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Abstract
Apomixis is a mode of asexual reproduction wherein the maternal genotype is preserved by avoiding recombination
and syngamy. Apomixis is common among angiosperms being represented in ~400 genera encompassing ~40 plant
families. Potential benefits of apomixis have been explained in various ways, most prominent being fixation of
heterosis, maintenance of superior genotypes, and maintaining germplasm without mixing. The potential economic
impact of this important trait can be imagined from an estimate of the benefit that would ensue from realizing
apomictic technology in rice which was calculated to be US $2.5 billion per annum. This emphasizes the role
apomixis can play in development of designer crops. Barring a few exceptions of some forage crops and some
instances of adventitious embryony in fruit yielding trees, apomixis does not occur in crop species. Worldwide, most
genomic resources for plants have been generated in crop species and together with the complexities inherent in the
control of apomixis, this renders the task of translating the present scenario of research in apomixis to actual
apomictic crops, a goal that is still somewhat distant. Nevertheless considerable progress has been made in
deciphering the mechanisms underlying apomixes. In the last two decades, more apomictic genera are being reported
as new methods of detecting apomixis are employed. This is also garnering support for the notion that multiple
mechanisms for expression of apomixis do exist, which underlines the complexities in achieving the goal of
exploiting apomixis in cultivated crops. This review is aimed at highlighting recent advances in research on
gametophytic apomixis with emphasis on Poaceae.
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Introduction
Apomixis is classified as sporophytic and gametophytic.
Multiple reviews have explained the basis of this
classification (Ozias-Akins and Dijk 2007; Bicknell and
Koltunow 2004; Koltunow and Grossniklaus 2003;
Spillane et al 2001; Grimanelli et al 2001; Crane 2001).
Apomixis is common among angiosperms being
represented in ~400 genera encompassing ~40 plant
families (Carman 1997). Agamospermy is much more
common than conceived (Plitman 2002). The economic
benefit of this important trait was estimated at US $2.5
billion per annum (McMeniman and Lubulwa 1997). In
general, sporophytic apomixis is marked by embryos
arising from sporophytic cells through adventitious
embryony without the involvement of a gametophyte
and exists along with the sexual pathway, while
gemetophytic apomixis is the result of alteration in
sexual pathway itself and involves the formation of a
gametophyte. Gametophytic apomixis is further subclassified as apospory and diplospory. In apospory, one
of the sporophytic cells develops into an unreduced
embryo sac and is marked by the presence of multiple
embryo sacs. Another feature emphasized about

apospory is that the unreduced embryo-sac occupies a
nearby position to the megaspore mother cell (MMC)
(Koltunow and Grossniklaus 2003) while in diplospory
it occupies the same position as MMC since the
unreduced embryo sac develops through bypassing
meiosis.
Although many taxa and families have been shown to
display apomixis, three families, Asteraceae, Rosaceae,
and Poaceae have greater representation of apomixis.
Most of the studies in last three decades have been
performed on Asteraceae and Poaceae largely due to the
ease of phenotyping apomictic plants but also due to
economic importance of Poaceae. Furthermore,
Asteraceae is important in showing the presence of
autonomous endosperm while Poaceae requires pseudofertilization for the development of endosperm.

Components of apomixis
Successful apomixis requires the following components:
avoidance of recombination to maintain maternal
genotype, unreduced egg formation by eliminating
reduction division, avoidance of fertilization of
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unreduced egg, leading to formation of embryo through
parthenogenesis and autonomous or pseudogamous
endosperm. Studies on apomixis have focused on these
four aspects using mainly two approaches to understand
the mechanism of apomixis at cellular, cytogenetic and
molecular levels - analysis of naturally existing
apomicts; and synthesis of apomixis through
mutagenesis.
Initial studies in apomixis revolved around cytological
investigation which are still employed to understand the
apomictic process in various taxa along with newer,
more sophisticated tools like flow cytometric analysis of
seeds (Matzk et al 2000). Cytological techniques are
helpful in understanding megasporogenesis and ovule
structure and involve microscopy of cleared ovules
(Young et al 1979), a method widely used for
phenotyping prospective apomicts. Other approaches to
study apomixis include genetic analysis (involving
RFLP,
AFLP,
RAPD,
retrotransposons
and
microsatellites), differential gene expression, deletion
studies and more recently, epigenetic studies (OziasAkins and Dijk 2007; Pupilli and Barcaccia 2011;
Tucker et al 2012; Olmedo-Monfil et al 2012)

Studies on naturally existing apomicts
1. Apomicts in Poaceae
Various Poaceae members have been studied for
presence of apomixis over the years which include both
apospory (Brachiaria, Panicum, Paspalum, Pennisetum,
Cenchrus and Poa) and diplospory (Tripsacum). Among
these genera, all of which have a pseudogamous
endosperm, Cenchrus, Brachiaria, Panicum and Poa
are forage crops while Pennisetum is used as forage and
grain crop. Tripsacum is a related genus of maize which
is a major grain crop. Genetic studies have been carried
out in these species to identify markers linked to the
locus governing apomixis. Some of the pronounced
features in these studies are suppression of
recombination, accumulation of transposable elements
and hemizygous nature of aposporous locus. These
features have contributed to the elusive nature of the
genetic basis of apomixis by hampering the progress of
map-based cloning efforts.

Suppression of recombination and hemizygosity
at aposporous locus
Suppression of recombination around the apomictic
locus has been compared to evolution of Y
chromosomes wherein features like repression of
recombination and accumulation of transposable
elements (TEs) are similar to many reported apospory
loci (Pupilli et al 2011).
Suppression of recombination has been reported in
Pennisetum, Cenchrus and Paspalum. In Panicum,

although there is no report of recombination
suppression, clustering of markers suggests a region of
low recombination (Ebina et al 2005; Ozias-Akins and
Dijk 2007). Poa pratensis is the only genus in Poaceae
where recombination has been reported between loci
governing two key components, apospory and
parthenogenesis (Albertini et al 2001). Lack of
recombination has been often linked to chromosomal
rearrangements or heterochromatization of the loci and
hemizygous nature of the apomixis locus. Although
there are examples of each of these (and in some case
more than one can be attributed to the apomixis locus)
no consensus has been identified. For example, an
inversion was identified as the reason of suppression of
recombination in Pennisetum squamulatum, while in
Cenchrus ciliaris the reason was pericentric location of
the loci (Goel et al 2003). The aposporic locus in these
two species is located in a heterochromatic region but in
Paspalum simplex, the apomixis locus is situated in
heterochromatic-poor region (Calderini et al 2006). The
location of apospory locus in different Pennisetum and
Cenchrus species was compared and the location of
apospory locus was found to vary in different species.
Differences in the amount of repeat sequences and
hetrochromatic nature of apospory locus carrying
chromosome were also noticed (Akiyama et al 2011).
This also suggests that the apospory locus might be
changing its location. Presence of polyploidy along with
apomixis provides tolerance to these chromosomal
changes. Similar chromosomal rearrangements have
also been observed in Paspalum (Pupilli et al 2011). It
is also suggested that large-scale chromosomal
rearrangements and small-scale arrangements may have
played a role in establishment of apomixis after its
origin. Apomixis inhibits recombination, especially
around the locus governing the trait itself, leading to
accumulation of repeat elements and transposons
causing the heterochromatization of locus and imparts a
hemizygous nature to it.

Synteny of aposporous locus among apomictic
species and with Poaceae
Many attempts have been made to identify syntenic
regions of apomictic locus by using information
available in rice and maize. Lack of DNA sequences in
apomictic grasses has been a limiting factor due to
which, earlier attempts of comparative mapping were
carried out using RFLP (Grimanelli et al 1998; Pessino
et al 1997; Pupilli et al 2001). The aposporous locus in
Brachiaria brizantha has been shown to be syntenic
with chromosome 2 of rice and chromosome 5 of maize
(Pessino et al 1997, Ozias-Akins and Dijk 2007).
Investigations in three apomictic species of Paspalum
(P. simplex, P. malacophyllum and P. notatum) showed
retention of similar apomixis linked markers. In P.
simplex and P. malacophyllum, apomixis controlling
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locus (ACL) was syntenic with a part of rice
chromosome 12 while in P. notatum, the region
proximal to ACL
maintained synteny with rice
chromosome 12 but the distal region was syntenic to
chromosome 2 indicating a heterozygous translocation
(Pupilli et al 2004). Use of common molecular probes in
different apomictic species has emphasized lack of
common genomic region (Grimanelli et al 2001)
between different apomictic species suggesting an
independent origin of apomixis.
Availability of some BAC sequences in Pennisetum
allowed exploration of synteny of apospory locus with
rice leading to identification of synteny
with
chromosome 11 of rice, but when more sequences were
generated from the apomixis specific genomic region
(ASGR), the synteny did not hold and only
microsyntenic regions could be identified (Gualtieri et
al 2006, Conner et al 2008). A similar condition was
observed when syteny was explored between ASGR and
Sorghum bicolor (Conner et al 2008). Sequence analysis
by Conner et al (2008), also revealed that only 23-40%
of sequences are repetitive elements which was
surprising considering earlier reports of abundance of
some repetitive elements at ASGR (Akiyama et al
2004). The ASGR seems to harbour multiple small
regions showing synteny with multiple regions from
rice and sorghum (Conner et al 2008). A later study
showed that the opie-2 retrotransposon sequences which
were once believed to be closely associated with ASGR
(Akiyama et al 2004) are not closely associated with it
when investigated in other related apomictic Pennisetum
species (Akiyama et al 2011).

Expression studies
Besides genetic studies, expression profiling has also
been performed to understand the differences between
sexual and apomictic plants. The most commonly used
method employed for the purpose is differential display
followed by cDNA-AFLP and RT-PCR. These methods
are prone to innate heterozygosity existing in apomicts.
This drawback has prompted confirmation of the
variation identified between sexual and apomictic floret,
which was achieved through analysis of expression by a
method not affected by sequence polymorphism (e.g.
Northern and microarray) or mapping of identified
fragments to analyse their linkage with apomictic locus.
In Brachiaria, differential display was used to identify
two fragments specific to apomictic cDNA (Leblanc et
al 1997). In another study on the same plant, different
stages of sporogenesis and gametogenesis from sexual
and apomictic plants were used for differential display
leading to identification of 11 differentially expressed
fragments (Rodrigues et al 2003). In both studies, none
of the fragments were linked with the apomixis locus.
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Differential display in Paspalum identified three
fragments which did not show any linkage to the
apomictic trait (Pessino et al 2001). Another study in P.
notatum (Laspina et al 2008) identified 65 differentially
expressed genes between sexual and apomicts. Their
analysis indicated involvement of a signal transduction
cascade but did not identify any transcript showing
direct functional relationship with apospory (Laspina et
al 2008). cDNA-AFLP was used to identify apomixis
linked alleles (Polegri et al 2010) in P. simplex. These
alleles had nonsense and frameshift mutations
suggesting a pseudogene nature for them. These alleles
might exist because natural selection has little chance to
remove them owing to a combination of lack of
recombination and apomixis (Pupilli and Barcaccia,
2011).
cDNA AFLP was also used in Poa pratensis to identify
179 transcript-derived fragments showing differences
between sexual and apomict ovaries, but none was
identified with an exclusive expression and showed
differences in only timing of expression (Albertini et al
2004, Albertini et al 2005).
In Panicum maximum, expression patterns between
sexual and apomictic ovules identified a transcript
showing variation in expression between ovules of
sexual and apomictic plants (Chen et al 2005). Another
study used microarray analysis and RT PCR to identify
2 EST showing differential expression between apomict
and sexual ovaries but no attempts were made to assign
them to apomixis locus (Yamada-Akiyama et al 2009).
Differential display in Cenchrus ciliare (Pennisetum
cilare) identified two genes but none was linked to the
apospory locus (Singh et al 2007). Zhen et al (2011)
has used next generation sequencing (NGS) in an
attempt to identify candidate genes responsible for the
apomixis trait in Pennisetum. They sequenced
transcripts from apomictic ovaries and tried to map it to
the ASGR carrier chromosome. They identified 48
transcripts which were ASGR carrier chromosomespecific but only one was tightly linked with ASGR.
All these studies identified several genes but most of
them were either differentially modulated or showed
quantitative variation suggesting that these genes act
downstream of the switch responsible for conversion to
apomictic mode of reproduction. It also support the
hypothesis that apomixis results from deregulation of
the sexual pathway (Albertini et al 2004, 2005).
Nevertheless, functional analysis of genes which map to
the apomictic locus can provide invaluable insights to
the understanding of apomixis.
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2. Apomixis in other families
Besides Poaceae, apomixis has been extensively studied
in the family Asteraceae in genera Erigeron, Taraxacum
and Hieracium. Most commonly studied species are
Erigeron annuus, Taraxacum officinale and Hieracium
pilosella. These genera are polyploid diplosporous
apomicts with apomictic polyploids and sexual diploids
existing in the same species. Other shared features are
autonomous endosperm development and suppression
of recombination but Erigeron and Taraxacum showed
the presence of unlinked diplosporous and
parthenogenesis loci (Noyes et al 2007; Dijk and BakxSchotman 2004). In Hieracium, a deletion study could
identify two loci governing apomeiosis and
parthenogenesis (Catanach et al 2006).
Some other commonly used models are Boechera (also
called Arabis) from family Brassicaceae and emerging
model Hypericum perforatum (Clusiaceae). Among
them, Boechera, can be of importance because it
belongs to the same family as Arabidopsis thaliana, a
plant with a well characterized genome and a vast pool
of mutants which can be valuable for functional analysis
of apomictic candidate genes.

Synthesis of apomixis through mutagenesis
Analysis of naturally existing apomixis showed that
although most apomictic loci behave as a dominant
single locus, the structure of the locus itself is
complicated. These analyses supported the view that
apomixis might be a multigenic trait and there are
different components which together constitute the trait
of apomixis. Synthesis of apomixis is possible by
creating these different components of apomixis and
combining them. Earlier, this approach was not popular
but it is one of the most promising approaches after a
couple of successes (Ravi et al 2008; dÉrfurth et al
2009; Marimuthu et al 2011). Over time, a number of
mutants have been reported which partially mimicked
one or the other component of apomixis. These mutants
can be classified by following the categories of
apomictic components (apomeiosis, parthenogenesis
and endosperm) explained earlier.

Mutants mimicking apomeiosis
Apomeiosis refers to failure or avoidance of meiosis and
recombination to preserve maternal genotype. The
foremost requirement of apomixis is failure of meiosis
to produce a diploid egg cell. A number of mutants
have been reported which mimic either aposporous
phenotype (multiple archesporial cells) or diplosporous
phenotype (failure of meiosis). A mutation reported in
maize by Sheridan et al (1996), resulted in multiple
archesporial cells (MAC1). In rice, multiple sporocyte1
(MSP1) has a similar function (Nonomura et al 2003).

Among mutations mimicking diplosporous phenotype,
probably the well-studied mutant is switch1/dyad in
Arabidopsis. Strong alleles of the swi1 gene cause
replacement of the two divisions of female meiosis by a
single equational and a loss of sister chromatid cohesion
in the case of male meiosis. A weak allele of swi1,
called dyad affects only female meiosis and leads to
formation of some functional apomeiotic female
gametophytes (Ravi et al 2008). The maize orthologue
of swi1 is ameiotic (am1), and am1 mutants also replace
meiosis with mitosis (Pawlowski 2009). Olmedo-Monfil
et al (2010) reported the ago9 mutation in Arabidopsis
which produces a multiple spore phenotype which is
similar to apospory. Singh et al (2011) reported another
mutation, Dnr4 in maize which encodes AGO104
protein and results in non-reduced gametes. All these
mutation result in production of a few unreduced female
gametophytes along with reduced female gametophytes.
Recently, success was achieved in production of only
unreduced gametes in Arabidopsis with MIME (Mitosis
Instead of Meiosis) genotype (dÉrfurth et al 2009),
which is a triple mutant (Atspo11, Atrec8, osd1). The
Atspo11 mutation prevents chromosome pairing and
recombination, while Atrec8 modifies chromatid
segregation and osd1 results in omission of the Meiosis
II division. The overall effect of the combination of the
three mutants is to convert meiosis into mitosis. These
mutations affect both male and female meiosis and
differ from naturally occurring apomixis in complete
elimination of normal gametogenesis which is a part of
normal sexual pathway. Another encouraging
achievement has been the production of functional
apomictic clones if apomeiosis in MIME and dyad
alleles is combined with uniparental genome elimination
following fertilization as occurs in cenh3 mutant lines
that express a manipulated CENH3 (TAILSWAP)
protein (Marimuthu et al 2011).

Mutants mimicking parthenogenesis
Parthenogenesis normally leads to haploid production
(Dunwell 2010). One of the earliest known mutations
was hap (Hagberg and Hagberg 1980) which was
induced in barley through EMS mutagenesis and
resulted in low frequency of haploid induction. The
Salmon system of wheat comprises three isogenic
alloplasmic lines with either zygotic (aS) or
autonomous, fertilisation-independent (cS kS) embryo
development. In wheat Salmon system, (a 1BS/1RS
wheat rye translocation) is known to show
parthenogenesis. Exact mechanism in this system is not
known but 1BS is believed to have a parthenogenesis
suppressing gene while 1RS is postulated to have a
parthenogenesis inducing gene (Matzk et al 1995).
Mutation of MULTICOPY SUPPRSSOR OF IRA 1
(MSI1) has been shown to lead to initiation of
embryogenesis without fertilization; however the
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embryos abort early in development (Guitton and
Berger 2005). Another mutation called ig1
(indeterminate gametophyte) in maize affects polarity of
female gametophyte and causes increased number of
eggs, synergids and polar nuclei (Lin et al 1978).
A number of transcription factors viz. BABY BOOM
(BBM) (Boutilier et al 2002), LEAFY COTYLEDON
(LEC1) (Lotan et al 1998), LEC2 (Stone et al 2001) and
WUSHEL (Zuo et al 2002) are known to promote
somatic embryogenesis. None of these express either in
egg cell or embryo (Curtis and Grossniklaus 2008)
although there are exceptions like SERK1 (SOMATIC
EMBRYOGENESIS RECEPTOR KINASE 1) which
expresses in wild type ovules.
Mutants
mimicking
endosperm
development:
Endosperm is the source of nutrition for the developing
embryo and is also the nutritive tissue for human
consumption in the cereal and other crops. Among
natural apomicts, plants have developed various ways to
ensure normal development of endosperm ranging from
modification of embryo sac structure to high tolerance
of maternal:paternal genome ratio (Ozias-Akins 2006).
Among artificial mutants, the FIS class mutants allow
partial development of endosperm without fertilization.
These mutants include mea/fis1 (medea/fertilization
independent seed), fis2 (Choudhary et al 1997;
Grossniklaus et al 1998), and fie (fertilization
independent endosperm) (Ohad et al 1996). These genes
suppress endosperm formation in the absence of
fertilization (Grimanelli et al 2001).
All FIS class mutants show defects in embryo and
endosperm growth suggesting that FIS genes are
essential for normal development of embryo and
endosperm (Chaudhary et al 2001, Grossniklaus et al
1998). Analysis of FIS class genes show that they
belong to polycomb group (PcG) and may play a role in
epigenetic control of chromatin (Koltunow and
Grossniklaus 2003). FIS2 functions downstream to
DEMETER (DME), a key regulator of imprinting,
further supporting this notion (Choi et al 2002).

Epigenetic studies
Among naturally occurring apomicts, the aposporous
locus has been often found to be located in a
heterochromatic region rich in transposons raising the
possibility of epigenetic control of apomixis. Slotkin et
al (2009) have shown the involvement of 21 nt siRNA
in heterochromatic programming of sperm cells. Such a
mechanism has not yet been identified in the female
gametophyte but two mutations which mimic the
aposporous phenotype implicate role of RNAi
machinery in female gametophyte development and
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consequently in apomixis. First of these mutations is
ago9, which encodes the ARAGONAUTE 9 (AGO9)
protein and was reported in Arabidopsis (OlmedoMonfil et al 2010). The ago9 mutation results in
multiple gametic cells, a phenotype which resembles
apospory. The second mutation of ago104 was reported
in maize and mimics diplospory by causing failure of
meiosis. Both AGO104 and AGO9 proteins accumulate
in sporophytic cells in the vicinity of gametic precursor
cells suggesting that mobile signals from somatic cells
influence development of the gametophyte. A recent
report has compared sexual and apomictic lines of
Pennisetum glaucum. The apomictic line had two
additional chromosomes introgressed from P.
squamulatum, conferring the apomictic trait. This
analysis discovered sRNA population unique to apomict
lines, although further analysis is required to establish
their role in control of apomixis (Singh et al 2012).

Conclusion and future prospects
Considerable success has been achieved in recent years
in the area of apomictic research. Both approaches of
identifying genes responsible for apomixis from natural
apomicts and synthesis of apomixis through
mutagenesis have made substantial progress.
Expression of reporter genes has shown that sexual and
apomictic pathways are interrelated emphasizing the
need to understand the basis of sexual pathway.
Understanding of genetic factors regulating both sexual
and apomictic pathways is required to synthesize this
trait in crop plants.
The comparative mapping studies suggest distinct
genetic origin of apomixis in different plants cautioning
against a generalized approach to study apomixis in
different species. The understanding of this trait in
different apomictic species might be the key to achieve
success in synthesizing this trait in different crop
species because genetic factors controlling the trait as
complex as apomixis, might not be conserved in
distantly related species. More advanced tools like
deletion mapping and NGS can help to cross the
mapping hurdles and identify the elusive genes
controlling apomixis. NGS can also help to overcome
the problem of lack of genomic resources in species
where apomixis is being studied. It is possible that in
many of the species, genomic region regulating
apomixis is degenerated and has only a few genes. It is
also possible that these genes might be epigenetic
regulators since many of the recent reports emphasize
the role of smRNA in reproductive pathways. The task
of analysing apomixis does not end with identifying
apomixis controlling factors but will also require
finding ways to assemble them in an economically
beneficial ways in the crops of importance.
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