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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, RICA1b5, RICA18, RICA19. 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
Puc. 1. Cxemu yTBOpEHHS i BifTBOPEHHS ribpuaHux ocobuH xabwu ictiBHoi 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], GenClon [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
Nyzhankovychitown (Starosambirskyidistrict, Lvivregion, 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 — Rrid059A, Rrid082A, Rrid171A [25]; Res5,
Res14, Res16, Res22[57]; RICA1b5, RICA18, RICA19[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 Hpall 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, N,), values of observed (H,) and expected (H;) heterozygosity, fixation index (F))
were calculated using GenAlEx 6.503 macros for Microsoft Excel [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 (MCMC) 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 RICA1b5 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 (MCMC).

RESULTS AND DISCUSSION

Alleles of three loci (Rrid059A, RICA1b5, RICA18) 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 RICA1b5 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 RICA18 (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 RICA1b5 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].

%
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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. I. — 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

Puc. 2. l'eHeTUYHe pisHOMaHITTS 3eneHux xab 3axoay YkpaiHu 3a pesynbratamu aHanisy B NewHybrids. Ko-
KEeH BepTMKanbHWIA CTOBNYUK BiAnoBigae ogHii ocobuHi, a HoMep nig CTOBMYMKOM — HyMepaLii oco-
6uH y TekcTi. Ha rpadhikax Hemae ocobuH Ne 3, 32 Ta 56, ockinbku 3 BiANOBIAHKX 3pa3kiB He BAANocs
Buainutn OHK. Takox Homepu ocobuH y BUaiNeHnx Bubipkax HENOCMiAOBHI, OCKINbK1 MaTepian Bigi-
©paHo He 3a oauH Bui3g (HwwkaHkoBuyi — Ne 1-31; YonruHi — Ne 33—-46, 59-85; Laubk — Ne 47-57,
86-94); P. r. — Pelophylax ridibundus, P. |. — P. lessonae, F1 — ribpuan nepiuoro nokoniHHs; F2 — ri-
©6puan apyroro nokoniHHs; B_x P.r. — 6ekkpocwm i3 P. ridibundus; B_x P.I. — 6ekkpocwm i3 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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FEHETUYHE PI3HOMAHITTA NONYNAUIMHUX CUCTEM 3EJIEHUX XKAB
(PELOPHYLAX ESCULENTUS COMPLEX) BOOOUM 3AXOAY YKPAIHU

B. O. Cmax*', 0. M. Cmpyc?3, I. C. Xamap'

JlbsiecbKkuli HayioHanbHUl yHieepcumem imeHi IsaHa @paHka
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Y pob6oTi npegcTaBneHo pesynbrati aHanidy reHeTUYHOI CTPYKTYPU NONYNsLinHMX
cucTeM 3eneHux xab J1bBiBCcbKoi Ta BonmHebkoi obnacten. Matepian BigibpaHo y 2011—
2012 pokax i3 BOOOWM TpbOX MPUPOAHMX perioHiB 3axigHoi YkpaiHu — NepegkapnatTs,
YkpaiHcbkoro Postouus (JleBiBcbka 06n.) Ta 3axigHoro [Moniccs (BonuHcbka 061.).
O6’ekToM po60oTK Bynm 0COBMHM TPLOX TAKCOHOMIYHUMX rpyn 3eneHux xab (pig Pelophy-
lax), siki nowmpeHi Ha TepuTopii YkpaiHu, a came: xxaba o3epHa — Pelophylax ridibundus
(Pallas, 1771), xaba ctaBkoBa — Pelophylax lessonae (Camerano, 1882) Ta ixHin
riopug — xaba ictiBHa — Pelophylax esculentus (Linnaeus, 1758). OHK BuaineHo i3 91
0COBMHM 3eMHOBOAHMX i NpoaHani3oBaHo 3 BUkopuctaHHaM 10 nap npavimepis: Rrid059A,
Rrid082A, Rrid171A, Res5, Res14, Res16, Res22, RICA1b5, RICA18, RICA19. binb-
WICTb i3 BUKOPUCTaAHNX MapKepiB € BUCOKONONIMOPMOHMMN Ta AiarHOCTUYHUMW ANS BU-
3HayeHHs Buay. ig Yac aHanisy BUKOPUCTaAHO Nporpamu, siki NpaLoloTb Ha NpuUHLUMNax
Baeciscbkoi ctatucTuky i anroputMi MoHTe-Kaprno Ha ocHoBi naHutoris Mapkosa (MCMC),
a came: Structure, BAPS ta NewHybrids. 3a gonomoroto nporpamun GenePop 3aincHe-
HO MOLUYK rpyn 34enrneHHs, a Ans noLlyKy npuxoBaHux null-anenen BMKopucToByBanu
nporpamy Micro-Checker. Ynepwe gns 3eneHux »xab gocnigxyBaHoi TepuTopil BCTa-
HOBMNEHO reHeTUYHY CTPYKTYpPY nonyndauin i nonynauininx cuctem. lNpoaHanisyBasLuu
reHeTUYHE Pi3HOMaHITTS 3eMHOBOAHMX, BifibpaHux i3 nonynsauii Pelophylax ridibundus
i remiknoHaneHUx nonynsauinHux cuctem (IMC) amiwaHoro Tuny, a came R-E-L-tuny,
HaVMEHLLE reHeTUYHE Pi3HOMAaHITTS BUSBMEHO B nonynsuii »kabu 03epHoi (cMT HnkaH-
KoBwWui, perioH NepeakapnarTa). binbl pi3HOMaHITHUMK € aHani3o0BaHi remikrnoHarbHi
nonynsuinHi cuctemm 3eneHunx xab, BigibpaHux i3 BOOOWM OPHITONOrYHOro 3akasHuka
“YonrmHebkuin” (YkpaiHcbke Po3Touust) Ta Laubkoro HauioHansHOro Mpupo4HOro napky
(3axigHe lMoniccs). Takoxk ynepLue BCTAaHOBIEHO ribpuaHWIA cknag nonynsauinHux cuc-
Tem JocnigKyBaHux nokanitetie. BusisneHo ribpuais neporo nokoniHHa (F1) ta 6ek-
KpociB y Bogormax LLlaubkoro HauioHansHOro NpUpoagHOro napky W OpHITONOrYHOro 3a-

~ 9

Ka3HuKa ““YonrmHcbkmnn®.

Knrovoei crioea: 3eneHi xabw, MikpocaTeniTHi nokycu, Structure, BAPS,
NewHybrids, 6ekkpocu, Bogonmmn 3axigHoi Ykpainu
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