the areas examined at the studied time points. 

These quantitative analyses of cell shape changes indicate that these NAC TFs 

regulate endosperm cell expansion. 

 
 
 
 
DISCUSSION 

 

This study provides new insights into the biophysical and molecular network 

underlying endosperm function in regulating Arabidopsis seed germination. 

While it has been clearly established that endosperm cell separation is 

important in the control of germination, our observation of endosperm 

expansion during imbibition represents a previously undescribed necessary 

regulatory step in this developmental transition. This provides an important 

advance in our understanding of germination biology. In addition, we identified a 

gene network including previously undescribed genetic factors controlling 

endosperm expansion by modulation of CWREs function. 

By measuring changes in endosperm cell surface area using confocal 

imaging and 3D geometry reconstruction, we observed that all endosperm cells 

expand during imbibition but at different rates. The rate of expansion is greatest 

in the regions covering the radicle and lower hypocotyl, which coincides with the 
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site of testa rupture and the highest expansion rates of the embryo axis (Stamm 

et al., 2017). These results highlight the different roles of the distinct regions of 

the endosperm. 

Two NAC domain TFs (NAC25 and NAC1L) were identified as upstream 

regulatory factors controlling the expression of the EXPA2 gene and regulating 

endosperm expansion prior to germination. Both transcription factors bind to a 

conserved cis-element within the EXPA2 promoter and activate transcription. 

The observed strong downregulation of EXPA2 in nac25/1L mutant 

transcriptomes also confirms the importance of these transcription factors in 

regulating EXPA2 RNA accumulation in vivo. Neither NAC25 nor NAC1L are 

endosperm-specific at the RNA level, suggesting that other factors are also 

important in contributing to the endosperm-specificity of EXPA2 expression, 

perhaps through interaction with other cis-elements in the EXPA2 promoter. 

Despite NACs are mainly expressed in endosperm after 6 hai, some of the 

CWRE downregulated genes shown in Table S4 have been described as 

embryo-specific (Dekkers et al., 2013), and therefore, we cannot rule out the 

possibility that some of the phenotypes observed in the nac mutants could be 

partly due to reduced embryo growth. GA is a key positive regulator of 

endosperm function in the germination process, and DELLA regulators repress 

GA responses. We found that the major germination-associated DELLA, RGL2, 

interacts with NAC25 in vivo, and also inhibits the NAC25-activation of the 

EXPA2 promoter. This provides a simple mechanism for the regulation of 

EXPA2 transcription (Figure 7) where in low GA situations (e.g. dormant seeds) 

RGL2 would sequester NAC25, thereby inhibiting EXPA2 transcription. In high 

GA situations (eg leading to germination) GA-mediated destruction of RGL2 

would allow NAC25 to interact with the EXPA2 promoter and thereby enhance 

EXPA2 expression. We found that the NAC25 binding element NACbs was 

significantly enriched in CWRE promoters. This gene expression module 

(RGL2-NAC25-NACbs) could therefore effectively modulate the expression of a 

cohort of CWREs allowing expansion of the endosperm only in high GA 

situations, thus favoring subsequent germination. The endosperm cell 

expansion observed in WT seeds is blocked when NAC25 and NAC1L activity 

is removed, demonstrating their importance in controlling this process. De 

Giorgi et al. (2015) reported endosperm cell expansion in the micropylar and 
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peripheral endosperm using seed histological sections and identified a role for 

cutin biosynthetic genes (BDG1, LACS2) in preventing cell expansion in 

imbibed seeds under low GA conditions. However, we observed that in nac 

mutants BDG1 and LACS2 were downregulated (Supplemental Table 2) and 

nac mutant transcriptomes and phenotypes resembled phenotypes of reduced 

GA-signalling. This suggests that the increased cell expansion observed in 

bdg1 and lacs2 depends on additional NAC-upregulated genes. 

Germination involves bidirectional interactions between the embryo and 

endosperm (Yan et al., 2014b). Endosperm cell separation requires the 

presence of the embryo, pointing to the existence of a diffusible signal from the 

embryo (Groot and Karssen, 1987; Groot et al., 1988; Müller et al., 2006). We 

showed that a signal requiring the embryo is perceived by the endosperm 

between 45-60 minutes after the initiation of seed imbibition, that activates the 

EXPA2 promoter. The strength of GUS staining comparing endosperms from 

intact and separated seeds suggests that continued signaling is required for 

maximal EXPA2 promoter-driven expression. The nature of the initial signal is 

unknown and could be chemical, mechanical or a combination of both. Genetic 

programs underpinning endosperm expansion, in addition to endosperm cell 

wall separation, also therefore depend upon mobile signal(s) requiring the 

embryo. 

Previously, we described a molecular mechanism responsible for GA-

signalling in the embryo that involved two HD-ZIP TFs expressed in the 

epidermis (Rombolá-Caldentey et al., 2014). We have found that when GA-

signalling is blocked in the embryo epidermis during seed imbibition, EXPA2 

expression is not affected (Supplemental Figure 10), suggesting that GA-

signalling in endosperm does not require a fully functional GA-signalling in 

embryo epidermis. These results are in line with previous findings pointing to 

different molecular mechanisms driving GA responses depending on the cell 

layer and developmental phase (Penfield et al., 2006; Ubeda-Tomas et al., 

2008; Lee et al., 2010; Heo et al., 2011; Zhang et al., 2011; Duan et al., 2013; 

Geng et al., 2013; Lofke et al., 2013; Rombolá-Caldentey et al., 2014). 

This study identifies endosperm expansion during imbibition as a 

necessary key step in the regulation of germination and defines its control by an 
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embryo initiated gene network. This provides an important insight into the 

regulatory processes that underpin the seed to seedling transition in plants. 

 
 
 
METHODS 

 

Plant materials. Plants were germinated either on Petri dishes containing half-

strength Murashige and Skoog (MS) medium buffered with 2 mM MES, pH 5.7, 

and 0.7% (w/v) agar or in soil and grown to maturity at 16 h of light at 22°C/8 h 

of dark at 20°C and 60% relative humidity. Seeds we re harvested when plants 

had ceased flowering and siliques were starting to dehisce. Wild type and 

mutant plants were in the Col-0 ecotype. NAC25 loss-of-function mutants were 

SM_3_16875 (KO1) and SM_3_37315 (KO2). NAC1L loss-of-function mutants 

were SALK_063384 (KO1) and SALK_049270 (KO2). Genotyping of the 

mutants was carried out by PCR amplification of gDNA using appropriate primer 

combinations (Supplemental Table 1). gDNA was isolated as described by 

Edwards et al. (1991). Appropriate constructs were introduced into A. thaliana 

(Col-0 ecotype) using the Agrobacterium tumefaciens strain GV3101 and the 

floral-dip method (Clough and Bent, 1998).  

 

Sources of orthologous EXPA2 gene promoter sequences from several 

Brassicaceae species, phylogenetic and bioinformatic analyses. 

Oligonucleotides to amplify EXPA2 orthologous promoter sequences from 

Descuriainia sophia, Carrichtera annua, Hornungia petraene and Brassica 

oleracea were designed as described in Castrillo et al. (2011) and are listed in 

Supplemental Table 1 (EXPA2-rev and At5g05280-fw). The promoter sequence 

corresponding to the A. thaliana EXPA2 gene was downloaded from the TAIR 

webpage using the bulk data retrieval tool 

(https://www.arabidopsis.org/tools/bulk/sequences/index.jsp). Orthologous 

promoter sequences from Arabidopsis lyrata, Thelungiella halophila and 

Capsella rubella were downloaded from the Phytozome webpage 

(https://phytozome.jgi.doe.gov/pz/portal.html). Alignment of promoter 

sequences and detection of conserved blocks were carried out as described in 
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Castrillo et al. (2011). NACbs occurrence in promoters of genes differentially 

expressed in GA-related transcriptomes was calculated as described previously 

(Rombolá-Caldentey et al., 2014). 

 

In Vivo Imaging of Bioluminescence. In vivo imaging and quantification of 

luciferase activity were carried out using a cooled CCD camera (NightOwl II LB 

983 NC-100; Berthold Technologies) and the provided software. Seeds from 

representative lines were simultaneously grown and sown on 0.6% agarose or 

MS agar plates in the presence or absence of 5 µM PAC or 5 µM PAC plus 5 

µM GA. Plates were directly transferred to a chamber at a constant temperature 

of 22°C and a photoperiod of 16 h of light/8 h of d ark for 24 or 48 h. Plates were 

then sprayed with 100 µM luciferin and imaged after 40 min. 

 

Generation of constructs for yeast and plant assays.  A 2,106 bp promoter 

fragment from the AtEXP2 gene (containing the first three EXPA2 ORF codons) 

was amplified by PCR from A. thaliana (Columbia ecotype) genomic DNA using 

the LO1884 and LO1885 primers (Supplemental Table 1) and recombined with 

the BP clonase enzyme mix into the pDONR221 plasmid (Invitrogen). This 

construct was recombined with the LR clonase enzyme mix into the pBGWL7 

plasmid (VIB) containing the luciferase CDS to obtain the ProEXPA2:LUC 

construct or into the pKGWFS7 plasmid (Karimi et al., 2002) to obtain the 

ProEXPA2:GUS construct. To generate the mutated version of the EXPA2 

promoter (ProEXPA2-mut:LUC), two different primer pairs (LO1+LO1916 and 

LO1915+LO604) were used to amplify two partially overlapping fragments 

containing the mutated nucleotides and using the wild-type version cloned in 

pBGWL7 as a template. Fragments were digested with AvrII and ligated after 

purification. The resulting fragment was used as a template to amplify the 

mutated 2,106 bp fragment by using the primers LO1 and LO604. The PCR 

product was recombined with the BP clonase enzyme mix into the pDONR221 

plasmid and then recombined with the LR clonase enzyme mix into the 

pBGWL7 plasmid. 

To introduce four tandemly repeated EXPA2-CS into plants, we used a 

binary plasmid (pYRO) containing a luciferase (LUC+) CDS downstream of a 

minimal promoter sequence with BamHI and HindIII restriction sites at its 5´-end 
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(min:LUC or -58F8-pYRO; Chen and Singh, 1999; Castrillo et al., 2011). The 

ProEXPA2 construct in the pDONR221 plasmid was used as template to 

amplify the EXPA2-CS using the primers LO839 and LO840 that contained Bgl2 

and BamH1/Hind3 restriction sites, respectively (Supplemental Table 1). Then, 

the engineered Bgl2 and Hind3 sites of the EXPA2-CS were used to clone it 

into the BamH1 and Hind3 sites of the min:LUC plasmid upstream of the 

minimal promoter and the LUC+ gene (1xEXPA2-CS:LUC). This process was 

repeated three more times to generate a 4xEXPA2-CS:LUC plasmid. To 

produce the 4xEXPA2-CSm:LUC construct, the 4xEXPA2-CSm sequence (342 

bp) was synthesized and cloned in the BamHI/HindIII sites of the pUC57 

plasmid (GeneScript, USA). The 4xEXPA2-CSm sequence was fused to the 

luciferase reporter gene by cloning into the BamHI/HindIII sites of the pYRO 

plasmid (4xEXPA2-CSm:LUC). 

For yeast assays, the ProEXPA2 fragment in the pDONR221 plasmid 

was used as template for PCR amplification of the EXPA2-CS with the LO1201 

and LO1202 primers (Supplemental Table 1). The amplified fragment was 

cloned into the Xba1 and Xma1 sites of the pTUY1H plasmid (Castrillo et al., 

2011). To generate the EXPA2-CSm version, three different primer pairs 

(LO1040+LO1914, LO1913+LO1912 and LO1911+1041) were used to amplify 

three partially overlapping fragments containing the mutated nucleotides in the 

NACbs core sequence (5´-CGT[G/A]-3´; (Puranik et al., 2012; Franco-Zorrilla et 

al., 2014) and using the wild-type version cloned in pTUY1H as a template. The 

generated fragments were purified and combined to serve as templates for the 

amplification of a 180 bp DNA sequence by using the primers LO1040 and 

LO1041. The 80 bp EXPA2-CSm was excised from the 180 bp fragment and 

cloned into the pTUY1H plasmid by using the Xba1 and Xma1 restriction 

enzymes. Full sequencing of the TFs isolated in the screening revealed that the 

first 9 bp of NAC25 open reading frame (coding for the first 3 aminoacids of the 

protein) were missing. The full version of NAC25 was PCR-amplified using a 

SSP pUNI clone (U605068; Yamada et al., 2003) as a template and primers 

LO1344 and LO1345. The resulting 972 bp ORF was cloned into pDONR221 by 

a BP recombination reaction and translationally fused to the GAL4AD by a LR 

reaction between the pDONR221-NAC25 and the pDEST22 or the 

pGADT7(GW) plasmids, or to the GAL4BD by using the pGBKT7(GW) as the 
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destination vector. The NAC1L ORF contained in the library prey plasmid 

(pDEST22; GAL4AD-NAC1L) was cloned into pDONR221 by a BP 

recombination reaction and transferred to the pGBKT7(GW) or pGADT7(GW) 

plasmids by a LR reaction. All control constructs and construct carrying 

GAL4BD-RGL2 (BD-RGL2) have been previously described (Rombolá-

Caldentey et al., 2014).  

For co-immunoprecipitation assays, the NAC25-pDONR221 vector (entry 

vector) was digested with the MluI enzyme at 37ºC for 2 hours before the LR 

recombination reaction with the pEarleyGate201 to obtain an N-terminal fusion 

to the HA epitope. The RGL2 ORF was obtained from the construct pDEST22-

RGL2 isolated from the corresponding yeast strain in the in RR library (Castrillo 

et al., 2011) and transferred to pDONR207 by BP reaction. The RGL2 ORF was 

then transferred to the pMDC83 plasmid by a LR reaction to obtain a 

translational fusion to the complete sequence of the Green Fluorescent Protein 

(GFP).  

For transient expression analyses, overexpression constructs for NAC25, 

NAC1L and RGL2 were generated by transferring their ORFs to the PCX 

plasmid from ORF-pDONR221 by LR reaction. 

 

Transient expression analyses in Nicotiana benthamiana. The reporter 

constructs ProEXPA2:LUC and ProEXPA2m:LUC and the effector constructs 

(pCX plasmid) overexpressing NAC25, NAC1L and RGL2 were introduced into 

Agrobacterium tumefaciens C58 GV3101:pMP90 and the resulting strains were 

used for agro-infiltration of 4 weeks old N. benthamiana leaves. The empty pCX 

plasmid was used as negative control and a pBIN61-35S:P19 plasmid was 

always co-infiltrated to avoid gene silencing (Voinnet et al., 2003). All 

Agrobacterium cultures were used at OD600 = 0.3. Three days after inoculation 

luciferase activity was measured in 0.6% agarose microtiter plates as described 

in Espinosa-Ruiz et al. (2017), using a cooled CCD camera (NightOwl II LB 983 

NC-100). 

 

Co-immunoprecipitation assay (CoIP). For the co-immunoprecipitation assay, 

about 5 g of N. benthamiana leaves were ground in liquid nitrogen and 

homogenized in 5 ml of extraction buffer. Samples were centrifuged at 13,000 
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rpm at 4ºC for 10 minutes, the supernatants were filtered using miracloth paper 

(Calbiochem – 475855-1R) and transferred into a new tube. Also, as positive 

control, 75 µl of each protein extract were reserved, mixed with 25 µl of loading 

buffer 4x and 15 µl were loaded in the gel. Total protein concentration was 

determined by using the Bio-Rad Bradford Protein Assay Kit and 1 mg of total 

soluble proteins was used for further immunoprecipitation. Each protein extract 

was then incubated with 1 µl of Anti-HA antibody (1.9 µg/ µl; kindly provided by 

Dr. Salomé Prat; CNB) for 2 hours in a cold room. For protein 

immunoprecipitation, 20 µl of Dynabeads protein G (Life technologies) were 

cleaned with 50 µl of extraction buffer and then were added into the protein 

solution which had been previously incubated with the antibody. After 30 

minutes of incubation at 4ºC, beads were separated from the protein extract 

with a magnet and washed four times with 500 µl of extraction buffer. Finally 

beads were collected and resuspended in 45 µl of extraction buffer, mixed with 

15 µl of loading buffer, boiled at 95º C during 5 minutes and loaded in two gels. 

Interactions between fusion proteins HA:NAC25 and RGL2:GFP were detected 

by immunoblot with 1:1000 diluted anti-GFPHRP (Miltenyi Biotec) and anti-HAHRP 

(Roche) antibodies. 

 

Bimolecular fluorescence complementation (BiFC) experiments. The NAC 

CDSs were translationally fused to the N-terminal half of the yellow fluorescent 

protein (N-YFP) or the C-terminal half of the cyan fluorescent protein (C-CFP) 

by using the Gateway binary destination vectors pNXGW or pCXGW, 

respectively. All Agrobacterium cultures were used at OD600 = 0.3 and 

agroinfiltration of N. benthamiana leaves was carried out as previously 

described (Rombolá-Caldentey et al., 2014). BiFC images were taken three 

days after agroinfiltration by using a Leica DM 2000 fluorescence microscope. 

 

Germination and testa rupture assays. Testa and endosperm rupture 

(germination) were scored at the indicated timepoints in germination assays 

carried out as described in Rombolá-Caldentey et al. (2014). 
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Yeast transformation and one hybrid screening. For a complete description 

of the methodology and yeast strains used see Castrillo et al. (2011) and 

Sánchez-Montesino and Oñate-Sánchez (2017, 2018).  

 

RNA isolation and RT-qPCR. RNA extraction was carried out as described 

previously (protocol 2 in Oñate-Sánchez and Vicente-Carbajosa, 2008) except 

that: in step 2, the mix containing the sample, phenol and chloroform was 

applied to a Phase Lock (5-PRIME) eppendorf previous to centrifugation to 

prevent organic contamination of the aqueous phase; in step 4, the RNA pellet 

was dissolved in 88  µl of water and 20 units of RNAse-free DNAse were used. 

First-strand cDNA synthesis and quantitative real-time PCR has been 

previously described (Rombolá-Caldentey et al., 2014). For RNA-sequencing, 

RNA isolation was followed by RNA cleanup by the RNeasy mini kit (Qiagen). 

Library construction and sequencing (mRNA-seq) on Illumina HiSeq2500 was 

carried out at CNAG (National Centre for Genomic Sequencing, Barcelona, 

Spain), resulting in 45-72 million 50 bp single reads per sample. 

 

Sequence processing. We analyzed the global change of gene expression in 

WT (Col-0) and one representative KO for each NAC gene by carrying out 

RNA-seq of seeds at 12 hai. Total RNA from three biological replicates for each 

genotype was isolated and used to prepare their corresponding libraries for 

mRNA sequencing (Illumina HiSeq 2500 with v4 chemistry). A minimum of 

45x106 50 bp single reads were obtained for each sample (Supplemental Table 

6), aligning more than the 99.3% of reads per sample against the Araport11 

reference genome. Transcript data were downloaded in FastQ format from the 

sequencing facility and the quality was assessed using FastQC v0.11.5 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). In order to evaluate the 

expression levels of the reads aligned, the cuffdiff protocol under local Galaxy 

interface v.2.2.1.0 (Afgan et al., 2016) was used. The reads were aligned 

against the genome using TopHat v2.1.0 (Langmead et al., 2009) and then the 

expression was obtained with Cuffdiff v2.2.1.3 (Trapnell et al., 2010). Classic-

fpkm normalization method, per-condition estimation and bias correction were 

applied to the analysis. Only differentially expressed genes misregulated over 2-

fold were considered for downstream analyses referring to genes as being KO-
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up-regulated or KO-down-regulated only if the ratio of WT vs KOs was equal to 

or more than 2-fold different, with a p-value cut-off at 0.05. Using these criteria, 

we identified 1,260 and 2,094 genes as putative KO1 and KO2-regulated 

genes, respectively.   

 

Measuring cell expansion by confocal imaging and geometry 

reconstruction. Seeds of each wild-type and mutant lines were sown on a filter 

paper placed onto 0.6% agarose plates, and transferred to a chamber at a 

constant temperature of 22°C and a photoperiod of 1 6 h of light/8 h of dark. 

After 6 and 27 hai, testas from 5 seeds per line were carefully removed by using 

2 forceps and immediately transferred to a fixative solution (ethanol:acetic acid 

3:1). After incubation in fixative solution for at least 24 h, the fixative was 

replaced by clearing solution (0.2 M NaOH, 1% SDS) and incubated for one 

week. After repeating the clearing step, seeds were left in water for several 

days. Cell walls were stained using the mPA-PI procedure as described 

previously (Bassel et al., 2014). Before imaging, seeds were replaced in chloral 

hydrate clearing solution (4 g chloral hydrate : 1 ml glycerol : 2 ml water), and z-

stacks were collected using a Zeiss LSM710 confocal microscope. 

Image analysis was performed by using the MorphoGrapX software 

(Barbier de Reuille et al., 2015). After applying a Gaussian Blur Stack, a surface 

(mask) surrounding the seed was generated. The surface was first fitted and 

then signal emerging from the cell walls was projected in the surface. Then, 

surfaces were automatically segmented into cells and incorrectly segmented 

cells were manually discarded. Cell surfaces (µm2) were obtained by a heat 

map tool. At least 180 cells from 5 different samples from every line and time 

after imbibition were used to determine differences in cell elongation. T-Student 

test was applied to the average data from 6 hai and 27 hai samples of every 

line, treated as independent lines. P-values lower than 0.05 were considered as 

indicative of a significant difference. 
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FIGURE LEGENDS 

Figure 1. Endosperm cell expansion is a key component of germination. 

(A) Confocal image of testa-removed seed. (B) Endosperm cell segmentation. 

(C) Segmented cells coloured by surface area (µm2) as indicated by the scale 

bar. (D) Cells clustered in 4 regions. Region 1, marked in green colour, 

corresponds to  the micropylar endosperm; region 2, coloured in blue, is the 

adjacent to the micropylar endosperm; region 3, tinted in yellow, refers to the 

peripheral endosperm; and region 4, in pink color, is the area surrounding the 

cotyledons. (E) Changes in endosperm cell surface (average percentage + SE) 

per region. Cell surfaces per region in samples at 27 hai were compared to 

those calculated in samples at 6 hai. Five Arabidopsis Col-0 seeds for each 

timepoint were analyzed. Asterisks represent significant differences at P < 0.01 

(**) and at P < 0.05 (*) using the Mann-Whitney  test (two-sided). 
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Figure 2.  EXPA2 spatio-temporal expression pattern is tightly associated 

with endosperm expansion and depends on embryo signal/s.  (A) 

ProEXPA2:GUS seeds were imbibed on ½ MS medium for the indicated times 

and seed coats were removed and stained overnight to detect GUS activity. 

GUS staining was visualized after bleaching the testa. (B) ProEXPA2:GUS 

seeds were imbibed on ½ MS medium in the absence or presence of ABA 

(10µM), PAC (20µM) or PAC (20µM) plus GA (10µM) for 24 h. Seed coats were 

removed and stained overnight. (C) ProEXPA2:GUS seeds were imbibed on ½ 

MS medium and, at the indicated times (min, minutes), seed coats were 

separated from embryos, incubated on ½ MS for a total of 24 h and stained 

overnight.    

Figure 3. Two NAC TFs bind to a conserved promoter sequence to 

activate EXPA2 transcription. (A)  Constructs used for functional analyses of 

the EXPA2 conserved sequence (EXPA2-CS; black box); Minimal promoter 

(Min; grey box). (B) Seeds from two representative transgenic lines for each 

construct (Min or 4xEXPA2-CS) were imbibed for 24 h. Average luciferase 

levels and SE for at least 10 seeds for each line are shown. (C) Sequence of 

the wild-type EXPA2-CS and a version mutated in the putative NAC binding 

sites (EXPA2-CSm). Mutated bases are indicated in lowercase. (D) Yeast 

strains containing one copy of the EXPA2-CS or EXPA2-CSm fused to the HIS3 

reporter gene were mated to strains containing the AD- ∅, AD-GFP, AD-NAC1L 

or AD-NAC25 constructs. Diploid cells were grown on diploid (-L-W) and 

screening (-L-W-H) plates with increasing concentrations of 3-AT. (E) Diagram 

of the EXPA2 promoter (reporters) and TF constructs (effectors) used for 

transient expression analyses in N. benthamiana leaves. N. benthamiana 

leaves were agroinfiltrated with the ProEXPA2 or the ProEXPA2m constructs 

together with each effector construct overexpressing the NAC25 or the NAC1L 

TFs. (F) Control is the empty effector plasmid (pCX) with each of the reporters. 

Averages and SE of luciferase activity from at least 6 replicates are shown and 

similar results were obtained in an additional agroinfiltration experiment. 

Asterisks represent significant differences at P < 0.01 (**) and at P < 0.05 (*) 

using the Mann-Whitney test (two-sided). 

Figure 4. The NACbs mediates GA-responses and RGL2 represses NAC25 

transactivation by physical interaction. (A) Seeds from transgenic lines with 
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a 4xEXPA2-CS or a 4xEXPA2-CSm promoter fused to luciferase were imbibed 

for 48 h in the absence (NT) or presence of PAC (5 µM) or PAC (50 µM) plus 

GA (5 µM). Luciferase levels and SE from at least 10 seeds for each line are 

shown. (B) NACbs sequence content in 500-bp promoters of genes upregulated 

(GAup) or downregulated (GAdown) in response to GA or in DELLA mutants 

(DELLAup or DELLAdown) as described by Cao et al. (2006). DELLAind, 

DELLA independent. The average NACbs occurrence in the Arabidopsis gene 

promoters, Araport11 Loci Upstream Seq–500 bp, is taken arbitrarily as 1. 

Asterisks represent significant differences, at P < 0.01 (**) or P < 0.05 (*), from 

the control (TAIR) using the X2-test. (C) Yeast strains containing the RGL2 CDS 

fused to the GAL4-BD (BD-RGL2; bait) were mated to strains containing the 

AD-Ø, AD-GFP, AD-NAC1L or AD-NAC25 constructs. Diploid cells were grown 

on diploid (-L-W) and screening (-L-W-H) plates with or without 3-AT. (D) 

Coimmunoprecipitation (CoIP) assays with co-expressed HA-NAC25 and 

RGL2-GFP in leaves of N. benthamiana. Soluble protein extracts before (input) 

and after (IP  α-HA) immunoprecipitation with an anti-HA antibody were 

subjected to inmunoblot with an anti-GFPHRP antibody or an anti- HAHRP 

antibody. (E) Diagram of the EXPA2 promoter (reporter) and TF constructs 

(effectors) used for transient expression analyses in N. benthamiana leaves. N. 

benthamiana leaves were agroinfiltrated with the ProEXPA2 construct together 

with each effector construct overexpressing NAC25 or/and RGL2. (F) 

Luciferase activity in N. benthamiana leaves agroinfiltrated with the 

ProEXPA2:LUC construct and effector constructs overexpressing the indicated 

TFs. When TFs were not combined and in the control lane, appropriate 

amounts of the empty effector plasmid (pCX) were co-infiltrated to equalize 

bacterial numbers between leaves. Averages and SE of luciferase activity from 

at least 4 replicates are shown and similar results were obtained in an 

additional agroinfiltration experiment. Asterisks represent significant differences 

at P < 0.05 (*) using the Mann-Whitney test (two-sided). 

Figure 5. NAC TFs are positive regulators of germination, CWRE gene 

expression and mediate GA-responses. (A)  Germination percentage of WT 

(Col-0) and NAC knock-out seeds at 48 hai. (B) Up and downregulated genes in 

the nac25-1 and nac1L-1 mutants represented in Venn diagrams. (C) 

Germination percentage of WT (Col-0) and NAC single (nac25-1 and nac1L-1) 
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and double knock-out seeds at 48 hai. (D) Yeast strains containing the NAC25 

or NAC1L CDS fused to the GAL4-BD (BD-NAC; bait) were mated to strains 

containing the AD-Ø, AD-GFP, AD-NAC1L or AD-NAC25 constructs. Diploid 

cells were grown on diploid (-L-W) and screening (-L-W-H) plates with or 

without 3-AT. (E) Overlap between genes downregulated >4-fold in the nac25-1 

transcriptome and genes deregulated >4-fold in GA-related transcriptomes. (F) 

NACbs sequence content in 500-bp promoters of genes downregulated >4-fold 

in the nac25-1 mutant and those commonly deregulated in GA-related 

transcriptomes or belonging to the CWRE class. The average NACbs 

occurrence in the Arabidopsis gene promoters, Araport11 Loci Upstream Seq–

500 bp, is taken arbitrarily as 1 (TAIR). Asterisks represent significant 

differences, at P < 0.01 (**) or P < 0.05 (*), from the control (TAIR) using the X2-

test. The results shown in (A) and (C) represent average values and SE for four 

biological replicates. 

Figure 6. NAC25 and NAC1L TFs are positive regulators of testa rupture 

and endosperm cell expansion. (A)  Percentage of testa rupture in WT and 

NAC loss-of-function mutant seeds at 27 and 32 hai. Average percentage and 

SE for at least 5 biological replicates are shown. (B) Cell surfaces per region of 

every genotype at 27 hai were compared to those calculated in samples at 6 hai 

in order to study cell elongation. Asterisks represent significant differences at P 

< 0.01 (**) and at P < 0.05 (*) using the Mann-Whitney test (two-sided). 

Figure 7. Regulatory model for GA-mediated endosperm cell expansion. 

Our results suggest a regulatory model where RGL2 blocks GA-signaling in the 

endosperm by sequestering NACs. Upon imbibition, a signal from embryo  

and/or GA biosynthesis destabilizes RGL2 and releases NACs to activate 

CWRE gene expression, having an impact on endosperm cell elongation to 

accommodate embryo growth and facilitate radicle protrusion (germination 

sensu stricto). 

 

SUPPLEMENTAL INFORMATION 

Supplemental Figure 1.  Visualization of changes in endosperm cells during 

Arabidopsis seed germination. (A) Semi-thin TBO sections of Arabidopsis 

endosperm cells at 3 hai. (B) Semi-thin TBO sections of Arabidopsis 
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endosperm cells at testa rupture. (C) Confocal image with GFP targeted to 

vacuole membrane before testa rupture. (D) Same as (C) after testa rupture. 

Supplemental Figure 2. ProEXPA2:GUS embryo separated from endosperm 

at 24 hai and stained overnight to detect GUS activity. 

Supplemental Figure 3. Conserved 80 bp sequenced (EXPA2-CS) found after 

alignment of orthologous EXPA2 gene promoters from several plant species 

belonging to the Brassicaceae family. 

Supplemental Figure 4. Y1H screening results and control baits. (A) Y1H 

assay using the EXPA2-CS bait and NAC25 (2-E5), NAC1L (12-G1) and two 

randomly selected library clones (2-A3 and 12-A6) as preys. (B) Y1H assay 

using the LIP1-CS bait and NAC25 and NAC1L as preys. 

Supplemental Figure 5. RT-qPCR on RNA isolated from Arabidopsis Col-0 

dissected embryos and endosperms at the indicated timepoints. TCP14 and 

MYB101 are expressed throughout imbibition almost exclusively in embryo and 

endosperm (Dekkers et al., 2013), respectively, and were used to detect 

significant amounts of tissue-cross contamination in the samples. 

Supplemental Figure 6. Characterization of NAC25 and NAC1L single loss-of-

function mutants. (A) Schematic representation of NAC knock out mutants and 

oligonucleotides used to amplify full-lenght cDNAs. (B) To check that no full-

length NAC mRNAs were produced in the homozygous plants, PCR with 

oligonucleotides spanning the corresponding TDNA insertions was carried out 

on cDNAs synthetized from RNAs isolated at 12 hai (the same RNAs used for 

RNA-seq).  

Supplemental Figure 7 . NAC25 and NAC1L form homo and heterodimers in 

planta. (A) The NAC25 and NAC1L CDSs were fused to the N-YFP (N) or C-

CFP (C) CDS and coexpressed in N. benthamiana cells in different 

combinations as indicated in the table. Empty vectors (Ø) were included in the 

combinations as controls. Combinations giving a fluorescent signal in the nuclei 

of N. benthamiana cells or not giving any signal are indicated as (+) and (-), 

respectively.  (B) Images obtained in a fluorescence microscope for several 

combinations showing nuclear fluorescence. 

Supplemental Figure 8. Quantification of CWRE Gene Expression in NAC 

knock-out mutants. Quantification by qRT-PCR of mRNA levels of CWREs and 

control genes (ICL and MLS) in wild-type, nac25-1, nac25-2, nac1L-1 and 
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nac1L-2 genotypes. RNAs were isolated from seeds at 12 hai, and their levels 

are shown relative to those of ACT8. Average values and SE for two replicates 

are shown. Similar results were obtained with a different seed batch. 

Supplemental Figure 9. Overlap between genes downregulated >2-fold in the 

nac25-1 transcriptome and genes deregulated >2-fold in GA-related 

transcriptomes. 

Supplemental Figure 10. Quantification of EXPA2 gene expression in WT and 

ProML1:GFP-gai-1 seeds, the latter ones having blocked GA signaling in the 

epidermis (Gallego-Bartolomé et al., 2011; Rombolá-Caldentey et al., 2014). 

Supplemental Table 1.  List of Oligonucleotides Used. 

Supplemental Table 2. List of deregulated genes in nac25-1 and nac1L-1 

mutants compared to Col-0 at 12 hai. 

Supplemental Table 3. GO enrichment for biological processes according to 

GeneCodis (529 genes downregulated >4-fold in nac25-1). Gene groups with a 

p value < 10-6 were classified according to their fold enrichments. 

Supplemental Table 4. Cell wall remodelling genes significantly downregulated 

over 2-fold in the nac25-1 mutant. 

Supplemental Table 5 . Transcription factors downregulated over 4 fold in the 

nac25-1 mutant. 

Supplemental Table 6 . Sample information from the sequence quality control 

report. 
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Figure 6
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