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The female germline of flowering plants develops within a niche of
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sporophytic (somatic) ovule cells, also referred to as the nucellus. How niche
cells maintain their own somatic developmental programme, yet support the
development of adjoining germline cells, remains largely unknown. Here we
report that MADS31, a conserved MADS-box transcription factor fromthe
B-sister subclass, is a potent regulator of niche cell identity. In barley, MADS31
is preferentially expressed in nucellar cells directly adjoining the germline,
and loss-of-function mads31 mutants exhibit deformed and disorganized
nucellar cells, leading to impaired germline development and partial female
sterility. Remarkably similar phenotypes are observed in mads31 mutants
inwheat, suggesting functional conservation within the Triticeae tribe.
Molecular assays indicate that MADS31 encodes a potent transcriptional
repressor, targeting genes in the ovule that are normally active in the seed.
One prominent target of MADS31is NRPD4b, a seed-expressed component
of RNA polymerase IV/V thatisinvolved in epigenetic regulation. NRPD4b is
directly repressed by MADS31invivo and is derepressed in mads31 ovules,
while overexpression of NRPD4b recapitulates the mads31 ovule phenotype.
Thus, repression of NRPD4b by MADS31 is required to maintain ovule niche
functionality. Our findings reveal anew mechanism by which somatic ovule

tissues maintain their identity and support germline development before
transitioning to the post-fertilization programme.

In seed-bearing plants, ovules are a complex mixture of diploid
sporophytic (somatic) and haploid gametophytic tissues that perform
distinct roles during reproduction. The most prominent somatic tis-
sues include a distal nucellus, which gives rise to the female germline
and gametophyte (embryo sac); the central chalaza, which gives rise to
the protective integuments and seed coat; and the proximal funiculus,
which connects the ovule to a supply of maternal nutrients'. Coor-
dinated transitions between growth and differentiation in the ovule
provide the scaffold for downstream seed development. For example,

during early stages of ovule growth, the nucellus initiates agenerative
phase in which the germline is established within a pool of somatic
cells®. Specifically, a single nucellus cell initiates megasporogenesis
and differentiates into amegaspore mother cell (MMC). Inmost angio-
sperms, this cell divides by meiosis to give rise to four haploid mega-
spores, one of which undergoes three rounds of mitosis to form asingle
embryo sac, which contains an egg cell, two synergid cells, a central
cell and multiple antipodal cells’. As the ovule matures, the integu-
ments forma protective coataround the embryo sac, and the nucellus
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remodels to enter anursing phase, showing signs of collapse, cell death
and differentiation, in preparation for fertilization and seed initiation.

Also referred to as the megasporangium, the nucellus supports
germline development from initiation until fertilization'*. This role
appearstobeindependent of the number of cells within the nucellus,
which varies from relatively few cells in dicotyledonous Arabidopsis,
tomanyinmonocotyledonous cereals suchasrice, barley and wheat>.
Genetic studies indicate that the nucellus integrates multiple reg-
ulatory pathways to support the germline, many of which are not
expressed in the germline itself®. Defects during the generative phase
range in severity from subtle to extreme. For example, Arabidopsis
nozzle/sporocyteless (spl) mutants produce a nucellus-like tissue but
fail to initiate a germline”®, while maize dmt103 DNA methyltrans-
ferase mutants show overproliferation of the nucellus and multiple
embryo sacs’. Mutations in the Arabidopsis RNA DEPENDENT RNA
POLYMERASE6 (RDR6) and ARGONAUTE9 (AGO9) small interfering
RNA (siRNA) processing genes, or the rice MSPI leucine-rich receptor
kinase-encoding gene, result in multiple nucellar cells adopting fea-
tures of germline cells'®". Moreover, inactivation of the ARABIDOPSIS
HISTIDINE KINASE (AHK) cytokinin receptors'?, weak pin-formed1 (pin1)
mutants®, or null rab geranylgeranyl transferase beta subunit (rgtbl)
mutants where PIN1 function is compromised, produce a functional
megaspore that fails to initiate gametogenesis'*. The spatiotempo-
ral coordination of these diverse pathways has remained unclear,
although recent progress suggests that the D-class MADS-box gene
SEEDSTICK (STK) acts upstream of epigenetic pathways in the nucel-
lusto spatially regulate SPL expression, which in turn promotes auxin
signalling and germline development®.

During later stages of ovule and embryo sac development, the
nucellus exhibits features characteristic of cell degeneration. In Arabi-
dopsis, this process is regulated by auxin signalling and occurs con-
comitant with rapid expansion of the embryo sac'. In cereal species,
nucellar degeneration is most obvious after fertilization and involves
arange of programmed cell death-related elicitors including the novel
Jekyll protein" and vacuolar processing enzyme 2a (VPE2a)'®. Nucellar
degeneration coincides with the establishment of transfer tissues that
provide maternally derived nutrition to the endosperm™®*, Forexample,
inrice, barley and wheat, the last vestige of the nucellus forms a transfer
tissue referred to as the nucellar projection® ?*. Taken together, these
studies highlight how the nucellus influences multiple stages of sexual
reproduction; despite this, the transcriptional drivers of nucellus main-
tenance, degeneration and differentiation remain largely unknown.

Along with STK, the plant-specific type Il MIKC C-, D- and E-class
MADS-box genes control ovule initiation** as well as tissue differentia-
tionduring ovuleand seed development in Arabidopsis®*. The subclass
B-sister (Bsis) MADS-box proteins, also from the type Il MIKC family, are
mainly expressed in female reproductive organs®*, The Arabidopsis
genome contains two Bsis genes, TRANSPARENT TESTA16/ARABIDOPSIS
BSISTER (ABS) and GORDITA (GOA)/AGL63. ABS promotes nucellus
degradation”, specifies the endotheliumvia interaction with STK*°, and
influences deposition of pigments in the maturing integuments and
seed coat®. GOA, a paralogue of ABS, ismore widely expressedinovules,
seeds and fruits, contributing to fruit growth and integument/seed coat
development®™**, However, neither abs nor goa show significant levels of
ovuleabortion, indicating their dispensable rolesin determining fertility.
Inorchid, Bsis PeMADS28 is expressed in the nucellus and integuments,
and canrescue the Arabidopsis abs mutant®. In cereals,among three sub-
clades of Bsis (MADS29, MADS30 and MADS31)*’, MADS29 is vital to seed
formation. The MADS29 gene is expressed in the nucellus and residual
nucellar projection during seed development, and loss-of-functionmuta-
tions in rice, barley and wheat cause seed abortion because of severely
inhibited endosperm development*%**¢, Rice MADS30 regulates plant
architectureandis notinvolvedinfemale reproduction, alikely product
of evolutionary neofunctionalization”. Arole for the third member of the
Bsis family in cereals, MADS31, has yet to be elucidated.

Here we show that MADS31 is preferentially expressed in the bar-
ley nucellus where it functions to maintain both nucellus identity and
female germline development. MADS31 affects this function through
thetranscriptional repression of key genesinvolvedin post-fertilization
development, including epigenetic regulatory components and cell
death pathways. Removal of MADS31 leads to precociousinitiation of
cell death, upregulation of seed development genes and altered cell
morphology in the inner nucellus. Importantly, similar ovule pheno-
types are observed in a Tamads31 mutant of Triticum aestivum (bread
wheat), suggesting functional conservation between two Triticeae spe-
cies. Therefore, MADS31 maintains the integrity of the cereal ovule until
developmental constraints are released by fertilization. Our findings
provide new insight regarding the maintenance of somatic ovule cells
and their role in coordinating multiple stages of seed development.

Results

MADS31 is preferentially expressed in the inner nucellus
Previously, we established a tissue-specific transcriptome dataset for
the barley ovule®*. Cells were collected from the nucellus, integu-
ments, ovary wall and embryo sac at different stages of ovule devel-
opment before RNA was extracted and sequenced (Extended Data
Fig.1a). Genesthat were preferentially expressedin the nucellus across
multiple stages, rather than asingle stage, were selected as candidate
tissue-specific regulators (Supplementary Dataset 1; examples are
shownin Extended DataFig. 2). One of these, the Bsis class MADS-box
gene MADS31 (HORVU2Hr1G098930) showed abundant expressionin
the nucellus and lower expressionin the integuments and embryo sac
(Extended DataFig.1b). Notably, MADS31 was the most abundant Bsis
inthe ovulerelative toits paralogues MADS29 and MADS30 (Extended
DataFig.2). Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) showed that MADS31 was specifically expressedinthe
pistil and was absent in vegetative tissues or other floral organs that
were examined in this study (Fig. 1a). In the pistil, MADS31 transcripts
increased as the ovule developed from a primordium (Ov1) to mature
female gametophyte stage (Ov9a), then decreased at anthesis (Ov9b
and Ov10; Fig. 1b)*°. We examined tissue specificity of the MADS31
transcript and protein using messenger (m)RNA in situ hybridization
and a transgenic line expressing a translational fusion of MADS31 to
enhanced green fluorescent protein (eGFP) under the control of its
native promoter (opMADS31). At Ov2 stage, when the primary germline
celldistinguishes itself fromadjoining nucellar cells, MADS31 transcript
and protein accumulate in the nucellar cells adjacent to the archespo-
rial cell. As the archesporial cell develops into the megaspore mother
cell (MMC; Ov3) and undergoes meiosis (Ov4) and mitosis (Ov7/8) to
form the embryo sac, MADS31expression gradually spreads to two or
three cell layers of the nucellus that surround the germline, in a zone
hereafter referred to as the inner nucellus. In ovules approaching
maturity (Ov9b/10), MADS31 was also observed in the outer nucel-
lus, which surrounds the inner nucellus (Fig. 1c). Consistent with the
laser capture microdissection (LCM) data, MADS31 expression was
also weakly detected in part of the inner integument adjacent to the
nucellus apex/micropyle and ovary wall (Fig. 1c and Extended Data
Fig.1c). MADS3I transcripts were also detected in the embryo sac by
LCM-RNA-sequencing as well as in situ hybridization, but no GFP sig-
nal could be observed within the germline at any stage. This suggests
that MADS31 protein is restricted to somatic cells, and its expression
distinguishes the inner from the outer nucellus until ovule maturity.

The inner nucellus and embryo sac are abnormal in mads31

To investigate the role of MADS31 in nucellus development, we used
CRISPR/Cas9 gene editing* to generate loss-of-function alleles in
barley cultivar Golden Promise. Four alleles were identified, incorpo-
rating a range of insertions and deletions that compromise produc-
tion of full-length MADS31 protein (Extended Data Fig. 3a). All four
alleles showed a similar reduction in seed set (Extended DataFig. 3b),
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Fig.1| MADS31 is expressed in arestricted niche in the nucellus of barley ovules.
a, Relative expression level (RT-qPCR) of MADS31 in vegetative tissues and floral
organs. Data are shown asmean * s.d.; n=3replicates. b, Relative expression

level of MADS31 during ovule development. Ovl, ovule primordium stage; Ov2,
archesporial cell stage; Ov3/4, megaspore mother cell/meiosis stage; Ov5/6,
functional megaspore stage; Ov7/8, female gametophyte mitosis stage; Ov9a,
mature female gametophyte (FG) stage; Ov9b, embryo sac expansion stage; Ov10,
anthesis stage. For Ovl-Ov3/4 stages, spikes were collected for RNA extraction.
For Ov7/8-0v10 stages, pistils were dissected from spikelets for RNA extraction.
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Data are shown as mean + s.d.; n =3 replicates. ¢, Accumulation of MADS31
transcripts and MADS31-eGFP fusion proteins shown by in situ hybridization
(ISH) and vibratome sections of pro::MADS31-eGFP plants, respectively. Black and
white arrows indicate the megaspore mother cell (MMC) or FG. White dotted lines
indicate the outlines of nucellus and integuments. Ov2, archesporial cell stage;
Ov3, MMC stage; Ov4, meiosis stage. Ov9b, FG expansion stage. Sense probe
(Ov7/8) and non-transgenic plants (Ov3) served as negative controls. Scale bars,
50 um. All experiments were repeated 3 times, with similar results.

and one of these was selected (insertion of T) for detailed investiga-
tion, hereafter referred to as mads31. Compared with wild type (WT),
mads31 spikes produced approximately 50-60% less seeds, verified
over two successive generations (Extended Data Fig. 3¢). Clearing of
mature pistils showed that mads31 ovules produce smaller embryo
sacs, approximately half the size of that in wild type (Extended Data
Fig.3d,e). Atanthesis, mads31 pistils appeared normal interms of ovary
size, style morphology and stigma formation. Furthermore, mature
anthers frommads31 spikelets were yellow and produced viable pollen,
indistinguishable from wild type (Extended Data Fig. 3f). These results
suggest that reduced seed setin mads31is probably a consequence of
defective ovule development.

We further examined wild-type and mads31 ovules using histo-
logical sectioning. In wild-type ovules at Ov2 stage, one cell beneath
the nucellus apex was enlarged and trapezoid in shape, indicative
of the germline archesporial cell (Fig. 2a). The hypodermal nucellar
cells that normally express MADS31 (Fig. 1c) adjacent to the germline
were rectangular and aligned uniformly (Fig. 2a). Immunolabelling
showed that these cells are labelled by the LM19 antibody, which rec-
ognizes de-esterified homogalacturonan (pectin) in the cell wall, and
is a potential hallmark of cell wall stiffness® (Fig. 2a). On the basis

of their position close to the germline, we defined these cells as the
inner nucellus. At the same stage in mads31 ovules, the inner nucellar
cells were deformed, rounded and disorganized relative to wild type
in over half of the observed ovules. In addition, the accumulation of
de-esterified pectin was heavily reduced (Fig. 2a).

At stage Ov3, when the germline differentiates into an MMC
in wild-type ovules, the rectangular inner nucellar cells retained
de-esterified pectin in their walls but had divided to form a multilay-
eredtissue (Fig.2b). The same regionin mads31 ovules showed varying
degrees of abnormality and was defined by cells of irregular shape that
contained low levels of de-esterified pectinintheir cell walls (Fig.2b and
Extended DataFig.4a,b). After megaspore selection and theinitiation
of embryo sac mitosis, theinnermost cells of the nucellus in wild-type
ovules exhibited mild vacuolation consistent with cell degeneration.
This vacuolation of inner nucellar cells was more obvious in mads31
ovules and extended further outwards into the nucellar tissue (Fig. 2c,d
and Extended DataFig. 4c,d). A terminal deoxynucleotidyl transferase
dUTP nick-end labelling (TUNEL) assay confirmed additional cell death
events within the nucellus of mads3I relative to wild type (Fig. 2d),
suggesting that changesin cell shape and vacuolation in mads31 might
correspond to changesin cell identity and/or viability.
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Fig.2|Inner nucellus and embryo sac development are impaired in mads31
ovules. a,b, Early stages (Ov2 and Ov3) of ovule development in WT and mads31.
Left: toluidine blue-stained longitudinal sections of WT and mads31 ovules.
Middle: diagrams of cell arrangement in the nucellus. Green, germ cell; yellow,
inner nucellus. Yellow and white dotted lines indicate the ovule within the carpel.
Right: LM19-labelled demethylesterified pectinin the cell walls of inner nucellus.
Oul, outer integuments; Inl, inner integuments; Nuk, nucellus epidermis; ArC,

archesporial cell; InN, inner nucellus; OuN, outer nucellus. Sca

c,d, Middle stages (Ov7/8 and Ov9a) of ovules in WT and mads31.1Ind, Left:
toluidine blue-stained longitudinal sections. Right: TUNEL assay in WT and
mads31 ovules. Scale bars, 50 um. e, The final stage (Ov10) of ovules in WT and

3.6x10° \
1

Gk

Ratio of InN/OuN (area)

WT  mads31

LM19 CTCF

WT mads31

demethylesterified pectinin the cell walls of inner nucellus. Yellow and white
dotted lines indicate the ovule within the carpel and red dotted lines indicate
theregion of the inner nucellus. ANT, antipodal cells; CC, central cell; EA, egg
apparatus. Scale bars, 50 pm. Representative images are shown from sections of
>5ovules; TUNEL and LM19 labelling were repeated 3 times with >5 ovulesin each
experiment, with similar results. f,g, Coloured regions of nucellus from semi-thin
section (f) and statistical analysis for the ratio of inner nucellus area versus outer
nucellus (g). ES, embryo sac/female gametophyte; Ch, chalaza. Scale bar, 50 pm.
Dataare shown as mean +s.d.; n =5 ovules; two-sided ¢-test. h, CTCF of LM19
immunosignalsin the nucellus of wild-type and mads31 ovules. Data are shown as
mean ts.d.; n=>5ovules; two-sided t-test.

lebars, 25 um.

mads31. Left: toluidine blue-stained longitudinal sections. Right: LM19-labelled

In wild-type plants, female germline maturity is attained at stage
Ov10 whenthe ovule contains a fully expanded embryo sac. The mature

embryo sac incorporates a cluster of antipodal cell

pole,acentral cell thatislocated between the chalazaland micropylar
poles, and an egg apparatus that is located at the micropylar pole. At
this stagein wild-type ovules, differences between theinner and outer
nucellus become more striking. Inner nucellar cells are enlarged, lack
obvious cytoplasm, and their walls are rich in de-esterified pectin,
whereas those of the outer nucellus are more rounded, contain dense
cytoplasm and lack de-esterified pectin (Fig. 2e and Extended Data

Fig.4e).Inmads31,the embryo sac was typically much smaller (approxi-
mately half as large; Extended Data Fig. 3e), containing the residue of
degenerated antipodal cells or morphologically abnormal antipodal
cells with cytoplasmic condensation as a sign of cellular degenera-
tion (Fig. 2e and Extended Data Fig. 4f). The central cell nucleus was
sometimes observed tobe directly adjacent to the embryo sac wall or
presentat the basal micropylar end, and the egg apparatus was mildly
vacuolated. In terms of somatic ovule tissues, mads31 exhibited alarger
proportion of outer nucellus relative to inner nucellus (Fig. 2f,g). The
small outer nucellus cells appeared to have overproliferated, taking up

s at the chalazal
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much of the roomin the ovule. Also, LM19 immunolabelling revealed
asignificant reduction in the amount of de-esterified pectin, which
normally marks cell walls of theinner nucellar cells (Fig. 2e,h). This fea-
ture was consistently observed inmultiple alleles including mads31-2,
mads31-3 and mads31-4; all displayed a deformed inner nucellus and
reduced abundance of de-esterified pectin (Extended Data Fig. 5).
Importantly, ~25% of mads31 ovules exhibited less severe morphologi-
cal changes and appeared WT-like (Extended Data Fig. 4b,f). Given that
mads31 canstill produce a reduced number of viable seeds, it is likely
that these ovules are the only ones that can be fertilized.

Takentogether, these results demonstrate that nucellus differen-
tiation and patterninginbarley can be observed at germline initiation
and continues until ovule maturity. Loss of MADS31 function impairs
the development of the inner nucellus by altering cellmorphogenesis
and causing premature cellular degeneration. Although MADS31 pro-
teinis absent from the germline cells, the embryo sac of mads31 ovules
exhibits defects, consistent with the inner nucellus having aninfluence
on germline development.

Specific pathways are deregulated in mads31

To further understand the molecular basis for MADS31 function, we
compared the transcriptomes of wild type and mads31 at several stages
by RNA-sequencing. Immature spikes including ovules at stage Ov2
and Ov3/4 were selected to investigate transcriptional changes during
megasporogenesis, whereas pistils at stage Ov7/8 stage were selected to
investigate changes during gametogenesis. In total, 1,263 differentially
expressed genes (DEGs) were identified. At Ov2stage, only192 DEGs were
found, including 98 upregulated and 94 downregulated DEGs. At stages
Ov3/4 and Ov7/8, the number of DEGs increased and the majority were
upregulated (67.7% of 436 DEGs and 61.4% of 1,019 DEGs, respectively;
Fig. 3a, Extended Data Fig. 6a and Supplementary Dataset 2), suggest-
ing that loss of MADS31 may trigger transcriptional activation. Gene
ontology (GO) enrichment analysis indicated that DEGs involved ingene
silencing, RNA processing, stress response and cell death control were
altered throughoutall stages. At stages Ov3/4 and Ov7/8, over 60 DEGs
related to metabolic processes, transmembrane transport and cell wall
remodelling were also enriched (Fig. 3b and Supplementary Dataset 5).

The prominence of gene silencing pathway genes in the DEG lists
was of particular interest, since their deregulation has been reported
to induce changes in cell proliferation, cell identity and tissue devel-
opment in many species*’. DEGs encoding proteins that can bind and
process RNA, such as RNA helicases, Khomology domain proteins and
pentatricopeptide repeat proteins, were predominantly upregulated
in mads31, consistent with hyperactive post-transcriptional regula-
tion. Moreover, genes encoding members of the small interfering
RNA (siRNA) biosynthetic machinery, such as Dicer-like proteins and
NPRD4b, along with factors involved in DNA methylation, histone
methylation and chromatin remodelling were also upregulated (Fig. 3c
and Supplementary Dataset 3).

In terms of stress response and cell death-related pathways,
upregulated genes included executors of cell death, such as aspartic
proteases and cysteine proteases (Fig. 3d and Supplementary Data-
set 4). Upregulation of these genes at stage Ov7/8 coincided with
increased vacuolation of the inner nucellus of mads31 ovules, which
is often a hallmark of cell death®. Other genes that were upregulated
included two WRKY genes, which participate in bioticand abiotic stress
responses**, and genes encoding proteinsinvolved in plantimmunity,
such as defensins, receptor-like kinases, NB-ARC domain proteins and
cell wall remodelling proteins®. Transcription factors from multiple
families were also upregulated (Extended Data Fig. 5b), including aB3
proteinand abasic helix-loop-helix (bHLH) protein, whichmay indicate
acascade of transcriptional deregulation downstream of MADS31. We
verified anumber of these DEGs by RT-qPCRin spikes/pistils from wild
type and mads31.For example, consistent with the cell death detected
by TUNEL assay in later stages, we showed that three genes encoding

anaspartic protease, NB-ARC protein and a WRKY transcription factor
were upregulated during later stages of ovule development (Ov9aand
0Ov9b), suggestive of prolonged defence and programmed cell death
activity in mads31 (Extended DataFig. 6b).

In summary, loss of MADS31 appears to trigger transcrip-
tional activation of several pathways, particularly those involved in
post-transcriptional regulation, epigenetic regulation, metabolism,
defenceresponse and cell death.

MADS31 acts to repress the post-fertilization programme

To confirm whether MADS31 can function as a repressive transcription
factor in planta, we cloned promoters from five upregulated DEGs and
one downregulated DEG (HORVU3Hr1G061400) that are predicted to
carry MADS TF-binding CArG motifs*. The activity of the promoter
fragments was analysed in the presence of MADS31 via a dual-luciferase
assay, along with a control promoter without any CArG motif (proHOR-
VU2Hr1G123460). Expression of MADS31 led to transcriptional repression
of all six promoters containing CArG motifs, irrespective of whether the
DEGwas upregulated or downregulated in the mads31 RNA-sequencing
dataset. Moreover, the number and position of the CArG motifs had mini-
malimpactonthe degree of MADS31-induced repression (Fig. 4a). Hence,
inthis heterologous system, MADS31 appears to be a transcriptional
repressor that can act on promoters containing CArG motifs.

Next, we examined the temporal expression profile of DEGs that are
usually repressed by MADS31. Remarkably, of the 626 DEGs upregulated
in mads31 pistils at Ov7/8, 51% (354) appeared to be grain-related genes
predominantly expressed after fertilization in wild-type plants*** (Sup-
plementary Dataset 5). GO enrichment analysis of these 354 DEGs sug-
gested that multiple grain pathways are precociously activated during
pre-fertilization pistil developmentin mads31, including genesinvolved
in protein modification, transmembrane transport and phosphorus
metabolism (Supplementary Dataset 6). A representative subset (94) of
these genes with preferential expressionin the grainis shownin Fig. 4b,
which highlights their distinct upregulation after fertilizationin wild type.
By mapping this subset of 94 upregulated DEGs to the grain LCM tran-
script dataset, weidentified multiple aleurone- and endosperm-enriched
genes, including NRPD4b (HORVU6Hr1G011660) and Defensin (HOR-
VU6Hr1G032050) (highlighted in Fig. 4c). In addition, five sugar trans-
porters and six sulfotransferases that are typically expressed in the
post-fertilization pericarp are activated in unfertilized mads31 pistils
(Supplementary Dataset 5). Based on the documented stages of grain
development in barley**, these DEGs are expressed in mads31 pistils at
least 30 days before they would normally be activated during graindevel-
opment in wild-type plants. This is consistent with MADS31 repressing
transcription ofasubclass of genesinvolved in post-fertilization develop-
ment, many of whichare involvedin active cell metabolism.

Increased MADS31 modifies nucellar cell identity
The mads31 loss of function data led us to consider the effect of
increased MADS31 expression. To achieve this, the MADS31 coding
sequence was fused to the well-described constitutive Ubiquitin 1 pro-
moter of maize, which is expressed throughout the plantincludingin
pistilsand grain. Regeneration of transgenic Ubi::MADS31 plants from
calli was severely inhibited compared with other constructs, despite
multiple attempts. Only two Ubi::MADS31 lines were regenerated, and
these showed severe growth retardation. Even after 40 days of growth
insoil, Ubi::MADS31 plants exhibited excessively curled thinleaves, an
absence of tillering and extreme dwarfism typified by a height of only
-2 cm. After 120 days of growth, transgenic plants failed to produce
any inflorescence and ultimately withered and died (Extended Data
Fig. 7a). This suggests that MADS31 may act as a general repressor of
growth, even beyond the ovule.

We also generated pro::MADS31-eGFP transgenic plants in the
mads31and wild-type background. Importantly, pro::MADS31-eGFPwas
confirmed tobe functional viacomplementation of the mads31 mutant.
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Fig. 4| MADS31 represses the post-fertilization programme and maintains
embryo sac development. a, Normalized luciferase activity (LUC/REN) regulated
by promoters containing CArG motifs in the presence of MADS31 or empty vector
(EV, negative control). Data are shown as mean +s.d.; n = Sreplicates; two-sided
t-test. b, Heat map representation of the expression patterns of 94 upregulated

DEGs in wild-type pistils and grain. Ov5/6, functional megaspore stage; DAP, days
after pollination; FC, fold change. The ‘log,FC’ columnindicates relative gene
expression changes (that is, upregulation) in mads31, in comparison to wild type.
¢, Heat map representation of the expression patterns of DEGs of bin wild-type
grain. Gene lists related tob and care included in Supplementary Dataset 5.

Three pro::MADS31-eGFP mads31/- lines expressing MADS31-eGFP
(Extended Data Fig. 7g) exhibited a wild-type phenotypein whichno fer-
tility defects orabnormal nucellus patterning were observed (Extended

Data Fig. 7h—j). By contrast, extra copies of MADS31 in a wild-type
background, induced prominent changes in ovule development. An
examination of mature (Ov10) ovules revealed that compared with
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Fig. 5| MADS31 maintains inner nucellus identity by repressing NRPD4b
expressionin the ovule. a, Relative expression level (RT-qPCR) of NRPD4bin
WT and mads31. Data are shown as mean *s.d.; n = 3 replicates; two-sided ¢-test.
b, Insitu hybridization of NRPD4b in WT and mads31 ovules. The black dotted
lines indicate ovules. Sense probe serves as negative control. Scale bars, 50 pm.
¢, The genomic region of NRPD4b including promoter and coding region. CArG
motifs and restriction enzyme sites are marked. d, Normalized luciferase activity
(LUC/REN) regulated by NRPD4b promoter in the presence of MADS31 or empty
vector (EV, negative control). Data are shown as mean + s.d.; n = 8 replicates;
two-sided ¢-test. e, Four DNA fragments with CArG motif and one without CArG
motif tested by ChIP-PCR. No antibody (ab) serves as negative control. Data are
shownas mean + s.d.; n =3 replicates; two-sided t-test. f, Chop-PCR assay of DNA
methylationin NRPD4b promoter in WT and mads31. Experiments were repeated

3 times, with similar results. g, Overexpression of NRPD4b decreases seed set
rate. Top: relative expression level of NRPD4b in transgenic lines, wild-type and
mads31 pistils at Ov7/8 stages. Data are shown as mean + s.d.; n = 3 replicates.
Bottom: seeds set rates of transgenic, wild-type and mads31 plants. Data are
shownas mean +s.d.; n =4 spikes; two-sided ¢-test for unpaired two-sample data.
h, Early (Ov2 and Ov3) and mature (Ov10) stages of wild-type and Ubi::NRPD4b
ovules. For Ubi::NRPD4b, Left: toluidine blue-stained longitudinal sections.
Middle: LM19-labelled demethylesterified pectinin the cell walls of inner
nucellus. Right: diagrams of cell arrangement in the nucellus. Green, germ cell;
yellow, inner nucellus. Ratios of area of inner nucellus versus outer nucellus are
shownasmean +s.d.; n=5ovules; two-sided ¢-test for unpaired two-sample data.
Scale bars, 25 um. All experiments were repeated at least 3 times, with similar
results.

wild-type ovules at the same stage, pro::MADS31-eGFPWT ovules exhib-
ited agreater proportion of nucellar cells with characteristics typical
of the inner nucellus, such as larger cell size, compressed cytoplasm
and de-esterified homogalacturonanlabelling in cell walls, leading to
anincreased ratio of inner nucellus versus outer nucellus (Extended
Data Fig. 7b-d). This suggests that increased MADS31 expression can
promote inner nucellus identity in the ovule.

In addition, multiple pro::MADS31-eGFPlines in a wild-type back-
ground exhibited various degrees of dwarfism coupled with flag leaf
inclination (Extended DataFig. 7e,f), showing architectural similarities
todicer-like 3 (ref.49) and osnrpdlab™ mutantsinrice, and suggesting
a possible interaction with gene silencing pathways. This is in agree-
ment with the ovule defects, where mads31 phenotypes are reminis-
cent of RADM-related argonaute mutants from maize and Arabidopsis
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that show altered cell identity'*"". Taken together, the mads31 and
pro::MADS31-eGFP data support the hypothesis that the amount of
MADS231 expression affects ovule development through the regula-
tionof inner nucellusidentity,and changesin MADS31 expression may
interfere with epigenetic regulatory pathways.

MADS31 represses the seed gene NRPD4b
Over30genesinvolvedinpost-transcriptional and epigenetic pathways
wereidentified as DEGs inthe mads31 RNA-seq data (Fig. 3c), including
factorsinvolvedinsiRNA biogenesis, DNA methylation and chromatin
regulation. One of these, NRPD4b, encodes the fourth largest subunit
of RNA polymerase complexIVandV.InArabidopsis, NRPD4 functions
as partof Pol1V/V to enforce transcriptional gene silencing viaRADM*.
The barley genome contains two copies of the NRPD4 gene, NRPD4a
(HORVU6Hr1G071930) and NRPD4b (HORVU6Hr1G011660). NRPD4a is
widely expressed in pistils and grains, while NRPD4b is only expressed
in grains (Extended Data Fig. 8a). At the tissue level, LCM-transcript
profiling revealed that NRPD4a transcripts accumulatein all tissues dis-
sected from ovules and grains, but NRPD4bis exclusively expressed post
fertilization, mainly in the starchy endospermand aleurone (Extended
Data Fig. 8b; refs. 38,47).

Quantitative PCR confirmed that NRPD4b transcripts were almost
undetectable in wild-type barley pistils, but accumulated to high lev-
els in mads31 pistils of all stages (Fig. 5a and Extended Data Fig. 8c).
Similarly, insitu hybridization of NRPD4b detected no expression in the
wild-type ovule, while the mads31 ovule exhibited high NRPD4b expres-
sion in the nucellus, especially at the micropylar end, with weaker
expressioninthe ovary wall. This overlaps with the expression pattern
of MADS31in WT ovules (Fig. 5b). Detailed analysis of the NRPD4b locus
revealed that the putative promoter sequence and introns harbour 10
CArG motif's (Fig. 5c) that are recognized by MADS-box transcription
factors. Using a heterologous system, MADS31 protein was able to sig-
nificantly repress transcriptional activity of the NRPD4b promoterina
dual-luciferase assay (Fig. 5d). This was also confirmed by chromatin
immunoprecipitation (ChIP)-PCR in pro::MADS31-eGFP transgenic
plants, whichshowed that MADS31 directly binds CArG motifs adjacent
to the NRPD4b start codon (Fig. 5e). Specific DNA regions flanking
the CArG motifs also appeared to be affected by the lack of MADS31.
A Chop-PCR (DNA methylation-sensitive restriction endonuclease
digestion followed by PCR) assay identified aloss of DNA methylation
in methylation-sensitive Haelll sites close to one of the NRPD4b CArG
motifs bound by MADS31, which may contribute to the steady dere-
pression of NRPD4b throughout ovary development (Fig. 5f). These
resultssuggest that MADS31 probably acts to directly repress NRPD4b
transcriptioninthe ovule.

To test whether deregulated NRPD4b might contribute to the
phenotypes observed in mads31 mutants, we attempted to uncouple
regulation of the NRPD4b gene from MADS31. To achieve this, we cre-
ated transgenic Ubi::NRPD4b plants that overexpress the NRPD4b
coding sequence driven by the Ubiquitin 1 promoter in a wild-type
background. The resulting lines exhibited lower seed set compared
with wild type, similar to that observed in mads3I (Fig. 5g). Moreover,
in lines showing abundant NRPD4b overexpression, ovules exhib-
ited mads31-like phenotypes, as typified by inner nucellar cells being
irregularinshape, disorganized and containing reduced de-esterified
pectin in their cell walls at stages Ov2 and Ov3 (Fig. 5h and Extended
DataFig.8d). At maturity (Ov10), Ubi::NRPD4transgenic ovules showed
altered patterning withanincreased ratio of outer nucellus versusinner
nucellus cells, and less nucellar cells labelled by LM19, albeit more than
thatin mads31 (Fig. 5h and Extended Data Fig. 8e). Thus, Ubi::NRPD4b
plants show phenotypes in the ovule that are remarkably similar to
those observed in mads31I (Fig. 5h).

Loss of NRPD4 function in Arabidopsis leads to reduced 24-nt
siRNA levels and reduced DNA methylation at RADM target loci,
although developmental phenotypes were not reported*’. We therefore

profiled small RNAs (sRNAs) in the Ov7/8 pistils of wild-type, mads31
and Ubi::NRPD4b using sRNA sequencing. While sSRNAs shorter than
24 nt were less abundant and sRNAs longer than 24 nt were more
abundant in two out of three replicates of mads31, the proportion
of 24-nt siRNAs was not significantly altered overall in mads31 and
Ubi::NRPD4b compared to wild-type (Extended Data Fig. 9a). Given
that NRPD4b expression is only modified in a subset of mads31 ovule
tissues, cell sorting of nucellus cells followed by sSRNA sequencing and
DNA methylation analysis might be required to reveal any significant
differences, and this is currently technically challenging to address
in barley. In parallel, we mapped 24-nt siRNAs to the barley genome.
Putative 24-nt siRNA targets were annotated by location (that s, gene
body, gene flanking regions and intergenic regions) and feature (that
is, transposable element; Extended Data Fig. 9b and Supplementary
Dataset 7). Cross-referencing of these regions with 1,019 mads31 DEGs
(atstage Ov7/8) revealed significant enrichment of 24 nt associated fea-
tures upstream of the transcriptional start site and downstream of the
transcriptional terminationsite, relative to background (Extended Data
Fig.9c¢). Thus, future studies aimed at decoding the role of 24-nt siRNAs
in the MADS31/NRPD4b pathway might consider these loci in detail.
Next, to explore epigenetic marks in mads31 and Ubi::NRPD4b
ovules, we also investigated features of histone methylation. As
reported above, analysis of the mads31 transcriptome revealed mul-
tiple DEGs involved in chromatin remodelling, and previous stud-
ies have implicated these in the control of embryo sac and seed
development®~*. Histone modifications are routinely examined
by immunolabelling (Fig. 6d) and have previously been shown to
exhibit different accumulation patterns in distinct ovule cell types of
Arabidopsis®®”. In barley ovules, cells in the inner nucellus surround-
ing the embryo sac exhibited significantly more H3K9me2 labelling
inboth mads31 and Ubi::NRPD4b compared with wild-type (Fig. 6e,f),
consistent with the deformed inner nucellusinboth backgrounds. Con-
versely, wild-type ovules exhibited an even distribution of H3K27mel
immunolabelling throughout the nucellus, while inner nucellar cells
of mads31 and Ubi::NRPD4b showed significantly reduced H3K27mel
labelling (Fig. 6¢,f). The similaritiesin histone labelling patternsinthe
nucellus of mads31and Ubi::NRPD4b ovules are consistent with signifi-
cant changes in inner nucellus identity and provide further support
linking the MADS31 and NRPD4b pathways. Moreover, these results
confirmthat removal of MADS31 frombarley ovulesis associated with
arange of region-specific epigenetic defects that probably affect the
gene expression network across multiple stages of ovule development.

A conserved function of TaMADS31 in bread wheat

As members of the Triticeae tribe, barley and wheat show similarities
during developmental progression of the pistil*®. To assess whether
MADS31 is conserved in another cereal species, we carried out
phylogenetic analysis and identified three putative homeologues in
Triticum aestivum; TaMADS31A (TraesCS2A02G422400), TaMADS31B
(TraesCS2B02G440900) and TaMADS31D (TraesCS2D02G418800)
(Fig. 7a). All three TaMADS31 genes are expressed in the wheat pis-
til and showed an increase in abundance towards maturity (Fig. 7b).
To investigate the function of TaMADS31 in wheat, we generated a
Tamads31 mutantin cultivar Fielder carrying CRISPR/Cas9-mediated
single-base-pair deletions in all three genes (Extended Data Fig. 10a).
These mutations are predicted to give rise to truncated Tamads31
proteins via a premature stop codon. Analysis of homozygous
Tamads31 plants revealed a 20-40% reduction in seed set (Extended
Data Fig.10b,c).

Next, we examined wild-type and Tamads31 ovules using histo-
logical sectioning. In contrast to barley,immunohistological staining
with LM19 antibody in wheat only showed a low level of de-esterified
pectin in the cell walls of the inner nucellus (Extended Data Fig.10d),
possibly because of epitope masking. Conversely, wheat inner nucellus
cells could be easily distinguished by calcofluor white (CW) staining,
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Fig. 6 |Upregulation of NRPD4b alters the distribution of histone marks. a, The
whole pistil labelled by antibody to detect histone modification in the fluorescent
channel (top) and DIC channel (bottom). The white and black rectangles indicate
theregion of interest shown inb. Scale bars, 50 um. b, Immunolabelling of
H3K9me?2 (left) and H3K27mel (right) in wild-type, mads31 and Ubi::NRPD4b
ovules at Ov7/8 stage. White dotted lines indicate the embryo sac and inner
nucellus regions. Pl, propidiumiodide. Scale bars, 25 pum. ¢, Relative H3K9me2
(left) and H3K27mel (right) modification levels (measured as antibody signal
intensity/DNA signal intensity) in the inner nucellus region of wild-type, mads31

and Ubi::NRPD4b ovules. Data are shown as mean + s.d.; n =30 nuclei; two-sided
t-test for unpaired two-sample data. The immunolabelling was repeated 3 times,
withsimilar results. d, Proposed model of MADS31in nucellus patterning. In wild
type, MADS31 s preferentially expressed in the inner nucellus, repressing post-
fertilization programmes such as seed gene expression and nucellus degradation
to maintain the tissue integrity and support embryo sac development. In mads31
ovules, the lack of repression from MADS31 causes activation of NRPD4b and
premature cell death, which further alters cell properties and accelerates tissue
degeneration, respectively.

possibly due to deposition of (1,3;1,4)-B-glucan or cellulose®. From
early stage Ov3to late stage Ovl0in wild type, CW florescence m