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Abstract

Background: The majority of parthenogenetic vertebrates derive from hybridization between sexually reproducing
species, but the exact number of hybridization events ancestral to currently extant clonal lineages is difficult to
determine. Usually, we do not know whether the parental species are able to contribute their genes to the
parthenogenetic vertebrate lineages after the initial hybridization. In this paper, we address the hypothesis, whether
some genotypes of seven phenotypically distinct parthenogenetic rock lizards (genus Darevskia) could have
resulted from back-crosses of parthenogens with their presumed parental species. We also tried to identify, as
precise as possible, the ancestral populations of all seven parthenogens.

Results: We analysed partial mtDNA sequences and microsatellite genotypes of all seven parthenogens and their
presumed ansectral species, sampled across the entire geographic range of parthenogenesis in this group. Our
results confirm the previous designation of the parental species, but further specify the maternal populations that
are likely ancestral to different parthenogenetic lineages. Contrary to the expectation of independent hybrid origins
of the unisexual taxa, we found that genotypes at multiple loci were shared frequently between different
parthenogenetic species. The highest proportions of shared genotypes were detected between (i) D. sapphirina and
D. bendimabhiensis and (ii) D. dahli and D. armeniaca, and less often between other parthenogens. In case (ii),
genotypes at the remaining loci were notably distinct.

Conclusions: We suggest that both observations (i-ii) can be explained by two parthenogenetic forms tracing their
origin to a single initial hybridization event. In case (i), however, occasional gene exchange between the unisexual
and the parental bisexual species could have taken place after the onset of parthenogenetic reproduction. Indeed,
backcrossed polyploid hybrids are relatively frequent in Darevskia, although no direct evidence of recent gene flow
has been previously documented. Our results further suggest that parthenogens are losing heterozygosity as a
result of allelic conversion, hence their fitness is expected to decline over time as genetic diversity declines.
Backcrosses with the parental species could be a rescue mechanism which might prevent this decline, and
therefore increase the persistance of unisexual forms.
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Background

Parthenogenesis has both advantages and shortcomings
compared to sexual reproduction [1-10]. One significant
advantage of parthenogenesis relative to sexual
reproduction is the absence of males, which allows the al-
location of more resources into the production of off-
spring [5, 6]. On the other hand, the lack of genetic
recombination leads to an accumulation of deleterious
mutations in the genome of parthenogens, whereas in sex-
ual breeders, recombination and natural selection can
eliminate recessive deleterious mutations [8, 11, 12]. All
this, coupled with the lack of novel recombinant geno-
types, dramatically reduces the ability of the parthenogens
to adapt to changes in the environment [5, 7, 10]. Occa-
sional true sex, even if it occurs only once in many thou-
sands of generations, solves these problems; therefore, it is
an effective reproduction strategy [8]. The fact that par-
thenogenesis with occasional true sex is found throughout
the tree of life, being pervasive in plants, prokaryotes, pro-
tists, insects, and multiple other phyla [1, 13—18], supports
the advantage of this form of reproduction.

Unlike plants and invertebrates, parthenogenesis in
vertebrates is rare, and parthenogenetic vertebrates are
usually unable to enrich their genomes by occasional
sex. There are only a few exceptions: 1) A gynogenetic
Amazon molly fish (Poecilia formosa) exhibits recombin-
ation, which has occurred after the initial hybridization
[19, 20]. 2) The North American salamanders, Ambys-
toma, are also gynogenetic and can incorporate genetic
elements received horizontally from closely related sex-
ual species [21]. Both systems appear to be among the
oldest vertebrate parthenogenetic lineages, with an esti-
mated age of ~ 5 Mye [20, 22].

In all known cases of unisexual species of reptiles, par-
thenogenesis appears to be obligate [23], and no gene
exchange with sexually reproducing species has been
documented (although hypothesized [24]). Parthenogen-
etic forms are most common among the squamates (19
genera [25]). For all but one of these genera, partheno-
genesis results from interspecific hybridization [25, 26].
Consequently, such unisexual species initially possess
highly heterozygous genotypes, and “freezing” this high
initial diversity enables remarkable evolutionary persist-
ence of many parthenogenetic vertebrates [23, 27, 28].
In some groups, hybrid parthenogens are diverse and oc-
cupy large geographic areas: the North American whip-
tail lizards (Aspidoscelis) and Caucasian Rock Lizards
(Darevskia) have produced multiple unisexual lineages
in parallel [29-37].

Caucasian rock lizards are the first group of verte-
brates where parthenogenesis was discovered. Lantz &
Cyren [38] were among the first who noted the absence
of males in some populations of rock lizard Lacerta saxi-
cola armeniaca (later designated Darevskia armeniaca),
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from Armenia. Darevsky [39] documented locations
where only females were present and suggested they
were obligate parthenogens. In his 1967 treatise, he de-
scribed four parthenogenetic forms (subsequently given
species status) from Armenia and Georgia [40]: D. arme-
niaca, D. dahli, D. unisexualis, and D. rostombekowi.
Later, another species from Turkey was discovered, D.
uzzelli [41]. Finally, two new parthenogenetic forms, D.
sapphirina and D. bendimahiensis were described from
the vicinity of Lake Van in Turkey [42]. All these parthe-
nogens live in the area between the Lesser Caucasus
Mountains and Lake Van (Fig. 1).

All  parthenogenetic  Darevskia ~ descend  from
hybridization between bisexual representatives of two
clades within the genus: the maternal ancestry comes ex-
clusively from the caucasica clade (D. mixta, D. raddei)
and the paternal ancestors from the rudis clade (D. valen-
tini, D. portschinskii). These two clades separated between
ten [35] and 25 million years ago [43, 44]. D. armeniaca
and D. dahli share mitochondrial DNA descended from
the Western Caucasian D. mixta. Five other unisexuals: D.
unisexualis, D. rostombekowi, D. uzzelli, D. bendimahien-
sis, and D. sapphirina descended matrilineally from at
least two distinct populations of D. raddei, currently
found south of the Lesser Caucasus Mountains [36, 45].
D. mixta and D. raddei, although they belong to the same
clade within Darevskia, are genetically distinct, and they
are not even sister species; hence the parthenogens matri-
lineally associated with D. raddei and D. mixta are also
distinctive, and their mitochondrial haplogroups are recip-
rocally monophyletic [45].

The details of patrilineal ancestry are less clear. The
bisexual species D. portschinskii shares the highest pro-
portion of allozyme alleles with D. dahli and D. rostom-
bekowi, and is partially sympatric with both of them in
the eastern Lesser Caucasus. D. valentini from the
higher altitudes south and west of the Lesser Caucasus
has the highest number of allozyme alleles shared with
five other parthenogens [45]. The use of small sample
sizes genotyped for allozyme markers with low allelic di-
versity was a significant limitation in the latter study,
and did not allow detailed resolution of a reticulate spe-
ciation scheme (Fig. 1 in [45]). Disentangling the pater-
nal ancestral contribution is further complicated
because, unlike D. mixta and D. raddei on the maternal
side, D. portschinkii and D. valentini exchange genes via
introgression between themselves and with other species
within the rudis clade [46].

For decades, the number of hybridization events that
led to a series of parthenogenic forms in Darevskia has
been subject to debate. Parker et al. [47] did not exclude
the occasional presence of more than one clonal hybrid
lineage within the same taxon. Later publications also
indirectly suggest polyclonality: Fu et al. [48] discovered
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Fig. 1 Map of sampling locations (a) and Median Joining network linking D. raddei and its daughter parthenogenetic forms (b). Location
numbers (same as in Table 3) are shown on the map. Parental species in boldface. D. armeniaca: 1 - Hrazdan, Armenia; 2a - Didgori, Georgia; 2b -
Khospio, Georgia; 3a - Ardahan, Turkey; 3b - Cildir, Turkey; D. dahli: 4a — Kojori, Georgia; 4b — Didgori, Georgia; D. bendimahiensis: 5a - Muradiye,
Turkey; 5b - Caldiran, Turkey; D. sapphirina: 6a - Patnos, Turkey; 6b - Pinarli, Turkey; D. rostombekowi: 7 - Dilijan, Armenia; D. unisexualis: 8a -
Hrazdan, Armenia; 8b - Hanak, Turkey; 8c- Horasan, Turkey; 8d — River Agri, Turkey; D. uzzelli: 9a — Kars, Turkey; 9b - Sarikamis, Turkey; 9c — Horasan,
Turkey; D. mixta: 10a — Akhaldaba, Georgia; 10b — Abastumani, Georgia; 11 — Ambrolauri, Georgia; D. raddei raddei: 12a - Sotk Village, Armenia; D.
raddei nairensis: 12b - Digor, Turkey; 12¢ - Vardzia, Georgia; D. raddei vanensis: 13a - Dogubeyazit, Turkey; 13b - Muradiye, Turkey. D. portschinskii:
14a - River Khrami, Georgia; 14b - Kojori, Georgia; 15 - Mets Sepasar, Armenia; D. valentini: 15 — Akhalkalaki, Georgia; 16 - Ardahan, Turkey; 17 -
Erzurum, Turkey; 18 - Caldiran, Turkey. Circles of the same color are delimiting sampling areas in (a) and related haplogroups (b). Brown circle
delimits haplogroups of D. raddei from Iran downloaded from GenBank, unrelated to any known parthenogenetic form, and hence not included
in further analyses. The Caucasus Map was prepared in software QGIS (http://qgis.osgeo.org). Eurasia’s map at the bottom of the figure is

allozyme variation within D. unisexualis (three geno-
types), D. uzzelli, and D. bendimahiensis (two genotypes
each). Polymorphisms were also recorded for D. arme-
niaca [36, 49, 50], D. dahli [51, 52], D. unisexualis [37,
48], D. rostombekowi [53], D. uzzelli and D. bendima-
hiensis [48]. Vergun et al. [54], Ryskov et al. [53], and
Girnyk et al. [55] examined the nucleotide sequence
variation in amplicons containing the microsatellite re-
peats, in D. dahli, D. rostombekowi, and D. armeniaca.
The variation in the repeat lengths at individual loci was
attributed to mutations within the clonal parthenogen-
etic lineages, while the single-nucleotide variants in the
regions flanking the repeats were assumed to be due to
independent hybridization events. However, no formal
model-based criteria were applied to distinguish between
multiple hybridizations vs mutation accumulation sce-
narios, which cannot be excluded a priori [54, 56, 57].
Although the possibility of ongoing gene flow from a
parental species into the parthenogenetic forms of reptiles
is usually not considered, it can not be excluded com-
pletely [24]. Darevsky and Kulikova [58] mentioned the
presence of hybrids between parthenogenetic D. arme-
niaca and sexually reproducing D. valentini; all of them
were triploid, and females were sterile [58—60], although
later some triploids with fully developed gonads were
found [61-63]. Freitas et al. [37] genotyped multiple trip-
loid individuals in sympatric populations of D. valentini,
D. armeniaca, and D. unisexualis, but ruled out gene
introgression from the presumed paternal species into
parthenogenetic lineages. Triploid individuals were also
found where parthenogenetic D. dahli and D. armeniaca
are sympatric with D. raddei in Armenia [60, 64, 65].
Tarkhnishvili et al. [24] studied multiple genotypes at
five microsatellite loci in D. armeniaca, D. dahli, their ma-
ternal ancestor D. mixta, and anticipated paternal ances-
tors D. portschinskii and D. valentini. The majority of
individuals of both parthenogens had coincident geno-
types at two loci and different most-frequent genotypes at
the three other loci. The authors concluded that the most
plausible explanation of this pattern is rare backcrossing
that leads to the integration of parts of a different paternal

genome into the genome of existing parthenogenetic
form; hence, D. armeniaca is a result of backcross be-
tween parthenogenetic D. dahli with D. valentini, and not
a hybrid between D. valentini and D. mixta.

In summary, unexpectedly high levels of genetic vari-
ation, and apparent post-hybridization reorganization and
redistribution of alleles in Darevskia contradict the stand-
ard theory, which predicts relative genomic stasis. Coin-
ciding microsatellite genotypes in D. dahli and D.
armeniaca and high genetic diversity within these and
other unisexual forms raise questions on the possible role
of interbreeding between parthenogenetic and bisexual liz-
ards in the diversification of parthenogenetic Darevskia
(and, perhaps, other groups of parthenogenetic lizards).

In the present study, we aimed to clarify some import-
ant questions about the origin and population genetic
structure of parthenogenetic Darevskia. We analyze the
microsatellite genotypes and mitochondrial haplotypes
in all seven parthenogenetic species of rock lizards from
Turkey, Georgia, and Armenia, as well as in their pre-
sumed parental populations. We attempt to identify, as
precisely as possible, maternal and paternal source popu-
lations of each parthenogen. While several studies with
similar goals were conducted earlier [36, 45], including a
recent one [37], none of them included all parthenogen-
etic Darevskia species, nor did they sample the ranges
of the ancestral species on the scale presented here. Im-
portantly, we examined the evidence for (i) a single ini-
tial hybridization event in the origin of each
parthenogenetic Darevskia, a hypothesis shared by most
authors [35, 37, 45] and (ii) an alternative hypothesis,
that posits new parthenogenetic forms may have resulted
from the backcross of a hybrid parthenogen with a pa-
ternal bisexual species [24]. Our results suggest that
the origin and evolution of the parthenogenetic forms
of Darevskia are far more complicated than consid-
ered earlier. The genetic similarities between some
parthenogenetic lineages can hardly be explained
solely by coincidence. Simultaneously, we exclude the
multiclonal origin of any of the described partheno-
genetic species of Darevskia.
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Results

Matrilineal ancestry of the parthenogens

The best-fit substitution model (that with the lowest BIC
score) for all samples of the parthenogens and their pre-
sumed ancestral species was HKY + G, assuming variable
base frequencies, stable transition rates, and stable trans-
version rates. The Maximum Likelihood tree (Fig. 2) based
on the analysis of 683 bp of mitochondrial cytochrome b
gene, both of the novel samples and those downloaded
from GenBank showed the presence of three well-
supported clades within D. raddei and its daughter parthe-
nogens: 1) D. raddei from southern Georgia and the Kars
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area in Turkey (nominal subspecies D. r. nairensis and D.
r. raddei), which also includes all individuals of D. unisex-
ualis and D. uzzelli. One sequence from GenBank marked
as “D. rostombekovi’ (GenBank #MH247113) was also
clustered with this clade. However, this might be a result
of an error in species identification, since all other D. ros-
tombekovi belong to a different clade. This sequence was
excluded from the rest of the analyses.) 2) a clade includ-
ing D. raddei vanensis, D. bendimahiensis, and D. sapphir-
ina; and 3) a clade including individuals from southern
Armenia and Azerbaijan, which also includes D. rostombe-
kowi (colored boxes in Fig. 2).
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Fig. 2 Maximum Likelihood 50% consensus rule tree of haplotypes associated with different populations D. raddei and five its parthenogenetic
daughter species, based on the HKY + G model. The 683 bp fragment of the mitochondrial Cytochrome b gene is used. The tree with the highest
log likelihood (—799.7117) is shown. The tree is based on 42 novel sequences and 62 sequences downloaded from GenBank. Bootstrap values
exceeding 50% are shown on the nodes and branches. Individual clades are shown in color boxes. Clade 1 (blue box) - D. r. nairensis and D. r.
raddei from the northernmost part of the species range and their daughter parthenogenetic species; clade 2 (yellow box) — D. r. vanensis and its
daughter parthenogenetic species. Clade 3 (red box) — D. r. raddei from southern Armenia and Azerbaijan and their daughter parthenogenetic
species; D. mixta and its daughter parthenogens (green box) are used as an outgroup for D. raddei and its daughter parthenogens. For the
relative position of D. raddei and D. mixta in the phylogenetic tree of Darevskia, see [45, 66]
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The published sequences of D. raddei from Iran
belonged to three additional lineages in a polytomy. The
individuals of D. mixta were from both the Greater and
the Lesser Caucasus lineages [67] and all D. armeniaca
and D. dahli are clustered with the Lesser Caucasus clade.

The median-joining network of all individuals (Fig. 1b)
revealed 24 haplotypes of D. raddei, seven of D. mixta,
and seven of their daughter species. Six for those de-
scending from the maternal lineages of D. raddei and
one of D. mixta (a previous study that analyzed shorter
sequences of many more D. dahli and D. armeniaca re-
vealed the presence of multiple haplotypes of these spe-
cies, although the majority were identical to that
described in [24]). There is little variation among indi-
viduals of the same parthenogenetic form. Simultan-
eously, (1) most of the individuals of D. armeniaca and
D. dahli share the same haplotype, which is also present
in a single individual of D. mixta from Borjomi Gorge
(see also [24]; (2) all individuals of D. uzzelli and D. uni-
sexualis share the same haplotype, which is close to the
haplotypes of D. raddei from Digor near Kars, Turkey
(subspecies D. r. nairensis); (3) all D. rostombekowi share
the same haplotype, which is also recorded in D. raddei
from Tashtun in Southern Armenia (subspecies D. r.
raddei); (4) all D. bendimahiensis samples, and all but
one D. sapphirina share a common haplotype closest to
the haplotype of D. raddei from Dogubeyazit and Ozalp
in the Lake Van area, Turkey (subspecies D. r. vanensis,
Fig. 1b). In summary, parthenogens that matrilineally
descend from D. raddei stem from at least three geo-
graphically distinct lineages of this species.

Genetic diversity of parthenogens and their putative
ancestors

The entire data set of microsatellite genotypes is pre-
sented in Table S1. As expected, genetic diversity of all
parthenogenetic forms is lower than in their putative pa-
ternal and maternal species; the average allelic richness
[68] in the parthenogens is 1.9 times lower than in their
presumed ancestors (Fig. 3a); this difference was signifi-
cant (t-test, P = 0.0018). Among the parthenogens, allelic
richness was the lowest in D. rostombekowi (16.34) and
the highest in D. uzzelli (24.33). In all parthenogenic lin-
eages, observed heterozygosity was higher than expected
under Hardy-Weinberg equilibrium in a sexually breed-
ing population with similar allele frequencies. These re-
sults are consistent with the assumption of their hybrid
origins: D. uzzelli had the smallest excess of observed
heterozygosity, and D. unisexualis had the highest.

In sexually breeding species, some deficit of heterozy-
gotes was observed, consistent with the expectation of the
Wahlund effect [69] among geographically isolated popu-
lations (Fig. 3b). The unexpected result was that all par-
thenogenetic forms had relatively high proportions of
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homozygous loci. The highest proportion of homozygous
loci was found in parthenogenetic D. rostombekowi (60%);
while in D. bendimahiensis and D. sapphirina, the propor-
tion of homozygous loci exceeded 50% (Fig. 3c); Table S1.

Bayesian inference: clustering of the parthenogens with
sexually breeding species

For sexually reproducing species, the highest AK was ob-
served at K=3, while the BSRK method showed the
highest support for K=7 (Fig. 4). Clustering sexually
breeding individuals at K = 3 separated D. mixta, D. rad-
dei, and a third group comprised of D. portschinskii and
D. valentini individuals from different geographic popu-
lations. At K=7, the clustering procedure separated (1,
2) D. mixta; D. raddei from (3) Armenia and Kars area,
and (4) the Lake Van area; (5) D. portschinskii; D. valen-
tini from (6) southern Georgia and Ardahan area and (7)
from the Lake Van area. The separation of the clusters
was imperfect, probably due to the presence of ancestral
polymorphisms and / or convergent STR alleles (Fig. 5).

At K =3, we estimated different proportions of each of
the three clusters in each parthenogenetic form. The
two most common clusters in D. armeniaca and D.dahli
were associated with D. valentini + D. portschinskii and
D. mixta. A small proportion of D. armeniaca ancestry
was attributed to D. raddei (Fig. 5).

At K=7, D. dahli and D. rostombekowi shared 30—40%
of ancestry with D. portschinskii, but the latter also had a
substantial proportion of ancestry shared with D. valentini
from the Lake Van region. The latter geographic popula-
tion also contributed to D. sapphirina, D. bendimahiensis,
and D. unisexualis, whereas D. armeniaca and D. uzzelli
had more shared ancestry with D. valentini from southern
Georgia and neighboring parts of Turkey (Ardahan). D.
sapphirina, D. bendimahiensis, and D. unisexualis shared
most of their ancestry with D. raddei vanensis, whereas D.
armeniaca and D. uzzelli appeared to be more associated
with D. raddei nairensis and D. r. raddei (the two latter
groups were not distinguishable at K = 7).

All parthenogenetic forms had the most considerable
ancestry fraction shared with their presumed parental
species, but also possessed a significant contribution
from genetic variation associated with other Darevskia
from the same geographic area (Fig. 5).

Non-model-based analysis of microsatellite genotypes in
parthenogens

Genotype diversity

As would be expected in the absence of sexual
reproduction in parthenogenetic populations, in each
unisexual species we identified 1-3 common genotypes,
and a larger number of rare genotypes, that only differed
by a few alleles at the individual microsatellite loci
(Table 1). The highest diversity of genotypes was
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observed in D. armeniaca and the lowest in D. sapphir-
ina. The frequency of the single most frequent genotype
varied between 0.207 in D. dahli and 0.533 in D. sap-
phirina; the cumulative proportion of the two most
common genotypes varied between 0.414 in D. dahli
and 0.800 in D. sapphirina.

The minimum spanning networks, based on averaged pair-
wise Bruvo distances between individual microsatellite geno-
types, are shown on the NJ cladogram in Fig. 6a and b.
There are two main clusters, corresponding to the groups

matrilineally descended from D. raddei and from D. mixta.
Within the D. raddei-derived cluster, the species with com-
mon matrilinear ancestry from D. r. vanensis (D. bendima-
hiensis and D. sapphirina) formed a tight group with the
individual distances between the two species comparable to
those within D. unisexualis. At the same time, the two par-
thenogenetic species with mitochondrial ancestry stemming
from D. r. nairensis (D. unisexualis and D. uzzelli) did not
form a single cluster. Instead, D. unisexualis appeared to be
much closer to D. rostombekowi than to D. uzzelli (Fig. 6¢).
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Fig. 5 STRUCTURE clustering outcome with K=3 (upper panel) and K= 7 (lower panel). Admixture model applied, no LOCPRIOR used,

POPFLAF =1 for sexually breeding species (D. mixta, D. raddei, D. portschinskii, D. valentini). With K= 7, two geographic populations of D. mixta are
from the Lesser and the Greater Caucasus respectively; the red cluster marks populations of D. raddei from Armenia and northern Turkey, blue
cluster - D. raddei vanensis, brown cluster - D. valentini from Georgia and northeastern Turkey, yellow cluster - D. valentini from the Lake Van area
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Table 1 The number of the microsatellite genotypes and their
distribution per individuals in seven parthenogenetic species of
Darevskia. N - Sample size, GT - the number of distinct
microsatellite genotypes (all differences at least at one locus
considered (individuals with missing data at some loci are
treated as distinct genotypes), DR - the Bruvo distance between
the two most distant genotypes, MD - the Bruvo distance
between the two most common genotypes, 1nd, 2rd, 3rd, 4th -
proportion of the first, second, third, and fourth most common
genotypes in the sample

N GT DR MD st 2nd 3rd 4th

D. armeniaca 44 22 0266 0097 0227 0091 0068 0068
D. dahli 29 26 0594 0075 0103 0069 0069 0.069
D. unisexualis 27 12 0321 0153 0185 0.148 0.148 0.111
D. uzzelli 17 12 0409 0055 0176 0.118 0118 0.118
D. rostombekowi 19 5 0.113 0.113 0474 0263 0.158 0.053
D. bendimahiensis 14 9 0181 0028 0357 0.143 0071 0071
D. sapphirina 15 7 0278 0266 0267 0200 0200 0.133

Shared alleles and genotypes between the parthenogens
and their presumed ancestral species

Each parthenogenetic species shared at least a few alleles
with each bisexual species. D. dahli and D. armeniaca shared
more alleles with their matrilineal ancestor, D. mixta, while
the other parthenogens had closer links to D. raddei. The
shared allele pattern on the patrilineal side was less specific,
combining alleles found in both presumed paternal popula-
tions (D. portschinskii and D. valentini). When single and
two-locus shared diploid genotypes were considered, the
similarities between (i) D. portschinskii and D. rostombekowi
(ii) D. valentini and D. bendimahiensis and (iii) D. valentini
and D. rostombekowi became more prominent relative to
other bisexual-parthenogen pairs.

Many higher numbers of shared microsatellite alleles
and genotypes were observed among the parthenogen-
etic species. The highest proportion of shared alleles
(0.62) was between D. sapphirina and D. bendimahien-
sis; followed by D. dahli and D. armeniaca (0.33), D.
unisexualis and D. rostombekowi (0.34), D. unisexualis
and D. uzzelli (0.29), D. unisexualis and D. bendimahien-
sis (0.28), and finally, D. armeniaca and D. uzzelli (0.24).
For single- and two-locus genotypes, the strongest over-
lap was between (i) D. bendimahiensis and D. sapphirina
(0.49 at single loci and 0.23 at two loci) and (ii) D. arme-
niaca and D. dahli (0.30 and 0.07). Substantial overlap
was also observed in the following species pairs: D. ros-
tombekowi - D. bendimahiensis (0.19 and 0.02), D. ros-
tombekowi - D. sapphirina (0.18 and 0.017), D.
rostombekowi - D. unisexualis (0.18 and 0.019), D. uni-
sexualis - D. bendimahiensis (0.12 and 0), D. uzzelli - D.
armeniaca (0.11 and 0.004). The proportion of alleles
shared between parthenogens, and their presumed an-
cestors is shown in Fig. 7.
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Shared single and multilocus genotypes among the
parthenogenetic populations: more details

We found that a few specific genotypes were overrepre-
sented in certain pairs of species (Table 2, for complete in-
formation on individuals with shared genotypes, see Table
S1). The majority of individuals in the D. armeniaca - D.
dahli comparison shared a three-locus genotype, and two
individuals also shared a five-locus genotype (Table S1). In
D. bendimahiensis - D. sapphirina pair, the five-locus geno-
type was shared by most individuals; at the same time, 7
and 3 individuals, respectively, possessed an identical geno-
type at six loci. Fewer loci (up to 3 in D. rostombekowi and
D. unisexualis) were shared in the same genotype among
other pairs of species (Table 2).

To illustrate this pattern in more detail, we overlaid
the number of shared loci on the minimum spanning
networks based on Bruvo distances between the full
multilocus genotypes, in four pairs of the parthenogen-
etic species with the highest proportion of identical ge-
notypes (Fig. 8). In all pairs, the closest individuals that
belong to two different parthenogenetic species also
have the maximum number of shared loci (six in D.
armeniaca - D. dahli and D. bendimahiensis - D. sap-
phirina pair, 3 in D. rostombekowi- D. unisexualis, and 2
in D. armeniaca - D. uzzelli pair).

The distribution of homozygotes versus heterozygotes
among the shared genotypes was also non-random con-
cerning species pairs. That is, D. armeniaca and D. dahli
shared exclusively heterozygous genotypes (Table 2), and
a substantial proportion of identical heterozygous geno-
types was also observed between D. bendimahiensis and
D. sapphirina. In all other species pairs (and trios), only
homozygous genotypes were shared.

To verify the null hypothesis that the identical geno-
types shared between different parthenogenetic forms
may have resulted from n independent coincidence of
parental alleles during hybridization of their respective
bisexual ancestors, we calculated the theoretical prob-
abilities of independently repeated formation of the indi-
vidual multilocus genotypes (Table 2, see the Methods
for the quantitative approach chosen). A more conserva-
tive approach was used to compute homozygous geno-
types’ probabilities, assuming they are the result of
heterozygosity loss or other forms of gene conversion
[28, 70, 71]. Overall, the calculated probabilities were
tiny, e.g., in case of the most frequent three-locus geno-
type shared by D. armeniaca and D. dahli, Pad2 =
4.6*10-6. Similarly, the chance of coincidence of a five-
locus genotype most commonly shared between D. sap-
phirina and D. bendimahiensis is Psb2 = 1.83*10-7. The
probabilities of independent formation of two coinciding
two-locus genotypes clustering together most D. arme-
niaca and some of D. uzzelli (Table 2), even considering
the conservative approach based on the homozygosity of
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the shared genotype, are 1.71*10-3 and 5.73*10-4, re-
spectively. In other words, if the first species emerged in-
dependently as a result of hybridization between a male
of rudis clade with a female of D. mixta, and the second
species resulted from hybridization between a male of
rudis clade with a female of D. raddei, in only 1/100 of
successful hybridizations would one expect coincidence
at the locus Du255, which, coincidentally, is present in
over 75% of the individuals of either species. As a purely
theoretical exercise, we illustrate the dynamics of coinci-
dence probabilities with respect to the number of loci in

a genotype, for hetero- and homozygotes (Fig. 9). Note
that all parental allele frequencies in this figure are set
to 0.5, i.e., substantially higher than the observed fre-
quency of any allele in any presumed parental species,
according to our data.

Finally, we show in Fig. 6¢ that the overall distribution
of shared genotypes among parthenogenetic species, as
an NJ cladogram based solely on the number of shared
genotypes, is almost identical to a direct measure of gen-
etic distance (such as Bruvo distance on full genotypes,
Fig. 6a). Both cladograms differ from the mtDNA tree in
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Fig. 7 The proportion of shared alleles among the parthenogenetic forms and their presumed ancestors. The colors in the “heatmap” indicate
the proportion of shared alleles. Areas outside the black rectangle show the proportion of shared alleles between different parthenogens and
different bisexual species, and the area within the rectangle — the alleles of the parental species shared with the parthenogens

Fig. 2, showing a closer affinity of D. unisexualis to D.
rostombekowi, rather than to D. uzzelli. Note that D. uni-
sexualis and D. rostombekowi share a high proportion of
homozygous genotypes, which could have been caused
by the loss of heterozygosity in the clonal lineages. Such
a process can inflate genotypic similarities between spe-
cies and, hence, contribute to the discrepancies between
the mtDNA and microsatellite data in this particular
case. However, when we excluded all homozygotes from
the entire parthenogen dataset and redraw the heatmap,
the NJ cladogram’s topology does change (Fig. 6¢). The
heterozygotes-only heatmap in Fig. 6b demonstrates the
presence of three major groups with distinct matrilineal
ancestry: (i) D. mixta, (ii) D. raddei vanensis, and (iii) D.
r. raddei + D. r. nairensis.

Discussion

Discussion of the origins of parthenogenetic Darevskia
usually posits several background premises: (1) each of
seven parthenogenetic forms of Darevskia derives from in-
dependent hybridization events [32, 33, 54, 55]; (2) the
parental species of the extant parthenogens belong to dif-
ferent clades within Darevskia [36, 37, 45]; (3) high het-
erozygosity of the parthenogens derives from their hybrid
origin; (4) all extant parthenogenetic lineages originated in
relatively recent geological past, i.e. within the last 200,
000 years [32, 36]; (5) genetic exchange between partheno-
genetic lineages and sexually reproducing Darevskia is
rare or nonexistent [32, 37, 61, 72]. Hence, all partheno-
genetic lineages of Darevskia are expected to be evolution-
ary dead ends, which, due to high heterozygosity levels ab

initio, nevertheless may be successful for short periods
[33, 60, 73, 74], and thus provide good examples of geo-
graphic parthenogenesis [27, 75].

The analysis presented here suggests that the origin of
the parthenogens and their evolutionary perspective is
more complicated than previously thought. Partheno-
gens descend from at least four maternal lineages, and
thus four hybridization events. Even more intriguing is
that some single- and multilocus microsatellite geno-
types are shared between different parthenogenetic
forms. Finally, multiple homozygous loci are present in
some parthenogens, which is unexpected given their hy-
brid origin.

The putative parental lineages of the parthenogens:
mitochondrial lineages and recombinant genotypes

Our results confirm and further elaborate previous sug-
gestions [37, 45] on the parental lineages of partheno-
genetic Darevskia. Mitochondrial DNA sequencing
shows that seven parthenogenetic forms of Darevskia
matrilineally descend from at least four geographic pop-
ulations. D. armeniaca and D. dahli descend from D.
mixta from Borjomi Gorge (see also [24, 67], D. unisex-
ualis and D. uzzelli descend from D. raddei nairensis
(northwestern Armenia and the vicinity of Kars in
Turkey; see also [36]), D. rostombekowi from D. raddei
raddei (east and south of Armenia), and D. bendima-
hiensis + D. sapphirina from D. raddei vanensis. This
finding is consistent with the distribution of the pre-
sumed maternal cluster component among the same
species in our STRUCTURE analysis.
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Table 2 Pairwise comparisons of the most frequent multi- and single-locus genotypes between different parthenogenetic forms of

Darevskia. Heterozygous genotypes are highlighted in bold

species pair / trio loci in alleles in frequency first frequency second Prob. of random
genotype genotype species species coincidence ?
armeniaca - dahli Du183 189-193 0.677 0.875 46x10°°
Du47 278-286
Du323 185-213
bendimahiensis-sapphirina Dul61 391-391 0.5 0.733 183%x1077
Du183 193-201
Du47 282-282
Du323 217-217
Du215 204-220
armeniaca-uzzelli (1) Du255 204-204 05 0.176 1.71x1073
Du215 192-192
armeniaca-uzzelli (2) Du255 204-204 0.55 0.118 573x107*
Du418 140-140
unisexualis-rostombekowi Du161 395-395 0074 0.263 4x1077
Du418 136-136
Du47 282-282
unisexualis-rostombekowi Dul61 391-391 0815 0.737 3.03x10°°
Du418 136-136
frequent genotypes shared between three species
sapphirina-rostombekowi- Du47 282-282 fixed in all three species 414x10°7°
bendimahiensis
armeniaca-unisexualis- Du418 136-136 0.138; 1; 1 328 x107*
rostombekowi
dahli-uzzelli-sapphirina Du161 399-399 0.680; 0.353; 0.267 117x107°
dahli-uzzelli-bendimahiensis Du418 144-144 0.267; 0.667; 0.625 179% 1072

2 Probability of random coincidence between two or three parthenogens is calculated on the assumption of random union of the respective parental genotypes
during hybridization using current allele frequencies from presumed parental spp

However, patrilineal ancestry remains unclear. D.
portschinskii and D. valentini show a broad introgressive
pattern between each other and the neighboring popula-
tions of closely related D. rudis [46]; hence genetic dis-
tances between geographically distant conspecific
populations may be greater than between nominally dif-
ferent species from neighboring locations. Therefore, the
STRUCTURE results of this group should be interpreted
carefully. Our analysis separates (i) D. portschinskii, (ii)
D. valentini from southern Georgia, Armenia, and Kars
area in Turkey, and (iii) D. valentini from the Lake Van
area; the latter is more different from the former two
taxa (i-ii) than they were from each other. D. dahli and
D. rostombekowi showed the highest proportion of D.
portschinskii ancestry; D. armeniaca and D. uzzelli were
most related to the northern D. valentini (ii), whereas D.
unisexualis, D. bendimahiensis, and D. sapphirina — are
more similar to D. valentini from the Lake Van area (iii).
Finally, D. unisexualis shares ancestry between D. raddei
nairensis and D. raddei vanensis in our analysis,

consistent with the conclusions of Freitas et al. [37], who
used a different set of microsatellite markers; see Fig. 6
in their paper). Figure 10a shows the presumed matrilin-
eal and patrilineal origin of the parthenogenetic Darevs-
kia, summarizing the information reported in our paper
and previous publications. These findings are only partly
consistent with previous analyses that explored the origins
of parthenogenetic Darevskia [36, 37, 45] and which left
open the question, whether more than two ancestral spe-
cies have contributed to the ancestry of particular par-
thenogenetic taxa. We also note that occasional similarity
in the composition of microsatellite alleles between differ-
ent presumed ancestral populations might be homoplasy
typical in the evolution of microsatellite loci [76].

Coincidence of microsatellite genotypes between D.
armeniaca and D. dahli

The case of these two parthenogenetic species is espe-
cially puzzling. Murphy et al. [45] hypothesized that D.
armeniaca and D. dahli might have different patrilineal
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Fig. 8 Connectivity of clonal lineages between (a) D. armeniaca and D.dahli, (b) D. bendimahiensis and D. sapphirina, (c) D. unisexualis and D.
rostombekowi, (d) D. uzzelli and D. armeniaca, illustrated as Minimum Spanning Networks (MSNs). Each node represents a unique multilocus
genotype, with size proportional to the number of individuals. The edges were constructed using Bruvo distances between microsatellite
genotypes. The numbers next to the nodes show the maximum number of loci shared with the other species in a pair

3 [ bendimahiensis
1 sapphirina
b I dahli
[ armeniaca
E rostombekowi
[ unisexualis
C—Juzzel

ancestors, based on analysis of allozyme alleles. Matrilin-
eally, both forms undoubtedly derive from D. mixta,
which could have hybridized with both D. portschinskii
and D. valentini in the past. D. armeniaca and D. dahli
are phenotypically distinct and easy to identify. Adults
have different body sizes, coloration, and scalation pat-
terns in the temporal and anal regions [24, 35, 40].
These phenotypic differences are comparable with those
between sexually reproducing Darevskia species, e.g., D.
portschinskii and D. valentini (the present-day ranges of
these two presumed paternal species overlap with D.
dahli and D. armeniaca). More importantly, D. arme-
niaca and D. dahli occupy distinct geographic areas and

altitudinal ranges (1500-3000 and 800-2000 m a.s.l., re-
spectively), although sometimes individual D. dahli are
found in marginal locations of D. armeniaca. Could
these two species emerge from completely different
hybridization events?

Tarkhnishvili et al. [24] found two heterozygous
single-locus genotypes (at Du47 and Du323) shared at
high frequencies in both D. armeniaca and D. dahli.
Vergun et al. [54] and Girnyk et al. [55] genotyped 111
specimens of D. dahli and 111 D. armeniaca from
Armenia using four out of the ten loci included in our
analysis (Du215, Du281, Du323, and Du47). Comparing
the data between these two studies, the heterozygous
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genotype comprised of alleles 184 and 211 at the locus
Du323 was shared by nearly all specimens of D. arme-
niaca (0.94) and one-third of D. dahli (0.27). We have
now determined that the vast majority of both species
share an identical genotype at three loci, a few also share
four- and five-locus genotypes and two individuals even
share a six-locus genotype. Calculated from the present-
day frequencies of the respective alleles in the parental
bisexual species, the probability of accidental fixation of
a three-locus heterozygous genotype in two individuals
descending from different hybrid ancestors is close to
zero (Table 2). Of course, if the same combinations of
alleles were present at (much) higher frequencies in the
actual ancestral populations at the time of initial
hybridization, this would increase the chance of coinci-
dence. Although we will never have access to the “true”
ancestral populations, the concerted sweep of the same
alleles at multiple independent loci from near fixation in
the past to very low frequencies at present is just as un-
likely. The latter drives us to conclude that a single com-
mon hybrid ancestor must have existed for both D.
dahli and D. armeniaca, with a subsequent divergence
of the two forms, leading to pronounced phenotypic,
ecological, and genetic differences. We further suggest
that a backcrossing hypothesis could explain the current
genetic differentiation of these parthenogenetic species:
i.e., enrichment of gene pools of at least one of the two
parthenogenetic forms as a result of backcrossing with
one of the parental species [24].

Additional evidence contradicting the hypothetical ori-
gin of D. armeniaca from direct hybridization between

D. mixta and D. valentini is the structure of ranges of
these two presumed parental species, which are sepa-
rated by a distance of over 50 km (in contrast with D.
mixta and D. portschinskii, the presumed ancestors of D.
dahli, whose ranges are parapatric).

Hence, the earlier hypothesis of Tarkhnishvili et al. [24] is
supported by evidence from additional microsatellite loci and
larger samples of the scored loci and individuals. If D. dahli is
descended from a single hybridization event between female
D. mixta and a D. portschinskii male, D. armeniaca could
emerge as a result of enrichment of the original parthenogen-
etic genome by backcrossing with bisexual males. This conclu-
sion is consistent with the results of Freitas et al. [37], which
showed an admixture of alleles associated with at least three
different presumed ancestral populations, similar to the results
published here, but based using different loci. Freitas et al. [37]
use the closeness of the proportion of maternal ancestry to 0.5
as an argument for the absence of backcrosses. Our results,
however, suggest that the proportion of presumed patrilineal
ancestry is significantly different from 0.5. Conclusive valid-
ation of this hypothesis will require the analysis of genomic
data from the parthenogens and their ancestors.

Shared genotypes in D. bendimahiensis and D. sapphirina
Two other parthenogenetic forms, D. bendimahiensis
and D. sapphirina, share the highest proportion of iden-
tical genotypes (5-locus genotype in most individuals)
among all other pairs. Such a coincidence is virtually im-
possible if the two forms descend from two different
hybridization events. Our results show there is very little
genetic difference between D. bendimahiensis and D.
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sapphirina, those that exist are best explained by the ac-
cumulation of mutations in geographically isolated pop-
ulations that belong to the same hybrid lineage.

Shared genotypes in other parthenogenetic forms

Figure 10b indicates the presence of shared genotypes in
other pairs of the parthenogenetic species, based on the
total number of shared genotypes: D. armeniaca - D.
uzzelli (genotypes shared at three loci), D. rostombekovi
- D. sapphirina (2 loci), D. rostombekovi - D. unisexualis
(1 locus), D. dahli - D. uzzelli - D. sapphirina (1 locus),
armeniaca - unisexualis - rostombekowi (1 locus), etc.
All parthenogenetic forms share genotypes at at least
one microsatellite locus (Fig. 10b).

Shared genotypes are found between species pairs de-
scending from both the same and the different maternal
lineages, such as D. armeniaca and D. uzzelli or D. ros-
tombekowi and D. sapphirina. In such genotypes, no

more than two loci are shared between two individuals
(except for a single 3-locus genotype between D. unisex-
ualis and D. rostombekowi). However, in such cases, the
shared genotypes are rare, and they are always homozy-
gous. Below we consider the possibility of homozygous
genotypes being the product of allelic conversion, re-
quiring only one allele to be shared originally at a given
locus.

Backcrosses as possible way for diversification of
parthenogenetic forms

Descent from a common ancestral hybrid individual ex-
plains the presence of shared genotypes at multiple loci
between the parthenogenetic species, in particular D.
dahli and D. armeniaca. However, even those pairs of
parthenogens with the highest number of shared geno-
types also have some loci with fixed or nearly fixed dif-
ferences. How can these differences be explained?
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Microsatellites are highly mutable [77], and the esti-
mated per-locus mutation rate in Darevskia reaches
0.1428 per generation [57]. Potentially, one could explain
polymorphism within the parthenogens by the aggrega-
tion of de novo mutations. However, additional evidence
caused multiple authors to interpret genetic variation
within the parthenogens as polyclonality, i.e., descent
from different F1 hybrids [48, 49, 51, 52, 54, 55]; but see
[53]. In our study, the presence of multiple and fixed dif-
ferences between D. armeniaca and D. dahli is probably
not solely the result of accumulated mutation; at least
such extent of divergent phenotypic evolution is un-
known in vertebrate parthenogens. We suggest that
these genotypic differences (as well as genotypic differ-
ences within the forms previously interpreted as poly-
clonality) could derive from post-hybridization
backcrosses with bisexual species of Darevskia.

Directional selection in parthenogens is less effective than
in sexually reproducing species because clones cannot gener-
ate variant genotypes [8]. Moreover, because deleterious mu-
tations are more common than beneficial mutations and
difficult to eliminate (Muller’s Ratchet [12]), obligatory
parthenogens are thought to be evolutionary “dead ends.”
The process of fitness decline in parthenogenetic lineages is
accelerated if crossing over between homologous chromo-
somes of hybrid parthenogens occurs during gonadal matur-
ation: it causes gradual loss of heterozygosity described in
detail in [70]. In parthenogenetic Aspidoscelis and Ambys-
toma, the lack of recombination between homologous chro-
mosomes prevents loss of heterozygosity (crossing-over
between identical sister chromatids still goes on but has no
effect) [70, 78] (however meiosis pattern in Darevskia may
be different [79]).

The possibility of occasional provision of genes from
sexually reproducing individuals into the genomes of
parthenogenetic forms alters the evolutionary prospects
for asexual lineages. We argue that this is indeed likely in
D. armeniaca and D. dahli. In some populations of D.
armeniaca and D. unisexualis, coexisting with D. valen-
tini, the proportion of phenotypically-identified backcross
individuals exceeds 36% of the entire parthenogenic popu-
lation [78]. These authors describe eleven karyotyped
backcrossed D. unisexualis x D. valentini specimens; 5
were triploid females, three triploid males, two intersexual
triploid hybrids, and one tetraploid male [62]; another two
tetraploid individuals were reported in Freitas et al. [37].
Difficulty in segregating the triploid set of chromosomes
during normal meiosis would present an obvious fertility
problem to such hybrids [33, 45, 80-82]. Consequently,
early authors hypothesized that all hybrid triploids are
sterile [58, 61, 72]. On the other hand, successful all-
triploid hybrid unisexual lineages exist among partheno-
genetic Aspidoscelis sp. [29, 70, 83]. In Darevskia, no all-
triploid parthenogenetic populations have ever been
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found. However, Arakelyan et al. [62] showed the presence
of mature gonads in some triploid females and males, similar
to earlier described for Cnemidophorus [84]. Spangenberg
et al. [63] showed that defects in chromosome synapsis of
triploid hybrid male D. unisexualis x D. valentini did not
block meiosis, although the 281 spermatozoa studied in their
paper all showed some developmental defects. In conclusion,
backcrossing of parthenogenetic Darevskia with their pre-
sumed paternal species is documented, although definitive
evidence of fertile F1 is still absent.

In vertebrates, perhaps the best-documented evidence
of incorporating parental genomes into asexual lineages
can be found in North American salamanders Ambys-
toma [78, 85, 86]. In Ambystoma, backcrosses between
the diploid bisexual species and triploid parthenogens
can result in either (i) elevation of ploidy in the parthe-
nogens, or (ii) replacement of one of their three haploid
genomes with a new and different one. The offspring
ploidy (3n) in the second scenario is not altered, but
their genetic diversity is substantially increased [78].
Similarly, strong evidence exists for backcross
hybridization and introgression of parental genetic ele-
ments into the genomes of gynogenetic Amazon molly
fish (Poecilia formosa), although the details of the actual
cytogenetic mechanism are less clear [19, 20].

In some fish, triploid females can produce haploid eggs [87].
The chance that a gamete containing a copy of each chromo-
some is produced following triploid meiosis decreases expo-
nentially with the number of chromosomes. The probability
of meiosis in which all univalents pass to the same pole is
equal to 0.5"(x-1), where x is the number of haploid chromo-
somes in gene pool [88]. Darevskia have n = 19 chromosomes
in a haploid complement [32, 63, 89]; hence, the probability of
producing haploid or diploid gametes by a triploid individual
is 0.0000038147 (one out of 262,144 gametes). This is certainly
a rare event; however, considering the relatively high propor-
tion of triploid individuals in some parthenogenetic popula-
tions and the high number of gametes produced by males,
viable gametes may appear occasionally.

Homozygous loci in parthenogens

We assume that two allelic copies at each locus are inher-
ited from the maternal and the paternal bisexual parents.
This assumption is consistent with higher observed overall
levels of heterozygosity in the parthenogens compared to
bisexual taxa. However, homozygous loci are common in
D. rostombekowi (six out of ten scored loci in most indi-
viduals), D. bendimahiensis, and D. sapphirina (up to five
loci) and D. unisexualis (four loci).

The frequencies of the respective alleles differ strongly
between the putative maternal and paternal ancestors, at
least in their respective present-day populations. Unless
genetic drift in the bisexual populations has been par-
ticularly strong since hybridization, the chance of the
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random generation of a homozygous individual, one
who is homozygous at so many loci, is meager. The fact
that we observe multilocus homozygous genotypes
shared between different parthenogenetic species, (e.g.,
3-locus homozygous genotype is shared between D. uni-
sexualis and D.rostombekowi) is even more puzzling, and
requires considering alternative processes that increase
the frequency of homozygotes post-hybridization.

Indeed, the loss of heterozygosity in hybrid partheno-
genetic lineages is a frequently observed phenomenon [6]
and can be caused by pairing and crossing over homolo-
gous non-sister chromosomes. The segregation of recom-
binant gametes is expected to result in a random dropout/
meiotic conversion of one or the other allele from the
clonal lineage and increased homozygosity of the par-
thenogenetic population. On the other hand, Lutes et al.
[70] described an efficient mechanism of maintaining het-
erozygosity in hybrid parthenogenetic lizards (Aspidosce-
lis). According to this paper, pairing and crossing-over
occur only between the identical sister chromatids, which
effectively rescues the unisexual lineage from the rapid
loss of heterozygosity. The same process has been ob-
served in mole salamanders [21]. Although unisexual
forms of both Aspidoscelis and Darevskia are seemingly
able to maintain heterozygosity, a general mechanism de-
scribed in Lutes et al. [70] might not always work to per-
fection: rare occasional recombination between homologs
would inflate the frequencies of homozygotes over time.
The meiotic mechanism in the diploid parthenogenetic
Darevskia has not yet been described in sufficient detail;
however, Spangenberg et al. [63] observed crossing-over
in trivalent of non-sister homologous chromosomes in a
triploid male from a cross between D. unisexualis x D.
valentini. This possibility suggests that homologous re-
combination is possible, at least under certain conditions.

Alternative mechanisms of gene conversion are known,
but not for vertebrate parthenogens. For instance, in bdel-
loid rotifers, oocytes are formed through mitotic divisions,
with no evidence of chromosomal pairing [90]. In this
case, gene conversion can be biased towards one or the
other allele, thereby driving the proportions of the paren-
tal genomes from 1:1 ratio. Finally, elements of one paren-
tal genome may be directly favoured by natural selection
in the parthenogens. Interestingly, the proportions of
homozygous loci shared between D. rostombekowi, D.
dahli, and D. bendimahiensis and, respectively, either of
their bisexual parents is visibly biased towards the paternal
alleles (D. portschinskii and D. valentini).

As we mentioned before, the proportion of homozy-
gous loci differs between the parthenogenetic forms.
The loss of heterozygosity is a slow process, a product of
genetic drift, hence taking thousands of generations to
have an effect. Different proportion of homozygous loci
in different parthenogenetic lineages is explained either
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with different age, or different population size. The
parthenogens with the lowest proportion of homozygous
loci have broader ranges and consequently probably have
larger populations than those with a higher proportion of
homozygous loci. Therefore, the time it takes for an allele
to reach fixation is directly proportional to the population
size of a given parthenogenetic form. The high proportion
of homozygous loci in D. rostombekowi could reflect its
small range and small population size. The loss of hetero-
zygosity inevitably leads to the decline of fitness, and even-
tual extinction of unisexual lineages [8, 11, 12, 91], unless
the parthenogenetic genotype is enriched as a result of an
extraspecific augmentation of genetic diversity.

Hypotheses related to parthenogenesis in rock lizards: a
synthesis

Here we approach a critical question raised by previous
authors [32, 34, 37, 45, 72]: how often does hybridization
between different bisexual lineages lead to parthenogen-
esis? Theory predicts that the number of genetic incom-
patibilities increases exponentially with the number of
nucleotide differences between diverging populations,
amounting to ever more substantial barriers to gene ex-
change [92]. Chromosome pairing and segregation of
gametes during meiosis is a complex process, where in-
compatibilities may cause hybrid infertility or inviability
[93]. However, a switch to parthenogenetic reproduction
may not require compatibility between homologous
parts of the genome. In spiny loaches (Cobitis), hybrid
parthenogenesis occurs only at an advanced stage of di-
vergence [80]. Darevsky [40] suggested that partheno-
gens may result from hybridization between any species
that are diverged insufficiently to prevent hybridization
completely, but sufficiently different to undermine the
“normal” mechanisms of gametogenesis. By contrast,
Moritz et al. [33] argued that only specific evolutionary
lineages can produce parthenogens upon hybridization,
irrespective of the evolutionary distance between them.
Neither of these hypotheses is completely validated or
disproved so far; and, as we will see, this discussion re-
mains important only if all parthenogenetic lineages of
rock lizards indeed derived from F1 hybrids between dif-
ferent sexually reproducing individuals.

The results reported here question this assumption. At least
in the case of D. dahli - D. armeniaca, development of one of
the two parthenogenetic lineages could have included back-
crosses with the male of the paternal species, whose offspring
then switch to exclusively parthenogenetic reproduction.

Interestingly, the ranges of all parthenogenetic Darevs-
kia either overlap or are parapatric [36, 40]. They form a
single geographic area between the mountains of the
Central Lesser Caucasus and Lake Van. Even though
representatives of the rudis and caucasica clades coexist
throughout the Greater Caucasus and the Western
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Lesser Caucasus (Dogu Karadeniz in Turkey), no par-
thenogenetic forms have ever been recorded there. This
fact, together with the presence of overlapping microsatellite
genotypes, forces us to challenge the dominant hypothesis
about the independent origin of seven parthenogenetic Dar-
evskia and search for additional potential explanations.

North American whiptail lizards (Aspidoscelis), similar
to Darevskia, include up to 15 hybridogenous partheno-
genetic forms  (http://reptile-database.reptarium.cz/).
The origin of these parthenogens remains a subject of
extensive discussion, comparable with that on Darevskia.
Five out of seven parthenogenetic Aspidoscelis from
New Mexico are triploid [94, 95]. The presence of trip-
loid forms is clear evidence of successful backcrosses be-
tween the diploid parthenogens and their sexually
breeding relatives [96]. However, these backcrosses giv-
ing rise to new parthenogenetic lineages have never been
observed in nature, suggesting that the phenomenon is
unusual. The latter is not surprising for the reasons dis-
cussed above for Darevskia: the chance to find an in-
stantly reproductively successful triploid hybrid is
meager. Cole et al. [97] and Lutes et al. [96] managed to
produce a hybrid tetraploid parthenogenetic lineage of
Aspidoscelis in laboratory conditions, which can be taken
as evidence of such a possibility in nature.

Conclusions

We argue that enrichment of parthenogenetic genetic
variation by occasional backcrosses might exist in Cau-
casian rock lizards, and potentially in other partheno-
genetic reptiles. Backcrossed polyploid hybrids are
relatively frequent in Darevskia, although no direct evi-
dence of recent gene flow has been previously docu-
mented; here we showed coincidence of multilocus
genotypes in different species of parthenogenetic rock liz-
ards, a fact difficult to explain if gene flow between the
parthenogens and their sexually breeding ancestors is ex-
cluded. Our results suggest that the mechanism of main-
taining heterozygosity described earlier [70] may be
imperfect, and the parthenogens are gradually losing het-
erozygosity as a result of the allelic conversion. Hence,
their fitness is expected to decline over time as genetic di-
versity declines. Backcrossing with the parental species
could be a rescue mechanism that might prevent this de-
cline and increase the persistence of unisexual forms.

The apparition of a new hybrid parthenogenetic
lineage from sexually reproducing parents is an excep-
tionally rare event in reptiles—simple coexistence of spe-
cies from specific lineages or lineages separated at a
specific evolutionary distance is an insufficient precondi-
tion for such evolutionary novelty. However, a partheno-
genetic lineage may survive for a long time and adapt to
changing environments if backcrosses occasionally en-
rich its genome.
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Methods

Sampling

Samples for DNA analysis were collected between 2010 and
2018 in Georgia, Turkey, and Armenia (Fig. 1). All individ-
uals were hand-caught, temporal, dorsal, and anal areas
photographed for verification of species (available upon re-
quest, also see Tarkhnishvili et al., 2010, [46] for details), and
tail-tips removed from live animals for DNA extraction. Pro-
cedures for live-animal handling were approved by the Ani-
mal Research Ethics committees of Ilia State and Biilent
Ecevit universities. In all instances, the species could be iden-
tified unambiguously in the field: in the case of morphologic-
ally similar D. bendimahiensis and D. sapphirina, the
samples were collected from the respective terrae typica [42].
We collected samples from 19 populations of seven par-
thenogenetic Darevskia, and 14 populations of four presum-
ably ancestral bisexual species (Table 3, Fig. 1). Samples of
the parthenogens included 44 D. armeniaca, 29 D. dahli, 28
D. unisexualis, 17 D. uzzelli, 14 D. bendimahiensis, 15 D.
sapphirina, and 19 D. rostombekowi altogether. Samples of
the presumed bisexual ancestors included 42 D. mixta, 6 D.
raddei raddei, 10 D. raddei nairensis, 19 D. raddei vanensis,
33 D. valentini, and 15 D. portschinskii.

DNA extraction, sequencing, and analysis of mtDNA
haplotypes

DNA was extracted from tissue samples using a Qiagen tis-
sue kit (QIAamp DNA Mini Kit, Qiagen, Germany) accord-
ing to the manufacturer’s instructions [98]. To check for
contamination and pipetting error, a negative control (re-
agents only) was used for each extraction procedure and
PCR. Two different primer pairs (H15915 — L15369 and
H15488 — L15153, [45, 48]) were used for amplification of a
683 bp fragment of the cytochrome b mitochondrial gene
[24, 45, 46]. The PCR conditions were as follows: 20 pl total
volume, with 2—4 pul template DNA, 1U of GoTaq Flexi
DNA Polymerase (Promega), 1X GoTaq Green Flexi DNA
Polymerase buffer, 1 mM of MgCl2, 0.2 mM of each ANTP
and primer concentrations at 0.1 uM. The PCR profile in-
cluded initial denaturation at 93 °C for 3 min, followed by 30
cycles at 93°C for 1 min, 53°C for 1 min, and 69 °C for 2
min and 70 °C for 10 min for the final extension. The ampli-
cons were sequenced on an ABI 3130 sequencer in both di-
rections to ensure sequence accuracy. Sequences were edited
using SEQSCAPE 2.5 (Applied Biosystems Inc. Foster City,
CA, USA), and unique sequences (haplotypes) were depos-
ited in GenBank (accession no KM496573—-82).

We used mitochondrial sequences of D. mixta and its
daughter parthenogens D. armeniaca and D. dahli, as
well as the sequences of D. raddei and its daughter
parthenogens D. unisexualis, D. uzzelli, D. bendimahien-
sis, D. sapphirina, and D. rostombekowi to identify the
most likely maternal population of each parthenogenetic
form. Mitochondrial DNA analysis included 46 samples
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Table 3 The number of samples and the localities of the seven parthenogenetic Darevskia species and their presumed ancestors

Species/ Location as MtDNA (our MtDNA GenBank Accession # STR
population shown in Fig. 1 samples)® LGenBank) profiles®
D. armeniaca 1 - Hrazdan 2 Armenia - 2 MH247120, AF147799 4
2a,b - Didgori, 3 Georgia- 46 17
Khospio
3a,b - Ardahan, 0 Turkey-0 21
Cildir
D. dahli 4a,b - Kojori, 2 Georgia - 0 AF147800 29
Didgori Armenia-1
D. 5ab - Muradiye, 2 Turkey - 2 MH271047, MH271049, MH271050, AF164084, 14
bendimahiensis Caldiran
D. sapphirina  6a,b — Patnos, 2 Turkey - 1 AF164083 15
Pinarli
D. 7 - Dilijan 2 Armenia - 3 AF164089-AF164091; MH247116 19
rostombekowi
D. unisexualis  8a — Hrazdan 0 Armenia - 9 AF164085-AF164088 2
MH271034-MH271035
MH271053-MH271054
MNO015183
8b,c.d — Hanak, 3 Turkey - 0 20
Horasan, Agri
D. uzzelli 9a,b,c- Kars, 2 Turkey - 5 MH271037-MH271039 17
Sarikamis, MH271041, AF164082
Horasan
D. mixta 10a,b — 0 Georgia - 10 KM496573-KM496579 25
Akhaldaba, AF147796 - AF147798
Abastumani
11 - Ambrolauri 0 Georgia -3 KM496580- KM496582 17
D. raddei 12a - Sotk 2 5 (Armenia)  MH247117, MH271052, MH271060, MH271063, AF164075 3
raddei
D. raddei 12b 2 Armenia-16  AF164074, AF164077-AF164081; U88606, U88607, U88613; MH247032, 10
nairensis MH247051, MH247055, MH247057, MH247113-MH247116
12c - Vardzia 3 Georgia-0 3
D. raddei 13ab - 4 2 (Turkey) MH271045, AF164076 19
vanensis Dogubeyazit,
Muradiye
D. raddei Northern Iran 3 (Iran) KF717239, KF717241 0
(undefined)
D. 14a,b - Khrami, N/A Georgia N/A 10
portschinskii  Kojori
14c — Mets N/A Armenia N/A 3
Sapasar
D. valentini 15 - Akhalkalaki N/A Georgia N/A 13
16 - Ardahan N/A Turkey N/A 7
17 - Erzurum N/A N/A 5
18 - Caldiran N/A N/A 4

@ the number of MtDNA sequences generated and analysed within current research
 MtDNA sequences downloaded from GenBank, used in the present paper; the area of origin reported in GenBank nearest to the respective sampling location in

our data is shown

“The number of individual microsatellite genotypes generated and analysed in the current paper

of D. dahli, 20 of D. armeniaca, and 14 of their pre-
sumed matrilineal ancestor D. mixta obtained in an earl-
ier study [24], some of these samples were re-analyzed
for a longer fragment of the Cyt-b gene (683 bp)

(Table 3). We included all homologous cytochrome b se-
quences of parthenogenetic Darevskia and their pre-
sumed matrilineal ancestors, D. raddei and D. mixta,
available from GenBank, along with the novel sequences
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obtained for this study. The total number of individuals
of each species, the GenBank accession numbers, and
their source populations are provided in Table 3.

To infer the most likely local matrilineal ancestor popu-
lations of the parthenogenetic species descended from D.
raddei, we reconstructed the haplotypes tree as well as the
haplotype network— Maximum Likelihood (ML) tree of
seven parthenogenetic taxa and their presumed ancestors
was reconstructed using MEGA 7.0 [99]. The best-fit sub-
stitution model and prior specifications for ML analysis
were inferred with the same software (Maximum Likeli-
hood method was applied); the Model with the lowest BIC
scores (Bayesian Information Criterion) was considered to
describe the substitution pattern the best. The support for
branching patterns was estimated by 500 bootstrap repli-
cations. Considering reciprocal monophyly of D. mixta
and D. raddei [45, 66], we used the former species and its
daughter parthenogens as outgroups with respect to D.
raddei and its daughter parthenogens.

The Median-Joining network [100] was used for illus-
trating the degree of differences between individual hap-
lotypes of D. raddei and haplotypes of parthenogens
matrilineally descending from this species (D. unisexua-
lis, D. uzzelli, D. bendimahiensis, D. sapphirina, D. ros-
tombekowi). The software NETWORK 5.0 [100] was
used. A similar network showing the differences between
individual haplotypes of D. mixta and its daughter
parthenogens D. armeniaca and D. dahli was published
earlier [24].

Microsatellite genotyping

We inferred genotypes of 289 individual lizards at ten
microsatellite loci: Dul6l, Dul83, Du231, Du255,
Du365 [101], Du418, Du47, Du281, Du323, and Du2l5
[102]. However, in 142 individuals, the locus Du418
could not be reliably scored, hence approximately half of
the individuals were studied for nine and not ten loci
(maximum number of missing loci per individual =3,
the overall proportion of missing data = 12.39%). Micro-
satellite PCR reactions were performed using the Qiagen
Multiplex PCR kit with primer concentrations of 0.11—
0.14 pM (ca 0.1 mm). Thermal cycling was performed at
95 °C for 15 min, followed by touchdown of 15 cycles of
94.°C for 30, 56 °C for 45 s incorporating a stepwise de-
crease of 0.5 °C at each cycle, 72 °C for 1 min, then 22 cy-
cles of 94°C for 1 min, 48°C for 90s, and 72°C for 1
min, followed by a final extension at 60°C for 30 min.
PCR multiplexes were developed to reduce the time and
cost of genetic analyses. We amplified the ten loci in
three multiplex PCR reactions with following primer
combinations: multiplex I - Dul6l, Du231, Du255,
Dul83, Du365; multiplex II: Du47, Du281, Du418 and
multiplex III: Du323 and Du215 Amplicons were run on
a 3130x/ Genetic Analyser (Applied Biosystems), using
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deionized formamide and Genescan size standard LIZ
500 (Applied Biosystems Inc. Foster City, CA, USA). We
amplified and scored all loci at least three times, and cal-
culated genotyping errors (allelic dropouts, false alleles,
and genotype reliability), following the guidelines de-
scribed in [103, 104]. We set the reliable change index
(RCI) threshold value as 95% and verified every individ-
ual twice for heterozygosity, and three times for homo-
zygosity, since allelic dropouts are less likely to be
detected at homozygous loci [105].

Since we frequently observed identical genotypes
shared among the different parthenogens (see the Re-
sults section), we first validated the trivial hypothesis
that these coincidences resulted from misidentification
of genotypes. We examined the cases when alleles in the
high-frequency genotypes of the parthenogens were also
shared with one or more bisexual species, and tested
their frequencies for HW proportions in the respective
bisexual populations.

Analysis of allele and genotype frequencies and
differentiation between taxa

We used the R packages adegenet [106], hierfstat [107],
and PopGenReport [108] to infer allele and genotype di-
versity estimates within and between conspecific popula-
tions of all parthenogenetic species and their presumed
ancestors.

The proportions of shared alleles were calculated per
individual pairs of parthenogenetic species using the
function propShared in adegenet and averaged across
the respective groups. The same approach was used
when calculating the proportions of shared multilocus
genotypes, i.e., by treating each combination of a given
number of loci as one haploid locus and each corre-
sponding genotype as an allele. The minimum spanning
networks [109], based on averaged pairwise Bruvo dis-
tances between individual microsatellite genotypes, were
built using the R packages poppr [110, 111] and igraph
[112]. The Bruvo distance [113] between two microsatel-
lite alleles is calculated as:

d=1-(2"") (1)

where x is a number of repeat units that set the two al-
leles apart.

Bayesian analysis of the microsatellite genotypes

STRUCTURE v2.2 [114] separated the dataset into
groups with the least within-locus and between-locus
disequilibria. Bayesian clustering is a standard method of
population  analysis, especially in cases where
hybridization is involved [114]. However, populations of
clonally reproducing organisms do not satisfy the main
assumption of STRUCTURE, ie. that genotype
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frequencies are independent and tend towards linkage
equilibrium. For this reason, we first ran the analysis for bi-
sexual species only, to infer the number of clusters with the
highest log-likelihood. The procedure was repeated ten times
for each a priori delimited number of clusters (K), ranging
from 2 to 15, for each of three settings: (1) admixture model
without a priori information on the location (no LOCPRIOR
option); (2) no admixture model without LOCPRIOR option
applied; (3) no admixture model,

with LOCPRIOR option applied. MCMC parameters
were set with a burn-in period of 100,000 and 100,000
post-burn-in replicates. The admixture model without a
priori information on the location showed fully consist-
ent clustering among different runs; hence we inferred
the population structure based on the setting (1). We
calculated AK statistics based on the difference between
two consequential K values [115, 116] using Structure
Harvester website [117]. Since the log likelihood mono-
tonically increased with K, we considered K corresponding
to the highest AK as the most likely number of ancestral
population clusters before the interspecific hybridization/
first appearance of the parthenogenetic hybrids. Addition-
ally, we inferred the number of clusters satisfying the
broken-stick rule (BSRK [118];). The resulting value of K
with the highest support was then used in the subsequent
analysis involving both sexual and parthenogenetic popu-
lations, following the procedure described in [119].

We next estimated the ancestry proportions gained by
each parthenogenetic individual from the anticipated bi-
sexual parental clusters.

We assigned POPFLAG=1 to sexual species and
POPFLAG =0 to asexuals, which treats parthenogens as
admixed individuals of unknown origin. In this analysis,
MCMC parameters settings were as in the clustering bi-
sexual species; both for K=K|max (AK) and K=BSRK,
the procedure was repeated ten times, and the run with
the highest Ln P(D) [115] was chosen and discussed.

Probability of independent coincidence of multilocus
genotypes

In cases where the same multilocus genotypes were
identified in two or more parthenogenetic species, we
tested the null hypothesis of their independent and ran-
dom coincidence. Based on the assumption that a spe-
cific parthenogenetic genotype had resulted from
hybridization between the maternal (D. mixta or D. rad-
dei) and paternal (D.valentini and D.portschinskii com-
bined) bisexual taxa, and given the frequencies of the
respective alleles in the putative ancestors:

2n n
Puw =Y [1ruay (2)

i izj
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where P ,) is the probability of a hybrid multilocus
genotype L at n loci; p;; - frequency of allele i at locus /
in the paternal bisexual population; g;; - frequency of al-
lele j at locus [ in the maternal bisexual population.

For example, for two loci A and B:

Pu, 48,8, = Pa,PB,94,98, + Pa,P, 94,95,
+ P4,PB, 94,98, t Pa,PB, 94,98,

where Pu,4,8,5, is the probability of a hybrid genotype
with the alleles A; A, and B;By; pa; - frequency of Al in
the paternal population, g4; - frequency of Al in the
maternal population, etc. If the genotype in question
was homozygous, we applied a conservative approach,
considering that the homozygosity could be a result of
the allelic conversion, leading to loss of heterozygosity
when only one parental allele is retained at a locus (see
Results and Discussion). In this case, the probability of a
parthenogenetic, homozygous locus with allele i was
considered equal to a sum of frequencies of this allele in
both presumed parental taxa divided by two (assuming
that the probability of loss of each of two alleles in a
genotype is the same). Hence, we considered

T (P |
P = H<71+71> 3)

=1

where p;; and g;; are the frequencies of the allele i at
locus [ in the presumed parental populations. These fre-
quencies are multiplied with each other and (if applic-
able) with those calculated using eq. (2). To calculate the
probability of random coincidence, i.e. the chance of oc-
currence of the same hybrid genotype twice, the respect-
ive values in (2) or (3) were squared. In case of single
locus genotypes that were shared between three different
parthenogenetic species, the probability of chance coin-
cidence of the respective genotypes was calculated by
raising the respective values of (3) to the third degree.
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