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The results of the analysis of the genetic structure in population systems of green 
frogs on the territory of Lviv and Volyn regions are presented. The material was col­
lected in 2011–2012 in water bodies representing three nature regions of Ukraine – 
Forecarpathians, Roztochia, and Western Polissia. Three taxonomic groups of green 
frogs were in a focus of the study: Marsh frog – Pelophylax ridibundus (Pallas, 1771), 
Pool frog – Pelophylax lessonae (Camerano, 1882) and their hybrid – Edible frog – 
Pelophylax esculentus (Linnaeus, 1758). DNA was extracted from 91 individuals and 
analyzed using of 10 pairs of primers: Rrid059, Rrid082, Rrid171, Res5, Res14, Res16, 
Res22, RlCA1b5, RlCA18, RlCA19. A majority of those are highly polymorphic and di­
agnostic for species identification. During the analysis, we used programs based on 
principles of Bayesian statistics and Monte-Carlo Markov Chain algorithms: Structure, 
BAPS, and NewHybrids. Linkage groups were searched using the GenePop software, 
and hidden null-alleles were detected using Micro-Checker program. For the first time, 
in the studied area the genetic structure of populations and population systems were 
described. After the analysis of genetic diversity of frogs sampled from the Pelophylax 
ridibundus population and from hemiclonal population systems of mixed R-E-L type, we 
found that the smallest genetic diversity is observed in the population of Marsh frog from 
the Nyzhankovychi area (Forecarpathians). More diverse are hemiclonal population 
systems of green frogs sampled in water bodies of “Cholgynskyi” ornithological reserve 
(Ukrainian Roztochia) and Shatsk National Nature Park (Western Polissia). Also, for the 
first time, the hybrid composition of studied localities is described. Hybrids of the first 
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generation (F1) and backcrosses were detected in water bodies of Shatsk National 
Nature Park and ornithological reserve “Cholgynskyi”.

Keywords:	 green frogs, microsatellite loci, Structure, BAPS, NewHybrids, back­
crosses, water bodies of Western Ukraine

INTRODUCTION
The group of green frogs (Pelophylax) is known because of a specific way of repro­

duction of hybrid individuals. In 1964, Polish scientists L. Berger [3] described an excep­
tional scheme of hybridization between two species of green frogs – Marsh frog Pelophy-
lax ridibundus (Pallas, 1771) and Pool frog – Pelophylax lessonae (Camerano, 1882) 
with an Edible frog (Pelophylax esculentus (Linnaeus, 1758)) as a result. These three 
groups of frogs can exist side by side, freely cross-breed and produce hybrids and 
hemiclonal population systems (HPS) [47]. Somatic cells in hybrids contain halves of 
genomes of two parental species obtained during fertilization (karyotype is composed of 
26 chromosomes; half of each belongs to March frog and another half to Pool frog [38]). 
Germ cells of hybrids contain only a genome of one of the parental species (R – P. ri-
dibundus or L – P. lessonae), and another half is eliminated. After the elimination of one 
half of a genome, the other half undergoes endoreduplication and is called “clonal” 
(because of the absence of recombination). In fact, it is a copy of the parental genome 
and usually marked by a capital letter in the parenthesis – (R) and (L), accordingly. 
Cross-breeding of hybrids with parental species also produces hybrids [32]. Such a way 
of reproduction is called hemiclonal (Fig. 1).

Fig. 1. A scheme of formation and reproduction of hybrid Edible frogs Pelophylax esculentus
Рис. 1. Схеми утворення і відтворення гібридних особин жаби їстівної Pelophylax esculentus

Since 1990-s, a research of genetic structure in green frogs became popular. Analy
sis of the genetic structure of green frog populations is a powerful tool which allows 
studying processes unavailable for classical zoological methods. Taking into account  
a peculiarity of green frogs of West Palearctic, with normal and widespread hemiclonal 
reproduction [8], usage of classical methods do not show a whole picture of population 
structure. Therefore, usage of more precise genetic methods is preferable. For instance, 
barcoding by cytochrome b [14] or electrophoresis of allozyme loci [13] allows precise 
taxon identification. Also, the method of microsatellite DNA analysis is widespread and 
available [13, 14, 21, 24, 28, 43, 49]. It is frequently used to analyze population structure 
of green frogs.
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Correct usage of genetic methods is a powerful tool to study population borders 
[35], introgressions [7], hybridization, variants of backcrosses that can occur in popula­
tions or population systems. But genetic methods are also prone to errors [39]. For 
example, the occurrence of null-alleles can influence the estimation of heterozygosis 
and ploidy of an individual [15, 55]. Linkage groups, if not accounted, also lead to an 
incorrect assessment of population structure [28]. To deal with described possible errors 
in analysis, special computer programs were developed [8, 32].

Literature review indicates an existence of numerous computer programs that are 
capable to identify heredity patterns, migrations and genetic isolation of subgroups and 
use methods of Bayesian statistics: BAPS [11], Bayes [35], BayesAss+ [55], Geneclust 
Tess [17], Geneland [20], InStruct [18], NewHybrids [1], Partition [11], Structurama [27], 
Structure [15], GenСlon [3]. Majority of them use Markov Chain Monte Carlo approach 
(MCMC) that is now a standard approach in the Bayesian analysis [17, 39].

The aim of this work was to analyze the genetic structure of population systems of 
green frogs from different nature regions of Western Ukraine with the usage of modern 
methods of statistical analysis based on the Bayesian approach. Besides, we wanted to 
prove a occurrence of hybridization in the studied area and to clarify the origin of hybrids.

MATERIAL AND METHODS
Greens frogs sampled from three different localities of Lviv and Volyn regions were  

in the focus of the study. 31 individuals of Marsh frog were sampled in ponds near 
Nyzhankovychi town (Starosambirskyi district, Lviv region, Forecarpathians, 49°40′17.7′′N 
and 22°48′15.3′′E). 42 individuals of green frogs were sampled from reservoirs in the 
ornithological reserve “Cholgynskyi”  (Yavorivskyi district, Lviv region, Roztochia nature 
zone, 49°55′03.5′′N and 23°26′27.6′′E; 18 Pool frogs, 18 Marsh frogs, and 6 hybrids). 
Also, 21 green frogs in Shatsk National Nature Park (SNNP, 51°34′06.2′′N and 
23°54′05.1′′E; 5 Marsh frogs, 1 Pool frog, and 15 hybrids). In total, 94 individuals were 
collected during 2011–2012, but DNA was successfully extracted from 91 samples. In the 
paper, enumeration of individuals is given taking into account those three individuals with 
no DNA extracted (N 3, 32 and 56), because the same enumeration of individuals is used 
in the set of previous publications [50, 51, 52].

DNA was extracted from samples of muscle tissue stored in 70% alcohol and also 
from buccal swabs according to the method of N. Pindasie et al. [37]. For the extraction of 
DNA, we used universal laboratory sets “Diatom™ DNA Prep” produced by the “Labora­
toriya Isogen”. After the analysis of literature and preliminary testing, a set of 10 pairs of 
primers was selected for the amplification of microsatellite loci of green frogs. Most of loci 
are highly polymorphic (exactly such are needed for the analysis of clonal individuals [2]) 
and diagnostic for species identification – Rrid059А, Rrid082А, Rrid171А [25]; Res5, 
Res14, Res16, Res22 [57]; RlCA1b5, RlCA18, RlCA19 [18]. For the PCR, we used already 
prepared mixes of reagents specially developed for the PCR-amplification – GenePak® 
PCR Core produced by “Laboratoriya Isogen”. Electrophoretic separation of obtained 
DNA samples was performed in 6% polyacrylamide gel with the usage of Tris-Borate-
EDTA buffer (TBE Buffer). To estimate the length of fragments, a DNA plasmid pBR322 of 
E. coli prepared by HpaII restriction endonuclease was added to each of the gel plates.

To find possible linkage groups of microsatellite loci GenePop 4.7.0 software was 
used [44–46]. To find hidden null-alleles Micro-Checker [32] was applied. Allele frequen­
cies and parameters of genetic variability in populations (average number of alleles per 
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locus, NA), values of observed (HO) and expected (HE) heterozygosity, fixation index (F)) 
were calculated using GenAlEx 6.503 macros for Microsoft Exсel [33], and were tested 
by us before [50].

The analysis of population structure with the implementation of the Bayesian ap­
proach was performed in Structure 2.3.4 [15, 39], BAPS 6.0 [11], and NewHybrids 1.1 [1] 
programs. For the clusterization in Structure [39] the K value was set in the range between 
2 and 7. Also, 10 runs with the length of burning period equal to 10 000 and 100 000 ite
rations (МСМС) were set [13–15, 21, 39]. Optimal number of groups (K) was calculated 
in Structure Harvester [15]. Multiple results of clusterization from Structure were united in 
Clumpp [26] to obtain a consensus result. While running BAPS 6.0 [10], according to the 
recommendations of developers, K value was set equal to 3, 5, 10, and 15 [11]. The num­
ber of iterations to estimate admixture coefficient was 100; the number of referent popula­
tions – 200. As developers recommend selecting a number of iterations for admixture 
coefficient estimation in the range between 5 and 20, was used 10 [11].

By using the NewHybrids 1.1 program [1], we performed an estimation of the hybri
dity of individuals in a population based on loci RlCA1b5 and Rrid059A. Those loci were 
selected because each of them has unique alleles that are fixed in P.  lessonae (fre­
quency 1,00). Calculations were done using the following settings: the length of burning 
period equal to 20 000 and 200 000 iterations (МСМС).

RESULTS AND DISCUSSION
Alleles of three loci (Rrid059А, RlCA1b5, RlCA18) are described in literature [13, 

23, 41] as species-specific, and this tendency is consistent with our data [50]. All ob­
tained genotypes are provided on the web resource [53].

Checking for null-alleles by Micro-Checker program indicated their possible occur­
rence in locus RlCA1b5 in P. ridibundus from the “Cholgynskyi” reserve, Res22 in P. es-
culentus from the “Cholgynskyi” reserve, Rrid171A in P. lessonae from the “Cholgyn­
skyi” reserve, Rrid059A in P. ridibundus and Rrid082A in P. esculentus from SNNP. Also, 
after the analysis of loci in GenePop, we did not find any linkage groups that influenced 
the estimation of the number of classes [28].

Structure and BAPS programs are not sensitive to the presence of null-alleles [8], 
but loci with high amount of missing data were excluded from the further analysis [39, 
55]: Res5, Res14 and RlCA18 (the last locus was not amplified in Marsh frog samples).

The results from Structure and BAPS differ (please check the link [53]) despite the 
fact that both programs use similar principals and Hardy-Weinberg equilibrium as  
a basis. Identification in NewHybrids is done on the basis of genotypic frequencies. The 
program identifies pure species after analysing the unique alleles [1]. In our study, such 
alleles were found in Rrid059A and RlCA1b5 loci.

On the Fig. 2, difference in the taxon composition in samples is noticeable. In water 
bodies of Nyzhankovychi only Marsh frogs were detected, but in the samples from 
“Cholgynskyi” reserve and SNNP, all three taxons were found, forming hemiclonal popu
lation systems [30, 47] of mixed R-E-L – type.

In the sample from reservoirs in the “Cholgynskyi” reserve, two hybrids (N 45, 75) 
of the first generation were found. Also, three backcrosses (Fig. 2) were detected, two 
of which are the result of hybridization with Marsh frog (N 61, 64) and one with Pool frog 
(N 69). Despite the occurrence of hybrids, a majority of frogs in the sample are repre­
sented by pure parental species. Probably, hybridization of green frogs on this territory 
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is a recent phenomenon, or hybridization with individuals of parental species does not 
always produce viable offsprings. Such a result is consistent with information awailable 
in the literature [5, 38].

Opposite situation in the distribution of taxons and hybrids was found in a sample 
from SNNP (Fig. 2). The most prominent is prevailing of hybrids of the first generation 
(N 47–49, 54–58, 86–89, 91, 94) and backcrosses with Marsh frog (N 90, 93) over pa­
rental species (N 50–53 – Marsh frog and N 92 – Pool frog). Further perspective of 
these hemiclonal population systems depends on few factors: genome, which is trans­
ferred in hemiclonal way, ((R), (L) and simultaneous presence of both variants – (R) and 
(L)); a survival rate of pure species individuals, whose genome is transferred in hemi­
clonal way (phenomena of hybridolise); a survival rate of hybrids; a possible admixing 
from the outside [30, 38].

Fig. 2.	 Indicator of genetic diversity of green frogs in the Western Ukraine according to the results of analysis 
in NewHybrids. Each of the vertical bars represents a single frog and numeration below corresponds 
to that in the text. Numbers 3, 32, and 56 are absent on the diagram because DNA was impossible to 
extract from those samples. Also, presented numbers are not subsequent because samples were 
collected not during one field visit (Nyzhankovychi – N 1–31; “Cholgyni” – N 33–46, 59–85; Shatsk – 
N 47–57, 86–94); P. r. – Pelophylax ridibundus, P. l. – P. lessonae, F1 – hybrids of the first generation; 
F2 – hybrids of the second generation; B_x P.r. – backcrosses with P. ridibundus; B_x P.l. – back­
crosses with P. lessonae

Рис. 2.	Генетичне різноманіття зелених жаб заходу України за результатами аналізу в NewHybrids. Ко­
жен вертикальний стовпчик відповідає одній особині, а номер під стовпчиком – нумерації осо­
бин у тексті. На графіках немає особин № 3, 32 та 56, оскільки з відповідних зразків не вдалося 
виділити ДНК. Також номери особин у виділених вибірках непослідовні, оскільки матеріал віді­
брано не за один виїзд (Нижанковичі – № 1–31; Чолгині – № 33–46, 59–85; Шацьк – № 47–57, 
86–94); P. r. – Pelophylax ridibundus, P. l. – P. lessonae, F1 – гібриди першого покоління; F2 – гі­
бриди другого покоління; B_x P.r. – беккроси із P. ridibundus; B_x P.l. – беккроси із P. lessonae
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In general, the parental species are more diverse and stable in Hardy–Weinberg 
equilibrium, what is understandable taking into account the taxonomic status of both 
species – classical species with preservation of all know genetic Mendel laws of here­
dity. Not such straightforward are laws of heredity in the hybrid Edible frogs. Taking into 
account clonal transfer of genome (even simultaneous transfer of genomes of both pa­
rental species [47, 5]), absence of recombination [29], possible introgression [31, 22], 
possibility of cross-breeding between hybrids and occurrence of backcrosses, Hardy–
Weinberg equilibrium in such case cannot be used as a criteria of diversity, because all 
these factors violate it. Because of combining of two parental genomes in one individu­
al, allele diversity in hybrids should be higher. Clonal transfer of a genome across gen­
erations will increase total heterozygosity in a population system of hybrids.

CONCLUSIONS
1. In the studied water bodies on the territory of Western Ukraine,  a population of 

Marsh frogs (in Nyzhankovychi area) and R-E-L-type of hemiclonal population system 
in the “Cholgynskyi” reserve (43 % Marsh frogs, 43 % Pool frogs, and 14 % hybrids) and 
SNNP (24 %, 5 %, and 71 %, respectively) were detected.

2. Pure populations of the parental species are more stable and less diverse in the 
Hardy–Weinberg equilibrium than hemiclonal population systems with hybrids. A genetic 
diversity of detected population systems differs. Individuals from the samples taken in the 
“Cholgynskyi” reserve show higher diversity than such from the SNNP. 

3. Hybrid individuals of green frogs sampled in the “Cholgynskyi” reserve are more 
diverse by origin. Among the six hybrids, two are a result of cross-breeding of parental 
species (F1) and four are backcrosses produced after cross-breeding with Marsh frog 
(n = 2) and Pool frog (n = 2). A majority of individuals in samples from SNNP are hybrids 
of the first generation (n = 13); other two are backcrosses with Marsh frog.

4. A occurrence of primary hybridization (between parental species) resulting in 
hybrids of the first generation was confirmed on the studied territory (47 % of F1 hybrids 
were mature individuals).
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ГЕНЕТИЧНЕ РІЗНОМАНІТТЯ ПОПУЛЯЦІЙНИХ СИСТЕМ ЗЕЛЕНИХ ЖАБ 
(PELOPHYLAX ESCULENTUS COMPLEX) ВОДОЙМ ЗАХОДУ УКРАЇНИ
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У роботі представлено результати аналізу генетичної структури популяційних 
систем зелених жаб Львівської та Волинської областей. Матеріал відібрано у 2011–
2012 роках із водойм трьох природних регіонів західної України – Передкарпаття, 
Українського Розточчя (Львівська обл.) та Західного Полісся (Волинська обл.). 
Об’єктом роботи були особини трьох таксономічних груп зелених жаб (рід Pelophy-
lax), які поширені на території України, а саме: жаба озерна – Pelophylax ridibundus 
(Pallas, 1771), жаба ставкова – Pelophylax lessonae (Camerano, 1882) та їхній  
гібрид – жаба їстівна – Pelophylax esculentus (Linnaeus, 1758). ДНК виділено із 91 
особини земноводних і проаналізовано з використанням 10 пар праймерів: Rrid059А, 
Rrid082А, Rrid171А, Res5, Res14, Res16, Res22, RlCA1b5, RlCA18, RlCA19. Біль­
шість із використаних маркерів є високополіморфними та діагностичними для ви­
значення виду. Під час аналізу використано програми, які працюють на принципах 
баєсівської статистики і алгоритмі Монте-Карло на основі ланцюгів Маркова (MCMC), 
а саме: Structure, BAPS та NewHybrids. За допомогою програми GenePop здійсне­
но пошук груп зчеплення, а для пошуку прихованих null-алелей використовували 
програму Micro-Checker. Уперше для зелених жаб досліджуваної території вста­
новлено генетичну структуру популяцій і популяційних систем. Проаналізувавши 
генетичне різноманіття земноводних, відібраних із популяції Pelophylax ridibundus 
і геміклональних популяційних систем (ГПС) змішаного типу, а саме R-E-L-типу, 
найменше генетичне різноманіття виявлено в популяції жаби озерної (смт Нижан­
ковичі, регіон Передкарпаття). Більш різноманітними є аналізовані геміклональні 
популяційні системи зелених жаб, відібраних із водойм орнітологічного заказника 
“Чолгинський” (Українське Розточчя) та Шацького національного природного парку 
(Західне Полісся). Також уперше встановлено гібридний склад популяційних сис­
тем досліджуваних локалітетів. Виявлено гібридів першого покоління (F1) та бек­
кросів у водоймах Шацького національного природного парку й орнітологічного за­
казника “Чолгинський”.

Ключові слова:	 зелені жаби, мікросателітні локуси, Structure, BAPS, 
NewHybrids, беккроси, водойми Західної України
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