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Summary

� In cereal species, grain size is influenced by growth of the ovule integuments (seed coat),

the spikelet hull (lemma and palea) and the filial endosperm. Whether a highly conserved

ovule tissue, the nucellus, has any impact on grain size has remained unclear.
� Immunolabelling revealed that the barley nucellus comprises two distinct cell types that dif-

fer in terms of cell wall homogalacturonan (HG) accumulation. Transcriptional profiling of the

nucellus identified two pectin methylesterase (PME) genes, OVULE PECTIN MODIFIER 1

(OPM1) andOPM2, which are expressed in the unfertilized ovule but absent from the seed.
� Ovules from an opm1 opm2 mutant and plants expressing an ovule-specific pectin methy-

lesterase inhibitor (PMEI), exhibit reduced HG accumulation. This results in changes to ovule

cell size and shape and ovules that are longer than wild-type (WT) controls. At grain maturity,

this is manifested as significantly longer grain.
� These findings indicate that cell wall composition during ovule development acts to limit

ovule and seed growth. The investigation of ovule PME and PMEI activity reveals an unex-

pected role of maternal tissues in controlling grain growth before fertilization, one that has

been lacking from models exploring improvements in grain size.

Introduction

Grain size in cereal crops is an important component of yield and
quality (Evers & Millar, 2002). Both a seed and a fruit, the grain
develops from the female pistil after fertilization, and its final size
is determined by a combination of maternal and paternal inputs.
At maturity, the grain is comprised of protective tissues (i.e. the
maternal hull, pericarp and seed coat) and internal filial seed tis-
sues (i.e. the embryo and endosperm; Li & Li, 2016).

The most abundant filial tissue in the mature grain is the endo-
sperm, the product of fusion between a single sperm and a
diploid central cell within the female gametophyte (embryo sac;
ES). The timing of endosperm initiation, particularly cellulariza-
tion, is critical for grain size. This is compromised through muta-
tions in genes from the HAIKU (IKU) pathway and Fertilization-
Independent Endosperm1 (FIE1), which cause precocious cellular-
ization and reduced seed size in Arabidopsis and rice, respectively
(Garcia et al., 2005; Folsom et al., 2014). Final grain size is also
influenced by (1) the maternal spikelet hull (i.e. the lemma and
palea), which determines the amount of space available for grain
expansion; (2) the amount of pericarp tissue, which is positively
associated with grain length and weight in wheat (Brinton
et al., 2017; Herrera & Calderini, 2020); and (3) overall pistil
size, which is positively correlated with grain set and weight in
several species (Xie et al., 2015; Guo et al., 2016; Benincasa

et al., 2017). While many genes and quantitative trait loci (QTL)
have been identified as regulators of spikelet size in rice and other
cereals (e.g. the ubiquitin–proteasome (UPS) pathway, AP2-
transcription factors, G-protein signalling, MAPK signalling and
phytohormone signalling; Li et al., 2019), relatively little is
known about pathways influencing the size of the pistil and its
constituent tissues.

In cereal species, the upper pistil is composed of the style and
stigma to facilitate pollen attachment, while the lower pistil consti-
tutes the ovary, which encloses a single ovule (Supporting Informa-
tion Fig. S1a). The ovule is a complex structure that represents the
progenitor of most seed tissues; it comprises somatic tissues such as
the integuments and the nucellus, along with key generative (germ-
line) tissues such as the single ES, which is fertilized to produce the
embryo and endosperm (Fig. S1b). After fertilization, the bulk of
the nucellus is rapidly degraded through programmed cell death
and the residual cells differentiate into the nucellar projection,
which connects to the ovary wall and transfers nutrients into the
developing endosperm (Radchuk et al., 2011). The nucellar epider-
mis and two adjoining integuments fuse to become a thin seed coat,
which is tightly attached to the ovary wall (pericarp).

The potential impacts of ovule tissue growth, differentiation
and overall size on grain development remain largely unknown. In
general, organ size in plants is determined by both cell prolifera-
tion and cell expansion (Powell & Lenhard, 2012), which depend
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on cell cycle and cell wall rigidity, respectively. Cell wall rigidity
varies between cells and is strongly influenced by polysaccharide
structure and composition (Burton et al., 2010; Tucker
et al., 2018). Pectins, for example, are noncellulosic polysaccha-
rides that reside in the cell wall matrix and contribute to wall flexi-
bility (Parre & Geitmann, 2005; Haas et al., 2020). The
abundance and structure of pectin is controlled by a number of
enzyme classes (Cantarel et al., 2009), including pectin
methylesterases (PMEs) that catalyse the de-esterification of
methylesterified homogalacturonan (meHG). Demethylesterified
homogalacturonan (HG) interacts with Ca2+ to form the so-called
‘egg-box’ structure that crosslinks adjoining polysaccharides,
enhancing the rigidity of the cell wall (Du et al., 2022). The PME
gene family usually consists of multiple members in the genomes
of higher plants, and specific PMEs are responsible for processes
such as organ initiation, stem strength and plant immunity (Pel-
loux et al., 2007; Wu et al., 2018; Francoz et al., 2019). Although
pectin is less abundant in grasses compared with eudicots such as
Arabidopsis (Vogel, 2008), it accumulates in distinct regions dur-
ing development. For example, the asymmetric distribution of
HG and meHG in the tip and shank region of the rice pollen tube
is important for tip growth (G. Li et al., 2018; Kim et al., 2020).
In rice, barley and wheat grain, the nucellar epidermis accumulates
HG, although the function is unknown (Palmer et al., 2015; Betts
et al., 2017). Moreover, downregulation of the pectin biosynthesis
gene GAUT4 in rice and switchgrass led to a reduction in HG
levels, decreased recalcitrance in biomass processing and increased
growth (Biswal et al., 2018).

Here, we show that pectin (HG) epitopes clearly delineate the
inner from outer nucellus in the barley ovule. Using tissue-specific
transcriptome profiling and CRISPR/Cas9 gene editing, we iden-
tify and analyse the function of two PME genes expressed in the
nucellus: OVULE PECTIN MODIFIER1 (OPM1) and OPM2.
Both genes encode apoplastic proteins and are predominantly
expressed in somatic nucellar cells adjoining the ES and its precur-
sor cells. While ovules from opm1 and opm2 single mutants show
reduced HG labelling in the nucellus compared with WT, opm1
opm2 double mutants lack HG in the nucellus and exhibit signifi-
cant changes in ovule cell shape. At anthesis, compared with wild-
type (WT), opm1 opm2 mutants produce longer ovules and ovar-
ies. Mirroring the change in ovule/ovary length, the grain length of
the opm1 opm2 mutant is also increased. Expression of a PME
inhibitor gene in the nucellus, driven by the nucellus-specific bar-
ley MADS31 promoter, reproduced the increase in ovule, ovary
and grain length. Thus, we demonstrate that the ovule can exert
maternal control on grain size by adjusting cell wall composition
and identify an intriguing maternal pathway influencing grain
development in plants.

Materials and Methods

Plant materials and creation of transgenic plants

Barley (Hordeum vulgare L.) cultivar Sloop plants were grown in
a glasshouse at The Plant Accelerator, Adelaide, Australia, in a
50 : 50, cocopeat : clay-loam soil mixture (v/v), under

22°C : 17°C, day : night conditions. Ovules from cv Sloop plants
were used for the initial cell wall immunolabelling screens. In all
other experiments, barley cultivar Golden Promise (GP) was used
as WT and a donor plant for transformation. Golden Promise
plants were grown in cocopeat soil, at 15°C : 12°C, light : dark,
16 h daylight with 70% humidity in controlled environment
growth chambers (The Plant Accelerator, Waite Campus, The
University of Adelaide, Australia).

An optimized CRISPR-Cas9 system for monocots was used for
creating barley mutants (Ma et al., 2015). Two targets and proto-
spacer adjacent motifs (PAM) for each OPM gene were selected
from coding regions. The target sites were sequenced in GP before
being cloned into vectors to guarantee accurate recognition and
editing. Single-guide RNAs (sgRNA) including target sequences
were driven by rice promoters OsU6a, OsU6b, OsU6c and OsU3,
respectively. The sgRNA expression cassettes were amplified using
Phusion High-Fidelity DNA polymerase (NEB, Ipswich, MA,
USA) and cloned into a binary vector pYLCRISPR/Cas9Pubi-H
using the BsaI site as described previously (Ma et al., 2015). To
ectopically express PMEI in the ovule, the proMADS31::PMEI-
eGFP construct was created by inserting the 2418-bp MADS31
(HORVU.MOREX.r3.2HG0190700) promoter and a full-length
PMEI (HORVU.MOREX.r3.1HG0050140) cDNA fused with
eGFP (enhanced green fluorescent protein) between the HindIII
and BstEII sites of pCAMBIA1301, using the In-Fusion cloning kit
(Takara Bio, San Jose, CA, USA).

All vectors were transformed into GP using an Agrobacterium
tumefaciens-mediated method as described previously (Harwood
et al., 2009). Vectors were transformed into the AGL1 strain,
and overnight cell culture was used to inoculate immature barley
embryos. Transgenic seedlings were regenerated from selective
media, transferred to cocopeat soil and genotyped by the Phire
Plant Direct PCR Kit (Thermo Fisher Scientific, Waltham, MA,
USA) and Sanger sequencing. All primers are listed in Table S1.

Between 10 and 21 primary transgenic lines were generated for
each construct, and these were confirmed by PCR. In the case of
proMADS31::PMEI-eGFP, three lines showing GFP expression
were chosen for detailed analysis. To confirm the presence of
CRISPR-induced edits in OPM1 and OPM2, DNA was
extracted from T0 plants and amplified using primers flanking
the target sites. Sanger sequencing was used to confirm the pres-
ence of edits. Heritability of edits was confirmed in the T1 and
T2 generations, and lines were identified that lack the Cas9 con-
struct by PCR. Three independent mutants were identified for
each opm1 and opm2 single mutant that showed very similar phe-
notypes in prescreening. The majority of data included in this
study is derived from the strongest independent alleles of each
single and double mutant combination.

Phenotypic analysis and microscopy

For all phenotypic comparisons of pistils, spikelets, ovules and
grain, GP plants were grown in a controlled environment growth
chamber (see above). Spikelets at anthesis and mature grains were
photographed with a Nikon D90 digital camera. The spikelets and
grains were collected from the middle region of spikes. Grain and
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spikelet (awn and sterile florets removed) size was measured using
the GRAINSCAN software (Whan et al., 2014) by processing a
CanoScan LiDE 220 (Canon, Tokyo, Japan) scanned image of
grains.

To examine the wholemount details of ovule development by
microscopy, central florets were dissected from spikelets located
in the middle of the spike just before anthesis and immediately
fixed in ice-cold FAA (Formaldehyde Alcohol Acetic Acid,
10% : 50% : 5% + 35% water). Pistils were dissected and dehy-
drated in a series of 70%, 80%, 90% and 100% ethanol and
cleared in Hoyer’s solution for 2 wk as described previously
(Wilkinson & Tucker, 2017). Pistils were imaged using a Zeiss
AxioImager M2 with differential contrast microscopy (DIC).
Dimensions of ovaries, ovules and embryo sacs were measured
using Zeiss ZEN 2012 (BLUE) software. Ovules of proMADS31::
PMEI-eGFP transgenic lines were carefully dissected from pistils
and imaged by a Zeiss AxioImager M2 for GFP signals (excita-
tion, 450–490 nm; emission, 500–550 nm).

Immunohistochemical assays

To examine the development of ovule cells and tissues by thin
sectioning, pistils or whole spikelets were collected and fixed in
glass vials containing FAA, dehydrated in a series of 70%, 80%,
90% and 100% ethanol and embedded in Technovit 7100 resin
(Kulzer Technik, Wehrheim, Germany) as described by the man-
ufacturer. Replicate pistils were selected at random for sectioning
at 1.5 lm on a Leica Ultramicrotome. Immunohistochemical
assays were performed as described previously (Betts et al., 2017).
Mouse antibodies BG1 and anticallose (1 : 100 dilution; Biosup-
plies, Bundoora, Vic., Australia), and rat antibodies JIM13,
LM19 and LM20 (1 : 100 dilution; Kerafast, Boston, MA, USA)
were used as the primary antibodies to detect (1,3;1,4)-b-glucan,
callose, arabinogalactan protein (AGP), de-esterified (HG) and
esterified (meHG) pectin, respectively, followed by Alexa Fluor
555 goat anti-mouse/rat IgG (1 : 200 dilution; Invitrogen) as the
secondary antibody. Sections were incubated in Calcofluor White
Stain (Sigma) for 1 min for general cell wall staining. After three
rinses with water, sections were mounted with 90% glycerol and
imaged by a Zeiss AxioImager M2 (for pectin, excitation, 538–
562 nm; emission, 570–640 nm; for calcofluor stain, excitation,
335–383 nm; emission 420–470 nm). Sections were rinsed with
water again, stained in 0.5% Toluidine blue (w/v), and imaged
by Nikon Ni-E optical microscope. The immunohistochemical
experiments were carried out at least three times, using at least
three randomly selected pistils per stage and genotype.

Laser microdissection and transcriptome analysis

Whole flowers were collected at approximately stages 8, 8.75 and
9.5 on the Waddington Scale, corresponding to ovule stages Ov4,
Ov5 and Ov7, which describe ovules at FG2-4, FG8 and anthesis
(Wilkinson, 2019; Matros et al., 2021). Similarly, grain samples
were collected at 7-, 9-, 13- and 25-d post-anthesis (DPA;
Aubert, 2018). For laser microdissection, the protocol described
previously was followed (Okada et al., 2013). In brief, samples were

fixed in an ice-cold mixture of 3 : 1, ethanol : acetic acid with
1 mM 1,4-Dithiothreitol (DTT). Samples were stored at 4°C over-
night, then transferred into 70% ethanol and stored at �20°C.
After dehydration, samples were infiltrated with BMM resin (com-
posed of 40mlN-butyl methacrylate, 10 ml methyl methacrylate,
250mg benzoin methyl ether (ProSciTech, Kirwan, Qld, Australia)
and 1mM DTT), placed in BEEM capsules (ProSciTech) and
polymerized under UV light at �20°C for 5 d. Embedded tissue
was serially sectioned in a transverse aspect at 3 lm using a Leica
UM6 Ultramicrotome (Leica Microsystems, Wetzlar, Germany)
with a glass knife. Sections were placed onto DEPC-treated water
droplets on PEN-membrane glass slides (Thermo Fisher Scientific)
and evaporated using a 36°C slide warmer. Before laser capture,
BMM resin was removed from tissue sections by gently rinsing
slides in acetone (Sigma) for 10min. Various tissues were collected
using a Leica LMD Laser Dissection Microscope (Leica Microsys-
tems) at the Waite Adelaide Microscopy Facility.

Total RNA was extracted from each laser-dissected tissue sam-
ple using the Picopure RNA isolation kit (Molecular Devices,
San Jose, CA, USA), with DNase I treatment. Concentration and
integrity of the resulting RNA was assessed by a NanoDrop One
(Thermo Fisher Scientific). The total RNA was amplified twice
with the MessageAmp II aRNA Amplification kit (Thermo
Fisher Scientific).

All RNA samples were sent to the Australian Genome
Research Facility for sequencing on the Illumina Hiseq platform.
Reads were assembled using the barley reference genome
(Mascher et al., 2017) with CLC Genomics (Qiagen). Normal-
ized read counts (transcripts per million, TPM) were used to
reflect the abundance of each gene in each sample. Gene names
are annotated as HORVUs, as per the International Barley
Sequencing Consortium (IBSC, 2012) and IPK (Mayer
et al., 2012; Mascher et al., 2017).

Expression heat map

TPM values of 35 barley PME genes were examined in RNA-
sequencing data derived from laser-dissected ovule and grain
samples (Aubert, 2018; Wilkinson, 2019). For each gene, TPM
values were normalized to percentages of the maximum value. All
35 genes were ranked by their maximum expression value. TPM
of genes encoding pectin acetylesterases and pectin lyases were
also extracted and normalized. The expression heat map was cre-
ated using ClustVis (Metsalu & Vilo, 2015).

RNA extraction and qRT-PCR

Total RNA was extracted from whole spikelets (stages Ov1–Ov5/
6), whole pistils (stages Ov7/8–Ov10), floral organs of mature
spikelets, seedlings, leaves and stems of Golden Promise using the
Spectrum Plant Total RNA Kit (Sigma). Two microgram of
RNA was treated by the Turbo DNA-free Kit (Thermo Fisher
Scientific) to remove genomic DNA. First-strand cDNA was syn-
thesized by 400 U of SuperScriptIII reverse transcriptase
(Thermo Fisher Scientific) with oligo-dT as primer. Diluted
cDNA was added to iTaq Universal SYBR Green Supermix (Bio-
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Rad) for real-time quantitative PCR using a QuantStudio Flex 6
(Thermo Fisher Scientific) machine. HvACTIN7 (HORVU.-
MOREX.r3.1HG0001540) was used as housekeeping gene for
normalization (Li et al., 2021). All primers used for qRT-PCR
are listed in Table S1.

RNA in situ hybridization

OPM1-, OPM2- and Histone H4-specific fragments of coding
regions were amplified by PCR using primers fused with T7
polymerase promoter. Digoxigenin (DIG)-labelled NTP (Roche)
was integrated into antisense and sense probes during in vitro
transcription by T7 polymerase (Thermo Fisher Scientific),
according to the manufacturer’s instructions. Fresh spikelets were
fixed, dehydrated, embedded in paraffin and sectioned with a
Leica rotary microtome RM2265 as described previously (Wu &
Wagner, 2012). Slides were assembled using an Insitu Pro VSi
robot (Intavis, Cologne, Germany) for prehybridization washes,
hybridization, stringent washes and immunodetection. An anti-
body conjugate anti-DIG-AP (1 : 1000 dilution; Roche) and
NBT/BCIP substrate were used to visualize hybridization results.
All primers used are listed in Table S1.

Subcellular localization

35Spro::OPM1-eGFP and 35Spro::OPM2-eGFP were created by
inserting full-length coding sequence of OPM1 and OPM2 fused
with eGFP into pCAMBIA1301 using NcoI and BstEII sites. Plas-
mids were transformed into onion (Allium cepa) epidermal cells
using a particle delivery system (Bio-Rad) as described previously
(Yang et al., 2018). Fluorescence images were taken from an A1R
Laser Scanning Confocal Microscope (for GFP, excitation,
488 nm; emission, 505–520 nm; Nikon, Tokyo, Japan). Images
were processed with NIS-ELEMENTS VIEWER 4.20 (Nikon). All
primers used are listed in Table S1.

Phylogenetic analysis

Phylogenetic trees were generated using alignments of full-length
amino acid sequences of all PMEs in the barley genome and
homologs of OPM1 and OPM2 from other higher plant species.
Neighbour-joining methods (MEGA v.7.0) were used with a p-
distance model and pairwise deletion and bootstrap. The maxi-
mum parsimony method of MEGA also was used to support the
neighbour-joining tree using the default parameter.

Haplotype analysis

Using published exome capture data (Russell et al., 2016; Mascher
et al., 2017; Bustos-Korts et al., 2019), SNPs were examined in
210 georeferenced landrace barley and 109 Hordeum spontaneum
accessions for OPM1 and OPM2. These polymorphisms were
mapped onto the corresponding gene model to identify the loca-
tion of the SNP within the gene and to determine whether the
polymorphism was synonymous or nonsynonymous. Haplotypes
were constructed and plotted geographically.

Replication and statistical analysis of tissue dimensions

Samples were collected from plants grown in a random design in
a controlled environment chamber (see above). Statistical tests
were selected based on simulations and advice from SAGI (Statis-
tics for the Australian Grains Industry) and used to determine
whether differences in ovule, pistil, grain and spikelet measure-
ments were significant between replicate plants, samples and/or
genotypes.

For histological sectioning (Fig. 3, see later), a pool of 200 pis-
tils were collected from six replicate plants (between 30 and 36
pistils per plant) for each genotype. Eight pistils per genotype
were selected at random for sectioning, and three thin sections
were analysed for each pistil. Multiple simulations were run based
on the number of plants and pistils to determine the effective
degrees of freedom. The different positions and zones were anal-
ysed using a repeated-measures multiresponse linear model analy-
sis (ANOVA of repeated measures) to assess the effects of
genotype, section and section by genotype. The design was bal-
anced, and the residuals of the model satisfied the assumptions of
normality and sphericity. Data from the three independent thin
sections from the same ovule were collected to account for varia-
tion in the exact position of the sagittal plane; however, statistical
analysis suggested the effects of section or section by genotype
were not significant.

For the whole ovule and embryo sac measurements (Figs 4,
S10, see later), 20 pistils were selected at random from the same
pool of 200 pistils. Analysis suggested the ovules and ovaries of
the pistils collected were at the same stage of development across
the collection and represent 4–5 replicate plants. A version of
ANOVA was used that does not assume homogeneity of variance
in residuals. Multivariate analysis identified significant differences
between genotypes.

For grain analysis (Fig. 4, see later), between 100 and 134
grain from 3 to 4 independent replicate plants were collected for
each genotype. A stratified ANOVA was undertaken to assess for
significance using the stratum of individual plants within geno-
types and seeds within plants.

For analysis of spikelet dimensions (Fig. S11, see later), 41 spi-
kelets from WT and 49 spikelets from opm1 opm2 were collected
from at least three spikes and three replicate plants for each geno-
type. Data were analysed using an equivalence test and a 5%
threshold to assess for differences.

Results

In mature barley ovules, we observed two types of somatic cells
within the nucellus (Fig. 1a). Outer nucellar cells adjacent to the
integuments and distal to the ES were small in size, densely
packed and contained a prominent nucleus (Fig. 1b). By contrast,
approximately four–six layers of inner nucellar cells adjoining the
ES were enlarged and highly vacuolated (Fig. 1c). We considered
that the morphological differentiation between outer and inner
nucellar cells might also reflect differences in cell wall composi-
tion. To test which cell wall components were present in the
ovule, immunohistochemical assays were used to assess callose,
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(1,3;1,4)-b-glucan, AGP, meHG and HG accumulation in WT
ovules at two stages of development (Ov3 and Ov10). Although
most epitopes were detected, the demethylesterified HG epitopes
recognized by the LM19 antibody were particularly abundant
throughout the walls of inner nucellar cells (Figs 1d,f, S2). By
contrast, the outer nucellar cells showed limited LM19 labelling
that was restricted to the junctions between cells (Fig. 1e), sug-
gesting a low level of HG. The small size of cells in the outer
nucellus also implies active cell divisions. mRNA in situ
hybridization of barley Histone H4 was used as a marker for mito-
sis, identifying cells in S phase of the cell cycle (Li et al., 2021;
Fig. 1g). Complementing the spatial arrangement of outer and
inner nucellus at ovule maturity, cell division activities were pre-
dominantly detected in the outer nucellus (Fig. 1h), while the
inner nucellus cells were apparently not dividing (Fig. 1i). The
differentiation between outer and inner nucellus in terms of cell
shape, cell wall components and cell division activity suggest
these two areas of nucellus may contribute to ovule growth in dif-
ferent ways, via cell division in the former and cell expansion in
the latter.

To investigate how the distinct pectin pattern in the nucellus is
established and affects ovule development, we generated a laser
micro-dissected tissue-specific transcriptome resource for the bar-
ley ovule, ovary and grain and searched for putative ovule-
expressed PME genes. Among the 42 annotated PME genes in
the barley genome, 35 were expressed in various tissues of the
ovule, ovary and/or grain (Fig. 2a). Two candidates, HORVU.-
MOREX.r3.2HG0213860 and HORVU.MOR-
EX.r3.6HG0622780, were identified as being ovule-enriched
and were chosen for further analysis over grain-expressed PMEs,
low-expressed PMEs and those that were not expressed in the
nucellus (Figs 2a, S3a). These genes were named as OVULE
PECTIN MODIFIER 1 (OPM1; composed of HORVU.MOR-
EX.r3.2HG0213860/90) and OPM2, respectively. Quantitative
reverse transcription PCR (qRT-PCR) analysis confirmed that

OPM1 and OPM2 were highly expressed in the pistil compared
with other floral organs or vegetative tissues (Fig. 2b). On a tem-
poral scale, OPM1 and OPM2 initiated expression as the ES
began dividing (Stage Ov7/8; Wilkinson et al., 2019) and
increased in abundance as the ovule approached maturity
(Fig. 2b).

The laser microdissection results were confirmed by mRNA
in situ hybridization, which showed that OPM1 mRNA was
detected in the nucellus, integuments and parts of the ovary
wall that adjoin the nucellus during ES development. At stage
Ov10 (anthesis), OPM1 expression was mainly localized to the
innermost layers of inner nucellus (Fig. 2c). OPM2 was
detected in the young nucellus when germline meiosis was initi-
ating (stage Ov4), particularly in cells directly adjoining the
germline. This pattern continued in subsequent stages, espe-
cially in the mature ovule, when the spatial pattern of OPM2
expression matched the inner nucellus domain labelled by
LM19 (compare Figs 1d, 2c).

It is widely accepted that pectins are secreted from the Golgi to
the cell wall in an esterified form (meHG), where they are modi-
fied by PME proteins (Micheli, 2001; reviewed in Du
et al., 2022). To investigate subcellular localization of OPM1
and OPM2, we transiently expressed both proteins fused to
enhanced green fluorescence protein (eGFP) in onion epidermal
cells. Compared with eGFP driven by the CaMV 35S promoter,
OPM1-eGFP and OPM2-eGFP fusions showed obvious
apoplastic localization, suggesting OPM1 and OPM2 are secre-
tory proteins that function in the cell wall (Fig. 2d). Supporting
this, TARGETP 2.0 analysis predicted the existence of signal pep-
tides and nonorganelle localization for both proteins (Armenteros
et al., 2019; Fig. S3b).

Although both proteins accumulate in the apoplast and both
mRNAs show overlapping spatial and temporal expression in the
ovule and pistil, phylogenetic analysis showed that OPM1 and
OPM2 are not close homologues in barley (Fig. S4a). Moreover,

Fig. 1 Differentiation of inner and outer
nucellus cells in the barley ovule. (a)
Longitudinal section of a barley ovule at
anthesis (ovule stage 10, Ov10). Nu,
nucellus; OW, ovary wall; Oi, outer
integument; Ii, inner integument; ES, embryo
sac. (b, c) Magnifications for outer (red crop)
and inner (green crop) nucellus. (d)
Immunohistochemical assay of de-esterified
pectin (antibody LM19) showing localization
in a barley ovule at the same stage with (a).
The inner nucellus was intensively labelled by
LM19 (shown in magenta). (e, f)
Magnifications for outer (red crop) and inner
(green crop) nucellus. (g) Histone H4mRNA
in situ hybridization in a barley ovule at the
same stage as (a, b). Cell division activity was
detected in outer nucellus, integuments and
ovary wall. (h, i) Magnifications for outer
(red crop) and inner (green crop) nucellus.
Bar, 50 lm.

New Phytologist (2023) 237: 2136–2147
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Research

New
Phytologist2140

 14698137, 2023, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18714 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



while OPM2 is relatively conserved in cereal crops, OPM1
appears to be restricted to the Triticeae tribe (Fig. S4b). We
therefore considered that the two proteins might reflect distinct
origins, but share similar PME activity in ovule tissues during
development.

To assess the potential role of these genes in pectin modifica-
tion during ovule development, we created single and double
mutants of OPM1 and OPM2 using an optimized CRISPR-Cas9

genome editing system that allows for multiple guide RNAs and
targets in one vector (Ma et al., 2015). The resultant editing
events included insertions and deletions within one or both target
genes and a unique deletion of a large fragment between the two
gRNA targets for OPM1 (Fig. S5a). Most INDELs resulted in
frameshift mutations and/or premature stop codons in the amino
acid sequence of each individual gene, and in several cases, both
OPM1 and OPM2 (Fig. S5b,c).

Fig. 2 Molecular characteristics of OVULE PECTIN MODIFIER (OPM)1 and OPM2. (a) Heat map visualization of the expression levels of pectin
methylesterase (PME) genes in the ovule and caryopsis. Transcript abundance values normalized to 1. Thirty-five PME genes were ranked according to the
maximum expression levels, as shown by the green bar. (b) qRT-PCR showing relative expression levels ofOPM1 andOPM2 in various floral organs (left)
and various stages of ovule development (right). Error bars represent SD (n = 3). HvACTIN7 serves as reference gene (Li et al., 2021). (c) In situ hybridiza-
tion ofOPM1 andOPM2 in wild-type (WT) ovules. Sense probes were used as control. The black dashed lines indicate the nucellus. (d) Subcellular localiza-
tions of OPM1-eGFP and OPM2-eGFP in onion epidermal cells. Unfused eGFP was expressed as a control. Bar, 50 lm. AL, aleurone; ANT, antipodal cells;
CH, chalaza; DPA, days post anthesis; E&C, egg cell and central cell; ES, embryo sac; FG, female gametophyte; Ii, inner integument; IN, integuments;
MMC, megaspore mother cell; Nu, nucellus; NUC, nucellus; Oi, outer integument; Ov1, ovule primordium; Ov10, female gametophyte anthesis; Ov2,
archesporial cell; Ov3, megaspore mother cell; Ov5/6, functional megaspore; Ov7/8, female gametophyte mitosis; Ov9, female gametophyte maturity;
Ov9a, mature female gametophyte; Ov9b, female gametophyte expansion; OW, ovary wall; PE, pericarp; SA, sub-aleurone; SE, starchy endosperm.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 237: 2136–2147
www.newphytologist.com

New
Phytologist Research 2141

 14698137, 2023, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18714 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



To assess the effect of the mutations, we examined the distri-
bution of HG in WT Golden Promise, putative null single
mutants and opm1 opm2 double-mutant ovules. In WT, LM19-
labelled HG accumulated in the cell walls of nucellar cells directly
surrounding the dividing ES (Fig. 3a). Compared with other
nucellar cells that were small and almost rounded, these labelled
cells were polygonal and had straight edges (Fig. 3d) and were
inactive in cell division, as shown by in situ hybridization of His-
tone H4 (Fig. 3g). During expansion and maturation of the ES in
WT ovules (Ov9b and Ov10 stages), the nucellar cells close to
the ES maintained a high level of HG (Fig. 3b,c), exhibited regu-
lar shape (Fig. 3e,f), and did not express a cell division marker
(Fig. 3h,i). The nucellar cells of the opm1 and opm2 single

mutants were only partially labelled by LM19. Compared with
WT, LM19 labelling was generally reduced in opm2, while the
labelled region was smaller in opm1 and decreased further over
time (Fig. S6a). In opm1 opm2 double mutants, the loss of PME
function dramatically decreased the abundance of de-esterified
HG in both the inner and outer nucellus, since LM19 labelling
was not detected in opm1 opm2 ovules during ES mitosis or at
anthesis (Figs 3j–l, S6b). Hence, both OPM1 and OPM2 con-
tribute to the modification of pectin structure in the barley ovule.

To confirm the role of PME activity in the barley ovule, we
also created a transgenic line expressing a PME inhibitor (PMEI)
fused to eGFP and driven by the promoter of the ovule-specific
MADS31 gene. Activity of this promoter overlaps with ovule cells

Fig. 3 OVULE PECTIN MODIFIER (OPM)1 andOPM2 contribute to pectin de-esterification in the barley ovule. (a–c) Immunohistochemical assay of de-
esterified pectin (detected by LM19 antibody) in wild-type (WT) ovules at different stages. Ov7/8, female gametophyte mitosis; Ov9b, female gameto-
phyte expansion; Ov10, female gametophyte anthesis. (d–f) Cytological analysis of WT ovules at the same stages as (a–c). Magnified views of the inner
nucellar cells are shown in red rectangles. (g–i) Histone H4 in situ hybridization in WT ovules at the same stage as (a–c). The black outline marks the
embryo sac, and pink outline marks the inner nucellus region. (j–l) Immunohistochemical assay of de-esterified pectin (detected by LM19 antibody) in
opm1 opm2 ovules at different stages. (m–o) Cytological analysis of opm1 opm2 ovules at the same stages as (j–l). Magnified views of the inner nucellar
cells are shown in red rectangles. (p–r) Histone H4 in situ hybridization in opm1 opm2 ovules at the same stage as (j–l). (s) Thickness of inner nucellus adja-
cent to the antipodal cell group. Three positions were examined and are indicated. All error bars represent SD, n = 8 (three sections9 eight pistils from a
pool of c. 200 pistils from six plants). ANOVA test for repeated measures. ***, P ≤ 0.001; ns, not significant. (t) Average cell area of inner nucellar cells that
are significantly labelled by LM19. Three zones were examined and are indicated. All error bars represent SD, n = 8 (three sections9 eight pistils from a
pool of c. 200 pistils from six plants per genotype). ANOVA test for repeated measures: ***, P ≤ 0.001; *, P ≤ 0.05; ns, not significant. Nu, nucellus; ES,
embryo sac; FG, female gametophyte; Ii, inner integument; Oi, outer integument; OW, ovary wall; Bar, 50 lm.
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that accumulate OPM1 and OPM2 transcript, confirmed by
strong expression of eGFP in the ovule (Fig. S7a). The degree of
LM19 labelling was heavily reduced in the ovules of transgenic
lines where PMEI-eGFP was abundantly expressed (as indicated
by eGFP signal), similar to opm1 opm2, indicating the PMEI was
able to partially neutralize PME in a dominant manner
(Fig. S7b–d).

Morphologically, the inner nucellar cells in opm1 opm2
mutants were irregular and distorted, with either a more rounded
or compressed shape compared with the corresponding cells in
WT (Fig. 3m–o). In addition, the inner nucellus in opm1 opm2
appeared expanded, especially in the area adjoining the antipodal
cells (Fig. 3o,r). This did not appear to correlate with any change
in cell division, since nucellar cells in opm1 opm2 mutants
showed a similar pattern of H4 expression compared with WT

(Fig. 3p–r). To quantify these differences, the inner nucellus
thickness was measured at three positions using the antipodal
cells as a positional reference. Thin sections were collected from
eight pistils for each genotype and measured at three distinct
positions (1, 2 and 3) in each ovule (Fig. 3s). Consistent with the
cytological observations (Fig. 3o,r), the inner nucellus thickness
was significantly increased in opm1 opm2 mutants at position 2,
compared with WT ovules (Fig. 3s). Moreover, three zones that
were heavily labelled by LM19 were examined to determine
whether the loss of LM19-labelled HG might influence cell
expansion. In opm1 opm2 ovules, nucellar cells in several zones
had significantly larger average cell areas, compared with WT
ovules (Fig. 3t). This suggests that loss of de-esterified HG may
lead to cell expansion, but in a spatially restricted manner depen-
dent on constraints from neighbouring tissues.

Fig. 4 OVULE PECTIN MODIFIER (OPM)1 and OPM2 affect ovule, ovary and grain growth. (a) Ovule dimensions. Ovule length is the distance between
the top and the bottom of outer integument. Ovule width is the widest distance between the edges of outer integument. Bar, 100 lm. (b, c)
Measurements of ovule dimensions in wild-type (WT), opm1 opm2 and pMADS31::PMEI-eGFP ovules. All error bars represent SD, n = 20 pistils (from a
pool of c. 200 pistils from six plants). ANOVA test: ***, P ≤ 0.001; ns, not significant. (d) Ovary dimensions. Ovary length is the distance between the end
of style and the bottom of outer integument. Ovary width is the largest transverse diameter of ovary. Bar, 100 lm. (e, f) Measurements of ovary dimen-
sions in WT, opm1 opm2 and pMADS31::PMEI-eGFP ovaries. All error bars represent SD, n = 20 pistils (from a pool of c. 200 pistils from six plants).
ANOVA test: ***, P ≤ 0.001. (g) Grain shape comparisons of WT, opm1, opm2, opm1 opm2 and pMADS31::PMEI-eGFP grains. Bar, 1 cm. (h–j) Measure-
ments of grain length (h), grain width (i) and length : width ratio (j) in WT, opm1 opm2, opm1, opm2 and pMADS31::PMEI-eGFP grains. Violin plots show
the median (thick horizontal lines) and 25th and 75th percentiles (thin horizontal lines). n= 400 (100–134 grains from 3–4 plants). Stratified ANOVA test:
***, P ≤ 0.001; **, P ≤ 0.01; ns, not significant.
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Deactivation of PMEs might be expected to result in the accu-
mulation of meHG in cell walls. To test this, we utilized the
LM20 antibody to examine the abundance of meHG in both
WT and opm1 opm2 ovules. Surprisingly, only few punctate sig-
nals were present in the WT nucellus during mid-to-late stages of
ovule development (Fig. S8a–c), and there was no increase in
labelling detected in opm1 opm2 (Fig. S8e–g). As an internal con-
trol, LM20 was shown to label meHG in the anther and ovary
cell walls (Fig. S8d,h), suggesting that meHG in opm1 opm2
ovule may be rapidly degraded or recycled from the cell walls.
Supporting this, multiple pectate lyases and polygalacturonases
were found to be expressed in the barley ovule (Fig. S9). Several
of these genes that show expression in the nucellus might partici-
pate in pectin degradation.

Considering the nucellus occupies a large proportion of the
whole ovule (Wilkinson et al., 2019), we investigated whether
changes in HG accumulation due to reduced PME activity
affected ovule size, ovary size and grain size. In both the opm1
opm2 mutant and pMADS31::PMEI-eGFP transgenic plants,
ovule length was increased while ovule width remained similar
compared with WT (Fig. 4a–c). The ES was wider but not longer
in the opm1 opm2 mutant and pMADS31::PMEI-eGFP plants
(Fig. S10a–c), indicating the changes in ovule length are driven
mainly by the nucellus. In terms of ovary size, both ovary length
and width were increased in the opm1 opm2 mutant and
pMADS31::PMEI-eGFP lines (Fig. 4d–f). Ovary length and
width were positively correlated (Fig. S10d), while the correlation
between ovule length and ovary length was stronger than that of
ovule width and ovary width (Fig. S10e,f). Taken together, this
suggests that longitudinal growth of the ovule is likely to be a key
determinant of ovary length, which then has a secondary effect
on ovary width.

We also measured grain size to verify the potential effects of
changes in prefertilization ovule growth on grain development. In
single opm1 and opm2 mutants, opm1 opm2 double mutants and
pMADS31::PMEI-eGFP lines, grains were longer than those in
WT (Fig. 4g,h), with no significant change in grain width except
for opm1 opm2 mutants (Fig. 4g,i). As a consequence, the length :
width (L : W) ratios of opm1, opm2, opm1 opm2 and pMADS31::
PMEI-eGFP grains were greater than those of WT (Fig. 4j), show-
ing a significant change in grain shape. This effect appears to be
specific to the ovule and ovary, since we found no significant
change in either length or width of spikelets compared with WT
(Fig. S11a–c). Hence, the change in grain shape is not caused by
differences in lemma and palea growth or spikelet shape.

Collectively, these results demonstrate that changes in organ
shape can be passed from the ovule to the ovary, and further to
the grain. Since OPM1 and OPM2 are predominantly expressed
in the nucellus, which is a somatic (sporophytic) tissue that
degrades quickly after fertilization, OPM1 and OPM2 appear to
be maternal regulators of grain development in barley.

Discussion

Organ size is controlled by a range of genetic and environmental
factors (Conlon & Raff, 1999). In plants, early stages of organ

development are generally defined by cell proliferation, where cell
size remains relatively constant, followed by a postmitotic expan-
sion phase where ploidy may increase, the cell wall is reinforced,
and cells become bigger (Powell & Lenhard, 2012). In the con-
text of grain, final size depends on complicated interactions
between genetically distinct tissues that restrict or promote
growth (Jakobsson & Eriksson, 2000). Diploid maternal tissues
such as the seed coat (derived from the maternal ovule integu-
ments) and surrounding hull tissues (lemma and palea) provide
physical constraints to limit seed size (reviewed in N. Li
et al., 2018; Li et al., 2019). On the contrary, filial components
that promote seed size after fertilization include the number of
endosperm divisions and the timing of cellularization (cell wall
formation; Wu et al., 2016). Although development of the ovary
before anthesis also appears to be a determinant of grain growth
(Calderini et al., 1999; Xie et al., 2015; Guo et al., 2016), most
genetic, physical and nutritional features that affect seed and
grain size have been documented to act after fertilization. Rela-
tively little attention has been paid towards understanding the
involvement of transient cell types in the ovule that arise well
before the main events of seed development.

Here, we show that before fertilization, the bulk of the barley
ovule consists of two prominent somatic cell types. The inner
nucellus cells adjoining the embryo sac exhibit walls enriched in
de-esterified pectin (HG) and low cell division activity, while the
outer nucellus comprises cells with a low level of HG and highly
active cell division. By generating a tissue-specific expression atlas
of all PME genes in the barley ovule and grain, we identified candi-
dates potentially responsible for this difference in composition:
OPM1 and OPM2. Removal of OPM1 and OPM2 through gene
editing essentially eliminated HG epitopes in the barley ovule, in
both the inner and outer nucellus, and altered the morphology of
inner nucellus cells. Although cell division remained inactive in the
inner nucellus of opm1 opm2 ovules, cell shape became more
rounded and elongated, and as a result, ovules and ovaries of the
opm1 opm2 mutant grow longer and wider. As a developmental
outcome, opm1 opm2 grains exhibit increased length. These find-
ings identify a new link between the composition of pre-anthesis
ovule tissues and postfertilization cereal grain growth. Whether
these genes have contributed to seed size in natural barley popula-
tions or breeding lines remains unclear. However, screening of wild
and landrace barley panels (Russell et al., 2016; Bustos-Korts
et al., 2019) revealed several single-nucleotide polymorphisms
(SNPs) in the OPM1 and OPM2 genes that result in nonsynony-
mous amino acid changes and vary depending on geography
(Fig. S12). Further studies will provide insight regarding the rela-
tionship between these SNPs and functional differences in OPM1
and OPM2, and features of ovule, ovary and grain development.

By comparing the ovules of major cereal crops such as barley,
wheat (Chaban et al., 2011), rice (Ma et al., 2019) and maize
(Srilunchang et al., 2010), we propose that the inner nucellus
‘zone’ is a common characteristic of cereal ovules; hence, the
underlying differentiation process might be conserved. Despite
this, the region is poorly characterized, and a biological function
has remained elusive. In rice ovules, the inner nucellus is enriched
in AGPs, implying possible functions in signal transduction and

New Phytologist (2023) 237: 2136–2147
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Research

New
Phytologist2144

 14698137, 2023, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18714 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



tissue patterning (Ma et al., 2019). In wheat ovules, enlarged
nucellar cells accumulate the pectic polysaccharide rhamnogalac-
turonan (Chateigner-Boutin et al., 2014). In Arabidopsis, de-
esterified HG accumulates at the micropyle to prevent multiple
sperm cells from fertilizing the egg cell, and the accumulation of
HG is triggered by fertilization (Duan et al., 2020). The pattern
of HG distribution we observed in barley ovules was first detected
during megaspore mother cell specification, much earlier than
fertilization, and the fertility of the opm1 opm2 mutant appears
normal. This implies a distinct role for this type of pectin during
nucellus development in cereal ovules.

HG plays dual roles in regulating cell wall elasticity. In the
presence of appropriate divalent cations such as Ca2+, HG chains
form stable structures to enhance cell wall rigidity (Levesque-
Tremblay et al., 2015). However, depending on the pH and the
degree of methylesterification, both meHG and HG can be
degraded by pectate lyases or polygalacturonases, thereby decreas-
ing cell wall rigidity (Bonnin & Pelloux, 2020). We speculate
that HG in the barley nucellus is resistant to hydrolysis and usu-
ally maintains cell wall rigidity, because cells in this region are
deformed and elongated in HG-deficient opm1 opm2 mutants
(Fig. 3). Importantly, these changes in cell shape do not correlate
with an obvious increase in the abundance of meHG epitopes.
This suggests that PME substrates (i.e. meHG) are rapidly recy-
cled in the ovule by other pectin-modifying enzymes, in both
WT and opm1 opm2 mutants. An alternative possibility is that
ovule meHG is masked by other polymers such as xylan or glucan
(Chateigner-Boutin et al., 2014), the latter of which is present in
the developing barley nucellus (Fig. S2).

It appears somewhat counterintuitive that in WT ovules, inner
nucellar cells with a higher level of HG expand more than outer
nucellar cells, even though HG is often implicated in limiting elas-
ticity. However, it is important to note that recent models suggest
HG is a structural component of the cell wall that supports adhe-
sion between wall components and adjoining plant cells, thereby
maintaining cell shape (reviewed in Du et al., 2022). Hence, the
deposition of HG in inner nucellar cells may reflect an important
structural role of these cells in resisting the expansion of the
embryo sac (ES) or in confining cell divisions to the outer nucellus
and integuments. Consistent with the former possibility, we
observed a wider ES in both opm1 opm2 mutants and pMADS31::
PMEI-eGFP lines. By contrast, the lack of cell proliferation in the
inner nucellus does not appear to be directly dependent upon
PME activity or HG accumulation, since cell division in the inner
nucellus was not recovered in the opm1 opm2mutant (Fig. 3).

Previous reports in multiple species provide some precedent for
ovules exerting maternal influence on seed size by imposing physi-
cal restrictions, in particular via the seed coat, through modifica-
tion of phytohormone pathways, and control of nutrient flow (Xie
et al., 2015). In cereal species, physical constraints on seed size are
also imposed by maternal floral organs (the lemma and palea),
which define the limits for endosperm growth (reviewed in N. Li
et al., 2018; Li et al., 2019), and the pericarp, which coordinates
early grain growth by expressing expansins to relax cell walls
(Lizana et al., 2010). Ovary size also impacts grain size and/or
weight (Guo et al., 2016), although this may relate to increased cell

number rather than larger cells in wheat (Reale et al., 2017). Here,
we identify another source of maternal control, which directly links
ovule cell wall polysaccharide composition to grain development.
Unlike the Arabidopsis ovule, where the nucellus is a small group
of cells located around the ES and distal to the chalaza, the barley
ovule incorporates a large volume of nucellar cells enclosing the
ES. In a previous study of ovule development in 150 elite barley
cultivars, nucellus area showed a strong positive correlation with
ovule area, ovule length and ovule width (Wilkinson et al., 2019).
Here, we provide further support for this relationship by removing
PME activity, a negative regulator of nucellus growth, which
results in increased ovule length and width.

There are several possibilities to explain how the nucellus
passes its maternal effects to grain growth. First, the nucellus
affects the size of the ovule, and subsequently the ovary, which
provides a congenital status in the grain precursor. In the case of
the opm1 opm2 mutant, ovaries expand more on the longitudinal
axis than the transverse axis. Thus, the nucellus may fulfil a
purely physical role in limiting longitudinal growth of the ovule
and ovary, while the hull tissues (lemma and palea) limit lateral
growth. Second, nucellus degradation is concomitant with endo-
sperm cell number determination and ovary elongation during
the first 3–4 d after pollination, which is critical for final grain
shape (Ishimaru et al., 2003). In opm1 opm2 ovules, the change
in cell wall composition might accelerate nucellus degradation to
affect early grain development. In future studies, it will be impor-
tant to understand how OPM1 and OPM2 expression is regu-
lated and to determine how OPM activity interacts with known
pathways influencing seed size before and after fertilization.
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microscopy experiments. LGW and MKA collected and gener-
ated LCM data and assisted in the immunolabelling methodol-
ogy. NJS analysed transcriptomic data. KH investigated allelic
diversity in OPM1 and OPM2. XY and MRT wrote the manu-
script. All authors contributed to the editing and reviewing of the
manuscript.

ORCID

Matthew K. Aubert https://orcid.org/0000-0003-2539-6980
Kelly Houston https://orcid.org/0000-0003-2136-245X
Neil J. Shirley https://orcid.org/0000-0001-8114-9891
Matthew R. Tucker https://orcid.org/0000-0003-4661-6700
Laura G. Wilkinson https://orcid.org/0000-0002-8379-7080
Xiujuan Yang https://orcid.org/0000-0001-9340-3551

Data availability

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

References

Armenteros JJA, Salvatore M, Emanuelsson O, Winther O, Von Heijne G,

Elofsson A, Nielsen H. 2019. Detecting sequence signals in targeting peptides

using deep learning. Life Science Alliance 2: e201900429.
Aubert MK. 2018.Molecular and genetic characterisation of early aleurone
development in barley (Hordeum vulgare L.). PhD thesis, University of

Adelaide, Adelaide, SA, Australia.

Benincasa P, Reale L, Tedeschini E, Ferri V, Cerri M, Ghitarrini S, Falcinellia

B, Frenguellia G, Ferrantia F, Ayanob BE et al. 2017. The relationship
between grain and ovary size in wheat: an analysis of contrasting grain weight

cultivars under different growing conditions. Field Crops Research 210: 175–
182.

Betts NS, Wilkinson LG, Khor SF, Shirley NJ, Lok F, Skadhauge B, Burton

RA, Fincher GB, Collins HM. 2017. Morphology, carbohydrate

distribution, gene expression, and enzymatic activities related to cell wall

hydrolysis in four barley varieties during simulated malting. Frontiers in
Plant Science 8: 1872.

Biswal AK, Atmodjo MA, Li M, Baxter HL, Yoo CG, Pu Y, Lee YC, Mazarei

M, Black IM, Zhang JY et al. 2018. Sugar release and growth of biofuel crops

are improved by downregulation of pectin biosynthesis. Nature Biotechnology
36: 249–257.

Bonnin E, Pelloux J. 2020. Pectin degrading enzymes. In: Pectin: technological
and physiological properties. Cham, Switzerland: Springer, 37–60.

Brinton J, Simmonds J, Minter F, Leverington-Waite M, Snape J, Uauy C.

2017. Increased pericarp cell length underlies a major quantitative trait locus

for grain weight in hexaploid wheat. New Phytologist 215: 1026–1038.
Burton RA, Gidley MJ, Fincher GB. 2010.Heterogeneity in the chemistry,

structure and function of plant cell walls. Nature Chemical Biology 6: 724–732.
Bustos-Korts D, Dawson IK, Russell J, Tondelli A, Guerra D, Ferrandi C,

Strozzi F, Nicolazzi EL, Molnar-Lang M, Ozkan H et al. 2019. Exome

sequences and multi-environment field trials elucidate the genetic basis of

adaptation in barley. The Plant Journal 99: 1172–1191.
Calderini DF, Abeledo LG, Savin R, Slafer GA. 1999. Effect of temperature and

carpel size during pre-anthesis on potential grain weight in wheat. The Journal
of Agricultural Science 132: 453–459.

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B.

2009. The Carbohydrate-Active EnZymes database (CAZy): an expert resource

for glycogenomics. Nucleic Acids Research 37: D233–D238.

Chaban IA, Lazareva EM, Kononenko NV, Polyakov VY. 2011. Antipodal

complex development in the embryo sac of wheat. Russian Journal of
Developmental Biology 42: 79–91.

Chateigner-Boutin AL, Bouchet B, Alvarado C, Bakan B, Guillon F. 2014. The

wheat grain contains pectic domains exhibiting specific spatial and

development-associated distribution. PLoS ONE 9: e89620.

Conlon I, Raff M. 1999. Size control in animal development. Cell 96: 235–244.
Du J, Anderson CT, Xiao C. 2022. Dynamics of pectic homogalacturonan in

cellular morphogenesis and adhesion, wall integrity sensing and plant

development. Nature Plants 8: 332–340.
Duan Q, Liu MCJ, Kita D, Jordan SS, Yeh FLJ, Yvon R, Carpenter H, Federico

AN, Garcia-Valencia LE, Eyles SJ et al. 2020. FERONIA controls pectin-and

nitric oxide-mediated male–female interaction. Nature 579: 561–566.
Evers T, Millar S. 2002. Cereal grain structure and development: some

implications for quality. Journal of Cereal Science 36: 261–284.
Folsom JJ, Begcy K, Hao X, Wang D, Walia H. 2014. Rice fertilisation-

independent Endosperm1 regulates seed size under heat stress by controlling

early endosperm development. Plant Physiology 165: 238–248.
Francoz E, Ranocha P, Le Ru A, Martinez Y, Fourquaux I, Jauneau A, Dunand C,

Burlat V. 2019. Pectin demethylesterification generates platforms that anchor

peroxidases to remodel plant cell wall domains.Developmental Cell 48: 261–276.
Garcia D, Gerald JNF, Berger F. 2005.Maternal control of integument cell

elongation and zygotic control of endosperm growth are coordinated to

determine seed size in Arabidopsis. Plant Cell 17: 52–60.
Guo Z, Slafer GA, Schnurbusch T. 2016. Genotypic variation in spike fertility

traits and ovary size as determinants of floret and grain survival rate in wheat.

Journal of Experimental Botany 67: 4221–4230.
Haas KT, Wightman R, Meyerowitz EM, Peaucelle A. 2020. Pectin

homogalacturonan nanofilament expansion drives morphogenesis in plant

epidermal cells. Science 367: 1003–1007.
HarwoodWA, Bartlett JG, Alves SC, Perry M, Smedley MA, Leyl N, Snape JW.

2009. Barley transformation using Agrobacterium-mediated techniques. In:

Transgenic wheat, barley and oats. Totowa, NJ, USA: Humana Press, 137–147.
Herrera J, Calderini DF. 2020. Pericarp growth dynamics associate with final

grain weight in wheat under contrasting plant densities and increased night

temperature. Annals of Botany 126: 1063–1076.
International Barley Genome Sequencing Consortium, Mayer KFX, Waugh R,

Brown JWS, Schulman A, Langridge P, Platzer M, Fincher GB, Muehlbauer

GJ, Sato K et al. 2012. A physical, genetic and functional sequence assembly of

the barley genome. Nature 491: 711–716.
Ishimaru T, Matsuda T, Ohsugi R, Yamagishi T. 2003.Morphological

development of rice caryopses located at the different positions in a panicle from

early to middle stage of grain filling. Functional Plant Biology 30: 1139–1149.
Jakobsson A, Eriksson O. 2000. A comparative study of seed number, seed size,

seedling size and recruitment in grassland plants. Oikos 88: 494–502.
Kim YJ, Jeong HY, Kang SY, Silva J, Kim EJ, Park SK, Jung KI, Lee C. 2020.

Physiological importance of pectin modifying genes during rice pollen

development. International Journal of Molecular Sciences 21: 4840.
Levesque-Tremblay G, Pelloux J, Braybrook SA, M€uller K. 2015. Tuning of

pectin methylesterification: consequences for cell wall biomechanics and

development. Planta 242: 791–811.
Li G, Kuijer HN, Yang X, Liu H, Shen C, Shi J, Betts N, Tucker MR, Liang W,

Waugh R et al. 2021.MADS1 maintains barley spike morphology at high

ambient temperatures. Nature Plants 7: 1093–1107.
Li G, Yang X, Zhang X, Song Y, Liang W, Zhang D. 2018. Rice morphology

determinant-mediated Actin filament organization contributes to pollen tube

growth. Plant Physiology 177: 255–270.
Li N, Li Y. 2016. Signaling pathways of seed size control in plants. Current
Opinion in Plant Biology 33: 23–32.

Li N, Xu R, Duan P, Li Y. 2018. Control of grain size in rice. Plant Reproduction
31: 237–251.

Li N, Xu R, Li Y. 2019.Molecular networks of seed size control in plants. Annual
Review of Plant Biology 70: 435–463.

Lizana XC, Riegel R, Gomez LD, Herrera J, Isla A, McQueen-Mason SJ,

Calderini DF. 2010. Expansins expression is associated with grain size

dynamics in wheat (Triticum aestivum L.). Journal of Experimental Botany 61:
1147–1157.

Ma T, Dong F, Luan D, Hu H, Zhao J. 2019. Gene expression and localization

of arabinogalactan proteins during the development of anther, ovule, and

embryo in rice. Protoplasma 256: 909–922.

New Phytologist (2023) 237: 2136–2147
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Research

New
Phytologist2146

 14698137, 2023, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18714 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-2539-6980
https://orcid.org/0000-0003-2539-6980
https://orcid.org/0000-0003-2539-6980
https://orcid.org/0000-0003-2136-245X
https://orcid.org/0000-0003-2136-245X
https://orcid.org/0000-0003-2136-245X
https://orcid.org/0000-0001-8114-9891
https://orcid.org/0000-0001-8114-9891
https://orcid.org/0000-0001-8114-9891
https://orcid.org/0000-0003-4661-6700
https://orcid.org/0000-0003-4661-6700
https://orcid.org/0000-0003-4661-6700
https://orcid.org/0000-0002-8379-7080
https://orcid.org/0000-0002-8379-7080
https://orcid.org/0000-0002-8379-7080
https://orcid.org/0000-0001-9340-3551
https://orcid.org/0000-0001-9340-3551
https://orcid.org/0000-0001-9340-3551


Ma X, Zhang Q, Zhu Q, Liu W, Chen Y, Qiu R, Wang B, Yang Z, Li H, Lin Y

et al. 2015. A robust CRISPR/Cas9 system for convenient, high-efficiency

multiplex genome editing in monocot and dicot plants.Molecular Plant 8:
1274–1284.

Mascher M, Gundlach H, Himmelbach A, Beier S, Twardziok SO, Wicker T,

Radchuk V, Dockter C, Hedley PE, Russell J et al. 2017. A chromosome

conformation capture ordered sequence of the barley genome. Nature 544:
427–433.

Matros A, Houston K, Tucker MR, Schreiber M, Berger B, Aubert MK,

Wilkinson LG, Witzel K, Waugh R, Seiffert U et al. 2021. Genome-wide

association study reveals the genetic complexity of fructan accumulation

patterns in barley grain. Journal of Experimental Botany 72: 2383–2402.
Metsalu T, Vilo J. 2015. CLUSTVIS: a web tool for visualizing clustering of

multivariate data using principal component analysis and heatmap. Nucleic
Acids Research 43: W566–W570.

Micheli F. 2001. Pectin methylesterases: cell wall enzymes with important roles in

plant physiology. Trends in Plant Science 6: 414–419.
Okada T, Hu Y, Tucker MR, Taylor JM, Johnson SD, Spriggs A, Tsuchiya T,

Oelkers K, Rodrigues JC, Koltunow AM. 2013. Enlarging cells initiating

apomixis in Hieracium praealtum transition to an embryo sac program prior to

entering mitosis. Plant Physiology 163: 216–231.
Palmer R, Cornuault V, Marcus SE, Knox JP, Shewry PR, Tosi P. 2015.

Comparative in situ analyses of cell wall matrix polysaccharide dynamics in

developing rice and wheat grain. Planta 241: 669–685.
Parre E, Geitmann A. 2005. Pectin and the role of the physical properties of the

cell wall in pollen tube growth of Solanum chacoense. Planta 220: 582–592.
Pelloux J, Rusterucci C, Mellerowicz EJ. 2007. New insights into pectin

methylesterase structure and function. Trends in Plant Science 12: 267–277.
Powell AE, Lenhard M. 2012. Control of organ size in plants. Current Biology
22: R360–R367.

Radchuk V, Weier D, Radchuk R, Weschke W, Weber H. 2011. Development

of maternal seed tissue in barley is mediated by regulated cell expansion and cell

disintegration and coordinated with endosperm growth. Journal of Experimental
Botany 62: 1217–1227.

Reale L, Ayano BE, Benincasa P, Cerri M, Ferranti F, Ferri V, Frenguelli G,

Ghitarrini S, Porfiri O, Rosati A et al. 2017.Ovary size in wheat (Triticum
aestivum L.) is related to cell number. Crop Science 57: 914–925.

Russell J, Mascher M, Dawson IK, Kyriakidis S, Calixto C, Freund F, Bayer M,

Milne I, Marshall-Griffiths T, Heinen S et al. 2016. Exome sequencing of

geographically diverse barley landraces and wild relatives gives insights into

environmental adaptation. Nature Genetics 48: 1024–1030.
Srilunchang KO, Krohn NG, Dresselhaus T. 2010. DiSUMO-like DSUL is

required for nuclei positioning, cell specification and viability during female

gametophyte maturation in maize. Development 137: 333–345.
Tucker MR, Lou H, Aubert MK, Wilkinson LG, Little A, Houston K, Pinto

SC, Shirley NJ. 2018. Exploring the role of cell wall-related genes and

polysaccharides during plant development. Plants 7: 42.
Vogel J. 2008. Unique aspects of the grass cell wall. Current Opinion in Plant
Biology 11: 301–307.

Whan AP, Smith AB, Cavanagh CR, Ral JPF, Shaw LM, Howitt CA, Bischof L.

2014. GRAINSCAN: a low cost, fast method for grain size and colour

measurements. Plant Methods 10: 23.
Wilkinson LG. 2019.Molecular and genetic cues influencing ovule development in
barley (Hordeum vulgare L.). PhD thesis, University of Adelaide, Adelaide, SA,

Australia.

Wilkinson LG, Tucker MR. 2017. An optimised clearing protocol for the

quantitative assessment of sub-epidermal ovule tissues within whole cereal

pistils. Plant Methods 13: 67.
Wilkinson LG, Yang X, Burton RA, W€urschum T, Tucker MR. 2019. Natural

variation in ovule morphology is influenced by multiple tissues and impacts

downstream grain development in barley (Hordeum vulgare L.). Frontiers in
Plant Science 10: 1374.

Wu HC, Bulgakov VP, Jinn TL. 2018. Pectin methylesterases: cell wall

remodeling proteins are required for plant response to heat stress. Frontiers in
Plant Science 9: 1612.

WuMF, Wagner D. 2012. RNA in situ hybridization in Arabidopsis. In: RNA
abundance analysis. Totowa, NJ, USA: Humana Press, 75–86.

Wu X, Liu J, Li D, Liu CM. 2016. Rice caryopsis development II:

dynamic changes in the endosperm. Journal of Integrative Plant Biology
58: 786–798.

Xie Q, Mayes S, Sparkes DL. 2015. Carpel size, grain filling, and morphology

determine individual grain weight in wheat. Journal of Experimental Botany 66:
6715–6730.

Yang X, Li G, Tian Y, Song Y, Liang W, Zhang D. 2018. A rice glutamyl-tRNA

synthetase modulates early anther cell division and patterning. Plant Physiology
177: 728–744.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Anatomical structure of the barley ovule at anthesis (stage
Ov10).

Fig. S2 Immunohistochemical assay of various cell wall epitopes
in the barley ovule.

Fig. S3Molecular characteristics of OPM1 and OPM2.

Fig. S4 Phylogenetic analysis of OPM1 and OPM2 homologues.

Fig. S5 Creation of opm1 opm2 mutants using the CRISPR/Cas9
system.

Fig. S6 Phenotypic characterization of ovules from single and
double mutants.

Fig. S7 Characterization of pMADS31::PMEI-eGFP transgenic
plants.

Fig. S8 Immunohistochemical assay of meHG (LM20) in wild-
type (WT) and opm1 opm2 ovules at different stages.

Fig. S9 Heat map visualization of the expression of pectin degra-
dation genes in the ovary and caryopsis.

Fig. S10 Embryo sac dimensions and correlations of ovule and
ovary traits.

Fig. S11 Measurements of spikelet size in wild-type (WT) and
opm1 opm2 mutants.

Fig. S12 SNP profiles of OPM1 and OPM2 in sequenced wild
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Table S1 All primers used in this study.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 237: 2136–2147
www.newphytologist.com

New
Phytologist Research 2147

 14698137, 2023, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18714 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Sum�mary
	 Intro�duc�tion
	 Mate�ri�als and Meth�ods
	 Plant mate�ri�als and cre�ation of trans�genic plants
	 Pheno�typic anal�y�sis and microscopy
	 Immuno�his�to�chem�i�cal assays
	 Laser microdis�sec�tion and tran�scrip�tome anal�y�sis
	 Expres�sion heat map
	 RNA extrac�tion and qRT-PCR
	 RNA in&nbsp;situ hybridiza�tion
	 Sub�cel�lu�lar local�iza�tion
	 Phy�lo�ge�netic anal�y�sis
	 Haplo�type anal�y�sis
	 Repli�ca�tion and sta�tis�ti�cal anal�y�sis of tis�sue dimen�sions

	 Results
	nph18714-fig-0001
	nph18714-fig-0002
	nph18714-fig-0003
	nph18714-fig-0004

	 Dis�cus�sion
	 Acknowledgements
	 Com�pet�ing inter�ests
	 Author con�tri�bu�tions
	 The data that sup�port the find�ings of this study are avail�able from the cor�re�spond�ing author upon rea�son�able request.

	 Ref�er�ences
	nph18714-bib-0001
	nph18714-bib-0002
	nph18714-bib-0003
	nph18714-bib-0004
	nph18714-bib-0005
	nph18714-bib-0006
	nph18714-bib-0007
	nph18714-bib-0008
	nph18714-bib-0009
	nph18714-bib-0010
	nph18714-bib-0011
	nph18714-bib-0012
	nph18714-bib-0013
	nph18714-bib-0014
	nph18714-bib-0015
	nph18714-bib-0016
	nph18714-bib-0017
	nph18714-bib-0018
	nph18714-bib-0019
	nph18714-bib-0020
	nph18714-bib-0021
	nph18714-bib-0022
	nph18714-bib-0023
	nph18714-bib-0024
	nph18714-bib-0025
	nph18714-bib-0026
	nph18714-bib-0027
	nph18714-bib-0028
	nph18714-bib-0029
	nph18714-bib-0030
	nph18714-bib-0031
	nph18714-bib-0032
	nph18714-bib-0033
	nph18714-bib-0034
	nph18714-bib-0035
	nph18714-bib-0036
	nph18714-bib-0037
	nph18714-bib-0038
	nph18714-bib-0039
	nph18714-bib-0040
	nph18714-bib-0041
	nph18714-bib-0042
	nph18714-bib-0043
	nph18714-bib-0044
	nph18714-bib-0045
	nph18714-bib-0046
	nph18714-bib-0047
	nph18714-bib-0048
	nph18714-bib-0049
	nph18714-bib-0050
	nph18714-bib-0052
	nph18714-bib-0053
	nph18714-bib-0054
	nph18714-bib-0055
	nph18714-bib-0056
	nph18714-bib-0057
	nph18714-bib-0058
	nph18714-bib-0059
	nph18714-bib-0060
	nph18714-bib-0061
	nph18714-bib-0062

	nph18714-supitem

