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Abstract Organisms reproducing via asexuality harbor a great diversity of lineages, morphotypes and ecotypes. However, clas-
sification of asexual taxa does not fit into contemporary species concepts, and hence the diversity of apomictic plant complexes
is not well reflected in taxonomy. Plants reproducing via apomixis (i.e., asexual seed formation = agamospermy) exemplify
the theoretical and practical problems of classification. Obligately asexual organisms do not form reproductive communities,
but they do constitute ancestor-descendant lineages. From the conceptual side, evolutionary lineage concepts would fit best for
species delimitation. Recent research showed that these lineages are not necessarily threatened by rapid extinction and do have
persistence in time and space. Facultative sexuality and low levels of residual recombination counteract the accumulation of
deleterious mutations due to the lack of recombination (Muller’s ratchet). Apomictic lineages do have adaptive potential, which
is demonstrated by the ability to occupy large distribution areas and to experience ecological niche shifts. The challenge for
classification of asexual lineages, however, is to find operational criteria for species delimitation. Current practices of species
delimitation can be grouped into four main principles: (1) the sexuals-first principle means that obligate sexual progenitor
species are classified separately from their apomictic derivatives. (2) The all-in-one principle merges sexual progenitors and
highly facultative apomictic derivatives into one species, whereby the apomicts often represent autopolyploids without differ-
entiated phenotypes. (3) The cluster concept applies to allopolyploid complexes with facultative apomixis and a huge diversity
of genotypes and morphotypes; here the main genetic clusters are treated as species. (4) Almost obligate apomictic lineages are
being classified as agamospecies. The four principles reflect quite well evolutionary traits and diversity of lineages. Finally, a
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recommendation for a workflow is given, following this gradient from obligate sexuality to obligate apomixis.

Keywords apomixis; hybridization; lineages; polyploidy; species concepts; species delimitation

H INTRODUCTION

The classification of asexual organisms is still a major
challenge for biodiversity research. Asexuality is prevalent
in prokaryotes and occurs in all eukaryotic kingdoms (Burt,
2000; Heitman, 2015). The classification of asexual organ-
isms has inherent theoretical problems because most species
concepts for eukaryotes are designed for sexual organisms
(Coyne & Orr, 2004). Flowering plants with apomixis, defined
as asexual reproduction via seed (= agamospermy), are a good
example of this problem (Asker & Jerling, 1992; Mogie, 1992;
Richards, 1997). Apomictic plants occur in all major clades of
angiosperms, in more than 50% of all orders, and in 293 genera
(Hojsgaard & al., 2014b); see also online database at http://
www.apomixis.uni-goettingen.de. Abundance of apomictic
plants at the species level relative to the rest of the regional
flora appears to be greater at higher latitudes and at higher
altitudes (Bierzychudek, 1985; Asker & Jerling, 1992; Gregor,
2013). However, this tendency is not apparent on higher taxo-
nomic levels, as genera with apomictic taxa are found in all
geographical zones (Hojsgaard & al., 2014b). Apomixis occurs
mostly in diverse, species-rich plant families and genera, and
might even be a factor promoting diversification (Hérandl &

Hojsgaard, 2012; Hojsgaard & al., 2014b). However, it is often
difficult to disentangle the effects of polyploidy and apomixis
on biodiversity. Regarding phenotypic diversity, most apomictic
plant complexes do have much higher numbers of distinguish-
able morphotypes and ecotypes than congeneric sexual taxa
(Stace, 1998).

The definition of species as basic units of biodiversity
and evolution remains a persistent challenge for classification
(Sukumaran & Knowles, 2017). From the conceptual side, most
modern authors agree that species are lineages in the sense of
ancestor-descendant series (De Queiroz, 2007; Sukumaran &
Knowles, 2017). Lineages should have an evolutionary role to be
accepted as species (Freudenstein & al., 2017). Lineages per se
can be maintained both by sexual and asexual reproduction. In
both cases the challenge is on the one hand the circumscription
of a lineage, and on the other hand to define an evolutionary
role — is it persistence in time and space, or is it a certain eco-
logical niche, or a shared phenotype?

At the dawn of plant evolutionary biology many authors
denied any evolutionary potential for asexual plants (Babcock
& Stebbins, 1938; Darlington, 1939; Stebbins, 1950). This pessi-
mistic view was based on theoretical assumptions that asexuals
would be short-lived and would lack adaptive potential. Later
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on, early extinction of asexual lineages was postulated because
of the accumulation of deleterious mutations in the absence of
recombination (Muller, 1964; Kondrashov, 1988; Kouyos &
al., 2007). Research during the past two to three decades, and
the application of -omics methods in evolutionary research,
has questioned or even falsified many of the predictions for
asexual lineages. In the first part of my review I will discuss
recent research on evolutionary persistence in space and time
and adaptive potential of apomictic plants. In this context, the
applicability of other prominent species concepts beside the
biological species concept will be revisited. This discussion
of species concepts and their applicability is needed to meet
the fundamental requirement that species classifications have
theoretical background, predictivity, practicability, and infor-
mation content (De Queiroz, 2007; Mishler, 2009).

Conceptualization of species should be kept separate from
species delimitation (De Queiroz, 2007). The second part of
my review is focused on operational criteria, methodology and
a workflow for classification. Modern -omics methods and
coalescent approaches offer powerful tools for recognizing
evolutionary lineages, but do not provide criteria for discrimi-
nating population structure from species structure (Sukumaran
& Knowles, 2017). This was also a major problem for traditional
morphology-based approaches. For sexual species it is easier
to find additional operational criteria for species delimitation
than for asexual lineages: the strong genetic cohesion within
sexual lineages and reproductive barriers between them result
in phenotypic cohesion, because of inheritance and reciprocal
exchange of alleles/epialleles controlling the phenotype. Hence,
individual members of sexual species can be easily recognized
by their shared phenotypic features or “morphotype” with only
minor individual variation. Quite often individuals of a sexual
species share also distinct ecological niches and/or geographi-
cal distributions. Therefore, sex indirectly provides obvious
operational criteria for species delimitation. Humans used these
morphotypes for delimiting and describing species as biological
entities long before they thought about evolutionary origins.
Sexual species thus not only have a biological and evolutionary
reality, but they also have a “mental reality” (Stuessy, 1989).
Under this view, the practicability of classification also needs
to be considered (Mayden, 1999; Mishler, 2009).

Asexual lineages can be recognized by morphological
characters as well (Stace, 1998) and so they also have a strong
“mental reality” in the sense of Stuessy (1989). Traditional
taxonomists tried to recognize the enormous phenotypic diver-
sity of asexual lineages by describing hundreds and thousands
distinguishable morphotypes as species. The need to recognize
phenotypic diversity — in the sense of an evolutionary role
of a lineage — was just recently emphasized (Freudenstein &
al., 2017). However, as I will discuss below, a distinguishable
phenotype is not necessarily a reliable indicator for an asexual
lineage. Moreover, without the cohesive effect of sexuality and
the lack of crossing barriers, operational phenotypic criteria
for the “degree of distinctness” of morphotypes are missing or
at least difficult to define consistently. Morphometric analy-
ses and statistical tests are needed to recognize objectively
“distinctness” of phenotypes. Otherwise, the purely pragmatic
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approach of classifying similar phenotypes without any other
criteria will lead to many differences of opinion and treatments,
and in some cases the result is thousands of described species
(Stace, 1998).

In the last few decades, the practice for taxonomists
working with apomictic plants has been to follow the rather
pragmatic views of genus-wise classifications, and quite often
genus-specific concepts exist (Haveman, 2013; Majesky & al.,
2017). The disadvantage of genus-specific concepts for assess-
ment of overall biodiversity is that the resulting species are
not readily comparable. For a better overview, I will group the
various current approaches to the taxonomy of apomictic plants
as follows: sexuals-first, all-in-one, cluster, and agamospecies.
Basically these categories follow a gradient from obligate sexu-
ality to obligate asexuality. Other than Majesky & al. (2017)
I will not provide detailed literature reviews of plant genera
with gametophytic apomixis, but rather show how presently
known apomictic plants would fit into these four approaches to
species delimitation. I will discuss how operational criteria can
work quite well to delimit species according to an evolutionary
lineage concept, without the need of any additional taxonomic
categories. This pluralistic approach envisions a more unified
classification scheme, in which sexual and asexual taxa would
represent comparable units of classification. Finally, a recom-
mendation for an operational workflow is given, which will
hopefully stimulate further research.

B THE EVOLUTIONARY BACKGROUND:
OLD MYTHS AND NEW FACTS ABOUT
ASEXUAL TAXA

The biological species concept is nice, but not universal.
— The widely used biological species concept (BSC, Mayr,
1942) requires sexual reproduction to define a species. For
eukaryotes, the underlying biological feature — sex —is a highly
conservative mechanism. Meiosis-fertilization cycles vary little
among eukaryotes, the genes controlling sexuality are highly
conserved, and meiotic sex is probably an ancestral feature
of all eukaryotes (Ramesh & al., 2005; Cavalier-Smith, 2010;
Speijer & al., 2015; Horandl & Speijer, 2018). Many arguments
support the hypothesis that meiotic sex is an indispensable tool
for DNA repair and mutation elimination in the germline, one
that ensures genomic integrity over generations (Bernstein,
1991; Michod, 1995; Horandl, 2009a; Speijer, 2016; Horandl &
Speijer, 2018). If this hypothesis is correct, then sex is simply
a physiological necessity. Meiosis and mixis require mating
compatibility to be functional and hence the formation of re-
productive communities. Hence, sex makes species (in the sense
of the BSC). As a consequence, meiotic sex has in eukaryotes
a strong intrinsic constraining effect via gene flow and estab-
lishes vertical inheritance of lineages, in contrast to prokaryotic
pangenomes (Ku & al., 2015). The intrinsic connection within
a sexual species is also reflected in the lineage concept of a
“metapopulation” (De Queiroz, 2007).

Asexual reproduction also establishes ancestor-descen-
dant lineages (Horandl, 1998; Majesky & al., 2017). However,

1067



Horandl « Classification of asexual organisms

asexuality does not have such an ancient unified mode of re-
production, but rather many different developmental pathways
exist (see Box 1 and Fig. 1 for apomixis in flowering plants).
Altogether, these represent modifications of the sexual pathway
(Koltunow & Grossniklaus, 2003; Mirzaghaderi & Hoérandl,
2016), whereby in most cases the key repair mechanisms and
residual sexuality are retained (Mirzaghaderi & Horandl, 2016).
Whenever meiosis-mixis cycles are not acting, the functional
constraints of mating compatibility simply become meaning-
less. Reproductive barriers between lineages do not evolve as
there is no selective pressure for homology and mating compat-
ibility. Hence, species concepts based on sexuality only, as the
BSC, simply become inapplicable for obligately asexual lineages
(Horandl, 1998). Without gene flow and the intrinsic coherence
mechanism of sex, asexual lineages neither form meta-popu-
lations in the sense of De Queiroz (2007), nor do populations
cluster together as demanded by cohesion or cluster species
concepts. In conclusion, the biological species concept is nice,
but not universal and hence insufficient to describe biodiversity.

To complicate matters, plants often reproduce via faculta-
tive asexuality. The male function is usually maintained, with
formation of meiotically reduced, recombined and partly fer-
tile pollen. Selection for pollen fertility is probably driven by
the need for fertilization of polar nuclei for proper endosperm
formation (Mogie, 1992; Mogie & al., 2007). This means that
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not only fertilized unreduced, apomeiotic egg cells (resulting
in so-called By hybrids in the offspring, see Box 1, Fig. 1), but
also fertilized sexually formed, reduced egg cells (resulting in
By; hybrids) can arise. Hence apomictic lineages can produce
recombined offspring, they can intercross with other lineages
and backcross to sexual species. Facultative apomixis can slow
down the tempo of meiosis-mixis cycles (Clausen, 1954). A
facultatively apomictic plant complex (Fig. 2) may have rather
a “pangenome”-like structure as typical for prokaryotes (Ku
& al., 2015). The resulting apomictic complexes match neither
concept of obligate sexual nor obligate apomictic linecages.
Under a strict BSC the whole complex would have to be clas-
sified as one “big” species, resulting in a very heterogeneous
entity of lineages of different age, morphology and ecology.
Evolutionary origin and phylogenetic concepts. — Phylo-
genetic species concepts (PSCs) appear to be independent from
sexuality, as they are based on shared ancestry, and a pattern of
ancestry and descent (Coyne & Orr, 2004). Theoretically, PSCs
might be applicable to asexual lineages as well (Horandl, 1998),
and were successfully applied to obligately asexual animals
(Fontaneto, 2014). However, it has long been recognized that
most asexual plants and animals are hybrids, and/or polyploids
(Ernst, 1918; Babcock & Stebbins, 1938; Stebbins, 1950; Asker
& Jerling, 1992; Simon & al., 2003). Hybridization and/or poly-
ploidy are important speciation processes in sexual plants as

Box 1. Overview of developmental pathways and terminology for apomixis in plants (see also Fig. 1).

Adventitious embryony: See Sporophytic apomixis.

Agamospecies: An asexual lineage which has been classified as species.

Agamospermy: Reproduction via asexually formed seed. Synonym of apomixis.

Apomeiosis: Development of an unreduced embryo sac. Can be used as umbrella term for apospory and diplospory.

Apospory: Development of an unreduced female gametophyte out of an unreduced initially somatic cell of the nucellus.

By, offspring: Sexually formed offspring of a facultative apomict, i.e., the embryo sac is formed meiotically, and the reduced egg cell is

fertilized (n + n).

By, offspring: The embryo sac is formed apomictically (either via Diplospory or Apospory). The unreduced egg cell is fertilized, resulting

in a ploidy increase in the embryo (21 +n).

Diplospory: Development of an unreduced female gametophyte out of an unreduced megaspore that resulted from restitutional meiosis.
Facultative apomixis: A single plant can produce sexual and apomictic seeds within the same generation. The resulting offspring have
the same ploidy as the mother plant, but are partly clonal (2 + 0), and partly recombined (r + 7). Often this term also includes cases

of Partial apomixis (see there).

Gametophytic apomixis: Development of an unreduced female gametophyte out of an unreduced initial cell. This can happen via Diplospory
or Apospory (see there). The unreduced egg cell develops without fertilization (27 +0).

Haploid parthenogenesis: The embryo sac is formed sexually (i.e., after meiosis). The reduced egg cell is not fertilized, but develops
parthenogenetically. Hence the embryo has half the ploidy of the mother plant.

Parthenogenesis: The development of an egg cell into an embryo without fertilization.

Partial apomixis: Occurs when embryo sac formation is not coupled to parthenogenesis and results in ploidy shifts in the embryo.
Sometimes subsumed under Facultative apomixis. For the increase of ploidy (2n +n) see B, offspring, for the decrease of ploidy

(n+0) see Haploid parthenogenesis.

Polyembryony: Two or more embryos develop within one seed; this can result from Sporophytic apomixis (see there), when both sexual

and apomictic embryos are formed.

Pseudogamy: Pollen-dependent apomixis; the egg cell develops without fertilization, but the polar nuclei are fertilized by one or two
sperm nuclei. This is often essential for endosperm development and formation of functional seed.

Sporophytic apomixis: Development of an embryo directly from a somatic cell of the ovule (= adventitious embryony). The embryo is a
clone of the mother plant (2n +0), and may also develop in parallel with the formation of sexual embryos (7 +n).
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Fig. 1. Main developmental pathways of sexual and apomictic plant complexes. MMC, Megaspore mother cell. Facultative apomixis means that
the same plant produces sexual and apomictic seeds in the same seed generation (pathways 1 and 2 appear in different ovules of the same flower
or of the same inflorescence). In adventitious embryony, sexual and apomictic embryos can be formed within the same seed (polyembryony).
Hence, the progeny of facultative apomicts comprises maternal (clonal) and biparental (recombined) genotypes. Pathways C and D are often
called “partial apomixis” as only one component of apomixis (apomeiosis or parthenogenesis) is present; here the progeny differs in ploidy
level and genotype from the mother plant. For definitions of terms see Box 1. Diplontic cells in yellow, haplontic cells in green, egg cells and
embryos in red.
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well (Grant, 1981; Coyne & Orr, 2004). Also for sexual plant
species the PSC is conceptually problematic as hybrid specia-
tion and polyploidy will often result in paraphyly (Hoérandl,
2006b). The classification of paraphyletic taxa is still contro-
versial (Horandl & Stuessy, 2010; Podani, 2010). Here I just
want to point out that for a strict phylogenetic species concept,
paraphyletic groups would not be acceptable for classification
of species. In principle the same problems apply to apomictic
lineages.

From the phylogenetic perspective, apomictic plant lin-
cages have a progenitor-derivative relationship to their sexual
parents rather than an ancestor-descendant relationship; mul-
tiple origins are common. Hence, apomicts may be inherently
non-monophyletic. Ancient hybridization may even shape the
reticulate phylogenetic relationships of almost obligate asex-
ual plant lineages, e.g., in Hieracium s.str. (Krak & al., 2013).
Hybridization events may occur in different time levels, e.g., in
Rubus (Sarhanové & al., 2017). Polyphyletic origins of apomixis
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are documented for all levels of the taxonomic hierarchy in
ferns and flowering plants (Liu, 2012; Hojsgaard & al., 2014b).
Similarly, in animals multiple pathways to asexuality exist, and
the trait is mostly polyphyletic within the animal phyla (Simon
& al., 2003). Diversity of evolutionary origins and polyphyly
make it difficult to apply strict phylogenetic concepts to the
classification of asexuals.

Geneticand morphological cohesion versus divergence. —
Sexual reproduction, with gene flow and reshuffling of alleles
in populations, has a constraining effect on diversification
(Felsenstein, 1981). Sexual reproduction can establish genetic
cohesion via gene flow, which keeps members of a genetic
cluster together, which is the basis of cohesion species concepts
(Templeton, 1989). Genetic cohesion is also the background for
morphological clustering. Cluster species concepts are based on
distinguishable clusters with few or no intermediates (Mallet,
1995). However, although these concepts use similarity as cri-
terion for species delimitation, they are indirectly dependent
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Fig. 2. Scheme of an apomictic plant complex, depicting the four main types of sexual and asexual lineages that might be classified as species.
Primary hybrids are excluded from species circumscriptions. Note that new genotypes can be formed via facultative apomixis (see Box 1) within
lineages, and also via crossing of apomictic pollen donors with sexual mother plants.
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on sexuality, because gene flow remains the major cohesion
mechanism (Coyne & Orr, 2004). Cohesion species concepts
put emphasis on factors keeping individuals together rather
than on reproductive barriers keeping them apart (Coyne &
Orr, 2004). For asexuals, the emphasis lies on the ability to
produce its own offspring and to keep the lineage stable over
generations (Horandl, 1998). Most asexual plants, however,
maintain functional pollen and can act as male parent of bipa-
rental offspring as well so that cohesion extends more widely
and wide-meshed genetic clusters may be distinguishable (see
Box 1; Fig. 2).

Most traditional taxonomists used morphological charac-
ters for species, which usually works well for sexual organisms:
“A species is a morphologically or genetically distinguishable
group of individuals that has few or no intermediates when in
contact with other such clusters” (Mallet, 1995). This concept
fits many sexual plant species well as long as they have occa-
sional, but negligible hybrid formation. For asexual taxa, the
purely similarity-based morphological concept is problematic
because of the reduced intrinsic cohesion. Habitat-mediated
selection does not result in morphological clustering: obligate
or nearly obligate asexual lineages of, e.g., dandelions or of
Alchemilla spp. do not cluster morphologically, even if they
grow in the same meadow (Frohner, 1995).

The great phenotypic diversity is usually due to the hybrid
nature of such a complex: Mendelian segregation of morpholog-
ical characters in hybrid offspring — already observed by Gregor
Mendel himself'in his crossing experiments in Hieracium subg.
Pilosella (Nogler, 2006) — will result in a huge diversity of
morphotypes, with a unique morphotype for each genotype and
each new generation. As long as facultative sexuality with both
male and female functions is present, new morphotypes will be
continuously produced by intercrossing and backcrossing and
add to the diversity of persisting genotypes. Hence, intermedi-
ate morphotypes between main clusters will be present (Fig. 2).
Other than in sexual species, morphology may be too variable
to be a good indicator of a genetic cluster, and hence lacks
predictivity for circumscription of a species. Such a complex
evolves via multiple, small divergence events with new lincages
spinning off that are maintained for some generations, then
merging again with other lineages (Fig. 2). Such short-term
lineages stand between the “deep forking” lineages of obligate
sexual species (see Fig. 2) (De Queiroz, 2007).

Once asexuality has established in an ancestor-descen-
dant lineage, divergence patterns of lineages follow a different
pathway than in sexual taxa. Without the homogenizing and
bundling effect of sexuality, lineages diverge over time more
rapidly from each other than sexual species, without forming
clusters. Transcriptomic data in the Ranunculus auricomus
complex indeed suggest that two hexaploid apomictic lineages
originated from the same hybrid cross ca. 80,000 years ago,
but in two different locations, and diverged genetically in this
short time period in the same amount as their sexual progenitor
species which separated ca. 900,000 years ago (Pellino & al.,
2013). Genomic studies on other apomictic genera would be
highly desirable to confirm the speed of divergence processes
of apomictic lineages.
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Evolutionary fate and persistence in time. — The evolu-
tionary species concept demands “ a lineage with its own evo-
lutionary fate” (Wiley, 1978). Asexual lineages with ancestor-
descendant relationships would fulfil this criterion if they would
persist over time scales that are comparable to sexual species,
and could fill certain ecological niches. A common, traditional
view of obligate asexual lineages is the threat of rapid extinc-
tion, mainly by accumulation of slightly deleterious mutations.
Although this constraint, known as Muller’s ratchet (Muller,
1964; Kondrashov, 1988), was proved in theoretical models for
small populations, it becomes questionable as a general con-
straint in the light of more recent research. Asexual lineages
appear to have a sufficient persistence in time to be considered
as a species in the sense of an evolutionary lineage concept.
This is exemplified in animals.

The existence of some ancient asexual animals (Bdelloid
rotifers, Darwinulid ostracods) that had no sex for millions of
years (Butlin, 2002) are evidence that long-term persistence of
lineages without obligate sex is in principle possible. Genome
sequencing of the Bdelloid Adineta vaga suggests that this
ancient asexual has four collinear chromosome sets, and does
not undergo any conventional meiosis, but rather exhibits gene
conversion as a mutation-elimination mechanism (Flot & al.,
2013). This way the lineage can persist over long time peri-
ods without sex. Moreover, obligate asexuality is no obstacle
to speciation. Among ancient asexual animals the Bdelloids
diversified into 19 genera and ca. 460 species within ca. 50
million years, likely just by selection on adaptive traits in the
mouthparts (Fontaneto, 2014; Fontaneto & Barraclough, 2015).
The speciation or net diversification interval of Bdelloids (8.2
million years) is well within the range of other animal families
(Coyne & Orr, 2004).

For plants, ages of asexual lineages cannot be determined
directly, as apomixis cannot be identified in fossils. In general,
“twiggy” distributions of asexuality on phylogenetic trees,
i.e., of splits of sexual/asexual lineages on terminal nodes,
are not necessarily indicative of a low mean age (Schwander
& Crespi, 2009). Since apomixis in plants is facultative and
reversible to obligate sexuality (Horandl & Hojsgaard, 2012)
one cannot readily use phylogenetic methods to date the age
of apomictic plants. Recent transcriptome studies of 6x hybrid
apomictic Ranunculus auricomus tackled the problem by
analyzing lineage-specific SNPs and calculating age by using
plant-specific substitution rates of the nuclear genome (Pellino
& al., 2013). Results suggest that lineages were ca. 80,000 years
old, supporting previous hypotheses of hybrid origin during
range shifts in the Pleistocene (Paun & al., 2006b). However,
transcriptome data indicated no significant accumulation of
deleterious mutations in asexual lineages compared to sexual
species (Pellino & al., 2013). Facultative sexuality within a
lineage, even at low levels of ca. 6% recombinants per popu-
lation, is sufficient to eliminate mutations in hexaploids via
purifying selection (Hojsgaard & Horandl, 2015; Hodac & al.,
subm.). Likewise, in apomictic Boechera, a more detailed ge-
nomic analysis revealed mutation accumulation in non-coding
regions only, but not in conserved coding regions (Lovell &
al., 2017). Selection for “a little bit of sex”, especially in high
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polyploids with their high mutation rates, might act against the
establishment of long-term obligate asexual lineages (Hojsgaard
& Horandl, 2015). Hence, the theoretical assumption of rapid
extinction of asexual lineages appears to have no generality,
and each taxon probably needs to be examined carefully before
any conclusions on age and longevity can be drawn. This also
makes predictions for the evolvability of apomictic plants quite
speculative. Stebbins (1950) noted that apomictic plants failed
to evolve any new genera. However, the monophyletic genus
Alchemilla s.str. (Gehrke & al., 2016) with high-polyploid,
almost obligately apomictic species could be a candidate.

Evolutionary species concepts require that no gene flow
occurs between lineages, because even minor gene flow could
change the evolutionary fate (Coyne & Orr, 2004). Hence,
the evolutionary species concept is not readily applicable for
apomictic lineages with nearly obligate sexuality. The clonal
lineage would persist only for a few generations and would
be then replaced by a new one (Fig. 2). Only taxa with a more
stable to obligate apomixis would fall into the category of an
evolutionary species. A second problem is the lack of criteria for
species delimitation and any kind of subdivisions — a problem
that arises already for sexual species, as each and every popula-
tion can be defined as a lineage (Freudenstein & al., 2017). In
asexual taxa each and every clone or genotype can establish
an ancestor-descendant lineage.

Persistence in space and adaptive potential. — Freuden-
stein & al. (2017) requested a unique role of a linecage, as mani-
fested by the phenotype, to regard a lineage as a species. These
authors see the role of a lineage as the way it interacts with
the environment and occupies an ecological niche. Successful
niche occupation would be reflected in a geographical distribu-
tion where this niche is available. One of the most popular old
myths about asexual taxa is the assumption of a lack of adaptive
potential and the need for a stable environment. Under chang-
ing conditions “it will be unable to meet any new changes”
(Babcock & Stebbins, 1938). Contrary to expectations, most
comparative ecological studies suggest that apomicts can adapt
to novel environments at least as well as, or in some cases better
than their sexual relatives.

Apomictic plants can be quite successful in occupying
geographical space. It was long recognized that asexual plants
and animals expand over much larger geographical distribution
areas than their sexual progenitor, a phenomenon called geo-
graphical parthenogenesis (Vandel, 1928; Bierzychudek, 1985;
Horandl, 2006a, 2009b). Most case studies identified niche
shifts of asexual taxa as an important factor contributing to their
widespread distribution. The classical “Frozen Niche variation
model” by Vrijenhoek (Vrijenhoek, 1979), which suggests that
broad arrays of clones can use the resource space via niche dif-
ferentiation among clones better than related sexual species,
was supported by many case studies of animals and plants
(Vrijenhoek & Parker, 2009). Niche shifts of apomicts have
been identified the main causal factor for geographical parthe-
nogenesis in Crataegus (Lo & al., 2013; Coughlan & al., 2014;
2017), in cytotypes of Paspalum intermedium (Karunarathne
& al., 2018), and in Ranunculus kuepferi (Cosendai & Horandl,
2010; Kirchheimer & al., 2016, 2018). In Crataegus, hybridity
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plays a major role for range expansions (Coughlan & al., 2014).
However, the two examples from Paspalum and Ranunculus
are autopolyploid apomictic cytotypes, demonstrating that
niche shifts can occur without involving hybrid genomes.
Modelling of the colonization process in R. kuepferi suggests
combinatorial effects of niche shifts and mode of reproduc-
tion (Kirchheimer & al., 2018). Microniche differentiation was
observed in populations of sympatric apomictic and sexual
Taraxacum species (Verduijn & al., 2004). Analysis of niche
dynamics in invasive sexual/apomictic species pairs revealed
no differences between modes of reproduction — during in-
vasions apomicts can experience climatic niche shifts, and
range expansions and reductions, just as much as sexuals do
(Dellinger & al., 2016).

In most of the examples cited above, the observed niche
shift is typical for a cytotype rather than for a single clone.
Hence, the cytotype would represent the relevant ecological
unit as a candidate for an ecological species. For apomictic
plants, polyploidy rather than mode of reproduction may be the
actual driver of niche differentiation (Bierzychudek, 1985; Mau
& al., 2015). Polyploidy can increase physiological stress toler-
ance (Comai, 2005; Ramsey & Ramsey, 2014; Schoenfelder
& Fox, 2015), which might be an important factor for accli-
mation to more extreme climatic conditions. Furthermore,
the adaptive ability of apomictic plants to environmental
stress situations might be based on epigenetic mechanisms
rather than on genetic factors (Verhoeven & Preite, 2014).
Epigenetic mechanisms, in turn, are strongly influenced by
polyploidy (Verhoeven & al., 2010). Epigenetic variability in
apomictic Limonium species was the mechanism for pheno-
typic differentiation (Roéis & al., 2013). In plants, epigenetic
control factors are at least partly heritable (Paszkowski &
Grossniklaus, 2011), which means that selection can act on
epigenetic variation and favor adaptation over successive gen-
erations (Bossdorf & al., 2008). These findings imply that
lowered genotypic variation and even clonality of asexuals
would be much less relevant for adaptive potential than previ-
ously thought. However, these findings also shed a new light
on the relevance of phenotypes. The above-cited niche shifts in
apomictic plants mostly represent adaptations to abiotic condi-
tions, like temperature, precipitation, soil chemistry, etc. Such
adaptations may often have a physiological background that
is not apparent in macro-morphological features. Specifically,
pollinator-specific adaptations related to flower morphology
are unlikely to evolve in apomicts because there is weak selec-
tion on outcrossing pollination or pollinator attraction. Even
for pseudogamous apomictic plants, pollinator interactions
may be less important as most of them can use self-pollen for
fertilization of polar nuclei and endosperm formation (Horandl,
2010). Flower morphology within most apomictic complexes is
quite uniform compared to pollinator-specific floral displays in
sexual genera. Variation in leaf shape, although apparent and
highly diverse in apomictic complexes, may not necessarily be
adaptive. Fruit characters are differentiated in some genera,
e.g., in Crataegus (Christensen, 1992; Coughlan & al., 2014),
in others it is not. Is it necessary to redefine our concept of the
“phenotype”, and to look at physiological features related to
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primary metabolism (e.g., photosynthesis efficiency, tempera-
ture adaptation), secondary metabolites etc., and functional
traits (e.g., stomata size and density, McGoey & al., 2014)?
Would these features be acceptable for our “mental reality”
to define a species instead of using morphology? So far, case
studies on the physiology of asexual plants are largely missing
to answer these questions.

Agamospecies. — Proponents of an agamospecies con-
cept take mode of reproduction as the criterion for a species
definition, as a counterpart to the biological species concept.
However, this concept can only work if the main criterion, being
either sexual or apomictic, would be highly obligate without
intermediates, to stabilize a lineage. Unfortunately, asexuality
hardly ever becomes obligate in animals and plants; clonality,
as it is predicted by theory, has also been recognized to be a
myth with the rise of population genetics (Loxdale & Lushai,
2003). Population genetic studies have revealed even with con-
servative molecular markers (isoenzymes) that uniclonality in
apomicts is rare, whereas gene diversity (heterozygosity) is
usually higher than in sexual relatives (Horandl & Paun, 2007).
The broad application of more sensitive markers like AFLPs
and SSRs confirmed a considerable genetic diversity and high
heterozygosity in apomictic plants (Paun & al., 2006a; Lo &
al., 2009; Paule & al., 2011; Cosendai & al., 2013; Sarhanova &
al., 2017). Strict clonality in apomictic plants is extremely rare
and is known, e.g., from invasive populations of Chromolaena
odorata in southeastern Asia (Yu & al., 2014).

Facultative apomixis in flowering plants allows for the
parallel occurrence of both sexual and apomictic seed forma-
tion. Flow cytometric seed screening methods allow for a direct
quantitative assessment of proportions (Matzk & al., 2000).
Strikingly, proportions of sexual/apomictic seed formation
vary not only between species and mode of apomixis, but are
often also sensitive to environmental conditions (Aliyu & al.,
2010; Sarhanova & al., 2012; Klatt & al., 2016, 2018; Schinkel
& al., 2016). Since almost all apomictic plants are perennials,
variation is to be expected not only within the same seed gen-
eration, but also among seed generations of different growing
seasons — a variability which was hitherto mostly neglected.
Hence, sex and apomixis do not represent a black-and-white
contrast that can be easily reflected in a species-agamospecies
system. There are many shades of grey in between.

Conclusion of this part. — To summarize, each of the
traditional species concepts has its problems for apomictic
plants. The BSC is not applicable at all; phylogenetic concepts
(PSCs) will fail because of non-monophyletic origins; genetic
cohesions and cluster concepts (CSC) are problematic because
morphological and genetic diversification may be much higher
in apomictic plants than in sexuals and less bundled; this makes
also the unified species concept of a “metapopulation lineage”
by De Queiroz (2007) problematic. Evolutionary species con-
cepts (ESCs) concepts and the traditional agamospecies concept
require a rather obligate asexuality to maintain the lineage over
a relevant time. Ecological species concepts can be useful to
recognize establishment of an evolutionary lineage in space and
within a certain niche, but often apply to cytotypes because of
side effects of polyploidy.
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B FROM THEORY TO PRACTICE:
SPECIES DELIMITATION

Traditional taxonomic systems were usually morphology-
based, which is broadly applicable for sexual species. For
asexuals, pure morphological concepts will suffer from the
above-mentioned lack of predictivity of a morphotype for a
stable evolutionary lineage. The lack of a species concept led
traditional plant taxonomists to adopt two extreme solutions:
either lump all lineages under an aggregate name, or split almost
every population into agamospecies. Neither approach is satis-
factory — the former creates highly heterogeneous “aggregates”
without any information on evolution and internal diversifica-
tion; their high internal morphological diversity contradicts
our mental experience of species recognition. Moreover, the
progenitors of the complex, the extant sexual species, are sunk
into this conglomerate. The agamospecies concept exagger-
ates morphological distinctness at the expense of theoretical
background of whether such a “morphotype” represents an
established lineage. In practice, classification of morphotypes
becomes highly subjective. Both concepts are by no means
comparable to sexual species (Stace, 1998). Attempts to use
informal additional categories such as “microspecies” versus
“macrospecies” failed because of the lack of theoretical back-
ground and definition. Most modern authors make case-by-case
decisions to circumscribe agamic taxa, whereby these decisions
tend to illustrate four main principles:

(1) The sexual species-first model. — The biggest problems
for classification are posed by allopolyploid complexes. Usually
they show a basic structure similar to the classical scheme of
Babcock & Stebbins (1938) based on the North American Crepis
agamic complex: a few sexual progenitor species hybridized
and formed a huge mass of allopolyploid, apomictic deriva-
tives. Several authors have proposed to separate out the sexual
progenitor species that are usually found at the diploid or low
polyploid level (Grant, 1981; Dickinson & al., 2008; Hérandl &
al., 2009; Burgess & al., 2015). These diploid taxa are usually
self-sterile, outcrossing and their primary hybrids often exhibit a
low female and male fertility. Different ploidy levels create effi-
cient reproductive barriers against crossing and limit gene flow
between sexual progenitors and their agamic derivatives (Lo
& al., 2009). In many cases sexual species fit well to a relaxed
biological species concept. In plants, a strict application of the
BSC is anyway not feasible because of the occurrence of sexual
hybridization and of autogamy (Stace, 1998). Also, the applica-
tion of genetic cohesion/clustering concepts (i.e., allowing low
levels of hybrid formation, with high hybrid sterility), is feasible,
and these species are usually morphologically clearly distinct.

The delimitation of sexual progenitor species is important
for understanding the origin, evolution, age and phylogenetic
relationships of the derivative complexes within their respective
genera, and to place apomictic complexes in the framework of the
classification of the entire genus (Horandl & Emadzade, 2012;
Burgess & al., 2015; Kirschner & al., 2015; Sears & Whitton,
2016). The sexuals-first concept should not be confused with
the purely morphological “main” species concept of, e.g., some
traditional Hieracium researchers (see Majesky & al., 2017).
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(2) The all-in-one model. — Not all agamic plants form
morphologically and genetically diverse complexes; several
apomictic taxa are known where taxonomists recognized just
a single species, even if this taxon comprised facultative apo-
mictic and sexual populations. To this group we can count most
species of Paspalum (Ortiz & al., 2013), Poa pratensis and
other Poa species (Kelley & al., 2009), Ranunculus kuepferi
(Schinkel & al., 2016), Antennaria friesiana and A. monoceph-
ala (Bayer & Chandler, 2007), among others. Also, species with
adventitious embryony in tropical Melastomataceae (Renner,
1989) and in the Celastraceae (Euonymus; Naumova, 1992) may
belong here. Quite often the above-mentioned taxa with game-
tophytic apomixis do have more than one cytotype, whereby
diploids and tetraploids are usually sexual, while odd-ploidy
levels (3x, 5x) and higher ones (6x and higher) are apomictic.
As far as their evolutionary origin is known, polyploids in
these taxa tend to be autopolyploids: e.g., in Paspalum, 72
species were analyzed with respect to their type of polyploidy
and mode of reproduction, and 39 of them show multivalent
formation at meiosis as is typical for autopolyploids (Ortiz &
al., 2013). These taxa appear scattered over the phylogeny of
Paspalum (Scataglini & al., 2014), suggesting multiple indepen-
dent shifts to apomixis via autopolyploidy. Similarly, in diploid-
autopolyploid Ranunculus kuepferi (Cosendai & al., 2011), apo-
mixis evolved independently from other apomictic complexes
within the Ranunculus phylogeny (Horandl, 2009b). Likewise
in Antennaria monocephala (Bayer & Chandler, 2007). Also
the many cytotypes of Poa pratensis that originated from auto-
segregation at meiosis (Grant, 1981) can be included in this
category. In a flow cytometric survey of the genus Poa, 20 of the
33 species analyzed were determined to be apomictic; faculta-
tive apomixis was identified in all species for which more than
three samples were analyzed (Kelley & al., 2009). The species
with apomixis appear polyphyletically within the phylogeny
of the genus (Hoffmann & al., 2013). Likewise, the species of
Euonymus with adventitious embryony appear scattered over
the phylogeny (Naumova, 1992; Li & al., 2014). All these ex-
amples exhibit (i) a high level of facultative sexuality, (ii) a low
degree of morphological differentiation of sexual and apomictic
cytotypes, and (iii) mostly non-hybrid, multiple origins. This is
similar to many autopolyploid sexuals that usually show a low
degree of morphological differentiation, and for which species
status is only accepted if they represent evolutionarily diverged,
reproductively isolated and diagnosable lineages (Soltis & al.,
2007). Autopolyploids simply lack genomic novelty. When
autopolyploid apomicts are evolutionarily young and maintain
facultative sexuality, then the cohesion effect of intraspecific
gene flow will be strong enough to inhibit strong divergence of
lineages. This was observed, e.g., in 4x facultative R. kuepferi,
where population genetic analyses demonstrated that a single
gene pool with three genetic partitions is distributed all over
its range (Cosendai & al., 2013). Because of the scarcity of
macroscopic differential characters, traditional taxonomists
usually classified cytotypes under one species, or sometimes
differentiated subspecies, e.g., in Ranunculus kuepferi (Huber,
1988) and in Antennaria friesiana and A. monocephala (Bayer
& Chandler, 2007).
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(3) The genetic cluster concept. — The problem remains
— after sexual taxa were separated out, what to do with the
big nasty mass of facultative apomictic lineages? At lower
polyploid levels (4x, 6x), intercrossing and backcrossing may
result in new genotypes and lineages. The diversity of such
complexes is illustrated in Fig. 2. Eventually some lineages may
become more isolated at higher ploidy levels. Genera with such
complexes in North America include the Crepis occidentalis
complex, Amelanchier and Crataegus; in Europe Rubus fru-
ticosus, Ranunculus auricomus agg., the Potentilla argentea
complex, Hieracium subg. Pilosella (= Pilosella) (Grant, 1981),
among others. The formation of such big hybrid complexes is
not restricted to taxa with gametophytic apomixis, but also
found in genera with adventitious embryony, e.g., in Citrus
(Curk & al., 2016) or in the orchid genus Nigritella (Hedren
& al., 2000). Other than assumed by the iconic scheme of
Babcock & Stebbins (1938: 57; reprinted, e.g., by Grant, 1981;
Coyne & Orr, 2004), there is no positive correlation of higher
ploidy levels with a higher degree of apomixis. Many triploids
of Taraxacum (dandelions) are almost obligately apomictic
due to diplospory with restitutional meiosis (Van Dijk, 2003).
Likewise, some triploid apomictic Boechera species showed
100% apomictic seed formation (Aliyu & al., 2010). On the
other hand, the degree of facultative sexual seed formation
varied in hexaploid Ranunculus auricomus accessions under
different environmental conditions between 0% and 100%
(Klatt & al., 2016). Likewise a great variation was observed
in Rubus fruticosus under different environmental conditions
(Sarhanova & al., 2012). Apomixis in Poa pratensis is faculta-
tive even at high ploidy levels (7x—12x) (Kelley & al., 2009).
In Pilosella, some tetraploid species are fully sexual (Mraz &
al., 2008), and facultative sexuality in polyploids continuously
produces novel genotypes and cytotypes (Krahulcova & al.,
2004, 2009; Krahulec & al., 2011). In general euploid cytotypes
exhibit more residual sexuality than aneuploids, likely because
pairing of homologous chromosomes at meiosis is more regular,
which is essential for successful sexual development. Degree of
apomixis/facultative sexuality will shape the internal genetic
structure of a cluster. The problem is whether genetic coherence
via residual sexuality is strong enough to keep lineages together
as clusters, or whether divergence of lineages would result in a
huge “cloud” of genotypes. Most apomictic complexes show the
greatest variability at the tetraploid level. Cushman & al. (2017)
classified morphological clusters of 4x Amelanchier populations
and clones under species names, but rejected classification of
local microspecies. Likewise, Bayer & Chandler (2007) pro-
posed five main agamic complexes in Antennaria, each with
one species name. These five complexes may have originated
from more than two sexual progenitor species, as many diploid
sexual taxa still exist. A formal addition to such an approach
could be the designation of allopolyploid clusters as hybrids,
either as hybrid formula or hybrid binomial. The use of hybrid
formulas would help to reduce the inflation of binomials in
big complexes (Horandl & al., 2009). This of course, becomes
complicated for hybrids between allopolyploid clusters.

Novel molecular methods, especially genomic tools, will
help to recognize such genetic clusters and to reconstruct their
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evolutionary origin. Whether morphological clustering is con-
gruent to genetic groups requires detailed investigation. A big
problem is Mendelian segregation of phenotypic traits in a
hybrid if it still retains residual sexuality. This phenomenon was
already shown by Gregor Mendel’s experiments on crosses of
Hieracium auricula x H. aurantiacum, in which the paternal
hybrid parent caused a strong morphological segregation of
the F, generation (Nogler, 2006). In the Ranunculus aurico-
mus complex, three or more morphologically quite divergent
sexual progenitor species (R. carpaticola, R. cassubicifolius,
R. notabilis), have hybridized, resulting in a segregating hybrid
progeny with a huge morphological diversity (Horandl & al.,
2009). Experimental crossings of these sexual progenitor spe-
cies (Hojsgaard & al., 2014a) formed a rather uniform F, prog-
eny with facultative apospory, which resembled altogether more
the paternal parent rather than exhibiting strict intermediacy
(Hodac¢ & al., 2014). In the F, generation (created from F, X F,),
apomictic seed formation appeared in low frequencies (Barke
& al., 2018), and an enormous segregation of characters and
diversity of morphotypes emerged. In such a case the result-
ing morphospace within such a cluster may be more diverse
and heterogeneous than between clusters (Hoda¢ & al., 2018
[this issue]). As a long-term consequence, a certain hybrid
morphotype may fall into a genetic cluster of the opposite
morphotype of the progenitor species as it was shown with
R. Xhungaricus, a species with undivided leaves which belonged
genetically to the clade with deeply divided leaves (Horandl
& al., 2009). Recent RAD Seq studies on the complex, includ-
ing more samples of R. xhungaricus, rendered this species as
highly polyphyletic (Karbstein & al., 2018). In the polyploids of
Crataegus, phenetic clusters showed a great and often overlap-
ping morphological variability (Dickinson & al., 2008). If such
clusters were defined by morphology only, they may reflect
an artificial assemblage of similar morphotypes of different
evolutionary origins. In Crepis, multiple origins of polyploid
cytotypes, but also repeated colonization of sites contributed
to genetic heterogeneity of morphologically defined “species”
(Sears & Whitton, 2016). If clusters were defined genetically,
they might be good evolutionary entities, but poorly diagnosable
by lacking shared macroscopic characters and hence contradict
the “mental reality” of species. Other than in obligate sexual
and obligate apomictic species, the morphotype is in this case
not necessarily an indicator of a distinct evolutionary “role”
of a lineage. Whether minute differences between morpho-
types, e.g., in leaf shape, are ecologically relevant, needs to be
studied. In the worst case, each local population may have its
own morphotype, resulting from countless combinations of
segregating characters.

Another approach attempted to use the size of distribution
areas as criterion for delimitation of species (Weber, 1996). A
minimum distribution area of 50 km diameter of a certain mor-
photype is required for species definition in brambles (Rubus
fruticosus complex). The main argument was that a lineage can
be regarded as an established species only with a significant
establishment in space, which is basically an ecological concept.
This pragmatic approach allows the exemption of many locally
distributed primary hybrids from species definition. Although
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this concept has been criticized by setting an arbitrary, genus-
specific threshold, the basic idea behind it is congruent with the
notion that a species should have a relevant ecological “role”
(Freudenstein & al., 2017). The Weberian concept was not read-
ily accepted by the apomixis community, as the distribution
area is of course dependent on many other ecological factors
(e.g., seed dispersal mechanisms) and differs between genera.
An important caveat for application of ecological criteria is the
relative rapid change of environments due to anthropogenic
influence (Dickinson & al., 2008). Man-made habitats are under
rapid change, which may either favor expansion or restriction of
distribution areas of apomictic lineages within very short time
scales. Dickinson (1998, 1999) further pointed out that there
is a metapopulation-like structure in agamic complexes, i.e.,
a balance of colonization and extinction keeps a certain area
occupied by different clones. Hence a geographical criterion
such as absolute size of distribution area will be probably too
simplistic.

(4) The agamospecies model (obligate asexuals). — Tax-
onomists working with more obligate apomictic taxa have
argued for agamospecies concepts, i.e., classification of rec-
ognizable ancestor-descendant lineages composed of one or a
few clones (Kirschner & al., 2016). Transgenerational fixation
of phenotypes and inheritance of complex traits in apomictic
lineages was proved experimentally (Sailer & al., 2016). Quite
often, evolutionary origin and parents of these lineages are un-
known and probably extinct. Usually a good training is needed
to identify distinct lineages by means of combinations of many
minute characters, and hundreds to thousands of such agamo-
species exist in genera like Taraxacum (Kirschner & al., 2016),
Hieracium s.str. (Fehrer & al., 2009), and Alchemilla (Frohner,
1995). This approach was often regarded as impracticable be-
cause of the high species numbers. However, one should keep
in mind that species numbers per se are not a scientific argu-
ment. Also, sexual species, e.g., beetles or butterflies, can show
such a high diversity that only specialists can identify them.
Classification must not be limited by species numbers that
anyone can identify and remember, but rather must be fit into
a concept, and must be recognized as distinct with reproducible
criteria and confirmed by appropriate test statistics. Ideally aga-
mospecies would be a monophyletic group of individuals with a
discrete morphotype, as in the case of Bdelloids (Barraclough
& al., 2003; Fontaneto, 2014). Genetic divergence between
members of such a clade would be just due to mutation, and
morphological divergence would be due to selection on adap-
tive features. The use of coalescence-based methods may be
helpful for recognition of lineages. Candidates for such obligate
apomixis might be found in the above-mentioned angiosperm
taxa and in apogamous ferns, where the developmental pathway
does not allow for facultative sex (Liu & al., 2012).

Conclusion of this part. — These four models may be found
within a genus and even within one allopolyploid complex (Fig.
2). (i) Sexual progenitor species can be defined according to a
BSC or a cluster species concept according to the sexual-first-
principle. (ii) Following the all-in-one model, autopolyploid
derivatives of these can be formally included in these basic spe-
cies, regardless of whether they remain sexual or shift towards
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facultative apomixis. These species can include occasional local
backcrosses between cytotypes, and/or the triploid individuals
(Byj; hybrids) that occur during a recurrent polyploidization
process (Schinkel & al., 2017). Autopolyploid cytotypes may
be classified as subspecies if it appears to be useful to recog-
nize ecological or geographical differentiation. (iii) Polyploid
hybrids with high levels of facultative sexuality may be grouped
according to clustering or cohesion concepts, if the cohesion of
residual sexuality is strong enough. Here the challenge may be
to find congruence between clusters of phenotypic and geno-
typic diversity. (iv) Obligately apomictic lineages with distinct
phenotypes can be classified within an agamospecies concept
even if information on evolutionary origin is scarce.

Formally, all four cases can be treated as one taxonomic
category, namely species. No other formal or informal catego-
ries are needed, and vague discriminations of “microspecies”
or “macrospecies” can be abandoned.

B A WORKFLOW FOR DELIMITATION OF
ASEXUAL TAXA

Identification of mode of reproduction and degree of
residual sexuality. — The species concepts described above
basically follow a gradient of declining degrees of sexuality.
Hence determination of ploidy level and mode of reproduc-
tion is crucial for any practical application. For gametophytic
apomixis, this is easily accomplished with flow cytometric
methods, especially the flow cytometric seed screening (FCSS)
method (Matzk & al., 2000). The FCSS method is further able
to identify pathways of partial apomixis, which results either
in By offspring or in haploid parthenogenesis (see Box 1;
Fig. 1). These pathways result in ploidy shifts in the embryo
and contribute substantially to cytotype diversity within agamic
complexes. Potential difficulties will arise when FCSS fails,
as in taxa without endosperm or in taxa with 4-nucleate em-
bryo sacs (some grasses). In cases of adventitious or nucellar
embryony the method is similarly uninformative, as embryo-
to-endosperm ratios are the same in sexual and apomictic path-
ways. Here histological examination of developmental pathways
(e.g., clearing techniques and microscopic investigation after
Herr, 1971) is essential. Observations of polyembryony and/or
progeny arrays using highly variable molecular markers will
be required to ascertain clonal offspring production.

Circumscription of the obligate sexual progenitor species.
— The sexual lineages and their phylogenetic relationships can
be reconstructed by using molecular methods accompanied
by morphological studies. Here one can adopt in principle the
same methodology as for any other sexual species. Crossing
experiments and determination of self-compatibility systems
are useful additions.

Circumscription of clusters of facultative apomictic plants.
— These will be mostly of hybrid and/or polyploid origin.
The genomic composition of these clusters may on the one
hand comprise the partitions from their original parents, or on
the other hand partitions from secondary hybridization and
introgression events after their origin. Recognition of genetic
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clusters might be the most difficult step as the cohesive effect
of sexuality is only weakly operating; relationships might be
complicated by intercrossing of lineages in sympatry, by ploidy
shifts due to partial apomixis, and by backcrossing to sexual
species. It might happen in many cases that some populations
or individuals fall between clusters, as also illustrated by
Fig. 2. These might be primary, recently formed, local hybrids.
Genomic tools will help to recognize such clusters and to esti-
mate the age of the cluster, while geographical and ecological
information may tell us about their persistence in space. Niche
modelling approaches may help to detect ecologically relevant
roles. To what extent morphological characters are informa-
tive, needs to be studied case by case. In any event, it would
be critical to use morphological information as the primary
criterion for delimitation of such clusters, as the internal mor-
phological diversity will be higher than the internal coherence
of phenotypes. An integrative taxonomic approach as proposed
by Dayrat (2005) is wanted, and a balance between recognition
of many evolutionary lineages and pragmatism of classifying
larger taxonomic units is needed.

An open question remains, whether each and every indi-
vidual needs to be assigned to a species or hybrid category. In
Rubus research, quite a large number of plants in the field are
left unclassified. This might be the most pragmatic approach
for early-generation hybrids between “cluster” species, where
the further evolutionary fate cannot be foreseen. However these
individuals would not invalidate the cluster species concepts,
as long they represent a minority. Such individual hybrid geno-
types could be also designated with informal names, as sug-
gested by Dickinson (1999).

Classification of obligate asexual lineages. — If obligate or
almost obligate apomictic lineages were identified by step one,
classification of lineages as agamospecies is feasible, regardless
if these would reach high numbers. However, recognition of
such lineages is not without complications. In nuclear genes,
allelic sequence divergence can occur (Meselson effect, Mark
Welch & Meselson, 2001), which can result in erroneous tree
reconstructions with simple tree-building methods (Birky,
1996, 2004). Especially in high-polyploid and hybridogenetic
plants with their many gene copies, allelic sequence divergence
is to be expected; Meselson-like changes occurred already in
facultative apomictic 6x Ranunculus lineages which are less
than 100,000 years old (Pellino & al., 2013).

Coalescence methods of many molecular markers may help
to overcome the problem. Coalescence-based species delimita-
tion has become popular for recognizing divergence patterns.
However, as pointed out by Sukumaran & Knowles (2017),
coalescent-based methods detect mainly genetic structure and
divergence of lineages, but not necessarily species. In sexual
species, there is no clear distinction between population-level
structure and species-level structure (Sukumaran & Knowles,
2017). In agamospecies, there often might be no clear distinc-
tion between clonal structure and species structure. Here the
use of morphological characters and ecological features will
be useful as they would be stable and predictive, similar as an
obligate sexual species.
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Bl CONCLUSION

Apomictic plants harbor a great diversity of kinds of lin-
eages that does not fit into a classical scheme of species defini-
tion. Apomicts originate and diversify in a different way than
sexual species do, basically following a gradient from obligate
sex to obligate apomixis. The pluralistic approach outlined
above differentiates four classification schemes of species
within this gradient. Accepting this approach will result in
applying different species delimitation concepts within the
same genus and complex (Fig. 2), but allows classification of
sexual and apomictic taxa within a genus according to compa-
rable criteria. This means that no separate formal taxonomic
categories are needed, and also informal use of the vague terms
of “microspecies” or “macrospecies” can be abandoned. This
approach might help to overcome genus-specific schemes which
made classification of asexuals so far a task for “specialists”.
Pluralistic approaches reflect best the diversity of evolutionary
processes, lineage formation, and ecological roles of lineages.
For biodiversity research, the pluralistic approach will be more
informative than singular species concepts based on just one
or few criteria.
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