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ABSTRACT

Polycomb repressive complex 2 (PRC2)-mediated H3K27me3 deposition is vital for cell fate determination

during Arabidopsis thaliana endosperm development. Unlike the transient endosperm in Arabidopsis, ce-

reals follow a different developmental program after the cellularization phase, producing a persistent endo-

sperm. In contrast to the single, constitutively expressed Fertilization Independent Endosperm (FIE) gene in

Arabidopsis, cereals have evolved a duplicated, grain-specific counterpart, such as maize ZmFie1 and rice

OsFie1. However, their functions remain unclear. We applied Cleavage Under Targets and Tagmentation

(CUT&Tag) to profile the dynamics of the H3K27me3 mark during maize endosperm development. We

observed a genome-wide elevation of H3K27me3 levels at early stages, followed by a rapid reduction after

seed filling. We identified common regions and designated them as Filling Specific Peaks (FSPs), which are

largely regulated by ZmFie1. Indeed, knockout of ZmFie1 results in earlier cellularization and slightly

enhanced mitosis during endosperm filling, leading to smaller kernels that accumulate more zeins. Consis-

tently, H3K27me3 levels on α-zein genes, located as tandem repeats on chromosome 4, are dramatically

decreased in zmfie1. Moreover, it indirectly inhibits cell proliferation by mediating H3K27me3 deposition

at ZmMADS loci, thereby balancing endosperm development and filling. Intriguingly, OsFie1 imposes

H3K27me3 modification at the loci of 13-kDa prolamin genes and OsMADSs, leading to their repressed

expression. Collectively, our findings reveal the conserved function of H3K27me3 deposition mediated

by ZmFie1/OsFie1 in cereal endosperm development. The newly evolved, cereal grain-specific FIE1-

PRC2 complex plays a key role in balancing storage substance synthesis and cell proliferation during

persistent endosperm development.
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INTRODUCTION

The endosperm is a storage organ in higher plants, characterized

by a triploid chromosome ploidy. It serves as an energy reserve

for embryo development and is a primary source of nutrition for

both humans and animals. Endosperm development in dicotyle-

donous plants such as Arabidopsis, and in monocotyledonous

plants such as maize, is fundamentally similar until the point of

cellularization. After this stage, each species exhibits distinct pat-

terns of cell fate determination (Sreenivasulu and Wobus, 2013).

Following cellularization in Arabidopsis, the endosperm

undergoes degradation, with nutrients being transferred to the

cotyledons of the embryo. In contrast, the cellularized

endosperm in cereals proceeds through cell proliferation, cell

expansion, and tissue differentiation, ultimately developing into

a functional organ for the synthesis and storage of substances.

Endosperm filling in maize is coordinately regulated by

transcription factors (TFs) such as O2, PBF1, and NAC130, which

are highly expressed during this stage (Yang et al., 2023).

An open chromatin state is a prerequisite for the initiation of

transcriptional activation. The Polycomb group (PcG) family cat-

alyzes the trimethylation of lysine 27 on histone H3 (H3K27me3),

an important transcriptional repressive modification that plays a

crucial regulatory role at various developmental stages. The

PRC2 complex primarily consists of SET domain methyltrans-

ferases, WD domain proteins, and ESC proteins. In Arabidopsis,

the PRC2 complex restricts excessive cell proliferation during

the early phase of endosperm development, thereby ensuring

proper differentiation of endosperm cells (Grossniklaus et al.,

1998; Ohad et al., 1999). All mutants of the Arabidopsis PRC2

complex exhibit endosperm over-proliferation following

double fertilization, although the stage of developmental arrest

varies slightly among them. The msi1 mutant shows over-

proliferation of the chalazal endosperm and fails to undergo cel-

lularization (Kohler et al., 2003), whereas fis mutants display

delayed cellularization of the peripheral endosperm (Sorensen

et al., 2001). The fie mutants exhibit autonomous endosperm

development in the absence of fertilization. After fertilization,

fie mutants show abnormal development of both the

endosperm and embryo, ultimately leading to infertility (Ohad

et al., 1999).

The Fie gene in the grass family has undergone duplication and

functional divergence. In wheat, seven copies of TaFie are

located across three sets of chromosomes, but no grain-

specific TaFie has been identified (Strejckova et al., 2020). In

rice and maize, two members of the Fie gene have been

identified in each species, namely Fie1 and Fie2. OsFie1 and

ZmFie1 show similar expression patterns, both specifically

expressed during grain filling (Springer et al., 2002). However,

OsFie1 originated independently in the Oryzeae tribe, and

ZmFie1 and ZmFie2 are more closely related to OsFie2 (Cheng

et al., 2020). The osfie1 mutant has been reported to exhibit

small grains and reduced storage protein content (Huang et al.,

2016; Cheng et al., 2020; Wu et al., 2023). ZmFie1 is a

maternally imprinted gene in the endosperm, and its expression

characteristics and imprinting regulation have been widely

studied (Springer et al., 2002; Gutierrez-Marcos et al., 2006; Ni

et al., 2019). However, its biological function during endosperm

filling remains unknown.

The recent application of technologies such as Assay for Trans-

posase-Accessible Chromatin using sequencing (ATAC-seq),

Cleavage Under Targets and Tagmentation (CUT&Tag), and

chromatin immunoprecipitation sequencing (ChIP-seq) has

greatly advanced the study of epigenetic modifications during

wheat endosperm development. Construction of an epigenetic

regulatory network covering the development of the wheat

embryo sac (0–4 days after pollination [DAP]) and endosperm

(6–22 DAP) has revealed distinct regulatory mechanisms for

starch and seed storage protein (SSP) synthesis in wheat (Zhao

et al., 2024). The candidate TF TaABI3A1 was found to promote

SSP accumulation while simultaneously repressing starch

synthesis and grain size increase. Meanwhile, another group of

candidate TFs, TaNF-Y, interacts with the PRC2 complex and ap-

pears to inhibit gluten protein synthesis while promoting starch

synthesis (Chen et al., 2024).

A novel wheat MADS gene, TaMADS-GS, has been identified as

encoding a type I MADS-box TF. TaMADS-GS interacts with

PRC2 to repress cytokinin oxidase/dehydrogenase (CKX)-en-

coding genes. Knockout of TaMADS-GS results in delayed endo-

sperm cellularization and smaller kernel size (Zhang et al., 2024a).

Data from wheat suggest that the primary function of H3K27me3

modification is to promote cellularization during early endosperm

development and to inhibit gluten protein synthesis during the

later filling stage.

Although the endosperm development process in grasses is

similar, differences exist in the timing of key developmental

stages. The duration of grain development and filling in maize is

longer, and the final grain size is larger than that of rice and wheat.

In wheat, endosperm cellularization is closely coupled with grain

filling, with cellularization ending within a few days after pollina-

tion (typically 3–4 DAP), coinciding with the initiation of grain-

filling gene expression (Xurun et al., 2015; Zhang et al., 2024a;

Zhao et al., 2024). In contrast, although maize endosperm

typically completes cellularization around 3–4 DAP, grain filling

is initiated after 8 DAP. Between 4 and 8 DAP, the endosperm

undergoes intense mitotic activity accompanied by a rapid

increase in volume (Leroux et al., 2014; Ji et al., 2022). A recent

study uncovered a unique regulatory network centered on the

O2–ZmGRAS11–ZmEXPB15 module that coordinates grain

filling and endosperm cell expansion (Ji et al., 2022). Unlike

ZmGRAS11, which is specifically expressed in maize

endosperm, its homologs in rice, SLRL1 and SLRL2, are also

highly expressed in leaves and stems (Itoh et al., 2005).

Consistent with these distinct expression patterns, maize

endosperm cells can enlarge up to 230 μm in length, resulting

in a final grain length of up to 12 mm, whereas rice endosperm

cells achieve a maximum length of only 100 μm, leading to a

final grain length of just 6 mm (Song et al., 2007).

As the primary storage proteins in the maize endosperm, zeins

are subdivided into four subclasses based on amino acid

sequence homology: α (19 and 22 kDa), β (15 kDa), γ (50, 27,

and 16 kDa), and δ (18 and 10 kDa) (Larkins et al., 2017).

Transcripts from zein genes comprise approximately 65% of

total transcripts during endosperm filling, with the 19-kDa

α-zein and 22-kDa α-zein transcripts being the most prevalent,

representing approximately 42% and 8% of transcripts,

respectively (Chen et al., 2014).
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In this study, we mapped the H3K27me3 histone modification

landscape at five time points during maize endosperm develop-

ment using CUT&Tag. Based on the data, we identified a group

of H3K27me3 peaks specifically established at 8–10 DAP, termed

Filling Specific Peaks (FSPs), the deposition of which is mediated

by ZmFie1. Knockout of ZmFie1 led to increased accumulation of

zein proteins and a greater number of endosperm cells; however,

it also resulted in reduced starch content and smaller grain size.

ZmFie1 suppresses the premature expression of α-zeins by

directly depositing H3K27me3 modifications at the tandem-

repeat gene loci of α-zeins on chromosome 4. It also indirectly in-

hibits cell proliferation by mediating H3K27me3 deposition at the

ZmMADS loci. These effects ultimately lead to balanced endo-

sperm development and filling. Similarly, OsFie1 mediates

H3K27me3 deposition at the loci of 13-kDa prolamin genes and

OsMADSs, leading to their repressed expression. Our findings

reveal the conserved role of H3K27me3 deposition mediated by

ZmFie1/OsFie1 in cereal endosperm development.

RESULTS

A group of ZmPRC2 members are highly expressed in

maize endosperm before the onset of filling

The components of PRC2 in the maize genome and their

interactions have been previously reported (Ni et al., 2019). By

integrating published transcriptome data for maize endosperm,

we identified the PRC2 members expressed around the onset

of endosperm filling. Expression data for the endosperm at 48–

144 h after pollination (HAP) are derived from a study

specifically focused on early maize endosperm development

(Fu et al., 2023), whereas expression data for other

developmental stages and tissues are sourced from a separate

publication (Chen et al., 2014).

Near the onset of grain filling (from En6D to En10D, with D repre-

senting DAP), a group of PRC2 complex members are highly ex-

pressed, including ZmFie1, ZmEmf2b, ZmMSI1c, and ZmMEZ1.

ZmFie1, in particular, is specifically expressed in the endosperm

and begins to show high expression from En72HAP, a time point

following completion of the coenocytic phase. In contrast,

ZmFie2 is ubiquitously expressed across all tissues and shows

high expression during the coenocytic stage of endosperm

development (En48HAP), with expression subsequently

decreasing as development progresses (ZmFie2 expression:

En48HAP, Fragments Per Kilobase of exon per Million mapped

reads [FPKM] = 12.98; En10D, FPKM = 2.46). These data suggest

that the PRC2 complex mediated by ZmFie1 is the primary regu-

lator during the En6D to En10D period. The other three mem-

bers—ZmEmf2b, ZmMSI1c, and ZmMEZ1—although also ex-

pressed in other tissues, show their highest expression in the

endosperm during 6–10 DAP (Supplemental Figure 1). The

expression patterns of these genes suggest that H3K27me3

deposition mediated by the ZmFie1-PRC2 complex plays a sig-

nificant regulatory role at the onset of endosperm grain filling.

Charting the H3K27me3 landscapes during maize

endosperm filling

The PRC2 complex regulates plant development by repressing

gene expression through the deposition of histone H3K27me3

modifications at specific genomic loci. We mapped the

H3K27me3 landscapes of maize endosperm from 6 to 20

DAP using CUT&Tag with anti-H3K27me3 antibodies. Endosperm

samples were collected from the B73 inbred line grown in Tai’an in

spring 2023, and the developmental status at each time point was

verified using free-hand sections. At 10 DAP, the endosperm ap-

peared transparent, whereas the upper portion of the 12-DAP

endosperm exhibited a pale-yellow coloration, indicating that

visible storage substances had not yet accumulated at 10 DAP

but had begun to accumulate by 12 DAP (Figure 1A).

Each time point included two replicates, yielding a total of 10

samples, and each sample was sequenced to a depth of 17

Gb (Supplemental Data 1). The correlation coefficient between

the replicates at each time point exceeded 80%, indicating a

high degree of consistency between biological replicates

(Figure 1B). Unsupervised principal component analysis

revealed a stage-specific transition pattern (Figure 1C).

Peak calling for each sample was performed using MACS2 soft-

ware, resulting in the generation of a peak-calling dataset

(Figure 1D, Supplemental Data 2). Although the number of

H3K27me3 peaks was highest at 20 DAP, distribution of strong

H3K27me3 signals along gene bodies was observed at 8 and

10 DAP, particularly with marked enrichment around the

transcription start site (Figure 1E). By comparing peaks

between adjacent time points, we identified stage-specific peaks

(Supplemental Data 3). From 6 to 8 DAP, 8365 peaks were gained

(Figure 1F), and from 10 to 12 DAP, 12 111 peaks were lost

(Figure 1G)—a difference significantly greater than that

observed between other periods (Figure 1H). Furthermore, the

differential peaks gained and lost were more frequently

observed in gene regions compared with those in other

samples (Supplemental Figure 2). This suggests that these

differential peaks have greater biological significance and are

closely linked to changes in endosperm developmental status

between 6 DAP and 12 DAP. Additionally, more peaks were lost

between 10 and 12 DAP than were gained between 6 and 8

DAP, suggesting that some genes acquired peaks prior to or at

6 DAP, and all peak erasures occurred by 12 DAP. A total of

7084 new peaks were identified at 20 DAP, representing gene

loci specifically silenced during the grain-filling period.

Distinct H3K27me3 modification features around

endosperm filling

We found that a set of H3K27me3 modification peaks was gained

prior to the onset of grain filling, whereas another set was lost af-

ter the grain-filling period officially began. Is there a correlation

between the gain and loss of H3K27me3 peaks around the initia-

tion of grain filling? To investigate this, we intersected the 8365

peaks gained from 8 DAP relative to 6 DAP with the 12 111 peaks

lost from 12 DAP relative to 10 DAP, resulting in the identification

of 5923 common peaks. These intersected peaks were desig-

nated as FSPs (Figure 2A). The 5923 FSPs corresponded to

2838 unique genes (Supplemental Data 4), which were

significantly enriched for TF activity and nutrient reservoir

activity (GO:0045735) (Figure 2B). Subsequently, we obtained a

gene set of 1140 genes that specifically gained H3K27me3

marks between B8 and B6 (B8 gain-only), as well as a set of

3884 genes that specifically lost H3K27me3 marks between

B12 and B10 (B12 loss-only). The top 30–50 expressed genes
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in these three gene sets displayed distinctly different expression

patterns during endosperm development. Among them, the FSP

gene set showed a high, plateau-like expression pattern from

En12 to En30; the B8/B6 gain-only gene set exhibited a high-

front, low-back expression pattern from En6 to En38; and the

B12/B10 loss-only gene set presented two expression types—

some with a plateau-like pattern and others with a low-front,

high-back pattern (Figure 2C).

We further analyzed the number of zein genes, starch synthesis

genes (starch) and 34 key TFs (Ji et al., 2022) within these three

gene sets (Supplemental Data 5). In the B73_v4 genome, there

are 28 annotated zein genes, 16 of which belong to the FSP

gene set, representing 57% of the total. Of the 34 starch

synthesis genes, three (8%) are part of the FSP gene set, and

20 (59%) entirely lacked H3K27me3 modification. Among the

34 co-expressed TFs, eight (24%) were included in the FSP

gene set, including ZmNAC130 (Figure 2D). None of the zein

genes, starch synthesis genes, or TF genes were included in

the B8 gain-only gene set. The metagene plot of H3K27me3

distribution showed higher H3K27me3 signals along the gene

bodies of zein genes and the 34 TFs at 8 and 10 DAP, whereas

starch synthesis genes were largely devoid of H3K27me3

across all developmental stages (Figure 2E).

The distribution of H3K27me3 in the 1- to 19-Mb region of the

short arm of Chr4 showed significant peaks in the tandem repeat

regions of the 22-kD α-zein and 19-kD z1A α-zein loci, which

increased from B6 to B8 and then decreased from B10 to B12.

In regions outside the zein tandem repeats, differences in

H3K27me3 peaks between time points were not significant

(Figure 2F). Among the TFs co-expressed with grain-filling genes,

ZmNAC130, ZmNAC90, ZmNAC87, ZmNAC48, ZmTCP7,

ZmMADS41, ZmIDD10, ZmMYB14, ZmARF23, ZmARF24,

ZmTrihelix16, and ZmTALE74 demonstrated strong H3K27me3

signals at B8 and B10, whereas O2 exhibited a distinct

H3K27me3 modification pattern, peaking at B6 and gradually

decreasing until B20. Furthermore, the PBF1 locus was largely

devoid of H3K27me3 across all developmental stages

(Supplemental Figure 3; Figure 2G).

These data reveal distinct H3K27me3 modification patterns

between zein genes and starch synthesis genes. Although

virtually no H3K27me3 signals were detected at starch synthe-

sis gene loci, zein genes—particularly the tandemly repeated

22-kD α-zein and 19-kD z1A α-zein loci on Chr4—showed

acquisition of H3K27me3 peaks before the initiation of grain

filling (B6–B8), followed by their loss at B10–B12. Other zein

gene loci located on different chromosomes, such as the 10-

kD δ-zein, 15-kD β-zein, and γ-zeins (50, 27, and 16 kDa), ex-

hibited little to no H3K27me3 enrichment (Supplemental

Figure 3).

Enrichment analysis of the FSP genes revealed the presence of

zein genes and a group of highly expressed TFs such

as ZmNAC130. Based on expression patterns from En6 to

En38, the FSP genes were classified into six clusters

(Supplemental Figure 4), which displayed three distinct

Figure 1. Charting the H3K27me3 land-

scapes during maize endosperm filling.

(A) Longitudinal free-hand sectioning of devel-

oping B73 kernels. Red dashed lines indicate the

endosperm regions sampled for CUT&Tag. Bar, 2

mm.

(B) Heatmap showing Pearson correlation clus-

tering of H3K27me3 modifications across devel-

opmental stages.

(C) Principal component analysis of H3K27me3

profiles.

(D) Number of H3K27me3 peaks in two biological

replicates at each developmental time point.

(E) Metagene plots showing H3K27me3 distri-

bution patterns across gene bodies at each

developmental time point.

(F) Volcano plot showing log2 FC and statistical

significance of differential H3K27me3 peaks be-

tween 6 and 8 DAP. FDR <0.05, FC absolute

value >1.5.

(G) Volcano plot showing log2 FC and statistical

significance of differential H3K27me3 peaks be-

tween 10 and 12 DAP. FDR <0.05, FC absolute

value >1.5.

(H) Summary of distinct peak gains and losses

between adjacent developmental stages.
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expression profiles: high then low (profiles 16 and 37), low then

high (profile 43), and high in the middle (profiles 6, 44, and 11).

The high-then-low type was the most common, comprising

over 400 genes, most of which peaked at En6 and sharply

declined after En8. This pattern is consistent with the typical

role of H3K27me3 in gene repression. The low-then-high type

showed increased expression after En20, aligning with reduced

H3K27me3 modification after 12 DAP. The zein genes were pre-

dominantly assigned to profile 44, which exhibited a plateau-like

expression pattern.

A B C

D E

F

G

Figure 2. Distinct H3K27me3 modification features around the onset of endosperm filling.

(A) Venn diagram showing overlap between peaks gained from 6 to 8 DAP and peaks lost from 10 to 12 DAP.

(B) Gene ontology (GO) enrichment analysis of FSP genes.

(C) Stacked area chart showing expression patterns of three gene sets—B8 gain-only, FSP, and B12 loss-only—during endosperm development.

Expression values were derived from public RNA-seq data (Chen et al., 2014).

(D) Proportions of starch synthesis genes, zein genes, and 34 TFs in each of the three gene sets.

(E) Metagene plot showing H3K27me3 density across loci of starch synthesis genes, zein genes, and 34 TFs from B6 to B20.

(F) IGV snapshots showing H3K27me3 distribution across the 1- to 19-Mb region of the short arm of chromosome 4. Blue regions indicate tandem repeat

loci of the 22-kD and 19-kD z1A zein genes.

(G) Magnified views of the blue regions in (F), along with other selected TF loci.
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zmfie1 loss-of-function mutants show reduced kernel

size and increased α-zein content

To investigate the function of the ZmFie1-PRC2 complex in maize

endosperm development, we generated two knockout lines using

clustered regularly interspaced short palindromic repeats

(CRISPR)/CRISPR-associated protein 9 (Cas9) in the maize

inbred line KN5585 (designated zmfie1-1 and zmfie1-2) and

obtained one ethyl methanesulfonate (EMS)-induced mutant

(named zmfie1-3; http://maizeems.qlnu.edu.cn/). The zmfie1-1

mutant harbored an adenine insertion at position +746 base pairs

(bp) relative to the start codon, whereas zmfie1-2 had a 29-bp

insertion at the same position (Figure 3A). Both mutations

resulted in loss of ZmFie1 function due to a frameshift causing

premature termination. RT-PCR revealed that transcript levels

of ZmFie1 in 10-DAP zmfie1-1 and zmfie1-2 endosperms were

dramatically reduced compared with those of the wild type

(WT) (Figure 3E).

To examine kernel phenotypes in zmfie1 mutants, we planted

zmfie1-1, zmfie1-2, and WT in Sanya (Figure 3B). Ears from the

two mutant alleles that showed full seed set were used for

photography and kernel trait measurements. On a light box,

higher light transmission was observed in zmfie1-1 and

Figure 3. Reduced kernel size and

increased α-zein in zmfie1 mutants.

(A) Schematic representation of zmfie1 alleles.

(B) Ear phenotypes of WT KN5585, zmfie1-1, and

zmfie1-2. Scale bar, 5 cm.

(C) Kernel vitreousness of WT, zmfie1-1, and

zmfie1-2. Scale bar, 1 cm.

(D) Transverse and longitudinal sections of WT,

zmfie1-1, and zmfie1-2. Scale bar, 1 cm.

(E) RT-qPCR analysis of ZmFie1 expression in 10-

DAP endosperms of WT and zmfie1 mutants.

n = 5 biologically independent samples.

(F) Measurement of opaque endosperm area/to-

tal endosperm area in kernel transverse sections.

Each value was derived from 30 kernels from

three ears.

(G) Kernel weight (g), length (mm), width (mm),

and thickness (mm) in WT and zmfie1 mutants.

n = 6–10 biologically independent ears.

(H) SDS–PAGE analysis of zeins in mature kernels

of WT and zmfie1 mutants. γ27, 27-kDa γ-zein;

α22, 22-kDa α-zein; α19, 19-kDa α-zein; γ16, 16-

kDa γ-zein; β15, 15-kDa β-zein; δ10, 10-kDa

δ-zein.

(I) Zein, non-zein, and total protein content in the

mature kernels of WT and zmfie1.

(J) TEM of WT and zmfie1-1 endosperms at 24

DAP. Asterisk, protein body (PB).

(K) PB number and diameter in WT and zmfie1-1

endosperms. PB, protein body. p values were

determined by two-tailed Student’s t-test.

zmfie1-2 kernels (Figure 3C). Longitudinal

and transverse sections of the kernels

revealed that the opaque endosperm ratio

(opaque endosperm area [OEA] / total

endosperm area) in zmfie1-1 (52.5%) and

zmfie1-2 (57.5%) mutants was reduced compared to WT (67.

8%) (Figures 3D and 3F; Supplemental Figure 6B). The 100-

kernel weight was significantly lower than that of WT

(Figure 3G). Kernel length and width were consistently reduced

in zmfie1 mutants; however, kernel thickness was slightly

increased in zmfie1-1 but remained unchanged in zmfie1-2.

To quantify storage substance content for each genotype, we

selected five ears with uniform kernel size and full seed set. For

each genotype, two kernels were sampled and ground into flour

for analysis. SDS–PAGE analysis showed that the accumulation

of 19- and 22-kDa α-zein proteins was notably increased in

zmfie1-1 and zmfie1-2 mature kernels compared to WT, whereas

the levels of other zeins remained unaffected (Figure 3H).

Quantitative measurements revealed that total zein protein

levels increased from 6.91% in WT to 7.77% in zmfie1-1 and to

8.64% in zmfie1-2. Concurrently, non-zein protein levels slightly

decreased in both zmfie1-1 and zmfie1-2 mutants. Given that

the increase in zein content exceeded the reduction in non-zein

content, total protein content was slightly enhanced in both mu-

tants relative to WT (Figure 3I). Transmission electron microscopy

of 24-DAP endosperms revealed that the diameter of protein

bodies was significantly increased in zmfie1-1, with a slight
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decrease in their number (Figures 3J and 3K), whereas the

diameter of starch granules and total starch content were

slightly reduced (Supplemental Figures 5A and 5B).

We also measured kernel traits of different genotypes segregated

from the same ears, thereby eliminating the possibility that the

observed differences between zmfie1 mutants and WT resulted

from environmental factors or ear-to-ear variation. Single kernels

from self-pollinated zmfie1-2/+ heterozygous ears were pheno-

typed and then genotyped individually (Supplemental

Figure 6A). The ZmFie1/ZmFie1, ZmFie1/zmfie1-2, and

zmfie1-2/zmfie1-2 genotypes segregated in a 1:2:1 ratio

(Supplemental Figure 6C). The results showed that

homozygous mutant kernels exhibited a significant reduction in

single kernel weight and OEA, along with an increase in zein

content. Starch content remained unchanged across genotypes

(Supplemental Figure 6E).

The zmfie1-3 allele in the B73 background was caused by a G/A

substitution in the seventh exon of ZmFie1, resulting in a stop-

gain mutation at tryptophan 271 (Figure 3A; Supplemental

Figures 7A and 7B). We also found that the mRNA level of

ZmFie1 in the zmfie1-3 endosperm at 8 DAP was decreased

compared with that in the WT (Supplemental Figure 7C).

Kernels from zmfie1-3 plants, segregated from self-pollinated

heterozygous ears, exhibited reduced OEA and increased zein

content compared to those of WT B73 (Supplemental

Figure 7D). However, no significant difference in kernel weight

was observed between zmfie1-3 and WT. The discrepancies in

kernel weight phenotype between zmfie1-1/zmfie1-2 and

zmfie1-3 might be attributed to differences in genetic

backgrounds.

ZmFie1 mediates H3K27me3 deposition at filling-

specific peaks (FSPs) and inhibits FSP gene expression

To investigate whether ZmFie1-PRC2 is responsible for

H3K27me3 deposition at FSP loci, we performed H3K27me3

ChIP-seq on 10-DAP endosperms from WT and zmfie1-1. Addi-

tionally, we conducted RNA sequencing (RNA-seq) on the

same samples (Supplemental Data 1 and 6).

We detected a total of 50 494 H3K27me3 peaks in WT-rep1 and

45 211 in WT-rep2. In contrast, zmfie1-rep1 and zmfie1-rep2

samples exhibited significantly more H3K27me3 peaks, with

66 367 and 94 743 peaks, respectively (Supplemental Data 5).

The majority of H3K27me3 peaks in WT (68.67%) and zmfie1

(62.80%) samples overlapped (Supplemental Figure 8A).

Correlation analysis of peaks near genes revealed a strong

correlation between the two WT replicates (r = 0.99), and

between CUT&Tag and ChIP results (Supplemental Figure 8B,

r = 0.64, Pearson’s correlation).

The data reveal no significant differences in genome-wide

H3K27me3 deposition between WT and zmfie1. Despite the

higher number of H3K27me3 peaks, the overall H3K27me3 distri-

bution along gene bodies appears to be slightly lower in zmfie1

(Supplemental Figure 8C). A comparison of H3K27me3 profiles

between WT and zmfie1-1 identified 4339 lost peaks and 4953

gained peaks in zmfie1-1 (Supplemental Data 6). Although the

number of lost and gained H3K27me3 peaks in zmfie1 did not

show significant variation compared with WT, the lost peaks

exhibited higher p values than the gained peaks (Figure 4A).

Loci that gained H3K27me3 in zmfie1 had almost no

H3K27me3 deposition during endosperm development in WT.

Conversely, loci that lost H3K27me3 in zmfie1 exhibited high

levels of H3K27me3 deposition during endosperm development

in WT, particularly at 8 and 10 DAP (Supplemental Figure 8D).

We subsequently analyzed the overall impact of zmfie1 deficiency

on gene expression at 10 DAP using RNA-seq. Given the broad

and subtle effects of H3K27me3 loss on gene expression, we

used a q-value cutoff of ≤ 0.05 to identify differentially expressed

genes, revealing 3904 upregulated genes and 3620 downregu-

lated genes (Supplemental Figure 9A and Supplemental Data 7).

Among the 4339 putative ZmFie1 targets, 335 genes were

upregulated and 179 were downregulated in zmfie1 compared

to WT endosperm (Supplemental Figure 9B). The 335 ZmFie1-

targeted genes that were upregulated exhibited a significant

reduction in H3K27me3 signals in zmfie1 endosperm. Surpris-

ingly, the 179 ZmFie1-targeted genes that were downregulated

also showed a significant decrease in H3K27me3 signals

(Supplemental Figure 9C).

We further compared the previously identified FSPs with the

ZmFie1-specific H3K27me3 peaks. A total of 1536 H3K27me3

peaks overlapped between the FSPs and zmfie1 loss peaks,

whereas only 45 H3K27me3 peaks overlapped between the

FSPs and zmfie1 gain peaks (Figure 4B and Supplemental Data

8). A general reduction of H3K27me3 was observed in zmfie1 at

the FSP loci, both in gene bodies and intergenic regions, which

coincided with the upregulation of FSP gene expression

(Figures 4C and 4D). When specifically examining the H3K27me3

profile of zein genes, TFs, and starch synthesis genes, we found

no H3K27me3 signals at starch synthesis gene loci in either WT

or zmfie1. In contrast, a significant reduction of H3K27me3

signals was observed for zein and TF loci in zmfie1. This

reduction was most pronounced within the gene bodies of TFs

and zein genes; it was also evident in the intergenic regions of

zein genes (Figure 4E). The decrease in H3K27me3 signals at zein

loci was accompanied by a general increase in zein gene

expression, whereas the expression of starch synthesis genes

remained unaffected in zmfie1 endosperm. The situation for TFs

was more complex: there was no overall change, but certain loci

exhibited partial loss of H3K27me3 modification and, surprisingly,

their expression was downregulated, as observed for ZmMYB14

and ZmNAC130 (Figure 4F and Supplemental Data 7).

Remarkably, the H3K27me3 profiles showed similar patterns at

selected gene loci between the CUT&Tag and ChIP-seq datasets

(Figure 4G). Furthermore, in the zmfie1 mutant, the H3K27me3

profiles displayed a clear decreasing trend, particularly at the loci

of α-zein genes on Chr4 and certain TFs. These findings support

the hypothesis that the ZmFie1-PRC2 complex is partly respon-

sible for H3K27me3 deposition at FSP sites and suppresses gene

expression in these regions, especially at zein and TF loci.

We then performed GO enrichment analysis on the 335 upregu-

lated ZmFie1-targeted genes, identifying six enriched GO terms,

including histone methylation (GO:0016571) and nutrient reser-

voir activity (GO:0045735) (Supplemental Figure 9D). The

nutrient reservoir activity category included 10 α-zein genes,
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Figure 4. H3K27me3 patterns in WT and zmfie1.

(A) Volcano plot showing differences in H3K27me3 peaks between WT and zmfie1-1. Blue and red dots represent lost and gained peaks, respectively.

FDR < 0.05, FC absolute value >1.5.

(B) Venn diagram showing overlap between FSPs and those lost or gained peaks in zmfie1-1.

(C) Metagene plot of H3K27me3 density at FSP loci in WT and zmfie1-1.

(legend continued on next page)
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and the histone methylation category contained three

methyltransferase genes: Fie2 (Zm00001d024698), MEZ1

(Zm00001d036296), and SUVH5 (Zm00001d032343). The former

two are members of the PRC2 complex responsible for

H3K27me3 modification, whereas the latter is a homolog of Ara-

bidopsis thaliana SUVH5, speculated to mediate H3K9me3 modi-

fication. H3K27me3 levels decreased at all three loci, coinciding

with significantly increased gene expression in zmfie1

(Supplemental Figures 9E and 9F). These findings suggest that

the 4953 gained H3K27me3 peaks in zmfie1 can be attributed

to the upregulation of these methyltransferase genes. In

contrast, loci where H3K27me3 signals decreased and gene

expression increased in zmfie1, such as the α-zein loci, were

not affected by methyltransferase upregulation.

ZmFie1 inhibits the transition from coenocyte to

cellularization and the proliferation of endosperm cells

ZmFie1 is highly expressed from En3D to En10D. To elucidate the

cause of the reduced grain size observed in zmfie1 mutants, we

collected kernel samples from zmfie1-1 and WT from 2 to 10

DAP, covering the coenocytic stage through the initiation of grain

filling. Cytological observations and analyses were conducted

using nanoscale X-ray microscopy and semi-thin sections.

We monitored and quantified changes in endosperm size in

zmfie1 samples from 2 to 10 DAP. At 2 DAP, no significant differ-

ences in coenocyte morphology or size were observed between

zmfie1-1 and WT (Figure 5A; Supplemental Figure 10A). At 3 DAP,

10 sections were obtained from five ears each of WT and

zmfie1-1. In nine of the 10 sections, zmfie1-1 had already

completed cellularization, with the central vacuole of the syncy-

tium fully partitioned. In contrast, only two WT sections had

completed cellularization; most WT endosperms had formed

only 2–4 peripheral cell layers and were still undergoing the cellu-

larization process. By 4 DAP, both WT and zmfie1-1 had

completed cellularization (Figure 5A). From 4 to 8 DAP,

endosperm thickness in zmfie1-1 was significantly less than

that in the WT (Supplemental Figure 10). We counted the

number of cells in the endosperm layer by layer from 4 to 10

DAP. At 4 DAP, the number of cells in zmfie1-1 was lower than

in the WT; however, from 8 to 10 DAP, zmfie1-1 had a higher num-

ber of endosperm cells than the WT (Figure 5B).

Kernel shape and cellular morphology during grain filling are signif-

icantly influenced by ear fertility and kernel arrangement. B73 ker-

nels appear squarer and more flattened compared with those of

KN5585. Consequently, we used zmfie1-3 in the B73 background

to investigate the impact of the zmfie1 mutation on endosperm

development. To elucidate the regulatory role of ZmFie1 in endo-

sperm cell development during the filling stage—and to eliminate

variation due to developmental differences among ears—we

selected WT and zmfie1-3 kernels segregating from self-pollinated

heterozygous ears at 16 DAP for cytological examination. The num-

ber of endosperm cells increased from 52.2 ± 2.55 in the WT to

60.50 ± 2.87 in zmfie1-3. However, endosperm thickness was

reduced from 4.29 ± 0.28 mm in the WT to 3.89 ± 0.26 mm in

zmfie1-3, and the average cell size was significantly reduced by

21.8% (Figures 5C and 5D). We then measured the cell width of

each layer individually. Cell size was significantly reduced from

the eighth to the 15th cell layer in the zmfie1-3 endosperm

(Figure 5E; Supplemental Data 9). In summary, ZmFie1 appears to

repress cell proliferation throughout endosperm development and

inhibit the transition from coenocyte to cellularization.

Several MADS TFs are known PRC2 targets involved in regulating

the timing of cellularization and endosperm cell proliferation,

including AGL62 (Kang et al., 2008) and AGL37 (Masiero et al.,

2011) in Arabidopsis thaliana, and OsMADS77 and OsMADS89

in rice (Tonosaki et al., 2021). A total of 98 ZmMADS genes

have been identified in the maize genome (Zhao et al., 2021),

and a list of cell-cycle-related genes in maize has been reported

in a recent single-cell study (Yuan et al., 2024).

We analyzed H3K27me3 signals at the loci of ZmMADS genes and

cell-cycle-related genes at various stages of endosperm develop-

ment. H3K27me3 signals were nearly absent at the loci of cell-cy-

cle-related genes throughout all stages. In contrast, strong

H3K27me3 signals were detected at ZmMADS gene loci, peaking

between 8 and 10 DAP, consistent with the peak distribution

pattern of FSPs (Supplemental Figure 11A). In the zmfie1-1 endo-

sperm at 10 DAP, H3K27me3 levels at ZmMADS loci were signif-

icantly decreased, whereas the loci of cell-cycle-related genes

maintained low signal levels without detectable differences be-

tween WT and zmfie1-1 (Figure 5F). Overall expression of the

G2/M phase cell cycle marker gene set was upregulated in

zmfie1-1, whereas the S-phase marker gene set was downregu-

lated. In contrast, the expression of MADS family genes varied;

some genes were upregulated and others were downregulated

(Figure 5G). Based on these findings, it is reasonable to

speculate that certain MADS-type TFs might be direct down-

stream targets of the ZmFie1-PRC2 complex, whereas the cell-cy-

cle-related genes are likely affected indirectly.

Next, we aimed to identify specific ZmMADS genes that may

serve as direct downstream targets of ZmFie1-PRC2 and func-

tion in cell division regulation during early to mid-stages of endo-

sperm development. Based on their expression patterns

throughout endosperm development, we classified the 98

maize MADS genes into three groups: those specifically ex-

pressed at the 48-HAP coenocytic stage, those expressed

between 72 HAP and 6 DAP, and those expressed at later stages

(Supplemental Figure 11B). Of the 98 MADS genes, 33

overlapped with zmfie1 peak loss regions, and 27 of these also

belonged to the FSP gene set (Figure 5H). Among these 33

genes, nine were specifically expressed from 72 HAP to 6 DAP,

15 were specific to the 48-HAP coenocytic stage, and four

were specifically expressed between 6 and 38 DAP. In the

(D) Boxplot showing expression levels of FSP genes in WT and zmfie1-1, based on RNA-seq data. p values were determined by Wilcoxon test.

***p < 0.001.

(E) Metagene plot showing H3K27me3 density at loci of starch synthesis genes, zein genes, and 34 TFs in WT and zmfie1-1.

(F) Boxplot showing log2 FC (zmfie1-1/WT) for each gene set. p values were determined by Wilcoxon test.

(G) IGV snapshots showing H3K27me3 distribution at loci of the 22-kD and 19-kD z1A zein genes, as well as selected TFs.
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zmfie1-1 endosperm at 10 DAP, despite the overall decrease

in H3K27me3 levels at these loci, only three genes

(Zm00001d018142, Zm00001d052180, and Zm00001d027957)

were significantly upregulated (Figures 5I and 5J). In the

zmfie1-1 mutant, the upregulation of these three MADS genes

may contribute to the slight increase in cell number observed in

the 10-DAP zmfie1-1 endosperm.

On the other hand, imprinted genes are predominantly associated

with the regulation of cellularization, with PRC2 acting as a key

regulator by inhibiting the maternal expression of paternally ex-

pressed genes (PEGs). Based on the list of maternally expressed

genes (MEGs) and PEGs from the literature (Anderson et al.,

2021), PEG loci were found to exhibit high H3K27me3 signals,

Figure 5. Premature cellularization and

enhanced cell proliferation in the zmfie1

endosperm.

(A) Longitudinal sections of developing WT and

zmfie1-1 endosperms visualized by X-ray

computed tomography (CT). Scale bars,

200 μm. Asterisk, embryo; arrow, central vacuole.

(B) Violin plot showing cell counts in WT and

zmfie1-1 endosperms from 4 to 10 DAP.

(C) Light microscopy images of semi-thin sec-

tions of WT and zmfie1-3 endosperms at 16 DAP.

Scale bar, 50 μm.

(D) Measurements of endosperm thickness (mm),

cell number, and cell width (μm) in WT and

zmfie1-3. Data are presented as mean

values ±SD, n = 15 biologically independent

samples for endosperm thickness, cell width,

and cell number. p values were determined by

two-tailed Student’s t-test.

(E) Cell width (μm) measured layer by layer across

16-DAP endosperms in WT and zmfie1-3. Data

are presented as mean values ±SD, n = 14

biologically independent samples.

(F) Metagene plot showing H3K27me3 density at

loci of MADS genes and cell-cycle marker genes

in WT and zmfie1-1.

(G) Boxplot showing log2 FC (zmfie1-1/WT) for

each gene set. p values were determined by

Wilcoxon test. ***p < 0.001, **p < 0.01, *p < 0.05.

(H) Venn diagram showing overlapping genes

between FSP genes and loss-peak genes in

zmfie1-1.

(I) IGV snapshots showing H3K27me3 distribu-

tion at MADS gene loci in WT and zmfie1-1.

(J) Transcript levels of MADS genes in WT and

zmfie1-1, based on RNA-seq data.

which dramatically decreased in the zmfie1-

1 endosperm at 10 DAP, accompanied by

significant upregulation of PEG gene expres-

sion. In contrast, MEG loci maintained low

H3K27me3 signal levels, showing no signifi-

cant changes between WT and zmfie1-1,

and exhibited decreased gene expres-

sion (Supplemental Figures 12A and 12B).

Specifically, among the conserved PEGs,

ARID1 (Zm00001d032832) and ARID9 (Zm00001d032096) ex-

hibited reduced H3K27me3 modification without changes in gene

expression in zmfie1-1, whereas VIM104 (Zm00001d019342)

showed reduced H3K27me3 levels and increased gene

expression. Among the MEG genes, O1 (Zm00001d052110) and

NRP1 (Zm00001d040189) displayed decreased H3K27me3 modi-

fication and increased expression in zmfie1-1, whereas Fl3

(Zm00001d009292) exhibited a different H3K27me3 modification

pattern (Supplemental Figures 12C and 12D).

These findings suggest that the ZmFie1-PRC2 complex inhibits

premature cellularization and represses cell proliferation

throughout endosperm development. This function may be medi-

ated through extensive H3K27me3 modifications at MADS gene
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loci, suppressing the expression of distinct MADS genes at

different developmental stages.

OsFie1-mediated H3K27me3 deposition at 13-kDa

prolamin and OsMADS loci inhibits their expression

The expression patterns of ZmFie1 in maize and OsFie1 in rice are

similar. Although many studies have reported the phenotypes of

osfie1 mutants, it remains unclear whether OsFie1 regulates the

synthesis of storage proteins and cell proliferation in the rice endo-

sperm (Huang et al., 2016; Cheng et al., 2020; Wu et al., 2023).

We selected a null allele of osfie1 to study the function of

OsFie1 (Cheng et al., 2020). We collected 5-DAP caryopses

for H3K27me3 CUT&Tag analysis and performed RT-qPCR on

Figure 6. Enhanced cell proliferation and

increased expression of 13-kDa prolamin

genes in osfie1 due to reduced H3K27me3

deposition.

(A) Volcano plot showing variation in H3K27me3

peaks between WT and osfie1. Blue and red dots

represent lost and gained peaks, respectively.

FDR < 0.05, FC absolute value >1.5.

(B) Metagene plot showing H3K27me3 density

across the genome at the loci of MADS genes and

storage-protein genes in WT and osfie1.

(C) Venn diagram showing overlap among MADS

genes, storage-protein genes, and loss-peak-

genes in osfie1.

(D) IGV snapshots showing H3K27me3 distribu-

tion at 13-kDa prolamin loci in WT and osfie1.

(E) IGV snapshots showing H3K27me3 distribu-

tion at OsMADS loci in WT and osfie1.

(F) RT-qPCR analysis of storage-protein

gene expression in 5-DAP WT and osfie1 endo-

sperms. n = 5 biologically independent samples.

(G) RT-qPCR analysis of OsMADS gene expres-

sion in 5-DAP WT and osfie1 endosperms. n = 5

biologically independent samples.

(H) Cell number in WT and osfie1 endosperms at

5, 6, and 7 DAP. Data are presented as mean

values ±SD, n = 5–10 biologically independent

samples. p values were determined by two-tailed

Student’s t-test.

(I) Light microscopy images of semi-thin sections

of WT and osfie1-3 endosperms at 5, 6, and 7

DAP. Scale bar, 50 μm.

the same set of samples. Comparison of

H3K27me3 profiles between WT and

osfie1 revealed 2596 lost peaks and 1960

gained peaks (false discovery rate [FDR]

<0.05, absolute fold change [FC] >1.5)

(Figure 6A; Supplemental Data 10). The

higher number of lost peaks with high p

values suggests a direct effect of loss of

Osfie1 function. No significant differences

in H3K27me3 deposition were observed

between WT and osfie1, including at

storage-protein loci. However, a general

reduction of H3K27me3 was observed in osfie1 at

OsMADS loci within gene-body regions (Figure 6B).

A total of eight rice storage-protein genes were identified among

the osfie1 lost-peak gene set (He et al., 2021). Seven of these

genes were located in the 13-kDa prolamin tandem-repeat region

on chromosome 5 (RM4 cluster), and the remaining gene, LO-

C_Os07g10580, was located on chromosome 7 (RM1 cluster)

(Figures 6C and 6D). Consistent with the decrease in H3K27me3

modification, both the RM4 prolamin cluster on chromosome 5

and the RM1 prolamin gene LOC_Os07g10580 showed a four-

fold significant increase in expression (Figure 6F). However, no

obvious difference was observed in the total storage

protein content or 13-kDa prolamin levels between mature grains

of WT and the osfie1 mutant (Supplemental Figure 13).
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Sixty-nine OsMADS genes have been identified in the rice

genome (Cheng et al., 2020), of which 15 were found in the

osfie1 lost-peak gene set (Figure 6C). Among these, OsMADS1,

OsMADS3, OsMADS5, OsMADS8, OsMADS64, OsMADS65,

and OsMADS77 have been reported to participate in early

endosperm cell proliferation (Tonosaki et al., 2021). In our data,

a general decrease in H3K27me3 modification was observed

at the OsMADS3, OsMADS8, OsMADS18, OsMADS58,

OsMADS65, and OsMADS66 loci in osfie1; however, only

OsMADS8, OsMADS18, and OsMADS58 showed upregulated

expression (Figures 6E and 6G).

We also collected caryopses at 5, 6, and 7 DAP for semi-thin sec-

tions. The number of cells along the widest axis of the caryopsis

remained unchanged from 5 to 7 DAP in the WT, averaging

approximately 34 layers. Although the osfie1 mutant had fewer

cells than the WT at 5 DAP, the number of cells increased from

27.3 ± 3.6 at 5 DAP to 37.5 ± 2.4 at 6 DAP, which was significantly

higher than that observed in the WT at 6 DAP (Figures 6H and 6I).

At 7 DAP, the cell number remained stable in the osfie1 mutant.

Taken together, these data indicate that the functions of OsFie1 in

rice and ZmFie1 in maize are conserved with respect to the regu-

lation of cell proliferation and expression of storage-protein

genes.

DISCUSSION

The ZmFie1 gene, which encodes a component of the PRC2

complex, exhibits a specific expression pattern during endo-

sperm development. Although ZmFie1 was identified 20 years

ago (Danilevskaya et al., 2003), the full extent of its biological

roles has not been thoroughly investigated. In this study, we

comprehensively mapped the H3K27me3 modification

landscape during maize endosperm development, with

particular focus on the period surrounding the initiation of filling.

This analysis led to the identification of a set of H3K27me3

modification peaks associated with the initiation of filling,

termed FSPs. The specific deposition of H3K27me3 at FSPs—

partly mediated by ZmFie1—is crucial for the coordinated regula-

tion of cell proliferation and zein protein synthesis during the

onset of endosperm filling (Figure 7).

The Fie1-PRC2 complex balances endosperm

development and storage substance synthesis during

endosperm filling

Based on their expression patterns during maize endosperm

development, FSP genes can be categorized into two types.

The first type, represented by ZmMADS genes, exhibits high

expression before 6 DAP. From 6 to 8 DAP, an increase in

H3K27me3 modification at ZmMADS loci is accompanied by a

reduction in gene expression, consistent with the classical

repressive role of H3K27me3. From 10 to 12 DAP, the loss of

FSPs at ZmMADS loci does not lead to gene reactivation. Simi-

larly, in zmfie1 and osfie1 mutants, a significant reduction in

H3K27me3 at MADS loci results in only minor gene upregulation.

This may be due to the conversion of reversible H3K27me3 marks

into more stable DNA methylation at these loci, suggesting that

the reduction of H3K27me3 is necessary but not sufficient for

gene activation.

The second type is represented by zein genes. From 6 to 8 DAP,

zein gene expression increases alongside a significant rise in

H3K27me3 modification at their loci. From 10 to 12 DAP, the

reduction in H3K27me3 is accompanied by a sharp increase in

gene expression. In animal embryonic development, bivalent

promoters—marked by both the activating modification

H3K4me3 and the repressive H3K27me3—are thought to main-

tain developmental genes in a primed state, ready for rapid acti-

vation during differentiation (Macrae et al., 2023; Zhu et al., 2023).

Zein gene loci from 6 to 8 DAP may resemble a similar bivalent

promoter state. Between 10 and 12 DAP, the loss of

H3K27me3 is likely accompanied by the acquisition of

activating epigenetic marks, further enhancing zein

gene expression.

Figure 7. A proposed model for Fie1-PRC2.

Fie1-PRC2 mediates H3K27me3 deposition at the zein and MADS loci to inhibit their expression, balancing endosperm development and filling. Six DAP

represents the early stage of endosperm development, when cells are small. The 8–10 DAP window marks the onset of endosperm filling, during which

starch and storage proteins begin to accumulate, accompanied by notable cell expansion. After 12 DAP, the endosperm enters an active filling

phase characterized by substantial storage compound synthesis. MADS-box TFs likely regulate endosperm cell proliferation, whereas zein genes encode

major storage proteins that assemble into specialized protein bodies within the endosperm.
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H3K27me3 modification mediated by the Fie1-PRC2 complex at

the onset of grain filling represses premature expression of zein

genes and prevents excessive proliferation of endosperm cells,

thereby promoting balanced endosperm development and stor-

age substance synthesis.

The PRC2 complex inhibits endosperm cell proliferation

from 3 to 16 DAP

Research on the function of PRC2 in endosperm cell proliferation

has primarily focused on the critical transition from the coeno-

cytic phase to cellularization. In Arabidopsis, most prc2 mutants

exhibit excessive proliferation of coenocytic nuclei and delayed

or incomplete cellularization (Olsen, 2001; Sorensen et al.,

2001). Downstream of PRC2, mads mutants such as agl62 and

agl80 display reduced numbers of coenocytic nuclei and earlier

onset of cellularization (Portereiko et al., 2006; Kang et al.,

2008; Wang et al., 2020b). However, exceptions have been

reported—for instance, the bbm mutant shows reduced

coenocytic nuclei and delayed cellularization (Chen et al.,

2022), whereas agl9 and agl15 mutants display delayed

cellularization without noticeable changes in the number of

endosperm nuclei (Zhang et al., 2024b). These findings indicate

that coenocytic nuclear proliferation and the timing of

cellularization in Arabidopsis are not fully coupled, and that the

final size of the endosperm is determined by the coordinated

outcome of both processes.

Unlike the transient endosperm in Arabidopsis, which is

degraded early in development, the endosperm in maize and

other species of the Poaceae family undergoes prolonged

mitosis and differentiation, coupled with storage substance

synthesis. ZmFie2 and ZmFie1 exhibit complementary expres-

sion patterns during endosperm development (Supplemental

Figure 1). The premature cellularization phenotype in zmfie1

may result from specific regulation of cellularization by the

Fie1-PRC2 complex or from compensatory upregulation of

ZmFie2. At 4 DAP in zmfie1 and 5 DAP in osfie1, cell

numbers are reduced compared to WT, consistent with

premature cellularization. In contrast, the increase in cell

numbers from 8 to 10 DAP in zmfie1 and from 6 to 7 DAP in

osfie1 likely reflects elevated rates of cell proliferation relative

to WT. Additionally, in the zmfie1 mutant, reduction of

H3K27me3 modification at PEG loci is accompanied by

increased gene expression, whereas MEG loci show minimal

H3K27me3 signals. This implies that PEGs likely function

downstream of PRC2 and contribute to the regulation of

cellularization in maize.

Our data confirm that the ZmFie1-PRC2 complex represses

endosperm cell proliferation from 3 to 16 DAP (Figures 5A–5E).

At 3 DAP, the onset of premature cellularization is inhibited;

between 4 and 10 DAP, excessive cell proliferation is

suppressed; and by 16 DAP, proliferation is further restrained

alongside the promotion of cell expansion. We hypothesize that

the ZmFie2-PRC2 complex is active during the coenocytic stage,

whereas ZmFie1-PRC2 functions from the cellularization stage

through the grain-filling stage.

However, we also observed upregulation of ZmFie2 expression

and the emergence of novel H3K27me3 peaks in the zmfie1

mutant. This suggests that functional characterization of the

ZmFie1-PRC2 complex during endosperm development may

be confounded by compensatory effects mediated by ZmFie2.

The Fie1-PRC2-prolamin module is conserved among

cereals

Prolamins are seed storage proteins in cereals that differ in pro-

portion and function across species. The prolamin gene family

is highly complex due to dispersed and tandem amplification.

In maize, prolamins are known as zeins. Approximately 60% of

total kernel protein is zein, of which around 60% are α-zeins.

Genes encoding α-zeins are primarily arranged in tandem repeats

on chromosome 4 and exhibit substantial variation among maize

inbred lines (Dong et al., 2016). In rice, prolamins are not the

predominant storage proteins; they are classified into three

categories based on molecular weight, with the 13-kDa

prolamins arranged in tandem on chromosome 5 (Xu and

Messing, 2008). In Triticeae, the major storage proteins are S-

rich prolamins, including α/β-gliadin, γ-gliadin, and low-

molecular-weight glutenin (Wang et al. 2020a).

The core functions of PRC2 are conserved in cereals. However,

genome duplication and the unique biological features of grasses

have led to an expansion in the number of PRC2 members and

functional diversification. Through detailed analysis of

TaFie expression patterns across multiple transcriptome data-

sets, we identified specific high expression of TaFIE-7A2.2, Ta-

FIE-4A1, and TaFIE-7D1 during early endosperm development,

suggesting the presence of grain-specific FIE members in wheat

as well (Supplemental Data 11; Supplemental Figures 14A–14C)

(Marcussen et al., 2014; Xiang et al., 2019; Zhao et al., 2024).

Transcriptomic data from 2018 failed to identify grain-

specific TaFie expression, possibly due to the absence of early

grain samples in that dataset (Ramirez-Gonzalez et al., 2018).

Although the orthology relationships of prolamins are difficult to

determine, their regulatory sequences and upstream transcrip-

tional activators are relatively conserved. For example, O2 regu-

lates zein expression in maize, whereas OsbZIP58/RISBZ1 regu-

lates prolamins in rice. The epigenetic regulatory modules

identified in this study are present in rice, maize, and wheat

(Chen et al., 2024), indicating that they are universally

conserved in grasses. However, the specific correlations and

regulatory scope differ among species. In rice, the osfie1

mutant does not show increased levels of 13-kDa prolamins in

mature grain (Supplemental Figure 13), and osfie2 mutants do

not exhibit elevated prolamin content (Cheng et al., 2020). In

wheat, a weak mutant affecting three ubiquitously expressed

TaFie members shows elevated gliadin and low-molecular-

weight glutenin content (Chen et al., 2024).

Taken together, our findings reveal a conserved function of

ZmFie1/OsFie1-mediated H3K27me3 deposition in cereal endo-

sperm development. The newly evolved, grain-specific FIE1-

PRC2 complex in cereals plays a key role in balancing storage

substance synthesis and cell proliferation during persistent endo-

sperm development.

Epigenetic modifications play crucial roles in plant growth, devel-

opment, and environmental adaptation, yet their specific
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functions in cereal endosperm development remain poorly un-

derstood. The application of CUT&Tag technology has greatly

facilitated the identification of downstream targets of various

epigenetic marks. Future research should aim to further elucidate

and harness these modifications for crop improvement. The utili-

zation of epigenetic regulation holds significant potential for

advancing genetic breeding programs in cereal crops.

METHODS

Genetic materials

Maize plants were grown in the Songjiang field in Shanghai, China, for the

summer nursery, and in the Damao field in Sanya, China, for the winter

nursery. To create ZmFie1 knockout alleles using CRISPR-Cas9, guide

RNA target sites for ZmFie1 were selected using the E-CRISP website

(http://www.e-crisp.org/E-CRISP/designcrispr.html), and the sequence

ACTTCCACCCTACCGAGGT was chosen as the guide RNA. The

CRISPR-Cas9 constructs were transformed into the KN5585 inbred line

by Wimi Biotechnology (Jiangsu). Several independent T0 plants were

backcrossed to WT KN5585 to produce BC1 seeds. The BC1 seeds

were planted, and heterozygous zmfie1 seedlings were screened to

obtain construct-free zmfie1-1 and zmfie1-2 lines. Homozygous

zmfie1-1 and zmfie1-2 mutants from the BC1F2 generation were used

for subsequent experiments.

Specifically, the zmfie1-2 allele contains a 29-bp insertion. We designed a

pair of primers (W1056 + W1058; Supplemental Data 12) flanking this

insertion for PCR amplification. The WT band is 224 bp, and the

zmfie1-2 band is 253 bp, which can be distinguished in a 3% agarose

gel (Supplemental Figure 6D).

The EMS-induced allele zmfie1-3, in the B73 background, was obtained

from the Maize EMS-induced Mutant Database (MEMD) (http://www.

elabcaas.cn/memd/, mutant ID: EMS4-11248d) (Lu et al., 2018).

Heterozygous zmfie1-3 plants were subjected to linkage analysis using

a method similar to that used for zmfie1-2, and genotyping was performed

using a KASP (Kompetitive Allele-Specific PCR; LGC) marker.

Oryza sativa L. cultivar Kitaake and osfie1 were obtained from Yangz-

hou University, China (Cheng et al., 2020). The plants were grown in

plastic pots filled with paddy-field soil in a greenhouse under a 13-h

light (28◦C)/11-h dark (26◦C) photoperiod. The point-awn method

was used to mark rice grains that flowered on the same day and

caryopses were collected at 5–7 DAP for H3K27me3 CUT&Tag and

semi-thin sectioning.

CUT&Tag

The maize inbred line B73 used for CUT&Tag was grown and self-

pollinated in the Tai’an experimental field in Shandong, China. Fresh

endosperm samples were collected during early to filling stages (4, 6, 8,

10, and 12 DAP) and samples from two ears were pooled. Approximately

200–500 mg of endosperm tissue was transferred to 1× washing buffer

(TD904, Vazyme, China), crushed using a grinding rod, filtered through a

40-μm filter (BD Biosciences, 352340), and transferred to a fresh tube.

Next, 5 μl of the nuclear suspension was mixed with 1/40 DAPI solution

(10 μg/ml stock, Solarbio). The concentration of nuclei and presence of im-

purities were assessed under a microscope. A total of 100 000 nuclei were

used for each CUT&Tag experiment. The procedure followed the manu-

facturer’s protocol (TD904, Vazyme, China); the incubation time for the

nuclei suspension and magnetic beads was extended to 20 min. For the

20-DAP endosperm samples, nuclei were sorted by flow cytometry prior

to CUT&Tag. Flow cytometry protocols were described previously (Ji

et al., 2022); these utilized a Moflo XDP flow cytometer (Beckman

Coulter). CUT&Tag reactions were incubated overnight at 4◦C with 1 μg

of anti-H3K27me3 antibody (ABclonal, A22006). Libraries were amplified

for 10–12 cycles and sequenced on an Illumina NovaSeq platform by

JMDNA (Shanghai) Bio-Medical Technology.

ChIP-seq and RNA-seq

In the spring of 2023, seeds of heterozygous WT/zmfie1-1 plants were

sown in the Songjiang experimental field in Shanghai, China. Three ears

were harvested at 10 DAP. The endosperm was extracted, rapidly frozen

in liquid nitrogen, and stored at − 80◦C. Approximately 2 g of endosperm

tissue was ground in liquid nitrogen, dissolved in M1 buffer, and cross-

linked with 1% formaldehyde for 10 min. ChIP experiments were per-

formed according to a published protocol (Kaufmann et al., 2010), using

10 μg of anti-H3K27me3 antibody (ABclonal, A22007). A modified ChIP

elution buffer was used, consisting of 1% (w/v) SDS and 0.1 M

NaHCO3. DNA was purified using the QIAquick PCR Purification Kit (Qia-

gen). ChIP-DNA libraries were constructed with 1–5 ng of DNA using the

VAHTS Universal DNA Library Prep Kit for MGI (NDM607, Vazyme, China)

and sequenced on an MGI T7 platform by JMDNA (Shanghai) Bio-Medical

Technology.

Bioinformatics data preprocessing and alignment

Seventeen gigabases of raw reads were processed using fastp (version

0.20.1) with the "–detect_adapter_for_pe" parameter to filter reads, trim

low-quality bases, and remove adapters. Subsequently, FastQC (version

0.11.9) was used for quality assessment of the clean data (https://github.

com/s-andrews/FastQC).

All DNA sequencing data, including CUT&Tag, ChIP-seq, and RNA-seq,

were aligned to the maize B73_v4 reference genome, accessible

at: https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/release-45/fasta/

zea_mays/dna/. Clean reads from CUT&Tag, ChIP-seq, and RNA-seq

were mapped to the B73_v4 genome using Bowtie2 (version 2.2.4) with

the parameters "-I 0 -X 500 –no-discordant.’’ Alignment rates were used

to evaluate sample quality. Duplicate reads were removed using the

MarkDuplicates module in GATK software with the parameter "-REMOV-

E_DUPLICATES true"; only reads with MAPQ 5 were retained for down-

stream analysis.

Peak calling for histone CUT&Tag data was performed using MACS2, with

the parameters "-g 2.1e9 -f BAMPE -B -q 1e− 5 –broad –broad-cutoff 0.1

–keep-dup all.’’ The ChIPseeker package with default parameters was

used to annotate peaks. Genes located within 2 kb of a peak were consid-

ered potential targets. Differential peak enrichment was identified using

the DiffBind R package with the DESeq2 method, applying thresholds of

FDR < 0.05 and FC ≥ 1.5.

The BAM files were converted to BigWig format and normalized to reads

per kilobase per million mapped reads, with a 10-bp bin size, using the

bamCoverage command in deepTools.

Clustering analysis was performed with Short Time-series Expression

Miner (STEM) software (Ernst and Bar-Joseph, 2006) using the

expression data of the FSP gene set from En6 to En38. STEM analysis

was conducted using the online platform available at https://cloud.

oebiotech.com/task/. Six significant profiles were identified out of 50

profiles, and trend graphs and clustering heatmaps of these significant

modules were generated.

Phenotypic and histocytochemical analysis

Kernels selected from the middle region of ears with uniform kernel set

were used for photography and kernel trait measurements. More than

100 kernels were measured per ear. Kernel length, width, and weight

were assessed using the automatic seeds test system (SC-G, Hangzhou

Wanshen Detection Technology).

To minimize developmental variation caused by temperature, plants of

different genotypes were pollinated on the same day, and samples were

14 Plant Communications 6, 101343, June 9 2025

Plant Communications Role of H3K27me3 deposition in endosperm filling and development

http://www.e-crisp.org/E-CRISP/designcrispr.html
http://www.elabcaas.cn/memd/
http://www.elabcaas.cn/memd/
https://github.com/s-andrews/FastQC
https://github.com/s-andrews/FastQC
https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/release-45/fasta/zea_mays/dna/
https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/release-45/fasta/zea_mays/dna/
https://cloud.oebiotech.com/task/
https://cloud.oebiotech.com/task/


collected accordingly. Samples were fixed in FAA solution, embedded in

resin, and collected from five ears per genotype at each developmental

stage. Fixation, embedding, photography, and statistical analysis were

performed according to a published protocol (Ji et al., 2022). In

Figure 5A, scanned cross-sectional images of kernels were obtained

using high-resolution nano-computed tomography (CT). Kernels were

fixed in FAA solution, subjected to gradient dehydration and soaked in

2% iodine solution for 48 h. After triple washing with absolute ethanol,

samples were vacuum-dried and scanned using a high-resolution nano-

CT device (SkyScan 2214, Bruker, Kontich, Belgium).

Cytological linkage analysis was performed as follows: ears from hetero-

zygous zmfie1-3 plants were self-pollinated and harvested at 16 DAP. Ker-

nels with regular shapes from the middle of each ear were selected and

fixed in FAA solution. A small portion of the endosperm was used for indi-

vidual genotyping. Kernels of the same genotype were pooled, embedded

in resin, and semi-thin sectioned. Sections were photographed and statis-

tically analyzed according to a published protocol (Ji et al., 2022).

Samples were stained with 0.1% toluidine blue solution and imaged

under bright field using a ZEISS Axio Zoom.V16 microscope for overview

imaging, or a Leica DM2500 for higher magnification.

Determination of starch and protein contents

Five ears were collected for each genotype, and two kernels from each ear

were ground together to produce flour for subsequent measurements.

Each genotype had five biological replicates. Starch content was

measured using the Megazyme Total Starch Assay Kit (catalog

number K-TSTA-50A) according to the manufacturer’s protocol (Zhang

et al., 2015). Zein and non-zein proteins were extracted following a labo-

ratory-established protocol (Zheng et al., 2019). Zein accumulation

patterns were analyzed by electrophoresis using 15% SDS–PAGE gels.

Total nitrogen content was determined using a Dumas rapid nitrogen

analyzer (Elementar), according to an existing laboratory protocol

(Huang et al., 2022).

Protein extraction from rice seeds was performed according to a pub-

lished protocol (Kawakatsu et al., 2010).

RT-qPCR analysis

Total RNA was extracted from immature rice seeds using TRIzol. One

microgram of total RNA was used for first-strand cDNA synthesis with

the HiScript II Q RT SuperMix for qPCR (Vazyme, R223). Primers for RT-

qPCR in rice were obtained from the referenced study (Kawakatsu

et al., 2010). The primer sequences and corresponding gene information

are listed in Supplemental Data 12.

Accession numbers

The CUT&Tag, ChIP-seq, and RNA-seq datasets have been deposited in

the National Center for Biotechnology Information database under acces-

sion code BioProject PRJNA1172298 (https://www.ncbi.nlm.nih.gov/).
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