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Most vascular plant taxa are able to reproduce vegetatively in addition to sexual reproduction. Some
plants even survive despite of (near to exclusive) sexual sterility. However, very few of these taxa are
non-apomicts with a wider distribution range.

Here we present the rare case of a virtually sexually sterile, non-apomictic plant, which was able to

Keywords: ) colonise its Central European range solely by clonal multiplication of a single genotype via subterranean
f\TFSLP genotyping bulbils: the geophyte Gagea spathacea (Liliaceae) occurs in forests in northern Germany and adjacent

southern Scandinavia, with scattered populations spread all over Central Europe; recently the species
was recorded from the Caucasus. We used AFLP fingerprinting to genotype 138 samples from 52 popula-
tions throughout this range. The analyses revealed an extremely low genetic diversity (simple matching
distances 0-0.1353). By using a threshold for clone identity of <0.02, 136 of 138 samples were assigned
to a single clone, the two deviating plants originated from one German population and from the Cau-
casus. The “megaclone” was present in all analysed Central European populations. A subset of 22 plus
four additional populations was studied by DNA sequencing of the ITS region and of psbA-trnH IGS; these
sequences were also found to be highly uniform.

The absent spatial genetic structure throughout the species’ range lends strong evidence that G.
spathacea is a sexual sterile, nearly monoclonal taxon. Most probably this can be explained by either
the high ploidy level (nonaploidy) and/or the assumed hybridogeneous origin of this taxon. However,
the purely clonal state with bulbils as sole means of dispersal poses further questions concerning species’
origin and putative colonisation history.

psbA-trnH IGS

Sexual sterility
Vegetative reproduction
Megaclone
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Introduction

In addition to sexual reproduction, most flowering plant species
rely at least to some degree on various modes of vegetative repro-
duction. Only a small number of plants seems to have completely
lost the ability to reproduce sexually (see e.g. Eckert, 2002). Most
of these taxa are apomicts that evolved from closely related sexual
taxa and now develop seeds asexually.

However, formation of seeds as one of the evolutionary key
innovations of flowering plants is rarely abandoned, even if
many species additionally reproduce vegetatively by specialised
diaspores (like bulbils, turions) or by clonal reproduction through
disintegration of genets (Frey and Losch, 2010; Urbanska, 1992).
Plants relying solely on vegetative diaspores seem to be extremely
rare (Eckert, 2002; Villarreal et al., 2010). A number of taxa does
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so in parts of their ranges, like invasive species with only one
sex introduced (only male Elodea canadensis Michx. introduced in
Europe), at the limits of their ranges (Bauert et al., 1998) or within
small and/or relict populations (Lynch and Balmer, 2004; Lynch
et al.,, 1998; Peakall et al., 2003; Villarreal et al., 2010). For the
few autochthonous sexually sterile plant species which occupy
a more than local range, inherent sexual sterility often results
from severe problems in meiosis. Examples are taxa with high
(especially anorthoploid) ploidy levels (like in triploid Sedum bulb-
iferum: Tsujimura and Ishida, 2008) or of hybridogeneous origin
with mixed parental chromosomal sets.

Within a regional survey comparing reproductive modes and
resulting spatial genetic patterns of Gagea spathacea (Hayne)
Salisb. and G. lutea Ker.-Gawl. (Liliaceae) in Western Pomera-
nia (Germany), the former taxon showed extremely low genetic
variation in the study region (Pfeiffer et al.,, 2011) and no seed
set (Schnittler et al., 2009). Gagea spathacea seems to be ster-
ile throughout its range, as reported by Raunkiaer (1895-99) and
Westergard (1936) for Denmark, Gustaffson (1946, in Raamsdonk,
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1985) for Sweden, and Levichev et al. (2010) for several European
countries.

Two explanations were invoked for the nearly complete sex-
ual sterility: the highly anortho-polyploid chromosomal state
(~nonaploidy - Henker, 2005; Levichev et al., 2010; Peruzzi, 2003;
Westergard, 1936) and the supposed hybridogeneous origin of
the species (Levichev et al., 2010; Mesicek and Hrouda, 1974;
Westergard, 1936); both phenomena can severely hamper meiotic
division.

The results of the study by Pfeiffer et al. (2011), which failed to
detect clonal diversity on a regional scale (~30km between pop-
ulations), triggered the present study, applying AFLP genotyping
and DNA sequencing (nrDNA ITS region, cpDNA psbA-trnH IGS) to
analyse samples from populations throughout the distribution
range. We aim (i) to assess genetic (clonal) diversity within and
between populations and (ii) to detect any spatial genetic struc-
ture (SGS), e.g. a differentiation of populations on geographic scales.
Such data allow (iii) to test whether sexual sterility is a general trait
of the species and (iv) may reveal colonisation history by relating
the current distribution pattern to SGS and dispersal features.

Materials and methods
Study species

Gagea spathacea is an ephemeroid spring geophyte nearly con-
fined to natural moist forests; it rarely occurs in semi-natural
parks and woodlands. Flowering (from mid April to early May)
is scarce (1-3 flowers) and rare, usually only one in a thousand
plants flowers. No evidence for apomixis is known for the genus;
the species mainly reproduces vegetatively by formation of numer-
ous subterranean bulbils (up to 54 bulbils per plant per year,
Schnittler et al., 2009). Thorough searches (including regular con-
trol of plants marked at flowering) in several years and many
German populations failed to detect fruit and seed set. Even in
populations from the Oldenburg region (where seeds were col-
lected for LEDA traitbase data; Kleyer et al., 2008) no seed set
was found in 2010 (populations D_Ns08-11; D. Kunzmann, pers.
comm.). Another population with documented seed set in the past
in the Westerwald/Hesse (Kalheber and Kalheber, 1966) could not
be checked; it was most probably destroyed by trenching in the
2000s (Kalheber, pers. comm.). Finally two capsules were discov-
ered in a single population in Mecklenburg-Western Pomerania
(map (MTB)2334/13,R4456800, L.5949500 + 80 m, U. Schliiter, May
2010). One capsule contained one apparently aborted (misshaped)
seed, the other a single small seed which failed to germinate.
Likewise, in the G. spathacea collection in the Botanical Garden
in St. Petersburg (Levichev, 2002) three seeds from two capsules
detected in 1998 looked insufficiently developed and failed to
germinate.

The species is most common in northern Germany, adjacent
southern Scandinavia and northern Poland. A few populations are
reported from the Netherlands, Belgium, and France to Poland and
the Kaliningrad region. Outposts occur in northern Italy, Slove-
nia, Croatia, Serbia, Romania, and the southern Caucasus (recent
find reported by Timukhin et al., 2010). A summary of the known
distribution is listed in Levichev et al. (2010) - compare Fig. 1.
The species is regarded as “vulnerable” in Central Europe and
listed on several national Red Lists (Schnittler and Giinther, 1999).
With its distribution area centred in Germany, the country has
a special responsibility for the species’ survival (Ludwig et al.,
2007; Welk, 2001), therefore the taxon was listed as one of the
species with a particular responsibility of Germany for its world-
wide conservation within the biological diversity initiative of the
German Federal Agency for Nature Conservation (Bundesamt fiir
Naturschutz, 2011).
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Fig. 1. Geographical locations of the 52 Gagea spathacea populations sampled for
this study (black dots); the non-German samples are additionally listed with codes
asinTable 1; divergent samples are labelled in large print (see Results); background
(from Meusel et al., 1965, modified) shows the world range of the species.

Recent infrageneric classifications place G. spathacea either in
a monotypic sect. Spathaceae Levichev (Levichev in Peterson et al.,
2008) or incorporate the species in the larger sect. Didymobulbos
K. Koch (Zarrei et al., 2011). For detailed morpho-anatomical and
karyological characters see also Peruzzi et al. (2008).

Sampling

Plant material was collected in spring 2010 from 52 populations
covering most of the species’ distribution range: Netherlands (NL: 2
populations), Belgium (B: 1), Sweden (S: 4), Italy (I: 2), Russia (Rus:
2) and Germany (D: 41); the latter include three Western Pomera-
nian populations already analysed by Pfeiffer et al. (2011). Up to
20 plants per population were excavated from different patches
within areas of up to ~100 m2. In smaller populations, these num-
bers were reduced, and in extremely vulnerable populations only a
few leaves were collected. Populations are coded by abbreviations
ofthe country (for Germany including as well the federal state name
abbreviation) and numbered consecutively (Table 1, Fig. 1).

Fresh material (plants with bulbs or leaves) for molecular analy-
ses was stored at —80 °C until DNA extraction, or was dried in paper
bags in silica gel; herbarium specimens and samples for sequenc-
ing were air-dried. Since we often encountered infections with
the smut fungus Ustilago ornithogali (Schmidt & Kunze) Magnus
(Pfeiffer et al., 2011), we used only bulbs (without roots and outer
sheaths) and parts of leaves without visual signs of infection for
DNA extraction. For nearly all populations, a herbarium voucher
has been deposited in GFW and HAL (Table 1).

psbA-trnH IGS and ITS region

In total, analyses of the nrDNA ITS region and cpDNA psbA-trnH
IGS were conducted for 30 samples from 26 populations (Table 1),
including 23 samples from 22 populations from the AFLP dataset
and seven samples analysed in former studies. DNA was isolated
from about 10 mg air dried leaf material with the DNeasy Plant
Mini Kit (Qiagen) according to the manufacturer’s protocol. The
ITS region (for ITS5 and ITS4 primers see White et al., 1990) and
the psbA-trnH IGS (for primers see Sang et al., 1997) were ampli-
fied in a GeneAmp PCR System 9700 (Perkin Elmer). PCR products
were sequenced prepared as “u-mixes” (100-200 ng PCR product
and 10 pmol sequencing primer) using the StarSEQ® Sequencing
Service (StarSeq GmbH, Mainz). Both strands were sequenced at
least twice, manually edited and combined into a single consen-
sus sequence. All sequences have been deposited in the EMBL gene
bank (for accession numbers see Table 1). Sequence alignment was
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Simple Matching Distance

Fig. 2. Histogram of pair-wise comparisons of simple matching distances (only
upper class boundaries shown) of 138 Gagea spathacea samples analysed with two
AFLP primer combinations, drawn to logarithmic scale to highlight the three-modal
distribution (figures at bars are numbers of respective pair-wise comparisons).
The black bars contain all comparisons within the single recognised megaclone
(threshold for identity <0.02, corresponding to 0-4 differences within 269 analysed
fragments), bars in medium and light grey represent comparisons of megaclone
samples with the individuals D-MVO6B or Rus_01, respectively. The white bar depicts
the single combination of the latter two samples.

carried out utilising the Clustal-W multiple alignment procedure
in Bioedit 7.0.9.0 (Hall, 1999).

AFLP genotyping and analysis of spatial genetic structure
(SGS)

DNA extraction and reactions for AFLP fingerprinting followed
the protocol described in Pfeiffer et al. (2011) with the exception
of partially using silica-dried samples. A total of 138 G. spathacea
samples with up to four plants per population (indicated by cap-
ital letters) were analysed with AFLP fingerprinting using the
primer combinations EcoRI+AGG (VIC)/Msel + CTA and EcoRI+ACA
(6-FAM)/Msel + CAG (compare Pfeiffer et al., 2011). A selection of
15 samples was further tested with four additional primer com-
binations (with different numbers of generated fragments and
degrees of polymorphism): Eco + ACA (6-FAM)/Mse + CTA, Eco + AAC
(NED)/Mse + CGT, Eco+ACT (6-FAM)/Mse+CTG, and EcoRI+AGA
(6-FAM)/Msel + GTG (in the following referred to by their selec-
tive bases). These selected samples were analysed with the same
number of repetitions to calculate error rates for all primer com-
binations. The subset of samples included the divergent sample
D_MVO06B (3 repeats) along with two further samples from the
same population, D_-MVO06A (3) and D-MVO06C (6), and twelve spec-
imens from populations throughout the sampling area: D_Bay05A
(1),D_Bb01A(3),D-MVO08B(3), D_-Ns03B (1), D_-Th01B (8), D-Hes01B
(3), D_SHO4A (1), NL.O1B (4),1.01 (3), S_.03A (1), Rus_01 (4), Rus_02
(3).

AFLP fragments were scored with GeneMapper v3.7 (Applied
Biosystems) in a semi-automated fashion, using a defined bin set
but checking all peaks and evaluating their presence manually:
fragment peaks with >50RFU were always scored as “1”, lower
peaks were either scored as 1 (if clearly defined), O (missing) or “x”
(doubtful). For all fragments, individual scoring quality was noted
from —1 (poor) to 3 (excellent), allowing to use different subsets of
fragments in the analyses, i.e. to include, respectively exclude frag-
ments of lower scoring quality. In six samples, data from each 2-4
lab repetitions were compiled and used as consensus AFLP profiles
in the analyses (S_.01A, B, C, S_.02A, D_Bay02C, D_-MV01C). This was
conducted especially in cases of insufficient DNA quality, for exam-
ple in some Swedish samples (S_.01, S_02) partially rotten after long
mail transport.

The obtained AFLP phenotypes were assigned to multi-locus lin-
eages (MLLs, Arnaud-Haond et al., 2007) or clones using an Excel
routine. The implemented algorithm allows to vary the maximum
number of tolerated fragment differences between phenotypes of
the same clone, and assigns all samples to the same clone which are
connected to other samples by at least one combination below the
defined threshold (Pfeiffer et al., 2011). In most genotyping stud-
ies a small tolerance for clonal identity is granted to account for
natural divergence (e.g. caused by accumulation of somatic muta-
tions or DNA contamination) as well as for methodological errors
(e.g., Arnaud-Haond et al., 2007; Douhovnikoff and Dodd, 2003;
Meirmans and Van Tienderen, 2004; Rogstad et al., 2002). We
checked this identity threshold against the minimum in frequency
histograms of pairwise genetic distances (Douhovnikoff and Dodd,
2003; Meirmans and Van Tienderen, 2004). For the 15 samples
analysed with four additional primer combinations we related this
threshold also to error rates between lab repeats of identical sam-
ples. To assess SGS, the AFLP profiles and genotyping results were
contrasted with a spatial distance matrix.

Results
psbA-trnH IGS and ITS region

Samples (30) of the investigated 26 European populations were
found with identical psbA-trnH IGS sequences (267 bp); only one
plant (from a population from Saxony-Anhalt not tested with AFLP,
specimen HAL095844) showed a 1 bp insertion.

The ITS region had a uniform length of 615bp in all samples
and was also identical except for one mutation site in ITS2 (posi-
tion 532). At this position instead of “C” a “Y” was detected in three
populations from Mecklenburg-Western Pomerania (both investi-
gated samples from D_MV06; D_.MV14, D_.MV15) and one from the
Netherlands (NL_01, for accession numbers see Table 1).

AFLP fingerprinting: genetic diversity

For the two primer combinations AGG/CTA and ACA/CAG ana-
lysed for all 138 samples, a total of 183 and 184 fragments of
100-500 nt length were scored, respectively. Different subsets
of the scored fragments consistently generated the same three
genotypes with only slightly divergent distance measures and
thresholds for genotype identity. The following figures are based
on a conservative approach, only using peaks of the highest scor-
ing quality 3. In this dataset, 82.6% and 84.7% of the 131 and 138
fragments used for genotyping were monomorphic. From the poly-
morphic fragments, only 6 (4.4% of all fragments) and 2 (1.5%)
differed in more than one sample, respectively. The maximum sim-
ple matching distance was 0.1353; but most samples differed only
very slightly or not at all (Fig. 2).

For a threshold of as few as one fragment differing between
AFLP phenotypes, most samples (136 of 138) were assigned to a
single clone (maximum divergence 4 fragments; simple matching
distance SM <0.02, Fig. 2), comprising samples from all analysed
populations throughout the distribution range but the Caucasus
(Rus_01). Only two samples were recognised as distinct from this
“megaclone”: Rus_01 and a single German plant (D_-MVO6B). This
latter sample from Ziisow near Wismar differed from the two other
samples from this population (D_-MVOG6A, C: included in the mega-
clone) by 10 fragments (SM 0.0373); the smallest distance was
observed in comparison with the sample 1.03 (SM 0.0299; Fig. 2).
The genetically most distant AFLP profile was detected in the sam-
ple from the Caucasus (Rus_01), with at least 28 differing fragments
compared to the megaclone (SM > 0.1049), and a maximum of 36
(SM 0.1353) compared to D_-MVO06B (Fig. 2).
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This delimitation of clones is very robust: It reappeared in a
similar nested structure [Rus_01 vs. (D_.MVO6B vs. megaclone)]
in analyses including lower peak qualities as well as in the sub-
set of samples analysed for six primer combinations (total 1088
fragments scored, 834 of highest quality analysed), though with
different thresholds for recognition of clones in individual primer
combinations (not shown). In this analysis, the divergence between
repeats of the same sample (i.e. lab and scoring error rate) reached
a maximum of 0.0124 simple matching distance (mean 0.0016) for
all six primer combinations. Also for individual primer combina-
tions, maximum error rates were usually much smaller than the
threshold for identity. Only in two cases one repeat each displayed
a slightly larger divergence caused by ambiguous scorings. Even in
these cases, the divergence was still smaller than the delimitation
between genotypes.

Spatial genetic structure

A spatial genetic structure is virtually absent, since all Central
European populations were assigned to a single clone, ranging from
S Sweden in the North to N Italy in the South and from Belgium in
the West to the Kaliningrad region in the East. This megaclone is
identical with the single genet identified in a study in three pop-
ulations in Mecklenburg-Western Pomerania (99 samples, Pfeiffer
etal.,, 2011).

The sole exceptions were the slightly diverging plant D-MV06B
and especially the single specimen from the Caucasus (Rus_01), i.e.
from outside the main range of G. spathacea.

Discussion
Genetic diversity

According to the sequence data (ITS region, psbA-trnH IGS) of
the analysed 30 samples from 26 populations G. spathacea is highly
uniform. In contrast, several mutation sites were found in the ITS
region of other polyploid Gagea species: ten sites in eleven popu-
lations of G. liotardii (Sternb.) Schult. & Schult.f. (=G. fragifera (Vill.)
Ehr. Bayer & G. Lopez); five sites in ten populations of G. lutea and
five sites in ten populations of G. bohemica (Zauschn.) Schult. et
Schult. f. (data not shown; for chromosome numbers see Peterson
et al., 2009).

AFLP fingerprinting, usually offering much more resolution
power due to a higher number of analysed markers, also revealed no
relevant genetic diversity and nearly no SGS (compare Pfeiffer et al.,
2011 for three populations from Western Pomerania). The over-
all divergence between the analysed G. spathacea specimens was
remarkably low, irrespective of the primer combination applied.
For primers AGG/CTA and ACA/CAG, the threshold of <0.02 simple
matching distance for clonal identity resulted in assigning nearly
all samples (136 of 138; Fig. 2) to one exceptionally large and wide-
spread clone. This figure is within the range of identity thresholds
commonly applied in AFLP studies. In an analysis of the hexaploid
G. lutea using the same primer combinations, a threshold of <0.05
was applied and revealed a high overall diversity with a mixture of
unique genotypes and small clones (Pfeiffer et al., 2011). Although
generally such values are not directly comparable between primers
or taxa, many analyses used similar thresholds for delimitation of
clones (e.g. Arens et al., 2005; Pfeiffer, 2007: 0.02; Vandepitte et al.,
2009: 0.03).

The calculated mean error rate of 0.0016 (maximum 0.0124)
simple matching divergence between repeats of the same sam-
ple calculated from the second dataset also fits well within the
range of 0-2% reported by Mueller and Wolfenbarger (1999). It fur-
ther justifies the applied threshold for clonal identity and indicates

that divergence caused by methodological errors and/or somatic
mutations is rather small.

Alow clonal diversity can either indicate a low genotypic differ-
entiation of the samples; but it might also be due to an insufficient
marker resolution failing to detect differences between genets
(Arnaud-Haond et al., 2005; Bonin et al., 2004). AFLP fingerprinting
relies on analysis of numerous fragments generating multi-locus
profiles, which principally enhances resolution power consider-
ably.

For a highly polyploid taxon, minor differences between genets
caused by somatic mutations are harder to detect since they first
may occur in only a single copy of the polyploid genome. Con-
sequently, new fragments caused by mutations should appear as
comparatively small peaks which may blend into the overall back-
ground and thus escape scoring. This might be one reason for the
great genetic uniformity within the G. spathacea megaclone across
a large geographic range. However, in the hexaploid G. lutea this
was not evident (Pfeiffer et al., 2011). We thus assume low clonal
diversity to be an inherent feature of G. spathacea’s genetic struc-
ture.

However, the deviations of the German sample D-MV06B (mean
simple matching distance to megaclone including the other two
samples from this population 0.0383; single mutation site in ITS2
sequence shared by further samples) as well as of the more diver-
gentRus_01 (meandistance 0.1121, Fig. 2; no difference in sequence
data) are too prominent to be explained by somatic mutations
alone, we thus assume them to be caused by extremely rare sexual
events.

Dispersal ecology

The dominance of large clones is consistent with the predom-
inantly vegetative reproduction strategy assumed for G. spathacea
(Levichev et al., 2010; Schnittler et al., 2009). The many sub-
terranean bulbils may be only dispersed within short range by
translocation of substrate through tree falls, or through digging or
wallowing activities of animals. Levichev et al. (2010) also assume
a transport with water streams, which could account for larger
dispersal distances.

Generally, most vegetative diaspores have a reduced dispersal
potential compared to seeds. However, under suitable conditions
individual clones can attain enormous sizes in non-apomicts as
well: In Allium ampeloprasum L. var. babingtonii in SW England Treu
et al. (2001) detected only one clone in a RAPD study, just like
Tsujimura and Ishida (2008) in Japanese Sedum bulbiferum studied
by isozymes. Due to the low dispersal potential of the subterranean
bulbils, G. spathacea is an exception even compared to most of these
taxa. We are not aware of another autochthonous clonal flowering
plant with such a widely distributed clone, nor do we know of other
(nearly exclusively) sterile taxa (morphologically distinct and sta-
bilised species) with such an extensive range in natural habitats
(but see Ellstrand and Roose, 1987, suspecting monoclonality in
Gaura triangularis Buckley).

Is G. spathacea sexually sterile?

Even in larger G. spathacea populations with (many) flowering
plants, seed set is virtually absent (for rare reports see Kalheber
and Kalheber, 1966; D. Kunzmann in LEDA traitbase; data on
seed and fruit traits in Tomovic and Niketic, 2005). This nearly
complete sexual sterility of G. spathacea (Levichev et al., 2010;
Weeda, 2006; Westergdrd, 1936) is probably no recent acquisition
but inherent in the species’ state. Wang et al. (2004) identi-
fied different ecological factors accounting for sexual failure in
the rare Gesneriaceae Titanotrichum oldhamii: (1) poor pollinator
service, (2) suboptimal environmental conditions, (3) increased
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inbreeding resulting in low seed set and establishment rates, and
(4) resource allocation towards vegetative reproduction (bulbils
and rhizome development) rather than fruits. Since G. spathacea
is the latest flowering of the German Gagea taxa, the first two
factors are probably of minor importance. However, especially
resource allocation patterns may affect G. spathacea: the high
number of bulbils produced per year limits investments into the
parent bulb, hence only a very small proportion of the plants
can accumulate sufficient resources for flowering (Schnittler et al.,
2009).

However, the two most plausible (non-exclusive) explana-
tions for the sterility of G. spathacea are grounded in the
species biology: the odd and extremely high ploidy level and the
assumed hybridogeneous origin (Levichev et al., 2010; Mesicek
and Hrouda, 1974; Westergard, 1936). Both conditions can pose
an inherent obstacle to meiotic division and are known to
restrict sexual reproductive success (cf. Westergard, 1936; com-
pare Peterson et al., 2010 for clonal 5x G. bohemica in Bohemia and
Wales).

Hybridisation is generally common within Gagea (e.g., Peruzzi,
2008; Peruzzi et al., 2008; Peterson et al., 2008, 2009, 2011). For G.
spathacea, Levichev et al. (2010) suggest an ancient hybrid origin
resulting from an intersectional or even intergeneric cross, but give
no hint towards putative parental taxa. Incongruent trees based on
ITS and cpDNA data (Peruzzi et al., 2008, 2011; Peterson et al., 2004,
2009, 2011) could indicate such a hybridogeneous origin, but also
provide no information about putative parents for the investigated
species.

If G. spathacea is a hybrid, the species should be derived from
few or even a single interspecific cross (as already hypothesised by
Westergdrd, 1936, pp. 447-448). A multiple hybrid origin would
imply a considerable initial genetic variability which should be
conserved by further vegetative multiplication. Assuming sexual
sterility, this initial diversity may change through selection of indi-
vidual genets (decreasing diversity, Honnay and Bossuyt, 2005) or
somatic mutations (slightly increasing diversity, see Ellstrand and
Roose, 1987). Both mechanisms can be of relevance for coloni-
sation history and population structure (compare Kimpton et al.,
2002). However, the dominance of one G. spathacea clone present
throughout the main range in Central Europe and the absent SGS
are explained best by a singular hybrid origin. This is feasible since
due to the mixed chromosomal states often only very few pri-
mary hybrids are viable and able to start a population or, in the
long run, to become the ancestor of a stabilised new taxon like G.
spathacea.

The high and anorthoploid state of G. spathacea (102-108
chromosomes, i.e. roughly complying with nonaploidy) is also
restricting fertility: Westergard (1936) documented irregular for-
mation of gametes in G. spathacea and doubted the capability
of normal sexual reproduction in Danish populations. He did
not exclude parthenogenesis, but since (i) this phenomenon is
unknown in the genus and (ii) seeds are extremely rare, this seems
to be unlikely. However, even a few asexual seeds would signifi-
cantly increase the colonisation spread of a clone since they should
disperse more readily (through boleochory, myrmecochory) than
subterranean bulbils.

Despite of the karyological facts severely impeding sexual repro-
duction, the species may not be completely sterile. Along with
irregular pollen, Westergard (1936) also detected few superfi-
cially “normal” grains, which may under exceptional circumstances
meet viable egg cells. The divergent sample D_-MVO6B within
the main distribution range (co-occurring with the megaclone)
may represent such a sexually derived new genet. However,
we must assume that such extremely rare events fail(ed)
to restore sexuality and are thus of no general evolutionary
significance.

Distribution and possible colonisation history

The range of the detected megaclone (virtually identical with
the species’ range) covers mainly woodlands in regions glaciated
during the Pleistocene, hence populations must have established
afterwards (Weeda, 2006). Two scenarios are conceivable: (1)
The species is of postglacial origin and developed (most proba-
bly after a singular hybridisation event) somewhere in the present
main range and started to spread into adjacent regions. (2) The
species’ origin predates the Holocene; it must hence have sur-
vived in a glacial refuge, e.g. in a nunatak in the region, or
originated there by hybrid speciation. So far, we do not know
putative parents, which may be extinct or migrated to regions dis-
tant from extant G. spathacea range. After the glaciations, one or
very few clones started to migrate into the bare regions, with one
genet being the most successful coloniser and hence becoming
the dominating megaclone. For Pomerania (NW Poland), Popiela
(2004) assumes an invasion starting in the late Boreal for G.
spathacea as well as for the co-occurring (but fully fertile) G.
lutea.

Together with the distribution centre in northern Central
Europe, the high genetic uniformity renders unlikely the specula-
tion of Levichev et al. (2010) that the species originated in the late
Miocene in Asia Minor. Within such a time-frame and geographic
scale, at least some somatic mutations should have accumulated,
leading to an (at least weak) SGS. In addition, the Caucasus pop-
ulation is clearly an outpost of the current range, and it would
be hard to explain why the species later colonised nearly exclu-
sively glaciated areas. Irrespective of the time frame, the purely
vegetative spread covering total distances of at least 1500 km
(between Italy and Sweden) by means of subterranean bulbils is
extraordinary.

Conclusion

The dominance of a single megaclone extending through the
Central European distribution range together with virtually absent
SGS in fingerprinting and sequencing data are best explained by
a singular hybrid origin and subsequent vegetative spread of one
successful hybrid evolving into the distinct, stabilised species G.
spathacea. As such, this taxon can be regarded as a rare “evolution-
ary accident” with surprisingly efficient vegetative multiplication
by bulbils granting survival and (at least local) spread.

Acknowledgements

This study would have been impossible without the help of
many colleagues who collected fresh plant material in all parts of
the species’ distribution area and generously contributed it for the
analyses. We are very much indebted to U.-B. Andersson (Sweden:
S),]J.W. Bielen (Netherlands: NL), P. Bolbrinker (Germany: D), ]. Cor-
nelis (Belgium: B), I.Ju. Gubareva (Russia), D. Harter, J. Heinken, Th.
Heinken, H. Henker (all D), J.J. Hofstra (NL), O. Honnay (B), K. Horn,
H. Illig, H. Kalheber, I. Kanth, D. Kunzmann, T. Lemke, S. Leipe, C.
Moller, C. Peppler-Lisbach (all D), L. Peruzzi (Italy), K. Romahn, D.
Schabelreiter, U. Schliiter (including capsules), E. Schreiber, J.-H.
Schwarz, H. Sluschny (all D), I. Somhorst (NL), S. Starke (D) and
T. Tyler (S) for collections and I. Blindow (D), B. Ekstam (S), J.E.
Dijkhuis (NL), L. Fréberg (S), A. Herrmann (D), B. Hoentjen (NL),
N. Formella, U. Raabe (all D), and E.J. Weeda (NL) for general assis-
tance. We also want to thank the Staatliches Amt fiir Landwirtschaft
und Umwelt Ueckermiinde for their permission to collect sam-
ples in the nature reserve “Eldena”. The study was supported by
a Kdthe-Kluth-Scholarship of the Ernst-Moritz-Arndt-Universitdt
Greifswald to TP, which is gratefully acknowledged.



378 T. Pfeiffer et al. / Flora 207 (2012) 372-378

References

Arens, P., Grashof-Bokdam, C.J., van der Sluis, T., Smulders, M.].M., 2005. Clonal
diversity and genetic differentiation of Maianthemum bifolium among forest
fragments of different age. Plant Ecol. 179, 169-180.

Arnaud-Haond, S., Alberto, F., Teixeira, S., Procaccini, G., Serrao, E.A., Duarte, C.M.,
2005. Assessing genetic diversity in clonal organisms: low diversity or low res-
olution? Combining power and cost efficiency in selecting markers. J. Hered. 96,
434-440.

Arnaud-Haond, S., Duarte, C.M., Alberto, F., Serrao, E.A., 2007. Standardizing methods
to address clonality in population studies. Mol. Ecol. 16, 5115-5139.

Bauert, M.R., Kalin, M., Baltisberger, M., Edwards, P.J., 1998. No genetic variation
detected within isolated relict populations of Saxifraga cernua in the Alps using
RAPD markers. Mol. Ecol. 7, 1519-1527.

Bonin, A., Bellemain, E., Eidesen, P.B., Pompanon, F., Brochmann, C., Taberlet, P., 2004.
How to track and assess genotyping errors in population genetics studies. Mol.
Ecol. 13,3261-3273.

Bundesamt  fiir  Naturschutz, 2011.  http://www.biologischevielfalt.de/
verantwortungsarten.html (accessed 28.07.11).

Douhovnikoff, V., Dodd, R.S., 2003. Intra-clonal variation and a similarity thresh-
old for identification of clones: application to Salix exigua using AFLP molecular
markers. Theor. Appl. Genet. 106, 1307-1315.

Eckert, C.G., 2002. The loss of sex in clonal plants. Evol. Ecol. 15, 501-520.

Ellstrand, N.C., Roose, M.L., 1987. Patterns of genotypic diversity in clonal plant
species. Am. J. Bot. 74, 123-131.

Frey, W., Losch, R., 2010. Geobotanik. Pflanze und Vegetation in Raum und Zeit.
Spektrum Akademischer Verlag, Heidelberg.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95-98.

Henker, H., 2005. Goldsterne und Stinsenpflanzen in Mecklenburg-Vorpommern.
Teil 1: Die Goldsterne von Mecklenburg-Vorpommern unter besonderer
Berticksichtigung kritischer und neuer Sippen. Bot. Rundbr. F. Mecklenburg-
Vorpommern 39, 3-90.

Honnay, O., Bossuyt, B., 2005. Prolonged clonal growth: escape route or route to
extinction? Oikos 108, 427-432.

Kalheber, H., Kalheber, H., 1966. Zum Vorkommen des Scheidigen Gelbsterns - Gagea
spathacea (HAYNE) GILIB. - im Westerwald. Hess. Florist. Briefe 15, 57-58.

Kimpton, S.K., James, E.A., Drinnan, A.N., 2002. Reproductive biology and genetic
marker diversity in Grevillea infecunda (Proteaceae), a rare plant with no known
seed production. Aust. Syst. Bot. 15, 485-492.

Kleyer, M. et al. (34 authors), 2008. The LEDA Traitbase: a database of life-history
traits of the Northwest European flora. J. Ecol. 96, 1266-1274.

Levichev, L.G., 2002. Collection of the genus Gagea. The plants of outdoor of the
Botanical Institute. Collections, Expositions St. Petersburg, pp. 228-236.

Levichev, I.G., Tuniyev, B.S., Timukhin, L.N., 2010. On the origin of Gagea spathacea
(Liliaceae) in Flora of the Caucasus. Bot. Zh. (St. Petersburg) 95, 464-482.

Ludwig, G., May, R, Otto, C., 2007. Verantwortlichkeit Deutschlands fiir die
weltweite Erhaltung der Farn- und Blitenpflanzen - vorldufige Liste. BfN-
Skripten 220, 1-102.

Lynch, A]]., Balmer, J., 2004. The ecology, phytosociology and stand structure of an
ancient endemic plant Lomatia tasmanica (Proteaceae) approaching extinction.
Aust. J. Bot. 52, 619-627.

Lynch, A]J., Barnes, RW., Cambecedes, ]., Vaillancourt, R.E., 1998. Genetic evidence
that Lomatia tasmanica (Proteaceae) is an ancient clone. Aust. J. Bot. 46, 25-33.

Meirmans, P.G., Van Tienderen, P.H.,2004. GENOTYPE and GENODIVE: two programs
for the analysis of genetic diversity of asexual organisms. Mol. Ecol. Notes 4,
792-794.

Mesicek, ].,Hrouda, L., 1974. Chromosome numbers in Czechoslovak species of Gagea
(Liliaceae). Folia Geobot. 9, 359-368.

Meusel, H.E., Jager, E.J., Weinert, E., 1965. Vergleichende Chorologie der zentraleu-
ropdischen Flora. Fischer, Jena.

Mueller, U.G., Wolfenbarger, L.L., 1999. AFLP genotyping and fingerprinting. Trends
Ecol. Evol. 14, 389-394.

Peakall, R, Ebert, D., Scott, LJ., Meagher, P.F., Offord, C.A., 2003. Comparative
genetic study confirms exceptionally low genetic variation in the ancient and
endangered relictual conifer, Wollemia nobilis (Araucariaceae). Mol. Ecol. 12,
2331-2343.

Peruzzi, L., 2003. Contribution to the cytotaxonomical knowledge of Gagea Salisb.
(Liliaceae) sect. Foliatae A. Terracc. and synthesis of karyological data. Caryologia
56,115-128.

Peruzzi, L., 2008. Hybridity as a main evolutionary force in the genus Gagea Salisb.
(Liliaceae). Plant Biosyst. 142, 179-184.

Peruzzi, L., Peterson, A., Tison, ].-M., Peterson, ]J., 2008. Phylogenetic relationships
of Gagea Salisb. (Liliaceae) in Italy, inferred from molecular and morphological
data matrixes. Plant Syst. Evol. 276, 219-234.

Peruzzi, L., Peterson, A., Tison, J.-M., Harpke, D., 2011. New light on phylogeny and
taxonomy of the Eurasian Gagea villosa-G. fragifera complex (Liliaceae). Nord. J.
Bot. 29, 722-733.

Peterson, A., John, H., Koch, E., Peterson, ., 2004. A molecular phylogeny of the genus
Gagea (Liliaceae) in Germany inferred from non-coding chloroplast and nuclear
DNA sequences. Plant Syst. Evol. 245, 145-162.

Peterson, A., Levichev, LG., Peterson, J., 2008. Systematics of Gagea and Lloydia
(Liliaceae) and infrageneric classification of Gagea based on molecular and mor-
phological data. Mol. Phylogenet. Evol. 46, 446-465.

Peterson, A., Harpke, D., Peruzzi, L., Levichev, L.G., Tison, ]J.-M., Peterson, J., 2009.
Hybridization drives speciation in Gagea (Liliaceae). Plant Syst. Evol. 278,
133-148.

Peterson, A., Harpke, D., Peruzzi, L., Tison, .M., John, H., Peterson, J., 2010. Gagea
bohemica (Liliaceae), a highly variable monotypic species within Gagea sect.
Didymobulbos. Plant Biosyst. 144, 308-322.

Peterson, A., Levichev, I.G., Peterson, ]., Harpke, D., Schnittler, M., 2011. New insights
into the phylogeny and taxonomy of Chinese species of Gagea (Liliaceae) - spe-
ciation through hybridization. Org. Divers. Evol. 11, 387-407.

Pfeiffer, T., 2007. Vegetative multiplication and patch colonisation of Asarum
europaeum subsp. europaeum L. (Aristolochiaceae) inferred by a combined mor-
phological and molecular study. Flora 202, 89-97.

Pfeiffer, T., Klahr, A., Heinrich, A., Schnittler, M., 2011. Does sex make a difference?
Genetic diversity and spatial genetic structure in two co-occurring species of
Gagea (Liliaceae) with contrasting reproductive strategies. Plant Syst. Evol. 292,
189-201.

Popiela, A., 2004. Phytogeographic aspects of the occurrence of forest vascular plant
species in Pomerania (northwest Poland). Bot. Jahrb. Syst. 125, 97-228.

Raamsdonk, LW.D., 1985. Pollen fertility and seed formation in the Ornithogalum
umbellatum/angustifolium complex (Liliaceae/Scilloideae). Plant Syst. Evol. 149,
287-297.

Raunkier, C., 1895-1899. De Danske Blomsterplanters Naturhistorie. Vol. 1: Enkim-
bladede. Gyldendalske Boghandels Forlag, Copenhagen.

Rogstad, S.H., Keane, B., Beresh, ]., 2002. Genetic variation across VNTR loci in central
North American Taraxacum surveyed at different spatial scales. Plant Ecol. 161,
111-121.

Sang, T., Crawford, D.J., Stuessy, T.F., 1997. Chloroplast DNA phylogeny, reticu-
late evolution, and biogeography of Paeonia (Paeoniaceae). Am. ]. Bot. 84,
1120-1136.

Schnittler, M., Giinther, K.F., 1999. Central European vascular plants requiring prior-
ity conservation measures - an analysis from national Red Lists and distribution
maps. Biodivers. Conserv. 8, 891-925.

Schnittler, M., Pfeiffer, T., Harter, D., Hamann, A., 2009. Bulbils contra seeds: repro-
ductive investment in two species of Gagea (Liliaceae). Plant Syst. Evol. 279,
29-40.

Timukhin, I, Tuniyev, B., Levichev, .G., 2010. Gagea spathacea (Liliaceae) on the Black
Sea slope of the Caucasus. Webbia 65, 141-146.

Tomovic, G., Niketic, M., 2005. Gagea spathacea (Hayne) Salisb. (Liliaceae) - a new
species for the flora of Serbia. Arch. Biol. Sci. Belgrade 57, 291-294.

Treu, R., Holmes, D.S., Smith, B.M., Astley, D., Johnson, M.A.T., Trueman, LJ., 2001.
Allium ampeloprasum var. babingtonii (Alliaceae): an isoclonal plant found across
arange of habitats in SW England. Plant Ecol. 155, 229-235.

Tsujimura, N., Ishida, K., 2008. Isozyme variation under different modes of repro-
duction in two clonal winter annuals, Sedum rosulato-bulbosum and Sedum
bulbiferum (Crassulaceae). Plant Species Biol. 23, 71-80.

Urbanska, K.M., 1992. Populationsbiologie der Pflanzen. Grundlagen, Probleme, Per-
spektiven. G. Fischer, Stuttgart-Jena.

Vandepitte, K., Roldan-Ruiz, 1., Leus, L., Jacquemyn, H., Honnay, O., 2009. Canopy
closure shapes clonal diversity and fine-scale genetic structure in the dioecious
understorey perennial Mercurialis perennis. ]. Ecol. 97, 404-414.

Villarreal, ].C., McFarland, K.D., Goffinet, B., 2010. Thousands of years without sex:
the case of the Southern Appalachian Nothoceros aenigmaticus (Talk, Botanical
Society of America: Botany 2010 - ABLS/Bryological and Lichenological Section).

Wang, C.N., Moller, M., Cronk, Q.C.B., 2004. Aspects of sexual failure in the
reproductive processes of a rare bulbiliferous plant, Titanotrichum oldhamii (Ges-
neriaceae), in subtropical Asia. Sex. Plant Reprod. 17, 23-31.

Weeda, EJ., 2006. Waar de Schedegeelster (Gagea spathacea) zich thuis voelt.
Hypericum (Nieuwsbrief (30) van de Floristische Werkgroep Twente en Floron
Twente) 6, 1-17.

Welk, E., 2001. Arealkundliche Analyse und Bewertung der Schutzrelevanz seltener
und gefdhrdeter GefaRBpflanzen Deutschlands. Doctoral Thesis M. -Luther-Univ.
Halle-Wittenberg.

Westergard, M., 1936. A cytological study of Gagea spathacea [with a note on the
chromosome number and embryo-sac formation in Gagea minima]. Compt.
Rend. Trav. Lab. Carlsberg, Sér. Physiol. 21, 437-451.

White, TJ., Bruns, T., Lee, S., Taylor, J., 1990. Amplification and direct sequencing
of fungal ribosomal RNA genes for phylogenetics. In: Innis, M.A., Gelfand, D.H.,
Sninsky, J.J., White, T.J. (Eds.), PCR Protocols: A Guide to Methods and Applica-
tions. Academic Press, San Diego, pp. 315-322.

Zarrei, M., Wilkin, P., Ingrouille, M., Chase, M.W., 2011. A revised infrageneric clas-
sification for Gagea Salisb. (Tulipae; Liliaceae): insights from DNA sequence and
morphological data. Phytotaxa 15, 44-56.



