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Abstract—Study of genome size variation in cells of vertebrates using DNA flow cytometry makes it possible
to determine polyploid individuals precisely, which is extremely important when studying the processes of
reticulate speciation. In addition, in many groups of vertebrates, closely related species often differ in the
nuclear DNA content. Therefore, the purpose of our study was to explore the variability of genome size and
ploidy in populations of 29 species and subspecies of rock lizards of the genus Darevskia, as well as their
hybrids. As a result of this study, the range of variability in individuals of different ploidy (91% of diploid and
9% of triploid individuals) was established not to overlap. Among diploid species, no correlation was found
between the nuclear DNA content and phylogenetic relationships, geographic coordinates, altitude, average
annual temperatures, and precipitation. Representatives of all studied species complexes (with the exception
of D. adjarica) had approximately the same limits of variability. Two species (D. derjugini and D. saxicola)
show significant intraspecific variability. Comparisons of the genome size of parthenogenetic and bisexual
species generally revealed no noticeable differences between them. Studies of triploid hybrids have shown that
their genome size as a whole roughly corresponds to the sum of the average size of the diploid genome of the
maternal parthenogenetic species and the haploid genome of the paternal species. The variability of genome
sizes within samples of triploid hybrids was, on average, slightly higher than in most parthenogenetic species,
but somewhat lower than in bisexual species. This paper discusses the peculiarities of reticulate speciation in

this group of animals.
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INTRODUCTION

Polyploidy is a poorly understood phenomenon,
occasionally encountered in vertebrates, in which an
increase in the chromosome set, a multiple of the hap-
loid one, is observed (Mason and Pires, 2015; Dar and
Rehman, 2017). Usually, two categories of polyploids
are distinguished: allopolyploids, which are hybrids,
and autopolyploids, which are individuals that have
several sets of chromosomes of the same species (Bor-
kin et al., 1996). Among reptiles, polyploidy is rela-
tively common: triploid lineages have been identified
in approximately 20 species complexes from seven
families (Bogart, 1980; Kearney et al., 2009; Trifonov
etal., 2015; Abdala et al., 2016; Stock et al., 2021). The
origin of these triploid lineages is usually associated
with interspecific hybridization and parthenogenetic
reproduction (Kearney et al., 2009). Sometimes trip-
loid parthenogenetic females cross with males of dip-
loid bisexual syntopic species, which can result in tet-
raploid individuals. Such cases have been noted in
American lizards of the genus Aspidoscelis Fitzinger

1843 from the family Teiidae Gray 1827 (Hardy and
Cole, 1998; Lutes et al., 2011; Cole et al., 2014, 2017).

In addition to triploid parthenogenetic lines, non-
hybrid mixoploidy and random spontaneous autotrip-
loidy are occasionally found in reptiles. Thus, diploid-
triploid mosaicism is observed in populations of the
twist-necked turtle Platemys platycephala (Schneider
1792) of the family Chelidae Gray 1831 and in the
Chilean lizard Liolaemus chiliensis (Lesson 1830) from
the family Liolaemidae Frost et Etheridge 1989. It is
possible that mosaicism plays an important role in sex
determination in these animals (Bickham et al., 1985;
Lamborot et al., 2006; Bickham and Hanks, 2009). A
mixture of diploid and triploid somatic cells was also
found in a parthenogenetic female Central American
lizard Lepidophyma flavimaculatum Duméril 1851
from the family Xantusiidae Baird 1858 (Bezy, 1972),
and spontaneous autotriploidy in the Australian leaf-
tailed gecko Saltuarius cornutus (Ogilby 1892) from the
family Carphodactylidae Kluge 1967 (Pensabene
et al., 2024).
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Mountain or rock lizards of the genus Darevskia
Arribas 1999 (family Lacertidae Bonaparte 1831) are
currently represented by 41 species, of which seven are
parthenogenetic (Arakelyan et al., 2023; Uetz, 2024).
These are small lacertids that inhabit mainly mountain
forest, grassy, and rocky biotopes in western Asia and
southeastern Europe from the Balkans to the Kopet-
dag Mountains. Most species have relatively small
ranges (https://www.lacerta.de/AS/Home.php).

It has been proven by various methods that parthe-
nogenetic species arose through hybridization
between bisexual “parental” species (Uzzell and
Darevsky, 1974, 1975; Borkin and Darevsky, 1980;
Moritz et al., 1992; Murphy et al., 2000; Girnyk et al.,
2018). Various authors date their appearance to the
Pleistocene or even the Holocene (Darevsky et al.,
1985; Moritz et al., 1992; Freitas et al., 2016; Yanchu-
kov et al., 2022). In areas where the ranges of bisexual
and parthenogenetic species of rock lizards in the
Caucasus overlap, hybridization can occur, which
sometimes results in triploid individuals (Darevsky
etal., 1978). They are usually sterile and can be
female, male, or hermaphrodite (Darevsky et al.,
1989). Sometimes these triploids are able to produce
offspring, which can lead to the emergence of
extremely rare tetraploid hybrids (Danielyan et al.,
2008; Freitas et al., 2019; Arakelyan et al., 2023).

Karyological methods are generally used to deter-
mine ploidy in eukaryotic organisms. However, they
are quite labor-intensive. Therefore, in recent
decades, precise DNA flow cytometry has become
widespread (Rozanov and Vinogradov, 1998). It
allows one to determine the amount of nuclear DNA
(= genome size) in one measurement in a huge num-
ber of cells. It should be noted that, in many groups of
vertebrates, closely related species often differ in the
amount of nuclear DNA, which makes it possible to
perform species identification easily in each individual
using this method (Biriuk et al., 2016; Dufresnes et al.,
2019, 2019a; Borkin, Litvinchuk, 2022).

We are aware of several papers (Chilingaryan and
Pavlov, 1961; Darevsky and Kupriyanova, 1982;
Darevsky et al., 1989; Darevsky et al., 1991; Ochkalova
et al., 2022) containing information on the amount of
nuclear DNA in some species of the genus Darevskia.
However, the results presented in them were obtained
using different methods and are therefore poorly com-
parable. Measuring the genome size in vertebrate cells
using precise DNA flow cytometry allows for accurate
identification of polyploid individuals (Litvinchuk
et al., 2010; Biriuk et al., 2016; Litvinchuk et al., 2018,
2019), which is extremely important when studying
the processes of reticulate speciation.

Over 40 years, we have accumulated a large amount
of genome size data from different populations and
species of the genus Darevskia. Thus, the aim of our study
was to investigate the variability of nuclear DNA quantity

and ploidy in populations of rock lizards and their hybrids
using the method of DNA flow cytometry.

MATERIALS AND METHODS

In the period 1984—2024, we studied the variability
of genome size in 273 individuals of 29 species and
subspecies, as well as their hybrids from 82 localities
from Abkhazia, Armenia, Azerbaijan, Georgia, Iran,
Russia, Turkey, and South Ossetia, as well as in three
laboratory hybrids D. chlorogaster @ X D. caspica 3
(Table 1, Fig. 1). Selective capture and preliminary
determination of triploid hybrids in field conditions
were carried out by 1.S. Darevsky. Division of the
genus Darevskia into species complexes was carried
out according to data from phylogenetic studies (Arri-
bas, 1999; Ahmadzadeh et al., 2013; Doronin, 2015;
Tarkhnishvili et al., 2020). However, it is important to
note that the inter- and intraspecific structure of rep-
resentatives of this genus is not yet sufficiently devel-
oped. Therefore, our assignment of some populations
to certain subspecies (for example, D. derjugini
(Nikolsky 1898)) requires further confirmation.

The amount of nuclear DNA was measured using
DNA flow cytometry. Blood was collected from the
autopsied lizard tail tip into a Versene solution (phos-
phate buffer containing 0.7 mM EDTA, pH=7.3-7.7;
Biolot, St. Petersburg, Russia). The cells were stored
at 4—6°C. The blood cells to be tested were mixed with
reference cells, which were male house mouse splino-
cytes (Mus musculus Linnaeus 1758) (laboratory line
C57B1, average genome size is 6.80 pg by Bianchi
et al., 1983) or blood cells of the grass frog (Rana tem-
poraria Linnaeus 1758) from Leningrad oblast of Rus-
sia (10.32 pg by Borkin et al., 2001). The total concen-
tration of cells in the suspension was approximately
10° cells/mL. To 500 uL of the reference cell mixture
and 500 uL of the test species cell mixture, 5.5 UL of a
0.3 M aqueous solution of MgCl, were added succes-
sively, 5.0 uL of 1% aqueous Triton X-100 solution
and 5.0 uL of 1% aqueous ethidium bromide (EB; for
measurement on CytoFLEX), or a mixture of 2.5 uL
of 1% aqueous olivomycin solution and 5.0 ul of 1%
aqueous solution of ethidium bromide (EB + OM; for
measurement on a laboratory model of a flow cytom-
eter). The standard staining duration ranged from 10
to 60 min at room temperature (~21°C).

DNA flow cytometry was conducted using a Cyto-
FLEX flow cytometer, Beckman Coulter, Inc., CA
(EB) and/or a laboratory model of a flow cytometer
(EB +OM) developed at the Institute of Cytology,
Russian Academy of Sciences (St. Petersburg, Russia;
https://patents.google.com/pat-
ent/SU1056008A1/ru), based on a Lumam-I1 fluo-
rescence microscope (Lomo, St. Petersburg, Russia)
with a mercury lamp as a light source.

The genome size in relative units was determined
for each individual as the ratio of the average value of
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Table 1. Collection sites, coordinates, altitude, sample size (n), and genome size variability in rock lizards of the genus

Darevskia
Altitude, m Genome size, pg
. Coordinates, ’
No. Taxon Location abovesea | 7 | Mean+ SD
degrees N, E - Range
level (CV) g
Complex D. caucasica
1 |alpina Mount Dzykhva, 43.217, 41.150 1500 1 3.21 —
Abkhazia
2 |alpina Kamyshanaya Polyana, |44.105, 40.017 1450 1 3.25 —
Adygea, Russia
3 | alpina Mount Zakan, Karachai- | 43.708, 40.800 2000 1 3.31 -
Cherkessia, Russia
Total for the species D. alpina 3 3.26 £0.05 | 3.21-3.31
(1.4)
4 | caucasica caucasica Lechinkai, Kabardino- |43.533, 43.367 800 1 3.24 —
Balkaria, Russia
5 |caucasica caucasica Tamisk River gorge, 42.917, 44.183 950 12 3.20+0.02 | 3.18-3.26
North Ossetia—Alania, 0.7)
Russia
Total for the subspecies D. c. caucasica 13 3.21+£0.02 | 3.18-3.26
(0.8)
6 | caucasica vedenica Kharachoi, Chechnya, |42.883, 46.117 1500 3 3.32+0.04 | 3.28-3.36
Russia (1.3)
Total for the species D. caucasica 16 3.23+£0.05 | 3.18-3.36
(1.7)
7 | dagestanica Khupri, Dagestan, 42.203, 45.845 1758 4 3.23+0.07 | 3.17-3.33
Russia 2.1)
8 | derjugini abchasica Sukhum, Abkhazia 43.000, 41.044 20 1 3.47 —
9 | derjugini abchasica Verkhnyaya Gumista 43.183, 41.017 550 7 3.42 £0.03 | 3.37-3.47
River gorge, Abkhazia (1.0)
10 | derjugini abchasica Buru Ridge, Abkhazia |43.233, 41.100 1400 2 3.38 £0.02 | 3.37-3.39
Total for the subspecies D. d. abkhazica 10 3.421+0.04 | 3.37-3.47
(1.1)
11 | derjugini derjugini Bakuriani, Georgia 41.733, 43.533 1660 1 3.25 —
12 | derjugini derjugini Chobiskhevi, Georgia |41.768, 43.318 1225 2 3.21+£0.00 | 3.21-3.21
Total for the subspecies D. d. derjugini 3 3.22£0.03 | 3.21-3.25
(0.8)
Total for the species D. derjugini 13 3.37£0.09 | 3.21-3.47
2.7)
13 | mixta Akhaltsikhe, Georgia 41.925, 43.486 800 1 3.31 —
14 | mixta Ertso Lake, South 42.467, 43.751 1720 5 3.28 £0.03 | 3.25-3.33
Ossetia 0.9)
Total for the species D. mixta 6 3.28 £0.03 | 3.25-3.33
(1.0)
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Table 1. (Contd.)

Altitude. m Genome size, pg
No Taxon Location Coordinates, above s:aa n
. degrees N, E N Mean = SD Range
€ve (CV)
Complex of D. chlorogaster
15 | caspica Kandovan, Iran 36.590, 51.390 205 5 3.34+£0.03 | 3.31-3.37
(0.9)
16 | chlorogaster Piran, Azerbaijan 38.683, 48.633 602 3.43£0.03 | 3.41-3.44
17 | chlorogaster Siaku, Azerbaijan 38.594, 48.788 30 4 3.40 £0.03 | 3.37-3.45
(1.0)
18 | chlorogaster Sym, Azerbaijan 38.500, 48.650 500 2 3.26 £0.00 | 3.26—3.27
19 | chlorogaster Vilyash-chai River 38.969, 48.532 230 2 3.27+0.03 | 3.25-3.29
gorge, Azerbaijan
Total for the species D. chlorogaster 10 3.35+0.08 | 3.25-3.45
2.4)
Complex of D. parvula
20 | adjarica Akhaltsikhe, Georgia 41.925, 43.486 800 1 3.64 —
Complex D. praticola
21 | pontica Staroshcherbinovskaya, |46.644, 38.657 10 1 3.25 -
Krasnodar krai, Russia
22 | pontica Krepostnaya, Krasnodar |44.703, 38.693 74 10 3.22+0.02 | 3.19-3.28
krai, Russia 0.7)
23 | pontica Psebai, Krasnodar krai, |44.098, 40.771 685 1 3.23 —
Russia
24 | pontica Khadzhokh, Adygea, 44.309, 40.189 407 2 3.22+£0.01 | 3.21-3.22
Russia
25 | pontica Kamyshanaya Polyana, |44.168, 40.041 1200 1 3.30 —
Adygea, Russia
26 | pontica Sovkhoznyi, Adygea, 44.545, 40.150 255 1 3.22 —
Russia
27 | pontica Mount Strizhament, 44.808, 42.068 500 2 3.33+£0.00 | 3.33-3.34
Stavropol krai, Russia
Total for the species D. pontica 18 3.24+0.04 | 3.19-3.34
(1.4)
28 | praticola hyrcanica Gadazydakhi point, 38.467, 48.583 1510 1 3.25 —
Azerbaijan
29 | praticola loriensis Dilijan, Armenia 40.738, 44.837 1316 2 3.37+£0.00 | 3.37—-3.38
30 | practicola practicola Staropavlovskaya, 43.833, 43.617 330 3 3.28 £0.04 | 3.24-3.31
Stavropol krai, Russia (L.1)
31 |practicola practicola Krasnokumskoe, 44.184, 43.507 250 3 3.31 £0.04 | 3.27-3.33
Stavropol krai, Russia (1.2)
32 | practicola practicola Shaumyansky, Stavropol | 44.161, 43.523 254 1 3.29 —
krai, Russia
BIOLOGY BULLETIN  Vol. 52:234 2025
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Table 1. (Contd.)

Altitude. m Genome size, pg

No Taxon Location Coordinates, above s:aa n

. degrees N, E o Mean = SD Range
c€ve (CV)

33 | practicola practicola Vladikavkaz, North 42.995, 44.690 780 1 3.30 —

Ossetia—Alania, Russia

Total for the subspecies D. p. praticola 8 3.30£0.03 | 3.24-3.33
(0.9)

Total for the species D. practicola 11 3.31£0.04 | 3.24-3.38
(1.3)

Complex of D. raddei

34 | raddei nairensis Mount Hatis, Armenia |40.217, 44.650 1550 8 3.27 £0.01 | 3.25-3.30
0.4)

35 | raddei nairensis Yerevan, Armenia 40.167, 44.483 950 3 3.27 £0.04 | 3.23-3.30
(1.1)

36 |raddei nairensis Bjni, Armenia 40.448, 44.624 1641 3 3.37 £0.02 | 3.36—3.40
(0.6)

37 | raddei nairensis Lchashen, Armenia 40.511, 44.951 1916 3 3.33£0.04 | 3.29-3.37
(L.1)

Total for the subspecies D. r. nairensis 17 3.30£0.05 | 3.23-3.40
(1.4)

38 | raddei raddei Sevkar, Armenia 41.017, 45.133 940 7 3.30 £0.05 | 3.25-3.37
(1.4)

39 | raddei raddei Tilyakant, Azerbaijan 38.950, 48.500 460 2 328 £0.00 | 3.28—3.28

40 | raddei raddei Sym, Azerbaijan 38.489, 48.641 480 3.20 £0.04 | 3.17-3.23
Total for the subspecies D. r. raddei 11 3.28 £0.06 | 3.17-3.37

(1.7)
Total for the species D. raddei 28 3.29+£0.05 | 3.17-3.40
(1.5)
Complex of D. rudis
41 | bithynica tristis Abant Lake, Turkey 40.609, 31.289 1331 6 3.38+£0.02 | 3.36—3.41
(0.5)
42 | portschinskii nigrita Stepanovan, Armenia | 41.014, 44.383 1357 4 3.48 £0.06 | 3.40—3.54
(1.7)
43 | rudis chechenica Verkhnii Lars, North 42.750, 44.617 1600 1 3.36 —
Ossetia—Alania, Russia
44 | rudis chechenica Patsa River gorge, South | 42.366, 43.889 1100 5 3.41 £0.01 | 3.40—-3.43
Ossetia 0.3)
Total for the subspecies D. r. chechenica 6 3.40 £0.02 | 3.36—3.43
(0.7)

45 | rudis obscura Dabadzveli, Georgia 41.768, 43.332 1522 1 3.18 —

46 | rudis obscura Akhaltsikhe, Georgia 41.925, 43.486 800 1 3.40 -
Total for the subspecies D. r. obscura 2 3.29+£0.15 | 3.18-3.40
Total for the species D. rudis 3.37£0.08 | 3.18-3.43

(2.3)
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Table 1. (Contd.)

Altitude. m Genome size, pg
No Taxon Location Coordinates, above s:aa n
) degrees N, E Mean + SD Ranee
level (CV) g
47 |valentini Mount Hatis, Armenia |40.217, 44.650 1550 4 3.34£0.05 | 3.31-3.42
(1.6)
Complex of D. saxicola
48 | arribasi Ertso Lake, South Osse-|42.467, 43.751 1720 8 3.37£0.10 | 3.27-3.51
tia (2.9)
49 | brauneri brauneri Verkhnyaya Gumista 43.183, 41.017 550 5 3.19 £0.11 | 3.01-3.28
River gorge, Abkhazia (3.4)
50 | brauneri brauneri Buru Ridge, Abkhazia |43.233, 41.100 1400 1 3.24 —
51 | brauneri brauneri Bzyb River gorge, 43.241, 40.396 80 1 3.22 —
Abkhazia
52 | brauneri brauneri Ochamchira Ridge, 42.920, 41.554 220 3 3.27£0.01 | 3.25-3.28
Abkhazia 0.4)
53 | brauneri brauneri Tuapse, Krasnodar krai, | 44.100, 39.050 100 1 3.15 —
Russia
54 | brauneri brauneri Novomikhaylovskii, 44.250, 38.850 60 5 3.26 £0.02 | 3.23-3.27
Krasnodar krai, Russia (0.5)
55 | brauneri brauneri Sochi, Krasnodar krai, [43.563, 39.761 80 1 3.18 —
Russia
Total for the species D. brauneri 17 3.23£0.07 | 3.01-3.28
2.1
56 | lindholmi Cape Fiolent, 44.516, 33.474 25 4 3.44 +£0.05 | 3.37-3.47
Sevastopol, Russia (1.4)
57 | lindholmi Angarskii Pass, Crimea, |44.717, 34.344 490 1 3.41 —
Russia
Total for the species D. lindholmi 5 3.43+0.04 | 3.37-3.47
(1.3)
58 | saxicola Nizhnyaya Yermolovka, | 43.741, 41.503 1128 2 3.28 £0.03 | 3.26—3.30
Karachai-Cherkessia,
Russia
59 |saxicola Nizhnyaya Teberda, 43.630, 41.868 1058 3 3.32+0.01 | 3.30-3.33
Karachai-Cherkessia, 0.4)
Russia
60 |saxicola Chegem River gorge, 43.383, 43.183 1200 1 3.03 —
Kabardino—Balkaria,
Russia
61 |saxicola Kislovodsk, Stavropol |43.950, 42.733 800 4 3.55+0.02 | 3.53-3.56
krai, Russia 0.5)
62 |saxicola Nikitino, Krasnodar 43.959, 40.676 1400 7 3.18+0.03 | 3.13-3.21
krai, Russia 0.9)
Total for the species D. saxicola 17 3.29 £ 0.16 | 3.03—3.56
4.9)
BIOLOGY BULLETIN  Vol. 52:234 2025



GENOME SIZE VARIATION IN DIPLOID AND POLYPLOID ROCK LIZARDS

Page 7 of 15 234

Table 1. (Contd.)

Altitude. m Genome size, pg
No Taxon Location Coordinates, above s:aa n
) degrees N, E Mean + SD Ranee
level (CV) g
Parthenogenetic species of hybrid origin
63 |armeniaca Ankavan, Armenia 40.633, 44.483 1980 1 3.31 —
(mixta @ X valentini 3)
64 | armeniaca Sevkar, Armenia 41.017, 45.133 940 15 3.39+0.04 | 3.31-3.44
(mixta @ X valentini 3) (1.3)
65 |armeniaca Privolnoye, Armenia 41.139, 44.395 1771 4 3.28£0.01 | 3.26—3.29
(mixta @ X valentini 3) 0.4)
66 | armeniaca Dilijan, Armenia 40.739°C 1264 5 3.36 £0.04 | 3.31-3.41
(mixta @ X valentini 3) 44.846 (1.1)
Total for the species D. armeniaca 25 3.36 £0.06 | 3.26—3.44
(L.7)
67 |dahli Sevkar, Armenia 41.017, 45.133 940 2 3.35+0.00 | 3.35-3.35
(mixta @ X portschinskii 3)
68 | dahli Stepanovan, Armenia | 41.014, 44.383 1357 7 3.39 £0.03 | 3.36—3.43
(mixta @ X portschinskii 3) (0.8)
69 | dahli Tumanyan, Armenia 41.000, 44.650 850 3 3.35+0.00 | 3.35-3.35
(mixta @ X portschinskii 3) (0.1)
70 | dahli Dilijan, Armenia 40.739°C 1264 2 3.37 £0.07 | 3.33-3.42
(mixta @ X portschinskii 3) 44.846
Total for the species D. dahli 14 3.38+0.03 | 3.33—-3.43
(1.0)
71 | rostombekowi Sevkar, Armenia 41.017, 45.133 940 3 3.35+£0.01 | 3.34-3.35
(r. raddei @ X portschinski 3) 0.2)
72 | unisexualis Mount Hatis, Armenia |40.217, 44.650 1550 12 3.33+0.01 | 3.32-3.35
(r. nairensis @ %X valentini 3) 0.2)
73 |unisexualis Kuchak, Armenia 40.520, 44.381 1880 1 3.37 —
(r. nairensis @ X valentini 3)
74 | unisexualis Unknown locality, 9 3.34+0.04 | 3.27-3.43
(7. nairensis @ X valentini 3)| Armenia (1.3)
Total for the species D. unisexualis 22 3.34 +£0.03 | 3.27-3.43
(0.9)
Natural hybrid triploids
75 | armeniaca X r. nairensis Hrazdan, Armenia 40.500, 44.767 1750 1 4.99 -
76 | armeniaca X valentini Mount Tezh, Armenia |40.617, 44.467 1950 4 5.04£0.12 | 4.94-5.20
(2.4)
77 | dahli X portschinskii Stepanovan, Armenia | 41.014, 44.383 1357 1 5.08 —
78 | dahli X r. nairensis Kojori, Georgia 41.667, 44.700 1410 1 5.02 —
79 | rostombekovi X r. raddei Gosh, Armenia 40.717, 45.000 1300 2 518 £0.08 | 5.12-5.24
80 | unisexualis X r. nairensis Ltap, Armenia 40.450, 45.067 1970 1 4.97 —
81 |unisexualis X r. nairensis Hrazdan, Armenia 40.500, 44.767 1750 7 497 £0.02 | 4.95—4.99
(0.3)
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Table 1. (Contd.)

Altitude. m Genome size, pg
No Taxon Location Coordinates, above s:aa
. degrees N, E o Mean = SD Range

eve (CV)

Total for D. unisexualis X D. r. nairensis 497 £0.02 | 4.95—-4.99
0.3)

82 | unisexualis X valentini Kuchak, Armenia 40.520, 44.381 1880 5.05£0.10 | 4.95-5.22
2.1

Laboratory diploid hybrids

83 | chlorogaster % caspica Haneh-e-Asyab, Iran 38.380, 48.760 160 3.40 £0.01 | 3.38—3.41

Kandovan, Iran 36.590, 51.390 205 0.4)

the peak of the studied cells on the DNA histogram to
the peak for the reference species. To analyze the mea-
surement results, the CytExpert 2.0 (Beckman
Coulter) and BARS (Institute of Cytology, Russian
Academy of Sciences) programs were used. Because of
the GC specificity of olivomycin, the genome size
estimates obtained by staining nuclei with a mixture of
this dye and ethidium bromide were overestimated.
Therefore, we multiplied them by an experimentally
calculated coefficient, which, on average, for lizards of
this genus was equal to 0.871. Some other details of the
method have been described previously (Rozanov and
Vinogradov, 1998; Borkin et al., 2001).

To assess the influence of climate conditions on the
genome size among populations of diploid rock lizard
species, we used the mean annual temperatures and

precipitation (climate data for ~1950—2000) from the
WorldClim 2.1 database (Fick and Hijmans, 2017).

RESULTS

When studying the genome size of rock lizards, we
identified 251 (91%) diploid and 25 (9%) triploid indi-
viduals (Table 1). The range of variability in individu-
als with different ploidy did not overlap (3.01-3.64
and 4.94—5.24 pg, respectively; Fig. 2). Among dip-
loid species, we did not identify any sexual differences.
No reliable correlation between the amount of nuclear
DNA in populations and the geographic latitude (+*> =
0.0002, df = 1.60, p = 0.92), longitude (+* = 0.21, df =
1.60, p = 0.26), altitude (#2 = 0.00001, df = 1.60, p =
0.98), the average annual temperatures (2 = 0.002,
df=1.60, p = 0.71), and the amount of precipitation
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Fig. 1. Map of localities of rock lizards of the genus Darevskia. The insert in the upper right corner (a) covers the territory of north-
ern Armenia. There is a photo in the lower right corner of D. lindholmi from Cape Fiolent (Sevastopol).
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Fig. 2. Variability (violin-plots) of the amount of nuclear DNA in different species, subspecies, and interspecific hybrids of rock

lizards of the genus Darevskia.

(¥ =0.04, df= 1.60, p = 0.11) was detected. The high-
est altitude species of the genus, D. alpina (Darevsky
1967), was practically no different by genome size
from the lowland D. pontica (Lantz et Cyrén 1918) and
D. praticola (Eversmann 1834). There were no differ-
ences between species living in areas with different
moisture conditions.

No relationship was observed between the genome
size and the phylogenetic relationships of species.
Representatives of all complexes studied had approxi-
mately the same limits of variability (3.01—3.56 pg).
The only exception was D. adjarica (Darevsky et Eiselt
1980) (3.64 pg; Fig. 2). Significant intraspecific vari-
ability was noted in a number of species. Thus, all the
samples we studied that belonged to the subspecies
D. derjugini abchasica (Bischoff 1982) were character-
ized by elevated genome size values (3.37—3.47 pg).
They differed sharply not only from the nominative
subspecies (3.21—3.25 pg), but also from other species
of the complex (Table 1, Fig. 2). Also, increased intra-
specific variability was noted within D. saxicola
(Eversmann 1834). The population from Kislovodsk
(3.53—3.56 pg) significantly differed in elevated values
from other populations of this species (3.03—3.33 pg;
Fig. 2).

All three laboratory hybrids between closely related
species D. chlorogaster (Boulenger 1908) and
D. caspica Ahmadzadeh, Flecks, Carretero, Mozaf-
fari, Bohme, Harris, Freitas et Rodder 2013 were
found to be diploid. Their average genome size (3.40
pg) was slightly higher than that of their parent species

BIOLOGY BULLETIN  Vol. 52:234 2025

(3.34 and 3.35 pg). This small deviation (1.6%) may be
due to the fact that the measurement of the amount of
nuclear DNA in hybrids and their parental species was
carried out at different times and with different indi-
viduals of the reference species. This could have sig-
nificantly influenced the results of our measurements,
since the genome size of, for example, Rana tempo-
raria from Leningrad oblast, used as a reference stan-
dard, can vary from 10.0 to 10.5 pg (our unpublished
data).

Comparison of the genome size of diploid parthe-
nogenetic species of hybrid origin with bisexual spe-
cies of this genus generally did not reveal any signifi-
cant differences between them. The amount of nuclear
DNA in parthenogenetic species, as a rule, did not go
beyond the limits of variability in the parental species
(3.26—3.44 pg and 3.17—3.54, respectively; Table 1).
However, when comparing the average values, the
genome size of parthenogenetic species sometimes
coincided with the average obtained for the parental
species and sometimes differed slightly from them.
Thus, the average genome size of D. dahli (Darevsky
1957) was equal to 3.38 pg, and in the parents D. mixta
and D. portschinskii (Kessler 1878), it was 3.28 and
3.48 pg, respectively; in D. rostombekovi (Darevsky
1957) — 3.35 pg, and D. r. raddei (Boettger 1892) and
D. portschinskii, 3.28 and 3.48 pg; D. unisexualis
(Darevsky 1966), 3.34 pg, and D. raddei nairensis
(Darevsky 1967) and D. valentini, 3.30 and 3.34 pg;
D. armeniaca (Méhely, 1909), 3.36 pg, and D. mixta
and D. valentini, 3.28 and 3.34 pg. It is important to
note that the measurement of the amount of nuclear
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DNA in parthenogenetic and parental species was car-
ried out at different times and with different individu-
als of the reference standard species, which could have
influenced the appearance of such relatively small dif-
ferences from the average, such as, for example, in
D. armeniaca (up to 1.5%).

A study of triploid hybrids showed that the size of
their genome roughly corresponds to the sum of the
average diploid genome size of the maternal partheno-
genetic species and the haploid genome of the paternal
species. Thus, triploid hybrid D. armeniaca X D. r. nai-
rensis had an average genome size of 4.99 pg, and the
sum of the parental genomes was 5.01 pg; in the hybrid
D. armeniaca X D. valentines 5.04 with the estimated
5.03 pg, respectively; D. dahli X D. portschinskii (5.08
and 5.12 pg); D. dahli X D. r. nairensis (5.02 and
4.99 pg); D. unisexualis X D. r. nairensis (4.97 and
4.99 pg); D. unisexualis < D. valentini (5.05 and 5.01 pg).
The only exception were hybrid triploids D. rostombe-
kovi X D. r. raddei, in which the amount of nuclear
DNA was significantly (by 3.7%) higher than the cal-
culated values (5.18 versus 4.99 pg).

The genome size variability within triploid hybrid
samples (CV = 0.3—2.4%) was, on average, slightly
higher than that of most diploid parthenogenetic spe-
cies (0.2—1.7%), but slightly lower than that of bisex-
ual species (0.5—4.9%).

DISCUSSION

Comparison of our results with data from other
authors showed that the use of different methods can
yield very different results. Thus, Chilingaryan and
Pavlov (1961) determined the genome size in blood
cells of rock lizards (then classified as belonging to the
genus Lacerta Linnaeus 1758) according to the
method of Dische (1931). They found that the average
amount of nuclear DNA in parthenogenetic D. arme-
niaca equals 6.05 pg, bisexual D. valentini (“Saxicola
terentijevi”) was 6.30 pg; and their triploid hybrid was
13.29 pg. These values turned out to be much higher
than the estimates we obtained in this work (the aver-
age for D. armeniaca was 3.36 pg; D. valentini, 3.34 pg;
and their triploid hybrid, 5.04 pg). The large differ-
ence between the results can be explained by the
imperfection of the method of Dische used by these
authors.

Darevsky and Kupriyanova (1982) measured the
genome size in erythrocytes of three individuals of
rock lizards (Stepanovan, Armenia) using the Feulgen
reaction (Feulgen and Rossenbeck, 1924). The aver-
age amount of nuclear DNA in parthenogenetic
D. armeniaca was equal to 106.3 conventional units; in
bisexual D. portschinskii was 108.2; and in the triploid
hybrid D. dahli < D. portschinskii was 140.0. If we
recalculate these units to the average genome size we
obtained (3.36 pg for D. armeniaca), then the amount
of nuclear DNA in D. portschinskii will be equal to

3.42 pg and in the triploid hybrid, 4.43 pg. These val-
ues turned out to be quite close to the data we obtained
for the first species (3.48 pg), but differed greatly (by
14%) from those we obtained for these hybrids
(5.08 pg). This is probably due to the fact that the
measurements were carried out under different stain-
ing conditions (the cells of each individual were
stained on a separate slide) and without comparison
with the cells of the reference standard species. With
this experimental design, the results of nuclear DNA
quantity measurements are usually inaccurate.

A later study of the genome size using DNA flow
cytometry in rock lizards was conducted on four indi-
viduals from the valley of the Marmarik River in
Armenia (Darevsky et al., 1989). One individual par-
thenogenetic D. armeniaca, two triploid hybrids
D. unisexualis X D. valentini, and one putative hybrid
between parthenogenetic species D. unisexualis and
D. armeniaca were studied (in parthenogenetic spe-
cies, fertile males may occasionally appear (Darevsky
and Kupriyanova, 1982)). All individuals studied were
collected in one locality, in which D. valentini was pre-
viously artificially introduced (Darevsky and Daniel-
yan, 1968). Later, these same authors (Darevsky et al.,
1991) additionally studied the genome size of one
individual D. unisexualis from the same location. All
measurements were made on the same instrument
base (laboratory model cytometer) and using the same
reagents as in our work. Therefore, the data obtained
in this paper (D. armeniaca 0.57 X 0.871 X 6.8 = 3.38 pg;
D. unisexualis 3.38 pg; triploid hybrids D. unisexualis %
D. valentini, 5.21 pg) are very close to our results
(Table 1).

Recently, Ochkalova et al. (2022) presented data
on nuclear genome sequencing of D. valentini and esti-
mated the size of the haploid genome of this species at
1.46 Gb. This estimate differs somewhat from our
results, since, if we use the formula proposed by Dole-
zel et al. (2003), the diploid genome size of this species
should be equal to 2.99 pg, which is obviously (11.1%)
lower than our estimate (3.34 pg). Such a noticeable
difference can be caused by a number of reasons, but
two can be suggested as the main ones.

First, the estimated amount of nuclear DNA in the
reference species used in our study may be overesti-
mated. For example, we believe that the average
genome size of a male Mus musculus is 6.8 pg (Bianchi
et al., 1983). But some authors estimated the size of
the haploid genome of this species at 2.5 Gb (i.e., 2n =
5.11 pg; https://www.ncbi.nlm.nih.gov/datasets/
genome/GCA _029233825.1/), which is significantly
lower (by 28.4%) than our estimate.

Secondly, genome size estimates based on sequenc-
ing data can vary significantly among different authors.
For example, the amount of nuclear DNA in the hap-
loid genome of the three grass frog individuals sequenced
to date was estimated at 3.7 Gb (https://www.
ncbi.nlm.nih.gov/datasets/genome/GCA._ 905171725.1/),
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4.1 Gb (https://www.ncbi.nlm.nih.gov/datasets/genome/
GCF_905171775.1/), and 4.3 Gb (https://www.ncbi.
nlm.nih.gov/datasets/genome/GCA_009802015.1/).
These significant differences (up to 15%) are likely due
to difficulties in accounting for the number of repeat-
ing elements and the use of different software.

It is important to note that, when using DNA flow
cytometry and ethidium bromide as a dye, it is possible
to avoid the difficulties that arise when comparing
data obtained by different methods. Our studies con-
firmed that using this method allows us to determine
ploidy reliably in each of the rock lizard individuals
studied. We previously obtained similar results when
studying diploid-polyploid complexes, for example, in
amphibians (Borkin et al., 2004; Litvinchuk et al.,
2010; Biriuk et al., 2016; Litvinchuk et al., 2018, 2019).

The homogeneity in genome size variability among
diploid subspecies and species of rock lizards is note-
worthy: 3.01-3.64 pg in bisexual taxa and 3.26—
3.44 pg in parthenogenetic hybrid species. There are
no major differences between subspecies, species, and
even species complexes, or between bisexual and par-
thenogenetic species.

No geographic variation (correlation of genome
size with geographic coordinates) could be detected,
despite the large territory covered by our samples,
including the entire Caucasus region, the Crimea,
Turkey, and Iran (Table 1, Fig. 1). As an example, we
note that such a correlation exists, for example, in
tailed amphibians in the family Salamadridae Gold-
fuss 1820 (Litvinchuk et al., 2007).

We also found no correlation with the altitude of
the habitats, although the range of altitudes from
which the samples were taken extended from sea level
to 2000 m. There is no obvious dependence of the
genome size on ecological and geographical condi-
tions, for example, on the degree of humidity of the
climate, although some species clearly gravitate
towards more humid, and others, towards drier habi-
tats. The literature discusses a possible relationship
between genome size and environmental temperature
in vertebrates (Canapa et al., 2020), as well as environ-
mental temperature and humidity in insects (Gregory
et al., 2013).

The study of the evolutionary relationships
between species of rock lizards served as the basis for
the development of a universal theory of reticulate
(=hybridogenic) speciation (Borkin and Darevsky,
1980). This theory explains the origin of polyploid ani-
mal species through hybridization. According to it, the
emergence of diploid parthenogenetic lineages as a
result of natural interspecific hybridization between
closely related bisexual species is the first stage of
reticulate speciation. The second stage is the emer-
gence of allotriploid forms as a result of hybridization
of maternal diploid parthenogenetic and paternal
bisexual species. In the third stage, fertile triploid
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females mate with males of bisexual species and even-
tually give rise to a new bisexual tetraploid species.

Indeed, modern research confirms that interspe-
cific hybridization is a widespread phenomenon in
many animal groups (Borkin and Litvinchuk, 2013).
But, as a rule, hybridization between closely related
species of terrestrial vertebrates at the boundaries of
their ranges (parapatry) or in zones of their overlap
(sympatry) does not lead to the formation of either
parthenogenetic lineages or polyploid individuals. For
example, in amphibians, discoveries of polyploid indi-
viduals in zones of interspecific hybridization of dip-
loid species are extremely rare (Litvinchuk et al.,
2016). In reptiles, polyploid individuals have not yet
been discovered in the hybridization zones of diploid
bisexual species.

However, most of the studied polyploid lineages
among vertebrates are of hybrid origin (Litvinchuk
et al., 2016; Stock et al., 2021). This is apparently
explained by the fact that they only appear if hybrid-
ization occurs between phylogenetically distant spe-
cies (Dufresnes et al., 2019, 2021). Reproductive iso-
lation between species develops gradually through the
accumulation of many “barrier loci”, each of which
has only a small effect. When species are young, their
genomes can easily mix without polyploidy. However,
if the divergence time between them is relatively large,
then the gene flow between them becomes extremely
limited, since many of the genes can no longer func-
tion normally in hybrids (Dufresnes et al., 2021).

In this case, the only way out for such hybrids is the
transition to one of the types of clonal reproduction,
such as parthenogenesis, gynogenesis, creditogenesis,
etc. (Litvinchuk, 2021). However, with such methods
of reproduction, a rapid accumulation of harmful
mutations occurs (“Muller’s ratchet”; Muller, 1932),
which can lead to significant difficulties in reproduc-
tion and ultimately to the extinction of the species.
The way out of this situation is the transition to poly-
ploidy (an increase in the number of genomes leads to
a decrease in the influence of harmful mutations). For
example, in green frogs of the genus Pelophylax
Fitzinger 1843 testicular anomalies in triploid hybrids
are much less common than in diploid hybrids (Lit-
vinchuk, 2018).

However, unlike many other groups of reptiles,
obligate triploid lineages have not been found in rock
lizards. Only occasionally in the contact zones of par-
thenogenetic and bisexual species can single polyploid
individuals appear, which are usually sterile (Daniel-
yan et al., 2008). This situation is probably due to the
fact that this process is only at the beginning of its evo-
lutionary path (Arakelyan et al., 2023). However, it is
important to note that, unlike fish and amphibians,
not a single tetraploid species has yet been identified
among reptiles in natural conditions. Based on this, we
can conclude that reptiles (as well as amniotes in gen-
eral) have some internal (probably genetic) limitations
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that prevent the transition to the third and final stage
of reticulate speciation.
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