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Abstract Gametophytic apomixis (asexual seed formation without syngamy of female and male gametes) is a highly interesting
mechanism for researchers in plant biotechnology, genetics, evolutionary biology, and taxonomy. Apomixis evolved repeatedly
and independently in the evolution of multiple genera. It is an effective reproduction barrier and, consequently, conserved
apomictic genotypes may become overrepresented in nature. Apomictic plants may easily colonize free niches with only one
or a few individuals and outcompete outcrossing plants. In spite of the indisputable pros of asexual reproduction, apomixis also
has several cons. One of the most commonly mentioned is the accumulation of deleterious mutations in asexual lineages and
decreased genetic variation. However, apomicts in general can be genetically highly diverse. The most common sources of this
variation are the accumulation of mutations, hybridization with sexual plants, and facultative apomixis. Facultative apomicts
are highly variable in their level of residual sexuality, which increases their genotypic and phenotypic variation. Even in the
case of obligate apomicts, gene flow is possible due to functional male meiosis and the production of viable pollen grains by
apomicts. Apomixis occurs in plant genera in which hybridization together with polyploidization play an important role in
diversification and causes severe problems in taxonomy. How to accommodate apomictic taxa in taxonomic treatments, and
understanding what should and what should not be referred to as a species are intriguing questions. This review aims to provide
an overview of the main characteristics of “apomictic genera” and the approaches used to treat apomictic taxa within these
genera. To achieve this aim, the review was divided into several parts. Firstly, the distinctive features of apomictic reproduc-
tion and apomictic taxa are described together with issues related to the taxonomic evaluation of apomictic taxa. The second
part discusses approaches in the known apomictic genera, and the final part presents the authors’ view on important points,
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which need to be taken into account in the classification of apomictic taxa.
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B APOMIXIS

Apomixis was first defined by Winkler (1908: 300-301)
as follows: “Als Apomixis endlich bezeichnen wir den Ersatz
der geschlechtlichen Fortpflanzung durch einen anderen, un-
geschlechtlichen, nicht mit Kern- und Zellverschmelzung ver-
bundenen Vermehrungsproze3” (Finally, as apomixis, we refer
to the replacement of sexual reproduction by another asexual
process without fusion of nucleus and cell). The etymology is
Greek and means “away from mixing”. Winkler’s definition
of apomixis is very wide and may include different types of
asexual reproduction (including also vegetative reproduction).
However, in the recent understanding of apomixis it is defined
as a uniparental asexual mode of seed formation without ferti-
lization of an ovule by a sperm cell (Asker & Jerling, 1992). In
this definition apomixis is synonymous with the term agamo-
spermy, i.e., clonal reproduction through seeds (Richards,
1997). In apomictic individuals, an embryo develops from an
unfertilized single gamete without the participation of another

gamete (for review see Ozias-Akins & Van Dijk, 2007; Talent,
2009 or Tucker & Koltunow, 2009). Although apomixis-like
reproduction has also been described in lower plants (mosses
and ferns; Asker & Jerling, 1992), the definition of apomixis as
“asexual seed formation” restricts its use only to gymnosperms
and angiosperms. Apomixis is rare in gymnosperms (Asker
& Jerling, 1992), and a very rare case of paternal apomixis
was reported for Cupressus dupreziana A.Camus (Pichot &
al., 2000). However, for the purposes of this review, apomixis
will be confined only to the flowering plants — angiosperms.
There are several types and modifications of apomixis.
Major groups include sporophytic apomixis or adventitious
embryony (formation of the embryo is initiated from somatic
cells of nucellus or integument tissue outside the megagame-
tophyte) and gametophytic apomixis (the embryo develops di-
rectly from the megagametophyte cells). Adventitious embryony
very often occurs together with normal sexual reproduction,
and besides reduced embryo sacs several additional embryonic
sacs develop, thus more than one embryo can be present within
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the same seed. Adventitious embryony is common in tropical
plants and many tropical fruit trees are known for the presence
of adventitious embryony (Citrus L., Eugenia L., Garcinia L.,
Mangifera L., etc.). Although adventitious embryony is common
in nature (Hojsgaard & al., 2014b), in this review we focused
only on the gametophytic type of apomixis.

Gametophytic apomixis has two major developmental path-
ways: apospory, in which an embryo arises from aposporous
initials (somatic cells outside the megaspore mother cell), and
diplospory, which is characterized by an embryo developing
directly from an unreduced megaspore or megaspore mother
cell (see Koltunow, 1993). These types of apomixis have numer-
ous modifications of developmental pathways among groups of
plants (e.g., Asker & Jerling, 1992). Despite variation in devel-
opment as well as the expression of apomixis, its genetic con-
sequences are always the same — the progeny have a maternal
genotype. The developmental pathway of apomixis requires at
least two steps: (i) avoidance of meiotically reduced megagame-
tophytes and the formation of unreduced female gametophytes
instead (i.e., apomeiosis) and (ii) omission of syngamy and par-
thenogenic development of the embryo (Koltunow, 1993).

Apomicts have been widely considered to represent an
“evolutionary dead end” due to the lack of adaptive variation
(Maynard-Smith, 1978). However, the large diversity observed
in populations of apomicts has swayed opinions away from
such a doomsday scenario (Battjes & al., 1992; Chapman &
al., 2000; Paun & al., 2006a; Paule & al., 2011). Asexual plants
have other sources of genetic variation besides genetic recom-
bination during meiosis. These sources include the accumu-
lation of mutations, chromosome rearrangements (Richards,
1996), recombination during restitutional meiosis (Van Baarlen
& al., 2000), polytopic origin from genetically divergent an-
cestors (e.g., Antennaria rosea agg. — Bayer, 2006; Boechera
xdivaricarpa (A Nelson) A.Léve & D.Love — Dobe$ & al.,
2004; Potentilla alpicola agg. — Paule & al., 2012), transposon
activity (e.g., Ferreira de Carvalho & al., 2016), and heritable
epigenetic variation (e.g., Wilschut & al., 2016). The majority
of apomictic taxa retain functional male meiosis (even obligate
apomicts) and produce viable pollen at a low ratio. Therefore,
apomicts may serve as pollen donors in crosses with sexual
plants (e.g., Tas & Van Dijk, 1999; Krahulec & al., 2004;
Martonfiova, 2006). The majority of apomictic taxa maintain
facultative sex and obligate apomixis is relatively rare among
flowering plants. Plants with the aposporic type of apomixis
tend to be facultative apomicts and form both non-reduced and
reduced megagametophytes. Even within one individual and
one inflorescence, both reduced and unreduced ovules can be
found (Asker & Jerling, 1992; Koltunow, 1993).

Some asexually reproducing animals have been shown to
be evolutionarily very old, e.g., bdelloid rotifers and darwinulid
ostracods have persisted for tens of millions years (Judson &
Normark, 1996; Welch & al., 2009), but information about the
age of asexually reproducing plants is scarce. The only relevant
age estimate for asexual plants is for Ranunculus carpaticola
x cassubicifolius, for which the divergence of the investigated
apomictic genotypes from its closest sexual relatives was esti-
mated to be around 80,000 years ago (Pellino & al., 2013).
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B CHARACTERISTIC FEATURES OF
APOMICTS

Several evolutionary features are linked with apomictic
reproduction. The most prominent is that gametophytic apo-
mixis is tightly linked to hybridization and polyploidization
(Asker & Jerling, 1992; Carman, 1997; Whitton & al., 2008a).
Hybridization seems to be the main factor responsible for trig-
gering the apomictic developmental pathway (e.g., Delgado &
al., 2014; Hojsgaard & al., 2014a), due to the conflicts in gene
expression (Carman, 1997), and subsequent polyploidization
stabilizes apomictic over disturbed sexual reproduction, e.g.,
allowing deviation in paternal to maternal genome contribution
during seed formation (Hojsgaard & al., 2014a). Most apo-
mictic taxa are found within genera with extensive reticulate
evolution and frequent polyploidization, especially species be-
longing to the Asteraceae, Poaceae, and Rosaceae (Carman,
1997; Richards, 2003; Whitton & al., 2008a; Talent, 2009).
However, apomicts exist in all major clades of flowering plants,
and the number of new records of families containing apomictic
taxa continues to increase (Hojsgaard & al., 2014b). Apomixis
causes the formation of reproductively isolated individual geno-
types and clonal reproduction combined with a reproduction
barrier may lead to overrepresentation of the clonal genotype
in a short time. Moreover, if the apomictic lineage is morpho-
logically stable over time and space, it might resemble a true
species. However, in regions where sexual plants and apomicts
meet the formation of hybrid swarms is expected. In general,
apomictic groups represent a complex reticulate network of
sexual species, stable widespread apomictic lineages and their
hybrids restricted to their place of origin. Clonal copying of
individual genotypes maintains the morphological uniformity
of each clonal lineage. Apomictic taxa show extremely narrow
morphological variation, which often falls within the broad
morphological variation of their sexual relatives. Nevertheless,
apomicts are not without variation, as discussed above, and
the view pertaining to uniclonal apomictic taxa has gradu-
ally changed. Facultative sexuality may greatly enrich geno-
typic and phenotypic variation as shown for North American
Amelanchier species (e.g., Campbell & Wright, 1996), Pilosella
(e.g., Krahulcova & al., 2009), the Ranunculus cassubicus com-
plex (e.g., Horandl & al., 2009), Rubus subg. Rubus (e.g., Davis,
1958; Nybom, 1995; Sochor & al., 2015), and Sorbus (e.g., Lepsi
& al., 2015). Whereas “obligate” apomicts often form discrete
morphological lineages, facultative apomicts show morpholog-
ical gradients in which putative parental species can be traced
(Krahulec & al., 2004; Fehrer & al., 2005).

B SPECIES CONCEPTS

There has been a long-standing scientific and philosophical
discussion about one of the main questions in biology: “What
represents a species and how do we recognize species?”, and
this question is especially important in connection to asex-
ually reproducing taxa (e.g., Weber, 1996; Dickinson, 1998,
1999; Horandl, 1998; Stace, 1998; Mayden, 1997, 1999, 2002;
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Haveman, 2013). Many species concepts have been proposed
from the time of Darwin to define the basic unit of biodiver-
sity in nature. Currently there are more than 20+ species con-
cepts (e.g., Mayden, 1999; Haveman, 2013) commonly used,
but not all of them allow for the recognition of apomictic taxa
as distinct species (but see fig. | in Mayden, 1999; table | in
Haveman, 2013). It is likely the discussion about species and
species concepts will never end, because opinions of different
scientists working with different aims with different organismal
groups, using different experimental approaches and different
types of data, substantially differ in many points resulting from
the different observations they made, and consequently their
preferences for the most appropriate concept differ.

Mayden (1997, 2002) has stated several points to ponder
regarding the issue of species concepts. The main is the need
for “consilience on species concepts”, which can be achieved
by adopting a hierarchical view of species concepts. An im-
portant prerequisite for broad consilience is the recognition
and differentiation of species concepts as primary (theoretical,
non-operational) and secondary (operational). The primary
species concept should serve as a universal concept answering
the basic question: “What is/are species?”, while the secondary
species concepts answer the question: “How to recognize a
species?” (Mayden, 1999). There should be only one universal
primary species concept (Mayden considered the evolution-
ary species concept — ESC in the sense of Wiley & Mayden,
2000, as such a universal concept), while there can be more
secondary concepts. Secondary concepts differ more or less
in the strict definition of what represents a species and the
boundaries among them. Secondary concepts are operational
concepts, and they are accommodated to different cases ob-
served in nature, and as such, they are always restrictive in
some way. Acceptance of the hierarchy of species concepts
with one primary and many secondary concepts may help to
solve the issue of definition of species, especially in the case
of apomictic taxa.

In genera with a frequent occurrence of apomixis, infra-
generic groups were often created and taxa were/are grouped
into informal categories such as species aggregates, complexes,
or sections, within which particular apomictic clones/lineages
are described based on their distinctive morphology (Table 1).
This approach is not always suitable and sometimes several
different non-monophyletic clonal lineages were/are grouped
under one name (Boechera holboellii (Hornem.) A.Love &
D.Love — Rushworth & al., 2011; Ranunculus auricomus com-
plex — Hoérandl & al., 2009), or this approach leads to the gen-
eration of separate names for each apomictic clone that differs
only slightly from another morphologically similar taxon (e.g.,
Weber, 1996). When apomicts hybridise freely with sexual taxa
or other facultatively apomictic taxa, and backcross with them,
they form a great number of novel hybrid genotypes and phe-
notypes that may only be locally distributed (e.g., Pilosella L.
— Krahulec & al., 2004; Potentilla alpicola La Soie — Paule
& al., 2012; Rubus L. — Weber, 1996). The naming of such
apomictic lineages leads to a more intricate taxonomy. The
separation of exclusively sexual taxa within apomictic com-
plexes and their treatment under the biological species concept
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helps to purge complicated taxonomy in genera with a frequent
occurrence of apomictic taxa. This approach is used in many
European and North American apomictic genera, for example,
in Crepis L. (Stebbins & Babcock, 1939), Rubus (Weber, 1996),
and Taraxacum Wigg. (Kirschner & Stépanek, 1996), among
others. However, the biological species concept in the sense of
Mayr (1942), which defines species as “groups of interbreeding
natural populations reproductively isolated from other such
groups”, is not applicable to asexual groups (e.g., Horandl,
1998; Dickinson, 1999; and references therein) because of the
lack of gene flow within and among populations. Apomictic
taxa can be recognized under different concepts, e.g., agamo-
species concept (Stuessy, 1990) or phylogenetic species con-
cept (Eldredge & Cracraft, 1980; Cracraft, 1983; McKitrick &
Zink, 1988). However, following Mayden’s recommendation
and applying the ESC which defines species as “... an entity
composed of organisms which maintains its identity from other
such entities through time and over space, and which has its
own independent evolutionary fate and historical tendencies”
(Wiley & Mayden, 2000), then both sexual and asexual taxa
can be recognized as separate species under one concept.

Thus, what is the problem with apomictic taxa? There
are several problems associated with apomictic taxa, but the
three issues listed by Haveman (2013) are the most prominent
and often hamper the recognition of apomictic taxa as distinct
species: “l) apomictic species are impossible by definition;
2) apomictic species do not resemble amphimictic outbreed-
ers; and 3) apomictic species are not coherent”. As these three
points are discussed in detail in Haveman (2013), we here re-
duce our arguments only to short statements about each point:
1) many of the existing species concepts allow the recogni-
tion of apomictic taxa as separate species (e.g., see table 1 in
Haveman, 2013); 2) many of the apomictic taxa are not uni-
clonal and harbour a considerable amount of genetic diversity;
3) asexual reproduction itself and/or a particular diversification
process leading to the formation of a particular taxon can be
seen as a coherent force.

Besides the above-mentioned species concepts two taxo-
nomic ranks/concepts are commonly used for apomictic taxa,
namely the categories of macrospecies = species aggregate/
species complex/species group and microspecies, although
these categories are not officially recognized nor accepted
by the International Code of Nomenclature for algae, fungi
and plants (McNeill & al., 2012). The microspecies category
is used to refer to a particular morphologically/genetically
homogeneous apomictic taxon/lineage within a large and var-
iable species complex (sometimes also referred to as agamo-
species) consisting of several/numerous morphologically/
ecologically/karyologically/genetically discernible entities/
taxa. Microspecies are characterized by morphological con-
stancy maintained by the apomictic mode of reproduction. The
category of microspecies is represented, e.g., in Taraxacum
with numerous validly described apomictic morphotypes.
However, the fact that the rank of microspecies is not accepted
by the Code does not mean that apomictic taxa (commonly
referred to as microspecies or agamospecies) are not scientif-
ically recognized species or have not been validly described.
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The term microspecies should point to rather small but objec-
tively present diagnostic morphological characters/features.
In contrast to microspecies, the rank/concept of macrospe-
cies represents a group of taxa very similar in morphology
and unclear boundaries between them, where distinguishable
entities are not recognized as separate species and are rather
bulked under one large and polymorphic taxon/species. This
roughly corresponds to what is called a species complex or
species aggregate in apomictic genera.

B TAXONOMIC CONCEPTS IN MAJOR
APOMICTIC GENERA

The following text provides an overview of the approaches
used in some extensively studied genera in which apomictic re-
production has caused problems with the taxonomic treatment
of apomictic taxa. For each listed genus a brief description of
the genus with information about the type of gametophytic
apomixis is provided. For Pilosella and Taraxacum, we provide
more detailed information, because these genera are the focus
of the authors’ primary research interests.

Poaceae

Apomixis has been recorded in approximately 41 genera
with both major types of gametophytic apomixis: apospory and
diplospory (e.g., Kellogg, 1990; Asker & Jerling, 1992; Carman,
1997). The most species diverse subfamilies (Chloridoideae,
Panicoideae, Pooideae) also contain the greatest number of
apomictic genera (e.g., fig. 1 in Ortiz & al., 2013). An extreme
example of the occurrence of apomixis in the grass family is the
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existence of the compilospecies Bothriochloa bladhii (Retz.)
S.T.Blake (synonym B. intermedia (R.Br.) A.Camus) connect-
ing the three genera Bothriochloa-Capillipedium-Dichanthium
(De Wet & Harlan, 1970). (“A compilospecies is genetically
aggressive, plundering related species of their heredities, and
in some cases it may completely assimilate a species, causing
it to become extinct”, Harlan & De Wet, 1963: 499). Apomixis
in grasses is mainly facultative, although near-obligate apo-
mictic taxa have also been identified (e.g., Clausen, 1961;
Asker & Jerling, 1992; Kelley & al., 2009; Durand & al., 2000).
Facultative apomixis allows for gene flow between different
genotypes and mating systems (e.g., Clausen, 1961; Kellogg,
1987; Renno & al., 2001), and the extent of sexually and asex-
ually produced progeny is highly variable within individuals
or populations (e.g., Clausen, 1961; Kellogg, 1987; Matzk & al.,
2005; Hojsgaard & al., 2008; Kaushal & al., 2008). Moreover,
the number of developed reduced and unreduced (apospor-
ous) embryo sacs can be influenced by ecological factors such
as day length or air temperature (e.g., Kellogg, 1987; Asker
& Jerling, 1992; and references therein). Apomictic taxa are
polyploid cytotypes of morphological species, which often also
contain diploid cytotypes represented by sexual outcrossers
(e.g., Miintzing & Miintzing, 1971; Schmelzer, 1997; Akiyama
& al., 2011; Sartor & al., 2013). Apomixis itself does not lead
to the formation of morphologically discrete units in grasses,
but in the presence of gene flow, it leads to increased geno-
typic and morphological variation of facultative apomictic taxa.
Many genera form polyploid complexes with many interme-
diate forms, which were often described as separate species.
The extent of the differences (whether genetic, phenotypic, or
cytotypic) depends on the species life history and the pattern
of geographic distribution of apomictic and sexual cytotypes

Table 1. Basic information about the most common genera with high numbers of apomictic taxa (described in this review) and taxonomic rank used

for apomictic taxa.

= Ploidy level Origin of Criterion Taxonomic cat-
g Ploidy level of  of apomictic ~ apomictic for species egory or rank used
=  Genus sexual cytotype cytotype cytotypes recognition for apomictic taxa ~ Example

Paspalum L. 2x 3x and higher  prevailingly morphology, conspecific with P. simplex Morong®

ploidy levels  autopolyploid cytology 2x cytotype
Q
§ Poa L. 2x, 4x, 6x, 3x and higher  autopolyploid, morphology, distinct species P, riphaea (Asch. &
§ also higher ploidy levels  allopolyploid distribution Graebn.) Fritsch®
ploidy levels also possible conspecific with P. nemoralis L.
2x cytotype
o Ranunculus L. 2x, 4x 4x autopolyploid morphology, conspecific with R. kuepferi Greuter &
8 cytology, 2x cytotype Burdet?
L; genetics or subspecies
Q
g 6x allopolyploid nothotaxa (hybrids  R. carpaticola Sod
5 with defined x R. cassubicifolius
parental taxa) W.Koch®

9 Boechera A.Love 2x 2x, 3x autopolyploid morphology, conspecific with B. holboellii (Hornem.)
8 & D.Love distribution, 2x cytotype A.Love & D.Lovef
'g 3x allopolyploid cytology, distinct species B. pauciflora (Nutt.)
g parentage, Windham &
& genetics Al-Shehbaz
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Table 1. Continued.
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= Ploidy level Origin of Criterion Taxonomic cat-
% Ploidy level of  of apomictic ~ apomictic for species egory or rank used
=  Genus sexual cytotype  cytotype cytotypes recognition for apomictic taxa ~ Example
Alchemilla L. s.str. ? high presumably morphology, species, A. vulgaris agg."
polyploids allopolyploid cytology agamospecies,
species aggregates
Amelanchier 2x (3x), 4x (autopolyploid?) ~ morphology, microspecies A. spicata K.Koch'
Medik. allopolyploid cytology,
distribution
Crataegus L. 2x 3x, 4x 3x-auto-/ morphology, conspecific with C. suksdorfii (Sarg.)
allopolyploid, cytology, 2x cytotype, Kruschke/C. gaylus-
4x-backcross of distribution, species complex sacia A.Heller!
3x with one of genetics
its parents, partly
autopolyploid
% 4x allopolyploid microspecies, C. douglasii LindlJ
g agamospecies
S complex
Potentilla L. 2x, 4x 6x most probably morphology, conspecific with P. argentea L.¥
allopolyploid cytology, 2x cytotype
5x, 6x, Tx most probably distribution species aggregates P, collina agg.
allopolyploid
6x unknown distinct species P. alsatica T.Gregor!
Rubus L. subg.  2x 3x, 4x, 5x, 6x  allopolyploid morphology, (micro)species R. bifrons Vest
Rubus distribution
Sorbus L. 2x 4x, autopolyploid morphology, microspecies/ S. rupicola (Syme)
cytology, species Hedl.m
3x, 4x allopolyploid distribution S. moravica M.Lepsi &
P.Lepsi®
Antennaria 2x, 4x higher ploidy  autopolyploid morphology, conspecific with A. fresiana (Trautv.)
Gaertn. levels genetics 2x cytotype, E.Ekman subsp.
subspecies fresiana®
allopolyploid species, A. parlinii Fernald®
species complex
Crepis sect. 2x 3x and higher  autopolyploid morphology, conspecific with C. acuminata Nutt.?
Psilochenia ploidy levels distribution 2x cytotype
(Nutt.) Babe. allopolyploid species aggregate  C. barbigera LeibergP?
§ Erigeron L. 2x 3x, 4x, 5x autopolyploid? morphology, conspecific with E. strigosus Muhl. ex
8 distribution 2x cytotype Willd.e
[
% Hieracium L. s.str. 2x 3x, 4x, 5x allopolyploid morphology, microspecies H. nigrescens Willd.”
distribution,
genetics
Pilosella Vaill. 2x*, 4x, 6x, 3x, 4x, 5x, 6x, autopolyploid, morphology, (micro)species, P, officinarum Vaill s
rarely 3x, also higher allopolyploid cytology, species aggregates, P, bauhinii (Schult.)
aneuploids ploidy levels distribution, subspecies Arv.-Touv.!
reproduction mode
Taraxacum 2x, 4x 3x, 4x, Sx, presumably morphology, microspecies T albidum Dahlst."
F.H.Wigg. rarely higher  allopolyploid distribution
ploidy levels

Cytotypes in parentheses are less common. ? — in case of Alchemilla s.str. fully sexual cytotypes are not known; * — sexual reproduction is not

tightly linked to diploids; polyploids also reproduce sexually, but this is highly variable and dependent on distribution area.

a— Urbani & al., 2002/Ortiz & al., 2013; b — Hotak & al., 2013; ¢ — Kelley & al., 2009; d — Huber, 1988/Cosendai & al., 2011; e — Horandl & al.,
2009; f— Al-Shehbaz & Windham 2010; g — Windham & Al-Shehbaz 2007a; h — Frohner, 1995; i — Burgess & al., 2014/Campbell & al., 2014; j
— Dickinson & al., 2008/Lo & al., 2010/Phipps, 2015; k — Paule & al., 2011; 1 — Gregor, 2004; m — Robertson & al., 2004b; n — Lepsi & al., 2015;
o — Bayer, 2006; p — Bogler, 2007/Sears & Whitton, 2016; q — Nesom, 2015; r — Chrtek & al., 2007; s — Mraz & al., 2008; t — Rosenbaumova &

Krahulec, 2015; u — Morita, 1994.
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(e.g., Renno & al., 1995; Kharrat-Souissi & al., 2011; Sartor &
al., 2013). Several studies investigated the morphological dif-
ferences between apomictic and sexual cytotypes/populations,
but the results were generally similar with a continuous overlap
of the investigated morphological traits (e.g., see Kellog, 1990
and references therein). This finding indicates the presence of
individuals with increased morphological/genetic/ecological
variation and a large amount of intermediates connecting a
particular species complex. It has become widely accepted
that in genera containing a large number of widespread varia-
ble hybrid complexes stabilized by facultative apomixis their
local differentiation is not sufficient for species recognition.
Apomictic cytotypes are rarely recognized as separate spe-
cies and are rather combined into one “agamic complex” or
“multiploid species”, i.e., they are treated as a single species
(c.g., Kellogg, 1990; Renno & al., 1995; Hojsgaard & al., 2008;
Ortiz & al., 2013). For some apomictic complexes (e.g., Poa
pratensis L.) particular cytotypes (also apomictic) are recog-
nized as a subspecies or species, but this varies among local
Floras. The approach of recognizing “multiploid” rather than
many separate species is well established e.g., in Paspalum L.,
and partly also in Poa L.

Paspalum L. (paspalum, bahiagrasses, crowngrasses, dallis
grasses). — Paspalum is species-rich and one of the largest
genera in Poaceae (ca. 350-370 species) (Rua & al., 2010; Ortiz
& al., 2013). The distribution range includes nearly the entire
world, although only a few species are cosmopolitan. The
main areas of distribution include North and South America.
Tropical South America is viewed as the centre of origin for
the genus (Rua & al., 2010; Ortiz & al., 2013; and references
therein). The genus is of great agronomic value as forage grass
and because of the high potential of exploitation of apomictic
reproduction in the production of apomictic crops. Recently
the systematics of the genus has undergone changes, and
new species formerly described under different genera have
been transferred and accommodated in Paspalum (Hojsgaard
& al., 2008; Rua & al., 2010; Ortiz & al., 2013). The infra-
generic classification of the genus is not unambiguous, and
still awaits large studies investigating the genus in its entire
range. Traditionally the genus is divided into four subgenera
(Rua & al., 2010; Ortiz & al., 2013). Pseudogamous apospory
is the prevailing type of apomixis within the genus, although
diplospory has been described in several species (see table 1 in
Ortiz & al., 2013 and references therein; table 1 in Galdeano &
al., 2016). As other apomictic genera, Paspalum also represents
a polyploid species complex which originated via inter- and
intraspecific crosses, thus apomictic taxa are both auto- and
allopolyploids (Quarin, 1992; Hojsgaard & al., 2008; Ortiz &
al., 2013). The best-known and investigated species complexes
are P. simplex Morong and P. notatum Fliiggé, which consist of
both diploid sexual and autopolyploid apomictic taxa (Urbani
& al., 2002; Rua & al., 2010). Investigations of natural popu-
lations showed a high level of variation in cytotype composi-
tion, reproduction mode, and genetic variation (Urbani & al.,
2002; Sartor & al., 2013). A sympatric population of sexual
and apomictic cytotypes contains a greater level of genetic
variation than ploidy-uniform populations (Urbani & al., 2002;
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Sartor & al., 2011), which highlighted hybridization as a pro-
cess increasing the genetic variation of apomictic cytotypes
and creating new apomictic lineages (Quarin, 1992). Most
Paspalum species represent multiploid species, containing dip-
loid sexual and polyploid (from 3x to 6x) apomictic cytotypes
(Urbani & al., 2002; Ortiz & al., 2013; Galdeano & al., 2016).
Apomictic cytotypes of Paspalum taxa are not distinguished
as separate species, but are treated as one multiploid species
together with diploid sexuals (Ortiz & al., 2013).

Poa L. (meadow-grass, bluegrass, tussock). — Apomixis
has been detected in a number of Poa species (e.g., Kelley
& al., 2009; Gregor, 2013). As mentioned above, particular
apomictic cytotypes are recognized as subspecies or species.
One such example is the Poa glauca Vahl s.l. complex. Several
stenoendemic apomictic types are distinguished as separate
species (e.g., P. babiogorensis Bernatova & al. — Bernatova &
al., 1999, P. margillicola Bernatova & Majovsky — Bernatova &
Majovsky, 1997, P. riphaea (Asch. & Graebn.) Fritsch — Hotak
& al., 2013, and P. sejuncta Bernatova & al.) in Central Europe.
Such an approach, however, is absent in other complexes with
known apomixis including the P. compressa agg., P. nemoralis
agg., P. nervosa agg., and P. palustris agg., as well as in other
genera (e.g., Bothriochloa Kuntze, Nardus L.).

Ranunculaceae

Ranunculaceae consists of ~2500 species (Stevens, 2001-),
and the occurrence of gametophytic apomixis is limited to
Ranunculus (subfam. Ranunculoideae).

Ranunculus L. (buttercup, goldilocks). — Ranunculus is
a cosmopolitan genus with members that can be found in all
major biomes from the tropics to the Mediterranean to arctic
regions (Emadzade & al., 2011). The genus shows different
ploidy levels, and polyploid cytotypes represent evolution-
arily derived taxa. The genus is classified into 17 sections
(Horandl & Emadzade, 2012), while apomictic reproduction
is present only in two of them in three species complexes:
R. kuepferi Greuter & Burdet and R. parnassiifolius L. (both
of sect. Aconitifolii Tutin), and R. auricomus (sect. Auricomus
Schur), which suggests the independent origin of apomixis
within each species complex (Horandl & Emadzade, 2012).
Apomixis includes facultative pseudogamous apospory re-
stricted to polyploids — mainly the 4x, Sx, and 6x cytotypes
(Nogler, 1984; Horandl & al., 2009; Cosendai & al., 2011).
The most-studied apomictic species complex with reticulate
relationships is the R. auricomus species complex (Ericsson,
1992; Horandl, 1998; Paun & al., 2006b; Horandl & al., 2009)
comprising roughly 800 apomictic microspecies (Horandl &
Raab-Straube, 2015), which are traditionally grouped into four
morphological groups (auricomus, cassubicus, fallax, mono-
phyllus). However, these morphogroups were designed just
as informal groups (Ericsson, 1992; Horandl & Gutermann,
1998). In contrast to the hundreds of described apomictic mi-
crospecies, only four sexual species belonging to the R. auri-
comus complex are known (R. carpaticola Sob, R. cassubici-
folius W.Koch, R. marsicus Guss. & Ten., R. notabilis Horandl
& Gutermann) (Horandl & Paun, 2007). The whole complex
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probably originated by hybridization of three of the four sex-
ual species: R. notabilis (auricomus morphotype) X R. car-
paticola/cassubicifolius (cassubicus morphotype). Intensive
research has shed more light on the relationships within the
complex and the hybrid origin of two apomictic taxa has re-
cently been described. The hexaploid apomictic R. carpa-
ticola x cassubicifolius from the cassubicus morphogroup
originated through hybridization between two sexual taxa
(most likely the tetraploid R. cassubicifolius and the diploid
R. carpaticola; see Paun & al., 2006b). Hybridization between
these two parental species gave rise to a group of hybrid poly-
ploid apomictic lineages (Paun & al., 2006b). To classify this
group of apomictic taxa, the category of nothotaxa (hybrid
derivatives of defined sexual taxa) was suggested by Horandl
& al. (2009). Ranunculus variabilis Horandl & Gutermann
is another widespread apomictic taxon from the auricomus
morphogroup for which an origin through hybridization was
proposed. Experimental hybridization between R. carpaticola/
cassubicifolius x R. notabilis resulted in progeny very much
resembling R. variabilis in morphology (Hoda¢ & al., 2014).
Although the experimental hybrids were mostly sexual, some
of them showed spontaneous apospory (Hoda¢ & al., 2014;
Hojsgaard & al., 2014a), which supports the “rescue” func-
tion of apomixis in allopolyploids — the escape from sterility
due to conflicts in the gene expression of different genomes
(Carman, 1997).

Another well-studied species, R. kuepferi, represents a
polyploid set (set of 2x, 3x, 4x, 5x) in which diploids are sexual
(with rare facultative apomixis — Schinkel & al., 2016), whereas
apomicts are (auto)tetraploids (Burnier & al., 2009; Cosendai
& al., 2011). In this case, the taxonomic treatment of apomic-
tic cytotypes is not uniform. Huber (1988) distinguished two
subspecies: R. kuepferi subsp. kuepferi (including the diploid
cytotype) and R. kuepferi subsp. orientalis W.Huber (including
polyploid cytotypes: tri-, tetra- and pentaploids). This division
follows the concept of treating autopolyploids without diagnos-
tic characters as subspecies. This division of R. kuepferi into
two subspecies is also followed by Burnier & al. (2009). In
contrast to this classification, Cosendai & al. (2011) did not treat
apomicts as separate taxa but as apomictic polyploid cytotypes
within the species, because of lack of diagnostic characters
(Cosendai & al., 2013; Schinkel & al., 2016).

The third taxon, R. parnassiifolius, is similar to the preced-
ing species, divided into three subspecies: R. parnassiifolius L.
subsp. parnassiifolius and R. parnassiifolius subsp. favargeri
P.Kiipfer comprise a mixture of di- and tetraploids, while apo-
mictic tetraploids are treated as the separate R. parnassiifolius
subsp. heterocarpus P.Kiipfer (Cires & al., 2012).

Brassicaceae

Brassicaceae is a monophyletic group with well-known
genome/karyotype evolution (Mandékova & Lysak, 2008;
Schubert & Lysak, 2011). The rare occurrence of diplospor-
ous apomixis in a single genus (Boechera) is related to super-
numerary chromosomes (Sharbel & al., 2004, 2005; but see
Mandakova & al., 2015).

Majesky & al. « Apomictic taxa in current taxonomy

Boechera A.Léve & D.Léve (Boechera rockcress). —
Boechera represents the only case of apomixis in the fam-
ily. The genus includes ca. 110 species distributed mainly
in the western U.S.A., Greenland, and the Russian Far East
(Alexander & al., 2013). Apomixis within this genus is mei-
otic diplospory (Ozias-Akins & Van Dijk, 2007). Boechera
represents the only well-documented example of apomixis at
the diploid level (Dobes§ & al., 2007; Kantama & al., 2007).
Except for diploids, triploids as well as aneuploids are apo-
mictic (Kantama & al., 2007). Tetraploids and higher ploidy
levels are infrequent in the genus (Dobes & al., 2007). Intensive
research showed that apomictic individuals retain a high level
of sexuality and hybridize with obligate sexuals, establishing
new asexual lineages (e.g., Schranz & al., 2005). The asexual
mode of reproduction in Boechera is thought to have ancient
origin and is associated with hybridization (Sharbel & al., 2009,
2010; Beck & al., 2012; Kiefer & Koch, 2012). However, recent
research has revealed evidence that apomixis is more likely
caused by genetic factors causing production of unreduced
gametes and not by hybridization itself (Lovell & al., 2013).
Apomictic triploids may be considered as true hybrids that
originated from crosses between sexual and apomictic diploids,
but apomictic diploids more likely originate from intraspecific
crosses (Lovell & al., 2013). Evolutionary relationships within
the genus are highly complex due to reticulate hybridization
and apomixis (e.g., Rushworth & al., 2011; Kiefer & Koch,
2012; Alexander & al., 2013). Interspecific hybridization is very
common and sexual species tend to hybridize whenever they
come in contact with each other. Apomictic hybrids can also
backcross with sexual individuals (Windham & Al-Shehbaz,
2006, 2007a, b; Beck & al., 2012).

The former taxonomic treatment was complicated and not
appropriate due to the mixing of different sexual and asexual
(alloploid) species based on their superficial similarity (e.g.,
Mulligan, 1995). For a long time, species of Boechera were
thus considered to be highly variable in both morphology and
reproduction (e.g., B. divaricarpa or B. holboellii formerly were
used as trash cans for many different apomictic morphotypes,
and have recently been split into several separate taxa; see,
e.g., Windham & Al-Shehbaz, 2006; Rushworth & al., 2011
and references therein), resulting in species practically indis-
tinguishable from each other. Following the taxonomic work
of Windham & Al-Shehbaz (2006, 2007a, b), 71 diploid sex-
ual species and 38 apomictic hybrids are currently recognized
in Flora of North America (Al-Shehbaz & Windham, 2010).
This taxonomic treatment is based on the distinction of species
resulting from primary divergent evolution (diploid species)
from such originating through secondary, reticulate evolution
(Windham & Al-Shehbaz, 2006). To avoid misidentification
and retain a sustainable taxonomy, sexual and allopolyploid
apomictic taxa, for which putative diploid progenitor species
were proposed, are recognized on the basis of their morphol-
ogy, cytology, and geographic distribution as separate species.
Apomictic taxa of autopolyploid origin are not treated sepa-
rately but rather with their diploid parental species (Windham
& Al-Shehbaz, 2006, 2007a, b).
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Rosaceae

The prevailing type of apomixis in Rosaceae is apospory,
but diplospory has been documented as well (Muniyama &
Phipps, 1984). Apomixis apparently originated independently
in several phylogenetic groups (e.g., Dobes & al., 2015). Within
subfam. Rosoideae different modifications of apospory are
known in Rubus (tribe Rubeae), Potentilla, and Alchemilla (tribe
Potentilleae). In subfam. Amygdaloideae, apospory is known in
several genera of tribe Maleae (syn.: Pyreae). It is a putatively
evolutionarily young and monophyletic group, in which reticu-
late evolution played a major role in diversification. Apomixis is
especially known in genera with weak barriers to interspecific
hybridization (and intergeneric hybridization). All genera with
documented apomixis are considered to be taxonomically very
complex. The number of described species varies considera-
bly, and genera like Cotoneaster Medik., Crataegus L., and
Sorbus s.1. (especially hybrids between the (sub)genera Aria
(Pers.) Host and Torminalis Medik.) contain many hybrids and
microspecies, whereas, e.g., Amelanchier Medik. or Malus Mill.
represent smaller groups. A number of genera (Aronia Medik.,
Cydonia Mill., Pyracantha M.Roem., etc.) consisting of only
a few diploid species can form apomictic intergeneric hybrids
(e.g., xSorbaronia mitschurinii (A.K.Skvortsov & Maitul.)
Sennikov — Sennikov & Phipps, 2013).

Alchemilla L. (lady’s mantle). — Alchemilla, with more than
1000 described species, is widespread mainly in the moun-
tainous areas of the Old World, with most species being found
in Europe, the Middle East, and in the mountains of eastern
Africa, but a few species are also native to other parts of the
world (Japan, Sri Lanka, Greenland) (Fréhner, 1995; Sepp &
Paal, 1998; Gehrke & al., 2008). There are different opinions
on the classification of the genus (e.g., Rothmaler, 1935, 1937;
Frohner, 1995; Notov & Kusnetzova, 2004; Gehrke & al., 2008
and references therein). In the traditional understanding the
genus is paraphyletic, which is caused by a group of approxi-
mately 70 African species forming a separate Afromilla clade
(Gehrke & al., 2008). Recent phylogenetic work (Gehrke & al.,
2008) favours the acceptance of the genus in a wide sense with
four clades or subgenera (Eualchemilla clade [4lchemilla s.str.],
Aphanes clade, Lachemilla clade, Afromilla clade). Alchemilla
s.str. represents a species-rich group of Eurasian taxa, however
with unresolved relationships and complex taxonomy. The re-
lationships within Alchemilla s.str. are not clear for several
reasons: the presence of apomixis, absence of sexual taxa, high
polyploidy, presence of many transitional forms, and hybridi-
zation. The majority of European taxa (around 300 described
species) reproduce almost exclusively via apomixis (apomixis
is of the apospory type with autonomous endosperm develop-
ment; Strasburger, 1905), and only a few European species are
capable of sexual reproduction (e.g., A. pentaphyllea L. and
several taxa of the 4. hoppeana agg.). Elevated polyploidy (the
lowest chromosome counts for Central European taxa is 2n =96
while the highest is 2n = 152 for 4. fissa Glinther & Schummel;
the highest number of chromosomes in the genus was observed
in A. faeroensis (Lange) Buser 2n = 182-224 — Frohner, 1995)
causes non-functional male meiosis, and many taxa do not
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produce viable pollen or produce pollen of very poor quality
(Fréhner, 1995). European taxa are of long-standing hybrid
origin and identification of the parents is quite problematic be-
cause only a few of the extant taxa reproduce sexually (Frohner,
1995; Sepp & Paal, 1998; Gehrke & al., 2008). The evidence
of past hybridization, responsible for the complex patterns in
morphological variation, are also seen in the frequent presence
of aneuploids. Despite the lack of current hybridization, be-
cause of the presence of nearly obligate apomictic reproduction,
non-functional female/male meiosis, and high poly-/aneuploidy
and hybrid origin, taxon identification and classification is
difficult and demanding (Sepp & Paal, 1998; Sepp & al., 2000).
However, according to cytoembryological observations (e.g.,
Izmailov, 1994), some taxa are facultative rather than obligate
apomicts and retain the capability for occasional hybridization.
The current classification of Alchemilla s.str. (or the
Eualchemilla clade) went through several modifications (e.g.,
Rothmaler, 1935; Plocek, 1982; but see Gehrke & al., 2008 and
references therein), and the most recent provided by Frohner
(1995) is based on the work of Rothmaler (1937). Frohner’s
(1995) classification of the Eurasian taxa is based on mor-
phological and cytological observations. He recognized four
so-called “Hauptgruppen” or main sections which are inter-
connected through nine “Merkmalskomplexe” or intermediate
sections. Sepp & Paal (1998) and Notov & Kusnetzova (2004)
proposed some changes in Frohner’s system of sections.
Many apomictic agamospecies or microspecies were
described as separate species as if they were sexual species,
because of the assumptions that they are obligate apomicts,
have distinctive morphological characters, and have different
distribution areas and ecological niches (Fréhner, 1995; Sepp
& Paal, 1998). However, recent morphological, molecular, and
ecological investigations found that many of these microspecies
are practically indistinguishable (e.g., A. acutiloba Opiz vs.
A. micans Buser — Sepp & al., 2000), because there is contin-
uous morphological variation between the species and only a
few species have distinctive, well-preserved characteristics
(e.g., 4. plicata Buser or A. semilunaris Alechin — Sepp &
Paal, 1998) (Sepp & Paal, 1998, 2000; Sepp & al., 2000; Pihu
& al., 2009). This makes the species classification doubtful,
whereas higher taxonomic ranks (such as sections, series, or
agamospecies groups) are better defined using both morphol-
ogy and genetics (Sepp & Paal, 1998, 2000; Sepp & al., 2000).
For the classification of apomictic taxa Sepp & al. (2000: 119)
suggested the following: “The treatment of agamospecies as a
morphologically distinct group of plants in a population, and
species as a unit joining several agamospecies is not generally
accepted, but the new evidence favours this point of view.”
Amelanchier Medik. (shadbush, serviceberry). — This
genus contains 33 species (Phipps & al., 1990; Robertson &
al., 1991; but see Campbell & al., 2014) and representatives
of the genus are medium-sized shrubs or small trees that are
distributed in the North Temperate Zone. The genus is spe-
cies diverse and taxonomically complex especially in North
America (NE U.S.A., SE Canada) (Campbell & Doucette,
2015). The apomictic taxa are polyploids, mainly tetraploids
(triploids are also apomictic, but retain a higher degree of

Version of Record



TAXON 66 (5) * October 2017: 1017-1040

sexuality), with pseudogamous apospory (Campbell & al.,
1991; Burgess & al., 2014). Apomixis is facultative and apo-
mictic individuals possess a high degree of sexuality. Diploid
sexual species are self-incompatible, whereas the facultatively
apomictic taxa are self-compatible (Campbell & Wright, 1996;
Burgess & al., 2014). Frequent hybridization among the North
American taxa resulted in a complex network of hybrids and
hybrid swarms (Campbell & Wright, 1996). The problem with
evaluating apomictic and hybrid taxa stems from the lack of
differentiation between populations of apomictic taxa, hybrid-
ization among the taxa, and the morphological similarity of
diploids and polyploids (Campbell & Wright, 1996; Campbell
& al., 2014; Burgess & al., 2015). Diploid sexual taxa (in North
America there are nine diploid species and all include poly-
ploids; Burgess & al., 2014) represent more or less discrete units
and fulfil the definition of a distinct species under a broad range
of species concepts (Burgess & al., 2015). Polyploid apomic-
tic taxa that are morphologically differentiated are treated as
microspecies. However, there is the question what to do with
many lineages of only local distribution, which cannot be rec-
ognized as distinct taxa. To keep the taxonomy of the genus
at a reasonable level, widespread polyploid apomictic taxa are
rather grouped into species complexes (including several sim-
ilar morphotypes) (Campbell & Wright, 1996; Campbell & al.,
1997, 2014; Burgess & al., 2014).

Crataegus L. (hawthorn). — Crataegus is a large genus
distributed in the Northern Hemisphere and well known for its
taxonomic complexity (Talent & Dickinson, 2007). The number
of species varies considerably: more than 2000 species were
described (The Plant List, 2013), but the number of accepted
names is around 140-200 (Phipps & al., 1990). The genus is
the most species diverse (ca. 100 species) in temperate parts
of the New World (from Canada to Central America), while
around 60 species were identified from the Old World (Lo
& al., 2009). The taxonomy is complicated due to the pres-
ence of polyploidy, gametophytic apomixis, and extensive
hybridization. Frequent hybridization and high morphologi-
cal variation as well as polyploidy, apomixis, and a formerly
used species concept that was too narrow, led to uncritical
species description in the second part of the 19th century in
North America (Dickinson, 1999). The Old World species are
usually morphologically well-defined diploids, but common
polyploidy and a high degree of hybridization blur clear spe-
cies boundaries and the complex structure of populations still
awaits elucidation. The situation with the New World species
(especially the eastern North American species) is similar, but
more complicated (Talent & Dickinson, 2005; Dickinson &
al., 2008). Within the genus there are sexual self-incompatible
diploids and facultatively asexual self-compatible taxa (mostly
triploids and tetraploids) (Dickinson & al., 2008). Apomixis
within the genus is apospory with pseudogamous endosperm
development (Campbell & al., 1991). In the current taxonomic
treatment the genus is divided into ca. 14 sections and 40
series (Phipps & al., 2003). Polyploidization (both allo- and
autopolyploidization), together with common hybridization
and backcrossing as well as apomixis, is responsible for the
complex intrinsic relationships among particular taxa (Lo &
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al., 2010). Allopolyploid species (sect. Douglasianae Loud.
ser. Douglasianae (Loud.) Poletiko) have wider distribution
ranges than sexual diploid species and autopolyploid triploid
species (Coughlan & al., 2014). Morphology and geographic
distribution were the basis for the recognition of species within
the genus, but many recognized species represented a mixture
of cytotypes (Dickinson & al., 2007). To simplify the taxon-
omy, a partially relaxed biological and morphological species
concept is used today. Species are assigned into two species
categories. Morphologically well-differentiated sexual diploids
and/or tetraploids (which form a species series) are recognized
as distinct species. Polyploid facultative apomictic taxa, of
supposed hybrid origin, are assigned into a second group and
are treated at the infraspecific level as microspecies or taxa
within agamic complexes or a species series (Dickinson & al.,
2007, 2008). Such agamic complexes comprise a set of mor-
phologically similar apomictic taxa.

In Europe, the systematics of Crataegus is very complex.
Major microevolutionary processes are similar to the processes
in North America (i.e., hybridization and facultative apomixis).
Yet, unlike American microspecies with morphological char-
acteristics correlating with their distribution range, it seems
that hybridization strongly prevails in European Crataegus,
resulting in a morphological continuum among major spe-
cies. Additionally, apomixis fixes morphotypes only at a
regional scale, although widespread apomictic taxa also exist
(Christensen, 1992). The answer to the question of whether
apomictic taxa of European Crataegus are taxonomically well-
founded or negligible requires further study of the occurrence
of apomixis in populations, the composition (proportion of sex/
apo cytotypes) of populations, and the stability of apomictic
hybrids.

Potentilla L. (cinquefoil). — Potentilla consists of both
diploid sexual (tetraploids are sexual as well, e.g., P. crantzii
(Crantz) Fritsch — Paule & al., 2015; P. puberula Krasan —
Dobes & al., 2013a) and polyploid apomictic taxa (e.g., Asker,
1985a, b). Observation of putative diploid apomixis in P. argen-
tea L. was shown to be erroneous (Holm & Ghatnekar, 1996;
Holm & al., 1997). Near obligate pseudogamous apospory
has been detected (Hakansson, 1946), and the genus shows
large variation in reproductive modes among species as well
as within species (e.g., Dobes & al., 2013b). Hybridization,
polyploidization, and recurrent introgression are considered
to be the main diversification forces strengthened by the stabi-
lizing effect of apomictic reproduction (Dobes & Paule, 2010).
Within this genus, at least 16 apomictic taxa were recognized
(Dobes & al., 2013a, 2015; and references therein). Several spe-
cies comprise a series of polyploid taxa, which are (according
to some authors) referred to as microspecies, subspecies, or
variants (which originated through interspecific or intercyto-
type hybridization, polyploidization, and backcrosses of sexual
and apomictic lineages) (e.g., Miintzing, 1958; Asker, 1977,
1985b; Tomasz & Kotodziejek, 2008). Recent molecular stud-
ies of the P. argentea (Paule & al., 2011) and P. collina groups
(Paule & al., 2012) showed that apomictic taxa within these
groups originated by multiple hybridization and introgression.
Widespread apomictic lineages (e.g., hexaploid P. argentea)
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contain low genotypic diversity at the intrapopulation level,
and genotypes were population-specific (Paule & al., 2011). The
presence of locally distributed apomictic lineages (with specific
genotypes) might reflect their polytopic origin from different
parental combinations (Paule & al., 2012). Although homog-
enous lineages can be observed within apomictic cinquefoils,
backcrosses and the lack of morphological delimitation of the
taxa does not allow for a comprehensive taxonomic concept for
the genus. The current trend in the taxonomy of the genus is not
uniform. In widespread taxa such as P. argentea, P. verna L.
etc., apomictic cytotypes/lineages are not treated as taxa dis-
tinct from the sexuals (Kurtto & al., 2004). However, on a local
scale polyploid hybrid taxa with limited distribution (e.g., from
the P. collina agg.) are recognized as separate microspecies
(c.g., Gregor, 2008; Tomasz & Kotodziejek, 2008).

Rubus L. (brambles). — Rubus is another taxonomically
complicated genus in which apomixis has affected diver-
sification. The genus is traditionally classified into several
subgenera, but only one — subg. Rubus — represents a group
with predominantly asexually reproducing species (Alice &
Campbell, 1999). Subgenus Rubus has only four exclusively
sexual species in Europe (R. canescens DC., R. incanescens
(DC.) Bertol., R. sanctus Schreb., R. ulmifolius Schott) and
another four sexual species (R. bollei Focke, R. moschus Juzz.,
R. palmensis A.Hansen, R. serrae Soldano) which occur in
Macaronesia and the Caucasus (Sochor & al., 2015). The
remaining European species (748 species of subg. Rubus)
are facultative apomictic polyploids (Kurtto & al., 2010).
Pseudogamous apospory with highly varying levels of fac-
ultative sexual development of both reduced and unreduced
embryos provides an enormous potential for hybridization
and formation of novel apomictic lineages (Nybom, 1995;
Sarhanové & al., 2012). Polyploidization as well as interspe-
cific and intercytotype hybridization gave rise to a species
series with different compositions of cytotypes and varying
levels of facultative sexuality and clonal reproduction (Sochor
& al., 2015). Patchy distribution of different series and cyto-
types caused extensive hybridization and led to different
parental lineages at the local scale. Hybrid lineages are stabi-
lized by apomictic reproduction but an occasional switch to
sexual reproduction may lead to the establishment of new local
apomictic genotypes. Moreover, various ecological factors
may influence the level of sexuality and apomixis (Sarhanova
& al., 2012), and may lead to the establishment of an intricate
network of different hybrids/lineages. However, apomictic
reproduction can stabilize genotypes that can be homoge-
nous and have discrete morphological characteristics. Such
genotypes can also be recognized by taxonomists in the field
(Davis, 1958; Ryde, 2011; Travnicek & Zila, 2011; Haveman,
2013; Kiraly & al., 2015). Taxonomic treatment of the apo-
mictic species involved several approaches (for a review, see
Weber, 1996). Weber (1996) suggested a species concept called
the pragmatic species concept as an appropriate taxonomic
approach to apomictic brambles. As main criterion of species
delimitation, he chose the scale of geographical distribution
(diameter of the distribution area). He suggested four catego-
ries of taxa: (1) apomicts with a very wide distribution range
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spanning (250—)500-1000 km (e.g., R. nessensis Hall, R. pli-
catus Weihe & Nees); (2) regionally distributed lineages with
a distribution spanning 50-250 km (e.g., R. austromoravicus
Holub, R. bohemiicola Holub & Palek ex Holub); (3) locally
distributed lineages with a distribution diameter <20 km and
(4) individual lineages represented by a single bush spread by
runners only in a very restricted area. The taxa from the first
two categories are treated as taxonomic species in local Floras,
while taxa from the last two categories are not. This system is
suitable for describing evolutionarily relevant asexual taxa and
for avoiding taxonomic conflicts resulting from the description
of supernumerary species. This concept helped to purge the
taxonomy of an enormous number of local species described
in the 19th and 20th centuries and reduced the number of
true species in the flora to a reasonable number. Although the
Weberian concept is generally accepted by Rubus taxonomists,
it also encountered criticism for not being scientific, and for
omitting stabilized apomictic lineages with local distribution
from local floras (for the criticism and arguments against the
Weberian concept, see Horandl, 1998; Ryde, 2011; Haveman
& De Ronde, 2013).

SorbusL.(whitebeam, rowan, service tree, mountain-ash).
— Sorbus has a worldwide distribution, but it is especially
species-rich in the Eurasian region. While sexual reproduc-
tion is a characteristic of diploid species, pseudogamous apo-
spory is the typical mode of reproduction of polyploid taxa
(e.g., Liljefors, 1953). An often cited case of diploid apomixis
(Jankun & Kovanda, 1988) turned out to be erroneous (Vit &
al., 2012). The level of apomictic reproduction varies among
different taxa with some near-obligate apomicts to facultative
apomicts (e.g., Robertson & al., 2004a; Bila, 2015). In Europe,
at least five primary diploid sexual species (S. aria (L.) Crantz,
S. aucuparia L., S. chamaemespilus (L.) Crantz, S. domes-
tica L., S. torminalis (L.) Crantz) are recognized at the subge-
neric or generic level, including Aria, Chamaemespilus Medik.,
Cormus Spach, Sorbus, and Torminaria Opiz (Nelson-Jones &
al., 2002; Campbell & al., 2007; Potter & al., 2007; Lepsi & al.,
2015). Hybridization among diploid species and backcrosses
of hybrids with their parents led to the formation of apomictic
hybrids (e.g., Nelson-Jones & al., 2002; Robertson & al., 2004b,
2010; Lepsi & al., 2008, 2009, 2015). The taxonomy of apomic-
tic rowans is based on the morphospecies concept coupled with
distributional data. New apomictic species are described based
on unique morphology coupled with karyological, cytometric,
and genotypic data (e.g., Robertson & al., 2004b, 2010; Lepsi
& al., 2008, 2009, 2015; Vit & al., 2012). While sexual species
have broad morphological variation, apomictic taxa show very
narrow morphological and genotypic variation (e.g., Robertson
& al., 2004b; Vit & al., 2012; Bila, 2015), and are tradition-
ally recognized as microspecies. Moreover, apomictic taxa
have restricted distributions and are often stenoendemic (e.g.,
Bernatova & Majovsky, 2003; Robertson & al., 2004a; Lepsi
& al., 2015). Only a limited number of apomictic species have
a wide distribution overlapping with the distribution of their
sexual parents (e.g., S. danubialis (Jav.) Prodan, S. intermedia
(Ehrh.) Pers., Sorbus latifolia (Lam.) Pers., S. mougeottii Soy.-
Will. & Godr., S. pannonica Karpati).
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Asteraceae

Asteraceae is one of the largest plant families in the world,
and it is also the plant family with the third-largest number of
apomictic taxa. Recent classification accepts 12 subfamilies
(Stevens, 2001-), but most of the apomicts are present in two
subfamilies, Asteroideae and Cichorioideae. Both diplospory
and apospory is present in both subfamilies. Genera contain-
ing apomictic taxa belong to different evolutionary lineages,
suggesting the independent and repeated evolutionary origin
of apomixis.

Antennaria Gaertn. (pussytoes, ladies’ tobacco). — This
genus comprises 45 species distributed in the temperate
and arctic/alpine regions of North America, Mexico, South
America, and Eurasia (Bayer & Stebbins, 1987; Bayer, 1990;
Bayer & al., 1996). Two main evolutionary lineages, Leontipes
and Catipes, are presently recognized within the genus and
comprise six commonly recognized clades altogether (Bayer,
1990; Bayer & al., 1996). Taxa belonging to the Leontipes line-
age are mostly diploid with rare autotetraploids that reproduce
sexually. Members of the Catipes lineage are highly variable in
cytology and in reproductive characteristics. They form a poly-
ploid sexual-apomictic series, from diploids to decaploids, that
reproduce sexually (diploids, tetraploids) and also asexually by
vegetative growth and by gametophytic apomixis (e.g., Bayer &
Stebbins, 1987, 1993; Bayer, 1990; Bayer & al., 1996). Within
the genus dioecy has evolved to different levels that depend on
the evolutionary position of a particular taxon (Bayer, 1990).
For apomictic taxa, only pistillate-female plants are known.
Members of the Catipes lineage have the widest distribution
area in the genus (Bayer, 1990). Five main polyploid sexual-
apomictic complexes are recognized within the genus that
represent evolutionarily young groups: 4. alpina (L.) Gaertn.,
A. howellii Greene, A. parlinii Fernald, A. parvifolia Nutt.,
and A. rosea Green (Bayer, 1990). These polyploid complexes
have evolved via multiple hybridizations among several sexual
members of the Catipes lineage. Thus, these taxa have their
origins from different genetic backgrounds, and contain differ-
ent portions of genome from different parental taxa, resulting
in a highly heterogenic mix of genomes of several sexual pro-
genitors. This resulted in a highly complex morphology with
large phenotypic variation; e.g., A. parlinii combines genomes
of three diploid progenitors, while the A. alpina complex con-
sists of the genomes of six progenitors (for more details, see
Bayer, 2006).

Previously, the taxonomic treatment of the genus was quite
complicated and contained more than 350 names for taxa de-
scribed at the beginning of the 20th century. Botanists de-
scribed many apomictic morphotypes as separate species but
did not take into account the real value of morphological char-
acteristics for distinguishing them (Bayer & Stebbins, 1993).
The present concept of the genus is based on the recognition
of sexual diploids+autopolyploid taxa and their separation
from polyploid hybrid derivatives. Diploid species are easy
to recognize in terms of morphology, genetics, and are also
well-differentiated from each other. Autopolyploid taxa, which
are morphologically identical with sexual diploids, regardless
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of their reproduction mode (sexual or apomictic), are treated as
conspecific with sexual diploids. All hybrid (allopolyploid) taxa
(sexual or apomictic) are recognized as separate species and/
or subspecies because they do not fit any recognized diploid
sexual taxa but combine the genomes of several different sexual
taxa (Bayer, 2006). This approach follows the suggestions of
Bayer & Stebbins (1982) and is presently used for treating the
genus in Flora of North America (Bayer, 2006).

Crepis L. (hawksbeard). — There are around 200 species
recognised in Crepis (Enke & Gemeinholzer, 2008), that in-
habit a range of habitats throughout the Northern Hemisphere
with some species occurring in East, South, and West Africa,
the Canary Islands, and Madeira (Enke, 2008). Apomictic re-
production in the form of autonomous apospory, as described
by Stebbins & Jenkins (1939), has been observed and docu-
mented only in the North American and some Asian species
thus far (Sears, 2011). There are ten species native to the flora
of North America, which are characterized by the unique base
chromosome number x = 11, which distinguishes them from
the introduced Crepis species found on the American continent
(Bogler, 2007; Sears & Whitton, 2016). These ten species repre-
sent the monophyletic sect. Psilochenia (Nutt.) Babc. (Babcock,
1947; Sears & Whitton, 2016). One of the ten species (C. runci-
nata Torr. & A.Gray) is distinct from the remaining nine species
because only diploids are known (Babcock & Stebbins, 1938;
Bogler, 2007). The remaining nine species form the so-called
“Crepis agamic complex” sensu Babcock & Stebbins (1938),
known for its complex morphology and taxonomic difficulty,
and caused by the divergent reproductive strategies of the dip-
loid and polyploid species, as well as hybridization as pointed
out by Babcock & Stebbins (1938). Diploid species are self-
incompatible outcrossers, while polyploid species reproduce
apomictically. Seven species (C. acuminata Nutt., C. atribarba
A.Heller, C. bakeri Greene, C. modocensis Greene, C. mon-
ticola Coville, C. occidentalis Nutt., C. pleurocarpa A.Gray)
represent groups of different taxa of different ploidy levels
grouped based on morphological similarity around morpho-
logically distinct self-incompatible diploid species (Sears &
Whitton, 2016). Babcock & Stebbins (1938) called these seven
species “primary species”. With respect to origin, two types
of polyploids — autopolyploids and allopolyploids — are recog-
nized among the North American hawksbeards (Bogler, 2007;
Sears & Whitton, 2016). Autopolyploid apomicts derived from
one of the diploid primary species are assigned to a particular
diploid species under the informal rank “forma apomictica” or
are treated as subspecies (Babcock & Stebbins, 1938; Bogler,
2007). Two other species, C. barbigera Leiberg and C. inter-
media A.Gray, comprise only polyploid apomictic individuals
or populations grouped together based on morphology and are
labelled as agamospecies or agamic complexes (Babcock &
Stebbins, 1938; Bogler, 2007, but see Sears & Whitton, 2016
for comments on C. intermedia). These groups of agamospecies
have an allopolyploid origin and combine the morphological
characteristics of two or more sexual species (Whitton & al.,
2008a, b).

Babcock & Stebbins (1938) were aware that lumping dip-
loid sexual species together with polyploid apomicts does not
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reflect true phylogenetic relationships. To solve this issue, they
designed a category below the species level, known as “forma
apomictica”, for the polyploid apomictic taxa. By creating the
“formae apomicticae” category Babcock & Stebbins avoided
the naming of each polyploid apomictic taxon and kept the
number of recognized taxa at a reasonable level. However, it
needs to be stressed that the category “formae apomicticae”
has been clearly designated as an informal category.

Erigeron L. (fleabane). — Erigeron is a widespread genus
with more than 400 species occurring in North and South
America as well as in Eurasia (Nesom, 1989). Phylogenetic
relationships within the genus are complex, and the taxonomic
treatment of the genus is based on its division into 20 sections
(Noyes, 2000). Diplosporous apomixis with autonomous endo-
sperm development (Gustafsson, 1946) has been documented
for eight taxa belonging to five sections (Nesom, 1989; Noyes,
2000, 2007). A molecular phylogeny based on nuclear ITS
sequences indicates that apomixis has arisen independently
at least three times within the genus (Noyes, 2000), although
a single origin and subsequent spread of apomixis through
hybridization cannot be fully excluded (Noyes, 2000, 2007).
In the present taxonomic treatment of the genus apomictic
taxa are not recognised as separate species, but are treated as
conspecific with sexual diploid species (Noyes, 2007; Nesom,
2015). Thus, all apomictic taxa (except E. annuus Pers. for
which only the triploid cytotype has been recorded) represent
polyploid cytotypes (mostly triploid and/or tetraploid and pen-
taploid) of diploid sexually reproducing species (Noyes, 2006,
2007; Nesom, 2015). The species are described mainly based
on morphological and distributional criteria.

Hieracium L. s.str. (hawkweed). — Here, we consider
Hieracium in its narrow sense, excl. Pilosella. This is in agree-
ment with the treatment of the genus in most but not all recent
regional Floras and databases. These two genera differ in sev-
eral morphological characters and also in evolutionary trends
(e.g., Fehrer & al., 2007, 2009).

Hieracium: leaves with lobes and teeth, pappus hairs in 2
rows, achenes more than 2.5 mm long; diploids with restricted
distribution, hybridization rare; polyploids apomictic, without
residual sexuality; apomixis of diplosporous type.

Pilosella: leaves subentire, pappus hairs in 1 row; achenes
less than 2.5 mm long; hybridization very common, apomicts
with residual sexuality; apomixis of aposporous type.

Hieracium belongs to the largest genera of vascular plants.
The number of recognized species depends strongly on the spe-
cies concept and evaluation of apomicts and ranges from 500 to
1000. The genus is formed by two subgenera: subg. Hieracium
and subg. Chionoracium Dumort. (e.g., Fehrer & al., 2007).
The second is distributed in both North and South America
and contains diploid sexual species. On the other hand, subg.
Hieracium contains mainly polyploid apomicts, which are more
common than diploid sexual species. Diploid sexual species
(about 20) occur mainly in southern Europe and the only dip-
loid sexual species having a broader distribution throughout
Europe is H. umbellatum L. (e.g., Schuhwerk, 2002; Chrtek
& al., 2004). The species richness of the genus is formed by a
large amount of polyploid taxa, mainly triploids and tetraploids,
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which are apomictic (diplospory — Bergman, 1941; Skawinska,
1963). Among these taxa no residual sexuality is known, thus
apomictic taxa are considered to be obligate apomicts. Due to
the present allopatric distribution of diploid species, a strong
mentor effect (Mraz, 2003a), and nearly obligate asexuality
of polyploids, ancient rather than recent interspecific hybrid-
ization along with introgression, accompanied by subsequent
polyploidization are considered to be main processes resulting
in the great diversity of the genus (e.g., Fehrer & al., 2009;
but see Mraz & al., 2005, 2011; Mraz & Paule, 2006). Only a
limited number of species are known to consist of both diploid
and polyploid cytotypes, e.g., H. alpinum L., H. prenanthoides
Vill. or H. racemosum Willd. (e.g., Selvi & Fiorini, 1996; Fehrer
& al., 2009; Mraz & al., 2009).

There are two concepts in the taxonomy of Hieracium. The
first concept (often named as the German concept or “broad
species concept”) distinguishes basic species defined by a set of
morphological characters and intermediate species combining
the morphological characters of two or more basic species.
These intermediate species are not recent hybrids because of
the absence of sexuality among the polyploid taxa. Both basic
and intermediate species are known for great richness of mor-
phological forms and are usually considered as subspecies. This
concept has been developed by Zahn (1921-1923, 19301935,
1936-1938) and was followed by botanists in Central and south-
ern Europe (e.g., Nyarady, 1965; Gottschlich, 2009). Species
are described in a broad sense and represent species groups.
The second concept has its tradition in northwest Europe, and
is used mainly in Great Britain, Scandinavia, and Russia (e.g.,
Sell & Murrell, 2006; Tyler, 2006, 2011; Rich & al., 2008,
Ronikier & Szelag, 2008; Stace 2010). Under this concept each
different morphological line represents a separate (micro)spe-
cies, which are often grouped into broadly defined sections,
species groups or aggregates (for more details and comparison
of these two concepts see, e.g., Tyler, 2006; Tyler & Jonsson,
2013). This concept is partially based on work of Dahlstedt
(1893, 1894) and Johansson (1927, 1929).

Recent investigations and critical evaluation of particular
taxa in several groups across Europe led researchers to consider
individual apomictic lines as morphologically clearly defined
units referred to as microspecies, which are grouped into infor-
mal species groups. This approach was used for several groups
of mountain and alpine species (e.g., Mraz, 2002, 2003b; Szelag,
2003; Chrtek, 2004; Chrtek & al. 2007; Ronikier & Szelag,
2008). An attempt at joining the two approaches, the “German”
and the “Scandinavian” one, was made by Tyler (2006) who
proposed that only microspecies should be considered as the
main evolutionary units, but for practical purposes, to deal
with the immense species richness of the genus, morphologi-
cally similar taxa should be grouped under informal categories
(sections) within which species aggregates, grouping more or
less similar/evolutionary related taxa, were created. Within
other groups, not studied yet, species with mostly unevaluated
subspecies are present. Thus because of low morphological
and genetic variation, as well as lack of recent hybridization
(due to the presence of only a few diploid sexual species with
rather isolated distribution; but see, e.g., Tyler & Jonsson, 2013),
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morphologically well-defined taxa are described as separate
(micro)species. This approach fully agrees with suggestions
made by Schuhwerk (2002: 197, points 2 and 3) or Sennikov
(2003). However, in Euro+Med PlantBase (Greuter, 2006—) a
concept of “wide species” with many subspecies was accepted.

Pilosella Vaill. (mouse-ear hawkweed). — This genus has
its native distribution area in Europe, western Siberia, and
the mountains of NW Africa. Secondary areas of distribution
are regions with a mild climate on other continents, including
North and South America, Australia, New Zealand, Japan,
and continental eastern Asia (Fehrer & al., 2007). Apomixis
in Pilosella is autonomous apospory in which both the embryo
and endosperm develop autonomously without fertilization.
The genus is characterized by a large variation in ploidy levels.
Ploidy levels in nature range from diploids to octoploids, and
even higher ploidy levels were found in hybridization experi-
ments (Krahulcova & al., 2000). There is no clear pattern in the
relationship between ploidy level and reproduction mode. The
only exceptions are diploids, which are sexual. Many species
form polyploid series combining different reproduction modes.
For example, populations of P. officinarum Vaill. are tetraploid,
pentaploid, and hexaploid, and individual plants were found
to be heptaploid and octoploid. Tetraploids are usually sexual,
rarely apomictic, and pentaploids are apomictic and rarely sex-
ual. Hexaploids are both apomictic and sexual depending on
their distribution area (Mraz & al., 2008).

Most of the hexa-, hepta-, and octoploid hybrids of Pilosella
that have been analysed to date have variable reproductive
modes, especially hybrids between apomictic and sexual par-
ents. Their sexual reproduction is combined with apomixis
and haploid parthenogenesis in different proportions among
different individuals. Facultative apomictic individuals retain
a high level of residual sexuality and may participate in sexual
reproduction as maternal plants (Krahulec & al., 2004, 2008;
Fehrer & al., 2005, 2007; Krahulcova & al., 2009, 2014).

Several taxonomic solutions were used to classify the
broad morphological variation within this genus (for more de-
tails, see Krahulec & Krahulcova, 2006).

(1) One approach originated on the European continent
and was summarized by Négeli & Peter (1885). It was fol-
lowed and further developed by Zahn (1921-1923, 1922-1930).
In general, this approach is followed in most national Floras
in Central Europe, for example, Nyarady (1965), Gottschlich
(1998), Mirek & al. (2002), Schuhwerk & Fischer (2003),
Chrtek (2004), Brautigam & Schuhwerk (2005), and Brautigam
(2011). In this approach basic species are distinguished from
intermediate species (based on experimental crosses performed
by Négeli), with the latter being labelled by a formula that in-
dicates the origin and the quantitative influence of the species’
parents. In addition, there is a rich structure of infraspecific
taxa treated as grex (group of subspecies), subspecies, and vari-
eties. Recently, some authors have stressed (e.g., Schuhwerk,
2002) that some of the hybrids are old, fully established types
behaving as independent species with their own distribution
area, but other hybrids are recent hybrids.

(2) The second approach was developed in Scandinavia
(Sweden, Finland) and Russia and is still used by Russian
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authors (e.g., Schljakov, 1989). In this approach, each dis-
tinguishable entity is described as a microspecies, and little
attention is paid to the possible relationships between these
microspecies. The authors treat variation in both sexual and
apomictic taxa in the same manner. The result is a huge number
of recognized microspecies even for sexual taxa.

(3) The third approach, developed by the British authors
Sell and West, was used in Flora Europaea (Sell & West,
1976). These authors considered the main species of the con-
tinental flora as true species. All other types were evaluated
as hybrids, and those with the same parental combination
were synonymized. This approach fully corresponded to the
International Code of Nomenclature for algae, fungi, and
plants (ICN; McNeill & al., 2012). The resulting structure is
simple and understandable, even for non-specialists. The main
difficulty of this approach is the fact that only hybrid types
occur in some regions. These hybrids (hybridogenous species)
are apomictic and behave as independent units.

(4) Tyler (2001) recently developed a fourth approach. It
is based on the knowledge of Scandinavian types and on the
common hybridization among Pilosella species (for details,
see Tyler, 2001: 67; Schuhwerk, 2002). Tyler created a system
involving several main species or both main and hybrid species
under one species name, e.g., P. aurantiaca (L.) FW.Schultz
& Sch.Bip. includes all orange-flowering taxa+P. caespitosa
(Dumort.) P.D.Sell & C.West; P. cymosa (L.) FW.Schultz & Sch.
Bip. includes P. bauhinii (Schult.) Arv.-Touv. and P. praealta
(Gochnat) FW.Schultz & Sch.Bip. This approach substan-
tially reduced the number of described species, especially in
Scandinavia, but complexity is still reflected at the infraspecific
level (recognition of subspecies and varieties). This approach
reflects the high degree of hybridization and the presence
of hybridogenous species. However, this system is based on
“Scandinavian experience”, and species which often hybridize
in Scandinavia but not in other regions, are lumped together. In
other regions (e.g., Bulgaria), hybridogenous species are almost
absent and only recent hybrids of different species are common
(e.g., Krahulcova & al., 2016). If we use this approach consist-
ently, it would be necessary to develop different systems for
different regions according to the frequency of hybridization.
The frequency of hybridization is evidently influenced by the
degree of sexuality in populations (including the presence of
sexual types), the compatibility of co-occurring cytotypes,
the availability of suitable habitats, and random events in the
past. The parental (both hybridogenous) species P. floribunda
(Wimm. & Grab.) Fr. and P. glomerata (Froel.) Fr. can serve
as an example. We conducted studies in two mountain regions,
the Krkonoge Mts. (Krahulec & al., 2004) and the Sumava Mts.
(Krahulec & al., 2008). In the first region, these species were
isolated and easily determinable. Only one population contained
the hybrid species P. scandinavica (Dahlst.) Schljakov (P. flori-
bunda % P. glomerata) (Krahulec & al., 2004). In the second
region, it was difficult to find a border between P. glomerata
and P. floribunda, because there were many repeatedly formed
hybrids (corresponding to P. scandinavica). For these reasons,
we do not consider Tyler’s approach to be suitable or universal
(e.g., Schuhwerk, 2002). Haveman’s (2013: 265) opinion on the
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congruency of the approaches developed by Tyler (2001) and
Krahulcova & al. (2009) does not appear to be justified.

The most accepted approach, used at the present time
in Europe, is based on the combination of the 1st and 3rd
approaches described above. This combined approach focuses
on the basic species, which are recognized by both approaches.
Intermediate species are accepted by this approach if they are
stabilized and, unlike recent hybrids, behave independently
compared to their parents. This more synthetic approach sub-
stantially reduced the number of infraspecific taxa. It has
already been accepted in some recent Floras (e.g., Brautigam,
2011) as well as in the Euro+Med flora database (Brautigam
& Greuter, 2007). However, there are several weak points that
may cause problems. The most important one is that the same
morphotype can represent a stabilised hybrid species in one
region and a recent unstabilised hybrid in another region (see
Krahulcova & al., 2012). The other problem is caused by the
fact that the same morphological type can originate in different
ways (e.g., Urfus & al., 2014).

The final point complicating taxonomic evaluation is that
some hybrids form swarms consisting of apomictic, sexual,
and semisterile to sterile types. Some of these types could be
casily distinguishable, but whether they can be removed from
the hybrid swarm and distinguished as separate taxa regardless
of other members of the hybrid swarm has yet to be determined.
It is evident that many of the taxa described in the past belong
to this type. Considering them as different species might be
acceptable, provided that such types are allopatric and eas-
ily distinguishable. However, if they are members of a hybrid
swarm, it is problematic to distinguish them as separate taxa.
Examples of this problem can be seen in several species (e.g.,
Krahulec & al., 2004; Krahulcova & al., 2012)

During our work on Pilosella populations we primarily
studied mechanisms generating variation. The results are sum-
marized in the following points, which should be considered
when formulating taxonomic concept for this complicated
group.

(1) Hybrids are repeatedly formed in nature with different
frequencies depending on the compatibility of the (cyto)types
growing together.

(2) The products of hybridizations are not uniform. In
hybridizations, apomicts produce more variable progeny than
sexuals with respect to ploidy levels (e.g., Krahulcova & al.,
2004) and also to reproduction mode (e.g., Krahulcova & al.,
2011; Rosenbaumova & al., 2012), because the frequency of
their residual sexuality is on the order of 1072 to 10~ and dif-
ferent combinations of reduced () and unreduced (2r) gametes
are involved in the formation of progeny (Krahulcova & al.,
2004, 2009, 2014; Rosenbaumova & Krahulec, 2015).

(3) Schuhwerk (2002) reported that both recent hybrids
and hybrid species can be found in the field. They may have
the same origin and same morphology but often differ in re-
production mode. Long-standing hybrid species are mostly
apomictic, but recent hybrids can be sterile or semisterile or
can have variable reproduction modes that combine apomixis,
sexuality, semisterility, and haploid parthenogenesis in differ-
ent proportions (e.g., Krahulcova & al., 2012).
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(4) Almost every species, both basic and hybrid, is rep-
resented by several cytotypes, and often with apomictic and
sexual reproduction on the same ploidy level. Exceptions are
rare and mostly diploid sexual species such as P. lactucella
(Wallr,) P.D.Sell & C.West.

(5) In spite of more than a century of extensive research,
there seems to exist unknown mechanisms of reproduction
that generate variation. Krahulec & al. (2011) described an
autonomous “polyploid—polyhaploid—new polyploid” cycle that
was discovered under experimental conditions. In this fashion,
entirely new morphotypes and genotypes might be produced,
especially polyploids of hybrid origin.

In general, apomicts mostly behave similar to sexual plants
due to their residual sexuality. For that reason their variation
cannot be evaluated in the same way as in genera without re-
sidual sexuality; they are more similar to other sexual plants,
otherwise a vast number of taxa would have to be accepted.

Taraxacum Wigg. (dandelion). — Taraxacum is a cosmo-
politan genus that colonizes a wide range of ecological niches
ranging from ruderal places to mineral-rich fens to xerothermic
or steppe to alpine and arctic habitats. The success of the genus
stems from the peculiar system in which dandelions combine
different life strategies for their survival. Dandelions combine
three different systems of reproduction, including two sexual
(outcrossing, selfing) and one asexual system (autonomous
diplospory) (Kirschner & Stépanek, 1994). The mode of repro-
duction is ploidy-specific. Diploids and very rarely tetraploids
(Kirschner & Stépanek, 1998) are sexual, while all polyploids
are apomictic (Kirschner & Stépanek, 1994). In Europe, apo-
mictic taxa prevail, whereas sexual species are restricted to
much smaller areas. However, a few widely distributed sex-
ual species are known, for example, Taraxacum bessarabi-
cum (Hornem.) Hand.-Mazz., T. erythrospermum Besser, and
T linearisquameum Soest (Den Nijs & al., 1990; Kirschner &
al., 1994; Vasut, 2003).

The evolutionary history of the genus is hazy because
of strong reticulate evolution, a low level of morphological
differentiation, and common polyploidy. Phylogenetic analy-
ses did not resolve the phylogeny of the genus, but confirmed
some links between evolutionarily ancestral and divergent
taxa (e.g., Wittzell, 1999; Zaveska-Drabkova & al., 2009;
Kirschner & al., 2015). In contrast to facultative apomicts in
other genera, dandelions are considered to be (nearly) obligate
apomicts (Richards, 1973). However, there is no doubt that
apomictic dandelions participate in gene flow among ploidy
levels in regions of sympatry with sexuals. This gene flow is
most likely bidirectional, specifically sex@ x apod or apoQ x
sexd (Richards, 1970; Shibaike & al., 2002; Verduijn & al.,
2004; Martonfiova, 2006; Mitsuyuki & al., 2014; Majesky &
al., 2015), although there is little evidence for the second pos-
sibility (e.g., Van Baarlen & al., 2000).

The present taxonomic treatment of the genus is based on
groups of ecologically, morphologically, karyologically, and
evolutionarily similar taxa that are grouped under sections.
The section is the key infrageneric category for sorting the
large diversity of Taraxacum species (Kirschner & Stépanek,
1994). The concept of sections was established by the Swedish
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botanist Gustav H. Dahlstedt (1921) and the Austrian botanist
Heinrich von Handel-Mazzetti (1907), and was followed by
other taraxacologists (e.g., Kirschner, Marciniuk, Marklund,
Railonsala, Richards, Stépanek, Travnicek, Van Soest, and
many others), although their species concepts differ. Dahlstedt
and Handel-Mazzetti used different approaches how to treat
the high number of apomictic taxa. While Handel-Mazzetti
developed a concept with broadly defined species which in-
clude many different and unrelated taxa, Dahlstedt favoured
a rather narrow species definition. It is interesting to note that
Dabhlstedt (1893, 1894) developed a similar concept also for
Hieracium s.str. (see above), which is, however, not widely
accepted among hieraciologists. Differences in the opinions of
Handel-Mazzetti and Dahlstedt on the taxonomy of dandelions
could originate from their different observations. While in
northern Europe only apomictic (and well-distinguishable) taxa
occur, in southern and Central Europe both mating systems
coexist sympatrically (e.g., Kirschner & Stépanek, 1994; Den
Nijs & Menken, 1994; Uhlemann, 2001), which results in the
presence of a large number of unique (often undeterminable)
morphotypes. The genus consists of more than 60 sections
worldwide (Kirschner & §tépének, 1996; Uhlemann & al.,
2004). A section contains one or a few diploid sexual taxa and
anumber of morphologically distinct apomictic polyploids (for
which more than 3000 names have been published). However,
there are several sections which contain only sexual or only
asexual taxa (Kirschner & Stépanek, 1996). Sexual taxa are
described as species with a wide distribution (but restricted in
comparison to apomicts) and with large phenotypic and gen-
otypic variation (Kirschner & Stépanek, 1998; Uhlemann &
al., 2004). Polyploid apomictic taxa are recognized based on
their distinctive morphology and are traditionally classified as
microspecies. In Euro+Med PlantBase genus treatment fol-
lows the approach described above, i.e., division on sections
containing sexual and apomictic taxa into separate species
(Kirschner & al., 2007-). Some botanists, however, prefer to
refer to broad species/species aggregates (e.g., T. laevigatum
agg., T. officinale agg., T. palustre agg.) as the equivalent of
sections, e.g., T officinale agg. = T sect. Taraxacum F.HWigg.
(former sect. Ruderalia Kirschner & al.); T. laevigatum agg. =
T. sect. Erythrosperma (H.Lindb.) Dahlst.; T palustre agg. =
T. sect. Palustria (H.Lindb.) Dahlst.). This practice, however,
is not correct, as used taxon names do not always represent the
types, based on which sections were described and defined,
and thus should not be used instead of a sectional name (e.g.,
Richards, 1985; Kirschner & gtépének, 1987, 2011).
Microspecies refers to morphologically homogenous nar-
row units with (to some extant) a defined distribution and clonal
reproduction. Morphometric (guvada & al., 2012; Dudas & al.,
2013) and molecular studies (Mes & al., 2002; Reisch, 2004;
Majesky & al., 2012, 2015; Kirschner & al., 2016) showed that
it is possible to define apomictic dandelions based on morphol-
ogy, which agrees with the genetic delimitation of apomictic
microspecies. Clonal reproduction provides enough isolation
from hybridization “trips” in fully apomictic populations,
although accidental sexuality cannot be excluded (e.g., the
loss of one or more chromosomes or the occasional production
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of reduced ovules). The recognition of apomictic Taraxacum
microspecies as distinct taxa can be a proper way to describe
the phenotypic and ecological unit of the microevolutionary
processes in the genus. This practice can be supported by the
fact that trained taxonomists involved in Taraxacum research
are able to recognize and name distinct microspecies consist-
ently (see Kirschner & al., 2016). In regions where sexuals
occur, microspecies consist of a few genetically similar apomic-
tic lineages and thus can show greater morphological variation
than in regions without occurence of sexuals (Kirschner &
Stépanek, 1994; Majesky & al., 2015). However, it is neces-
sary to take into consideration the real value of the apomictic
morphotypes. Indefinite description of new microspecies that
are based on limited knowledge of reproduction behaviour,
morphological and genetic homogeneity, or relationships to
sexual species have to be strictly avoided. If the taxonomy of
apomictic dandelions has to be considered a serious science,
then species described from insufficiently characterized plants
should be excluded from Floras, especially in regions where
sexual species co-occur and the probability of the formation
of new apomictic lineages is high.

B CONCLUSIONS

Taxonomy is a way to group taxa according to explicitly
stated criteria and principles (e.g., species concepts). From the
time of Linné and Darwin the key category in the description of
biodiversity became the species. Species as a term is frequently
used in science, nature conservation, and legislation, though in-
terpretation of the term may strongly differ depending on where
it is used, who uses it, and for which purpose (e.g., Dickinson,
1999; Mayden, 1997, 1999, 2002). Uncertainty exists also in the
interpretation of the term species: evolutionary entity versus
taxonomic category. However, the term species should refer
to a biological entity objectively present in nature, objectively
discernible based on the presence of objectively observable fea-
tures (Mayden, 1999, 2002). The question of finding an appro-
priate way to recognize individual entities as distinct species,
and thus finding a universal species concept equally applicable
to all of the diverse cases discussed above, is a big challenge
(see, e.g., Dickinson, 1998, 1999; Horandl, 1998; Stace, 1998;
Weber, 1996; Mayden, 1997, 1999, 2002). This is especially true
if we expect such a concept to reflect the basic evolutionary unit
within diverse plant groups. The diversity of apomictic plant
groups is enormous, and particular cases of speciation processes
are equally diverse. Today, concepts used for the delimitation of
apomictic taxa are based on morphological, distributional, and
evolutionary characteristics, and try to define taxa with respect
to specific processes that play important roles in the diversifi-
cation of particular genera (e.g., hybridization and subsequent
isolation, hybridization followed by backcrossing, repeated
hybridization) (Table 1). Taking into consideration different
evolutionary histories, different backgrounds, and the different
mechanisms that accompany the existence and diversification
of apomictic genera, which are often not known, it is hardly
possible to encompass all these situations with one approach.
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The biosystematics of apomicts (especially with respect to
the genera discussed in this review) in past decades has empha-
sized the correlation between morphology and other important
characteristics. We consider the following criteria to be very
important in the systematics of apomictic taxa.

(1) Origin of the taxon: Hybridization and polyploidiza-
tion is a common phenomenon in the evolution of plants and
also in apomictic taxa. Regarding the evolutionary origin of
apomictic taxa it is important to know if they arose from inter-
specific crosses (through allopolyploidization) and thus com-
bine the genomes of two or more species, or if they originated
via autopolyploidization. However, this can be a particularly
difficult task in some genera, especially when the parental
taxa are not known, inhabit only remote areas, or are extinct.
Distinguishing allopolyploid taxa as separate species, although
apomictic, is more appropriate than distinguishing autopoly-
ploids that rather should be treated as conspecific taxa (as
done, e.g., in Antennaria — Bayer & Stebbins, 1982; Boechera
— Windham & Al-Shehbaz, 2006, 2007a, b; Crepis — Babcock
& Stebbins, 1938).

(2) Single origin: If several similar morphotypes show
high genotypic variation and in fact are of multiple (polyphyl-
etic) origin, then it is better to consider them as independently
evolved types and not one highly polymorphic taxon.

(3) Stability of apomixis: The apomictic mode should be
confirmed (e.g., by flow cytometric seed screen, castration or
cytoembryological methods), and the proportion of apomic-
tically vs. sexually formed seeds has to be well documented,
especially in facultative apomicts (e.g., Dobe$ & al., 2013b;
Krahulcova & al., 2014; Schinkel & al., 2016). The degree of
residual sexuality remains questionable with regard to the sta-
bility of facultative apomictic taxa. A high level of sexuality
causes morphological instability of the taxon across genera-
tions and in large distribution ranges and can hamper unam-
biguous taxon recognition.

(4) Distribution range: Genera greatly vary in the dispers-
ability of seeds, and different chorological criteria should be
applied to different cases. However, distinction of so-called
unique types (recently established hybrids) from single locali-
ties should be strictly avoided in any genus. Some might argue
that such hybrids are part of the local flora and are young
species, but this approach is especially problematic in regions
where apomicts and sexual plants occur sympatrically, and
might lead to tens or hundreds of new unilocal “species”.

(5) Correlation of the above-discussed criteria with the
observed stability of morphological traits of particular taxa is
particularly important.

In the taxonomy of apomicts, there should be a unifying
rule that strongly stresses the importance of understanding
the biosystematic background of the apomictic groups that are
studied. Maybe the most appropriate approach would be the
recognition of primary and secondary species concepts (in the
sense of Mayden, 1997), which in turn would allow the usage
of more approaches with differing notions of what represents
the basic species entity within a particular plant genus. We
believe a clear interpretation of an evolutionary unit, which is
objectively present in apomictic complexes and recognizable
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in nature, is important. A standard unit facilitates orienta-
tion within a particular genus and also better communication
among specialists. On the other hand, for practical purposes
it is essential to develop the systematics of apomicts so that it
is easy to understand by non-specialists. Therefore, maintain-
ing infrageneric groups (e.g., collective groups, aggregates,
species complexes, sections, and nothotaxa) might be crucial
for communication among non-specialists, especially in spe-
cies-rich genera such as, Pilosella, Ranuculus, Rubus, Sorbus,
or Taraxacum.
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