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This paper reviews recent use of flow cytometry in studies on apomictic plant taxa. The most of
apomictic angiosperms are polyploid, often differing in ploidy level from their sexual counterparts
within the agamic complex. Flow cytometry is widely used for screening the ploidy levels of mature
plants and their seed generated both in the field and in experiments. Routine ploidy screening often
accompanied by molecular markers distinguishing individual genotypes are used to reveal novel
insights into the biosystematics and population biology of apomictic taxa. Apomixis (asexual seed
formation) is mostly facultative, operating together with other less frequent reproductive pathways
within the same individual. The diversity in modes of reproduction in apomicts is commonly
reflected in the ploidy structure of their progeny in mixed-cytotype populations. Thus, flow
cytometry facilitates the detection and quantification of particular progeny classes generated by dif-
ferent reproductive pathways. The specific embryo/endosperm ploidy ratios, typical of the different
reproductive pathways, result from modifications of double fertilization in sexual/apomictic angio-
sperms. Thus, the reproductive origin of seed can be identified, including autonomous or
pseudogamous apomixis, haploid parthenogenesis and sexual reproduction, involving either
reduced or unreduced gametes. Collectively, flow cytometry has been used to address the following
research topics: (i) assessing the variation in ploidy levels and genome sizes in agamic complexes,
(ii) detection and quantification of different reproductive modes in facultative apomicts, (iii) eluci-
dation of processes in populations with coexisting sexual and apomictic biotypes, (iv) evolution of
agamic complexes, and (v) genetic basis of apomixis. The last topic is of paramount importance to
crop breeding: the search for candidate gene(s) responsible for apomixis is the main objective of
many research programmes. A list of the angiosperm taxa that could provide model systems for
such research is provided.
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Introduction

Flow cytometry (FCM) is advancing research in various fields of biological sciences,
including evolutionary and population biology, and biosystematics (recently reviewed by
Kron et al. 2007). This method of analysis is fast, accurate, non-destructive and can be used
to process large numbers of samples (individuals) in a day. A recent monograph (DoleZel et
al. 2007), which summarizes principles and applications of FCM in plant sciences, includes
two chapters related to apomixis research (Matzk 2007, Suda et al. 2007b). Apomixis is an
alternative pathway to sexual reproduction and is defined in flowering plants as the asexual
(uniparental) formation of seed, i.e. without meiosis and fertilization (Koltunow &
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Grossniklaus 2003, Bicknell & Koltunow 2004). Replicating the maternal genome in the
progeny, apomixis is reflected by specific variation in morphology, karyology, ecology and
distribution (Czapik 1994). Although apomixis is not as common as sexual reproduction in
angiosperms, it is recorded in at least 220 genera (Matzk 2007), predominantly in the fami-
lies Asteraceae, Rosaceae and Poaceae (Bicknell & Koltunow 2004). Nearly all cases refer
to maternal apomixis whereas paternal apomixis is a unique phenomenon that is recorded in
the gymnosperm Cupressus dupreziana; the diploid (unreduced) pollen in this species can
give rise directly to paternal-like progeny (Pichot et al. 2001, 2008).

As demonstrated here, a number of challenging questions about apomictic plants can
be resolved using FCM. However, conventional chromosome counts are also essential ref-
erence standards in FCM analyses. When interpreting flow cytometric histograms it is
important to be aware of some pitfalls resulting from patterns in variation in the amounts
of nuclear DNA in plants (Suda et al. 2006, 2007b). For instance, some closely related taxa
with the same number of chromosomes can have very different genome sizes and taxa
with different chromosome numbers can have the same amount of nuclear DNA. Further-
more, the DNA content of polyploid complexes in plants often does not increase propor-
tionally with ploidy level (Leitch & Bennett 2004). Additional challenges in the interpre-
tation of FCM results are cited in the papers of DolezZel et al. (2007) and Kron et al. (2007).
Image densitometry is sometimes used as an alternative to FCM for measuring DNA con-
tent (Vilhar et al. 2001, DolezZel et al. 2007). However, this method is less suitable for
ploidy screening of large samples of seeds because embryo and endosperm tissue need to
be separated prior to analysis (Horandl et al. 2008).

This review attempts an overview of the results of the application of flow cytometry in
studies on apomixis and summarizes progress in studies on biosystematics, ecology and
evolution of apomictic plants. We describe promising research directions, list relevant publi-
cations showing benefits of FCM and introduce apomictic taxa that serve as model systems.

Structure of agamic complexes: variation in ploidy level and genome size

One of the research areas that has greatly benefited from flow cytometry is plant
biosystematics. Flow cytometry is the method of choice for investigating closely related
taxa characterized by specific nuclear DNA contents. This specifity is caused either by
polyploidy, or by differences in the monoploid genome size (Cx-value according to
Greilhuber et al. 2005), which often varies among taxa in a genus or subgenus. Such stud-
ies usually determine the structure of the complex and the phylogenetic relationships
among the taxa involved, irrespective of their mode of reproduction (i.e. sexual or
apomictic). As apomictic plants are largely polyploid (with only a few exceptions; see
Asker & Jerling 1992, Savidan 2007), the agamic (apomictic) complexes are particularly
suitable for FCM analysis, which simplifies the detection of differences in DNA ploidy
levels (terminology follows Suda et al. 2006). The resulting pattern of variation is evalu-
ated at different geographical scales, from population, across regional and continental lev-
els up to the entire distribution area (Table 1). Data on genetic diversity often accompany
cytogeographic studies of polyploid agamic complexes (e.g. Paun et al. 2006, Kao 2008).
Table 1 summarizes papers that used flow cytometry to determine the ploidy and/or
genome size variation in agamic complexes in different geographic regions and at differ-
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ent spatial scales. It is not possible to draw any general conclusions about the distribution
of apomictic/sexual cytotypes from this data, however, it does indicate that the distribution
pattern may be quite complex even at the regional scale (e.g. Mraz et al. 2008).

The variation in nuclear DNA content detected using FCM may be due to polyploidy,
aneuploidy (Poa pratensis; Speckmann & van Dijk 1972), different genome sizes of the
parental taxa of the hybrid genome (Hieracium subgen. Pilosella; Suda et al. 2007a) or the
presence of B chromosomes (Boechera holboellii complex; Sharbel et al. 2005). In the lat-
ter case, it is likely there is an association between supernumerary elements (B chromo-
somes) and apomictic reproduction.

Facultative apomixis: determination and quantification of reproductive pathways
and expression of apomixis

Versatility of reproduction

Facultatively apomictic plants, either open-pollinated in mixed-cytotype populations or
experimentally crossed, are able to form heteroploid aberrant progeny by different repro-
ductive pathways. In addition to true apomictic mother-replicating progeny (2n + 0 prog-
eny), autonomously derived progeny can be generated by haploid parthenogenesis (n + 0,
polyhaploid progeny) and/or several types of hybrids can be formed. The hybrids that
result from the fusion of reduced or unreduced gametes are designated n +n, n +2n, 2n +n
or 2n + 2n, the female gamete being represented by the first symbol (Harlan & de Wet
1975). Flow cytometry provides a rapid and reliable tool for screening discrete categories
of progeny as embryos, seedlings and/or mature plants have the specific ploidy level.

Experimental production of inter-cytotype crosses followed by ploidy screening of hun-
dreds of their progeny at the seedling stage resulted in the detection and quantification of five
reproductive pathways in Hieracium subgen. Pilosella (Krahulcova et al. 2004). Similarly,
various reproductive modes are reported in the in vitro regenerants of Hypericum perforatum
"Topas' (Brutovska et al. 1998). In this study, four different regenerant cytotypes of Hypericum
were cultivated together and allowed to pollinate each other. The ploidy categories of their
seedling progeny were then screened using a combination of conventional chromosome
counts and flow cytometry. While the diploid regenerants produced diploid progeny, large
variation was recorded in seedling progeny of the polyploid regenerants, suggesting faculta-
tive sexuality. Using FCM analysis of seeds (see below) revealed a dominance of sexual
reproduction in diploid regenerants of this H. perforatum cultivar, whereas the mode of
reproduction in the regenerants with higher ploidy levels was very variable (Koperdakova et
al. 2004). An analysis of the progeny of crosses between plants of Rosa sect. Caninae indi-
cates they produce unreduced male and female gametes (Nybom et al. 2006). A combination
of FCM and molecular markers (RAPD and microsatelite analyses) was used to infer the ori-
gin and genomic configuration in seedling progeny; a small fraction of the progeny devel-
oped apomictically (Nybom et al. 2006).

The expressivity of apomictic/sexual reproduction can be, at least in some species,
modified by environmental factors and/or by particular pollen donors (Asker & Jerling
1992, Bengtsson & Ceplitis 2000). The occurrence of aberrant (i.e. mother non-replicat-
ing) progeny in repeated runs of experiments carried out under different conditions was
quantified using FCM, which revealed such interference in Brachiaria decumbens
(Naumova et al. 1999) and Hieracium subgen. Pilosella (Krahulcova et al. 2004).
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Table 1. — Selected FCM studies on apomictic taxa, which record the variation in ploidy/genome size and its cor-
relation with phylogenetic relationships among taxa and/or include the geographic distribution of individual

cytotypes. The karyological data is based on FCM and chromosome counts in some cases.

Taxon Family Scope of FCM Geographical scale Reference
(genus, species, or application
complex)
Arnica cordifolia Asteraceae ploidy variation related local- and broad-scale ~ Kao 2008
to habitat differentiation distributions of cytotypes
(Central and W United
States)
Hieracium alpinum Asteraceae ploidy variation and continental level Mraz et al. 2009
genome size, (Europe)
cytogeography
Hieracium bauhini Asteraceae variation in ploidy and  regional level Rotreklova 2004
group reproductive mode, (Central Europe)
cytogeography
Hieracium subgen. Asteraceae variation in ploidy, continental level Chrtek et al.
Hieracium genome size and (Europe) 2009
reproductive mode
Hieracium nigrescens  Asteraceae ploidy variation regional level Chrtek et al.
group (Central Europe) 2007
Hieracium subgen. Asteraceae ploidy variation and regional level Suda et al.
Pilosella genome size (Central and SE Europe) 2007a
ploidy variation and population level Briutigam &
genome size (Germany) Briutigam 1996
variation in ploidy and  regional level (Sumava Krahulec et al.
reproductive mode Mts, Czech Republic) 2008
variation in ploidy and  continental level Rotreklova et al.
reproductive mode (Europe) 2005
variation in genome size secondary distribution ~ Morgan-Richards
in homoploid hybrids  area (New Zealand) et al. 2004
Hieracium pilosella Asteraceae ploidy variation, regional level (Czech ~ Mraz et al. 2008
cytogeography Republic, Slovakia and
NE Hungary)
Taraxacum Asteraceae variation in genome size distribution area Zavesky et al.
(representatives of 2005
sections)
Boechera (Arabis) Brassicaceae  ploidy variation distribution area Sharbel &
holboellii complex (North America) Mitchel-Olds
2001
ploidy variation, distribution area Schranz et al.
reproductive mode (North America) 2005
Poa Poaceae ploidy variation, distribution area Kelley et al.
reproductive mode (NPGS collection) 2009
Poa pratensis Poaceae variation in DNA distribution area Wieners et al.
content, reproductive (USDA collection) 2006
mode
Tripsacum dactyloides — Poaceae ploidy and genome size continental level Bantin et al.

variation

(North America)

2001
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Ranunculus carpaticola Ranunculaceae ploidy variation regional level Paun et al. 2006
(Central Slovakia)
Crataegus, Mespilus Rosaceae ploidy variation continental level Talent &
(North America) Dickinson 2005
Crataegus Rosaceae reproductive mode, continental level Talent &
endosperm ploidy (North America) Dickinson 2007a
balance
Sorbus Rosaceae genome size, check on  population level Lepsi et al.
homogeneity of ploidy 2008, 2009

Advance in the detection of reproductive pathways: Flow Cytometric Seed Screen

The sexual versus apomictic origin of the seed is reflected in the specific ploidy level
(nuclear DNA content) of the resulting embryo and endosperm (Table 2). FCM was used
to determine the ploidy level and so determine the reproductive origin of the seeds of
Tripsacum (Grimanelli et al. 1997). Endosperm and embryo were extracted from imma-
ture seeds and their ploidy level determined separately. Apomictic as well as sexual seeds
were found. In both cases, the endosperm originated via the fusion of polar nuclei with
either a reduced or unreduced sperm nucleus (pseudogamy).

The development of Flow Cytometric Seed Screen (FCSS) by Matzk et al. (2000)
revolutionalized the routine screening of embryonic stages as a means of determining the
reproductive pathways in angiosperms. This method exploits double fertilization and pro-
vides an easy and convenient way of determining the different modes of reproduction.
Unlike the time consuming conventional embryological procedures, FCSS is based on the
determination of the embryo/endosperm ploidy level ratio in mature seed, which corre-
sponds to a particular reproductive pathway (for details see Matzk et al. 2000, Matzk
2007). FCSS not only reliably discriminates between sexually versus apomictically pro-
duced seed, but between different mechanisms of apomictic reproduction (autonomous vs
pseudogamous endosperm development, true apomixis vs haploid parthenogenesis) and
gamete characteristics (whether reduced or unreduced) (Horandl et al. 2008, Table 2,
Fig. 1). Compared to the FCM screening of seedlings, which only discriminates between
different ploidy categories, the FCSS method discriminates between embryos produced
apomictically or sexually, irrespective of their ploidy level. A potential problem is seed
that contain a small non-maternal embryo. In such cases, the embryo peak may not be visi-
ble in the flow histogram because of the paucity of embryo nuclei, while the peak associ-
ated with the maternal seed coat may be visible. The interpretation of FCSS histograms
may also be complicated by the occurrence of a peak corresponding to the G, phase of
endosperm nuclei or by endopolyploidy. Furthermore, additional ploidy variation may
occur in the endosperm of pseudogamous plants, when either one or both pollen nuclei are
involved in the formation of endosperm.

If a sufficient number of seeds are processed, the quantification of particular progeny
classes (corresponding to different reproductive pathways) is possible using FCSS based
on the analysis of a single-seed (see e.g. Hypericum perforatum; Pank et al. 2003). It is
possible to substitute for this rather laborious and time-consuming procedure a slightly
modified protocol that simultaneously analyses several seeds. For example, FCM acquisi-
tions using pairs of seeds were successfully performed on Hieracium bauhini (Fig. 1;
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Krahulcova et al. 2009). Here, seeds of the pentaploid apomictic cytotype co-occurring in
a mixed-ploidy, sexual-apomictic natural population were analyzed, and the following
reproductive pathways identified: true apomixis with autonomous endosperm develop-
ment, haploid parthenogenesis, and sexual reproduction via both reduced and unreduced
female gametes (Fig. 1). To further simplify the screening and quantification of the differ-
ent ploidy categories in embryos in large batches of seed, pooled seed samples can be used,
as documented by Krahulcova & Suda (2006) who simultaneously analyzed 10 seeds. The
accuracy of this modified FCSS method was confirmed by experimental analyses of seed
mixtures with different frequencies of particular cytotypes of fully apomictic species of
Hieracium subgen. Hieracium. Generally, the efficiency of pooled-seed analyses depends
on the size of the seed and the embryo. Further studies aimed at determining the sensitivity
and the resolution threshold of pooled-seed FCM acquisitions are needed.

Using FCSS has revealed the existence of apomixis in a number of taxa, including spe-
cies in the genera Allium, Arabis, Hieracium, Hypericum, Panicum, Paspalum, Pennisetum,
Poa, Potentilla, Ranunculus, Taraxacum and Tripsacum (Matzk et al. 2000). Soon after
the details of this method were published FCSS was established in plant laboratories
worldwide and the number of plant groups analyzed increased dramatically. Recently the
reproductive pathways in, for example, Paspalum simplex (Céceres et al. 2001, Sartor et al
2009), Tripsacum dactyloides (Bantin et al. 2001), Arabis gunnisoniana (Taskin et al.
2004), Crataegus spp. (Talent & Dickinson 2007¢c), Hypericum dubium (Martonfi 2008)
and Ranunculus (Horandl et al. 2008, 2009) have been determined. In the grass Tripsacum
dactyloides, there are an enormous diversity of reproductive pathways in the tetraploid
cytotype, including sexual reproduction (with reduced and unreduced egg and sperm
cells) and pseudogamous apomixis (with endosperm originating via reduced or unreduced
sperm cells). Seeds with twin embryos of different origin (sexual and apomictic) have also
been found (Bantin et al. 2001). Similarly, versatility in the mode of reproduction is
repeatedly documented for Hypericum perforatum, including (i) apomixis with both
autonomous and pseudogamous development of the endosperm, (ii) haploid partheno-
genesis with pseudogamous endosperm development from both reduced and unreduced

Table 2. — C-values of unreplicated embryo and endosperm nuclei that originated either from reduced or
unreduced gametes. The 2C-value corresponds to the DNA content of the unreplicated, non-reduced chromo-
some complement, irrespective of the ploidy level. Following reproductive origins of embryo and endosperm
were identified based on the embryo/endosperm DNA content ratio: (1) sexual (blue); (2) apomixis with
pseudogamous endosperm development (pink); (3) apomixis with autonomous endosperm development (grey);
(4) haploid parthenogenesis with autonomous endosperm development (green); and (5) haploid parthenogenesis
with pseudogamous endosperm development (yellow). C-values of endosperm and nuclei participating in endo-
sperm development are in bold. Adopted from Matzk et al. (2000) and Matzk (2007).

Embryo sacs Reduced Unreduced
Sperm cells eggcell IC polar nuclei 1C +1C  eggcell 2C  polar nuclei 2C + 2C
reduced 1C 1C
unreduced 2C 2C
reduced 0 1C 1C 3C
unreduced 0 2C 1C 4C
- 0 0 1C 2C

embryo endosperm embryo endosperm
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Fig. 1. — Flow cytometric screening of pairs of seeds of Hieracium bauhini collected from a mixed population
consisting of the pentaploid facultative apomictic Hieracium bauhini and hexaploid sexual H. pilosella. Four dif-
ferent reproductive pathways were identified based on the different ploidy levels and embryo/endosperm ratios in
these seeds: (1) apomictic with autonomous endosperm development (embryo/endosperm ploidy ratio is 5x/10x;
grey peaks marked 2 and 2e in panels A, B, C); (2) sexual via fusion of two reduced gametes (ploidy of the
gametes is 2x-3%, embryo/endosperm ploidy ratio is 5x/7x; blue peaks marked 3 and 3e in panel B); (3) parthe-
nogenetic development of the reduced embryo sac with autonomous endosperm development (embryo/endo-
sperm ploidy ratio is 3x/6x; green peaks marked 4 and 4e in panel C); and (4) hybridization via fusion of one
reduced pollen grain (3x) and one unreduced egg cell (5x) (embryo/endosperm ploidy ratio is 8x/13x; blue peaks
marked 5 and 5e in panel D). In all histograms, peak of the internal standard (the tetraploid H. bauhini) is marked
1 (black), embryo peaks are marked 2-5 and endosperm peaks are marked 2e—5Se.

central cells, and (iii) sexual reproduction involving the fusion of both reduced and
unreduced gametes (Matzk et al. 2001, Pank et al. 2003, Koperdakova et al. 2004). FCSS
identified maternal plants in Panicum maximum, which frequently produced either the
polyhaploid (n + 0) progeny, or the high-polyploid progeny via 2n + n/n + 2n fertilization
(Kaushal et al. 2009). Such genotypes are worthwile in breeding programmes. FCSS has
resulted in the first verified record of apomictic reproduction in the family Rubiaceae: in
cultivated Coprosma waima (Heenan et al. 2002) and a natural population of Coprosma
robusta (Heenan et al. 2003).
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Although apomixis mostly occurs in polyploid species (Asker & Jerling 1992), some
diploid apomictic biotypes are rarely found in the field as for instance in the agamic com-
plex of Boechera (Schranz et al. 2005, 2006, Sharbel et al. 2005). In addition, using
embryological and genetical analyses combined with FCSS revealed the co-ocurrence of
sexual and aposporic embryo sacs in diploid Paspalum rufum in a natural population in
Argentina (Siena et al. 2008). FCSS was also successfully used to detect autogamy in
Ranunculus carpaticola, as by analysing seed from an experimental hybridization of this
otherwise self-incompatible taxon. Horandl et al. (2008) revealed the presence of auto-
gamous progeny induced by foreign pollen (mentor effect). Similarly, embryo cytotypes
were screened in the progeny of seeds which were obtained from intercytotype crosses
between the sexual and apomictic parent in the Ranunculus auricomus complex (Horandl
& Temsch 2009).

The facultativeness of apomixis

In Poaceae, a varying expression of apomixis is attributed to distinct species morphotypes
in the field, which behave as either facultative or obligatory apomicts, respectively
(Eulaliopsis binata; Yao et al. 2007). In the polyploid complex of Poa pratensis, a variety
of reproductive modes was detected using the auxin test, which ranged from nearly obli-
gate apomixis to complete sexuality (Matzk 1991). Combining FCM and RAPD-marker
analyses revealed an unexpected high incidence of sexually produced progeny (both n +n
and 2n + n) among the seedlings generated by self-fertilization of dodecaploid Poa
pratensis 'Baron' (Huff & Bara 1993, Stephens et al. 2006). The same method was used to
analyse the progeny of controlled crosses between the apomictic and sexual genotypes of
Poa pratensis in order to trace the inheritance of parental genomes and quantify the prog-
eny according to their mode of production (Barcaccia et al. 1997).

Flow cytometry greatly simplified the investigation of the versatility of reproductive
systems in facultatively apomictic angiosperms. The most extreme diversity seems to
occur in the species Hypericum perforatum (see the previous paragraph), where altogether
11 different modes of producing seed by diploid, tetraploid and hexaploid maternal plants
(50 seeds of one mother plant were analysed together; Matzk et al. 2001) were identified.
Aside from obligate sexual and obligate apomictic plants there are also different degrees
of facultative apomixis, i.e. combinations of sexual reproduction, haploid parthenogene-
sis, true apomixis and pseudogamous apomixis. The facultative apomicts are capable of
producing very diverse progeny by utilizing both sexual and asexual reproduction. Thus,
in spite of the dominance of apomixis, which replicates the maternal genome, residual sex-
uality gives them an indispensable evolutionary potential.

Relationships and dynamics in populations with coexisting sexual and apomictic
cytotypes

Due to non-destructiveness and rapid accummulation of data for a large numbers of individ-
uals within a short period, flow cytometry facilitates plant population studies. Unlike con-
ventional chromosome counting, which allowed the analysis of only few individuals, FCM
can provide the data for whole populations. That also holds for those populations, in which
sexual and apomictic cytotypes coexist, or two or more facultatively apomictic cytotypes
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co-occur that differ in their degree of residual sexuality. Using FCM along with genetic
markers for distinguishing the individual genotypes, the particular cytotypes/clones can be
screened, and, analysing their progeny, the rate of apomixis can be evaluated. This has
revealed that apomixis is an important factor promoting the widespread coexistence of dif-
ferent facultatively apomictic cytotypes of Arnica cordifolia in mixed populations (Kao
2007, 2008). In spite of the maternal genotype-fixing effect of apomixis, gene flow occurs
between the sexual diploids and apomictic triploids and tetraploids in natural mixed popula-
tions of Taraxacum sect. Ruderalia (Verduijn et al. 2004a) and coexisting facultatively
apomictic tetraploid biotypes of Hyparrhenia diplandra (Durand et al. 2000). Similarly,
using multilocus AFLP genotyping surprisingly revealed that occassional sexuality occurs
in predominantly apomictic populations of Townsendia hookeri (Thompson et al. 2008).
Previously, the coexisting triploids and tetraploids in this population appeared to be
male-sterile and were assumed to reproduce asexually.

Flow cytometry was also used to map the distribution of the diploid sexual and triploid
apomictic biotypes of Taraxacum officinale s.1. in a mixed population in ecologically con-
trasting microhabitats (Verduijn et al. 2004b). Comparing the distribution, phenology and
demography it was found that the sexual and apomictic plants preferred particular envi-
ronments. It is important to note that, especially in some sections of the genus Taraxacum,
the sexual and apomictic biotypes can simply be distinguished by their pollen. For
instance, because they produce different sized pollen it is possible to study gene flow
between the diploid sexual and triploid apomictic biotypes of the Taraxacum sect.
Ruderalia coexisting in mixed populations (Menken et al. 1995).

FCM screening of ploidy level categories has been used to estimate the prospective rate
of hybridization in mixed populations of Hieracium subgen. Pilosella in New Zealand.
The recombined morpho-/cytotypes were detected among mature plants that were gener-
ated by hand-pollinating plants in the field (Houliston & Chapman 2004). The individual
seed parent—progeny relationships in two mixed sexual/apomictic populations of this sub-
genus in Central Europe were traced by evaluating the ploidy of maternal plants and of
their progenies. Apomicts, unlike coexisting sexual parents, produce seed that is extremely
variable in terms of ploidy because of their diverse modes of reproduction. In this respect,
apomictic maternal plants contribute more to population variation than maternal sexual
plants (Krahulcova et al. 2009). Similarly, the flow cytometric screening of seeds has
revealed that natural tetraploid populations of the facultatively apomictic Hypericum
perforatum consist of facultatively apomictic ecotypes with varying degrees of apomixis
and sexuality (Barcaccia et al. 2006). Among the reproductive pathways reconstructed,
haploid parthenogenesis (n + 0 progeny) and fertilization of unreduced (aposporic) egg
cells (2n + n hybrids), in addition to true pseudogamous apomixis (2n + 0 progeny) and to
n + n hybridization, were detected in most populations.

It is relevant to note that many apomictic plants serve as pollen donors. Thus, their
potential for increasing the genetic diversity of populations is dual: (i) via the above men-
tioned variation in reproductive pathways in facultative apomicts (i.e. the fate of female
gametes) and (ii) via the sexual function of pollen (Whitton et al. 2008).
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Evolutionary processes in agamic complexes
Hybridization

Flow cytometric screening confirmed the occurrence of hybridization in apomictic taxa of
Hieracium subgen. Pilosella, not only in experimental crosses (Krahulcova et al. 2004) but
also in the field in New Zealand (Houliston & Chapman 2004, Morgan-Richards et al. 2004).
Here, it is likely that the effect of the residual sexuality of apomicts facilitated the success of
highly invasive biotypes in their invaded distribution range (Morgan-Richards et al. 2004, Wil-
son et al. 2006). Actually, the DNA- and FCM-based population studies in New Zealand sug-
gest that new tetraploid sexual lineages can be produced by crossing pentaploid facultatively
apomictic parental genotypes (Chapman et al. 2003). A multidisciplinary approach combining
molecular techniques with analysis of ploidy level and of the mode of reproduction, experi-
mental hybridizations and evaluation of morphological variation can provide an integrated
view of the structure of a hybrid agamic complex in the field. Such a study on Hieracium
subgen. Pilosella in a Central European mountain range (Fehrer et al. 2005) revealed different
levels of variability in the apomictic species (i.e. different extents of individual apomictic
clones). Moreover, it was interspecific crosses between facultatively apomictic rather then sex-
ual seed parents that resulted in the production of new hybrid species (Fehrer et al. 2005).

Gene flow between sexual and apomictic biotypes

Martonfiova (2006) and Martonfiova et al. (2007) have studied gene flow among the
cytotypes of both the sexual and facultatively apomictic biotypes of Taraxacum sect.
Ruderalia. Using FCSS to analyze the seed obtained from controlled crosses revealed the
following trends: (i) The pollen of apomictic triploids has a reduced fertilization capacity if
mixed with pollen of sexual diploids. Such interference probably also occurs in mixed dip-
loid/triploid populations in the field. (ii) The pollen of tetraploid apomicts had higher
hybridization potential than that of triploids when used to fertilize diploid sexual mothers.
The tetraploid mothers formed hybrids via fertilization of an unreduced egg cell (2n + n
hybrids) more frequently than triploid mothers. Consequently, the tetraploid apomicts,
although less frequent in nature, seem to influence the gene exchange more effectively in
mixed sexual/apomictic populations than the triploid apomicts (Martonfiova 2006). Diploid
(sexual seed parent) X tetraploid (apomictic pollen parent) crosses probably result in the pro-
duction of triploid progenies in mixed-cytotype populations, which might increase popula-
tion diversity (Martonfiova et al. 2007). In Crataegus, where the diploid species is sexual,
while the tri- and tetraploid species range from almost obligate to facultative apomixis, par-
allel inter-cytotype wide interspecific crosses have been made (Talent & Dickinson 2007b).
The ploidy levels recorded for the embryos and the endosperm of the resulting hybrid prog-
eny suggest that the gene flow from diploids to tetraploids might go via triploids. In
Ranunculus auricomus complex, however, the heteroploid hybridization between sexuals
and facultative apomicts is prevented by ploidy barriers; in addition, the mentor effects stim-
ulate autogamy and thus limit interspecific crosses (Horandl & Temsch 2009).

Manifestation of selection

The hybrids that occassionally arise in mixed sexual/apomictic populations are thought to
be subjected to selection. This was demonstrated in Taraxacum officinale s.1. by comparing
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the fitness of established and newly synthesized apomictic genotypes obtained from
crosses and cultivated under different environmental conditions (de Kovel & de Jong
2000). As apomicts are triploid and sexuals are diploid in this group, FCM was used to
determine the ploidy levels in the respective lineages. Hybridization between diploids and
triploids is probably the source of new apomictic genotypes of Taraxacum in the field (de
Kovel & de Jong 2000). A quantitative FCM analysis of the progeny structure, processed
at successive ontogenetic stages (e.g. in the embryonic versus seedling stage), revealed the
selection of specific progeny classes. In this way, it was possible to show selection against
polyhaploid progeny and progeny from n + n hybridization during germination and early
stages of seedling development in Hieracium subgen. Pilosella (Krahulec et al. 2006).
Generally, this finding implies caution should be exercised when comparing the progeny
structure generated by facultative apomicts based on information from different sources,
which studied different developmental stages of the progeny, as the comparison might be
biased.

Evolutionary implications of variation in genome size in agamic complexes

Matzk et al. (2003) studied the trends in the coevolution of reproductive mode and varia-
tion in the genome size in Hypericum. They identified two independent agamic complexes
at the section level. The phylogenetically younger Hypericum sect. Hypericum is charac-
terized by an increased DNA content in apomicts, which is exclusively due to polyploidy.
Apomicts of the evolutionary older Hypericum sect. Ascyreia have the highest DNA con-
tent of all species due to polyploidization and, in addition, a higher DNA content per chro-
mosome. Thus, both polyploidization and increase in the monoploid genome size played
arole in the evolution of apomixis in the latter section. The correlation between variation
in genome size and species relationships has been studied in a taxonomically complicated
group of Hieracium subgen. Pilosella (Suda et al. 2007a). The monoploid genome size
(Cx-value according to Greilhuber et al. 2005) of those hybrid species, which inherited
a part of the genome of H. pilosella, is influenced by the relatively low Cx-value of
H. pilosella. Comparing the genome size of the hybrid species with that of their putative
parents, the genome constitution of the respective polyploid hybrids can be inferred. Thus,
the nuclear DNA content is a supportive marker for delimiting problematic taxa. More-
over, this character can be used to estimate the genome composition (proportion of the
parental genomes) of hybrid cytotypes.

Current research on Hieracium subgen. Pilosella

The determination of the DNA ploidy level in mature plants and seedlings (Fehrer et al.
2007) by both the original and modified FCSS method (Krahulec et al. 2006, Krahulcova
et al. 2009) are routinely used in investigations of the evolutionary processes in this
agamic complex. The level of residual sexuality in the facultatively apomictic members of
the complex is estimated by combining the results of emasculation experiments with the
analysis of progeny from both field and experimental crosses. These results indicate that
the degree of residual sexuality in facultative apomicts is influenced by the level of stabili-
zation of the respective hybrid genotypes in the field (Fehrer et al. 2007, Krahulec et al.
2008, Krahulcova et al. 2009).
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Genetic basis of apomicxis in plants

The production of progeny with the maternal genome is a trait of major importance for
agriculture and plant breeding. Fixation of hybrid vigour in crop plants via apomixis
would have a positive effect on crop production. Therefore, the inheritance of apomixis
and possible transfer of apomictic gene(s) to crops is the objective of many research
programmes (e.g. Spillane et al. 2001, Koltunow & Grossniklaus 2003, Horandl et al.
2007). Apomixis is a complex trait, which involves three elements: (i) absence of meiosis
resulting in the formation of unreduced female gametes, (ii) absence of fertilization (par-
thenogenetic, i.e. the fertilization-independent development of embryo), and (iii) the
developmental adaptations that ensure functional endosperm formation. Apomixis and
sexuality are considered to be closely interrelated, sharing gene expression pathways and
regulatory components (Koltunow & Grossniklaus 2003).

The following genera of angiosperms have recently been used as model organisms in
research into the inheritance, expression and regulatory mechanisms of apomixis:
Arabidopsis, Boechera, Brachiaria, Erigeron, Hieracium subgen. Pilosella, Hypericum,
Medicago, Paspalum, Pennisetum, Poa pratensis agg., Taraxacum, and Tripsacum (for
the references see Dresselhaus & Colombo 2001, Bicknell & Koltunow 2004, Catanach et
al. 2006, Horandl et al. 2007). Mutagenesis, FCM screening of progeny and genomic fin-
gerprinting are often used to identify candidate genomic regions associated with apomixis.
For example, Catanach et al. (2006) used these methods to identify two principal unlinked
loci controlling apomixis in Hieracium caespitosum. Curtis & Grossniklaus (2007) stud-
ied the segregation in a mutant producing unreduced female gametophytes and the
parent-of-origin effects acting as barriers to the introgression of apomixis in Zea. In this
case, FCSS of F, families was used to evaluate the role of the parental genome balance in
viable endosperm development. In addition to the model taxa cited above Cardone et al.
(2006) suggest new species and genotypes suitable for studying the genetics of apomixis.

Experiments that use FCM screening of progeny commonly also use crosses between
sexual (usually diploid) and apomictic (polyploid) parents and analysis of the segregating
progenies with respect to ploidy, reproductive mode and inheritance of molecular markers.
The FCM screening of progeny can even discriminate among particular aneuploid
cytotypes ranging between the diploid and tetraploid level, which were obtained from con-
trolled crosses (van Dijk et al. 2003, van Dijk & Bakx-Schotman 2004). A combination of
FCM and molecular methods has been used to investigate the genetic basis of diplospory
(a restitutional meiosis resulting in an unreduced embryo sac) in Taraxacum (Tas & van
Dijk 1999, van Baarlen et al. 2002, van Dijk et al. 2003, van Dijk & Bakx-Schotman
2004). The results suggest the existence of a female-specific locus responsible for diplo-
spory, whereas parthenogenesis (autonomous development of embryo, not requiring fer-
tilization) is controlled by another independently segregating gene(s) (van Dijk & Bakx-
Schotman 2004). An independent segregation of genes controlling the apomictic elements
in Taraxacum was also confirmed by analysing the progenies from wide inter-sectional
crosses (Zavesky et al. 2007).

Flow Cytometric Seed Screen has also been used to study the segregation of progenies
in Poa pratensis, which have originated from selfing and intercrosses between the sexual
and facultatively apomictic parents (Matzk et al. 2005). The expression of apospory and
parthenogenesis in F, plants remained constant over several years. The segregation of par-
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ticular components of apomixis in this model system indicates that five major genes con-
trol asexual seed formation. The wide variation in the mode of reproduction in this species
might be due to different expressions and interactions of these genes (Matzk et al. 2005).
In addition, the regeneration of apomictic embryos in embryo tissue cultures of the
polyploid apomictic clone of Poa pratensis 'Baron' is less frequent than expected
(Stephens et al. 2006). Based on the results of crossing experiments and progeny screening
Schranz et al. (2006) propose a complex genetic control of apomixis in Boechera. In con-
trast, a single dominant apospory-specific genomic region is thought to operate in
Pennisetum; however, it is not transmitted at the same rate in the reciprocal backcrosses
between sexual and apomictic types (Roche et al. 2001). Such segregation distortion indi-
cates that apomictic reproduction has a rather complex genetic basis, which might be spe-
cific to different taxa of angiosperms. Thus, for the present, the introduction of apomixis
into crop breeding programmes seems to be limited, due to the complexity of this trait.
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Souhrn

Aplikace metody pritokové cytometrie v oborech zabyvajicich se biologii rostlin je spjatd s poslednimi dvéma
desetiletimi. Vyhody této techniky (jednoduchost, rychlost, piesnost, nedestruktivnost) velmi pomohly i ke zdo-
konaleni vyzkumu apomixe. Tento zpisob asexualniho rozmnoZovani semeny je sice mezi krytosemennymi rost-
linami mensinovy, ale byl prokazan jiz u vice nez 200 rodu (pfevazné v Celedich Asteraceae, Poaceae a Rosace-
ae). Apomiktické rostliny jsou aZ na malé vyjimky polyploidni a Casto se 1i$i pravé ploidii od pfibuznych sexuél-
nich taxont nebo cytotypu, sdruzenych do jednoho polyploidniho agamického komplexu. ProtoZe pomoci pruto-
kové cytometrie (FCM) 1ze méfit obsah jaderné DNA, je tato technika v botanice nejCastéji vyuZivana k detekci
ploidnich Grovni. K analyzam lze pouZit ¢asti dospélych rostlin nebo jejich potomstva. Pii biosystematickych
apopulacnich studiich je FCM ¢asto vyuZivana spolu s molekuldrnimi technikami detekujicimi genotypy a s ana-
lyzami reprodukéniho zplsobu. V praci jsou citovany piiklady polyploidnich agamickych komplexi studovanych
témito metodami. Disledkem fakultativni apomixe je kombinace ruznych zpusobu reprodukce v rdmci jediné
matefské rostliny. Ve smésnych populacich vice cytotypl nebo pfi kiiZeni rostlin s rtiznou ploidii vznikaji rizné
kategorie potomstva. Vedle obvykle dominujiciho potomstva vzniklého apomixi a zachovéavajiciho matef'sky ge-
notyp se objevuji i minoritni kategorie potomstva vzniklého bud sexudlné nebo haploidni parthenogenezi; takové
potomstvo lze potom odlisit podle stupné ploidie. Pratokova cytometrie slouZi k detekei a kvantifikaci jednotli-
vych reprodukénich zptisobt, odvozenych podle zastoupeni riiznych kategorii potomstva. Pfi vyzkumu apomixe
je hojné vyuZivana i odvozena metoda FCSS (Flow Cytometric Seed Screen), kterou lze analyzovat zrala semena
a zjiStovat, jakym reprodukénim zpisobem byla vytvorena. Tato technika vyuZiva procesu dvojitého oplozeni
u sexudlnich krytosemennych rostlin a absence oplozeni pfi autonomnim vyvoji embrya apomikti. Endosperm
apomiktickych rostlin se miiZze vyvijet bud autonomné nebo po oplozeni centralniho jadra zarode¢ného vaku
(pseudogamie). Pomoci metody FCSS Ize zjistit pomér ploidii, resp. obsahu DNA, mezi embryem a endosper-
mem a z toho odvodit jednotlivé reprodukéni zptisoby. V soucasnosti se prutokova cytometrie uplatiiuje zejména
v téchto oblastech vyzkumu: (i) variabilita ploidni Grovné a velikosti genomu v agamickych komplexech, (ii)
zbytkova sexualita fakultativné apomiktickych rostlin a diverzita reprodukénich zptsob, (iii) dynamika a struk-
tura populaci s koexistujicimi sexudlnimi a apomiktickymi biotypy, (iv) evolu¢ni procesy v agamickych
komplexech a (v) geneticka podstata apomixe. Hledani genti spojenych se zaloZenim a regulaci apomixe je naplni
mnoha programu zakladniho i aplikovaného vyzkumu, pfi kterych se rovnéZ uplatiiuje pritokova cytometrie.
Identifikace téchto gent a jejich Gspésné preneseni do genomu kulturnich plodin by mély zasadni vyznam pro
Slechténi a zemédélskou produkei. Prace uvadi vycet taxonu, které pfi tomto vyzkumu slouzi jako modelové
organismy.
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