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Abstract

Obligate parthenogenesis is found in only 0.1% of the vertebrate species, is thought to be relatively short lived and is
typically of hybrid origin. However, neither the evolutionary persistence of asexuality in vertebrates, nor the conditions that
allow the generation of new parthenogenetic lineages are currently well understood. It has been proposed that vertebrate
parthenogenetic lineages arise from hybridisation between two divergent taxa within a specific range of phylogenetic
distances (the ‘Balance Hypothesis’). Moreover, parthenogenetic species often maintain a certain level of hybridisation with
their closest sexual relatives, potentially generating new polyploid hybrid lineages. Here we address the role of hybridisation
in the origin and evolutionary lifespan of vertebrate parthenogens. We use a set of microsatellite markers to characterise the
origins of parthenogens in the lizard genus Darevskia, to study the distinctiveness of sexual and asexual taxa currently in
sympatry, and to analyse the evolutionary consequences of interspecific hybridisation between asexual females and sexual
males. We find that parthenogens result from multiple past hybridisation events between species from specific lineages over
a range of phylogenetic distances. This suggests that the Balance Hypothesis needs to allow for lineage-specific effects, as
envisaged in the Phylogenetic Constraint Hypothesis. Our results show recurrent backcrossing between sexual and
parthenogenic Darevskia but neither gene flow nor formation of new asexual lineages. We suggest that, along with their
demographic advantage, parthenogens gain additional leverage to outcompete sexuals in nature when the retention of sexual
reproductive machinery allows backcrossing with their sexual ancestors.

Introduction

Asexual reproduction is distributed across all major clades
of the tree of life. Exclusively asexual species are expected
to be short lived (Otto 2009), typically have a ‘twiggy’
phylogenetic distribution (Bell 1982) and originate from

These authors contributed equally: Roger K. Butlin, Miguel A.

Carretero

Supplementary information The online version of this article (https://
doi.org/10.1038/s41437-019-0256-5) contains supplementary
material, which is available to authorized users.

< Susana N. Freitas
freitas.sn @gmail.com

Department of Animal and Plant Sciences, The University of
Sheffield, Sheffield S10 2TN, UK

CIBIO Research Centre in Biodiversity and Genetic Resources,
InBIO, Universidade do Porto, Campus de Vairdo, Rua Padre
Armando Quintas, N° 7. 4485-661 Vairdo, Vila do Conde,
Portugal

CICGE Centro de Investigagdo em Ciéncias Geo-Espaciais,

Published online: 14 August 2019

sexual ancestors (Avise 2008). Many studies have focused
on the evolution of sex, trying to understand how such a
costly reproductive mode is so successful in nature (Weis-
mann 1889; Maynard Smith 1978; Otto 2009). This paradox
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of sex has been tentatively explained by the superior
potential for adaptation to changing environments of sexual
species compared with asexual ones (McDonald et al. 2016;
Luijckx et al. 2017). Given the putative young age of (most)
asexual species, we can deduce that sexual species con-
stantly have the potential to give rise to new asexual
lineages, but the predicted offset between generation and
extinction of asexual lineages has not often been studied
empirically.

The maintenance of asexual species (which constitute
clusters of lineages of similar genotype and phenotype; cf.
Barraclough 2010) depends on the generation of asexual
lineages from sexual progenitors and their loss, either
through accumulation of deleterious mutations (Haigh
1978), failure to adapt (Lively 2010) or neutral processes
(Schwander and Crespi 2009; Janko 2014). Asexual inver-
tebrates generally result from spontaneous thelytokous
parthenogenesis (Bullini 1994). Parthenogenetic vertebrates
are less common than invertebrate asexuals (Beukeboom
and Vrijenhoek 1998), they are obligate, mostly recent
(Beukeboom and Vrijenhoek 1998; Avise 2008) and often
include polyploids (Bullini 1994). Parthenogenetic verte-
brates typically originate through hybridisation between two
individuals of different taxa (e.g. Choleva et al. 2012; Lutes
et al. 2011; but see Sinclair et al. 2010), often resulting in
sexual-asexual complexes including a network of species
that recurrently hybridise (Danielyan et al. 2008), and
eventually allow for the origin of new parthenogenetic
species (Taylor et al. 2015). Cases where gene flow occurs
between proposed evolutionary units, or where there is a
recurrent origin of new asexual lineages from sexual par-
ents, question the current definition and applicability of
some species concepts (Coyne et al. 1988; Birky and Bar-
raclough 2009). However, repeated hybridisation events
often underlie the origin of parthenogenetic vertebrate
species (as in Aspidoscelis sp. (Reeder et al. 2002), Lepi-
dodactylus lugubris (Trifonov et al. 2015) and Cobitis
elongatoides-taenia (Choleva et al. 2012)). Since these
events result in phenotypically and genetically similar
lineages, they are consistent with the definition of asexual
species used here.

Two general hypotheses have been put forward regarding
the conditions required for interspecific hybridisation to
give rise to parthenogenetic lineages: the Balance Hypoth-
esis (BH) (Wetherington et al. 1987; Moritz et al. 1989; an
idea first discussed with reference to plants by Ernst 1918
(cited in Bartos et al. 2019)) and the Phylogenetic Con-
straint Hypothesis (PCH) (Darevsky 1967; Murphy 2000).
The BH proposes that parthenogenetic vertebrates arise by
hybridisation between two sexual species divergent enough
to disrupt meiosis in the hybrids, yet not so divergent as to
compromise hybrid viability or (parthenogenetic) fertility
(Moritz et al. 1989; Kearney et al. 2009). Under the BH,
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pairwise distances between parental species, at the inferred
time of origin of the parthenogenetic hybrids, should fall
within an interval that is constrained at both ends. Before
that interval, viable and sexually fertile offspring are
formed, and after that window hybrids are either inviable or
both sexually and parthenogenetically infertile. This win-
dow is likely to be much shorter than the time since the
separation of the parental lineages. Any pair of clades that
has passed through this interval will have had the oppor-
tunity to generate parthenogenetic lineages. We consider
this the core of the BH. Moritz et al. (1989) further sug-
gested that ploidy changes might alter the trade-off between
incompatibility and disruption of meiosis, and so the win-
dow for the origin of parthenogenetic lineages. We view
this as an extension of the core BH. The PCH proposes that
asexual lineages originate from hybridisation between the
pairs of sexual species that, alone or in combination, pos-
sess lineage-dependent genetic factors that allow them to
interbreed and produce viable hybrids capable of reprodu-
cing parthenogenetically. One lineage may possess parti-
cular factors that need to come from the maternal lineage,
for example, associated with female meiosis or egg for-
mation. In this case, the PCH also predicts that hybridisa-
tion events generating parthenogens will be directional,
with species from different clades contributing either the
maternal or paternal ancestry (Murphy 2000). These two
hypotheses are not mutually exclusive. Under the PCH,
hybridisation between very close or very distant lineages is
unlikely to generate parthenogenesis. The BH does not
exclude a higher probability of generating parthenogenetic
lineages from some combinations of parental species than
others. Nevertheless, it is helpful to consider whether the
origin of parthenogenetic lineages is mainly constrained by
lineage-specific effects (PCH) or by genetic distance (BH)
because this might give insight into the phylogenetic dis-
tribution of asexual vertebrates and the conditions needed
for their generation and persistence.

The model system used in this study, Darevskia lizards,
has a hybridisation-rich evolutionary history, and therefore
is a suitable model to study the correlation between hybri-
disation and parthenogenesis. All of its asexual lineages are
reported to be of hybrid origin (Murphy 2000; Freitas et al.
2016), there is evidence for recurring mating between
asexual females and sexual males when in sympatry, gen-
erating polyploid backcrosses (Darevsky and Danielyan
1968; Danielyan et al. 2008) and for frequent interspecific
hybridisation between sexual species (Darevsky 1967).
Given that maternal and paternal ancestors of parthenoge-
netic Darevskia are reported to be limited to a few sexual
species, this model appears to fulfil the predictions of the
PCH (Darevsky 1967) although this observation alone does
not exclude the BH. However, inferences of the origin of
the different parthenogenetic species and the identification
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Fig. 1 Previously inferred relationships between sexual species D.
mixta (mix), D. valentini (val), D. rudis (rud) and D. raddei (rad) and
their hybrid parthenogenetic descendant lineages, D. armeniaca (arm),
D. unisexualis (uni) and D. uzzelli (uzz)

of the polyploids have been based on limited evidence, and
require genetic confirmation.

Initial estimates of the phylogenetic relationships of
sexual species (Murphy et al. 1996; Murphy 2000) suggest
Darevskia is divided into three main clades (Fu et al. 1997).
Considering the asexual species and their putative parents
(Fig. 1), D. armeniaca is thought to have resulted from
hybridisation between D. mixta and D. valentini (Fu et al.
2000a, Moritz et al. 1992), while both D. unisexualis and D.
uzzelli are thought to have resulted from hybridisation
between D. raddei and D. valentini (Fu et al. 2000b). The
maternal species was always D. raddei or D. mixta (placed
in the same unresolved terminal clade by Murphy 2000) and
the paternal species was D. valentini or D. portschinskii (the
latter, and its descending asexual hybrid lineages, were not
analysed in this study). Darevskia rudis is the third species
from the rudis clade, phylogenetically very close to D.
valentini and D. portschinskii, and there is evidence for
between-species gene flow within this clade (Tarkhnishvili
et al. 2013). The relevance of D. rudis to the origin of the
parthenogens is still unclear. Hybridisation between par-
thenogenetic Darevskia females and males of their sexual
parental species has been reported, based on morphology
and karyology of a limited set of individuals (Danielyan
et al. 2008). Reported triploid hybrids (3n = 57) included
both females and males, with unknown fertility and varying
levels of reproductive organ development (Danielyan et al.
2008). Since eggs of different ploidy may develop in the
same oviduct, it is not clear if hybrids between sexual males
and asexual females are always polyploid or can also be
diploid.

The goal of this study was to address three questions
related to the origin of parthenogenesis in vertebrates, using
Darevskia as a model: (1) Is the origin of hybrid asexuality

in Darevskia more consistent with the BH or with the PCH?
(2) Did multiple hybridisation events originate each
recognised parthenogenetic Darevskia species? (3) Is there
ongoing backcrossing with gene flow between the parthe-
nogens and their sexual parents?

To address these issues, we used microsatellite markers
and genotyped individuals from a wide range of localities
from Armenia, Turkey, Georgia and Iran. We reassess the
inferred parentage of three parthenogenetic Darevskia: D.
unisexualis, D. uzzelli and D. armeniaca, comparing
matrilineal (mtDNA) and nuclear (maternal + paternal)
lineages of the putative parents and parthenogens. Current
sympatric localities were surveyed, and the evolutionary
significance of hybrids is discussed. Our results indicate that
the origin of parthenogenetic Darevskia is more consistent
with PCH than with BH. We found no evidence that
recurrent backcrossing between sexual and parthenogenetic
Darevskia has led to gene flow. Finally, our results suggest
that, while they retain sexual reproductive machinery, par-
thenogenetic vertebrates impose an additional cost on
sympatric sexual populations by backcrossing with their
sexual parents.

Material and methods
Sample collection

In this study, 378 Darevskia individuals were analysed
(Table S1, Fig. S1). Samples were collected between 2007
and 2011 in Armenia, Turkey, Georgia and Iran, aiming to
include representatives of each species’ distribution range.
Seven species were included in the analyses, three parthe-
nogenetic (D. armeniaca, D. unisexualis and D. uzzelli) and
four sexual (D. mixta, D. raddei, D. valentini and D. rudis).
Individuals were provisionally identified in the field based
on overall morphology, size, colour pattern and scutellation
(Arakelyan et al. 2011).

Four sympatric localities in Armenia where sexual and
parthenogenetic species coexist were sampled (Table S2). In
Kuchak, previous studies have reported backcross indivi-
duals between parthenogens and sexual species (Danielyan
et al. 2008). Three species have been found: two parthe-
nogenetic (D. armeniaca and D. unisexualis) and one sexual
(D. valentini), the putative paternal species for both par-
thenogens present. Putative backcross individuals, D.
armeniaca X D. valentini and D. unisexualis X D. valentini,
have been identified based on morphology, and polyploidy
of some individuals has been confirmed by karyology,
identifying both triploids and tetraploids (Danielyan et al.
2008). In total, 150 individuals were sampled, together with
individual information (location, pictures, temperature)
reported elsewhere (Carretero et al. 2018; Sillero et al.
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2018). In Sotk, the sexual D. valentini and the parthenogen
D. armeniaca have been found in sympatry, and individuals
morphologically similar to D. armeniaca x D. valentini
backcrosses were tentatively identified based on large body
size and intermediate colouration. In the remaining two
localities, Lchap and Lchashen, the sexual D. raddei was
found together with its hybrid descendant, the parthenogen
D. unisexualis (Lchap), or with the sexual D. valentini
(Lchashen).

Genotyping

Genomic DNA was extracted from 30 mg of tail-tip tissue
following standard high-salt protocols (Sambrook and
Russell 2001). From a total of 74 tested microsatellite loci
developed previously for other lacertid lizards, 12 poly-
morphic markers were selected on the basis of reliable
amplification and heterozygosity: D119, C118, C113
(Remoén et al. 2008), Pb55 (Pinho et al. 2004), Lv-4-72
(Boudjemadi et al. 1999), PO11, P054 (Wellenreuther et al.
2009), Ph39, Ph124, Ph128, Ph170 (NCBI accession
numbers: KC869962, KC869964, KC869956, KC869961)
and Du323, Du47, Du418 (Korchagin et al. 2007) (for more
information see Table S3).

PCR amplifications were carried out using the Multiplex
PCR Kit (QIAGEN) following the manufacturer’s instruc-
tions in a final 10 pl volume, including a negative control.
Amplicons were separated by size on an ABI3130xl
Genetic Analyzer. Allele sizes were scored against the
GeneScan500 LIZ Size Standard using GENEMAPPER 4.0
(Applied Biosystems) and manually checked twice, inde-
pendently. To control against allelic dropout, which is
expected to be higher in polyploids due to the greater
number of amplicons in each PCR reaction, 35-45% of
genotypes per marker were repeated, including all the
putative polyploids, in independent PCR reactions (Table
S3). For the repeated samples, loci were genotyped indivi-
dually to confirm that the third (or fourth) allele scored was
not an artefact of interaction between the different primer
pairs in the multiplex.

To test for the presence of null alleles, genotyping errors
and allelic dropout, we used Microchecker 2.2.3 (Van
Oosterhout et al. 2004). These tests were performed only on
D. valentini (excluding individuals from sympatric local-
ities) because it was the species with most individuals, and
the assumptions of this analysis are not appropriate for
parthenogenetic species or for mixed-species samples. Tests
for Hardy—Weinberg equilibrium (HWE) and linkage dis-
equilibrium (LD), and standard genetic diversity measures,
observed (Hp) and expected (Hg) heterozygosities, allele
frequencies and allelic richness, were obtained using Cer-
vus/Fstat v2.9.3.2 (Goudet 1995). The critical probability
for each test was adjusted with a sequential Bonferroni
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correction (Rice 1989). Only markers in HWE and without
significant LD were used hereafter.

Sympatric localities: ploidy determination

Individuals found at the sympatric localities were analysed
for their ploidy and parentage, testing the outcomes of
hybridisation between parthenogenetic females and sexual
males. Ploidy level was identified as the maximum number
of alleles found among the markers used (ploidy function in
Polysat; (Clark and Jasieniuk 2011)). All individuals char-
acterised as triploids had at least two markers with three
different alleles. Given the multiple ploidy levels in the
sympatric localities (see “Results” section), traditional
diversity measures and population genetic analyses could
not be applied to these datasets. Instead, we calculated inter-
individual genetic distances using the Bruvo method (Bruvo
et al. 2004) implemented in Polysat (detailed information
in SI).

Sympatric localities: principal coordinate analysis

Principal Coordinate Analyses (PCoA) were performed on
the individuals from the sympatric localities, and then
plotted against the corresponding species from elsewhere in
the distribution. Bruvo distances were used as a dissim-
ilarity matrix, and sympatric localities were grouped in pairs
according to their species makeup (Table S2). Kuchak and
Sotk constituted the first pair, both with D. valentini (sexual
paternal species) and parthenogenetic species, and Lchap
and Lchashen the second, both with D. raddei (sexual
maternal species) and others.

Cluster analyses

Cluster analyses were performed on the dataset of all
diploid individuals, using a hierarchical approach. First, we
determined the optimal number of clusters (K) on the
dataset of all diploid individuals, excluding the diploids
from the sympatric localities. K was determined using the
find.clusters option in the ADEGENET package (Jombart
et al. 2010) by comparing the different clustering solutions
using a Bayesian Information Criterion (BIC). For similar
BIC values, the optimal K value was selected based on
concordance between the clusters and described taxa. This
value of K was then compared with AK and the rate of
change of the log probability of the data between successive
K values calculated from structure analyses on the same
dataset (see below).

Second, we visualised the relationships among sexual
and parthenogenetic species using the diploid individual
dataset, now including the diploids from the sympatric
localities. We performed an exploratory Discriminant
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Analysis of Principal Components (DAPC) also imple-
mented in ADEGENET (Jombart et al. 2010). We used the
K value calculated previously as the number of clusters to
which individuals were assigned, and DAPC was used to
ordinate individuals according to axes that maximise cluster
distances relative to variation within clusters. We also cal-
culated the pairwise Fgp values between the species
(diploids from the sympatric localities were separated into
independent groups) in this same dataset with pairwise.fst in
the package hierfstat, version 0.04-22 (Goudet 1995). To
avoid effects on Fgt due to small sample size, the pairwise
Fgt was estimated only when seven or more individuals
were available per species and population.

Third, we determined the numbers of (diploid) parthe-
nogenetic lineages and hybrid origins of the parthenoge-
netic diploid individuals (including diploid parthenogens
from the sympatric localities) by conducting assignments
using DAPC membership probability values for each par-
thenogenetic species alone. To further confirm the number
of hybrid origins per species, we calculated the Bruvo
(Bruvo et al. 2004) pairwise distance distribution among
individuals of each parthenogenetic species. The Bruvo
method was used here so that comparisons with polyploids
were made possible. Lynch distances showed a similar
arrangement of clusters and distances between species and
hybrids (Fig. S2, more information in the supplementary
material). Hartigan’s dip test (implemented in R package
diptest version 0.75-7: https://CRAN.R-project.org/packa
ge=diptest) was used to assess departure from an unimodal
distance distribution.

Fourth, to test whether genetic structure was due to
isolation by distance (IBD) or the presence of distinct
groups within taxa, IBD analysis was performed on the
nominate sexual species D. raddei, D. valentini and D.
mixta (including sympatric localities), with the ADE-
GENET package in R (Jombart et al. 2010).

Last, population structure and the ancestry of the par-
thenogens were investigated using the Bayesian multilocus
clustering analysis implemented in STRUCTURE v2.3.4
(Pritchard et al. 2000; Hubisz et al. 2009) (for run details
see SI). The sexual species (diploid individuals from sym-
patric localities included) were used as ‘learning samples’
(PopFlag = 1) (Murgia et al. 2006) to define the cluster
membership when, subsequently, diploid parthenogenetic
individuals were included in the dataset. Cluster member-
ship was assigned according to the optimal number of
clusters calculated previously (K), and excluding the clus-
ters of parthenogens (since only sexual species were used as
‘learning samples’). Given their hybrid origin, parthenogens
are expected to have half of their ancestry from the maternal
species and the other half from the paternal species, with
little variation due to their clonal reproduction. The ancestry
of the parthenogenetic individuals from sympatric and

allopatric localities (and two diploid individuals of uncer-
tain status) was determined (PopFlag =0) (Pritchard et al.
2000). Some level of misclassification was allowed with the
MIGRPRIOR set at 0.01.

Results
Genotyping: general overview

All analyses were performed with 12 markers in total, nine
of which were discriminating for the polyploids. The
remaining three markers never presented more than two
alleles in any of the inferred polyploids. Although surpris-
ing, this is compatible with the alleles present in the putative
parental populations for these three loci (Table S4). Low
levels of uncertainty were found (<1% disagreement
between repeats) and uncertain genotypes were eliminated
from further analyses. Polyploid individuals were found
only in sympatric localities and classified as hybrids
between parthenogens and sexuals (hereafter ‘PS hybrids’).
Thirteen individuals presented three alleles only for one
marker (Table S1). These individuals may have been tri-
ploids with unusually low heterozygosity, or there may
have been genotyping errors but it is likely they were
aneuploid, since aneuploidy has been observed previously
in this genus (Kupriyanova 2009). Given the purpose of this
study, we followed a conservative approach and kept these
individuals in downstream analyses as diploids, with the
specific markers assigned as missing data.

Ploidy determination and the exploratory DAPC identi-
fied some putative misidentifications (details in SI). These
individuals were kept in the analysis and reclassified
according to their genetic determination, followed by
revised DAPC analyses (Fig. S3).

Sexual and parthenogenetic species structure

The optimal number of clusters was selected after com-
parison of the BIC values from DAPC with the best K
values in STRUCTURE. When setting clusters for the
sexual populations only, K =7 resulted in the most con-
sistent groups in both the DAPC and STRUCTURE ana-
lyses. These clusters corresponded to the recognised
species, but also distinguished groups within species. In D.
valentini and D. raddei this was probably due to spatial
structure, reflected in significant isolation by distance (Figs.
S4 and S5). Darevskia mixta consistently fell into two well
differentiated and geographically separated groups (D.
mixta-1 and D. mixta-2), with an Fgr distance (Fgr = 0.25,
Table 1) similar to, or even higher than, other recognised
species pairs. These subgroups within species were kept
separate since they may be relevant to determining the
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Table 1 Pairwise Fgy distances between clusters of the diploid sexual species (top) and mtDNA p-distances based on ND, (from Freitas et al.

2016)
D. mixta-2 D. mixta D. raddei-1 D. raddei-2 D. valentini-1 D. valentini-2 D. rudis D. armeniaca D. unisexualis D. uzzelli

D. mixta-2 0.000 0.247 0.111 0.187 0.078 0.155 0.137  0.488 0.370 0.453
D. mixta 0.151 0.000 0.136 0.229 0.143 0.231 0.149  0.289 0.351 0.416
D. raddei-1  0.158 0.111 0.000 0.073 0.189 0.153 0.126  0.453 0.209 0.224
D. raddei-2 0.000 0.252 0.231 0.198  0.578 0.292 0.347
D. valentini-1 0.137 0.131 0.160 0.000 0.055 0.120  0.409 0.295 0.361
D. valentini-2 0.000 0.129  0.517 0.409 0.469
D. rudis 0.141 0.134 0.159 0.030 0.000  0.368 0.282 0.359
D. armeniaca 0.151 0.003 0.114 0.134 0.140  0.000 0.473 0.495
D. unisexualis 0.157 0.108 0.010 0.159 0.159  0.111 0.000 0.290
D. uzzelli 0.156 0.109 0.011 0.160 0.160  0.111 0.001 0.000

Observed and Expected Heterozygosity
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Fig. 2 Expected and observed heterozygosity for all diploid species.
Codes are as follows: rud—D. rudis, mix2—D. mixta-2, mix—D.
mixta, val—D. valentini population 1, val2—D. valentini population 2,
rad—D. raddei population 1, rad2—D. raddei population 2, arm—D.
armeniaca, K_arm—D. armeniaca from Kuchak, uni—D. unisexualis,
uzz—D. uzzelli. Parthenogens (arm, uni and uzz) are identified with
the starred Venus symbol. Colour codes are the same as in Fig. 1

parentage of parthenogens. All sexual species showed het-
erozygote deficiencies (Fig. 2), most likely due to merging
of geographically variable populations.

When including the three parthenogenetic species, they
were consistently divided into four clusters in DAPC (two
clusters for D. armeniaca). Therefore, a K value of 11 was
used in the DAPC of the total diploid dataset (sexual +
parthenogenetic, including diploids of the sympatric local-
ities). Parthenogens (D. unisexualis, D. uzzelli and D.
armeniaca) had higher observed than expected
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heterozygosity, as predicted due to their hybrid origin
(Fig. 2). All parthenogenetic species had private alleles,
absent from the sexual taxa and sometimes in high fre-
quencies (e.g. allele 258 represents 53% of the diversity of
the C113 marker in D. uzzelli; Table S5).

Asexual parentage inference

STRUCTURE analysis following training on the sexual
species (K = 7) clearly showed a mixed ancestry for each of
the parthenogenetic genomes (Fig. 3, Table S6). Darevskia
armeniaca shared approximately half of its genome with D.
mixta-1 and the other half was divided between D. valentini
and D. rudis (predominantly from one cluster within each of
these sexual species). Similarly, D. uzzelli shared half of its
genome with D. raddei and the other half with a mix of D.
valentini and D. rudis clusters. The D. unisexualis genome
was also shared half with D. raddei and the other half with
the D. valentini and D. rudis clusters, in a similar but not
identical composition to D. uzzelli. Mitochondrial DNA
sequences confirmed previous maternal parent assignments
(Fig. S6; see SI for methods). Across all three parthenogens,
the contribution from the putative maternal species was
closer to 50% (0.36-0.58) than the contribution from the
proposed paternal species (0.10-0.45). This is reflected in
lower Fst between each parthenogen and its maternal parent
than its putative paternal ancestor (Table 1).

Origin of parthenogenetic hybrids: number of
hybridisation events

Analyses of the distributions of Bruvo distances were per-
formed to assess the number of origins of each partheno-
genetic species. A parthenogenetic species with a single
origin is expected to display a unimodal distribution whose
variance increases with lineage age and might become
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Fig. 3 Bayesian clustering results from STRUCTURE for the sexual
(D. raddei, D. mixta-1, D. mixta-2, D. valentini and D. rudis) and
asexual (D. armeniaca, D. unisexualis and D. uzzelli) species for K =7

fragmented due to spatial structure and extinction of linea-
ges. On the other hand, more than one origin might generate
a multimodal distribution dependent on sampling of geno-
types from the parental populations.

The D. armeniaca distance distribution (Fig. 4, inset A)
not only extended over a wider range than the remaining
parthenogens, but also was bimodal (with the first peak
more marked than the second; Hartigans’ dip test D=
0.0657, p-value<2.2e—16). In the DAPC analysis (Fig.
S7), Kuchak individuals and those from the remaining
distribution were separated into two groups, a separation
possibly accentuated by the overrepresentation of Kuchak
individuals in the dataset. Nevertheless, the presence of a
higher number of private alleles (Table S5) in the popula-
tion from Kuchak, in comparison to the remaining dis-
tribution, suggests that this population has had more time to
accumulate new alleles than the rest of the distribution.
These observations are consistent with D. armeniaca being
older than the other parthenogens and possibly having more
than one origin for extant clones.

Bruvo distances for D. uzzelli were distributed over a
range of distances similar to D. armeniaca, there was a
significant departure from unimodality (Hartigans’ dip test
D =0.0528, p-value <2.2e—16) and a significant bimod-
ality. Despite the wide interval of distances, D. uzzelli was
the parthenogen with the lowest number of private alleles.

Finally, D. unisexualis had one peak in the Bruvo dis-
tance distribution, and the narrowest range of distances
among the three parthenogens analysed. Hartigans’ dip test
indicated departure from unimodality (D = 0.03065, p-
value = 0.002), but the distribution was unimodal at low
resolution and ragged at higher resolution; it also indicated
multimodality with at least four peaks. A bimodal pattern
was recovered in the DAPC analysis. Darevskia unisexualis
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and with population prior set. D. raddei and D. valentini were each
divided into two populations as in Table 1

from Kuchak also had private alleles (Table S5) but, in this
species, more private alleles were found in the remaining
distribution (unlike D. armeniaca).

Sympatric localities

Polyploid individuals were found in three of the sympatric
localities, Kuchak, Sotk and Lchashen. Following ploidy
assignment in Kuchak, 17% (27/160) were polyploids and
interpreted as parthenogenetic x sexual (PS) hybrids: 3% (5/
160) D. armeniaca x D. valentini and 14% (22/160) D.
unisexualis x D. valentini. Diploid individuals from Kuchak
belonged to the parthenogens D. unisexualis and D. arme-
niaca, and the sexual D. valentini. One tetraploid was found
in Kuchak and another in Sotk, both PS hybrids D. arme-
niaca x D. valentini (IDs 12176 and 9910, respectively:
Table S1). In Sotk, 11 individuals were D. armeniaca X D.
valentini triploids and five D. valentini sexual diploids.

In the PCoA analysis of Kuchak and Sotk (Fig. 5a), a
total of 277 individuals were included: 160 from Kuchak
and 25 from Sotk, the remainder from the general dis-
tribution range (Table S1). Darevskia valentini formed a
separate cluster from each of the two parthenogens, D.
armeniaca and D. unisexualis, and the three clusters were
approximately equidistant. Diploid individuals from
Kuchak and Sotk mostly overlapped with the distribution of
genotypes from elsewhere in the corresponding species’
ranges, with some exceptions (specifically among D.
armeniaca and D. valentini from Kuchak). As expected,
genotypic variation was greater in the sexual species than
the parthenogens.

Triploid D. armeniaca x D. valentini PS hybrids from
Kuchak and Sotk fell between their proposed maternal (the
parthenogen D. armeniaca) and paternal species (the sexual
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D. valentini). As expected, these clusters were closer to the
parthenogenetic parent, which contributed two out of three
alleles. Triploid D. unisexualis x D. valentini PS hybrids
from Kuchak behaved similarly, clustering between their
proposed maternal (the parthenogen D. unisexualis) and
paternal species (the sexual D. valentini). Both tetraploid
individuals fell among the remaining PS hybrids of the
same cross (Fig. 5a).

Bruvo distances among the PS hybrids were distributed
over a narrower interval for D. unisexualis x D. valentini
than for D. armeniaca x D. valentini hybrids, even though
there were many more D. unisexualisxD. valentini
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comparisons (Fig. 4, bottom panels). Average pairwise
distances were generally larger for the polyploids than for
the diploid parthenogens (Fig. 4, top panel), and a pairwise
distance of zero was never found among the polyploids.
If the triploid PS hybrids originate via recurrent back-
crossing each generation between the asexual females and
the sexual males, they are expected to carry only alleles that
are shared with their parthenogenetic maternal species (D.
armeniaca or D. unisexualis, which are also of hybrid ori-
gin) or with the paternal species (D. valentini). As pre-
dicted, we found that PS hybrids carried one allele unique to
D. valentini and the other (one or) two either unique to the
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Fig. 5 Principal Coordinate Analysis (PCoA) of the Bruvo distances
between individuals from the sympatric localities, including polyploid
hybrids. Sympatric localities Sotk and Kuchak are in a, and Lchap and
Lchaschen in b. Diploid individuals from non-sympatric localities are
represented by the convex hulls, one per species (a D. armeniaca, D.
valentini and D. unisexualis; b D. armeniaca, D. unisexualis, D.
valentini and D. raddei). Individuals from the sympatric localities are
identified as triangles (triploid backcrosses), filled circles (sexual and
parthenogenetic diploids) or squares (tetraploids), and in different
colour tones whenever from different localities

parthenogen (D. unisexualis or D. armeniaca) or shared by
the parthenogen and D. valentini. The allelic combination
for each marker was normally such that the source of each
allele could be easily determined. Only two D. uni-
sexualis x D. valentini triploid PS hybrids (IDs 12182 and
12574) had unique alleles (Table S5), one allele each that
was absent from all other species in this study.

In the PCoA with the Lchap and Lchashen (Fig. 5, panel
b), only 19 individuals in total were available (Table S1).
All D. raddei individuals from these localities clustered
with D. raddei from elsewhere in its range, and separately
from the D. unisexualis cluster found in Lchap. D. valentini
individuals fell close to, but not within the cluster formed by
D. valentini individuals from elsewhere, and unexpectedly
not very close together. The PS hybrid D. armeniaca x D.
valentini found in Lchashen (red triangle on the Fig. 5,
panel b) fell within the cluster formed by the PS hybrids D.
armeniaca X D. valentini from Sotk when analysed together
(results not shown).

Diploids from the sympatric localities were included in
the structure analysis and the genomic contributions of
parents to these individuals were concordant with the same
species from other non-sympatric localities. The propor-
tional contributions from the putative parents were slightly
different between D. armeniaca from Kuchak and from
elsewhere (Table S6), consistent with weak bimodality in
the Bruvo pairwise genetic distance distribution (Fig. 4, top
panel) and DAPC. The contributions varied little among
Kuchak individuals, indicating the presence of one abun-
dant clone (and generating the peak at low Bruvo distance).

Discussion

Our study focused on Darevskia rock lizards as a model for
the origin and dynamics of parthenogenesis in vertebrates.
Our results support previous parentage assignments for the
parthenogens. Only two lineages act as parents, one con-
sistently as the maternal parent. This pattern is more com-
patible with the PCH than with the core BH. We present
evidence for multiple origins of each parthenogenetic spe-
cies. Our results also show ongoing hybridisation between
parthenogenetic females and sexual males, but no gene flow
was detected among the interbreeding species.

The sexual (and diploid) Darevskia lizards analysed here
were divided into genetically distinct groups, concordant
with the initial assignment based on phenotype. Darevskia
mixta individuals were consistently divided into two genetic
groups, one with samples from Georgia (D. mixta-1) and the
other with samples from Turkey (D. mixta-2). Pairwise Fgr
between these groups was 0.25, similar to the distance
between other sexual species pairs, suggesting species-level
differentiation.

With structure analysis, we reassessed the parentage
inferences made by Darevsky (1967), Fu et al
(2000a, 2000b) and Murphy (2000) and confirmed the
hybrid genetic profile of all diploid parthenogenetic species
studied. This analysis was performed with the allelic
information from 12 microsatellite loci only, so it is likely
to have some uncertainty. However, lack of LD among the
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loci suggests that they are not closely linked and so provide
a meaningful estimate of the proportional contributions of
parental genomes.

We found that the maternal contribution (confirmed by
mtDNA analysis, Fig. S6) for each parthenogen (either D.
raddei or D. mixta-1) accounted for ~50% of the nuclear
genome of the parthenogenetic species, as expected. On the
other hand, the paternal contribution was less clear (Fig. 3).
For each of the three parthenogens, there appeared to be a
mix of contributions from the sexual species D. valentini
and D. rudis. Darevskia valentini was the previously pro-
posed paternal species in all these cases (Darevsky 1967).
On the basis of five microsatellite markers, Tarkhnishvili
et al. (2017) claimed to provide evidence for the origin of
some Darevskia parthenogenetic lineages (e.g. D. arme-
niaca) from backcross hybridisation between one parthe-
nogenetic female and a male of a sexual species
(Tarkhnishvili et al. 2017). However, that would not explain
the 50% maternal genomic ancestry found in all partheno-
genetic individuals analysed here, since it would imply
triploidy and a contribution of ~33%. More parsimonious
explanations are available: a prior hybridisation between
two sexual individuals of different species, in this case D.
rudis and D. valentini (for which there is some evidence;
Tarkhnishvili et al. 2013), could have generated a sexual
hybrid with a mixed genome that then hybridised with a
female of a different sexual species (either D. raddei or D.
mixta-1), leading to the origin of an asexual hybrid lineage
with contributions from three parental taxa. For this to have
happened, the three different species would have to have
been in sympatry, a scenario facilitated by the frequent
secondary contacts Darevskia taxa experienced during the
Pleistocene ice ages (Freitas et al. 2016). Moreover, wide-
spread evidence for gene flow among sexual taxa (Freitas
et al. unpublished), including among species of the rudis
clade (D. valentini, D. rudis and D. portschinskii) (Tarkh-
nishvili et al. 2013), further supports this suggestion.
Ancient hybridisation appears to fuel speciation events in
other taxa as well (e.g. Meier et al. 2017). We cannot rule
out contributions from unsampled populations, but we
conclude that prior hybridisation is the most likely expla-
nation for our findings.

(1) Is the origin of hybrid asexuality in Darevskia
more consistent with the Balance Hypothesis or
with the Phylogenetic Constraint Hypothesis?

Under the BH (Moritz et al. 1989), parental species pairwise
distances, at the inferred time of origin of the parthenoge-
netic hybrids, should fall within a constrained interval
(Kearney et al. 2009). Any species pair that has passed
through that interval could have generated parthenogenetic
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hybrids but it is likely that only a small proportion of them
will give rise to lineages that are now extant. In Darevskia,
we used Fgr pairwise distances calculated from the 12
microsatellite markers. Given the small number of markers
used and the potential for homoplasy, distances may be
inaccurate, particularly under-estimating longer distances.
But, given the young age of the parthenogens (Freitas et al.
2016), current parental distances are not much greater than
distances when hybridisation gave rise to them. From these
data we cannot assess constraints on the divergence interval
during which parthenogens can be formed. However, there
are sexual species pairs with estimated distances within the
same interval as the sexual parentals and with geographical
range overlap (e.g. D. mixta-1/D. rudis in Western Cauca-
sus). No parthenogenetic hybrid between these species has
been reported. This conclusion also holds for distances
based on mtDNA sequences (Table 1).

The 23 sexual species of Darevskia not included in this
study produced no known parthenogenetic hybrid species
despite extensive survey effort with this group (Murphy
2000). This pattern is unexpected if phylogenetic distance is
the sole determinant of the potential for sexual species to
give rise to parthenogenetic hybrids. On the other hand, it is
the expected pattern under the PCH. More precise distance
estimates, based on more sequence data, and for a larger
sample of species, will be needed to investigate this pattern
further.

We also confirm that the directionality of the hybridisa-
tion events was consistent, D. mixta-1 and D. raddei always
acting as maternal species. This pattern is not expected
under the core BH. While it is not a necessary feature of the
PCH, it can arise because the predisposition of particular
lineages to generate parthenogenetic hybrids may be spe-
cific to either the maternal or paternal role. If such a pre-
disposition is maintained in the parthenogens, it may help to
explain their observed ability to produce viable offspring
with the sexual males of their paternal species.

Despite the viability of the offspring between partheno-
genetic females and sexual males, the resulting hybrids are
polyploid and apparently infertile, incapable of generating a
stable parthenogenetic lineage. The infertility of the poly-
ploid hybrids could be explained under the extended BH,
which proposes that the addition of a second haploid gen-
ome from one of the parental species can disrupt the balance
between meiotic disruption and incompatibility that allows
the diploid hybrids to reproduce parthenogenetically.
However, this hypothesis also supports the alternative
possibility (Moritz et al. 1989; Fig. 8), that the addition of a
third genome can increase the fecundity and viability of the
asexual hybrids (allowing a polyploid lineage to be gener-
ated). Similarly, change in ploidy could have either effect
on the lineage-specific factors underlying parthenogenesis
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postulated by the PCH. Thus, the infertility of the Darevskia
polyploids does not provide evidence to distinguish
between the BH and PCH.

The BH remains the most widely accepted explanation
for the origin of vertebrate parthenogenesis (Avise 2008).
However, in addition to Darevskia, other hybrid partheno-
genetic vertebrates question whether the core BH is widely
applicable. The hybridisation events that gave rise to the
parthenogenetic Leiolepis (butterfly lizard) are directional
and constrained to two clades within the genus (Grismer
et al. 2014). In Aspidoscelis, the parthenogenetic hybrids
always have a member of the Sexlineatus clade as at least
one of the parental species (Darevsky et al. 1985; Reeder
et al. 2002). Still in this same genus, the parental pairs of the
parthenogenetic hybrids are composed both of species
within the same phylogenetic clade (Lemniscatus and
Sexlineatus groups), and species from different phyloge-
netic clades (Cozumela and Tesselata groups), and conse-
quently the distances among the parental pairs can be highly
variable (Reeder et al. 2002; and see Janko et al. 2018 for a
review showing variable distances between parental pairs of
asexual hybrids in Teleostei) suggesting little constraint on
the divergence interval. Our results and other studies sug-
gest that the distance between parental species is not as
critical as the specific characteristics of the sexual ancestors,
and in some cases also the directionality of the hybridisation
events. Some constraints on the interval of divergence, as
proposed under the BH, must apply. However, lineage-
specific factors also appear to be critical to explaining the
origin of parthenogenetic hybrid lineages.

(2) Did multiple hybridisation events give rise to
each parthenogenetic Darevskia species?

The parthenogenetic Darevskia species were initially
described based on their morphological traits (Darevsky
1967; Arakelyan et al. 2011). The number of hybridisation
events giving rise to Darevskia extant lineages of parthe-
nogenetic species has been inferred to be one (Darevskia
rostombekowi, Ryskov et al. 2017) or more than one (D.
dahli, Vergun et al. 2014).

Our data show significant departures from unimodal
distance distributions among genotypes for all three par-
thenogens. Given that these species are all young, this is
more likely to be a signal of multiple origins than diversi-
fication and fragmentation of a single lineage over time.
However, more data and demographic modelling will be
needed to distinguish these possibilities. The three species
analysed here behave differently in other respects. In D.
armeniaca, which has a wide geographic range, the pair-
wise Bruvo distance interval was wide and several private
alleles were observed (most of them in Kuchak). Darevskia
unisexualis also has a wide range but its distance interval

was narrower and private alleles were not localised. Despite
its young age (originated ~100 kya), D. unisexualis is dis-
tributed over a relatively wide area (Freitas et al 2016). This
rapid colonisation, perhaps combined with competitive
interactions between the Darevskia parthenogens and their
sexual relatives (Tarkhnishvili et al. 2010), can lead to local
extinctions or expansions of clones and so spatial hetero-
geneity in the parthenogenetic species. The multimodality
recovered in the Hartigan’s test could be due to this type of
clonal structure.

Darevskia uzzelli has a narrow distribution range but the
Bruvo distance interval was as wide as in D. armeniaca,
despite it having few private alleles. Darevskia armeniaca
may have resulted from older hybridisation events than the
other two species. However, a single origin of extant clones
followed by mutation accumulation in a patchy spatial
distribution could also explain the pattern observed. Evi-
dence in other species (such as sexual trait decay, reviewed
in van der Kooi and Schwander 2014) suggests that if the
lower number of PS hybrids between D. armeniaca and D.
valentini in Kuchak is a result of sexual trait decay, the
Kuchak population might be older than the Sotk population.

In localities where the sexual parent species are currently
in sympatry, as in Lchashen, no evidence of new parthe-
nogenetic lineages (or any parthenogenetic diploid indivi-
dual) was found. Thus, there is no evidence that new
parthenogenetic hybrids are being generated at present,
although a low rate of origin cannot be excluded. The origin
of parthenogenetic Darevskia might have been associated
with secondary contacts promoted by the last glaciations, as
suggested on the basis of phylogeographic patterns and
ecological niche models (Freitas et al. 2016).

(3) Is there ongoing backcrossing with gene flow
between the asexuals and their sexual parentals?

When hybridising with their sexual ancestors, PS hybrids
frequently form new polyploid asexual lineages with
hybridisation-induced parthenogenesis (e.g. whiptail lizards
Aspidoscelis sp.: Cole et al. 2014; Taylor et al. 2015; Cole
et al. 2017, butterfly lizards Leiolepis sp.: Grismer et al.
2014; and the salamander Ambystoma sp.: Bi and Bogart
2010). However, it is also possible that triploid hybrids are
formed in each generation and never establish polyploid
lineages. Our results are more consistent with recurrent
backcrossing between sexual and parthenogenetic Dar-
evskia than with the existence of polyploid asexual lineages.
Firstly, the pairwise distance distributions of the backcross
polyploid hybrids (PS hybrids) match the pairwise distance
distributions of simulated genotypes produced by recurrent
backcrossing (Fig. S8). Secondly, we did not recover any
PS hybrid pair of individuals with the same combination of
genotypes for all markers, which we would find if the PS
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hybrids reproduced clonally. The rare private alleles carried
by the PS hybrids are likely due to limited sampling, or
possibly genotyping error.

The reproductive organs of PS hybrids from the popu-
lations studied here have been found to be undeveloped
(Danielyan et al. 2008). However, some of the triploids
analysed here did show apparently normal reproductive
organs or evidence of having already laid eggs (such as
triploid female ID 10034 from Sotk). Triploid hybrid males
with apparently normal reproductive systems have already
been described in this locality (Darevsky et al. 1985). Thus,
the tetraploid individuals we found are likely to be the result
of a cross between a triploid and a diploid individual (either
sexual D. valentini or parthenogen D. unisexualis and D.
armeniaca). Both observations suggest that some triploids
could be partially fertile, although offspring viability is
unknown.

Traits required for sexual reproduction will be lost
over time in asexual lineages (reviewed in van der Kooi
and Schwander 2014), with some reported cases of rapid
loss (e.g. Lehmann et al. 2011). In Darevskia, the par-
thenogenetic lineages are young (around 100kyr old;
Freitas et al. 2016) and the generation of triploid PS
hybrids shows that they retain the sexual machinery
necessary to mate and produce zygotes with a paternal
contribution. However, these functions are expected to
decay with lineage age (van der Kooi and Schwander
2014). In Kuchak, we found a high ratio of D. uni-
sexualis x D. valentini PS hybrids relative to D. arme-
niaca x D. valentini, concordant with previous findings
(4:1 ratio in Danielyan et al. 2008). The reproductive
pressure inferred from the intensity of copulation marks
of D. valentini males on each parthenogenetic species
present in Kuchak is the same (Carretero et al. 2018).
Therefore, one possible explanation for the high pro-
portion of D. armeniaca x D. valentini PS hybrids found
in Sotk, and low proportion of this cross found in
Kuchak in relation to the other PS hybrid, is that the D.
armeniaca lineage present in Kuchak is older and has
lost part of the sexual reproduction machinery. This is
concordant with the multimodal Bruvo distance dis-
tribution for D. armeniaca, suggesting that it had more
than one origin through hybridisation events separated in
time and/or space.

Evolutionary consequences of hybridisation and
polyploidy in Darevskia

Asexuality in vertebrates can be a stage in the speciation
continuum, providing an effective barrier to gene flow when
other forms of pre- and post-zygotic reproductive isolation
are absent (Janko et al. 2018). We identified many polyploid
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hybrids (17%) in sympatric locations of parthenogenetic
species with their paternal sexual ancestors. Nevertheless,
sexual and asexual species in the sympatric localities
maintain their distinctiveness, suggesting there is an effec-
tive barrier to gene flow.

Parthenogenetic Darevskia species may outcompete their
sexual ancestors (Tarkhnishvili et al. 2010), or be sole
occupants of habitats suitable for their parentals (Freitas
et al. 2016). When in contact, hybridisation between par-
thenogens and sexual males could reduce the number of
sexual offspring in each generation. In this way, sexual
populations could experience an additional load, especially
when in low abundance relative to parthenogens. This
demographic vortex might lead sexual species towards local
extinction. Together with the two-fold reproductive output
advantage of parthenogens compared with sexuals, hybri-
disation between the two forms could contribute to the out-
performance by some parthenogenetic species of their
sexual ancestors.

In summary, our study of Darevskia as a model of ver-
tebrate parthenogenesis questions whether the BH, sug-
gested as a general theory for the origin of hybrid
asexuality, is sufficient to explain patterns in the origin of
hybrid asexuality. Parthenogenesis in vertebrates is rare and
generally originates from hybridisation between specific
species pairs with highly variable phylogenetic distances
but often consistent maternal parentage. This fits the PCH
that the parental species must hold some lineage-dependent
characteristics that allow them, when hybridising, to gen-
erate offspring capable of reproducing asexually. Identify-
ing the constraining factors underlying the origin of
parthenogenetic vertebrates gives us a better chance of
understanding how these hybrids use the sexual reproduc-
tion machinery to reproduce asexually, escaping the lim-
itations that sex might carry.

Data archiving

Microsatellite genotypes: Dryad https://doi.org/10.5061/
dryad.nk410t9 mtDNA sequences: GenBank MN210937 —
MN211144, MN211145.
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