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Abstract

The Caucasian rock lizards of the genus Darevskiais a diverse group, including both bisexual and
parthenogenetic species. They are the first terrestrial vertebrates in which the parthenogenetic

forms were found.

The research aimed to explore the differences between important dimensions of the life history
of the unisexual (Darevskia dahli, Darevskia armeniaca) and bisexual (Darevskia portschinskii,

Darevskia valentini) Caucasian rock lizards in populations where they coexist.

Within the framework of the research, we investigated the following questions: 1. Do
temperature, humidity, quantitative surface characteristics and distance from a permanent water
source differentially affect the fine—scale spatial distribution of D. dahli and D. portschinskii?; 2.
Do reproductive mode (bisexual vs. parthenogenetic), adult female body size, sea level, habitat
landscape, or interactions among these factors determine the relative energy investment in a
single reproduction, the number and relative size of eggs?; 3. Which phenotypic variations in rock
lizards have a strong genetic component and can be used in population genetic studies?; 4. Are
local adaptations or intermediate phenotypes between parental species more influential in the

evolution of head shape variation in parthenogens?.

Under the research, we collected data of surface temperature and humidity, recorded the species'
sex, age, body length, the female's body size and weight before and after egg-laying, as well as the
weight and maximum diameter of the eggs. We examined morphometric variability using
traditional 2D and 3D geometric morphometrics. The collected data was analyzed using various

statistical methods.

The results of the research showed that: 1. Despite potential competitive interactions, unisexual
(D. dahli) and bisexual (D. portschinskii) species do not avoid each other on the microhabitat

scale; the individuals of the later species were found in both optimal and suboptimal habitats,



being less dependent on the closeness of water source and were more evenly distributed in space
and time than the parthenogenetic species; 2. Out of two parthenogenetic species, only D.
armeniaca invests relatively more resources into reproduction than its paternal D. valentini. This
is however not the case for D. dahli and D. portschinskii. In both cases, the parthenogenetic
species tended to follow a r—strategy of reproduction, suggesting that the environment is less
stable for them than for their parental species. 3. D. portschinskii had higher individual and
between—population phenotypic diversity than D. dahli. Phenotypic differences between
populations of D. portschinskii correlate with the geographic distances and pairwise fixation
indices based on the analysis of the genetic markers. This correlation significantly strengthened
when employing corrected Qst (Phenotypic variance, partially influenced by genetic factors)
values to assess the heritability of the traits: 4. Certain characteristics of head shape associated
with body size and habitat climate, high mountain species (D. armeniaca-D. valentini)
demonstrate larger and deeper heads with stronger jaws regardless of reproductive strategies. Both
parthenogenetic species exhibit more elongated jaw areas, more flat heads, and weaker jaws than

females of their parental species.

In conclusion, studied parthenogens have several joint ecological characteristics that differing
them from bisexual parents: their evolutionary strategy is better adapted to unstable
environments, faster reproduction helps them to flourish rather than phenotypic adaptation to
specific environmental conditions, as well as they do not invest much in the interspecific

competition, which can be a reason for their weaker jaws, not adapted for aggressive behavior.

Keywords: Darevskia, niche division, life history, morphometrics
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General Introduction

Lizards are classical objects for studying ecological and evolutionary research for several reasons:
their reproductive strategies are highly variable, their spatial distributions are species-specific,
and they show very high, both intra— and interspecific phenotypic variations (Camargo et al,,

2010). Those were the reasons why we chose Caucasian rock lizards as our research objects.

Caucasian rock lizards are small-bodied (snout—vent length — 4.5-8.5 c¢m in adult individuals),
rock-dwelling lizards, that belong to a monophyletic genus Darevskia, which includes 42
described species (7 parthenogenetic forms) from the Caucasus Mountain region (Tarkhnishvili
and lankoshvili, 2023). Darevskia mainly occupy similar habitats, with different preferences in
humidity, temperature, and elevation. Spatial distributions of bisexuals and their daughter species
partly overlap (Darevsky, 1967; Tarkhnishvili et al., 2010; Tarkhnishvili, 2012, Petrosyan et al.,
2019; Petrosyan et al., 2020; Barateli et al., 2021).

According to studies, parthenogenetic vertebrates typically arise through repeated interspecific
hybridization events (Murphy et al., 2000; Freitas et al., 2019). Parthenogenesis is a form of asexual
reproduction in which an egg develops into an embryo without fertilization (Wininger, 2004).
This process can occur in both plants and animals, including some invertebrates such as aphids,

and vertebrates such as certain reptiles and fish.

Two main hypotheses explain how interspecific hybridization leads to parthenogenetic offspring:
the balance hypothesis (BH) and the phylogenetic constraint hypothesis (PCH) (Freitas et al.,
2019):

e The BH suggests that parthenogenetic animals arise from hybrids of two species that are
different enough to disrupt normal reproduction, but not so different that the hybrids can't
survive or reproduce. There's a certain "window" of genetic difference in which this
happens. If the species are too similar or too different, parthenogenetic offspring won't

occur (Moritz et al, 1989, 1992).



e The PCH states that asexual offspring result from hybrids of species with specific genetic
factors that allow them to reproduce without mating. These factors could come from either
parent. This hypothesis suggests that hybrids of certain combinations of species are more

likely to produce asexual offspring.

Unisexual species initially have highly heterozygous genotypes, and the maintenance of this
initial diversity allows many parthenogenetic vertebrates to persist and evolve (Tarkhnishvili et

al., 2020b; Avise, 2015; Vrijenhoek and Parker, 2009; Schon et al., 2009).

Parthenogenesis has certain advantages, such as allowing species to reproduce in the absence of
males and allowing rapid population growth (Tarkhnishvili et al., 2010; Tarkhnishvili, 2012;
Barateli et al., 2022). However, it also has disadvantages, including reduced genetic diversity and

lack of adaptability to changing environments.

The Caucasian rock lizards are the first group of terrestrial vertebrates in which parthenogenetic
species have been found. Two of the three main Darevskia clades were involved in the
hybridization that gave rise to parthenogenetic rock lizard species: the maternal “caucasica” and
paternal “rudis” clades (Petrosyan et al., 2020; Tarkhnishvili et al., 2020b; Freitas et al., 2022).
After hybridisation between two maternal (D. mixtaand D. raddei) and two paternal (D. valentini
and D. portschinskii) sexual species originated seven nominal parthenogenetic species (D.
armeniaca, D. dahli, D. unisexualis, D. rostombekowi, D. uzzelli, D. bendimahiensis, D.
sapphirina) (Fig. 1) (Ianchukov et al., 2022). Understanding the mechanisms of parthenogenesis
and its evolutionary implications provides valuable insights into biodiversity and species adaptive

strategies.
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Fig. 1. Schematic origin of parthenogenetic taxa in the genus Darevskia (Figure 1 from Ianchukov

et al., 2022).

Within the PhD research framework, we studied niche division, reproductive effort, genetic and
morphological heritability, and head shape divergence of the parthenogens and their parental
bisexual species in Georgia (in the locations where they coexist) and divided the research topics
into four chapters. Our study primarily focused on two hybrid parthenogenetic species, D. dahli
(Fig.2 A) (Darevsky, 1957) and D. armeniaca (Fig.2 B) (Méhely, 1909) and their paternal species,
D. portschinskii (Fig.2 C) (Kessler, 1878) and D. valentini (Fig.2 D) (Boettger, 1892), which
commonly share habitats with the daughter parthenogens (Murphy et al., 2000; Tarkhnishvili et
al., 2010). Additionally, maternal species such as D. mixta (Méhely, 1909) and closely related

Darevskia obscura (Lantz and Cyrén, 1936) were included in some aspects of the research.



C

Fig. 2. Research Objects (A—Darevskia dahli, B-Darevskia armeniaca, C—Darevskia portschinskii,

D—Darevskia valentini).

Within this study, we divided parthenogenetic and paternal species into two groups: 1. small fine
line between sex and unisexuality: the phylogenetic constraints on parthenogenesis in lacertid
lizards-bodied D. dahli and its paternal species D. portschinskii, coexist in the mountain forest
belt of central Georgia, 800-1200 m a.s.l. (Fig. 3) (Tarkhnishvili et al., 2010). Adult body length
of both species varies between 5.4-5.8 cm.; 2. Relatively bigger-bodied, D. armeniaca and its
paternal species D. valentini, coexist at the elevations 1900-3100 m a.s.l. (Fig. 3) (Galoyan et al.,
2019; Barateli et al., 2022). The body of these species is larger than that of the previous pair, with
body length varying between 6.1-6.4 cm. Darevskia mixta, an endemic species of Georgia
(Gabelaia et al., 2017; Petrosyan et al., 2020), is distributed from 300-2100 m a.s.l. (Ciobanu at al.,
2003; Tarkhnishvili, 2012; Gabelaia et al., 2015), average body length varies between 4.9-6.3 cm.
(Darevsky, 1967).
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Fig. 3. Altitudinal distributions of the studied species (Darevskia portschinskii, Darevskia dahli,

Darevskia armeniaca, Darevskia valentini).
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Chapter 1. Fine-scale analysis of habitat occupancy by Kura lizard (Darevskia
portschinskii) and its daughter parthenogenetic form (Darevskia dahli)

The comparison of ecological niches between closely related species is a complex issue due to the
effect of spatial and time settings on ecological preferences. Interspecific competition, forcing
character displacement and organismal evolution (Grant, 1972; Pfennig and Pfennig, 2010), can
shift the spatial distribution and daily activities of species (Schoener, 1983; Abrams, 1986; Pianka,
2011; Carvalho and Cardoso, 2020). Remote sensing studies (Tarkhnishvili et al., 2010; Petrosyan
et al., 2020) have shown that the spatial distribution of these species is influenced by different
thermal and humidity preferences. In addition, the presence of D. dahli can negatively affect D.
portschinskii within shared habitats, suggesting possible interspecific competition (Tarkhnishvili
et al., 2010). To gain deeper insight into these dynamics, it is important to understand how these
species share resources at the microgeographic scale. Galoyan (2011, 2013) showed that
differences in habitat use may be related to differences in territorial behavior (both males and
females of bisexual Darevskia species may be territorial, while the unisexuals show reduced

territoriality).

In this study, we investigated whether D. dahli and D. portschinskii, coexisting species, occupy
different niches in a small, semi-isolated habitat. We proposed two hypotheses for their different
habitat use: mutual avoidance to reduce competition and differences in territorial behavior.

Alternatively, habitat requirements may differ for reasons unrelated to competition.

Material and methods

We conducted long-term stationary observations of lizards in the vicinity of Kojori (1.648939°N,
44.683445°E) (Fig. 4). The study area consists of a gentle rocky slope covered with rare shrubbery,
bordered by a broad—leaved forest, and edged with a small brook. Elevations in the area range
from 1003 to 1042 m. a.s.]l. Observations were conducted between April and October of 2017,

2018, and 2019.
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Fig. 4. The number of studied plots (Figure 2 from Barateli et al., 2021).

The study area was divided into 108 squared plots, each measuring 10 x 10 meters. Longitude,
latitude, and altitude were measured for each plot, and the data were processed into a polygon
shapefile. Aerial photos of the surface were captured using drone cameras to create orthoimages
for mapping the surface types.

During 27 field sessions, we collected data of land surface temperature (LST) and land surface
humidity (LSH) twice within specific timeframes: between 11:00 AM and 1:00 PM, and between
5:00 PM and 7:00 PM. These measurements were taken at the geometric center of each of the 108
plots.

For each observed individual, we recorded age (adult or juvenile), species (D. dahli or D.

portschinskii), sex (for bisexual species), time of day, and plot number. All individuals with the
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distance from the back surface of the hip to the tip of the snout exceeding 5 cm were treated as
adults.

To create the orthoimages for mapping surface types (Boulders, Forest, Grass, Gravel, Leafy
Ground, Rock) first, we took aerial photos and processed them in the Agisoft PhotoScan software
(Agisoft, L. L. C. “Agisoft PhotoScan User Manual: Professional Edition, Version 1.4”, 2018).

All calculations were done using IBM SPSS v. 23.0 and Excel 2010 for Windows.

Results with discussion

The results of the study lead us to question why environmental conditions, such as surface type,
proximity to water sources, and air temperature, affect the occurrence of D. dahli stronger than
that of D. portschinskii. One of the possible explanations might be territoriality, which forces D.
portschinskii individuals to expand into plots with suboptimal conditions. This territorial
behavior, combined with inherited ecological differences, could account for the observed
variations between D. portschinskii and its parthenogenetic species.

Another intriguing consequence of territoriality is the differential habitat preferences observed
between territorial and parthenogenetic species. Territorial species, D. portschinskii are often
found in suboptimal habitats and times, while parthenogenetic species typically exhibit an
absence of territoriality and prefer more optimal areas. This finding appears to contradict earlier
suggestions by Tarkhnishvili et al. (2010), that the negative impact of D. dahlion D. portschinskii
is stronger than vice versa.

Despite these differences, a substantial overlap in spatio-temporal niches between D. dah/iand D.
portschinskii suggests the potential for interspecific competition. However, within the study area,
preferred locations for the lizards partly overlap, with D. dahli exhibiting high density near the
brook where D. portschinskiiare almost absent. Interestingly, both species show increased density
in plots with optimal terrain and cover conditions, even away from the brook. Microhabitat
similarities between the two species appear to outweigh potential competition, suggesting that

ecological differences are unlikely the result of character displacement.
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Instead, differences in temperature and humidity optima, as well as historical range limitations,
may play a more significant role. Previous observations and modeling results indicate that the
matrilineal ancestor, D. mixta, is limited to mesophylic forests and uplands of central and western
Georgia and is adapted to more humid habitats than D. portschinskii. D. dahli, exhibiting
phenotypic features intermediate between D. portschinskii and D. mixta, displays a dependency
on water sources and rocky surfaces.

Although the species do not actively avoid each other on a microhabitat scale, macro-geographic
analyses reveal mutual negative impacts. Certain locations with equally suitable climates show a
negative correlation between the abundance of each species.

Overall, the study suggests that negative interspecific interactions do not necessarily lead to niche
shifts or character displacement. Instead, long—lasting coexistence between species like D. dahli
and D. portschinskii may be attributed to metapopulation dynamics and a source-sink spatial
structure. This structure facilitates re-population from neighboring source locations,
compensating for negative population trends and hindering character displacement and
reinforcement in multispecies assemblages. The coexistence of D. dahli and D. portschinskii in

the study location for over 53 years further supports this conclusion.
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Chapter 2. Reproductive effort of unisexual and bisexual rock lizards (genus
Darevskia)

Organisms with multiple reproductive cycles must allocate energy between growth, survivorship,
and reproduction (Stearns, 1977; 1992; Congdon, 1989; Macip-Rios et al., 2017). Due to limited
resources, finding a balance between investment in survivorship and reproduction is essential
(Babich Morrow et al., 2021). Life history theory, which explains how natural selection influences
organisms to optimize survival and reproduction, emphasizes these variables as key factors in
increasing an animal's fitness (Stearns, 1992; Roff, 1992; Stearns et al., 2000; Fabian and Flatt,
2012).

In lizards with multiple reproductive cycles and the absence of parental care, an increase in energy
expenditure increases the potential number of viable offspring during one season but decreases
the probability that a female will survive to the next season (Qualls and Shine, 1998). For the same
female body mass and reproductive effort, an increase in the number of eggs is associated with a
decrease in egg size. Egg size potentially increases the probability of individual egg survival to
hatching and juvenile survival within the first few months of life (Sinervo, 1990; Levitan, 2006).

Lizards are commonly studied to understand trade-offs within life history theory due to variation
among conspecific populations and closely related species. Previous studies show that lizard
reproductive effort, reproductive period, clutch size, and egg size are strongly dependent on
environmental variables (Shine and Elphick 2001; Brandt and Navas, 2011; Menezes and Rocha,
2014). In addition to environmental variables, female body size plays a crucial role in determining
the reproductive variables of lizards (Vrcibradic and Rocha 2011; Winck and Rocha 2012;
Menezes and Rocha, 2014). Females with larger bodies can produce larger and heavier eggs
(Brandt and Navas, 2011; Menezes and Rocha, 2014).

Another reason lizards are compelling subjects for the study of trade-offs is the existence of
bisexual and parthenogenetic taxa within certain groups. Research examining the influence of
reproductive strategies on reproductive efforts in parthenogenetic and bisexual species has shown

different results. For example, Schall (1978) analyzed data from five sympatric species in
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southwest Texas, two of which reproduce parthenogenetically, and showed no significant
differences in clutch size, egg size, or clutch/body weight ratio. In contrast, Congdon et al. (1978),
based on a study of two bisexual and two parthenogenetic Aspidoscelis species from Arizona,
concluded that unisexual species tend to have larger clutches, increase the clutch size more rapidly
with body size, produce lighter eggs, and have higher clutch/body caloric ratios than closely
related bisexual species, regardless of body size differences between species.

In this study, we compared the life history components of two parthenogenetic and three bisexual
species of Caucasian rock lizards (Darevskia Arribas, 1999) from three locations in Georgia. The
parthenogens and their paternal, sympatric species differ in body size and preferred altitudes. Our
purpose was to examine if and how the mode of reproduction (sexual breeding vs
parthenogenetic) affects the reproductive characteristics of a female (including reproductive
effort, egg size, egg number, or the trade-off among these parameters), and whether this effect

depends on the other variables, such as body size of a female, altitude of a habitat.

Material and methods

In this study, we included both parthenogenetic species and their patrilineal ancestors and added
a closely related, Darevskia species, D. obscura, which also coexists with D. armeniaca (Darevsky,
1967; Tarkhnishvili, 2012). In May-June of 2019, 2021, and 2022, 87 gravid female individuals of
five species of rock lizards were collected from three locations in Georgia (Kojori, Saghamo Lake,
Riv. Kirkhbulaki) (Table 1) and separately placed in plastic containers containing moss and soil.
Each female was measured using calipers and weighed before and after egg deposition Similarly,

we measured the number, weight, and maximum diameters of eggs in a clutch.
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Table 1. Sample sizes (gravid female lizards) and key characteristics of the sampling location of six

species of Darevskia (Table 1 from Barateli et al., 2022).

Species Location Easting Northing Alt.a.s]. Sample size Rep. mode
D. dahli Kojori 44.68° 41.64° 1120 17 unisexual
D. portschinskii  Kojori 44.68° 41.64° 1120 16 bisexual
D. armeniaca Sagamo Lake 43.73° 41.29° 2015 11 unisexual
D. armeniaca Riv.Kirkhbulakhi 43.73° 41.29° 1715 15 unisexual
D. valentini Sagamo Lake 43.73° 41.29° 2015 15 bisexual
D. obscura Riv.Kirkhbulakhi 43.73° 41.29° 1715 13 bisexual

Both females and juveniles were released back into their natural habitat after a few weeks to
ensure minimal disturbance to their environment.

For statistical analysis, we calculated several derivative reproductive variables from the original
measurement. We used statistical methods (one-way ANOVA, General Linear Model (GLM)) to
infer: 1. significant differences between the populations in the studied reproductive variables 2.
the influence of the predictors on each dependent reproductive variable separately, across the
species and populations.

Analysis was conducted using IBM SPSS software (2021).

Results with discussion

In brief, our results demonstrate: 1. big-bodied females exhibit greater relative investment into
single reproduction events (heavier clutches related to the female body weight and more eggs); 2.
the differences in egg shape between big-bodied (round) and small-bodied (elongated) species; 3.
among parthenogenetic species, D. armeniaca (but not D. dahli) invests a larger portion of its body

mass, and deposits heavier eggs relative to its body size, in comparison with its patrilineal ancestor;
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4. from the sample locations, larger individuals of D. dahli deposit more eggs and larger individuals
of D. portschinskii deposit heavier eggs; 5. Darevskia obscura allocates more resources in a single
reproduction than two other bisexual species and it deposits heavier eggs.

Parthenogenetic species typically show more rapid reproduction compared to their parental
counterparts and are often found in less stable environments (Barateli et al., 2021). If we consider
unisexual species as 'weed' animals (Wright and Lowe, 1968) they follow r-strategies when the
environment is unstable and the reproductive resources are allocated to maximize the number of
offspring, whereas bisexual species follow K-strategies, prioritizing investment in single, viable
offspring. D. armeniaca allocates relatively more resources into a single reproduction than D.
valentini, which can be linked to its occurrence in less stable environments for the adults than
the latter species. Our results indicate that bisexual species focus on producing single, viable
offspring.

Egg size within our study group is less dependent on female size than egg number. This
observation suggests the existence of minimum and maximum thresholds for egg development
and successful reproduction. In particular, smaller species such as D. dahli and D. portschinskii
are depositing elongated eggs in no way affect juvenile survival, this is because eggs have a certain
lower threshold size for juveniles to develop normally, but if a small-bodied female will have a
high diameter of an egg may harm a female's ovaries.

When comparing environmental stability for two species, it's important to consider it across
different life stages: 1. the stability of the environment for eggs and juveniles, and 2. the stability
of the environment for adults. Drawing on the insights of Wilbur's paper 'Complex Life Cycles'
(1980), we know that these stages present challenges and opportunities for adaptation. If the adult
environment of species A is less stable than that of species B, it is logical for species A to change
its reproductive strategy. In such circumstances, organisms of species A may invest relatively more
energy in a single reproductive event, resulting in a higher relative clutch mass. This strategic
adjustment, as discussed by Wilbur (1980), serves as an adaptive response to environmental
instability, increasing the likelihood of reproductive success despite difficult conditions.

Furthermore, if the environment is less stable for eggs and juveniles of species A compared to
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species B, a similar strategic shift is expected. In line with Wilbur's research, species A would be
expected to lay more, but smaller, eggs per clutch. This strategy optimizes the offspring's chances
of survival in an environment of increased unpredictability during early developmental stages

(Wilbur, 1980).
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0530 2. 350mgbmaabybmo ©s mMbdglosbo ol bgzmozgdol (335M
Darevskia) 6930000930000 dogwolibdggs

b3w03900, 0939 OMYMEOE IM35¢0 Lbgs mEbosco mGmYB6oBdo, HMIgwlsg Logmaberol
396853Md580 35350 XJMIQO MHJ3OMOMYJ30IW0 3030 bolosMIOM, 0dEgdbo
56056 9690205 BOIL, oIMBIbILS O MY3OMMPYJ305L TGOl 2oo965HoE™b. 0ol Jodm
603 35609dmdo OgLOLYdO TN, 3500 1930 9BYMHPOOL 53 LA 359G IOl JGOl
390565H0g0s. LsboEMmEbEm 303egdol Tgbobgd K9m0 §39bToMYOS 49303MM, MY MHMYME
503303099396 mMs60BaGd0 9bgMo0lL gobsfowgdsls IgEHo H93HM©MI30Io FoMdo@gdol
dmb3M390S.

00960  bzwozol dogm, 2593w gdol ghmo  LyBMmbol  2sbdsgzermdsdo  9bgMool
0639LGH0E00l 353905 BOEOL LoMEbEOLYBM0IBO FxAMTs3eMdOL 3mEH bW, Boaod
5930690L Jobo 25MBIBOL sEBsMMBL G909 LgBMbsdwyg (Qualls and Shine, 1998). 08539
bbgmeools  dobols s M93MM©J30meo  dorolbdggol  306Hmdgddo,  3396M3EbgdoL
omgbmdOL BMEs 9353800 339MEbOL Bmdol GgdzocmgdsL. Uz39MG3Ebol oo Bmds
3m39b30MMms  DBOHOL  339OHEOL  39IMBIEOL  sdIMMdSL  98mBY3390Y,  9Lg39
9BOETMOOW®S  Q9IMBRIBHOL  5EIBINMBL—-3b™3MgdoL 0639w m3990do (Sinervo, 1990;
Levitan, 2006).

331939005 583965, MM bzo3qgdol 9360 Moo dogrolbdgzs, M936MH™MEYJEoIero
39600Mm©O0, 33903Ebol  MHomgbmds ©s  339M3boL  BMTs  ©M30EIOME0s  J9MGI™
B354 BHMM90Dg (H9I39MGHMs, Bgbosbmds, dofjols boggs®o) (Shine and Elphick 2001; Brandt and
Navas, 2011; Menezes and Rocha, 2014). 34560990 335J@™M9dmsb g0ms, cogtmols Lbgwmwols
bmds> 9609369356 B 3858mdL  b3zwo3gdol  My3MHmEd3omwo  33Wegdols
25BLsBEgEMsdo (Vrcibradic and Rocha 2011; Winck and Rocha 2012; Menezes and Rocha, 2014).
WRO® oo bgmeol ddmby dg®gdo MRM® o ©s ddodg 3390 3bgdL Ydgb (Brandt
and Navas, 2011; Menezes and Rocha, 2014). 03sb096, ©936Hm©MI30 LEHMGHIHO

(35O 9bMm969%0 vy MmOLJgbosbo sz gds) BmyoghHmo 33wg30l dobgwz00 5g3L

D9393w9bs 0930 MO0 IBIBIOXRJODY, MIEs BMY0IOMO 330930l JobgE300—s6S
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(Schall 1978). dspseomsq, Congdon et al. (1978), g6 s mGLJqglosb Aspidoscelis bLabgmddo,
350096096900, MBOM o Jwshgdl (339603EbIdOL ghmo 303wol  As6dsgzermdsdo
YOO 33903HJBOL JMOMBLOMDS) ©Jd96, 1335 35GSMS BMIoL 339MEbYdUL.

B3960 FoBsbo 0gm 2o0My3933w0s, M) @S MHMYMO dmJdggdL AsIMO3¢gdol  Mgg0do
(35O bmgbgbo ) mOLJgbosbo  2o0Mo3egds)  8EgEMOL  MHY3MHMOIFO
doboliosmgdgdbg (Gsm  FmMobos M93MMOYYJ30MEo  doerolbdggzs, 3396Ebol  bmds,
339603590l M5mEgbMmds, s 58 3565893HMgOOL 0bFBHYMHJ30), S SMOL 011g 565 gl 253 gbs
©59M 3000900 bb3s 33e0590bDY, HMAMMO35s dgEOOL byl Bmds mvy 35803 sE0L
Lodsg B30l EMbob.

330930L BoMA9ddo JgMm3zs 87 3539 deg®o Lsdo bLb3zsslbgs M 353000b: M) MmMo,
Losdmb Gds s dE0bsMy 30ObdMWS30, Bodo ol gobogurmdsdo— 2019, 2021 s 2022

(EB®oo 1). 15330930 MDO0YJEHIJO0 ©IZYI3M MG K AR, FJOIMIO0D 35BoMS Bobosbo (D.
dahli-D. porstchinskil) ©5 890509000 ©@0&60560 (D. armeniaca-D. valentini) b3¢03990.
000M9Ywo IEJOOO bmogls (3W—(39¢39 3WslEBsLOL 3MmbEYobg®To. 3BMBs3w0m
9960l Lbgmeol Log®mdgl s 3Hmbooo dob dobols 3396MEbOL WIEYdSTY S WIJIOL
3990099 91939, 353PM3g00 PoMmMmGME 33903bYdOL FMHM3z5d0 339M3bYOOL COMYbMdS, mbs
@5 35gdb0OEMMO O0SYBHEMO. BEIGHOLEGHOIMMO 65O BOLMZ0L ghME3wsosbo ANOVA
5 BMYoOo bsBM3zsb0 Imgwo (GLM) g99mg30ygbgom. sbserobo bo@s@s IBM SPSS (2021)
36053990 M HOMblgwymaol godmygbgdoom.

33930 9900939035 563965, ™8 8909650000 OO BMIoL IEYOMJd0 ©JO9b d9E MglrEOLL
399653900 9o BLYBMbYY, Y396 MMM ddodg 339MEbOL FMMZ90L S FgE0 MroMPYbMdOL
339603bgdL. 535Lm9b, oo Bbgol AJmbg Lobgmdgdo M3 339M3bIdL Y096, bmerm
35¢3oM5 Lbgmeol 9gmbg Lobgmdgdo—foa®dgwrgdmer 33060 3bgdL.

D. armeniaca s D. valentini -l 990056930l 890925© 50dmRbEs, O™ bLemdbwemo bgzeozo
399653 900L 9Hm BYHBMbBY MARO™ 9@ 9bgMYOL AL M93HMPYJ30530, 30O dolo dsdd
d0md9o  Bobgmds—35gb@Hobol bgwozo, Gomog 5930MgAL  sedscMdSL 0dols, MMmJ

290oMAgl 99090  M93mMHEMJ30Mo  LyBmbobmzol ©s 0bgz  gedMmsgwgl. 396
392300005 3035659900 ®M, O3 BOHILOWW 1EOE0sDY, IIOOOLMZOL Qo6Mgdm 30MHMBIOO
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5oL 653009050 BEBBOWMMHO O 3O0WMdL dodulodowrGmo IgBo 9bgMa0s Bsml g
3996530 905d0. MmOLJgLosbO 35¢gbEH0bol bgwozo 30 9bgMo0l 0b39LEH0MYOL sbsHowgdls
96535 093030 BYBMbBY.

©OOoLy s 3333006 b3wo39d0L  dgdmbgzgzsdos B39b 3b3gdom  LEGHIdOEWMM  ©d
3L EHOOEIME A5MGIML, 009935 500 F30MgE A5BLBLZ390IE0 LEBHMHEHIH0S SHILOSMIGd). 53
399mbg935d0, MmOBJgLOsBO Bobgmds gdL MRO® O 339M3bIdL, Mok JommomMgdl 0dsby,
603 dobo 0639LE0E0S BodLOTIEMEOE BMIMBOMYINWOS MOMNMIME 33960 3], POOMYME
b5 dMd0WDHY. ool bgerozo 30 YdL 3936, M35 35BS 339MEHYOL, MoE BoTbI3L 0TS,
Mmd oM BE00WMH0s  BOEILEOWIGOOLMZ0L, Boasd 65  339M39bdolm30L @
b M3 gdolmM30L.  Fgbodsdolo, oo LEHMIEIY0S OIEML o3 Fgodegds dg@o
33963b0o 5 FoBIMEML Fsblio, 0dols MHMA 53 33960 (39D006 BMYo 5063 oM.
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Chapter 3. Estimating phenotypic heritability of sexual and unisexually reproducing

rock lizards (genus Darevskia)

Genetic drift and differential selection play an important role in the case of divergence of natural
populations (Wright, 1931). According to population geneticists, an excess of phenotypic variation
over genetic variation estimated by neutral genetic markers indicates the presence of differential
selection (Merild, 1997; Lynch et al., 1999; Merild & Crnokrak, 2001; DeFaveri and Merild, 2013).
Phenotypic variance, which supposedly is related to genetic factors is commonly referred to as
Qst (Merild and Crnokrak, 2001; Whitlock, 2008; Miller et al., 2008), but the total phenotypic
variance of organisms is related to both genetic and non-genetic/environmental factors.
Therefore, analyzing phenotypes without considering heritability may lead to biased conclusions
(Leinonen et al., 2006; Brommer, 2011; DeFaveri and Merild, 2013). Some authors suggest using
the term Pst to measure simple phenotypic differentiation (Leinonen et al., 2006; Brommer, 2011;
DeFaveri and Merila, 2013) and distinguish it from "true" Qst, which includes the heritability of
the phenotypes under study.
Estimating heritability in wild populations is challenging. Experimental methods require a precise
understanding of the genetic relationships among individuals with different traits and are
typically conducted in controlled laboratory settings (Falconer, 1996; Wray and Visscher, 2008;
Whitlock, 2008). In contrast, field-based approaches are more probabilistic and often don't
address the sources of phenotypic diversity. When comparing differences in phenotype and
genotype, field studies often assume a strong correlation between estimates of genetic variation
within populations and differences between populations, although this isn't always the case
(Leinonen et al., 2013).
Lizard groups that include parthenogenetic taxa, which co-exist with their parental species,
provide possibilities to analyze the sources of diversity without running labor-intensive crossing
experiments. These taxa, such as lizards of the Caucasian genus Darevskia (Darevsky, 1967;
Danielyan et al., 2008; Tarkhnishvili et al., 2010, 2017; Tarkhnishvili, 2012) and North American
Aspidoscelis (Lowe and Wright, 1966; Reeder et al., 2002; Sullivan et al., 2013), are natural clones
23



characterized by lack of genetic recombination. Their phenotypic variation can be caused by
environmental factors and de novo mutations but, different from sexually reproducing species,
the factor of recombination is excluded. Therefore, phenotypic variation in sexually reproducing
populations typically exceeds that observed in closely related parthenogenetic clones from the
same location. This difference can be used as an indicator of heritability.

For this study, we described phenotypic variation in the bisexual and unisexual rock lizards, D.
portschinskiiand D. dahlifrom six river valleys (RVs) in eastern Georgia, where they coexist. The
research aimed to use the natural system to avoid bias during the analysis of the heritability of
individual phenotypic characters and comparison of genetic and phenotypic variation in both taxa

to estimate the difference between total and genetically determined phenotypic variation.

Material and methods

Under this study, we collected D. dahli and D. portschinskii individuals from six river valleys of
western Georgia and photographed temporal and anal areas of 186 individuals of D. daA/iand 101-
D. portschinskii. In further analyses, only females of D. portschinskii were used which reduced

the total sample size of this species to 54 (Table 2).

Table 2. Numbers of individuals used for phenotypic analysis and scored microsatellite genotypes.
RV-the name and the number of River Valley. PH-the number of females analyzed for
phenotype; STR—the number of individuals analyzed for microsatellite profile. DD —D. dahli, DP—
D. portschinskii (Table 1 from Tarkhnishvili et al., 2020a).

RV DD (PH) DP(PH) DD (STR) DP (STR)
Khrami (1) 74 4 11 6
Algeti (2) 34 7 7 8
Kojori (3) 18 6 13 9
Vere (4) 17 6 5 4
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RV DD (PH) DP(PH) DD (STR) DP (STR)

Mtskheta (5) 30 18 11 8
Tana (6) 13 13 10 5
TOTAL 186 54 57 40

For scalation analysis, we selected 21 scalation traits (Fig. 5), which vary in both taxa. Thirteen
out of 21 traits were numeric or ordinal. The character descriptions included the number,

absence/presence, displacement, and/or shape of the specific character or their intersections.

Fig. 5. Temporal and preanal areas of Darevskia lizards, with scales used in the analyses indicated

(Figure 2 from Tarkhnishvili et al., 2020a).

The analysis of microsatellite genotypes

For comparison of the phenotypic variation using neutral genetic markers, a microsatellite of five
nuclear tetra nucleotide repeats locus Du215, Du281, Du418, Du47, and Du323 (Korchagin et al.,
2007). PCR reaction QIAGEN Multiplex PCR Kit was performed. To visualize genotypes we used
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Genemapper v3.5 software (PerkinElmer, Waltham, MA, USA). Every locus of each individual

was run two to four times to control for allelic dropout and false allele amplification.

Statistical analysis

We calculated the geometric center of each River Valleys and evaluated the distance among the
RVs by connecting their geometric centers with straight lines, and following lines along roadways
and used Mantel Tests (software zt; Bonnet and Van de Peer, 2002) for calculating the correlation
coefficients, for each of the studied taxa, between Pst (phenotypic distances) and geographic
distances among the geometric centers of RVs and with cost distances (along roads) among the
centers of RVs (both for D. portschinskiiand D. dahli); between Qst and the geographic distances
(D. portschinskii only); between Pst and Rst based on the STR profiles (both species), and between
Qst and Rst (fixation index) (D. portschinskii only). Finally, between Pst and Rst with the
averaged climatic differences among the RVs (Euclidean distance), based on 19 bioclimatic

variables of the respective locations.

Results with discussion

In summary, 1. D. portschinskii showed higher and stronger phenotypic as well as genotypic
variations among individuals and between—population than D. dahls; 2. the phenotypic distances
between six populations of D. portschinskii but not D. dahli significantly correlated with
geographic distances between the locations and pairwise fixation indices based on the analysis of
the genetic markers. This correlation substantially increased when, instead of the original
phenotypic distances, the corrected Qst values were used to assess the heritability of the
characters.

The correlation between spatial diversification of neutral genetic markers and morphological
traits is well documented, but despite this, researchers often overlook the heritability of
phenotypic components when reporting this correlation. However, phenotypic divergence that
does not explicitly consider heritability can substitute for genetically determined diversification
of phenotypes (Qst) only if some robust assumptions are met (Whithlock, 2008; Brommer, 2011;
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Leinonen et al., 2006, 2013). In addition, distinguishing between environmental and genetic
variation can be challenging due to various factors such as varying heritability between
populations and epistatic effects.

Some authors suggest the "common-garden" principle for evaluating heritability. Estimating
heritability experimentally is resource-intensive, and prior knowledge of heritability may not be
sufficient to calculate "true" Qst in new environments. Parallel analysis of asexually and sexually
reproducing organisms can help overcome these challenges by allowing heritability to be
measured in situ. On the other hand, application of this method can lead us to difficulties: 1. Fixed
phenotypic differences among unisexual and bisexual species, which is common for Darevskia.
Parthenogenetic D. dahli is an interspecific hybrid (Uzzell and Darevsky, 1975; Darevsky et al.,
1985; Murphy et al., 2000) and exhibits combined characteristics of both parental species, which
potentially contributes to its genetic diversity. However, this additive genetic diversity would
increase rather than decrease genetic diversity in the parthenogen and does not explain its lower
genetic variation compared to the paternal species. For the analysis we excluded fixed phenotypic
differences between D. dahliand D. portschinskiiand used broadly variable characteristics in both
forms and, hence, their variability was comparable. If we consider D. dahli individuals as
descended from more than one hybridization event and reject previous studies (Tarkhnishvili et
al., 2017), we can explain some phenotypic variation in this form; 2. Slight habitational and
microclimatic differences in the same river valleys may influence the embryo development stage,
which according to results is an unimportant factor, and 3. Coding of the variable (Some
characters that significantly vary are difficult to code as numeric or ordinals, and they should be
treated as nominal categorical variables).

D. dahli and D. portschinskii share similar patterns of variation, but D. portschinskii shows
stronger variation in all traits (13 numeric and ordinal variables with PCA and CPCA axes)
examined. This suggests a substantial genetic component in the variation of D. portschinskii,
preanal scale size, and the number of upper labials showed high heritability. In contrast, variation

in D. dahli appears to be largely influenced by the environment.
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Results show, that in D. portschinskii scalation traits (6 numeric and ordinal) and 1st and 2nd
PCA show greater variation among the river valleys than within those, in D. dah/i, between-group
variation was found only for the 2nd PCA axis and five characters describing the size of the central
temporal and anal scales. This suggests that environmental effects may contribute to differences
between widely separated populations. The lack of correlation between phenotypic plasticity on
selection implies that the variation within the norm of reaction would not substantially influence
the spatial distribution of variation.

The correlation between genetic differentiation and geographic distance suggests that migration
rate is a key factor in genetic differentiation (Wright, 1931; Weir, 1996). The presence of a
significant correlation between fixation index and geographic distance supports an isolation-by-
distance model. This suggests that populations as it is shown in this study have reached a drift-
migration equilibrium over time. Phenotypic distances in D. portschinskii (but not D. dahli)
correlate with both fixation index and geographic distances. Corrected Qst values show an
increased correlation with geography, indicating that migration is an important force determining
both genetic and phenotypic differentiation in these Lizards. To put it differently, the inherited
variation in the scalation pattern results in a spatial distribution pattern similar to that of neutral
genetic markers. Consequently, this suggests that accurately assessed Qst values derived from the
analysis of easily measurable phenotypic traits can be used to estimate relative migration rates
when analyzing more than two populations of the same species.

Wright (1931) showed that if population differentiation is driven solely by genetic drift, the Qst
value should be equal to the fixation index. However, in the case of D. portschinskii, all pairwise
Qst values significantly exceeded the fixation indices based on microsatellite loci. On average, the
Qst value was five times higher than the fixation index for individual pairwise comparisons.

This suggests a substantial role for diversifying selection in the diversification of D. portschinskii
populations. This pattern is consistent with the findings of Merila and Conkrak (2001), suggesting
that while genetic and morphological characters are often correlated, Qst typically exceeds the
fixation index. However, it's difficult to interpret this observation straightforwardly. Stronger

diversifying selection between the most geographically distant populations would only be
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expected if there were a correlation between climatic differences and geographic distance, which
is not observed in this study. Diversifying selection would typically decrease the correlation
between geographic and genetic distances, but in this study, the correlation coefficients of
geographic distance with the fixation index and with Qst are roughly equal.

The correlation of a trait with environmental conditions is strong evidence for natural selection.
In this dataset, only two characters show a relatively high (>0.3) correlation with climatic
differences. One of these traits, CPA, is strongly influenced by genetics, while the other, TMUT,
is less influenced by genetics. The combination of these traits is significantly related to differences
in climate in D. portschinskii, not to differences in geography. This suggests that the relationship
between traits and distance between locations isn't due to differences in climate between these

locations and selection based on climate.
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0530 3. bgledM0350 s MUguME 53MZ5¢1GVB5O J3¢EOL b3zE03gdoL (3356
Darevskia) 3gbm@&03vM0 390330000 gmd0ls 99351590

UJgbMdM035 29953 Gds©  LobgMdgdL 99300 WROM OO0 39693 03MM0 BMboo
693090065300L 458M, 300069 35MHMIBMAI67BME LobgmdgdL, Jlodsdols R3GBMEH03MGO
3560530900l 55O 139 BHE0. 35O MI6MYI67BIEO LEbgMdYdO, HMIGdOE 3 MbYdO 506
Q5 OO 396930300 IM53ROM369000 boLOsMYB0IB, (3350905 MDGD, JOMO0MSS,
39090 BodBHMEMGooly s F9dmnbz93000  FMES30900L  FJIRO©.  09BMLYOIMIOL
3060Mmd9g030,  35OMYbMygbgBmo  Lobgmdgdol  FMOHBMEMYPOMOO  (335¢gd5EMOOL
©0535HMmbo »MRMM 30(6OHMS, 30006Mg FdMdYo MmOHJuglosbo Lobgmdgdols. RbmEGH03MGO
39600530900l 49BLb3e390s  UglmdMO3 @O  396M096MAIBBM  Lobgmdgdl  dmGol
9903300069MdoL  060353HMGMs© F90dgds 0gml 499mYygbgdmEo—mvy Msdgbs MO
3963390 INORMWMmR0OH0 60dbgdo g9b9gEH0300 29630MMdGdME0, s sG> Fbmerm
39M90mL B59JBHMOHJO00.

LJgbmdM035 S MUBJglmE F9TMH3eGdSO 3oL bgzeo39gdol dqlfogwrols dobBsbo oym
533903065 396930308 OHME0 FMORMEMYOOHO FobILOIMYIGOOL BMOT0MYdsd0 B0
1396MmG0379M0 5 396MEH037)MH0 3500530900l FJOIMIO0MO SBswoDoL Lormdzguby. 396
8935005690 296930379600 ©5 BIBMEH039M0 (335¢GOS MBS IEIOLS s 8 330ML bgerozqdols
335(3090L Jogbom s FmEmol bbgoalibgs arm3s30gd0@sb.

33w930L RoMygddo Jgammas 186 ool s 101 83 3306L bgarozol (mMogg Ldglo)
BMA™ 9 39693031M0 FobogErs 6 bgmdob (bEIST0, 5S¢0, 3K MO0, 3909, I3bgMs, 39bs)
(E®®oo 2). ©gGHOwMMo  5b5¢roBolmzol, dsdM0 0bE030Yd0L s8MPgdOL  F9IYOW,
93306001 b3w039d0L Lobxgdo T9gd306MHs 54-0@Y. IMOAFMEMAOMOO  (335¢0JOSOMIOL
©@Mbol sl gbs, 396 Tg30Lfogargm 21 Foboslosmgdol (JgOEErol) Momgbmds,
SMLgdMBOS/5M55OBYOMDS,  2obsagds @S  BmEMTs  (Bop. 5), bmem 969303900
565¢0Bolmzol, d03OMLIEIWoGHWOmO ™Mool 533¢0%33035300bm30L (GATA repeats),
3993099690 bmmo 3650896Mmqd0l fygowo(Korchagin et al. 2007). 3x® Mgodzos Bo@o®s
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QIAGEN Multiplex PCR Kit gs8myggbgdoo (giagen.com # 206143) ™6 dmw@odwgdy
6959d30500.

BEAHOGOLEH03MNM0  SBsEoDBOLMZ0L  AodM3mM3sgm  FEObIMOL  bgmdgdol  29mIgEHMHoYIew
3963900 o 9o3bmIgom dsbdoergdo (396EHMIOL ImEoL LHimemo bsbgdols s 3BgdoL
399myqbgdoom.

33e930L  899900L dobggzom, D. portschinskii-s 3m30)o3090L doaboo s dmeMob
1396mG0379M0 s 396MmEGH03M0 3560530900 MBOM F>MOO S AWOYIMHO 0Ym, 30069 D.
dahli-ls 9900bg93500; 2. D. portschinskir-ls 9d3bo 33300l B9bmEG03dMMo dsbdowgdo
9600369cm3bs  3MOIWOMHGIS  gMAGOBoEn  Bobdogdmab, doa®oed D.  dahli-bs
d990mbgz935d0 sbgm0 3MMGES30S 36 500b0TbY.

MmOLggbosh Lobgmodgddo 9gbm@GH03memo Lbgsmds 3m3MEs30gdl dmMol 35380690
39MaM9x30Me  dsbdogdl. sLg39, 3969BH0IMM0  (335¢GdOEMBS 993538060 YdS  FIMIGIM
306Md9OL, o5 0mMs©, LOTogl B30l MBOWB, Go3 Bodbsgl 0dsl, M Lgbslbgs
93006 300009330, oblib3zs30gds 49bMEH030 MEMLgLosBO LEbgMBYdOLS O 5T b
b3l BI6MEGH03MMO 2obLb3939d53. 396 3513360, M MOLIgLosbO LobgMdgdo dYbgdMH030
39056MBg30L 4Bom 9AMgd0b 5305600 3530FOAL. gOMLJgLosh Lobgmdgddo, g9bg@EHozmco
(339¢905MdS 5MOL B0, 5 5O sbEbI3L 93MEMPOMMO 3060HMdJIOL  FoBLLZo39dL.
35OHM9bM 969080 sG>0l 56339790 BI6MEH03MMO (335 GBSMDY, HMIJE0E 93530060
39M99M B5JGHMMGI0m 06306090 (339¢0905MAL. b Yym3geo doMOmMYOL 035Dy, ™A
9ODBJgLosbo  Lobgmdgdo 396906030 49IME3930L B 3960 93199O056 SYOWMIM0]
306Md90L 5 3500 BEBGMSGJR055, M55 39039ds BGOSR 99M931b9b s FoglodserIMo©
50030LMb 0l 5RO, LW SO FoNMNZOL M3EH0ToEMOHO 306HMBJOO.
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Chapter 4. Head shape divergence between parthenogenetic and their paternal
bisexual rock lizards in sympatry

Head shape is an important trait in lacertid lizards, influencing various aspects such as bite force
capacity, prey handling efficiency, microhabitat preferences, and even respiratory and brain
protection mechanisms (Herrel et al., 2004; Barros et al., 2011; Verwaijen et al., 2002; Oliveira et
al., 2023). Furthermore, environmental factors such as elevation and temperature have been
observed to influence head morphology, e.g. head length and shape in certain Podarcis lizards
(Ortega et al., 2019; Alagi¢ et al., 2021), as well as geographic gradients affecting head shape in
the lacertid Gallotia galloti on the island of Tenerife (Thorpe and Baez, 1987).

In addition to environmental influences, phylogenetic relationships play a significant role in head
shape variation (Openshaw and Keogh, 2014; De Meyer et al., 2019). Related species tend to show
similarities in head morphology, a phenomenon referred to as phylogenetic signal in
morphological characters (Blomberg et al., 2003; Tarkhnishvili et al., 2020c). However, when
closely related species with similar ecological niches coexist, competition or enhancement can
drive morphological divergence, resulting in greater divergence compared to allopatric regions
(Taylor, 1965; McDowall, 1998; Wijesundara and Freed, 2018). This divergence is evident in a
variety of taxa, including the Paragalaxias fish of submontane Tasmania (McDowall, 1998), the
Rana macrocnemis complex brown frog of the Caucasus (Tarkhnishvili et al., 2001), and the
Zosterops songbird of Sri Lanka (Wijesundara and Freed, 2018).

Certain groups of lizards exhibit both parthenogenetic and bisexual forms (Lowe and Wright,
1966; Darevsky, 1967; Moritz, 1991; Adams et al., 2003; Tarkhnishvili et al., 2010; Petrosyan et
al., 2020). Parthenogenetic species, often of hybrid origin, have genetic contributions from both
maternal and paternal ancestors. However, it remains uncertain whether parental species
continue to contribute genes to parthenogenetic lineages after the initial hybridization
(Tarkhnishvili et al., 2020b), and whether this hybrid origin is reflected in the morphology of
daughter species. Interestingly, parthenogenetic daughter species may not exhibit intermediate

morphological characteristics despite their mixed genetic heritage (Heiser et al., 1965; Bemis et
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al., 1970; Pembleton and Baker, 1978). For example, Aspidoscelis tesselatus (formerly—
Cnemidophorus) is more similar in size to its maternal species A. gularis, despite greater sympatry
with the paternal species A. tigris (Parker, 1979).

Since parthenogenetic and their parental (in this case paternal) rock lizard species coexist and
share genes from both maternal and paternal ancestors, we tried to find out the relative
importance of genetic inheritance and environmental conditions on head shape in D. armeniaca
and D. dahli. Specifically, if local adaptations play an important role, one would expect
parthenogens to be more similar to females of the paternal species, with which they commonly
coexist, than to females of the maternal species, which never share the habitat with the
parthenogen. On the other hand, the phenotype of parthenogens may be intermediate between
the two parental species, or it may show some peculiarities common to parthenogenetic lineages
but absent in bisexual forms. For this purpose, we analyzed the head shapes of samples of both
parthenogens (D. dahli and D. armeniaca), two paternal species from the same localities (D.
portschinskii and D. valentini, respectively), and their common maternal species, D. mixta, from

several localities in Georgia.

Material and methods

For morphological analysis, we collected 60 adult female individuals from three locations (Table
3) and each lizard was securely placed in a plastic tube and photographed from multiple angles,
36 times from a perspective of 90° to the 11 midline and 36 times from a 45° perspective. AgiSoft
PhotoScan Pro v.2.0.2 was used to generate 3D models of the head surface from the aligned

images, and 54 homologous landmarks were digitized (Fig. 6). The 3D coordinates were exported

and analyzed using RStudio (R 4.2.0, 2022).
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Table 3. Sample sizes and key characteristics of three sampling locations of 5 species of Darevskia

(Table 1 from Barateli et al., 2024, MS under revision, see attached draft).

Location Easting Northing Altitude Female
D. dahli Kojori 44.683337° 41.648891° 1120 13
D. portschinskii Kojori 44.683337° 41.648891° 1120 11
D. armeniaca Sagamo Lake 43.730600° 41.293600° 2015 16
D. valentini Sagamo Lake 43.730600° 41.293600° 2015 15
D. mixta Rveli 43.416361° 41.871489° 824 5

Statistical analysis

We used several functions to process and analyze the landmark data. After estimating missing
landmarks and aligning them, we checked for symmetry and outliers. To visualize differences in
head shape, we performed PCA and generated landmark wireframes. We then performed a
Procrustes Anova to test for significant differences between species. To account for differences in
body size, we repeated the test with body size as a covariate. All analyses were performed in R

studio (R 4.2.0, 2022) using packages such as 'geomorph' and 'RRPP".

All calculations were done in the R studio (R 4.2.0, 2022).
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Fig.6. Digitized three-dimensional landmarks. Names of the scales are labeled with white text,
landmarks are shown with black numbers (see description of the scales and landmarks in
Supporting Information, Appendix S1). A—dorsal view of the head; B—ventral view of the head;
C—view of the right profile of the head; D—view of the left profile of the head. The specimen in

the photograph is Darevskia armeniaca (Figure 3 from Chapter 4, Barateli et al., 2024).

Discussion with results

In summary, our results reveal several key observations: 1. There is no clear evidence of mixed
genetic ancestry reflected in the head shape of the parthenogens. However, they show a stronger
affinity to females of the maternal species than to the paternal species; 2. In addition, certain
aspects of head shape are associated with body size and/or habitat climate, high mountain species
tend to have larger body sizes and deeper heads with stronger jaws, regardless of breeding mode;
3. Both parthenogen species have narrower and more elongated jaw areas with flatter mandibles,
which makes their jaws weaker compared to the females of their respective parental species. For

example, D. armeniaca from Sagamo Lake have stronger jaws and deeper heads than species from
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lower elevations, but their jaws are weaker (narrower) compared to females of the paternal
species, D. valentini, also from Sagamo Lake.

The morphological variation observed in Darevskia lizard species is influenced by a combination
of genetic factors, such as gene drift and mutation, and environmental influences, such as
temperature, humidity, and food availability (Runemark et al., 2010; Oliveira et al., 2023). Adams
(2011) suggests that despite shared selective pressures, unique genetic patterns may be driving
distinct head-shape evolution in Plethodon salamanders.

In the case of Darevskia lizards, if environmental factors significantly influence the head shape,
we might expect parthenogens to show greater similarity to females of the paternal species, with
which they commonly coexist, than to females of the maternal species, with which they do not
share habitats. Previous morphological studies of parthenogenetic hybrids suggest that unisexual
species often exhibit intermediate morphological traits, resembling either both parental species
or one more closely (Espeche et al., 2023). For example, parthenogenetic 7eius suquiensis shows
intermediate morphological traits compared to bisexual 7. teyou and 7. oculatus, while
parthenogenetic Cnemidohorus tesselatus shows greater similarity to its maternal species than to
its paternal species (Espeche et al., 2023; Parker, 1979).

The overall shape, relative size, and depth of the head, as well as the size of the jaws, are closely
correlated with the body size of individuals, which is strongly influenced by climate and altitude
(Darevsky, 1967). Indeed, body size tends to increase with elevation as previous studies on lizards
show it. According to Bergmann's rule, this trend is typical for larger individuals found in colder
climates due to a lower surface-to-volume ratio, resulting in better heat retention (Ortega et al,
2019; Pincheira-Donoso et al., 2008).

Although we observed slight differences in morphometric aspects between parthenogenetic and
sexually reproducing species, we can hypothesize that these differences may be related to the
territorial behavior of bisexual species, wider jaws, indicating a stronger bite, contribute to
successful territorial defense (Galoyan, 2011; Galoyan, 2013; Tsellarius, 2016; Barateli et al., 2021).
Additionally, studies have highlighted the relationship between wider jaws and enhanced bite

force (Kohlsdorf, 2008; De Meyer, 2019).
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Procrustes ANOVA analysis indicates a greater similarity of parthenogenetic head shape to
maternal ancestry, particularly in D. armeniaca. This suggests a significant maternal effect on
morphology, which is supported by studies in other squamates. Maternal influence, rather than
simple Mendelian inheritance, may determine body size and behavior. In addition, differences in
territorial behavior between parental species may contribute to variations in head shape. Further
behavioral observations are needed to clarify these findings. Overall, while some traits distinguish
parthenogens from their bisexual ancestors, others are associated with body size and habitat
elevation. However, differences in reproductive biology, such as the absence of territorial
behavior in parthenogens, may overshadow the effects of intermediate genetics or habitat type on

head shape.
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General conclusion

The studies presented here cover various aspects of the comparative ecology of the
parthenogenetic lizards and their sexually reproducing parental species. These include
microhabitat use, specifics of the life cycle, phenotypic and genetic diversity, and peculiarities of
head morphology. However, all these studies help to characterize the differences between the
parthenogens and sexual breeders. Both parthenogens tend to adapt to the r-strategy of population
dynamics. They are relatively more fertile, which suggests that the adult environment is relatively
unstable; they more effectively use those limited areas in space and time with optimal conditions
than sexual breeders, thanks to the lack of territorial behavior; they disperse faster, and don’t form
isolation-by-distance population genetic pattern, typical for old, well-established geographic
populations. Finally, their strategy includes fast utilization of available resources, not impeded by
intraspecific competition, which is reflected in weaker heads not adapted for battles with
individuals of the same species. As a result, parthenogens more effectively use environmental
conditions than closely related sexual breeders, at least until macroecological conditions,
including climate, remain more or less stable. We can only suppose that sharp changes in
environment would give an advantage rather to sexual breeders, where genetic diversity is much

higher due to the recombination of alleles.
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Chapter 1. Fine-scale analysis of habitat occupancy by Kura lizard (Darevskia
portschinskii) and its daughter parthenogenetic form (Darevskia dahli)
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Abstract

Two species of rock lizards, the parthenogenetic D. dahli and the sexually reproducing D. portschinskii, coexist in a rocky outcrop
in an area of ca. 1 ha, in the vicinity of Tbilisi, Georgia; the location has been well-known since the middle 1960s. The population
density of the parthenogenetic lizard is five times higher than that of the sexual breeder. We studied the distribution of active lizards
in space and time over three consecutive years, during the spring and autumn activity periods, to explore spatial and temporal differ-
ences between the species on a fine spatial scale. We studied the influence of temperature, humidity, and quantitative characteristics
of the surface and the distance from permanent water source on the spatial distribution of D. dahli and D. portschinskii. Darevskia
portschinskii was less dependent on the distance from the water source and more evenly distributed in space and time than D. dahli.
Despite potential competitive interactions, the species did not avoid each other on the microhabitat scale, suggesting that the observed
ecological differences are not caused by a niche shift. More individuals of the sexual breeder than individuals of the parthenogen
were found in suboptimal habitats. This feature may increase the evolutionary success of D. portschinskii in a long-term perspective.

Key Words

competition, ecological niche, parthenogenesis, rock lizards, territoriality

Introduction

Comparing ecological niches of closely related species is
a challenging task. A species’ spatial distribution and ac-
tivity dynamics depend on its ecological preferences. Si-
multaneously, the realized niche in Hutchinson’s (1957)
sense is shaped by competitive interactions, both inter-
and intraspecific. In the case of the presence of a compet-
itor, the space occupied by a population can be shifted,
as well as the activity dynamics (Schoener 1983; Abrams
1986; Pfenning and Pfenning 1992; Pianka 2011; Carval-
ho and Cardoso 2020). This process affects empirically
estimated tolerance limits and response curves (Huey and
Stevenson 1979; Kassahn et al. 2009) can be different,

dependent on the species composition in a biological
community (Petren et al. 1993; Pianka 2011; Frishkoff
et al. 2015). In general, competition is a significant force
causing character displacement and, hence, organismal
evolution (Grant 1972; Pfenning and Pfenning 2010).
Parthenogenetic lizards have hybrid origins, and they
commonly coexist with their ancestral bisexual forms
(Darevsky 1967; Bakradze 1977; Trofimov 1981; Wright
and Vitt 1994; Kearney et al. 2009; Tarkhnishvili et al. 2010;
Tarkhnishvili 2012; Galoyan 2013). Coexisting partheno-
gens and their ancestral species are phenotypically similar,
they consume similar food, and most of them occupy rocky
habitats (Darevsky 1967; Wright and Vitt 1994; Tarkhnish-
vili 2012). The offspring of sexually breeding males and
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parthenogenetic females are usually sterile (Freitas et al.
2019; Tarkhnishvili et al. 2020). Hence, the parthenogens
and their ancestral species can potentially compete for space
or food; niche shift and character displacement may be an
important force in their phenotypic evolution.

One of such hybrid parthenogenetic lizards is Darevskia
dahli from the Lesser Caucasus Mountains, the patrilineal
ancestor of which is the bisexual Darevskia portschinskii
and the matrilineal ancestor is Darevskia mixta (Murphy
et al. 2000). The extent of occurrence of D. dahli and D.
portschinskii almost coincides, and their habitats overlap:
D. portschinskii is found at altitudes 400-1,370 m. a.s.1.,
and D. dahli at higher altitudes between 830-1,950 m.
a.s.l. (Tarkhnishvili et al. 2010). A higher altitudinal range
is typical for unisexual species compared to their bisex-
ual relatives (Haag and Ebert 2004) and may help avoid
competition (Glesener and Tilman 1978; Kearney et al.
2005; Vrijenhoek and Parker 2009). However, the species
coexist throughout a broad mountain forest belt and are
commonly found in the same location (Bakradze 1977).

Remote sensing analysis showed that the shift of the
spatial distribution of the two species is related to different
thermal preferences and to different preferred humidity:
D. portschinskii prefers higher temperatures than D. dahli,
and the distribution of D. dahli is limited to the areas where
annual rainfall level is above a certain threshold (Tarkh-
nishvili et al. 2010; Petrosyan et al. 2020). Simultaneous-
ly, Tarkhnishvili et al. (2010) showed that, within equally
suitable habitats, the presence of D. dahli might negatively
affect D. portschinskii: the latter species was less abundant
or absent if D. dahli was also present in equally suitable
locations (Tarkhnishvili et al. 2010), a fact suggesting
the importance of interspecific competition. It is unclear
whether competition may explain niche shift and character
displacement in D. dahli and D. portschinskii.

For deeper insight into this question, it is essential
to understand how the species share space and other re-
sources on the microgeographic scale and whether com-
petition for the resources or behavioral interactions shape
the realized niche of either species. Here, several inter-
acting processes may play a role. Galoyan (2011, 2013)
showed that both males and females of some sexually
reproducing Darevskia species may be territorial, where-
as the parthenogens show decreased territoriality. One
should expect that territorial species do not concentrate
so much in areas with optimal living conditions as the
species with less expressed territoriality (Brown 1969;
Fretwell 1969; Partridge 1978; but see Stamps 1991); this
may potentially reduce the mutual negative impact of D.
portschinskii and D. dahli. Simultaneously, populations
of parthenogenetic species grow faster than those of sex-
ual breeders (Maynard-Smith 1998) and hence may rap-
idly expand into sink habitats (sensu Pulliam 1988); as a
result, the differences in the observed niche dimensions
may depend on this spatial dynamics and not on the dif-
ferent ecological preferences.

Here, we examined whether ecological niches of D.
dahli and D. portschinskii are displaced on a microgeo-
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graphic scale (within a semi-isolated habitat covering ca.
1 hectare) and what can be the reason for the differences
(if any): type of territorial behavior, population density, or
competition. We tested two complementary hypotheses:
(1) the differences in the habitat use are related to mutual
avoidance of the coexisting species, and/or (2) the differ-
ences are due to differential territorial behavior; alternative-
ly, habitat requirements might not differ or differ for rea-
sons independent of the intra- or interspecific competition.

Materials and methods
Study area

A rock outcrop near Tbilisi (Georgia) was selected as
a study site. This area is described in previous papers
(Darevsky 1967; Bakradze 1977; Trofimov 1981; Tarkh-
nishvili et al. 2010) and presents a good model for long-
term stationary observations of the lizards. The area is lo-
cated at the vicinity of Kojori (1.648939°N, 44.683445°E)
(Fig. 1). Itis a gentle rocky slope covered with a rare shrub,
surrounded by a forest dominated by oriental hornbeam
(Carpinus orientalis), rocky oak (Quercus petraea), and
maples (Acer campestre, A. letum) and edged with a small

0.025 0 0.025 0.05 0.075km
N .

A
b

0.025 0 0.025 0.05 0.075km

A

Figure 1. Study area. a: satellite image downloaded from Goo-
gle Earth Pro (2020); b: Orthophoto image prepared with the
drone (see the methods section). The arrow points in the northern
direction. The brook borders the rocky habitat from the north.
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brook from the north. The slope has northwestern expo-
sure, and the elevations vary between 1003—1042 m a.s.l.
(Fig. 1). The observations were conducted between April
and October of 2017, 2018, and 2019; the full data are
presented in Suppl. material 1: Table S1.

Description of environmental variables

We divided the study area into 108 squared plots with a
surface of 10 x 10 m each (Fig. 2a; Suppl. material 1: Ta-
ble S1). For each square, longitude, latitude, and altitude
were measured using Garmin GPS (Geographic Position-
ing System) MAP 64 and then adjusted manually. Geo-
graphic Positioning System data were processed in the
QQGIS 3.12 software and turned into a polygon shapefile
(Fig. 2b). DJI Mavic 2 Pro camera drone was used for tak-
ing aerial photos of the surface (distance from the ground
60 m). Georeferencing of aerial images was performed
using Stonex SOII+ GPS (https://www.stonex.it/project/
s9iii/). Aerial photos were then processed in the Agisoft
PhotoScan software to create Orthoimage and DEM
(Digital Elevation Model; Agisoft, L. L. C. “Agisoft Pho-
toScan User Manual: Professional Edition, Version 1.4”,
2018). We used orthoimage for mapping surface types
(Boulders, Forest, Grass, Gravel, Leafy Ground, Rock)
manually (Fig. 2¢). Digital Elevation Model was resam-
pled in two more spatial resolutions (original resolution
0.03 m/pixel and resampled resolution 0.5 m/pixel; 1 m/
pixel). We used SAGA’s surface morphometry tool in
QQGIS 3.12 for estimating slope and convergence index
from the three mentioned resolutions of DEM.

Standard deviation, average and maximal values
of slope and convergence index in each sample plot
were calculated using the Zonal Statistics tool in QGIS
3.12. The slope represents the inclination angle to the
horizontal surface in degrees; the maximum value of
slope (MSlope), characterizing each plot, was used in
final calculations. The convergence index calculates
an index of convergence/divergence regarding over-
land flow (2004-2016 QGIS Development Team). Our
study used the standard deviation of convergence index
(SDCI), which measures the unevenness of the rocky
surface or density of clefts that the lizards are using as
hiding shelters.

In each field session (27 field sessions altogether —
Suppl. material 1: Table S1), for each of the 108 plots, the
land surface temperature (LST, °C) and land surface hu-
midity (LSH, %) was recorded twice — between 1100AM
and 1300 PM and between 1700 and 1900 PM. The mea-
surements were taken in the geometric center of each
square plot. The temperature was measured with General
Tool MMD7NP; the humidity was measured with Etek-
city Lasergrip 774. Ambient temperature from https://
www.accuweather.com/ was recorded during each field
session. Altogether 2916 observations (field survey/ plot)
were conducted during the study period. During each ob-
servation, 0—10 individual lizards were recorded.

For each sighted individual, we recorded: age (adult
or juvenile); species (D. dahli vs D. portschinskii); sex
(for D. portschinskii); time of the day and the number of
the plot. All individuals with the distance from the back
surface of the hip to the tip of snout exceeding 5 cm were
treated as adults.

Statistical procedures: analysis of
habitat use in space and time

The numbers of active D. dahli and D. portschinskii were
recorded for each of 108 plots 100 m? each, during each of
27 field sessions. Hence, altogether we had 2,916 observa-
tions for each species. Surface temperature and humidity
were scored for most of these observations. The entire ob-
servation table is shown in the appendix (Suppl. material
1: Table S1). In 18 plots, the lizards were never recorded,
and in 35 plots, fewer than three lizards of either species
were recorded during the entire period of observations.
In the rest of the plots (55 altogether), the number of ob-
served D. dahli during one session varied between 011,
and the number of observed D. portschinskii between 0-3.

Because males of D. portschinskii might have spatial
distribution different from females and juveniles of the
same species, due to potentially more expressed territo-
rial behavior, we first tested significance in differences in
distribution between D. dahli, males of D. portschinskii,
and females + juveniles of D. portschinskii across the 108
plots, using Kolmogorov-Smirnov Lambda test. Since
the differences were significant for different species but
insignificant for different ages and sexes of D. portsch-
inskii, we clumped together all individuals of the latter
species for further analyses.

In order to evaluate the significance of each of the fac-
tors that potentially influence the presence and activity of
the lizards (the number of recorded individuals at a plot
during a given session; NL; the analysis separately ran
for D. dahli and a unified sample of D. portschinskii) we
applied generalized linear mixed models (GLMM). Be-
cause of the excess of NL equal to zero, before applying
this method, we removed from the dataset all plots where
fewer than three lizards were recorded during the entire
period of the study, reducing the number of observations
to 1,483. This was done to achieve better correspondence
of the NL distribution throughout the plots and sessions
to Poisson distribution, recommended for this kind of
data. The plots were set as “subjects” and the sessions
as “repeated measures.” Target (NL) was set to Poisson
distribution with the logarithmic link function. Nine pre-
dictors (year, date, time of the day, surface type, humidity
and temperature of the ground surface, averaged air tem-
perature, slope, and convergence index) were set as fixed
factors; the session combined with the plot was set as a
random factor. Covariance type was set to “Variance com-
ponent” for the subject and to “first-order autoregressive”
for the random component (assuming autocorrelation be-
tween the sessions close in time).
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Figure 2. a: the numbers of studied plots; b: DEM image (0.003 m/ pixel); ¢: surface types (see the text for the explanations).

Classification tree analysis (CHAID algorithm) was an
additional method applied for inferring predictive models
for both species. In this analysis, we included the occur-
rence of a potential competitor (PC) in the set of predic-
tors to infer whether and how the presence of PC may
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influence the occurrence of the target species, given sim-
ilar environmental conditions. In this analysis, we used a
complete dataset (2,916 observations, including those on
the plots where the lizards were never recorded). Parent
and Child nodes were set to 100 and 50. Significance lev-
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els for splitting nodes and merging categories were set to
0.05, growth limits to 2 levels, the maximum number of
iterations to 10,000, and Chi-square statistics calculated
using likelihood ratio. For validation, the entire dataset
was randomly separated into the training (75%) and test
(25%) datasets; squared correlation (R2) between the ob-
served mean in the training and test datasets was used as
an index of the model quality.

Estimation of niche overlap

MacArthur and Levins (1967) suggested several base-
lines for the analysis of competition and niche displace-
ment. They offered to use an asymmetric coefficient of
niche overlap,

0, = szipn /Z(pZi )2 ’
i=1 in1

In this equation, O, is the number of individuals of
species 2 whose resources are consumed by a single in-
dividual of species 1; p,, is the index of the utilization of
resource category i by species 1. We considered a single
observation as a “resource category” and estimated p_,
as NL for species x in this observation. Before that, we
conducted this procedure separately for individual plots
and survey sessions and estimated the “overall” overlap
indices as the product of the two latter ones (Schoener
1974; Colwell and Futuyma 1971; Hurlbert 1978). Fur-
thermore, we used the symmetric Pianka’s index of niche
overlap (Hurlbert 1978).

All calculations were done using IBM SPSS v. 23.0
and Excel 2010 for Windows.

Results

Response on the individual
environmental variables

Darevskia dahli were recorded at 78 out of 108 studied
plots, and D. portschinskii at 40 plots (Fig. 3). The av-
erage number of the total records per one plot was: 5.62
(SD = 9.07) for D. dahli, 0.44 (SD = 1.07) for males of
D. portschinskii, and 0.43 (SD = 0.90) for females and
juveniles of D. portschinskii. Kolmogorov-Smirnov sta-
tistic D, reached 0.382 and 0.345 (P <0.001) when com-
paring épatial distribution of D. dahli with males and with
females + juveniles of D. portschinskii, respectively. Si-
multaneously, D reached 0.089 (P> 0.2) when compar-
ing spatial distribution of males with that of females + ju-
veniles of D. portschinskii. In conclusion, males, females
and juveniles of D. portschinskii do not differ significant-
ly in the use of space, and simultaneously the differences
between the studied species are highly significant.

Both Pearson correlation and Spearman rank correla-
tion coefficients showed a significant negative correlation
of the number of records of D. dahli with the distance from
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Figure 3. Spatial distribution of D. dahli and D. portschinskii
in the studied rocky outcrop (aggregated data on the lizard sight-
ings throughout the entire study period).

the brook, surface humidity, and convergence index, and
positive correlation with an average slope of the plot (Sup-
pl. material 1: Table S1). For D. portschinskii, correlation
with the distance from the brook was positive (Fig. 4a),
whereas correlation with surface humidity was negative.
The abundance of D. dahli (but not that of D. portschinskii)
decreased with the distance from the brook. In the part of
the study area most distant from the brook, the abundance
of both species increased, however (Fig. 4a). Both species
were more abundant in 2017 than in the two following
years, although in D. portschinskii the differences were
insignificant (Fig. 4b). NL of D. dahli decreased when the
air temperature measured before the afternoon was below
13 and above 21 C; in D. portschinskii the dependence was
less clear (Fig. 4c). The peak of activity of both species
was in the last days of May (Fig. 4d). Darevskia dahli pre-
ferred the plots where the average slope index was around
6 and avoided flat areas (Fig. 4f). Finally, both species
depended on the presence of rocky surface (Fig. 4e). The
convergence index did not show any trend.

The analysis based on the assumption that the individ-
ual plots are “subjects”, individual sessions are “repeat-
ed measures”, and NL has Poisson distribution with Log
function, suggested a significant effect of all predictors,
except surface temperature and the convergence index
on the occurrence of D. dahli, and presence of temporal
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Figure 4. Dependence of the average and 95% confidence intervals for the number of recorded individuals (NL) of D. dahli (solid
lines) and D. portschinskii (dashed lines) at a plot during a given session on: a: distance from the brook (m), b: year, ¢: air tempera-
ture (°C), d: days passed after 1% April, e: substrate type and f: average slope index on the 3 cm pixel scale (averaged for a plot).

autocorrelation explaining the occurrence dynamics (Ta-

ble 1). This species avoided forest and preferred rock as
the surface; the occurrence decreased with surface humid-
ity and increased with the slope steepness. The occurrence
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of D. portschinskii increased on the gravel and rock sur-
face and with distance from the brook. None of the other
predictors significantly affected the abundance or activity
of this species (Table 1).
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Table 1. The outcome of the GLMM analysis*.

Source of variance Type F F dft  df2 Sig Sig

(DD) (DP) (DD) (DP)

Corrected model 2234 218 20 1.17 <0.001 0.002

Distance from the brook Fixedin 9.75 8.79 1 1.17 0.002 0.003
space

Surface type Fixedin 3.66 159 11 1.17 <0.001 0.097
space

Convergence Index Fixedin 0.87 021 1 1.17 0.352 0.645
space

Average Slope Fixedin 6.03 039 1 1.17 0.014 0.535
space

Year Fixedin 30.90 0.67 2 1.17 <0.001 0.513
time

Date Fixedin 2899 132 1 1.17  <0.001 0.250
time

Air Temperature Fixedin 10.17 0.03 1 1.17  <0.001 0.864
time

Surface Humidity Varying 16.00 1.50 1 1.17  <0.001 0.221

Surface Temperature Varying 2.89 0.0l 1 1.17 0.089 0.960

Coefficients (for significant predictors only)

b (D) b (DP) Sig(DD) Sig(DP)
Surface = forest -2.764 N/A 0.004 N/A
Surface = grassy rock -1.269 N/A 0.050 N/A
Surface = rock 0.765 0.070 0.012 0.016
Surface = Gravel N/A 0.126 N/A 0.002
Distance from the brook  -0.006 0.001 0.002 0.003
Date (days from 1 April) -0.013 N/A <0.001 N/A
Surface Humidity -0.025 N/A <0.001 N/A
Air Temperature -0.089 N/A 0.001 N/A
Average Slope 0.022 N/A 0.014 N/A

*DD — Darevskia dahli, DP — D. portschinskii; AIC — Akaike Information Criteri-
um; F — f criterium; df — degrees of freedom; Sig — significance (P); b — regression
coefficient.

Classification tree

R2 value estimated from the node means of the training
and test CHAID trees for D. dahli was 0.859 (17 nodes),
and for D. portschinskii 0.575 (11 nodes).

The classification tree showed 3—4 variables that signifi-
cantly influenced NL of D. dahli (Suppl. material 2: Fig.
Sla). The primary variable separating the observations
into five categories was the distance from the brook. Given
the same distance from the brook, the NL (D. dahli) in-
creased on the plots where rocky surface dominated, and
the average slope was higher (>=65). The occurrence of D.
portschinskii was not among significant factors, inferred by
the analysis, which influences the occurrence of D. dahli.

The distance from the brook was also a primary variable
affecting NL for D. portschinskii. Simultaneously, given the
same distance from the brook, NL (D. portschinskii) posi-
tively correlated with NL (D. dahli), suggesting that simi-
larity of the requirements to the environmental conditions,
except distance from the permanent water source, outweigh
potential negative interactions between the two species.

Niche overlap indices

The asymmetric index of niche overlap calculated for the
utilization of space and time was: for dp/dd 0.543, and for

dd/dp 0.053. If we ignore time and only count the overlap
in space use, the respective coefficients would be 2.69 (dp/
dd) and 0.10 (dd/dp). Symmetric Pianka’s niche overlap
index reached 0.224 for individual observations and 0.487
for individual plots irrespective of the observation time.

Discussion

Competition is a significant force, able to lead to one of
the competitor’s extinction if the differences between the
utilized resources are insufficient (Gauze 1934; MacAr-
thur 1970; Pianka 1976; Sahin et al. 2020), or to niche
shift and character displacement, if the adaptive strate-
gy is mutual avoidance of the competing species (Grant
1972; Pianka 1976). The distance between the resource
utilization curve peaks should exceed the average stan-
dard deviation of the curves to prevent competitive ex-
clusion if resources are limited (MacArthur and Levins
1967; Begon et al. 1996). There is also a simpler defi-
nition: competition between the individuals of different
species should not exceed competition among the con-
specifics (Angilletta et al. 2013). Are the observed eco-
logical differences between coexisting D. portschinskii
and its daughter parthenogen, D. dahli, driven by inter-
specific competition? Our results reject this hypothesis.

Remote sensing analysis (Tarkhnishvili et al. 2010;
Petrosyan et al. 2020) suggests that summer tempera-
ture and rainfall determine different altitudinal ranges for
D. dahli and D. portschinskii. However, at a fine-scale,
these species did not react differentially to temperature
and humidity of the surface, probably because of the high
variability of these factors. Our analysis suggests that the
most critical environmental predictors influencing the
fine-scale spatial distribution of adult lizards include the
distance from the permanent water source, steepness of
the slope, and presence of the rocky surface. Darevskia
dahli relies more on the physical closeness to the water
source than D. portschinskii (also reported in Bakradze
1977). The former species is also more selective to the
slope steepness, air temperature, surface humidity, and
surface type. The presence of a permanent water source
determines the availability of water for lizards, similar to
the rainfall level on the macrogeographic scale (Tarkh-
nishvili et al. 2010; Petrosyan et al. 2020), whereas mea-
sured surface humidity quickly changes in time and does
not determine the suitability of the location, albeit affect-
ing the activity of the individuals (GLMM results).

Why do environmental conditions, including surface
type and characteristics, proximity of water source, and
air temperature, affect the occurrence of D. dahli more
markedly than that of D. portschinskii? Tsellarius (Tsel-
larius and Tsellarius 2003; Tsellarius et al. 2016) and
Galoyan (2011) showed that in bisexual Darevskia, ter-
ritorial behavior is an important factor influencing spatial
distribution. Adults of D. brauneri from the northwestern
Caucasus, both males, and females, defend the individual
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territory from the conspecific outsiders (Galoyan 2013).
In contrast, the parthenogens do not show territorial be-
havior, and their spatial distribution depends solely on
environmental conditions (Trofimov 1981; Galoyan
2013). We did not conduct behavioral observations on
D. portschinskii and cannot conclude whether territorial
behavior is typical for females of this species. However,
there are no significant differences in spatial distribution
between the males and females of D. portschinskii. These
facts explain the less aggregated distribution of active D.
portschinskii, related to D. dahli, in space and time: the
latter is concentrated in space with optimal conditions,
whereas the bisexual species utilizes space and time more
uniformly. The variance of the distribution of D. portsch-
inskii along the environmental gradients was higher than
that of D. dahli. The territoriality of D. portschinskii forc-
es the individuals to expand on plots with suboptimal con-
ditions. Hence territoriality, together with the inherited
ecological differences, explains the observed differences
between D. portschinskii and its daughter parthenogen.

Territoriality has another interesting consequence: the
territorial species, which is more commonly found in sub-
optimal habitats and time, may better adapt to changing
conditions, if previously optimal parts of the habitat will
be lost. Hence, the advantage of sexual reproduction, along
with the well-known factor of genetic diversity (White
1970; Case and Bender 1981; Kondrashov 1982; Maynard
Smith 1998; Bell 2008), also favors diversity of ecological
conditions in a habitat, which is substantially lower in the
parthenogenetic form. Case (1990) suggests that parthe-
nogens are weaker competitors than their sexually repro-
ducing relatives; an additional reason for this can be the
absence of territoriality and high concentration in optimal
areas. This seemingly contradicts an earlier finding sug-
gesting that the negative effect of D. dahli on D. portsch-
inskii is stronger than vice versa (Tarkhnishvili et al. 2010);
however, more effective use of suboptimal habitats may
have a long-term positive effect challenging to record in a
short-term perspective, similar to the advantage of sexual
breeders associated with the ability of recombination.

In spite of these differences, the overlap of spatio-tem-
poral niches between D. dahli and D. portschinskii is sub-
stantial. This may potentially cause interspecific competi-
tion (MacArthur and Levins 1967). If competition exists,
it can be strongly asymmetric; because of the exceeding
abundance of D. dahli, the latter species can have a more
substantial impact on D. portschinskii than vice versa. The
niche overlap by itself cannot either support or reject the
presence of competition (Holt 1987). However, one can
infer active mutual avoidance of potential competitors by
applying residual analysis (Tarkhnishvili et al. 2010) or
by analyzing the decision-making tree (this study). This
analysis helped us to exclude mutual avoidance of the two
studied species. Within the studied area, preferred loca-
tions for the lizards partly overlapped. On the plots close
to the brook, the density of D. dahli was very high, and
D. portschinskii were almost absent. In plots with optimal
terrain and cover conditions, the density of both species
increased even away from the brook. Within an equally

herpetozoa.pensoft.net

suitable area, D. portschinskii tended to occur simulta-
neously and in the same plots where D. dahli also pres-
ents. Hence, given the same parts of the studied outcrop,
microhabitat similarities of the two species are more im-
portant than the potential competition, and therefore, eco-
logical differences hardly can be the result of character
displacement. Why do the differences occur?

These differences, which are related to the temperature
and humidity optima, reported here and in earlier obser-
vations and modeling results (Darevsky 1967; Bakradze
1977, Tarkhnishvili et al. 2010; Petrosyan et al. 2020) are
instead related to the different ranges of D. portschinskii
and the matrilineal ancestor of D. dahli, Darevksia mixta.
The range of D. mixta is limited to mesophylic forests and
uplands of central and western Georgia (Darevsky 1967;
Tarkhnishvili 2012; Gabelaia et al. 2015). This species
is adapted to more humid habitats than D. portschinskii
(Petrosyan et al. 2020). Darevskia dahli has phenotypic fea-
tures intermediate between D. portschinskii and D. mixta,
being more dependent on the water source than the former
one and more dependent on the rocky surface than the latter.

Although the species do not avoid each other on the mi-
crohabitat scale, on the macrogeographic scale the mutual
negative impacts are obvious (Tarkhnishvili et al. 2010).
In certain locations with an equally suitable climate, the
abundance of each species negatively correlates with the
abundance of the other. The reason for this is not clear. It
may be competition for food: rock lizards eat arthropods
of appropriate size (Darevsky 1967; Tsellarius and Tsel-
larius 2001; Galoyan et al. 2019). Like other ectothermic
organisms feeding on small invertebrates (e.g., Kuzmin
and Tarkhnishvili 1992), they hardly can seriously affect
the abundance of insects; rather, a high concentration of
animals may decrease the hunting success. Competition
for space is probably a more inclusive explanation of the
negative interactions: it influences the accessibility on
food and shelters. An additional (and perhaps even more
important) reason for the negative impact of D. dahli on
D. portschinskii includes mating attempts of the males of
the former species with the parthenogen. Commonly, re-
inforcement favors pre-zygotic isolation and, hence, de-
crease risk of unsuccessful mating with non-conspecific
individuals (Dobzhansky 1937; Endler 1986). However,
parthenogenetic Darevskia commonly mate with their
patrilineal ancestors (Bakradze 1977; Trofimov 1981; our
observations). Sterile triploid hybrids are relatively com-
mon, and sometimes even have developed gonads (Dan-
ielyan et al. 2008). In spite of the latter observation, no
ongoing gene flow was ever shown (Darevsky and Ku-
likova 1962; Spangenberg et al. 2017; Freitas et al. 2019),
and even if it could happen, this would be an extremely
rare event (Tarkhnishvili et al. 2017, 2020). Many adult D.
dahli have tracks of mating bites. We could hypothesize
that common mating of D. portschinskii with partheno-
genetic females may decrease their reproductive success.

This study shows that negative interspecific interactions
do not necessarily trigger niche shift and character dis-
placement and that the simultaneous presence of negative
interactions and ecological differences between closely
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related species cannot be taken as an argument for char-
acter displacement. The studied species do not actively
avoid the competitor, which suggests that their long-last-
ing coexistence is a result of metapopulation dynamics
and sources-sinks type of spatial structure (Pulliam 1988),
where the rates of re-population from neighboring source
locations compensate the negative trends in population dy-
namics. The populations of D. dahli and D. portschinskii
have coexisted in the studied location for at least 53 years
(Darevsky 1967), and during all this time, the abundance of
D. dahli in the studied habitat exceeded several times the
abundance of D. portschinskii (Trofimov 1981; Tarkhnish-
vili et al. 2010; this paper). In conclusion, we suggest that a
complex spatial structure not only helps species to survive
a competitive pressure but also impedes character displace-
ment and reinforcement in multispecies assemblages.
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ARTICLE INFO ABSTRACT

Corresponding Editor: Alexander Kupfer We compared the life history components of small and large-bodied unisexual (Darevskia dahli and Darevskia
armeniaca) and bisexual (Darevskia portschinskii, Darevskia valentini, and Dareyskia obscura) Caucasian rock lizard
species. Research objectives were to determine whether reproductive mode (bisexual or parthenogenetic), female
body size, altitude and landscape of the habitat, or interaction of these factors determine the relative investment
of energy into a single reproduction, number, and relative size of eggs.

The research revealed the differences between two parthenogenetic species and their paternal bisexual lizards.
However, the pattern did not coincide for the two studied lineages i.e., parthenogenetic D. armeniaca invests
relatively more resources into reproduction than its paternal D. valentini. Simultaneously, reproductive effort of
parthenogenetic D. dahli did not differ from its paternal D. portschinskii. Instead, D. dahli tended to produce more
but lighter eggs than D. portschinskii. In both cases, the parthenogenetic form tended to follow a r-reproductive
strategy, typical for lizards occupying less stable environments than their parental species. However, other
interspecific differences such as body size or evolutionary distance shade these differences, and determine the
pattern of divergence between a parthenogen and its bisexual relative. In particular, smaller body size constrains
increased the reproductive effort, and parthenogenetic species shifted to a balance between egg size and number
rather than between resources invested into a single reproduction event and the probability to survive until the
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next season.

1. Introduction

Organisms with multiple reproductive cycles distribute their energy
resources throughout their lifetime, considering growth, survivorship,
and reproductive success (Stearns 1977; 1992; Congdon, 1989; Maci-
p-Rios et al., 2017). According to the life-history theory, explaining how
natural selection leads organisms to optimize their survival rates and
reproduction (Stearns, 1992; Roff, 1992; Stearns et al., 2000; Fabian and
Flatt, 2012), these variables are key factors for increasing the fitness of
an animal (Babich Morrow et al., 2021). Because the resources are
limited, organisms cannot simultaneously increase individual survival
rates and reproductive investment, and the observed balance results
from the tradeoffs between those (Babich Morrow et al., 2021). Charnov
and his co-authors (Charnov and Downhower 1995; Charnov and Ber-
rigan 1991; Charnov 1993; 2002; Babich Morrow et al., 2021) devel-
oped three-dimensional metrics to quantify fundamental life-history
tradeoffs: lifetime reproductive effort (LRE), relative reproductive life-
span (RRL), and relative offspring size (ROS). LRE measures the

* Corresponding author.

proportion of adult mass that a female will allocate to offspring over her
lifespan (Charnov, 2002; Babich Morrow et al., 2021); RRL quantifies
time to maturity relative to the total amount of time available for
reproduction (Charnov, 1993; Charnov, 2002; Babich Morrow et al.,
2021); and ROS is the ratio of offspring size to adult size (Millar 1977;
Babich Morrow et al., 2021). The other tradeoff in Life-history, one
between the number and size of offspring, confirmed to vary at both
interspecific and intraspecific levels, coinciding with - and K- evolu-
tionary strategies (Stearns, 1989; Tarkhnishvili, 1993; Roff, 2002;
Brown and Shine, 2009).

In oviparous vertebrates with multiple reproductive cycles and
without expressed parental care, such as most lizards, the tradeoff be-
tween life history parameters can be presented in a simple diagram
(Fig. 1). An increase of energy share, invested into a single reproduction,
increases the potential number of viable offspring during one season but
decreases the probability of a female surviving until the next season
(Qualls and Shine, 1998). Given the same female body mass and
reproductive effort, an increase in the number of eggs is associated with
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Fig. 1. Interdependence among the components of life history. Reproductive
effort increases te number and/or survival of offspring per season but decreases
the potential number of reproductive seasons. Increase of an egg size positively
affects offspring survival, but negatively - the number of eggs per reproductive
season. Egg number and offspring survival both positively affect fitness. Red
arrows show negative effects. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

a decrease in egg size. Egg size potentially increases the probability of a
single egg to survive until hatching and that of a juvenile to survive in
the first months of its life (Sinervo, 1990; Levitan, 2006).

Lizards are classical objects for studying tradeoffs between the
components of reproductive strategies. Their reproductive characteris-
tics vary both between conspecific populations and between closely
related species. For example, Boretto et al. (2018) described variation of
reproductive effort of iguanids from the genus Phymaturus depending on
the altitude. Inter-population variations in egg size, clutch size, and
reproduction frequency is shown for another iguanid, Sceloporus undu-
latus (Tinkle and Ballinger, 1972). In ornate tree lizards (Urosaurus
ornatus), clutch size depends on the habitats (trees vs rocks) they occupy
(Haenel, 2011). In general, reproductive period, clutch size, and egg size
of lizards strongly depend on the environmental variables (Shine and
Elphick 2001; Brandt and Navas, 2011; Menezes and Rocha, 2014),
including temperature (Cruz, 1996; Ramirez-Bautista et al., 2000;
Rezende-Pinto et al., 2009; Menezes and Rocha, 2014), rainfall (Rodri-
guez-Ramirez and Lewis 1991; Ramirez-Bautista et al., 2000; Martelotte
etal., 2010, Menezes and Rocha, 2014), habitat type (Haenel, 2011) and
food availability (Fitch, 1982; Haenel, 2011). In addition, reproductive
variables in lizard populations depend on the female body size (Vrci-
bradic and Rocha 2011; Winck and Rocha 2012; Menezes and Rocha,
2014). Females with larger bodies may produce larger and heavier eggs
(Brandt and Navas, 2011; Menezes and Rocha, 2014), although the ef-
fect of body size depends on a specific taxonomic group (Stewart, 1979;
Sinervo, 1990; Schwarzkopf, 1992; Doughty 1997). Ljungstrom et al.
(2016) found that the additive genetic component determining the
variation of egg size and number within species is minute; hence, the
tradeoff between reproductive variables may change during a lifespan of
a single animal.

Last but not least, some groups of lizards have both sexual breeding
and parthenogenetic taxa, which may also affect the reproductive
strategy. Schall (1978) presented the data on five species sympatric in
southwest Texas, two of which are parthenogenetically reproducing.
The bisexual and unisexual species did not differ in clutch size, egg size,
or clutch/body weight ratio, and some interspecific differences in
reproductive characteristics were attributable to different body sizes. On
the other hand, Congdon et al. (1978), based on the study of two
bisexual and two parthenogenetic Aspidoscelis from Arizona, concluded
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that the unisexual species have larger clutches, increase clutch size
faster with body size, have lighter eggs, and higher clutch/body calorie
ratios than the closely related bisexual species - irrespective of body size
of a species.

In this paper, we compared the components of life history in the two
parthenogenetic and three bisexual species of Caucasian rock lizards
(Dareyskia Arribas, 1999) from three locations in Georgia. The parthe-
nogenetic forms (“species”) in these locations coexist either with their
paternal sexual breeders, or with a closely related bisexual species, but
not ancestral to them. The parthenogens and their ancestors differ in
body size and preferred altitudes. Our purpose was to explore if and how
the mode of reproduction (sexual vs parthenogenetic) affect reproduc-
tive characteristics of a female (including reproductive effort, egg size,
egg number, or the trade-off among these parameters), and whether this
effect depends on the other variables, such as body size of a female,
altitude of a habitat, or phylogeny.

2. Materials and methods
2.1. Research organisms

Genus Darevskia is a speciose group of small-bodied lizards. Their
average lifespan is five to six years (Arakelyan & Danielyan, 2000;
Galoyan et al., 2019) and they usually reproduce during several seasons.
Darevskia differ from each other in the reproductive mode (bisexual vs
unisexual), body size (SVL varying between 58 cm) (Darevsky et al.,
1985; Galoyan et al., 2019) and preferred altitudinal range (Darevsky
et al., 1985; Tarkhnishvili, 2012). Our study organisms were two hybrid
parthenogenetic species of the genus from Georgia, Darevskia dahli
(Darevsky, 1957) and Darevskia armeniaca (Méhely, 1909) and their
paternal species, Darevskia portschinskii (Kessler, 1878) and Darevskia
valentini (Boettger, 1892), respectively, which commonly share habitats
with the daughter parthenogens (Murphy et al., 2000; Tarkhnishvili
et al., 2020). Fifth species we studied was Darevskia obscura (Lantz and
Cyrén, 1936), phylogenetically equidistant from D. portschinskii and
D. valentini.

The first pair of the parthenogen and its ancestor, D. dahli and
D. portschinskii, coexist in the mountain forest belt of central Georgia,
800-1200 m a.s.l (Tarkhnishvili et al., 2010). Adult body length of both
species varies between 5.4 and 5.8 cm. The second pair of species,
D. armeniaca and D. valentini, coexist at the elevations 1900-3100 m
(Arakelyan et al., 2011; Galoyan et al., 2019). Body of these species is
larger than the species of the previous pair, with body length varying
between 6.1 and 6.4 cm. There are some locations where D. armeniaca
coexist with a non-ancestral, D. obscura, sympatric with D. armeniaca
within the elevation range 1500-1800 m a.s.l (Darevsky et al., 1985;
Tarkhnishvili, 2012).

2.2. Sampling

In May-June, 2019-2021-2022, females of five species of rock lizards
were collected from three locations in Georgia, total sample size - 87
(13-26 individuals per species) (Table 1)). Sample sizes for individual
species were modest, however, we considered that catching more lizards
could potentially affect the respective populations dynamics if egg in-
cubation was unsuccessful, and further increasing sample size could
cover several more years of work. The females in which mature follicles
were palpated (all bisexual individuals had mating marks) were placed
into plastic containers with moss and soil, daily fed with crickets, and
released after the eggs were deposited. Eggs were further kept on slightly
humid soil under room temperature (ca. 25-30 °C) until juveniles were
hatched (Fig. 2). Every female was measured with calipers and was
weighed after capturing and after egg deposition on electronic scales
with precision 0.1 g. Each egg was weighted with the same scales not
later than in 7-8 h after the deposition, and egg maximum diameter was
measured with calipers to precision 0.1 mm. During measuring eggs
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Table 1

Sample sizes (gravid female lizards) and key characteristics of the sampling location of six species of Darevskia.
Species Location Easting Northing Alt. a.s.l. Sample size Rep. mode
D. dahli Kojori 44.68° 41.64° 1120 17 unisexual
D. portschinskii Kojori 44.68° 41.64° 1120 16 bisexual
D. armeniaca Sagamo Lake 43.73° 41.29° 2015 11 unisexual
D. armeniaca Riv.Kirkhbulakhi 43.73° 41.29° 1715 15 unisexual
D. valentini Sagamo Lake 43.73° 41.29° 2015 15 bisexual
D. obscura Riv.Kirkhbulakhi 43.73° 41.29° 1715 13 bisexual

Fig. 2. Stages of egg deposition and hatching of individuals of D. armeniaca individual at laboratory.

artificial damage was maximally avoided. The weighting procedure was
repeated after hatching of the juveniles. Females and juveniles were
released after several weeks.

2.3. Statistical analysis

From the original measurements, we calculated several derivative
variables, hence increasing the number of the reproductive character-
istics of each individual. The characteristics of each individual and egg is
given in supplementary Table A.1. The reproductive variables used in
the further analysis were: (1) female body mass before (FMB) and (2)
after (FMA) egg deposition; (3) female body length from the tip of the
snout to the hind angle of hip and body junction (FL); (4) Egg number
(EN); (5) Average egg mass in a clutch (AEM); (6) clutch mass (total
mass of the eggs; CLM); (7) reproductive effort (RE) calculated as the
proportion of clutch mass to female body mass before the egg deposi-
tion; (8) Relative egg mass (REM) - proportion of average egg mass to
FMB; (9) Egg shape (ESH) - maximum diameter of egg divided on the egg
mass.

We assume that the altitude of the location, mode of reproduction
(sexual vs parthenogenetic), FMB, FMA, and FL are predictors, whereas
all other reproductive variables are dependent on these predictors and
on each other.

We tested the significance of the differences between the studied
populations, correlation/association between the variables using a
combination of simple statistical methods: (1) we used one-way ANOVA
to infer significant differences between the populations in the studied
reproductive variables. We used post-hoc analysis using Bonferroni
method to identify those populations which show significant differences
in average values. (2) General Linear Model (GLM) was applied to infer
the influence of the predictors on each dependent reproductive variable
separately, across the species and populations. (3) we calculated Pearson
correlation matrix in order to find the dependencies between the
reproductive variables separately for each studied species. All calcula-
tions were done in IBM SPSS software (2021).
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3. Results
3.1. Interspecific comparisons

Most variables related to reproduction showed significant differ-
ences among the study species, with the exception of absolute and
relative egg mass, which showed near-significant differences (one-way
ANOVA; Table 2). As expected, D. armeniaca and D. Valentini (both
species living at higher altitudes) had longer and heavier bodies, heavier
clutches, and more eggs in clutch than D. portschinskii and D. dahli living
at lower altitudes; the differences being mostly significant (see Table 2).
Female D. obscura were larger, had more eggs and heavier clutches than
D. portschinskii and D. dahli, hence the differences were species-specific
and were not related solely to altitude. Simultaneously, D. obscura and
D. armeniaca (but not D. valentini) had significantly heavier eggs than the

Table 2
Interspecific differences of reproductive biology traits among six lizard species
(genus Darevskia) using a One-way ANOVA.

Variable  df within/ F P Post-Hoc (Bonferroni), P <
between groups 0.05

FL 5/81 14.044 <0.001 al>d; a2>d; o>d; v>d;
al>p; a2>p; o>p; v>p

FMB 5/81 22.687 <0.001 al>d; a2>d; o>d; v>d;
al>p; a2>p; o>p; v>p

FMA 5/81 16.967 <0.001 al>d; a2>d; o>d; v>d;
al>p; a2>p; o>p; v>p

EN 5/81 13.510 <0.001 al>d; a2>d; v>d; v>p; o>p

AEM 5/81 5.626 <0.001 a2>d; a2>p; o>d; o>p

AEL 5/81 1.887 0.106 -

CLM 5/81 20.014 <0.001 al>d; a2>d; o>d; v>d;
al>p; a2>p; o>p; v>p

RE 5/81 5.777 <0.001 a2>d; o>d; al>p; a2>p;
o>p

REM 5/81 4.583 0.001  v>a2; v>p

ESH 5/81 7.096 <0.001  al>p; a2>p; o>p; o>d

FL - body length of a female, FMB and FMA - female weight before and after the
egg deposition, RE - reproductive effort, REM - relative egg mass (proportion of
average egg mass to FMB). al — Darevskia armeniaca (Riv. Kirkhbulakhi), a2 -
D. armeniaca (Saghamo Lake), d - D. dahli, o - D. obscura, p - D. porschinskii, v -
D. valentini.
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Table 3

Impact of reproductive mode, altitude, and female body mass on reproductive
biology traits. A general Linear Model was applied using reproductive mode and
altitude as fixed factors, and female mass as covariate. P values are shown; P
values < 0.05 highlighted in bold.

CLM RE AEM EN REM ESH
FMB 0.338 0.040 0.004 <0.001 <0.001 0.149
FMA 0.065 0.185 0.015 0.343 0.010 0.212
FL 0.192 0.117 0.051 0.633 0.107 0.226
Altutude 0.008 0.002 0.009 0.458 0.039 0.004
rep.mode 0.163 0.115 0.927 0.089 0.883 0.412
Alt_repr. mode 0.126 0.095 0.003 0.090 0.010 0.045

FMB and FMA - female weight before and after the egg deposition, FL - body
length of a female, rep.mode-reproductive mode, Alt_repr.mode — Altitude with
reproductive mode, CLM - total mass of the eggs, RE - reproductive effort, AEM —
average egg mass, EN — egg number, REM - relative egg mass, ESH — egg shape.

other three species (Fig. 3A-D). Reproductive effort of these species was
also higher than in D. portschinskii and D. dahli; D. valentini was inter-
mediate in this respect (Fig. 3 E). Conversely, D. portschinskii and D. dahli
had a higher relative egg mass than the other species, although signifi-
cantly exceeded only D. valentini’s relative egg mass (Fig. 3 F). Finally,
these two species had more elongated eggs than D. armeniaca and
D. obscura, whose eggs were more round in shape (Fig. 3 G).

3.2. Interspecific life history trade offs

Female body mass across species significantly affected the number of
deposited eggs and relative egg mass, but not reproductive effort or
absolute egg mass (see Table 3). Larger-bodied species deposited more
eggs but each egg was lighter in proportion to female body mass. Clutch
mass, average and relative egg mass, and reproductive effort were
higher in species living at higher altitudes, although the altitude hardly
affected these variables directly: simply, the larger lizard species lived at
higher altitudes. Reproductive mode by itself influenced egg mass
(D. armeniaca had heavier eggs than D. valentini), and in interaction with
the altitude of the location, it had a significant effect on reproductive
effort and both average and relative egg mass. Hence, while reproduc-
tive mode had an effect on some reproductive variables, the direction of
this effect was not consistent and depended on other characteristics such
as altitude or the specific evolutionary lineage of the lizard.

3.3. Intraspecific life history trade offs

Within D. armeniaca, D. dahli, and D. valentini, increased female body
mass positively correlated with clutch size and egg number (although in
D. portschinskii and D. obscura, the correlation was not significant), and
negatively with relative egg mass respectively (see Table 4). Average egg
mass was positively related to female body mass in D. obscura and
D. portschinskii, but negatively in D. armeniaca (the correlation was not
significant in D. dahli and D. valentini). Average egg mass also negatively
correlated with egg number in D. armeniaca; but the correlation was not
significant in the other lizard species investigated (see Table 4). In
D. armeniaca and D. valentini (but not in three other lizad species) the
absolute and relative egg mass increased with reproductive effort. In
short, there were obvious patterns of interspecific differences that could
not be generalized when comparing species with having variable modes
of reproduction i.e., D. valentini and especially D. Armeniaca invested
more resources into egg number than in egg size during growth, whereas
female D. portschinskii, and D. obscura invested more into egg size. In
D. armeniaca this trend was especially strong as heavier females pro-
duced more but even lighter eggs. The reproductive effort was not
directly associated with female body size, although female D. armeniaca
and D. valentini invested relatively more resources into a single repro-
duction event by producing heavier eggs, whereas D. portschinskii,
D. dahli, and D. obscura produced more eggs.
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4. Discussion

Reproductive characteristics of five lizard species, described in this
paper, slightly differ from that described in Darevsky (1967) and
Galoyan et al. (2019). The number of eggs per clutch and egg diameter
was less than reported by these authors (Table 5). These differences may
be associated with the different way of sampling: we measured the eggs
deposited a few hours before, whereas Darevsky (1967) measured oo-
cytes from ovaria or eggs found in nature. Darevsky (1967) suggested
that Caucasian rock lizards, with few exceptions of particularly big fe-
males, deposit only one clutch per season, hence the differences are
related to the population specifics rather than to the presence of addi-
tional clutches.

There are significant differences in the reproductive parameters of
the studied species. We cannot attribute these differences solely to the
mode of reproduction, body size, or any other predictor. Rather, there is
a complex interaction between the variables associated with a particular
species that determine reproductive effort, relative size and number of
eggs. It is also important to consider how the need to house females in
captivity could have affected some of our variables. In particular, FMA
(which could be considered a more independent measure of female body
size than FMB) was highly variable and dependent on the condition of
the females after egg deposition. Some females were kept longer than
the others before the egg deposition, and differences in their feeding rate
in captivity may have influences FMA. Ideally, we would be able to
measure female body mass before they were gravid, but because we
were not able to obtain that information, we emphasized FMB in our
analyses. However, the correlations between our variables and FMA
(Table 4) are in the same direction as correlations with FMB.

Our findings can be summarized as the following: (1) Species with
larger females produce heavier clutches, deposit more eggs, and invest
relatively more resources into a single reproduction than small-bodied
species. Besides, the eggs of small-bodied species are elongated, and
the eggs of bigger ones are more round; (2) D. armeniaca invests larger
portion of its body mass in a single reproduction than its paternal
D. valentini, it deposits heavier eggs relative to its body size, although
clutch size or egg size and number don’t differ in two species; (3) larger
D. dahli deposit more eggs than smaller ones, although not heavier eggs.
In contrast, larger individuals of its paternal D. portschinskii from the
same location deposit heavier eggs than the smaller individuals; (4)
D. obscura invests more resources in a single reproduction than two other
sexual breeders, and it deposits heavier eggs.

Our results suggest complex, species-specific relationships between
reproductive variables. On the first glance, it is difficult to recognize a
clear pattern in this butch of correlations. However, some of those are
easily explained. The concept of r/K reproductive strategy, introduced
by MacArthur and Wilson (1967) attempts to explain the differences
between species dependent on less vs more stable environments. In an
unstable environment, a species allocates more resources into the
offspring number and hence rapidly reproduces in short periods when
the environmental conditions are good (r - strategy), whereas in stable
environmental conditions allocating more resources in each individual
offspring is more favorable (Pianka, 1970). More precisely, optimization
of reproductive strategy considers trade-offs between: total parental
investment/reproductive effort (RE), offspring number, and offspring
quality (Tuomi et al., 1983; Morris, 1987; Stearns, 1992). In animals
with no parental care, “offspring quality” should be tightly related to egg
size: heavier eggs are less dependent on the environmental fluctuations.
High RE may decrease the probability of a female to survive until the
next reproductive season (Vitt and Caldwell, 2014), and it may also be
associated with a less stable environment.

Parthenogenetic lizards reproduce more rapidly than the sexual
breeders; they form larger populations and occupy a larger share of
suitable habitats (Tarkhnishvili et al., 2010; Tarkhnishvili, 2012). Bar-
ateli et al. (2021) showed that, for D. dahli and D. portschinskii, these
differences are observed even on microhabitat scale. Wright and Lowe
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Table 4
The correlations between all variables within species. Pearson correlation. Significance coefficient is shown by * (* = <0.05; ** < 0.01; *** < 0.001)

Species FL FMA FMB AEL AEM EN CLM ESH RE REM

D.armeniaca FL 764%* .015 -125 .590** .544%** .041 -.109 -.381
FMA 1 173 -.214 .666%** .545%* 177 -.272 -.520*
FMB .918%** .046 -.393* .829%** .558** .283 -.354 -.690**
AEL 173 1 .109 -.083 .019 .198 -.042
AEM -.125 -.214 . .109 1 -.612%* .267 -.887%** 726%**
EN .590%* .666 . * -.083 -.612%* 1 .558** .433* -.222
CLM .544%* .545%* .558%** .019 .267 .558%* 1 -.427* .557%*
ESH .041 177 .283 .198 -.887%** .433* -.427* 1 -.809%**
RE -.109 -.272 -.354 -.042 557%** 1
REM -.381 -.520%* -.690%** .081 -.005 725

D.dahli FL 1 .569* -.202 -.099 .459 435 -.012 .066 -.622%*
FMA .569* 1 -.153 235 415 .576* -.366 .185 -.437
FMB .800%** .810%** -.406 -.143 .646** .584* -.034 111 -.790%**
AEL -.202 -.153 -.406 1 .670%* -.436 -.025 -.219 .210 .610%*
AEM -.099 .235 -.143 .670%* 1 -.385 .250 -.855%** .342
EN 459 415 .646** -.436 -.385 1 791 .230 .604* -.754**
CLM 435 .576* .584* -.025 250 791 1 -.330 859 * -.332
ESH -.012 -.366 -.034 -.219 .230 -.330 1 -.321 -.542*
RE .066 .185 111 .210 342 .604* .859%** -.321 1 .032
REM -.622%* -0.437 -.790%** .610%* 696+ -.754 %% -.332 -.542* .032 1

D.obscura FL 1 .618* .750%* -.153 .350 .666* 769%* -.489 426 -.589*
FMA .618* 1 .903*** -.021 .572% .265 .493 -.302 -.106 -.631*
FMB .750%* .903%** 1 -.039 .573* 478 713%* -.359 .080 -.757**
AEL -.153 -.021 -.039 1 .630* -.371 .011 .629% .011 .554*
AEM .350 .572% .573* .630* 1 -.072 431 -.027 .042 .084
EN .666* .265 478 -.371 -.072 1 864+ ** -.498 .802%** -.695%*
CLM .769%* .493 713* .011 431 8647 1 -.420 748%* -.580*
ESH -.489 -.302 -.359 .629* -.027 -.498 -.420 1 -.281 .468
RE 426 -.106 080 .011 .042 .802** 748%** -.281 1 -.138
REM -.589* -.631% -.757%* .554* .084 -.695%* -.580* .468 -.138 1

D.portschinskii FL 1 436 . * .307 .485 .234 .560% -.382 -.034 -.356
FMA 436 1 .549* 416 .531* .102 .522%* -.331 -.011 -.129
FMB .851%** .549* 1 432 .607* .165 .610% -.459 -.077 -.363
AEL .307 416 432 1 .839%** -.296 .403 -.526* .149 .513*
AEM 485 .531* .607* .839%** 1 -.205 .637** -.835%** .260 1482
EN .234 .102 .165 -.296 -.205 1 .608* 244 .621* -.491
CLM .560* .522* .610% .403 .637%* .608* 1 -.538* 710%* .014
ESh -.382 -.331 -.459 -.526* -.835%** 244 -.538* 1 -.294 -.515*%
RE -.034 -.011 -.077 .149 .260 .621* .710%* -.294 1 .359
REM -.356 -.129 -.363 .513* 482 -.491 .014 -.515* .359 1

D.valentini FL 1 .565* .755%* 273 -.061 .335 .243 -.025 -.314
FMA .565* 1 851 *** 135 .106 .678%* -.015 .363 -.189
FMB .755%** .851 1 .022 =111 .554* .168 131 -.427
AEL 273 135 .022 1 .343 -.037 .105 -.043 .338
AEM -.061 .106 -111 .343 1 .506 -.830%** .704%* .936%**
EN .543* .706%* .854%** -.263 -.485 434 .309 .035 -.742%%
CLM .335 .678** .554* -.037 .506 1 -.658** .888 .214
ESH .243 -.015 .168 .105 -.830%** -.658%* 1 -.895%** -.762%*
RE -.025 .363 131 -.043 .704%* .888%** -.895%** 1 .533*
REM -.314 -.189 -.427 .338 .936%** -.742%* 214 -.762%* .533* 1

* FL - body length of a female, FMB and FMA - female weight before and after the egg deposition, AEL — average egg length, CLM — total mass of the eggs, RE -
reproductive effort, EN — egg number, AEM - average egg mass, REM - relative egg mass (proportion of average egg mass to FMB), ESH - egg shape

(1968) proposed “weed hypothesis”, explaining the distribution of
parthenogenetic Aspidoscelis and their parental species. Unisexual Aspi-
doscelis are common in the disturbed, quickly changing habitats, and
hence the parthenogens “weed” similar to plants which quickly populate
the disturbed areas (Baker, 1974; Schall, 1978). In contrast, bisexual
species prefer habitats with more stable environments. If we consider
unisexual species as “weed” animals, we should expect that the envi-
ronment they occupy is less stable than the environment of the bisexual
species with similar ecology, and hence, they should possess r repro-
ductive strategy compared to their parental bisexual forms. We expect
that, in comparison to the bisexual species, single reproductive effort of
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the parthenogens and relative egg number should be higher (Schall,
1978).

Indeed, D. armeniaca from the studied populations invests relatively
more resources into a single reproduction than the D. valentini, and we
associate this with its common presence in less stable environments than
the latter species. In contrast to the system D. armeniaca - D. valentini,
parthenogenetic D. dahli does not invest more resources in a single
reproduction than its paternal species, D. portschinskii. However, in
D. dahli egg number in a clutch (but not egg size) significantly increases
with female body size, whereas in D. portschinskii female size leads to the
growth of egg size. That means, although the bisexual species does not
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Table 5
Summary of a number of eggs per clutch and egg diameter of six species of Darevskia.
Parameter Authors Darevsky Galoyan Galoyan et al. This Study Se-MDE
Year 1967 2011 2019 2022
CNEC D.armeniaca 2-5 >2-5 6 2-6 -
D.valentini 5 - - 2-6 -
D.obscura - - - 2-5 -
D.dahli 2-5 - - 1-4 -
D.portschinskii 2-5 - - 1-3 -
MDE D.armeniaca 12-12.5 - - 13.5 0.0205
D.valentini >14 - - 14.2 0.0333
D.obscura 12-12.5 - - 14.05 0.0224
D.dahli 12-12.5 - - 14.50 0.0298
D.portschinskii 12-12.5 - - 16.35 0.0401

CNEC - counted number of Eggs per clutch; MDE — maximum diameter of eggs (in mm); Se-MDE - Standard error of maximum egg diameter in this study.

invest less resources in a single reproduction than its parthenogenetic
daughter form, it invests more resources in producing more viable
offspring, whereas the parthenogen produces more offspring at the
expense of their potential viability. This correlation suggests a more
stable environment for juveniles of D. portschinskii than that of its
daughter parthenogen.

Our study supports the “weed hypothesis”, but a more unstable
environment of the parthenogens may cause either spending more re-
sources for reproduction (long-term adaptation), or in producing rela-
tively heavier eggs (short-term adaptation to unstable juvenile
environment). The particular way of r/K divergence between a parthe-
nogen and its paternal species depends on the habitat type and, prob-
ably, developmental constraints related to body size. D. dahli may not be
able to increase reproductive effort above a certain threshold because of
energetic limitations related to small body size, although they favor
from producing more, even lighter, eggs than D. portschinskii.

D. obscura, a bisexual species not parental to the studied parthe-
nogens, invests relatively more resources in a single reproduction than
D. valentini in a habitat where it coexists with D. armeniaca. This
observation may suggest that the clear separation between the r - and K -
reproductive strategy is easier to infer between closely related species
(such as a parthenogen and its parental form) than in more phyloge-
netically distant ones, and if less related species are compared, species-
specific habitat distribution and other ecological features may shade the
effect of habitat stability on reproductive strategy.

The reason for this lineage-specific divergence pattern includes
multiple factors influencing reproductive parameters, different from
habitat stability. This includes the effect of body size, and related
phenotypic constraints. Growth of body size in colder climates reflects
Bergmann’s rule that in some cases applies to squamate reptiles (Olal-
la-Tarraga et al., 2006; Pincheira-Donoso et al., 2008) and hence, it
explains larger bodies of D. armeniaca - D. valentini pair related to
D. dahli - D. portschinskii pair. Clutch mass and reproductive effort of the
large-bodied species, both sexually reproducing D. valentini and
parthenogenetic D. armeniaca, is significantly larger than that of
D. portschinskii and D. dahli respectively; egg size increased with repro-
ductive effort in D. valentini and D. armeniaca but decreased in
D. portschinskii and D. dahli. Besides, eggs of big-bodied species are more
round in shape, whereas the eggs of D. portschinskii and D. dahli are
rather elongated, although average egg mass and reproductive effort do
not differ significantly among the species, with the exception of
D. armeniaca. These facts indicate that small-bodied cannot invest so
much resources into a single reproduction as larger-bodied ones, prob-
ably because of too high risk of female death associated with a high
reproductive expenditures. The individuals with a larger body can de-
posit more eggs than small-bodied ones, without increasing reproduc-
tive effort too much.

Egg size is less dependent on female size than egg number in the
studied group. We suppose this is related to a minimum threshold size
that allows the eggs of Darevskia to develop and a maximum size of egg
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that female can successfully produce. The egg laying process is sup-
posedly less traumatic for larger lizards. Vitt and Congdon (1978), Shine
(1992) and Du et al. (2005) all suggest that maternal abdominal volume
is an important factor limiting clutch size (and egg size) of a reptile of a
given body size and shape. The eggs of small-bodied D. dahli and
D. portschinskii are more elongated than this in a large-bodied species,
allowing very small lizards to deposit relatively large eggs and hence
ensure sufficiently high juvenile survival.

Some previous authors did not find any differences in reproductive
characteristics of parthenogens and their sexually breeding relatives in
nature. Schall (1978) found that clutch size, egg size and reproductive
effort in Cnemidophorus (Aspidoscelis) are closer between unisexual
species and their bisexual ancestors than between different species with
the same reproductive mode. Menezes and Rocha (2014) did not find the
differences in reproductive characteristics between four bisexuals
(Ameivula ocellifera, A. abaetensis, A. nativo, A. gulalittoralis) and one
parthenogenetic (Cnemidophosus lacertoides) species from the eastern
Brazil. We suppose that, in the differences between the parthenogens
and bisexual species do exist, however, the patterns of the differences
vary from case to case, dependent on the ecological characteristics of a
taxon.

Constraints related to unacceptable energy loss during single repro-
duction plausibly explain negative correlation of egg number with both
absolute and relative egg size. Gaining of mass and energy during
growth of a female is transformed into the increasing egg number. This
process is discrete and not gradual, and if there is a threshold mass that
triggers development of an additional egg (Ljungstrom et al., 2016), the
females whose mass is slightly above the threshold endure a higher mass
and energy loss than those below the threshold. This may increase
post-reproductive mortality of the females if a clutch size exceeded the
threshold; however, the abrupt growth of energy expenditures can be
smoothed if the eggs in a larger clutch are lighter.
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The difference between phenotypic and genotypic differentiation of conspecific populations is commonly
used for detecting natural selection. However, phenotypic variation integrates both genetic and non-
genetic components, and this may lead researchers to false conclusions. To avoid bias, the analysis of
the heritability of individual phenotypic characters is important, but the means are labor—intensive and
require controlled crosses. In this paper, we tried to get around these difficulties by working with a
natural system comprised of the coexisting sexually reproducing lizard Darevskia portschinskii, and its
daughter parthenogenetic form, Darevskia dahli. The excess of individual and between-population
variation in the sexual form relative to the parthenogen was used as a measure of heritability of each
of 21 scalation traits and principal components extracted from their analysis. We compared these data
with microsatellite genotypes based on the analysis of five variable loci. We showed that D. portschinskii
had higher individual and between-population phenotypic diversity than D. dahli. Phenotypic differences
between populations of D. portschinskii (but not D. dahli) correlate with both the geographic distances
and pairwise fixation indices based on the analysis of the genetic markers. This correlation substantially
increased when, instead of the original phenotypic distances, the corrected Qst values are used to assess
the heritability of the characters. A similar analysis pattern is recommended for various natural systems
with coexisting sexually and asexually reproducing organisms.

© 2020 Elsevier GmbH. All rights reserved.

1. Introduction

authors suggest using a different term, Pst, for measuring simple
phenotypic differentiation (Leinonen et al. 2006; Brommer 2011;

Genetic drift and differential selection cause divergence of
natural populations (Wright 1931). Population geneticists suggest
that an excess of phenotypic variation over the genetic variation if
the latter is estimated with neutral genetic markers is an argument
for the presence of differential selection (Merila 1997; Lynch et al.
1999; Merila & Crnokrak 2001; Defaveri & Merila 2013). Pheno-
typic variance, some part of which is presumably related to genetic
factors, is commonly referred to as Qst (Merila & Crnokrak 2001;
Whithlock 2008; Miller et al. 2008). However, total phenotypic
variance integrates both genetic and non-genetic phenotypic
plasticity (Dobzhansky 1970; Falconer & Mackay 1996). For this
reason, the analysis of phenotype without reference to the herita-
bility of characters may lead to biased conclusions (Leinonen et al.
2006; Brommer 2011; Defaveri & Merila 2013). Therefore, some

* Corresponding author.
E-mail address: david_tarkhnishvili@iliauni.edu.ge (D. Tarkhnishvili).

https://doi.org/10.1016/j.jcz.2020.02.005
0044-5231/© 2020 Elsevier GmbH. All rights reserved.

Defaveri & Merila 2013), and distinguish it from ‘true’ Qst, which
incorporates heritability of studied phenotypes.

It is difficult to estimate heritability in the wild. Experimental
approaches for estimating heritability are based on the exact
knowledge of genetic relationships among individuals with
different phenotypes (Falconer & Mackay 1996). This is usually
done on ‘classical’ laboratory organisms and in controlled condi-
tions (Wray & Visscher 2008; Whithlock 2008). Field-based ap-
proaches are probabilistic, and usually do not aim to analyze the
sources of phenotypic diversity. When comparing phenotypic and
genotypic divergence, they usually assume a close relation between
Pst and Qst estimates (Leinonen et al. 2013), which is not always
accurate.

There are however natural systems that may help to analyze the
sources of diversity without running labor-intensive crossing ex-
periments. Those include parthenogenetic taxa, which commonly
coexist with their parental species. Well-known examples include
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lizards from the Caucasian genus Darevskia (Darevsky, 1967;
Danielyan et al., 2008; Tarkhnishvili et al., 2010, 2017; Tarkhnishuvili,
2012) and North American Aspidoscelis (Lowe & Wright, 1966;
Reeder et al., 2002; Sullivan et al., 2013). Parthenogenetic lizards
are natural clones. Because they lack genetic recombination, one
can assume that their phenotypic variation depends mostly on the
direct impact of the environment within the norms of reaction.
Theoretically, some genetically based variations can exist due to de
novo mutations. However, directional selection in parthenogens is
improbable, since it would usually request recombination (Fisher
1930; Ghiselin 1974; Maynard Smith 1978; Kondrashov 1988).
Thus, phenotypic variation in sexually reproducing populations
would exceed that found in a closely related parthenogenetic clone
from the same location, and the difference can be used as an
indication of heritability; the estimated heritability of individual
phenotypic traits can be used for the evaluation of ‘true’ Qst from
the observed phenotypic variation. This approach may help to
analyze various processes that are difficult to explore otherwise,
such as the relative contributions of selection and genetic drift into
genetic and phenotypic variation within and among populations, or
identifying characters that are under selective pressure, etc.

We partitioned the sources of phenotypic variation in sexually
reproducing rock lizard Darevskia portschinskii (Kessler, 1878) by
studying phenotypic variation in six river valleys from Eastern
Georgia with differences in altitude, land cover, and other envi-
ronmental variables. In all these valleys D. portschinskii coexists
with its daughter parthenogen, Darevskia dahli (Darevsky, 1957).
The latter is a hybrid between males of D. portschinskii and females
of another rock lizard, Darevskia mixta (Méhely, 1909). D. mixta is
quite distant genetically from D. portschinskii (Murphy et al., 2000;
Tarkhnishvili, 2012); however, the divergence time between the
hybrid parthenogen and its paternal ancestor does not exceed a few
tens of thousands of years (Freitas et al. 2016). Vergun et al. (2014)
suggest that the most of D. dahli descend from a single F1 hybrid
between D. portschinskii and D. mixta, although do not exclude that
some individuals may inherit from different hybridization event.
However, most of genetic variation that presents in this species
both these authors and Tarkhnishvili et al. (2017) attribute to mu-
tations within the clonal lineage.

The authors accounted phenotypic and genetic variation in both
D. dahli and D. portschinskii coexisting in multiple locations of
eastern Georgia. D. mixta was not included in this study, because its
current range does not overlap with that of D. dahli, different from
the range of the paternal species of the parthenogen. Comparing
the genetic and phenotypic variation in both taxa helped us to
estimate the difference between the total and genetically deter-
mined phenotypic variation. The study showed that phenotypic
plasticity may substantially decrease the correlation of phenotype
with both selection and genetic drift.

2. Material and methods
2.1. Sampling

We studied individuals of D. dahli and D. portschinskii from six
river valleys (RVs) of Eastern Georgia, where both species are found
concurrently (Bakradze 1977; Tarkhnishvili et al. 2010, Fig. 1). For
each location, the elevation was recorded (D. dahli is found on el-
evations 750—1800 m, D. portschinskii — 500—1300 m; at elevations
750—1300 m both species commonly coexist: Darevsky 1967;
Tarkhnishvili et al. 2010).

The temporal and the anal areas of 186 individuals of D. dahli
and 101 D. portschinskii were photographed (Fig. 2). In further an-
alyses, only females of D. portschinskii were used that reduced the
total sample size of this species to 54. The summary data showing

Fig. 1. Map of the Eastern Georgia, with the study areas/river valleys shown in bold
lines. 1- Khrami, 2- Algeti, 3- Kojori, 4- Vere, 5- Mtskheta, 6- Tana (see also Table 1).

Fig. 2. Temporal and preanal areas of Darevskia lizards, with scales used in the ana-
lyses indicated.

the number of individuals from each RV studied with morpho-
metric and genetic methods is presented in Table 1.

2.2. Scalation analysis

31 scalation characters described in Tarkhnishvili et al. (2013)
were analyzed from the digital images of the lizards. After
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Table 1

Numbers of individuals used for phenotypic analysis and scored microsatellite ge-
notypes. RV — the name and the number of River Valley (see Fig. 1). PH - the number
of females analyzed for phenotype; STR - the number of individuals analyzed for
microsatellite profile. DD — D. dahli, DP — D. portschinskii.

RV DD (PH) DP(PH) DD (STR) DP (STR)
Khrami (1) 74 4 11 6

Algeti (2) 34 7 7 8

Kojori (3) 18 6 13 9

Vere (4) 17 6 5 4
Mtskheta (5) 30 18 11 8

Tana (6) 13 13 10 5

TOTAL 186 54 57 40

removal of invariant characters, and those showing fixed differ-
ences between D. portschinskii and D. dahli, 21 informative traits
remained (Fig. 2, Table S1); all these characters vary in both taxa. No
underlying information on the geographic variability was used
while selecting the characters, therefore avoiding potential bias in
evaluating Qst values (Whithlock 2008).

Thirteen of these traits were numeric or ordinal (from here
onwards ONC): (a) the number of scales around the central tem-
poral scale, SC-CT; (b) size of the central temporal scale, CT-SZ; (c)
number of the upper labials, UL; (d) number of the scales between
the central temporal and 6th upper labial (CT-UL6); (e) number of
the scales between the tympanal and upper temporal, TM-UT; (f)
number of the scales between tympanal and 7th upper labial, TM-
UL7; (g) number of the scales between the central temporal and the
third scale of the second road of postorbitals, CT-PPO3; (h) number
of the scales between the central temporal and the closest upper
temporal, CT-UT; (i) area of the central preanal scale (or scales, if
paired), CPA; (j) number of the scales in contact with the anal scale,
SC-AN; (k) number of the femoral pores on the left leg (FP); (1)
length of the contact between the nasal scales, IN; (m) thickness of
the interparietal scale, IN-T. The other eight characters were nom-
inal. Prior to the further analyses, we estimated the variance of each
individual ONC, and the index of qualitative variation (IQV;
Reynolds 1977) of each individual nominal character, separately for
186 D. dahli and 54 females of D. portschinskii. Then, we trans-
formed the original set of ONCs applying principal component
(PCA) analysis using IBM SPSS 21.0 for Windows. The components
with eigen values exceeding one were extracted. Finally, we ran
categorical principal component (CPCA; Gifi 1990) analysis for the
proportionally selected samples based on all 21 characters coded as
numeric, ordinal, or nominal; 5 dimensions were extracted. Indi-
vidual scores along the PCA and CPCA axes were saved as new
variables.

2.3. Evaluating the differences and distances between RVs

We have defined each RV as the area parallel to a river bed and
100 m to both sides, where the samples were collected (Fig. 1,
Table 1). We calculated the geometric center of each RV, using
software ArcView GIS 3.3. We evaluated the distance among the
RVs by two different methods: connecting their geometric centers
with straight lines, and following lines along roadways, which in
this case can be used as least-cost paths (Adriaensen et al. 2003),
because the lizards can spread across the rocks positioned along the
roads. Software ArcView GIS 3.3 was applied for the estimates. We
downloaded 19 bioclimatic parameters (Hijmans et al. 2005) and
scored all pixels within each RV for these variables; then, we
calculated the geometric mean for each variable/RV, and the vec-
tors characterizing the climate of each RV. We calculated Euclidean
distances between RVs based on the bioclimatic variables using
PopTools 3.2 (Hood 2010).

2.4. The analysis of microsatellite genotypes

In order to compare phenotypic variation with that scored using
neutral genetic markers, we used profiles at five variable micro-
satellite loci (from here onwards — STR, short tandem repeats) of
individuals from the same populations, published elsewhere
(Table S2 from Tarkhnishvili et al. 2017). We used five primer pairs
(Korchagin et al. 2007): Du215, Du281, Du418, Du47, and Du323. For
detailed PCR conditions see Tarkhnishvili et al. 2017. Genotypes
were scored using Genemapper v3.5 software (PerkinElmer, Wal-
tham, MA, USA). Every locus of each individual was run two to four
times to control for allelic dropout and false allele amplification.

We used software Arlequin 3.5 (Excoffier & Lischer 2010) to
assess genetic variation for all genotyped individuals of
D. portschinskii and D. dahli, as well as for each of the six RVs. We
evaluated the total number of alleles, allele range, the observed
heterozygosity, and theta H (Chakraborty & Weiss 1991) separately
for D. portschinskii and D. dahli. With the same software, we eval-
uated pairwise Rst (the analog of the fixation index for the Stepwise
Mutation model, usually applied for microsatellite genotypes
(Slatkin 1995), among the RVs, in order to compare the genetic
distances based on the microsatellite markers with those based on
the phenotypic differences.

2.4.1. Analysis: general design

First, we inferred the overall heritability of individual scalation
characters (ordinal and numeric), using the first five CPCA scores
and PCA scores for the dimensions with eigenvalues exceeding one.
This was based on the assumption that parthenogenetic D. dahli
represent a single clone, and that genetic variation within this
taxon, if any, does not contribute to phenotypic variation.! We

measured overall heritability of the individual traits in
D. portschinskii using the equation
¢ = (varj(SR) — varj(P))/varj(SR) (1)

where i is the character of interest, var(P) is the overall variance of
the character in the parthenogen, and var (SR) is the overall vari-
ance of the character in the bisexual species. This equation assumes
that the difference between the variance of the same character in
bisexual and parthenogenetic species reflects the additive genetic
component in the variance.

We then estimated pairwise Pst (i.e. morphological differentia-
tion among the six river valleys, not considering heritability of a
character) for 13 ONCs, scores along the five CPCA axes, and scores
along the PCA axes with eigen values exceeding one as

Pst = var;jp/(varjp + 2*(variw)) (2)

Data were treated separately for females of D. portschinskii and
for D. dahli, and calculated ‘true’ Qst (i.e. that considering herita-
bility of a character) only for D. portschinskii,

Qst = (varjpSR — var;pP)/((var;pSR — varpP) + 2*(varjwSR —
varwP)) 3)

where i is a character, var;jp and varj, are variances between
RVs and within RVs respectively, varj (SR) is a variance of the

! There is some genetic variation in D. dahli (Tarkhnishvili et al., 2017; this paper)
that potentially might cause additive genetically determined phenotypic variation
in this species; however, because correlation between Rst and phenotypic differ-
entiation was present only in D. portschinskii and close to zero in D. dahli, we
assumed that this potential effect can be ignored.
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bisexual population, and varj(P) is variance of the parthenoge-
netic population. All calculations were done in Excel 2010 for
Windows combining with the function Oneway ANOVA in IBM
SPSS 21.0.

We used Mantel Tests (software zt; Bonnet & Van de Peer
2002) for calculating the correlation coefficients, for each of the
studied taxa, between Pst and geographic distances among the
geometric centers of RVs and with cost distances (along roads)
among the centers of RVs (both for D. portschinskii and D. dahli);
between Qst and the geographic distances (D. portschinskii only);
between Pst and Rst based on the STR profiles (both species), and
between Qst and Rst (D. portschinskii only). Finally, between Pst
and Rst with the averaged climatic differences among the RVs
(Euclidean distance), based on 19 bioclimatic variables of the
respective locations. We repeated these analyses for each of thir-
teen ONCs, as well as for CPCA and PCA scores. Altogether, 23
characters or Principal Components X 2 (Pst and Qst) X 4 tests
(straight and cost distance, Euclidean “climatic distance”, and
Rst) = 184 tests for D. portschinskii and the same analyses but not
conducted for Qst (23*4 = 92) for D. dahli. Sequential Bonferroni
correction (Rice 1989) was applied across the columns, to test the
robustness of the most important correlations between the
parameters.

Besides these analyses, we tested whether morphological
Euclidean distances on the individual level, based on the same set
of the numeric/ordinal characters, correlates with the exact
geographic distance among the locations within individual river
valleys, and with individual multivariate genetic distances based on
the analysis of microsatellite genotypes.

As a result of this sequence of analyses, we established: (1)
which of the characters have the highest heritability; (2) whether
phenotypic differences among the populations correlate with
geographic, climatic, or genetic distance, and whether the corre-
lation coefficients change if additive genetic component of
phenotype is used in calculations instead of simple phenotypic
differences, without respect to heritability.

3. Results
3.1. Overall variation in D. dahli and D. portschinskii

All thirteen ONCs, scored for the entire sample of D. dahli
(N = 186) and females of Darevskia portschinsklii (N = 54) showed
higher variation in D. portschinskii than in D. dahli, and for ten
characters the differences were significant (F test, P < 0.05)
(Table 2). In contrast, the index of qualitative variability (IDV) for
eight nominal/categorical characters did not show higher variation
in D. portschinskii, related to D. dahli (the proportion of the indices
was on average close to one). The highest heritability index, esti-
mated with equation (1) was for the characters UL (the number of
upper labials), CT-PPO3 (the number of scales between the central
temporal and the closest postocular), and CPA (size of preanal
scale): ¢ = 0.60—0.75 for the full dataset (Table 2).

The first two PCA axes (31% of the total variation), dominated by
the contrast between the characters CT-PPO3 and SC-CT (Table 3),
did not separate the species, but showed, on average, higher values
and broader range of values along the 1st PCA axis in D. portschinskii
(Fig. 3).

Individual scores along the first five CPCA and PCA axes, for both
designs, varied more in D. portschinskii than in D. dahli. The heri-
tability indices varied between 0.26 and 0.50 for the first five CPCA
axes based on all 21 characters, and between 0.25 and 0.72 for the
first five PCA axes based on 13 ONCs. Heritability index was highest
in the first PCA axis, although the second and the third axes were
more variable in both species. The 4th CPCA axis was dominated by

Table 2

Variation of 21 scalation traits and scores along the principal component axes in
D. dahli (DD) and females of D. portschinskii (DP). Variation, heritability indices (c;
see the methods section) and significance of the interspecific differences (F test for
equality of variance) is calculated for full samples (186 D. dahli and 54
D. portschinskii) for the original 21 characters. For eight nominal/categorical vari-
ables, the indexes of qualitative variation (IQV) shown instead of variance. The
legend for abbreviations see on Fig. 2. CPCA11-CPCA15 - calculated for all 21 char-
acters; CPCA21-CPCA25 and PCA1-PCA5 - calculated for numeric and ordinal char-
acters (ONCs) only.

Character VAR (DD) VAR (DP) C P (F test)
SC-CT 2.791 5.195 0.463 0.0027
CT-CZ 0.399 0.639 0.376 0.0233
Ul 0.070 0.271 0.741 <0.0001
CT - UL6 0.511 0.883 0.421 0.0083
TM- UT 0413 0.602 0315 0.0702
TM-UL7/6 0.815 1.915 0.575 <0.0001
CT-PPO3 0.446 0.976 0.543 0.0001
CT-UT 0.468 1.001 0.532 0.0002
CPA 0.460 1.550 0.703 <0.0001
CS-AN 0.551 1.264 0.564 <0.0001
FP 1.320 2.104 0372 0.0253
IN 0.392 0.552 0.290 0.1033
IN-T 0.553 0.703 0.213 0.2521
CT-SHP 0.912 0.870 —0.055 N/A
CT-OR 0.921 0.948 0.029 N/A
TM-STR 0.642 1.000 0.358 N/A
PCT 0.756 0.912 0.171 N/A
PO2PPO3 0.990 0.814 -0.216 N/A
CPA-SH 0.942 0.618 -0.526 N/A
PRFR 0.597 0.721 0.176 N/A
IN-SD 0.893 0.907 0.015 N/A
CPCA1 0.355 0.888 0.600 <0.0001
CPCA2 0.873 1.652 0.472 0.0020
CPCA3 0.978 1.288 0.241 0.1875
CPCA4 0.684 2214 0.691 <0.0001
CPCA5 0.937 1.367 0314 0.0708
PCA1 0.335 1.184 0.717 <0.001
PCA2 0.542 1.487 0.635 0.001
PCA3 0.498 1.454 0.658 <0.001
PCA4 0.786 1.209 0.350 0.144
PCA5 0.867 1.147 0.245 0.340
Table 3

Component Matrix based on the CPA analysis of the 13 numeric and ordinal char-
acters of scalation in the studied samples.

Characters 1st component 2nd component 3rd component
SC-CT -0.714 0.392 0.121
CT-SZ —-0.539 0.132 —0.007
Ul 0.200 0.425 —0.051
CT - UL6 0.624 0.037 0.464
TM- UT 0.221 0.480 —-0.095
TM-UL7/6 0.496 0.392 0.343
CT-PPO3 0.680 -0.071 0.352
CT-UT 0.581 —0.480 —-0.028
CPA 0.303 0.077 -0.718
CPA —0.541 -0.076 0.617
CS-AN 0.134 0.633 —-0.050
FP 0.037 0.371 0.207
IN —-0.180 -0.597 0.104

the shape of tympanal scale (Table 3), and also showed a high
heritability index (Table 2), and it was most variable in
D. portschinskii.

Genetic variation (STR genotypes) evaluated as theta H
(Chakraborty & Weiss 1991) was 3.179 in D. portschinskii but only
1.804 in D. dahli. However, the two taxa did not differ significantly
in average number of alleles per locus (11.4 vs 9.4) and in the
observed heterozygosity (0.75 vs 0.74).
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Fig. 3. Individual scores at the first two PCA axes in D. dahli (open circles) and
D. portschinskii (solid circles).

In summary, bisexual D. portschinskii showed nearly 2X higher
average phenotypic variation in numeric and ordinal characters
(ONCs), and in each of the CPCA or PCA axes scores, than parthe-
nogenetic D. dahli. This suggests substantial additive genetic effects
in determining phenotypic variability. The size of preanal scales,
the number of upper labials, and the size and the number of scales
beyond the central temporal scale, have very high additive genetic
components of variation, whereas characters from rostral area are
quite variable within both bisexual and parthenogenetic pop-
ulations, and their heritability is low. Variation in eight categorical/
nominal characters was not higher in the bisexual lizards than in
the parthenogen. Variation of STR genotypes, not surprisingly, was
also higher in D. portschinskii.

3.2. Variation among the locations

Four ONCs of D. dahli and five of D. portschinskii showed sig-
nificant differences between the RVs (one-way ANOVA, P < 0.05).
From 13 studied characters, seven (size of central temporal scale,
CT-SZ; number of upper labials, UL; number of scales in temporal
area, specifically between CT and UL, TM and UL, CT and PPO3, CT
and UT, and the number of femoral pores) varied between the river
valleys in D. portschinskii significantly stronger than in D. dahli (F
test, P < 0.05), and the same is true for the first three CPCA and the
first five PCA scores; no one character varied in D. dahli significantly
stronger (Table 4).

Hence, bisexual species showed higher morphological variation
among individuals and among the sampled locations compared to
the parthenogen. Especially high differences were obtained for the
characters UL (more than four times higher variation in
D. portschinskii), CTUL6, TMUL76, CTPPO3; Table 4). Two of these
characters are those with the highest overall heritability index.

The average pairwise fixation index (Rst, based on the STR ge-
notypes) among the six studied river valleys (RVs) also was
significantly higher in D. portschinskii than in D. dahli (0.210 vs

Table 4

Variation of morphological characters between the river valleys (mean square be-
tween the groups, F statistics, significance of among-group differences; DD - D. dahli,
DP - D. portschinskii).

Trait MSqDD MSqDP F DD FDP Sig. DD Sig. DP
SC-CT 7.328 10.165 3.649 2.024 0.008 0.095
CT-SZ 0.706 1.390 1.428 2397 0.234 0.053
Ul 0.140 0.582 0.935 2312 0.468 0.061
CT - UL6 0.420 2.436 0.443 3.356 0.816 0.012
T™- UT 1.109 1.813 3.843 3.473 0.006 0.010
TM-UL7/6 1.091 7.800 1.221 7.754 0316 0.000
CT-PPO3 0.432 2.369 1.535 2921 0.200 0.024
CT-UT 0.988 2.382 2.760 2.786 0.030 0.029
CPA 0.788 0.769 2.154 0.429 0.078 0.826
CPA 1.982 1.278 4.149 0.933 0.004 0.470
CS-AN 2.250 3.386 1.467 2.153 0.221 0.078
FP 1.019 0.779 2.249 1.279 0.068 0.291
IN 3.717 3.046 1.392 1.210 0.248 0.321
CPCA1 0.465 1.976 2.265 2.243 0.065 0.068
CPCA2 1.299 2.004 1.869 1.679 0.120 0.161
CPCA3 0.358 2979 0.454 2.606 0.808 0.039
CPCA4 1.305 1.170 2474 0.863 0.047 0.514
CPCA5 1.120 3.172 1.647 2.959 0.169 0.022
PCA1 0.302 2.822 0.876 2.896 0.377 0.127
PCA2 0.281 2.145 0.848 2.364 0.384 0.163
PCA3 0.168 0.335 0.311 0.271 0.592 0.617
PCA4 0.029 1.481 0.063 1.843 0.808 0.212
PCA5 0.017 0.037 0.024 0.028 0.880 0.872

Significant values (P < 0.05) are represented in bold.

0.013, P < 0.001). Out of 15 pairwise Rst values, six in D. dahli, and
ten in D. portschinskii significantly exceeded zero (exact test,
P < 0.05); hence, genetic differentiation among the populations was
more than ten times higher in the sexually breeding form than in
the parthenogen.

In summary, D. portschinskii showed stronger phenotypic as
well as genotypic variation among the locations than D. dahli.

3.3. The influence of geographic distance and climate on variation
between the locations

The phenotypic distances (Pst) based on the scores at the five
CPCA axes (21 characters included) did not significantly correlate
with geographic distance, neither with climatic differences be-
tween the RVs (data not shown). Phenotypic distances (Pst) based
on the first three PCA scores (13 ONCs), aggregating 47% of the total
variance (inferred through a broken stick analysis) showed a pos-
itive but insignificant correlation with geographic distances
(Table S1). The same PCA scores averaged for the first three axes
significantly (Mantel Test, P < 0.05) correlated with geographic
distances in D. portschinskii, but did not correlate with geography in
D. dahli (Table 5). The correlation with geographic distances
remained significant after applying sequential Bonferroni correc-
tion across the columns. The matrix of character loading at the
three PCA axes that were used for the comparison is shown in
Table 3.

Replacing Pst with the corrected Qst values obtained using the
equation (3), substantially increased both the correlation coeffi-
cient and the significance level when estimating correlation with
geographic distance in D. portschinskii (Table 5, Fig. 4).

Phenotypic distances (Pst), based on the first three PCA axes,
also correlated with pairwise fixation index (Rst, based the mi-
crosatellite  genotypes) among the same Ilocations in
D. portschinskii, but not in D. dahli. The correlation coefficient and
the significance level increased when Pst was replaced with the
corrected Qst values (Table 5).

We calculated the average of the phenotypic distances based on
eight numeric/ordinal characters with heritability level exceeding
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Table 5

Correlation coefficients (Mantel tests) of phenotypic distances (Pst; D. portschinskii and D. dahli) and corrected phenotypic distances (Qst; D. portschinskii only) with (1) Fixation
index (Rst) among the locations, (2) geographic distance among the locations, (3) geographic distance along the road net, and (4) climatic differences among the locations. The
outputs are shown separately for D. portschinskii and D. dahli (DP, DD), and for Pst and Qst calculated for (a) average of the first three PCA axes, (b) average of eight ONCs with
heritability ¢ > 0.4, and (c) average of the two characters (TMUT, CPA) showing highest correlation coefficients with climate. Significance level shown in parenthesis. Correlation

that remained significant (P < 0.05) after Bonferroni correction shown in boldface.

Mantel Test a) 3 first PCA

Rst Geodist Geodist_corr Ecodist
DP
Pst 0.423 (0.029) 0.517 (0.006) 0.189 (0.229) 0.029 (0.408)
Qst 0.573 (0.021) 0.664 (0.001) 0.324 (0.175) 0.182 (0.288)
DD
Pst -0.315(0.173) —0.361 (0.144) —0.375(0.115) —0.257 (0.210)
Mantel Test b) heritability >0.4

Rst Geodist Geodist_corr Ecodist
DP
Pst 0.222 (0.225) 0.266 (0.179) 0.334 (0.225) —0.159 (0.375)
Qst 0.421 (0.149) 0.246 (0.189) 0.359 (0.225) 0.001 (0.421)
DD
Pst 0.071 (0.399) 0.108 (0.376) 0.140 (0.299) —0.054 (0.429)
Mantel Test c) TMUT, CPA

Rst Geodist Geodist_corr Ecodist
DP
Pst 0.051 (0.404) —0.155 (0.238) —0.219 (0.238) 0.566 (0.033)
Qst —0.079 (0.376) —0.106 (0.324) —0.200 (0.246) 0.492 (0.050)
DD
Pst —0.144 (0.296) —0.065 (0.433) —0.047 (0.469) —0.035 (0.499)

0.4 (SC-CT, UL, CT-UL6, TM-UL7/6, CT-PPO3, CT-UT, CPA, SC-AN).
The distances based on these individual characters and their
average did not significantly correlate with geographic and genetic
distances in D. portschinskii, although all showed a positive corre-
lation value.
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Fig. 4. Correlation coefficients between the phenotypic distances based on three first
PCA scores, and linear (A) or cost (B) geographic distances. DD - D. dahli, Pst based on the
phenotypes; DP_Pst - D. portschinskii, Pst; DP_Qst - D. portschinskii, corrected Qst value.

In conclusion, the phenotypic distances between six pop-
ulations of D. portschinskii significantly correlated with geographic
distances between the locations and with the pairwise fixation
indexes based on the STR genotypes, which is not the case in
D. dahli. The power of correlation increased when the phenotypic
distances were corrected considering the heritability values
(equation (3)) and Pst was replaced with ‘true’ Qst.

Finally, Pst based on the second PCA axis scores in
D. portschinskii, as well as that based on the characters TMUT and
CPA, showed relatively high correlation coefficient with climate
(Table S1); Combination of these two characters significantly
(Rxy = 0.566, P < 0.05) correlated with climatic differences among
the RVs (but not with geography or fixation indices) in
D. portschinskii. However, replacing Pst with Qst did not increase
the correlation of the phenotypic distances with climate.

4. Discussion

Our results suggest that the parallel study of sexually repro-
ducing organisms and their unisexual relatives may help to explore
mechanisms of microevolution. Evaluating inheritance of pheno-
typic traits usually requires complicated and sustained experi-
mental manipulation, which is difficult to achieve in wild animal
populations. By contrast, the analysis of sympatric sexual breeders
and their daughter clones provides the relevant information in situ
without the need for controlled crosses. Corrected measures of
phenotypic variation may greatly improve the robustness of the
analysis of divergence mechanisms.

Spatial diversification of neutral genetic markers and morpho-
logical traits commonly correlate (Merila & Crnokrak 2001). Sci-
entists often simply report this fact, without addressing the
heritability of the components of phenotype (Leinonen et al. 2013).
However, phenotypic divergence that does not explicitly consider
heritability can substitute for genetically determined diversifica-
tion of phenotypes (Qst) only if some robust assumptions are met
(Whithlock 2008; Brommer 2011; Leinonen et al. 2006, 2013).
Meanwhile, the environmentally induced and genetic variation
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may be almost indistinguishable (Goldschmidt 1935; Gauze 1984;
Lambert et al. 1989; Baum et al. 2010). This has several reasons.
Heritability may vary among the populations, dependent on the
environmental conditions (Wray & Visscher 2008). Epistatic effects
(Wright 1931; Szendro et al. 2013) contribute to overall uncertainty.
Some authors (Cox et al. 2006; Whitlock & Guillaume 2009;
Brommer 2011; Adriaensen et al. 2003; Ananjeva et al. 2006;
Bakradze 1977; Baum et al. 2010; Bonnet and Van de Peer 2002;
Leinonen et al. 2013) recommend the “common-garden” principle
(crossing experiments in strictly controlled conditions) for evalu-
ating heritability. Brommer (2011) and Holland et al. (2011) un-
derline that the attempts of inferring “true” Qst, showing the
additive genetic component of phenotype, may be strongly biased
without knowledge of heritability in given environmental condi-
tions; the proportion of within- and between-population herita-
bility components affect the Fst-Qst ratio (Brommer 2011).

Estimating heritability experimentally is very time- and labor-
expensive. Even a priori knowledge of the heritability of a partic-
ular character in a particular species is insufficient for calculation of
“true” Qst in new environments. Parallel analysis of asexually and
sexually reproducing organisms may help to overcome these
complications. In this case, heritability values are measurable in
situ, by comparing the variability of a character in syntopic pop-
ulations of closely related sexual and asexual forms. This study is a
test of the applicability of this methodology, and its results suggest
that it could be applied to some natural systems.

4.1. Potential pitfalls

There are potential difficulties associated with the application of
the method. Sexually and asexually breeding, closely related or-
ganisms may have fixed phenotypic differences-this is true for
Darevskia taxa coexisting with their daughter clones. The clones
usually are interspecific hybrids (Uzzell & Darevsky 1975; Darevsky,
Kupriyanova & Uzzell 1985; Murphy et al. 2000) and they combine
the characters of both parental species. D. dahli combines genetic
markers inherited from both the paternal D. portschinskii and the
maternal D. mixta; this may contribute into genetic diversity of
D. dahli. However, this additive genetic diversity would increase
rather than decrease genetic diversity of the parthenogen, and
cannot explain its lower genetic variation in comparison with the
paternal species; neither can this explain low genetic differentia-
tion between the populations of D. dahli. Besides, some phenotypic
differences between D. dahli and D. portschinskii are attributed to
the mixed origin of the former, and comparing their variability may
produce biased results. Indeed, D. portschinskii and D. dahli have
(almost) fixed differences in the structure of the first preanal scale
(paired versus singular; Darevsky 1967; Tarkhnishvili et al. 2010);
they also have different sizes of dorsal scales and different colora-
tion. For this reason, we used in our analysis only those characters,
which broadly varied in both forms and, hence, their variability was
comparable. Potential presence of D. dahli individuals that descend
from more than one hybridization event (Vergun et al. 2014) may
explain some phenotypic variation in this form; this possibility is
considered by parallel analysis of phenotypic and genetic variation
in this study. Simultaneously, Tarkhnishvili et al. (2017) provided
evidence that all D. dahli from Georgia descend from a single hybrid
individual, and even another phenotypically distinct parthenoge-
netic species, Darevskia armeniaca, may descend from the backcross
of D. dahli with another bisexual species.

The other potential problem is that the studied populations
could be exposed to slightly different habitats and microclimates
within the same river valley, which could affect developmental
patterns on the embryonic stage. However, the absence of corre-
lation between the geographic distance and phenotype within the

same river valley suggests that this potential factor is unimportant.
The third potential problem is coding. Some characters that obvi-
ously vary are difficult to code as numeric or ordinals, and they
should be treated as nominal categorical variables. Our study sug-
gests that the heritability of these categorical variations is low or
undetectable.

Heritability of a trait may not be the same in two species,
considering the hybrid origin of a parthenogen, i.e. non-genetic
component of variation may be slightly higher or lower in a sex-
ual breeder than in the related parthenogen. Finally, there is a
certain risk that phenotypic variation in a parthenogen has a ge-
netic component. The absence of correlation between Pst and Rst in
D. dahli, however, suggests that genetically determined phenotypic
variation in this species is minute if any.

4.2. Heritability of the characters

The patterns of variation in D. dahli and D. portschinskii are
similar. Simultaneously, all thirteen ordinal and numeric characters
used in this study, as well as PCA and CPCA axes varied more
strongly in D. portschinskii than in D. dahli, although some variation
did present in D. dahli as well (Table 2). For most of the characters,
the differences were significant, suggesting an important additive
genetic component in this variation. The size of the preanal scales
and the number of upper labials showed the highest excess of
variation in D. portschinskii and, hence, the strongest heritability
index (h? > 0.7). Six characters showing the degree of metamer-
isation (the number of scales) in the temporal area and the number
of scales surrounding the anal scale also showed a relatively high
(>0.4, with the average 0.52) heritability index.

Phenotypic variation in D. dahli suggests the presence of an
important environmentally induced component of variation within
the norm of reaction. Interestingly, some characters that showed a
high non-genetic component of variation are commonly used in
lizard taxonomy (Darevsky 1967; Bakradze 1977; Roitberg 1994;
Darevsky & Tuniyev 1997; Ananjeva et al. 2006; McDiarmid et al.
2012; Gabelaia et al. 2015). Those include the number of femoral
pores, shape and size of the internasal scale, presence of the contact
between the nasals, size of interparietal and central temporal
scales. The differences in variation of these characters between the
parthenogen and the sexual breeder are insignificant, and the
heritability index is low.

4.3. Genotypic vs phenotypic differentiation among the populations

The scores along the 1st and 2nd PCA axes and six out of 13
numeric and ordinal characters varied stronger between the RVs
than within the RVs in D. portschinskii. In D. dahli, significant
between-group variation was detected only for the 2nd PCA axis
(that is dominated by the number of femoral pores and width of
interparietal scale) and five characters describing the size of central
temporal and anal scales. The differences among the RVs in D. dahli
(and not only in D. portschinskii) suggest that the direct impact of
the environment may contribute to the differences between widely
separated geographic populations. Via & Lande (1985) suggested
that concurrent or opposite effects of phenotypic plasticity and
selection may impede the effectiveness of the latter. Conversely, the
absence of correlation (as in our system) suggests a small effect of
phenotypic plasticity on selection and, hence, the variation within
the norm of reaction would not substantially influence the spatial
distribution of variation.

Correlation between genetic differentiation and geographic
distance suggests that the migration rate is a determining factor of
genetic differentiation (Wright 1931; Weir 1996). Although some
authors do not recommend inferring migration rates from the
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fixation index (e.g. Whitlock & McCaughley 1999), the correlation
between these two variables is proven by multiple empirical
studies. Our relatively small set of genetic markers showed a highly
distinct pattern. The presence of a significant correlation between
the fixation index and geographic distance provides the evidence
for long-lasting and well established spatial structure consistent
with an isolation-by-distance model (Slatkin 1993). Establishing
equilibrium between migration and drift requires a long time after
the separation of the populations. For instance, post-glacial
northern European populations of moor frog (Rana arvalis) do not
show isolation-by-distance, different from older populations south
of the Carpathian Mountains (Knopp & Merila 2009). A similar
pattern is shown for the beetle Carabus solieri (Garnier et al., 2004),
rock cress (Arabidopsis thaliana, Sharbel et al., 2000), and many
other terrestrial organisms. Our findings confirm that the spatial
structure of the populations described in this paper is old enough
for achieving drift—migration equilibrium. The individual RVs
count dozens of lizard locations (Tarkhnishvili et al. 2010), and
genetic drift should not act very fast, hence this time should be
substantial.

Phenotypic distances in D. portschinskii (but not in D. dahli)
correlate with both fixation index and geographic distances. After
replacing a simple phenotype-based Pst with corrected Qst values,
the correlation with geography increased. In general, the correla-
tion between geographic distance, fixation index, and Qst suggests
that migration is a major force determining the level of both genetic
and phenotypic differentiation in this lizard. In other words,
inherited differences in scalation pattern produce a spatial distri-
bution pattern similar to that of neutral genetic markers. This, in
turn, implies that correctly evaluated Qst value, based on the
analysis of easily measurable phenotypic characters, can be used for
estimating at least relative migration rates when more than two
conspecific populations are analyzed.

4.4. Selection vs genetic drift: phenotypic and molecular
differentiation in D. portschinskii

Wright (1931) showed that if population differentiation is
associated solely with genetic drift, Qst should be equal to the
fixation index (Leinonen et al. 2008, 2013). All pairwise Qst values
calculated for D. portschinskii strongly exceeded fixation indices
based on the microsatellite loci. On average, for individual pairwise
comparisons, Qst five times exceeded the fixation index (Table S1).
Even if a conservative approach (Whithlock 2008; Martin et al.
2008) is applied, one should consider the substantial role of
diversifying selection in the diversification of populations of
D. portschinskii. This pattern is in line with the observations of
Merila & Conkrak (2001) who suggested that variability of genetic
and morphological traits often correlate, but Qst usually exceeds
the fixation index. However, this observation is not easy to inter-
pret. One should not a priori expect a stronger diversifying selection
between the most geographically distant populations unless there
is a correlation between climatic differences and geographic dis-
tance (which does not exist in the present study). Diversifying se-
lection would rather decrease the correlation between geographic
and genetic distances, which is not the case in this study: the cor-
relation coefficients of geographic distance with the fixation index
and with Qst are roughly equal.

Correlation of a character with environmental conditions is
strong evidence of natural selection (Endler 1986). In our dataset,
there were only two traits which showed a relatively high (>0.3)
correlation with climatic differences. One of these characters, (CPA)
has a strong additive genetic component. The other, TMUT, shows
weak additive genetic component. The combination of these two
characters significantly (Rxy = 0.566, P < 0.05) correlates with

climatic differences (but not with geography) in D. portschinskii.
Hence, the association of phenotypes with geographic distance is
not related to the climatic differences among the study areas and
climate-dependent selection.

Our results suggest that the coexistence of two related forms
with different modes of reproduction can be used for resolving
microevolutionary questions. The estimates of phenotypic di-
versity, based on the analysis of numeric or ordinal characters, are
higher in sexual breeders than in parthenogens, which allows re-
searchers to infer heritability indices for individual characters. This
approach may be useful for studying populations of plants, crus-
taceans or insects as well as many other organisms with changing
modes of reproduction. It also appears that genetic drift is the
leading force in phenotypic differentiation in rock lizards, and its
effect is accelerated by selection driving phenotypes towards
adaptive peaks.
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Chapter 4. Head shape divergence between parthenogenetic and their paternal
bisexual rock lizards in sympatry
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ARTICLE INFO ABSTRACT
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Head shape plays a crucial role in ecological and evolutionary processes in lizards, and scientists have studied
head shape using traditional and 3D geometric morphometrics. Lizards are classic subjects for ecological studies
because closely related and ecologically similar species coexist. Sympatric species tend to show higher levels of
morphological divergence compared to allopatric species.

In this study, we focus on two parthenogenetic Darevskia species (Darevskia dahli and Darevskia armeniaca) that
share a maternal species, Darevskia mixta, but have different paternal species (Darevskia portschinskii and Dare-
vskia valentini). We aim to assess the relative importance of morphologically inheritable traits and environmental
conditions on head shape in these parthenogenetic species. Specifically, we aim to determine whether local
adaptations or intermediate phenotypes between parental species drive head shape variation in parthenogens. To
accomplish this, we analyze the head shapes of samples from both parthenogens, their paternal species, and their
common maternal species from 3 sites in Georgia. Our study shows that certain aspects of head shape are
associated with body size and habitat climate, with high mountain species exhibiting larger and deeper heads
with stronger jaws regardless of breeding mode. In addition, both parthenogens exhibit narrower and more
elongated jaw areas, flatter mandibles, and thus weaker jaws compared to females of their maternal and paternal

species.

1. Introduction

Head shape is an important feature in lacertid lizards. There are
relationships between the morphology of lizards (head size or any other
body parts) with bite force capacity, prey handling efficiency, micro-
habitat use (Herrel et al., 2004; Barros et al., 2011; Verwaijen et al.,
2002; Oliveira et al., 2023), even with breathing and brain protection
(De Meyer et al., 2019). Simultaneously, morphological variations in
lizard heads are related to environmental and ecogeographic variations.
For example, the altitude and/or temperature has been shown to affect
the head length (Ortega et al., 2019) and shape (Alagic et al., 2021) in
some Podarcis lizards; geographic gradient on Tenerife island affects the
head shape of Lacertid Gallotia galloti (Thorpe and Baez, 1987). Besides
these functions, one of the largest drivers of head shape variation are
phylogenetic relationships of the species (Openshaw and Keogh, 2014;
De Meyer et al., 2019). Closely related lizard species resemble each

* Corresponding author.

other more than distantly related ones (Openshaw and Keogh, 2014),
the phenomenon generally referred to as phylogenetic signal in
morphological traits (Blomberg et al., 2003; Tarkhnishvili et al., 2020a).

When closely related ecologically similar species coexist, their
morphologies tend to diverge due to competition and/or reinforcement,
and the level of divergence is commonly higher compared to areas of
allopatry (Taylor, 1965; McDowall, 1998; Wijesundara and Freed,
2018), e.g. fish from the genus Paragalaxias from a lake of submontane
Tasmania (McDowall, 1998), brown frogs from the Caucasus (Rana
macrocnemis complex) (Tarkhnishvili et al., 2001), songbirds from the
genus Zosterops in Sri Lanka (Wijesundara and Freed, 2018).

Some lizard groups include both parthenogenetic and bisexual forms
(Lowe and Wright, 1966; Darevsky, 1967; Moritz, 1991; Adams et al.,
2003; Tarkhnishvili et al., 2010; Petrosyan et al., 2020). Parthenoge-
netic species are usually of hybrid origin and share genes from both
maternal and paternal ancestors. It is not clear whether the parental
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species are able to contribute their genes to the parthenogenetic verte-
brate lineages after the initial hybridization (Tarkhnishvili et al.,
2020b), and whether or not the hybrid origin is reflected in the
morphology of the daughter species. Parthenogenetic daughter species
often do not show intermediate morphological characteristics, despite
their intermediate genome (Heiser Jr et al., 1965; Bemis et al., 1970;
Pembleton and Baker, 1978; Parker Jr, 1979). For example, Aspidoscelis
tesselatus (formerly—Cnemidophorus) resembles more its maternal species
Aspidoscelis gularis in size than the paternal species Aspidoscelis tigris,
although it is more widely sympatric with the latter one.

One of the groups, combining sexually breeding and parthenogenetic
species, are Caucasian rock lizards (Darevskia) (Arribas, 1999), found
mainly in the Greater and Lesser Caucasus Mountains. Parthenogenetic
species (Darevskia dahli and Darevskia armeniaca) are phenotypically
similar to female individuals of their paternal species, coexist in some
locations and share a similar diet in rocky habitats (Darevsky, 1967;
Bakradze, 1977; Tarkhnishvili, 2012), but never overlap spatially with
maternal species Darevskia mixta (Tarkhnishvili et al., 2010).

In this paper, we focus on two parthenogenetic Darevskia-D. dahli
(Darevsky, 1957) and D. armeniaca (Méhely, 1909), who share the
maternal species D. mixta (Méhely, 1909), but have different paternal
species, Darevskia portschinskii (Kessler, 1878) and Darevskia valentini
(Boettger, 1892). D. dahli and its paternal species D. portschinskii, coexist
in the mountain forest belt of central Georgia, 800-1200 m a.s.l.
(Tarkhnishvili et al., 2010; Barateli et al., 2022) and the average length
of adult individuals of both species varies between 5.4 and 5.8 cm.
Relatively bigger-bodied, D. armeniaca and its paternal species
D. valentini, coexist at elevations 1900-3100 m a.s.l. (Arakelyan et al.,
2011; Galoyan et al., 2019; Barateli et al., 2022) with average body
length-6.1-6.4 cm. D. mixta, an endemic species of Georgia (Gabelaia
etal., 2017; Petrosyan et al., 2020), is distributed from 300 to 2100 m a.
s.] (Ciobanu et al., 2003; Tarkhnishvili, 2012; Gabelaia et al., 2015). The
average body length of D. mixta varies between 4.9 and 6.3 cm
(Darevsky, 1967). The paternal species are closely related, but ecologi-
cally and morphologically distinct (Darevsky, 1967; Murphy et al.,
2000) (Fig. 1). For example, according to Darevsky (1967) D. valentini
has a large central temporal scale, while in D. portschinskii it is smaller or
absent. Also, the postorbital or postfrontal bones are similar in length in
most D. valentini and D. portschinskii, but unlike D. valentini postocular is
either greater or equal to postfrontal in D. portschinskii (Arribas et al.,
2022).

We tried to infer the relative importance of genetic inheritance and
environmental conditions on the head shape of D. armeniaca and
D. dahli. Specifically, if adaptations to local geographic conditions play
an important role, one should expect a higher similarity of the parthe-
nogens with females of the paternal species, with whom they commonly
coexist, than with the females of the maternal species, which never share
the habitat with the parthenogens. On the other hand, the phenotype of
the parthenogens may be just intermediate between the two parental
species, or show some specifics common for the parthenogenetic line-
ages but absent in the bisexual forms. For this purpose, we analyzed the
head shapes of samples of both parthenogens (D. dahli and
D. armeniaca), two paternal species from the same locations

Darevskia portschinskii G'
Darevskia dahli

Darevskia mixta Q

Darevskia valentini & ——— Darevskia armeniaca

Fig. 1. Cladogram of studied species, representing the maternal parent species
(Darevskia mixta) of both parthenogenetic species (marked in red). Based on
Murphy et al., 2000; Yanchukov et al., 2022. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)
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(D. portschinskii and D. valentini, respectively), and their joint maternal
species, D. mixta, from a separate location in Georgia.

2. Material and METHODS

In June-July 2018 and 2023, we collected 60 female adult in-
dividuals of five lizard species from three locations in Georgia (Table 1).
Since male and female individuals of most Darevskia show significant
sexual dimorphism in head shape, we used only female individuals from
bisexual species to compare with unisexuals (Tarkhnishvili et al.,
2020a). The Ilia State University Commission ethically approved all
procedures with live animals for Ethical Issues and were in accordance
with Article 259 of Georgian Criminal Law. General anesthesia of the
lizards was used to avoid killing the animals collected in the wild. After
photographing, the lizards were released to their natural habitats.

For morphological studies, we placed the individual in a plastic tube
with its head pointing upwards and secured it to prevent movement. The
tube was placed in the center of a cardboard circle. We then photo-
graphed 36 times from a perspective of 90° to the midline and 36 times
from a perspective of 45° to the midline, moving the camera around the
lizard every 10° (Fig. 2). The images were uploaded to AgiSoft Photo-
Scan Pro v.2.0.2 (Agisoft, 2023), which first aligned the images in 3D
space and then generated 3D models of the head surface onto which 54
homological landmarks were subsequently digitized (Fig. 3). Then we
exported the 3D coordinates in a “Survey points” format and imported
them in R studio (R 4.2.0, 2022) for the analysis. Missing landmarks
were estimated using the function “estimate.missing” and landmarks
were aligned using the “gpagen” function. We extracted symmetric
components using the function “bilat.symmetry” and checked it for
outliers using “plotOutliers”. To illustrate the levels of differences in
head shape between the individuals we conducted a principal compo-
nent analysis (PCA). PCA simplifies multidimensional data by reducing
dimensions to two or three, facilitating the visualization and compre-
hension of relationships between data points (Richardson, 2009; Paul
et al., 2013). To visualize which shape patterns were reflected in these
ordinations, and thus which were the most discriminating shape dif-
ferences between groups, we generated landmark wireframes that
reflect principal component (PC) axis variation from a PCA on the total
dataset of the 54 original landmarks in R studio (R 4.2.0, 2022). The
used package was “geomorph” (Adams et al., 2016; Baken et al., 2021).

In order to test for significant differences between species head
shapes, we used the Procrustes aligned landmark configurations and ran
Procrustes Anova with Species as terms using “lm.rrpp” in the package
“RRPP” (Collyer and Adams, 2018, 2023). This function uses ordinary
least squares (LS) to compute the effect coefficients by performing the
randomized residual permutation (Collyer et al., 2015). Afterward, we
checked if the LS means of each pair of species were significantly
different using the “pairwise” function in “RRPP”.

Since studied individuals substantially differ in body size, we
repeated the test and included the body size in the model as a covariate
to make sure the observed interspecific differences were not influenced
by allometric trends. We checked in prior the model shape ~ log(SVL) +
species + log(SVL):species to make sure there is no significant difference

Table 1
Sample sizes and key characteristics of three sampling locations of 5 species of
Darevskia.

Location Easting Northing Altitude Female
as.l

D. dahli Kojori 44.683337° 41.648891° 1120 13

D. portschinskii ~ Kojori 44.683337°  41.648891° 1120 11

D. armeniaca Sagamo 43.730600° 41.293600° 2015 16
Lake

D. valentini Sagamo 43.730600° 41.293600° 2015 15
Lake

D. mixta Rveli 43.416361°  41.871489° 824 5




N. Barateli et al.

Fig. 2. Set—up for photographing the head of an immobilized lizard at different
degrees and angles.

between the allometric trends of each species. After running ANCOVA,
we predicted the head shape means based on the fitted values of the
model and by keeping the body size associated head shape component
constant. For that, we used the “predict” function in “RRPP”. All cal-
culations were done in the R studio (R 4.2.0, 2022).
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3. Results
3.1. ANOVA test on head shape

The Procrustes ANOVA and pairwise tests based on the head sym-
metric landmarks significantly separated all studied species pairs. Ac-
cording to the effect sizes (Z), females of D. valentini are better separated
from both parthenogenetic species, D. dahli and D. armeniaca than
D. portschinskii. D. mixta is in general more similar to the parthenogens
than both paternal species (Table 2).

Species exhibited an allometric effect on head shape, but it was not
significantly different between the studied species (p = 0.09), so we
excluded the interaction effect (logSVL:species) from the model and
reran the model as shape ~ log(SVL) + species. After correcting for body
size, D. mixta and D. armeniaca were not significantly differentiated
(Table 3). The rest of the species had a similar pattern to the previous
test, e.g. D. valentini was most strongly separated from both partheno-
genetic species, then D. portschinskii and D. mixta (Table 3).

3.2. Principle component analysis of head shape

Principal Component Analysis (PCA) resulted in five meaningful
components comprising 73 % of the total variation.

Shape variation in PC1 (29 % of the total variation) was mainly
concentrated in the jaw area. It varied from a narrow and elongated
head shape with a flattened mandible in the jaw area (lower PC1 scores)
to a wide and shortened head with a deepened mandible in the jaw area
(higher PC1 scores). The PC1 axis separated D. valentini (higher PC
scores) from D. dahli and D. armeniaca (lower PC scores), while D. mixta
and D. portschinskii had intermediate scores on this axis (Fig. 4). In short,

Fig. 3. Digitized three-dimensional landmarks. Landmarks are shown with black numbers. A-dorsal view of the head; B-ventral view of the head; C-view of the
right profile of the head; D-view of the left profile of the head. The specimen in the photograph is Darevskia armeniaca.
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Table 2

Results for Procrustes ANOVA for the model shape ~ species, and pairwise
distances between the Least Square means on only female individuals. The sta-
tistics are performed based on randomized residual permutations. The abbre-
viations in the Anova table: Df-degrees of freedom, SS-Sum of Squares,
MS-Mean Squares, Rsq—R-squared, F—effect size, Z—effect size which is a stan-
dard deviation of observed statistics from distributions of random outcomes, Pr
(>F)-P value of the F statistics. Abbreviations in the pairwise test table: d—the
difference between Species Least Square means, UCL-upper confidence limits,
Pr > d-P value of the difference between Species Least Square means.

ANOVA table Df SS MS Rsq F Z Pr(>F)
species 4 0.085 0.021 0.482 12.8 9.4 0.0001
Residuals 55 0.091 0.002 0.518

Total 59 0.176

Pairwise tests d UCL (95 %) Z—effect Size Pr>d
armeniaca:dahli 0.048 0.028 3.7 0.0001
armeniaca:mixta 0.054 0.039 3 0.0011
armeniaca:portschinskii 0.061 0.03 4.5 0.0001
armeniaca:valentini 0.067 0.028 5.1 0.0001
dahli:mixta 0.051 0.04 2.7 0.0029
dahlizportschinskii 0.052 0.031 3.6 0.0001
dahli:valentini 0.07 0.029 5 0.0001
mixta:portschinskii 0.059 0.041 3.1 0.0007
mixta:valentini 0.066 0.039 3.9 0.0001
portschinskii:valentini 0.062 0.03 4.4 0.0001

Table 3

Results for the linear model shape ~ log(SVL) + species, and pairwise distances
between the means on only female individuals with its statistics. The abbrevi-
ations in the linear model table: Df-degrees of freedom, SS-Sum of Squares,
MS-Mean Squares, Rsq-R-squared, F-effect size F, Z-effect size, Pr(>F)-P value
of the F statistics. Abbreviations in the pairwise test table: d-the difference be-
tween Species Least Square means, UCL-upper confidence limits, Pr > d-P value
of the difference between Species Least Square means.

Anova table Df SS MS Rsq F Z Pr(>F)
logsvl 1 0.022 0.022 0.126 13.4 5.2 0.0001
species 4 0.065 0.016 0.369 9.9 7.4 0.0001
Residuals 54 0.089 0.002 0.505

Total 59 0.176

Pairwise tests d UCL (95 %) Z—effect Size Pr>d
armeniaca:dahli 0.044 0.032 2.9 0.001
armeniaca:mixta 0.043 0.045 1.4 0.0758
armeniaca:portschinskii 0.058 0.042 2.9 0.0011
armeniaca:valentini 0.07 0.029 4.7 0.0001
dahli:mixta 0.049 0.039 2.6 0.0035
dahli:portschinskii 0.053 0.032 3.4 0.0001
dahli:valentini 0.072 0.04 3.8 0.0001
mixta:portschinskii 0.06 0.039 3.2 0.0001
mixta:valentini 0.064 0.054 2.3 0.0091

both parthenogens had narrower and more elongated jaws and flatter
mandibles than the females of any of their ancestral species.

PC2 (16 % of the total variation) varied from a long dorsal head with
a shorter and flatter mandible and in general flat head (low PC2 scores)
to a short dorsal head with a longer and deeper mandible and overall
deeper head shape (high PC2 scores). It separated D. portschinskii and
partially D. dahli (lower PC2 scores) from D. armeniaca and D. valentini
(higher PC2 scores). D. mixta was grouped with D. valentini and
D. armeniaca, but leaned toward intermediate scores on the PC2 axis
(Fig. 4). PC2 positively correlated with the log-transformed
snout-vent-length (Pearson’s R = 0.62) (Fig. 5).

PC3 (15 % of the total variation) varied from the deep head with
rounded dorsal and deep mandible (low PC3 scores) to the flatter head
and wide and flatter mandible (high PC3 scores). PC4 (8 % of the total
variation) varied from a shorter and laterally more curved (outwards)
mandible and narrow dorsal head (low PC4 scores) to a longer and
inward-curved mandible and wider dorsal head (high PC4 scores).
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Species

D. armeniaca
® D. dahli
@ D. mixta
@ D. portschinskii

D. valentini

I PC2 (16%)

° [ ]
.
Y
L ]
PC1 (29%)

oo

Fig. 4. Principal component analysis (PCA) score plot. Black lines represent
maximum PC values and gray-minimum PC values. PC1-shows that D. valentini
has a wider head, while according to PC2-D. dahli and D. portschinskii have
longer and flatter heads, with slightly wider jaw areas. The numbers in the
parentheses represent the percentage from the total variation for each axis.

Species

ji‘rz [ —
P H » D. armeniaca
® D. dahli
. °
I3 = @ D. mixta
s @ D. portschinskii
D. valentini
J e

PC4 (8%)

Fig. 5. Principal component analysis (PCA) score plot. PC3 overlaps in all
species. PC4 shows that D. dahli has a longer and flatter mandible and a larger/
broader interparietal scale compared to the other four species. The numbers in
the parentheses represent the percentage from the total variation for each axis.

Combined, PC3 and PC4 axes separated D. mixta from both parthe-
nogens and D. valentini, with D. portschinskii keeping the intermediate
position (Fig. 5).

To visualize the morphospace after excluding the effect of body
length on head shape, we used the fitted values from the model shape ~
log(SVL) + species and predicted the 95 % confidence intervals for the
mean shape of each species, by keeping the body length effect on the
head shape constant (Fig. 6). The 73 % of the total allometry—free shape
variation showed that maternal D. mixta is much closer based on the
head shape to the parthenogenetic species, than paternal D. valentini and
D. portschinskii. Also, D. valentini and D. armeniaca are less similar to each
other than D. portschinskii and D. dahli (Fig. 6).

4. Discussion

To summarize our results, there is no clear reflection of mixed ge-
netic ancestry in the head shape of the parthenogens, although they have
more affinity to females of the maternal, than of the paternal species.
Simultaneously, there are certain specifics of head shape associated with
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Fig. 6. 95 % confidence ellipses of the predicted values for species means
generated by bootstrapped residuals. Residuals are derived from the model fit
with the formula: shape ~ log(SVL) + species.

body size and/or climate of the habitat (high mountain species are
bigger irrespective of the breeding mode and have deeper heads with
stronger jaws). Besides, both parthenogens have narrower and more
elongated jaw areas with flatter mandibles, hence weaker jaws than
females of their respective paternal and maternal species. For example,
D. armeniaca from Sagamo Lake have stronger jaws and deeper heads
than low elevation inhabiting species, but weaker (narrower) jaws
compared to females of paternal D. valentini, which also live at Sagamo
Lake.

The morphological variation of lizard species is influenced by genetic
(e.g. gene drift, mutations) as well as environmental factors (e.g. tem-
perature, humidity, food availability, etc.) (Runemark et al., 2010;
Oliveira et al., 2023). According to Adams (2011), despite shared se-
lection pressures, different genetic patterns could drive unique head-
—shape evolution in Plethodon salamanders. If the environment has a
substantial impact on head shape in Darevskia, we should expect higher
similarity of the parthenogens with females of the paternal species, with
whom they commonly coexist, than with the females of the maternal
species, with whom they never share the habitat. Simultaneously, the
previous morphological studies on parthenogenetic hybrids show that
unisexual species tend to exhibit an intermediate morphological
resemblance to either both parental species or a closer resemblance to
one of them (Espeche et al., 2023). According to studies on partheno-
genetic Teius suquiensis, it demonstrated intermediate morphological
traits compared to bisexual T. teyou and T. oculatus (Espeche et al.,
2023), whereas parthenogenetic A. tesselatus is morphologically more
similar to its maternal than to the paternal species (Parker Jr, 1979).

Our study suggested a complex interaction of inheritance and envi-
ronment in the determining head shape of the parthenogens. The gen-
eral shape, relative size and depth of the head, and size of jaws are
correlated with the body size of the individuals, which in turn is under
the strong influence of climate and elevation (Darevsky, 1967). Indeed,
body size growth with the elevation and related temperature and pre-
cipitation is shown for many Darevskia species, including the studied
D. valentini, and other Darevskia, such as Darevskia caucasica, Darevskia
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parvula (Darevsky, 1967; Volynchik, 2014; Biilbiil et al., 2016) and some
other lizard species, such as Podarcis liolepis (Ortega et al., 2019), Lio-
laemus spp. (Pincheira-Donoso et al., 2008). This is most likely a simple
pattern following Bergmann’s rule (1847), suggesting that a decrease in
surface/volume ratio makes body temperature better controlled because
heat loss is slower. However, this is not the sole trend in lizards (Ashton
and Feldman, 2003), e.g. lacertid Eremias argus shows the reverse of
Bergmann’s rule (Deme et al., 2023). Many squamates at higher alti-
tudes have larger individuals of the same species than at lower altitudes.
Obviously, head shape is linked with body size with allometric de-
pendencies, which causes the inevitable shape change following the size
change.

4.1. Differences between bisexuals and parthenogens

Even though there were slight differences in the sizes of D. dahli
(SD-0.35) with D. portschinskii (SD-0.40) and D. armeniaca (SD-0.32)
with D. valentini (SD-0.36), in addition to the latter two being much
larger than the former two, the differences between the parthenogens
and paternal species’ females were clearly expressed in the degree of
head and mandible width. The parthenogens have much narrower and
elongated heads with flatter mandibles, whereas the paternal species
have a stronger head shape, especially D. valentini. Moreover, these
differences account for nearly one-third of the total variation in head
shape, whereas body size-associated changes explain only 16 % of the
variation. One potential reason for that could be behavioral differences
between the parthenogens and their bisexual ancestors. Specifically, it
was repeatedly shown that both males and females of bisexual rock
lizards perform territorial behavior, forcing conspecific females to avoid
occupied individual plots (Galoyan, 2011; Galoyan, 2013; Tsellarius
et al., 2016; Barateli et al., 2021) and, wider jaws lead to stronger bites
(Kohlsdorf et al., 2008; De Meyer et al., 2019), which is obviously
important for successful defense of the territory. In contrast, parthe-
nogens do not display territorial behavior, and having broad and strong
jaws is way less important. Although the strength of the jaws may also be
related to the size and morphology of most commonly consumed food
organisms (Verwaijen et al., 2002), this is an unlikely explanation of the
differences between coexisting parthenogenetic and paternal lizards,
since the lizards are not specialized feeders and just consume in-
vertebrates that are present in a specific habitat (Darevsky, 1967).

The impact of shared ancestry on the morphology of the parthe-
nogens is way less clear. The body size of D. armeniaca and D. dahli is
closer to their respective parental species than to the body size of the
parental species of the other parthenogen; however, this can equally be a
result of the concurrent adaptation of a parthenogen and its parental
species to a similar environment. Procrustes ANOVA analysis showed a
higher similarity of size-removed head shape of the parthenogens,
especially that of D. armeniaca, to their maternal D. mixta than to the
females of the patrilineal ancestors. A stronger maternal effect on the
head shape is recorded for some other squamates, including partheno-
genetic lizard A. tesselatus (Parker Jr, 1979) or meadow viper (Vipera
ursini rakosiensis) (Oliveira et al., 2023). Noble et al. (2014) had shown
experimentally that maternal effect rather than simple Mendelian in-
heritance determines body size and some behavioral characteristics in
skinks. Maternal effect can explain the higher similarity of the parthe-
nogens to their matrilineal than to the patrilineal ancestors. On the other
hand, females of some of the parental species may be less territorial than
the others, dependent on their habitat type (e.g. D. mixta is more broadly
using various microhabitat types than D. valentini and especially
D. portschinskii, which are strict rock dwellers (Darevsky, 1967; Tarkh-
nishvili, 2012)), and parallel behavioral adaptations could explain
different degree of similarity between the parthenogens and their an-
cestors rather than direct ancestral influence. Detailed behavioral ob-
servations on these species may shed light on this question in the future.

In summary, some characteristics differentiate the parthenogens
from their bisexual ancestral species, and others are associated with
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body size and elevation of typical habitats. Although the effect of
maternal species is also likely present, the impact of intermediate ge-
netics or habitat type on head shape is shaded by the differences be-
tween the reproductive biology, which is not associated with aggressive
territorial behavior in parthenogens, in contrast with their bisexual
ancestors.
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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.

Keywords: Darevskia, Parthenogenesis, Microsatellites, Mitochondrial DNA, Backcrosses, Allele conversion, Caucasian
rock lizards
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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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(See figure on previous page.)

modified from World Map Blank.svg (Public domain)

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.


http://qgis.osgeo.org/
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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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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
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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.

Page 18 of 25

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

Page 20 of 25

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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We genotyped multiple populations of all seven parthenogenetic species of rock lizards, genus Darevskia, as well as
their putative sexual parental populations, using double digest RAD-sequencing genomic markers. Taking advantage
of the conserved homology of the ZW/ZZ sex chromosomes among lacertid lizards, we aligned our short sequence
reads to a reference Z chromosome assembly of the common wall lizard Podarcis muralis. This provided unique
insight into the origin of all-female hybrid populations, which inherited their single Z chromosome exclusively from
a paternal ancestor. The mapped Z-linked loci were used to construct a robust time-calibrated phylogeny. In each
parent—offspring species pair, the geographically nearest population of the paternal species was identified as the
most likely ancestor of the respective parthenogen, mirroring the trend observed previously on the maternal side in
mitochondrial DNA. The estimated splits between the sampled paternal sexual ancestors and their daughter species
occurred much earlier than suggested previously and during two narrow time periods: (1) the parthenogenetic
Darevskia armeniaca, D. dahli, D. uzzelli and D. rostombekowi dated back to ~0.5 or ~0.9 Mya, depending on the
calibration point used, while (2) D. bendimahiensis, D. sapphirina and D. unisexualis appear to have diverged ~1
or ~2 Mya.

ADDITIONAL KEYWORDS: hybridization — parthenogenesis — RAD-sequencing — rock lizards — ZZ/ZW species.

INTRODUCTION phylogenetically distant lineages (Neaves & Baumann,
2011; Dedukh et al., 2020). The majority of extant
obligate parthenogenetic hybrid species investigated
to date appear to be relatively young, suggesting that
parthenogenesis is unlikely to be maintained for very
long on the evolutionary timescale (Moreira et al.,
2021), despite demonstrated ecological advantages
*Corresponding author. E-mail: yawa33@gmail.com. in the short term (Tarkhnishvili et al., 2010).

Obligate parthenogenetic reproduction is widely
documentedintheorder Squamata (lizards and snakes),
and in the majority of cases is immediately preceded
by hybridization between sexual representatives of

© The Author(s) 2022. Published by Oxford University Press on behalf of The Linnean Society of London. 1
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At the same time, to correctly estimate the time of
origin of the parthenogenetic populations, one needs
to (1) identify those populations of the sexual species
that are most closely related to the true parents of the
hybrid parthenogens, and (2) genotype both hybrid and
parental populations with sufficient resolution in order
to obtain robust age estimates (i.e. based on molecular
clock or demographic simulation approaches). The
difficulty in fulfilling these requirements leads to wide
confidence intervals of age estimates in most studies
on parthenogenetic reptiles (Tarkhnishvili et al., 2010).

The rock lizards of the genus Darevskia Arribas,
1999 were the first example of hybrid parthenogenesis
discovered in vertebrates (Darevsky, 1958, 1966), and
remain one of the most well-studied systems (Murphy
et al., 2000; Badaeva et al., 2008; Tarkhnishvili, 2012;
Tarkhnishvili et al., 2010, 2020; Freitas et al., 2016;
Galoyan et al., 2019; Spangenberg et al., 2020). In
Darevskia, two maternal (D. mixta and D. raddei) and
two paternal (D. valentini and D. portschinskii) sexual
species have produced seven nominal parthenogenetic
species (D. armeniaca, D. dahli, D. unisexualis,

maternal
parent

parthenogenetic
hybrid

® armeniaca

D. rostombekowi, D. uzzelli, D. bendimahiensis and
D. sapphirina; Fig. 1). Their distribution is centred
south of the Lesser Caucasus mountains in Georgia,
Armenia and Turkey, as well as the Lake Van basin
in eastern Turkey (Fig. 2). The hybrid origin of the
parthenogenetic Darevskia and the identity of their
parents at the species level was determined using
only a few allozyme and mitochondrial DNA (mtDNA)
markers (reviewed in Murphy et al., 2000), and was
broadly confirmed in all later genetic studies (Freitas
et al., 2016, 2019; Tarkhnishvili et al., 2020). Notably,
the parental sexual species themselves were later
shown to harbour high levels of genetic diversity and
complicated geographical structure (Tarkhnishvili
et al., 2020), and at least on the paternal side, they
are characterized by widespread interspecific gene
flow today as well as in the past (Tarkhnishvili et al.,
2013; Freitas et al., 2019). Regarding the origin of the
parthenogenetic species, these recent findings imply
that the general view of reticulate evolution within
Darevskia such as summarized two decades ago by
Murphy et al. (2000) lacks sufficient detail, in terms

paternal
parent

D.mixta ® [ dahli ) ® D.valentini (Georgia & NE Turkey)
® D.portschinskii (Georgia)
D. raddei raddei ~@———®@ rostombekowi @
® D.portschinskii (Armenia)
D. raddei nairensis @ ] uzzelli ) ® D.valentini (Erzurum, Turkey)
/ ® D.valentini (Lake Van area)
D. raddei vanensis ®. ® unisexualis

® sapphirina +
bendimahiensis

/

Figure 1. Schematic origin of parthenogenetic taxa in the genus Darevskia. The list of matrilinear ancestors on the left is
taken unmodified from figure 10 in Tarkhnishvili et al. (2020), while details of the patrilinear ancestry on the right were
updated using the results of the present study. The insert photographs indicate the sexual ancestral species: maternal
D. mixta (A) and D. raddei (C), and paternal D. valentini (B) and D. portschinskii (D).
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Figure 2. Sampling locations of seven parthenogenetic taxa, their presumed ancestral sexual species and their close

relatives.

of both geographical sampling and genome resolution.
While a number of recent studies have compared
the genetic distances of various paternal and hybrid
parthenogenetic populations using a handful of
mitochondrial and nuclear DNA (nDNA) markers,
their results lacked genomic resolution (Tarkhnishvili
et al., 2020), and only a few species were studied
locally (Freitas et al., 2016; Ryskov et al., 2017; Girnyk
et al., 2018; Vergun et al., 2020). Estimates of the time
of the origin of some parthenogenetic species have
been made (Murphy et al., 2000; Freitas et al., 2016;
Murtskhvaladze et al., 2020), and in all cases they
were based on mtDNA sequences. This effectively
measures the time of divergence of the parthenogetic
lineage from its nearest maternal parent, but lacks
validation based on analysis of the paternal genomes.
Considering broad variation of rates of molecular
evolution throughout the tree of life (Ho, 2020), this
complicates true estimation of the time of origin of the
pathenogenetic species.

For the first time in Darevskia, we use high-
throughput genotyping [double-digest restriction
site associated sequencing (ddRAD-seq)] to obtain

genetic data in all parthenogenetic and their
putative parental species over the entire area where
parthenogenesis occurs. As far as our data allow,
we attempt to resolve the exact paternal ancestry
of all known parthenogenetic species, and estimate
the respective divergence times between the extant
parthenogenetic and paternal populations. To this
end, we perform phylogenetic analysis using multiple
short sequences from one region of the genome, which
in parthenogenetic Darevskia has been inherited
exclusively from the paternal side: the Z chromosome.

Homologous and well-differentiated ZZ/ZW sex
chromosomes with shared origin dating back as far
as 85 Mya are characteristic for all lacertid lizards
(Rovatsos et al., 2016, 2019; Stock et al., 2021). The
ZZ/ZW system possesses several attractive properties
compared to XX/XY. The Z chromosome can show
a signature of polymorphism similar to the faster
evolving X relative to the autosomes (Mank et al., 2007,
2010; but see Axelsson et al., 2004). Assuming an even
sex ratio and similar variance in reproductive success
between the sexes, the effective population size on Z is
expected to be three-quarters that of the autosomes.
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The Z chromosome spends two-thirds of its time in
the males, and therefore should experience a slightly
higher mutation rate than autosomes. Hence, neutral
substitutions on the Z should proceed slightly faster
than on the autosomes and on the W (Wilson Sayres &
Makova, 2011). At the same time, sex chromosomes in
general are expected to be less prone to introgression
following interspecific hybridization (i.e. due to
reduced fitness of the heterogametic sex), which has
been demonstrated empirically for X (Macholan et al.,
2011; Maroja et al., 2015) as well as for Z (Storchova
et al., 2010). In short, the sex chromosomes and the
7 chromosome in particular can be expected to more
adequately reflect the history of divergence even in
cases where incomplete reproductive isolation and
secondary hybridization complicate phylogenetic
analyses at other parts of the genome.

In Darevskia, all-female parthenogenetic
populations are diploid and heterogametic (ZW). The
presence of female heterogametic chromosomes has
been directly confirmed in Darevskia portschinskii,
D. raddei (Spangenberg et al., 2019; Rovatsos et al.,
2019), D. valentini, D. unisexualis (Spangenberg et al.,
2017, 2020a), D. armeniaca (Kupriyanova, 2009)
and D. rostombekowi (Spangenberg et al., 2020b).
Assuming that the hybrid species resulted instantly
from the union between the paternal (Z) and maternal
(W) gametes, the Z chromosome in parthenogens
is then inherited directly and exclusively from the
paternal parent. This eliminates the need to phase and
correct the assignment of haplotypes to the respective
parental genomes: a non-trivial task because many
alleles will be shared by both parental populations
due to ancestral polymorphism (Tarkhnishvili et al.,
2020). In contrast, the Z chromosome is expected
to be completely free of maternally derived alleles
and can be used in phylogenetic analysis as a single
sequence unit — in contrast to the seemingly ‘private’
alleles on the autosomal sequences, which could still
be inherited from the mother. The only differences
from the ancestral paternal variant are therefore
due to accumulation of novel mutations, which offers
unique insight into the evolutionary history of the
parthenogenetic populations after hybridization has
occurred.

MATERIALS AND METHODS

Live lizards were collected in Turkey, Georgia and
Armenia, and tissue samples (tail tips) were taken
with negligible harm to the animals, as described
previously (Tarkhnishvili et al., 2020). The animals
were released immediately following the procedure.
Sex was identified based on external morphological
characters and only adult females were included in

the present study to avoid possible bias due to unequal
dosage of Z chromosomes between sexes. In total, 99
individuals were analysed using ddRAD-seq and these
represented all seven parthenogenetic species as
well as their respective sexual parents from multiple
localities (Fig. 2; Supporting Information Table S1).
In particular, our sampling covered all currently
identified, genetically distinct subspecies/geographical
variants of the parental taxa D. mixta, D. raddei,
D. portschinskii and D. valentini found near the
parthenogens, as well as D. rudis rudis and D. rudis
obscura from Georgia that are known to exchange
genes with both D. portschinskii and D. valentini
(Tarkhnishvili et al., 2013), and a distant D. rudis
bolkardaghica from the Taurus mountains in southern
Turkey, representative of the large distribution range
of D. rudis (Arribas et al., 2013; Candan et al., 2021).
Eleven individuals of D. raddei, three of D. mixta and
one of D. derjugini, all representing the maternal clade
of parthenogenetic Darevskia (Murphy et al., 2000),
were used as outgroups in the phylogenetic analysis.

GENOMIC LIBRARY PREPARATION AND BIOINFORMATIC
PROCESSING

Genomic DNA was extracted from alcohol-preserved
tissues as described by Tarkhnishvili et al. (2020), and
genomic ddRAD library preparation and sequencing
was outsourced to a commercial facility (Floragenex
Inc., OR, USA). Briefly, DNA samples were digested
with restriction enzymes Pstl and Msel (New England
Biolabs), and genomic libraries were constructed and
multiplexed using a standard protocol (see Supporting
Information), and sequenced on two lanes of an
Illumina HiSeq instrument (100-bp single-end reads).
No differences were observed in the FASTA read
quality between the two batches of samples. Reads
with quality score < 30 were discarded. Raw reads were
de-multiplexed and adaptors and indexes removed
using Stacks 2.57 software (Rochette et al., 2019), and
quality checked in FastQC. We then aligned the reads
to the reference genome of Podarcis muralis (Andrade
et al., 2019), NCBI assembly GCF_004329235.1, using
the default mismatch settings in BowTie 2 (Langmead
& Salzberg, 2012) and selecting the conservative end-
to-end flag to ensure that the entire read matches the
reference. Only those reads successfully mapped to the
Podarcis Z chromosome (NCBI assembly CM014761.1)
were retained for downstream analyses (Supporting
Information Table S1). The remaining autosomal and
unplaced sequences are outside of the scope of the
present study but will be used in future analyses.
The reference P. muralis genome does not include
any annotations specific to the W chromosome. After
alignment and converting of the individual sequences
into BAM format with SAMtools (Li et al., 2009) we
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performed reference-based assembly in Stacks 2.57
using the software default settings for variant calling.
To maximize the number of useful RAD loci per sample,
we assumed that each individual comes from its own
separate population with size = 1.

PHYLOGENETIC ANALYSIS

All Z-linked ddRAD loci were concatenated and used
in the phylogenetic analysis. Large genome-wide
datasets with a high proportion of missing loci typically
perform better relative to small datasets where the
number of loci has been sacrificed to increase cross-
individual coverage (Wiens & Morrill, 2011; Roure
et al.,2013; Talavera et al., 2021). Principal component
analysis (PCA) was performed using the adegenet
(Jombart 2008) R package, and the co-ancestry matrix
was constructed in fineRADstructure (Malinsky
et al., 2018). A phylogeny of the Z chromosome was
calculated using a Bayesian approach in BEAST
v.2.6.3 (Bouckaert et al., 2014) on the CIPRES Science
gateway (Miller et al., 2010). Prior to building the
trees, the most plausible substitution models were
selected using MEGA-X software (Kumar et al.,
2018). BEAST was run using the Yule process, and
with a random distribution of the offspring number
between individuals; Markov chain Monte Carlo
iterations = 100 000 000. The strict as well as the
relaxed exponential clock models were used to obtain
a range of divergence time estimates.

CORRELATION ANALYSIS OF THE DISTANCES

We analysed the association between the geographical
and genetic distances for all pairs of parthenogenetic
and sexual individuals from the paternal clade.
Geographical distances were measured as the
Euclidean distance based on the exact geographical
coordinates, between the locations of 60 studied
parthenogenetic individuals and each of 21 individual-
based locations of D. portschinskii, D. valentini and
D. rudis. Genetic distances were measured as the
proportion of nucleotide substitutions within each
pair of parthenogenetic and sexual individuals.
Since these only represented a subset of all possible
individual pairs, the Mantel test could not be applied
and Pearson’s correlation coefficients, both direct
and In-transformed, were inferred between the
geographical and genetic distances.

RESULTS

After alignment to the Podarcis genome with an average
mapping success rate of 53%, and the reference-based
assembly of the ddRAD loci in Stacks 2.57, a total of

14 588 loci were mapped to the Z chromosome in all
99 female individuals, of which 3659 loci contained
6806 informative single nucleotide polymorphisms
(SNPs). Only 56 loci were genotyped in all individuals,
but at least 47 (48%) of the studied individuals were
genotyped at 12 143 (83%) loci, while at most two
individuals were missing at 5302 (36%) loci (details in
Supporting Information Table S2). Missing data per se
do not constitute a major source of bias in phylogenetic
analyses, especially when Bayesian methods are
employed (Wiens & Morrill, 2011; Roure et al., 2013),
and thus our dataset contained sufficient information
for further phylogenetic analysis.

The Bayesian tree topology (Fig. 3) clearly
differentiated two major phylogenetic clades in
Darevskia, previously designated by Murphy et al.
(2000) as ‘caucasica’ (i.e. including the species
mixta, raddei and derjugini) and ‘rudis’ (including
nominal rudis, portschinskii and valentini). The
sexual species mixta and raddei from the ‘caucasica’
clade, although known to be maternal parents of the
parthenogenetic taxa, appeared just as distant from
them on the Z chromosome as they were from the
paternal sexual species of the ‘rudis’ clade. In contrast,
the Z chromosomes of parthenogens clustered
closely with their respective paternal species, down
to the level of local geographical populations. In
particular, armeniaca appeared in the same sub-
clade with valentini samples from Georgia; dahli
with portschinskii collected in Georgia; rostombekowi
with portschinskii south of Lake Sevan in Armenia;
uzzelli with valentini from Ardahan, Turkey;
unisexualis with valentini from Erzurum, Turkey;
and two parthenogenetic taxa, bendimahiensis and
sapphirina, with valentini populations from Caldiran
(NE of Lake Van, Turkey). The same pairs of paternal
sexual and daughter parthenogenetic populations
separated clearly on the individual-based PCA and
fineRADstructure plots (Supporting Information). In
all analyses, D. sapphirina and D. bendimahiensis
appear as a single undifferentiated clade, thus
questioning their current status as two separate
species (Schmidtler et al., 1994; Tarkhnishvili et al.,
2020). The choice of the molecular clock substitution
model (strict or relaxed exponential) had no effect on
the tree topology.

We found a strong correspondence of the geographical
and genetic distances between the parthenogenetic
population and its closest paternal relative. For
example, one population of D. bendimahiensis was
found just 3 km from its closest paternal parent
D. valentini in Caldiran (Lake Van area), and the two
geographically distant populations of D. portschinskii
in Georgia and in Armenia clustered locally with
their respective daughter species D. dahli and
D. rostombekowi (Fig. 2). Overall, the correlation
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Figure 3. Bayesian phylogeny of parthenogenetic taxa and their parental sexual species constructed from Z-linked ddRAD
loci. BEAST v.2.6.3 tree, calibrated by (i) the raddei-mixta split, indicated by the single red star symbol, at 12.12 Mya
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coefficient between the geographical and genetic
distance was 0.265 (the total number of distances
compared was 1260). After log-transformation of both
geographical and genetic distances, the correlation
coefficient increased to 0.477, suggesting that genetic
distance does not greatly increase for those sexual
populations which are very remote from the target
parthenogenetic locations (Fig. 4).

To estimate the node ages on our Z chromosome
tree, we calibrated the molecular clock using (1) the
previous divergence time estimates between D. raddei
and D. mixta as reported in three different studies
(14.4, 12.12 or 8.76 Mya: respectively Kumar et al.,
2017, Murtskhvaladze et al., 2020 and Garcia-Porta
et al., 2019), or (2) divergence between D. valentini and
D. raddei (20.6, 18.53 or 13.43 Mya), as reported in the
same studies. The resulting divergence time estimates
of the parthenogenetic species from their closest extant
paternal relative are given in Table 1. The timings of
four such events (i.e. the divergence of armeniaca, dahli,
rostombekowi and uzzelli) grouped within roughly
the same period, which we dated to as early as 1.16—
1.84 Mya (median times) under the relaxed exponential
clock model calibrated according to the TimeTree
online resource (Kumar et al., 2017), or to as recent as
0.45-0.51 Mya under the strict clock model calibrated
according to Garcia-Porta et al. (2019). The divergence
of unisexualis and bendimahensis—sapphirina took
place within a broader and earlier time frame, i.e. from
2.18-3.43 to 0.83-1.28 Mya, respectively. The 95%
probability intervals between these two major groups
overlapped when the relaxed exponential clock model
was used, but remained separate when the strict clock
model was chosen (Table 1; Fig. 3).

DISCUSSION

The molecular phylogeny built on the basis of Z
chromosome sequences provides insight into paternal
ancestry, as well as the place and time of origin
of parthenogenesis in Darevskia lizards. The first
remarkable observation is that the splits of four
parthenogenetic species (armeniaca, dahli, uzzelli and
rostombekow?i) from their respective paternal ancestor
(local populations of valentini and portschinskii) all
occurred within a short period of time. All species in
this group are today found in a compact area centred

in the Lesser Caucasus (Figs 2, 5), and could indeed
point to a rapid series of hybridizations with the
maternal species mixta and raddei, probably preceded
by simultaneous range expansions due to a climatic
event. While our estimates of the split times depend
heavily on the choice of clock model and calibration
points (Table 1), we argue that the strict clock model
might be a more reasonable assumption for closely
related species (Langley & Fitch, 1974; Tiley et al.,
2020). In this case, the middle Pleistocene Climatic
Transition, i.e. glacial cycles increasing in amplitude
and duration (Clark et al., 2006), could have acted as
a trigger for the origin of parthenogenesis around ~1
or ~0.5 Mya in the Lesser Caucasus. The geographical
model of the last time (Last Glacial Maximum) when
conditions were unsuitable for rock lizards over most
of their current range clearly indicates the areas just
north of the Lesser Caucasus as possible refugia for
this group (Fig. 5), and the same refugia were probably
used by Darevskia lizards during the earlier glacial
maxima as well.

Shared geography (both occur on the south-western
side of the Kars—Erzurum Plateau) coupled with the
change in climate could also have been responsible
for the origin of parthenogenetic bendimahiensis—
sapphirina and unisexualis species. However, their
divergence times from the closest extant paternal
populations of valentini are considerably older
compared to those in the Lesser Caucasus and not
simultaneous (from 2.18-3.43 to 0.83-1.28 Mya;
Table 1, Fig. 3). If the strict clock model is chosen, the
divergence times overlap roughly with the earliest
Pleistocene glacial cycles Gibbard et al. 2010. In fact,
our 2.42 Mya estimate of the split of D. unisexualis
from its paternal ancestor D. valentini, under the strict
clock model and 12.12 Mya calibration at the mixta—
raddei node according to Murtskhvaladze et al. (2020),
corresponds very closely to its estimated divergence
from the maternal ancestor D. raddei reported in the
same study (2.59 Mya; Murtskhvaladze et al., 2020).
In summary, it seems plausible that the earlier origin
of unisexualis and bendimahienis—sapphirina was
triggered by a different climatic event(s), and could
have followed the range expansion of the parental
species from the refugial areas south of the Lesser
Caucasus (Fig. 5).

While we have high confidence in the derived
topology of our Z chomosome tree, our ability to

(Murtskhvaladze et al., 2020) or (ii) by the valentini-raddei split, indicated by the double purple star, at 13.43 Mya (Garcia-
Porta et al., 2019). The names of two major clades in the genus Darevskia (maternal ‘caucasica’ and paternal ‘rudis’) that
participated in hybridization and produced parthenogenetic taxa are given according to Murphy et al. (2000). Alternative
divergence time estimates (Mya) that followed from the two different calibration points (i—ii) are shown next to the selected
nodes in red (i) and purple (ii) font. Bars at the nodes represent 95% highest posterior density intervals. All nodes with ages

shown had very high Bayesian support values (>0.99).
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Figure 4. Genetic distances between the parthenogenetic and sexual individuals plotted against straight geographical
distances between their locations. Numbers are In-transformed. Distances between the individual parthenogens and their
presumed patrilineal ancestral populations are shown with different symbols (see key).

estimate the true divergence times could be limited
by a number of factors. First, the sexual populations
examined might not necessarily include the ‘true’
paternal ancestral lineages, due to them either being
extinct or not sampled. This is less of a concern in
the nominal subspecies D. v. valentini (Georgia and
Ardahan in Turkey) and all portschinskii samples,
which are have been studied phylogeographically
(Tarkhnishviliet al.,2013; Rato et al.,2021), but is more
relevant to D. valentini from Erzurum and the Lake
Van basin, where more ancient phylogenetic lineages
have recently been discovered (Candan et al., 2021).
Second, while using the molecular clock, it is hard to
avoid relative bias in the estimation of the divergence
time between the old and recently diverged lineages.
Our calibration is based on different timescales, with

the earliest datings of the most basal split between
the ‘rudis’ and ‘caucasica’ clades (Murphy et al., 2000)
around 20 Mya (Kumar et al., 2017; Murtskhvalandze
et al., 2020), which corresponds to those from a
number of earlier publications (Pyron & Burbrink,
2014; Roquet et al., 2014; Zheng and Wiens, 2016),
although we also used the third calibration based on
a more recent divergence (13.43 Mya) suggested by
Garcia-Porta et al. (2019). If calibrations are placed on
the ancient nodes, the ages of young nodes are likely
to be overestimated (Tiley et al., 2020). In addition, the
largest posterior density intervals for the inferred time
tend to show positive skewness for tip branches taxa
and negative skewness for basal branches (Beavan
et al., 2021). This also explains the unexpectedly
long inferred average divergence time of the Z
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Table 1. Estimated divergence times (Mya) of parthenogenetic species from their closest extant paternal population. Two
combinations of the calibration point + model used to construct the tree in Figure 3 are highlighted in bold.

Calibrated with mixta—raddei split

Calibrated with valentini—raddei split

T strict clock

Relaxed exponential

T strict clock Relaxed exponential

Kumar et al. (2017) 14.4 = 0.55 14.4 (6.0-30.1) 20.6 £ 0.8 20.6 (9.7-41.0)
dahli-portsch (Georgia) 1.02 + 0.02 1.45 (0.24-1.7) 0.69 +0.01 1.03 (0.21-1.43)
rostom—portsch (Ardahan) 1.16 + 0.02 1.16 (0.22-1.6) 0.79 £ 0.01 0.82 (0.2-1.5)
armen—val (Georgia) 1.06 = 0.02 1.60 (0.25-2.0) 0.72 +0.01 0.96 (0.2-1.68)
uzzelli-val (Ardahan) 1.05 £ 0.02 1.84 (0.21-2.49) 0.72 +0.01 1.30 (0.2-2.46)
unisex-val (Lake Van) 2.88 £ 0.06 3.43 (0.8-4.0) 1.96 + 0.04 2.42 (0.6-3.2)
bendi-val (Lake Van) 1.87 £ 0.02 2.18 (0.5-2.8) 1.27 £ 0.02 1.53 (0.4-2.5)
sapph-val (Lake Van) 1.87 £ 0.02 2.18 (0.5-2.8) 1.27 £ 0.02 1.53 (0.4-2.5)
Murtskhvaladze et al. (2020) 12.12 = 0.55 12.12 (5.1-25.0) 18.53 +£0.7 18.53 (8.0-36.9)
dahli-portsch (Georgia) 0.86 = 0.02 1.22 (0.23-1.5) 0.62 +0.02 0.92 (0.21-1.43)
rostom—portsch (Ardahan) 0.97 = 0.02 0.98 (0.2-1.5) 0.71 £ 0.02 0.74 (0.2-1.5)
armen-val (Georgia) 0.89 = 0.02 1.14 (0.23-1.8) 0.65 +0.02 0.86 (0.2-1.67)
uzzelli-val (Ardahan) 0.89 = 0.02 1.55 (0.2-2.47) 0.64 +0.02 1.17 (0.19-2.45)
unisex-val (Lake Van) 2.43 = 0.06 2.88 (0.6-3.3) 1.77 £ 0.04 2.17 (0.59-3.1)
bendi-val (Lake Van) 1.57 £ 0.02 1.83(0.41-2.5) 1.14 + 0.02 1.38 (0.39-2.4)
sapph-val (Lake Van) 1.57 = 0.02 1.83 (0.41-2.5) 1.14 +£ 0.02 1.38 (0.39-2.4)
Garsia-Porta et al. (2019) 8.76 + 0.47 8.76 (4.8-21.0) 13.43 = 0.53 13.43 (5.6-26.9)
dahli-portsch (Georgia) 0.62 + 0.02 0.88 (0.21-1.42) 0.45 = 0.01 0.67 (0.2-1.4)
rostom—portsch (Ardahan) 0.70 £ 0.02 0.71 (0.2-1.5) 0.51 +£0.01 0.53 (0.19-1.62)
armen-val (Georgia) 0.64 = 0.02 0.72 (0.2-1.66) 0.47 = 0.01 0.62 (0.2-1.65)
uzzelli-val (Ardahan) 0.64 = 0.02 1.12 (0.19-2.45) 0.47 = 0.01 0.85 (0.18-2.43)
unisex-val (Lake Van) 1.75 + 0.06 2.08 (0.59-3.1) 1.28 = 0.03 1.58 (0.56-2.8)
bendi — val (Lake Van) 1.14 £ 0.02 1.32(0.39-2.4) 0.83 = 0.01 1.00 (0.37-2.1)
sapph-val (Lake Van) 1.14 £ 0.02 1.32 (0.39-2.4) 0.83 = 0.01 1.00 (0.37-2.1)

chromosome of some conspecific individuals from the
same population, but does not undermine conclusions
on the divergence time between the parthenogens
and their closest patrilineal ancestor populations.
While our results raise the possibility of much older
continuous existence of all obligate parthenogenetic
forms in Darevskia than previously suggested (Moritz
et al.,1992; Freitas et al., 2016), achieving more robust
conclusions is possible by combining the molecular
clock analysis with other approaches. In particular,
demographic modelling based on genomic data with
large sample sizes in parthenogenetic populations,
recently performed on another parthenogenetic
lizard species, Aspidoscellis laredoensis, produced
a maximum age estimate of ~500 kya (Barley et al.,
2022), which coincides with our most recent estimates
(0.45-0.51 Mya).

As far as the same sexual species are concerned, the
topology of our Z chromosome tree shows two differences
compared to the previously suggested phylogenies
of Darevskia. In particular, D. derjugini, which is a
sister taxon to D. mixta on the full mitogenome tree
in Murtskhvaladze et al. (2020), as well as on the
transcriptomic data-based tree in Garcia-Porta et al.

(2019), is instead found on the same branch with
D. raddei on our Z chromosome tree (Fig. 3). In the
second case, the discrepancy includes our results and
Murtskhvaladze et al. (2020), on the one side, and
Garcia-Porta et al. (2019), on the other, regarding the
positions of D. rudis, D. valentini and D. portschinskii
(i.e. the ‘rudis’ group; Murphy et al., 2000). Our Z
chromosome results agree with the mitogenome tree,
placing D. rudis as a sister taxon to both D. valentini
and D. portschinskii, while the transcriptome data, as
well as some earlier mtDNA-based studies, suggest
that D. portschinskii is an outgroup (Tarkhnishvili
et al., 2013; Garcia-Porta et al., 2019; Candan et al.,
2021). Further complicating the picture, the node
datings within this subclade are drastically different
between the mitochondrial and nuclear/genomic DNA-
based phylogenies. In particular, while the entire ‘rudis’
group appears to have diverged from the common
ancestor <1 Mya on the mtDNA tree, the most basal of
the three species is separated by at least 4-5 Myr (our
most recent median time estimates) according to our
results (Fig. 3; Table 1) and to those of Garcia Porta
et al. (2019). We suggest that these differences could
be explained by hybridization among the three species,
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Figure 5. Geographical area with annual mean
temperature > 0 °C and annual precipitation > 500 mm at
present (upper panel) and 21 kya (Last Glacial Maximum),
according to Hijmans et al. (2005) and the MIROC
(Braconnot et al., 2007) palaeoclimatic model.

as well as by differences in introgression among
different parts of the genome. Introgression of mtDNA
(Tarkhnishvili et al., 2013) as well as microsatellite
genotypes (Freitas et al., 2019) has been demonstrated
for all three species of the ‘rudis’ group. Moreover,
the populations which were sampled in different
studies could have possessed introgressed vs. non-
introgressed haplotypes. In particular, D. portschinskii
from some Georgian populations, used in the study
of Murtskhvaladze et al. (2020), has mitochondrial
haplotypes more closely related to D. rudis obscura
and D. valentini from southern Georgia than to
the populations from Armenia and south-eastern
Georgia. Both mtDNA and autosomal elements may
introgress more readily compared to genes located on
sex chromosomes (Babik et al., 2005; Macholan et al.,

2011; Zielinski et al., 2013; Hassanin, 2015). One could
speculate that the introgression of Z chromosomal
sequences occurs much more rarely, and populations of
D. portschinskii and D. valentini that are paraphyletic
at some mtDNA and nuclear sequences (Tarkhnishvili
et al., 2013; Candan et al., 2021, Garcia-Porta et al.,
2019) are monophyletic when the Z chromosome is
considered.

In conclusion, our approach to constructing the
phylogeny using Z-linked genomic markers proved
to be very useful in identifying the genetically closest
paternal sexual populations of each parthenogenetic
species in Darevskia rock lizards. We have also
pinpointed at least one major period when the
hybridization and switch to parthenogenesis occurred
almost simultaneously in four different instances, all
seemingly confined to the same geographical area in
the Lesser Caucasus, while the origin of two other
parthenogenetic taxa must have taken place earlier
in geological time. In addition, we found that the Z
chromosome-based phylogeny of the sexual paternal
species themselves also presents different divergence
time estimates compared to previous studies based
on mtDNA. Further analysis of autosomal genomic
markers will provide more resolution into the
very complex history of the origin and evolution of
parthenogenesis in this group.
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Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Methods. ddRAD library preparation protocol (perfomed by Floragenex, Inc., OR. USA).

Figure S1. Principal component analysis on individual Z-linked genotypes. Ellipses indicate pairs of
parthenogenetic species + their inferred paternal bisexual population.

Figure S2. fineRADstructure co-ancestry plot constructed from the individual Z-linked genotypes. Species/
population names are indicated on the left and individual samples names are listed along the x-axis. The scale
bar on the right represents the absolute co-ancestry values inferred by fineRADstructure.

Table S1. Individual lizard samples used in the study.

Table S2. Distributions of ddRAD loci across samples and SNPs across loci (from populations.log.distribs file

following the Stacks 2 assembly).
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