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Abstract
Hybridization and polyploidy play an important role in animal speciation. European water frogs of the Pelophylax esculentus complex demonstrate
unusual genetic phenomena associated with hybridization, clonality and polyploidy which presumably indicate an initial stage of reticulate speciation.
The Seversky Donets River drainage in north-eastern Ukraine is inhabited by both sexes of the diploid and triploid hybrid P. esculentus and only one
parental species Pelophylax ridibundus. Based on the presence of various types of hybrids, all populations studied can be divided into three geographical groups: I) P. ridibundus–P. esculentus without triploids; II) P. ridibundus–P. esculentus without diploid hybrids; and III) P. ridibundus–P. esculentus with a mixture of diploids and triploids. A study of gametogenesis revealed that diploid P. esculentus in populations of the ﬁrst type usually
produced haploid gametes of P. ridibundus and a mixture of haploid gametes that carried one or another parental genome (hybrid amphispermy). In
populations of the second type, hybrids are derived from crosses of P. ridibundus males with triploid hybrid females producing haploid eggs with a
genome of P. lessonae. Therefore, we suggest that clonal genome duplication in these eggs might be the result of suppression of second polar body
formation or extra precleavage endoreduplication. In populations of the third type, some diploid females can produce diploid gametes. Fertilization of
these eggs with haploid sperm can result in triploid hybrids. Other hybrids here produce haploid gametes with one or another parental genome or their
mixture giving rise to new diploid hybrids.
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Introduction
Hybridization plays an important role in animal speciation
(Arnold 2006; Mallet 2007, 2008; Borkin and Litvinchuk 2013).
This process may lead to polyploidy, because discordance of two
different parental genomes would interfere with meiosis and
could result in formation of gametes with unreduced DNA content. As a general rule, the larger genetic divergence of parental
species, the higher the frequency of polyploids among hybrid
progeny (Bogart and Bi 2013). Tetraploidy may be favoured in
hybrids when normal meiosis could be completed, and reproductive barriers are established between parental and newly originated species (Otto and Whitton 2000). Although tetraploid
species can arise from diploid ancestral ones immediately, more
often they pass via an intermediate triploid stage (Borkin and
Darevsky 1980; Cunha et al. 2008). Triploidy is widely seen in
the Pelophylax esculentus complex of European water frogs.
Some authors recognized hybridization and polyploidization in
water frog populations as an initial stage of reticulate speciation
(Borkin and Darevsky 1980; Graf and PollsPelaz 1989a; Christiansen and Reyer 2009).
The edible frog named Pelophylax esculentus (Linnaeus,
1758) according Frost et al. (2006) formerly assigned to the
genus Rana Linnaeus, 1758 sensu lato. P. esculentus is widely
distributed in temperate Europe and consists of numerous genetic
lineages of hemiclonal or meroclonal di- and polyploid hybrids
(e.g. Pl€otner 2005; Hoffmann et al. 2015). The species originate
from crosses of Pelophylax lessonae (Camerano, 1882) (genotype LL) and Pelophylax ridibundus (Pallas, 1771) (genotype
RR). The hybrids are characterized by special mechanism of
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clonal inheritance ﬁrstly discovered in small gynogenetic Mexican ﬁsh of the genus Poeciliopsis Regan, 1913 and named hybridogenesis (Schultz 1969; Tunner 1974). However, cytogenetic
mechanisms seem to be different in all-female ﬁsh and bisexual–
unisexual frogs. Cytologically hybridogenesis in water frogs is
more complicated than in Poeciliopsis ﬁsh (Dawley 1989; Vinogradov et al. 1990). In the gametogenesis of hybridogenetic
frogs, the entire genome of one parental species is selectively
eliminated; therefore, hybrids pass the genome of another parental species to progeny without crossing-over or segregation (nonrecombined chromosome set). Such a phenomenon results from a
premeiotic exclusion of one parental genome with subsequent
duplication of the remaining one. The genome duplication
restores diploid chromosome number. Then, these two identical
chromosome sets pass through meiosis and give rise to clonal
gametes. This model was conﬁrmed by detailed studies of spermatogenesis and oogenesis of P. esculentus (Tunner and Heppich 1981; Heppich et al. 1982; Borkin et al. 1987; Graf and
PollsPelaz 1989a; Ragghianti et al. 2007; Dedukh et al. 2015).
Many populations of the P. esculentus complex include triploids and even tetraploids (in evidently rarer cases) besides
diploid individuals (genotype LR) (e.g. Jakob 2007; Hoffmann
et al. 2015). Two main types of triploid frogs differing by genome composition were found in the wild. Some of them have
one genome of P. lessonae and two genomes of P. ridibundus
(genotype LRR), while others have two genomes of P. lessonae
and one genome of P. ridibundus (genotype LLR). Mass occurrence of triploid P. esculentus was mostly registered in northern
Germany, Denmark, southern Sweden, western Poland and western Hungary (G€unther et al. 1979; Tunner and Heppich-Tunner
1992; Rybacki and Berger 2001; Arioli et al. 2010).
Many authors have focused on the study of mating systems
and gamete variety derived from hybrids in diverse population
systems. It should be mentioned that various hybrids can also
differ in gamete types which they produce. For instance, in systems in which hybrids coexist with Pelophylax lessonae, P. esculentus usually transmit the ridibundus (R) genome to progeny as
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evidenced by artiﬁcial crosses, chromosome, DNA ﬂow cytometry and allozyme analyses (Uzzell et al. 1977, 1980; Graf and
M€
uller 1979; Tunner and Heppich 1981; Borkin et al. 1987).
Nevertheless, occasionally hybrids supplied haploid gametes with
lessonae (L) genome, diploid gametes with LL and RR genotypes, and a small fraction of gametes carrying recombined haploid genome (Tunner 1980; G€unther 1983; Gunther and Pl€
otner
1988; Graf and PollsPelaz 1989a). Furthermore, in some systems
individuals with two germ cell lineages carrying genomes of
different parental species were revealed (Vinogradov et al.
1990, 1991). This remarkable phenomenon was named hybrid
amphispermy.
Gametogenesis in triploid hybrids usually includes a stage of
selective exclusion of the genome (chromosome set) which is
represented by a single copy. For instance, the eliminated genome is the L genome in LRR frogs, but the R genome in LLR
ones. Germ cells with remaining double genome of either parental species (LL or RR) enter meiosis and usually give haploid
gametes (G€unther et al. 1979; Vinogradov et al. 1990). However,
sometimes triploid males of P. esculentus (LLR) can produce
diploid LL sperm (Graf and PollsPelaz 1989b; Mikulicek and
Kotik 2001; Pruvost et al. 2013). Also in one known case an
LLR female produced both diploid and haploid gametes at the
same time (Christiansen 2009).
About 10 years ago mass polyploidy in P. esculentus was discovered in the middle stretch of the Seversky (=Siverskyi)
Donets River (Borkin et al. 2004, 2005, 2006). This territory
proved to be unique in terms of quite diverse population systems
and was named the Seversky Donets centre of genetic diversity
of green frogs (Shabanov and Litvinchuk 2010; Dedukh et al.
2015). Moreover, recently it was found that R and L genomes in
hybrids from the centre may represent independent evolutionary
lineages (Hoffmann et al. 2015). Here, we found RR populations, and various types of population systems containing hybrids
(Borkin et al. 2004, 2005, 2006; Korshunov 2010). Triploid
P. esculentus frogs are distributed along the Seversky Donets
River over an area over 480 km in length in Kharkiv, Donetsk
and Luhansk oblasts of Ukraine and in Rostov Oblast of Russia.
It is important to emphasize that the Seversky Donets centre of
polyploid hybrids is geographically pronouncedly isolated from
other centres with polyploidy in central Europe, being separated
by a distance of approximately 1000 km from the nearest locality
in north-eastern Poland (Schr€oer 1996) and 1500 km in western
Hungary (Tunner and Heppich-Tunner 1992). Our data were
conﬁrmed by other researchers (Manilo et al. 2007; Mezhzherin
et al. 2007, 2010; Morozov-Leonov et al. 2007; Manilo and
Radchenko 2010; Suryadna 2010; Rostovska 2011; MorozovLeonov 2014; Hoffmann et al. 2015). Nevertheless, the gamete
production pattern in diploid and triploid hybrid frogs inhabiting
the Seversky Donets River drainage is still poorly understood.
This study focused on the diversity of mating systems and
gamete types in hybrid P. esculentus from populations of various
types located in the Seversky Donets centre. This study is important to clarify the origin and reproduction of diploid and polyploid hybrids in various population systems.

Materials and Methods
Between 2005 and 2013, a total of 455 adult green frogs were collected
in 18 localities of the Kharkiv, Donetsk and Luhansk oblasts in eastern
Ukraine (Table 1; Fig. 1). There were 269 individuals of P. esculentus
and 186 individuals of P. ridibundus. Additionally, 49 individuals of
P. lessonae from Mari El Republic of Russia were used because no
adults of this species were found in the Seversky Donets centre. Species
identity for each individual was determined by genome size (see below).
Each individual was anaesthetized by methoxyethane or submersion in a
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1% solution of 3-aminobenzoic acid ethyl ester (MS 222). After anaesthesia, samples of blood and gonads were taken. All specimens and samples
were newly collected and analysed. All specimens studied are deposited
at the Museum of Nature, V. N. Karazin Kharkiv National University
(Kharkiv, Ukraine) and the Zoological Institute of Russian Academy of
Sciences (St. Petersburg, Russia). The sampling localities and sample
details are provided in Table 1 and Fig. 1. Materials used to determine
polyploid frequency among hybrids were described in our previous publications (Borkin et al. 2004; Shabanov 2015). The existence of P. ridibundus in some populations was determined by mating calls only
(Severodonetsk) or by mating calls and morphological data as well (Lypkuvativka and Merefa).
The content of DNA per nucleus (or genome size) in erythrocytes was
measured by DNA ﬂow cytometry in 504 frogs (Table 1). This method
allows each frog to be identiﬁed reliably in terms of species identity,
hybridity and ploidy level as well as genome composition in polyploids
(Borkin et al. 1987, 2004). Red blood cells were taken from the heart
using a micropipette. Tested cells were mixed with reference cells and
assayed simultaneously. Therefore, in such a mixture, both kinds of cell
samples were stained and measured in the same conditions. Peripheral
blood cells of the grass frog, Rana temporaria Linnaeus, 1758, collected
in north-western Russia were used as a reference standard.
The cell samples were suspended in phosphate buffer saline, supplemented with 0.7 mM EDTA (ethylenediaminetetraacetic acid) (pH 7.5),
with a total cell concentration of approximately 106 cells ml1. The cells
were lysed by the addition of Triton X-100 (Ferak, Berlin) at a ﬁnal concentration of 0.1% and stained with a mixture of olivomycin (OM; Moscow Medicine Plant, Moscow, Russia) and ethidium bromide (EB;
Calbiochem San Diego, CA 92121 United States) at the following ﬁnal
concentration: 20 lg ml1 EB, 40 lg ml1 OM and 15 mM MgCl2.
Stained cell samples were measured after 24 h (at 4°C).
Flow cytometry was performed by the use of microscope-based ﬂow
ﬂuorimeter with mercury-arc lamp as a light source, constructed at the
Institute of Cytology, Russian Academy of Sciences, St. Petersburg. The
conditions of ﬂuorescence excitation and registration were optimized for
the method of staining. DNA histograms were acquired with a multichannel analyser connected with a microcomputer. The analysis rate was
100–200 cells per second; four runs were performed on each sample,
with the total number of cells measured per sample being above 10 000.
The peaks of DNA histograms were ﬁtted to the Gaussian curves by
means of the least-square technique. Coefﬁcients of variation of these
peaks were in the range 1.5–2.0%. In arbitrary units, genome size of an
individual under the study was determined as the ratio of its cell peak
mean to that of R. temporaria. The average genome size of the species is
equal to 10.32 pg (Borkin et al. 2001). Some other details of the technique have been published previously (Vinogradov et al. 1990; Borkin at
al. 2001).
DNA ﬂow cytometry was also applied to identify genome types in
sperm cell suspension from testes (Vinogradov et al. 1988, 1990). A total
of 166 males of P. esculentus, six males of P. ridibundus and 12 males
of P. lessonae were examined. Spermatozoa of R. temporaria were used
as reference cells. When cells carried a haploid genome equal to that of
P. ridibundus or P. lessonae, it was marked as R or L genome, respectively. When cell suspension from the testes of a hybrid male contained
two haploid genomes of both parental species (hybrid amphispermy), it
was marked as R+L mixture of gametes. When a haploid genome had
intermediate nuclear DNA content between P. ridibundus or P. lessonae,
we recognized these cells as gametes with intermediate genome (int). In
cases of low content or absence of haploid cells in testes cell suspensions
(<10% from total number of analysed cells), we have deﬁned it as 0
(zero). Some adult males of P. esculentus had translucent and very small
testes (<4 mm length); hence, we deﬁned them as reduced gonads. The
screening of testes cell suspension smears was performed in phase contrast to analyse the cell composition (spermatozoa, spermatids, spermatocytes, etc.).
Sometimes, testes were treated by two techniques: one testicle was
used for taking cell suspension for DNA ﬂow cytometry, while the second was used for karyological analysis. The last was ﬁxed in one part of
glacial acetic acid and three parts of methanol. Karyological slides of
spermatocytes from testes were studied in 18 males of P. esculentus, nine
males of P. ridibundus and three males of P. lessonae (Table 1). The
males were injected with 0.3–0.5 ml of 0.4% colchicine water solution
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Table 1. (continued)
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Fig. 1. Sampling localities in the Seversky Donets River drainage in north-eastern Ukraine. Forests are marked by grey colour. Sample numbers are
the same like in Table 1. Group I is designated by black circles. These sites are inhabited by Pelophylax ridibundus and diploid Pelophylax esculentus
only. Group II is designated by black square boxes. These population systems include P. ridibundus and LLR females. Group III is designated by
open circles and characterized by compulsory presence of triploids, besides diploid P. esculentus and P. ridibundus
1 day before tissue collection. Before ﬁxation, tissue samples were kept
in hypotonic 0.07 M KCl solution for 12 min. Then, tubes with tissue
samples were centrifuged at 755 g in hypotonical solution for 2 min,
supernatant liquid was poured out, and samples were ﬁxed. Fixative was
changed three times each 30 min of incubation. Later, treated tissue fragments were kept in 60% acetic acid water solution, and cell suspension
was dropped on glass slides heated up to 60°C. The slides were stained
in a 2% Giemsa solution for 1 min, rinsed and air-dried.
Genomes in mature oocytes were identiﬁed by protein electrophoresis.
We used Lactate dehydrogenase (LDH-1) previously found useful in discriminating P. ridibundus and P. lessonae (Uzzell et al. 1980; Mikulıcek
et al. 2015). Oocytes of 76 frogs of P. esculentus, 19 females of P. ridibundus and 34 females of P. lessonae were studied (Table 1). Before allozyme analysis, collected tissues were stored at 80°C. Standard vertical
polyacrylamide gel (6%) electrophoresis was performed to analyse the
genetic variation. For electrophoresis, we used Tris-citrate pH 8.0 buffer.
It is known that in the majority of localities, P. esculentus coexist and
reproduce with either or both parental species, forming various mixed
populations (e.g. Rybacki and Berger 2001). Such a mixed populations
were named hemiclonal population systems (HPS) (Shabanov and Litvinchuk 2010). In such systems, the reproductive process is based on
mechanisms of both recombinant (Mendelian) and clonal inheritance.
Therefore, this term cannot be applied to populations without successfully
reproducing P. esculentus. Several classiﬁcations of green frog population
systems were proposed to characterize populations comprised of different
species (G€
unther 1975a,b, 1983; Uzzell and Berger 1975; Tunner and
Heppich-Tunner 1992; Lada et al. 1995; Rybacki and Berger 2001). To
highlight distinctive features of the systems, we used a classiﬁcation
based on genome composition and sex of individuals. Thus, the RR-types
mean populations which include individuals of single parental species,
P. ridibundus. For instance, RR-LR-LLRf type means a HPS which contains P. ridibundus, diploid P. esculentus of both sexes and triploid
P. esculentus which are represented by LLR females (f) only.

Results
In eastern Ukraine, pure RR populations and eight types of HPS,
(see Materials and Methods section for details) (RR-LR, RR-LRm,

RR-LLRf, RR-LR-LLR, RR-LR-LRR, RR-LR-LLRf, RR-LRRLLR and RR-LR-LRR-LLR) were revealed. Valleys of right tributaries of the Seversky Donets River (rivers Kharkiv, Udy, Lopan’
and Mzha) in the northern part of Kharkiv Oblast were inhabited
by pure RR populations, RR-LR, and RR-LRm systems only (localities 1–6 in Table 1; Fig. 1). All studied individuals of P. esculentus were diploid. In the remaining part of Kharkiv Oblast and in
the north-west of Donetsk Oblast within the Seversky Donets
River drainage, almost all HPS included P. esculentus with a mixture of diploids and triploids (localities 7–16 in Table 1; Fig. 1).
The north-eastern part of Donetsk Oblast and Luhansk Oblast (localities 17 and 18 in Table 1; Fig. 1) were inhabited by pure RR
populations and HPS, where all hybrids were represented by triploid LLR females only (RR-LLRf).
The majority (74.5%) of examined hybrids were diploids with
genome size range of 14.72–15.40 pg. It should be mentioned
that P. ridibundus genome size is in a range of 15.81–16.40 pg
in the investigated region, while P. lessonae have genome size
of 13.65–14.02 pg. Triploids with LLR genotypes (21.57–
22.08 pg) comprised 9.7%, while LRR triploid (22.44–23.37 pg)
accounted for 14.6% (Table 1). In addition, we failed to assign
to either triploid group three individuals (1.2%) with intermediate
genome size values (22.15–22.35 pg). We provisionally marked
them as LRx.
All adult males of both parental species, P. ridibundus and
P. lessonae, had large or medium sized testes (more than 4 mm
length). However, a signiﬁcant number of hybrids (25.5%) had
reduced testes (Table 1). DNA ﬂow cytometry has shown that
the vast majority of cells in suspensions taken from testes of parental species was comprised of haploid sperms (average 86% in
both P. ridibundus and P. lessonae; Table 1), while hybrids
provided an average of 37% of haploid cells only. The remaining
cells (mainly spermatocytes) had diploid or polyploid genomes.
The majority of LRR males (61%) produced haploid sperm
with the R genome (Table 1). Only one male produced a mixture
doi: 10.1111/jzs.12132
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of haploid gametes with genomes of both parental species
(hybrid amphispermy), but gametes with the L genome were
prevalent (86% among haploid cells). Many LRR males (33%)
produced no gametes.
The LLR males were very rare (2%), and two of the three
hybrids examined had very small testes (Table 1). All three
males produced sperm with haploid L genome only.
Among diploid males of P. esculentus, 28% yielded sperm with
the R genome and only 7% with the L genome. Approximately
one-third of males (31%) produced two types of haploid gametes
with genomes of parental species (hybrid amphispermy). Above
one-third of diploid males (36%) had reduced testes. Most of them
produced no gametes (31% from all LR males; Table 1). Three
diploid males (3%) produced gametes with intermediate genomes
(Table 1). Two frogs were collected in Is’kiv pond (locality 8),
and one was captured in the vicinity of village Tsyrkuny (locality
2). In one male from Is’kiv pond (55% haploid cells from total cell
number), 30% of the haploid cells had an intermediate genome and
70% had the L genome. Among the gametes derived from the
second frog from Is’kiv pond (with 63% of haploid cells in cell
suspension), 17% had an intermediate genome, while 60% and
23% – R and L genomes, respectively (Fig. 2). The Tsyrkuny male
(42% haploid cells) produced 57% gametes with an intermediate
genome, 14% with the R genome and 29% with the L genome.
The analysis of meiotic metaphase plates showed that the vast
majority of primary spermatocytes in both parental species (98%
in P. ridibundus and 97% in P. lessonae) were characterized by
normal karyotypes with 13 bivalents that corresponded to the
diploid chromosome set (Table 2).
A high fraction (77%) of metaphases with 13 bivalents was
observed in triploid LRR males, which produced the R genomes
(43% from total number of LRR males examined; Table 2). In
contrast, in a LRR male which provided a gamete mixture (L+R),
the portion of metaphases with 13 bivalents was signiﬁcantly
lower (7%). In three LRR hybrids, with no normal gametes, we
observed no spermatocytes with haploid number of bivalents
(Table 2). Triploid LLR hybrids posed reduced testes and a low
portion (34%) of metaphases with 13 bivalents (Table 2).
In diploid hybrids which produced gametes with the R
genome (22%), metaphases with haploid number of bivalents

were numerous (59%). A diploid hybrid, which transmitted
gametes with the L genome (11%), was notable for a high fraction of metaphases with 13 bivalents (78%). However, one
diploid hybrid (11%) lacking haploid gametes and ﬁve (56%)
diploid hybrids with an L+R mixture of gametes were characterized by low counts of metaphase with 13 bivalents (11% and
32% respectively; Table 2, Fig. 3).
Electrophoretic analysis of LDH-1 in mature oocytes demonstrated that parental species were characterized by speciﬁc alleles
(Table 1). Triploid LRR females, as a rule (92%), produced
gametes with the R genomes (Table 1). Oocytes with alleles of
both parental species were registered in only two frogs from
Sukhaya Gomolsha village in Kharkiv Oblast (8%). The absolute
majority of LLR females (92%) posed oocytes with the L genomes only. Nevertheless, a female from Gaidary village (Kharkiv
Oblast) differed by expression of protein characteristic to P. ridibundus in its oocytes. In addition, a female from Drobyshevo
village (Donetsk Oblast) produced oocytes with alleles of both
parental species (Table 1). One LRx female from Gaidary
appears to produce oocytes with P. ridibundus alleles only, while
another LRx female from the same locality had alleles of both
parental species in oocytes. In addition, an LRx female collected
in Drobyshevo village produced oocytes with alleles of
P. lessonae (Table 1). Among diploid hybrids, females producing oocytes with the R genome were predominant (54%;
Table 1). Oocytes with expression of a protein peculiar to
P. lessonae were registered in 13% females, whereas alleles of
both parental species were found in 33% of the females.

Discussion
Generally, P. esculentus should produce gametes with genome of
a parental species that is lacking in a given population system to
maintain its own successful reproduction and the stability of the
system (e.g. Pl€
otner 2005). In our studies since 1989 (Borkin
et al. 2004), we failed to ﬁnd any adult P. lessonae in water
bodies of the Seversky Donets River drainage. That was conﬁrmed by our current ﬁeld examination. Therefore, we could
expect that in the described systems hybrids should pass gametes
with the L genome. However, such gametes were recorded in a

Fig. 2. DNA histograms of testes cells (haploid part of spectrum) obtained with the use of a ﬂow ﬂuorimeter. (a) The male of Pelophylax esculentus
from Haidary which produced sperm with genomes of both parental species. (b) The male of P. esculentus from Is’kiv pond which produced sperm
with genomes of both parental species and with intermediate genome. R denotes sperm with genome of P. ridibundus, L denotes sperm with the genome of P. lessonae, and sperm with intermediate genome is designated by int. Rt denotes sperm of Rana temporaria used as standard cells.
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Table 2. Results of a karyological analysis of testes
Karyotype occurrence
No.
3
10

Locality

GC

Gametes

Ni

Nc

Kharkiv City
Haidary

RR
LR
LR
LR
LRR
LRR
LRR
LR
LLR
LRR
LLR

R
R
L
L+R1
R
L+R
02
0
L
R
L
R
L
L+R
0
R
L+R
0
L
R
L

9
2
1
5
2
1
3
1
1
1
1
2
1
5
1
3
1
3
2
9
3

36
29
23
63
38
15
28
9
12
16
46
29
23
63
9
54
15
28
58
36
18

12

Velyka Homil’sha

14
16

Chepel’ River
Drobysheve
Total for RL:

Total for LRR:
Total for RLL:
Total for RR:
Total for LL:

1n
98
59
78
32
75
7
0
11
25
80
43
59
78
32
11
77
7
0
34
98
97

4
1
 28
 35

1
 28
 25
 13
4
5

2n
0
46
0
12  7
12  16
7
24  12
0
8
13
22
46
0
12  7
0
12  12
7
24  12
15  10
0
0

?n
2
37
22
56
14
86
76
89
67
6
35
37
22
56
89
11
86
76
51
2
3

4
4
 22
 19
 12

4
 22
 14





12
23
4
5

Genome composition of individuals (GC), gamete types, number of studied individuals (Ni), number of examined chromosome plates (Nc), occurrence
(mean  SD; in %) of chromosome plates with bivalent sets equal to diploid (1n), tetraploid (2n) and aneuploid (?n) number
1
The testis suspension contained a mixture of haploid gametes with both parental genomes.
2
Haploid cells were absent or scanty (<10% from total number of studied cells).

Fig. 3. Percentage of spermatocytes with different amount of bivalents obtained from testes of Pelophylax esculentus males

small number of hybrids. For instance, among diploid hybrids
from the Seversky Donets drainage, only 7% of males and 13%
of females were found to carry gametes with the L genome
(Table 1).
Some individuals of P. esculentus produced a mixture of haploid gametes with different genomes (L+R, L+ int or L+ int +R).
Notably, they can also participate in hybrid formation. Among
diploid hybrids, 33% females and 31% males carried such a mixture of gametes (Table 1). However, karyological analysis of
testes showed that males producing gamete mixtures, as a rule,
had seriously disturbed spermatogenesis (Table 2). The analysis
of lampbrush chromosomes in oocytes obtained from females
producing gamete mixture revealed seriously disordered oogenesis as well (Dedukh et al. 2015).
One could suggest that reappearance of diploid P. esculentus
in populations of north-eastern Ukraine is based predominantly
on triploid hybrids producing gametes with the L genome. For
instance, in Germany, Poland and Denmark, triploid hybrids of

both kinds (LLR or LRR) render haploid gametes (Berger and
G€
unther 1988, 1992; Vinogradov et al. 1990; Berger 1994;
Christiansen et al. 2005; Pruvost et al. 2013). Indeed, triploid
LLR males in our region yielded haploid gametes with the L
genome (Table 1). In addition, some triploid LRR males (5%)
produced gamete mixtures with haploid genomes of both parental
species. However, the LLR males were very rare (2%) and were
not found in most localities studied. Therefore, the suggestion
mentioned above concerning the role of triploid males would be
incorrect, and production of L gametes can be maintained
predominantly by diploid hybrids.
In north-eastern Ukraine, triploid hybrids usually coexist with
diploid P. esculentus and P. ridibundus and, rarely, with diploid
P. esculentus only in pure hybrid HPS (Borkin et al. 2004,
2005; Korshunov 2010). Our data, concerning genome composition of sperm in triploid males, demonstrated that such males
produced haploid gametes only and lacked diploid sperm
(Table 1). That is true for triploid hybrids in Germany, Poland
doi: 10.1111/jzs.12132
© 2016 Blackwell Verlag GmbH
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and Denmark as well (Berger and G€unther 1988, 1992; Vinogradov et al. 1990; Berger 1994; Pruvost et al. 2013). Therefore,
one possibility could be reappearance of triploid P. esculentus
would be associated with triploid females producing diploid
gametes. Indeed, diploid eggs were registered in triploid females
from Germany, Denmark and Sweden (Berger and G€
unther
1988; Berger and Berger 1994; Christiansen et al. 2005; Christiansen 2009). However, analysis of lampbrush chromosomes in
oocytes of triploid hybrids from populations in Seversky Donets
River drainage demonstrated that the majority of local hybrid
females produced haploid gametes only (Dedukh et al. 2015).
Thus, in this region, diploid gametes seem to be provided by
diploid hybrid females. Such pattern is common in western and
central Europe (e.g. Berger et al. 1978; Bucci et al. 1990; Berger
and Berger 1992; Rybacki 1994b; Berger and Roguski 2002;
Christiansen 2009; Christiansen et al. 2010; Pruvost et al. 2013).
Moreover, lampbrush chromosome analysis revealed that some
diploid hybrid females from Kharkiv Oblast (Gaidary and Velikaya Gomolsha) had oocytes with 26 bivalents as well (Dedukh
et al. 2015). Fertilization of such diploid eggs by haploid sperm
would result in triploid hybrids.
In some cases, diploid gametes could be produced by diploid
and triploid hybrid males. Diploid sperm was identiﬁed in
diploid P. esculentus in Poland, Germany, Sweden and Denmark
(Vinogradov et al. 1990; Rybacki 1994a; Christiansen et al.
2005; Christiansen 2009), while triploid hybrid males with
diploid sperm were recorded in France, Hungary and Slovakia
(Graf and PollsPelaz 1989b; Tunner and Heppich-Tunner 1992;
Brychta and Tunner 1994; Pruvost et al. 2013). However, we
failed to ﬁnd any hybrid male which supplied marked appreciable amount of LL or RR gametes. It is important to mention that
identiﬁcation of diploid RL sperm by DNA ﬂow cytometry only
would be difﬁcult because such cells poorly differ from somatic
cells of diploid hybrids in terms of genome size (Vinogradov
et al. 1990). However, we used an analysis of sperm smears and
found no mature spermatozoa which were larger than haploid
sperm.
In several localities (nos. 17 and 18 in Table 1 and Fig. 1), triploid LLR hybrids coexisted with P. ridibundus and were represented by females only. Lampbrush chromosome analysis
allowed to ﬁnd immature oocytes with 13 bivalents with the L
genome in such triploid females (Dedukh et al. 2015). Therefore,
they should produce haploid eggs. Taking into consideration that
LLR females in RR-LLRf HPS can mate with males of P. ridibundus only which supply haploid R sperm, it remains unclear
how duplication of clonal L genome in triploid progeny occurs.
A duplication of L genomes might be the result of a suppression
of the formation of the second polar body (Olsen 1974; Kawahara 1978; Graf and M€uller 1979; Kondo 2002) or the result of
an extra precleavage endoreduplication (Zhang et al. 2015)
which takes place after fertilization.
Full premeiotic exclusive elimination of a parental genome
during gametogenesis was shown for frogs from populations in
many countries of Europe (Uzzell et al. 1980; Heppich et al.
1982; Ogielska 1994; Morozov-Leonov et al. 2009). In such
cases, hybrids produced gametes with the genome of one parental species only. In fewer cases, hybrids produce both L and R
gametes. This phenomenon was previously considered as an
abnormal deviation (Bucci et al. 1990; Vinogradov et al. 1991;
Berger and G€unther 1992). However, the latter hybrids were
found in many samples from the Seversky Donets River drainage
(Table 1). Importantly, such gametogenesis was observed in both
diploid and triploid hybrids of both sexes.
Formerly, it was assumed that LLR hybrids usually produced
gametes with the L genome, while LRR hybrids rendered
doi: 10.1111/jzs.12132
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gametes with the R genome (Berger and G€
unther 1988; Pl€
otner
2005). In general, this regularity was also conﬁrmed for frogs
from the Seversky Donets River drainage. However, here some
triploids produced a mixture of haploid gametes with genomes of
both parental species (Table 1). Before, triploids producing
several gamete kinds at once were revealed in Germany, Sweden,
Denmark and Hungary (Berger and G€
unther 1988, 1992; Berger
and Berger 1994; Brychta and Tunner 1994; Christiansen et al.
2005; Christiansen 2009). Moreover, in north-eastern Ukraine, a
hybrid LLR female from Gaidary produced gametes with the R
genome, whereas a LRR female from Sukhaya Gomolsha village
had gametes with the L genome only (Table 1). Before, LLR
males with R gametes were recorded in Danish populations
(Christiansen et al. 2005), whereas LRR frogs with L gametes
were previously not mentioned.
The failure of clonal inheritance in diploid P. esculentus was
repeatedly mentioned in various studies (Heppich and Tunner
1979; Tunner 1980; Vinogradov et al. 1990; Tunner and Heppich-Tunner 1991; Ragghianti et al. 2007). We also found few,
probably, recombinant diploid hybrids in the Seversky Donets
River drainage. Their genome size was intermediate between that
of P. esculentus and P. ridibundus (Borkin et al. 2004). Perhaps,
such individuals originated from crossings of frogs with gametes
of P. ridibundus and P. esculentus, which produced gametes
with intermediate genome. Three hybrid males providing such
gametes were recorded in our studies (Table 1).
Provisionally, all studied HPS of north-eastern Ukraine can be
divided into three groups with different geographical distribution.
Group I inhabits the right tributaries of the Seversky Donets
River and consists of diploid hybrids and P. ridibundus (localities 1–6; Fig. 1). The RR-LR system type is common in other
regions of forest–steppe zones of Russia, Ukraine and Moldavia
as well (Lada et al. 2011; Morozov-Leonov 2014). According to
our data, hybrids in this system come from crosses of P. ridibundus (or hybrids with gametes of P. ridibundus) and P. esculentus, which produce a mixture of haploid gametes with genomes
of both parental species (hybrid amphispermy) and, sometimes,
intermediate genome.
Group II includes HPS which consist of triploid LLR females
and P. ridibundus (RR-LLRf type; localities 17–18; Fig. 1).
These systems are distributed in the eastern part of Donetsk and
Luhansk oblasts of Ukraine as well as in the western part of
Rostov Oblast of Russia (Borkin et al. 2004, 2005, 2006; our
data). Here, hybrids are descended from crosses of hybrid females
with P. ridibundus males. Duplication of clonal L genome in
mature eggs might result from the suppression of second polar
body formation or from extra precleavage endoreduplication.
Group III (localities 7–16) is geographically intermediate
between Groups I and II. Triploid hybrids in local population
systems varied from 3% to 100% (Table 1) and among them
LRR frogs were predominant. Here, some diploid females can
produce diploid gametes (Dedukh et al. 2015). Fertilization of
diploid eggs by haploid L or R sperm results in the origin of triploid LLR and LRR hybrids. Hybrids produce haploid gametes
with the L genome giving rise to new diploid hybrids. Theoretically, fertilization of L haploid eggs by spermatozoa carrying the
L genome can lead to the origin of P. lessonae. Indeed, formerly, we identiﬁed single young individuals of the species in
these populations (Borkin et al. 2004). However, progeny with
clonal genomes only is not viable (Berger 1968; Blankenhorn
et al. 1971; Vorburger 2001; Guex et al. 2002).
Our investigation of green frogs from Seversky Donets River
drainage is ongoing. Many questions are still to be answered. It
was unexpected, that the majority of P. esculentus would not
pass L genome in gametes, taking in account the complete

Gamete production in Ukranian hybrid frogs
absence of adult P. lessonae in this region. Furthermore, the
mass occurrence of hybrids with two germ cell lines (R+L) in
gonads has never been reported before. In addition, according to
our ﬁndings from two populations, we can assert the reproduction of triploid females via a doubling of L genomes after fertilization. These results suggest that local HPS in the Seversky
Donets River drainage are more diverse and complex than previously thought. Mating system, gametes production pattern, and
even cytological mechanisms now appear to be different in various populations of the P. esculentus complex.
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