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The formation of the female germline is the fundamental process in most

flowering plants’ sexual reproduction. In Arabidopsis, only one somatic cell

obtains the female germline fate, and this process is regulated by different

pathways. Megaspore mother cell (MMC) is the first female germline, and

understanding MMC development is essential for comprehending the complex

mechanisms of plant reproduction processes. Recently, more advanced

technologies such as whole-mount single-molecule fluorescence in situ

hybridization (smFISH), laser-assisted microdissection (LCM), chromatin

immunoprecipitation/sequencing, and CRISPR gene editing have provided

opportunities to reveal the mechanism of female germline development at

different stages. Single-cell transcriptome/spatial transcriptomics analysis helps

to investigate complex cellular systems at the single-cell level, reflecting the

biological complexity of different cell types. In this review, we highlight recent

progress that facilitates the development of the female germline to explore the

roles of crucial gene regulatory networks, epigenetic pathways, cell-cycle

regulators, and phytohormones in this process. This review discusses three key

phases in female germline development and provides the possibility of distinct

pathways restricting germline development in the future.
KEYWORDS

MMC, plant reproduct ion processes , epigenet ic pathways, cel l-cycle
regulators, phytohormones
Introduction

The flowering plants exhibit a complex life cycle that alternates between diploid

(sporophytic/somatic) and haploid (gametophytic) generations (Pinto et al., 2019). The

reproductive cells of plants are usually re-evolved from somatic cells in the reproductive

organs of flowers, such as pistils and stamens. In Arabidopsis, the formation of the female

germline generally begins with the differentiation of a subepidermal cell at the top of the ovule

primordia, which elongates and expands to form archesporial cell (AC) and further specialize

into megaspore mother cell (MMC). The MMC undergoes one meiotic division to form four

haploid megaspores. Among them, three megaspores near the micropore end experience
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programmed cell death, while only the megaspores at the chalazal end

survive and successfully develop into functional megaspores (FMs).

This stage in female germline development is referred to as

megasporogenesis. Subsequently, FMs undergo the stage of

megagametogenesis, which involves three rounds of continuous

mitosis and leads to the production of a mature female gametophyte

(FG), also known as the megagametophyte or embryo sac. The mature

FG contains four different cell types, including three antipodal cells, one

central cell, two synergid cells, and one egg cell. Both the egg cell and

the central cell are fertilized, producing an embryo and an endosperm,

respectively (Figure 1) (Yan et al., 2014; Cai et al., 2022b).

The development of female gametophytes is a crucial step in the

sexual reproduction process of most flowering plants. In

Arabidopsis, only one somatic cell can obtain the female germline

fate, and the program of somatic cells’ perception and response to

germline-inducing signals is strictly controlled. Based on the

phenotype analysis of ovule mutants, the progress of MMC

development can be divided into three phases (or checkpoints).

The first phase is related to the initiation of the female germline and

regulates cell expansion. The second phase restricts the female

germline into a single MMC in the ovule primordia, and the third

phase controls the mechanisms of MMC entry into meiotic

divisions and the subsequent three rounds of mitotic divisions

(Pinto et al., 2019). In this review, we highlight the recent

achievements to understand the mechanism of female germline

development based on the aspects of i) the establishment of female

germline identity, ii) ectopic acquisition of MMC identity, and/or

iii) continued ectopic germline development (Figure 2).
The key factors function in the
initiation of female germline identity

There are several essential genes in the establishment of the

female germline, and the absence of these genes can prevent female
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germline formation. In Arabidopsis, SPOROCYTELESS/NOZZLE

(SPL/NZZ) has been early demonstrated to play an important role

in the process of somatic to germline transformation, and spl/nzz

mutants can form archesporial cells in both anther and the ovule

primordia, but these cells fail to differentiate into pollen mother

cells (PMCs) andMMCs (Schiefthaler et al., 1999; Yang et al., 1999).

SPL/NZZ encodes a nuclear localization protein homologous to the

MADS box transcription factors and a putative MYC-type helix–

loop–helix dimerization domain signature at the carboxy-terminal

(Yang et al., 1999). A further study has found that SPL/NZZ

functions as an adaptor-like transcriptional repressor using its

EAR motif at the C-terminal end to recruit TOPLESS/TOPLESS-

RELATED (TPL/TPR) corepressors to inhibit the activities of

CINCINNATA (CIN)- l ike TEOSINTE BRANCHED1/

CYCLOIDEA/PCF (TCP) transcription factors during MMC

formation (Figure 2B) (Chen et al., 2014; Wei et al., 2015).

Conversely, loss of TPL1 function and overexpression of TCP

transcription factors result in no MMC formation in the ovule

primordia, which is similar to the phenotype of the spl/nzz mutant

(Figure 2B) (Wei et al., 2015).

WUSCHEL (WUS) transcription factor is best known for its

function to maintain stem cell fate in the shoot apical meristem

(SAM) (Mayer et al., 1998), which also plays a key role in MMC

formation. Like spl/nzz mutants, wus mutants also lack a primary

germline cell in the ovule primordia. Furthermore, both WUS and

SPL/NZZ are expressed in the apical epidermal cell layer before

MMC initiation (Figure 2B), indicating that SPL/NZZ and WUS

may function in the same mechanism in MMC development and

establish an environment for germline formation through cell

autonomous components (Yang et al., 1999; Gross-Hardt et al.,

2002; Lieber et al., 2011). SPL/NZZ was determined to act upstream

of WUS since the expression of WUS is reduced in spl/nzz mutants

(Yang et al., 1999; Lieber et al., 2011). Further research has found

that WUS can regulate the expression of two redundantly acting

genes, WINDHOSE 1 (WIH1) and WIH2, and the simultaneous
FIGURE 1

Female gametophyte development in Arabidopsis thaliana. The female germline took place in the distal domain of ovule. Only one subepidermal cell
elongated and expanded to form archesporial cells (ACs) and further specialized into megaspore mother cells (MMCs). The MMCs underwent one
meiotic division to form four haploid megaspores. Among them, three megaspores near the micropore end experienced degeneration rapidly, while
only the megaspores at the chalazal end survived and successfully developed into functional megaspores (FMs). This stage in female germline
development is referred to as megasporogenesis. The FMs underwent three rounds of continuous mitosis, which led to the production of a mature
female gametophyte (FG), which contains four different cell types, including three antipodal cells, one central cell, two synergid cells, and one egg
cell. This stage in female germline development is referred to as megagametogenesis. ii, inner integument; oi, outer integument; ch, chalaza; mp,
micropyle; ac, antipodal cells; cc, central cell; sc, synergid cells; ec, egg cell.
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absence of these two genes leads to loss of the MMC in the ovule

primordia. WIH1 and WIH2 encode small peptides that may

function as ligands for the tetraspanin-type transmembrane

protein TORNADO 2 (TRN2)/EKEKO and the leucine-rich
Frontiers in Plant Science 03
repeat (LRR) protein TRN1/LOPPED 1 in promoting MMC

formation (Figure 2B) (Lieber et al., 2011). However, the

interaction between WIH and TRN in promoting the transition

of somatic to female germline still needs to be demonstrated.
FIGURE 2

The key factors and mechanisms that regulate megaspore mother cell (MMC) development in Arabidopsis. (A) The normal development processes of
female germline in Arabidopsis. (B) The first phase is related to the initiation of the female germline and regulates cell expansion. The absence of key
genes can prevent female germline formation in ovule primordia, such as SPL-WUS-WIH1/2 pathway. (C) The second phase restricts the female
germline into a single MMC in ovule primordia. The related mutants will form multiple MMCs in ovule primordia, but only one MMC can undergo
meiotic division, such as KLU-ARP6-WRKY28 signaling module and BR/BRI1-EPFL/ERf-BZR1 pathway. (D) The third phase controls the mechanisms
of MMC entry meiotic divisions and the subsequent three rounds of mitotic divisions, such as KRP/ICK-CKA;1-RBR1-WUS pathway. The green box
represents cell-cycle regulation, the blue box represents plant hormone pathways, and the red box represents epigenetic pathways.
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The number of ACs or MMCs is strictly limited during the

development of ovules. In other flowering plants, they appear to use

a lateral inhibition mechanism that allows the MMC to repress

germline cell fate in its surrounding cells, thereby regulating the

number of MMC. In rice, TAPETUM DETERMINANT-LIKE 1A

(OsTDL1A) encodes a class of small peptides that are preferentially

expressed in MMC (Zhao et al., 2008). MULTIPLE SPOROCYTE

(OsMSP1) encodes a leucine-rich-repeat receptor kinase, expressed

in the L1 layer cells surrounding MMC (Nonomura et al., 2003).

Further research has found that OsTDL1A can directly bind to

OsMSP1, inhibiting the transformation of somatic cells around

MMC into female germline (Zhao et al., 2008). In maize,

MULTIPEARCESPORIAL CELLS 1 (MAC1), the OsTDL1A

homologous gene, plays roles in the switch of the hypodermal

cells from the vegetative to the meiotic (sporogenous) pathway in

ovule development (Sheridan et al., 1996; Wang et al., 2012). In the

mac1 mutant, several hypodermal cells develop into archesporial

cells, and the resulting megasporocytes undergo normal meiosis,

ultimately developing into embryo sacs (Wang et al., 2012).
Epigenetic pathways involved in
female gametophyte development

Epigenetic reprogramming is widely present in female

gametophyte development. ARGONAUT (AGO) is an essential

component of the RNA-directed DNA methylation (RdDM)

mechanism, which can regulate mRNAs during miRNA- or

siRNA-guided post-transcriptional gene silencing (Havecker et al.,

2010; Olmedo-Monfil et al., 2010). AGO9 interacts with 24-nt small

RNAs (sRNAs) to silence transposable elements (TEs) in the

nucellus to control the specification of germline cells (Olmedo-

Monfil et al., 2010). In a previous study, AGO9 had abundant

expression in the epidermal cell layer (L1), and further study found

that the nucleus of the MMC in several ecotypes sporadically shows

AGO9 expression, suggesting that a transient nuclear AGO9

localization can be found in the MMC (Rodriguez-Leal et al.,

2015). Furthermore, the expression patterns of AGO9 localized in

the multiple abnormal gamete precursors of rdr6 mutants share a

cellular identity with the gamete precursors found in selected

ecotypes. These results indicate that AGO9 is involved in

epigenetic silencing that controls the specification of female

gamete precursors, which may be used to indicate the formation

of germ cells (Rodriguez-Leal et al., 2015). Furthermore,

approximately 50% of ago9 mutant ovules display supernumerary

MMCs (Figure 2C). Therefore, it is speculated that AGO9 may bind

to the 24-nt sRNAs to regulate TEs in MMC and its accessory cells,

but different cell types may affect sRNA accumulation or gene

silencing partners, which may be the reason for the production of

multiple MMCs in the ago9 mutant (Olmedo-Monfil et al., 2010).

Further studies found that loss-of-function mutants of other AGO

proteins, including AGO4, AGO6, and AGO8, also exhibit multiple

MMC-like cells in the ovule primordia, but the identity of these cells

still needs to be further determined. These results support the role of

the RNA-based silencing mechanism in preventing the abnormal

specification of multiple premeiotic gametophytic precursors
Frontiers in Plant Science 04
during early ovule development (Figure 2C) (Hernandez-Lagana

et al., 2016). A recent report found that the Arabidopsis mutant

allelesmir822-1 andmir822-2 display extra FMs and divide without

giving rise to differentiated female gametophytes (Tovar-Aguilar

et al., 2024). Overexpression of miR822 target genes At5g02350,

At5g02330, and At2g13900 show similar defects equivalent to those

found in mir822 mutant plants, and these three microRNA822

(miR822) target genes are overexpressed in ago9 mutant ovules,

indicating that miR822 acts through an AGO9-dependent pathway

to modulate monosporic development in Arabidopsis (Tovar-

Aguilar et al., 2024).

RNA DEPENDENT POLYMERASE 6 (RDR6) and

SUPPRESSOR OF GENE SILENCING 3 (SGS3) are essential

parts of the biogenesis of trans-acting small interfering RNAs

(tasiRNAs) (Yoshikawa et al., 2005). The mutation of RDR6 and

SGS3 also showed an identical phenotype to ago9 mutants with

supernumerary MMCs in the ovule primordia, which suggests that

the movement of sRNA silencing out of somatic companion cells is

necessary for the specification of the MMC (Figure 2C) (Olmedo-

Monfil et al., 2010). These results suggest that AGO9 controls

gametic cell commitment by acting in a non-cell autonomous

sRNA-dependent pathway in ovule development (Yoshikawa

et al., 2005; Olmedo-Monfil et al., 2010). In maize, AGO4 is likely

a functional homolog of Arabidopsis AGO9, which is necessary for

non-CG DNA methylat ion at centromeric and knob

heterochromatin (Singh et al., 2011). AGO104 accumulates

specifically in somatic cells surrounding the female meiocyte. The

absence of AGO104 gives rise to unreduced gametes but not a

multiple MMC phenotype. A further study found that the

unreduced gametes underwent a mitotic rather than a meiotic

division, consequently developing unreduced gametes (Singh

et al., 2011). Another gene that plays a similar role is MNEME

(MEM), which encodes for a putative ATP-dependent RNA helicase

of the DEAD-box family that is also involved in the establishment of

the epigenetic landscape in the female gametophyte (Schmidt et al.,

2011). MEM is specifically expressed in MMC, and the mutation of

MEM results in the formation of multiple MMC-like cells in the

ovule primordia. However, whether the enlarged MMC-like cells in

the mem mutant acquire MMC identities still needs to be further

determined. Moreover, several mem mutants exhibit altered

epigenetic modifications in gametophytic nuclei (Figure 2C).

These results suggest that the potential function of MEM is in

inhibiting germline fate in somatic cells and establishing a germline-

specific chromatin state, but the mechanism is still unclear (Schmidt

et al., 2011).

It is known that the RdDM pathway can regulate gene

expression via AGO-mediated mRNA degradation or cytosine

DNA methylation of target genes by DOMAINS REARRANGED

METHLTRANSFERASES1 (DRM1) and DRM2 methylases

(Marston, 2014). The pKNU::nlsYFP transcriptional marker

specifically marks cells possessing MMC identity. drm1 drm2

double mutants also present supernumerary MMC-like cells in

the ovule primordia, but only one cell expressed pKNU::nlsYFP

signal, which is similar to other mutants of the RdDM pathway

(Marta et al., 2020). SPL/NZZ is ectopically expressed in ago9, rdr6,

and drm1drm2 mutants, and SPL/NZZ is essential for MMC
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differentiation, indicating that the excessive MMC-like cell

development may be due to the ectopic activation of SPL/NZZ

(Figure 2C) (Marta et al., 2020). Recently, the RdDM pathway has

been reported connected to SEEDSTICK (STK) to control ovule

development. SEEDSTICK (STK) is a MADS-box transcription

factor, which is expressed in many sporophytic cell types,

including the nucellus, chalaza, and integuments (Matias-

Hernandez et al., 2010). In stk mutants, nearly one-half of ovules

contain multiple MMC-like cells, but only one cell expressed

pKNU::nlsYFP signal. A further study found that STK directly

regulates the expression of AGO9 and RDR6 in the ovule and

therefore indirectly SPL/NZZ expression (Figure 2C) (Marta et al.,

2020). Although stk, ago9, rdr6, and drm1 drm2 mutants display

excessive MMC-like cells in the ovule primordia, only one MMC

can enter the meiotic program (Marta et al., 2020).

In most sexual flowering plants, the female gametogenesis is

initiated from the subepidermal L2 somatic cell that undergoes a

fate transition from somatic cells to germ cells (Yang and

Sundaresan, 2000). This process is accompanied by large-scale

chromatin reprogramming, such as chromatin decondensation,

heterochromatin reduction, depletion of linker histones, and core

histone variants change, which may establish an epigenetic and

transcriptional status distinct from surrounding somatic cells (She

et al., 2013). There are 15 H3-related genes of HISTONE THREE

RELATED (HTR) in Arabidopsis (Okada et al., 2005). HTR13

typically encodes an H3.1 variant associated with inactive

transcription, and most H3.1 histones are incorporated into the

chromatin of proliferating tissues during the S-phase of DNA

replication. Furthermore, H3.1 eviction is considered a

characteristic of cell-cycle exit event that leads to pluripotent stem

cell fate or cell differentiation. In the early stage of ovule

development, H3.1 can be evicted in multiple subepidermal cells

that may develop into MMC, and this state persists only in the

MMC (Jacob et al., 2014). Therefore, the dynamic expression of

H3.1 in the ovule primordium distinguishes the female germline

from somatic cells and marks cell fate transition from somatic to

germ cell (Figure 2C) (Jacob et al., 2014; Hernandez-Lagana and

Autran, 2020). Polycomb repressive complex 1 (PRC1) usually

catalyzes histone H2A monoubiquitination (H2Aub) to repress

gene transcription (Yin et al., 2021). In Arabidopsis, RING1A and

RING1B are the PRC1 complex catalytic subunits, and knockout

RING1A and RING1B together cause severe defects in the formation

of MMC and FM and subsequent mitosis of FM (Figure 2D) (Lv

et al., 2024). The female gametophyte development essential genes,

including AGO5, AGO9, WRKY23, REM34, REM35, and EDA8,

were ectopically expressed in ring1a ring1b double mutants. The

H2Aub levels at these loci were reduced in ring1a ring1b mutants,

indicating that RING1A/B promotes H2Aub at genes that regulate

female gametophyte development (Figure 2D) (Lv et al., 2024).

ACTIN-RELATED PROTEIN 6 (ARP6) is one of the subunits

of ATP-dependent chromatin remodeling complex SWI2/SNF2-

RELATED 1 (SWR1) (Wu et al., 2005). The mutation of ARP6 leads

to the defects of female meiosis in Arabidopsis, including aberrant

centromere pairing, loss of homologous chromosome pairing, and

reduction in normal divalents (Rosa et al., 2013; Qin et al., 2014).

DMC1 is a key recombinase for efficient pairing of homologous
Frontiers in Plant Science 05
centromeres, which promotes the recombination of the sister

chromosomes during meiosis (Da Ines et al., 2012). A further

study found that DMC1 is significantly upregulated in the ovules

of arp6mutants, and H2A.Z was not enriched at any position of the

DMC1 locus. These results indicate that ARP6 regulates the

expression of DMC1 by modulating the deposition level of H2A.Z

at the DMC1 locus, thereby affecting the meiotic divisions of the

female germline (Figure 2D) (Qin et al., 2014). The cytochrome

P450 gene KLU (also known as KLUH/CYP78A5) is preferentially

expressed in the inner integument. Recent research has found that

ARP6 mediates the incorporation of the histone variant H2A.Z at

WRKY28 to promote its expression, and this process is dependent

on KLU. WRKY28 encodes a zinc-finger WRKY TF, which acts

downstream of KLU and ARP6 and is significantly reduced in arp6

klu double mutants. A further study found that WRKY28 is

exclusively expressed in the hypodermal somatic cells

surrounding MMC and inhibits these cells from acquiring MMC

identity (Figure 2C) (Zhao et al., 2018). SET DOMAIN GROUP 2

(SDG2), the main H3K4 methyltransferase, is involved in various

biological processes of plant development (Berr et al., 2010; She

et al., 2013). The immunostaining results showed that the activated

H3K4me3 histone modification was enriched in MMC (She et al.,

2013). A recent report found that SWR1 and SDG2 cooperate with

the ERECTA (ER) receptor kinase signaling pathway to control

female germline development by restricting the MMC cell fate to a

single cell in the ovule primordium (Figure 2C) (Cai et al., 2023a).
Cell-cycle regulators facilitate correct
progression of a germline program

Unlike humans and animals, plants do not set aside a specialized

germline that produces meiocytes in early embryogenesis. Instead,

flowering plants need to specify somatic cells to undergo meiosis. Some

cell-cycle regulators control the process of MMC entering meiosis. In

the mutants of these cell-cycle regulators, the designated MMC

undergoes several mitotic divisions, resulting in the formation of

supernumerary MMCs. Cyclin-dependent kinases (CDKs) are the

universal drivers of cell-cycle transitions, which promote G1- to S-

phase transition and activate genome duplication (De Veylder et al.,

2001). The KIP RELATED PROTEINs/INHIBITOR OF CYCLIN-

DEPENDENT KINASEs (KRPs/ICKs) are plant CDK inhibitors and

modulate CDK enzymatic activity through direct protein binding, and

the concentration or level of the ICK/KRP protein is likely important

for its function (Wang et al., 1997; De Veylder et al., 2001; Zhou et al.,

2003; Juan Antonio et al., 2011). In the cell cycle, the inhibitory effect of

Rb homolog RETINOBLASTOMA ASSOCIATED 1 (RBR1) is

inhibited by cyclin-dependent kinase A;1 (CDKA;1) when it is

phosphorylated. Recent studies have shown that KRP4, KRP6, and

KRP7 act redundantly in the MMC to repress CDKA;1-dependent

inactivation of the RBR1, and RBR1 directly inhibitsWUS activity and

promotes MMC to enter meiosis (Figure 2D) (Zhao et al., 2017). In the

rbr1 mutants and krp4 krp6 krp7 triple mutants, multiple MMCs are

formed, and the mitotic reporter CYCB1;2-GFP was observed in

excessive MMCs, indicating that the failure of cell division transition

from mitosis to meiosis may lead to the formation of excessive MMC
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(Figure 2D) (Zhao et al., 2017). ARID1, an AT-rich interacting domain

transcription factor, exhibits a range of epigenetic regulation during cell

differentiation (Deborah et al., 2005; Zheng et al., 2014).

METHYLTRANSFERASE 1 (MET1) is required to maintain CG

methylation, which plays a critical role in silencing transposable

elements and regulating gene expression (Liu et al., 2021). It was

found that MET1 is inhibited by ARID1 in MMC specification during

female gametophyte development, but the mechanism remains

unknown (Figure 2D) (Li et al., 2017). RBR1 was found to repress

MET1 in the female gametophyte (Pauline et al., 2008). Therefore,

future studies may consider whether ARID1-mediated MET1

inhibition in the female gametophyte is functionally related to the

RB pathway.

Like rbr1 mutants, the ick1 ick2 ick3 ick4 ick5 ick6 ick7 septuple

mutants (name as ick1/2/3/4/5/6/7) display more than one MMC and

in the selective survival of FM. The origin of multiple MMCs in ick1/2/

3/4/5/6/7 septuple mutants may result from mitotic division of the

MMCs (Figure 2D) (Cao et al., 2018). E2F transcription factors have

been reported to be involved in the G1–S-phase transition and play

important roles in mammalian cell fate determination (Shirley and

Doron, 2008). E2Fs are bound to and repressed by RBR1 and thereby

block cell proliferation regulatory activity (Desvoyes and Gutierrez,

2020). In Arabidopsis, E2Fa, E2Fb, and E2Fc play redundant roles in

plant germline formation. The e2fa e2fb e2fc triple mutants also form

supernumerary MMCs as observed in rbr1 mutants, which implicates

that E2Fs may be necessary to induce its repressor factor RBR1

(Figure 2C). In the e2fa e2fb e2fc triple mutant, the activity of

RBR1 will decrease, leading to the formation of supernumerary

MMCs (Yao et al., 2018). However, E2Fs and RBR1 may function in

different pathways to regulate MMC specification. In addition,

TRIMETHYLGUANOSINE SYNTHASE1 (TGS1) may also be

involved in the process of cell division. The tgs1 mutants contain

multiple enlarged cells, but the MMCmarker gene pKNU was active in

only one of them, suggesting that only the cell obtains female fate and

enters meiosis (Lorena et al., 2023). Furthermore, the ovules of tgs1

mutants typically contained tetrads with the two chalaza megaspores

specified for gametophytic development, while the micropylar spores

will degenerate (Lorena et al., 2023).
Phytohormones may provide an
environment supporting female
germline development

Phytohormones are involved in various aspects of plant

development, including the development of female germline (Cai

et al . , 2023b). Auxin signaling output was traced to

megasporogenesis, and the auxin reporter DR5:GFP is only

observed in one to three apical epidermal cells of the ovule

primordium, suggesting a gradient of auxin in apical epidermal

cells (Pagnussat et al., 2009). Auxin accumulation in a single cell

will promote the expression of auxin response genes mediated by the

transcription factor ARF (Auxin RESPONSE FACTOR) (Su et al.,

2017). The auxin exporters PIN (PIN-FORMED) play unique roles in

response to environmental and developmental signal transportation,
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resulting in localized changes in auxin concentration and distribution

(Justyna et al., 2006). The expression of PIN1 is impaired in spl/nzz

mutants, indicating that SPL/NZZ is involved in maintaining auxin

homeostasis (Bencivenga et al., 2012). The recent report found that

microRNA160 (miR160) targeted gene ARF17 (AUXIN RESPONSE

FACTOR17) genetically interacts with the SPL/NZZ function in

promoting MMC specification (Figure 2D) (Huang et al., 2022). In

Arabidopsis, PIN1 is located in the outer layer of the nucellus of the

ovule primordia, adjacent to the region formed by MMC. ARF17 and

miR160 define the expression domain of PIN1, which contributes to

establishment of the local auxin maximum at the ovule apex

(Figure 2D) (Huang et al., 2022). ARF3 is also involved in ovule

development, and its expression is regulated by trans-acting small

interfering RNAs (known as tasiR-ARFs) (Su et al., 2017). ARF3 is

detected in the central chalazal region, while ARF3m (tasiR-ARF-

resistant version) spreads from the chalazal region to the distal

nucellus except for the MMC, including the cells adjacent to the

MMC, resulting in multiple MMC formation (Su et al., 2017). The

expression of ARF3 in ta-siRNA biogenesis-related mutants (such as

tex1 and tas3) extends from the chalazal region to the distal nucellus,

which is similar to the expression pattern of ARF3m, indicating that

TEX1 and TAS3 mediate the expression of ARF3, which restricts the

formation of supernumerary MMC formation through non-cell

autonomous pathway (Figure 2C) (Su et al., 2017).

Similar to auxin, brassinosteroid (BR) also has a gradient in the

plant ovule. BR biosynthetic and signaling components genes were

expressed exclusively in the sporophytic tissues of the ovule

primordia, but not in the MMC (Cai et al., 2022a). Furthermore,

BR-deficient mutants and BR-insensitive mutants bri1-116 and

BRASSINOZOLE RESISTANT 1 (BZR1) family quintuple mutant

qui-1 (bes1-1 bzr1-1 beh1-1 beh3-1beh4-1 quintuple mutant)

produced excessive MMCs and further entry into meiosis. These

results suggest that BR signaling influences the acquisition of female

germline identity (Figure 2C) (Cai et al., 2022a). A further study

found that BR signaling through the BZR1 transcription factor

family and their targeted gene WRKY23 regulates female germline

identity of the subepidermal cells adjacent to the MMC (Figure 2C)

(Cai et al., 2022a). Furthermore, EPFL-ERf ligand–receptor pairs act

upstream of the BZR1 family and coordinate regulation of female

germline specification by directly activating the expression of

encoded a nucleolar GTP-binding protein, NUCLEOSTEMIN-

LIKE 1 (NSN1), which expressed in hypodermal cells

surrounding the MMC and restricts these cells, acquiring female

germline identity in the ovule primordia (Figure 2C) (Cai et al.,

2023a). A recent study found that two key epigenetic factors SWR1

and SDG2 cooperate with the ER signaling pathway and their

downstream BZR1 transcription factors to regulate female

germline development by activating small RNA processor factors

SERRATE (SE), HYPONASTIC LEAVES 1 (HYL1) and DICER-

LIKE 1 (DCL1) (Figure 2D) (Cai et al., 2023a).

Gibberellins (GAs) are essential for many processes of plant

growth and development, such as seed germination, elongation

growth, flowering time, and embryo sac development (Achard and

Genschik, 2009). The binding of GAs to the gibberellin receptor

GIBBERELLIN-INSENSITIVE DWARF1 (GID1) leads to a

conformational change in the N-terminal extension of GID1 and
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inhibits GA action (Miyako et al., 2005, 2007). The DELLA proteins

belong to the plant-specific GRAS family and act as GA-signaling

repressors, and the formation of GA-GID1-DELLA complex results

in the rapid degradation of DELLA proteins, releasing the action of

GA by destabilizing and degrading DELLA proteins (Sun, 2010;

2011). The two important GA components—GID1 and DELLA—

play important roles in controlling ovule initiation and ovule

number, respectively (Ferreira et al., 2017; Maria et al., 2018). In

Arabidopsis, three genes—GID1a, GID1b, and GID1c—were

identified in these plants and considered orthologous to the rice

GID1. GID1a and GID1b were specifically expressed in the inner

and outer integuments in the ovule, but GID1c was not detected in

the ovule (Ferreira et al., 2017). Moreover, the gid1a single mutants

and the gid1a gid1b and gid1a gid1c double mutants showed

compromised fertility mainly caused by maternal defects

(Carolina et al., 2014; Maria et al., 2018). The gid1a gid1b gid1c

triple mutant is complete infertility due to defects in female

gametophytes, while MMC development is normal (Carolina

et al., 2014). In addition, overexpression of GID1a in the nucellus

via the ovule-specific SEEDSTICK (STK) promoter and CaMV35S

promoter leads to the formation of ovules with multiple MMC-like

cells, but only one cell expressed pKNU::nlsYFP signal, completed

the meiotic division, and entered the gametogenesis process

(Figure 2C) (Ferreira et al., 2017). A recent study using a GA

sensor (GA HACR, hormone-activated Cas9-based repressor) that

relies on the GA-sensitive RGA has shown that endogenous

bioactive GA hormone accumulates in MMCs and surrounding

tissues, which indicates that GAs play roles in ovule primordia

development (Dolores et al., 2020). However, the GA-mediated

molecular mechanisms in MMC formation are still unclear.

Cytokinins have been hypothesized to play roles in plant cell

division and differentiation (Inoue et al., 2001). In Arabidopsis,

there are six cytokinin receptors: ARABIDOPSIS HISTIDINE

KINASES 2 (AHK2), AHK3, AHK4/CRE1/WOL, AtHK1, CKI1,

and CKI2/AHK5 (Inoue et al., 2001; Higuchi et al., 2004). Among

them, CRE1, AHK2, and AHK3 have high homology within the

assumed cytokinin-binding extracellular domain and are

abundantly expressed during ovule development (Higuchi et al.,

2004; Bencivenga et al., 2012). The ahk2 3 4 triple mutant ovules

developed as finger-like structures and showed defects in the

formation of the female gametophyte (Bencivenga et al., 2012).

The isopentenyltransferase (IPT) family mediates the biosynthesis

of CKs in different organisms, which are expressed during all phases

of ovule development in Arabidopsis. Furthermore, AtIPT9mutants

also showed extra MMC-like cells, but the identity of these cells

remains to be determined. These results suggest that the IPT family

may play roles in the proper differentiation of a single MMC during

ovule development (Figure 2C) (Ferreira et al., 2023).
Conclusion and future issues

The development of female gametophytes is a complex process,

including MMC specification, FM formation, and its three rounds of

continuous mitosis (Figure 1) (Chevalier et al., 2011). Along the

distal–proximal axis of the Arabidopsis ovule primordia, the early
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ovule primordia can be divided into three regions: nucellus, chalaza,

and funiculus (Schneitz et al., 1995). The most distal of these regions

is the nucellus, which gives rise to produce female germline (Hou

et al., 2021). MMC is the first female germline cell of most flowering

plants, distinguished from its surrounding cells by the deposition of

b-1,3-glucan (callus) in the cell wall, as well as an enlarged central

nucleus, unique histonemarkers, and specific gene expression profiles

(Webb and Gunning, 1990; Schmidt et al., 2011; She et al., 2013).

Therefore, the intercellular communication between the female

germline and its adjoining cells plays an important role in cell

differentiation and reproduction. Given that the MMCs are hard to

collect, there remain many questions about MMC formation. In

recent times, more advanced technologies have provided

opportunities to explore the mechanism of female germline

formation (Pinto et al., 2019; Inderdeep et al., 2024). Single-cell

transcriptome analysis provides an effective way to investigate

complex cellular systems at the single-cell level, reflecting the

biological complexity of different cell types and individual

tissues. The MMC identity markers KNUCKLES (KNU) and

ARGONAUTE9 (AGO9) are used to determine cell identity and

collect candidate genes (Tucker et al., 2012). A recent study found

that the b-1,3-glucan metabolism- and plasmodesmata-related genes

are required for female gametogenesis in Arabidopsis through single-

cell transcriptome analysis (Pinto et al., 2024). The concentrated

expression of b-1,3-glucanase in the female germline temporarily

disrupts the deposition of b-1,3-glucan, which promotes the

intercellular communication between adjoining female germline

and somatic cells and affects the germline gene expression and

histone marks, eventually ultimately resulting in termination of

female germline development (Pinto et al., 2024). In the near

future, single-cell multiomics technologies in plants will make it

possible for us to unravel the differences in genome, epigenome,

transcriptome, translatome, proteome, and/or metabolome between

the female germline and its adjoining somatic cells.

The formation of the female germline is a complex network, and

different pathways are connected to ensure a single MMC formation

and its subsequent development. SPL/NZZ seems to be the central

regulator in female formation. WUS acts downstream of SPL/NZZ

in MMC development, but the percentage of the spl/nzz mutant

unable to produce a germline is significantly higher than that in the

wus mutant, suggesting that SPL/NZZ plays additional functions

independently of WUS (Figure 2B) (Yang et al., 1999; Gross-Hardt

et al., 2002; Lieber et al., 2011). The interaction between SPL/NZZ

and phytohormones may create the microenvironment for

establishing a female germline. For example, auxin signaling is

required for MMC formation in an ARF17- and SPL/NZZ-

dependent manner; ARF17 and miR160 define the expression

domain of PIN1, which contributes to the establishment of the

local auxin maximum at the ovule apex and provide spatially

restricted information for the proper specification of a single

MMC per ovule, suggesting that phytohormones appear to

provide the position cue in MMC specification (Figure 2D)

(Huang et al., 2022). In addition, the expression of SPL/NZZ is

repressed by the RNA-directed DNA methylation (RdDM)

pathway, which is required for restriction of the female germline

to a single nucellus cell (Figure 2C) (Marta et al., 2020). Future
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studies may focus on understanding the mechanisms of how and

when somatic cells perceive and respond to germline-inducing

signals, as well as the mechanisms that inhibit multiple germline

cells undergoing meiosis. Further details need to be elucidated on

different pathways that lead to regulating germline specification. In

addition, external environmental conditions are crucial for plant

development, but there have been no reports on the effects of

adverse conditions on female germline development. Advanced

technology may facilitate the finding of new germline

specification factors and their functional mechanisms.
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