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Abstract—To solve some systematic questions as well as to study genetic variability and evolutionary relationships in two
groups of fish belonging to the Mugilid (Mugilidae) and Cyprinid (Cyprinidae) families, we have used restriction fragment
length polymorphism analysis of mitochondrial DNA (mtDNA) fragments amplified in polymerase chain reaction. The
analysis of three mtDNA fragments of 7220 bp total length of six Mugilid species has shown that Mediterranean Liza aura-
ta, L. ramada, L. saliens, and Chelon labrosus form a common cluster, L. aurata and C. labrosus being the closest relatives,
whereas L. haematocheilus (syn. C. haematocheilus) of the Sea of Japan forms a sister group to the Mediterranean cluster. It
was found that Chelon and Liza genera are paraphyletic, and therefore their division into two genera is unnatural and they
should be synonymized. According to priority, Liza species should be ascribed to Chelon genus. Mugil cephalus is the most
distant compared to the rest of the species studied. The level of genetic divergence between allopatric samples of M. cephalus
from the Sea of Japan and the Mediterranean Sea has proved to be very high—4.5% of nucleotide substitutions. The analy-
sis of four mtDNA fragments of 9340 bp total length of six Cyprinid species has shown that L. waleckii is the most geneti-
cally distant. Pseudaspius leptocephalus is a sister group to Tribolodon species. All Tribolodon species form a common cluster
with T. sachalinensis as a root. The remaining species form two branches, one of which includes T. nakamurai and T.
brandtii, another one combines 7. hakonensis and a new form of Tribolodon revealed that is close to T. hakonensis by its

mtDNA (2.4% of nucleotide substitutions). This new form might be an independent species.
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Phylogenetic studies as a basis for systematic recon-
structions and analyses of direction and rate of evolution
take an important place in biological sciences [1]. Great
interest in phylogenetic reconstructions and problems
connected to them gave rise to various divisions, tenden-
cies, and methods that are used to clarify and specify the
similarity and differences among taxa in all levels of
organization. The fundamental thesis of the evolutionary
hypothesis states that changes on molecular level of
organisms lead to changes on other levels. In a classic
work of Spirin, Belozersky, et al. 50 years ago it was shown
that “... DNA has pronounced species specificity, close
species having fewer differences in DNA composition

Abbreviations: mtDNA) mitochondrial DNA; PCR) poly-
merase chain reaction; RFLP) restriction fragment length
polymorphism.

* To whom correspondence should be addressed.

compared to systematically distant ones” [2]. The devel-
opment of this inference has resulted in wide use of com-
parative analysis of nucleotide sequences to solve taxo-
nomic and systematic problems in all groups of the organ-
ic world [3]. The reason for usage of this approach is the
fact that in a process of divergence, DNA accumulates
nucleotide substitutions (mutations) that lead to bio-
chemical, physiological, morphological, and ethological
changes and, eventually, to the origin of new species and
groups of species.

To compare DNA sequences and uncover differences
various methods are used at the present time, ranging
from different variants of DNA—DNA-hybridization to
direct comparison of nucleotide sequences of genes and
genome regions [3]. The accumulated empirical data
allow the assertion that molecular-genetic analysis can be
successfully used to solve many disputable questions of
systematics and phylogeny of taxa. Molecular methods
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also reveal cryptic species indistinguishable by morpho-
logical characters.

One of the most widely used approaches nowadays is
comparative analysis of mitochondrial DNA (mtDNA).
The mtDNA is characterized by a number of traits that
make it suitable for these purposes [4]. They include the
small size of the molecule [5]; the high rate of evolution
of mitochondrial gene sequences, which is 5-10-fold
faster than in nuclear loci [6]; haploid maternal inheri-
tance; and lack of recombination [7]. Analysis of muta-
tions in mtDNA and their distribution in the species
habitat allows not only the differentiation of the taxa but
also the retrospective reconstruction of the consecution
of the origin of taxa and intra-species groups as well as the
estimation of the approximate time of their divergence
[4].

In the present study, we have used RFLP (restriction
fragment length polymorphism)-analysis of mtDNA
fragments amplified in polymerase chain reaction (PCR).
The advantage of this method is the possibility to analyze
extended mtDNA fragments that have substantially dif-
ferent rates of evolution and, correspondingly, different
levels of resolution for phylogenetic reconstructions [8].
This approach has been used to analyze species in two fish
taxa whose taxonomic status and phylogenetic relation-
ships have not been unambiguously established: gray mul-
lets (family Mugilidae) and Far Eastern redfins of
Tribolodon genus (family Cyprinidae).

Gray mullets are distributed worldwide and inhabit
marine, estuarine, and freshwater environments in all lat-
itudes except the polar regions. The family Mugilidae
(Pisces, Mugiliformes) includes 14 genera and 64 valid
species. Most of them are representatives of Liza and
Mugil genera. There are also 17 nominal taxa whose tax-
onomic status is uncertain [9]. The precise phylogenetic
relationships of some species and genera in this family
remain enigmatic because very few morphological char-
acters are suitable to unambiguously establish the rela-
tionships among them due to their conservative morphol-
ogy [10]. Moreover, there are substantial disagreements in
Mugilid systematics [9, 11, 12].

Far Eastern redfins of Tribolodon genus (Pisces:
Cypriniformes) are endemic for the Far Eastern Seas.
Tribolodon species are the only group of Cyprinids that
has anadromous ecotypes adapted to fattening at the
ocean salinity and forming stable freshwater resident eco-
types [13]. At present four species of Far Eastern redfins
are described. Three of them, Tribolodon hakonensis, T.
brandtii, and T. sachalinensis, have been known for a long
time and are common in the ichthyofauna of the Sea of
Japan, south of the Okhotsk Sea, and the east coast of the
Japanese Islands. The fourth species, 7. nakamurai,
which is endemic to some rivers of central Honshu Island,
was described only in 2000 [14]. The study of genetic
diversity and phylogenetic relationships of Tribolodon
species has been previously conducted using allozyme
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methods [15-18]. However, many questions of Cyprinid
evolutionary history and taxonomy still remain unsolved.

Thus, the problems existing in phylogeny and sys-
tematics of these two fish groups have given occasion to
the present research.

MATERIALS AND METHODS

In the present study we have analyzed mtDNA of six
Mugilid species: Mugil cephalus Linnaeus, 1758 and Liza
haematocheilus (syn. Chelon haematocheilus) Temminck
et Schlegel, 1845 from the Sea of Japan, as well as M.
cephalus, L. aurata Risso, 1810, L. ramada Risso, 1826,
L. saliens Risso, 1810, and Chelon labrosus Risso, 1826
from the Mediterranean Basin.

Among Cyprinids, mtDNA of four species of Far
Eastern redfins have been compared: south and north
forms of T. hakonensis Gunther, 1880 [19], T. brandtii
Dybowski, 1872, T. sachalinensis Nikolsky, 1889, and T.
nakamurai Doi et Shinzawa, 2002, as well as close taxa
used as outgroups: Leuciscus waleckii Dybowsky, 1869
and Pseudaspius leptocephalus Pallas, 1776.

The information about the sample collection sites is
presented in Tables 1 and 2. Total DNA was extracted
from the tissue pieces fixed in 95% ethanol according to
the standard protocol [20]. The variability of mtDNA was
revealed by PCR-RFLPs. Primers designed by Gharrett
et al. [21] were used to amplify different mtDNA frag-
ments. PCR was performed in 50 ul reactions with 2 units
of Taq polymerase, 5 pl of 10x Taq buffer (Sibenzyme,
Russia), 2 mM of each dNTP, 0.25 uM of each primer,
and approximately 150 ng of genomic DNA as a tem-
plate. Amplifications began with preliminary denatura-
tion at 94°C (5 min), followed by strand denaturation at
94°C (0.5 min), primer annealing at 50°C (1 min), and
primer extension at 72°C (2.4 min) repeated for 35 cycles
and final extension at 68°C (4 min).

For the Mugilid analysis, three mtDNA fragments
were amplified, two of them coding five nicotinamide
dinucleotide dehydrogenase subunits (ND3/ND4L/ND4
and ND5/ND®6), the other coding 12S and 16S ribosomal
RNA (12S/16S rRNA). PCR-products were digested by
the set of 13 restriction endonucleases: Avall, BsuRI,
Cfr131, Ddel, Hin6l, Hinfl, Mbol, Mspl, Mval, Rsal,
Styl, Taql, and Vspl (Fermentas, Lithuania; Sibenzyme).
For the Cyprinid analysis, four mtDNA fragments were
amplified, coding ND3/ND4L/ND4, ND5/NDG6,
12S/16S rRNA, as well as two subunits of ATPase and
cytochrome oxidase III (ATP6/ATP8/COIII). Each of
them was analyzed by 13 restriction endonucleases:
Hin6l, Mspl, Vspl, Pstl, Aval, Cfr131, Mbol, Hindlll,
Rsal, BsuRI, Mval, Hinfl, and Styl (Fermentas;
Sibenzyme).

Digested fragments were separated electrophoreti-
cally through 2% agarose gels (one part of regular agarose
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Table 1. Geographic localization and sample size of Mugilid samples collected in 2002-2004
Species Sample site Number Tissue
L. haematocheilus | Sea of Japan, south Primorye, Russia 20 heart
L. aurata Tyrrhenian Sea, Orbetello Lagoon, Italy 15 fin
L. ramada Tyrrhenian Sea, Orbetello Lagoon, Italy 3 muscle
L. saliens Tyrrhenian Sea, Orbetello Lagoon, Italy 1 muscle
C. labrosus Tyrrhenian Sea, Orbetello Lagoon, Italy 19 whole fish
M. cephalus Sea of Japan, south Primorye, Russia 12 heart
M. cephalus Mediterranean Sea, Sardinia, Italy, San Giovanni Lagoon 18 fin
Table 2. Geographic localization and sample size of Cyprinid samples collected in 2000-2005
Species Sample site Number Tissue
T. hakonensis Sea of Japan, Primorye, Razdol’naya River; 20 heart
Okhotsk Sea, Sakhalin Island, Bakhura River; 20
Tatar Strait, Khabarovsky Region, Tumnin River 20
T. brandtii Sea of Japan, Primorye, Razdol’naya River, Lebedinka River 20 heart
T. sachalinensis Sakhalin Island, Aniva Bay, Susuya River 20 heart
T. nakamurai Yamagata, Japan, 1 heart
Mogami River
L. waleckii Sea of Japan, Primorye, Razdol’naya River 7 heart
P. leptocephalus Amur River Basin 1 muscle
(Sigma, USA) and two parts of Synergel™ (Diversified RESULTS

Biotech, Inc., USA)) in 0.5x Tris-borate buffer [18],
stained with ethidium bromide, and visualized under UV
light. As molecular markers of length, we used A phage
DNA hydrolyzed by Pstl and 100 bp ladder standard
included in each gel.

Each restriction pattern obtained by each restriction
enzyme was designated by a letter. Composite haplotypes
of each individual on each fragment were summarized by
a letter-code, 39 for the Mugilids and 50 for the Cyprinids
(not 52 since HindIIIl and Pstl have not revealed restric-
tion sites in 12S/16S rRNA mtDNA fragment of
Cyprinids). The data obtained from restriction fragments
were converted into restriction site binary matrixes (gain
or loss of the site as a result of mutation). Phylogenetic
analysis was performed in PAUP* 4.0b10 (tree bisec-
tion—reconnection method of branch-swapping with 50
random-addition sequences and 1000 bootstrap repli-
cates) [22]. The haplotype and nucleotide diversity as well
as the level of nucleotide divergence within and among
the species were calculated using the REAP program
package [23].
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Family Mugilidae. The analysis of Mugilid mtDNA
has revealed 434 restriction sites over a 7220 bp segment.
This segment comprises on average 45% of the whole fish
mitochondrial genome [8]. Of 434, 368 sites proved to be
parsimony informative. The approximate size of 12S/16S
rRNA fragment of M. cephalus (2430 bp) differs from
those of Liza and Chelon representatives (2400 bp) by
about 30 bp. Among 88 individuals of six Mugilid species
studied, 31 species-specific composite haplotypes have
been detected: L. haematocheilus having seven, L.
aurata — 12, C. labrosus — four, M. cephalus — six, L.
ramada — one, and L. saliens — one haplotype.

The level of pair-wise mtDNA sequence divergence
of the six species studied varies from 26.9-28.9% (between
M. cephalus and L. haematocheilus) to 8.4% (between L.
aurata and C. labrosus) of nucleotide substitutions (Table
3). Mugil cephalus is equidistant from all the Liza-Chelon
species — from 26.1 to 28.9% of nucleotide substitutions.
Differences among the species mtDNA within the Liza-
Chelon cluster comprise 8.4-14.6%. Mugil cephalus haplo-
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Table 3. Nucleotide divergence in Mugilid samples
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Nucleotide divergence, %

Sample

L. haematocheilus, Sea of Japan —

L. aurata, Tyrrhenian Sea 13.9 -
M. cephalus, Sea of Japan 28.8 26.9
M. cephalus, Mediterranean Sea 26.9 26.1
C. labrosus 13.8 8.4
L. ramada 16.1 9.5
L. saliens 14.6 10.3

4.5 -

259 25.5 -

24.8 24.7 9.9 —

234 239 10.8 10.9 —

types of the Sea of Japan and the Mediterranean Sea form
two branches of the same cluster that precisely align with
the geographical source of these populations (Fig. 1).
Mugil cephalus of the Sea of Japan and Mediterranean
had no common composite haplotypes. Five out of 13, 10
out of 13, and 11 out of 13 restriction endonucleases
revealed differences between the two samples of M.
cephalus in 12S/16S rRNA, ND3/ND4L/ND4, and
ND5/ND6 mtDNA fragments, respectively.

A consensus tree (L = 496, CI = 0.77, Rl = 0.57)
with the branch support values is shown in Fig. 1. It dis-
plays three main lineages: (/) L. haematocheilus branch;
(2) a group including L. aurata, L. ramada, L. saliens,
and C. labrosus; and (3) M. cephalus branch. Mugil
cephalus is the most genetically distant species, while L.
haematocheilus and Mediterranean Liza and Chelon
species are sister groups.

Liza haematocheilus
(syn. Chelon haematocheilus)

Liza aurata
100

100 Chelon labrosus

100 Liza ramada

Liza safiens

Mugil cephalus

100 (Sea of Japan)

Mugil cephalus
(Mediterranean Sea)

Fig. 1. Consensus tree (L = 496, CI = 0.77, Rl = 0.57) illustrating
Mugilid phylogenetic relationships with 1000 replicate bootstrap
support.

Family Cyprinidae. The analysis of Cyprinid mtDNA
has revealed 455 restriction sites over a 9340 bp segment.
This segment comprises on average 58% of the whole fish
mitochondrial genome [8]. Of 455, 335 sites proved to be
parsimony informative. Among 109 individuals of six
species studied in the present work, 53 species-specific
composite haplotypes were scored: 7. sachalinensis hav-
ing seven, T. brandtii — 13, south form of 7. hakonensis —
four, north form of 7. hakonensis from Sakhalin Island —
12, north form of 7. hakonensis from Khabarovsky
Region — 11, L. waleckii — four, T. nakamurai — one, and
P. leptocephalus — one haplotype.

The level of pair-wise mtDNA sequence divergence
among the six species studied varies from 16.3% (L.
waleckii vs. T. hakonensis and T. nakamurai) to 5.2%
(between T. nakamurai and T. brandtii) of nucleotide
substitutions (Table 4). The mtDNA of L. waleckii differs

Leuciscus waleckii

100 Pseudaspius leptocephalus

Tribolodon nakamurai
100

Tribolodon brandlii
100

Tribolodon hakonensis

100 south form

100

Tribolodon hakonensis
north form

Tribolodon sachalinensis

Fig. 2. Consensus tree (L = 478, CI = 0.76, RI = 0.49) illustrat-
ing Cyprinid phylogenetic relationships with 1000 replicate boot-
strap support.
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Table 4. Nucleotide divergence in Cyprinid samples
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Nucleotide divergence, %

Sample
T. hakonensis, Primorye -
T. hakonensis, Sakhalin Island, 2.4 -
Khabarovsky Region
T. sachalinensis 8.4 8.9
T. brandtii 10.8 11.3
T. nakamurai 10.7 11.5
P. leptocephalus 10.8 11.1
L. waleckii 16.7 16.8

9.3 —

8.3 5.3 —

7.8 10.6 9.9 —

14.8 17.2 16.6 15.2 —

from all the Tribolodon species by about the same number
of nucleotide substitutions — from 14.9 to 16.8%,
mtDNA of P. leptocephalus — from 7.7 to 10.6%.

A consensus tree (L = 478, CI = 0.76, RI = 0.49)
with branch support values is presented in Fig. 2. It forms
three main clusters: (/) L. waleckii branch; (2) P. lepto-
cephalus branch; and (3) a group including T. sachalinen-
sis, T. nakamurai, T. brandtii, as well as the south and
north forms of T. hakonensis. Among the species studied,
L. waleckii is the most genetically distant species. Genetic
differences between the south (Primorye) and north
(Sakhalin and Khabarovsky Region) samples of T. hako-
nensis appeared to be high — 2.4% of nucleotide substitu-
tions (Table 4). Nucleotide diversity of the north form is
0.013146 (Sakhalin Island) and 0.010139 (Khabarovsky
Region), nucleotide diversity of the south form is
0.001130.

DISCUSSION

Results obtained on the basis of comparative
mtDNA analysis have allowed the clarification of some
controversial questions of systematics and phylogeny of
the two fish taxa studied and the acquisition of interesting
new data.

Family Mugilidae. The present genetic analysis has
revealed a high level of mtDNA differentiation of all the
species studied. On the whole, the results are similar to
the schemes based on comparisons of hemoglobins [24],
allozyme analysis [25-27], PCR-RFLP-analysis of
mtDNA [28, 29], comparison of 16S rRNA [27], karyo-
logic analysis [30], and comparison of nucleotide
sequences [31]. However, there are some differences.

The highest level of divergence was observed between
M. cephalus and the other species studied, which con-
firms the current conception on Mugilid systematic rela-
tionships [9]. All the Mediterranean Liza species have
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about the same genetic distances among each other (8-
10% of nucleotide substitutions). Liza haematocheilus and
Mediterranean species are sister taxa (Fig. 1). At the same
time, the number of its nucleotide substitutions compared
to most of the species is about one and a half times high-
er (14-16%). This result may seem to prove the assump-
tion that L. haematocheilus belongs to the different
genus — Chelon [9]. However, the comparison of mtDNA
of L. haematocheilus and C. labrosus, the representative of
this genus, shows the same amount of difference — about
14%, while mtDNA of C. labrosus and Mediterrancan
species of Liza genus differs by 8-11% (Table 3). Our data
testifies to the paraphyletic origin of L. haematocheilus
and C. labrosus mtDNA and, thus, to the absence of rea-
sons to unify them into the same genus.

The results evidence Chelon and Liza representa-
tives’ close genetic relation. Many other researchers also
state the closeness of these genera. Comparative studies of
the pharyngobranchial organ [32] and cytogenetic data
[30, 33] have not found any substantial differences
between C. labrosus and the three Mediterranean Liza
species. In the studies based on genetic analysis of
Mediterranean mullets, C. labrosus clusters either with L.
saliens |28, 31], or L. aurata [27], or joins the L. rama-
da—L. aurata cluster [34]. Therefore, taking into account
the scientific issue data, our results point out the necessi-
ty for taxonomic revision and synonymization of Chelon
and Liza genera. According to the priority, all these
species should be ascribed to Chelon genus [11].

The values of divergence (Table 3) obtained in the
present work are higher than in the studies of Caldara et
al. [31] and Papasotiropoulos et al. [28], which might be
explained by the fact that both groups of authors used
short (400-630 bp) and conservative (COI, cytochrome b,
and 12S and 16S rRNA) mtDNA fragments. It is sup-
ported by the fact that if our data are computed basing
only on highly conservative 12S/16S rRNA region, the
level of divergence abruptly decreases to 19.3-18.6%
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between M. cephalus and L. haematocheilus, to
1.8% between L. aurata and C. labrosus, and to
1.6% between C. labrosus and L. ramada. This supports
the idea that the information based exclusively on small
and conservative DNA fragments is not enough to recon-
struct phylogenetic relationships among closely related
organisms.

One more interesting inference follows from the
comparison of allopatric populations of M. cephalus
mtDNA from the Mediterranean and the Sea of Japan.
The level of their differentiation has proved to be high, i.e.
4.5% of nucleotide substitutions. Such a deep level of
divergence and the absence of common haplotypes, along
with the fact that 26 out of 39 restriction enzymes used
differentiate both M. cephalus samples, testify to the long
genetic isolation of these populations. In other
researchers’ studies, it was shown that despite the cos-
mopolite distribution and morphological identity, M.
cephalus has a pronounced population genetic structure
[25, 35-37]. However, since the genetic subdivision of M.
cephalus populations contradicts its great morphological
uniformity of this species on its habitat [25], the question
about the systematic significance of the divergence level
observed and conspecificity of these populations demand
further investigations.

Family Cyprinidae. In general, the consecution of
divergence events of Tribolodon species and the amount of
their genetic divergence level are similar to the schemes
based on allozyme and rRNA sequence data [15-18].

The most genetically distant species is L. waleckii. Its
divergence from the rest of the species studied lies within
the bounds of 14.8 and 17.2%. The close relationship of P.
leptocephalus and Tribolodon species (7.8-11.1%) con-
firms the data of Kartavtsev et al. [16], Sakai et al. [17,
18], and Sasaki et al. [38]. Differences among the
mtDNA of the Tribolodon species are about the same:
10.9% between T. hakonensis vs. two other species—T.
brandii and T. sachalinensis, 8.5% between T. brandii and
T. sachalinensis.

In comparing the north and south forms of 7. hako-
nensis, deep genetic differences—about 2.5% of mtDNA
nucleotide substitutions—have been shown. The number
of north form composite haplotypes (12 and 11) is three
times higher than the south form’s (four), all of them
being strictly form specific. The level of nucleotide diver-
sity of the north form (0.013146 and 0.010139) is an order
of magnitude higher than that of the south form
(0.001130) taking into account that the number of the
specimens analyzed was equal in each sample. These facts
prove the existence of long genetic isolation between the
forms during many generations. Additional evidence fol-
lows from the study of Sakai et al. [17], who showed that
T. hakonensis populations from Sakhalin, Khabarovsky
Region, and Japan on one hand, and Korea and Primorye
on the other, have fixed differences by Prot-2 locus, while
T. brandii, whose species status is undoubted, had no
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diagnostic loci. These authors showed that in the narrow
Korean Strait between the southern Korean Peninsula
and the Japanese Archipelago both alleles occurred in
approximately the same proportion, which is evidence of
the two forms’ sympatric habitat. Thus, the absence of
genetic drift under the probable sympatry enables the
assumption that these two forms are distinct species.
Therefore, this group of fishes also needs a taxonom-
ic revision in the light of molecular genetic data reconsid-
ering the status of the north and south forms of 7. hako-
nensis and perhaps of Pseudaspius and Tribolodon genera.

The authors thank A. R. Rossi, H. Sakai, N. S.
Romanov, S. M. Dolganoy, and Y. F. Kartavtsev for their
help in sample collection.
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