Downloaded at UCLA on January 2, 2020

Check for
updates

Combinatorial interactions of the LEC1 transcription
factor specify diverse developmental programs
during soybean seed development

Leonardo Jo?, Julie M. Pelletier®, Ssu-Wei Hsu®', Russell Baden®?2, Robert B. Goldberg®3, and John J. Harada®?

2Department of Plant Biology, University of California, Davis, CA 95616; and PDepartment of Molecular, Cell, and Developmental Biology, University of

California, Los Angeles, CA 90095

Contributed by Robert B. Goldberg, November 27, 2019 (sent for review October 24, 2019; reviewed by Jerome Verdier and Lila O. Vodkin)

The LEAFY COTYLEDON1 (LEC1) transcription factor is a central
regulator of seed development, because it controls diverse bi-
ological programs during seed development, such as embryo
morphogenesis, photosynthesis, and seed maturation. To under-
stand how LEC1 regulates different gene sets during development,
we explored the possibility that LEC1 acts in combination with
other transcription factors. We identified and compared genes
that are directly transcriptionally regulated by ABA-RESPONSIVE
ELEMENT BINDING PROTEIN3 (AREB3), BASIC LEUCINE ZIPPER67
(bzIP67), and ABA INSENSITIVE3 (ABI3) with those regulated
by LEC1. We showed that LEC1 operates with specific sets of
transcription factors to regulate different gene sets and, therefore,
distinct developmental processes. Thus, LEC1 controls diverse
processes through its combinatorial interactions with other tran-
scription factors. DNA binding sites for the transcription factors
are closely clustered in genomic regions upstream of target genes,
defining cis-regulatory modules that are enriched for DNA se-
quence motifs that resemble sequences known to be bound by
these transcription factors. Moreover, cis-regulatory modules for
genes regulated by distinct transcription factor combinations are
enriched for different sets of DNA motifs. Expression assays with
embryo cells indicate that the enriched DNA motifs are functional
cis elements that regulate transcription. Together, the results sug-
gest that combinatorial interactions between LEC1 and other tran-
scription factors are mediated by cis-regulatory modules containing
clustered cis elements and by physical interactions that are docu-
mented to occur between the transcription factors.

cis-regulatory module | maturation | photosynthesis

he ability of plants to make seeds has conferred strong se-
lective advantages to the angiosperms that, in part, explain
their dominance within the plant kingdom (1). The seed habit
requires that a novel, biphasic mode of development occurs at
the earliest stage of the sporophytic life cycle. During the early,
morphogenesis phase, the embryo and endosperm initially un-
dergo regional specification into functional domains. The em-
bryo develops further with the establishment of the shoot-root
axis and differentiation of embryonic tissue and organ systems
(2). Photosynthesis is initiated later during the morphogenesis
phase, often in both the embryo and endosperm (3). During the
maturation phase which follows morphogenesis, morphogenetic
processes in the embryo are arrested; storage macromolecules,
particularly proteins and lipids, accumulate and are stored; the
embryo becomes desiccation tolerant; and seed germination is
actively inhibited. The maturation phase is unique to seed plants,
suggesting that this phase has been inserted into a continuous
period of embryonic followed by postembryonic morphogenesis,
characteristic of nonseed plants (4, 5). Relatively little is known
of the gene regulatory networks that have enabled the matura-
tion phase to be integrated into the angiosperm life cycle.
LECI is a central regulator of seed development that controls
distinct developmental processes at different stages of seed de-
velopment (reviewed in ref. 6). Analyses of loss- and gain-of-function
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mutants showed that LEC1 is a major regulator of the maturation
phase that is required for storage macromolecule accumulation,
the acquisition of desiccation tolerance, and germination in-
hibition during seed development (7, 8). However, LEC1 also
appears to function during the morphogenesis phase. LECI
mRNA is detected in the zygote within 24 h after fertilization,
loss-of-function mutations indicate that LEC1 is required to
maintain embryonic suspensor and cotyledon identities, and LEC1
is also involved in regulating genes that underlie photosynthesis
and chloroplast biogenesis (9, 10). It is not known how LECI is
able to regulate the diverse developmental processes that occur
during both the morphogenesis and maturation phases.

LECI is an atypical transcription factor (TF) subunit: a NF-
YB subunit whose canonical role is to interact with NF-YC and
NF-YA subunits to form a NF-Y TF that binds CCAAT DNA
sequences (9, 11, 12). The LEC1-type NF-YB subunit is found
only in plants, and it confers seed-specific functions (13). LEC1
also interacts physically with other TFs to regulate a variety of
developmental processes (reviewed in ref. 6).
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LEC1 is a central, transcriptional regulator of seed develop-
ment, because it regulates diverse developmental processes at
different stages, including embryo morphogenesis, photosyn-
thesis, hormone biosynthesis and signaling, and the massive
accumulation of seed storage macromolecules. We show that
LEC1 acts in combination with the seed transcription factors
(TFs), AREB3, bZIP67, and ABI3, and that different TF combi-
nations regulate distinct gene sets. We show further that TF
binding sites are closely clustered in the genome and contain
enriched DNA sequence motifs that are bound by TFs and that
distinct DNA motif sets recruit different TF combinations to
binding site clusters. Our findings provide insights into the
gene regulatory networks that govern seed development.
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We showed previously that LEC1 sequentially transcriptionally
regulates distinct gene sets at different stages of seed development
in Arabidopsis and soybean (10). As summarized in Fig. 14, LEC1
regulates genes involved in growth and morphogenesis, photo-
synthesis, and maturation during the morphogenesis, transition
from morphogenesis to maturation, and maturation phases, re-
spectively. We showed further that LEC1 genomic binding sites
are enriched for different DNA sequence motifs, the CCAAT, G
box, RY, and BPC1 motifs. Different LEC1 target gene sets were
enriched for distinct combinations of these DNA motifs, opening
the possibility that LEC1 interacts with other TFs to regulate
different gene sets.

In Arabidopsis, substantial information is available about the
involvement of LEC1 and other TFs, including LEC1-LIKE, LEC2,
ABA INSENSITIVE3 (ABI3), FUSCA3 (FUS3), WRINKLED1,
MYBI115/118, ABI4, ABIS, AGAMOUS-LIKEIS, and a number of
BASIC LEUCINE ZIPPER (bZIP) TFs, in regulating the
maturation phase, and genetic studies generally place LEC1 atop
the regulatory hierarchy (reviewed in refs. 14-17). The LEC1-NF-YC
dimer interacts physically with the bZIP67 TF and binds with a
G box-like but not a CCAAT DNA motif to activate maturation
genes, such as the CRUCIFERIN C, FATTY ACID DESATURASE3
(FAD3), and DELAY OF GERMINATIONI (DOGI) (18-20).
LEC1 also operates synergistically with LEC2 and ABI3, 2 B3
domain TFs that bind RY-like motifs, to promote maturation
gene expression (21-24). LEC2 interacts physically with LEC1
through its B2 domain, but no direct physical interactions between
LEC1 and ABI3 have been reported (22).

Here, we show that LEC1 regulates distinct developmental pro-
cesses at different stages by acting combinatorially with other TFs,
specifically bZIP67, ABA-RESPONSIVE ELEMENT BINDING
PROTEIN3 (AREB3), a TF closely related to bZIP67, and ABI3.
We showed that 1) LEC1 alone and LEC1 in combination with
AREB3 primarily regulate genes involved in morphogenesis; 2)
LEC1 and AREB3, LECI, AREB3, and bZIP67, and LECI,
AREB3, bZIP67, and ABI3 regulate genes involved in photo-
synthesis; and 3) all 4 TFs regulate maturation genes. We also
show that the binding sites for these TFs are closely clustered in
the genome, and they are enriched for DNA motifs that corre-
spond to annotated cis elements known to be bound by the 4 TFs.
These results suggest that LEC1 functions combinatorially with
AREB3, bZIP67, and ABI3 to regulate distinct gene sets and
diverse developmental processes.

Results

Identification of AREB3, bZIP67, and ABI3 Target Genes in Developing
Soybean Embryos. We hypothesized that LEC1 may act in com-
bination with other TFs to regulate distinct gene sets at different
stages of development, in part, because LEC1 has been shown to
interact with a number of other TFs (reviewed in ref. 6). Based
on their functions in Arabidopsis, we focused on 3 TFs: 1)
bZIP67, a TF that interacts physically with the LEC1-NF-YC
dimer to regulate maturation genes (19, 20); 2) AREB3, a TF
closely related to and partially redundant functionally with bZIP67
that is expressed earlier in seed development than bZIP67 (25); and
3) the B3 domain TF, ABI3, a maturation regulator that interacts
with bZIP TFs and, by extension, potentially with LEC1 (26-28).
We identified target genes directly regulated by AREB3,
bZIP67, and ABI3 in soybean embryos at the early maturation
(EM) stage (23 d after pollination) that corresponds to the
transition from morphogenesis to maturation phases to com-
pare the TFs’ functions with LEC1. We used the chromatin
immunoprecipitation-DNA sequencing (ChIP-Seq) strategy de-
scribed by Pelletier et al. (10) to identify genes bound by AREB3-
1 (Glyma.04G124200), AREB3-2 (Glyma.06G314400), bZIP67
(Glyma.13G317000), ABI3-1 (Glyma.08G357600), and ABI3-2
(Glyma.18G176100) (29, 30). The AREB3-1 and AREB3-2
homeologs and ABI3-1 and ABI3-2 homeologs are recognized by
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Fig. 1. Identification of LEC1, AREB3, bZIP67, and ABI3 target genes in
soybean early maturation embryos. (A) Overview of LEC1’s role in controlling
distinct gene sets and developmental processes at different stages of seed
development. (B) Target genes directly regulated by LEC1, AREB3, bZIP67,
and ABI3 in soybean embryos at the EM stage. Venn diagrams show the
overlap between bound genes (colored) and coexpressed genes (gray) for
LEC1, AREB3, bZIP67, and ABI3. Statistical significance of the overlap be-
tween bound genes and coexpressed genes is indicated (hypergeometric
distribution). (C) Heatmap showing the g value significance of GO terms for
LEC1, AREB3, bZIP67, and ABI3 target genes. The GO terms listed are the top
5 enriched biological process GO terms for each TF. A comprehensive list of
overrepresented GO terms is given in Dataset S1.

the AREB3 and ABI3 antibodies, respectively. Binding sites for
these TFs were located primarily at the transcription start site, as we
found previously for LEC1, and each TF bound the 1-kb upstream
region of between 21,120 and 5,234 genes (SI Appendix, Fig. S1 and
Dataset S1). Experiments with antibodies against 2 different
peptides each from AREB3, bZIP67, and ABI3 confirmed the
specificity of the ChIP experiments, and data analysis followed
ENCODE guidelines (Dataset S2) (31-33). Our data analysis
methods differed slightly from that reported previously; therefore,
we also present results for the LEC1-1 (Glyma.07G268100) and
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LEC1-2 (Glyma.17G005600) homeologs using previously reported
primary data (10, 34).

Because only a fraction of the genes bound by a TF are tran-
scriptionally regulated by that TF (35), we defined target genes
regulated by these TFs as those that are both bound and coex-
pressed with the TF. All 4 of the TFs are expressed predominantly
in embryos (SI Appendix, Fig. S2), and we used the Harada-
Goldberg Soybean Seed Development Laser Capture Microdis-
section RNA-Seq Dataset (GEO accessions, GSES7606, GSE46096,
and GSE99109) (36-38) to identify coexpressed genes as those
whose mRNA levels accumulated at a 5-fold or higher level in em-
bryo subregions compared with seed coat subregions (q < 0.01). As
summarized in Fig. 1B, we identified 1,687, 1,305, 959, and 728 target
genes, respectively, for LEC1, AREB3, bZIP67, and ABI3 and
showed that the overrepresentation of bound and coexpressed
genes was statistically significant (P < 2.3 x 107", P <22 x 1074,
P<43x107, and P < 2.2 x 10792, respectively, Dataset S1).
These TF target gene numbers are within the range reported for
other plant TFs (39).

Gene Ontology (GO) representation analysis indicated that
there was extensive overlap in the biological functions of the 4 TFs
(Fig. 1C and Dataset S1), particularly processes related to mor-
phogenesis, photosynthesis, GA biosynthesis and signaling, lipid
storage, and seed dormancy. The results indicate that AREB3,
bZIP67, and ABI3 TFs regulate developmental processes that are
closely related to those controlled by LECI1.

LEC1 Operates in Combination with AREB3, bZIP67, and ABI3 to
Regulate the Expression of Genes Involved in Distinct Developmental
Processes in Soybean Embryos.

Deciphering combinatorial interactions among the 4 transcription factors.
Because LEC1, AREB3, bZIP67, and ABI3 regulate genes in-
volved in similar biological processes, we asked if they acted in
coordination to regulate seed gene transcription by comparing
their target genes. Fig. 24 shows that there was significant overlap
in the target genes regulated by the 4 TFs. Of 1,687 LEC1 target
genes, 1,243 (74%) were also targeted by at least 1 of the other
TFs (Dataset S3). The vast majority of target genes were grouped
into 4 categories: 1) those regulated by LEC1 alone (L genes); 2)
LEC1 and AREB3 (LA genes); 3) LEC1, AREB3, and bZIP67
(LAZ genes); and 4) all 4 TFs (LAZA genes), with the largest
number of target genes falling into the latter category. Thus, LEC1
appears to regulate gene transcription primarily in combination
with AREB3, bZIP67, and ABI3.

Combinatorial control of developmental processes. We obtained insight
into the biological processes regulated by different combinations
of TFs by performing GO representation analysis on the differ-
ent target gene sets. We were surprised to find that target genes
regulated by different TF combinations were highly enriched for
distinct GO term sets (Fig. 2C and Dataset S3). Specifically, 1) L
and LA genes were most significantly overrepresented for GO
terms related to morphogenesis, such as leaf morphogenesis, sto-
matal complex morphogenesis, polarity specification of adaxial/
abaxial axis, and specification of organ position; 2) LA, LAZ, and
LAZA genes were highly enriched for GO terms related to pho-
tosynthesis; 3) LAZ and LAZA genes were enriched for gibberellic
acid (GA) biosynthesis and signaling; and 4) LAZA genes were
overrepresented for GO terms related to maturation.

We asked if the accumulation of AREB3, bZIP67, and ABI3
mRNAs could explain LEC1’s ability to control the onset of the
developmental processes temporally. Fig. 2B shows that LECI,
AREB3, and ABI3 mRNAs accumulate early in embryo devel-
opment, whereas bZIP67 mRNA accumulates primarily at the
midmaturation (MM, 40 to 45 d after pollination) stage. These
results suggest that the TFs” mRNA accumulation patterns alone
do not explain the temporal regulation of biological processes.

During embryo development, morphogenetic events are largely
initiated before the onset of photosynthesis which, in turn, is
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followed by the maturation phase. To determine if the different
TF combinations underlie the temporal regulation of these bi-
ological processes, we used clustering analysis to identify L, LA,
LAZ, and LAZA mRNAs that accumulate at different stages of
seed development. As shown in Fig. 2D, each target gene set
exhibited 4 different expression patterns, with clusters I, II, III,
and IV containing mRNAs that accumulated primarily at the 1)
cotyledon (COT, 15 d after pollination) stage; 2) COT and EM
stages; 3) EM stage; and 4) MM stage, respectively. L and LA
genes were fairly evenly distributed among the 4 different clusters,
whereas LAZ and LAZA genes were enriched in cluster III and
cluster IV, respectively. We found that genes involved in mor-
phogenesis, photosynthesis, and maturation were enriched in
particular clusters: 1) L and LA genes involved in morphogenesis;
2)L, LA, LAZ, and LAZA genes involved in photosynthesis; and
3) LAZA genes involved in maturation were enriched in cluster I,
cluster III, and cluster IV, respectively. These results emphasize
that the genes that underlie specific developmental processes
during seed development are precisely regulated temporally, re-
gardless of which TF sets are involved in their regulation.

We determined which TF combinations regulate gene sets

previously defined to be involved in either maturation or pho-
tosynthesis to validate the GO term enrichment analysis (10). Vir-
tually all of the maturation genes bound by 1 of the TFs were bound
by all 4 TFs, and orthologs of most of these genes were down-
regulated in Arabidopsis lecl and/or abi3 mutants (SI Appendix,
Fig. S3). Genes involved in the light reactions of photosynthesis
were bound by between 1 and 4 of the TFs, and many were affected
by the Arabidopsis lec] mutation (SI Appendix, Fig. S4). These re-
sults emphasize the importance of LEC1 and/or ABI3 in controlling
maturation and photosynthesis genes. Additionally, L and L.A genes
involved in morphogenesis included known regulators of morpho-
genetic processes, PHABULOSA, ASYMMETRIC LEAVESI,
ARABIDOPSIS THALIANA HOMEOBOX PROTEINI3, and
TCPI. Among the genes related to GA biosynthesis and signaling,
many of the LAZ genes encode proteins that promote GA syn-
thesis, such as GA REQUIRING1 (GAl), GA3, GA4, and GA20
OXIDASE (GA200X), and GA signaling, such as SLEEPY?2 and
GIBBERELLIN-INSENSITIVE DWARF]I. By contrast, proteins
encoded by the LAZA genes, REPRESSOR OF GAI-3-LIKE2,
PHYTOCHROME INTERACTING FACTOR3 (PIF3), and
PIF3-LIKES, negatively affect GA signaling, although others
promote GA synthesis, such as GA200X. Thus, LEC1 may act in
both positive and negative feedback loops to control GA re-
sponses during embryo development.
Physical interactions between the 4 transcription factors. Combinatorial
interactions among the TFs could indicate that they interact
physically. In Arabidopsis, several of the 4 TFs have been shown
to form complexes (18-20, 26-28, 40, 41). We obtained evidence
indicating physical interactions between the soybean orthologs of
LECI and bZIP67, LEC1 and AREB3, AREB3 and bZIP67, and
bZIP67 and ABI3, as occurs in Arabidopsis (SI Appendix, Fig.
S5). These results may indicate that the LA, LAZ, and LAZA
genes are regulated by TF complexes.

LEC1, AREB3, bZIP67, and ABI3 Binding Sites Are Clustered and Contain
Distinct Sets of DNA Sequence Motifs.

Identification of cis-requlatory module. We determined the organization
of LEC1, AREB3, bZIP67, and ABI3 binding sites in the upstream
regions of target genes to obtain insight into the mechanisms by
which LEC1 works in combination with the other TFs to regulate
different gene sets. We plotted the distance between the summit of
the LEC1 ChIP-Seq peak, which approximates the TF binding site,
and the ChIP-Seq peak summits of AREB3, bZIP67, and ABI3
(42). As shown in Fig. 34, the TF binding sites in LA, LAZ, and
LAZA target genes were in very close proximity to each other.
Measurements showed that the median distance between peak
summits for the different TFs was between 25 and 53 bp, indicating
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Fig. 2. Overlap between LEC1, AREB3, bZIP67, and ABI3 target genes in-
dicate combinatorial interactions among transcription factors. (4) Venn di-
agram showing the overlap between LEC1, AREB3, bZIP67, and ABI3 target
genes. Four major groups were identified: genes targeted by LEC1 (L genes,
red); genes targeted by LEC1 and AREB3 (LA genes, green); genes targeted
by LEC1, AREB3, and bZIP67 (LAZ genes, blue); and genes targeted by LEC1,
AREB3, bZIP67, and ABI3 (LAZA genes, orange). Gene lists are given in
Dataset S3. (B) LECT, AREB3, bZIP67, and ABI3 mRNA accumulation in soy-
bean embryos at the COT, EM, and MM stages. mRNA levels were obtained
from the Harada Embryo mRNA-Seq Dataset (GEO accession no. GSE99571,
ref. 79). (C) Heatmap shows the q value significance of GO terms for L, LA,
LAZ, and LAZA gene sets. GO terms listed are the top 5 most enriched bi-
ological process GO terms for each gene set. A comprehensive list of over-
represented GO terms is given in Dataset S1. (D) Hierarchical clustering of L,
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that the binding sites are clustered. We hypothesized that the
binding site clusters represent cis-regulatory modules (CRMs) or
high occupancy target regions, genomic regions at which multi-
ple, distinct TFs bind productively to regulate gene transcrip-
tion (43-45). Therefore, we designated these binding site
clusters as CRMs and used published criteria (46) to opera-
tionally define CRMs as genomic regions whose boundaries are
extended by 100 bp on each side of the terminal ChIP peak
summits within a cluster, although we also apply this term to L
genes with single binding sites (Fig. 3B). Median CRM sizes for
L,LA, LAZ, and LAZA genes were 201, 227, 235, and 240 bp,
respectively.

Enriched DNA motifs in cis-requlatory modules. To investigate how
different TF combinations are recruited to target genes, we
identified overrepresented DNA sequence motifs within the
CRMs that may serve as TF binding sites. We used de novo
DNA motif discovery algorithms to identify the enriched DNA
sequence motifs in L, LA, LAZ, and LAZA CRMs that are
shown as position weight matrices in Fig. 3C and Dataset S4. L
CRMs contained overrepresented CCAAT-like motifs, con-
sistent with the observation that LECI is an atypical subunit of
the NF-Y complex that binds CCAAT DNA sequences (11, 12).
LA and LAZ CRMs were enriched for G box-like motifs, such
as G box- and ABRE-like elements, although the specific po-
sition weight matrices identified in L4 and LAZ CRMs differed.
bZIP TFs, such as bZIP67 and AREB3, bind G-box motifs (47,
48). LAZA CRMs contained overrepresented G box-like motifs
that were similar to those found in LAZ CRMs, and RY-like
motifs. RY motifs are bound by B3 domain transcription fac-
tors, such as ABI3 (49). CCAAT-like motifs were not enriched in
LA, LAZ, and LAZA CRMs even though LEC1 was bound at these
CRMs. CRMs for the L, LA, and LAZA target gene sets were also
enriched for BPC1 motifs that are bound by BASIC PENTA-
CYSTEIN TFs that act as transcriptional activators and re-
pressors (50, 51).

To validate the DNA motif discovery analyses, we conducted
find individual motif occurrences-receiver operating characteristics-
area under the curve (FIMO ROC-AUC) and Homer hyper-
geometric analyses. The former analysis measures the extent to
which DNA motifs in CRMs exhibit similarities to the de novo
discovered position weight matrices, whereas the latter mea-
sures the percent of CRMs that contain DNA motifs that are
exact matches with annotated cis elements most closely related
to the discovered position weight matrices. Both analyses
provided independent evidence in support of the DNA motif
discovery results (Fig. 3D and SI Appendix, Figs. S6 and S7).
Together, these findings indicate that the binding sites of dif-
ferent TFs are clustered in the upstream regions of target
genes, and they suggest that DNA sequence motifs may rep-
resent functional cis elements that recruit TFs to CRMs. The
number and distribution of DNA motifs in CRMs varied
greatly, even among those bound by the same set of TFs, in-
dicating that there is no easily discernible arrangement of
DNA motifs for L, LA, LAZ, and LAZA genes (SI Appendix,
Fig. S8).

Binding Site Clusters Are Functional cis-Regulatory Modules.

Analysis of cis-regulatory module function. To test the hypothesis that
the clustered TF binding sites represent functional CRMs, we
determined whether 20 CRMs were sufficient to activate tran-
scription. Functional cis elements are generally within 50 bp of
ChIP peak summits and, therefore, they should be contained

LA, LAZ, and LAZA gene sets. Heatmaps show relative embryo mRNA levels
at the COT, EM, and MM stages. The major enriched developmental pro-
cesses associated with each cluster are indicated. Gene lists and GO term
enrichments for each cluster are given in Dataset S3.
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Fig. 3. Clustered binding sites for LEC1, AREB3, bZIP67, and ABI3 define cis-
regulatory modules. (A) Distance between the positions of the ChIP peak
summits of AREB3 (green), bZIP67 (blue), and ABI3 (yellow) and the LEC1
ChIP peak summit (dotted red line) for LA, LAZ, and LAZA genes. (B) Di-
agrammatic representation of the strategy used to define CRMs. (B, Upper)
Genome browser representation of ChIP-Seq reads for LEC1 (red), AREB3
(green), bZIP67 (blue), and ABI3 (yellow) in the upstream genomic regions of
L (Glyma.13G031500), LA (Glyma.08G106400), LAZ (Glyma.01G057700), and
LAZA (Glyma.01G186200) genes. (B, Lower) CRMs are defined as the geno-
mic region whose boundaries extend 100 bp beyond the terminal ChIP peak
summits of a cluster. LA, LAZ, and LAZA CRMs were computed by merging
the binding sites of 1) LEC1 and AREB3; 2) LEC1, AREB3, and bZIP67; and 3)
LEC1, AREB3, bZIP67, and ABI3, respectively. L CRMs were defined as LEC1
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within the CRMs (46). Each CRM was inserted upstream of a 355
minimal promoter fused with the FIREFLY LUCIFERASE
gene in a plasmid that also contained a 35S:RENILLA
LUCIFERASE gene, as diagrammed in Fig. 44. The CRM ac-
tivity of the constructs was assessed using transient assays with
cotyledon protoplasts from EM-stage embryos. Protoplasts
have been used extensively to investigate developmental gene
expression (reviewed in ref. 52), consistent with our control
experiments showing that seed-specific promoters were ac-
tive in embryo cotyledon but not in leaf protoplasts (SI Ap-
pendix, Fig. S9). Transfection of the CRM constructs into
embryo cotyledon protoplasts demonstrated that 16 of 20
CRMs were sufficient to induce reporter gene activity at a
significantly higher level than the negative control lacking a
CRM insert (Fig. 4B). Results of these gain-of-function ex-
periments suggest that L, LA, LAZ, and LAZA CRMs are
functional CRMs containing cis elements that are sufficient
to activate the transcription of LEC1 target genes during
seed development.

Defining cis elements. Because most of the tested CRMs activated
transcription, we next asked if the overrepresented DNA sequence
motifs are functional cis elements. We focused initially on 2 LAZA
genes encoding the o’ subunit of the storage protein f-conglycinin
(CG-1, Glyma.10G246300), and the lipid body protein oleosinl
(OLEl, Glyma.20G196600). A 5'-deletion series of the upstream re-
gion of each gene that was fused with the GREEN FLUORESCENCE
PROTEIN (GFP) reporter gene in a plasmid that also contained
358S:mCHERRY was generated (Fig. 44). The CG-1 CRM con-
tained 4 G box-like and 5 RY-like motifs. As shown in Fig. 4C,
deletion of the 2 5’-most G box-like and 1 RY-like motif caused
a significant reduction in promoter activity relative to wild type,
whereas deletion of all but 2 RY-like motifs eliminated detectable
promoter activity. For the OLEI CRM which contains 8 G box-
like and 7 RY-like motifs, deletion of all G box-like and RY-like
motifs upstream of the CRM caused only a modest reduction in
promoter activity, but deletion of 6 G box-like and all 7 RY-
like motifs within the CRM essentially eliminated detectable
promoter activity. These results indicate that the enriched
DNA motifs are required to activate transcription of the
LAZA genes.

To test more stringently the hypothesis that the enriched DNA
motifs are involved in controlling LAZA gene transcription, we
specifically mutagenized the G box-like and RY-like motifs in
the CG-1 and OLE1 CRMs and assessed their ability to activate
transcription in embryo protoplasts using the dual luciferase
assay. Both of these CRMs were sufficient to activate the mini-
mal promoter in transient assays in embryo cotyledon protoplasts
(Fig. 44). Fig. 4D shows that mutating all of the G box-like or
RY-like motifs in the CGI CRM caused a reduction in promoter
activity relative to wild type, with the RY-like motif mutations
more severely compromising promoter activity. Mutating the
OLE] CRM motifs also caused a reduction in promoter activity,
although mutations of the G box-like motifs more strongly di-
minished promoter activity than did mutations in RY-like motifs.

binding sites of L genes. CRM genomic coordinates are listed in Dataset S4.
(C) Position weight matrices of DNA sequence motifs discovered de novo in
L, LA, LAZ, and LAZA CRMs and their relative enrichment as indicated by
their associated E values. De novo discovered motifs and DNA motifs in the
Arabidopsis DAP-Seq (67) or Human HOCOMOCOv11 (80) databases most
closely related to the discovered motifs are listed in Dataset S4. (D) DNA
motif enrichment in CRM regions. Heatmaps depict the statistical signifi-
cance of the enrichment of annotated DNA motifs most closely related to
de novo discovered motifs in L, LA, LAZ, and LAZA CRM regions, relative to
the normal distribution of a population of randomly generated regions.
Bonferroni-adjusted P values are listed, with a significance threshold of 0.01,
with ns denoting no significant difference. Frequencies at which DNA motifs
were identified in CRMs are shown in S/ Appendix, Fig. S7.
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Fig. 4. Functional analysis of cis-regulatory modules and cis elements in soybean embryo cotyledon cells. (A, Top) Schematic diagram of the dual-

luciferase vector used for the CRM assays which contains a 35S minimal promoter fused with a FIREFLY LUCIFERASE gene and a 35S:RENILLA LUCIFERASE
gene. CRMs were inserted immediately upstream of the 35S minimal promoter. (A, Bottom) The vector containing promoterless GFP and 35S:mCHERRY
genes were used for the 5'-deletion assays. The 5'-upstream regions were fused with the GFP gene. (B) CRMs effect on minimal promoter activity in
soybean embryo cotyledon protoplasts at the EM stage as measured by the ratio of firefly to Renilla luciferase activities. Average value of 3 assays with
SEs are plotted. Asterisks denote statistically significant differences relative to the negative control (Neg. Cont., no CRM insert), whereas ns indicates no
significant difference (P < 0.05, paired, one-tailed t tests). (C) The 5’-deletion analyses of CG7 and OLET gene upstream regions. Diagrams of CG7 and
OLE1 5’ upstream regions that were fused with the GFP gene and used for embryo cotyledon cell transient assays. Teal, yellow, and magenta symbols
indicate the positions of G box-like, RY-like, and CCAAT-like DNA motifs, respectively, with a FIMO score greater than 2.4. Positions relative to the
transcription start site are indicated. Box plots show the ratios of GFP to mCherry activities for at least 150 transfected protoplasts. (D) Regulatory ac-
tivities of CG7 and OLET CRMs containing mutations in all detectable G box-like (mGB) or RY-like (mRY) DNA motifs in embryo cotyledon transient assays.
(D, Upper) Diagrams of CG7 and OLE7 CRMs with motif positions indicated. (D, Lower) The ratios of firefly to Renilla luciferase activities with SEs are
shown (n = 3). Asterisks indicate significant activity ratio differences for mutant relative to wild-type (WT) CRMs (P < 0.05, one-tailed t tests). (E) Reg-
ulatory activities of LAZA (SOM1 and PSBP-1), LAZ (GA30XT), LA (EPFL6 and GIF1), and L (BIB) CRMs with mutations in G box-like (mGB), RY-like (mRY), or

CCAAT-like (mCCAAT) DNA motifs in embryo cotyledon cell transient assays. Data are presented as in D.

The results indicate that G box-like and RY-like motifs within
the CRMs play key roles in controlling LAZA gene transcription.

We also determined if overrepresented motifs in the CRMs of
2 additional LAZA genes, 1 LAZ gene, 2 LA genes, and 1 L gene
were involved in controlling promoter activity. As shown in Fig.
4F, mutations in RY-like motifs caused a reduction in pro-
moter activity relative to wild type of 1 LAZA gene, SOMNUSI
(SOM1, Glyma.12G205700), but RY-like motif mutations did
not significantly alter the promoter activity mediated by the
PHOTOSYSTEM II SUBUNIT P-1 (PSBP1, Glyma.02G282500)
CRM. Rather, mutation of the G box-like motifs in the PSBPI
CRM caused promoter activity reduction. Promoter activity was
reduced relative to wild type in constructs with mutations of G
box-like motifs in the CRMs of the LAZ gene, GA3 OXIDASE 1
(GA30X1, Ghma.04G071000) and the LA genes, EPIDERMAL
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PATTERNING FACTOR-LIKE 6 (EPFL6, Glyma.14G203100) and
GRFI-INTERACTING FACTOR 1 (GIF1, Glyma.10G164100),
and of the CCAAT motif in the L gene, BALDIBIS (BIBI,
Glyma.12G070300). Although the motif mutations resulted in a
significant decrease in promoter activity relative to wild type, in
most cases they did not reduce activity to the level of constructs
lacking a CRM, suggesting that other cis elements are present
in the CRMs. Together, our results suggest that CRMs contain
enriched DNA sequence motifs that act as functional cis elements
that are bound by specific TF combinations.

Discussion

LEC1 Regulates Distinct Gene Sets at Different Developmental Stages
by Interacting with Specific Combinations of Transcription Factors.
The rationale for this study is to determine how LEC1, a central

Jo et al.
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regulator of seed development, is able to regulate diverse de-
velopmental processes at different stages of seed development.
We have shown that LECI1 interacts with different combinations
of the TFs AREB3, bZIP67, and ABI3 to regulate distinct gene
sets, and it is likely that other TFs also interact with these TFs
during seed development (21). Gene expression is often dictated
by combinatorial interactions among functionally active and dis-
tinct TFs in plant and animal cells (reviewed in refs. 53-55). For
example, DNA binding experiments with 27 different Arabidopsis
TFs showed that 63% of the target genes are bound by more than
1 TF, with 8% being bound by 8 or more TFs (39). LECI is a NF-
Y TF subunit, and a comprehensive study of 154 TFs in human
cells showed that 48 operate combinatorially with NF-Y. Thus,
NF-Y TFs and their subunits may be particularly likely to co-
ordinate their activities with other TFs.

A key finding, summarized in Fig. 5, is that LEC1 interacts
with AREB3, bZIP67, and ABI3 in different combinations to
regulate distinct developmental processes: 1) L and LA genes; 2)
LA, LAZ, and LAZA genes; 3) LAZ and LAZA genes; and 4)
LAZA genes are primarily involved in morphogenesis, photo-
synthesis, GA synthesis and signaling, and maturation, respectively.
Our finding that LEC1, bZIP67, and ABI3 are involved in regu-
lating maturation genes is consistent with other reports showing
that LEC1 acts synergistically with bZIP67 to promote the ex-
pression of CRUCIFERIN C, FAD3, and DOG]1 and that LEC1
and ABI3 operate synergistically to regulate the OLE] gene in
Arabidopsis (18-21).

Our studies establish that LEC1, AREB3, bZIP67, and ABI3
act combinatorially to globally regulate genes involved in matura-
tion and other developmental processes (Fig. 2). Moreover, our
studies also provide primary evidence that photosynthetic gene sets
are regulated by LEC1 in combination with AREB3 and/or
bZIP67 during seed development, as we suggested previously (10).
These results indicate that transitions in biological processes
during seed development are mediated by qualitative changes in
the TF combinations in a cell, as shown for other developmental
systems (reviewed in ref. 54).

Combinatorial interactions among LEC1, AREB3, bZIP67,
and ABI3 are likely to result, in part, from their ability to interact
physically and form a complex. In Arabidopsis, the LEC1-NF-YC2

dimer binds with bZIP67 (18-20). Because bZIP67 and AREB3 are
closely related and they heterodimerize, the soybean homologs of
both TFs are also likely to bind the LEC1-NF-YC dimer and form
complexes (SI Appendix, Fig. S5; refs. 40 and 41). Although LEC1
and ABI3 operate synergistically to regulate maturation genes, no
direct physical interaction between the TFs has been reported.
Because Arabidopsis ABI3 binds bZIP TFs, AREB3 and/or bZIP67
are likely to serve as a bridge linking LEC1 and ABI3 in a complex
(26-28). Given our findings indicating that soybean and Arabi-
dopsis homologs of LEC1, AREB3, bZIP67, and ABI3 interact
similarly (SI Appendix, Fig. S5), these results suggest that the TFs
form complexes that regulate distinct gene sets during seed
development.

Clustering of L, LA, LAZ, and LAZA mRNAs showed that
genes involved in morphogenesis, photosynthesis, and matura-
tion are expressed predominately at the COT, EM, and MM
stages, respectively, regardless of which TF combination is involved
in their regulation (Fig. 2D). This finding suggests strongly that
combinatorial interactions among LEC1, AREB3, bZIP67, and
ABI3 permit distinct developmental processes to be rigidly regu-
lated temporally during seed development. Others have shown
that a given combination of transcription factors can generate
multiple and distinct spatial and temporal expression patterns
(46, 56, 57).

The major temporal shift during seed development is the
transition from the morphogenesis to maturation phase, and
ABI3 and bZIP67 appears to be the key TFs associated with
this transition. Among the 4 TFs, ABI3 is uniquely associated
with the activation of maturation genes, and others have
established the importance of ABI3 in controlling maturation
in Arabidopsis (reviewed in refs. 14-17). Based on the bZIP67
mRNA accumulation pattern (Fig. 2B), bZIP67 may trigger
the onset of the maturation phase although it is difficult
to predict bZIP TF activity, because it is regulated posttranslationally
(41). Thus, developmental function reflects qualitative changes in
the combination of TFs that are present in a cell.

LEC1’s combinatorial interactions with AREB3, bZIP67, and
ABI3 suggest that it may act as a pioneer TF. Pioneer TFs are
able to bind DNA binding sequences associated with nucleosomes
or compacted chromatin and increase chromatin accessibility,
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Fig. 5. Model for LEC1 combinatorial interactions with AREB3, bZIP67, and ABI3 in the control of soybean seed development. Combinatorial interactions of
LEC1 with AREB3, bZIP67, and ABI3 TFs account for LEC1's ability to regulate different gene sets and diverse developmental processes during seed devel-
opment. LEC1 interacts with NF-YC and NF-YA subunits to form a NF-Y TF that binds CCAAT motifs of genes involved in morphogenesis and photosynthesis.
We propose that a LEC1-NF-YC dimer binds AREB3 or an AREB3-bZIP67 heterodimer to form complexes that bind G box-like motifs of genes involved in 1)
morphogenesis and photosynthesis and 2) photosynthesis and GA signaling, respectively. We further propose that an AREB3-bZIP67 heterodimer binds both
the LEC1-NF-YC dimer and ABI3 to form a complex that binds G box-like and RY-like motifs in genes involved with photosynthesis, GA signaling, and seed

maturation.
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thereby promoting the recruitment of other TFs to the target sites
(58, 59). LEC1 was recently characterized as a pioneer TF that
reprograms the negative regulator of flowering, FLC, from a si-
lenced to an active state during embryogenesis (60), and NF-Ys act
as pioneer TFs in human cells (61, 62). Because LEC1 in combi-
nation with AREB3, bZIP67, and ABI3 does not appear to act as a
NF-Y TF and bind CCAAT, it will be important to determine if
LEC1 in association with other TFs has pioneer TF activity.

LEC1, AREB3, bZIP67, and ABI3 Bind Functional cis Elements to Control
Specific Developmental Programs during Seed Development. The
striking arrangement of TF binding sites in the upstream regions
of LEC1, AREB3, bZIP67, and ABI3 target genes explains, in
part, the combinatorial interactions that occur between LEC1
and the other TFs (Fig. 3). We defined CRMs based on the close
proximity of the binding sites of between 2 and 4 TFs, although
we also used the term to describe genes bound only by LECI1.

A defining characteristic of CRMs is that they contain cis el-
ements, short DNA sequences that, when recognized and bound
by a TF, lead to transcriptional changes of the associated gene
(43-45). Although not comprehensive, our results provide strong
evidence that the CRMs contain functional cis elements. Gain-
of-function experiments showed that 16 of 20 CRMs are suffi-
cient to activate a minimal promoter, indicating that the CRMs
contain functional cis elements (Fig. 4). Studies with human stem
cells showed that between 9 and 25% of TF binding sites, defined
as ChIP peaks, were sufficient to activate a minimal promoter
(63). Consistent with these observations, others have shown that
mutation of 4 soybean maturation genes, CGI, GLYCININ
(Glyma.03G163500), KUNITZ TRYPSIN INHIBITORI (Glyma.
01G095000), and LECTINI (Glyma.02G012600), in regions
defined as CRMs in this study reduced transgene expression
levels in developing seeds (64-66). These findings also demon-
strate that results obtained with transgenic plants are reproduced
in embryo protoplast transient assays.

The enriched DNA motifs in CRMs, CCAAT-like, G box-like,
and RY-like motifs, correspond to annotated cis elements known
to be bound by LEC1, AREB3, bZIP67, and ABI3 (Fig. 3 and SI
Appendix, Figs. S6 and S7; refs. 47-49 and 67). Mutation of
enriched motifs within CRMs compromised the CRM’s ability to
enhance minimal promoter activity (Fig. 4), indicating that many
of the enriched DNA motifs represent functional cis elements.
Consistent with this conclusion, others have shown the impor-
tance of the G box-like and RY-like motifs in controlling the
Arabidopsis OLEI gene (21). Moreover, our results showing that
L, LA, LAZ, and LAZA genes are overrepresented for 1)
CCAAT-like, 2) G box-like, and 3) G box-like and RY-like DNA
motifs, respectively, suggest that specific sets of DNA motifs are
responsible for recruiting different TF combinations to the
CRMs (Fig. 3). Together, these results provide insight into the
basis of the combinatorial interactions between LEC1, AREB3,
bZIP67, and ABI3 by showing that enriched DNA motifs in CRMs
represent functional cis elements, and the recruitment of LEC1
along with AREB3, bZIP67, and/or ABI3 is determined, in part, by
the specific set of cis elements present in the CRMs.

Although these results significantly advance our understanding
of the TF networks that regulate seed development, several
questions remain to be resolved. For example, although L, LA,
LAZ, and LAZA gene sets are involved in diverse developmental
processes, each contains genes that are expressed primarily at
different seed development stages (Fig. 2). The temporal pat-
terns are not explained by the DNA motifs in the CRMs. It is
possible that other yet to be identified TFs bind the CRMs to
dictate temporal expression patterns. Alternatively, “motif gram-
mar,” the specific arrangement and/or spacing of cis elements in
CRMs, may account for temporal expression differences. Others
have shown that motif grammar explains temporal and spatial gene
expression patterns (46, 56, 68). Another question stems from the
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observation that several CRMs are able to enhance transcription,
even when all of the discernible DNA motifs are mutagenized,
suggesting the presence of cryptic cis elements in the CRMs (Fig.
4). Latent specificity, the modification of DNA recognition speci-
ficity through combinatorial interactions between TFs, offers a
potential explanation for this observation (39, 69). Understanding
the regulatory logic that controls seed gene expression requires
further studies to identify distinct TFs that act combinatorially
with LEC1, AREB3, bZIP67, and ABI3 and to decipher the motif
grammar governing CRM activity.

Materials and Methods

ChIP-Seq. Soybean plants were grown and seeds were harvested for ChIP
experiments as described by Pelletier et al. (10).

ChIP assays were performed, with modifications, as described previously
(10) using peptide antibodies against AREB3, bZIP67, and ABI3 that were gen-
erated as described in S/ Appendix, SI Materials and Methods. 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.

ChlIP-Seq data were analyzed as described previously (10), with the
modifications described in SI Appendix, SI Materials and Methods. Briefly,
sequencing reads were aligned using Bowtie v0.12.7 (70) and reproducible
ChlIP-Seq peaks were identified using MACS2 v2.1.0.20140616 (71) and the
Irreproducible Discovery Rate pipeline (72) (https:/github.com/nboley/idr).
Antibody specificity was established by showing extensive overlap in genes
bound by a given TF using antibodies generated against 2 separate peptides
for each TF, and quality assessment of the ChIP-Seq data followed ENCODE
guidelines (73) as summarized in Dataset S2. Because the data analysis
pipeline was modified, we reanalyzed ChIP-Seq data for LEC1 ChIP-Seq ex-
periments in EM-stage embryos (10). GO enrichment and hierarchical clus-
tering analyses were performed as described (10). LEC1, AREB3, bZIP67, and
ABI3 overlapping binding sites were used to define L, LA, LAZ, and LAZA
CRMs using the bedtools merge function (74), as described in Fig. 3B and S/
Appendix, S| Materials and Methods. De novo DNA motif discovery analysis
of CRMs was performed using the MEME-ChIP tool from the MEME suite
v5.0.5 (75), and DNA motif enrichment analysis was performed using the
motifEnrich tool from HOMER (76) (homer.ucsd.edu/homer/motif/index.html)
and the ROCR R package v1.0.2 (77), as detailed in S/ Appendix, SI Materials
and Methods.

Transient Assays in Embryo Cotyledon Protoplasts. Transient assays in proto-
plasts isolated from soybean embryo cotyledons and Arabidopsis leaves were
performed as described by Yoo et al. (78) with the modifications described in
SI Appendix, SI Materials and Methods. Plasmids used in the transient assays
were constructed as detailed in S/ Appendix, S| Material and Methods, and
primers used for DNA manipulations are listed in Dataset S5. Activities of
5’-deletion constructs were evaluated by measuring GFP and mCherry ac-
tivity in transfected soybean embryo protoplasts using fluorescence filters
GFP-3035B and TXrRED-4040B (Semrock) with an Eclipse E600 microscope
(Nikon) and calculating GFP to mCherry ratios as described in S/ Appendix, SI
Material and Methods.

Measurements of firefly and Renilla luciferase activities in CRM gain-of-
function experiments with soybean embryo cotyledon protoplasts were
made using the Dual-Luciferase Reporter Assay System (Promega) with a
TriStar2 LB942 multiplate reader (Berthold) as described in S/ Appendix, S/
Material and Methods.

Constructs for bimolecular fluorescence complementation assays were
created by fusing open reading frames for the TFs with the amino or carboxyl
terminus of the citrine fluorescence protein. Constructs were transfected
into Arabidopsis leaf protoplasts as described in S/ Appendix, SI Material and
Methods. Citrine fluorescence signal was detected using the GFP-3035B filter
of an Eclipse E600 microscope (Nikon).

Data Availability. Data are available at Gene Expression Omnibus under the
following accessions: AREB3-EM (GSE101672), bZIP67-EM (GSE101672), ABI3-
EM (GSE101649), AREB3B-EM (GSE140699), bZIP67B-EM (GSE140701), and
ABI3B-EM (GSE140700).
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