Molecular Plant ¢ CellPress

Research Article Partner Journal

Ancestral function but divergent epigenetic
regulation of HAIKUZ2 reveals routes of seed

developmental evolution

Di Wu', Yiming Wei', Xiangyu Zhao', Boka Li?-3, Huankai Zhang', Gang Xu', Juntong Lv,
Dajian Zhang', Xiansheng Zhang'-* and Min Ni**
"National Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University, Taian 271018, China

2State Key Laboratory of Systematic and Evolutionary Botany, CAS Center for Excellence in Molecular Plant Sciences, Institute of Botany, Chinese Academy of
Sciences, Beijing 100093, China

SUniversity of Chinese Academy of Sciences, Beijing 100049, China

4Depar‘tment of Plant and Microbial Biology, University of Minnesota at Twin Cities, Saint Paul, MN 55108, USA
*Correspondence: Min Ni (nixxx008@umn.edu), Xiansheng Zhang (zhangxs@sdau.edu.cn)
https://doi.org/10.1016/j.molp.2022.09.002

ABSTRACT

Evolution is driven by various mechanisms. A directional increase in the embryo to endosperm ratio is an
evolutionary trend within the angiosperms. The endosperm constitutes a major portion of the seed volume
in Poales and some dicots. However, in other dicots such as Arabidopsis and soybean, the endosperm pro-
liferates early, followed by embryo growth to replace the endosperm. The Arabidopsis leucine-rich repeat
receptor protein kinase AtHAIKU2 (AtIKU2) is a key regulator of early endosperm proliferation. In this study,
we found that IKU2s from Brachypodium, rice, and soybean can complement the abnormal seed develop-
mental phenotype of Atiku2, while AtIKU2 also rescues the defective endosperm proliferation in the Bra-
chypodium BdIKU2 knockout mutant seeds. At/IKU2 and soybean GmIKU2 are actively expressed a few
days after fertilization. Thereafter, expression of AtIKU2 is suppressed by the FIS-PRC2 complex-mediated
H3K27me3. The soybean GmIKU2 locus is also enriched with H3K27me3 marks. The histone methyltrans-
ferase AtMEA is unique to Brassicaceae, but one GmSWN in soybean plays a similar role in seed develop-
ment as AtMEA. By contrast, the BdIKU2 and rice OsIKU2 loci are continuously expressed and are devoid of
H3K27me3 marks. Taken together, these results suggest that IKU2 genes retain an ancestral function, but
the duration of their expression that is controlled by PRC2-mediated epigenetic silencing contributes to
silenced or persistent endosperm proliferation in different species. Our study reveals an epigenetic mech-
anism that drives the development of vastly different seed ontogenies.
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INTRODUCTION cellular or free nuclei division, and endosperm with free nuclei
) ] division has been reported only in monocots and several
Seeds represent an encapsulated embryonic stage uniquetoan-  gygicots (Friedman, 1994; Floyd et al., 1999). Evolutionary

giosperms and gymnosperms. In angiosperms, seeds comprise divergences occur in late stages of endosperm development.
three major tissues: embryo, endosperm, and maternal tissues, The fate of endosperm development may be extensive
including seed coats or pericarp. A double-fertilization event moderate, or limited (Floyd and Friedman, 2000). It often varies
leads to the formation of a diploid embryo and triploid endosperm with the ratio of endosperm to embryo in mature seeds as well

(Sun et al., 2010). Meanwhile, the seed coat develops from as endosperm storage and accessory storage tissue.
the sporophytic integument (Figueiredo and Kohler, 2014).

Endosperm development involves two main phases: early
pattem formation and late functional SpeCIahzatl,on (Floyd ,and Published by the Molecular Plant Shanghai Editorial Office in association with
Friedman, 2000). Early endosperm development involves either Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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Arabidopsis endosperm development undergoes an early syncy-
tial stage within a large seed cavity (Olsen, 2001; Berger, 2003).
Cellularization then begins and marks the end of rapid
endosperm proliferation (Kiyosue et al., 1999; Serensen et al.,
2002). Endosperm nuclear replication also ends after the last
round of mitosis of the cellularized endosperm. Finally, the
embryo grows into a cotyledon embryo at the expense
of the endosperm. At maturation, only one layer of
peripheral endosperm is left, along with uncellularized chalazal
endosperm (Forbis et al., 2002; Olsen, 2004). Soybean (Glycine
max [L.] Merr.) has a seed developmental path very similar to
that of Arabidopsis, except that each stage lasts longer
(Goldberg et al., 1989; Le et al., 2007). Grass endosperm
development also begins with a coenocyte stage, followed by
cellularization. However, grasses have a persistent endosperm
with continuing cell division, and almost the entire volume of
the seed is filled by the endosperm at maturity (Sabelli and
Larkins, 2009; Nowicka et al., 2020). The major discrepancy
during the late developmental stage is the continuing
endosperm cell division, along with much greater seed growth,
durative grain weight, and accumulation of storage compounds
(Sreenivasulu et al., 2010; Dante et al., 2014). In Brachypodium,
developing seeds complete endosperm proliferation and grain
milk filling at 18 to 20 days after pollination (DAP) (Opanowicz
et al,, 2011). At the same time, cells in the central position
continuously enlarge and form starchy endosperm. This
process also involves endoreduplication and increases in
nuclear DNA content (Sabelli and Larkins, 2009). In mature
seeds, the outermost aleurone layer cells are still alive.

The HAIKU (IKU) pathway is critical for endosperm proliferation
and initiation of endosperm cellularization (Zhou et al., 2009;
Sun et al., 2010). Loss-of-function mutations in the VQ-motif
protein HAIKU1 (IKU1), leucine-rich repeat (LRR) receptor kinase
HAIKU2 (IKU2), and WRKY transcription factor MINISEED3
(MINI3) lead to precocious cellularization and reductions in endo-
sperm nuclei number and mature seed size (Garcia et al., 2003;
Luo et al., 2005; Wang et al., 2010). The expression of IKU2 is
endosperm specific and reaches a peak within a few DAP but
is suppressed at 4 to 5 DAP (Kang et al.,, 2013). Polycomb
group (PcG) proteins form transcriptional repression
complexes, Polycomb repressive complex 1 (PRC1) and
Polycomb repressive complex 2 (PRC2), to regulate gene
expression through histone modification (Orkin and
Hochedlinger, 2011; Diez et al., 2014; Laugesen and Helin,
2014). The PRC2 complex is conserved between plants and
mammals and suppresses gene expression through H3K27me3
deposited by Enhancer of Zeste (Ez) in mammals or CURLY
LEAF/SWINGER/MEDEA (CLF/SWN/MEA) in plants
(Grossniklaus et al., 1998; Goodrich et al., 1997; Luo et al.,
1999). Arabidopsis has three major PRC2 complexes:
EMBRYONIC FLOWER (EMF), VERNALIZATION (VRN), and
Fertilization-Independent Seed (FIS) (Mozgova et al., 2015). fis
mutants display autonomous endosperm proliferation in the
absence of fertilization and show endosperm over-proliferation
and embryo abortion after fertilization (Ohad et al., 1996;
Chaudhury et al., 1997; Grossniklaus et al., 1998; Kiyosue
et al,, 1999). MEA is the histone methyltransferase of FIS-
PRC2, and no MEA or FIS2 homologs have been found in 50
taxa, except Brassicaceae (Spillane et al., 2007; Luo et al.,
2009). Homologs of CLF, SWN, and FERTILIZATION-
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INDEPENDENT ENDOSPERM (FIE) are widely found in many
species other than Brassicaceae (Miyake et al., 2009; Tonosaki
and Kinoshita, 2015).

The size and morphology of seeds affect not only evolutionary
fitness but also grain yield of crops. Cereal grains with endosperm
as the major component are the foremost source of calories, nutri-
tion, and industrial raw materials for human needs and livestock
consumption (Black et al., 2006). Seed size is therefore under
continued natural and domestic selection. Developmental
evolution is the driving force for various seed morphologies to fit
a diverse range of natural environments over millions of years. In
this report, we explore the epigenetic regulation of IKU2
expression in relation to two vastly different endosperm
developmental ontogenies: limited proliferation in Arabidopsis of
Brassicales and soybean of Fabales, and extensive proliferation
in Brachypodium distachyon and rice of Poales.

RESULTS

Expression of Brachypodium BdIKU2 driven by the
AtIKU2 promoter rescues Arabidopsis iku2 mutant seed
phenotype

AtIKU2 mutation retards endosperm proliferation and reduces the
size of mature seeds in Arabidopsis (Garcia et al., 2003; Luo et al.,
2005). We selected a number of species with high sequencing
quality for phylogenetic analysis (Supplemental Table 1). By
searching with the AtIKU2 protein sequence, we found a
conserved IKU2 cluster (Supplemental Figure 1). However, genes
from Amborella trichopoda with remote similarity to AtKU2 are
located in various clusters, consistent with the result shown by
Man et al. (2020). We tested one AtIKU2-like gene and four other
genes with remote similarity to A#KU2 from Brachypodium
distachyon (Bd): Bd1G08240, Bd1G59290, Bd1G58460,
Bd4G00900, and Bd5G15060. We failed to amplify the
Bd5G15060 genomic sequence. Its genomic sequence is 5539
base pairs (bp), and its CDS is 4812 bp, much larger than that of
the other four BdIKU2 homologs. The genomic sequences of the
other four AtIKU2-like genes, along with the At/IKU2 gene driven
by an 811-bp AtIKU2 promoter, were then introduced into Atiku2.
For pAtIKU2::AtIKU2/Atiku2, we generated 24 independent
transgenic plants, and 20 lines (83%) had a wild-type seed mass,
ranging from 1.6 to 2.0 mg per 100 seeds. We pursued and
presented representative single-insertion lines. Bd4G00900
rescued the small-seed phenotype of Atiku2 and was named
BdIKU2 (Figure 1A and 1B, Supplemental Figure 2A and 2B). The
other three BdIKU2 homologs failed to rescue the Atiku2 seed
phenotype (Supplemental Figure 2C). For pAtIKU2::BdIKU2/
Atiku2, we generated 36 independent transgenic plants, and 31
lines (86%) had a wild-type seed-size phenotype, ranging from
1.6 to 2.0 mg per 100 seeds. Expression of all transgenes in each
line was also examined (Supplemental Figure 2C and 2D), and
specificity of the PCR probe for the four BdlIKU2 genes was
verified (Supplemental Figure 2E). Interestingly, Bd4G00900 is in
one of two clades of grass IKU2 homologs, whereas the other four
are in the second clade. It is possible that genes in the second clade
have evolved a different function.

Because both At/IKU2 and BdIKU2 were driven by the AtIKU2
promoter, we examined At/IKU2 or BdIKU2 expression from 1 to
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Figure 1. Expression of BdIKU2 driven by the
AtIKU2 promoter rescues Atiku2 mutant
seed phenotype.

o (A) Seed mass of various genotypes. Letters indi-

p’ﬂ“{‘ x\\“’ p\&\*P\(\“‘ﬂ cate significant differences from Atiku2 determined

by ANOVA (p < 0.001).

(B) Mature seed images of Col-0, Atiku2, one pA-
tIKU2::AtIKU2/Atiku2 transgenic line, and one pA-
tIKU2::BdIKU2/Atiku2 transgenic line. Scale bars,
0.4 mm.

(C) Expression of AtIKU2 in Col-0, Atiku2, and two
PALIKU2::AtIKU2 transgenic lines in Atiku2 from 1
to 6 DAP. Expression of At/KUZ2 in each sample was
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6 DAP. Expression of At/IKU2 in Col-0 reached a peak at 1 DA-
P and gradually declined from 2 to 6 DAP (Figure 1C).
Expression of the AtIKU2 or BdIKU2 transgene driven by the
AtIKU2 promoter followed a similar pattern (Figure 1C and 1D).
Compared with Col-0, Atiku2 seeds have a small seed cavity
due to reduced endosperm proliferation from 3 DAP at the
globular stage until 9 DAP, as shown in differential interference
contrast (DIC) images (Figure 1E). The Atiku2 embryo
developed normally before 4 DAP, but the size of the embryo
was reduced at 5 DAP at the early torpedo stage. Seeds of
PALIKUZ2::AtIKU2/Atiku2 or pAtIKU2::BdIKU2/Atiku2 rescue
lines were indistinguishable from those of Col-0.

To provide histological and cellular resolution of the Atiku2
phenotype and phenotypic rescue, we prepared thin sections
from the various genotypes (Supplemental Figure 3 and
Figure 2A). Cellularization in Col-0 started from the micropylar
endosperm (MCE) and several peripheral endosperm (PEN)
nuclei at 4 DAP or the triangular to early-heart stage and spread
to nearly half of the central cavity at 5 DAP. By 6 DAP, endosperm
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AtIKU2 in Col-0 and the two transgenic lines at 1
and 2 DAP was significantly different from that from
3 to 6 DAP by Student’s t test (p < 0.001). Expres-
sion of At/IKU2 in Col-0 from 3 to 5 DAP was
significantly different from that at 6 DAP by Stu-
dent’s t test (p < 0.05).

(D) Expression of BdIKU2 in Col-0 and the two
transgenic lines and three pAtIKU2::BdIKU2
transgenic lines in Atiku2 from 1 to 6 DAP.
Expression of BdIKU2 in each sample was
normalized to that of AtACT2 and then to that of
PAtIKU2::BdIKU2/atiku2 line 2 at 1 DAP. Expres-
sion of AtIKU2 in pAtIKU2::BdIKU2/atiku?2 line 2 at 1
DAP has an artificial value of 1. Expression of
BdIKU2 in the three transgenic lines from 1 to 3
DAP was significantly different from that from 4 to 6
DAP by Student’s t test (p < 0.05).

(E) DIC images of seed development in Col-0,
Atiku2, one pAtIKU2:AtIKU2Atiku2 transgenic
line, and two pAtIKU2::BdIKU2/Atiku2 transgenic
lines from 1 to 9 DAP. Scale bars, 100 um. Data in
(A), (C), and (D) were calculated from three bio-
logical replicates. All error bars represent SEM,
n=3.

4 5 6

v2
284K

cellularization was completed. Atiku2 exhibited precocious cellu-
larization as early as 3 DAP or the mid-globular stage from the
MCE and PEN. Cellularization then quickly expanded to nearly
half of the central cavity at 4 DAP. By 5 DAP, cellularization was
completed in Atiku2, but Atiku2 had fewer endosperm cells
than Col-0. Seeds of both pAtKU2::AtIKU2 and pAtIKU2:
BdIKU2 rescue lines showed a normal trend of cellularization,
number, and size of endosperm cells like that of Col-0.

Expression of BdIKU2 by its own promoter not only failed to rescue
the Atiku2 small-seed phenotype but also caused the production of
both non-defective and defective developing seeds (Figure 2A and
2B). The expression patterns of BdIKU2 in several representative
lines were random and expression levels remained high from 1 to 6
DAP, as BdIKU2 misexpression lines and BdIKU2 over-expression
lines (Supplemental Figure 4A). It is likely that the BdIKU2 promoter
bears various cis elements and mis-accommodates various
Arabidopsis transcription factors, driving a different spatial or
temporal expression pattern. We also performed in situ
hybridization on the defective developing seeds. Compared with
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A uz--BdlKUz Figure 2. Expression of BdIKU2 driven by
; AthU2;:AtIKU2 A tlKuz:;BdIKUZ de}Kﬁkl}Z 24 the Brachypodium BdKU2 promoter in the
col-0 AtikuZ P JAtiku2 15 JAtiku2 31 Atiku2 mutant causes defective seed devel-

Non-defective Defective

opment.

4 DAP

(A) Tissue sections of Col-0, Atiku2, and various
transgenic seeds in Atiku2 at 4 and 5 DAP. Red
arrows indicate cellularized micropylar endo-
sperm (mce). Yellow arrows indicate cellularized
peripheral endosperm (pen). Red stars indicate
defective structure. cze, chalazal endosperm; em,

5 DAP

embryo; sc, seed coat. Scale bars, 100 um. The
complete set of tissue sections at various DAP is
shown in Supplemental Figure 3.

(B) Seed mass of Col-0, Atiku2, and seven pBdl-
KU2::BdIKU2/Atiku2 transgenic lines. Letters
indicate significant differences from Atiku2
determined by ANOVA (p < 0.001). Data were

calculated from three biological replicates.

(C) Silique image showing defective seeds from
several pBdIKU2::BdIKU2 transgenic lines in
Atiku2. Scale bars, 2 mm.

(D) Nodule structures in three pBdlIKU2::BdIKU2/
Atiku2 transgenic lines at 6 and 7 DAP. Red arrows
indicate defective structures. Red stars indicate
free nuclei. Scale bars, 100 um. The complete set
of DIC images at various DAP is shown in
Supplemental Figure 5.

(E) Expression of the pPHE1::NLS::3YFP reporter
in non-defective and defective seeds. Yellow ar-
rows indicate non-defective endosperm nuclei,
and red arrows indicate nodule structure with a
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PAIKUZ2::BdIKU2 transgenic plants, signals of BdIKU2 transcripts in
defective developing seeds from pBdIKU2::BdIKU2 transgenic
plants were detected from 3 to 7 DAP in the seed coat, embryo,
syncytial endosperm nuclei, and cellularized endosperm
(Supplemental Figure 4B). Non-defective seeds retained the early
cellularization phenotype of Atiku2, whereas defective seeds

cluster of nuclei. Scale bars, 50 um.

had either an uncellularized or partially
cellularized endosperm (Figure 2A).

Several homozygous transgenic lines pro-
duced severely defective seeds (Figure
2C). Defective seeds possessed multiple
defects shown in DIC images: a mass of
uncellularized nuclei  surrounding the
embryo and inner integument from 4 to 9
DAP, a disorganized cellularization process
in some areas, and retarded growth of the
embryo after the globular stage (Figure 2D
and Supplemental Figure 5). The BdIKU2
promoter is not targeted by PRC2, and the
endosperm was over-proliferated in some of
these lines (Figure 2D and Supplemental
Figure 4). The defective seeds resembled
the weak phenotype of the fis mutants, with
a many-nodule structure (Kiyosue et al.,
1999). Those nodules may represent new
endosperm tissues arising from the already
cellularized and arrested endosperm after 5
DAP. We introduced an NLS:3YFP reporter
driven by an endosperm-specific PHE1 promoter to the pBdl-
KU2::BdIKU2/Atiku2 seeds (Zhang et al., 2018). The nodule
structures are likely to be endosperm tissues, as the reporter
gene is driven by the PHE1 promoter, which confers endosperm
expression (Figure 2E). As positive controls, the reporter signals
in non-defective seeds are detected only in regular endosperm
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Figure 3. BdIKU2 is critical for Brachypo-
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(D) Mature seed images of Bd21-3, Bdiku2 4-11
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(E) Seed mass of Bd21-3, Bdiku2 4-11, three
pBdIKU2::AtIKU2 transgenic lines in Bdiku2 4-11,
and three pBdIKU2::BdIKU2 transgenic lines in
Bdiku2 4-11. Letters indicate significant differences
from Bd21-3 determined by ANOVA (p < 0.001).
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each sample was normalized to that of BAACT3.
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cantly different from expression of BdIKU2 in Bd21-
3 by Student’s t test (p > 0.05). Expression of
AtIKU2 in transgenic line 5 and of BdIKU2 in
transgenic lines 2 and 4 was significantly different
TAG from expression of BdlKU2 in Bd21-3 by Student’s
t test (p < 0.05).

(G) Expression of AtIKU2 in Col-0, Bd21-3, and
pPBAIKU2::AtIKU2 transgenic lines in Bdiku2 4-11
for verification of probe specificity.

FR

(H) BdIKU2 locus, Bdiku2 4-11, and qPCR primers used for verification of BdIKU2 expression in Bdiku2 4-11. Data in (B), (E), and (F) were calculated from

three biological replicates. All error bars represent SEM, n = 3.

nuclei but not in the integument. Compared with non-defective
seeds, defective seeds at 4 DAP had more endosperm nuclei and
abnormal nodules, and they also showed strong fluorescent sig-
nals. In the defective seeds at 9 DAP, the embryo did not develop
well, and the central cavity still contained many endosperm nuclei.

We also introduced pBdIKU2::BdIKU2 into the Col-0 background.
Three transgenic lines produced small seeds (Supplemental
Figure 6A). The small-seed phenotype was likely to be due to co-
suppression of the transgene as well as the endogenous AtIKU2
gene (Supplemental Figure 6C and 6D). The other three lines
showed defective endosperm and seed development with
aborted seeds (Supplemental Figure 6A and 6B). BdIKU2 in those
lines was highly expressed and mis-expressed (Supplemental
Figure 6D and 6E). We also observed a cluster of similar nodule
structures when we introduced the BdIKU2 gene into the Atiku2
mutant (Supplemental Figures 2D and 6F).

BdIKU2 is critical for Brachypodium endosperm
development

To learn the biological function of BAIKU2 in endosperm develop-
ment, we performed targeted mutagenesis of BdlKU2 using the
CRISPR-Cas9 system (Feng et al., 2013). Bd21-3 was the wild
type used in this study. Two independent mutants were identified
(Figure 3A). Line 4-11 had a nucleotide T insertion between nucle-
otides 820 (G) and 821 (C), causing a frameshift. Line 17-1 had a
base change from G to A at nucleotide 820, causing a change of

Molecular Plant 15, 1575-1589, October 3 2022 © 2022 The Author.

amino acid 274 from alanine (GCG) to threonine (ACG). The seed
mass of 4-11 and 17-1 was significantly reduced compared with
that of the wild type (Figure 3B). Length, width, and thickness of
the caryopses are shown side-by-side for Bd21-3, 4-11, and 17-1
(Figure 3C).

The developing caryopses of Bd21-3 and the Bdiku2 mutant 4-11
were photographed under a microscope to examine morphological
changes in the germinal, transverse, and longitudinal dimensions
(Supplemental Figure 7). Bdiku2 had a smaller caryopsis at 3 DAP
and thereafter, with a clear reduction in caryopsis width, length,
and thickness. Thin sections of Bd21-3 and Bdiku2 were examined
to detect cytological changes during endosperm development. In
transverse and longitudinal sections, Bd21-3 showed no signs
of cellularization at 2 DAP, whereas Bdiku2 had begun to cellu-
larize around a few nuclei in the embryo-surrounding region
(Supplemental Figures 8 and 9). Cellularization progressed rapidly
toward the central vacuoles from 3 to 4 DAP in the Bdiku2 mutant
compared with the Bd21-3 wild type (Supplemental Figure 9). By
5 DAP, one-third to half of the central cavity was still not cellularized
in Bd21-3, but the central cavity was fully cellularized in Bdiku2.

We next explored whether BdIKU2 or AtIKU2 driven by a 1200-
bp BdIKU2 promoter rescued the Bdiku2 seed phenotype.
Both pBdIKU2::BdIKU2 and pBdIKU2::AtIKU2 constructs comple-
mented the Bdiku2 seed phenotype in terms of caryopsis width,
length, and thickness (Figure 3D and 3E). gRT-PCR analysis also
verified transgene expression with a pair of primers near the 3’
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bars, 50 um. al, aleurone endosperm; cv, central
vacuole; en, endosperm; nu, nucellar tissue; se,
starchy endosperm.

(F) Nine ChIP fragments were designed for the
BdIKUZ2 locus.

BdFT1

BdIKU2

(G) ChIP analysis of histone H3K27 trimethylation
of the BdIKUZ2 locus at various DAP. BdFTL1 ChIP

analysis was performed with leaf tissue. Enrichment of DNA fragments was quantified by gPCR and normalized to that of BAACT3 and —antibodies at 2 to
3 DAP. Enrichment of —antibodies at 2 to 3 DAP for each fragment has an artificial value of 1. No BdIKU2 fragments differed significantly from each other in
enrichment at2to 3, 6to 7, or 14 to 15 DAP by Student’s t test (p > 0.05). Enrichment of two BdFT1 fragments +antibody was significantly different from

that of —antibody at 6 to 7 DAP by Student’s t test (p < 0.01).

(H) Immunoblots of immunoprecipitated histone H3 with anti-H3, anti-H3K27me3, and anti-H3K4me3 antibodies. All data in (A), (C), (D), and (G) were
calculated from three biological replicates. All error bars represent SEM, n = 3.

end (Figure 3F and 3H). The specificity of the At/KUZ2 probe for the
pBdIKU2::AtIKU2 transgene is shown in Figure 3G. Although #4-11
had only one nucleotide T insertion in the middle of the gene, we
hardly detected BdIKU2 mRNA in the #4-11 mutant with the
same pair of primers. In some CRISPR-Cas9-mediated knockout
lines, target gene expression was not readily detected (Huang
et al., 2016; Yuva-Aydemir et al., 2019).

FIS-PRC2 suppresses AtIKU2 expression and this
regulation is absent in Brachypodium

AtIKU2 was highly expressed at 1 to 3 DAP and then barely ex-
pressed at 6 to 7 DAP in wild-type Ler (Figure 4A). MEA is the
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H3K27me3 methyltransferase of FIS-PRC2. The Atmea mutant
was maintained as heterozygous AtMEA/mea; after selfing, we
collected Atmea/mea mutant seeds based on their defective
morphology at various DAP as shown by Kiyosue et al. (1999).
In Atmea, AtIKU2 was still strongly expressed at 4 to 5 and 6 to
7 DAP (Figure 4A). AtIKU2 expression is likely to be repressed
by FIS-PRC2 after endosperm proliferation ceases at 4 to 5
DAP. We isolated hexaploid endosperm nuclei at 2 to 3 and 4
to 5 DAP using ploidy-based fluorescence-activated cell sorting
(FACS) (Zheng and Gehring, 2019). Triploid 3C and tetraploid
4C nuclei had too large an overlap to be easily separated,
whereas hexaploid 6C nuclei offered better resolution and were
easily separated from tetraploid 4C nuclei (Supplemental

Molecular Plant 15, 1575-1589, October 3 2022 © 2022 The Author.
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Figure 10A). The region from the —811 bp promoter region to the
+3300 bp 3 UTR was covered by eight pairs of primers
(Figure 4B). H3K27me3 enrichment was not observed for the
AtIKU2 locus at 2 to 3 DAP across the whole region. At 4 to 5
DAP, H3K27me3 marks were densely deposited from fragment
2 to fragment 6, across the transcription start site (TSS) to the
exons (Figure 4C). In both leaf and endosperm, trimethylation
marks were also detected at the At/IKU2 locus and the AtCKX2
locus using either CUT&RUN or chromatin immunoprecipitation
sequencing (ChIP-seq) data (Table S2a to S2d in Zheng and
Gehring, 2019). AtCKX2 is another FIS-PRC2 target (Li et al.,
2013). It had a much less significant role in the deposition of
trimethylation marks at the At/KU2 locus on the basis of the
INTACT-ChIP approach (Table S2e in Zheng and Gehring,
2017), consistent with previous results of Moreno-Romero et al.
(2016).

Cereal endosperm exhibits sustained proliferation. Is the expres-
sion of BdIKU2 synchronous with endosperm proliferation?
BdIKU2 indeed maintained a relatively stable expression in iso-
lated Brachypodium endosperm stripped of the nucellar tissue
and embryo from 1 to 20 DAP (Figure 4D). BdlIKU2 was actively
expressed at 1 DAP at the coenocyte stage, mostly in
proliferating endosperm between the central vacuole and the
nucellar tissue (Figure 4E). BdIKU2 mRNA was also detected in
the cell files at endosperm closure at 5 and 7 DAP during the
cellularization process. BdIKU2 was continuously expressed in
the dividing central starchy endosperm and aleurone layer cells
at 20 and 25 DAP, with enlarged views (Supplemental
Figure 11A and 11B). For example, BdIKU2 hybridization
signals were detected at 20 and 25 DAP in dividing endosperm
cells and cells beside the protein body. No signals were

detected in dead central starchy endosperm cells. We
observed continuous BdIKU2 expression until 25 DAP.
However, developing Brachypodium seeds complete

endosperm proliferation and grain milk filling at 18 to 20 DAP
(Opanowicz et al., 2011). Because growth conditions such as
temperature and photoperiod were different, our plants may
have completed endosperm proliferation and grain milk filling at
a date later than 20 DAP.

Using a similar strategy, we isolated Brachypodium hexaploid
endosperm nuclei at three different stages: 2 to 3, 6 to 7, and
14 to 15 DAP (Supplemental Figure 10B). No H3K27me3 marks
were detected around the BdIKUZ2 locus for the whole region at
various DAP (Figure 4F and 4G). The BdIKU2 locus was also
not enriched with H3K27me3 marks in 24C endosperm nuclei
at the late stage of endoreduplication (Supplemental
Figure 10C). In proteins precipitated by anti-H3 antibodies from
total protein extract, both H3K27me3 and H3K4me3 modifica-
tions were detected from 2 to 3 DAP until 14 to 15 DAP
(Figure 4H). Bd Flowering Locus T1 (BdFT1) was used as a
control (Wu et al., 2013), and H3K27me3 marks were enriched
at this locus (Figure 4G and Supplemental Figure 10D). BAFT1
has a function similar to that of Arabidopsis FT (Adrian et al.,
2010; Zhang et al., 2020a, 2020b). Various cereal CLF and
SWN genes are expressed from vegetative to reproductive
tissues (Zhong et al., 2018; Cheng et al., 2020).

Previous studies predicted 170 Polycomb response elements
(PREs) associated with various genes within 600 bp around the
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Polycomb ChlIP-seq peaks, including CTCC, CGG, G-box, AC
rich, GA repeat, and Telo-box (Table S2 in Xiao et al., 2017).
Xiao et al. also identified 233 PRE-binding transcription factors,
such as TCP proteins and E2F proteins (Table S3 in Xiao et al.,
2017). We analyzed the promoters of Arabidopsis, soybean,
rice, and Brachypodium IKU2s for enriched and unique cis
elements. We identified eight cis elements that were present
only in the At/KU2 and GmIKU2 promoters but not in the
BdIKU2 and OsIKU2 promoters (Supplemental Table 2). Among
these eight cis elements, SITEIIATCYTC is likely to be bound by
a TCP-domain transcription factor, and E2FCONSENSUS is likely
to be bound by an E2F protein (Vandepoele et al., 2005; Welchen
and Gonzalez, 2005).

IKU2 function is also conserved in rice and soybean

Rice and soybean have seed developmental paths similar to
those of Brachypodium and Arabidopsis, respectively. Six
IKU2-like genes from rice and soybean were introduced into
Atiku2 under the control of the At/IKU2 promoter. One rice homo-
log (LOC_Os12g43640) and one soybean homolog
(Gm6G090800) rescued the small-seed phenotype of Atiku2
(Figure 5A and 5F, Supplemental Figure 12A and 12B). Of 36
independent pAtIKU2::0sIKU2/Atiku2 transgenic plants, 30
lines (83%) had a seed mass ranging from 1.6 to 2.0 mg per
100 seeds. Of the 36 independent pAtIKU2::GmIKU2/Atiku2
transgenic plants, 32 lines (89%) had a seed mass ranging
from 1.6 to 2.0 mg per 100 seeds. Seed size increase was
positively correlated with transgene expression in at least five
independent transgenic plants for each Os/IKU2 or GmIKU2
construct (Supplemental Figure 12C and 12D). The specificity
of the PCR probes is shown in Supplemental Figure 12E and
12F. Seeds from Os/KU2 and GmIKU2 transgenic plants were
indistinguishable from those of Col-0 in terms of seed cavity,
endosperm proliferation, and embryo size from 1 to 9 DAP
(Supplemental Figure 13). Their expression patterns were
similar to that of endogenous At/IKU2 (Figure 5B and 5G).

Like BdIKU2, endogenous OsIKU2 showed persistent expression
up to 20 DAP (Figure 5C). OsIKU2 transcripts were detected
during the cellularization stage at 3, 4, and 5 DAP (Figure 5D).
Strong signals were also visible in the dividing starchy
endosperm cells at 7 DAP and in the aleurone layer at 10 and
12 DAP. No H3K27me3 marks were enriched at the OsIKU2
locus (Figure 5E). Os Heading Date 3a (OsHd3a) is a homolog
of AtFT (Tamaki et al., 2007), and the OsHd3a locus was
enriched with a high level of H3K27me3 marks (Figure 5E and
Supplemental Figure 10E).

The IKU2-MEA module exists in soybean

Endosperm reaches its highest volume at the mid-heart stage in Pi-
sum sativum and Glycine max (Marinos, 1970; Chamberlin et al.,
1993). Glycine max (L) Merr has a life cycle of 120 days
(Goldberg et al., 1989; Le et al., 2007). Soybean cv. Dongnong 50
that we used as a wild type has a life cycle of about 110 days. In
paraffin sections, the embryo derived from double fertilization
went through the octant stage at 1 to 2 DAP, the globular stage at
3 to 4 DAP, the heart stage at 5 to 7 DAP, the cotyledon stage at
8 to 13 DAP, and a long maturation stage (Figure 6A). Endosperm
proliferated through the free nuclei stage from 1 to 4 DAP, the
cellular stage from 5 to 7 DAP, and the absorption stage
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Figure 5. AtIKU2 homologs are found in rice and soybean.

Average seed mass per 100 seeds from Col-0, Atiku2, and five pAtIKU2::0sIKU2 transgenic lines (A) or five pAtIKU2::GmIKU2 transgenic lines (F) in
Atiku2. Letters indicate significant differences determined by ANOVA (p < 0.001). The panels below are images of rescued seeds in (A). Scale bars,
0.4 mm. Expression of OsIKU2 (B) and GmIKU2 (G) in two transgenic lines from 1 to 6 DAP. Expression of OsIKU2 or GmIKUZ2 in each sample was
normalized to that of AtACT2 and pAt/IKU2::0sIKU2 line #6 or pAtIKU2::GmIKUZ2 line #4 at 1 DAP. Expression of Os/KU2 in pAtIKU2::0sIKUZ2 line 6 or
GmIKU2 in pAtIKU2::GmIKU2 line 4 has an artificial value of 1. Expression of Os/IKU2 in transgenic line 6 at 1 DAP was significantly different from that from
2 to 6 DAP by Student’s t test (p < 0.05). Expression of Os/IKU2 in transgenic line 7 at 1 and 2 DAP was significantly different from that from 3 to 6 DAP by
Student’s t test (p < 0.001). Expression of GmIKU2 in the two transgenic lines from 1 to 3 DAP was significantly different from that from 4 to 6 DAP by
Student’s t test (p < 0.001).

(C) OsIKU2 expression in the developing rice caryopsis without chaff at various DAP. Expression of OsIKU2 in each sample was normalized to that of
OsACTT1 at 1 DAP. Expression of OsIKU2 at 1 DAP was not significantly different from that from 3 to 20 DAP by Student’s t test (p > 0.05).

(D) RNA in situ hybridization of Os/KU2 in developing endosperm of Zhonghua 11 rice at various DAP. Red arrows indicate endosperm cells with hy-
bridization signals. Yellow arrows indicate starch endosperm and aleurone endosperm cells without signals. Scale bars, 50 um. al, aleurone endosperm;
cv, central vacuole; en, endosperm; ne, nucellar epidermis; nu, nucellar tissue; pe, pericarp; se, starchy endosperm.

(E) ChIP analysis of histone H3K27me3 of the Os/KU2 locus in spikelets without chaff at various DAP. Nine ChIP fragments were designed for the OsIKU2
locus. Enrichment of DNA fragments was quantified by gPCR and normalized to that of OSACT1 and —antibodies at 2 to 3 DAP. Enrichment of —antibodies
at 2 to 3 DAP for each fragment has an artificial value of 1. Os/IKU2 fragments did not differ significantly from each other in enrichmentat2to 3,6to 7, or 14
to 15 DAP by Student’s t test (p > 0.05). OsHd3a ChlIP analysis was performed with leaf tissue. Enrichment of two OsHd3a fragments +antibody was
significantly different from that of —antibody at 6 to 7 DAP by Student’s t test (p < 0.01). Data in (A), (B), (C), (E), (F), and (G) were calculated from three
biological replicates. Error bars represent SEM, n = 3.

thereafter. GmIKU2 expression was active from 1to 6 DAP and then number of taxa (Supplemental Figure 15). The SET proteins from
gradually declined from 7 to 18 DAP (Figure 6B). We isolated Arabidopsis and soybean clustered on one branch, whereas
hexaploid endosperm nuclei at 2 to 4 DAP and 7 to 9 DAP SETs from Poales were clustered on the other branch. Because
(Supplemental Figure 14). At the GmIKU2 locus, H3K27me3 of genome duplications, 75% of the genes in paleopolyploid
marks were barely detected at 2 to 4 DAP but were highly soybean are present in multiple copies (Schmutz et al., 2010).
enriched at 7 to 9 DAP at the TSS and the first exon (Figure 6C). Using the three Arabidopsis SET proteins, we identified eight

soybean SET proteins. Two SET proteins aligned closely with
MEA exists only in the Brassicaceae family (Spillane et al., 2007; AtCLF, and the other six aligned closely with AtSWN and
Luo et al., 2009), but there are many SWN or CLF homologs in a AtMEDEA (Supplemental Figure 16).
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(B), (C), (E), and (F) were calculated from three biological replicates. Error bars represent SEM, n = 3.

AtMEDEA is expressed mainly in the endosperm (Kiyosue et al.,
1999; Spillane et al., 2007). We examined the expression of
two CLF-like and six MEA/SWN-like soybean SET genes in
leaves, pods, and seeds. The AtCLF homologs Gm3G0188000
and Gm15G054100 were expressed in all three organs
(Supplemental  Figure 17A). Of the AtSWN-like genes,
Gm10G0712100, Gm11G067000, and Gm3G219800 were highly
expressed in seeds compared with leaves. Three core subunits of
the human PRC2 complex interact with each other to enhance
their stabilization and activity (Kouznetsova et al., 2019). Only one
of the three SET homologs, Gm11G067000, interacted with
AtFIE, whereas both Gm11G067000 and Gm3G219800 interacted
with AtFIS2 (Supplemental Figure 17B).

Mutations in AtMEDEA lead to autonomous endosperm develop-
ment and seed lethality (Kiyosue et al., 1999). We introduced two
AtCLF-like genes (Gm1G188000 and Gm15G054100) and two
AtSWN-like genes (Gm3G219800 and Gm11G06700) under the
control of a 650-bp AtMEDEA promoter to Atmedea-3
(Figure 6D). If one of the four soybean SET proteins functions
like AtMEA, it should rescue the endosperm phenotype and

Molecular Plant 15, 1575-1589, October 3 2022 © 2022 The Author.

seed lethality rate of Atmedea-3. The transgenic plants of pAt-
MEA::AtMEA and pAtMEA::GmMEA in Atmea/mea were geno-
typed (Supplemental Figure 18). The defective rate of AtIMEA/
mea is about 50% because AtMEA is a maternally imprinted
gene. In the T2 generation of pAtMEA::AtMEA in AtMEA/mea
transgenic plants, both the transgene and the AtMEA/mea
allele were heterozygous. The defective rate was 25% owing to
their homozygous Atmea progeny. In the T4 generation, Atmea
should be completely complemented. Reduced seed lethality
rate of Atmedea-3 was observed for T2 transgenic plants that
carried either AtMEA or Gm11G067000, one of the four soybean
SET proteins tested. In the T4 generation, AtMEA and
Gm11G067000 (GmMEA) fully complemented the Atmedea-3 le-
thal phenotype at the expected expression level (Figure 6D,
Supplemental Figure 19A and 19B). Therefore, we named
Gm11G067000 GmMEA.

We next examined whether GmMEA is targeted to the At/KU2 lo-
cus using ChIP-PCR analysis. Both AtMEA and GmMEA proteins
associated with the At/IKU2 promoter in the P2 region at 4 to 5
DAP (Figure 6E and 6F). We also tested whether Arabidopsis
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Figure 7. GmMEA restores trimethylation marks at the IKU2 locus in Atmea/mea.

(A) ChIP analysis of histone H3K27me3 at the At/KU2 locus in pAtMEA::GmMEA transgenic line in the Atmea/mea background. Enrichment of DNA
fragments was quantified by gPCR and normalized to that of AtACT2/7 and —-antibodies at 2 to 3 DAP. Enrichment of —antibodies at 2 to 3 DAP for each
fragment has an artificial value of 1. Enrichment of +antibody at 4 to 5 DAP was significantly different from that of — or +antibody at 2 to 3 DAP and
—antibody at 4 to 5 DAP (p < 0.05) for fragments 1 to 6 by Student’s t test. Data were calculated from three biological replicates. All error bars indicate SEM,

n=3.

(B) In situ hybridization analysis for GmMEA expression in developing soybean seeds at various DAP. Red arrows indicate signals. Scale bars, 100 um. en,

endosperm; ent, endothelium; ep, embryo proper; ii, inner integument.

(C) A working model for two different seed developmental ontogenies associated with trimethylation marks on key endosperm proliferation genes such as
IKU2. FIS2 and MEDEA may have evolved from VRN2 and SWN through a genome duplication event. al, aleurone.

and soybean MEA proteins restore H3K27 marks in Atmea
complemented lines. No significant level of H3K27me3 marks
was detected at the At/KU2 locus in Atmea/mea at either 2 to 3
or 4 to 5 DAP (Supplemental Figure 19C). Both AtMEA and
GmMEA restored H3K27me3 marks at the AtIKU2 locus
(Figure 7A and Supplemental Figure 19D). In a series of in situ
hybridization sections, GmMMEDEA was expressed only before
fertilization (0 DAP), during endosperm proliferation from 1 to 3
DAP, and at the cellularization stage from 5 to 8 DAP to 13 DAP
(Figure 7B).

DISCUSSION

Embryo and endosperm in ancient cereals do not develop within a
seed, and the ongoing endosperm does not invade the space that
the embryo occupies. A directional increase in the ratio of embryo
to endosperm is an evolutionary trend within the angiosperms
(Stebbins, 1974; Takhtajan, 1991). Early divergent taxa have a
small, underdeveloped, primitive embryo, whereas some
advanced taxa have a larger and fully developed embryo. Seeds
of some angiosperms such as cereals are filled almost entirely

by endosperm. Seeds in other angiosperms such as Arabidopsis
are completely dominated by the embryo and lack endosperm.
Therefore, endosperm diversification becomes dominant for
seed ontogeny. Independent evolution of seed morphogenesis
and specific modification occurred within early flowering plants
and after the divergences of the two other angiosperm lineages,
monocots and eudicots (Sanderson and Donoghue, 1994).

In the Brassicaceae lineage, Arabidopsis endosperm and embryo
within a central cavity approach an almost fully mature volume
around the heart stage. Endosperm becomes the main reservoir
for storing nutrients and providing energy for the growth of the
embryo. The Arabidopsis IKU pathway regulates endosperm
development; the Atiku2 mutant exhibits precocious endosperm
cellularization and produces only half the number of nuclei found
in the wild type (Garcia et al., 2003; Luo et al., 2005). IKU2s from
Brachypodium, rice, and soybean functionally complement
the Atiku2 seed phenotype (Figures 1 and 5). IKU2 has
retained its original and ancestral function over millions of years
of evolution based on a conserved IKU2 function during
endosperm proliferation.
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Cereal IKU2 transcription is sustained for persistent endosperm
development. Mutations in BdIKU2 caused precocious cellulari-
zation, reduced the number of endosperm nuclei without altering
cell size, and produced small seeds (Figure 3). Because IKU2
functions are conserved among the four species, the
expression duration of IKU2s contributes to persistent or
silenced endosperm proliferation. After the heart stage, the
Arabidopsis embryo undergoes rapid growth and requires
space. The ongoing endosperm structure must give way and
perish so that embryos persist in the species and gene pool as
the next plant generation. Prolonged expression of BdlKU2 at 4
to 9 DAP in Arabidopsis seeds from pBdIKU2::BdIKU2/Atiku2
transgenic plants produced undesirable free endosperm nuclei
and continuous endosperm proliferation (Figure 2).

AtIKU2 expression is suppressed by the FIS-PRC2 complex, and
H3K27me3 marks are enriched over the At/KU2 locus at 4 to 5
DAP (Figure 7C). AtMEA catalyzes the trimethylation of histone
3 lysine 27. Onset of cellularization and recruitment of FIS-
PRC2 suppresses AtIKU2 transcription and terminates endo-
sperm proliferation. In either mea iku2 or fis iku2 double mutants,
removal of IKU2 from the mea mutant does not restore cellulari-
zation (Garcia et al., 2003; Luo et al., 2005). FIS-PRC2 may target
an array of genes that includes IKU2. Because IKU2 is one of the
FIS-PRC2 targets, loss of IKU2 may be one of the causes of the
endosperm phenotype of the mea mutant, as IKU2 expression
is increased in mea/mea (Figure 4A). In addition, IKU2
expression driven by the BdIKU2 promoter did not follow the
normal IKU2 expression pattern and caused endosperm over-
proliferation that partially phenocopied mea (Figure 2D and 2E).

MEA homologs are unique to the Brassicaceae lineage (Spillane
et al., 2007; Luo et al., 2009). By contrast, CLF and SWN
homologs are found in a large variety of species and retain their
ancient function. Some dicots appear to have experienced one
or two more genome-wide duplication events, which enabled
the evolution of many crucial genes (Soltis et al., 2008). SWN is
also likely to be specific to Brassicaceae in terms of recent
gene duplication events, as six soybean genes are similar to
both AtSWN and AtMEA (Supplemental Figure 15). Whether the
six soybean genes share the functions of AtSWN and AtMEA re-
quires further tests. It is possible that SWN has retained an ances-
tral function, whereas AtMEA may have acquired a new function.
In species with a similar developmental pattern, such as soybean,
GmSWN plays an essential role like AtMEA (Figure 6). By
contrast, Brachypodium and rice IKU2 loci maintain active
transcription for coenocytic endosperm proliferation in the early
phase and starchy and aleurone endosperm proliferation in the
late phase (Figure 7C). Although CLF and SWN are highly
expressed from the vegetative stage to the reproductive stage
(Tonosaki and Kinoshita, 2015), the Brachypodium and rice
IKU2 loci are devoid of H3K27me3 marks. Conserved IKU2
function but divergent MEA evolution in Poales, Fabales, and
Brassicales may also account for evolutionary diversification
among angiosperm taxa.

METHODS

Plant materials and growing conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) and var. Landsberg
erecta (Ler) were used as the Arabidopsis wild types. The mutant lines
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Atiku2-4 (SALK_073260) and Atmedea-3 were described previously
(Kiyosue et al., 1999; Zhou et al., 2009). All Arabidopsis plants were
grown under a photoperiod of 16 h light and 8 h dark at 22°C and 80%
relative humidity. The Bd21-3 accession of Brachypodium distachyon
was used as the wild type and grown under conditions of 18 h light and
6 h dark at 21°C and 70% relative humidity. Soybean cv. Dongnong 50
was grown under conditions of 16 h light and 8 h dark and 60% relative
humidity. Japonica rice and Zhonghua 11 were grown in a growth room
with 16 h light and 8 h dark at 23°C and 80% relative humidity.

Phylogenetic analysis and multiple protein sequence alignment

Protein sequences and the corresponding coding sequences of the IKU2-
and E(z)-like genes were retrieved from published genomes of representa-
tive species through BLAST searches using Arabidopsis sequences as
queries (Supplemental Table 1). For each gene family, multiple
sequence alignment was performed using the MAFFT program in Phylo-
Suite (Zhang et al., 2020a; 2020b) with manual adjustment. The codon-
based nucleotide matrices corresponding to the protein alignments
were generated by PAL2NAL (Suyama et al., 2006). The phylogenetic
trees were constructed from matrices containing only alignable
nucleotide sequences in IQ-TREE using the maximume-likelihood method
(Nguyen et al., 2015). The best-fit substitution models detected by
ModelFinder (Kalyaanamoorthy et al., 2017) were TVMe + | + G4 and
GTR + F + | + G4 (based on the Bayesian Information Criterion) for
IKU2- and E(z)-like genes, respectively. Branch support was estimated
by performing 10 000 replicates of ultrafast bootstrapping (Hoang et al.,
2018). The alignment matrix in fasta format and the tree topology in
Newick format can be found in Supplemental Figures 1 and 15.

Multiple protein sequence alignment was performed using the ClustalW
program, and a phylogenetic tree was constructed.

Plasmid construction and generation of transgenic plants

All primers used to make plasmid constructs are listed in Supplemental
Table 3. The genes used to complement the Atiku2 phenotype were
cloned into a modified pCAMBIA1302 vector, which was reconstructed
with Kpn1, Xbal, Apal, and Swal sites. First, an At/KU2 promoter
region from —806 to —1 was PCR-amplified from Col-0 genomic DNA
and ligated to Kpn1 and Xba1 sites of the modified pCAMBIA1302 vector.
Various IKU2 genes were then PCR-amplified from wild-type genomic
DNA of different species and ligated to the Apal and Swal sites of the
vector with the AtIKU2 promoter. All vectors used to complement Atme-
dea and Bdiku2 #4-11 phenotypes were constructed the same way as
with various IKU2 genes, except that the AtMEDEA promoter was
650 bp from —650 to —1, and the BdIKU2 promoter was 1200 bp from
—1200to —1. All other genomic gene sequences driven by their native pro-
moters were PCR-amplified from various genomic DNA preparations and
cloned into the pCR8/GW/TOPO TA Cloning entry vector. The TA frag-
ments were then cloned into the pEARLYGATES303 vector or other desti-
nation vectors using the gateway system. All stable Arabidopsis trans-
genic plants were created by the floral dip method with Agrobacterium
tumefaciens GV3101.

For BdIKU2 CRISPR-Cas9 knockout, a pPZP211-35S::Cas9-derived vec-
tor was constructed from pYLCRISPR/Cas9 PUbi-H and a single guide
RNA expression cassette against the BdIKU2 target sequence under
the control of the Brachypodium U6 promoter by an overlapping PCR
approach (Feng et al., 2013). The PCR products were ligated into the
predigested binary vector with Mlu1 and Sall. The resulting binary
vectors were transformed into the Agrobacterium tumefaciens EHA105
strain and introduced to embryogenic callus generated from immature
embryos (Alves et al., 2009). The selection markers were neomycin
phosphotransferase Il for the CRISPR-Cas9 system and hygromycin for
Bdiku2 rescue transgenic plants.
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Full-length coding sequences of AtMEDEA, AtCLF, AtSWN, AtFIE, and At-
FIS2 were PCR-amplified from Col-0 cDNA. Full-length coding sequences
of Gm02G012100, Gm11G067000, and Gm03G219800 were PCR-
amplified from cv. Dongnong 50 cDNA. All cDNAs were reverse tran-
scribed from mRNA extracted from mixed Arabidopsis or soybean seeds
at various DAP. All primers used are listed in Supplemental Table 3. The
PCR products were cloned into the pCR8/GW/TOPO TA Cloning entry
vector. The cDNAs were then recombined into the GAL4-DNA-binding
domain vector pDEST-GBKT7 or the GAL4-activation domain vector
pDEST-GADT?.

Isolation of Brachypodium endosperm tissue, RNA extraction,
and gRT-PCR analysis

Brachypodium endosperm tissue from 1 to 3 DAP was harvested from the
outlined area shown in Supplemental Figure 9 under a microscope. The
nucellus and tiny embryo were carefully stripped off. Endosperm tissue
isolated from 1- to 3-DAP seeds had more maternal and embryo
contamination. After 5 to 7 DAP, it was much easier to separate the
endosperm tissue from other tissues, with less maternal and embryo
contamination. Total RNA was isolated using the GeneJET RNA
Purification Mini Kit (Thermo Scientific). Two micrograms of total RNA
were digested using DNase | (Thermo Scientific), and first-strand cDNA
was synthesized using the SuperScript lll reverse transcriptase kit (Invitro-
gen). gRT-PCR was performed with SYBR Premix Ex Taq Il (Takara) on an
Applied Biosystems QuantStudio 6 Flex Real-Time PCR machine (Thermo
Scientific). Data were generated from three biological replicates. The
primers used for quantitative RT-PCR are listed in Supplemental Table 3.

DIC microscopy

Arabidopsis plants were hand-pollinated and harvested from 1 to 9 DAP.
Developing seeds were fixed in FAA (10% formalin, 5% acetic acid, 45%
ethanol, and 0.01% Triton X-100) for 1 h and washed with a graded
ethanol series (30%, 50%, 70%, 80%, 90%, 95%, 100%, and 100%).
The developing seeds from 1 to 5 DAP were then incubated in
Hoyer buffer (3 mL glycerol, 1 mL water, and 8 g chloral hydrate).
Herr solution (10 mL phenol, 10 mL 85% lactic acid, 5 mL xylene, 10 mL
clove oil, and 10 g chloral hydrate) was used for developing seeds from
6 to 9 DAP. Seeds with cleared embryos were photographed under DIC
optics using an Olympus BX51 microscope (Waltham, MA) with an
Olympus DP26 CCD camera.

Thin sections for histological analysis

Arabidopsis siliques and Brachypodium caryopses were harvested at
various DAP. The materials were fixed in a 50% ethanol, 5% formalde-
hyde, and 10% acetic acid solution for 12 to 48 h at 4°C. The fixed mate-
rials were then dehydrated in a series of ethanol dilutions (60%, 75%,
85%, 95%, 100%, and 100%). Each step was repeated twice for 30 min
each time, and the final dilution was left in 100% ethanol overnight.
Seed materials were stepwise infiltrated in Technovit 7100 (Kulzer) ac-
cording to the manufacturer’s instructions. The embedded seeds were
sectioned into 2-um sections using a Leica RM2255 microtome, and sec-
tions were stained with 0.05% toluidine blue and dried on a heating plate
at 55°C. Stained sections were photographed using a Cool Cam color
CCD camera (Cool Camera) coupled to an Olympus BH-2 microscope.

Paraffin sections and in situ hybridization assay

Arabidopsis seeds, Brachypodium caryopses, and soybean seeds were
fixed in formalin-acetic acid-alcohol (FAA; 5% formaldehyde, 5% acetic
acid, and 50% ethanol). After 48 h of fixation at 4°C, a graded ethanol se-
ries (70%, 80%, 90%, 95%, and 100%) was used to dehydrate the seeds;
each step took 60 min, and the samples were finally left in 100% ethanol
overnight at 4°C. After washing with xylenes and pre-incubation with
paraffin for 2 days, the seeds were embedded in paraffin and sectioned
to 8 mm using a Leica RM2125 Microtome. For studies of soybean seed
developmental stages, paraffin sections were dewaxed and photo-
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graphed using an Olympus BX53 microscope with an Olympus DP26
CCD camera.

For in situ hybridization, Arabidopsis, Brachypodium, and soybean sec-
tions were dewaxed and hybridized with sense and antisense
digoxigenin-labeled RNA probes at 55°C overnight. The probes were syn-
thesized with a digoxigenin RNA labeling kit. Antibody incubation and co-
lor detection were performed according to the manufacturer’s instructions
(DIG nucleic acid detection kit; Boehringer Mannheim).

Isolation of hexaploid endosperm nuclei

FACS was used to isolate endosperm nuclei (Zheng and Gehring 2019).
Arabidopsis siliques were harvested after hand pollination and stripped
of siligue walls. Soybean seeds without pods and Brachypodium
caryopses were harvested at different developmental stages. Seeds
were freshly ground (avoiding flash-freezing if possible), and unbroken
nuclei were extracted with the Partec CyStain UV Precise P kit (Sysmex
America). Nuclei with different DNA ploidy contents were separated by
their DAPI staining intensity into various peaks indicative of different
ploidies. Peaks of 3C and 6C for Arabidopsis and soybean and peaks of
3C, 6C, 12C, and 24C for Brachypodium were sorted using a BD
FACSAria Il (BD) machine. About 200 000 nuclei were isolated for histone
modification assays.

ChIP-PCR

Material for regular Arabidopsis ChIP and sorted nuclei for histone modi-
fication were fixed with 1% formaldehyde, and cross-linking was stopped
with 2 M glycine (Sun et al., 2019). About 200 000 sorted 6C nuclei were
used for ChIP analysis. After sonication, the chromatin complexes were
incubated with the respective antibodies or anti-H3K27me3 (EMD Milli-
pore) for 6 to 12 h and purified with protein A beads (Abcam). For ChIP
analysis of AtMEA:GFP or GmMEA:GFP to the At/KU2 locus, we used a
1:1 ratio of monoclonal (HT801-01, TransGen) and polyclonal (A01388-
40, GenScript) anti-GFP antibodies. Chromatin complexes incubated
with BSA were used as negative controls. After reversal of the cross-
linking and treatment with proteinase K and RNase, immunoprecipitated
DNA was quantified by gRT-PCR. All primers used are listed in
Supplemental Table 3. Fold enrichment for various specific chromatin
fragments was normalized to the enrichment level of the Arabidopsis
AtACTIN2/7 amplicon, Brachypodium BAACTIN3 amplicon, or soybean
GmACTIN11 amplicon. Enrichment of each amplicon was calculated
using the following equation: 2—(01 Fragment ChIP—Ct Fragment MOCK)/
2~(Ct ACTIN ChiP-Ct ACTIN MOCK) gnq was normalized to the negative
control (immunoglobulin G) of each fragment.

Protein isolation and immunoblotting

To detect histone 3 accumulation and H3K27me3 or H3K4me3 marks in B.
distachyon caryopses, developing caryopses without chaff or pericarp
were harvested at 2 to 3, 6 to 7, and 14 to 15 DAP. Total protein was iso-
lated using IP buffer that contained 25 mM Tris-HCI (pH 8.0), 1 mM EDTA,
150 mM NaCl, 10% glycerol, 0.1% Triton X-100, 2 mM B-mercaptoetha-
nol, 1 mM PMSF, and 1x protease inhibitors (Roche). The protein extract
was incubated with anti-H3 antibodies (Beyotime, AF0009) for 3 h. The
beads were washed three times with IP buffer, boiled in 40 uL 2x SDS
buffer, and separated by 15% SDS-PAGE. Western blots were probed us-
ing the respective anti-H3, anti-H3K27me3 (Millipore, #07-449), and anti-
H3K4me3 (Millipore, #07-473) antibodies at a 1:5000 dilution.

Yeast two-hybrid assays

Both pDEST-GBKT7 and pDEST-GADT7 vectors were co-transformed
into yeast strain Y2HGold using a lithium acetate-based transformation
protocol. Positive colonies were selected on SD/-Trp/-Leu (-TL) medium.
Interaction assays were performed on selective SD/-Trp/-Leu/-His/-Ade
medium (-TLHA) at 30°C for 3 days.
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AtMEA/Atmea genotyping

AtMEA/Atmea was genotyped by PCR and FspBI restriction digestion.
PCR products digested with this enzyme were 611 bp for the AtMEA allele
and 508 bp and 103 bp for the Atmea allele.

Sequence analysis of AtIKU2, GmIKU2, BdIKU2, and OsIKU2
promoters

The entire 811-bp upstream region of At/KU2 genes and the 1500-bp up-
stream region of GmIKU2, BdIKU2, and OsIKU2 genes were used as
query promoter sequences to predict possible cis-acting elements with
the PLACE motif database (https://www.dna.affrc.go.jp/PLACE/?action=
newplace).
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