International Journal of Life Sciences and Biotechnology

Yuzbasioglu, G., Apomixis and Its Agricultural Potential. International Journal of Life Sciences and
Biotechnology, 2025 8(3): p. 232-242.

https://doi.org/10.38001/ijlsb.1682670

Derleme / Review

Apomixis and Its Agricultural Potential
Gozde Yuzbasioglu!'*

AL ARTICLE HISTORY
Apomicxis is a form of reproduction without fertilization in plants. It has been observed in Received

more than 400 plant species, although it is absent in major crop plants. Apomixis is 15 August 2022
considered to be a powerful biotechnology tool for maintaining hybrid vigor across — ccepted
generations by producing seeds that are genetically identical to maternal plant. However, 18 October 2022
the molecular mechanisms underlying apomixis remain poorly understood. Numerous
studies have been conducted with the aim of introducing apomict phenotypes into crop
species. This review provides a brief overview of apomixis, its mechanisms and current KEY WORDS
applications. Apomixis,
plant reproduction,
plant biotechnology

Introduction

Apomixis is a process of seed formation that occurs without fertilization. This trait is particularly important
because it allows the production of clonal seeds of maternal plant. Although hybrid seed production through
crossbreeding is very widely used and effective method, it is often time consuming and labor intensive. On
the other hand, technologies such as CRISPR have reduced the time and effort required for such breeding
processes [1]. A major challenge in conventional hybrid breeding is the difficulty in preserving hybrid vigor
across generations due to segregation in the progeny. These limitations of sexual reproduction make
apomixis a promising alternative for maintaining hybrid vigor by enabling the generation of cloned seed
without fertilization. Several studies have demonstrated that the successful introduction of apomixis into
crop plants could lead to significant economic benefits.

Apomixis involves complex genetic and developmental process, and its underlying mechanism are still not
fully understood. Understanding how apomixis works and how it is regulated at the molecular level is
essential for advancing agricultural biotechnology. Its genetic basis is still not fully understood. If apomixis
can be introduced into breeding programs for agronomic crops, it would allow for fixation and propagation
of desirable genetic traits. [2]

The phenomenon was first described in Alchornea ilicifolia [2] and has seen been observed in at least 400
different plant species including Hieracium, Taraxacum, and Pennisetum. However, it is rare among
economically important crops, with notable exceptions such as apple and Citrus. It is believed that apomixis
may be more widespread than currently recognized because identifying apomictic species through
cytogenetic and molecular analyses is challenging. To understand the mechanism behind apomixis, it is
necessary first to study the genes and regulatory pathways involved in sexual reproduction, since apomixis is
thought to have evolved from these pathways [3].

Sexual reproduction in plants (amphimixis)

In sexual reproduction, the formation of male and female gametes through meiosis is essential, followed by
the fusion of these gametes to form a zygote. Female gamete formation occurs within the ovule [4]. Inside
the ovule, diploid megaspore mother cell undergoes meiosis producing four haploid cells. Three of these
cells undergo programmed cell death (apoptosis) while remaining cell undergoes three rounds of mitosis,
ultimately forming an eight-nucleated embryo sac. Embryo sac consists of one egg cell, two central cells,
two synergid cells, and three antipodal cells [5]. Male gamete formation, also known as microsporogenesis,
takes place in pollen sac. Here, microspore mother cell undergoes meiosis to produce microspores which
subsequently undergo two mitotic divisions to form mature male gametophytes with haploid (n) chromosome
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number. In most angiosperms, a single mitotic division leads to formation of bicellular pollen, which later
undergoes a second mitotic division within pollen tube to produce two sperm cells [6].

During pollination, pollen grains germinate on the stigma and form pollen tube that grows down the style
toward the ovule. The pollen tube carries sperm cells that fertilize two cells within female gametophyte. This
process, known as double fertilization (Fig 1), involves one sperm cell fusing with the egg cell to form
diploid zygote, while the other fuses with polar nuclei to produce the triploid endosperm.
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Fig 1 Double Fertilization: this process requires two essential steps: first step; microsporogenesis
(microspore formation in pollen sac.) and megasporogenesis (formation of embryo sac), second step;
fertilization of central cells for formation of endosperm and fertilization of egg cell to produce zygote.

Biology of natural apomixis

Apomixis is a form of asexual reproduction in which seeds are produced without undergoing meiosis or
fertilization. As a result, all offspring are genetic clones of maternal parent. Since apomictic plants produce
clonal progeny, apomixis holds significant potential for use in agriculture, particularly in maintaining hybrid
vigor and producing superior germplasm for plant breeders [7].

Mechanisms of apomixis

Although various mechanisms of apomixis exist, the process typically involves three major developmental
steps: (i) apomeiosis (the avoidance of meiosis during embryo sac development), (ii) parthenogenesis
(embryo development without fertilization), and (iii) endosperm formation, which may occur with or without
fertilization [8]. Apomeiosis refers to process by which meiosis is circumvented, leading to formation of
unreduced (diploid) gametophytes. There are two primary types of apomeiosis are; diplospory and apospory.
In diplospory, megaspore mother cell (MMC) directly forms an unreduced embryo sac without undergoing
meiosis [9]. In Apospory, somatic nucellar or integumental cells adjacent to MMC differentiate into
unreduced embryo sacs [10]. Parthenogenesis is the development of an embryo from an unfertilized egg cell.
Following apomeiosis, parthenogenesis ensures that the unreduced egg cell initiates embryogenesis without
requiring male gametic fusion. For functional apomixis, apomeiosis and parthenogenesis must be tightly
coordinated.

Types of apomixis

Apomixis can generally be divided into two categories based on how the embryo develops: gametophytic
and sporophytic (also called adventitious embryony) apomixis. If the embryo arises from a gametophyte, it is
classified as gametophytic apomixis; if it originates from diploid somatic cells outside an embryo sac, it is
considered sporophytic apomixis [3] (Fig 2).

In sporophytic apomixis, the embryo develops directly from sporophytic cells that have not undergone
meiosis and located outside the embryo sac. These precursor cells typically differentiate from the nucellus or
inner integument. After undergoing mitotic divisions, they form multiple globular embryos. Although sexual
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pathway is still partially followed and embryo sac is formed, successful embryo development depends on
endosperm formation, which generally requires fertilization of the sexual embryo sac.

Gametophytic apomixis can be further divided into diplospory and apospory, depending on the origin of the
initial cell forming the unreduced embryo sac [11]. In diplospory, the megaspore mother cell undergoes
mitosis-like division, resulting in the formation of two unreduced megaspores. One of these develops into
diploid embryo sac via parthenogenesis without fertilization [12]. Diplospory typically initiates early during
megaspore mother cell differentiation. In contrast, apospory occurs later and involves the formation of
embryo sac from somatic cells within the ovule that do not undergo meiosis [13]. In some cases, single ovule
may contain multiple aposporous initial cells, leading to the formation of more than one embryo sac [4].
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Fig 2 Apomixis; inspired from [14]: Apomixis is classified into gametophytic and sporophytic types,
depending on the origin of the embryo. In gametophytic apomixis, the embryo develops from an unreduced

embryo sac. This can occur via diplospory, where the megaspore mother cell skips meiosis, or via apospory, where somatic cells
within the ovule give rise to the embryo sac. In both cases, the embryo forms without fertilization through parthenogenesis. In
sporophytic apomixis, embryos arise directly from somatic cells outside the embryo sac, usually from the nucellus or inner
integument, and develop through mitotic divisions.

Endosperm formation in apomictic species may occur autonomously, without the need for fertilization, or
through pseudogamy, which involves the fusion of polar nuclei with sperm nucleus from pollen [8].
Facultative apomixis refers to plant species that are capable of both sexual and asexual reproduction. In such
species, the formation of archesporial cells and aposporous cells may occur simultaneously during ovule
development. Polyembryony, the phenomenon of multiple embryos forming within a single ovule, is
commonly associated with apomixis. Apomictic species are predominantly polyploidy and polyploidy is
often associated with reproductive instability and the breakdown of mechanisms like self-incompatibility,
leading to the evolution of novel reproductive strategies [15]. The emergence of apomictic trait is believed to
be influenced by long term environmental conditions.

How does an apomictic individual arise?

The emergence apomixis is thought to be a consequence of genetic mutations and natural selection within the
framework of double fertilization. While many mutations are deleterious, leading to infertility or poor
environmental adaptation, some rare mutations give rise to apomictic development [16].

Plants can exhibit facultative apomixis, maintaining both sexual and asexual reproductive pathways.
However, mutations that result complete reliance on apomictic reproduction (obligate apomixis) are
considered rare due to improbability of multiple concurrent gene mutations necessary to entirely replace
sexual pathways [17].
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Meiosis, being finely tuned and complex process, is highly susceptible to genetic mutations or environmental
stressors, which can lead to reduced gamete viability or complete sterility. Such disturbances may initiate a
shift from sexual reproduction to apomixis [18].

Frequent events like polyploidy and hybridization in apomictic plants have further disturb seed development,
possibly facilitating the evolution of apomixis.

Apomixis controlling loci and related genes

In several species, apomixis associated loci have diverged significantly from homologous regions in sexual
plants, likely chromosomal arrangements and transposable element activity, leading to suppressed
recombination [19, 20]. . Each key component of apomixis; apomeiosis, parthenogenesis and endosperm
development, is typically associated with specific locus [13, 21-23]. In Erigaron annuus and Taraxacum
officinale, diplospory is inherited as dominant trait [24, 25]. In Taraxacum, diplospory and parthenogenesis
are controlled by two distinct, unlinked loci (DIPLOSPOROUS, DIP, and PARTHENOGENESIS, PAR)
[26]. Similarly, the apospory specific genomic regions (ASGR) in Pennisetum squamulatum and Cenchrus
ciliaris are hemizygous, heterochromatic regions located [27-29] in single chromosomes. In Paspalum
simplex, apomixis-controlling locus (ACL) is non-recombining hemizygous region [30].

In Hieracium, three loci have been mapped that control apospory (LOA), parthenogenesis (LOP), an
autonomous endosperm development (AutE) [31]. The LOA locus, associated with the loss of apomeiosis, is
situated on recombination-suppressed chromosome arm, embedded within complex repeats and transposons
that are not essential for its function [32, 33]. Recent studies have identified long noncoding RNAs
(IncRNAs) linked to apomixis regulation. For instance, IncRNA is associated with MAP3K gene named
QUI-GON JINN (QQ@]J), was found to influence the aposporous embryo sac formation [34].

Evidence also suggests that non-coding RNAs regulate parthenogenesis and endosperm formation. In
Paspalum simplex, antisense transcripts from three genes within the ACL region were identified, supporting
the idea that epigenetic regulation underlies parthenogenesis [23, 30, 35, 36].

In Hypericum perforatum, the HAPPY locus cosegregates with apospory but not parthenogenesis. This
region contains truncated version of the Arabidopsis ARIADNE7 (ARI7) gene, which encodes an E3 ligase
involved in protein degradation [23]. Sequencing revealed 33 genes at the HAPPY locus, with 24 expressed
during early ovule development [37]. In Boechera, the APOmixis Linked LOkus (APOLLO) gene is
candidate for regulating female apomeiosis, being more highly expressed in apomictic ovules [38, 39].
Together, these findings suggest that subtle regulatory shifts rather than major mutations in coding
sequences, underlie the acquisition of apomictic traits.

Both abiotic and biotic stress factors have been shown to influence apomixis in various plant species are
other regulators on apomixis shown in various studies [40-44]. For example, oxidative stress conditions such
as drought, heat, nutrient deprivation, and hydrogen peroxide (H20:) exposure have been associated with the
transition from meiosis to apomeiosis [43]. Extended photoperiods have also been shown to affect
apomeiois and parthenogenesis in Ranunculus auricomus, where plants exhibited distinct variations in stress-
related metabolite profiles [45]. Additional studies have demonstrated that light stress can modulate
megasporogenesis and influence reproductive development [46].

Epigenetic mechanisms-such as DNA methylation, histone acetylation, and chromatin modifications- also
play crucial roles in the transition from sexual to asexual reproduction. Small RNAs (sRNAs) and
transposable elements (TEs) contribute to the plasticity of plant genomes response to environmental stress,
and they are believed to influence the activity of apomixis-related genes. Although conclusive evidence is
still lacking, many studies suggest that TEs are actively involved in regulating apomixis. These elements can
alter the function and expression of nearby genes through insertional events and epigenetic modifications
[47-49]. Retrotransposon activity is generally silenced in apomictic loci by suppression of recombination
[50]. In Pennisetum squamulatum and Cenchrus ciliaris, six retrotransposons have been identified that are
potentially involved in the apomixis process [51]. In another study, hypomethylation of the Gy163
retrotransposon led to overexpression in apomictic tissues compared to sexually reproducing tissues [28].
The Apomixis-specific genomic region (ASGR) found in both Cenchrus ciliaris and P. squamulatum
contains a high density of transposons and repetitive DNA sequences [5,6]. These findings support the
hypothesis that transposable elements play key role in genetic regulation of apomixis [52].

The centromeric or telomeric regions of plant genomes are typically highly methylated and tightly packed
(heterochromatic). In maize, for instance, certain TEs are known to be specially targeted for methylation
within heterochromatin. Several retrotransposons have also been proposed as candidates for involvement in
apomictic development. Epigenetic changes affecting sexual reproduction pathways may be associated with
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apomixis. For instance, the 4GO104 protein in maize, a homolog of the small RNA-silencing protein 4AGO9,
has been linked to apomictic-like phenotypes when silenced [53].

Limitations of natural apomixis and need for synthetic apomixis

Although apomixis known to be heritable, identifying the gene loci or genomic elements associated with it
remain challenging. This is due to the presence of recombination-suppressed regions and repetitive flanked
regions near apomixis-related genes. As a result, researchers have employed sequencing technologies and
map-based cloning techniques to identify these regions [13, 22, 54-57]. Studies have shown that apomixis-
related loci are often located in chromosomal regions that are significantly divergent from sexual
counterparts. These regions are believed to have arisen through chromosomal rearrangements and the
activity of transposable elements, both of which can lead to reduced or absent recombinations [19, 20].
Introducing apomixis to crop plants is considered essential for preserving superior genetic traits and
maintaining hybrid vigor across generations.

Mimicking apomeiosis, composite methods for engineering apomixis

In affords to implement apomixis in crops such as rice and Arabidopsis, researchers have employed
combined strategies involving apomeiosis with parthenogenesis or genome elimination. Composite
approaches have successfully enabled the introduction of apomixis into sexual plants by combining MiMe
mutants with other pathways promoting uniparental embryo development. For insane, in rice combining
MiMe triple mutant with ectopic expression of OsBBM1 in egg cells enabled asexual reproduction with 11-
29% efficiency and transgenerational heritability of clonal offspring.

Synthetic apomixis: details on MiMe (Mitosis Instead of Meiosis) and related technologies

Apomixis enables the production of clonal seeds that preserve hybrid vigor, making it a major goal in plant
breeding [19, 20]. Despite progress, fertility problems limit synthetic apomixis in grain crops like rice, where
high clonal seed rates often reduce seed yield [19, 20]. In contrast, fruit and vegetable crops tolerate lower
fertility, and apomixis components have been shown in tomato, opening new possibilities [19, 20]. Apomixis
could also help fix hybrid genotypes in complex crops like potato [19, 20]. Synthetic apomixis involves
bypassing sexual reproduction to clonally fix hybrid genotypes. Recent advances have shown that key
mechanisms from haploid induction (HI)- single fertilization, chromosome elimination, and parthenogenesis-
can be leveraged to achieve this goal. In single fertilization, only the central cell fertilized, while the egg cell
remains unfertilized but can still develop into an embryo, producing a maternal haploid [19, 20]. In
chromosome elimination, fertilization occurs normally, but paternal chromosomes are later lost, often due to
disruptions in centromere components like CENH3 or genes such as ZmPLAI and ZmDMP [19, 20].
Parthenogenesis, the development of an embryo from an unfertilized egg, is induced by genes like PsASGR-
BBML and PAR, and plays a central role in enabling fertilization-independent seed formation [19, 20]. These
mechanisms can be combined with the MiMe system-which converts meiosis into mitosis-to generate diploid
progeny [19, 20]. Altogether, this integrated strategy represents a promising synthetic route to stable, clonal
seed production in hybrid crops.

In Arabidopsis, a set of mutations that resulted in apomict-like phenotypes have been reported, such as ago9
[58] and swil [59], spoll-1/2 [59], mtopVIB 78, dfo [60], prdl |59], and rad50 [61, 62], dmcl [63] msh4
[64], asyl [65] rec8 [66], scc3 [67], and ahp2 [68], osdl [69], tam [70], tdm1 [71], msil [72], cenh3 [73], fie
[74], and fis [75]. Collectively, these mutations are known as “Mime” (Mitosis instead of Meiosis) mutations
[76], a strategy in which meiosis is replaced by mitosis to create clonal seeds. However, Mime alone is not
sufficient to produce clonal progeny, as it does not include the parthenogenetic component required for
embryogenesis. Parthenogenesis refers to formation embryos without fertilization, leading to haploid or
diploid offspring [77, 78]. Transgenic rice and maize lines expressing the PSASGRBBML constructed by a
P. squamulatum promoter or a DD45 promoter resulted in egg cell-specific expression in haploid embryos
[79]. Previous studies demonstrated that expression of the OsBBM]I gene of rice induced somatic embryos
prior to fertilization [61]. According to that, the BBM1 gene is shown as a candidate as an inducer of
embryogenesis. Most recently, it was shown in the CRISPR-Cas9 screening of candidate genes analysis that
the PAR locus is responsible for the single dominant gene of dandelion parthenogenesis [80].

It was challenging to clone genes related to apomixis because of limited genomic resources, polyploidy, and
low recombination rates. There have been many ventures for identifying genes related to apomeiosis. In Poa
pratensis, APOSTART genes have been identified [34]. It was demonstrated in the study that a long non-
coding RNA regulates the gene QUI-GON JINN, affecting aposporous embryo sac formation in Paspalum
notatum [81]. The DIPLOSPOROUS (DIP) locus is associated with unreduced female gamete formation in
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Taraxacum [82]. The LOSS OF APOMEIOSIS (LOA) locus regulates apospory in Pilosella piloselloides
[83]. APOLLO alleles show strong correlation with apomicts in Boechera accessions, with the 5' UTR of the
APOLLO apomictic allele being crucial for expression in reproductive tissues in Arabidopsis [84].
TRIMETHYLGUANOSINE SYNTHASEI (TGSI) in Arabidopsis has shown promising evidence as a
candidate gene for apomeiosis [85]. Apomeiosis and parthenogenesis associated candidate genes are
demonstrated in Table 1.

The central goal of engineering apomixis is the preserve favorable traits carried by a single parental
genotype. One strategy involves post-fertilization genome elimination in diploid zygotes, where removing
either maternal or paternal chromosome set can lead to haploid induction.

Table 1 Genes involved in apomeiosis and parthenogenesis

Gene Name Organism Function Reference
AGQO9 Arabidopsis thaliana Apomeiosis [58]
SWI1 Arabidopsis thaliana Apomeiosis [59]
SPO11-1/2 Arabidopsis thaliana Apomeiosis [86, 87]
MTOPVIB Arabidopsis thaliana Apomeiosis [88]
DFO Arabidopsis thaliana Apomeiosis [60]
PRDI1 Arabidopsis thaliana Apomeiosis [89]
RADS0 Arabidopsis thaliana Apomeiosis [61,62]
DMCI1 Arabidopsis thaliana Apomeiosis [63]
MSH4 Arabidopsis thaliana Apomeiosis [64]
ASY1 Arabidopsis thaliana Apomeiosis [65]
RECS Arabidopsis thaliana Apomeiosis [66]
SCC3 Arabidopsis thaliana Apomeiosis [67]
AHP2 Arabidopsis thaliana Apomeiosis [68]
OSD1 Arabidopsis thaliana Apomeiosis [69]
TAM Arabidopsis thaliana Apomeiosis [70]
TDMI1 Arabidopsis thaliana Apomeiosis [71]
MSI1 Arabidopsis thaliana Apomeiosis [72]
CENH3 Arabidopsis thaliana Apomeiosis [73]
FIE Arabidopsis thaliana Apomeiosis [74]
FIS Arabidopsis thaliana Apomeiosis [75]
TGS1 Arabidopsis thaliana Apomeiosis [85]
QUI-GON JINN Paspalum notatum Apomeiosis [81]
DIP Taraxacum Apomeiosis [77]
LOA Pilosella piloselloides | Apomeiosis [78]
APOLLO Boechera Apomeiosis [84]
APOSTART Poa pratensis Apomeiosis [34]
PsASGR-BBML Panicum squamulatum | Parthenogenesis [79]
OsBBM1 Oryza sativa Parthenogenesis [6]
BBMI1 Oryza sativa Parthenogenesis [80]
PAR Taraxacum Parthenogenesis [80]

In plants this can be achieved using modifications to centromere specific histone H3 protein, known as
CENH3, which plays key role in chromosome segregation [90]. In Arabidopsis, a null mutation in cenh3-1
causes embryo lethality but can be rescued by expressing GFP-tagged versions of CENH3. While the GFP-
CENH3 fusion rescues fertility with low haploid induction, the GFP- tailswap- variant where the N-terminal
tail is replaced with that conventional H3- induces haploids efficiently but causes male sterility [73].

Genetic and evolutionary implications of apomixis

The evolutionary implications of facultative apomixis in plants remain underexplored. Mendelian genetic
research has shown that regions controlling apomixis in angiosperm typically exist in heterozygous state
[19]. For instance, in Ranunculus auricomus, the expression of apomixis is quantitatively depend on the
apospory factor (A), dominant Mendelian gene with variable penetrance. However it exhibits lethal effects in
haploid or homozygous form implying that apomixis-controlling gene (A) is typically heterozygous when
paired with wild type allele (a) [91]. This suggest that apomixis can’t be entirely fixed in population, as the
dominant allele doesn’t fully express in all configurations [91].
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Research in facultative sexuality’s long term effect is still lacking. However, a study [92] suggest that
apomictic polyploid lineages experience a dual process: they accumulate natural mutations similar to the
Meselson effect in diverging gene copies, while also masking partially dominant deleterious alleles in clones.
These harmful mutations could eventually be purged via facultative sexual reproduction.

Sexual reproduction offers evolutionary advantages by facilitating the removal of harmful mutations through
recombination, which enables natural selection to eliminate disadvantageous genotypes [93, 94]. In contrast,
apomict reproduction bypasses recombination, resulting in offspring that are genetic clones of maternal
parents, thus perpetuating any mutations arise [94, 95]. This leads to irreversible accumulations of mutations,
known as Muller’s ratchet, which increases genetic load and may drive clonal lineages toward extinction
[96]. The Hill Robertson effect further exacerbates this issue by limiting selection efficacy across linked loci
[93, 97], leading to reduced adaptive capacity and fitness in several populations [98, 99].

Apomixis is often associated with polyploidy and hybrid origins [100-102], where polyploidy can buffer
deleterious mutations through gene redundancy. However, it also increases mutational target size, and
recessive mutations may remain masked unless they exhibit partial dominance [18, 103]. Long term
asexuality under polyploidy could increase the mutational load due to reduced haploid selection and
sustained masking of harmful alleles [104].

Conclusion and Perspective

The molecular mechanism and regulatory pathways underlying apomixis remain one of the most intriguing
challenges in plant biology. Although apomixis is thought to arise from shift between sexual and asexual
reproductive models [7], it is not controlled by single mechanism. Instead, it appears to be governed by a
complex network of overlapping pathways that influence its developmental process. These pathways include
epigenetic regulation as well as the accumulation of mutations in genes associated with sexual reproduction
[7]. Research into apomixis has become increasingly important for developing innovative plant breeding
strategies, particularly in the context of a growing global population and limited natural resources. Apomixis
technology holds the potential to be applied to wide range of agronomic crops. By enabling clonal seed
production, apomixis could substantially increase yields in economically important cereals, industrial crops,
fruits, vegetables, and even forest species.

Furthermore, the widespread use of apomixis could significantly reduce the costs associated with hybrid seed
production. This would revolutionize agricultural systems at multiple levels- from individual farmers to
large-scale seed producers- ultimately paving the way for powerful new strategies in both marketing and
agricultural biotechnology [11]. Integration of genetic tools such as CRISPR/Cas9 offers a promising
avenue to accelerate the commercial use of apomictic plants by simplifying their creation.
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