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NEW TRENDS IN PLANT CYTOGENETICS AND CYTOEMBRYOLOGY –

DEDICATED TO THE MEMORY OF EMILIO BATTAGLIA

The evolution of apomixis in angiosperms: A reappraisal

E. HÖRANDL & D. HOJSGAARD

Department of Systematic Botany, Georg-August-University of Göttingen, Untere Karspüle 2, 37073 Göttingen, Germany

Abstract
Apomixis, the asexual reproduction via seed, has long been regarded a blind alley of evolution. This hypothesis was based on
the assumption that apomixis is an irreversible, phylogenetically derived trait that would rapidly lead to extinction of the
respective lineages. However, recent updates of the taxonomic distribution of apomixis in angiosperms suggest an alternative
evolutionary scenario. Apomixis is taxonomically scattered and occurs in both early and late branching lineages, with several
reversals from apomixis to obligate sex along phylogeny. Genetic control of apomixis is based on altered expression patterns
of the same genes that control sexual development; epigenetic changes following polyploidization and/or hybridization may
trigger shifts from sexuality to apomixis. Mendelian inheritance confirms the facultative nature and possible reversibility of
apomixis to sexual reproduction. Apomixis, therefore, could represent a transition period in the evolution of polyploid
complexes, with polyspory in paleopolyploids being a remnant of lost apomixis. In neopolyploids, apomixis helps to
overcome sterility and allows for geographical range expansions of agamic polyploid complexes. The facultative nature of
apomixis allows for reversal to sexuality and further speciation of paleopolyploid lineages. Thus, apomixis may facilitate
diversification of polyploid complexes and evolution in angiosperms.

Keywords: Apomixis, angiosperm phylogeny, evolution, polyploidy, polyspory

Phylogenetic patterns and evolution of reproductive

modes represent the most challenging questions in

evolutionary biology. Sexual reproduction, i.e., the

combined process of reductional cell division (meio-

sis) and fusion of reduced gametes (mixis), is by far

the most frequent mode of reproduction in eukar-

yotes. It is nowadays well established that meiosis

first arose in protists and probably originated from

bacterial DNA repair mechanisms (Ramesh et al.

2005; Schurko & Logsdon 2008). The prevalence of

sexual reproduction is striking because of its obvious

high costs, the loss of gene combinations during

meiosis, and the need of two parental individuals.

Alternatively, asexual reproduction potentially avoids

these costs and is expected to result in higher

quantities of offspring (Maynard Smith 1978; Bell

1982). Despite its potential benefits, asexuality

appears to be rare in higher eukaryotes; only in some

phyla of protists it is the only mode of reproduction.

In fungi, about 20% of species are estimated to be

asexual, while in animals frequencies of asexuality

are less than 1%. In land plants, asexual reproduc-

tion is rare in mosses, hornworts, and liverworts,

quite frequent in ferns (c. 10% of species), while in

seed plants frequencies drop down to less than 1% of

species (Burt 2000). The phylogenetic pattern of

asexuality has been recognized as scattered in all

major groups (Burt 2000; Simon et al. 2003; Van

Dijk & Vijverberg 2005).

In general, such a pattern can be explained by

three different phylogenetic models (Williams 1975):

(1) sex changes irreversibly to asexuality, but

increases the risk of rapid extinction; (2) sex changes

occasionally to asexuality, but the reversal happens

more readily; and (3) shifts from sexuality to

asexuality are rare. Initially, the first scenario was

the most popular, as asexuality is thought to be

hampered by the accumulation of deleterious muta-

tions and by the loss of genetic variability. However,

evidence from long-term obligate asexuality in

animals (e.g., Butlin 2002) and from the short-term

success of asexuals in geographical dimensions

(Kearney 2005; Hörandl 2006) questions the basic

assumptions of this model. The second hypothesis
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http://dx.doi.org/10.1080/11263504.2012.716795

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ita
 D

i P
is

a]
, [

L
. P

er
uz

zi
] 

at
 0

8:
11

 1
3 

Se
pt

em
be

r 
20

12
 



regards asexuality as a complex trait, which is,

according to Dollo’s law, not easily reversed;

however, recent empirical evidence in animals

suggests that such reversals are possible (Domes

et al. 2007). The third hypothesis is indirectly

supported by the recognition of several functional

constraints for shifts to asexuality in animals and

plants (Engelstädter 2008; Hörandl 2009a) and by

the complexity of regulatory mechanisms (see, for

example, Koltunow & Grossniklaus 2003).

Angiosperms are an interesting model system for

studying evolution of asexuality in a highly late

branched eukaryotic group because of their great

variety of reproductive pathways. The sexual mode

follows the general life cycle in land plants, with the

alternation of a sporophytic (2n) and a gametophytic

(n) generation, separated by meiosis and mixis,

respectively (Figure 1). The four- to eight-celled

gametophyte can be produced from single spores

(monospory) or from two or four spores (bispory and

tetraspory, respectively) via mitotic divisions.

Although meiosis–mixis cycles represent the typical

elements of eukaryotic sex, some special features of

angiosperms need to be noted: (1) a late differentia-

tion of archesporial cells within tissue of the adult

sporophyte; (2) the potential to start developmental

programs from both a reduced (haploid) and an

unreduced (somatic) archespore; (3) the capacity for

parthenogenetic development in both reduced and

unreduced egg cells; (4) the extreme reduction of

gametophytes to few-celled structures; and (5) the

development of a nutritious tissue, the endosperm,

from fertilized nuclei of the female gametophyte

(double fertilization).

Apomixis, the asexual mode of reproduction via

seed (Asker & Jerling 1992), was one of the favorite

research topics of Battaglia (1951, 1963, 1991), who

contributed fundamental knowledge on gametophy-

tic developmental pathways. Apomixis basically

combines two developmental alterations of sex

(Figure 1): first, the bypass of meiosis (apomeiosis),

and second, the bypass of mixis, i.e., the develop-

ment of an unfertilized egg cell into an embryo

(parthenogenesis). This combination can be

achieved in two different ways: gametophytic or

sporophytic apomixes. Gametophytic apomixes al-

ters or bypasses meiosis, resulting in an unreduced

gametophyte (embryo sac) either from an unreduced

megaspore mother cell (diplospory) or from a

somatic cell in the nucellus (apospory). The un-

reduced egg cell develops parthenogenetically. Dur-

ing sporophytic apomixis, in contrast, embryo

formation starts directly from an unreduced ovule

cell, either from a nucellus cell (nucellar embryony)

or from the integument (integumentary embryony).

Since such embryos usually arise in parallel to

sexually formed embryos, this form of apomixis is

also called adventitious embryony (Naumova 1992).

In the end, the seed contains both sexual and

apomictic embryos (polyembryony). We do not

consider vegetative propagation, which does not

involve development from a single-cell stage, and is

not regarded as a mode of apomictic reproduction,

but rather as a mode of clonal growth (see Mogie

1992). Fertilization of the polar nuclei (pseudogamy)

is retained in c. 90% of apomicts (Mogie 1992),

while pollen-independent endosperm development is

rare (autonomous apomixis). Uniparental reproduc-

tion is possible for pseudogamous apomicts, since

they are usually self-fertile (Hörandl 2010). Thus,

the fundamental difference between sexual repro-

duction and apomixis in flowering plants is not

reproduction via a single or two parents, but is

mostly based on meiotic versus apomeiotic develop-

ment. Interestingly, apomixis often occurs in the

same taxa that exhibit sexual polyspory, i.e., the

formation of embryo sacs out of more than one spore

(Carman 1997).

Apomixis in angiosperms is heritable, but the

genetic regulatory mechanisms are unexpectedly

complex. For gametophytic apomixis, the two

components, apomeiosis and parthenogenesis, are

under different genetic control and can be uncoupled

(Ozias-Akins & Van Dijk 2007). In natural systems,

apomeiosis is due to temporal or spatial de-regula-

tion of the genes controlling the sexual pathway

rather than to an independent trait (e.g., Grimanelli

et al. 2001; Koltunow & Grossniklaus 2003; Alberti-

ni et al. 2004; Curtis & Grossniklaus 2007). This de-

regulation is most probably due to polyploidy as

almost all natural apomicts are polyploid. However,

sexual polyploidy is common in plants, so polyploidy

alone is not sufficient to trigger apomixis. However,

polyploidy can alter gene expression patterns globally

(Chen 2007). Apomeiosis and parthenogenesis could

result rather from epigenetic, possibly silencing

actions that are exerted on the normal sexual

reproduction pathway by a set of genes which are

inherited as a unit (Grimanelli 2012). Genetic

mapping studies in numerous model taxa revealed

that the loci controlling apomeiosis are located in

large non-recombinant regions of the genome

(Ozias-Akins & Van Dijk 2007). Apospory- or

diplospory-specific regions appear as dominant

factors in a heterozygous state. So far, attempts to

pinpoint ‘‘candidate genes’’ across different apomic-

tic model systems have failed. In Arabidopsis, the

combination of three mutants of meiosis-specific

genes turned meiosis into a mitosis-like cell division

(MiMe system), resulting in the formation of

unreduced embryo sacs (D’Erfurth et al. 2009).

However, only the simultaneous suppression of three

genes, OSD1/TAM, Atspo11-1 and Atrec8, leads to

the production of unreduced male and female
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gametes. The MiMe mutants do not exhibit parthe-

nogenesis, and thus produce offspring with a

doubled chromosome number. Even though genetic

engineering of an apomixis-like process could now

be tested in plants (Bhat 2011), the artificial MiMe

system has so far not been observed in natural

apomicts. The likelihood that apomixis can be

acquired in natural systems by combinations of

mutations is very low, since single mutations alone

result in sterility and would be selected against (Van

Dijk & Vijverberg 2005). Recent gene expression

profiling studies (SuperSAGE tags) on Boechera, a

close relative of Arabidopsis with natural apomixis,

showed that more than 4000 genes are differentially

expressed in sexual and apomictic plants (Sharbel

et al. 2009, 2010). Gene expression is highly specific

to developmental stages, and most of the differen-

tially expressed genes appear in premeiotic and

Figure 1. Main modes of reproduction in angiosperms (eight-nucleate embryo sacs) and a scheme of Carman’s (1997) asynchrony

hypothesis. Colors refer to hypothesized expression of genes (sporogenesis, blue; gametogenesis, green; embryogenesis, yellow); numbering

of developmental stages is indicated at the bottom. Polyspory resembles apomixis with respect to the accelerated gametogenesis, which could

be an epigenetic memory of ancient apomixis. (a) Sexual development: meiosis (stages 1–3) results in the formation of four haploid

megaspores; from the tetrad, usually only one megaspore develops into the eight-nucleate embryo sac via three mitotic divisions (stages 4–7).

Double fertilization of the two polar nuclei and the egg cell each by one sperm nucleus (white) results in a triploid endosperm nucleus and a

diploid zygote (stage 8); the zygote develops into a single plant embryo (stage 9). (b) Diplospory: restitutional meiosis and production of two

unreduced spores shorten the pathway among stages 1–7; fertilization of polar nuclei (stage 8) may take place (pseudogamy) or not

(autonomous apomixis), but the egg cell remains unfertilized; the embryo develops parthenogenetically (stage 9). (c) Apospory; meiosis takes

place, but an adjacent somatic cell develops into an unreduced embryo sac (3–7); pseudogamy and embryogenesis as in diplospory. (d)

Sexual polyspory (tetraspory): meiosis takes place, but all four megaspores contribute to embryo sac development, perhaps because

sporogenesis and precocious gametogenesis overlap (stages 3–7); fertilization and embryogenesis as in (a). (e) Adventitious embryony:

embryo sac development as in (a), but a somatic cell arises (stage 8) to develop into a second embryo (stage 9).

Evolution of apomixis in angiosperms 683

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ita
 D

i P
is

a]
, [

L
. P

er
uz

zi
] 

at
 0

8:
11

 1
3 

Se
pt

em
be

r 
20

12
 



meiotic/apomeiotic stages. Differentially expressed

genes relate mostly to transcription factors and to

genes involved in primary and secondary metabo-

lism. Interestingly, RNA-dependent DNA methyla-

tion plays an important role in the determination of

somatic versus germ line cell fate in flowering plants

and may be involved in the expression of apomictic

phenotypes (Grimanelli 2012).

The second step of apomixis, parthenogenesis, is

under independent genetic control. The transcrip-

tion factor SOMATIC EMBRYOGENESIS RE-

CEPTOR KINASE1 in Arabidopsis probably

increases the embryonic potential of ovules and egg

cells. Somatic embryogenesis can be induced in

various tissues by over-expression of certain tran-

scription factors which can also be induced by

cellular stress (Curtis & Grossniklaus 2008). How-

ever, the genetic basis of adventitious embryony is

much less studied than gametophytic apomixis.

The shift to fully functional apomixis has to

combine three steps: the bypass of meiosis, the

parthenogenetic development of the egg cell, and

alterations in the endosperm ploidy level. As pointed

out in general by Margulis and Sagan (1986) and

more specifically for plants by Van Dijk and

Vijverberg (2005), each step alone would be deleter-

ious: loss of meiosis with maintenance of mixis

(2nþ n; BIII hybrids) would result in continued

polyploidization, which is limited by cellular con-

straints on increasing DNA content and by cytolo-

gical problems of cell division (Comai 2005).

Maintenance of meiosis with loss of mixis (nþ 0)

leads to continued reduction of ploidy level and

thereby expression of previously masked recessive

alleles. Loss of fitness in dihaploids was observed, for

example, in Ranunculus by Nogler (1984). Selection,

therefore, stabilizes either full sexuality or full

apomixis, but acts against transitional forms. Pro-

geny analyses of facultative apomictic plants revealed

a majority of full apomicts (2nþ 0), and among the

off-types lower frequencies of nþ 0 compared to

2nþ n plants (Berthaud 2000). Selective forces

against nþ 0 were, for example, observed in natural

populations of tetraploid Ranunculus kuepferi (Co-

sendai & Hörandl 2010) and in hexaploid facultative

apomictic lines of guinea grass (Panicum maximum;

Kaushal et al. 2008). Several other constraints limit

shifts to apomixis (Hörandl 2009b): (1) the need of a

disrupting hybridization event to break up meiosis–

mixis cycles which is limited by various crossing

barriers between sexual species; (2) the need of

nutritious tissues, which in flowering plants is largely

dependent on pollination; (3) shifts to self-fertility to

allow for uniparental reproduction with pseudogamy

(Hörandl 2010).

Considering the cytological and regulatory me-

chanisms, the question arises whether apomixis is

actually a phylogenetically derived trait, as suggested

by Van Dijk and Vijverberg (2005). Alternatively, a

predisposition for an ancient asexual mode of

reproduction via mitosis and parthenogenesis might

still exist in flowering plants, which can be activated

by differential gene expression. Carman (1997)

related apomixis to ancient or recent polyploidization

events, and regarded polyspory as a remnant of

ancient apomixis after the reversal to sexual

reproduction.

However, phylogenetic hypotheses on apomixis as

an ancestral trait were hampered on the one hand by

the lack of a well-resolved tree for angiosperms, on

the other hand by the incompleteness of apomixis

records. Here we want to examine the gross

phylogenetic distribution of apomixis, based on a

well-resolved phylogenetic framework and the taxo-

nomic basis presented by the Angiosperm Phylogeny

Group (APG III 2009). We used a character

optimization approach to get insights into ancestry

and putative reversals of the trait. The connection

between paleopolyploidy and polyspory in the light of

hypothetical reversals from apomixis to sexual

reproduction (Carman 1997) is discussed. Finally,

we present the hypothesis that sexual reproduction

and apomixis might just represent flexible alterna-

tives of reproduction that facilitate the evolution of

polyploid complexes by enhancing diversification

and range expansion.

Materials and methods

We examined the literature survey by Carman (1997)

for angiosperm orders by searching for new refer-

ences in the ISI Web of Science. We accepted only

apomixis records with sufficient reliability, i.e., based

on microscopic investigation, flow cytometric seed

screening (Matzk et al. 2000), molecular progeny

tests, and well-documented isolation and emascula-

tion experiments. Preliminary records based on

indirect observation only (e.g., clonality in wild

populations and lack of pollen tubes on the stigma)

were not accepted. Records of polyembryony with-

out proof of adventitious embryony in Carman

(1997) were also not included. The basic compila-

tion of data will be made available at http://www.uni-

goettingen.de/de/153591.html. All records were

transferred to the taxonomic system of families and

orders in APG III (2009) and mapped onto the

phylogenetic tree of angiosperms at the order level by

using MacClade 4.0 (Maddison & Maddison 2000).

Apomixis is nowhere an exclusive feature but by

accepting it as a facultative trait we can get insights

into the presence or absence of the trait in ancestors.

We do not contrast obligate sexuality which is

ubiquitous in angiosperms. Families within unplaced

lamiids, including the large Boraginaceae family,

684 E. Hörandl and D. Hojsgaard
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were technically treated as a unit equivalent to

orders. The same update was performed for Aster-

aceae tribes following Noyes (2007) and completed

by records on polyspory to test for correlations of

these two traits.

Phylogenetic patterns of apomixis among

angiosperms

How ancient is apomixis in angiosperms?

The updated literature survey on apomixis occur-

rence in angiosperms revealed a broadly scattered

taxonomic distribution (Figure 2). On the order

level, no new record could be found compared to

Carman (1997); a more detailed survey of apomixis

on the family and genus level will be presented

elsewhere (Carman et al. in preparation). Following

the concept of families and orders in APG III (2009),

apomixis occurs in the majority (32 out of 61) of

accepted orders. Character optimization based on

APG III tree topology (Figure 2) shows the

appearance of apomixis in all three major groups,

i.e., in the early branching angiosperms, the mono-

cots and the dicots (comprising Ceratophyllales and

eudicots; see Stuessy 2010). The phylogenetic

reconstruction indicates the occurrence of apomixis

in ancestors of some of the major clades, and several

Figure 2. Apomixis records (after Carman 1997) superimposed on a phylogenetic tree of angiosperm orders (tree topology after APG III

(2009) and Chase and Reveal (2009)). The MacClade reconstruction (Maddison & Maddison 2000) shows hypothetical ancestral stages at

branches; equivocal means that both stages are equally possible.

Evolution of apomixis in angiosperms 685
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cases of reversals from optional apomixis to sexual

reproduction only.

Early branching angiosperms (Archaeangiosper-

mae) deserve special attention because they probably

represent the paraphyletic stem group of angios-

perms, from which the holophyletic monocots and

dicots arose (Stuessy 2010). Apomixis has not been

observed in Amborella, the sister group to all other

angiosperms, which would not support the idea that

apomixis is an ancestral trait from a purely cladistic

point of view. However, apomixis is ascertained in

three of the four orders of magnoliids, and is newly

detected in Magnoliaceae (Magnoliales) and Laur-

aceae (Laurales). Apomixis may even appear in the

quite early branch of Nymphaeales within Trithuria,

the only genus of Hydatellaceae (Rudall et al. 2008,

2009). Microscopic investigation of ovule and

megagametophytic development on several species

of Trithuria (formerly Hydatella) showed that at least

one species, T. filamentosa, produces embryos within

ovules despite an apparent lack of pollen tubes on

stigmatic hairs (Rudall et al. 2008). However,

detailed embryological investigation is still needed

to ascertain apomixis or haploid parthenogenesis in

Nymphaeales. Interestingly, Trithuria forms a mono-

sporic, four-nucleate embryo sac (Rudall et al.

2008), but with frequent formation of double

megagametophytes that have probably developed

from different megaspores of the same tetrad; this

observation suggests that also bispory, a trait that is

connected to apomixis, may appear already in

Nymphaeales (Carman 1997; see detailed discussion

below).

The four-nucleate, four-celled embryo sac with

diploid endosperm of Nymphaeales and Austrobai-

leyales, in fact, represents the ancestral condition of

the female gametophyte in angiosperms, because it

represents a one-modular developmental system

(Friedman & Ryerson 2009). Embryo sac develop-

ment in Hydatellaceae even shows some gymnos-

perm features (Friedman 2008). From this ancestral

condition, two two-modular systems may have

evolved independently: (1) the predominant eight-

nucleate, seven-celled Polygonum type embryo sac

which arose in the common ancestor of other big

angiosperm groups (Chloranthaceae, magnoliids,

monocots, Ceratophyllales, and eudicots); (2) the

nine-nucleate, eight-celled embryo sac of Amborella

(Friedman & Ryerson 2009). These eight- to nine-

nucleate embryo sacs have selective benefits because

of the increase in endosperm ploidy by development

from a fertilized central cell with two maternal and

one paternal gene copies (see Friedman & Ryerson

2009). In this respect, the appearance of apomixis in

the four-nucleate embryo sacs of Nymphaeales and

Austrobaileyales would be more informative on the

ancestral condition of apomixis in angiosperms than

the presence or absence in Amborella. Principally,

apomixis can occur in secondary four-nucleate

embryo sacs as well, as was documented for some

Panicoideae.

Apomixis is absent not only in Amborella, but also

in most other seed plant lineages. The only well-

documented record of apomixis in extant gymnos-

perms appears in Cupressus and represents a weird

case of paternally inherited apomixis via embryo-

genic pollen, which is probably not homologous to

apomixis in angiosperms (Pichot et al. 2001).

Phylogenetically, it is still under dispute whether

gymnosperms (s.l.) actually represent a stem group

of angiosperms, or whether angiosperms arose

directly out of a paraphyletic backbone of Pteridos-

perms, i.e., seed ferns, in parallel to gymnosperms

(Hilton & Bateman 2006; Rudall & Bateman 2007;

Stuessy 2010). The ancestry of apomixis in seed

plants, therefore, remains hidden in darkness.

Apomixis in seed plants, in fact, appears to be

connected to an apparent lack of evidence for whole

genome duplications in Amborella and in most

gymnosperms that were otherwise traced in all major

angiosperm lineages (Soltis et al. 2009; Van de Peer

et al. 2009). The strong correlation between apo-

mixis and polyploidy would fit the hypothesis that the

early branched phylogenetic position of Amborella is

not necessarily informative about ‘‘ancestry’’ of

apomixis, but rather indicates the lack of a poly-

ploidization event to shift from obligate sexual to

apomictic reproduction.

In monocots, apomixis appears to be missing in

early branching lineages, but occurs in 5 out of 11

accepted orders, with shifts between sexual repro-

duction and apomixis at four nodes of the tree

topology and within the base of the unresolved

commelinid clade (Figure 2). This pattern contra-

dicts earlier views of a concentration of apomixis in

Poales. Within dicots (sensu Stuessy 2010), apomixis

appears to be missing in Ceratophyllales, the putative

sister group to eudicots (APG III 2009). However,

apomixis occurs independently in two out of five

accepted orders of early branching eudicots, which

may again represent a paraphyletic stem group of

core eudicots. Detailed phylogenetic hypotheses are

problematic because of partially unclear relationships

between taxonomic units (e.g., the placement of

Sabiaceae and the relationship between Buxales and

Trochodendrales). Within core eudicots, apomixis is

missing in early branches, but a quite complex

pattern emerges in some of the bigger subclades. In

Rosids, reversals to the exclusively sexual state may

have happened multiple times, especially in malvids.

A striking clustering of apomixis records emerges in

fabids, with records in seven out of eight orders, and

an indication that this trait might have even appeared

already in ancestors of this clade. The big Asterid
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clade might also have had apomixis as an ancestral

alternative to sexual reproduction, due to its appear-

ance in branches basal to Asterids (Santalales,

Caryophyllales). In lamiids, apomixis is present in

all orders and possibly in the ancestor of the clade.

Within the campanulid clade, ancestry is equivocal,

and reversals might have happened (Figure 2).

Reversal from apomixis to sexuality

The phylogenetic pattern in higher taxa suggests that

reversal from facultative apomixis to obligate sexu-

ality happened frequently in the evolutionary history

of angiosperms. We have no information on ancient

apomixis in angiosperms, as reproduction mode

cannot be assessed in fossils. Van Dijk and Vijverberg

(2005) suggested that the genetic background of

apomixis might be older than the taxa exhibiting the

trait. However, rather than assuming a transfer of

‘‘apomixis genes’’ from lineage to lineage on the tribal

and subtribal level, we assume an ancient predisposi-

tion for the expression of apomixis in angiosperms

that is activated during genomic changes following

polyploidization and hybridization.

Mendelian inheritance of apomixis supports the

possibility of reversal: numerous mapping studies

have revealed that apospory- or diplospory-specific

genomic regions (A and D, respectively) always

appear in the heterozygous stage together with the

wild-type factors (a and d). The most common

genotypes are Aaaa (tetraploid) or Ddd (triploid),

with a dominant expression of A or D, respectively

(Ozias-Akins & Van Dijk 2007). Crossings between

sexual and apomictic individuals, therefore, always

reveal a portion of offspring as sexual wild type

(Ozias-Akins & Van Dijk 2007). Whether these

Mendelian factors are actually allelic or represent

an epigenetic pattern needs further investigation. In

any case, apomixis-specific regions comprise large

chromosomal segments with suppressed recombina-

tion, and can be inherited or lost as a whole linkage

group (Ozias-Akins & Van Dijk 2007). Despite an

overall dominant expression of apomixis factors, the

quantitative expression of apomixis is dosage-depen-

dent (e.g., Nogler 1984). Therefore, in heterozygous

apomictic genotypes, sexually formed egg cells can

appear at low frequencies, and can be self-fertilized

or fertilized by pollen from another apomictic plant.

Fusion of gametes carrying only the wild-type

factors (a or d) will result in fully sexual offspring.

Reversals due to re-arrangement of wild-type alleles

and full sexuality in parts of the offspring have

been documented in experimental crosses of

facultative apomictic plants with sexual pollen

donors (Ozias-Akins & Van Dijk 2007). Unfortu-

nately, such reversals are poorly explored in natural

systems.

One case of reversal from apomixis to sexual

reproduction has been documented in natural

populations of hawkweed in New Zealand, where a

highly facultative aposporous apomixis occurs in the

genus Pilosella (¼Hieracium subg. Pilosella; Fehrer

et al. 2005, 2007). Pilosella officinarum, a native

European herb, was introduced into New Zealand

during the 1800s. First detailed surveys in the 1980s,

revealed only 4x, 5x, and 6x apomictic cytotypes in

New Zealand, whereby populations of P. officinarum

exhibit facultative apomixis (Houliston & Chapman

2001). Later experimental, population genetic and

flow cytometric analyses of these populations re-

vealed obligate sexual 4x individuals which must

have originated multiple times in situ from fusion of

reduced 2x gametes of surrounding 5x, facultative

apomictic parents from the same sites (Houliston &

Chapman 2001; Chapman et al. 2003). A partial

formation of fully sexual progeny from two faculta-

tive apomictic parental species was also proved

experimentally (Chapman & Bicknell 2000). Inheri-

tance mechanisms and the heterozygous nature of

regulatory mechanisms, therefore, potentially allow

for the complete loss of apomixis.

Apomixis, polyspory, and polyploidy

The asynchronous gene expression hypothesis by

Carman (1997) suggests that changes in the timing

of expression of genes regulating developmental

pathways can cause shifts to gametophytic apomixis.

Asynchronous expression of genes for sporogenesis,

megagametogenesis, and embryogenesis would re-

sult in apomictic phenotypes with precocious embryo

sac formation (Grimanelli et al. 2001). These shifts

would release the potential for the formation of

unreduced embryo sacs out of unreduced mega-

spores or somatic nucellus cells. These changes are

mostly expected to occur in newly formed poly-

ploids. However, facultative apomicts eventually

could revert to sexuality, but they would retain the

shortcut pathway of embryo sac development by

skipping cytokinesis after meiosis and the subsequent

development of two or all four spores (Figure 1).

Polyspory, as a result of this process, could be a

remnant of ancient apomixis: this trait is to be

expected in paleopolyploids which have re-diploi-

dized and re-stabilized meiosis and returned to

sexuality (Carman 1997). In fact, significant correla-

tions between apomixis and polyspory, and also

between polyspory and high base chromosome

numbers, do exist in angiosperms (Carman 1997).

We examined the reversal hypothesis in Astera-

ceae, which is the largest family of angiosperms with

c. 24,000–30,000 species, distributed in all con-

tinents except Antarctica (Funk et al. 2005). The

sunflower family provides the most comprehensive
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database for understanding the context of chromo-

some base number, polyploidy, apomixis evolution,

geographical expansion, reversals to sexuality with a

putative transition to polyspory, and further sexual

diversification. Chromosome evolution, as recon-

structed by Semple and Watanabe (2009) (Figure 3),

might have started from a base number of x¼ 9, with

ancient polyploidy (x2¼ 27) and subsequent dys-

ploid series in early branching tribes (Barnadesioi-

deae to Gochnatieae). In the Carduoideae,

Cichorioideae, and the early branched lineages of

Asteroideae, x¼ 10 is hypothesized as base number,

with frequent dysploidy toward x¼ 9 or 7. In the late

branching tribes of Asteroideae, x2¼ 19, based on an

ancestral polyploidization event (e.g., allopolyploidy

with x¼ 9 and 10 ancestors), might have established

a high base number, from which again downward

dysploidy led to lower base numbers observed in

extant species (11, 15, 17, 18; Figure 3). This

framework of genome evolution helps to understand

the evolution of apomixis.

Asteraceae probably possess a widespread capacity

for apomixis. Battaglia already documented the

occurrence of gametophytic apomixis in several

genera of the sunflower family (see Peruzzi et al.

2012). In Asteraceae, the problem of endosperm

fertilization is relaxed, as most taxa are capable of

autonomous apomixis (Noyes 2007). In many tribes,

records of occasional apospory or diplospory were

documented by embryological investigation, but

Figure 3. Co-occurrence of apomixis and polyspory in Asteraceae tribes (topology of the phylogenetic tree, chromosome base numbers with

respective colors, and chromosome evolution after Semple and Watanabe (2009)). x2 denotes a polyploidization event from x¼10 to x¼ 20,

with subsequent dysploidy to x¼19. Records for apomixis after Noyes (2007) and records for polyspory after Carman (1997). ‘‘Full

apomixis’’ means that both apomeiosis and parthenogenesis with production of functional apomictic seed take place; ‘‘partial apomixis’’

means that only apomeiosis as a first step to apomixis occurs, usually without functional apomictic seed formation (see details in Noyes

2007). At the bottom, genera with apomixis, apomeiosis and polyspory are listed, showing chromosome base numbers in brackets.
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without evidence for parthenogenesis (see Noyes

2007; Figure 3). Most strikingly, these apomeiotic

tendencies were mostly observed in extant diploid

species, and represent occasional experiments to-

ward apomixis (Noyes 2007), but not yet a stabilized

agamospermy. Like fully functional apomixis, re-

cords of such a partial apomixis occur mostly in

genera with a low chromosome base number

(x¼ 7, 9 or 10). Exceptions occur in Mutisieae,

and also in some genera of Heliantheae and

Eupatorieae, where higher base numbers were

derived from an ancestral polyploidization event.

There is also a strong tendency of apomixis in

tribes with a putative base number x¼ 17 or 19 in

Eupatorieae and Madieae, respectively, which

suggests the start of a recent, novel round of

neopolyploidization based on a putative paleopoly-

ploid, diploidized high base number. Consistent

with the transition theory by Carman (1997),

polyspory occurs mostly in those tribes for which

functional apomixis has also been documented;

however, in most cases polyspory does not occur in

the same genera as apomixis (see Figure 3).

Therefore, reversal to sexuality must have hap-

pened in the ancestor of the respective clades, i.e.,

before they diversified into various new genera. In

the tribes with x¼ 19, a new round of polyploidi-

zation has started, based on paleopolyploidy. In

Heliantheae, chromosome base numbers of genera

with polyspory are consistently higher than in

apomictic genera of the tribe and may represent

re-diploidized derivates of polyploid ancestors.

These observations support a hypothesis of several

apomixis events and subsequent reversals to

sexuality, and then further diversification in the

evolutionary history of Asteraceae.

A similar correlation exists for sporophytic apo-

mixis and polyspory. For instance, Liliaceae (s.s.)

frequently exhibit tetrasporic embryo sac develop-

ment (Tamura 1998a, 1998b), and the genera

Erythronium, Lilium s.l. (including Amana), and

Tulipa express both sporophytic apomixis (adventi-

tious embryony) and polyspory (Carman 1997; Hai-

Shan 2002). Percentages of neopolyploids in these

genera are rather low; in Liliaceae, variation in

genome size does not relate to polyploidy, but rather

to chromosome evolution (Peruzzi et al. 2009).

However, high base chromosome numbers in the

above-mentioned genera (x¼ 10 or 12; Carman

1997) fit a hypothesis of paleopolyploidy. Thus,

polyspory in Liliaceae may also be a remnant of

ancient polyploidization and shifts of timing in

embryo sac development, as suggested by Carman

(1997). Sporophytic apomixis probably does not

directly influence the development of the gameto-

phyte. Nevertheless, we hypothesize that adventitious

embryony has provided reproductive assurance dur-

ing early stages of polyploidization, when the sexual

pathway was disturbed.

Apomixis and the evolution of polyploid

complexes

Opinion on the evolutionary potentials of apomixis is

still strongly influenced by the traditional views of

Stebbins on agamic complexes in plants. His classical

model of an agamic complex suggests that apomicts

originate from hybridization of two or more sexual

species and shift to apomixis in polyploid hybrids

(Babcock & Stebbins 1938). Arrays of hundreds to

thousands of microspecies with different combina-

tions of parents are formed and fixed via apomixis.

But, with a loss of genetic variation within popula-

tions, the apomictic lineages would be unable to

adapt to changes of the environment and will finally

go extinct. Stebbins (1950) pointed out that apo-

micts have never been able to evolve a new genus or

even a subgenus, and regarded agamic complexes as

closed systems. Only sexuals would be able to give

rise to entirely new types via gene recombination and

progressive mutation. Apomixis in hybrids was seen

as ‘‘an escape from sterility, but it is an escape in a

blind alley of evolution’’ (Darlington 1939).

Results in modern population genetics and a better

understanding of the functionality of apomixis ques-

tion the basic assumptions of the classical ‘‘doomed’’

view. First, apomictic lineages are not necessarily

lacking genetic variation. Facultative sexuality, multi-

ple origins, backcrossing to sexuals, and mutation are

the main sources of genetic variation in apomictic

populations (Loxdale & Lushai 2003; Lushai et al.

2003; Hörandl & Paun 2007). Apomictic clones of

Tripsacum produced in breeding programs showed

epigenetic variability despite identical genomes (Le-

blanc et al. 2009). Second, heterozygosity for control

factors (Ozias-Akins & Van Dijk 2007) and a strong

influence of epigenetic mechanisms (Grimanelli

2012) suggest that sexuality and apomixis do not

represent an exclusively fixed ‘‘black and white’’

system. Instead, a high flexibility exists in the actual

expression of reproduction mode with a principal

reversibility of traits.

The transition theory proposed by Carman (1997)

and our data presented here provide an alternative

explanation for the evolution of agamic complexes.

The broad and scattered distribution of apomixis in

angiosperms suggests that the potential for an

apomictic developmental program may exist in all

angiosperms. Because of the facultative and hetero-

zygous nature of apomixis, residual sexuality re-

mains, and crosses of facultative apomicts may result

in offspring that is partly fully sexual. After a return

to sexuality, these lineages would eventually keep the

precocious development of the embryo sac, but with
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a re-gain of meiosis without cytokinesis. Polyspory

and a high base chromosome number would thus be

remnants of the ancient apomictic history of this

species.

For the further evolution of the complex, the

phenomenon of a wide geographical distribution of

mature apomictic complexes compared to their

sexual relatives (‘‘geographical parthenogenesis’’)

comes into play: apomicts, with their potential for

uniparental reproduction and the benefits of hybrid

vigor and polyploidy, could rapidly re-colonize

previously glaciated areas (Bierzychudek 1985; Van

Dijk 2003; Hörandl 2006, 2008, 2011). Recent

records of highly invasive apomictic species confirm

the great colonization ability of apomictic plants all

over the world (Peters 2001; Brock 2004; Rambuda

& Johnson 2004; Hao et al. 2011). Broad arrays of

genetically different clones may have efficiently

occupied a wide range of ecological niches (Vrijen-

hoek 1984; Verduijn et al. 2004; Vrijenhoek & Parker

2009). Different ploidy levels of sexuals and apomicts

(e.g., Hörandl & Temsch 2009) help to separate

distribution areas of reproductive phenotypes.

The geographical expansion of apomicts gets a new

dimension in the light of the transition theory. If

apomicts manage to revert to sexuality in different

parts of the total area, then these revertants have a

great opportunity to differentiate in spatial distance

from the sexual progenitors of the complex and from

other sexual species in other parts of the polyploid

complex range. Allopatry and adaptation to different

ecological niches would establish crossing barriers

among these sexual derivatives, as is known to occur

in ‘‘normal’’ sexual speciation events (e.g., Coyne &

Orr 2004).

In the long run, the apomictic progenitor lineages

of these neosexuals may suffer from decline. The

DNA restoration and epigenetic resetting, as well as

the selective elimination of deleterious mutations in

the haploid phase, may give a long-term advantage to

sexuality (Hörandl 2009b; Gorelick & Carpinone

2009). In fact, developmental problems of apomictic

seeds in Tripsacum are probably due to an epigenetic

load from insufficient resetting of methylation states

(Leblanc et al. 2009). Finally, only the sexual

derivatives of the agamic complex would persist,

eventually with polyspory as an ancient remnant of

this trait. Asteraceae may represent an example of

this evolution: several diverse agamic complexes

(e.g., Antennaria, Crepis, Erigeron, Hieracium, Pilosel-

la, and Taraxacum) with facultative sexuality and

recurrent formation of novel genotypes exist (Grant

1981). Geographical parthenogenesis has been

documented in many genera (Antennaria, Arnica,

Chondrilla, Crepis, Erigeron, Eupatorium, Parthenium,

Townsendia, Hieracium s.l., and Taraxacum; Hörandl

et al. 2008). Establishment in ecologically quite

different environments helps to expand the ecologi-

cal spectrum over that of the parents, for example, in

Antennaria (Bayer 1991) and in Taraxacum (e.g.,

Verduijn et al. 2004). If reversal to sexuality

happened in these various parts of the distribution

range, as exemplified by Pilosella in New Zealand,

then a transition period of apomixis would allow for

the evolution of novel sexual species. Thus, via

geographical expansion and colonization of new

areas, apomixis might have been indirectly an engine

for diversification and speciation of Asteraceae.

Under these auspices, the traditional ‘‘dead-end’’

theory has to be revised. Apomixis is not necessarily a

‘‘blind alley’’ as postulated by Darlington (1939).

With the potential of facultative sexuality and

reversal to obligate sex, apomixis is rather a transition

period in the evolution of polyploid complexes. By

Figure 4. Hypothetical scheme for the evolution of polyploid complexes with shifts from sexuality to apomixis, and vice versa. Sexual lineages

are shown in red and apomictic lineages in blue. Polyploidization is accompanied by a shift to facultative apomixis, which helps to overcome

meiotic problems and aids range expansions (geographical parthenogenesis); after re-diploidization, a reversal to full sexuality takes place

and allows for speciation as a sexual paleopolyploid, eventually with polyspory (left). Alternatively, the paleopolyploid may again undergo

polyploidization and shifts to apomixis (right).
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expanding the geographical and ecological range,

agamic complexes may in fact act as springboards for

speciation and diversification if some lineages return

to sexuality. In this expanded transition theory, it is

not the apomicts that we observe today that form

new genera but it would rather have been the

apomictic polyploid complexes of the past which

have reverted to sexuality and have evolved into new

genera (Figure 4). Although these new genera may

appear as fully sexual, they have maintained the

epigenomic signatures of apomictic reproduction,

and may release this potential again whenever new

rounds of hybridization and polyploidization occur.
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Incongruent plastid and nuclear DNA phylogenies reveal

ancient intergeneric hybridization in Pilosella hawkweeds

Hieracium, Cichorieae, Asteraceae. Mol Phylogenet Evol 42:

347–361.

Friedman WE. 2008. Hydatellaceae are water lilies with gymnos-

permous tendencies. Nature 453: 94–97.

Friedman WE, Ryerson KC. 2009. Reconstructing the ancestral

female gametophyte of angiosperms: insights from Amborella

and other lineages of flowering plants. Am J Bot 96: 129–143.

Evolution of apomixis in angiosperms 691

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ita
 D

i P
is

a]
, [

L
. P

er
uz

zi
] 

at
 0

8:
11

 1
3 

Se
pt

em
be

r 
20

12
 



Funk VA, Bayer RJ, Keeley S, Chan R, Watson L, Gemeinholzer

B, et al. 2005. Everywhere but Antarctica: using a supertree to

understand the diversity and distribution of the Compositae.

Biol Skr 55: 343–374.

Gorelick R, Carpinone J. 2009. Origin and maintenance of sex: the

evolutionary joys of self-sex. Biol J Linn Soc 98: 707–728.

Grant V. 1981. Plant speciation. New York: Columbia Univ.

Press.

Grimanelli D. 2012. Epigenetic regulation of reproductive

development and the emergence of apomixis in angiosperms.

Curr Opin Plant Biol 15: 57–62.

Grimanelli D, Leblanc O, Perotti E, Grossniklaus U. 2001.

Developmental genetics of gametophytic apomixis. Trends

Genet 17: 597–604.

Hai-Shan C. 2002. The efficiencies of various embryo rescue

methods in interspecific crosses of Lilium. Bot Bull Acad Sin

43: 139–146.

Hao JH, Qiang S, Chrobock T, Kleunen MV, Liu QQ. 2011. A

test of Baker’s law: breeding systems of invasive species of

Asteraceae in China. Biol Invasions 13: 571–580.

Hilton J, Bateman RJ. 2006. Pteridosperms are the backbone of

seed–plant phylogeny. J Torrey Bot Soc 133: 119–168.

Hörandl E. 2006. The complex causality of geographical

parthenogenesis. New Phytol 171: 525–538.

Hörandl E. 2008. Evolutionary implications of self-compatibility

and reproductive fitness in the apomictic Ranunculus aurico-

mus polyploid complex (Ranunculaceae). Int J Plant Sci 169:

1219–1228.

Hörandl E. 2009a. Geographical parthenogenesis: opportunities

for asexuality. In: Schön I, Martens K, Van Dijk PJ, editors.

Lost Sex. Heidelberg: Springer. pp. 161–186.

Hörandl E. 2009b. A combinational theory for maintenance of sex

in eukaryotes. Heredity 103: 445–457.

Hörandl E. 2010. The evolution of self-fertility in apomictic

plants. Sex Plant Reprod 23: 73–86.

Hörandl E. 2011. Evolution and biogeography of alpine apomictic

plants. Taxon 60: 390–402.

Hörandl E, Paunl O. 2007. Patterns and sources of genetic

diversity in apomictic plants: implications for evolutionary

potentials. In: Hörandl E, Grossniklaus U, van Dijk P, Sharbel

T, editors. Apomixis: evolution, mechanisms and perspectives.

Ruggell, Liechtenstein: Ganter Verlag. pp. 169–194.

Hörandl E, Temsch E. 2009. Introgression of apomixis into sexual

species is in the Ranunculus auricomus complex inhibited by

mentor effects and ploidy barriers. Ann Bot 104: 81–89.

Hörandl E, Cosendai A-C, Temsch E. 2008. Understanding the

geographic distributions of apomictic plants: a case for a

pluralistic approach. Plant Ecol Divers 1: 309–320.

Houliston GJ, Chapman HM. 2001 Sexual reproduction in field

populations of the facultative apomict, Hieracium pilosella. N Z

J Bot 39: 141–146.

Kaushal P, Malaviya DR, Roy AK, Pathak S, Agrawal A, Khare A,

et al. 2008. Reproductive pathways of seed development in

apomictic guinea grass (Panicum maximum Jacq.) reveal

uncoupling of apomixis components. Euphytica 164: 81–92.

Kearney M. 2005. Hybridization, glaciation and geographical

parthenogenesis. Trends Ecol Evol 20: 495–502.

Koltunow A, Grossniklaus U. 2003. Apomixis, a developmental

perspective. Annu Rev Plant Biol 54: 547–574.

Leblanc O, Grimanelli D, Hernandez-Rodrigues M, Galindo PA,

Sobriano-Martinez AM, Perotti E. 2009. Seed development

and inheritance studies in apomictic maize-Tripsacum hybrids

reveal barriers for the transfer of apomixis into sexual crops. Int

J Dev Biol 53: 585–596.

Loxdale H, Lushai G. 2003. Rapid changes in clonal lines: the

death of a ‘sacred cow’. Biol J Linn Soc 79: 3–16.

Lushai G, Loxdale HD, Allen JA. 2003. The dynamic clonal

genome and its adaptive potential. Biol J Linn Soc 79: 193–208.

Maddison DR and Maddison WP. 2000. MacClade 4: analysis of

phylogeny and character evolution, version 4.03. Sunderland:

Sinauer Associates.

Margulis L, Sagan D. 1986. Origins of sex: three billion years of

genetic recombination. New Haven: Yale University Press.

Matzk F, Meister A, Schubert I. 2000. An efficient screen for

reproductive pathways using mature seeds of monocots and

dicots. Plant J 21: 97–108.

Maynard Smith J. 1978. The evolution of sex. Cambridge, UK:

Cambridge University Press.

Mogie M. 1992. The evolution of asexual reproduction in plants.

London, UK: Chapman and Hall.

Naumova TN. 1992. Apomixis in angiosperms. Nucellar and

integumentary embryony. Boca Raton: CRC Press.

Nogler GA. 1984. Genetics of apospory in apomictic Ranunculus

auricomus: 5. conclusion. Bot Helv 94: 411–423.

Noyes RD. 2007. Apomixis in the Asteraceae: diamonds in the

Rough. Funct Plant Sci Biotechnol 1: 207–222.

Ozias-Akins P, Van Dijk PJ. 2007. Mendelian genetics of apomixis

in plants. Annu Rev Genet 41: 509–537.

Peruzzi L, Leitch IJ, Caparelli KF. 2009. Chromosome diversity

and evolution in Liliaceae. Ann Bot (Lond) 103: 459–475.

Peruzzi L, Garbari F, Bedini G. 2012. New trends in plant

cytogenetics and cytoembryology – dedicated to the memory of

Emilio Battaglia. Plant Biosystems 146 (3): 674–680.

Peters HA. 2001. Clidemia hirta invasion at the Pasoh Forest

Reserve: an unexpected plant invasion in an undisturbed

tropical forest. Biotropica 33: 60–68.

Pichot C, Maataoui M, Raddi S, Raddi P. 2001. Surrogate mother

for endangered Cupressus. Nature 412: 39.

Rambuda TD, Johnson SD. 2004. Breeding systems of invasive

alien plants in South Africa: does Baker’s rule apply? Divers

Distrib 10: 409–416.

Ramesh M, Malik SB, Logsdon JM Jr 2005. A phylogenomic

inventory of meiotic genes: evidence for sex in Giardia and an

early eukaryotic origin of meiosis. Curr Biol 15: 185–191.

Rudall P, Bateman RJ. 2007. Developmental bases for key

innovations in the seed–plant microgametophyte. Trends Plant

Sci 12: 317–326.

Rudall PJ, Remizova MV, Ber AS, Bradshaw E, Stevenson DW,

MacFarlane TD, et al. 2008. Comparative ovule and mega-

gametophyte development in Hydatellaceae and water lilies

reveal a mosaic of features among the earliest angiosperms.

Ann Bot 101: 941–956.

Rudall PJ, Eldridge T, Tratt J, Ramsay MM, Tuckett RE, Smith SY,

et al. 2009. Seed fertilization, development, and germination in

Hydatellaceae (Nymphaeales): implications for endosperm

evolution in early angiosperms. Am J Bot 96: 1581–1593.

Schurko AM, Logsdon JM. 2008. Using a meiosis detection

toolkit to investigate ancient asexual ‘‘scandals’’ and the

evolution of sex. BioEssays 30: 579–589.

Semple JC, Watanabe K. 2009. A review of chromosome numbers

in Asteraceae with hypotheses on chromosome base number

evolution. In: Funk VA, Susanna A, Stuessy TF, Bayer RJ,

editors. Systematics, evolution, and biogeography of Compo-

sitae. international association for plant taxonomy, Vienna,

Austria. pp. 61–72.

Sharbel TF, Voigt ML, Corral JM, Thiel T, Varshney A, Kuhmlehn

J, et al. 2009. Molecular signatures of apomictic and sexual

ovules in the Boechera holboellii complex. Plant J 58: 870–882.

Sharbel TF, Voigt ML, Corral JM, Galla G, Kuhmlehn J, Klukas

C, et al. 2010: Apomictic and sexual ovules of Boechera display

heterochronic global gene expression patterns. Plant Cell 22:

655–671.

Simon JC, Delmotte F, Rispe C, Crease T. 2003. Phylogenetic

relationships between parthenogens and their sexual relatives:

the possible routes to parthenogenesis in animals. Biol J Linn

Soc 79: 151–163.

692 E. Hörandl and D. Hojsgaard

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ita
 D

i P
is

a]
, [

L
. P

er
uz

zi
] 

at
 0

8:
11

 1
3 

Se
pt

em
be

r 
20

12
 



Soltis DE, Albert VA, Leebens-Mack J, Bell CD, Paterson EH,

Zheng CF, et al. 2009. Polypoidy and angiosperm diversifica-

tion. Am J Bot 96: 336–348.

Stebbins GL. 1950. Variation and evolution in plants. New York:

Columbia Univ Press.

Stuessy TF. 2010. Paraphyly and the origin and classification of

angiosperms. Taxon 59: 689–693.

Tamura MN. 1998a. Calochortaceae. In: Kubitzki K, editor. The

families and genera of vascular plants. III. Flowering plants –

monocotyledons, Lilianae (except Orchidaceae). Berlin:

Springer-Verlag. pp. 164–172.

Tamura MN. 1998b. Liliaceae. In: Kubitzki K, editor. The

families and genera of vascular plants. III. Flowering plants –

monocotyledons, Lilianae (except Orchidaceae). Berlin:

Springer-Verlag. pp. 343–353.

Van de Peer Y, Maere S, Meyer A. 2009. The evolutionary

significance of ancient genome duplications. Nat Rev Genet

10: 725–732.

Van Dijk P. 2003. Ecological and evolutionary opportunities of

apomixis: insights from Taraxacum and Chondrilla. Philos

Trans R Soc Lond B 358: 1113–1121.

Van Dijk P, Vijverberg K. 2005. The significance of apomixis in

the evolution of the angiosperms: a reappraisal. In: Bakker F,

Chatrou L, Gravendeel B, Pelser PB, editors. Plant species-

level systematics: new perspectives on pattern and process.

Ruggell, Liechtenstein: Gantner Verlag. pp. 101–116.

Verduijn MH, Van Dijk P, van Damme JMM. 2004. Distribution,

phenology and demography of sympatric sexual and asexual

dandelions Taraxacum officinale s.l.: geographical parthenogen-

esis on small scale. Biol J Linn Soc 82: 205–218.

Vrijenhoek RC. 1984. Ecological differentiation among clones: the

frozen niche variation model. In: Woermann K, Loeschcke V,

editors. Population biology and evolution. Berlin: Springer. pp.

217–231.

Vrijenhoek RC, Parker ED Jr. 2009. Geographical parthenogen-

esis: general purpose genotypes and frozen niche variation. In:

Schön I, Martens K, Van Dijk PJ, editors. Lost sex. Dordrecht,

the Netherlands: Springer. pp. 99–131.

Williams GS. 1975. Sex and evolution. Princeton: Princeton

University Press.

Evolution of apomixis in angiosperms 693

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ita
 D

i P
is

a]
, [

L
. P

er
uz

zi
] 

at
 0

8:
11

 1
3 

Se
pt

em
be

r 
20

12
 


