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Dissecting the genetic basis of seed traits in wheat is impeded by limited
genetic polymorphisms and significant variations caused by environmental
conditions and seed position in a spikelet. Seed performance is largely
determined by endosperm development controlled by spatiotemporal varia-
tion in gene activities, which is greatly affected by chromatin status. Here, we
map genome-wide dynamic distributions of H3K27me3, H3K4me3 and H3K9ac
modifications and profile gene transcription across wheat endosperm devel-
opment. The combinatorial effects of active and repressive marks ensure
spatiotemporal dynamic gene expression, especially for starch biosynthesis.
By scanning the transcription factor binding motifs in the ATAC-seq peaks, hub
regulators are identified from the regulatory network. In addition, we observe
significant correlations between sequence polymorphisms of hub regulators
and variations in seed traits in a germplasm population. Thus, the analysis of
genomic regulatory activities together with genetic variation provides a robust

approach to dissect seed traits in bread wheat.

Hexaploid wheat (Triticum aestivum L., AABBDD) is a world-wide staple
food crop. Seed traits greatly determine the yield and processing
quality of wheat. However, performance of seed in wheat is largely
affected by environmental conditions like temperature, which changes
grain filling rate’. Even within one spike, different position of spikelet
and flowers in a spikelet which usually contains more than three
flowers produces different sizes of seeds?. In addition, the composition
of three sub-genomes results in low frequency of recombination and
genetic polymorphism in wheat®. The above facts bring difficulties to
dissect genetic basis of seed traits in wheat.

Performance of seed depends on the development of
endosperm®*. The development of endosperm involves several impor-
tant events. 0-4 day-post-anthesis (DPA) is defined as endosperm
coenocytes, which undergoes rapid proliferation of nuclei without
cytokinesis’. Subsequently, cellularization of the coenocyte (5-7 DPA)
starts and all free nuclei are surrounded by newly formed cell wall.

Repeated rounds of mitosis produce cells that eventually occupy the
central vacuole completely®’. From 7 DPA on, the endosperm begins to
differentiate into specialized cell types, such as aleurone, starchy
endosperm and so on. This period lasts for one week (7-14 DPA) and it
is featured by the initiation of starch and protein accumulation.
Afterwards, endosperm enters effective filling period, accompanied by
grain maturity and drying?®.

The synthesis and accumulation of starch and seed storage pro-
tein (SSP) have been extensively studied in rice and maize®'°, while the
knowledge in wheat is relatively limited. In addition to the tran-
scriptomic analysis during development and maturation of wheat
endosperm®™'?, only a few genes such as TabZIP28, TaRSR1, TaSPA-B,
TaNACO019-A1 and TaNACO19-BI have been reported to regulate starch
and SSP synthesis and accumulation™. TabZIP28 and the homologue
TubZIP28 are highly expressed in the endosperm during the grain fill-
ing stage and promote starch synthesis by upregulating AGPase in
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wheat"; the AP2/EREBP family transcription factor TaRSR1 negatively
regulates multiple genes encoding starch synthesis-related enzyme';
TaSPA-B® and seed-specific TaNAC019-A1 and TaNACO019-B1'*" can
control the expression of starch- and SSP-related genes. Although such
fragmental information is there, it is of great significance to system-
atically identify genes that are crucial for wheat endosperm develop-
ment for a better overview of seed traits formation in wheat.

Histone modifications are well-known to be involved in the reg-
ulation of gene transcription'®. For example, trimethylation on the
fourth lysine and acetylation on the ninth lysine of histone 3 (H3K4me3
and H3K9ac) are both associated with active gene transcription,
whereas H3K27me3 is enriched in repressed genes” 2. H3K4me3 is
usually present in promoters of actively transcribed genes, while
H3K9ac is present not only in promoters but also in distal regulatory
elements such as enhancers?. Moreover, DNase | hyposensitivity sites
are largely concurrent with peaks of H3K4me3 and H3K9ac in rice®.
Thus, both H3K4me3 and H3K9ac peak regions can be treated as cis-
element enriched regions for predicting upstream regulators. Evi-
dence in rice and maize has depicted the role of histone modifications
in regulating the transcriptional activity of endosperm-specific
genes® %, For instance, a large number of genes involved in nutrient
metabolic pathway are directly regulated in the endosperm by OsFIE2-
catalyzed H3K27me3. Up-regulation of cell cycle-related genes in
maize opaque mutant opaquel8 correlates with increased levels of
H3K4me3?. Moreover, a majority number of paternally expressed
imprinted genes and transposable elements are marked by H3K27me3
in maize and Arabidopsis endosperm®'. However, the dynamic
changes of histone modifications and how it affects gene transcription
during wheat endosperm development remain largely unknown.

Here, we perform expression analysis and describe dynamics of
histone modifications (H3K4me3, H3K27me3 and H3K9ac) in wheat
endosperm at four developmental time-points (4, 7, 14 and 18 DPA). By
integrating the information of gene transcription, TF footprint, chro-
matin modification and genotype/phenotype variation of candidate
genes and seed traits in a germplasm population, we construct gene
regulatory networks to control endosperm development and uncover
hub-genes that affect endosperm development, thus lead to changes
in seed traits.

Results
Dynamic gene transcription in developing wheat endosperm
To reveal the dynamic change of gene transcription during endosperm
development, we performed RNA-seq using developing endosperm
from four developmental stages, i.e., 4 DPA, 7 DPA, 14 DPA and 18 DPA
after removing the embryo manually before extracting RNA from
endosperm (Fig. 1a). The high correlation (Pearson correlation coeffi-
cient R value over 0.96 and P<0.05) among replicates at each stage
and clear difference between samples from different developmental
stages indicate the high quality of the data (Supplementary Fig. 1a and
Supplementary Table 1). Principal component analysis (PCA) analysis
revealed that the expression pattern of genes at different stages of
endosperm development are distinct from that in the embryo®*
(Fig. 1b). We investigated the expression of genes orthologous to those
endosperm-specific genes, including OsNY-YBI*, ZmICET®, AtAAPT*®
and VIMS* and found that they are specifically expressed in wheat
endosperm (Fig. 1c). In addition, we assessed the expression levels of
orthologous to embryo-specific genes in Arabidopsis, rice and maize.
We found that the expression of the wheat orthologous of maize genes
is generally high in embryo® (Supplementary Fig. 1b). Specifically, the
wheat orthologous of AtS2 and Zm3896 show high expression levels in
wheat embryos and are barely detectable in the endosperm (Fig. 1c).
About 56.67% (61,140/107,891) of the genes were expressed and
about 40.75% (43,967/107,891) were constantly expressed at all the four
different developmental stages (Fig. 1d, e). These commonly expressed
genes were enriched in basic cell metabolic processes like intracellular

protein transport and protein folding (Supplementary Fig. 1c). The lar-
gest number of expressed genes were detected at 14 DPA (Fig. 1e), in
which the genes that regulate response to environmental change as well
as seed and fruit development were enriched (Supplementary Fig. 1d).
This is consistent with the previous finding that 14 DPA is featured by
rapid endosperm filling and grain expansion®.

We found almost equal contribution of the three sub-genomes to
the number of genes expressed at each developmental stage (Sup-
plementary Fig. 1e), which is similar to the previous report. Interest-
ingly, 41.02% of the triads showed asymmetric expression and most of
them (31.98%) changed their asymmetry patterns dynamically along
endosperm development (Fig. 1f). 7085 triads that maintained
balanced expression were mainly involved in fundamental biological
processes, such as DNA replication, Golgi vesicle transport and protein
folding. 1085 triads that were expressed in an unbalanced manner but
had a constant asymmetric pattern among the stages were mainly
involved in glycosyl compound metabolic and sulfur compound
catabolic pathways, while 3842 triads with changing sub-genome
preference across the four stages were mainly involved in processes
like DNA repair, cell cycle and stress response (Supplementary Fig. 1f).

The 14 DPA is characterized by the initiation of starch synthesis
and has the largest number of expressed genes and stage preferentially
expressed genes, which inspired us to further dissect the gene
expression at 14 DPA. We found that the A sub-genome preferentially
expressed genes at 14 DPA were transporters, while B and D sub-
genome preferentially expressed genes were related to maintenance
of internal environmental homeostasis or glycosyltransferases
(Fig. 1g). Among all the sub-genome preferentially expressed genes at
14 DPA, 89.9% of the sub-genome dominant genes were already
expressed at 4 DPA and their sub-genome preference tended to
change dynamically. Particularly, 30.4% and 15.8% of sub-genome
dominant genes were shown to be sub-genome suppressed before (7
DPA) and after (18 DPA) 14 DPA, respectively (Fig. 1h). GO analysis of
sub-genome dominantly expressed genes among triads at 14 DPA
suggested that nutrient accumulation related processes, including
protein import, gluconeogenesis, galactose metabolic process, glyco-
lytic process, glycosyltransferase activity, beta-amylase activity,
glucose-6-phosphate 1-epimerase activity were crucial at 14 DPA
(Fig. 1i). Genes that control dorsal/ventral asymmetry showed
increased A dominant pattern while the expression of beta-amylase
activity and gluconeogenesis related genes were more and more D
dominant along endosperm development (Fig. 1j).

Time series analysis revealed that the expression of a total of
53,586 genes changed significantly (P<0.05) during endosperm
development. 43.17%, 12.43%, 27.94% and 16.45% genes were pre-
ferentially expressed at 4 DPA (Cluster 1), 7 DPA (Cluster 2), 14 DPA
(Cluster 3) and 18 DPA (Cluster 4), respectively (Fig. 1k). GO and KEGG
analysis showed that the cell cycle related chromosome organization
and translation regulator were enriched at the early endosperm
development stages (4 DPA and 7 DPA), while starch and sucrose
metabolism related genes were enriched at the later stages (14 DPA
and 18 DPA) (Supplementary Fig. 2a, b). Genes encoding the o-L-
Arabinofuranosidases (TraesCS2A02G098400, TraesCS2B02G114500,
TraesCS2D02G097800 and TraesCS4A02G127000), which are involved
in hydrolysis of the cell wall components, were preferentially expres-
sed at the endosperm coenocytic stage (4 DPA) and were suppressed
later (Fig. 11 and Supplementary Fig. 2a). This coincides with the
observation that there is mainly cell proliferation instead of cell wall
formation at endosperm coenocytic stage".

We found that many sucrose metabolism related genes were
highly expressed at 14 DPA and 18 DPA (Fig. 1l and Supplementary
Fig. 2a), such as granule-bound starch synthase | (GBSS, WX-W3 and WX-
BI), sucrose synthase 1 (SslI), glycosyltransferase (SS1) and alpha-
amylase inhibitor (MAI). 1,4-alpha-glucan-branching enzyme (SBE lib
and SBE-/) started to express at 7 DPA and reached its highest level at 18
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DPA. Interestingly, most of the genes encoding glucose-1-phosphate
adenylyl transferase including AGPase, AGP-S and AGP-L were highly
expressed at both 14 DPA and 18 DPA, while AGA.3 was only highly
expressed at 14 DPA but decreased at 18 DPA. The expression of genes
encoding low molecular weight glutenin subunit (Glu-3, LMW-A2 and
LMW-m) started to increase at 14 DPA and got higher at 18 DPA (Fig. 1I).
The stage-dependent expression patterns of starch and glutenin

synthesis-related genes indicate a spatiotemporal transcription reg-
ulation behind.

Dynamic gene transcription during wheat endosperm develop-
ment is correlated with changed level of histone modifications
Histone modifications have been reported to be highly correlated with
gene transcription and thus specify spatiotemporal gene activities to
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Fig. 1| Dynamic changes in gene expression at different endosperm develop-
ment stages of wheat. a The anatomical dissection pictures at different sampling
stages. DPA indicates day-post-anthesis. b PCA analysis of endosperm and embryo
RNA-seq data. Endosperm RNA-seq data of 6 DPA and 9 DPA in the light pink oval
were downloaded from the Sequence Read Archive (SRA) under the accession
number of SRP013449*, Embryo RNA-seq data of O DPA, 2 DPA, 4 DPA, 6 DPA, 8 DPA,
12 DPA, 16 DPA and 22 DPA in the ash green oval were downloaded from SRA under
the accession number of PRJCA008382*. ¢ The expression patterns of endosperm-
specific and embryo-specific genes in the sampling endosperm and publicly available
embryo datasets (PRJEB25639)*. d, e Expressed genes (TPM > 0.5) in different
endosperm developmental stages. f The dynamic changes of homoeology bias
expressed genes in the three sub-genomes homoeologous triads of wheat. MB, MU
and CC indicate maintain balanced, maintain unbalanced and constantly changing,
respectively. g The GO enrichment results of 14 DPA dominant genes. The P values

were calculated using hypergeometric distribution and then adjusted using the FDR.
h The expression pattern of 14 DPA dominant homoeology triads at 4 DPA, 7 DPA, 14
DPA and 18 DPA. i GO enrichment results of 14 DPA dominant while 7 DPA suppressed
homoeology gene triads. The P values were calculated using hypergeometric dis-
tribution and then adjusted using the FDR. j Ternary plot showing relative expression
abundance of the 14 DPA dominant while 7 DPA suppressed homoeology gene triads
at4DPA, 7DPA, 14DPA and 18DPA. Each circle represents a gene triad with an A, B, and
D coordinate consisting of the relative contribution of each homoeologs to the
overall triad expression. Triads in vertices correspond to single-subgenome-
dominant categories, whereas triads close to edges and between vertices correspond
to suppressed categories. Circle size represents the maximum expression level in the
A, B and D homoeolog triad. k The expression patterns of the stage preferentially
expressed genes. | The expression patterns of o-L-Arabinofuranosidases, starch
metabolism and SSP associated genes. Source data are provided as a Source Data file.

control plant development®. H3K27me3 is a marker for gene repres-

sion while H3K4me3 and H3K9ac both mark actively transcribed
genes. In addition, H3K9ac overlaps with distal regulatory
elements™*. We mapped the genome-wide distribution of H3K27me3,
H3K4me3 and H3K9ac modifications at the above four endosperm
developmental stages (Supplementary Data 1). The high signal-to-
noise ratios (the average Signal Portion of Tags score over 0.5) indi-
cated the quality of the data and the replicates were highly correlated
(Pearson correlation coefficient R value over 0.8, Supplementary
Fig. 3a-c). A large number of histone modification regions were loca-
ted in the intergenic regions (Supplementary Fig. 3d). Overall,
H3K27me3 was enriched in lowly expressed genes and high level of
H3K4me3 and H3K9ac were presented in highly expressed genes.
H3K27me3 was obviously antagonistic to H3K4me3 and H3K9ac in
association gene expression level (Fig. 2a and Supplementary Fig. 4a).
For example, in the three sucrose synthesis genes mentioned above,
the levels of H3K27me3 modification were found to be gradually
decreased, while those of H3K4me3 or H3K9ac increased from 4 DPA
to 18 DPA (Fig. 2b).

The level of histone modifications (only gene body and its sur-
rounding regions were considered) varied over time (Fig. 2c).
H3K4me3 was lower at 4 DPA and 7 DPA, but was obviously elevated at
14 DPA. A similar trend was observed for H3K9ac. On the contrary, the
highest level of H3K27me3 was observed at 4 DPA and slightly
decreased at 7 DPA. Then, it sharply dropped at 14 DPA and maintained
low level (Fig. 2c). Interestingly, higher expression of early stage (4 DPA
and 7 DPA) specifically expressed genes was associated with not only
higher level of H3K4me3 and H3K9ac but also high level of H3K27me3.
Furthermore, at the later stage, those stage specifically expressed
genes possessed either high (14 DPA) or moderate (18 DPA) level of
active modifications but always low level of H3K27me3 (Fig. 2d). All
these findings indicated that active and repressive histone marks
cooperate to maintain temporal gene transcription and more dramatic
fold change of H3K27me3 intensity compared with relative fold
change of H3K4me3 and H3K9ac between early (4 and 7 DPA) and later
stages (14 and 18 DPA) may indicate the pivotal role of repressive
chromatin state for endosperm development.

We again focused on 14 DPA to further probe the regulatory role
of histone modifications in sharping gene transcription. As expected,
changes in gene expression between 7 DPA and 14 DPA were sig-
nificantly (Pearson correlation coefficient R value over 0.14,
P <2.2e-16) positively correlated with the changes in H3K4me3 and
H3K9%ac, while negatively correlated with the fold change in H3K27me3
(Fig. 2e). Those genes with expression fold change > 2 (g value < 0.05)
were regarded as differentially expressed genes (DEGs) and DEGs with
histone modification fold changes > 2 were regarded as histone
modified DEGs (hDEGs) (Supplementary Data 2). Among all the hDEGs
between 7 DPA and 14 DPA, 84.7% and 70.4% of them showed positive
correlation with changed H3K4me3 and H3K9%ac levels, respectively
and more than 66.7% of them showed negative correlation with

changed H3K27me3 (Fig. 2f). We found that DEGs between 7 DPA and
14 DPA marked by different histone modification types showed dis-
tinct functions in different biological process. DEGs marked by
H3K4me3 were mainly involved in mitotic cell cycle phase transition,
and DEGs with H3K9ac were mainly involved in microtubule-based
movement, core promoter sequence-specific DNA binding and chro-
matin silencing while DEGs with H3K27me3 modification were mainly
involved in nutrient reservoir activity, alpha-amylase inhibitor activity
and response to oxidative stress (Fig. 2g). Of course, there are DEGs
marked by combinatorial effects between active and repressive his-
tone marks (Supplementary Data 3). For instance, the expression of
two Alpha-gliadin Gli-2 (TraesCS6A02G049400 and TraesC-
S6A02G049800) were sharply increased at 14 DPA and this change was
accompanied by anincrease in H3K4me3 and H3K9ac but a decrease in
H3K27me3 (Supplementary Fig. 4b).

To see how histone modifications correlate with the asymmetric
gene expression of homoeologous triads, we mapped the histone
modifications in the seven clusters including six unbalanced groups of
triads and a balanced one at different developmental stages of endo-
sperm (Supplementary Fig. 5). In general, dominantly expressed
homoeologs were coupled with higher H3K4me3 or H3K9ac and lower
level of H3K27me3 and for the suppressed genes, lower level of active
modifications but high level of H3K27me3 could be detected. The
histone modifications in the genes with balanced expression mode
tended to be of equal intensity among the three homoeologs. One
interesting phenomenon is that when one sub-genome member is
preferentially expressed, the histone modifications of the remaining
two tend to be of the same intensity. In addition, we found that histone
modifications in the A and D sub-genomes were strongly antagonistic
in maintaining the asymmetric expression pattern, especially at the
early stages (4 DPA and 7 DPA) (Supplementary Fig. 5).

Expression of starch and protein synthesis related genes is clo-
sely related to histone modifications

Starch biosynthesis consists of two consecutive processes. First, pho-
tosynthetic products and sucrose are hydrolyzed into glucose 1
phosphate (GIP) and then GIP is catalyzed by a series of enzymes to
produce amylose and amylopectin®® (Fig. 3a and Supplementary
Data 4). Genes that function to generate G1P were mostly expressed at
the early stages (4 DPA and 7 DPA), while amylose and amylopectin
synthesis genes to utilize G1IP were preferentially expressed at the later
stages (14 DPA and 18 DPA) (Fig. 3a, b and Supplementary Data 4).
Dynamic changes of H3K27me3, H3K4me3 and H3K9ac were closely
related to the altered expression of starch synthesis related genes
along the endosperm development (Fig. 3a), e.g., BT1 was hardly
expressed at early stages but started to be expressed at later stages.
Meanwhile, compared with early stages, H3K27me3 level on BTI was
decreased while H3K4me3 and H3K9ac were increased at later stages.
The expression of the Waxy, SBE and DBE was elevated at later stages
and these genes were hardly marked by H3K27me3 but H3K4me3 and
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H3K9ac were highly enriched on these genes at 14 DPA and 18
DPA (Fig. 3a).

Glutenins and gliadins are two major types of SSPs in bread wheat
and 86 genes were reported to be involved in the synthesis of glutenins
and gliadins”. We found that 77.91% of them were expressed (TPM >
0.5) at least at one of the four stages and all these genes were pre-
ferentially expressed at 14 DPA and 18 DPA (Fig. 3b, ¢, Supplementary

Fig. 6 and Supplementary Data 5). Most SSPs related genes were highly
enriched with H3K4me3 and H3K9ac but with decreased H3K27me3 at
14 DPA and 18 DPA (Fig. 3c). Specifically, the expression of the high
molecular weight glutenins (HMW-GSs) encoded genes were solely
activated by H3K4me3 at 14 DPA and 18 DPA, while the genes for the
low molecular weight glutenins (LMW-GSs) were regulated by
H3K27me3 in concert with H3K4me3 and H3K9ac (Fig. 3¢). Regarding
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Fig. 2 | Dynamic changes of histone modifications during the endosperm
development of wheat. a The correlations between the intensity of histone
modifications and gene expression at 14 DPA. b The expression level (in TPM)
and enriched signal of H3K27me3, H3K4me3 and H3K9ac on the three Waxy
genes. ¢ The intensity variation of H3K27me3, H3K4me3 and H3K9ac on
upstream, gene body and distal regions of genomic genes across different
endosperm development stages. d The intensity changes of H3K27me3,
H3K4me3 and H3K9ac on stage specifically expressed genes. Each sample con-
sists of 12593, 3626, 8151, and 4799 observations. The box plots display the

median (horizontal line), second to third quartiles (box), with the maxima and
minima as whiskers, and outliers as points beyond 1.5 times the interquartile
range. e The correlation between variation fold changes in gene expression and
histone modification levels of genes at 7 DPA and 14 DPA. Number (f) and GO
enrichment (g) of differentially expressed genes with similar (positive) or
opposite (negative) variation pattern in expression level and modification level
of H3K4me3, H3K9ac and H3K27me3, respectively. The P values were calculated
using hypergeometric distribution and then adjusted using the FDR. Source data
are provided as a Source Data file.

gliadin, the activation of most of genes encoding alpha alcoholic
proteins at 14 DPA was affected by the elevation of H3K4me3 with
reduced H3K27me3. H3K9ac in some cases stayed with H3K4me3 to
mark the highly expressed alpha alcoholic proteins coding genes.
Gamma-gliadin gene expression was associated with H3K4me3 and
H3K9%ac but the omega-gliadin genes were not (Fig. 3c). Overall,
H3K4me3 was proven to be the more general modification that marks
the active expression of SSP coding genes compared with H3K9ac.

We further looked into the expression asymmetry of starch
synthesis related and SSP coded homoeologous gene triads across
endosperm development and analyzed the histone modifications in
each sub-genome homoeolog. A total of 43 homoeologous triads were
found for starch synthesis but none for SSP coding genes (Fig. 3d).
Most of these 43 starch synthesis-associated gene triads showed
symmetry expression and higher expression of the sub-genome
member was correlated with more enriched H3K4me3 and H3K9ac
(Fig. 3d). H3K27me3 were found to be absent in the regulation of
starch synthesis-related homoeologous gene triads (Fig. 3d).

Gene regulatory networks controlling endosperm development
identified ERF5 as a hub regulator

Transcription factors act as upstream master or hub regulators to
control downstream target gene activities mediating organ
differentiation*. TF footprint analysis in open chromatin regions
(OCRs) enables a comprehensive genome-wide prediction of TF
binding. We conducted ATAC-seq to identify OCRs and an average of
85,850 high signal-to-noise OCRs across the four stages of endosperm
development were detected (Supplementary Table 2 and Supple-
mentary Fig. 7). By integrating gene co-expression data with cis-
motifs and TF footprints identified in the OCRs, we constructed a TF
regulatory network controlling wheat endosperm development
(Fig. 4a). In this network, transcription factors were on the top of the
hierarchy, serving as nodes. A total of 89 TFs were involved in the
regulation of wheat endosperm development (Supplementary Data 6).
The enriched GO of the TF target genes were shown in the network
(Fig. 4b). The DAP-seq data for six hub TFs, including SPL5 (TraesC-
S3A02G432500, TraesCS3B02G468400 and TraesCS3D02G425800)%,
EFM (TraesCS5B02G075300)%, SPL14 (TraesCS7B02G142200)** and
ERFS (TraesCS6D02G225700)%, show that an average of 70.9% of reg-
ulatory interactions can be detected in vitro (Supplementary Fig. 8 and
Supplementary Data 7), further validating the reliability of our
network.

We identified TaFUSCA3/TaABI3 (TraesCS2A02G554300), a B3
superfamily TF that had been shown to activate the expression of the
high molecular weight glutenin subunit gene Glu-1Bx7**, as a hub
regulator at 14 DPA (Fig. 4a). Other TFs including TaNACO19 (TraesC-
S3A02G077900, TraesCS3B02G092800 and TraesCS3D02G078500)",
PBF (TraesCS5B02G154100)%, TabZIP28 (TraesCS2B02G167900),
GA-dependent MYB TF TaGAMyb (TraesCS6D02G173000, TraesC-
S5A02G159600, TraesCS5B02G157300, TraesCSID02G283100,
TraesCS4D02G176500 and TraesCS1A02G219400)*¢, which had been
reported to be involved in the accumulation of starch and protein
during wheat endosperm development, were also present in the con-
structed regulatory network. All these results indicate the biological
relevance of the regulatory network that we constructed.

Most of the expression of TFs identified at the early stages of
endosperm development (4 DPA and 7 DPA) were marked by
H3K4me3 (Supplementary Data 6). These TFs were involved in the
process of cell differentiation, mitotic cell cycle and response to gly-
cose (Fig. 4b). Hub TFs in the endosperm of 14 DPA were found to
regulate the transcription of genes involved in seed maturation, reg-
ulation of cell shape, response to abscisic acid, circadian rhythm,
vesicle-mediated transport and ethylene-activated signaling pathway
(Fig. 4b). The hub TFs identified in the endosperm of 18 DPA were
mainly marked by H3K4me3 or H3K9ac (Supplementary Data 6), and
their target genes were mainly involved in the process of programmed
cell death, nutrient reservoir activity, starch biosynthetic process, late
endosome to vacuole transport, protein maturation and ubiquitin
protein transferase activity in addition to the similar processes iden-
tified at 14 DPA (Fig. 4a, b).

We then analyzed the TFs that directly regulated the expression of
genes related to starch synthesis and/or SSPs. We identified that an
ethylene response factor ERFS (AP2/ERF transcription factor family,
TraesCS6D02G225700), which was proposed to be involved in the
ethylene-activated signaling pathway*’*, showed largest number of
regulated genes at 14 DPA (Fig. 5a), and may regulate not only SSPs-
coding genes (Alpha-gliadin and Omega-gliadin) but also genes related
to starch synthesis (FBA and DBE) (Fig. 5b). More importantly, ERF5
functions as an upstream regulator of many hub TFs including WRKY55
and HSFA6B, both of which are key hub genes in the regulation of
SSP encoding genes (Fig. 5a-c). The expression of ERFS was highly
correlated with the level of H3K9ac and H3K4me3 (Fig. 5d). To ver-
ify the regulatory role of ERF5 at 14 DPA and 18 DPA, we analyzed
ERF5 binding using DAP-seq*’. The results revealed that 1419 predicted
target genes in the network could be also bound by ERF5 in vitro
revealed by DAP-seq (Supplementary Fig. 9a and Supplementary
Data 7). GO enrichment analysis of these target genes indicated that
they are primarily enriched in the starch biosynthetic process,
ethylene-activated signaling pathway, 14-alpha-glucan branching
enzyme activity, and racemase and epimerase activity (Supplementary
Fig. 9b). Some genes previously reported to be involved in starch
synthesis and SSP coding were bound by ERFS5 revealed by the network
and the DAP-seq data* (Supplementary Fig. 9a, b and Supplementary
Data 4 and 5).

To further confirm the function of ERF5, we performed haplotype
analysis and found significant phenotypic differences in grain length
(GL), grain width (GW) and thousand-grain weight (TGW) between
different haplotypes (Fig. 5e). In line with the pivotal role of ERF5 in the
gene regulatory network during grain filling, significantly (P<0.05,
two-tailed Student’s ¢ test) narrower grains were produced when ERFS
was overexpressed although the knockout mutant produced seeds
similar to wild type (Fig. 5f~h and Supplementary Fig. 10), possibly due
to gene redundancy.

Natural variation of genes in the regulatory network contribute
to grain traits in wheat

As endosperm is the main part of wheat grain, the development of
endosperm largely affects the grain traits. To further estimate the
genetic effect of the identified hub TFs and their target genes in the
gene regulatory network on seed traits, we performed GWAS analysis

Nature Communications | (2024)15:9572


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-024-53300-7

& SS (15
K Susy (15)
o

Sucrose  (10)

- development stages (4 to18 DPA)
I RNA
I H3K27me3

*
RuBisCO
—> G3P

(32)
I H3K4me3
I H3K9ac
2 None
B oo goraes s cipuas gonoras S — | Exprossion | Hakzimes | Hakame3 | HaKeao
17.31%

25.71% 14.29%
14.29%

Expressed SSPs
DY %% Il Cluster1 (4 DPA)

Cluster2 (7 DPA)
\ C 91.04%

Glutenins
LMW HMW

Fa

Cluster3 (14 DPA)

TT—
"

Cluster4 (18 DPA) ® 2
1<} 1
2 _—
d None [WlremainBalance [l continueVariate [l remainUnBalance ; 0
RNA H3K4me3 H3K9ac H3K27me3 o -1
'—
e o
BCG1I
BT11 m— -
oo R — :
B
DPE| < -
.| — I - _— —
GBSS | E— I _— l r
PHOI % . | -
RuBlsCO|ﬁE o| g ——— -
[ |
soe | -
oo sl o ]
= —E -
s | - —
V ol ol | ol
Fig. 3 | Dynamic changes of histone modifications and gene expression in DPA and 18 DPA specifically expressed genes in Fig. 1k, respectively. ¢ The
starch and seed storage protein accumulation processes. a The process of expression level and histone modification intensity of SSP encoded genes at dif-

starch synthesis and the changing gene expression and histone modifications at ferent stages. d The varied gene expression and histone modification intensity of
different developmental stages were presented. b Percentage of different stages nutrient synthesis related homoeologous gene triads during different stages.
preferentially expressed genes before and after G1P production and in expressed ~ Source data are provided as a Source Data file.
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using a germplasm population containing 516 accessions with broad
genetic diversity and grain traits collected from different years and
locations (Supplementary Data 8). As a result, we identified 1068
leading single nucleotide polymorphisms (SNPs) associated with grain
traits, including TGW, GW, GL and ratio of grain length to grain width
(GL/GW). These SNPs are loaded in 1068 quantitative trait locus (QTL)
regions defined by LD blocks (Supplementary Fig. 11 and Supplemen-
tary Data 9). Several functionally known genes, including three pre-
viously reported transcription factors regulating starch synthesis, six
starch synthesis-related genes, and twelve storage protein-coding

genes were found to be located in the QTL regions (Supplementary
Fig. 11 and Supplementary Data 10).

We identified 969 genes in the regulatory network that are located
in the QTL regions (Supplementary Data 11). Each of the identified 89
hub TFs in the network regulates at least one of these target genes with
MYBI18 (TraesCS3B02G400200) and GATAI2 (TraesCS3B02G308500)
located in the QTL regions (Supplementary Data 12). We then esti-
mated the contribution of variations of the 89 hub TFs and the 1649
target genes, which include the 969 genes located in the QTL regions
as well as the predicted targets of MYB118 and GATAI12 (Supplementary
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Data 13) to grain traits. In comparison with the effects of variation from
randomly picked genomic regions, the ratio of genes, whose variation
significantly (P<0.05, two-tailed Student’s ¢ test) affected thousand
TGW, GW, GL and GL/GW from both hub TFs and target genes was
evidently higher than the average ratio of 100 times randomly selected
genomic loci (Fig. 6a).

Genetic polymorphism of 71 hub TFs was found to significantly
(P<0.05, two-tailed Student’s ¢ test) contribute to variation on GW
(Supplementary Data 14), GL (Supplementary Data 15), GL/GW (Sup-
plementary Data 16), or/and TGW (Supplementary Data 17) of

wheat. Networks centered around these genes were constructed
along with their 1622 target genes (Fig. 6b). Among these hub TFs,
MYBI18 (TraesCS3B02G400200) was reported to be a transcription
activator and played an important role during seed maturation*.
Overexpression of its homologous gene in Arabidopsis caused a
remarkable accumulation of SSPs and other seed maturation
proteins®®, Moreover, seeds of mybIl18 mutants exhibited an
endosperm-specific depression of maturation-related genes**. MYB118
was isolated as a key regulator for later endosperm development (14
DPA) and significant (P < 0.05, two-tailed Student’s ¢ test) differences in
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Fig. 5 | EFRS is a hub regulator in starch and storage protein accumulation.
aNumber of genes regulated by each of the 89 TF regulators. b Regulation between
ERF5 and other TFs that directly regulated the starch synthesis related and storage
protein encoded genes. The circles represent starch or SSPs-related genes. The
octagon represents TFs. ¢ The ERF5 knitted regulatory network including known
TFs (in deep pink), which were reported to regulate the accumulation of starch and
storage protein. The octagon with brown, dark olive green and blue edges indicate
that the genes were marked by H3K27me3, H3K4me3 and H3K9ac, respectively.
Those genes with two modifications were in octagons with either purple or light
blue edges. d IGV view of histone modifications and mRNA abundance of ERF5. The
vertical blue line and arrow indicate the transcription site and direction, respec-
tively. e Effects of different haplotypes of ERF5 on grain length (GL), grain

width (GW) and thousand grain weight (TGW). The sample sizes of H1and H2 are 73
and 213, respectively. The P values were calculated by two-tailed Student’s ¢ test.
The box plots display the median (horizontal line), second to third quartiles (box),
with the maxima and minima as whiskers, and outliers as points beyond 1.5 times
the interquartile range. Grain phenotype (f), Plant appearance (g) and Statistical
analysis (h) of seed traits in overexpression lines. WT indicates wild type, P1and P3
indicate the two overexpression lines. Each sample consists of 7 observations, with
each observation being the average value of 10 randomly selected seeds. The value
above the line is P value calculated using a two-tailed Student’s ¢ test. The box plots
display the median (horizontal line), second to third quartiles (box), with the
maxima and minima as whiskers, and outliers as points beyond 1.5 times the
interquartile range. Source data are provided as a Source Data file.

GW, GL and TGW were observed between the two different alleles
(Fig. 6b, c). Furthermore, the grains with different genotypes of the
NACO029 (TraesCS4B02G173600) were found to exhibit significantly
(P<0.05, two-tailed Student’s ¢ test) difference in GW, GL and TGW
(Fig. 6c¢). Interestingly, different genotypes of MYB4 (TraesC-
S7A02G272100), which negatively regulated genes involved in antho-
cyanin biosynthesis®, showed a significant (P<0.05, two-tailed
Student’s ¢ test) difference in GW, GL, GL/GW and also TGW (Fig. 6¢
and Supplementary Data 13). Contribution of genetic variations in the
genes identified by the constructed gene regulatory network on seed
trait performance highlights the robustness of the approach.

Discussion

Seed trait is relying on the development of wheat endosperm and it is
crucial for the final grain yield and flour quality. We constructed
dynamic gene transcription network and identified a number of genes
controlling early endosperm development by combining gene tran-
scription and chromatin status.

14 DPA had the largest number of expressed genes with the most
dramatic changes of gene expression when compared with other time-
points (Fig. 1d, e). Enriched genes in GO analysis supported the role of
14 DPA as transition point from basic endosperm morphogenesis
to nutrient accumulation®® (Supplementary Fig. 1c, d and Fig. 1g, i).
14 DPA was featured by sub-genome asymmetric gene expression pat-
tern for SSPs and genes related to starch accumulation (Fig. 1g—j). These
results suggest that 14 DPA is the critical stage for endosperm
development.

Status of histone modification is highly correlated with gene
transcription®”. Covalent modifications of histones can alter chromatin
structure or recruit downstream effectors, leading to changes in
transcriptional activity’®*~!, A well-known example is the progressive
repression of FLOWERING LOCUS C (FLC) by H3K27me3 during
vernalization®, Studies in rice and maize have reported the role
of histone modifications in endosperm starch and protein
accumulation*%, We mapped H3K27me3, H3K4me3 and H3K9ac in
wheat endosperm to explore the role of histone modifications on gene
transcription during endosperm development. We found that various
types of histone modifications maintained their known correlation
with gene transcription in endosperm (Fig. 2a and Supplementary
Fig. 4a). H3K27me3 showed more dramatic change than H3K4me3 and
K3K9ac did between early stage (4, 7 DPA) and late stages (14, 18 DPA)
(Fig. 2c) and this pattern was also observed in a big number of genes
related to starch and protein synthesis and accumulation (Fig. 3a, c).
This is consistent with the function of H3K27me3 in mediating
reprogramming’>*>>. The change in H3K27me3 is critical in coordinat-
ing the transition of the developmental states of the endosperm.
However, single type of modification is not sufficient to determine
gene transcription and we found that the synergistic effects of active
and repressive modifications controlled the temporal expression of
genes (Fig. 2b and Supplementary Fig. 4b) and the asymmetric gene
expression pattern (Supplementary Fig. 5), especially the genes related
to starch and SSPs synthesis (Fig. 3).

Transcription factors (TFs) are key and central regulators of gene
expression to control growth, organ development and response to
environmental cues. Regulatory elements are supposed to be bound
by upstream regulators, which are always located in OCRs. After
scanned TF footprints within the OCRs, we constructed dynamic reg-
ulatory networks for early endosperm development. 89 hub TFs and
20,164 target genes were obtained (Fig. 4a). The AFL and VAL sub-
clades of the plant specific B3 domain containing transcription factor
family coordinate the spatiotemporal development of seed and they
are known as the LAFL TF network®. The LAFL mediated transcription
network regulates a variety of seed-specific development processes,
including starch, SSPs and lipids accumulation®’. Several LAFL related
gene, such as ABI3, ABI5, FUS3 and MYBI118 are present in our con-
structed network (Fig. 4a), and the putative functions of their target
genes are corresponding to the characteristics of each developmental
stage of wheat endosperm (Fig. 4b).

We identified an AP2/ERF gene, ERFS (Ethylene Response Factor,
TraesCS6D02G225700) as one top-level node gene in the endosperm at
both 14 DPA and 18 DPA (Fig. 5a). ERF5 was shown to regulate both
starch synthesis (FBA and DBE) related genes and SSPs (Alpha-gliadin
and Omega-gliadin) encoding genes (Fig. 5b). More importantly, itis an
upstream regulator of WRKY55 and HSFA6B, which acted as two reg-
ulators of SSP (Alpha gliadin, Omega-gliadin, Gamma-gliadin and
HMW-GS) encoding genes (Fig. 5b). Further analysis of the regulator
network identified that a large number of hub TF regulators are
regulated by ERFS5. Specifically, three reported endosperm starch and
protein  synthesis-related  transcription factors, TaNACO0I9,
TaFUSCA3"* and TaBZIP28", were presented in the network drove by
ERF5 (Fig. 5¢). Furthermore, most of the target genes in the network
were found to be bound by ERFS5 in vitro (Supplementary Fig. 9).
Overexpression of ERFS resulted in significantly (P< 0.05, two-tailed
Student’s ¢ test) narrower grains (Fig. 5f-h). These findings indicate the
pivotal role of ERFS5 in the regulatory network during grain filling and
its crucial function in regulating starch and protein accumulation.

In addition to ERF5, we also identified a large number of hormone-
related transcription factors such as ARFs and MYBs in the network
(Fig. 4a). This is consistent with the critical role of hormones in starch
accumulation during endosperm development, especially the regula-
tion of endosperm filling by auxin as reported by Li et al."”. Several seed
dormancy-related transcription factors, such as GATA12, HSFA6B and
WRKY57, are also present in the network. It is believed that these genes
mainly function in late seed maturation stage and germination through
ABA and GA pathway®**. Here, they were identified to be important
regulators at the 14 and 18 DPA when nutrients accumulate (Fig. 4a).
They were also found to significantly (P < 0.05, two-tailed Student’s ¢
test) affect the seed traits (Supplementary Data 13). All these findings
suggest that these genes may have pleiotropic roles throughout the
whole process from endosperm development to germination.

When we looked into the effects of natural variations of the hub
TFs in the networks on seed traits, strikingly but as expected, the
variation of quite some node genes showed a significant (P < 0.05, two-
tailed Student’s ¢ test) effect on seed traits (Fig. 6a). These results
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strongly support the regulatory role of the genes we identified during
wheat endosperm development. As expected, the dynamic expression
of these regulators is highly correlated with the change of H3K4me3,
H3K9%ac and H3K27me3 (Supplementary Fig. 12), which further exem-
plified that orchestration of active and repressive histone modifica-
tions is an underlying driver of spatiotemporal gene transcription
during endosperm development.

Wheat has narrow genetic diversity®® but the trait performance of
wheat grain traits varies a lot due to change in both environmental

conditions and position of the florets in a spike, which brings chal-
lenges to map genes controlling seed traits using traditional genetic
approach®.. In this study, we constructed dynamic gene transcription
network and identified candidate genes that controls endosperm
development. Recently, Zhao et al. presented a gene regulatory
network in wheat®’. However, the main objectives of the two studies
differ, allowing for a complementary understanding of the develop-
mental processes. Our work combines genetic analysis of seed traits
with transcriptome and epigenome profiles across key developmental
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Fig. 6 | Natural variation of hub genes in regulatory network contribute to
grain traits in wheat. a Ratio of SNPs from hub TFs, target genes identified in the
network and 89 & 1649 randomly selected genes (replicated 100 times) that caused
significant (P < 0.05, two-tailed Student’s ¢ test) variation in wheat grain traits. TGW,
GW, GL and GL/GW represent thousand grain weight, grain width, grain length and
ratio of grain length to grain width, respectively. b Regulatory network of genes
with SNPs that were significantly (P < 0.05, two-tailed Student’s ¢ test) associated
with variation in GW, GL, GL/GW or/and TGW in wheat. The octagon with brown,
dark olive green and blue edges indicate that the genes were marked by H3K27me3,
H3K4me3 and H3K9%ac, respectively. Those genes with two modifications were in

octagons with either purple or light blue edges. ¢ Effects of different haplotypes of
three function known hub genes on GL/GW, GL (mm), GW (mm) and TGW (g). For
GW, GL and TGW, the sample sizes for the H1 and H2 haplotypes of
TraesCS3B02G400200 were 218 and 107. For TraesCS4B02G173600, the sample
sizes were 39 and 348 for GL, and 45 and 357 for both GW and TGW. For TraesC-
S$7A02G272100, the H1 and H2 sample sizes were 218 and 49 across all three traits.
The P value above the line is calculated using a two-tailed Student’s ¢ test. The box
plots display the median (horizontal line), second to third quartiles (box), with the
maxima and minima as whiskers, and outliers as points beyond 1.5 times the
interquartile range. Source data are provided as a Source Data file.

stages of wheat endosperm, uncovering the comprehensive genetic
and regulatory mechanisms that govern endosperm development
and seed trait formation. In contrast, Zhao et al. focused on genes
involved in starch and storage protein synthesis, mapping the dynamic
distribution of histone modifications associated with these genes to
elucidate their roles in endosperm development. Additionally, Zhao
et al. generated ATAC-seq data for early embryo sac and endosperm
(0-8 DPA) and we offered ATAC-seq data for late endosperm devel-
opment (14 DPA and 18 DPA). Zhao et al. concentrated on H3K27ac and
we examined H3K9ac. The information provided by these two studies
is complementary, leading to a more comprehensive understanding of
wheat endosperm development. Interestingly, we identified a key
regulator, ERFS5 (TraesCS6D02G225700), which is also listed among the
core TFs reported by Zhao et al. Similarly, the key gene TaABI3-Al
(TraesCS3A02G417300), experimentally validated by Zhao et al., is
recognized as a hub TF in the current study. The findings from both
studies can be synergistically applied to advance wheat breeding
programs by manipulating the identified key genes that influence grain
quality and yield. In combination with observed effects caused by
natural variations of the candidates on seed traits, genes controlling
seed traits could be efficiently identified thus to provide new genetic
resources to dissect seed traits for quality and yield improvement
in wheat.

Methods

Plant materials and growth conditions

Field-grown Aikang58 (AK58, a widely grown bread wheat in China)
was used for harvesting endosperm. To ensure that the endosperm we
harvested were from the same stage, we marked the flower opening
time (anthesis) of each single floret and only the flowers from middle
spikelet were harvested. The endosperms were sampled at 4, 7, 14 and
18 DPA, respectively. The embryo was removed using blade from the
endosperm. The endosperms were either snap frozen in liquid nitro-
gen for RNA extraction, or fixed in formaldehyde for ChIP-seq or
stored at -80 °C for ATAC-seq.

RNA-seq, ChIP-seq and ATAC-seq experiment
Total RNA of endosperm was extracted using StarSpin Hipure Fast
Plant RNA Mini Kit (#P125-01; Genstar, Beijing, China) according to the
manufacturer’s instructions. Three biological replicates were con-
ducted for each developmental stage. After checking the concentra-
tion and purity of RNA using Nanodrop (Thermo Fisher Scientific) and
electrophoresis, the qualified RNA was used to construct the sequen-
cing library using the VAHTS® Universal V8 RNA-seq Library Prep Kit
for MGI (#NRM605; Vazyme, Nanjing, China). The libraries were
paired-end sequenced (2 x 150 bp) on DNBSEQ-T7 (BGI, Shenzhen).
ChlIP-seq was conducted by following the eChIP protocol®® with
minor modifications. In brief, wheat endosperm was fixed with 1%
formaldehyde. 0.2 g fixed samples were grinded in liquid nitrogen and
then the powder was added to 300 pl of Buffer S (50 mM HEPES-KOH
(pH7.5), 150 mM NaCl, 1mM Ethylene Diamine Tetraacetic Acid
(EDTA), 1% Triton X-100, 0.1% sodium deoxycholate, 1% SDS) for 10 min
at 4 °C. The chromatin was fragmented by sonicator (Covaris $220,
USA). 50 pl protein G magnetic beads pre-washed by PBST were added

to the sonicated chromatin to pre-clean the chromatin by rotating for
1hat4 °C. A small proportion of the chromatin was saved as input and
the rest was used for ChIP. Chromatin immunoprecipitation was per-
formed using antibodies against H3K4me3 (cat #A2357, lot
#5500002383; Abclonal, Wuhan, China), H3K27me3 (cat #9733S, lot
#16; Cell Signaling, Danvers, MA, USA) and H3K9ac (cat #9649S, lot
#13; Cell Signaling). After incubating overnight at 4 °C, the chromatin-
ab complex was captured by protein G magnetic beads at 4 °C. The
precipitated chromatin was washed with washing buffer and ChIP-ed
DNA was eluted from beads. Thereafter, de-crosslinking was per-
formed and QIAquick® PCR Purification Kit (#28106; Qiagen, Dussel-
dorf, NRW, Germany) was used to purify the ChIP-DNA. The ThruPLEX®
DNA-seq Kit was used for library preparation (#R400675; Takara bio,
Japan). The libraries were submitted to NovaSeq 6000 system for
sequencing with paired-end mode.

The ATAC-seq library was constructed following the nuclei sorting
based protocol®. In brief, the nuclei were isolated by rapidly and
repeatedly chopping in buffer using a blade on an ice magnet. Then,
the crude nuclei were filtered with 30 pm cell strainer and were then
sorted by Fluorescence activated Cell Sorter. The tagmentation reac-
tion was performed at 37 °C for 30 min. DNA was purified by using the
QIAGEN MinElute PCR Purification Kit (#28006; Qiagen). After ampli-
fication using NEBNext® High-Fidelity 2x PCR Master Mix (#MO0541L;
NEB, Beijing, China), the libraries were purified with AMPure beads.
The concentration and fragment distribution were detected by Qubit
and Agilent 2100 Bioanalyzer, respectively. Qualified ATAC libraries
were sequenced by NovaSeq 6000 system with paired-end mode.

RNA-seq data processing

Adapter trimming was performed using Trim Galore (v0.4.2) (http://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Tran-
scripts per million (TPM) values were generated using Kallisto®
(v0.48.0) with an index built on Chinese Spring cDNA sequences
(IWGSC RefSeq v1.1). High-confidence genes from this gene model
version were used for further analysis. Differential expression genes (|
log2 fold change|> 1 and g value <0.05) and genes with time-series
changes in expression (g value <0.01) were detected using Sleuth®®
(v0.30.0) in R. The shannon entropy specificity index was calculated to
identify the stage specifically expressed genes via Tspex (https://tspex.
Ige.ibi.unicamp.br/).

ChlIP-seq and ATAC-seq data processing

The raw data of ChIP-seq and ATAC-seq were filtered using Trimmo-
matic (v0.32) (https://github.com/usadellab/Trimmomatic) to remove
sequencing adapters and low-quality reads, with parameters set to
“LEADING:20 TRAILING:20 SLIDINGWINDOW:4:15 MINLEN:36". High-
quality clean reads were aligned to IWGSC v1.0 reference genome
using Bowtie2 (v2.4.4) (https://github.com/BenLangmead/bowtie2)
with the parameters of “--sensitive -k 3”. Mapped reads were sorted
with SAMtools (v1.9) (https://github.com/samtools/samtools), and
reads with a MAPQ score below 5 were discarded. PCR duplicates were
removed using the MarkDuplicates function of Picard (v2.23.9)
(https://github.com/broadinstitute/picard). Peak calling was per-
formed using the IDR (Irreproducible Discovery Rate) framework, with
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files prepared by SAMtools (v1.9). The callpeak function of MACS2
(v2.2.7.1) (https://github.com/macs3-project/MACS) was used for peak
calling, with parameters “-p le-2 --nomodel --shift -75 --extsize 150
--mfold 2 20 --to-large” for ATAC-seq and “-c input.bam -p 1e-2 --mfold 2
20 --nomodel --to-large” for ChIP-seq. For data visualization, merged
bam files were converted to RPKM (Reads Per Kilobase per Million
mapped reads) normalized bigwig files with 50 bp bin size using
deepTools®” (v3.5.1). The peak annotation was performed using
method from wheatATAC (https://github.com/hcph/wheatATAC). The
promoter region covering 3500 bp upstream to 1500 bp downstream
of the TSS. The gene body region spans from 1500 bp downstream of
the TSS to the TES. All other regions are defined as distal regions. For
the quantification of ChIP-seq and ATAC-seq peaks across develop-
mental stages, the peaks detected from the four differential stages
were merged initially and then reads counting was performed using
the merge and multicov function of BEDTools®® (v2.27), respectively.
We divided the counts by peak length for normalization. The nor-
malized counts were summed and each normalized count was divided
by the total sum, and the resulted read count was multiplied by
one million to obtain the final normalized value, termed Fragment
Per Million (FPM, similar to TPM in RNA-seq). Additionally, the
shannon entropy specificity index was calculated to identify the
stage specific regions that were chromatin accessible or modified
by H3K4me3, H3K27me3 and H3K9ac. The DAP-seq peaks were
obtained from Gene Expression Omnibus database under the
accession code of GSE188699** and GSE192815%. After annotating
these peaks using wheatATAC pipeline, the target genes were
identified.

Classification of expression pattern of triad genes

The triad of homoeologs from three sub-genomes of wheat are pro-
vided in Supplementary Data 18. Here, we defined a triad as homo-
eolog with maximum TPM value > 0.5. The ternary plot-based method
was applied for defining expression patterns of triads®. In brief, the
expression level of homoeologous gene from one sub-genome was
normalized against the total expression level within the triad to
represent the relative expression. The Euclidean distance of each gene
along the three angles of the ternary plot was then calculated using
R packages of ggtern® (v3.3.5), and seven categories were defined
according to the Euclidean distance. Specifically, homoeologs with a
higher level of expression in the A sub-genome than the homoeologs in
the other two sub-genomes were defined as A-dominant, and similarly,
those with higher expression in the B or D sub-genomes were defined
as B-dominant or D-dominant, respectively. Homoeologs with a
lower level of expression in the A sub-genome than in the other two
sub-genomes were defined as A-suppressed, and the same classifica-
tion applies to B-suppressed and D-suppressed homoeologs. Other
regions with no expression differences among sub-genomes were
defined as balance. The expression patterns of the triad genes were
visualized using R packages of sankeyD3 (v0.3.2) (https://github.com/
fbreitwieser/sankeyD3).

Gene regulatory network inference

TOBIAS was used for identifying TF footprints and establishing gene
regulatory relationship inference’®. TF footprints with --motif-
pvalue < 1e-4 were retained. Wheat TFs were predicted by PlantTFDB
(http://planttfdb.gao-lab.org/prediction.php) and checked best hits in
Arabidopsis. Plant non-redundant PFMs downloaded from JASPAR
CORE 2018 were used to scan the TF binding sites’’. As one motif might
be corresponded to multiple TFs, we further filtered the upstream TFs
according to their expression patterns at particular stages. In detail, for
footprints located in OCRs at 4 DPA, we considered those TFs that
are either highly expressed at 4 DPA or at both 4 DPA and 7 DPA.
Similarly, for footprints in OCRs at 7 DPA, we focused on those that are

specifically expressed at 7 DPA or at both 4 DPA and 7 DPA. For foot-
prints located in OCRs at 14 DPA, we included TFs highly expressed at
14 DPA or at both 14 DPA and 18 DPA. For footprints located in OCRs at
18 DPA, we considered TFs that are highly expressed at 18 DPA or at
both 14 DPA and 18 DPA. In addition, to study the impact of histone
modifications on the development of endosperm, we paid particular
attention on upstream TFs whose expression levels are influenced by
histone modifications. The GRN for different endosperm develop-
mental stages were integrated and visualized using Cytoscape’
(v3.9.1). The connectivity for each gene defined as the number of
connections it has with other genes within the gene regulatory net-
work was calculated. Based on these connectivity scores, we identified
the top-level genes with the highest connectivity, indicating their
central role in the network.

Verification of GRN via natural genetic variation

Genotypes were derived from the resequencing of a germplasm
population (CNP0003712, https://db.cngb.org/). Seed traits were
obtained from plant grown in Xiangyang (Hubei, China) in 2019;
Xiangyang and Luoyang (Henan, China) in 2020; and Xiangyang,
Luoyang and Wuhan (Hubei, China) in 2021. Seed traits used Ime4” to
calculate Best Linear Unbiased Prediction (BLUP), which has been
provided in Supplementary Data 8. For the association analysis, we
utilized Fast-LMM (v0.2.32) with the covariate set to 6, which was
generated by PCA using Plink’ (v1.9). We calculated blocks of genetic
variations using Plink with the parameters --show-tags, --list-all, and
--tag-r2 0.5. SNPs located within the same block were merged to forma
QTL interval for subsequent analysis. We used the R package CMplot
(version 4.5.1) (https://github.com/YinLiLin/CMplot) to generate
Manhattan and QQ plots. The BEDTools*® (v2.27) was used to retrieve
closest genes associated to the QTLs. And the QTL regions were used
to filter the gene regulatory network constructed based on gene
expression and TF footprint. For all test genes, SNPs located within the
gene body and 3500 bp upstream of the TSS were extracted using
Plink, and Student’s ¢ test was conducted for each SNP to obtain sig-
nificant SNPs (P < 0.05, two-tailed Student’s ¢ test) for GL, GW, GL/GW
and TGW. The hub genes with genetic polymorphisms associated to
significant (P<0.05, two-tailed Student’s ¢ test) seed trait variations
were left and the corresponding regulatory relationships were visua-
lized by Cytoscape’ (v3.9.1).

Vector construction and wheat transformation
First, we used CRISPR-Cereal” to identify target site for knocking out
ERF5 (TraesCS6A02G243500, TraesCS6B02G280800, TraesCS6D02G22
5700). The chosen guide sequence is AGTACATCCACGAGCAGCTG. The
gRNA was then introduced into the CRISPR/Cas9 binary vector PBUE414.
The ERF5-KO vector plasmid was subsequently transformed into Agro-
bacterium tumefaciens strain EHA105 via chemical transformation. We
then transformed immature wheat embryos of the “Fielder” variety using
this Agrobacterium strain, with the addition of BABY BOOM and WUSCHEL
(BBM-WUS)™. Finally, genomic DNA from the transgenic plants was
extracted using the CTAB method, and PCR was employed to confirm the
presence of transgenes and to check for residual BBM-WUS and Cas9.
The coding sequence of ERFS (TraesCS6D02G225700) was inser-
ted into the pU1301 vector for overexpression via homologous
recombination. The resulting ERF5-OE vector was then introduced into
Agrobacterium tumefaciens strain EHA105 through chemical transfor-
mation. We transformed immature embryos of the wheat variety
“Fielder” using both the strain containing ERF5-OE construct and the
assistant strain containing BBM-WUS construct’. Finally, genomic DNA
from the transgenic plants was extracted using the CTAB method, and
three positive transgenic plants were confirmed by PCR analysis. The
trans-positive plants with BBM-WUS segregated out were used for
further analysis.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the Genome Sequence Archive at the Beijing Institute of Genomics
(BIG) Data Center, Chinese Academy of Sciences, under accession code
CRA009416. The processed ChIP-seq data are available in the Open
Archive for Miscellaneous Data (OMIX) under accession code
OMIX002851. The public DAP-seq data were downloaded from the
Gene Expression Omnibus database under the accession code
GSE192815 and GSE188699. Source data are provided with this paper.

Code availability
The scripts and codes for this study can be found at GitHub repository
[https://github.com/hcph/wheat-endosperm-development]”.
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