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Abstract

Unisexual forms of lower vertebrates (fish, amphibians, and reptiles) reproduced by parthenogenesis, gynogenesis, or hybridogenesis
are represented by diploids, triploids, or tetraploids, whose origin is associated with interspecific hybridization. Among fish species,
the highest variability of unisexual polyploids was found in the genus Cobitis. The structure of their genomes and putative parental
species holds great interest for the investigation in association with questions about possible evolutionary success. In particular, it
serves to elucidate the possible high colonization properties of a few polyploid forms, in contrast to the local history of rather numer-
ous hybrid forms with a limited distribution. Therefore, the aim of this study was to describe the karyotype structure of two newly
discovered triploid forms of the genus Cobitis, to analyze their origin and putative parental species. The karyotype structure of 182
spined loach individuals from the Western Dvina River and 91 individuals from the upper Dnieper River of the Smolensk District of
Russia was studied. A total of 121 studied individuals from the Western Dvina comprised triploid females with a chromosome number
74 and karyotype consisting of 13 meta-, 39 submeta-, and 22 subtelo-acrocentric chromosomes. Among loaches collected in the up-
per Dnieper River, 42 triploid females were found with 74 chromosome number including 23 meta-, 26 submeta-, and 25 subtelo-ac-
rocentric chromosomes. Other individuals from both localities were karyologically identified as Cobitis taenia Linnaeus, 1758 with
2n = 48. The triploid form of spined loaches of the Western Dvina River most likely arose as a result of the hybridization of Cobitis
tanaitica Bacescu et Mayer, 1969 and C. faenia. The range of C. tanaitica, whose karyotype is characterized by an evolutionarily
fixed Y-autosomal translocation, is limited to the rivers of the northern coast of the Black Sea. Therefore, hybridization probably hap-
pened in late Pleistocene in the Dnieper River system, where both parental species occur. The triploid form that arose here is unique
for the Baltic Sea basin. Probably, it colonized the Western Dvina through the artificial Berezinskaya water system (Berezina Canal
= Daugava—Dnieper Canal), but at the same time it was forced out of its area of origin by other triploid forms which are now wide-
spread there. According to the karyotype structure, the triploid form, common for both the upper and lower reaches of the Dnieper,
has a trihybrid origin, with probable hybridization of Cobitis elongatoides Bacescu et Mayer, 1969, C. tanaitica, and yet unidentified
species Cobitis sp. Both studied triploid forms are parts of unisexual-bisexual complexes, in which their putative diploid maternal
species (C. tanaitica and C. elongatoides) are absent, and the role of the host species involved in reproduction belongs to C. taenia.
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Introduction

About 90 unisexual forms reproducing by parthenogen-
esis, gynogenesis, or hybridogenesis are known among
fish, amphibians, and reptiles at present. These forms
can be diploid, triploid, and tetraploid; however trip-
loid unisexual forms are much more widespread, while
tetraploids are extremely rare. The genesis of unisexual
forms is associated with interspecific hybridization, while
triploid and tetraploid forms can have not only dihybrid,
but even trihybrid origin (see Vasil’ev et al. 1989, 2011;
Vrijenhoek et al. 1989).

In contrast to parthenogenesis in several reptiles (see
Vrijenhoek et al. 1989), natural gynogenetic reproduction
of unisexual forms requires males whose sperm stimulates
egg development without fertilization. Therefore, gyno-
genetic fishes and amphibians are found together with one
or two related bisexual species, the hybridization of which
led to their origin. Rarely, clonal gynogenes reproduce
with less related bisexual species. Thus, gynogenetic re-
production of unisexual forms results in the formation of
unisexual-bisexual (clonal-bisexual, diploid-polyploid)
complexes. Such complexes have been found in fish from
the genera Poecilia, Poeciliopsis (Poeciliidae), Fundu-
lus (Fundulidae), Menidia (Atherinopsidae), Chrosomus,
Carassius, Squalius (Cyprinidae), Misgurnus and Cobitis
(Cobitidae) (see Vasil'ev 1985; Vrijenhoek et al. 1989;
Dawley et al. 2000; Lamatsch and Stock 2009; Arai and
Fujimoto 2013).

The first clonal-bisexual (diploid-polyploid) complex
in the genus Cobitis was noted in 1981 in the Volga River
basin (Vasil’ev and Vasil'eva 1982; Vasil'ev et al. 1989).
Further studies revealed the wide distribution of dip-
loid-polyploid loach complexes in the Volga River basin,
as well as in the rivers of the Black, Baltic, and North
seas (Vasil'ev 1990; Boron 1992, 1995, 1999, 2003; Rab
and Slavik 1996; Vasil’eva and Vasil’'ev 1998; Boron and
Danilkiewicz 1998; Bohlen and Rab 2001; Bohlen et al.
2002; Vasil'ev et al. 2005, 2007, 2011; Janko et al. 2007,
2012; Choleva et al. 2008; Buj et al. 2008; Mezhzherin
et al. 2022). The structure of these complexes varies, but
their obligatory elements are at least one all-female form
and one diploid bisexual species (host), which is a sperm
donor for gynogenetic reproduction. The most common
complexes include a diploid and/or triploid unisexual form
and one diploid bisexual species (Vasil'ev et al. 2011). The
high variability of unisexual forms in Cobitis observed in
ploidy levels and in karyotype structure is the result of dif-
ferent combinations of haploid sets from several diploid bi-
sexual species distributed in European waters. According
to various genetic studies, the presumed parental species
for the unisexual forms are as follows: Cobitis taenia Lin-
naeus. 1758, distributed in the North Atlantic basin from
France and Great Britain to Russia; Cobitis melanoleuca
Nichols, 1925 widespread from the Volga River system
to the waters of the Western Pacific in the Far East and
China; the Black Sea species Cobitis tanaitica Bacescu et
Mayer, 1969, C. taurica Vasil'eva, Vasil'ev, Janko, Rab et

Rébova, 2005, and C. pontica Vasil'eva et Vasil'ev, 20006;
Cobitis elongatoides Bacescu et Mayer, 1969, common in
the Danube basin; C. strumicae Karaman, 1955, record-
ed in the basins of the Aegean and southwestern Black
Seas (Vasil'ev et al. 1989, 2011; Rab et al. 2000; Bohlen
et al. 2002; Boron 2003; Janko et al. 2005a, 2007, 2018,;
Choleva et al. 2008). It is assumed that their ranges fluc-
tuated during the Quaternary (Janko et al. 2005a; Culling
et al. 2006) and overlapped in Central Europe, the Lower
Danube basin, and southern Ukraine (Janko et al. 2007).
Hybrid unisexual forms that arose in the mentioned hy-
brid zones achieved outstanding evolutionary successes
and colonized most of the European continent (Janko et al.
2018). However, the observed diversity of unisexual gen-
otypes suggests a local history of bisexual-unisexual com-
plexes (Bohlen and Rab 2001; Vasil'ev et al. 2011). That is
why further work on the discovery of new complexes, the
study of their origin and distribution in our opinion holds
great interest for the investigation.

In this study, we describe the karyotypes of two trip-
loid forms found in the Western Dvina and Upper Dnieper
rivers, respectively, and analyze their origin and putative
parental species.

Materials and methods

Materials for karyological research were collected in June
2003 and June 2005 in the Western Dvina River (vel Zapad-
naya Dvina vel Daugava) at Velizh City, Smolensk District
of Russia, 55°36'N, 031°12'E, and in June 2003 and June
2005 in the Upper Dnieper at Bilino village, Smolensk
District of Russia, 55°13.4'N, 033°28.7'E (Fig. 1). In total,
182 spined loach individuals were studied karyologically
from the first locality, and 91 individuals from the second.
The voucher specimens were deposited in the collection
of the Zoological Museum of Moscow State University
under the numbers P-21434, P-21800, P-21801, P-21805,
P-23738, P-24010. All individuals were injected with
about 0.05 mL colchicine solution (0.3%—0.4%). After 4 h
cells of anterior part of kidney were used for chromosom-
al slides prepared according to Vasil'ev (1978). The study
was performed using anesthesia of fishes with a solution of
MS-222. Metaphase chromosomes stained in 4% Giemsa
solution (pH 6.8) were counted with PC software Quick
Photo Micro. From 3 to 5 metaphase plates were analyzed
for each studied fish. The chromosomes were classified
according to Levan et al. (1964). Photos of metaphase
chromosomes were taken with a Leica DFC 295 digital
camera. For a comparative analysis, we used previously
published data on loaches collected in the Lower Dnieper
and Dnieper estuary (Vasil'ev 1990).

Results

Among the karyotyped spined loaches of the Western Dvi-
na River, 44 (63.8%) were identified as triploid females
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Figure 1. Localities of sampling of triploid loaches of the genus Cobitis: 1 = Western Dvina (=Daugava), 2 = upper Dnieper.

in the sample collected in 2003 and 77 (68.1%)—in the
sample collected in 2005. These triploids had 74 chro-
mosomes, including 13 meta-, 39 submeta- and 22 sub-
telo- and acrocentrics (Table 1, Fig. 2). Other fishes were
karyologically identified as C. taenia. The karyotype of
this species was described earlier (Vasil'ev and Vasil'e-
va 1982; Vasil'ev et al. 1989) and is shown in Table 2.
Karyotyped loaches of the Upper Dnieper included 22
triploid females (46.8%) in the sample collected in 2003
and 20 (45.9%)—in the sample collected in 2005. Their
karyotype included 74 chromosomes: 23 meta-, 26 sub-
meta- and 25 subtelo- and acrocentic (Table 1, Fig. 3).
Other spined loaches found in this location belonged to
C. taenia.

Discussion

Triploid form in the Western Dvina basin. According
to the number of chromosomes (Fig. 2A), the karyotype
of this triploid form includes two haploid sets of 50-chro-
mosome species and one haploid set of 48-chromo-
some species. Cobitis taenia Linnaeus, 1758 is the only
48-chromosome species among the karyotyped European
spined loaches (Table 2). After removing the haploid set
of C. taenia with 5 meta- (m), 9 submeta- (sm) and 10
subtelo- and acrocentric (sta) chromosomes (Fig. 2B)
from the triploid karyotypes, the remaining chromo-
somes of the triploid form of the Western Dvina (8 m
+ 30 sm + 12 sta) correspond fairly well to the sum of

Table 1. The karyotype structure of the studied triploid forms, their putative parental diploid species of Cobitis and diploid species

coexisting with triploids.

River system Chromosome number m sm sta Putative parent species Coexisting diploid species
Western Dvina 74 13 39 22 2 C. tanaitica—C. taenia C. taenia
Upper Dnieper 74 23 26 25  C. elongatoides—C. tanaitica—Cobitis sp. ~ C. taenia

m = meta-, sm = submeta-, sta = subtelo- and acrocentric chromosomes.
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Table 2. The karyotype structure of diploid spined loach species of the genus Cobitis apparently participated in the origin of poly-

ploid forms.
. . Chromosome
Species River system sm sta Reference
number
C. taenia Volga, Dnieper, Dniester, south 48 10 18 20 Vasil’ev and Vasil’'eva 1982; Vasil'ev et al. 1989;
Bug, Elbe, Weser, Vistula, Odra Vasil’eva and Vasil'ev 1998; Rab and Slavik 1996; Rab et
al. 2000; Boron 2003
C. taenia Odra 48 10 20 18 Bohlen etal, 2002; Janko et al. 2007
C. taenia Vistula 48 12 18 18 Boron 1995, Boron 1999, Boron 2003
C. elongatoides Elbe, Danube, Odra, Tisza 50 30 16 4 Raébetal. 2000; Boron and Kotusz 2000 (as
C. danubialis); Lusk et al. 2003
C. elongatoides Odra 50 28 18 4 Boron 2003
C. elongatoides Danube, Kamchya, Elbe, Odra 50 22 26 2 Janko etal. 2007
C. tanaitica, females Dnieper estuary 50 8 24 18 Vasil'ev 1990
C. tanaitica, males 49 9 24 16
C. tanaitica, females Don, Dnieper, Dniester, Kuban 50 8 28 14 Vasil'ev 1995; Vasil’eva and Vasil'ev 1998; Vasil'ev et
C. tanaitica, males 49 9 28 12 al.2007
C. tanaitica® p. 395  Danube, Odra, Sinoe, Don 50 10 24 16 Janko etal.2007
C. tanaitica® Fig. 1c 50 10 26 14
C. tanaitica® Danube, Sinoe 50 10 26 14 Majtanovaetal. 2016
C. tanaitica® Danube 50 10 22 18 Bohlen etal. 2002
C. taurica Crimea 50 10 30 10 Janko etal. 2005b
C. pontica Veleka 50 10 30 10 Janko et al. 2005b; Vasil’'eva and Vasil'ev 2006
C. taurica® Crimea, S. Bug, Veleka 50 10 30 10 Janko etal. 2007
C. melanoleuca Volga 50 8 18 24 Vasil'ev and Vasil’eva 1982; Vasil'ev et al. 1989
C. strumicae Kamchya, Jantra 50 10 20 20 Janko etal. 2007

A Species identification is provided by Bohlen et al. 2002 and Janko et al. 2007 (see comments in the text); m = meta-, sm = submeta-, sta = subtelo-

and acrocentric chromosomes.
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Figure 2. Karyotype of triploid form of the genus Cobitis from
the Western Dvina River (A) and haploid sets of the putative
parental species involved: B, C. taenia; C, C. tanaitica, female;

D

D, C. tanaitica, male; m = metacentric, sm = submetacentric, st
= subtelocentric, a = acrocentric chromosomes.

the haploid set of C. tanaitica females (4 m + 15 sm + 6
sta) and the male of the same species (4 m + 15 sm + 6
sta) (Fig. 2C, D). Differences in the ratios of submeta- /

subtelocentrics may be associated with a difference in the
classification associated with various degrees of spiral-
ization of chromosomes in the analyzed triploids or dip-
loid species. Other karyotyped 50-chromosome species
are unsuitable as putative parental species: they have a
higher number of metacentrics and differ in sm/sta ratio
(Table 2). Accordingly, the proposed scheme of the origin
of this triploid form should include the following stag-
es: 1) hybridization of a female C. tanaitica and a male
C. taenia; 2) hybridization between a hybrid C. tanaitica
x C. taenia and a male C. tanaitica. This scheme is due to
the unique karyotype of C. tanaitica, characterized by an
evolutionarily fixed Y-autosomal translocation (Vasil'eva
and Vasil'ev 1998), leading to differences in the number
of chromosomes in males and females (Table 2). It is also
confirmed by our preliminary results that demonstrated a
close relation between the triploids of the Western Dvina
and C. tanaitica from the Don River based on the vari-
ability of the cytochrome b gene (Vasil'ev et al. 2005).

In this line, it is necessary to discuss the differences ob-
served in the structure of the karyotype of C. tanaitica in our
studies and in publications of other authors (Bohlen et al.
2002; Janko et al. 2007). Previously, we studied the karyo-
type of C. tanaitica (the species was originally described
from the Don River basin) based on materials, collected
from 7 populations of the Black Sea and Sea of Azov ba-
sins: Don River at Rogozhkino (47°10.367'N, 039°20.8'E),
Obitochnaya River (about 46°40.217'N, 036°11.8'E), Bei-
sug (46°2.533'N, 038°34.717'E), Kalka River, tributary
of the Kal’chik River (47°7'N, 037°36.75'E), Kazachii
Erik, Kuban River system (45°18.467'N, 037°14.567'E),
Dniester River at Mayaki (46°24.733'N, 030°16.383'E),
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Dnieper estuary (46°32.333'N, 032°3.967'E) (Vasil'eva
and Vasil'ev 1998). A total of 50 individuals were studied,
all of them had a characteristic karyotype with 2n = 50
with 8 metacentrics in females and 2n = 49 with 9 me-
tacentrics (an unpaired large chromosome is noticeably
prominent) in males (Vasil'ev 1990, fig. la—b; Vasil'ev
1995, fig. 1). All studied specimens, as well as non-karyo-
typed fishes from the same samples and fishes from the
south Bug system (Savranka River) were morphological-
ly identified and described as a new species Cobitis ros-
someridionalis Vasil'eva et Vasil'ev, 1998, a junior syn-
onym of C. tanaitica. This species differed from C. taenia
sympatrically found in the Kalka and Obitochnaya rivers,
Dnieper estuary, and Dniester River at Mayaki both in the
karyotype structure (36 individuals were karyotyped) and
morphological features (Vasil'eva and Vasil'ev 1998).
Bohlen et al. (2002) presented the karyotype of C. fa-
naitica, which they isolated from the chromosome set of the
tetraploid specimen (4n = 100) from the Danube River in
Germany. They proposed that the genome of this tetraploid
includes 3 haploid sets of C. elongatoides and 1 set of C. ta-
naitica. Janko et al. (2007) indicated that they karyotyped
or examined by flow cytometry (?) 8 specimens of C. ta-
naitica from the Odra River, 4 specimens from the Danube
River, 6 specimens from the Lake Sinoe, and 9 specimens
from the Don River (Janko et al. 2007, Table 1). They stat-
ed that a biotype corresponding to C. tanaitica (2n =50, 10
m+ 24 sm + 8 st + 8 a) was found in both sexes in the lower
Danube River, upper Odra River, and in the Don River (p.
395); this karyotype was presented by the authors in Fig.
1C. However, the presence of diploid bisexual C. tanaitica
specimens has never been confirmed in the Odra basin de-
spite the fine-scale intensive researches (Janko et al. 2012;
Kotusz et al. 2014). The karyotypes proposed by Bohlen et

al. (2002) and Janko et al. (2007) are similar in structure,
but differ significantly from the karyotype described by us
from the confirmed range of C. tanaitica not only in the
absence of sex differences, but also in the higher number
of metacentric (Table 2) and acrocentric chromosomes: 8
acrocentrics versus 4—6 in males and females from the Sea
of Azov basin. Janko et al. (2003, 2007) have never con-
firmed that the studied fish belong to C. fanaitica accord-
ing to the accepted morphological diagnostic characters
(Vasil’eva and Vasil'ev 1998; Vasil'eva 2004; Kottelat and
Freyhof 2007). Most likely, Janko et al. (2007) studied the
karyotype of some other spined loach species, found only
in the lower reaches of the Danube and in Lake Sinoe, a la-
goon in northern Dobrudja, Romania, in the Danube Delta.
Indeed, Bohlen and Rab (2001) noted that only specimens
from Sinoe Lake were karyotyped. It should also be noted
that during two years of our field work in the Danube Delta
and in the adjacent territories of Ukraine (2010-2011) we
did not find a single specimen of C. tanaitica. The spined
loaches in our samples from the Danube system were main-
ly represented by triploids (37 = 75), a small number of tet-
raploids (4n = 100), and diploid males and females with 2n
=50, which were identified as C. elongatoides according to
our preliminary DNA studies (unpublished). Therefore, in
association with the foregoing, in this paper we designate
the diploid loach species found in the lake Sinoe, in the
Odra and the lower reaches of the Danube with 2n = 50,
10 m, 22-26 sm, 1418 sta as Cobitis sp.

Among the described triploid karyotypes, the fishes
of the Western Dvina are most similar to the fishes of
the Otawa (Odra River system) and Bug (Vistula River
system) rivers. They also have 3n = 74 with a low num-
ber of metacentric and a high number of submetacentric
chromosomes (Table 3). It has been suggested that the

Table 3. The karyotype structure of previously studied triploid forms, their putative parental diploid species of Cobitis (as identified
in the cited publication) and diploid species coexisting with triploids.

River system Chromosome m sm sta  Putative haploid sets of parental species Coexnstmg. diploid Reference
number species
Odra (Otawa) 74 16 36 22 2 Cobitis sp. (2n =49)-Cobitis sp. 1 (2n=50) 2n=49 (19 m+ 18 Boron and Kotusz 2000
sm + 12 sta)
Vistula, Bug 74 18 33 23 C. taenia-2 Cobitis sp. 2n =150, 12 m + 24 sm C. taenia Boron 1999, 2003
+ 14 sta)
Lower Dnieper 74 23 25 26 C. taenia-2 Cobitis sp. C. tanaitica® Vasil’ev 1990
Volga 74 23 27 24 C. taenia-2 Cobitis sp. or C. C. taenia, Vasil'ev and Vasil'eva
taenia—C. tanaitica—Cobitis sp. 1 or C. melanoleuca 1982; Vasil'ev 1990;
C. taenia—C. elongatoides—Cobitis sp. 2 Vasil'ev et al. 2011
Vistula, Odra 73 24 27 22 2C. taenia—C. elongatoides C. taenia Boron 2003
Odra (Polska Woda) 74 24 36 14 2 C. elongatoides—C. taenia C. elongatoides®  Boron and Kotusz 2000
Vistula, Odra 74 21 31 22 C. taenia-2 Cobitis sp. C. taenia, C. taenia Boron 2003
x C. elongatoides
Elbe (PSovka creek) 74 35 25 14 2 C. elongatoides—C. taenia C. elongatoides, Rab et al. 2000
C. taenia
Odra 74 33 27 14 C. taenia-2 C. elongatoides C. elongatoides Boron 2003
Danube (Dyje River) 75 38 29 8 2C. elongatoides—Cobitis sp.1 C. elongatoides Rab et al. 2000
Tisza basin 75 35 27 13 2 C. elongatoides—C. tanaitica C. elongatoides Lusk et al. 2003
Odra (Polska Woda) 75 24 36 15 2 C. elongatoides—C. taenia or Cobitis sp. C. elongatoides Boron and Kotusz 2000;
Boron 2003
Odra (Polska Woda) 75 24 35 16 2 C. elongatoides—C. taenia or Cobitis sp. C. elongatoides Boron 2003

Aldentified as Cobitis sp., but not the same as suggested in the triploid genome; A4 identified as C. danubialis Nalbant, 1993. m = meta-, sm = sub-

meta-, sta = subtelo- and acrocentric chromosomes.
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genome of triploids of the Vistula basin includes a hap-
loid set of C. taenia and two haploid sets of an unknown
species with 2n = 50, 12 m + 24 sm + 14 sta (Boron
1999). Taking into account the different degree of chro-
mosome spiralization, we can assume the already men-
tioned Cobitis sp. as the second parental species for this
triploid. The same dihybrid origin can be assumed for the
triploids of the Odra River. Boron and Kotusz (2000) re-
vealed in the Odra River a diploid spined loach with 2n
=49 (19 m + 18 sm + 12 sta) and primarily identified it
as a separate undescribed species, parental to sympatric
triploids. However, according to the described karyotype
structure, this diploid form should be considered as a hy-
brid of C. taenia and C. elongatoides (see Table 2), as
Boron (2003) later concluded; both species are known
from the Odra system (Boron 2003).

Thus, the triploid form of the Western Dvina differs
from other triploids found in the Baltic Sea basin (Odra,
Vistula) by the karyotype structure and the supposed ori-
gin; this form also differs from other triploids revealed in
various European river systems (Table 3). Judging by the
present-day distribution of its parental species, C. taenia
and C. tanaitica, the triploid form did not originate from
the Baltic Sea basin; its origin, of course, should be as-
sociated with the Black Sea basin and dated to the Late
Pleistocene according to Culling et al. (20006).

It is well known that the recent freshwater fish fauna
of the Baltic Sea is one of the youngest. The Baltic Sea
depression was covered with ice during the last glacial
advance in the Pleistocene and was filled with fresh wa-
ter at the end of the Quaternary after the retreat of the
ice sheet, starting about 13 thousand years ago (Reid
and Orlova 2002). Berg (1949) associated the genesis of
southern fish forms in the Baltic zoogeographic province
with their northward dispersal after the retreat of the ice.
However, Reid and Orlova (2002) concluded that much
of the current biological diversity in the Baltic Sea re-
flects relatively recent colonization of non-native spe-
cies, intentionally or unintentionally introduced by hu-
man activities. In our case, an important transport artery
connecting the Western Dvina with the Dnieper basin
was the Berezinskaya water system (Berezina Canal)—a
former artificial waterway that connected the Berezina
River (tributary of the Dnieper) with the Western Dvi-
na on the territory of the Vitebsk region of (the present
day) Belarus, built within 1797-1805. The total length of
this system was 169 km, it had 14 locks and connecting
and bypass canals with a length of about 24 km. The
system was opened to traffic in 1805; timber rafting con-
tinued until the early 1950s; but at present, the canals
are impassable due to blockages (Snytko et al. 2016).
As follows from the current distribution of polyploid
forms of spined loaches in the river systems of Europe,
after penetrating the Baltic Sea basin (about 13 000-200
years ago), the analyzed triploid form disappeared from
its natural range. Probably, it was replaced by another
triploid form, which is now widespread in the upper
Dnieper basin.
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Figure 3. Karyotype of triploid form of the genus Cobitis from
the upper Dnieper River (A) and haploid sets of the putative
parental species involved: B, C. elongatoides; C, C. tanaitica,
male; D, Cobitis sp.; m, metacentric, sm, submetacentric, sta,
subtelo- and acrocentric chromosomes.

Triploid form in the upper Dnieper. The karyotype
structure of triploid females in the upper Dnieper ba-
sin indicates its trihybrid origin (Fig. 3A). A similar
karyotype structure was found in triploid forms from
the Lower Dnieper and Volga systems (Table 3). Since
their genomes consist of 74 chromosomes, one of the
parental species must have 24 chromosomes in the hap-
loid set. According to the first hypothesis of the origin
of studied triploids, C. taenia can be such a parental spe-
cies. After the removal of its haploid set, the remaining
chromosomes of triploids (18 m + 1617 sm + 15-16
sta) suggest that the other parental species was a diploid
spined loach with a high number of metacentrics and a
low number of uni-armed chromosomes; the only cor-
responding karyotyped species is C. elongatoides (Fig.
3B, Table 2). The rest of the chromosomes (4—7 m + 4—8
sm + 13-15 sta) are similar to haploid sets of spined
loach species common in the Caucasus (Eastern Black
Sea region and Caspian basin) (Vasil'ev 1995; Vasil'eva
et al. 2021): Cobitis saniae Eagderi, Jouladeh-Roudbar,
Jalili, Sayyadzadeh et Esmaeili, 2017, Cobitis satunini
Gladkov, 1935, Cobitis derzhavini Vasil'eva, Solovyeva,
Levin et Vasil'ev, 2020, and populations requiring iden-
tification. It should be noted that our long-term studies in
the Caucasus showed the absence of polyploid loaches
in this area (Vasil'eva et al. 2021). C. taenia, C. elonga-
toides and unknown species Cobitis sp. were previously
assumed as parental species for the triploid form, wide-
spread in the Volga River basin (Vasil'ev et al. 2011).
C. taenia was confirmed as its maternal species by our
preliminary study of the variability of the cytochrome b
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gene (Vasil'ev et al. 2005). At the same time, triploids
from the Lower Dnieper basin showed pronounced di-
vergence from both C. faenia and triploids of the Volga
system and were closer to C. tfanaitica and triploids from
the Western Dvina basin (Vasil'ev et al. 2005).

According to the second hypothesis of the origin of
triploids from the Dnieper, the parental diploid with 24
chromosomes in the haploid set may be a male of C. fa-
naitica. After removing its haploid set (Fig. 3C), the re-
maining genome of triploids should include 19 m, 14 sm,
17 sta. And after further removal of the haploid set of
C. elongatoides (Fig. 3B), the resulting set with 4 m +
6 sm + 15 sta (Fig. 3D) will be similar to haploid sets of
spined loaches from the Caucasus, as in the previous hy-
pothesis. Based on our preliminary mtDNA data (Vasil'ev
et al. 2005), we suggest that the most probable origin of
the Dnieper triploids is via hybridization of C. elongatoi-
des, C. tanaitica, and Cobitis sp., with the first species as
the maternal form. Anyway, this triploid form undoubt-
edly arose in the water bodies of the northwestern part
of the Black Sea basin, where C. elongatoides, current-
ly found in the Danube basin, could meet the Caucasian
Cobitis sp., as well as C. tanaitica (or C. taenia), living
in northeastern Europe. The strong competition and deep
northward dispersion observed for this triploid form may
explain the absence of the putative maternal species in
diploid-triploid complex, where the role of the host spe-
cies belongs to C. taenia.

Conclusions

The triploid form of spined loaches of the West-
ern Dvina River most likely arose as a result of the

References

Arai K, Fujimoto T (2013) Genomic constitution and atypical reproduc-
tion in polyploid and unisexual lineages of the Misgurnus loach, a
teleost fish. Cytogenetic and Genome Research 140(2—4): 226-240.
https://doi.org/10.1159/000353301

Berg LS (1949) Ryby presnyh vod SSSR I sopredel'nyh stran. [Fresh-
water fishes of the USSR and adjacent countries.] Fourth edn. Vol.
3. Izdatel’stvo Akademii Nauk SSSR, Moskva—Leningrad, USSR.

Bohlen J, Réb P (2001) Species and hybrid richness in spined loaches
of the genus Cobitis (Teleostei: Cobitidae), with a checklist of Euro-
pean forms and suggestions for conservation. Journal of Fish Biol-
ogy 59(Suppl. A): 75-89. https://doi.org/10.1111/1.1095-8649.2001.
tb01380.x

Bohlen J, Rab P, Slechtova V, Rabova M, Ritterbusch D, Freyhof J
(2002) Chapter 28. Hybridogeneous biotypes in spined loaches (ge-
nus Cobitis) in Germany with implications for the conservation of
such fish complexes. Pp. 311-328. In: Collares-Pereira MJ, Cowx
I, Coelho MM (Eds) Freshwater fish conservation—Options for the
future. Fishing New Books. Blackwell Science, Oxford, UK, 462 pp.

Boron A (1992) Karyotype study of diploid and triploid Cobitis taenia
(Pisces, Cobitidae) from Vistula River basin. Cytobios 72: 201-206.

hybridization of Cobitis tanaitica and C. taenia. Since
the range of C. fanaitica, whose karyotype is charac-
terized by an evolutionarily fixed Y-autosomal translo-
cation, locally distributed in the rivers of the northern
coast of the Black Sea, hybridization probably hap-
pened in the Dnieper River system, where both pa-
rental species occur. The triploid form that arose here,
unique for the Baltic Sea basin, probably colonized
the Western Dvina through the artificial Berezinskaya
water system (Berezina Canal), but at the same time it
was forced out of its area of origin. According to the
karyotype structure, the triploid form, common both in
the upper and lower reaches of the Dnieper, has a tri-
hybrid origin, with probable hybridization of C. elon-
gatoides, C. tanaitica and an unknown species Cobitis
sp. Both studied triploid forms are parts of unisexu-
al-bisexual complexes, in which their putative diploid
maternal species (C. tanaitica and C. elongatoides) are
absent, and the role of the host species involved in re-
production belongs to C. taenia. This phenomenon can
be explained by the strong ecological competition of
the unisexual form and its maternal species, as well as
the deep northward dispersion observed for the triploid
forms of the Western Dvina and upper Dnieper basins,
where maternal species cannot exist due to their more
southerly origin.

Acknowledgments

The authors are deeply grateful to an anonymous review-
er for the analysis of the work and helpful comments.
Scientific investigations of EV are supported by the State
Project of ZMMU # 121032300105-0.

Boron A (1995) Chromosome banding studies of spined loach Cobitis
taenia (L.). Cytobios 81: 97-102.

Boron A (1999) Banded karyotype of spined loach Cobitis taenia and
triploid Cobitis from Poland. Genetica 105(3): 293-300. https://doi.
org/10.1023/A:1003939813878

Boron A (2003) Karyotypes and cytogenetic diversity of the genus
Cobitis (Pisces, Cobitidae) in Poland: A review. Cytogenetic evi-
dence for a hybrid origin of some Cobitis triploids. Folia Biologica
51(Suppl.): 49-54.

Boron A, Danilkiewicz Z (1998) Diploid—polyploid complex of spined
loach Cobitis taenia sensu stricto and Cobitis sp., from the Bug Riv-
er, Poland (Pisces, Cobitidae). Cytobios 96: 13-22.

Boron A, Kotusz J (2000) The preliminary data on diploid-polyploid
complexes of the genus Cobitis in the Odra River basin, Poland (Pi-
sces, Cobitidae). Folia Zoologica 49(Suppl. 1): 79-84.

Buj I, Podnar M, Mrakov¢i¢ M, Choleva L, Slechtova V, Tvrtkovié N,
Caleta M, Mustafi¢ P, Mar¢i¢ Z, Zanella D, Brigi¢ A (2008) Genetic
diversity and phylogenetic relationships of spined loaches (genus
Cobitis) in Croatia based on mtDNA and allozyme analyses. Folia
Zoologica 57: 71-82.


https://doi.org/10.1159/000353301
https://doi.org/10.1111/j.1095-8649.2001.tb01380.x
https://doi.org/10.1111/j.1095-8649.2001.tb01380.x
https://doi.org/10.1023/A:1003939813878
https://doi.org/10.1023/A:1003939813878

74

Vasil'ev and Vasil'eva: Triploid forms’ karyotypes and origin

Choleva L, Apostolou A, Réb P, Janko K (2008) Making it on their own:
Sperm-dependent hybrid fishes (Cobitis) switch the sexual hosts and
expand beyond the ranges of their original sperm donors. Philo-
sophical Transactions of the Royal Society of London — Series B,
Biological Sciences 363(1505): 2911-2919. https://doi.org/10.1098/
rstb.2008.0059

Culling MA, Janko K, Boron A, Vasil'ev VP, Coté IM, Hewitt GM
(2006) European colonization by the spined loach (Cobitis taenia)
from Ponto—Caspian refugia based on mitochondrial DNA variation.
Molecular Ecology 15(1): 173—190. https://doi.org/10.1111/j.1365-
294X.2005.02790.x

Dawley RM, Yeakel AM, Beaulieu KA, Phiel KL (2000) Histocom-
patibility analysis of clonal diversity in unisexual hybrids of the
killifishes Fundulus heteroclitus and Fundulus diaphanous. Cana-
dian Journal of Zoology 78(6): 923-930. https://doi.org/10.1139/
z00-018

Janko K, Kotlik P, Rab P (2003) Evolutionary history of asexual hybrid
loaches (Cobitis: Teleostei) inferred from phylogenetic analysis of
mitochondrial DNA variation. Journal of Evolutionary Biology 16(6):
1280-1287. https://doi.org/10.1046/.1420-9101.2003.00627.x

Janko K, Culling MA, Kotlik P, Rab P (2005a) Ice age cloning—Com-
parison of the Quaternary evolutionary histories of sexual and clonal
forms of spiny loaches (Cobitis; Teleostei) using the analysis of mi-
tochondrial DNA variation. Molecular Ecology 14(10): 2991-3004.
https://doi.org/10.1111/j.1365-294X.2005.02583.x

Janko K, Vasil'ev VP, Rab P, Rabova M, Slechtova V, Vasil'eva ED
(2005b) Genetic and morphological analyses of 50-chromosome
spined loaches (Cobitis, Cobitidae, Pisces) from the Black Sea basin
that are morphologically similar to C. taenia, with the description of
a new species. Folia Zoologica 54(4): 405-420.

Janko K, Flajshans M, Choleva L, Bohlen J, Slechtova V, Rabova M,
Lajbner Z, Slechta V, Ivanova P, Dobrovolov I, Culling M, Persat H,
Kotusz J, Rab P (2007) Diversity of European spined loaches (genus
Cobitis L.): An update of the geographic distribution of the Cobitis
taenia hybrid complex with a description of new molecular tools for
species and hybrid determination. Journal of Fish Biology 71(sc):
387-408. https://doi.org/10.1111/j.1095-8649.2007.01663.x

Janko K, Kotusz J, De Gelas K, Slechtova V, Opoldusovéa Z, Drozd
P, Choleva L, Popiotek M, Balaz M (2012) Dynamic formation of
asexual diploid and polyploid lineages: Multilocus analysis of Cobi-
tis reveals the mechanisms maintaining the diversity of clones. PLoS
ONE 7(9): e45384. https://doi.org/10.1371/journal.pone.0045384

Janko K, Pacek J, Wilkinson-Herbots H, Costa RJ, Roslein J, Drozd P,
Jakovenko N, Ridl J, Hroudova M, Koé&i J, Reifova R, Slechtova V,
Choleva L (2018) Hybrid asexuality as a primary postzygotic barrier
between nascent species: On the interconnection between asexual-
ity, hybridization. Molecular Ecology 27(1): 248-263. https://doi.
org/10.1111/mec.14377

Kottelat M, Freyhof'J (2007) Handbook of European freshwater fishes.
Publications Kottelat. Kottelat, Cornol, Switzerland and Freyhof,
Berlin, Germany, 646 pp.

Kotusz J, Popiotek M, Drozd P, De Gelas K, Slechtova V, Janko K
(2014) Role of parasite load and differential habitat preferences in
maintaining the coexistence of sexual and asexual competitors in
fish of the Cobitis taenia hybrid complex. Biological Journal of the
Linnean Society. Linnean Society of London 113(1): 1220-1235.
https://doi.org/10.1111/bij.12329

Lamatsch DK, Stock M (2009) Chapter 19. Sperm-dependent partheno-
genesis and hybridogenesis in teleost fishes. Pp. 399—432. In: Schon
I, Martens K, van Dijk P (Eds) Lost sex. The evolutionary biology
of parthenogenesis. Springer, Dordrecht, Heidelberg, London, New
York, 615 pp. https://doi.org/10.1007/978-90-481-2770-2_19

Levan A, Fredga A, Sandberg AA (1964) Nomenclature for centromer-
ic position on chromosomes. Hereditas 52(2): 201-202. https://doi.
org/10.1111/j.1601-5223.1964.tb01953.x

Lusk S, Kos¢o J, Halacka K, Luskova V, Flajshans M (2003) Identifi-
cation of Cobitis from the Slovakian part of the Tisza Basin. Folia
Biologica 51(Suppl): 61-65.

Majtanova Z, Choleva L, Symonovéa R, Rab P, Kotusz J, Pekarik L,
Janko K (2016) Asexual reproduction does not apparently increase
the rate of chromosomal evolution: Karyotype stability in diploid
and triploid clonal hybrid fish (Cobitis, Cypriniformes, Teleostei).
PLoS ONE 11(1): e0146872. https://doi.org/10.1371/journal.
pone.0146872

Mezhzherin SV, Tsyba AA, Kryvokhyzha D (2022) Cryptic expansion
of hybrid polyploid spined loaches Cobitis in the rivers of Eastern
Europe. Hydrobiologia 849(4): 1689—1700. https://doi.org/10.1007/
$10750-022-04813-z

Réb P, Slavik O (1996) Diploid-triploid-tetraploid complex of the
spined loach, genus Cobitis in PSovka creek: The first evidence of
the new species of Cobitis in the ichthyofauna of the Czech Repub-
lic. Acta Universitatis Carolinae. Biologica 39(3—4): 201-214.

Réb P, Rabova M, Bohlen J, Lusk S (2000) Genetic differentiation of the
two hybrid diploid-polyploid complexes of loaches, genus Cobitis
(Cobitidae) involving C. taenia, C. elongatoides and C. spp. in the
Czech Republic: Karyotypes and cytogenetic diversity. Folia Zoo-
logica 49(Suppl. 1): 55-66.

Reid DF, Orlova MI (2002) Geological and evolutionary underpinnings
for the success of Ponto—Caspian species invasions in the Baltic Sea
and North American Great Lakes. Canadian Journal of Fisheries and
Aquatic Sciences 59(7): 1144—1158. https://doi.org/10.1139/f02-099

Snytko VA, Ozerova NA, Shirokova VA (2016) The Berezina water sys-
tem: The history of construction and exploitation. Acta Geographica
Silesiana 21: 85-96.

Vasil'ev VP (1978) Hromosomnyj polimorfizm u smaridy — Spicara
smaris (Pisces, Centracanthidae). [Chromosome polymorphism in
pickerel—Spicara smaris (Pisces, Centracanthidae).] Zoologiceskij
zurnal 57(8): 1276—1278. [In Russian]

Vasil'ev VP (1985) Evoliicionnaé kariologia ryb. [Evolutionary karyol-
ogy of fishes.] Nauka, Moscow, USSR, 300 pp. [In Russian]

Vasil'ev VP (1990) Diploidno-triploidnyj kompleks Sipovok roda Cobi-
tis (Pisces, Cobitidae). [Diploid-triploid complex of spined loaches
of the genus Cobitis (Pisces, Cobitidae).] Doklady Akademii Nauk
SSSR 312(1): 249-252. [In Russian]

Vasil'ev VP (1995) Kariologi¢eskoe raznoobrazie i taksonomiceskaa
geterogennost’ Cobitis “taenia” (Pisces, Cobitidae). [Karyological
diversity and taxonomic heterogeneity of Cobitis “taenia” (Pisces,
Cobitidae).] Doklady Akademii Nauk SSSR 342(6): 839-842. [In
Russian]

Vasil'ev VP, Vasil'eva ED (1982) Novyj diploidno-poliploidnyj kom-
pleks u ryb. [A new diploid-polyploid complex in fishes.] Doklady
Akademii Nauk SSSR 266(1): 250-252. [In Russian]

Vasil'ev VP, Vasil'eva ED, Osinov AG (1989) Evolution of a dip-
loid-triploid-tetraploid complex in fishes of the genus Cobitis


https://doi.org/10.1098/rstb.2008.0059
https://doi.org/10.1098/rstb.2008.0059
https://doi.org/10.1111/j.1365-294X.2005.02790.x
https://doi.org/10.1111/j.1365-294X.2005.02790.x
https://doi.org/10.1139/z00-018
https://doi.org/10.1139/z00-018
https://doi.org/10.1046/j.1420-9101.2003.00627.x
https://doi.org/10.1111/j.1365-294X.2005.02583.x
https://doi.org/10.1111/j.1095-8649.2007.01663.x
https://doi.org/10.1371/journal.pone.0045384
https://doi.org/10.1111/mec.14377
https://doi.org/10.1111/mec.14377
https://doi.org/10.1111/bij.12329
https://doi.org/10.1007/978-90-481-2770-2_19
https://doi.org/10.1111/j.1601-5223.1964.tb01953.x
https://doi.org/10.1111/j.1601-5223.1964.tb01953.x
https://doi.org/10.1371/journal.pone.0146872
https://doi.org/10.1371/journal.pone.0146872
https://doi.org/10.1007/s10750-022-04813-z
https://doi.org/10.1007/s10750-022-04813-z
https://doi.org/10.1139/f02-099

Acta Ichthyologica et Piscatoria 52(1), 2022, 67-75

75

(Pisces, Cobitidae). Pp. 153—169. In: Dawley RM, Bogart JP (Eds)
Evolution and ecology of unisexual vertebrates. New York State
Museum Bulletin 466.

Vasil'ev VP, Lebedeva EB, Vasil'eva ED, Levenkova ES, Mel'nikova
MN (2005) Prostranststviennad i vremiennad geneticeskaa struk-
tura predstavietelej biseksual'nyh vidov pozvono¢nyh. Podtema:
sostav i geneticeskaad struktura klonal'no-biseksual'nyh kom-
pleksov ryb r. Cobitis (Cobitidae). [Spatial and temporal genetic
structure of representatives of bisexual and clonal vertebrate spe-
cies. Subtopic: composition and genetic structure of clonal-bi-
sexual complexes of fish from the genus Cobitis (Cobitidae).]
Pp. 21-22. In: Sestakov SV (Ed.) Dinamika genofondov rastenij,
zivotnyh i Celoveka. Otcetnaa konferencia. [Dynamics of gene
pools of plants, animals and humans. Reporting conference.]
Moskva, Russia.

Vasil'ev VP, Vasil'eva ED, Levenkova ES (2007) Trigibridnoe
proishozdenie odnopolo-zenskoj tetraploidnoj formy ryb roda
Cobitis (Pisces, Cobitidae).
tetraploid form of fish of the genus Cobitis (Pisces, Cobitidae).]
Doklady RAN 413(1): 1-4. [In Russian] https://doi.org/10.1134/
S0012496607020044

[Trihybrid origin of unisexual

Vasil’ev VP, Lebedeva EB, Vasil'eva ED (2011) Evolutionary ecology
of clonal-bisexual complexes in spined loaches from genus Cobitis
(Pisces, Cobitidae). Journal of Ichthyology 51(10): 932-940. https://
doi.org/10.1134/S0032945211100067

Vasil’eva ED (2004) Popularnyj atlas-opredelitel’. [A popular identifi-
cation atlas. Fishes.] Drofa, Moscow, Russia, 400 pp. [In Russian]

Vasil’eva ED, Vasil'ev VP (1998) Sibling species in the genus Cobitis
(Cobitidae), Cobitis rossomeridionalis sp. nova. Journal of Ichthy-
ology 38(5): 604-614.

Vasil'eva ED, Vasil'ev VP (2006) Cobitis pontica sp. nova—A new spined
loach species (Cobitidae) from the Bulgarian waters. Journal of Ichthyol-
ogy 46(Suppl. 1): 15-20. https://doi.org/10.1134/S003294520610002X

Vasil’eva ED, Solovyeva EN, Vasil'ev VP (2021) Phylogenetic relation-
ships, taxonomy and diagnostics of spined loaches (Cobitidae: Co-
bitis, Sabanejewia) of the Caspian Sea basin. Pp. 79-90 In: Mosa-
vi-Sabet H (Ed.) Proceedings of the 9" National and 1* International
Iranian Conference of Ichthyology. University of Guilan, Iran.

Vrijenhoek RC, Dawley RM, Cole CJ, Bogart JP (1989) A list of the
known unisexual vertebrates. Pp. 19-23. In: Dawley RM, Bogart JP
(Eds) Evolution and Ecology of Unisexual Vertebrates. New York
State Museum Bulletin 466.


https://doi.org/10.1134/S0012496607020044
https://doi.org/10.1134/S0012496607020044
https://doi.org/10.1134/S0032945211100067
https://doi.org/10.1134/S0032945211100067
https://doi.org/10.1134/S003294520610002X

	Triploid forms’ karyotypes of spined loaches from the genus Cobitis (Actinopterygii: Cypriniformes: Cobitidae) of the upper Dnieper and Western Dvina rivers: Analysis of the triploids’ origin
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgments
	References

