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Signaling by the EPFL-ERECTA family coordinates
female germline specification through the BZR1
family in Arabidopsis
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Abstract

In most flowering plants, the female germline is initiated in the subepidermal L2 layer of ovule primordia forming a single mega-
spore mother cell (MMC). How signaling from the L1 (epidermal) layer could contribute to the gene regulatory network (GRN)
restricting MMC formation to a single cell is unclear. We show that EPIDERMAL PATTERNING FACTOR-like (EPFL) peptide
ligands are expressed in the L1 layer, together with their ERECTA family (ERf) receptor kinases, to control female germline spe-
cification in Arabidopsis thaliana. EPFL-ERf dependent signaling restricts multiple subepidermal cells from acquiring MMC-like
cell identity by activating the expression of the major brassinosteroid (BR) receptor kinase BRASSINOSTEROID INSENSITIVE 1
and the BR-responsive transcription factor BRASSINOZOLE RESISTANT 1 (BZR1). Additionally, BZR1 coordinates female germ-
line specification by directly activating the expression of a nucleolar GTP-binding protein, NUCLEOSTEMIN-LIKE 1 (NSN1),
which is expressed in early-stage ovules excluding the MMC. Mutants defective in this GRN form multiple MMCs resulting
in a strong reduction of seed set. In conclusion, we uncovered a ligand/receptor-like kinase-mediated signaling pathway acting
upstream and coordinating BR signaling via NSN1 to restrict MMC differentiation to a single subepidermal cell.

Introduction

Germline specification occurs during early embryo develop-
ment in sexually reproducing animals. In contrast, germline
cells are established from somatic cells in floral reproductive
organs of adult seed plants (Hater et al. 2020). Because only
one cell differentiates to become a female germline cell in
most ovules, differentiation of this megaspore mother cell

(MMQ) is critical for plant sexual reproduction. MMC speci-
fication has been shown to be regulated at different levels in-
volving signaling by hormones, small RNA pathways, cell
cycle regulation, and other factors (Olmedo-Monfil et al.
2010; Schmidt et al. 2011; Tucker et al. 2012; She et al. 2013;
Hernandez-Lagana et al. 2016; Cai et al. 2017; Li et al. 2017;
Ferreira et al. 2018; Zhao et al. 2018).
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IN A NUTSHELL

Background: In most flowering plants, only a single female germline precursor cell-also called megaspore mother cell
(MMCQ)-is formed in the subepidermal L2 layer of ovule primordia. This cell initiates a developmental program that
ultimately leads to the production of two female gametes required for the double fertilization process that is char-
acteristic for flowering plants. It is highly critical to suppress other subepidermal L2 layer cells from acquiring
MMC cell fate as the formation of multiple MMCs usually leads to sterility. In a recent study, we showed that a bras-
sinosteroid (BR) gradient established in the distal nucellus of ovule primordia with a maximum in epidermal L1 layer
cells is required to restrict female germline cell fate to a single L2 layer nucellus cell.

Question: How signaling from the L1 (epidermal) layer could contribute to the gene regulatory network (GRN) re-
stricting MMC formation to a single cell in the L2 (subepidermal) layer?

Findings: We showed that a group of EPFL peptide ligands, expressed in the L1 layer of ovules, and ERECTA family
(ERf) receptor kinases acted together to control female germline specification. The redundant ligand-receptor com-
plex restricts multiple subepidermal cells in the L2 layer from acquiring MMC-like cell identity by activating expres-
sions of the BR receptor BRI1 and BZR1 family transcription factor genes. Moreover, BZR1 family transcription factors
coordinate the regulation of female germline specification by directly activating expression of a nucleolar GTP-binding
protein gene, named NSN1, which is expressed in early-stage ovules excluding the MMC. This activation depends on
EPFL-ERf signaling. This report links peptide-mediated EPFL-ERf signaling with BR hormone signaling and demon-
strates how these pathways are interconnected to restrict MMC differentiation to a single subepidermal cell.

Next steps: In a future study, we will analyze how auxin regulated pathways, RADM and other pathways affect and

integrate into the GRN reported here.

In Arabidopsis (Arabidopsis thaliana), several epigenetic
regulators involved in MMC differentiation have been re-
vealed. The RNA-directed DNA methylation (RADM) path-
way component ARGONAUTE9 (AGQO9) controls MMC
specification through a noncell-autonomous small interfer-
ing RNA (siRNA)-mediated gene silencing mechanism
(Olmedo-Monfil et al. 2010). Loss-of-function mutants of
RdDM components, including AGO4 and AGOG6, produce ex-
cess MMC-like cells. Additionally, some can bypass meiosis
and develop into unreduced functional megaspores and em-
bryo sacs (Hernandez-Lagana et al. 2016).

The SPOROCYTELESS/NOZZLE (SPL/NZZ) transcription
factor, which is inhibited by RdDM, is necessary to promote
MMC formation and limits female germline cell fate to a sin-
gle cell (Mendes et al. 2020). Besides, the THO/TREX (tran-
scription/export) complex inhibits MMC differentiation by
affecting the biogenesis of a trans-acting siRNAs targeting
AUXIN-RESPONSIVE FACTORs (tasiR-ARFs) (Cai et al.
2017). tasiR-ARFs are generated in the distal nucellar epider-
mis and move into the subepidermal cells to repress AUXIN
RESPONSE FACTOR3 and thus suppress ectopic MMC fate in
these cells (Su et al. 2020). Another epigenetics factor,
SWITCH 2/SUCROSE NONFERMENTABLE 2-Related 1,
which mediates the incorporation of histone H2A.Z at the
WRKY28 locus, limits multiple MMC formation by promot-
ing the expression of nucellar-specific WRKY28 leading to
suppression of MMC cell fate (Zhao et al. 2018).

The INHIBITOR OF CYCLIN-DEPENDENT KINASE/KIP-
RELATED PROTEIN (KRP) genes KRP4, KRP6, and KRP7 play
a redundant role in restricting meiotic competence in a sin-
gle cell through inhibiting A-type cyclin-dependent kinase

(CDKA; 1)-dependent inactivation of RETINOBLASTOMA-
RELATED 1 (RBRT). RBR1 represses cell proliferation of
MMCs by regulating the degradation of KRPs and directly in-
hibiting activity of the stem cell factor WUSCHEL (WUS),
thus repressing the entry of multiple cells into meiosis
(Zhao et al. 2017). WUS also acts downstream of SPL in
MMC development. Overexpression of SPL with the pro-
moter of SEEDSTICK, which is specifically expressed in sporo-
phyte ovule tissue, results in multiple MMCs during early
ovule development (Mendes et al. 2020).

Brassinosteroids (BRs) are important hormones that regu-
late several processes during plant growth, development,
and stress adaptation (Mitchell et al. 1970; Kutschera and
Wang 2012; Nolan et al. 2017), and were recently shown to
regulate MMC formation (Cai et al. 2022). BRs are sensed
by cell surface receptor kinase complexes, including
BRASSINOSTEROID INSENSITIVE 1 (BRI1) and its co-receptor
BRIT-ASSOCIATED RECEPTOR KINASE 1 (BAK1) (Li and
Chory 1997; Li et al. 2002; Nam and Li 2002). Once BRI1 and
BAK1 are activated (Hothorn et al. 2011; He et al. 2013), an
intracellular signaling cascade is initiated (Kim et al. 2009),
leading to the release of the negative regulator BRIT KINASE
INHIBITOR 1 (BKI1) from the plasma membrane localized
BRIT-BAK1 complex (Wang and Chory 2006) to inactivat-
ing the second negative regulator BRASSINOSTEROID
INSENSITIVE 2 (BIN2) by a phosphatase, BRIT SUPPRESSOR
1 (Li et al. 2007; Yan et al. 2009). Inactivation of BIN2 can sig-
nificantly induce the accumulation of nonphosphorylated
forms of the two transcription factors BRIT EMS
SUPPRESSOR 1 (BES1) and BRASSINAZOLE RESISTANT 1
(BZR1) in the nucleus (Wang et al. 2002; Yin et al. 2002).
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Figure 1 Disruption of ERf signaling leads to the formation of multiple MMCs. MMC formation was compared in wild-type, epfi1,2,4,6 quadruple,
and er erl1 erl2 triple mutants, respectively. A—E) Confocal microscopic analysis of indicated constructs in ovules from stage 1-Ill to stage 2-Il. F)
Siliques and quantification of seed-set percentage of indicated lines. Data represent means + SD (n = 10 siliques from five independent plants).
Seed-set percentage was calculated corresponding to the percentage of seeds/ovules. G) DIC observation of wild-type and mutants of premeiotic
ovules (stage 2-1). Ovules in epfi1,2,4,6 and er erl1 erl2 mutants displayed supernumerary enlarged MMC-like cells (left panel) and no MMC formation
(right panel). Arrows point toward nuclei of enlarged MMC-like cells. H) Statistical analysis of ovules showing multiple MMC-like cells in (G). Error
bars indicate + SD (n = 5 biological replicates, each replicate containing more than 100 ovules). I) AGO9 immunolocalization (green) in wild-type
and mutants of premeiotic ovules (stage 2-1). Ovules in epfi1,2,4,6 and er erl1 erl2 mutants displayed supernumerary enlarged MMC-like cells (left
panel) and no MMC formation (right panel). J) Statistical analysis of ovules showing AGQO9 protein in multiple cells in (H).
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Activated BES1 and BZR1 thereafter mediate expression of nu-
merous downstream responsive genes by directly binding to
the promoter of target genes or by interacting with other
types of transcription factors (Sun et al. 2010).

In a recent study, we showed that a BR gradient is estab-
lished in the distal nucellus of ovule primordia with a max-
imum in epidermal L1 layer cells. This BR-generated
microenvironment is required to restrict female germline
cell fate to a single L2 layer nucellus cell by activating the
BRIT-BZR1-WRKY23 pathway (Cai et al. 2022). Whether
BZR1 family members could be activated by
BR-independent signaling and could trigger other down-
stream components in MMC specification is not known.

The ERECTA family (ERf) signaling pathway was initially
linked to the growth and development of plant organs via
cell proliferation (Shpak et al. 2004). In Arabidopsis, ERf con-
sists of three genes: ERECTA (ER), ERECTA-LIKET (ERLT), and
ERL2. ERf plays a redundant role in shoot apical meristem
regulation, stomatal patterning, inflorescence architecture,
and ovule development (Shpak et al. 2004). Ligands for ERf
receptors belong to the evolutionarily conserved
EPIDERMAL  PATTERNING  FACTOR  (EPF)/EPF-like
(EPFL)-family of cysteine-rich secreted peptides with 11
members in Arabidopsis. Some EPF/EPFL peptides act antag-
onistically in stomata development by competing for inter-
action with receptor complexes and consequently trigger
different signaling readouts in the stomata cell lineage
(Torii 2012). Moreover, while EPFL1, EPFL2, EPFL4, and
EPFL6 function redundantly in the shoot apical meristem
(Kosentka et al. 2019), EPFL4 and EPFL6 stimulate above-
ground organ elongation (Uchida et al. 2012; Kosentka
et al. 2019). Our recent study revealed that Arabidopsis ERf
is enriched in epidermal nucellus cells of ovule primordia
and loss-of-function of ERf induced supernumerary
MMC-like cell formation (Hou et al. 2021). This observation
suggested the involvement of ERf in MMC differentiation.
However, ligands for ERf receptors during ovule development
have not yet been identified and it was unclear how activated
ERf complexes trigger downstream gene expression to re-
strict MMC formation.

We reported previously that quintuple mutants of the BZR1
transcription factor family (named qui-1) produced multiple
MMCs in about 70% of ovules. This number exceeded by far
the 20% multiple MMCs in BR receptor mutant ovules and in-
dicated that other ligand—receptor complexes function up-
stream of the BZR1 family. Here, we reveal that EPFL-ERf
ligand-receptor pairs act upstream of the BZR1 family and co-
ordinate regulation of female germline specification by activat-
ing a nucleolar GTP-binding protein, NUCLEOSTEMIN-LIKE 1

Figure 1 (Continued)
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(NSN1). In summary, this study elucidated a gene regulatory
network that provides new insights for understanding how
two different signaling pathways are interconnected to control
female germline specification in concert.

Results

EPFL1, EPFL2, EPFL4, and EPFLG6 are involved in MMC
specification

We have recently shown that ERf members play an import-
ant role in MMC differentiation as ovules of the er erl1 erl2
triple mutant contained supernumerary MMC-like cells
(Hou et al. 2021). To investigate whether ERf signaling regu-
lates MMC differentiation in a dosage-dependent manner,
we obtained single and double mutants of ERfs. Single and
erl1 erl2 double mutants displayed normal fertility
(Supplemental Fig. S1, A and B). er erl1 and er erl2 double
as well as er erl1+ erl2 triple mutants showed reduced fertility
compared with wild-type plants. er erl1 erl2+ and er erl1 erl2
triple mutants exhibited complete sterility (Supplemental
Fig. S1, A and B and Fig. 1F). Nuclear localization of AGO9
and KNUCKLES (KNU) serve as excellent MMC markers
(Rodriguez-Leal et al. 2015). Immunolocalization of AGO9
and pKNU:KNU-VENUS marker analysis revealed that ~22%
er erl1 erl2+ ovules and ~40% er erl1 erl2 ovules displayed
supernumerary enlarged MMC-like cells. This frequency is
significantly higher than that in wild-type plants and double
mutants (Supplemental Fig. S1, C-H and Fig. 1, G-L).

To determine whether MMC-like cells present in er erl1
erl2 undergo meiosis, we performed immunostaining using
antibodies against DMC1 (DISRUPTED MEIOTIC cDNAT1), a
recombinase expressed specifically in the MMC of wild-type
ovules during meiosis (Supplemental Fig. S2). Expression of
DMCT1 was only detected in one MMC and not in the other
enlarged MMC-like cells in the er erl1 erl2 triple mutant
(Supplemental Fig. S2). This indicates that the excess
MMC-like cells fail to enter meiosis. These results together
suggested that ERf redundantly regulates plant fertility and
restricts germline identity to a single MMC but does not con-
trol further entry into meiosis. Consistent with previous find-
ings (Hou et al. 2021), we also found that about 18% of er erl1
erl2 ovules do not contain an MMC (Fig. 1, G-L), which was
not observed in wild-type ovules. This suggests that ERf is also
required for promoting MMC formation.

To narrow down the group of ligands that ERfs might per-
ceive to regulate MMC differentiation, we investigated the
expression patterns of EPFL1, EPFL2, EPFL4, and EPFL6, which
function redundantly in the shoot apical meristem (Kosentka
et al. 2019), by first using the VENUS transcriptional reporter

Error bars indicate + SD (n = 5 biological replicates, each replicate containing more than 100 ovules). K) Signal corresponding to pKNU:KNU-VENUS
(green) in wild-type and mutants of premeiotic ovules (stage 2-1). Ovules in epfi1,2,4,6 and er erl1 erl2 mutants displayed supernumerary enlarged
MMC-like cells (left panel) and no MMC formation (right panel). L) Statistical analysis of ovules showing pKNU:KNU-VENUS in multiple cells in (1).
Error bars indicate + SD (n =5 biological replicates, each replicate containing more than 100 ovules). Significance evaluations between wild-type
and mutants were performed by student’s t-test (**P < 0.01). Bars =2 mm in (E). Bars = 10 um in (A)-(D), and (G), (1) and (K).
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Figure 2 BRI1 and BZR1 are activated by the EPFL-ER( signaling pathway. A) Relative expression analysis of BRIT in wild-type, epfi1,2,4,6, and er erl1
erl2 mutants by RT-gPCR. Values are means + SD from three biological replicates. B) Relative expression analysis of BZR1 in wild-type, epfi1,2,4,6, and
er erl1 erl2 mutants by RT-qPCR. Values are means + SD from three biological replicates. C) Confocal microscopic analysis of pBRIT:BRIT-YFP in wild-
type, epfl1,2,4,6, and er erl1 erl2 ovules at stage 2-1l. D) Confocal microscopic analysis of pBZR1:BZR1-YFP in wild-type, epfl1,2,4,6, and er erl1 erl2 ovules
at stage 2-1l. E) BZR1-YFP immunoblotting with anti-GFP antibody in wild-type and epf1,2,4,6 background. Ponceau S staining is used as a loading
control. F) BZR1-YFP immunoblotting with anti-GFP antibody in wild-type and er erl1 erl2 background. Ponceau S staining is used as a loading con-
trol. Significance evaluations between wild-type and mutants were performed by student’s t-test (**P < 0.01). Bars = 10 pm.

assays. We found that EPFL1, EPFL4, and EPFL6 are predomin-
ately expressed in nucellar epidermal cells in ovule primordia
from stage 1-lll to stage 2-1I (Fig. 1, A-D). This pattern is simi-
lar to the gene expression pattern of ERfs (Hou et al. 2021).
We further generated ER-YFP protein fusion driven by the
endogenous ER promoter and detected the receptor in the
plasma membrane of both L1 and L2 layer cells of ovule prim-
ordia from stage 1-Ill to stage 2-1l (Fig. 1E). To further test if
EPFL1, EPFL2, EPFL4, and EPFL6 peptide ligands function in

fertility regulation, we generated a series of mutants. Single
and double mutants of EPFL1, EPFL2, EPFL4, and EPFLG6 dis-
played normal fertility (Supplemental Fig. S3, A and B); how-
ever, triple mutants showed reduced fertility, and quadruple
mutants (epfl1+,2,4,6 and epfl1,2,4,6) showed further reduced
fertility (Fig. 1F and Supplemental Fig. S3, A and B). epfi1,2,4,6
displayed completely sterility (Fig. 1F). The sterile phenotype
in epfl1,2,4,6 could be partially rescued by using EPFL1, EPFL2,
EPFL4, and EPFL6 genes driven by their own promoters
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A) Siliques and B) quantification of seed-set percentage of indicated mutant lines. Data represent means + SD (n = 10 siliques from five inde-
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indicated mutants of premeiotic ovules (stage 2-1). Arrows point toward nuclei of enlarged MMC-like cells. D) Statistical analysis of ovules show-
ing multiple MMC-like cells in (C). Error bars indicate + SD (n =5 biological replicates, each replicate containing more than 100 ovules).
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(Supplemental Fig. S4, A and C). These findings indicated
that fertility regulation requires EPFL1, EPFL2, EPFL4, and
EPFL6-mediated signaling in a dosage-dependent manner.
To determine whether EPFL1, EPFL2, EPFL4, and EPFL6 are
involved in MMC differentiation, we analyzed the MMC spe-
cification phenotype in the epfl1,2,46 quadruple mutant.
86.9% (n = 189) of epfi1,2,4,6 mutant ovules displayed super-
numerary enlarged MMC-like cells, which is significantly
higher than the observed 0.86% (n = 177) in wild-type ovules
(Fig. 1, G and H). The multiple MMC-like cells phenotype in
epfl1,2,4,6 was partially rescued by pEPFL:EPFL constructs for

Figure 3 (Continued)

EPFL1, EPFL2, EPFL4, and EPFL6, respectively (Supplemental
Fig. S4, B and D).

To determine whether enlarged MMC-like cells also ac-
quire MMC identity, we carried out whole-mount immuno-
localization using anti-AGO9 antibodies. AGO9 was only
detected in the nucleus of a single MMC in 96.8% (n=
155) wild-type ovules (Fig. 1, | and J). In contrast, in 86.5%
(n=163) of epfi1,2,4,6 ovules, AGO9 accumulated in the nu-
clei of more than one cell (Fig. 1, | and J). We further intro-
duced the pKNU:KNU-VENUS marker into epfl1,2/4,6.
KNU-VENUS was detected in the single MMC of wild-type

E) AGO9 immunolocalization (green) in wild-type and indicated mutants of premeiotic ovules (stage 2-1). F) Statistical analysis of ovules showing
AGO?9 protein in multiple cells in (E). Error bars indicate + SD (n = 5 biological replicates, each replicate containing more than 100 ovules). (G) Signal
corresponding to pKNU:KNU-VENUS (green) in wild-type and mutants premeiotic ovules (stage 2-1). H) Statistical analysis of ovules showing pKNU:
KNU-VENUS in multiple cells in (1). Error bars indicate + SD (n = 5 biological replicates, each replicate containing more than 100 ovules). Significance
evaluations between wild-type and mutants were performed by student’s t-test (**P < 0.01). Bars =2 mm in (A). Bars = 10 um in (C), (E), and (G).
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Figure 5 BZR1 binds to E-boxes in the promoter of NSN1. A) RT-gPCR quantification of relative expression levels of NSN1 encoding a nucleolar
GTP-binding protein in wild-type, epfl1,2,4,6, er erl1 erl2, bri1-116, bri1-116, and qui-1 (quintuple bes1-1, bzr1-1, beh1-1, beh3-1, beh4-1 mutant) ovule
primordia (from stage 1-1I to stage 2-1Il) attached to the septum. Error bars indicate SD (n = 3, biological repeats). Significance evaluations between
wild-type and mutants were performed by Student’s t-test (*P < 0.05; **P < 0.01). B) Confocal microscopic analysis of pNSN1-3xVENUS-N7 expres-
sion (green) in wild-type ovules from stage 1-lll to stage 3-I. Bars = 10 um. C) Confocal microscopic analysis of pNSN1-3xVENUS-N7 expression
(green) in wild-type and mutants ovules from stage 1-lll to stage 3-l. Bars=10 um. D) In vivo binding of BZR1 to the NSN1 promoter.
ChIP-qPCR assays were performed with p35S:YFP, pBZR1:BZR1-YFP, epfl1,2,4,6 pBZR1:BZR1-YFP and er erl1 erl2 pBZR1:BZR1-YFP transgenic plants
using an anti-GFP antibody. Error bars indicate SD (n=3, biological repeats). Top panel shows a diagram of the NSN71 promoter.
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ovule primordia with a frequency of 96.98% (n = 163) (Fig. 1,
K and L). In epfl1,2,4,6, KNU-VENUS was observed in more
than one cell in 84.2% (n = 196) ovules (Fig. 1, K and L). In
contrast, the meiosis marker DMC1 was only detected in
one MMC and not in the other enlarged MMC-like cells in
epfl1,2,4,6 ovules (Supplemental Fig. S2). These data indicated
that the excessive enlarged cells in epfl1,2,4,6 ovules obtained
cellular identity of an MMC, but did not develop into fully
functional MMCs undergoing meiosis. Triple mutants and
epfl1+,2,4,6 quadruple mutants of EPFLs also developed
supernumerary enlarged MMC-like cells that exhibited
AGO9 and KNU positive signals (Supplemental Fig. S3). But
similarly, DMC1 expression was only detected in a single
MMC of the triple mutants and epfi1+,2,4,6 quadruple mu-
tants (Supplemental Fig. S2). Moreover, similar to er erl1
erl2 ovules, epfl1,2,4,6 ovules lack an MMC at a frequency
of 13.1% (n=189) and also lack detectable AGO9 and
KNU-VENUS signals at a similar frequency (13.5%; n=
163% and 15.8%; n = 196), respectively (Fig. 1, G-L). These
data suggested that like ERfs, EPFL1, EPFL2, EPFL4, and
EPFL6 also play a role in promoting MMC initiation, in add-
ition to restricting MMC fate to a single cell.

Recent reports further uncovered the role of distal nucellar
epidermal ovule cells in MMC specification (Su et al. 2020).
To explore whether the supernumerary MMC-like cells phe-
notypes might be caused by defects in the distal nucellar epi-
dermis, we specifically activated the expression of ER in the
distal epidermal cells of er erl1 erl2 ovules by using SPL and
WUS promoters. We found that specific activation of ER in
epidermal cells is unable to rescue the MMC specification de-
fects in er erl1 erl2 (Supplemental Fig. S5). However, ER driven
by its own promoter can ultimately rescue the mutant
phenotype in er erl1 erl2 (Supplemental Fig. S5). Altogether
these findings indicated that EPFL1, EPFL2, EPFL4, and
EPFL6 redundantly restrict germline cell fate to a single
MMC, but do not regulate further progression into meiosis.

BZR1 family members act downstream of EPFL-ER
ligand-receptor pairs in regulating MMC
specification

To investigate whether known MMC specification factors are
regulated by EPFL-ER signaling, we compared phenotypes of

Figure 5 (Continued)
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available mutants with epfi1,2,4,6 and er erl1 erl2 mutants. We
found that the multiple MMCs phenotype of bri1-116 and
qui-1 (quintuple bes1-1, bzr1-1, beh1-1, beh3-1, beh4-1 mu-
tant) (Cai et al. 2022) appeared similar to that of epfl1,2,4,6
and er erl1 erl2 ovular mutants. The BRI1 receptor and the
BZR1 transcription factor family, which consists with BZR1,
BES1, BZR1/BEST HOMOLOG1 (BEH1), BEH2, BEH3, and
BEH4 of six members, serve as key components of the
BR-signaling pathway (Chen et al. 2019).

To investigate whether BR signaling is associated with
EPFL-ER signaling, we first analyzed the expression level of
BRIT and BZR1 in epfi1,2,4 ,6 and er erl1 erl2 mutants and found
that expression levels were strongly reduced compared to wild-
type ovules (Fig. 2, A and B). Moreover, we also introduced
pBRIT:BRIT-YFP and pBZR1:BZR1-YFP into epfi1,2,4,6 and er erl1
erl2 mutants, respectively, and found that in comparison to
wild-type ovule primordia protein levels were very low (Fig. 2,
C and D). Immunoblot analysis with antibody against GFP con-
firmed that BZR1-YFP protein concentration was low in
epfl1,2,4,6 and er erl1 erl2 mutants (Fig. 2, E and F). To investigate
whether BRIT-mediated signaling can alter ER expression via
feedback regulation, we detected the expression level of ER
and found that the expression of ER was unaltered in the
bri1-116 mutant compared to wild-type ovules (Supplemental
Fig. S6A). Expression level of pER:gER-YFP in the bri1-116 mutant
was also comparable to that of wild-type ovules (Supplemental
Fig. S6B). These results indicated that BRI1-BZR1 signaling likely
acts downstream of EPFL-ER.

To further test this hypothesis, we introduced gain-of-
function mutations of BZR1 and BES1 (bzr1-1D and bes1-D), re-
spectively, into epfl1,24,6 and er erl1 erl2+ independently by
genetic crossing. Genotypic and phenotypic analyses showed
that bzr1-1D and bes1-D could partially restore the fertility
of epfl1,24,6, er erll erl2+, but not that of er erll erl2
(Fig. 3, A and B). Observation by differential interference con-
trast (DIC) microscopy, AGO9 immunolocalization and
pKNU:KNU-VENUS marker analysis showed that bzr1-1D and
bes1-D could partially complement the multiple MMC-like cells
defects in epfl1,24,6, er erl1 erl2+ and er erl1 erl2 (Fig. 3, C-H).
These data suggest that the sterility of er erl1 erl2 is not only at-
tributed to the defects in MMC specification.

It was previously reported that BR treatment can increase the
level of nonphosphorylated BZR1 and BES1 (Chen et al. 2019). To

Blue ovals represent E-boxes and black bars below the diagram represent fragments amplified by ChIP-gPCR. Significance evaluations between wild

type and mutants were performed by Student’s t-test (**P < 0.01). E) EMSA of in vitro binding of BZR1-YFP to the NSN1 promoter fragment contain-
ing the E-box cis-element. Arrows indicate binding of BZR1 to Cy5 labeled probes (~40 bp; —962 bp to —922 bp upstream of the TSS of NSN1).
Unlabeled probe (5 times and 10 times of concentration, respectively) was added as a competitor. In the NSNT mutated probe of the E-box
CACATG was changed to AAAAAA. F) In vivo binding of BES1 to the NSN1 promoter. ChIP-qPCR assays were performed using p35S:YFP and
pBEST:BEST-YFP transgenic plants with an anti-GFP antibody. ChIP-qPCR primers were the same as in (D). Error bars indicate SD (n = 3, biological
repeats). Significance evaluations were performed by Student’s t-test (**P < 0.01). G) In vivo binding of BZR1 to the NSN1 promoter. ChIP-gPCR
assays were performed using pBEST:BEST-YFP transgenic after EPFL1 peptide treatment and an anti-GFP antibody. ChIP-qPCR primers were the
same as in Fig. 5D. Error bars indicate SD (n = 3, biological repeats). Significance evaluations were performed by Student’s t-test (*P < 0.05; **P
< 0.01). H) RT-qPCR quantification of relative expression levels of BRIT, BZR1, BES1, NSN1, and WRKY23 after EPFL1 peptide treatment. Error
bars indicate SD (n = 3, biological repeats). Significance evaluations were performed by Student’s t-test (**P < 0.01).
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Figure 6 NSN1 is required for preventing multiple MMC-like cells formation. A) Siliques and B) quantification of seed-set percentage of lines in-
dicated. Data represent means = SD (n = 10, siliques from five independent plants and two independent siliques from each plant; **P < 0.01 by
t-test). Seed-set percentage was calculated corresponding to the percentage of seeds/ovules. C) DIC observation of wild-type, nsn1 mutants, and
complementation lines showing premeiotic ovules (stage 2-1). Arrows point toward nuclei of enlarged MMC-like cells. D) AGO9 immunolocalization
(green) in wild-type, nsn1 mutant, and premeiotic ovules of complementation lines (stage 2-1). E) Signal corresponding to pKNU:KNU-VENUS (green)
in premeiotic ovules (stage 2-1) of wild-type and nsn7 mutant lines. F) Statistical analysis of ovules showing multiple MMC-like cells in (C). Error bars
indicate + SD (n=75 biological replicates, each replicate containing more than 100 ovules). G) Statistical analysis of ovules showing
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Figure 7 Model of EPFL-ER-BZR1-NSN1 signaling module regulating MMC specification. The model shows that activity of the BZR1 family regulates
the repression of MMC fate in sporophytic cells via activating the expression of NSN1. This is shared by EPFL-ERf and BR-BRI1 signaling pathways.
Expression of BRI1 is activated by EPFL-ERf, but does not feedback to the regulation of ERf signaling.

further determine whether BZR1 acts downstream of EFPL-ER(,
we tested whether BZR1 phosphorylation levels change upon
EPFL treatment. Immunoblotting analysis indicated that without
treatment by EPFL1 peptide (mock experiment), wild-type inflor-
escences showed very low levels of nonphosphorylated BZR1
(Fig. 4A). Notably, treatment of EPFL1 peptide significantly in-
duced accumulation of nonphosphorylated BZR1 (Fig. 4A).

We next examined whether EPFL peptide treatment can res-
cue the multiple MMCs phenotype in epfls and erf mutants, re-
spectively. We applied EPFL1 peptide to inflorescences of epfi1
+24,6 and er erl1 erl2+ mutants, and found that exogenous
treatment of EPFL1 peptide indeed repressed formation of mul-
tiple MMC-like cells in the epfl1+,2,4,6 mutant, but not in the er
erl1 erl2+ mutant (Fig. 4, B and C). In conclusion, these findings
indicated that BZR1 family members act downstream of the
EPFL-ER ligand-receptor pair in MMC specification.

ER and BRI1 pathways genetically interact to prevent
differentiation of multiple MMC-like cells

In a previous study, we showed that ER and BRI1 coordinately
regulate inflorescence architecture (Cai et al. 2021a). To

Figure 6 (Continued)

investigate whether ER and BRI1 signaling also coordinates
female germline specification, we generated the er-105
bri1-119 double mutant. The er-105 bri1-119 double mutant
is completely sterile showing a much more severe phenotype
compared with er-105 and bri1-119 mutants, which display
partial fertility (Supplemental Fig. S7, A and B). Moreover,
36.5% (n=166) of er-105 bri1-119 ovules displayed super-
numerary enlarged MMC-like cells, which was significantly
higher than the observed 2.6% (n = 153) in wild-type ovules
and each 2.0% in er-105 (n =162) and bri1-119 (n = 150)
single-mutant ovules, respectively (Supplemental Fig. S7,
Cand F).

To determine whether the enlarged cells acquired MMC
identity, we looked for the presence of AGO9 and detected
it in the nucleus of MMCs in 98.3% (n = 121) of wild-type
ovules (Supplemental Fig. S7, D and G), but only in 38.1%
(n =147) of er-105 bri1-119 ovules where it accumulated in
the nuclei of more than one cell (Supplemental Fig. S7, D
and G). We also introduced pKNU:KNU-VENUS into the
er-105 bri1-119 mutant by crossing. KNU-Venus was detected
in the single MMC of 96.98% (n = 163) wild-type ovule prim-
ordia (Supplemental Fig. S7, E and H) but occurred in more

AGO9 protein in multiple cells in (D). Error bars indicate + SD (n =5 biological replicates, each replicate containing more than 100 ovules). H)
Expression pattern of pBZR1:NSN1-3xVENUS-N7 in ovules at stage 2-II. I) DIC observation of qui-1 and qui-1 pBZR1:NSN1-3xVENUS-N7 premeiotic
ovules (stage 2-1). MMC-like cells are indicated by white arrows. J) Statistical analysis of ovules showing multiple MMC-like cells in (1). Error bars
indicate + SD (n = 5 biological replicates, each replicate containing more than 100 ovules). Significance evaluations between wild type and mutants
were performed by student’s t-test (**P < 0.01). Numbers in each panel denote the frequencies of the phenotypes shown. Bars =1 mm in (A) and

(N). Bars = 10 pm in (C)—(E), (H), (1), and (K-M).
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than one cell in 36.7% (n=185) of ovules in the er-105
bri1-119 mutant (Supplemental Fig. S7, E and H). DMC1 im-
munolocalization analysis indicated that only one of the en-
larged MMC-like cells in er-105 bri1-119 ovules entered
meiosis (Supplemental Fig. S2).

In addition, we also introduced gain-of-function mutants of
BZR1 and BES1 (bzr1-1D and bes1-D, respectively) into er-105
bri1-119 by genetic crossing. Genotypic and phenotypic ana-
lyses indicated that bzr1-1D and bes1-D can partially restore
the fertility of er-105 bri1-119 (Supplemental Fig. S7, A and
B). Immunolocalization of AGO9 and the pKNU:KNU-VENUS
marker showed that bzr1-1D and bes1-D can also partially res-
cue the multiple MMC-like phenotype in er-105 bri1-119
(Supplemental Fig. S7, C-H). These data together indicated
that ER and BRI1 genetically interact to prevent formation
of multiple MMC-like cells and that BZR1 family members
act downstream of ER and BRIT in MMC specification.

BZR1 directly targets to NSN1 depending on EPFL-ERf
signaling

It has been reported that more than 7,000 genes (including
high-confidence and low-confidence genes) are directly tar-
geted by BZR1, which can either activate or repress their ex-
pression (Sun et al. 2010). To gain a deeper insight into the
mechanisms of BZR1 family members regulating female
germline initiation, we screened these 7,000 BZR1 targets
genes and identified NSN7, which encodes a nucleolar
GTP-binding protein, as a direct target gene. In our previous
study, a homolog of NSNT was identified as an MMC-stage
preferentially expressed gene in the pineapple ovule (Zhao
et al. 2021). RT-qPCR analysis showed that the transcript le-
vel of NSNT was significantly reduced in qui-1 and bri1-116
mutants compared with that of wild-type ovules (Fig. 5A).
This indicates that BZR1 and BR signaling activate the expres-
sion of NSN1. We also generated a promoter-reporter fusion
construct (pNSN1:GUS) and found GUS expression in young
seedling, mature leaf, inflorescence, sepal, petal, and pistil
(Supplemental Fig. S8, A-E).

To examine the expression pattern of NSN7 in developing
ovules, we generated another promoter—reporter fusion con-
struct (pNSN1:3xVENUS-N7) and found that it was broadly
expressed in the proximal part of ovules at stage 1-llI
(Fig. 5B). At stage 2-, NSN1 was predominately expressed
in the epidermis of ovule primordia and its central region
of the nucellus. At stage 2-1l, NSNT expression accumulated
in the epidermis of the future inner and outer integuments
(Fig. 5B). NSN1 expression was also observed in sporophytic
ovule tissue in subsequent female gametophyte develop-
mental stages of ovules (Supplemental Fig. S8F).

To investigate whether BZR1 and BRI1 signaling regulates
the expression of NSN7, we introduced pNSN7:3xVENUS
into qui-1 and bri1-116 mutants independently by genetic
crossing. Expression of pNSN1:3xVENUS was downregulated
in qui-1 and bri1-116 mutants compared with wild-type
ovules (Fig. 5C). To determine whether BZR1 directly regu-
lates NSN71 expression, we performed chromatin
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immunoprecipitation (ChIP) using a GFP antibody with floral
buds expressing pBZR1:BZR1-YFP and p35S:YFP, respectively.
BZR1 was enriched at E-boxes (DNA locations with the con-
sensus sequence CANNTG) in promoter regions at ~900 and
~600 base pairs (bp) upstream of the NSN1 transcriptional
start site (TSS), respectively (Fig. 5D). To further confirm
the binding of BZR1 to E-boxes of the NSNT promoter, we
performed an electrophoretic mobility shift assay (EMSA).
These experiments revealed that BZR1 binds to the E-box
within the C region (~900 bp upstream of the TSS) of the
NSN1 promoter, but not to a mutated E-box in the same re-
gion (Fig. 5E). To determine whether BES1 can also directly
bind to the promoter of NSN1, we performed ChIP-gPCR
using a GFP antibody with pBES1:BES1-YFP and p35S:YFP flor-
al buds. We found that BES1 was enriched at E-boxes in pro-
moter regions at ~900 and ~600 bp upstream of the NSN1
promoter (Fig. 5F). These findings further indicated that
NSNT1 is a direct target of BZR1 family members.

The aforementioned results demonstrated that the BZR1
family members act downstream of the EPFL-ERf ligand-re-
ceptor complex. We thus thought to test whether the ex-
pression of NSN7 is regulated by EPFL-ERf. RT-qPCR
analysis revealed that transcript levels of NSNT were signifi-
cantly reduced in epfl1,2,4,6 and er erl1 erl2 mutants com-
pared with wild-type ovules (Fig. 5A). In addition,
expression of pNSN1:3xVENUS was also downregulated in
epfl1,2,4,6, er erl1 erl2 and er-105 bri1-119 mutants (Fig. 5C).

To further investigate whether BZR1 binding to NSN7 is de-
pendent on EPFL-ERf ligand—receptor signaling, we expressed
pPBZR1:BZR1-YFP in epfl1,2,4,6 and er erl1 erl2 as well as in wild-
type plants and performed ChIP-qPCR experiments using an
anti-GFP antibody. We found that enrichment of BZR1 in the
promoter regions of NSN7 was significantly reduced in
epfi1,24,6 and er erl1 erl2 mutants compared to pBZRT:
BZR1-YFP (Fig. 5D). We further performed ChIP-qPCR experi-
ments using an anti-GFP antibody in pBZR1:BZR1-YFP floral
buds after EPFL1 peptide treatment. We found that enrichment
of BZR1 in the promoter regions of NSN1 was significantly in-
creased after EPFL1 peptide application compared to the
mock control (Fig. 5G). In addition, expression levels of BRI1,
BZR1, BES1, NSN1, and WRKY23 were increased after EPFL1 pep-
tide treatment compared to the control (Fig. 5H). These results
further support the hypothesis that EPFL-ERf signaling regulates
the expression of NSN1 and that binding of BZR1 to NSNT de-
pends on EPFL-ERf.

NSN1 is involved in preventing the formation

of multiple MMC-like cells

To elucidate the function of NSN1, we analyzed a nsni
T-DNA insertional mutant and a crispr-cas9 mutant (nsni-cr)
(Supplemental Fig. S8G). We found that the two independ-
ent nsn1 mutant lines flowered significantly later compared
with wild-type plants (Supplemental Fig. S8H), and plant
height and leaf size of nsn1 mutants were dramatically smal-
ler (Supplemental Fig. S8I). The two independent nsni
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mutants showed also reduced fertility (Fig. 6, A and B). DIC
microscopy observation revealed that nsn1 and nsni-cr dis-
played multiple enlarged MMC-like cells in ovule primordia
at a frequency of ~39.9% (n = 185) and 35.6% (n = 164), re-
spectively (Fig. 6, C and F). This frequency is significantly
higher than that in wild-type ovules (2.48%, n=166)
(Fig. 6, C and F). Examination of AGO9 and KNU markers ex-
pression indicated that the multiple enlarged MMC-like cells
in these lines obtained the identity of MMCs (Fig. 6, D, E, and
G). The DMCT1 signal was detected in only one MMC and not
in the other enlarged MMC-like cells (Supplemental Fig.
S9A). This indicates that the excess MMC-like cells failed to
enter meiosis. In agreement with this finding, callose depos-
ition was only visible in a single MMC but not in the other
enlarged MMC-like cells in nsn1 ovules (Supplemental Fig.
S9B). This phenotype is similar to that of epfl1,2,4,6, and er
erl1 erl2 described above. pPNSN1:NSN1-3Xvenus-N7, pBZR1:
NSN1-3Xvenus-N7, and pER:NSNT-3xVENUS-N7 constructs
were sufficient to rescue the low fertility rate and defective
MMC specification phenotypes in nsni, suggesting that
NSN1 is responsible as a downstream factor for the mutant
phenotype (Fig. 6, A-D, F, and G).

To further confirm whether the observed phenotypes might
be due primarily to defects in the distal nucellar epidermis, we
specifically activated NSN7 in distal nucellar epidermal cells
using SPL and WUS promoters and found that activation of
NSN1 in the distal epidermal cell could not rescue the mutant
phenotype in nsn1 (Supplemental Fig. S10, A and B). However,
we specifically activated NSN7 in the inner integument prim-
ordia using the promoter of KLU, a cytochrome P450 gene
(CYP78A5) and found that activation of NSN7 in the inner in-
tegument primordia almost completely rescued the multiple
MMC phenotype in nsn1 (Supplemental Fig. S10, A and B).
In addition, activation of NSN1 in the distal hypodermal cells
surrounding the MMC by using the WRKY28 promoter can
partially rescue the multiple MMC-like cells phenotype in
nsn1 (Supplemental Fig. S10, A and B). This implies that
NSN1 executes its role in restricting MMC fate to a single
cell in multiple cell layers near the MMC.

NSN1 functions downstream of BZR1 in regulating
MMC specification

To determine whether NSN1 indeed functions downstream
of BZR1 to inhibit the formation of multiple MMCs in ovule
primordia, we overexpressed NSN1 in sporophytic cells of
qui-1 ovules by introducing a full-length NSN7 genomic frag-
ment-reporter fusion construct with a nuclear localization
signal under the control of the BZRT promoter. In the T1 gen-
eration, 15 independent qui-1 transformants carrying the
pBZR1:NSN1-3xVENUS-N7 transgene were obtained. These
lines showed a significantly reduced frequency of multiple
MMC-like cells compared to qui-1 ovules, but still a higher
number than those in wild-type ovules (Fig. 6, H-)). This par-
tial complementation indicates that NSN7 is a major but not
the sole molecular player functioning downstream of BZR1
to inhibit excessive MMC formation in ovule primordia.
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Moreover, we also performed ectopic activation of NSN17 in
distal epidermal cells by using SPL and WUS promoters and
found that this approach could not rescue the mutant
phenotype in qui-1 (Supplemental Fig. S11, A and B). This in-
dicates that NSN17 functions in the nondistal epidermis of
ovules.

To further confirm that BRIT-BZR1-NSN1 signaling func-
tions with EPFL-ERf in a common pathway, we overexpressed
BRI1, BZR1, and NSN1 by using the ER promoter in epfi1,2,4,6
and er erl1 erl2 mutants, respectively, and found that this par-
tially rescued the MMC defects in epfl1,2,4,6 and er erl1 erl2
mutants, respectively (Supplemental Fig. S12). These results
further suggested that the BRI1-BZR1-NSN1 signaling path-
way acts downstream of EPFL-ERf in MMC specification.

NSN1 and WRKY23 genetically interact to prevent
differentiation of multiple MMC-like cells

In a recent report, we showed that WRKY23 is a direct target
gene of BZR1 (Cai et al. 2022). To determine whether expres-
sion of WRKY23 is also regulated by EPFL-ERf, we performed
RT-qPCR analysis and revealed that transcript levels of
WRKY23 were also significantly reduced in epfl1,2,4,6, er
erl1 erl2, and er-105 bri1-119 mutants compared with wild-
type ovules (Supplemental Fig. S13A). We further observed
that expression of pWRKY23:GFP was also significantly re-
duced (Supplemental Fig. S13B). We next generated a nsn1
wrky23 double mutant and found that double mutant ovules
contained multiple MMC-like cells at a frequency of 70.8% (n
= 213), which was significantly higher than that in wild type
(~2%), nsn1 (~40%), and wrky23 (~20%) mutants
(Supplemental Fig. S14, A and C). KNU marker expression
analysis confirmed that the multiple enlarged MMC-like cells
in the nsn1 wrky23 double mutant contained the molecular
characteristics of MMCs (Supplemental Fig. S14, B and D).
These results together suggested that NSN7 and WRKY23
may function together in MMC specification.

Discussion

The differentiation of a single L2-layer nucellus cells at the
distal part of ovule primordia leading to the formation of
the MMC as the initial cell of the female germline appears
to be highly complex and tightly regulated by multiple inter-
acting pathways. Usually, the centermost cell among the
group of subepidermal nucellus cells will acquire MMC iden-
tity (Bower and Schnittger 2021; Hernandez-Lagana et al.
2021). The key events in MMC formation include female
germline precursor cell selection, germline precursor cell ex-
pansion, germline commitment, and germline transition
(Pinto et al. 2019). This is regulated by hormone-signaling
pathways (especially by auxin and BR), the epigenetic
RADM pathway, cell cycle factors, and others (Bower and
Schnittger 2021).

The ERf-signaling pathway first appeared in early terrestrial
plants that evolved many innovations required to survive, e.g.
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at dryer environments (Shpak 2013). Each plant species usu-
ally contains only two or three ERf receptors, while its postu-
lated EPF/EPFL peptide ligand family is relatively large, with
10 or more genes (Shpak 2013). Individual EPF/EPFLs are ex-
pressed in a unique spatio-temporal pattern and usually con-
trol a specific developmental process. EPF1, e.g. regulates
stomata development in rice (Oryza sativa) (Bessho-Uehara
et al. 2016). There are 11 EPF/EPFLs in Arabidopsis
(Shimada et al. 2011). Mutant analyses showed that four
genes, EPFL1, EPFL2, EPFL4, and EPFL6, are essential for the es-
tablishment of the shoot apical meristem (Kosentka et al.
2019). Here, we reported that the epfi1,2,4,6 quadruple mu-
tant also exhibits a multiple-MMC phenotype suggesting
that these genes function redundantly in MMC specification.
EPFL1 and EPFL2 as well as EPFL4 and EPFL6 belong to two
closely related clades. EPFL4 and EPFL6 are verified ERf li-
gands as they bind directly to ERfs. EPFL2 has been shown
to bind to ERfs to regulate leaf margin morphogenesis
(Takata et al. 2013).

Because all four EPFL genes have the potential to suppress
stomata development when expressed in the epidermal tis-
sue layer, they are considered as agonists of ERf receptors
(Abrash et al. 2011). It has been reported that in the absence
of ER and ERL1, ERL2 is haplo-insufficient for female fertility,
whereas ERL1 is haplo-sufficient in the absence of ER and
ERL2 (Pillitteri et al. 2007). This appears to occur also in
MMC development and specification. In this study, double
mutants of ER family members and er erl1+ erl2 showed
only one MMC, while about 22% er erl1 erl2+ ovules and
about 40% er erl1 erl2 ovules displayed supernumerary en-
larged MMC-like cells. Taken together, our data suggest
that the expression of EPFLs and ERfs overlap in sporophytic
cells in ovule primordia and they act in concert to control
MMC differentiation.

Moreover, about 87% of epfl1,2,4,6 ovules generate en-
larged MMC-like cells, while only about 40% of er erl1 erl2
ovules contained enlarged MMC-like cells, suggesting that
other receptors that work together with ERfs in higher order
complexes in MMC specialization. A previous study indi-
cated that the ERf and BRI1-signaling pathways coordinately
regulate inflorescence architecture (Cai et al. 2021a). In this
study, we found that bri1-119 and er-105 single mutant
ovules differentiated only a single MMGC; however, the
er-105 bri-119 double mutant exhibited multiple MMCs, sug-
gesting that ERf and BRI1 signaling also act together during
MMC differentiation. Since the differentiated MMC is the
first female germline cell in plants, plants evolved multiple
ways to jointly ensure the accuracy of MMC specialization
and thus reproductive success. It will now be important to
elucidate higher-order receptor complexes or other factors
involving in MMC specification. In addition to regulating
MMC development, EPFL1/2/4/6 and ERf may also function
in other stages of female gametophyte development, as the
epfl1,2,4,6 and er erl1 erl2 mutants are completely sterile. In
line with this finding, it was recently reported that EPFL1/
2/4/6 and ERf play critical roles in regulating integument
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development in Arabidopsis (Li et al. 2022). The complete
sterility in epfl1,2,4,6 and er erl1 erl2 mutants may be caused
by defective megasporogenesis and megagametogenesis.

In another study, we demonstrated that BZR1 family tran-
scription factors play redundant and critical roles in MMC
differentiation (Cai et al. 2022). The BZR1 family quintuple
mutant (qui-1) showed the same multiple MMC phenotypes
similar to the epfi1,2,4,6 quadruple and er erl1 erl2 triple mu-
tants, which implies that EPFL-ER and BZR1 family transcrip-
tion factors may belong to the same gene regulatory network
(GRN). This hypothesis was confirmed as bes1-D or bzr1-1D
gain-of-function mutants could partially restore multiple
MMC-like cells defects in epfi1,2,4,6, in er erl1 erl2 and in
er-105 bri1-119. These findings together suggest that BZR1
family transcription factors function as downstream compo-
nents of the EPFL-ER signaling complex. A recent study fur-
ther indicated that BES1 family members serve also as
downstream components of other non-BR-dependent path-
ways. It was shown that they act in the TAPETUM
DETERMINANT 1 (TPD1)-EXTRA MICROSPOROCYTES1
(EMS1)-SOMATIC  EMBRYOGENESIS  RECEPTOR-LIKE
KINASES 1 and 2 (SERK1/2) signaling pathway to regulate
tapetum development (Chen et al. 2019). Additional signal-
ing pathways may also use BZR1 family transcription factors
as their downstream signaling components. Our study sup-
ports the observation that BZR1 family transcription factors
can be shared by at least two distinctive signaling pathways
in the regulation of MMC specification (Fig. 7).

BZR1 family transcription factors can thus be considered as
important hubs for crosstalk between BR and other signaling
pathways. Many genes have been identified as downstream
genes of BZR1 family transcription factors, such as
DYSFUNCTIONAL TAPETUMT in pollen development (Chen
et al. 2019), PREs and DWF4 in whole plant growth (Zhang
et al. 2009; Chen et al. 2019), and WRKY23 in MMC specifica-
tion (Cai et al. 2022). Here, we added with NSN1 another dir-
ect downstream gene. The orthologue of NSN7T was
previously reported to be expressed in pineapple (Ananas co-
mosus) ovules at the MMC stage (Zhao et al. 2021). NSNT en-
codes a GTP-binding protein, which contains multiple
functional domains. These include nuclear localization sig-
nals, a GTP-binding domain and an RNA-binding domain.
The nsn1 mutant was previously reported to display dis-
rupted leaf polarity and meristem-like outgrowths in the ad-
axial leaf epidermis, which were accompanied by altered
expression patterns of the stem cell marker gene
CLAVATA3 (Wang et al. 2012a, b). NSN1 was further shown
to genetically interact with the homeotic genes AGAMOUS
and APETALA2 to regulate floral identity and maintenance
of inflorescence meristem (Wang et al. 20123, b). Here, we
showed that NSN1 also genetically interacts with other tran-
scription factors like WRKY23 for MMC differentiation. It will
now be important to elucidate how it coordinates with
WRKY23 to suppress MMC formation in ovule primordia.

Although this study significantly advanced our knowledge
about the GRN controlling and restricting the initiation of
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female germline development to a single subepidermal nu-
cellus cell, it is still unclear how expression of components
of BR and EPFL-ERf receptor complexes and their shared
downstream transcriptional regulators are suppressed once
MMC differentiation is initiated. To complete the GRN, it
will be important to analyze how auxin regulated pathways,
RdDM, and other pathways affect and integrate into the GRN
reported here.

Materials and methods

Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia (Col) was used as
wild-type plants. All mutants were in the Col background.
Mutants and alleles used in this study were bril-116,
bri1-119, er-105, epfl1,2,4,6 (Kosentka et al. 2019), er-105
erl1-2 erl2-1  (simplified as er erll erl2), besi-1
(SALK_098634), bzr1-1 (GK_857E04), beh1-1 (GK_432C09),
beh3-1 (SALK_017577), beh4-1 (SALK_055421), nsni
(SALK_ 029201), wrky23 (SALK_003943C), and besi1-1
bzr1-1 beh1-1 beh3-1 beh4-1 (qui-1) (Chen et al. 2019).
Plants were grown under 16 h light (50 pmol m™? s™" white
light)/8 h dark at 22 °C.

DIC observation of ovule structures

Ovules from wild-type, mutant, and transgenic plants were
dissected from pistils at stage 8 to 13 flowers in a drop of
chloral-hydrate solution (chloral-hydrate:H,O:glycerol =
8:2:1) (Zhao et al. 2014). Cleared ovules were observed and
imaged using a ZEISS (Imager.A2) microscope with DIC
optics.

Plasmid construction

To generate the pSPL:ER construct, a 2 kbp genomic frag-
ment containing the putative SPL promoter was amplified
with primers pSPL-F1  and pSPL-R1  (Supplemental
Table S1). The same methods were used for generating
PER:BRI1, pER:BZR1, pER:NSN1, and pEPFLs:EPFLs constructs.
The full-length NSNT cDNA was amplified with primers
NSN1-F1 and NSN1-R1. The two PCR products were cloned
into the pSPL4 3xVENUS-N7 vector with BamHI and Xbal re-
striction sites (Heisler et al. 2005). The same methods were
used for generating pWUS:ER, pSPL:NSN1, pWUS:NSNT,
pKLU:NSN1, and pWRKY28NSN1 constructs. Promoter:
3xVenus-N7 or Promoter:gene-3xVenus-N7 (for EPFL1,
EPFL2, EPFL4, EPFL6, ERL1, and ERL2) were generated by the
same method using the primers listed in Supplemental
Table S1. PCR fragments were cloned into the pSPL4
3xVENUS-N7 vector with BamHI and Xbal restriction sites.
The pNSNT:GUS constructs were generated by amplifying a
2 kbp sequence upstream of the NSN7 gene from WT gen-
omic DNA using the primers listed in Supplemental
Table S1. The PCR product was cloned into the pENTR/
DTOPO vector (Invitrogen). pENTR/D-TOPO clones were
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recombined into the destination vectors pGWB533
(Nakagawa et al. 2007) using LR Clonase Il (Invitrogen).

RT-gPCR

RNA samples were extracted from wild-type and mutant
ovules at stage 2-1 to 2-1l (Cai et al. 2022) attached to the sep-
tum. To determine the relative transcript levels of selected
genes, quantitative PCR was performed with specific primers
(Supplemental Table S1) according to the manufacturer’s in-
structions using the Bio-Rad real-time PCR system and the
SYBR Premix Ex Taq Il system (TaKaRa, Kyoto, Japan) as de-
scribed previously (Cai et al. 2017). Relative transcript levels
of analyzed genes were normalized using transcript levels
of the reference gene HK2 (AT4G26410) (Cai et al. 2021¢;
Liu et al. 2021). Three biological replicates and two technical
replicates for each sample were performed in quantitative
PCR experiments.

ChIP-qPCR

ChIP was performed as previously described using inflores-
cences containing floral buds younger than stage
9. Polyclonal antigreen fluorescent protein (anti-GFP) anti-
body (ab290; Abcam) was used. ChIP experiment results
were calculated by the Fold Enrichment Method (Cai et al.
2022). Fold enrichment of ChIP experiments was calculated
using the HK2 gene as a reference. Primers used in
ChIP-gPCR are listed in Supplemental Table S1.

Callose detection

Aniline blue staining and callose detection in megaspores
were performed as previously described with minor modifi-
cations (Siddigi et al. 2000). These include fixation of inflor-
escences in formaldehyde/alcohol/acetic acid for 16 h and
incubation in 0.1% (w/v) aniline blue in 50 mM phosphate
buffer (pH 11) for 8 to 12 h. Stained pistils were mounted
in 30% (v/v) glycerol and observed with a BX63 microscope
(OLYMPUS, Tokyo, Japan) at an excitation wavelength of
365 nm and by using an emission long-pass filter of 420 nm.

Whole-mount immunolocalization in ovules

Ovules were dissected from 30 to 40 pistils of stage 9 to 11
flowers (Robinson-Beers et al. 1992), fixed and processed ac-
cording to a previously published protocol (Escobar-Guzman
et al. 2015). AGO9 and DMC1 primary antibodies (Agrisera
AS10673 and ABclonal Technology, respectively) were used
at a dilution of 1:100. An Alexa Fluor 488 secondary antibody
(Molecular Probes) was used at a dilution of 1:300. Samples
were stained with propidium iodide (500 mg/mL) before
mounting, and images were captured using a confocal micro-
scope (Leica TCS SP8). For propidium iodide detection, exci-
tation and emission wavelengths were 568 nm and 575 to
615 nm, respectively. For Alexa Fluor 488 detection, excita-
tion and emission wavelengths were 488 nm and 500 to
550 nm, respectively. Laser intensity and gain were set to
the same levels for all analyzed genotypes. For confocal fluor-
escence microscopy, ovules were prepared according to a
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previously reported method and mounted in 30% glycerol
with 5 UM FM4-64 dye (Christensen et al. 1997). Ovules
were stained for 5 min and analyzed using a Leica TCS SP8
microscope.

Electrophoretic mobility shift assay

EMSA was carried out as previously described (Heravi and
Altenbuchner 2014). Labeled probes of wild-type and mu-
tated DNA regions were synthesized using Cy5-labeled oligo-
nucleotides (Supplemental Table S1). Unlabeled primer was
used as a competitor (Supplemental Table S1).
Recombinant proteins of BZR1-GFP or GFP alone were incu-
bated either with wild-type, mutated or competitor probes
as described (Heravi and Altenbuchner 2014) by using 5%
binding buffer (1 M Tris—HCI pH 7.5, 5 M NaCl, T M potas-
sium chloride, 1M magnesium chloride, 0.5 M EDTA,
10 mg mL™" BSA at pH 8.0) (Cai et al. 2021b). Reaction mix-
tures were separated by polyacrylamide gel electrophoresis
and scanned by an Odyssey CLx instrument (Li-Cor).

Immunoblot

Proteins were separated by electrophoresis in 15%
SDS-polyacrylamide gels and transferred to PVDF mem-
branes in CAPS/methanol buffer (Liu et al. 2021). Primary
antibodies specific for anti-GFP (ab290; Abcam; 1:200) were
used.

EPFL1 peptide expression, purification, and in vitro
treatment

For recombinant protein expression, the sequence of the
C-terminal predicted mature EPFL1 peptide domain (resi-
dues 54-128) (Lee et al. 2012; Lin et al. 2017) was introduced
into the pET32a-modified vector, which carries the 6xHis tag.
The EPFL1-6xHis vector was transformed into Escherichia coli
(BL21-DE3) and recombinant protein induced at 16 °C with
0.2 mM isopropyl B-p-1 thiogalactopyranoside overnight.
Column buffer (20 MM Tris-HCl pH 7.4, 200 mM Nadl,
0.5 M EDTA, 1 mM PMSF, 1 mM DTT) was used to release
recombinant protein. Supernatant was incubated with His
Beads for 2 h at 4 °C. After enrichment, His beads were
washed three times with column buffer and recombinant
protein eluted for 1h at 4 °C using column buffer with
10 mM maltose. Flowers of epfl1+,2,4,6, and er erl1 erl2+
were treated with and without 100 nM EPFL1 peptide, re-
spectively, for 10 d and then MMC phenotypes observed
with DIC microscopy. Inflorescences of pBZR1:BZR1-YFP
were treated with and without 100 nM EPFL1 peptide, re-
spectively, for 24 h. Total proteins were extracted with 2Xx
SDS buffer containing 125 mM Tris (pH 6.8), 4% (w/v) SDS,
20% (v/v) glycerol, 20 mM DTT, and 0.02% (w/v) bromophe-
nol blue. Proteins were separated by electrophoresis in 15%
SDS-polyacrylamide gels and transferred to PVDF mem-
branes in CAPS/methanol buffer (Liu et al. 2021). Primary
antibodies specific for anti-GFP (ab290; Abcam; 1:200) were
used for detecting the level of unphosphorylated BZR1.
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Statistical analysis

All t-test analysis was conducted using Excel. A value of P <
0.05 was considered to be statistically significant. The results
of statistical analyses are shown in Supplemental Data Set S1.

Accession numbers
Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases

under the following accession numbers: NSN17
(AT3G07050), EPFL1 (AT5G10310), EPFL2 (AT4G37810),
EPFL4  (AT4G14723), EPFL6  (AT2G30370), ERECTA

(AT2G26330), ERLT (AT5G62230), ERL2 (AT5G07180), BRI
(AT4G39400), BZR1 (AT1G75080), BEST (AT1G19350),
WRKY23 (AT2G47260).
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