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ScienceDirect
In flowering plants, haploid gametes – an egg cell and a sperm

cell fuse to form the first diploid cell – the zygote. The zygote is

the progenitor stem cell that gives rise to all the embryonic and

post embryonic tissues and organs. Unlike animals, both

maternal and paternal gene products participate in the initial

development of zygotes in plants. Here, we discuss recent

advances in understanding of the zygotic transition and embryo

initiation in angiosperms, including the role of parental

contributions to gene expression in the zygote. We further

discuss utilization of this knowledge in agricultural

biotechnology through synthetic apomixis. Parthenogenesis

obtained by manipulation of embryogenic factors, combined

with mutations that bypass meiosis, enables clonal

propagation of hybrid crops through seeds.
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Introduction
The life cycle of plants alternates between a diploid

sporophytic and a haploid gametophytic generation. In

flowering plants, the sporophyte is initiated with the

fusion of haploid gametes during double fertilization.

Two male gametes or sperm cells are borne on male

gametophyte or pollen grains inside anthers and female

gametes, an egg cell and a homo-diploid central cell

are produced inside female gametophyte or embryo sac

within an ovule. One of the sperm cells fuses with the egg

cell and forms the zygote that ultimately gives rise to the

embryo. The second sperm cell fertilizes the central cell,

resulting in triploid endosperm — the nutritive tissue for

nourishment of developing embryo, and also germinating

seedlings in monocots [1]. The zygote undergoes an
www.sciencedirect.com 
asymmetric first division and gives rise to a smaller apical

cell and a larger basal cell. Typically, the apical cell gives

rise to the embryo, while the basal cell forms the extra-

embryonic suspensor [2,3]. In this review, we focus on the

molecular genetic control of zygote development, includ-

ing activation of the zygotic genome after fertilization and

parent-of-origin gene expression, and discuss the utiliza-

tion of this knowledge for the clonal propagation of hybrid

crops through seed.

Plant zygote development after fertilization
After fertilization, zygotes in dicots undergo a period of

growth and elongation before the first asymmetric zygote

division (Figure 1a). The earliest stages of embryogenesis

involve cellular polarization, and determination of the

apical-basal axis [4�]. Egg cells in dicots are polarized with

nucleus located at the apical (chalazal pole) and a large

vacuole occupies the basal end (micopylar pole) [5]

(Figure 1a). This polarity is transiently lost in fertilized

egg cell when nucleus assumes a central position with

vacuoles dispersed throughout, and then reestablished

before the first zygotic division [2,4�,6,7] (Figure 1a). The

dynamic rearrangement of cytoskeletal components,

microtubules and F-actin after fertilization play a pivotal

role in nuclear migration and polarity establishment

in zygotes [4�,7]. In Brassicaceae and other dicot families,

(e.g. Arabidopsis and tobacco), the first zygotic division

gives rise to a cytoplasm-rich smaller apical cell and a

vacuolated large basal cell. The apical cell gives rise to the

embryo proper and the basal cell forms the suspensor and

the hypophysis, the uppermost cell of suspensor that

contributes to the root apical meristem [3]. However,

variations on this stereotypic theme are found in other

eudicots where apical cell can contribute to suspensor

(Caryophyllaceae) and basal cell to proembryos (members

of Asteraceae) [8,9].

In monocot grass species, large vacuoles are found on the

apical side of egg cells [10,11] (Figure 1b). There appears

to be no growth of the zygote before the first division in

rice, maize and wheat [10–12] (Figure 1b). Compared to

eudicots, polarity in grass zygotes is less obvious. The

vacuolar redistribution and nuclear migration results in

asymmetric appearance with cytoplasm rich apical pole

and vacuolated basal (micropylar) pole [11,13]. The first

zygotic division results in relatively smaller, denser apical

cell and a larger, vacuolated basal cell (Figure 1b) [10,11].

Unlike dicots, in monocot grasses both apical and basal

cells divide in multiple planes to give rise to a pear-

shaped proembryo before cell fate determination for

organ formation.
Current Opinion in Plant Biology 2021, 13:101993
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2 Growth and development

Figure 1

(a)

(b)

Current Opinion in Plant Biology

Schematic illustration of zygote development in eudicots and monocots, accenting parent-specific gene functions. (a) Egg cell in dicots

(Arabidopsis) with basal vacuole and apically located nucleus. Zygote elongation and asymmetric division gives rise to a large vacuolar basal cell

and a smaller cytoplasm-rich apical cell [3,5]. Sperm cells express SSP and BBM transcripts. Activation of the YDA MAPK cascade in the zygote

by SSP results in expression of WRK2, which together with maternally expressed HDG11/12 upregulates WOX8, promoting zygote elongation and

polarity [50,51��]. (b) Egg cell in monocots with large vacuoles at the apical pole. The zygote undergoes division without growth, and gives rise to

a relatively larger and more vacuolated basal cell, and a smaller, denser apical cell. Paternal BBM transcription factors initiate embryogenesis [47��

]. Paternal BBM1 upregulates maternal BBM1, as well as maternal allele of auxin biosynthesis gene YUCCA7. The arrows between different cell

types denote developmental progression and the arrows between protein/gene names signify regulation. SSP, SHORT SUSPENSOR; BBM, BABY

BBOM; WOX, WUSCHEL-related homeobox; HDG, HOMEODOMAIN GLABROUS, YDA, YODA; MAPK, mitogen-activated protein kinase, ZAR1,

ZYGOTIC ARREST 1.
Maternal-to-zygotic transition in plants
In animals, RNAs and proteins stored in the egg cell

before fertilization have been shown to drive early

embryogenesis, while the zygotic genome remains tran-

scriptionally quiescent [14,15], although contributions

from male transcripts have also emerged recently

[16,17]. This maternal control of embryogenesis can last

from hours up to a day and these maternal gene products

can support different number of initial cell divisions

depending on species [14]. However, the control of

embryogenesis is later taken over by the de novo synthe-

sized zygotic gene products during a transition period

known as maternal-to-zygotic transition (MZT) [15]. The

MZT in animals involves two interlinked steps (1) onset

of transcription from zygotic genome, also known as

zygotic genome activation (ZGA), and (2) removal of

maternal transcripts [15]. The understanding of MZT
Current Opinion in Plant Biology 2021, 13:101993 
in plants has advanced considerably in the last decade. As

in animals, blocking gene expression in zygotes with

transcriptional inhibitors in either tobacco [6] or Arabi-

dopsis [18��], results in cell cycle arrest, indicating that de
novo transcription from zygotic genome is required for the

first zygotic division. Initial studies involving the expres-

sion of small sets of genes in zygotes in maize [19–21],

tobacco [22] and Arabidopsis [23], or genetic studies of

zygote development mutants in Arabidopsis [24] indi-

cated that zygotic gene transcription occurs before first

zygotic division. However, genetic studies in Arabidopsis

suggested that on a larger scale many genes in the early

embryo were expressed only from the maternal genome,

and that activation of the paternal genome was delayed

[25]. Such maternal-specific expression could arise either

from parent-of-origin effects on new transcription, or from

carryover of transcripts from the unfertilized egg cell, that
www.sciencedirect.com



Embryo initiation and synthetic apomixis in plants Khanday and Sundaresan 3
is, both genomes might be silent initially. From recent

genome wide transcriptomic studies, a consensus has

emerged that ZGA in flowering plants occurs before

the first zygotic division, as discussed below.

Zygotic genome activation in monocots and
dicots
In cereals, the gametes are arrested at the G1 phase of the

cell cycle. Studies in rice and maize have provided a

detailed picture of the sequence of ZGA in cereals

[26��,27�]. A time-staged transcriptomic study in unicellu-

lar rice zygotes identified 499 genes upregulated at

2.5 hours after pollination (hap) (karyogamy stage),

181 of which had de novo expression in the zygote, com-

pared to egg cells [26��,28]. The number of upregulated

genes increased to 1981 at 5 hap (nucleolar fusion) and

reached to 2485 genes at 9 hap (G2 phase). The majority of

the genes expressed at these different stages of rice zygote

development had a maternally biased expression [26��]. In

maize, relative to egg cells, the expression of 3489 and

3247 genes was upregulated in zygotes at 12 hap (about

4 hours after fertilization) and 24 hap (corresponding to

completion of S-phase), respectively [27�]. Although the

parental contributions to the zygotic transcriptome were

not investigated in maize, the maize and rice studies are in

general agreement on the timing and scale of ZGA.

Most of the studies on ZGA in dicots have been carried

out in Arabidopsis. Studies on DNA content of sperm

cells suggest that Arabidopsis gametes may be in S phase

at the time of fertilization [29]; however, expression of the

RBR gene in Arabidopsis zygotes suggests that the egg

cell may be arrested at the point of entry into S phase [30].

The timing of ZGA and parental gene expression

contributions in Arabidopsis embryogenesis has been

controversial, with two contrasting models supported

by different studies [18��,31,32,33��,34]. Transcriptomic

analysis of Arabidopsis 2–4 cell proembryos supported the

concept of overall maternal dominance [31]. This

conclusion was further supported by studies with embryo

defective mutations and reporter gene assays, in which

different paternal alleles are activated at different time

points during early stages of embryogenesis [32,33��].
Thus, these studies support a model in which paternal

genome activation occurs gradually from fertilized egg

cell to globular stage embryos in Arabidopsis, and perhaps

reflective of slow ZGA. In contrast, a study of 1–2-cell

Arabidopsis proembryos found that zygotic transcription

begins early, and the two parental genomes contribute

equally [34]. This latter conclusion is supported by a

recent study carried out in time-staged single cell zygotes

in Arabidopsis which showed 2625 genes upregulated in

14 hap zygotes (spherical zygotes) compared to egg cells

and the number of upregulated genes increased to 2951 at

24 hap (elongated zygotes) [18��]. Although �66% reads

were from maternal alleles at 14 hap, almost equal

proportion of reads were observed from maternal and
www.sciencedirect.com 
paternal genomes at 24 hap [18��], indicating rapid and

complete ZGA is achieved in Arabidopsis before the first

zygotic division. However, another recent study of the

Arabidopsis embryo transcriptomes has reported a pre-

dominantly maternal bias for most genes in the earliest

embryo stages including zygotes [33��]. It has been

hypothesized that the differences in results between

these studies might arise from differences in the ecotype

combinations used to make the necessary hybrids for

parent-of-origin determination in the transcriptomic anal-

yses [32,33��]. Extensive studies on other dicot plants

have not been undertaken; however, in tobacco zygotes,

out of 1589 detected cDNAs, 1234 were not expressed in

egg cells [6], supporting rapid activation of the zygotic

genome after fertilization in tobacco.

Maternal transcript removal in plant zygotes
Because of rapid ZGA followed by loss of egg cell

differentiation and embryonic cell divisions, maternal

transcripts can be diluted out without requiring an active

process for their removal as in animals. In the rice zygote

study, extensive downregulation of egg cell-expressed

transcripts was observed during ZGA, with 2898 genes

that were downregulated by late G2 [26��]. However, as

many maternally expressed transcripts for basic cellular

processes were present in the egg cell and were persistent

or upregulated during ZGA, it was concluded that the

downregulated transcripts in zygotes represented inacti-

vation of genes corresponding to egg cell fate, and that

there was no evidence for an active process promoting

widespread removal of maternal transcripts [26��]. In

Arabidopsis, downregulation of 2956 egg cell transcripts

was observed in 24 hap zygotes, paralleling the rice study,

but here the kinetics of the downregulation were inter-

preted as indicative of active removal of maternal tran-

scripts [18��]. These contrasting conclusions might reflect

differences in ZGA between rice and Arabidopsis

zygotes. It is worth noting that rice zygotes enter mitosis

much more rapidly than Arabidopsis zygotes; in fact, the

last time point in the rice study was chronologically earlier

than the first time point in the Arabidopsis study. There-

fore, a larger number of organisms will need to be sur-

veyed to arrive at general conclusions on maternal tran-

script removal for the plant MZT.

Epigenetic contributions to plant zygote
development
It was pointed out by McClintock that formation of the

gametes and establishment of the zygote would require

reprogramming of the genome [35]. Such reprogramming

is likely to involve mechanisms that erase and reset

epigenetic marks from the parental generation. Evidence

for large-scale epigenetic modifications mediated by siR-

NAs in the sperm cell has been implicated in the silencing

of transposable elements, a topic reviewed in detail

previously [36]. Recent studies on small RNA transcrip-

tomes of rice gametes find that the distribution of 24 nt
Current Opinion in Plant Biology 2021, 13:101993
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siRNA loci is reprogrammed in both the egg cell and the

sperm cell, followed by a return to a canonical 24 nt

siRNA pattern that is initiated in the zygote [37,38�].
These large-scale changes in siRNAs might be expected

to be associated with chromatin modifications in the

gametes that are transmitted to the zygotes. Consistent

with this concept, genome-wide removal of the Polycomb

complex-directed H3K27me3 repressive epigenetic mark

in the sperm cell has been found in Arabidopsis, due in

part to replacement of canonical histones by histone

variants [39�]. These studies point to the importance of

more research on epigenetic modifications of gametes and

zygotes at the whole-genome level to reveal epigenetic

mechanisms operating on expression of individual genes

and pathways during zygote development.

Parent-of-origin dependent gene expression
and interplay between parental genomes
during zygote development
Locus-specific gene imprinting — that is, gene expression

from only one parental allele has been well documented

in the endosperm [40]; however, it is relatively uncom-

mon in plant embryos. Embryo imprinting was first

reported for a maize gene MATERNALLY EXPRESSED
IN EMBRYO 1 (MEE1), which is expressed only from the

maternal allele in embryos as well as in endosperm [41].

Subsequently, maternal-allele specific expression has

been reported for several genes in Arabidopsis and maize

embryos [32,33��,42–45]. Paternal-allele specific expres-

sion of individual loci is also widely prevalent in the

endosperm [46] but not in embryos. Recently, the role

of a paternally expressed AP2 family transcription factor

BABY BOOM1 (BBM1) was described in the initiation of

embryogenesis in rice [47��]. BBM1 is expressed in the

sperm cell and is absent in the egg cell, and continues to

be expressed only from the male allele after fertilization,

when it triggers embryo development [26��,47��]. Three

BBM genes (BBM1, BBM2 and BBM3) are redundantly

required for embryogenesis in rice [47��]. Ectopic expres-

sion of BBM1 in the egg cell leads to embryo formation

without fertilization (parthenogenesis), and consequently

to haploid progeny [47��]. The paternal expression of

BBM1 has been independently confirmed with in vitro
fertilized rice zygotes [48]. Expression of the orthologous

BBM gene in Arabidopsis has also been shown to be

present in sperm cells and absent in egg cells [39�],
although a detailed characterization of expression and

function in the zygote has yet to be performed. In rice,

BBM1 has been shown to activate auxin biosynthesis for

induction of somatic embryogenesis [49]. The under-

standing of regulation of embryo initiation by BBM1
was utilized to develop a synthetic apomixis system for

clonal seed propagation in rice (see following section).

Although there is as yet no consensus on contributions

of maternal and paternal gene expression at a genome-

wide scale in Arabidopsis zygotes [18��,31,33��,34],
Current Opinion in Plant Biology 2021, 13:101993 
co-ordination between maternal and paternal factors

has been demonstrated in zygote development. The

sperm cell transmitted SHORT SUSPENSOR (SSP) prod-

uct activates the YODA mitogen-activated protein kinase

(MAPK) pathway, leading to phosphorylation of

the transcription factor WRKY2 [50,51��] (Figure 1a).

The phosphorylated WRKY2 then activates its target

gene WOX8, which promotes asymmetric zygotic division

and suspensor formation. However, this activation of

WOX8 expression additionally requires the female-

expressed class IV HOMEODOMAIN GLABROUS

(HDG) transcription factors HDG11/12 (Figure 1a)

[51��,52]. Thus, male and female-expressed factors co-

operate within the zygote to promote an essential step in

embryogenesis. The asymmetric division of the zygote

additionally requires the function of ZYGOTIC

ARREST 1 (ZAR1), a kinase of RLK/Pelle family [53]

(Figure 1a). Since SSP is a Brassicaceae-specific gene and

is not found outside this family [54], alternative mecha-

nisms for MAPK activation and/or pathways other than

MAPK may be involved in apical-basal axis formation in

monocots. Several other genes, either predicted to regu-

late or involved in zygote development in various plant

species have been reviewed in Zhao et al. [13] and are not

further discussed here.

In rice zygotes, although most genes have maternal

expression, the BBM1 transcription factor demonstrated

to act as an embryogenic trigger in rice is paternally

expressed [26��,47��,48]. One of the BBM1 target genes

expressed de novo in zygotes is YUCCA7, suggesting that

auxin biosynthesis might have a key role in embryogene-

sis initiation [49]. However, expression of YUCCA7 is

maternal-allele specific, implying that parental genome-

specific gene expression is coordinated to promote zygote

development [26��]. The initial male allelic expression of

BBM1 is followed by the expression of the female BBM1
allele before the zygote divides. The female allele of

BBM1 is likely to be a target of male-expressed BBM1,

since BBM1 is capable of auto-activation (Figure 1b)

[47��]. Another transcription factor with paternal expres-

sion in rice zygotes is WOX9A [26��], an ortholog of

Arabidopsis WOX8 (see above); however, the role of

WOX9A in rice zygotic development has not been deter-

mined (Figure 1b). To summarize: unfertilized egg cells

in rice are arrested at G1 phase. Fertilization by the sperm

cell is followed by karyogamy, and activation of zygotic

development, marked by replication of the zygotic

genome (S-phase) [55]. The replication factors and gen-

eral cellular metabolism genes required for zygotic DNA

replication, as well as for biosynthesis of auxin, are

maternally expressed [26��]. Thus, the initiation of the

zygote development program involves a paternally

expressed factor (BBM1) that then activates a maternally

expressed machinery for auxin biosynthesis, cell cycle

progression, and other basic cellular processes

(Figure 1b).
www.sciencedirect.com
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Translating embryo initiation mechanisms into
agricultural applications
Crossing specific combinations of inbred lines leads to ‘hybrid

vigor’ or ‘heterosis’ [56], with the enhancement of several

quantitative characteristics of agronomic importance like

yield, biomass, abiotic stress, environmental adaptability

etc. in the F1 progeny. Crop yields have substantially

increased by the use of high-yielding hybrids, but these

hybrids cannot be maintained through seed propagation

due to genetic segregation. Apomixis is an asexual mode of

seed formation known to occur naturally in �400 angiosperm

species [57]. However, except for a few fruit crops and forage

grasses, apomixis is rare in crop plants [57,58]. Apomixis is a

complex process and can be achieved through several differ-

ent mechanisms in nature [57]. The common underlying

theme in all these different forms of apomixis is bypassing

the two fundamental processes involved in sexual reproduc-

tion — meiosis and fertilization. Thus, the offspring produced

are genetically identical or clones of the mother plant.

Although several genes regulating different components of

apomixis have been identified and progress has been made in

deciphering their role in inducing apomixis, our understand-

ing of natural apomixis at the molecular level is still limited [

59–63]. Introductionofapomixis into cropplants for theclonal

propagation of hybrids has been described as ‘the holy grail’ of

agricultural biotechnology [64]. Besides enabling fixation of
Figure 2

Schematic illustration of clonal propagation of hybrid crop plants with synth

F1 progeny. During sexual reproduction of F1 hybrids, meiosis leads to reco

bringing in new combinations of gametes that leads to loss of vigor in the F

without recombination [72]. With ectopic BBM1 expression, the diploid unre

produce clonal progeny [47��]. While sexual reproduction results in seeds w

of clonal seeds that retain the hybrid heterozygosity. MMC, megaspore mot

meiosis, BBM1, BABY BOOM1.

www.sciencedirect.com 
hybrid vigor, apomixis in crop plants has several other benefits

for agriculture [57].

Synthetic apomixis: combining ameiotic MiMe
with parthenogenetic BBM1
A conventional strategy to introduce apomixis into sexual

crop plants is the introgression of apomictic traits from

wild relatives. However, this strategy has had limited

success. The alternative approach is synthetic apomixis

— using biotechnology to assemble different components

of apomixis or modify sexual reproduction to create an

apomictic mode of propagation. As mentioned above, the

expression of paternally expressed BBM1 in the egg cell

induces parthenogenesis in rice [47��]. This observation

was used to devise a procedure of molecular engineering

for synthetic apomixis in crop plants. The strategy par-

allels a type of natural apomixis known as diplospory, in

which the avoidance of meiosis (called ‘apomeiosis’) is

combined with embryo formation by the unfertilized egg

cell, that is, parthenogenesis [65]. Apomeiosis was

achieved by substitution of mitosis for meiosis, also

known as‘mitosis instead of meiosis’ or MiMe genotype

[66], and parthenogenesis by egg cell expression of

BBM1 [47��] (Figure 2). MiMe is a combination of three

mutations, disabling different steps involved in meiosis

and converting it into a mitotic like division. Mutations in
Current Opinion in Plant Biology

etic apomixis. Crossing specific inbred lines results in hybrid vigor in

mbination and reduction, and fertilization creates genetic variation by

2 progeny. In synthetic apomixis, MiMe produces diploid egg cells

duced egg cells will develop parthenogenetically into embryos and

ith genetic segregation of traits, synthetic apomixis leads to production

her cell; Spc, sperm cell; EC, egg cell; MiMe, mitosis instead of

Current Opinion in Plant Biology 2021, 13:101993
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Figure 3

(a)
(b)

(c)

Current Opinion in Plant Biology

Clonal and sexual progeny from synthetic apomixis plants. (a) An

eighth-generation clonal diploid progeny (right) from a seventh-

generation synthetic apomixis plant is compared with a tetraploid

sexual progeny (left) [47��]. (b) and (c) phenotypic differences in floral

morphology between diploid and tetraploid progeny. Tetraploid

progeny (c) are sterile and develop an awn. Awns are suppressed in

diploid florets (b). Scale bars, 10 cm in (a), and 0.5 cm in (b) and (c).
SPO11 orthologs in Arabidopsis [67] and rice [68] or

HOMOLOGOUS PAIRING ABERRATION IN RICE MEI-
OSIS1 (PAIR1) of rice [69] disrupt chromosome pairing

and meiotic recombination. REC8 is essential for main-

taining centromere cohesion at anaphase I and also con-

trols monopolar orientation of kinetochores during the

first meiotic division [70,71]. Mutations in OMISSION OF
SECOND DIVISION 1 (OSD1) skip the second meiotic

division and result in diploid gametes [66]. A combination

of mutations in SPO11, REC8 and OSD1 in Arabidopsis

[66] and PAIR1, REC8 and OSD1 in rice [72] created MiMe
genotype and produced diploid gametes without reduc-

tion or recombination. However, fertilization of unre-

duced gametes will double the genome ploidy every

generation. Therefore, the embryo triggering capacity

of BBM1 in the absence of fertilization was combined

with genome edited MiMe genes to enable clonal propa-

gation through seeds [47��]. MiMe results in unrecom-

bined and unreduced egg cells which parthenogenetically

develop into embryos with BBM1 expression (Figure 2).

Diploid clonal seeds were observed at 15–29% frequency

while as the rest of the seeds were sexual tetraploids

(Figure 3). In this synthetic apomixis system, central cell

fertilization is still required for endosperm formation and

viable seeds [47��]. Such a combination of asexual embryo

and sexual endosperm mimics the majority of natural

apomicts which undergo pseudogamy [73]. In particular,

a natural apomict, Pennisetum squamulatum which under-

goes pseudogamous apomixis also contains multiple cop-

ies of a BBM-like gene in its apospory-specific locus

which express in the egg cell before fertilization to

produce parthenogenic embryos but with fertilized endo-

sperm [60,61]. It may be possible in the future to utilize

autonomous endosperm formation to generate asexual

endosperm as well, but some additional hurdles will need

to be overcome. A maternal-to-paternal genome ratio of

2:1 has been shown to be essential for viable endosperm

formation in most angiosperms including major crop

plants, and mutants that form autonomous asexual endo-

sperm result in seed abortion [74]. Thus, a synthetic

apomixis system with autonomous endosperm formation

will require additional complexities of design to over-

come the ploidy barrier. Since the sexual endosperm is

still hybrid and does not contribute to the genotype of the

subsequent generation, the formation of endosperm by

fertilization should not be a limiting factor for clonal seed

propagation (Additional details are discussed in Khanday

et al. [47��]).

Other strategies for clonal seed formation
Alternative strategies to synthetic apomixis have used

genome elimination. These strategies also require intro-

duction of apomeiosis, typically by MiMe (Figure 2);

however, instead of parthenogenesis, one of the

two parental genomes is eliminated either during or after

fertilization (Figure 4). In Arabidopsis, genome elimina-

tion can be induced by altered centromere-specific
Current Opinion in Plant Biology 2021, 13:101993 
histone 3 (CENH3) [75]. When cenh3 mutants are crossed

to wildtype, mutant chromosomes are eliminated. MiMe
plants were crossed with cenh3 mutant plants, resulting in

clonal seeds [76] (Figure 4). Although clonal seeds were

produced, there is significant sterility due to aneuploidy

from incomplete genome eliminations. A more serious

limitation is that it is not a self-replicating system, and

cross-pollinations are required to produce the clonal

seeds. This limitation was recently overcome in rice by

using the haploid inducer capability of mutations in a

phospholipase A gene MATRILINEAL (MTL) [77] (also

called NOT LIKE DAD [78] or PHOSPHOLIPASE A1
[79]) first described in maize. The simultaneous knockout

of MiMe genes and MTL was shown to achieve synthetic

apomixis in rice at 5–9.5% frequency [80��] (Figure 4).

However, widespread seed sterility was also observed

with this strategy, reducing the overall clonal seed
www.sciencedirect.com
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Figure 4

Current Opinion in Plant Biology

Strategies for clonal seed production by synthetic apomixis in crops. MiMe results in diploid gametes without reduction and recombination [72].

The diploid egg cell can develop into parthenogenetic embryo with BBM1 expression [47��] or alternately male genome can be eliminated with mtl

mutations [77,80��]. All these strategies result in diploid clonal progeny. MMC, megaspore mother cell; Spc, sperm cell; EC, egg cell; MiMe,

mitosis instead of meiosis; BBM1, BABY BOOM1; mtl, matrilineal.
production to 0.19–0.41% [80��], most likely due to aneu-

ploidy caused by chromosome fragmentation

and incomplete genome elimination [81]. Substantial

improvements in this frequency could enable this

approach to be used for practical applications in the field.

Conclusions and future directions
The successful demonstration of clonal propagation

through seeds using the synthetic apomixis approach

has the potential to revolutionize agriculture in the future.

Both BBM and MiMe homologous genes are found in other

plant species, so this technology could be extendable to

other cereals, and perhaps other crops as well. It would

enable propagation of high yielding, disease-resistant and

climate-resistant hybrid crops as clones without losing

these traits through successive generations, and thus also

enabling farmers to plant seeds from their own hybrid

crops every planting season. New elite genotypes result-

ing from breeding procedures would be ready for perfor-

mance testing without the need for progeny genetic

stability testing, and thus would significantly reduce

the cost and time for releasing new hybrid seeds for

breeding programs and commercial seed companies.

The cost effectiveness of clonal hybrid seeds would also

encourage farmers in the developing world to adopt

hybrid crop cultivation. A theoretical concern for this

technology is the long-term sustainability of propagation

of seeds exclusively through the female germline. It has

been hypothesized that epigenetic interactions between

parental genomes are important for heterosis, which

would imply that genetic fixation by apomixis alone

may be not be sufficient to preserve hybrid vigor
www.sciencedirect.com 
[82,83]. However, studies in Hieracium pilosella shows

that hybrids can be stably propagated across generations

with apomixis without changes in quantitative traits [64].

Moreover, we have now clonally propagated progeny

from our apomictic rice lines for eight generations without

any visible phenotypic consequences (Figure 3). Thus, it

appears that the male genome is dispensable for several

generations, even in a sexually reproducing plant like

rice.

One of the limitations on bringing this technology to the

farmer’s field is the frequency of clonal seed formation,

which at present is 15–30% in rice [47��] and represents

the frequency of seeds developing parthenogenetically.

However, this limitation could be overcome in the future

by building better parthenogenesis systems with promo-

ters and other cis elements having stronger expression in

egg cells. Improved parthenogenesis systems might also

be developed by utilizing additional embryogenic genes

derived from investigation of reproduction in both sexual

and apomictic plants. Alternatively, this technology could

be utilized at the current efficiency for hybrid seed

production if an efficient procedure for distinguishing

diploid clonal seeds from tetraploid sexual seeds could

be developed, such that the clonal seeds could be selec-

tively used for field planting.

In summary, based on current evidence from multiple

species, the zygotic genome in plants is activated and de
novo transcripts are synthesized before the first zygotic

division. Although the timing of complete paternal

genome activation after fertilization is still debated,
Current Opinion in Plant Biology 2021, 13:101993
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particularly in Arabidopsis, various studies show parent-

specific activation of genes can occur from zygote to early

embryos. An interplay of maternal and paternal factors,

acting through transmission of mRNA or parent-of-origin

dependent expression, is required for zygotic develop-

ment. Knowledge of the mechanism of embryo initiation

in rice has been utilized to develop a method of synthetic

apomixis which can be utilized for preservation of heter-

osis in hybrid crops.
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