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ABSTRACT

Sexually reproducing land plants in general strictly
obey the one seed-one embryo rule, whereby a
single mature embryo originates from a single
fertilized egg cell. Polyembryony in seeds plant is
the development of more than one embryo per
seed, and can be classified into so-called multiple
and simple forms of polyembryony depending on
the origin of the additional embryo. Although
polyembryony represents a characteristic byproduct
of apomixis, various forms of sexual (zygotic)
polyembryony have been observed. However, the
knowledge on these forms of polyembryony
remains scarce, particularly in terms of identifying
causal genes and elucidating molecular mechanisms.
Here we provide a comprehensive overview of
current knowledge on polyembryony, encompassing
classification, mutants, genes, and we address the
underlying mechanisms from the research performed
in angiosperms.
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1. Introduction

Multiple births in humans involve the production
of more than one offspring from a single pregnancy.
They can occur as either monozygotic (‘identical’),
arising from a single zygote that undergoes division
to form multiple embryos, or dizygotic (‘non-
identical’ or ‘fraternal’), where each offspring
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originates from a separate egg, each fertilized by
its own sperm cell [1]. Similarly, plants also
exhibit the phenomenon of multiple births,
referred to as polyembryony. However, the
concept of polyembryony in seed plants displays
greater flexibility compared to the multiple birth
in mammals. This is primarily due to the
(acquired) totipotency of particular plant cells,
which allows embryos to develop not only from
zygotes but also from other plant tissues [2, 3]. It
was initially proposed that a truly polyembryonate
seed is one in which the embryos are produced
solely from the zygotic proembryo, or from a mass
of embryogenic cells [4]. This view on
polyembryony is consistent with the multiple birth
phenomenon in mammals. A later definition of
polyembryony also included embryos developing
from the synergids, antipodal cells, and
sporophytic nucellar or integument cells [5].
Finally, a broad classification proposed to
categorize polyembryony as either ‘simple’ or
‘multiple’, based on the presence of one or more
embryo sacs within the same ovule [2].

Historically, research on polyembryony has primarily
focused on morphological descriptions. Advances
in molecular genetics have since identified multiple
mutants and genes associated with polyembryony.
Here we will discuss how the characterization of
these mutants and genes enhanced our current
understanding of molecular mechanisms underlying
polyembryony. Extrapolating from this knowledge,
we have refined the classification proposed by
Lakshmanan and Ambegaoker, while keeping the
overall framework.
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2. Classification of polyembryony in
Angiosperms

Polyembryony occurs when a single seed gives
rise to multiple embryos. Although polyembryony
is uncommon in angiosperms, several species
have adopted it in their reproductive strategy.
Polyembryos can arise by fusing of ovules, either
before or after integument differentiation, or by
formation of multiple embryo sacs from a common
integument. For instance, in the herb Trithuria
konkanensis, double embryo sacs have been
frequently observed within same integument [6].
Such occurrences are referred to as multiple
polyembryony (Figure 1) [2]. Also the natural zygotic
polyembryony that is common in gymnosperms,
and which occurs by the fertilization of eggs in
more than one archegonium, represents a form of
multiple polyembryony [7, 8]. In contrast, when
polyembryos form in a single embryo sac, this is
classified as simple polyembryony [2], which is
the focus of this review.

2.1. Simple polyembryony

We can divide the simple polyembryony into three
types depending on whether embryos develop upon
a fertilization event (sexual), without fertilization
(asexual), or both (Figure 1).

Polyembryony
I

Purely asexual polyembryo development falls
under the category of obligate (or gametophytic)
apomixis (Figure 1). It entails polyembryos that
are produced directly from the unreduced embryo
sac within the ovule, or from the unfertilized egg
(haploid) and synergid cells (haploid). However,
this is rare in nature [2, 9-11]. The resulting seeds
are genetically identical to the maternal parent,
leading to clonal offspring.

In most apomictic plants both sexual and asexual
reproduction occurs simultaneously in the same
ovule, a phenomenon termed facultative apomixis
(Figure 1) [12, 13]. As such, polyembryony is
often a characteristic feature of apomictic plants.
Natural polyembryony through apomixis in citrus
is a well-known example and was first
documented by Van Leeuwenhoek in 1719, when
he observed two plants growing out from one seed
[2]. In citrus, nucellar cells can differentiate into
supernumerary embryos and coexist with the
zygotic embryo, thereby producing multiple
embryos in one ovule (Figure 2K) [12, 14]. In the
Turk’s cap lily (Lilium martagon), it was reported
that a diploid and a haploid embryo can form
within one ovule and the position of the haploid
embryo located at the synergid cell position
suggested it originated from a synergid cell
(Figure 2 D,LJ) [15]. Similarly, screening for
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Figure 1. Classification of polyembryony in angiosperms. Polyembryos in angiosperms derive
from one (simple) or more embryo sacs (multiple). The simple polyembryony is then divided into
polyembryos developing from the zygote (sexual) or by apomixis (asexual) or a combination of
both. Zygotic polyembryos can develop from the suspensor after reprogramming, develop after
cleavage of the embryo proper, or by fertilization of a reprogrammed synergid cell.



Mechanisms underlying polyembryony in angiosperms 89

Zygotic polyembryony

suspensor polyembryony cleavage polyembryony Nucellar apomixis+
cleavage polyembryony

chalazal end
Antipodal cells (A)
Integument cells
Central cell (CC)
Nucellar cells
Fused polar nuclei
Egg cell (E)
Synergid cells (S)
micropylar end

Mature female g
gametophyte G 4

Antipodal
apomixis

Nucellar apomixis

e
5 Synergid

PRSI

Apomixis polyembryony

Figure 2. Simple polyembryony in angiosperms. Various forms of simple polyembryony roughly divided into
zygotic polyembryogeny (A,B,E,F, grey background) and apomixis polyembryony (G,H,LJ,K, pink background).
A. Suspensor reprograms embryonic fate and develops into an embryo. B. Embryo proper cell aberrantly divides
(cleavage) to generate additional embryo. C. Combination of zygotic cleavage and apomixis nucellar
polyembryony. D-F. One of the synergids reprograms into egg cell and is fertilized to generate secondary embryo.
D,G,H. Secondary embryo develops from antipodal cell (Aem). D,LJ. Secondary embryo develops from synergid
cell (Sem). K. Secondary embryos develop from nucellar cells by apomixis.

Arrows indicate order of events in synergid, antipodal apomixis and syndergid apomixis polyembryony. The
mature female gametophyte in D consists of seven cells: a central cell (CC) with a large vacuole and a bigger
nucleus (fused from two polar nuclei), an egg cell (E) positioned towards the micropylar end of the embryo sac
and flanked by two synergid cells (S), and three antipodal cells (A) positioned at the chalazal end of the embryo
sac. Surrounding the embryo sac are nucellar and integument cell layers.
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supernumerary embryos in the rice germplasm
identified four strains (API, APII, APIII, and APIV)
that produce polyembryonate seeds, with rates
ranging from 5 to 32% [16]. Among these strains,
APIII demonstrated a notably higher incidence of
polyembryony, and formed twins and triplets. The
emergence of haploid extra embryos from the
synergid cell position adjacent to the zygotic embryo
suggests that polyembryony in APIII originated
from synergid apomixis (Figure 2 D,1,J) [17, 18].

Polyembryony occurring through sexual reproduction
may arguably be called zygotic polyembryony
depending on the mechanism involved, and which
we classify into three distinct forms: suspensor,
cleavage and synergid polyembryony (Figure 1).

Suspensor polyembryony is observed in cases
where additional embryos develop from cells of a
uniseriate suspensor (Figure 2A). Early studies
noted the occurrence of a large suspensor with
multiple embryos in garden tulip (Tulipa gesneriana),
where typically only one embryo persists. This
indicated that the mechanism of polyembryony is
due to the rapid growth of the suspensor [19, 20].
Similar observations were done in sawah lettuce
(Limnocharis emarginata), where the suspensor
cells may divide extensively, giving rise to
multiple embryos [21]. Insights into the possible
role of the embryo proper in the suspensor-
derived embryos came from studies in the
buttercup species Eranthis. There it was found
that cells of the embryo proper were highly
susceptible to acidic solutions, often resulting in
their degeneration. This frequently led to renewed
growth of the suspensor and the formation of a
new embryo from the enlarged suspensor. These
and other studies indicated that suspensors in
various angiosperms possess embryonic potential,
which becomes evident only when embryo proper
is disturbed or removed [22-26]. These observations
led to a model for intercellular communication
proposing an inhibitory effect of the embryo proper
to maintain suspensor identity and development
[22, 27]. Subsequent molecular studies into the
genes related to the proposed embryo-suspensor
communication have mainly been obtained using
the model species Arabidopsis thaliana.

Cleavage polyembryony is common in certain
gymnosperm genera such as Pinus, wherein
immature embryos split to eventually form

multiple pro-embryos. Nevertheless, only one of
these embryos progresses to maturity, whereas the
remaining embryos are chosen through unknown
mechanisms to undergo degradation through
programmed cell death [8, 28, 29]. In angiosperms
cleavage polyembryony is notably less prevalent,
but it can result in the actual formation of multiple
embryos. It is widely observed among orchids and
also species such as the garden tulip (Tulipa
gesneriana) and maize have been reported to
produce cleavage embryos from the apical
embryonic cells (Figure 2B) [20, 30-32]. Further
research in maize showed that artificially inducing
such a cleavage was possible by treating developing
caryopses with 2,4-Dichlorophenoxyacetic acid
(2,4-D) on the second day after pollination,
resulting in about 40% polyembryony [33].
Interestingly, non-apomictic citrus genotypes have
also been reported to display cleavage
polyembryony. Here, supernumerary zygotic citrus
embryos were formed specifically upon pollination
of a diploid female parent with a tetraploid male
(Figure 2C). However, reversing the parental roles
in the cross eliminated the occurrence of cleavage
embryo production. These results showed that
cleavage polyembryony in citrus is dependent on
ploidy of the male parent [34].

The final and distinctive form of zygotic
polyembryony is known as synergid polyembryony.
Normally, synergid cells flank the egg cell and
their role is to attract the pollen tube and facilitate
fertilization of the egg cell [35]. However, an
additional haploid embryo can develop from a
synergid cell by apomixis, or a diploid embryo
can form that originates from a fertilization event
of a synergid cell (Figure 2 D,E,F) [36, 37]. We
categorize the latter case as zygotic polyembryony,
wherein both the synergid and egg cell are
fertilized and develop into embryos. An example
of synergid polyembryony is presented in the
grass Pennisetum squamulatum Fresen. Ovules in
this species have been reported to show entry of
more than one pollen tube into the same embryo
sac, thereby allowing fertilization of a synergid in
addition to the egg and central cell. The synergid
origin of the second embryo along with a diploid
chromosome count indicated that the supernumerary
embryo originated from a fertilized synergid cell
[36].
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3. Mechanisms underlying angiosperm zygotic
polyembryony

Across most angiosperm species, the ‘one seed,
one embryo’ paradigm is rigorously executed.
Nevertheless, mutants have been obtained that
display the formation of additional embryos in a
single embryo sac, providing insights into the
underlying molecular mechanisms governing zygotic
polyembryony originating from cleavage or by
development from suspensor or synergid cells.

3.1. Cleavage polyembryony

Cleavage embryos can arise from splitting of the
apical embryonic cells thereby creating additional
developing embryos. One of the few genes
reported to be involved in cleavage polyembryony
is the OsSPE gene from rice. The pe mutant was
generated by T-DNA/Ds insertion mutagenesis in
the indica rice cultivar Basmati 370. The
polyembryony in pe mutant displayed variable
penetrance ranging from 10 to 22%. Twin, triplet,
and quadruplet embryos that were observed in the
pe mutant originated from cleavage zygotes, and
these could develop further into fertile and healthy
plants. Identification of the T-DNA revealed its
insertion in the promoter region of 0s0390241300, a
gene that was expressed in shoot tissue.
Unfortunately, the OSPE gene has been annotated
as encoding a hypothetical protein in Oryza sativa,
without functional homologs in other species,
leaving the molecular mechanism to be resolved
[38, 39].

Experiments involving dehydroascorbate reductase
(DHAR) have provided some insight on the
regulatory mechanisms underlying cleavage
polyembryony. DHAR is involved in the recycling
of Ascorbic acid and thereby regulates its
concentration. Interestingly, overexpression of
DHAR in tobacco could increase the rate of
polyembryony from 0.034% in WT to 3.36% in
transgenics. Morphological observations indicated
that the first zygotic division generated embryos
of equal size through transverse cell division
instead of the normal asymmetric longitudinal
division observed in WT. Interestingly, injection
of ascorbic acid, or compounds involved in its
biosynthesis or recycling, into ovaries during first
two days after pollination also increased the rate
of polyembryony [40].

3.2. Suspensor polyembryony

Although the function of the suspensor in
supporting growth of the embryo proper has been
examined in some detail, the molecular mechanism
underlying developmental competence of the
suspensor and the role of the embryo proper
therein has recently seen renewed attention.

Development of the suspensor during zygotic
embryogenesis in the dicotyledonous model
Arabidopsis starts with an asymmetric division
producing a smaller apical cell and a larger basal
cell. Subsequent divisions of the apical cell
contribute the majority embryo tissues, while the
basal cell undergoes limited division, ultimately
differentiating into a suspensor (Figure 3). The
suspensor plays a pivotal role in embryonic
development by pushing the embryo proper into
the endosperm cavity and establishing connections
with maternal and endosperm tissues, thereby
facilitating the transfer of essential nutrients and
growth regulators [41, 42]. As the embryo
matures, the majority of suspensor cells undergo
programmed cell death with the exception of the
top-most suspensor cell, which serves as a
precursor to the quiescent center and columella
stem cells within the embryonic root (Figure 3)
[43, 44].

The recessive twnl mutant has been obtained
following T-DNA transformation, but the mutant
phenotype did not segregate with the T-DNA in
the progeny [26, 27], suggesting a complex or
independent mutation event. Although twnl
mutant seeds displayed normal germination, around
9% of these produced more than one seedling.
These supernumerary seedlings originated from
the suspensor but this aberrant development was
accompanied by the apparently normal development
of the embryo proper [26, 27]. Similarly obtained
as a T-DNA insertion mutant, the twn2 mutant
was found by visually screening Arabidopsis seed
morphology from F3 families of which the
majority of seeds did not germinate. Of those that
did germinate, around 40% produced suspensor-
derived partial or full twin embryos [25]. Detailed
analysis showed that the twn2 phenotype was
characterized by early proembryo cell division
arrest accompanied by the production of twin
embryos from the suspensor. The causal mutation
was a T-DNA insertion in the 5’ flanking region
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of a valyl-tRNA synthetase (valRS) gene that
resulted in an altered pattern of expression. The
phenotypes of twn mutants together with additional
suspensor-related mutants suggested a model in
which an inhibitory signaling is imposed on the
suspensor by the embryo proper [26, 27]. Identifying
and characterizing the responsible genes should
aid in unravelling the molecular nature of the
signaling process.

To investigate the role of the auxin in the suspensor,
auxin response was blocked by the expression of
the non-degradable AUX/IAA bodenlos (bdl)
protein using both ubiquitous and suspensor
drivers. This induced loss of suspensor quiescence
resulting in abnormal suspensor divisions, and
marker analysis suggested at least partial loss of
suspensor identity. As a side effect the RPS5A
promoter-driven ~ bdl  occasionally  induced
development of a twin embryo from the suspensor.
However, these germinated as rootless after
seedlings, which was attributed to the importance
of proper auxin response for root development
[45]. Polyembryos derived from the suspensor
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could also be induced by ectopically expressing
somatic embryogenesis-related genes, RWP-RK
DOMAIN CONTAINING 1 (RKD1), RKD4, and
WUSCHEL (WUS), under the control of a
suspensor-specific driver. In these transgenic
plants, the periclinal division of the suspensor that
was followed by expression of the DRN marker in
polyembryonate ovules suggested that the
secondary embryo development proceeds via a
classical somatic embryogenesis process [46].

Recently, the mutant meerling-1 (mrl-1) was
identified and characterized, which exhibited a
high penetrance of suspensor-derived polyembryony
[47]. In this mutant, both embryo proper and
suspensor-derived embryos were capable of
developing into healthy plants, very similar to the
phenotype displayed by twnl. In addition, mrl-1
and twnl form a distinct clade of mutants where
suspensor-derived embryo formation is not
dependent on embryo proper damage. However,
the F1 of a cross between mrl-1 and twnl revealed
that they represent mutations in different genes.
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Figure 3. Arabidopsis embryogenesis and suspensor-derived polyembryony in mrl-1. A-G,
Embryogenesis in WT. The elongated zygote (A) divides assymetrically to generate an apical
precursor of the embryo proper (grey) and a basal cell that originates the suspensor (white) (B).
Subsequent divisions generate the depicted two to four cell stage embryo (C), followed by the octant
stage (D), dermatogen stage (E), globular stage (F) and heart stage (G) embryo. H, Single seedling
germinating from a single seed. J-L, Suspensor-derived polyembryony in the mrl-1 mutant. The
suspensor is reprogrammed to adopt embryo identity (grey) at around the globular stage (J).
Subsequently aberrant periclinal division appears in the reprogrammed suspensor (K) preluding to the
development of an additional suspensor-derived embryo (L). M, multiple seedlings germinate from

one seed. Grey represents embryo identity.
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The high penetrance of the mrl-1 polyembryo
phenotype allowed pinpointing the timing of
secondary embryo formation at around octant stage
[47]. In addition, this allowed efficient analysis of
tissue specific markers DORNROSCHEN (DRN)
[48] and ATPase [46] for embryo proper and
suspensor fate, respectively. The DRN marker
was initially correctly setup in the embryo proper
in mrl-1 and did not localize to the mutant
suspensor cells until globular stage, after which
transverse dividing suspensor cells were observed.
Together with the initial normal suspensor
morphology and the ATPase marker expression,
this indicated that suspensor fate was partially
compromised from octant stage onwards [47].
These results indicated that suspensor-derived
polyembryony involves a reprograming process.
This is in agreement with ablation studies where
damage to the apical cell that was formed after the
asymmetric division of zygote, resulted in basal
cell reprogramming [49, 50]. Compared to the
ectopic suspensor development upon interfering
with auxin response or ectopic transcription factor
expression, the suspensor reprogramming followed
by ectopic embryo fate establishment observed in
the mrl-1 mutant and in ablation studies appears
to represent a different mechanism.

The mrl-1 mutant was obtained from a
transformation experiment using Agrobacterium
tumefaciens. Bulk segregant analysis revealed a
genomic rearrangement resulting in an approximately
2Mb part of chromosome 1 being reverse
duplicated in the 5’-UTR region of the U3 SMALL
NUCLEOLAR RNA-ASSOCIATED PROTEIN 18
(UTP18) gene. The UTP18 gene encodes a
nucleolar-localized WD40-repeat protein involved
in processing 18S pre-ribosomal RNA. The
genomic rearrangement caused the promoter from
an ARMDILLO REPEAT gene to drive UTP18
expression, leading to reduced protein abundance
and delayed early embryo proper development.
This delay would trigger suspensor reprogramming
towards embryo fate, leading to the development
of supernumerary embryos [47]. In addition, mrl-1
mutant complementation specifically in the embryo
proper fully restored the polyembryony phenotype.
Taken together this study supports the proposed
model involving active signaling between embryo
proper and suspensor for progression of normal
embryo development.

3.3. Synergid (zygotic) polyembryony

The mature female gametophyte of Arabidopsis
comprises a mature egg cell flanked by two synergid
cells that attract the pollen tube. Interestingly,
mutants have been obtained where synergids
express an egg cell-specific marker, suggesting
reprogramming into egg cell-like cells [51-53]
[37]. One of these was defective in the ALTERED
MERISTEM PROGRAM 1 (AMP1) gene. Previously
the ampl mutant had been reported to display
pleiotropic phenotypes, that included altered shoot
apical meristems, overproliferation of suspensor
cells, polycotyly, early flowering and increased
cytokinin levels [54-56]. Although initially the
ampl mutant was found to display suspensor-
derived polyembryony, a later study observed
reprogramming of synergid cells towards fully
functional supernumerary egg cells, that gave rise
to secondary embryos [37, 56]. During fertilization
of ampl mutant, the two sperm cells that were
delivered by a single pollen tube fertilized both
the egg cell and the synergid-derived egg cell. As
a consequence, the unfertilized central cell failed
to form endosperm, resulting in developmental
arrest of the embryos. However, pollination with
pollen from a polyspermic mutant tetraspore (tes),
that was capable of delivering more than two
sperm cells, enabled the embryo sac to produce
viable embryos [57].

The AMP1l gene encodes an endoplasmic
reticulum-associated protein and was reported to
share the organization of motifs and domains with
glutamate carboxypeptidases in plants and
animals [37, 58]. Its carboxypeptidase function
was proposed to modulate the levels of signalling
molecules thereby impacting several aspects of
plant development [59]. In addition, AMP1 was
shown to be involved in inhibiting the translation
of mRNAs targeted by miRNAs [58]. In the
ovule, a genomic AMP1:3xGFP fusion, able to
fully rescue the ampl phenotypes, showed strong
expression in sporophytic tissue and synergids.
Interestingly, not only synergid expression but
also sporophytic or central cell expression of AMP1
prevented supernumerary egg cells and formation
of twin embryos, suggestive of an AMP1-dependent
mobile signal to maintain synergid cell identity. It
was concluded that one synergid is sufficient for
pollen tube attraction after which the other
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synergid needs to be eliminated in favor of
central cell fertilization [37]. However, comparing
synergid polyembryony in ampl with the reported
polyembryony occurrence upon multiple pollen
grain entry in the ovule in Pennisetum squamulatum
Fresen, raises the question whether fertilization of
the synergid cell requires its reprogramming to an
egg cell-like fate. Whether AMP1 protein or RNA
itself acts as a mobile signal or the AMPI1
enzymatic activity generates specific signals
remains unclear. In addition, the RNAi- related
function and the pleiotropic mutant phenotypes
suggest AMP1 is a multifaceted protein with
different roles in various developmental processes.

4. Mechanisms behind apomixis in natural
plant populations

Apomixis represents a mode of asexual
reproduction in flowering plants that results in
seed formation in the absence of meiosis or
fertilization of the egg cell [9, 13]. Apomixis
produces clonal offspring genetically identical to
the maternal plant, which has attracted much
attention due to its potential to preserve hybrid
vigor in highly productive crop plant genotypes.
Apomixis in nature is commonly observed in a
small group of angiosperms, and polyembryony
can occur as a byproduct in apomictic species.

Parthenogenesis is a form of apomixis in which an
unfertilized egg develops into an embryo without

fertilization. In dandelion (Taraxacum),
parthenogenesis  is  controlled by  the
PARTHENOGENESIS (PAR) gene, which

encodes a K2-2 zinc finger protein containing a
transcriptional repressive EAR domain [60]. A
miniature inverted repeat transposable element
(MITE) insertion in the promoter region of this
gene enabled egg cell expression, thereby facilitating
the transition to embryogenesis. Interestingly, in
apomictic forms of hawkweed (Hieracium), a
similar MITE was found present in the promoter
of a PAR homolog, presenting another case of
parallel evolution. Although the parthenogenesis
not necessarily produced polyembryos, ectopic
expression of PAR in the lettuce egg cell
occasionally induced the formation of multiple
embryos within a single embryo sac. The
polyembryo structures aborted at later stages,
likely due to abnormal endosperm initiation,
thereby failing to develop viable seeds [60].

Besides the synergid polyembryony that was
observed in Pennisetum squamulatum Fresen
[36], Pennisetum squamulatum species have also
been investigated as an obligate apomict. In the
latter case the embryo was directly formed from
the nucellar cells within the embryo sac, in a
process called apospory [61]. Apospory is governed
by the apospory-specific genomic region (ASGR),
a distinctive chromosomal segment characterized
by its large physical size, hemizygosity, and
lack of recombination. Within the ASGR,
multiple copies of the PSASGR-BABYBOOM-like
(PSASGR-BBML) gene are located [61]. BBM was
originally characterized in Arabidopsis and
Brassica, and its constitutive overexpression induced
somatic embryogenesis whereas egg cell-specific
overexpression of BBM was able to induce
parthenogenesis [62, 63]. Similarly, the PSASGR-
BBML promoter conferred egg cell expression in a
sexual tetraploid pearl millet and driving the
PSASGR-BBML gene from this promoter could
induce parthenogenesis and the production of
haploid offspring [64]. Interestingly, the Arabidopsis
synergid-specific promoter PpAtDDA45 driving
OsBBM1-induced synergid cells to autonomously
develop into embryos accompanied by normal
fertilization of egg cells, resulting in the formation
of twin seedlings in rice seeds [65].

Citrus and mango are two economically important
crops that display facultative apomixis, producing
a zygotic embryo but also multiple clonal nucellar
embryos. The genetic basis of nucellar polyembryony
in both species is due to specific insertion events
in the promoter of the RWP gene, presenting a
case of parallel evolution. The promoter insertions
result in RWP overexpression in ovules, thereby
causing polyembryony [14, 66]. The RWP gene is
the homolog of AtRKD4 (GROUNDED), that
functions in the maintenance of egg-cell identity
in Arabidopsis. Transient overexpression of
AtRKD4 promoted the formation of ectopic
embryos from somatic tissues [67]. The high
expression of sexual embryogenesis—associated
genes during apomixis in citrus indicated their
close developmental relationship [14, 66]. Taken
together, the involvement of  somatic
embryogenesis-linked genes in the process of
apomixis suggests possible shared mechanisms.



Mechanisms underlying polyembryony in angiosperms 95

5. Perspectives on polyembryony in
fundamental research

From a broader perspective, the occurrence of
polyembryony in angiosperms is attributed to the
totipotency of plant cells. For example, the
proembryonic cell can cleave into additional
embryonic cells, suspensor cells can reprogram
into embryonic cells, synergid cells can
transdifferentiate into functional egg cells, and
female gametophytes and nucellar cells can
proliferate into embryos. Much research has
focused on plant regeneration, e.g. from
vegetative tissues where differentiated cells are
induced to reprogram under the influence of
hormonal regimes with or without simultaneous
expression of developmental regulators and gain
totipotency to subsequently develop somatic
embryos or de novo shoots [3, 68, 69]. The
molecular mechanisms underlying polyembryony
in angiosperms remain largely elusive, but linking
genes such as BBM and RWP suggests at least
some similarities with processes governing
apomixis and somatic embryogenesis.

Signaling appears to be another important factor
in steering correct embryo development. Mutants
like twnl and mrl-1 appear to lack
synchronization between embryo proper and
suspensor development whereby, at least in the
case of mrl-1 it was shown that, the suspensor
reacts on the delayed embryo proper development
by reprogramming towards embryonic fate. The
general molecular function of the UTP18 gene
that is mutated in mrl-1 suggests that any factor
able to delay embryo proper development prior to
the globular stage will result in secondary embryo
development from the suspensor. Indeed,
examples are the twn2 mutant with its altered
valyl-tRNA synthetase expression and the apical
cell ablation studies, that both resulted in basal
cell reprogramming [25]. In addition, from the
ampl mutant it follows that a mobile signal is
required to maintain synergid cell identity [37].
Together, these scenarios support active signaling
between the various cell types in the ovule to
sustain the development of a single dominant
embryo.

Studying polyembryony in angiosperm species
that display low frequencies is impractical.

Instead, research on the molecular genetic
mechanisms may benefit by focussing on high-
frequency polyembryony in species such as citrus
or in mutants of model species such as
Arabidopsis. So far, polyembryony research in
these species has been mostly limited to cloning
the causal genes, while the regulatory mechanisms
remain largely unknown. For instance, as seen in
Arabidopsis, the potential of the suspensor to
develop into an embryo is suppressed by normal
embryo proper development, indicative of
signaling between the embryo and suspensor. In
case of citrus, the induction of cleavage
polyembryony specifically by tetraploid male
pollination suggests that male-female crosstalk
provides patterning information.

In the future, exploring the gene regulatory
networks and signalling pathways during the
initiation of polyembryony should enhance our
understanding of the intricate communication
networks underlying fate specification and
reprogramming in plants.
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