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Transcriptional Regulatory Networks Controlling the Development of the Soybean Seed 

 

Abstract 

Seed development in flowering plants is divided into two main contrasting developmental 

phases, morphogenesis and maturation. The morphogenesis phase is characterized by a series of 

cell division and differentiation events that establish the basic body plan of the embryo. Following 

morphogenesis, the seeds enter the maturation phase which is characterized by the accumulation 

of storage compounds and the embryo’s acquisition of desiccation tolerance. Because seed 

development is a complex yet highly coordinated period of the plant life cycle, the temporal and 

spatial control of gene expression is crucial to ensure the proper development of the plant. The 

focus of my dissertation research was to investigate the complex network of transcription factors 

and their combinatorial efforts to control the onset of specific biological programs during the 

development of the soybean seed. 

My first research topic investigated the function of four putative regulators of seed 

development in flowering plants: LEAFY COTYLEDON1 (LEC1), ABA-RESPONSIVE 

ELEMENT BINDING PROTEIN3 (AREB3), BASIC LEUCINE ZIPPER67 (bZIP67), and ABA 

INSENSITIVE3 (ABI3). I showed through genome-wide analyses of transcription factor binding 

sites that distinct transcription factor combinatorial interactions are controlling distinct biological 

programs in the soybean seed, such as embryo morphogenesis, photosynthesis, and seed storage 

protein accumulation. I also showed that these combinatorial interactions are assembled in cis-

regulatory modules (CRMs) to control the expression of specific target genes. These distinct 

combinatorial interactions in CRMs are determined by the unique composition of DNA motifs in 
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the CRMs and the ability of transcription factors to physically interact with each other. I also 

explored the ability of CRMs to act as cis-acting enhancers. 

The second topic of my dissertation described the role of the WRINKLED1 (WRI1) 

transcription factor in the regulation of lipid storage accumulation in soybean seeds. Lipid 

accumulation in seeds is a complex metabolic pathway that requires the action of many enzymes 

that act in processing carbohydrates into long chain fatty acids in addition to packaging triacyl-

glycerol molecules into oil bodies.  Genome-wide characterization of WRI1 binding sites revealed 

that this TF can bind to several genes that encode enzymes involved with every step of the fatty 

acid and triacylglycerol metabolic pathway.  We also explored the collaboration between LEC1 

and WRI1 in the regulation of genes involved with this metabolic process. Our results provided 

important and novel insights into the mechanisms of WRI1 in the control of lipid biosynthesis in 

soybean seeds. 
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Abstract 

Seeds are a major source of lipids. Understanding the regulatory mechanisms of lipid 

accumulation in seeds can provide opportunities for the development of new crops with increased 

oil levels. The transcription factor (TF) WRINKLED1 (WRI1) is as a central regulator of lipid 

biosynthesis in many plant species. To expand our knowledge into the mechanisms of WRI1 

function, we characterized the binding profile of soybean WRI1 (GmWRI1) during the 

development of the soybean seed. Genome-wide characterization of GmWRI1 binding sites 

revealed that this TF can bind to several genes that encode enzymes involved with every step of 

the fatty acid (FA) and triacylglycerol (TAG) metabolic pathway. Additionally, we showed that 

the putative DNA element bound by GmWRI1 is enriched in the GmWRI1 binding sites and is 

partially necessary to specify GmWRI1 function. Our results also provided evidence that GmWRI1 

and GmLEC1 act in a positive feedback subcircuit in the control of FA biosynthesis in soybean 

seeds. Interestingly, we identified the presence of a CTCCGCC-Box enriched in GmWRI1 binding 

sites that indicates that other TFs may collaborate with WRI1 in the induction of the FA 

biosynthetic network. Our results provided important and novel insights into the regulatory action 

of GmWRI1 to the control of lipid biosynthesis in soybean seeds. 
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Introduction 

Seeds are a major source of plant oils in the world. In addition to being of major importance 

for food consumption, seed lipids have a broad application in the chemical industry and as biofuels 

(1). Due to its growing importance, it is expected that the demands for plant oils will double in the 

following decades (2). These demands can be addressed by developing crops with increased seed 

lipid content. In order to achieve this goal, it is crucial that we understand the regulatory 

mechanisms behind the accumulation of lipids in seeds. Understanding how the process of seed 

lipid accumulation is regulated in can provide important insights on the development of 

biotechnological tools to improve the quality and quantity of this important metabolite class in 

seeds. 

Due to its importance, the metabolic pathway of fatty acid and lipid accumulation in seeds 

have been extensively studied in many crop species (Reviewed in (1) and (3)). Fatty acid (FA) 

biosynthesis initiates in plastids with the synthesis of malonyl-CoA by the enzymatic complex 

ACETYL-COA CARBOXYLASE (ACCase). BIOTIN CARBOXYL CARRIER PROTEIN2 

(BCCP2) and ACETYL CO-ENZYME A CARBOXYLASE BIOTIN CARBOXYLASE 

SUBUNIT (CAC2) are important protein subunits present in ACCase complex.  Malonyl-CoA is 

transferred to an ACYL-CARRIER PROTEIN (ACP) to form malonyl-ACP, which is the main 

carbon donor for all subsequent reactions of fatty acid elongation. The first 4-carbon long acyl-

ACP is formed by the condensation reaction between a malonyl-ACP and an acetyl-CoA catalyzed 

by the 3-KETOACYL-ACYL CARRIER PROTEIN SYNTHASE III (KASIII) enzyme. Consecutive 

and cyclic additions of 2 carbons from malonyl-ACP donors into the acyl-ACP is catalyzed by 

BETA-KETOACYL-ACP SYNTHASE  I (KASI) to generate long 16 carbon long acyl-ACPs. 

Further elongation can be achieved by KASII to catalyze an extra condensation reaction to form 
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an 18-carbon long acyl-ACP. The release of FAs from ACPs is catalyzed by Acyl-ACPs FATTY 

ACYL THIOESTERASES (FAT) enzymes in the plastids. In addition to the enzymes that 

participate in the biosynthesis of FAs, several other enzymes are responsible for the elongation 

and desaturation of FAs, which account for the great diversity of FAs and TAGs found in the seeds. 

The constant activity of these enzymes in the plastids contribute to the increase in the acyl-CoA 

pool that is used for the de novo formation of membrane lipids as well of storage triacyl-glycerol 

(TAG).  The acyl-CoA produced in the plastids, along with the glycerol-3-phosphate (G3P) are 

the main substrates for TAG assembly in the endoplasmic reticulum. The acylation of G3P in the 

endoplasmic reticulum requires the action of distinct enzymes such as GLYCEROL-3-

PHOSPHATE ACYLTRANFERASE (GPAT) and DIACYLGLYCEROL 

ACYLTRANSFERASE (DGAT). Upon synthesis, TAGs are largely stored in discrete subcellular 

organelles called oil bodies (3).  

As summarized above, the accumulation of lipids in seeds requires the coordinated activity 

of several enzymes in distinct group of organelles. Oilseed crops, such as soybean, are particularly 

efficient in the synthesis and storage of TAG in the seed.  In some oilseed crops, lipid storage 

molecules can account for more than 40% of its dry mass (Taylor 2004). In soybean, lipids 

correspond to 20% of the seed dry mass (4). The great success of these crops to synthesize and 

store lipids suggests a precise regulation of FA and TAG biosynthesis during seed development. 

Some reports suggests that the regulation of FA and TAGs in seeds occurs mainly at the 

transcriptional level (5–8). Remarkably, the expression level of many genes involved with FA 

biosynthesis showed a similar bell-shaped pattern of expression that peaks during the onset of the 

maturation program and fades during the later stages of maturation, suggesting a precise 



 53 

transcriptional coordination of gene expression for the FA biosynthesis during seed development 

(9).  

Understanding the mechanisms of transcriptional regulation for genes involved with FA 

biosynthesis and lipid accumulation in seeds can represent an important step in the development 

of crops with increased oil content. Among well studied transcription factors (TFs), WRINKLED1 

(WRI1), a member of the APETALA2 (AP2) family of TFs, has been characterized as a central 

regulator of FA biosynthesis in seeds of many plant species (10). This gene was initially identified 

in Arabidopsis mutant screens, where wri1 loss-of-function mutants resulted in an 80% reduction 

in seed oil content (11). Since then, orthologues of WRI1 have been identified and its role in the 

regulation of FA biosynthesis in seeds has been shown in many oilseed crops (12,13,10). In 

addition, ectopic overexpression of WRI1 results in significant increases of FA related gene 

expression and consequently increased oil content in several studies (14,12,15,16,13).  Such 

reports allowed WRI1 to be defined as a “master” regulator of seed lipid biosynthesis (10). 

Despite its importance in FA biosynthesis, the detailed mechanisms by which WRI1 

functions in in seeds is still not well understood. Characterization of WRI1 mechanisms in the 

regulation of FA related genes relied mainly in the analysis of loss-of-function mutants or ectopic 

overexpression of WRI1, where alteration of WRI1 expression almost always resulted in changes 

in the expression of FA related genes and consequently, altered the lipid accumulation program. 

Such approaches were important to show that WRI1 is involved in the active regulation of the 

expression of genes involved with FA biosynthesis, including the subunits of ACCase, ACP and 

KAS genes (17,18). Additionally, these approaches allowed for the identification of the AW-Box 

DNA motif (CNTNGNNNNNNNCG) to be the element responsible for WRI1 binding (19). 

However, because a genome wide characterization of WRI1 binding was never reported, the exact 
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mechanisms by which this important TF acts to regulate the expression of FA-related genes is still 

unclear. Such characterization is crucial if one wants to identify of all the genes that are regulated 

by this important TF in the control of lipid biosynthesis in seeds. In this work, we characterized 

the genome-wide binding profile of the soybean homologue for WRI1 (GmWRI1) during the 

development of the soybean seed. Such characterization contributed to reinforce many aspects of 

GmWRI1 function as a central regulator of lipid biosynthesis as well as providing new insights 

into WRI1 mechanisms to regulate FA biosynthesis and lipid accumulation in seeds. 
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Results 

WRI1 ChIP-Seq binds to regions downstream the TSS 

In order to identify potential genes that are regulated by GmWRI1 during the development 

of the soybean seed, we performed chromatin immunoprecipitation followed by DNA-sequencing 

(ChIP-Seq) using peptide antibodies against GmWRI1-A (Glyma.08G227700) and GmWRI1-B 

(Glyma.15G221600) in soybean embryos at cotyledon (cot) and early-maturation (em) stage that 

correspond to 15 and 23 days after pollination (dap), respectively. The selection of these stages 

relied on GmWRI1 expression, where its expression peaks at cot and em stages and it declines at 

later stages of embryo development (Figure 1A).  

Upon DNA sequencing and data analysis, we identified genes that are potentially bound by 

GmWRI1 at cot and em stages of embryo development (Figure 1B). As per (20), we determined 

bound genes as those with a reproducible ChIP-seq peak (according to ENCODE metrics) that 

overlaps with the transcription start site (TSS) and 1000 bps windows upstream the TSS. A total 

of 1483 and 6547 genes were bound by GmWRI1 in cot and em stages, respectively. A major 

overlap between bound genes in cot and em stages was observed (Figure 1B). Data analyses were 

performed following ENCODE guidelines for ChIP-Seq (21).  and unlike the ChIP-Seq data from 

em stage embryos, ChIP-Seq data from cot stage did not meet ENCODE minimum thresholds for 

normalized strand correlation (NSC) and relative strand correlation (RSC) (1.05 and 0.8, 

respectively) (Supplemental Figure 1), which can explain the lower number of bound genes 

detected in cot stage compared to the em stage (Figure 1B).  

Surprisingly, we observed that the summit of ChIP-Seq peaks (the highest point of the 

peak) at both stages were located mostly downstream the transcription start site (TSS) (Figure 1C). 

Most peak summits were localized in the intragenic regions (5`UTR, exons and introns) (Figure 
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1D). These results are different from TF binding sites for GmLEC1, GmAREB3, GmbZIP67 and 

GmABI3, where ChIP-Seq peak summits were mostly located in regions upstream of the TSS 

(22,20). 

 

GmWRI1 bound genes are related to fatty acid biosynthesis 

Gene Ontology (GO) enrichment analysis revealed that in cot and em stages, GmWRI1 

binds to several genes that are involved with FA biosynthesis and lipid accumulation in seeds 

(Figure 2A). Our results showed that that GmWRI1 can bind to regions of genes that encode for 

enzymes involved in the initiation process of FA biosynthesis in the chloroplast, such as the 

subunits of ACCase and KASIII (Figure 2B). We also showed that GmWRI1 can bind to genes 

that encode enzymes required for fatty-acid assembly into TAGs assembly in the endoplasmic 

reticulum, such as GPDHC and DGAT (Figure 2B). Because FA biosynthesis and TAG assembly 

are complex processes that involve many different enzymes in different organelles, it is remarkable 

that GmWRI1 can bind to genes required for all the steps required for lipid biosynthesis in soybean 

seeds.  

Because not all TF binding events represent a transcriptional regulatory event (23), we 

evaluated whether GmWRI1 is responsible for the active transcription of FA related genes by 

evaluating the expression of GmWRI1 bound genes in soybean embryos. In support of GmWRI1 

actively controlling the expression of those genes, we observed that these FA related genes that 

are bound by GmWRI1 are highly expressed in the soybean embryo at the EM stage (Figure 2 C 

and D). In fact, when compared to FA biosynthesis-related genes that are not bound to GmWRI1, 

GmWRI-bound genes were expressed at higher levels (Figure 2C). This pattern was not observed 

in a distinct developmental stage - soybean seedlings, where GmWRI1 expression is detected at a 
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low abundance(Figure 1A and 2D). This result suggests that that GmWRI1 is likely to be actively 

promoting the expression of FA biosynthesis-related genes in soybean embryos by binding to their 

regulatory regions and consequently, establishing the lipid accumulation program during the 

development of soybean seeds.  

 

The putative DNA element bound by GmWRI1 is highly enriched in GmWRI1 bound 

regions  

In order to investigate the potential mechanisms by which GmWRI1 controls lipid 

biosynthesis in soybean seeds, we analyzed the composition of cis-regulatory elements within the 

GmWRI1 binding sites (50 bps window around the ChIP-Seq peak summit). Motif de novo 

discovery analysis revealed the presence of consensus sequences in the GmWRI1 binding site in 

all bound genes and in the genes related to FA biosynthesis (Figure 3A and B). Interestingly, a 

GAGA rich DNA motif was de novo discovered in the GmWRI1 bound of both datasets (Figure 

3A and B). We previously identified a GAGA rich DNA motif in the binding sites of GmLEC1, 

GmAREB3, GmBZIP67 and GmABI3 (22,20). The AW-BOX (CNTNGNNNNNNNCG) which 

was shown to be the DNA motif bound by GmWRI1 in vitro (13,24), was identified in the de novo 

discovery analysis (Figure 3A and B). These results suggests that GmWRI1 occupancy in many 

of those binding sites can be explained by the direct interaction with this DNA element. This result 

was confirmed in the motif enrichment test (Bonferroni-adjusted P values with a significance 

threshold of 0.001), where we found that 22.4% of the GmWRI1 binding sites for all bound genes 

and 40.6% of the GmWRI1 binding sites for genes involved with FA biosynthesis contained full 

AW-Boxes (Figure 3C). The percentage of regions with an AW-Box motif was greater when 

compared to background regions of equal number, length and genomic context (2.4% in the 
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background for all GmWRI1 bound genes and 2.7% in the background for GmWRI1 bound genes 

related to FA biosynthesis). Interestingly, the presence of CCAAT-Boxes (CCAAT), G-boxes 

(CACGTG) and RY (CATGCA) elements were not identified as enriched in the GmWRI1 bound 

sites for FA related genes. (Figure 3C) These elements are described as important for the control 

of the maturation program by LEC1, ABI3, FUS3 and LEC2 (LAFL) master regulators of seed 

maturation (25–27,20). This result suggests that GmWRI1 binding and transcriptional control of 

FA biosynthesis occur in distinct cis-regulatory modules to the ones identified by the LAFL group 

of transcription factors.   

Because GmWRI1 peak position was often found in regions downstream of the TSS, we 

wanted to evaluate if the genomic position of AW-Boxes can explain this pattern. Interestingly, 

we observed that for genes that are bound by GmWRI1 as well as genes that are bound by 

GmWRI1 and are related to FA biosynthesis, AW-Boxes were predominately found in regions 

downstream of the TSS (Figure 3D). This is consistent with the observation that the GmWRI1 

peak summit is located more often in regions downstream of the TSS, suggesting that GmWRI1 

occupancy in these genes is likely to be directed by AW-Boxes downstream the TSS (Figure 4D). 

However, it is important to stress that enrichment of the AW-Box downstream the TSS could be 

an effect of the increased G/C content in region downstream the TSS. Nevertheless, the high 

enrichment of AW-Boxes in regions where ChIP-Seq Peak summits are located, reinforces that 

these elements are likely to play an important role in the specification of WRI1 occupancy in 

regions downstream of the TSS and correspondingly to control GmWRI1 regulatory function. 

GmWRI1 and GmLEC1 control FA related genes through binding of distinct loci 

The transcription factor LEAFY COTYLEDON1 (LEC1) is also reported to be a central 

regulator of lipid biosynthesis in seeds (28,27). Because we previously reported that GmLEC1 can 
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form transcriptional complexes with other TFs to control the expression of target genes (20), we 

wanted to investigate if GmWRI1 also works in concert with GmLEC1 to control FA biosynthesis 

in soybean seeds. We observed that 66 FA related genes were bound exclusively by GmWRI1, 

266 genes were bound exclusively by GmLEC1, and 101 genes were bound by both GmWRI1 and 

GmLEC1 (Figure 4A). To evaluate if GmLEC1 binding position coincides with the GmWRI1 

binding position for genes that are bound by both TFs, we examined the distance of the summit 

position of GmWRI1 in respect to the position of the GmLEC1 peak summit (Figure 4B). 

Interestingly, unlike GmAREB3, GmbZIP67 and GmABI3 and their relationship with GmLEC1 

(20), GmWRI1 summit position does not appear to coincide with the position of GmLEC1 peak 

summit (Figure 4B). This result suggests that GmWRI1 and GmLEC1 bind to distinct loci in their 

shared bound genes. This result is corroborated by a motif enrichment analysis, where we observed 

that the GmWRI1 and GmLEC1 binding sites are enriched for distinct sets of DNA elements 

(Figure 4C). The binding sites for GmWRI1 were strongly enriched (Bonferroni-adjusted P values 

with a significance threshold of 0.001) for the presence of AW-Box for genes that were bound 

exclusively by GmWRI1, and genes bound by both GmWRI1 and GmLEC1 (Figure 4C). In the 

other hand, GmLEC1 were enriched for G-box type DNA elements and only slightly enriched for 

AW-Boxes for genes that are bound by both GmLEC1 and GmWRI1 (Figure 4C). Our results 

suggests that GmWRI1 and GmLEC1 bind to distinct locations within to which they coordinately 

bind and therefore regulate the expression of their target genes through distinct cis-regulation.  

To evaluate how the relationship between these TFs affects their target gene expression, 

we looked at the expression of these F- related genes in soybean embryos (Figure 4D). We 

observed that genes that are bound exclusively by GmLEC1 and GmWRI1 to be expressed at 

higher levels when compared to genes that are not bound by either of these TFs (Figure 4D). 
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However, we observed that the group of genes that are bound by both TFs to be highly expressed 

when compared to genes bound by each TF as well for gene that are not bound by neither TF 

(Figure 4D). Our results suggests that although they bind independently from each other, GmWRI1 

and GmLEC1 are important to regulate the expression of their FA related target genes. 

 

Functional Analysis of AW-Boxes in GmWRI1 binding regions 

Our results suggest that GmWRI1 binding and subsequent regulation of FA related gene 

expression is dependent on the AW-Box DNA motif. To determine whether the AW-Box is crucial 

to determine GmWRI1 function in controlling the expression of FA-related genes, we isolated and 

cloned the binding regions of GmWRI1 of FA related genes which contained a full AW-Box. The 

bound regions of GmWRI1 on the ACP4 (Glyma.15G098500), BCCP2 (Glyma.13G057400) and 

CAC2 (Glyma.05G221100) genes contained at least one full AW-Box sequence (Figure 5A, 

Supplemental Table 1). We also isolated the bound region on ACP3 (Glyma.19G240100) which 

contained a partial AW-BOX (CNTNGNNNNNNCG) which was shown to be bound by WRI1 in 

vitro (29). First, we evaluated if the regions bound by GmWRI1 on those genes can function as 

enhancers in soybean embryo protoplasts (Figure 5B and C). Our results showed that these bound 

regions can function as enhancers in soybean embryo protoplasts, where GmWRI1 is expressed 

(Figure 5C). Interestingly, bound sites with peaks summits located downstream of the TSS (ACP4 

and BCCP2) and upstream of the TSS (CAC2 and ACP3) showed enhancer-like capabilities 

(Figure 5C), suggesting that regardless of the binding position, these bound regions behave like 

cis-acting enhancers to promote the function of GmWRI1. In accordance with this, we found that 

GmWRI1-bound regions in the coding sequence of two seed storage proteins (Glyma.02G012600 
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(LECTIN1) and Glyma.10G028300 (PAP85)) to be sufficient for transactivation by the 

overexpression of GmWRI1 in Arabidopsis leaf protoplasts (Supplemental Figure 3). 

In order to verify if the AW-Box contained in these bound regions is responsible for their 

enhancer capabilities, we generated mutant versions of these binding regions by altering the 

sequences of their AW-Boxes (Figure 6A, Supplemental Table 1). We tested whether the 

mutations in the AW-Box affected the ability of the binding sites to function as enhancers in 

protoplasts isolated from soybean embryo cotyledons, (Figure 6B). Additionally, we tested 

whether these mutations affected the ability of these bound sites to be transactivated by GmWRI1 

in Arabidopsis leaf protoplasts (Figure 6C). As expected, we observed that mutations in AW-

Boxes resulted in a reduction in the regulatory activity of the bound site for two genes, ACP4 and 

BCCP2 (Figure 6D). However, we observed that mutations in the full AW-Box of CAC2 and the  

partial AW-Box of ACP3 resulted in partial and no reduction of the binding site ability to work as 

an enhancer in soybean embryos, respectively (Figure 6D). This result suggests that for ACP4 and 

BCCP2, GmWRI1 function is fully dependent of the AW-Box, while for CAC2 and ACP3, 

GmWRI1 is partially or nondependent of a full AW-Box (Figure 6D). This interpretation is 

consistent with the Arabidopsis transactivation experiments (Figure 6E), where mutations in the 

AW-Box of ACP4 and BCCP2 completely removed their ability to be transactivated by GmWRI1, 

while mutations in CAC2 and ACP3 only partially or did not affect their ability to be transactivated 

by GmWRI1 (Figure 6E). 

Because ACP3 does not contain a full AW-Box but it showed the ability to be 

transactivated by GmWRI1, we made a series of 100 bps overlapping deletions in the GmWRI1 

binding site of ACP3 (Figure 7A) to identify potential elements, other than AW-Box, that may be 

responsible for GmWRI1 function. Interestingly, we observed that in soybean embryo protoplasts, 
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all deletions resulted in a reduction activity compared to the WT full region (Figure 7B). However, 

deletions in regions F and G resulted in the most dramatic effects (Figure 7B). Similarly, deletion 

in region F and G resulted in an inability of the binding site to be transactivated by GmWRI1 in 

Arabidopsis leaf protoplasts (Figure 7C). Interestingly, region F is where the GmWRI1 ChIP-Seq 

peak summit is located (Figure 7A and D), suggesting that this site responsible for GmWRI1 

function.  In order to identify other potential DNA binding elements in region F and G, we scanned 

these regions using Plant PAN3.0 promoter mapping program (http://plantpan.itps.ncku.edu.tw). 

We found two main DNA motifs in the region, a DELAY OF FLOWERING (DOF) binding motif 

(CTTT) and a C2H2 binding motif (CACACTT) (Supplemental Table 2). These motifs were not 

enriched in the WRI1 binding sites (Supplemental Figure 4), suggesting that these motifs are not 

responsible for GmWRI1 occupancy in bound regions.  

 

 

CTCCGCC-Box is enriched in GmWRI1 bound regions on FA biosynthesis related 

genes  

Our results showed that, in some instances, AW-Boxes are not critical to determine 

GmWRI1 function. In order to identify other DNA elements that are potentially involved with 

GmWRI1 function, we performed de novo discovery analysis only in WRI1 binding sites that are 

absent of AW-Boxes in FA related genes, with the expectation that we could find other DNA 

elements that can explain GmWRI1 occupancy. Motif de novo discovery revealed the presence of 

a CTCCGCC element (Figure 8A). Interestingly, this element was previously shown to be 

abundant in the 5’UTR region of FA related genes in many different plant species (30). This 

CTCCGCC-Box, as well as less stringent consensus sequences, CNCCNCC and CTCCGCC-Box 
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allowing 1 mismatch (CTCCGCC-Box 1mm), were highly enriched in the GmWRI1 binding sites 

for genes involved with FA biosynthesis (Figure 7B).  These results suggest that GmWRI1’s ability 

to regulate the expression of FA related genes is also determined by the CTCCGCC-Box. In 

accordance with this hypothesis, we found that this CTCCGCC-Box is present in the GmWRI1 

binding sites of ACP3 and CAC2, which were shown not to be fully dependent of the AW-BOX 

for GmWRI1 transactivation (Supplemental Table 1, Figure 6E and F). More specifically for 

ACP3, we identified the CTCCGCC-Box in region F, which is the region where the ChIP-Seq 

summit is located and the region that is responsible for GmWRI1 transactivation (Figure 7C and 

D). Altogether, these results suggests that GmWRI1 function is partially dependent on the 

CTCCGCC-Box. 

 

Ectopic overexpression of GmWRI1 in Arabidopsis leaf protoplasts 

 In order to further investigate the role of GmWRI1 to control FA biosynthesis, we 

ectopically overexpressed GmWRI1 in Arabidopsis leaf protoplasts and analyzed the 

transcriptome of transfected cells (Figure 9A). Arabidopsis leaf protoplasts were transfected with 

a plasmid carrying GmWRI1 driven by the CaMV35S promoter (p35S:GmWRI1) and their 

transcriptome was compared to protoplasts transfected with a plasmid carrying the MCHERRY 

gene driven by the 35S promoter (p35S:mCherry) (Figure 9A). Upon data analysis, we identified 

1264 differentially expressed genes (DEGs) that were upregulated (q value <= 0.001 and log2FC 

>= 1) and 126 DEGs that were downregulated (q value <= 0.001 and log2FC <= -1) in cells 

transfected by GmWRI1 when compared to the control (Figure 9B). GO enrichment analysis 

revealed that most genes found in the upregulated set were enriched (q value threshold of 0.05) for 

GO terms related to FA related processes, such as fatty acid biosynthetic process and acetyl-CoA 
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biosynthetic process from pyruvate (Figure 9C), supporting the central role of GmWRI1 to activate 

the FA biosynthesis program. Interestingly, genes in the downregulated set were identified to be 

enriched (q value threshold of 0.05) with genes involved with response to singlet oxygen (Figure 

9D).  

Our results suggest that like in soybean, GmWRI1 can actively bind to FA related genes in 

Arabidopsis and activate their expression. Because there is no data available for WRI1 ChIP-Seq 

in Arabidopsis, we asked if the soybean homologues for the Arabidopsis DEGs were bound by 

GmWRI1 in our ChIP-Seq data. We found that more than 35.9% and 25.4% of the upregulated 

and downregulated DEG, respectively, were found to have at least one soybean homolog that is 

bound by GmWRI1 in our ChIP-Seq data (Figure 9D).  

In soybean, our results suggests that GmWRI1 is actively binding to regions downstream 

of the TSS due the position of AW-Boxes and CTCCGCC-Boxes. In order to investigate if the 

same pattern is found in Arabidopsis, we performed DNA motif enrichment analysis in 

downstream and upstream regions of the TSS for upregulated and downregulated DEGs (Figure 

9E). Surprisingly, we didn’t identify the enrichment of AW-Boxes and CTCCGCC-Boxes in the 

downstream and upstream regions of downregulated DEGs (Figure 9F). However, we observed 

the enrichment of AW-BOX and CTCCGCC-Boxes in upregulated DEGs (Figure 9F). We found 

that regions downstream the TSS were more predominantly enriched for those elements (Figure 

9F). Around 65% and 20% of the regions downstream the TSS of the upregulated DEGs showed 

the presence of an AW-Box and CTCCGCC-Box, respectively (Figure 9F). This percentage was 

greater when compared to regions downstream the TSS of random sets of genes (40% and 9%, 

respectively). For regions upstream from the TSS for upregulated DEGs, we found only AW-Box 

to be enriched, with 28% of those regions showing the presence of AW-Boxes against 18% in the 
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background (Figure 8F). Our results suggest the role of GmWRI1 to act as a central regulator of 

lipid biosynthesis and that WRI1 pattern of binding downstream the TSS of its target genes to be 

shared between Arabidopsis and Soybean. 
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Discussion 

GmWRI1 is a central regulator of lipid biosynthesis in seeds 

Lipid accumulation in seeds requires the activity of several enzymes across many different 

organelles (1,3). In this sense, it is likely that the expression of all genes required for this complex 

process to be highly coordinated to ensure the rapid allocation of carbon into FAs and TAGs during 

embryogenesis. Here, we show that GmWRI1 is likely to be responsible for the coordination of 

expression of many FA biosynthesis related. Genome-wide characterization of GmWRI1 binding 

during the development of the soybean embryo revealed that this TF can bind to genes that encode 

for key enzymes required for FA biosynthesis and TAG assembly (Figure 2A and B). These genes 

encode for enzymes necessary for all the steps for FA biosynthesis (Figure 2 B and C), from the 

synthesis of Malonyl-CoA in the chloroplast to the assembly of triacyl-glycerol (TAG) in the 

endoplasmic reticulum (Figure 2B and C). However, because not every TF binding event equates 

to functional regulation, one can argue whether GmWRI1 binding in genes involved with FA 

biosynthesis is sufficient to cause transcriptional activation. The following evidence suggest that 

GmWRI1 acts to positively regulate the expression of FA related genes. First, we observed that 

FA related genes bound by GmWRI1 are highly expressed in the embryo, where GmWRI1 

expression is higher, and their expression is reduced in later stages. Second, it was previously 

shown that overexpression of GmWRI1 in soybean roots and soybean seeds results in the 

upregulation of several genes involved with FA biosynthesis, which we showed are bound by 

GmWRI1 in soybean embryos (13,24) (Supplemental Figure 2). We observed that 15 out 17 genes 

reported as upregulated by ectopic expression of GmWRI1 in soybean roots (24) to be found in 

our GmWRI1 bound genes list (Supplemental Figure 2). In addition, we observed that 9 out of 18 

upregulated genes in transgenic soybean plants carrying a chimeric GmWRI1 gene driven by the 
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Brassica napus NAPIN seed-specific promoter (pNAPIN:GmWRI1) (13) were identified as a 

bound gene by GmWRI1 (Supplemental Figure 2). Third, we showed that upon ectopic 

overexpression, GmWRI1 was able to upregulate several FA related genes in Arabidopsis (Figure 

9B and C). Fourth, we showed that GmWRI1 can transactivate the expression of a reporter gene 

that is controlled by a minimal 35S promoter fused with a GmWRI1 bound site (Figure 6E). Fifth, 

we showed that mutations in the canonical DNA element that is bound by GmWRI1 (AW-Box) in 

ACP4, BCCP2 and CAC2 bound regions results in significantly decreased the capabilities of these 

binding sites to work as functional enhancers (Figure 6D). Altogether, these results provide 

supporting evidence to suggest that GmWRI1 act as a positive regulator of FA accumulation by 

binding to FA biosynthesis related genes and positively acting on the transcription of binding 

genes, reinforcing the notion that GmWRI1 act as a central regulator of lipid accumulation in 

seeds. 

 

GmWRI1 and GmLEC1 act in a positive feedback gene circuit to control lipid 

biosynthesis in seeds 

In addition to controlling the expression of several structural genes involved with FA 

biosynthesis in seeds, our results also suggests that GmWRI1 acts to modify the regulatory state 

of the soybean embryo to promote lipid accumulation in soybean seeds. We showed that GmWRI1 

binds to the promoter of several TFs, including GmLEC1, a well characterized regulator of lipid 

biosynthesis in seeds (28,27). We also observed that overexpression of GmWRI1 in Arabidopsis 

leaf protoplasts resulted in the up regulation of AtLEC1 (AT1G21970) (data not shown). 

Interestingly, it was previously showed that GmWRI1 is a target gene for GmLEC1 (22,20). 

Moreover, it was also shown that overexpression of AtLEC1 resulted in elevated expression of 
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AtWRI1 (28). These results suggests that WRI1 and LEC1 act in a positive feedback subcircuit in 

the control of FA biosynthesis in seeds by regulating the expression of each other as well as for 

the expression of several structural genes involved with FA biosynthesis and TAG assembly 

(Figure 10). In gene regulatory networks, positive feedback gene circuit are described to be 

important to trigger irreversible changes in transcriptional programs (31). The onset of the of the 

maturation program of the seed is hallmarked by the de novo initiation of many biological 

programs, such as the storage of lipids and proteins that were mostly inactive during the 

morphogenesis phase of the embryo (27). Initiation of the FA biosynthetic program in the embryo 

would require a robust and stable regulatory state to ensure proper expression of all the genes 

required for this complex metabolic program. In this sense, a positive feedback subcircuit between 

GmLEC1 and GmWRI1 is likely to involved for the efficient lipid accumulation program during 

the development of the soybean seed. 

An important characteristic of LEC1 is that its ability to bind and regulate gene expression 

is modulated by the interactions with a distinct group of TFs (27). One could speculate that the 

involvement of LEC1 and WRI1 to regulate FA biosynthesis would occur in the same way. 

However, the binding profile of GmWRI1 strongly suggests that GmWRI1 and GmLEC1 are 

binding to distinct loci in FA related genes (Figure 4B). We showed that GmWRI1 occupancy in 

FA related genes is likely to be determined by AW-Boxes or CTCCGCC-Boxes, while occupancy 

of LEC1 in FA related genes is likely to be determined by an interaction with a bZIP type TF 

(Figure 4C, Figure 10). Interestingly, we also observed that FA related genes bound by both TFs 

to be expressed at higher levels when compared to genes bound by each individual TF (Figure 2C). 

This result suggests that GmWRI1 and GmLEC1 co-binding can synergistically affect the 



 69 

transcriptional activation of their target genes. These results provide new insights into the 

relationship between these two important regulators of lipid biosynthesis in seeds.  

 

Biological relevance of GmWRI1 preference for intragenic binding regions 

Genome-wide characterization of GmWRI1 binding revealed that this TF binds to 

intragenic regions (Figure 1C and 3D). This unusual binding profile is likely to be caused by the 

enrichment of AW-Boxes and CTCCGCC-Boxes in regions downstream the TSS (Figure 3D). A 

similar binding pattern is observed in other plant TFs. A large-scale analysis of ChIP-Seq and 

ChIP-CHIP data of 27 TFs in Arabidopsis revealed a group of TFs with a substantial binding 

preference to intragenic regions (32). Even though this type of binding patter has been observed 

for other group of TFs, the modes by which intragenic binding transcriptionally regulates genes 

are still not clear. Here, we showed that when inserted upstream a minimal 35S promoter, 

intragenic GmWRI1 binding sites can be transactivated by GmWRI1 (Figure 5C, Figure 6E and 

Supplemental Figure 4), suggesting that these intragenic regions behave as cis-acting enhancers. 

A recent study in cucumber revealed that this intragenic binding events can also be important for 

chromatin remodeling events (33). Similar to GmWRI1, the TENTRIL IDENTITY gene (TEN), 

which belongs to the CYC/TB1 clade of the TCP gene family in cucumber, binds mostly on 

intragenic regions of its target genes (33). It was reported that intragenic binding of TEN to be 

important for transcription activation and chromatin disassembly during transcriptional activation 

(33). An intrinsically disordered region domain (IDR) in the N-terminal region of TEN was shown 

to have a histone acetyl transferase capability to facilitate chromatin accessibility during 

transcription of its target genes (33). Interestingly, WRI1 also has an IDR domain in its N-terminal 

region (34). The similarities in their binding pattern as well as the presence of the IDR region 
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might imply that the mechanisms of GmWRI1 to be like the ones described by TEN. However, 

further experiments are needed to show this association. Nevertheless, our results provided novel 

and exciting insights into the mechanisms of GmWRI1 function in the control of FA biosynthesis 

in soybean seeds. 

 

GmWRI1 function requires the assistance of other TFs 

Our results also suggests that GmWRI1 function to be partially dependent of other TFs. 

The following results support this hypothesis: First, we showed that even though the AW-Box is 

critical for GmWRI1 to bind to target sites in and regulate ACP4 and BCCP2 (Figure 6D and E), 

its presence was not critical for CAC2 and ACP3 binding sites to function as enhancers and to be 

transactivated by GmWRI1 (Figure 6D and E). Second, we showed that only ~40% of GmWRI1 

binding sites for genes that are related to FA biosynthesis contain full AW-Boxes (Figure 8A). 

Third, we also showed the enrichment of a CTCCGCC-Box in the GmWRI1 binding sites (Figure 

8A and B). Fourth, we found a CTCCGCC-Box in the GmWRI1 bound region on the ACP3 gene 

that is important for GmWRI1 transactivation (Figure 7E). Lastly, we showed that this 

CTCCGCC-Box is also enriched in regions downstream of the TSS for genes that are upregulated 

by ectopic overexpression of GmWRI1 in Arabidopsis leaf protoplasts (Figure 9F). 

The enrichment of the CTCCGCC-Box in GmWRI1 binding sites suggests that GmWRI1 

occupancy in this region is mediated through another TF that can bind to this element. To explore 

this model, it would be necessary to identify the TF that binds to this DNA-element. Unfortunately, 

this DNA element is not present in the Arabidopsis cistrome database (DAP-Seq) (35). However, 

a recent report identified a similar DNA element (CNCCNCC) in the bound regions of TEN (TCP-

like TF in Cucumber) which is like the CTCCGCC-Box identified in GmWRI1 binding regions 
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(33). As mentioned previously, it was observed that the binding profile of TEN is like the pattern 

displayed by GmWRI1, in which, the binding positions was often located in intragenic positions 

(33). These observations would suggest that TCP-like TF could assist GmWRI1 and specify 

GmWRI1 function that is not totally dependent of an AW-Box. Recently, it was recently shown 

that AtWRI1 can physically bind to AtTCP4, AtTCP10 and AtTCP24 (36). The interaction 

between AtWRI1 and AtTCP4 was shown to be important to modulate the ability of AtWRI1 to 

activate the expression of FA related genes (36). One can propose a model where a TCP-like TF 

physically binds to GmWRI1 and regulates GmWRI1 occupancy and function in an AW-Box 

independent manner (Figure 10). In support of this model, we observed that in the overexpression 

of GmWRI1 in Arabidopsis protoplasts resulted in upregulation of AtTCP3 (Supplemental Table 

3). Interestingly, we observed a similar pattern of expression between GmWRI1 and GmTCP3 

paralogs during the development of the soybean (Figure 1A, Supplemental Figure 4). This result 

points to GmTCP3 as the TF that assists GmWRI1 to control gene expression. However, we didn’t 

identify the enrichment of the canonical Arabidopsis TCP DNA binding element (GGGACCAC) 

(35) in the GmWRI1 binding sites (data not shown). In this sense, it would be necessary to evaluate 

if GmTCP3, or other GmTCP TFs, can physically bind to the CTCCGCC-Box identified in the 

GmWRI1-bound regions. Second, we need to know whether mutations in these CTCCGCC-Boxes 

will result in the loss of GmWRI1 to transactivate its binding sites. Moreover, it is important to 

evaluate  the possibility that GmWRI1 can physically bind to the CTCCGCC-Box. Further 

experiments are necessary to complete the model by which GmWRI1 functions to control the 

expression of FA related genes (Figure 10). 
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Materials and Methods 

Chromatin Immunoprecipitation and DNA Sequencing 

Soybean plants were grown, and seeds were harvested for ChIP experiments as described 

by (22). ChIP assays were performed as described previously (22,20) using peptide antibodies 

against GmWRI1. DNA sequencing libraries were prepared using the NuGEN Ovation Ultralow 

System V2, and DNA fragments were size selected by electrophoresis and sequenced at 50-bp 

single-end reads using an Illumina HiSEq. 4000 sequencing system. 

 

Recombinant DNA manipulation and plasmid construction. 

p35S:GmWRI1 construct 

The 35S:mCherry:NOSt plasmid was used for this construct (20). The cDNA for 

GmWRI1-A (Glyma.08G227700) was PCR amplified from cDNA samples of soybean embryos 

at cot stage. PCR amplified cDNA for GmWRI1-A was inserted into the 35S:mCherry:NOSt 

digested with SalI and NotI (to remove the mCherry cDNA fragment) using the In- Fusion® HD 

Cloning Kit, according to the manufacturer's instructions. 

GmWRI1 binding sites constructs 

The dual luciferase plasmid (pDLUC15) was used for these constructs (20). GmWRI1 

binding sites were PCR amplified from genomic DNA they were inserted into the pDLUC15 

vector upstream of the 35S MINIMAL PROMOTER using the In- Fusion® HD Cloning Kit, 

according to the manufacturer's instructions. Mutant derivatives of AW-Boxes were synthesized 

by Twist Bioscience and inserted into pDLUC15. The DNA sequences of WT and mutant versions 

of each binding site are listed in Supplemental Table 1. 

Deletion series of ACP3 constructs 
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Deletion derivatives forms of GmWRI1 binding site for the ACP3 gene were synthesized 

by Twist Bioscience and inserted into the pDLUC15 vector upstream of the 35S MINIMAL 

PROMOTER using the In- Fusion® HD Cloning Kit, according to the manufacturer's instructions. 

Transient Assays in Soybean embryo cotyledon protoplasts and Arabidopsis leaf protoplasts 

Transient assays in protoplasts isolated from soybean embryo cotyledons and Arabidopsis 

leaves were performed as described by (37) and (20).  Measurements of firefly and renilla 

luciferase activities in the loss-of-function analysis in soybean embryo protoplasts and the 

transactivation assays in Arabidopsis leaf protoplasts were made using the Dual-Luciferase 

Reporter Assay System (Promega) with a TriStar2 LB942 multiplate reader (Berthold) as 

described previously (20). 

 

RNA isolation and library making for transcriptome analysis 

Transfected cells were lysed, and the total RNA was isolated using the RNAqueous™-

Micro Total RNA Isolation Kit, following manufacturer's instructions. RNA samples were then 

treated with DNAse for digestion of DNA using the TURBO DNA-free™ Kit, following 

manufacturer's instructions. RNA-Seq libraries were prepared using Tecan Ovation RNA-Seq 

System V2 using 50 ng of total RNA, and double-stranded cDNA was fragmented to ~200bp using 

a Covaris E220.  End repair, A-tailing, adapter ligation and PCR enrichment were performed 

according to Methods 1 library preparation protocol (41), using the NEXTflex ChIP-Seq Barcodes 

(BiooScientific).  Libraries were quantified using Quant-iT PicoGreen dsDNA Reagent (Grand 

Island, NY) and a Nanodrop ND-3300 instrument, and sequenced on a NovaSeq 6000 sequencer.  
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Data analysis 

ChIP-Seq 

ChIP-Seq data were analyzed as described previously (20,22) with the exception that 

reproducible ChIP-Seq peaks were identified using MACS3 (https://github.com/macs3-

project/MACS).  

RNA-Seq 

Sequenced reads were demultiplexed and reads corresponding to rRNA sequences were 

removed.  The resulting filtered reads were mapped to Arabidopsis primary transcripts (TAIR10) 

using bowtie v0.12.7 with parameters -v 2 -5 10 -3 10 -m 1 --best –strata.  We used the EdgeR 

package (v3.10.5) to obtain normalized expression values using the Trimmed Mean of M-values 

(TMM) method and to identify differentially expressed genes between the different genotypes 

(FDR < 0.001) (38). 

GO enrichment 

 GO enrichment were performed using the Bioconductor package GOSeq as described 

previously (22), with the soybase GO functional annotation, the hypergeometric method, and a q 

value threshold of 0.05. 

Motif Analysis  

DNA motif de novo discovery analysis was performed using the MEME-ChIP tool from 

the MEME suite v5.3.3 (39) and DNA motif enrichment analysis was performed using the 

motifEnrich tool from HOMER (40) as described previously (20). 
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Figures and Table 
 

 
 
 
Figure 1. Identification of GmWRI1 bound genes in soybean embryos at cotyledon (cot) and 
early maturation (em stages). (A) Expression pattern of GmWRI1 during the development of the 
soybean embryo at the cot, em, mid-maturation (mm), double aa1 (aa1), dry seed stage (dry) and 
seedlings (sdlg). Transcriptome data was obtained from the Harada Embryo mRNA-Seq Dataset 
(GEO accession no. GSE99571). (B) Genes bound by GmWRI1 in soybean embryos at the cot 
and em developmental stages. Venn diagrams show the overlap between bound genes at cot and 
em stages. (C) Density plots of the positions of the GmWRI1 ChIP peak summits in reference to 
the transcriptional start site (TSS) of bound genes at cot and em stages. (D) Association of 
GmWRI1 ChIP-Seq peak summits with genomic features. 
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Figure 2. Analysis of GmWRI1 bound genes revealed that GmWRI1 bind to several genes 
involved with FA biosynthesis in soybean embryos. (A) Heatmap showing the q value 
significance of GO terms for GmWRI1 bound genes at cot and em stages. The GO terms listed 
are all the enriched biological process GO terms for each one of the developmental stages. (B) 
Simplified scheme of FA biosynthesis and TAG assembly from (18). Steps that are catalyzed by 
enzymes encoded by genes that are bound by GmWRI1 are highlighted with purple circles. (C) 
Box plots showing the expression levels of FA related genes that are bound by GmWRI1 
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(purple) and not bound by GmWRI1 (grey) in soybean embryos at em stage and in the seedling. 
Transcriptome data was obtained from the Harada Embryo mRNA-Seq Dataset (GEO accession 
no. GSE99571). Asterisk is shown to indicate significant differences between the expression of 
bound and not bound genes (Wilcoxon rank-sum test, P value < 0.001), with n.s. denoting non-
significant differences between groups.  
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Figure 3. Motif analysis revealed enrichment of AW-Box elements (CNTNGNNNNNNCG) 
in GmWRI1 binding sites. (A) Position weight matrices of DNA sequence motifs discovered de 
novo in GmWRI1 bound regions (50 bps around the peak summit) for all genes bound by 
GmWRI1 (top 600 for ChIP-Seq signal) and (B) genes bound by GmWRI1 that are associated 
with FA biosynthesis. (C) DNA motif enrichment of in GmWRI1 binding sites regions. Graphs 
show the percentage of GmWRI1 binding sites with a DNA motif occurrence (red bars) and in 
the average of 1,000 population of genomic regions of comparable number, length and position 
relative to randomly selected genes (grey). Asterisks are to denote significant differences 
between groups (Bonferroni-adjusted P values with a significance threshold of 0.001), with n.s. 
denoting no significant difference. Motifs: AW-BOX (CNTNGNNNNNNNCG), CCAAT, G-
Box (CACGTG) and RY (CATGCA). (D) Heatmap representation of 2000 base pairs regions 
around the TSS of all GmWRI1 bound genes and GmWRI1 bound genes that are FA 
biosynthesis related. The 2000 bp region was divided into 100 base pair bins and the heatmap 
color intensity is used to depict the percentage of bins with a ChIP-Seq Peak summit or an AW-
Box motif occurrence.  
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Figure 4. GmWRI1 and GmLEC1 act independently to control FA biosynthesis in soybean 
seeds. (A) Venn diagram showing the overlap between GmWRI1 bound genes (purple), 
GmLEC1 bound genes (salmon) and FA biosynthesis related genes (blue). (B) Density plot of 
the positions of the GmWRI1 ChIP peak summits in reference to the GmLEC1 peak summit 
position in genes that are bound by both TFs. (C) DNA motif enrichment in GmWRI1 and 
GmLEC1 bound sites (B.S.) (50 bps around the peak summit). Color intensity in the circles 
depict the statistical significance of the enrichment of annotated DNA motifs in bound regions 
relative to the normal distribution of a population of randomly generated regions. (Bonferroni-
adjusted P values). Diameter of the circles depict the frequencies at which DNA motifs were 
identified in the bound sites. (D) Box plots showing the expression levels of FA related genes 
that are bound only by GmWRI1 (purple), only by GmLEC1 (salmon), both GmWRI1 and 
GmLEC1 (dark red) and not bound by both TFs (grey) in soybean embryos at em stage. 
Transcriptome data was obtained from the Harada Embryo mRNA-Seq Dataset (GEO accession 
no. GSE99571). Asterisk is to indicate significant differences between groups (Wilcoxon rank-
sum test, with a significance threshold of p < 0.01).  
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Figure 5. Functional analysis of GmWRI1 bound sites. (A) Genome browse view (Integrative 
Genome Viewer) of GmWRI1 (purple) ChIP-Seq peaks in bound genes ACP3 
(Glyma.19G240100), ACP4 (Glyma.15G098500), BCCP2 (Glyma.13G057400) and CAC2 
(Glyma.05G221100). Genes are not in the same size scale. Summits (black dashed lines) and 
TSS positions (red dashed lines) are shown. Numbers next the summit position depict relative 
distances of summit in reference to the TSS in base pairs. (B) Schematic representation of dual 
luciferase construct used to evaluate if bound sites function as transcriptional enhancers. 
GmWRI1 bound sites (fragments of 200 to 500 bps around peak summit) were inserted upstream 
a minimal p35Sm in the dual luciferase pDLUC15 plasmid. Sequences for bound sites can be 
found in Supplemental Table 1. (C) Values in barplots depict the relative luminosity signal, 
which corresponds to the ratio of Firefly to Renilla luciferase of protoplasts transfected by each 
construct normalized to the negative control (p35sm, no bound site inserted). Average value of 3 
assays with SD are plotted. Asterisks denote statistically significant differences between bound 
sites and the negative control (P < 0.05, paired, one-tailed t tests).  
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Figure 6. Functional analysis of AW-Boxes in GmWRI1 bound sites in FA related genes. 
(A) Schematic representation of constructs used for the analysis. WT and mutated bound sites 
were inserted immediately upstream of the 35S minimal promoter driving the expression of a 
Firefly luciferase gene. In the same plasmid a construct comprised of the p35S full promoter 
driving the expression of the Renilla luciferase gene was used as a transfection normalizing 
factor. (B) Schematic representation of constructs used in the loss-of-function analysis in 
soybean embryo protoplasts system. (C) Schematic representation of constructs used in 
transactivation analysis in Arabidopsis leaf protoplasts system. (D) Loss-of-function analysis in 
soybean embryo protoplasts at the em stage. Values depict the relative luminosity signal, which 
corresponds to the ratio of Firefly to Renilla luciferase activities normalized to the negative 
control (p35sm, no bound site inserted). Average value of 3 assays with SD are plotted. Asterisks 
denote statistically significant differences between WT (dark blue) and mutated (red) versions of 
the bound sites, whereas n.s. indicates no significant difference (P < 0.05, one-tailed t tests). (E) 
Transactivation analysis in Arabidopsis leaf protoplasts transfected with a p35S:mCherry (grey) 
or p35S:GmWRI1 (purple). For this assay, the relative luminosity signal is represented by the 
Firefly to Renilla ratio normalized to the negative control (p35Sm) co-transfected with a 
p35S:mCherry construct. Average value of 3 assays with SD are plotted. For this assay, asterisks 
denote statistically significant differences in the relative luminosity signal between protoplasts 
co-transfected with each construct and p35Sm:GmWRI1 against the negative control transfected 
with p35S:GmWRI1, whereas n.s. indicates no significant difference (P < 0.05, one-tailed t 
tests). 
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Figure 7.  Deletion series of the GmWRI1 binding site of the ACP3 gene. A) Diagram 
representations of the WT form of GmWRI1 bound region in the ACP3 gene and the different 
variants used for the analysis. A series of overlapping 100 base pairs deletions were performed as 
indicated. Purple arrow indicates the position of the GmWRI1 Peak summit position in region F. 
(B) Loss-of-function analysis in Soybean embryo protoplasts at em stage. Similar to Figure 6D, 
values depict the relative luminosity signal of the WT form (dark blue) and deletion variants 
(red). Average value of 3 assays with SD are plotted. ANOVA and post hoc Tukey test results 
(depicted as lower-case letters) are showing the differences between the relative luminosity 
signal. (C) Transactivation analysis in Arabidopsis leaf protoplasts. Similar to Figure 6E, values 
depict the relative luminosity signal of protoplasts transfected with a p35S:mCherry (grey) or 
p35S:GmWRI1 (purple). Average value of 3 assays with SD are plotted. Asterisks denote 
statistically significant differences in the relative luminosity signal between protoplasts co-
transfected with each construct and p35Sm:GmWRI1 against the negative control transfected 
with p35S:GmWRI1, whereas n.s. indicates no significant difference (P < 0.05, one-tailed t 
tests). (D) Nucleotide sequence of region F and G in the GmWRI1 bound region in the ACP3 
gene. Purple arrow indicates the position of the GmWRI1 peak summit, and the CTCCGCC-Box 
is highlighted in yellow. 
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Figure 8. CTCCGCC-Box is enriched in GmWRI1 binding regions. (A, Left) Bar graph 
showing the percentage of GmWRI1 bound sites in genes that are FA related with (red) or 
without (grey) AW-Box. (A, right) Position weight matrices of the CTCCGCC-Box motif 
discovered de novo in the GmWRI1 bound regions that are absent of an AW-Box in genes that 
are associated with FA biosynthesis. (B) Motif enrichment analysis of CTCCGCC-Box, 
CTCCGCC-Box allowing 1 mismatch (CTCCGCC-Box-1mm) or CNCCNCC DNA elements in 
GmWRI1 bound regions in FA related genes. Graphs show the percentage of GmWRI1 binding 
sites with a DNA motif occurrence (red bars) and in the average of 1,000 population of genomic 
regions of comparable number, length and position relative to randomly selected genes (grey). 
Asterisks are to denote significant differences between groups (Bonferroni-adjusted P values 
with a significance threshold of 0.001). 
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Figure 9. Ectopic overexpression of GmWRI1 in Arabidopsis leaf protoplasts. (A) 
Schematic representation of the gene consisting of the GmWRI1 cDNA sequence driven by the 
full 35S promoter (p35S:GmWRI1) that was used to transfect Arabidopsis leaf protoplasts. 
Protoplasts transfected by a gene consisting of MCHERRY cDNA driven by the full 35S 
promoter (p35S:mCherry) was used as control. RNA Seq experiments were conducted, and data 
analysis was performed to identify differentially expressed genes (DEGs). (B) Volcano plot of 
RNA-seq transcriptome data displaying the pattern of gene expression values for protoplasts 
transfected with p35S:GmWRI1 relative to protoplasts transfected with p35S:mCherry. 
Significant DEGs (FDR <= 0.001) are highlighted in red (upregulated, logFC >= 1) and blue 
(downregulated, logFC <= -1). (C) Heatmap showing the q value significance of GO terms for 
Upregulated and Downregulated DEGs. The GO terms listed are all the enriched biological 
process terms detected with a threshold of q value < 0.01. (D) Barplot showing the percentage of 
upregulated and downregulated genes with at least one soybean homolog gene that is bound by 
GmWRI1 at em stage. (E) Schematic representation of isolated regions used for motif 
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enrichment analysis. 500 bp regions upstream and downstream the annotated TSS were isolated 
for upregulated and downregulated genes. (F) DNA motif enrichment in the regions shown in 
(E). Intensity of the color in the circles depict the statistical significance of the enrichment of 
annotated DNA motifs in isolated regions relative to the normal distribution of a population of 
randomly generated regions. (Bonferroni-adjusted P values). Diameter of the circles depict the 
frequencies at which DNA motifs were identified in the isolated regions. 
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Figure 10. Model for the regulation of FA biosynthesis and lipid accumulation in seeds. 
GmWRI1 and GmLEC1 act in a transcriptional positive feedback subcircuit to regulate FA 
biosynthesis program in the seed. GmWRI1 regulate the expression of FA related genes by 
binding to AW-Boxes or a through binding to another TF (potentially a TCP-like TF) that binds 
to the CTCCGCC-Box located downstream the TSS. GmLEC1 another regulator of FA 
biosynthesis regulates the expression through the interaction with a bZIP TF that binds to G-Box 
DNA elements located mostly in regions upstream the TSS. Dashed arrows to indicate 
transcriptional activation. 
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Supplemental Figure 1. Data quality metrics for the GmWRI1 ChIP-Seq datasets. Cross 
correlation plots of each biological replicate at cot and em developmental stages. Normalized 
strand correlation (NSC) and Relative strand correlation (RSC) values are reported for each 
replicate. The ENCODE minimum thresholds for NSC and RSC are 1.05 and 0.8, respectively. 
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Supplemental Figure 2. Venn diagram to show the overlap between our reported GmWRI1 list 
of bound genes and previously described genes that are upregulated by the overexpression of 
GmWRI1 in hairy-roots (13) and soybean seeds (24). 
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Supplemental Figure 3. (A) Genome browser view of GmLEC1 (Salmon) and GmWRI1 
(Purple) ChIP-Seq peaks in Glyma.02G012600 (LECTIN1) and Glyma.10G028300 (PAP85). 
Genes are not in the same size scale. (B) Transactivation analysis in Arabidopsis leaf protoplasts. 
Values are depicting the relative luminosity signal of protoplasts transfected with a PUC19 
(grey) or p35S:GmWRI1 (purple). Only one biological replicate was reported for this analysis.  
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Supplemental Figure 4. Motif enrichment analysis for the presence of C2H2 (CACACTT) and 
DOF (CTTT) DNA elements  in GmWRI1 binding sites regions in genes related to FA 
biosynthesis. Graphs show the percentage of GmWRI1 binding sites with a DNA motif 
occurrence (red bars) and in the average of 1,000 population of genomic regions of comparable 
number, length and position relative to randomly selected genes (gray). No significant (n.s.) 
differences (Bonferroni-adjusted P value < 0.001) were detected between groups.  
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Supplemental Figure 5. Expression pattern of GmTCP3 genes during the development of the 
soybean embryo at the cot, em, mid-maturation (mm), double aa1 (aa1), dry seed stage (dry) and 
seedlings (sdlg). Transcriptome data was obtained from the Harada Embryo mRNA-Seq Dataset 
(GEO accession no. GSE99571) 
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Supplemental Table 1. Sequences of GmWRI1 bound regions used for functional analysis of 
AW-Boxes. Wild-type (WT) and mutated (mut) forms of AW-Boxes are highlighted in yellow 
and CTCCGCC-Box is highlighted in green. 
 

Name Sequence 

CAC2-WT 
GGTCGAAAGAAACCCAATTGTGGTGGGCCACGTAGCAGTCCAAATTGTCCGAGTACCTTCCAACTA
GATTTAGATTTAGGCGGAGCTTTCAATTTCGCACCTCCCTCGTTTCCATCGACATCCGCATCAAAAG
ACCTTCTCTTTCTCTTGCCATCATTTCATTCCCCATACGCTCCATCCATCACCCTTTCTTTCATTCTG 

CAC2-mut 
GGTCGAAAGAAACCCAATTGTGGTGGGCCACGTAGCAGTCCAAATTGTCCGAGTACCTTCCAACTA
GATTTAGATTTAGGCGGAGCTTTCAATTTCGCACCTCaCaCaTTTCCATaaACATCCGCATCAAAAGAC
CTTCTCTTTCTCTTGCCATCATTTCATTCCCCATACGCTCCATCCATCACCCTTTCTTTCATTCTG 

ACP4-WT 

CAGAACTCATATGTCAAATAAATTTTGTTGAAGTTATCATAATAATTTTATAATATAAATGTGTTAA
CAAACTATATCATTAATAATATTTTAAGATAATTTTTAGTTATAATTCAGTAAGATCCTCGTATTATT
TATTGTAAATTAATAAGCCCTTTACATATTAAATAACTAATGGTTGTCAGGTGCACCGAACAAAGA
ATAAGAAGATCCAGATTCGAGGGACATGATCTCGGAGAGGCAAAGCGAACAAACGGCTACTCTCC
TCCCACTTGCTATCCTCGAAATTAACGAAACGTAGTTGAAGAACCCACAGAATCAGAACCCCAACA
CTGCCTTATGCTTTCCCTATAAATACACATTGTCCCTTCCTCTCGTCATTTCAAATACAAACTCACAA
CACACTTTGTACACTCCGTCCCTCTTCCCTGTCTCTCAAATGGCTTCCCTGACGCAAACTTTCATGTC
CCTCGCCTCTCTTCCCAATCTAGTTATGGTTTATAAAATCTCCTTTCTCGCTCTCTTCATTTCACTTGC
TTCTGTTCC  

ACP4-mut 

CAGAACTCATATGTCAAATAAATTTTGTTGAAGTTATCATAATAATTTTATAATATAAATGTGTTAA
CAAACTATATCATTAATAATATTTTAAGATAATTTTTAGTTATAATTCAGTAAGATCCTCGTATTATT
TATTGTAAATTAATAAGCCCTTTACATATTAAATAACTAATGGTTGTCAGGTGCACCGAACAAAGA
ATAAGAAGATCCAGATTCGAGGGACATGATCTCGGAGAGGCAAAGCGAACAAACGGCTACTCTCC
TCCCACTTGCTATaCaCaAAATTAAaaAAACGTAGTTGAAGAACCCACAGAATCAGAACCCCAACACT
GCCTTATGCTTTCCCTATAAATACACATTGTCCCTTCCTCTCGTCATTTCAAATACAAACTCACAACA
CAaTaTaTACACTCaaTCCCTCTTCCCTGTCTCTCAAATGGCTTCCCTGACGCAAACTTTCATGTCCCTC
GCCTCTCTTCCCAATCTAGTTATGGTTTATAAAATCTCCTTTCTCGCTCTCTTCATTTCACTTGCTTCT
GTTCC  

BCCP2-WT 

GCACGTTATCGTTAAGTCAAAAGTGTACTCTTCTTTTGTACATACCAATGATGATACAATACCATAT
TGGAAAAGTCAAAGACCTACAAAATCGGCCACGATAATAGCAAAAGCAGTGGCCATAGATCGATC
AGTGCACTTGGAAGCTGTTTCGATCGTTGAAGACACCAACGTTGTGCACTTGGCTCTAGAGGGAAA
CATCAAACATGTCTCCGAGACAAATGCAAAATCAGTGACTACAAGCCACGACATATGGTTTTTATT
GTTGTTTGTTGCAAGTTAGTTAAAACTGTGTCACATTGATGGTTATTGCACCACTTGCATCGTAATC
ATCGAAGCCACACTTGTAAAAATCTAAACTAAAACCAAACCAAACCAAACTAAAGTGTTCCAATTC
TTCTTTGTATTCTCCATCCACCCTCATTGCACTTTTTAGTTTTTACCCTTTTTCGGTGTCTTCTCATATT
CCTCACACGCACACCCTCTTCGATCTCAACGCCTCTTTGGCTTATATTCTCACCGACCCACATTGCCA
TTCTCACCATTCTTTGCAGATCACGCACCCC  

BCCP2-mut 

GCACGTTATCGTTAAGTCAAAAGTGTACTCTTCTTTTGTACATACCAATGATGATACAATACCATAT
TGGAAAAGTCAAAGACCTACAAAATCGGCCACGATAATAGCAAAAGCAGTGGCCATAGATCGATC
AGTGCACTTGGAAGCTGTTTCGATCGTTGAAGACACCAACGTTGTGCACTTGGCTCTAGAGGGAAA
CATCAAACATGTCTCCGAGACAAATGCAAAATCAGTGACTACAAGCCACGACATATGGTTTTTATT
GTTGTTTGTTGCAAGTTAGTTAAAACTGTGTCACATTGATGGTTATTGCACCACTTGaAaaaTAATCAT
aatAaCCACACTTGTAAAAATCTAAACTAAAACCAAACCAAACCAAACTAAAGTGTTCCAATTCTTCT
TTGTATTCTCCATCCACCCTCATTGCACTTTTTAGTTTTTACCCTTTTTCGGTGTCTTCTCATATTCCT
CACACGCACACCCTaTaCaATCTCAAaaCCTCTTTGGCTTATATTCTCACCGACCCACATTGCCATTCTC
ACCATTaTaTaCAGATCAaaCACCCC  
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ACP3-WT 

GATTGTGGATTTCATTATACTACTAATAAAAAATAACAATTAAAATTTACTGATAATAAAAAGTTGA
TCAACATGCTGGTATTTTAAAATATTTTTATTTAAGAAAAAGTAGGGGTGTGAAGGAAAAATAAAT
AAATAAGCAAACGTCTGTAAAAAGAAAGAAGCATGTGTAAAGCCCAGCCCAAAGGAAGGGGTACT
TGAGATTCGGAATCCAAAGAGAGGACTCTTTCCTGCAGCCAACAATCACGGGGCTACTATATATAC
TCTCCCCTCACACTTTTCGTGTTCTCCGCCACCCTCTTTCCTTTCTCCATTTTTTCTTCAGCGCCTTTG
CTACTTCGCAACACACCACAATGGCCACCAATGCACTCGCTGGCACATCTCTCTCCATGCGATCTCT
CCTTCCTCAAACACAGGTATTGTTTTCCCTTCCTCTTTTCATAAATCATAACCACTAGTACTATGTGC
TTCGCACTGCCTCTTCTGTTCATTACTTCGCCGCACCTTTTACTCCTCACGACC 

ACP3-mut 

GATTGTGGATTTCATTATACTACTAATAAAAAATAACAATTAAAATTTACTGATAATAAAAAGTTGA
TCAACATGCTGGTATTTTAAAATATTTTTATTTAAGAAAAAGTAGGGGTGTGAAGGAAAAATAAAT
AAATAAGCAAACGTCTGTAAAAAGAAAGAAGCATGTGTAAAGCCCAGCCCAAAGGAAGGGGTACT
TGAGATTCGGAATCCAAAGAGAGGACTCTTTCCTGCAGCCAACAATCACGGGGCTACTATATATAC
TCTCCCCTCACACTTTTCGTGTTCTCCGCCACCCTCTTTCCTTTCTCCATTTTTTCTTCAGCGCaTaTaCT
ACTTaaCAACACACCACAATGGCCACCAATGCACTCGCTGGCACATCTCTCTCCATGCGATCTCTCCT
TCCTCAAACACAGGTATTGTTTTCCCTTCCTCTTTTCATAAATCATAACCACTAGTACTATGTGCTTC
GCACTGCCTCTTCTGTTCATTACTTCGCCGCACCTTTTACTCCTCACGACC 
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Supplemental Table 2. Motifs identified through Plant Pan 3.0 promoter analysis tool 
(http://plantpan.itps.ncku.edu.tw/promoter.php). Only motifs with score 1 are shown. 
 

Matrix ID Family Position Strand Score Hit Sequence 
TFmatrixID_0211 C2H2 23 + 1 cACACTt 
TFmatrixID_0213 C2H2 23 + 1 cACACTt 
TFmatrixID_0233 Dof 24 - 1 acaCTTTTcg 
TFmatrixID_0235 Dof 26 - 1 aCTTTTcg 
TFmatrixID_0243 Dof 26 - 1 aCTTTTcg 

TF_motif_seq_0239 Dof 26 - 1 ACTTT 
TF_motif_seq_0239 Dof 49 - 1 TCTTT 
TF_motif_seq_0239 Dof 53 - 1 TCCTT 
TF_motif_seq_0239 Dof 54 - 1 CCTTT 
TF_motif_seq_0239 Dof 77 - 1 GCCTT 
TF_motif_seq_0239 Dof 78 - 1 CCTTT 
TF_motif_seq_0255 AP2; RAV; B3 92 + 1 CAACA 
TF_motif_seq_0263 (Motif sequence only) 42 + 1 GCCAC 
TF_motif_seq_0321 (Motif sequence only) 65 - 1 tTTTTC 
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Supplemental Table 3. Expression of TCP transcription factors in Arabidopsis leaf protoplasts 
transfected with p35S:mCherry or p35S:GmWRI1. Average CPMs of 3 biological replicates are 
shown. ND: non detected 
 
TAIR10.agi TAIR10.syn p35S:mCherry p35S:GmWRI1 
AT3G02150 PTF1, TCP13, TFPD 87.43730924 74.06909425 
AT1G53230 TCP3  19.44125937 69.01473446 
AT1G58100 NA 22.21065863 19.96242487 
AT2G45680 NA 14.2168882 18.14229547 
AT3G15030 MEE35, TCP4 10.30070673 14.24161589 
AT2G31070 TCP10  16.7535002 13.37044258 

AT3G27010 AT-TCP20, ATTCP20, PCF1, 
TCP20 3.025938711 5.852662704 

AT3G47620 AtTCP14, TCP14 5.252373434 5.550206667 
AT4G18390 TCP2  4.597632577 4.646935927 
AT1G72010 NA 2.534989871 3.660576306 
AT1G69690 NA 3.42724129 2.987713313 
AT1G30210 ATTCP24, TCP24 2.054892453 2.74637639 
AT5G60970 TCP5  1.702020796 1.091442591 
AT1G35560 NA ND ND 
AT1G67260 TCP1  ND ND 
AT1G68800 BRC2, TCP12 ND ND 
AT2G37000 NA ND ND 
AT3G18550 ATTCP18, BRC1, TCP18 ND ND 
AT3G45150 TCP16  ND ND 
AT5G08070 TCP17  ND ND 
AT5G08330 NA ND ND 
AT5G23280 NA ND ND 
AT5G41030 NA ND ND 
AT5G51910 NA ND ND 
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Introduction 

The development of the seed is a complex yet elegant system, where distinct seed 

compartments undergo unique temporal and spatial developmental programs. The development of 

the main seed compartments (seed coat, endosperm and embryo) begins with the double 

fertilization of the egg and central cells of the embryo sac with two sperm cells that generate the 

embryo and endosperm, respectively (1). The development of the seed can be divided in two 

distinct developmental phases: morphogenesis and maturation. The morphogenesis phase is 

characterized by a series of cell proliferation, expansion and differentiation events which result in 

the development of the basic embryo body. This basic body pattern is maintained throughout the 

sporophytic life cycle of the plant. After the morphogenesis phase, the seed enters the maturation 

phase of development, which is characterized by the interruption of the patterning and proliferation 

events that occur during the morphogenesis phase (2,3). The maturation phase is also characterized 

by the synthesis and massive accumulation of storage compounds, such as seed storage lipids and 

proteins, that will be important for the establishment of the seedling after germination (4–6). It is 

also during the maturation phase that the embryo acquires the ability to survive desiccation (7). At 

the end of the maturation phase, the embryo is maintained in a developmentally arrested and 

quiescent state until conditions favorable for germination are encountered. 

 The development of the seed is hallmarked by the de novo initiation of developmental 

programs, particularly the development of the embryo. Thus, an important question in seed 

developmental studies is how novel developmental programs are initiated and controlled in the 

developing embryo. In a broad sense, inter- and intra-cellular signals promote shifts in the 

transcriptional landscape by regulating the localized expression of a specific set of regulatory 

genes (i.e., transcription factors (TFs)) that determine the specific developmental programs within 
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embryonic cells. These TFs can promote changes in the gene regulatory networks (GRNs) by 

interacting with specific DNA regulatory elements to regulate the expression of specific sets of 

genes (8,9). Because all cellular processes in differentiating cells depend on the genes they express, 

the GRN essentially dictates the temporal and spatial developmental programs (9). To fully 

understand the regulatory system that controls the development of the seed and the embryo, one 

needs to be able to characterize the GRNs associated with the commitment of individual 

developmental programs that occur in the developing seed. Such characterization includes 

understanding the expression of regulatory genes and the structure and function of DNA sequences 

that respond to these regulatory inputs.  

  My dissertation is aimed to understand how specific GRNs governs distinct biological 

programs that occur during the development of the soybean embryo. More specifically, my 

dissertation revolved around understanding the GRNs mechanisms of two putative regulators of 

seed development: the LEAFY COTYLEDON1 (LEC1) and WRINKLED1 (WRI1) TFs. These 

two TFs have been historically characterized as “master” regulator of seed development, due to 

their ability to initiate specific biological programs in the developing seed (10,11). While LEC1 

has been characterized of a master regulator of seed maturation and embryo development (10), 

WRI1 was characterized as a master regulator of lipid biosynthesis program in seeds (11). Using 

functional genomic approaches, I was able to identify potential target genes of these TFs during 

the development of the soybean seed. The results presented in this dissertation confirmed that these 

TFs regulate many biological processes during the development of the soybean embryo. However, 

we also showed that often, these “master” regulators of seed development participate in a complex 

network where they associate with other TFs in the control of the expression of their target genes. 

Our work challenges the notion that these TFs act as isolated “master” regulators of seed 
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development and we provided important insights about the GRNs responsible for the onset of 

specific biological program in the developing soybean embryo.  

 

Combinatorial interactions of LEC1 regulate diverse biological programs in soybean seeds 

 Our group previously identified all LEC1 target genes during the development of the 

soybean embryo (12). It was shown that LEC1 can regulate genes involved with many distinct 

biological programs, such as embryo morphogenesis, photosynthesis and seed maturation (12). 

Given that the onset of these biological programs occurs at distinct stages of seed development, 

one important question that remained was how LEC1 temporally regulates the expression of genes 

for these diverse biological programs. Previous studies showed that LEC1 can interact with several 

other TFs, and these interactions were important to specify LEC1’s ability to regulate the 

expression of specific target genes (Reviewed in (10). We explored the possibility that LEC1 acts 

in combination with the TFs ABA-RESPONSIVE ELEMENT BINDING PROTEIN3 (AREB3), 

BASIC LEUCINE ZIPPER67 (bZIP67), and ABA INSENSITIVE3 (ABI3). We selected these 

TFs characterized because they are involved in similar biological process with LEC1, and they 

also showed the ability physically interact with LEC1 in other plant species (Reviewed in (10).  

Using a combination of chromatin immunoprecipitation followed by DNA-sequencing 

experiments and the analysis of the seed transcriptome, we were able to identify potential target 

genes for these TFs (13). When compared to the target genes identified by LEC1, we found that 

LEC1 shares many of the target genes with AREB3, bZIP67 and ABI3 (13). Interestingly, we 

found that the distinct combinations of TFs with LEC1 were enriched for distinct gene ontology 

(GO) annotation categories. We found that LEC1 alone regulates the expression of genes involved 

with embryo morphogenesis while LEC1 associated with AREB3, bZIP67 and ABI3 often 
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regulates genes involved with seed maturation and photosynthesis (13). These results point to the 

fact that distinct combinations of LEC1 with AREB3, BZIP67 and ABI3 are responsible for the 

regulation of unique biological programs in soybean seeds. These results could indicate that 

distinct LEC1 associations are responsible for the temporal onset of specific biological programs 

during the development of the soybean embryo. However, when we evaluated the temporal 

expression pattern of genes targeted by distinct LEC1 combinatorial interactions, we didn’t 

identify a clear relationship between temporal expression and distinct LEC1 combinatorial 

interactions. These results suggests that the genes that underlie specific developmental processes 

during seed development are regulated temporally, but the LEC1 associations alone can’t explain 

entirely their temporal regulation. Perhaps other TFs also play an important role to fine tune the 

temporal expression of those genes. 

Another interesting finding of our work is that LEC1, AREB3, bZIP67 and ABI3 bind to 

similar loci upstream of their target genes (13).  We tested if these high occupancy regions 

represent cis-regulatory modules (CRMs). CRMs are genomic regions at which multiple, distinct 

TFs bind productively to regulate gene transcription (9). First, we demonstrated that the distinct 

LEC1 CRM regions function as enhancers in soybean embryo cells (13).  Second, we found that 

this CRMs are often located in accessible regions in the chromatin (data not shown). These results 

suggests that these CRMs are likely to be important to determine the distinct LEC1 associations to 

regulate the expression of its target genes.  

We then investigated the mechanism behind the distinct LEC1 associations with AREB3, 

bZIP67 and ABI3 in our characterized CRMs. First, we confirmed the physical interactions 

between LEC1 and bZIP67, LEC1 and AREB3, AREB3 and bZIP67, and bZIP67 and ABI3, as 

occurs in Arabidopsis (10,13).  Second, we show that distinct LEC1 CRMs groups are enriched 
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for different sets of DNA motifs (13). Our results showed that the motif composition of CRMs can 

explain, at least partially, the distinct LEC1 associations with AREB3,bZIP67 and ABI3. 

Expression assays with embryo cells indicate that the enriched DNA motifs are functional cis 

elements that regulate transcription. Taken together, our results showed that the interactions 

between LEC1 and AREB3, bZIP67 and ABI3 in CRMs to be determined by their ability to 

physically interact with each other, as well as the DNA element composition in CRMs.  

Finally, we also evaluated if the distinct DNA motifs found in CRMs are organized in a 

similar motif grammar (position and composition of DNA elements within the CRM). Even though 

we observed that genes regulated by distinct LEC1 combinatorial interactions are clearly enriched 

by distinct sets of DNA elements, we couldn’t identify a common a motif grammar in the distinct 

group of CRMs (13). Perhaps not every DNA motif found in the CRMs can be considered as a 

functional DNA element, which makes it difficult to find a specific motif grammar in the distinct 

set of CRMs. It would be interesting to know how the motif grammar in CRMs can influence the 

steric hindrance or stability of LEC1 transcriptional complexes, and consequently, LEC1 function 

to regulate the expression of its target genes. The results presented here provided important insights 

into the mechanisms of LEC1 and other TFs to regulate the expression of distinct biological 

programs during the development of the soybean embryo. 

 

Regulation of the lipid accumulation program during the development of the soybean seed 

My dissertation identified important aspects of the regulatory mechanisms behind lipid 

accumulation in soybean seeds. We characterized the binding profile of the TF WRI1, a putative 

regulator of lipid biosynthesis in seeds (11). We show that this TF can bind to several genes that 

encode for enzymes involved with every step of the fatty acid (FA) and triacyl-glycerol (TAG) 
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metabolic pathway (Chapter 3). The WRI1 binding profile also provided important insights into 

the mechanisms by which WRI1 regulates the expression of FA biosynthesis related genes in 

soybean. We showed that the putative DNA element bound by WRI1 (AW-Box) is likely to be 

responsible for WRI1 regulation of many FA biosynthesis related genes. However, we observed 

that for some FA biosynthesis related genes, WRI1 function is not fully dependent on the AW-

Box (Chapter 3). Interestingly, we identified the presence of a CTCCGCC-Box enriched in WRI1 

binding sites that indicates that other TFs may collaborate with WRI1 in the induction of the FA 

biosynthetic network. For the next steps, it would be important to determine if this new DNA 

element is important for the function of WRI1 as well as to determine what other TFs could bind 

to this unique DNA motif. 

I also presented data that suggest WRI1 and LEC1 act in a positive feedback subcircuit in 

the control of FA biosynthesis in seeds (Chapter 3). This is consistent with the notion that LEC1 

is also an important regulator of lipid accumulation in seeds (14). We showed that WRI1 and LEC1 

bind to each other and to many FA biosynthesis related genes, many of which are shared between 

these two TFs (Jo et al., 2020, Chapter 3). However, unlike the association between LEC1 and 

AREB3, bZIP67 and ABI3 (13), our data suggest that WRI1 and LEC1 bind to distinct loci in FA 

related genes (Chapter 3). Out results also suggests that WRI1 and LEC1 co-binding can 

synergistically affect the transcriptional activation of their target genes (Chapter 3). These results 

provide new insights into the relationship between these two important regulators of lipid 

biosynthesis in seeds.  

In addition to the key enzymes required for the synthesis of FA and TAG, other cellular 

processes are crucial to ensure the proper accumulation of lipids in seeds. FA biosynthesis requires 

a constant source of carbon, energy and reducing power derived from reactions in plastids (15,16). 
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The metabolism of sucrose into hexose-phosphates to feed the FA biosynthesis pathway in seed 

plastids is crucial for the accumulation of lipids in seeds (16). Here, we showed that LEC1, 

AREB3, bZIP67 and ABI3 regulate several genes required for plastid development and the 

assembly of the light harvesting complex in plastids (12,13).  Another important aspect of lipid 

accumulation in seeds is the ability to store lipids into distinct organelles called oil bodies (17). 

OLEOSINS (OLE) are important integral membrane proteins found in the phospholipid monolayer 

that surround the oil bodies (17). We also showed data indicating that many OLE genes are 

regulated by the LEC1, AREB3, bZIP67 and ABI3 transcriptional complex.  

Taken together, we showed that the accumulation of lipid in seeds requires the coordination 

of several distinct TFs to regulate the expression of genes involved in all the distinct steps 

necessary for this complex metabolic pathway. Our results have provided important insights into 

the regulatory mechanisms of lipid accumulation in soybean seeds and can serve as a basis for the 

establishment of strategies to improve the accumulation of this important metabolite. 

 

Summary and concluding remarks 

 The results presented in my dissertation have shown that the regulation of distinct 

biological programs is mediated by complex GRNs in the developing soybean seed. I have 

described the mechanisms of LEC1 association with AREB3, bZIP67 and ABI3 in the 

coordination of specific biological programs during the development of the soybean embryo. 

Moreover, we showed that high TF occupancy regions are likely to define the position of functional 

CRMs that behave as cis-acting enhancers in the regulation of specific genes in the developing 

seed. Finally, we discovered important aspects of the mechanisms involved in the regulation of 

lipid accumulation in soybean seeds. We showed that WRI1 and LEC1 act in a feedback positive 
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circuit in the regulation of the lipid accumulation program in the developing soybean seed. 

Additionally, I provided evidence to suggest that WRI1 function requires the assistance of other 

TFs to regulate the expression of FA biosynthesis related genes. Taken together, I hope my work 

contributes to an understanding of the complexity of the regulatory networks that governs seed 

development. For future developmental studies, more than understanding how unique TFs act to 

control the expression of specific genes, it is important that one understands how TFs that comprise 

the regulatory state of the seed are interacting and modulating the diversity of biological programs 

in the developing seed. 
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