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SUMMARY

Apomixis – clonal seed production in plants – is a rare yet phylogenetically widespread trait that has recur-

rently evolved in plants to fix hybrid genotypes over generations. Apomixis is absent from major crop spe-

cies and has been seen as a holy grail of plant breeding due to its potential to propagate hybrid vigor in

perpetuity. Here we exhaustively review recent progress, bottlenecks, and potential in the individual compo-

nents of gametophytic apomixis (avoidance of meiosis, skipping fertilization by parthenogenesis, autono-

mous endosperm development), and sporophytic apomixis. The Mitosis instead of Meiosis system has now

been successfully set up in three species (Arabidopsis, rice, and tomato), yet significant hurdles remain for

universal bioengineering of clonal gametes. Parthenogenesis has been engineered in even more species, yet

incomplete penetrance still remains an issue; we discuss the choice of parthenogenesis genes (BABY

BOOM, PARTHENOGENESIS, WUSCHEL) and also how to drive egg cell-specific expression. The identifica-

tion of pathways to engineer autonomous endosperm development would allow fully autonomous seed

production, yet here significant challenges remain. The recent achievements in the engineering of synthetic

apomixis in rice at high penetrance show great potential and the remaining obstacles toward implementa-

tion in this crop are addressed. Overall, the recent practical examples of synthetic apomixis suggest the field

is flourishing and implementation in agricultural systems could soon take place.
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INTRODUCTION

Apomixis – asexual seed production – is an alternative

strategy to sexual reproduction that is employed in about

400 plant species (Ozias-Akins & Van Dijk, 2007; Wang &

Underwood, 2023). Although relatively rare (less than 0.1%

of plant species are apomictic), it is present in phylogeneti-

cally diverse plant species, indicating the likely recurrent

evolution of apomixis (Hojsgaard et al., 2014). Based on

cytological observations of apomixis in divergent species it

has been concluded that several different types of apo-

mixis exist, further substantiating apomixis is a recurrently

evolving trait (Koltunow & Grossniklaus, 2003). The intro-

duction of apomixis into sexual crops has revolutionary

potential in agriculture to fix hybrid genotypes through

seeds and thereby fundamentally change the supply and

availability of hybrid seeds worldwide (Underwood &

Mercier, 2022).

To comprehend the intricacies of apomixis it is

insightful to consider the two defining features of flower-

ing plant sexual reproduction: meiosis and double fertiliza-

tion (Dresselhaus et al., 2016; Mercier et al., 2015)

(Figure 1). Meiosis, a conserved cell division in the repro-

duction of eukaryotes, takes place in plants in the male

and female floral organs. In cells with a meiotic destiny, a

pre-meiotic S phase leads to the replication of chromo-

somes. Distinct to mitosis, during the first meiotic pro-

phase programmed DNA double-strand breaks are made,

homologous chromosomes pair, and homologous recom-

bination takes place. Subsequently, homologous chromo-

somes segregate and only in the second meiotic division
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do the sister chromatids segregate. As a result, haploid,

recombinant cells are produced that may enter gameto-

genesis to generate two sperms (encased in the pollen) on

the male side, and a central cell and an egg cell (encased

in the female gametophyte) on the female side. During

double fertilization, one sperm fertilizes the egg, giving rise

to the embryo, while the fertilization of the central cell

gives rise to the endosperm (a nourishing tissue for the

embryo). The developing embryo and endosperm are sur-

rounded by a maternal-derived seed coat.

Ultimately, for clonal seed production by apomixis to

evolve, the processes of meiosis and egg cell fertilization

must be avoided (Underwood & Mercier, 2022). One route

to this is sporophytic apomixis (also referred to as adven-

tive embryony and nucellar embryony) which is the forma-

tion of a somatic embryo from a non-gametic lineage that

co-occupies the seed with a sexual embryo (Lakshmanan

& Ambegaokar, 1984). Sporophytic apomixis occurs natu-

rally in Citrus and Mangifera (commonly referred to as

mango) and leads to multiple embryos within a single seed

Figure 1. Schematic of sexual and apomictic reproduction at the cellular level.

Sexual reproduction in tomato (Solanum lycopersicum) is depicted in the top half of the figure and apomictic reproduction in dandelion (Taraxacum officinale)

is depicted in the bottom half of the figure. In sexual reproduction in tomato, the chromosomes replicate in the megaspore mother cell and subsequently meio-

sis takes place. This leads to the production of four recombinant, haploid cells (the megaspores), three of which degenerate, while one survives and enters

gametogenesis (three rounds of mitotic division). The mature female gametophyte encompasses one haploid egg cell, one diploid central cell, three haploid

antipodals (not shown) and two haploid synergids (not shown). The process of double fertilization of the egg cell and central cell leads to a diploid embryo and

a triploid endosperm (not shown). In apomictic reproduction in dandelion, the chromosomes replicate in the megaspore mother cell and subsequently a

diplospory apomeiosis division takes place. This leads to the production of two non-recombinant, triploid cells (the megaspores). One megaspore degenerates

and one enters gametogenesis. The mature female gametophyte encompasses one triploid egg cell, one hexaploid central cell, three triploid antipodals (not

shown) and two triploid synergids (not shown). The egg cell enters embryogenesis by parthenogenesis (triggered by the ToPAR gene) giving rise to a triploid

embryo while the central cell autonomously begins endosperm development giving rise to a hexaploid endosperm (not shown). Created in Biorender. Under-

wood, C. (2025) https://Biorender.com/a96z426
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– so-called polyembryony (Lakshmanan & Ambegaokar,

1984). Alternatively, gametophytic apomixis requires the

modification and/or skipping of the sexual processes

(female meiosis and double fertilization) themselves

(Nogler, 1984).

Among many other genera, gametophytic apomixis

occurs naturally in the wild grass genera Cenchrus/Penni-

setum and the Asteraceae family genera Taraxacum, Hiera-

cium, and Pilosella (Ozias-Akins & Van Dijk, 2007). Broadly

speaking there are two natural routes to skip female meio-

sis, namely, apospory and diplospory (Koltunow & Gross-

niklaus, 2003). Apospory is the development of the female

gametophyte from the sporophyte (i.e., somatic cells of the

ovule) without the formation of spores and occurs natu-

rally in Pennisetum and Pilosella (Bicknell et al., 2023; Huo

et al., 2009). On the other hand, a diplospory division leads

to the production of two clonal spores, one of which enters

gametogenesis, and occurs naturally in Taraxacum (by

meiotic diplospory) (Figure 1) and Hieracium (by mitotic

diplospory) (Bicknell et al., 2023; Cornaro et al., 2024; Dijk

& Bakx-Schotman, 2004). In all cases of gametophytic apo-

mixis, a cell with egg cell fate inside the female gameto-

phyte must then be triggered to enter embryogenesis by a

process known as parthenogenesis (Underwood & Mer-

cier, 2022). The genetic basis of parthenogenesis has been

identified in Pennisetum and Taraxacum (Conner

et al., 2015; Underwood et al., 2022). To support embryo

development, most apomictic species initiate the formation

of the endosperm by fertilization of the central cell by a

sperm (known as pseudogamy) (Nogler, 1984). However,

in some species, including dandelion (Taraxacum offici-

nale), the requirement of central cell fertilization to trigger

endosperm development has been lost. Through this

autonomous endosperm development, these species can

reproduce completely independent of fertilization (Hands

et al., 2016).

Engineering of apomixis has long been considered as

a holy grail for the propagation of hybrid genotypes in

crop plants (Jefferson, 1994; Spillane et al., 2004; Under-

wood & Mercier, 2022). Besides the engineering of com-

plete synthetic apomixis systems in crops, individual

components of apomixis could have applications in crop

breeding. For example, the skipping of meiosis alone can

be used to generate non-recombinant double-cross hybrid

seed which can be used for polyploid genome design

(Wang et al., 2024). In addition, the skipping of fertilization

by parthenogenesis can be used as a double haploid tech-

nology to rapidly fix recombinant haplotypes (Jacquier

et al., 2020; Quiroz et al., 2024), while autonomous endo-

sperm could be used as a strategy to ensure grain filling in

harsh environmental conditions (Hands et al., 2016).

Natural and synthetic apomixis have been extensively

reviewed (Goeckeritz et al., 2024; Khanday & Sundaresan,

2021; Mahlandt et al., 2023; Qu et al., 2024; Underwood &

Mercier, 2022; Vijverberg et al., 2019; Xiong et al., 2023;

Yin et al., 2022), so here we specifically focus on significant

advances related to apomixis in the last 3 years (from Jan-

uary 2022 until January 2025) and bottlenecks, possible

solutions and potential applications for the future (see

Box 1 for a summary of the key review contents).

RECENT ADVANCES IN SYNTHETIC APOMIXIS (JANUARY

2022–JANUARY 2025)

The recent advances in synthetic apomixis are classified

into four categories: (1) skipping of meiosis, skipping fertil-

ization by (2) parthenogenesis or (3) sporophytic apomixis,

and (4) autonomous endosperm development. In recent

years, several studies in rice (Oryza sativa) have combined

multiple elements of apomixis to engineer synthetic apo-

mixis systems that facilitate clonal seed production, which

will be further elaborated upon independently in a fifth

section. An overview of major developments in apomixis

research is shown in Figure 2.

Skipping meiosis

The MiMe system, standing for Mitosis instead of Meiosis,

was first developed in Arabidopsis in 2009 using a combi-

nation of mutations in SPORULATION 11–1 (AtSPO11-1),

RECOMBINATION 8 (AtREC8) and OMISSION OF SECOND

DIVISION 1 (AtOSD1). The Atspo11-1 Atrec8 Atosd1 triple

mutant generates clonal male and female gametes at

high penetrance (D’Erfurth et al., 2009). MiMe relies upon

the consecutive elimination of meiotic recombination initi-

ation (Atspo11-1), sister chromatid cohesion/monopolar

Box 1. Review summary

• Apomixis is a complex multigenic trait that cannot

be introduced into sexual crops with a single

straightforward mutation.

• Discovery and functional analysis of more natural

apomixis genes will aid future engineering of apo-

meiosis, parthenogenesis, and autonomous endo-

sperm in crops.

• Mitosis instead of Meiosis (MiMe) leads to clonal

male and female gametes in Arabidopsis, rice, and

tomato, yet application in other crops is not straight-

forward due to complex genetics of skipping the

second meiotic division.

• Three independent insertions in PARTHENOGENE-

SIS gene promoters and three independent inser-

tions in RWP gene promoters appear to cause the

evolution of apomixis in natural apomicts.

• Although high clonal seed rates and almost normal

fertility have been achieved in rice, combining these

two traits in a dicot plant is still challenging.

� 2025 The Author(s).
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orientation of kinetochores (Atrec8), and the second mei-

otic division (Atosd1). Since the work in Arabidopsis, a

MiMe system has been developed in rice with the mutant

combination Ospair1 Osrec8 Ososd1 which modifies the

same three aspects of meiosis (Mieulet et al., 2016).

The combination of MiMe in rice with maternal haploid

induction (Liu et al., 2023; Wang et al., 2019) or partheno-

genesis (Dan et al., 2024; Huang, Meng, et al., 2024; Khan-

day et al., 2019; Liu et al., 2023; Song, Wang, Ji,

et al., 2024; Vernet et al., 2022; Wei et al., 2023), has

resulted in the first crop synthetic apomixis systems.

A recent study led to the development of a MiMe sys-

tem in tomato (Solanum lycopersicum); the first MiMe

system in a vegetable and a dicot crop. In this MiMe sys-

tem, mutations of the SlSPO11-1, SlREC8, and TARDY

ASYNCHRONOUS MEIOSIS (SlTAM ) genes were com-

bined, resulting in male and female unreduced clonal gam-

etes (Wang et al., 2024). The system was first established

in the Micro-Tom background and later applied in three

hybrid tomato genotypes; a Moneyberg-TMV 9 Micro-Tom

(MbTMV-MT) model hybrid, a ‘Funtelle’ date-tomato com-

mercial hybrid, and a ‘Maxeza’ truss tomato commercial

hybrid (Wang et al., 2024). Selfing of the diploid MiMe

plants leads to tetraploid offspring at high penetrance

(93%) and the absence of meiotic recombination which

was demonstrated by whole genome sequencing (Wang

et al., 2024). However, in some cases, likely due to SPO11-

1-independent DNA double-strand breaks, chromosome

truncations were observed in offspring plants indicating

the tomato MiMe system could be further improved (Wang

et al., 2024). Additionally, by hybridizing MiMe plants gen-

erated in two different hybrid backgrounds, a new breed-

ing paradigm called polypoid genome design was

developed. Through the fusion of a clonal sperm from one

hybrid parent with the clonal egg of another hybrid parent,

’4-haplotype’ plants (non-recombinant double-cross hybrid

plants) were developed that contained the complete

genetic information of both parents – the first report in a

plant or animal (Wang et al., 2024). In summary, this is the

first study in which the MiMe system was successfully

applied in a dicot crop and demonstrated that hybrid

organisms that produce clonal gametes can be harnessed

to perform precise polyploid genome engineering (Awan

et al., 2024; Wang et al., 2024).

Parthenogenesis

Skipping egg cell fertilization by parthenogenesis initiates

the development of an embryo directly from an unfertilized

egg cell, thereby bypassing the need for a male gamete

for embryogenesis. To date, Pennisetum squamulatum

APOSPORYSPECIFIC GENOMIC REGION-BABYBOOM-LIKE

(PsASGR-BBML) and dandelion PARTHENOGENESIS

(ToPAR) are the only identified natural parthenogenesis

genes (Conner et al., 2015; Underwood et al., 2022). BABY

BOOM (BBM), an APETALA 2 (AP2)/ETHYLENE RESPON-

SIVE FACTOR (ERF) domain transcription factor, had been

known as an embryogenic factor for many years before its

role in parthenogenesis (Boutilier et al., 2002). However,

no role for ToPAR, a K2-2 zinc finger domain protein with

an EAR motif, in embryogenesis was previously known

(Underwood et al., 2022). Two particularly sensational

developments in recent years in rice include the combina-

tion of MiMe with egg cell expression of OsBBM1 or

ToPAR for synthetic apomixis and clonal seed production

(Khanday et al., 2019; Song, Wang, Ji, et al., 2024). In addi-

tion, WUSCHEL (WUS ) has recently been demonstrated to

Figure 2. Milestones in synthetic apomixis research.

Timeline of milestones in apomeiosis research (blue), parthenogenesis and haploid induction (HI) (yellow), which are combined in studies that bioengineer

clonal seeds (green). The different height of the green markers is for esthetic purposes and has no meaning.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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induce parthenogenesis in rice (Huang, Meng, et al., 2024).

In contrast to BBM and PAR, WUS is not a factor cloned

from a natural parthenogenesis system, yet is known to be

involved in several aspects of plant development, includ-

ing the induction of somatic embryogenesis and embryo

development (Jha & Kumar, 2018; Zuo et al., 2002). An

exhaustive overview of parthenogenesis factors investi-

gated in a variety of species is presented in Table 1.

A recent study by Chen et al. (2022) has explored the

roles of AtBBM (AtPLT4) and its homolog (AtPLT2) in Ara-

bidopsis seed development and applied the Brassica napus

BBM (BnBBM1) gene to engineer parthenogenesis in Ara-

bidopsis, Brassica napus, and tomato (Chen et al., 2022). In

the zygote and endosperm, AtBBM and AtPLT2 promote

embryo progression and viability, as well as endosperm

proliferation and cellularization, which is a critical develop-

mental shift for embryo survival. In contrast, single

mutants of these genes display accelerated embryo devel-

opment, indicating that AtBBM and AtPLT2 can also inde-

pendently control the progression of embryo development.

Additionally, this study shows that ectopic expression of

BnBBM1 in the egg cell can activate the development

of haploid embryos in Arabidopsis, Brassica napus, and

tomato, which could be used as a component of synthetic

apomixis in those species. However, the ectopic expres-

sion constructs could not cause highly penetrant embryo

induction, suggesting that finetuning of BnBBM1 expres-

sion in seeds is necessary for successful parthenogenesis.

Moreover, the diverse rates of abortion and aberrant

embryo development of different constructs can be

explained by the lack of endosperm development (Chen

et al., 2022).

Interestingly, Chen et al. (2022) used BnBBM1 rather

than the native AtBBM gene to induce parthenogenesis in

Arabidopsis to prevent potential gene silencing. Indeed,

when aiming to express AtBBM in the Arabidopsis egg

cell, expression was inhibited, thereby strongly reducing

the occurrence of parthenogenesis (Liu, Han, et al., 2024).

This inhibition was shown to be partially due to an

RWP-RK domain-containing (RKD) transcription factor,

AtRKD5, which recognizes the 30 end of AtBBM and

reduces AtBBM expression. To overcome this limitation,

Liu, Han, et al. (2024) generated a codon-optimized version

of AtBBM and chimeric genes of the Arabidopsis and rice

homologs, which increased the haploid induction rate up

to 5% (Liu, Han, et al., 2024). Nevertheless, the BnBBM1

gene still appears to be more functional for parthenogene-

sis in Arabidopsis and outperforms the engineered BBM

versions (see also Table 1). Together, these studies sug-

gest that context matters and that using native genes does

not necessarily result in the strongest induction of

parthenogenesis.

Building on earlier work in rice and maize (Zea mays)

(Conner et al., 2017; Khanday et al., 2019) and the

expression of ZmBBM1 in maize egg cells have recently

been shown to trigger the formation of haploid plants at

high penetrance (65%) (Skinner et al., 2023). For this pur-

pose, ZmBBM1 was driven by the Arabidopsis EGG CELL

1.2 (AtEC1.2) promoter (AT2G21740, also known as DOWN-

REGULATED IN DIF1 45 (AtDD45)) (Skinner et al., 2023). In

contrast to the findings in dicots (Chen et al., 2022; Liu,

Han, et al., 2024), the studies in monocots indicate a bene-

fit of utilizing native genes rather than foreign genes,

potentially due to the interplay of BBM protein structure

with target binding sequences, which may be a result of

evolutionary constraint (Conner et al., 2017; Khanday

et al., 2019; Skinner et al., 2023).

Related to the above approach in maize, Ye et al.

(2024) developed a novel parthenogenetic double haploid

approach by combining egg cell expression of ZmBBM2

with CYCLIN DELTA-2 (ZmCycd2). Specifically, ectopic

co-expression of ZmBBM2 and ZmCycd2 in unfertilized

egg cells via a Panicum virgatum egg cell promoter (PvEC )

resulted in maternally derived diploid embryos. This

in vivo approach, in conjunction with gene editing, allows

for the creation of mature seeds from a maternally derived,

gene-edited diploid embryo without the need for

colchicine-based doubling or in vitro tissue culture. In con-

clusion, this is a novel method for producing gene-edited

maize double haploid populations with both natural and

de novo phenotypic variation, which can expedite genetic

gain per breeding cycle (Ye et al., 2024).

Prior research established rice parthenogenesis by

using the EC1.2 egg-cell-specific promoter to drive OsBBM1

expression leading to a line that gives rise to 29% haploid

progeny (Khanday et al., 2019). As OsBBM1 is a paternally

expressed gene it raised the possibility that additional

paternally expressed genes could contribute to the initia-

tion of embryogenesis following fertilization. Accordingly,

Ren et al. (2024) found the WOX-family transcription factor

gene DWARF TILLER1 (OsDWT1)/WUSCHEL-LIKE HOMEO-

DOMAIN 9 (OsWOX9A) is paternally expressed in zygotes

and is a strong enhancer of embryo initiation by OsBBM1.

When those two genes are co-expressed in egg cells, using

the EC1.2 egg-cell-specific promoter, a parthenogenesis

rate of 86–91% results, representing a 4- to 15-fold increase

over OsBBM1 alone (Ren et al., 2024). The increased fre-

quencies of haploid progeny are stably propagated through

multiple generations (Ren et al., 2024). However,

egg-cell-specific expression of OsWOX9A alone showed no

production of haploid progeny, indicating it is not a parthe-

nogenetic factor itself (Ren et al., 2024). Additionally, twin

rice plants arose from single seeds derived from plants that

co-express OsBBM1 and OsWOX9A in egg cells at a much

greater rate than in previous reports, yet the origin of such

twin seedlings remains unknown (Ren et al., 2024; Skinner

et al., 2023; Vernet et al., 2022). Summarizing, OsWOX9A

can operate as an enhancing factor of OsBBM1 to increase

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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the likelihood of establishing a zygotic state in rice (Ren

et al., 2024).

The ToPAR gene cloned from apomictic dandelion is

an alternative to BBM for parthenogenesis engineering.

Large genetic deletions of the LOSS OF PARTHENOGENE-

SIS (LOP ) locus, and targeted CRISPR mutants of the

ToPAR gene, in polyploid apomictic dandelion are suffi-

cient for loss of apomixis and complete absence of viable

seed production, the latter of which can be restored by

pollination (Underwood et al., 2022). Only the dominant

ToPAR allele is expressed in apomictic egg cells which is

likely triggered by a miniature inverted-repeat transposable

element (MITE) insertion in the promoter (Underwood

et al., 2022). Dandelion LOP mutants were complemented

by driving the expression of the homologous lettuce

(Lactuca sativa) gene, so-called Lssex, with the

MITE-containing promoter indicating the regulatory

sequence can act as a controlling element of reproductive

mode. In addition, heterologous expression of ToPAR in

lettuce egg cells leads to embryo-like structures in the

absence of fertilization (Underwood et al., 2022). In sexual

species, PAR homologs are highly expressed in sperm

cells, leading to a model where PAR transcripts and/or PAR

proteins are delivered during fertilization to trigger

embryogenesis. In contrast, in apomictic dandelion PAR is

expressed in egg cells without fertilization, which causes

cell division without gamete fusion (Underwood

et al., 2022).

Beyond Taraxacum, the PAR gene appears to have

been a target of convergent evolution of apomixis in two

other Asteraceae genera: Pilosella and Hieracium (Bicknell

et al., 2023; Underwood et al., 2022). In Pilosella, a LOP locus

was independently identified and fully sequenced (Bicknell

et al., 2023; Underwood et al., 2022). Surprisingly, the Pilo-

sella LOP locus was syntenic to the dandelion locus and

contained a ToPAR homolog that specifically on the domi-

nant allele has a similar, yet different, MITE insertion in the

promoter to that found in dandelion (Underwood

et al., 2022). Extending these insights Bicknell et al. (2023)

identified in apomictic Hieracium, a third insertion of a

transposable element (TE) in the dominant PAR allele has

occurred 154 bp upstream of the PAR start codon (Bicknell

et al., 2023). The three transposon insertions are different in

terms of length, location, terminal repeats, and internal

sequences suggesting the existence of three separate

ancestral alterations of the PAR locus (Bicknell et al., 2023;

Underwood et al., 2022). Finally, the transfer of dominant

wild-type Pilosella PAR alleles through egg cells is only pos-

sible when they are transmitted together with a recessive

sexual allele – haploid transfer was never detected through

pollen or egg cells. While the functional role of dominant

alleles is clear, the recessive ones may also play a role in

Pilosella reproduction due to the requirement for their inher-

itance for successful reproduction (Bicknell et al., 2023).

In addition to the initial proof-of-principle of transfer-

ring ToPAR to lettuce (Underwood et al., 2022), it was

recently demonstrated that the ToPAR gene from dande-

lion itself can surprisingly lead to parthenogenesis in

monocot plants like foxtail millet and rice (Huang, Liang,

et al., 2024; Song, Wang, Ji, et al., 2024). In foxtail millet,

this was achieved by developing a vector expressing the

ToPAR gene under the AtEC1.2 promoter. In six of the 11

lines containing the vector haploid induction was observed

at rates between 1.4% and 10.2%. Moreover, these plants

exhibited a wide range of morphological variations includ-

ing height and panicle length, while the seed setting rate

significantly declined (Huang, Liang, et al., 2024). Overall,

the studies in lettuce, foxtail millet, and rice lay an impor-

tant foundation for future synthetic apomixis engineering

using the ToPAR gene (Huang, Liang, et al., 2024; Song,

Wang, Ji, et al., 2024; Underwood et al., 2022).

Sporophytic apomixis

Complementary to the parthenogenetics factors, BBM and

PAR are a class of RWP genes, encoding RWP-RK

domain-containing proteins, which have been identified as

factors involved in sporophytic apomixis in Citrus, Fortu-

nella, and Mangifera (Nakano et al., 2012; Wang et al.,

2017; Wang et al., 2022; Yadav et al., 2023). The Citrus

RWP gene (CitRWP ) was initially identified by a GWAS

study of 45 polyembryonic apomicts and 63 monoembryo-

nic fully sexual Citrus cultivars. A genetic marker of the

CitRWP gene was further analyzed in 213 polyembryonic

and 537 monoembryonic varieties which showed that the

presence of a MITE insertion in the CitRWP gene promoter

perfectly correlated with sporophytic apomixis in Citrus

(Wang et al., 2017).

The genetic basis of sporophytic apomixis in the Citri-

nae has been further expanded by a recent study that

developed genomic data and analyzed the presence of spo-

rophytic apomixis in samples from the closely related Pon-

cirus, Fortunella, and Citrus genera (Wang et al., 2022).

This study demonstrated that apomixis is present in spe-

cies from all three genera and concluded that introgression

of a single CitRWP haplotype is not the main cause of apo-

mixis across divergent Citrus and Fortunella accessions.

Through the hybridization of sexual and apomictic Fortu-

nella hindsii accessions, generation of a segregating popu-

lation and QTL mapping, it was shown that the same locus

controls apomixis in Fortunella as in Citrus (Wang

et al., 2022). However, the FhRWP and CitRWP haplotypes

are different: the Fortunella haplotype is 596 bp and con-

tains three similar MITE insertions while the Citrus haplo-

type is 424 bp and contains two different MITE insertions.

The genetic basis of apomixis in Poncirus, however, does

not seem to be related to insertions in the RWP promoter.

Overall, it appears that convergent evolution of apomixis

has occurred within the Citrinae, much like in the

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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Asteraceae genera Taraxacum, Pilosella, and Hieracium,

and strikingly has relied on the insertion of TEs in five

independent cases (Bicknell et al., 2023; Underwood

et al., 2022; Wang et al., 2022).

Despite the pinpointing of the CitRWP in 2017 (Wang

et al., 2017), only recently functional genetic validation was

attempted in Fortunella (Song, Wang, Zhou, et al., 2024).

Reduced expression level of FhRWP resulting from RNAi

experiments led to decreased polyembryony and seed inci-

dence (Song, Wang, Zhou, et al., 2024). However,

CRISPR/Cas9-based knockout of FhRWP led to growth and

developmental defects that hindered blooming and fruit

set, prevented seed production, and made it impossible to

quantify polyembryony. In gain-of-function experiments

constitutive expression of FhRWP was induced by

agrobacterium-mediated transformation of monoembryo-

nic Fortunella epicotyl stem segments. This led to highly

proliferative embryogenic callus, indicating the gene may

facilitate somatic embryogenesis, yet no true transgenic

plants could be regenerated (Song, Wang, Zhou,

et al., 2024). In conclusion, the molecular genetic explora-

tion of the RWP gene in Fortunella appears to be difficult

due to pleiotropy and warrants further investigation.

On a mechanistic level, the insertion of a MITE transpo-

son in the FhRWP promoter appears to increase chromatin

accessibility at that locus and the role of other factors

(FhARID and Citrus sinensis ZINC FINGER PROTEIN 7

(CsZFP7)) in polyembryony have been explored (Jia

et al., 2023; Song, Wang, Zhou, et al., 2024). Through ATAC-

seq, more than 40 000 and 45 000 accessible chromatin

regions in monoembryonic and polyembryonic ovules were

identified, respectively (Song, Wang, Zhou, et al., 2024). This

indicated the presence of the MITE in the apomictic allele

appears to make the chromatin more accessible and the

MITE is thought to be a FhARID1 binding site based on a pre-

vious yeast one-hybrid screen (Song, Wang, Zhou,

et al., 2024; Wang et al., 2022). Two other studies explored

the role of C2H2 type zinc finger genes based on their expres-

sion patterns in polyembryonic and monoembryonic acces-

sions and their possible role in nucellar embryogenesis (Jia

et al., 2021; Jia et al., 2023). The knock down of one of these

genes, CsZFP7, described as a homolog of dandelion ToPAR,

increases the proportion of monoembryonic seeds in the T1

generation of mini-citrus, even though not all the seeds

becamemonoembryonic in the transgenic lines. This may be

the result of the abundant expression of CsZFP7 in polyem-

bryonic ovules and the weak suppressive effect of RNAi

transgene on CsZFP7 expression (Jia et al., 2023). As a result,

the upstream regulatory genes, such as CitRWP, which

genetically controls polyembryony in citrus, may influence

the expression of CsZFP7 in polyembryony ovules (Wang

et al., 2017). Summarizing, more research will hopefully

resolve the molecular roles of CitRWP/FhRWP, FhARID1, and

CsZFP7 in polyembryony (Jia et al., 2023).

Outside of the Citrinae, a recent breakthrough in sporo-

phytic apomixis was the fine-mapping of the mango (Man-

gifera indica) locus for polyembryony and the further

demonstration of convergent evolution of apomixis

through a chloroplast DNA insertion in the promoter of the

mango CitRWP homolog (MiRWP ) (Yadav et al., 2023).

Through the phenotyping of 93 polyembryonic accessions

and 107 monoembryonic accessions, combined with

sequence- and marker-based genotyping, the mango poly-

embryony locus was mapped to a region containing only

six predicted genes including MiRWP. Gene expression

analysis in the early stages of seed fruit development dem-

onstrated that MiRWP expression is higher in polyembry-

onic varieties compared with monoembryonic varieties.

The authors propose that a chloroplast DNA insertion

occurred after a whole genome duplication and show most

of the polyembryonic accessions are heterozygous for the

MiRWP allele, similar to the case in Citrus. This heterozy-

gous state may be most common due to a substantial selec-

tion against homozygous genotypes (Yadav et al., 2023). In

summary, in Citrus, Fortunella, and Mangifera, three inde-

pendent promoter insertion events in a RWP gene promoter

lead to the convergent evolution of nucellar embryogenesis

and polyembryony (Wang et al., 2022; Yadav et al., 2023).

Autonomous endosperm development

In most natural apomixis systems, endosperm formation is

sexual (i.e., relying on the fertilization of the central cell by

a sperm cell), however autonomous endosperm formation

could be a useful trait in grass and bean species to ensure

seed filling. Significant progress in this area has revolved

around the FERTILIZATION-INDEPENDENT SEED (FIS )

class Arabidopsis mutants where an autonomous endo-

sperm develops up to the stage of cellularization where it

fails (Hands et al., 2016). These FIS class mutants are char-

acterized by mutations in several POLYCOMB REPRESSIVE

COMPLEX 2 (PRC2) genes (e.g., medea (mea),

fertilization-independent endosperm (fie), fis2, and multi-

copy suppressor of ira1 (msi1)) (Grossniklaus et al., 1998;

Guitton et al., 2004; Kiyosue et al., 1999; K€ohler et al., 2003;

Luo et al., 2011; Ohad et al., 1999). More recently, active

expression of YUCCA 10 (YUC10), an auxin biosynthetic

gene that is directly repressed by PRC2, in the central cell

largely recreates the phenotype of the FIS class mutants –
many divisions of the central cell but no true endosperm

formation (Figueiredo et al., 2015).

A recent step toward autonomous endosperm engi-

neering was the finding that expression of a usual sperm

cell-specific cyclin D gene (AtCYCD7;1) in the central cell led

to the development of endosperm-like structures (Simonini

et al., 2024). The proliferation of the central cell is related to

the degradation of RETINOBLASTOMA RELATED 1 (RBR1),

which is an effective inhibitor of the progression of the S

phase and G2 phase entry that is conserved through

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), doi: 10.1111/tpj.70054
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evolution (Avni et al., 2003; Knudsen et al., 2000; Wein-

berg, 1995). As a result, RBR1 is a key player in ensuring

maternal and paternal genomes commence endosperm

development in a synchronized manner (Johnston

et al., 2008; Simonini et al., 2024). The main component in

the RBR1 degradation upon fertilization is CYCD7;1, which

is only found in the sperm nuclei of mature pollen (Simonini

et al., 2024). Consistent with previous research (Sornay

et al., 2015), central cell-specific or ubiquitous ectopic

expression of CYCD7;1 enhances the development of

endosperm-like structures in unfertilized ovules (Simonini

et al., 2024). The RBR1-CYCD7;1 interaction is mediated by a

Leu-x-Cys-x-Glu motif (Lee et al., 1998; Matos et al., 2014),

and CYCD7;1 variant lacking this motif are not capable of

causing endosperm proliferation in unfertilized ovules, indi-

cating that the RBR1-CYCD7;1 interaction is essential for the

progression of S phase in the central cell upon fertilization

(Simonini et al., 2024). In summary, modulation of CYCD7;1

expression could be an important route to the development

of autonomous endosperm.

Due to its function in the FIS-PRC2 complex in Arabi-

dopsis, mutation of FIE leads to autonomous initiation of

endosperm development. Investigations into the rice

homologs OsFIE1 and OsFIE2 however have led to some

contradictory results. Studies by Li et al. (2014) and Cheng

et al. (2020) found autonomous initiation of endosperm

development in OsFIE2-RNAi, Osfie2+/�, and Osfie1�/�

Osfie2+/� mutant genotypes, whereas a study by Nallamilli

et al. (2013) did not find an autonomous endosperm phe-

notype for an OsFIE2-RNAi line. A new study by Wu

et al. (2023) revealed a novel function of OsFIE1 and

OsFIE2 in repressing egg cell division in the embryo sac in

the absence of fertilization. During this study, Wu

et al. (2023) found that in addition to autonomous endo-

sperm, the Osfie1�/� Osfie2+/� mutant also initiated asex-

ual embryo formation. The formation of asexual embryos

was also observed to a lower degree in the Osfie2+/�

mutant but not in Osfie1 single mutants. In this study, it

was not clear if asexual embryos originated from the egg

cell or synergid cells. However, the observance of

degraded synergid cells, intact egg cells, and autonomous

endosperm shortly after emasculation, together with the

increase of asexual embryos at later timepoints, would

suggest that the asexual embryos originate from the egg

cell. For both the Osfie single mutants no autonomous

endosperm was observed therefore suggesting that they

act redundantly in repressing central cell division. Thus,

this study indicates that the rice FIS-PRC2 complex plays

an important role in suppressing cell division in the

embryo sac (Wu et al., 2023).

Synthetic apomixis in rice

The development of synthetic apomixis systems in rice has

rapidly advanced in recent years. This work was inspired

by work on synthetic clonal seed production in Arabidopsis

where clonal egg cells from a MiMe plant (Atspo11 Atrec8

Atosd1) were induced to form clonal embryos by maternal

haploid inducer crosses with the CENH3 tailswap line (Mar-

imuthu et al., 2011). In rice, the combination of MiMe

(Ospair1 Osrec8 Ososd1) and maternal haploid induction

by the Osmtl mutant has also been shown to lead to clonal

seeds (Wang et al., 2019). The application of haploid

inducers like CENH3 tailswap, mtl/pla1/nld, and dmp in

synthetic apomixis studies usually leads to low penetrance

clonal seed formation (Chen et al., 2024; Gilles et al., 2017;

Kelliher et al., 2017; Liu et al., 2017; Marimuthu et al., 2011;

Ravi & Chan, 2010; Wang et al., 2019; Zhong et al., 2019);

therefore here we largely focus on combinations of MiMe

with parthenogenesis in rice.

A recent major advance in synthetic apomixis com-

bined the induction of MiMe mutations and egg cell

expression of OsBBM1 in a single construct in F1 hybrid

rice (Vernet et al., 2022). This approach is similar to an ear-

lier approach from Khanday et al. (2019), however by com-

bining both traits on one construct, the efficiency of clonal

seed production was increased from ~30% to up to 95%

clonal seed production across multiple generations. No

major differences in vegetative development were

observed between apomictic lines and control F1 hybrid

plants, although apomictic plants have decreased fertility.

Interestingly, higher clonal seed rates seem to be associ-

ated with lower panicle fertility. This is exemplified by

80%–100% clonal seeds with a panicle fertility of 33%, in

contrast to 55%–84% clonal seeds with a panicle fertility of

81% in another line (more examples are shown in Table 1).

Furthermore, the consistent propagation of hybrid traits

over two generations of clonal reproduction without obvi-

ous negative effects indicates that heterosis is predomi-

nantly genetically controlled in rice. This demonstrates

that parental effects do not restrict the utility of synthetic

apomixis for rice hybrids and possibly for other sexually

reproducing crop plants. Taken together, this study

showed that a high frequency of synthetic apomixis, stable

across generations, in crop species is possible (Vernet

et al., 2022).

Using a similar apomictic construct as Vernet

et al. (2022), Song, Li, Chen, et al. (2024) also achieved high

cloning efficiency and they went on to modify the system

in an effort to increase the fertility of MiMe-OsBBM1

plants. In this research, two different promoters, the EC1.2

from Arabidopsis and the ECA1.1 from rice were used to

drive OsBBM1 expression and combined with MiMe gene

mutagenesis to generate two apomixis inducing constructs

(Song, Li, Chen, et al., 2024). As in previous studies, the

authors found higher cloning efficiencies (more than 80%

diploid offspring) that typically led to reduced fertility com-

pared with wild-type controls (Song, Li, Chen, et al., 2024).

Subsequently, the apomixis systems were modified by

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), doi: 10.1111/tpj.70054
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introducing a SunTag gene activation system (Papikian

et al., 2019) to enhance OsBBM1 expression in the MiMe-

EC1.1::OsBBM1 and MiMe-ECA1.1::OsBBM1 systems

(Song, Li, Chen, et al., 2024). Following promising results

with a small scale transformation of the enhanced

MiMe-ECA1.1::OsBBM1 system (the so-called “MiMe-

ECA1-AZP2” system), the authors generated 307 fertile

transgenic events. Within these plants, they identified 10

lines that gave rise to 95.3%–100.0% diploid progeny and

exhibited seed setting rates between 80.7% and 86.7%

(where wild-type controls had 87.8% seed setting) (Song,

Li, Chen, et al., 2024). The apomictic plants were investi-

gated through the generations (T1–T3), showing a stable

cloning rate and fertility (Song, Li, Chen, et al., 2024). This

study demonstrates that the combination of enhancing

OsBBM1 expression and screening of a huge number of

transgenic events can facilitate the selection of apomictic

lines with superior fertility traits (Song, Li, Chen, et al.,

2024).

Stability of plant phenotypes in clonal hybrids has

also been addressed in another study up to the fourth

transgenic generation (Liu et al., 2023). In this work, a pre-

viously described Fix system (Ospair1 Osrec8 Ososd1

Osmtl ) combining MiMe and maternal haploid induction is

exploited (Wang et al., 2019). In this Fix system, the clonal

seed rate remained unaltered over multiple generations

and was between 3.7% and 4.3% (Liu et al., 2023). Despite

being low, the seed set of Fix plants (5.7%–7%) remained

consistent across clonal generations compared with

the control line (75.9%). Various other results supported

the efficiency and stability of this apomixis system across

generations including the genetically identical whole

genomes and the relatively low proportion of differentially

methylated regions between Fix and wild-type plants

across generations. Similarly, the transcriptome analysis

showed that only 0.5% of the genes were differentially

expressed between different clonal generations of Fix

plants. In conclusion, Fix plants can stably clone them-

selves over multiple generations (Liu et al., 2023).

Several recent studies have concentrated on identify-

ing and testing alternative parthenogenetic factors to

OsBBM1 for engineering synthetic apomixis in rice in com-

bination with the MiMe system described above (Dan

et al., 2024; Huang, Meng, et al., 2024; Song, Wang, Ji,

et al., 2024; Wei et al., 2023). Wei et al. (2023) attempted to

use OsBBM2, OsBBM3, and OsBBM4 driven by AtEC1.2,

for parthenogenesis engineering in hybrid rice. Transgenic

plants containing the respective genes have similar vegeta-

tive development and morphology, but only OsBBM4 was

able to induce parthenogenesis and trigger haploids in

hybrid rice at a haploid induction rate of 3.2%. In addition,

the combination of OsBBM4 egg cell expression with the

MiMe system in so-called “Fix2 plants” led to clonal

reproduction at a rate of 1.7% in hybrid rice, while still

maintaining a high seed setting rate that was comparable

to wild-type controls (Wei et al., 2023).

In contrast, Mengqui Song et al. (2024) heterologously

expressed ToPAR in combination with the rice MiMe sys-

tem, resulting in synthetic apomixis at a maximal cloning

rate of 67%. This study represented the first demonstration

that the dandelion ToPAR protein could function in a

monocot species – a remarkable finding given the mono-

cotyledonous and dicotyledonous plants diverged more

than 200 million years ago. Rice MiMe-ToPAR plants did

not have any significant differences from wild-type con-

trols in terms of physiology and seed set (Song, Wang, Ji,

et al., 2024). Also, consistent with the study of Wei

et al. (2023), the heterozygosity was retained, and clonal

propagation was fixed indicating this system can also

cause highly fertile synthetic apomixis in hybrid rice, sup-

porting the propagation of hybrids. Additionally in this

study, the synthetic apomixis approach is also combined

with improved agronomic traits through the mutation of

genes relating to brittle culm and semi-dwarfism, further

demonstrating the possibilities of biotechnological apo-

mixis breeding (Song, Wang, Ji, et al., 2024).

In another study, the rice MiMe system was combined

with the expression of endogenous rice gene OsWUS

driven by the AtEC1.2 promoter, leading to a maximal

cloning rate of 22% in hybrid rice (Huang, Meng,

et al., 2024). The seed setting rate of the so-called “Fix3

plants” (80.8%) was as high as wild-type controls (80.1%).

The “Fix3 plants” have normal development and vegeta-

tive morphology, and at partial penetrance, egg cell fertili-

zation is not required due to ectopic expression of OsWUS.

Similarly to the previous studies, the above characteristics

propagated through generations while the heterozygosity

was maintained suggesting that hybrid vigor, including

high fertility was heritable (Huang, Meng, et al., 2024).

Finally, Dan et al. (2024) combined the MiMe system with

OsBBM1, expressed under the AtEC1.2 promoter, and with

AtWUS, expressed under the OsMYB98 and OsECA1 pro-

moters, resulting in the production of high-efficacy clonal

seeds in hybrid rice. However, the fertility of those two

lines varied significantly, with the highest seed setting of

those being comparable with the wild-type (Dan

et al., 2024). Moreover, the clonal seed rate was higher in

the OsBBM1-MiMe construct compared with OsBBM1- and

AtWUS-containing ones (Dan et al., 2024). Summarizing,

since the Khanday et al. (2019) study, several alternatives

to OsBBM1, including OsBBM4, ToPAR, and OsWUS have

been successfully shown to be compatible with MiMe to

engineer synthetic apomixis in rice.

BOTTLENECKS FOR ENGINEERING SYNTHETIC APOMIXIS

Despite the recent advances in our understanding of plant

reproduction, there are still several bottlenecks in synthetic

apomixis to generate clonal seeds in crop species. These

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), doi: 10.1111/tpj.70054
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bottlenecks reside in the consecutive steps of apomixis,

being altered meiosis, parthenogenesis, and endosperm

development. An overview of major bottlenecks in engi-

neering synthetic apomixis are shown in Figure 3, and a

related set of open questions are listed in Box 2.

Skipping meiosis

The first step in synthetic apomixis is the production of

clonal gametes. Until today, no natural apomeiosis gene

has been identified and successfully transferred to another

plant species. This is therefore a major bottleneck and

there is a need for the genetic identification and functional

validation of natural apomeiosis genes which can be

applied in crop species.

How to translate the MiMe genotype to a wide variety of

crops?

Currently, clonal gametes are usually engineered through

MiMe, which requires the modification of multiple genes

to alter different aspects of meiosis. The MiMe system has

only been set up in a limited number of species – Arabi-

dopsis, rice and tomato – but still needs to be explored in

other angiosperms (Cifuentes et al., 2016; D’Erfurth

et al., 2009; D’Erfurth et al., 2010; Khanday et al., 2019;

Mieulet et al., 2016; Wang et al., 2019; Wang et al., 2024).

Due to different evolutionary trajectories and thereby vari-

able histories of polyploidy, the process of establishing

MiMe in different crops is quite complex and time-

consuming, as it is likely for each crop different mutant

combinations must be tested. This difficulty is illustrated

by the attempt to engineer MiMe in cotton (Gossypium hir-

sutum), in which the selected mutations all led to infertility

(Qian et al., 2024). Alternatives to MiMe, although less

applicable still, do exist and have been reviewed by Under-

wood and Mercier (2022).

To translate the existing MiMe systems to other spe-

cies, an expansion of our toolbox of meiotic cell-cycle con-

trol genes is required. A large number of genes involved in

meiosis in plants have been identified (Mercier et al.,

2015). The genes playing a role in the first two building

blocks of MiMe (abolishing meiotic recombination and

separating the sister chromatids) are strongly conserved

(Underwood & Mercier, 2022); therefore, identification of

homologous genes is feasible. The bottleneck is the third

building block, the skipping of the second meiotic division,

which is crucial to generate unreduced gametes, and novel

mutants that skip this process are of high interest. It is

important that this step is engineered with a high pene-

trance. Mutations in the first two building blocks only (i.e.,

in SPO11-1 and REC8) are lethal due to unbalanced distri-

butions of chromosomes, thus, viable gametes can only be

obtained if also the second meiotic division is omitted

(D’Erfurth et al., 2009).

In Arabidopsis, skipping meiosis II is most effective by

mutating AtOSD1, having a higher penetrance than mutat-

ing its alternatives THREE-DIVISION MUTANT 1 (AtTDM1)

or AtTAM (Cifuentes et al., 2016; D’Erfurth et al., 2009;

D’Erfurth et al., 2010). For other species than Arabidopsis,

this step is a bottleneck, as exemplified in tomato and

watermelon (Citrullus lanatus). Importantly, AtOSD1 acts

partially redundantly with its paralog UV-B-INSENSITIVE 4

(AtUVI4) in Arabidopsis and the double mutant Atosd1

Atuvi4 displays aberrant nuclear divisions during gameto-

genesis, leading to embryo lethality (Iwata et al., 2011).

Figure 3. Bottlenecks of synthetic apomixis.

Schematic representation of the major bottlenecks of clonal seed production through synthetic apomixis.

Box 2. Open questions

• What is the genetic basis of apomeiosis and autono-

mous endosperm in naturally apomictic plants?

• Is there a species-universal highly penetrant muta-

tion, which abolishes the second meiotic division?

• Which gene, or combination of genes, has the great-

est potential to induce parthenogenesis, in any

given species?

• How can suitable spatiotemporal expression of par-

thenogenesis genes be engineered by design?

• Is autonomous endosperm development necessary

for high-penetrance, high-fertility synthetic apomixis?

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), doi: 10.1111/tpj.70054
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However, many species, including tomato and watermelon,

have a single, likely essential OSD1-like gene. Only the

Brassicaceae and few specific other species (including soy-

bean, cassava, rice, and maize) have more than one OSD1-

like genes arisen from independent duplication events

(Mieulet et al., 2016; Pang et al., 2024). In tomato, no viable

null diploid Slosd1 mutants could be obtained (Di

et al., 2022; Wang et al., 2024). Instead, the partially pene-

trant Sltam mutation was used, resulting in MiMe plants

with reduced seed set (Wang et al., 2024). In diploid water-

melon, ClOSD1 likely functions not only in meiosis, but also

in mitosis of somatic cells (Pang et al., 2024). The water-

melon Closd1 mutants are proposed to undergo somatic

genome doubling as all regenerated Closd1 mutants were

tetraploid and no null diploids were found (Pang

et al., 2024). Despite this Closd1 mutants do skip the second

meiotic division and thus their gametes are tetraploid (Pang

et al., 2024). These examples illustrate that skipping meiosis

II through OSD1 gene mutation is not straightforward in

multiple crops. Thus, for most crops, a highly penetrant yet

viable and specific mutation to abort the second meiotic

division is still lacking and for each new crop system, the

meiotic cell-cycle control needs to be investigated.

Highly penetrant MiMe mutations are desired to

obtain fertile MiMe plants. In Arabidopsis, a fully penetrant

apomeiosis phenotype can be induced, resulting in a via-

bility of pollen and ovules similar to wild-type levels

(D’Erfurth et al., 2009). In contrast, lower penetrance may

lead to an increased proportion of gametes with unbal-

anced chromosome distributions, thereby reducing fertil-

ity. Such reduced fertility is reflected in lower pollen

viability, which reflects male fertility only, or in reduced

seed set, due to reduced male and/or female fertility. This

has been exemplified by tomato MiMe plants, in which

both pollen viability and seed set were decreased due to

incomplete penetrance of the MiMe genotype (Wang

et al., 2024). Partial penetrance of a MiMe system could

also reduce seed set due to ploidy mismatches between

the pollen and endosperm (Mieulet et al., 2016), which is

another bottleneck discussed below.

Parthenogenesis

The second step in apomixis is the induction of the egg

cell development into an embryo without fertilization by

parthenogenesis. Despite progress with BBM (Chen et al.,

2022; Dan et al., 2024; Qi et al., 2023; Ren et al., 2024; Song,

Li, Chen, et al., 2024; Vernet et al., 2022; Wei et al., 2023;

Ye et al., 2024; Zhang et al., 2020), PAR (Huang, Liang,

et al., 2024; Song, Wang, Ji, et al., 2024; Underwood et al.,

2022), and WUS (Dan et al., 2024; Huang, Meng, et al.,

2024), significant bottlenecks must be overcome to estab-

lish fully penetrant synthetic apomixis in both dicot and

monocot crop species. Since synthetic parthenogenesis is

a relatively recent innovation and the difficulties in

studying the female gametophyte due to its embedded

position within the ovule, there is little knowledge on the

molecular basis of synthetic parthenogenesis, so here we

speculate about the potential bottlenecks.

Which gene(s) in which crop?

Determining the suitable parthenogenic factor or combina-

tion of factors for individual crops remains a bottleneck. In

all crops, high penetrance of clonal reproduction is

required as a mixture of sexual and clonal seeds is not

desirable as seed lots will be a mixture of clonal and

recombinant offspring. In addition, for grain crops, high

fertility and grain filling is required as this is the final prod-

uct on the farm, whereas in vegetable crops, this is of rela-

tively minor significance.

By far the greatest progress in synthetic apomixis has

been made in rice using OsBBM1, ToPAR, or OsWUS which

have been reported to have maximal clonal rates of >95%,

67%, and 22% respectively (Table 1) (Dan et al., 2024;

Huang, Meng, et al., 2024; Song, Li, Chen, et al., 2024; Song,

Wang, Ji, et al., 2024; Vernet et al., 2022). Despite these

impressive clonal rates, typically, lower fertility is found

which represents a strong bottleneck for engineering syn-

thetic apomixis since high efficiency and a good yield will

be required on the field. The reports of these two newly dis-

covered parthenogenic factors (ToPAR and OsWUS ) now

provide the opportunity to express multiple factors at once

in the egg cell (Huang, Liang, et al., 2024; Underwood

et al., 2022). Even though, for now, only single partheno-

genic factors have been reported in apomictic plants, those

apomictic species might have also evolved optimizations

(i.e., epistatic interactions) in their embryogenic pathways

to make those individual factors more efficient and thereby

not require additional paternal factors (RNA and/or proteins

delivered by the sperm cell, or genes expressed from the

paternal genome in the zygote) for embryogenesis to occur

(Conner et al., 2015; Underwood et al., 2022). Therefore, to

convert sexual plants into apomicts multiple paternal fac-

tors might be required to induce efficient parthenogenesis.

Even though few paternal factors have been identified

to date, the potential importance of them is exemplified by

OsWOX9A in rice (Ren et al., 2024), as has been exten-

sively described in the section Synthetic apomixis in rice.

The combination of co-expressing OsWOX9A together with

OsBBM1 to increase parthenogenesis by 4–15-fold is a

classical example of genetic enhancement (Ren

et al., 2024). Other factors that could be important paternal

factors are SHORT SUSPENSOR (AtSSP ) and the PAR

homologs DUO1-ACTIVATED ZINC FINGER 3 (AtDAZ3) and

TRANSCRIPTIONAL REPRESSOR OF EIN3-DEPENDENT

EHTYLENE-RESPONSE 1 (AtTREE1) which have been

reported to be paternally derived in Arabidopsis (Bayer

et al., 2009; Cheng et al., 2024; Wang et al., 2021). AtSSP is

expressed in the pollen but only gets translated once the

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), doi: 10.1111/tpj.70054
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sperm cell has fused with the egg cell. If AtSSP is absent,

zygote patterning is not properly established which subse-

quently results in a malformed suspensor (Bayer

et al., 2009; Wang et al., 2021). Similarly, AtDAZ3 AND

AtTREE1 in the zygote are sperm cell-derived and double

mutants of both genes lead to altered cell division patterns

in early-globular-stage embryos (Cheng et al., 2024).

The identification of more natural parthenogenesis

factors will increase the potential for engineering efficient

and fertile synthetic parthenogenesis in diverse crop

plants. Since the genes responsible for parthenogenesis in

Pennisetum and Taraxacum differ, it is reasonable to sus-

pect that apomictic species in the genera Boechera, Rubus,

Erigeron, and others might also possess novel partheno-

genesis genes, thus providing opportunities for identifying

novel parthenogenic factors (Conner et al., 2015; Under-

wood et al., 2022). In addition to new parthenogenesis fac-

tors, sporophytic apomixis genes responsible for nucellar

embryony like RWP from Citrus and Mangifera hold prom-

ise (Wang et al., 2022; Yadav et al., 2023). Since these

genes trigger spontaneous embryo formation from nucel-

lar tissue, they may also have the capacity to initiate par-

thenogenesis if expressed in egg cells.

Which promoter is most suitable to drive parthenogenesis

genes?

Since parthenogenic efficiency represents a strong bottle-

neck, it is essential to consider also the regulatory ele-

ments that are being used to express parthenogenic

factors. Partially penetrant clonal reproduction means that

in some egg cells, the parthenogenic factor is not able to

trigger parthenogenesis, therefore suggesting either unsui-

table expression level (either too high or too low) of the

parthenogenic factor, mistiming of expression or expres-

sion in the wrong cell type. Ideally, the promoter used will

have egg cell-specific expression and sufficient expression

to induce parthenogenesis. It is possible that

expression levels that are too high trigger uncontrolled cell

division (Conner et al., 2015; Underwood et al., 2022). To

achieve egg cell-specific expression most current studies

have employed the Arabidopsis EC1.1 or EC1.2 promoters.

However, they may not be optimal and further promoter

discovery could identify more suitable promoters of par-

thenogenesis engineering. This is supported by results of

Song, Li, Chen, et al. (2024) whom observed an improve-

ment in apomictic offspring after utilizing the SunTag gene

activation system to enhance the expression of the rice

ECA1.1 promoter (Song, Li, Chen, et al., 2024).

How to engineer parthenogenesis without genetic

modification?

Besides biological constraints regarding the efficacy of the

selected promoters and genes, the requirement for a GMO

approach and the regulation associated therewith is

another bottleneck in the application of parthenogenesis

and synthetic apomixis in agriculture. The current induc-

tion of parthenogenesis is achieved by introducing an

expression cassette for egg cell-directed expression of one

or multiple parthenogenesis factor(s) (Table 1). This thus

requires a GMO approach, potentially making such parthe-

nogenesis systems less attractive for breeding organiza-

tions due to the prohibitive GMO regulatory processes in

many countries worldwide.

A solution for engineering GMO-free parthenogenic

plants may be found in the natural properties of TEs. TEs

are important drivers of evolution and naturally change

their location in the genome, thereby activating or repres-

sing nearby genes (Castanera et al., 2023). A major differ-

ence between sexual and asexual reproductive modes in

Taraxacum, Pilosella, Hieracium, Fortunella, and Citrus

species is the insertion of TEs/repetitive elements in their

apomixis gene promoters (Nakano et al., 2012; Underwood

et al., 2022; Wang et al., 2022). Such insertions are thought

to cause expression in female reproductive cells. Often TEs

are epigenetically silenced and it will be enlightening to

understand whether these TE insertions exert control

through purely genetic or a combination of genetic and

epigenetic mechanisms. Thus, the complete regulatory

control of PAR and RWP alleles has not been completely

unraveled yet, but it illustrates that in nature, TE insertions

can act as controlling elements of genes involved in repro-

ductive mode (McClintock, 1956; Nakano et al., 2012;

Underwood et al., 2022; Wang et al., 2022).

Activated transposition of TEs could be used to inte-

grate TEs in the promoter of PAR, RWP, or homologous

genes, either randomly (GMO-free) or in a targeted man-

ner (by gene editing). In a GMO-free approach, the

increased mobilization of TEs under stress conditions

could be used. Under normal conditions, TEs are under

epigenetic control to silence the expression of TE-encoded

genes required for transposition (Nozawa et al., 2021). The

transposition of TEs is inhibited by a plethora of inter-

linked silencing pathways which are initiated by RNA-

directed DNA methylation (RdDM) (Matzke & Mosher,

2014). RdDM, involving to different extents the RNA Poly-

merases II, IV, and V and a plethora of other factors, may

be reduced in some stress situations which can lead to TE

mobilization (Matzke & Mosher, 2014). Retrotransposons,

the largest class of TEs in plants, can be activated

and mobilized by heat stress, an RNA Pol II inhibitor (a-
amanitin), and a DNA methyltransferase (zebularine) in

Arabidopsis and rice, leading to higher copy numbers of

TEs (Thieme et al., 2017). This combination allows for

increased TE activity, which could potentially be utilized in

large forward genetic screenings to find TE insertions near

apomixis genes leading to ectopic expression, thereby

inducing embryo development without fertilization in a

potentially GMO-free fashion.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), doi: 10.1111/tpj.70054
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By using gene editing, complete promoters or only a

specific TE can be inserted in a sequence-specific target

site in the genome. Several approaches for this have been

developed, of which the recent transposase-assisted target

site integration (TATSI) method shows the highest

integration efficiency (Liu, Panda, et al., 2024). This system

combines the specificity of CRISPR-Cas targeting with the

seamless integration of TEs in the genome to insert

sequences at specific genomic locations. In short, the

donor sequence needs to be flanked by an mPing element,

which is recognized for excision from the genome by the

Pong transposase and then directed to a specific genomic

location for integration by a gRNA (Liu, Panda,

et al., 2024). Potentially, this TATSI system can be used to

insert a TE or other egg cell-specific elements in the pro-

moter of an apomixis gene thereby activating expression

in female reproductive cells.

Nourishing the embryo

Autonomous endosperm development might offer some

significant advantages over sexual endosperm (produced

by pseudogamy) for engineering apomictic crops and

especially for seed crops, as it avoids the problem of com-

plementary timing/fertilization of embryo and endosperm

development.

Sexual endosperm – Is it a problem?

Current studies on synthetic apomixis rely on sexual endo-

sperm development for seed set. However, in many of

these studies, the seed set of the synthetic apomictic crops

has been found to be variable. In some studies, the seed

set is close to wild-type, but in others, seed set of the syn-

thetic apomictic crops is significantly reduced (Dan

et al., 2024; Liu, Wang, et al., 2024; Song, Wang, Ji, et al.,

2024; Vernet et al., 2022; Wang et al., 2019; Wei

et al., 2023). Due to the MiMe genotype generating unre-

duced male and female gametes, the ploidy of the endo-

sperm will be modified. For example, in the rice MiMe

system, the 4n central cell is fertilized by a 2n sperm cell to

give rise to a hexaploid endosperm that maintains the 2:1

maternal-to-paternal ratio which is important for endo-

sperm development (Mieulet et al., 2016). Despite the

hexaploid endosperm seemingly not being a major bottle-

neck in rice – as several studies have successfully intro-

duced MiMe in rice with high seed set – it might explain

the variation in seed set between studies and could prove

to be a bottleneck when introducing MiMe into other

crops. As pointed out by Vernet et al. (2022), the introduc-

tion of parthenogenesis might block the fertilization of the

central cell because fertilization depends on the secretion

of EC1 proteins by the egg cell (Sprunck et al., 2012).

Therefore, early initiation of parthenogenesis might block

fertilization of the central cell if not enough EC1 proteins

are present. In the study of Vernet et al. (2022), this seems

not to be a major problem since their MiMe and

MiMe-OsBBM1 lines have a similar seed set. Despite this,

the synchronization of egg cell parthenogenesis and cen-

tral cell fertilization could prove to be a bottleneck when

engineering apomixis in other crops.

Autonomous endosperm – How to make it?

Autonomous endosperm might solve the potential issues

above associated with pseudogamy if embryo and endo-

sperm development can be triggered simultaneously at

complete penetrance. However, the evolution of autono-

mous endosperm is relatively rare in apomictic plant spe-

cies (Noyes, 2007). This suggests that either it is a complex

trait to evolve, or the negatives outweigh the benefits for

most apomictic species. In the few species like dandelion

and hawkweed that did acquire this trait, there is little

knowledge on the loci that are responsible for it (Rojek &

Ohad, 2023; Van Dijk et al., 2020). Nevertheless, investiga-

tion into factors that control endosperm development in

non-apomictic species has provided some insights that

might eventually lead to synthetic engineering of autono-

mous endosperm development. These factors include the

FIS-PRC2 complex, RBR1, CYCD7, and YUC10; and these

have been discussed above in the recent advances

(Chaudhury et al., 1997; Figueiredo et al., 2015; Grossnik-

laus et al., 1998; Kiyosue et al., 1999; K€ohler et al., 2003;

Ohad et al., 1996; Simonini et al., 2024; Wu et al., 2023).

However, modulation of these factors fail to lead to com-

plete endosperm development possibly due to an imbal-

ance in the 2:1 maternal-to-paternal ratio, and are therefore

likely not enough to engineer autonomous endosperm in

crops. More knowledge on the downstream factors that

are modified by these mutants will provide more insights

on why development fails. In addition, further understand-

ing of the bi-directional signaling between endosperm

development and seed coat development may be a further

source of leads for engineering autonomous endosperm.

Finally, exploring the molecular basis of autonomous

endosperm in apomictic species like dandelion and Hiera-

cium holds opportunities to find new factors responsible

for endosperm development. In both these species, the

autonomous endosperm trait is not linked together with

apomeiosis and parthenogenesis (Henderson et al., 2017;

Van Dijk et al., 2020).

Besides overcoming possible fertility issues related to

synthetic apomixis, autonomous endosperm might pro-

vide other benefits when introduced into crop species. If

autonomous endosperm is used in the context of synthetic

apomixis, it effectively abandons the need for fertilization

and thus creates plants that are completely autonomous.

This is particularly interesting in crops that are grown for

fruits and seeds, in which the development of the male

gametophyte is significantly affected by heat stress. Often

in these crops heat waves can lead to a significant

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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lowering of pollen viability that subsequently results in

unsuccessful pollination and therefore leads to yield loses.

The non-reliance of autonomous apomicts on pollen would

allow the plants to set seed and thus fruit under heat stress

conditions. Autonomous apomictic crops could also

reduce some of the concerns with potential gene flow into

wild relatives of GM-crops. If these GM-crops would repro-

duce completely autonomously; male sterility could be

introduced and thus eliminating the risk of outcrossing to

wild relatives through pollen.

THE POTENTIAL OF CLONAL SEEDS

Apomixis is considered the holy grail in plant breeding

because it facilitates the generation of clonal seeds and

thereby the stable inheritance of hybrid vigor (Jefferson,

1994; Spillane et al., 2004; Underwood & Mercier, 2022). In

this review, we have highlighted the recent advances

in the understanding and engineering of apomixis and

elaborated on the current bottlenecks of generating clonal

seeds. The above bottlenecks all affect plant fertility, which

is the major limiting factor in synthetic apomixis. So far,

impressive progress has been made in generating clonal

rice grains. In rice and other seed crops, both a high per-

centage of clonal seeds and a high seed set is desired, but

generally, high clonal seed rates are associated with

decreased fertility (see Table 1). As fertility directly relates

to seed set and thereby grain yield, even marginally

reduced fertility is a major bottle neck to agricultural appli-

cation in grain crops.

Synthetic apomicts in rice have been obtained by com-

bining the Ospair1 Osrec8 Ososd1 mutations with ectopic

expression of a BBM-like gene (Dan et al., 2024; Khanday

et al., 2019; Vernet et al., 2022; Wei et al., 2023), ToPAR

(Song, Wang, Ji, et al., 2024), or OsWUS (Huang, Meng,

et al., 2024). Up to 95% of clonal offspring can be obtained,

but the seed set of these plants is often reduced and highly

variable (15%–88%) (Dan et al., 2024; Vernet et al., 2022),

although the recent report of Song, Li, Chen, et al. (2024)

indicates there may be ways to overcome this (Song, Li,

Chen, et al., 2024). In contrast to grain crops, in fruit and

vegetable crops, high seed set is less essential because it

does not (directly) influence crop yield. Although synthetic

apomixis has not yet been demonstrated in these crops, its

building blocks MiMe and parthenogenesis have been

established in tomato (Chen et al., 2022; Wang et al., 2024).

Thus, while reduced fertility of synthetic apomicts is still a

major concern in grain crops, this approach offers great

potential for fruit and vegetable crops, in which synthetic

apomixis has not yet been fully explored.

As such apomixis in fruit and vegetable crops is a

promising field for future research. First, a functional

MiMe system in the important vegetable/fruit crop

tomato has been developed and despite fertility issues,

they are of relatively less importance compared with

grain crops. Second, apomixis may facilitate the fixing of

genotypes in species with high genomic heterozygosity,

such as potato. Potato cultivars are classically tetraploid

and obligatory outcrossing; thus, favorable genotypes

cannot be fixed in seeds and are generally clonally prop-

agated by tubers. While it is possible to inbreed diploid

potatoes toward the generation of stable diploid parental

lines, this process is highly complex due to inbreeding

depression and the generation of fully homozygous elite

parents has proved difficult (Zhang et al., 2021). There-

fore, the introduction of apomixis in potato, and other

crops with heterozygous genomes, may be an alternative

to generate stable, high-performing, hybrid genotypes

through clonal seeds.

The most exciting prospect of clonal seed production

is the fixing of hybrid genotypes, especially of those dis-

playing hybrid vigor, as frequently mentioned in synthetic

apomixis studies (a.o. (Huang, Meng, et al., 2024; Khanday

et al., 2019; Underwood et al., 2022; Vernet et al., 2022)).

On top of increases in plant performance, clonal seed pro-

duction will ease the generation of large quantities of

hybrid seeds from such high-performing genotypes. This

would allow for increased variation in the current mono-

culture system, with more varieties per crop, thereby

increasing the robustness of agricultural systems (Dijk

et al., 2016). To conclude, the improvement of crops by

humans has taken place since the dawn of modern civiliza-

tion and must continue if we as a global community are to

overcome the problems of high disease pressure and cli-

mate change. A natural extension of thousands of years of

man-made selections is to harness modern technologies

including genomic selection, genome engineering and syn-

thetic apomixis to expedite the improvement of hybrid

crops to infinity and beyond.
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