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Abstract—Charrs of the genus Salvelinus (including Salvethymus) represent a monophyletic group of salmo-
nid fishes that diverged from the common ancestor without subdivision into subgenera. The phylogenesis of
the genus is characterized by four cycles of mitochondrial genome divergence. The first one, belonging to the
Late Miocene—the border between Miocene and Pliocene (6 to 4 million years ago)—was associated with
the consecutive divergence of the S. fontinalis, S. namaycush, S. levanidovi, and S. leucomaenis basal
branches. Two divergence events, including separation of the ancestral lineage of Western Pacific group of
S. m. krascheninnikovi and the following segregation of the common ancestor into two mitochondrial phyla,
happened within the period of 3 to 2 million years ago. The next cycle is attributed to the time interval of about
1 million years ago and includes the divergence of both phyla. In one phylum, a relatively quick isolation of
Arctic and Eastern Pacific phylogroups, along with the divergence of the latter phylogroup into . confluentus
and S. m. lordi lineages, took place. At the same time, the second phylum diverged into the S. m. malma and
S. alpinus phylogenetic groups. At the final stage (Middle to Late Pleistocene), differentiation of the taxa

within the phylogenetic groups took place.
DOI: 10.1134/51022795415010093

INTRODUCTION

Charrs of the genus Salvelinus (Salmoniformes:
Salmonidae) represent an important component of
the arctic and subarctic freshwater ecosystems of
Europe, Eastern Siberia, Northeast Asia, and North
America belonging to the Pacific Ocean, Atlantic
Ocean, and Arctic Ocean basins. Moreover, the degree
of morphoecological variability in charrs appeared to
be much higher compared to other representatives of
fish fauna of northern arctic communities. Most of the
researchers denote that charrs are one of the most
interesting, yet taxonomically complex group among
the salmonids. Therefore, despite good morphological
research [1—4 and others], many fundamental issues
of the genus phylogeny remain unresolved. In this
regard, molecular genetic studies of charrs are of great
interest, since they enable determination of the
genetic differences between the populations at differ-
ent levels of phenotypic divergence. Moreover, these
studies make it possible to determine the hierarchy of
the relationships among the taxa, their mutual isola-
tion, the time of occurrence, and the degree of diver-
gence from the common ancestor.

The prospects for resolving the phylogenetic issues
in young closely related groups, which include the
charrs of the genus Salvelinus, are associated with the
use of mitochondrial DNA. In this case, use of the
more slowly evolving nuclear markers often faces the
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problem of the limited number of phylogenetically
informative characters (synapomorphies), which leads
to the construction of polytomous dendrograms with a
great number of weakly supported nodes. However,
despite the large number of publications [5—17 and
others], no generalized phylogeny of the mitochon-
drial groups, which would agree with morphological
phylogeny of the genus Salvelinus, has previously been
constructed. Our studies of the genetic differentiation
and divergence in charrs of the genus Salvelinus with
PCR-RFLP analysis of mtDNA fragments [11—13]
provided insight into the evolution of the main phylo-
genetic groups of charrs. However, the proposed
hypothesis was not free of the limitations associated
with the composition of the examined taxa and the
characters. For these reasons, the obtained recon-
struction, as well as the phylogenetic hypothesis for-
mulated on its basis [11], was initially considered as
preliminary, requiring confirmation for the enlarged
taxa composition. These findings stimulated further
phylogenetic studies of charrs.

MATERIALS AND METHODS

The study is based on original material from the
collection of the authors, which was formed from 1995
through 2005. The examined charrs of the genus
Salvelinus included white charr S. albus, Arctic charr
S. alpinus alpinus and S. a. oquassa, Chukchi charr
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S. andriashevi, bull trout S. confluentus, Krogius charr
S. krogiusae, longhead charr S. kronocius, white-spot-
ted charr S. leucomaenis, Levanidov charr S. levani-
dovi, northern Dolly Varden S. malma malma, south-
ern Asian Dolly Varden S. m. krascheninnikovi, south-
ern American Dolly Varden S. m. lordi, Schmidt’s
charr S. schmidti, Taranetz charr S. taranetzi, Salveli-
nus sp. 4 from Nachikinskoe Lake [according to 18],
and Salvelinus sp. (Table 1). Atlantic salmon Salmo
salar was used as outgroup. The detailed laboratory
protocol of mtDNA analysis was described earlier
[11—13]. In accordance with the objectives of the
study, different sets of 20 restriction endonucleases
(MBI Fermentas, Lithuania; SibEnzyme, Russia)
were used, including Asul, Aval, Avall, BstNI1, BstUI,
Ddel, EcoRYV, Hhal, Hinfl, Mbol, Mboll, Mspl, Rsal,
Styl, BsuRl1, Vspl, Bcll, Sspl, Bmel3901, and Tagql.
The data on the sizes of the restriction fragments and
the composition of combined haplotypes can be
obtained from the authors upon request. Statistical
treatment of the data was performed using the
MRBAYES version 3.2 [19], PAUP version 4.0b10
[20], PHYLIP 3.67 [21], and REAP [22] software
packages.

Formation of the taxon-character matrices for
phylogenetic analysis was performed using restriction
sites as characters and combined mtDNA haplotypes
or isolated taxonomic groups, as operation taxonomic
units (OTUs). Statistical analysis included phenetic
analysis of genetic similarity over the whole set of
characters, phylogenetic analysis of the relationships,
cladistic analysis of phylogenetically informative char-
acters for determination of the divergence times, test-
ing of the relationships stability upon varying quantity
and quality of differentiating characters, and testing of
the terminal group composition with the use of distance
(UPGMA and NJ) and character-based (MP, ML, BI)
methods.

Dendrograms based on a clustering algorithm were
constructed using the nucleotide divergence estimates
as the genetic distances between mtDNA haplotypes.
Calculations were made using original formulas
designed for the restriction sites [23—25], as well as the
modified formula (K2P) [26]. If the taxa played the
roles of terminal groups, nucleotide divergence was
estimated based on the evolutionary model of Nei and
Tajima [27, 28] (the DA program in the REAP soft-
ware package). Then, the distance matrix was transferred
to the PHYLIP 3.67 for clustering and testing of the den-
drogram topologies. Phenetic analysis in the PAUP
4.0b10 and PHYLIP 3.67 programs (the RESTDIST,
SEQBOOT, NEIGHBOR, CONSENSE steps) was
conducted sequentially for each data matrix. At this
stage, testing was also performed for relationship sta-
bility with respect to the quantity and quality of differ-
entiating characters and the nucleotide substitution
model chosen for calculating pairwise distances.
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Phylogenetic analysis using maximum parsimony
(MP) for each character set was performed for a num-
ber of substitution models with two searching strate-
gies (heuristic search, branch-and-bound). A heuristic
search for the best-fit tree (the TBR and MulTrees
options) was carried out in 100 replicates, limiting the
maximum possible tree number to 1000. If best tree
identification was impossible, the differences between
alternative topologies were estimated using Templeton
[29] and Kishino-Hasegawa [30] tests. The search for
the best-fit MP tree was also performed with the
branch-and-bound algorithm by PENNY among the
1000 pseudoreplicates obtained from the initial matrix
in the SEQBOOT software program.

Phylogenetic analysis with maximum likelihood
(ML, BI) was performed based on the nucleotide sub-
stitution model F84 [30], which was most appropriate
for the restriction sites and was chosen a priori by the
MRBAYES 3.2 program. A heuristic search for the
best-fit ML tree was performed in 30 to 100 replica-
tions (TBR option) with a random pattern of the OUT
inclusion. Analysis with a Bayesian maximum likeli-
hood approach (Bayesian Inference, BI) was carried
out with the following preset parameters of the Monte
Carlo algorithm (MCMC): simultaneous launching of
ten Markov chains (nine hot and one cold), 5100000
cycles, with selection of each 500th and discarding of
the first 5001 of the generated trees (burnin = 5001).
The cladogram reconstruction was performed with the
maximum parsimony approach based on maximum
number of phylogenetically informative (synapomor-
phic) characters with a heuristic search in the PAUP
4.0b10 program and branch-and-bound algorithm by
PENNY. The analysis parameters described above
were maintained in all variants.

The statistical significance of all topologies was
examined with bootstrap [31] with 1000 random per-
mutations for each data set. Robustness of the branch-
ing notes was evaluated by bootstrap support (BS), as
well as by posterior probabilities (PP) for the BI trees.
Graphic representation of the dendrograms was obtained
in the TreeView program (http://taxonomy.zoology.
gla.ac.uk/rod/treeview.html). The divergence time
was calculated based on the genetic divergence
between the taxa [27, 28] for the three mtDNA diver-
gence time estimates: 0.92% [32], 1% [33], 1.6% [34]
nucleotide substitutions per million years per two lin-
eages.

RESULTS AND DISCUSSION

Phylogenetic Relationships among the mtDNA
Haplotypes in Charrs of the Genus Salvelinus

Phylogenetic analysis combined two sequential
stages of reconstructions based on the PCR-RFLP
analysis of three (ND1/ND2, Cytb/D-loop, ND5/NDG6)
(185 haplotypes) and six (NDI1/ND2, Cytb/D-loop,
ND5/ND6, ND3/ND4L/ND4, A8/A6/ COIIl, COI/COII)
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Table 1. Data on the examined Salvelinus taxa

Sample size
Taxon Location (symbol)
N N,

S. leucomaenis Izmeny Bay (LEIZ)*, Kamchatka River (LEKA) 13 10
S. levanidovi Yama River (LVYA)* 13 13
S. taranetzi Achchen Lake (TRAC)*, Pekulineiskoe Lake (TRMP) 27 15
S. krogiusae Dal’nee Lake (KGDA)* 5 5
S. andriashevi Estikhed Lake (ANES)* 2 2
Salvelinus sp. 4 Nachikinskoe Lake (SPNA)* 17 17
S. alpinus alpinus Lama Lake, Arylakh Lake, Aily Lake (ARGA.002-014)* 49 9

Fjellfrosvatnet Lake (ARGA.015-017)*, Sitasjaure Lake (ARLS),

Muckross Lake (AMUC)
S. alpinus oquassa Floods Pond (ARMA)* 22
S. albus Raduga River (ALKA)*, Kronotskoe Lake (ALKR) 58 10
S. kronocius Kronotskoe Lake (KRKR)* 36 36
S. schmidti Kronotskoe Lake (SHKR)* 44 44
S. confluentus Nakina River, Mystic Creek, Murray River, Chowika River (BTNA)* 5 5
S. malma krascheninnikovi | Akur River (MSAK)*, Val River (MSVL), Aniva Creek (MSAN), 238 10

Teplyi Creek (MSTE), Bezymyannyi Creek (MSRU), Lesnaya River

(MSLE), Smolnyi Creek (MSSM), Tumnin River (MSTU),

Shamora River (MSSC), Tatarka River (MSTT), Gryaznaya River

(MSGR), Yuvishi River (MSYU), Tashiusu River (MSTA)
S. malma malma Achchen Lake (MNAC), Pekulineiskoe Lake (MNMP), Anadyr River 436 30

(MNAN), Apuka River (MNAP), Kamchatka River (MNKA)*, Kro-

nozkaya River (MNKR)*, Krokur Lake (MNKK), Grishkin Creek

(MNNA)*, Paratunka River (MNPA)*, Yama River (MNYA),

Kholodnyi Creek (MNHL), Kukhtui River (MNKU), Kongakut River

(DKON), Saviukviak River (DSAV), Kivalina River (DKIV), Kelly Riv-

er (DKEL), Cobblestone River (DCOB), Sinuk River (DSIN), So-

lomon River (DSOL), Kanektok River (DKAN), Kashaiak River

(DKR), Becharof Lake (DBEL), Frosty Creek (DFRO), Russel Creek

(DRUS), Quartz Creek (DQUA), Snow Creek (DSNO), Auke Bay

(DAUK)
S. malma lordi Auke Bay (DSAU)*, Zeballos River (DSZE)*, Mill Creek (DSMI)*, 14 14

Toba River (DSTO)*, Nooksack River (DSNO)*, Dungeness River

(DSDA)*
Salvelinus sp. Grand Lake (MNGR) 30

Sample size: Ny, ND1/ND2, Cytb/ D-loop, ND5/ND6 fragments; N, ND1/ND2, Cytb/ D-loop, ND5/ND6, ND3/ND4L/ND4, A§/A6/COIII,
COI1/COII fragments. The samples examined at six mtDNA fragments are designated by asterisks.

(93 haplotypes) mtDNA fragments. The lack of the
data for the 725/ 16S fragment cannot lead to any sig-
nificant shift in the final results. This is because com-
parative analysis of 67 completely sequenced mito-
chondrial genomes of the six salmonid species [35]
showed that ribosomal genes in this group of fishes
were highly conserved. Regardless of the character set
used, no principal changes, either in the haplotype
grouping or in the branching order within the clusters
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uniting relative charr taxa, were observed. Because of
this, here we present only one dendrogram topology
with the maximum number of terminal groups, identi-
fied in 1012 charrs (Fig. 1). A number of haplotypes
groups differentiate such taxa as S. levanidovi, (haplo-
types LV), BS>98%; S. leucomaensis (LE), BS>98%;
S. m. krascheninnikovi (MS), BS > 98%; S. taranetzi
(TR), BS > 50%; Salvelinus sp. 4 (SP), BS > 85%:
S. alpinus (AL), BS>98%; S. m. lordi (LO), BS>98%;
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S. confluentus (BT), BS>98%. Statistically significant
topological elements were represented by the mtDNA
haplotype macroclusters as follows: (1) ((.S. m. malma,
S. albus, S. kronocius, S. schmidti) S. alpinus) (BS >
94%); (2) ((S. taranetzi, S. andriashevi, S. krogiusae)
Salvelinus sp. 4) (BS>96%); (3) (S. m. lordi, S. conflu-
entus) (BS > 50%). An increase in the character num-
ber first leads to polytomy resolution at the tree base
and determines the divergence of the three basal
branches of S. leucomaensis, S. levanidovi, and S. m.
krascheninnikovi. Second, it makes it possible to
determine the divergence order in the haplotype group
(S. taranetzi, S. krogiusae, S. andriashevi). At the same
time, an increase in the character number had no
influence on the structure of the haplotype group clus-
ter (S. m. malma, S. albus, S. kronocius, S. schmidti),
where no stable structural elements associated with the
presumptive taxonomic differentiation were observed.

A characteristic feature of the tree topology of the
genus Salvelunus phylogenetic group is the presence of
two clusters in which the polyphyletic haplotype com-
position is supported by high statistical estimates. It is
suggested that the reason for the poor branch resolu-
tion of the phylogenetic group (.S. taranetzi, Salvelinus
sp. 4, S. krogiuse, S. andriashevi) within the gene trees
lies in true radiation-associated polytomy. In this case,
radiation is the preferable explanation, because it cor-
relates with the dispersal in the new adaptive zone. In
addition to unresolved topology, which is mostly
caused by the preservation of ancestral polymorphism,
this scenario implies similar divergence estimates
between the main clades. A monophyletic group
(S. taranetzi, Salvelinus sp. 4, S. krogiuse, S. andria-
shevi) demonstrates the congruence with the descrip-
tion parameters indicated. There are no doubts that
the suggested hypothesis requires confirmation and, in
light of the specific features of the mtDNA inherit-
ance, at the level of nuclear genes.

At the same time, the second phyletic group (S. m.
malma, S. albus, S. schmidti, S. kronocius) forms
steady mtDNA haplotype clusters within all trees, but
without the haplotype clustering support in accor-
dance with taxonomic affiliation. Recent genealogical
analysis of mtDNA haplotypes showed that the
observed pattern most likely was the consequence of a
complex combination of several factors in the back-
ground of ancestral polymorphism preservation [12,
13]. However, at the present stage, it is impossible to
see the difference between the influence of incomplete
lineage segregation and historical introgression, as
well as to estimate the gene flow in the young taxa pre-
serving ancestral polymorphism [36].

Phylogenetic Relationships of Charrs of the Genus
Salvelinus Based on the Data of mtDNA Analysis

Based on the data of cladistics analysis, as well as
phenetic and phylogenetic analysis of the mtDNA
haplotypes, a phylogram representing the divergence
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of maternal phylogenetic lineages of charrs of the
genus Salvelinus was reconstructed (Fig. 2). From the
phylogram it follows that evolution of the group con-
tained four divergence cycles. The first two cycles
included sequential divergence of the basal branches
of S. levanidovi, S. leucomaenis, and S. m. kraschenin-
nikovi and later segregation of the phylum from the
common ancestor. The next cycle led to the formation
of the S. alpinus and S. m. malma phylogenetic groups
within one phyletic branch. Simultaneously with this
event, the second phylum diverged into the common
ancestor of S. confluentus and S. m. lordi and the com-
mon ancestor of the S. faranetzi phylogenetic group.
At the stage of evolution, divergence of the taxa within
phylogenetic groups took place.

According to the phylogram, monophyletic groups
of charrs, which are marked by the corresponding
phylogenetic groups of mtDNA haplotypes, are con-
firmed (S. m. lordi, S. confluentus); ((S. taranetzi,
S. andriashevi, S. krogiusae) Salvelinus sp. 4); ((S. con-
fluentus, S. m. lordi) (Salvelinus sp. 4, S. krogiusae,
S. taranetzi, S. andriashevi)); (S. m. malma, S. albus,
S. kronocius, S. schmidti); ((S. m. malma, S. albus,
S. kronocius, S. schmidti) S. alpinus). Comparison of
the dendrogram topologies and the best-fit trees,
which were generated for different terminal groups,
showed that the used complex of characters contained
a phylogenetic signal providing certain information on
phylogenesis.

Phylogenesis of Charrs of the Genus Salvelinus:
Presumptive Evolutionary Model

Comparative analysis of the dendrograms obtained
based on the genetic data [5—11, 13, 14, 16, 17, 37—
41] provided highly reliable confirmation of the diver-
gence order and the evolutionary relationships
between charrs of the genus Salvelinus. The presence
of phylogenetic signal was also tested with data on the
karyotype evolution [1, 42, 43 and other]. According
to molecular genetic studies, the genus Salvelinus is
statistically significantly monophyletic. Brook trout
S. fontianlis is thought to be the basal phylum, which is
closest to the common ancestor of the genus. S. nama-
yeush, S. levanidovi, S. leucomaenis, and S. m. kra-
scheninnikovi also belong to basal taxa. In this group, a
coincidence of the rates and the direction of evolution
for different genetic markers was shown, since these
taxa represent two karyological lineages (S. fontinalis,
S. namaycush, S. levanidovi) and (S. leucomaenis,
S. m. krascheninnikovi). The first of these lineages groups
the species with the most primitive karyotypes among the
charrs [43]. It is noteworthy that S. m. krasheninnikovi
represents the latest branch that diverged from the
common generic ancestor, and it is a sister group rela-
tive to all other charr taxa.

The next stage of phylogenesis is associated with

the segregation of the ancestral stem into two phyla,
the divergence of which resulted in the formation of
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Phylogenetic group
Eastern Pacific

Phylogenetic group S. alpinus
Acadian and Eurasian

Phylogenetic group S. malma malma
Bering

Salvelinus albus

Salvelinus schmidti

Fig. 2. Phylogenetic relationships among charrs of the genus Salvelinus based on the analysis of the mtDNA ND1/ND2, Cytb/D-
loop, ND5/ND6, ND3/ND4L/ND4, A8/A6/COIII, and COI/COII fragments (912 characters, 297 phylogenetically informative),
consensus phylogram. Salmo salar was used as the outgroup. The figures at the nodes designate the PP and BS (>50%) statistical
support values for the BI and ML trees (above the axis), BS, for the NJ and MP trees (below the axis).

four monophyletic groups. Despite some topological
discrepancies, the genetic data are in good agreement
with the suggested phylogenetic hypothesis. After
combination of the data on phylogeography of the
mtDNA haplotypes [7-9, 15, 16, 39—41, 44—50] and
nuclear allozyme loci [51—54], an extended taxo-
nomic composition of phylogenetic charr groups can
be presented.

The phylogenetic group of Salvelinus taranetzi
(Arctic) includes Asian populations of Taranetz charr
S. taranetzi, Salvelinus sp. 4 from Nachikinskoe Lake,
Krogius charr S. krogiusae (Dal’nee Lake), Chukchi
charr S. andriashevi (Estikhed Lake), Boganida charr

RUSSIAN JOURNAL OF GENETICS

S. boganidae, small-mouth charr S. elgyticus (Elgygytgyn
Lake), and Kolyma—Chukotka group of lake charrs
Salvelunus sp. from Naivak Lake, Chukotka; Maxi
Lake, Juliet Lake, Kolyma River basin. This phyloge-
netic group also includes S. a. erythrinus (initially,
S. a. stagnalis) from the Northwest Territories of
North America and from isolated lake populations of
Arctic Alaska, and probably, Salvethymus svetovidovi.

The Eastern Pacific phylogenetic group unites
S. m. lordi and the formally unnamed “coastal” and
“interior” forms of S. confluentus.

The phylogenetic group of Arctic charr Salvelinus
alpinus includes lake charrs S. a. salvelinus from Cen-
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Table 2. Degree of mtDNA sequence divergence (NDI1/NDZ2, Cytb/D-loop, ND5/ND6, ND3/ND4L/ND4, A8/A6/COIII,
CO1/COII) in charrs of the genus Salvelinus (as percentage of nucleotide substitutions per site) [27, 28]

No. Taxon 1 2 3 4 5 6 7 8 9 10| 11|12 | 13 | 14
1 |Salmo salar

2 | Salvelinus leucomaenis 13.63

3 | S. levanidovi 14.56(8.53

4 | S. taranetzi 12.82(6.74 |7.00

5 | S. andriashevi 12.80(6.78 |7.11 [0.055

6 | S. krogiusae 12.78(6.76 |7.02 {0.130(0.075

7 | Salvelinus sp. 4 12.5616.94 |7.17 |0.282|0.226(0.250

8 | S. malma lordi 12.35(6.69 |7.00 |0.882(0.843(0.919/|1.02

9 | S. alpinus 12.05(6.74 |7.02 |2.04 |2.03 [2.06 |2.11 |2.11

10 |S. malma krascheninnikovi |13.0316.54 {6.39 [1.98 (2.06 |2.03 |2.18 [2.15 |2.67

11 |S. malma malma 12.55(7.36 |6.85 |2.33 |2.38 (2.35 |2.41 |2.56 [1.25 |3.16

12 |S. albus 12.53(7.24 |6.81 |2.25 |2.30 (2.27 |2.35 |2.49 [1.24 (3.09 |0.015

13 | S. kronocius 12.58(7.35 |6.89 {2.29 [2.34 (2.31 |2.39 |2.52 [1.23 |3.15 |0.038]0.018

14 | S. schmidti 12.53(7.24 16.72 |2.21 |2.25 (2.22 |2.30 |2.43 [1.24 |3.04 |0.035]0.019(0.022

15 |S. confluentus 12.58(6.87 |7.04 {0.971]0.912|0.937|1.09 |0.89 [2.57 |2.49 |2.92 |2.84 [2.88 |2.78

tral Europe, European populations of S. a. alpinus from
the Atlantic Ocean and Arctic Ocean basins, eastern
Siberian populations of S. a. alpinus, and S. a. oquassa
from the eastern coast of North America. All of the
examined populations, species (or forms) of charrs
from Transbaikalia and Taimyr, including Dryagin
charr Salvelinus drjagini from Lama Lake, Boganida
charr S. boganidae from Lama Lake, S. a. alpinus
(Pucheglazka) from Lama Lake and Sobach’e Lake,
S. a. alpinus (Putoranchic) from Ayan Lake, and
S. a. erythrinus (Davatchan) from Frolikha Lake,
Gol’tsovoe Lake, and Leprindo Lake, also belong to
this group. According to consistent data, the phyloge-
netic group of Arctic charr unites Acadian, Atlantic,
and Siberian (according to [7]), or Acadian and Eur-
asian (according to [16]), phylogroups of S. alpinus.

The phylogenetic group of Salvelinus malma malma
(Bering) unites northern Dolly Varden . m. malma from
Asia and North America, white charr S. albus, and
endemic charrs of the Kronotskoe Lake, longhead
charr S. kronocius and Schmidt’s charr S. schmidti.
This group also includes stone charr from the Kam-
chatka River basin, lake charrs Salvelinus sp. from the
water bodies belonging to the Okhotsk Sea basin (Ele-
kchanskie Lakes, Mak-Mak Lake, Khaddy Lake,
Grand Lake), and possibly neiva S. neiva from Uegin-
skoe Lake.

Based on phylogenetic data and the genetic diver-
gence estimates (Table 2), molecular dating of the
RUSSIAN JOURNAL OF GENETICS
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main mtDNA divergence stages in charrs of the genus
Salvelinus was performed. Despite the broad confi-
dence interval of absolute time estimates of the stages
of charr divergence, the data presented are comparable
with the time estimates obtained using other genetic
data, based on sequence analysis of certain nuclear
and mitochondrial genes [32, 55] and on the general-
ized data for the five mitochondrial genes [32]. It
should be noted that the calculations in the works cited
were made with several calibration points, along with
more exact statistical methods allowing nonstrict con-
stancy of the molecular-evolution rates in different
lineages.

According to the hypothesis, the basal group of
taxa (S. fontinalis, S. namaycush, S. levanidovi, S. leu-
comaenis) diverged within the Late Miocene, the bor-
der between Miocene and Pliocene (6 to 4 million
years ago). Two divergence events, including separa-
tion of the ancestral lineage of Western Pacific group
and the following segregation of the hypothetical
ancestor into two mitochondrial phyla, grouping inde-
pendently evolving charr taxa, happened within the
period of 3 to 2 million years ago. The third cycle is
attributed to the time interval of about 1 million years
ago (Early Pleistocene) and includes the divergence of
both phyla. In one phylum, a relatively quick isolation
of Arctic and Eastern Pacific phylogroups, along with
the divergence of the latter phylogroup into S. conflu-
entus and S. m. lordi lineages, took place. At the same

2015



64 OLEINIK et al.

time, another phylum diverged into the S. m. malma and
S. alpinus phylogenetic groups. Diversification within the
phylogenetic groups took place in Middle to Late Pleis-
tocene (0.781 to 0.0117 million years ago).

Based on comparative analysis of different data on
mtDNA divergence in a number of families of marine,
anadromous, and semi-anadromous fishes (Salmo-
nidae, Osmeridae, Cyprinidae) occupying a common
historical range, two periods of divergent evolution in
the history of the species in Northern Pacific, which
coincided with global paleoclimtic and paleogeologi-
cal rearrangements, were previously identified [34].
The defining value of biogeographical factors in clado-
genesis of different fish groups was repeatedly empha-
sized elsewhere [56, 57]. Time estimates of the first two
divergence stages in the main mitochondrial lineages
leading modern charrs coincide with the periods of
radiation of salmonid fishes of the genus Oncorhynchus
calculated for both nuclear allozyme and mitochon-
drial genes [34, 58]. However, it appeared that charrs
experienced two more periods of radiation in the
Pleistocene, during which the differentiation of most
of the taxa took place. It is possible that the processes
of speciation in this group were mostly determined by
climatic and geographical changes in Late Cenozoic.

The problem of the isolation of subgeneric charr
taxa deserves special interest. Based on morphological
and Kkaryological data, a consensus opinion was
formed that charrs are taxonomically subdivided into
the Baione, Cristivomer, and Salvelinus subgenera [59,
60]. This interpretation implies that Salvelinus fontin-
alis (Baione) and Salvelinus namaycush (Cristivomer)
are independent phyletic lineages that diverged from
the common ancestor of the genus. Reconstruction of
phylogenetic relationships among charrs based on
molecular genetic markers provided no unambiguous
resolution of the basal branches, since Salvelinus fon-
tinalis and Salvelinus namaycush either formed sister
groups [6, 10, 40] or clustered together with the taxa
belonging to the subgenus Sa/velinus in many dendro-
grams [7, 10, 15, 17, 40, 61]. A number of taxonomic
solutions were suggested. According to one of these,
the genus Salvelinus is subdivided into three subgen-
era, including (1) Salvethymus with a single species
Salvethymus svetovidovi; (2) Baione with the two spe-
cies, Salvelinus fontinalis and Salvelinus namaycush;
(3) Salvelinus [62]. At the same time, the opposite
opinions are advocated, according to which (1) .S. fon-
tinalis and S. namaycush should be considered as
members of the genus Salvelinus [40]; (2) there are no
reasons to isolate any superspecific taxa of charrs [3].

Note that two related aspects under discussion can
be distinguished in the context of the problem raised.
One of these aspects concerns the establishment of
conformity between the level of divergence of inde-
pendently evolving phylogenetic lines of charrs and
their possible taxonomic status. The second aspect is
associated with the analysis of possible reasons for the
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basal branch clustering on the dendrograms obtained for
qualitatively different characters. It should be noted that
researchers obtaining statistically supported nodes in
most cases do not usually focus on the second topic.
However, if the topology serves as a basis for further
discussion on the group’s phylogeny, this aspect is the
defining for further taxonomic conclusions. For
instance, formation of the common cluster of S. fon-
tinalis and S. namaycush is most often associated with
hybridization [6, 10, 37, 40, 61]. However, conclu-
sions on the stable phylogenetic relationships and the
composition of sister pairs in charrs are usually sup-
ported by data on single genes. Since a monophyletic
group (S. namaycush, S. fontinalis) is formed on the
denodrograms inferred from the data, including the
sequences of the internal transcribed spacer I'TS2 of
rDNA [6, 10, 61], the presence of a phylogenetic sig-
nal can be associated with the specific features of gene
evolution. Sequence analysis of other genes or the
genetic marker combinations leads to other dendro-
gram topologies, including those in which S. fontinalis
and S. namaycush do not occupy the positions of basal
branches [10, 17, 40].

It should be noted that a speculative hypothesis on
the possible separation of charrs of the genus Salveli-
nus into two groups, one of which unites S. fontinalis,
S. namaycush, and S. leucomaenis, was suggested by
K.A. Savvaitova based on comparative analysis of mer-
istic and morphological characters [63]. It is now
known that the four species (. fontinalis, S. namay-
cush, S. levanidovi, S. leucomaenis) are the most
diverged taxa of the genus [5, 7, 11, 37, 39]. Analysis of
the best-fit gene trees of charrs points to noticeable
differences between branches uniting closely related taxa
and branches leading to distant basal species, which often
form common clusters [7, 15, 17]. According to our data
and that from the literature [39], the number of nucle-
otide substitutions per site in .S. levanidovi and S. leu-
comaenis (from 0.08531 to 0.06393) is several times
higher than that among other taxa (from 0.03163 to
0.01230). Similar results were obtained for the whole
mitochondrial genome [5] and the ND3 and Cytb indi-
vidual genes in S. fontinalis, S. namaycush, and S. leuco-
maenis [6, 37], and the ITS2 rDNA in S. fontinalis [6].
It seems likely that specificity of the genus Salvelinus
consists in the unification of taxa with phylogenies of
different complexity. The first group includes taxa with a
high degree of divergence, which correspond to the long
branches of phylogenetic tree (S. fontinalis, S. namay-
cush, S. levanidovi, S. leucomaenis). The second group
includes the remaining taxa with low divergence that
form short internal branches of the phylogenetic tree.
For such taxonomic compositions, the conflict
between gene tree topologies is determined by the high
divergence level and unequal branch lengths [64, 65].
As a result, to obtain a stable topology of genetically
distant taxa, it is necessary to overcome the long-
branch attraction effect [66], which is manifested in
trees inferred from the mtDNA sequences, as well as
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from nucleotide and protein sequences of nuclear
genes [67, 68].

It is evident that the available genetic data are
insufficient to discuss the phylogenesis of the basal
group. There are no studies in which all of these spe-
cies were analyzed in the framework of a single taxon-
character matrix. This profoundly complicates identi-
fication of the phylogenetic signal on the divergence of
the phyletic lineages at the phylogram bases of the
genus Salvelinus. Conflict phylogenetic signals associ-
ated with the evolution patterns of certain genes, as
well as nonphylogenetic signals from the long-branch
attraction effect in this group of taxa, can appear in
each tree. Because of this, the only way to get a stable,
well-supported phylogenetic hypothesis is to add the
new data to the existing ones,with subsequent reas-
sessment of the results. However, since the group of
taxa under discussion, in addition to S. fontinalis and
S. namaycush, also includes S. levanidovi and S. leuco-
maenis, it is more reasonable to consider all of these
species representing the genus Salvelinus in equal taxo-
nomic rank. It should be noted that M.K. Glubokovsky
previously spoke against the isolation at the subgenus
level of the two groups representing archaic (Salvelinus
svetovidovi, S. fontinalis, and S. namaycush) and
advanced charr species [3]. As the main argument, he
noted that grouping of archaic species led to the for-
mation of paraphyletic, from the cladistic position,
taxa.

In this context, special attention should be paid to
the long-finned charr Salvethymus svetovidovi, which
represent a separate endemic genus of the family
Salmonidae [69]. Based on the level of morphological
and ecological differentiation, it was suggested that
Sv. svetovidovi was one of the most ancient taxa among
the salmonid fishes and was phylogenetically close to
the common ancestor of charrs of the genus Salvelinus
[4, 69]. Karyological analysis generally confirmed this
suggestion. This is because Sv. svefovidovi has a unique
karyotype, which evolved owing to Robertsonian
translocations independently from the species of the
genus Salvelinus, albeit preserving some characters in
common with charrs [43]. More recently, a mosaic
combination of morphological and karyological char-
acters typical of both phylogenetically advanced and
archaic salmonid taxa, suggesting deep specialization,
was described in the long-finned charr [4]. In addi-
tion, other alternative hypotheses were suggested,
according to which Sv. svefovidovi could be either an
advanced species of the genus Salvelinus or the earliest
diverged branch among charrs [70].

Molecular genetic study of the relationships of
Sv. svetovidovi is limited to the analysis of the mtDNA
CR region [7, 9, 15, 17, 41, 49, 50], Cytb and CO/l
genes [17], and RAPD-PCR markers [40]. Moreover,
in all mtDNA studies, the same data, obtained from
two specimens of long-finned char and represented in
the GenBank database, were used. According to the
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obtained data, Sv. svetovidovi formed a separate phyl-
etic branch, which was almost equally diverged from
the six phylogroups, uniting the haplotypes of most of
the examined charr taxa (S. alpinus, S. m. malma,
S. taranetzi, S. confluentus, S. m. lordi, S. boganidae,
S. elgyticus, S. albus). However, in different gene trees,
the phylum of Sv. svetovidovi does not occupy basal
position relative to the monophyletic group of the
genus Salvelinus. On the contrary, it is located within
the dendrogram, diverging next to S. fontinalis,
S. namaycush, S. leucomaenis [7], or next to S. fontin-
alis, S. namaycush, S. leucomaenis and S. m. kra-
scheninnikovi [9, 15, 41, 50]. Nevertheless, the data
available unambiguously points to the independent
taxonomic status of Sv. svefovidovi within the genus
Salvelinus, disapproving the phylogenetic hypotheses
postulating the early divergence of the Salvelinus branch
from the charr common ancestor [3, 70]. Even closer
relationships between long-finned charr and other charr
species have been observed at the RAPD-PCR markers
[40], according to which two synapomorphies with
S. neiva were identified in Sv. svefovidovi.

Thus, complex analysis of the personal and litera-
ture data indicates that charrs of the genus Salvelinus
(including Salvethymus svetovidovi) are a monophyl-
etic group that diverged from the common ancestor
without subdivision into subgeneric taxa. It was dem-
onstrated that a specific feature of the genus Salvelinus
is the grouping of taxa with phylogenetic problems of
different complexity. The first group includes taxa with
a high divergence level and long branches (S. fontina-
lis, S. namaycush, S. levanidovi, S. leucomaenis), while
the second group contains the remaining taxa with low
divergence levels and short internal tree branches.
Because of this, the general dendrogram topology of
the genus Salvelins should be characterized as com-
plex, with long external and short internal branches,
and susceptible to the long-branch attraction effect
upon phylogenetic reconstructions. As a result, clus-
tering of the basal branches most likely represents a
nonphylogenetic signal and thus cannot be interpreted
as relationships of monophyletic groups.

ACKNOWLEDGMENTS

The authors dedicate this work to the memory of
the prominent Russian ichthyologist Igor Aleksan-
drovich Chereshnev, whose contribution to the devel-
opment of the genetic studies of charrs of the genus
Salvelinus cannot be overemphasized.

This work was supported by the Programs of the
Presidium of the Russian Academy of Sciences (grant
nos. 12-1-P30-08 and 11.G.34.31.001.0).

REFERENCES

1. Viktorovskii, R.M., Mekhanizmy vidoobrazovaniya u
gol’tsov Kronotskogo ozera (Speciation Mechanisms in
Charrs of Kronotskoe Lake), Moscow: Nauka, 1978.

2015



66

10.

11.

12.

13.

14.

15.

16.

OLEINIK et al.

Savvaitova, K.A., Arkticheskie gol’tsy (struktura popu-
lyatsionnykh  sistem, perspektivy  khozyaistvennogo
ispol’zovaniya) (Arctic Charrs: Structure of Population
Systems and Perspectives of Commercial Use), Mos-
cow: Agropromizdat, 1989.

Glubokovskii, M.K., Evolyutsionnaya biologiya losos-
evykh ryb (Evolutionary Biology of Salmonid Fishes),
Moscow: Nauka, 1995.

Chereshney, 1.A., Volobuev, V.V., Shestakov, A.V., and
Frolov, S.V., Lososevidnye ryby Severo-Vostoka Rossii
(Salmonoid fishes in Russian North-East), Vladivos-
tok: Dal’nauka, 2002.

Grewe, PM., Billington, N., and Hebert, PD.N., Phy-
logenetic relationships among members of Salvelinus
inferred from mitochondrial DNA divergence, Can. J.
Fish. Aquat. Sci., 1990, vol. 47, no. 5, pp. 984—991.

Phillips, R.B. and Oakley, T.H., Phylogenetic relation-
ships among the Salmoninae based on their nuclear and
mitochondrial sequences, Molecular Systematics of
Fishes, Kocher, T.D. and Sepien, C.A., Eds., San
Diego: Academic, 1997, pp. 145—162.

Brunner, P.C., Douglas, M.R., Osinov, A., et al., Hol-
arctic phylogeography of Arctic charr (Salvelinus alpi-
nus L.) inferred from mitochondrial DNA sequences,
Evolution, 2001, vol. 55, no. 3, pp. 573—586.

Redenbach, Z. and Taylor, E.B., Evidence for historical
introgression along a contact zone between two species
of char (Pisces: Salmonidae) in northwestern North
America, Evolution, 2002, vol. 56, no. 5, pp. 1021—
1035.

Elz, A.E., A hierarchical analysis of historical processes
and phylogeographic patterns in Salvelinus (Pisces:
Salmonidae), MSc Thesis, University of British Colum-
bia, Department of Zoology, Vancouver, 2003.

Crespi, B.J. and Fulton, M.J., Molecular systematics of
Salmonidae: combined nuclear data yields a robust
phylogeny, Mol. Phylogenet. Evol., 2004, vol. 31, pp. 658—
679.

Oleinik, A.G., Skurikhina, L.A., and Brykov, V.A.,
Divergence of the Salvelinus species mitochondrial
DNA from northeastern Asia, Ecol. Freshwater Fish,
2007, vol. 16, no. 1, pp. 87—98.

Oleinik, A.G. and Skurikhina, L.A., Mitochondrial
DNA diversity and relationships of endemic charrs of
the genus Salvelinus from lake Kronotskoye (Kamchatka
Peninsula), Hydrobiologia, 2010, vol. 650, pp. 145—159.

Oleinik, A.G., Skurikhina, L.A., and Brykov, VL.A.,
Genetic divergence of mitochondrial DNA in white
char Salvelinus albus and northern Dolly Varden char
Salvelinus malma malma, Russ. J. Genet., 2010, vol. 46,
no. 3, pp. 345—355.

Hubert, N., Hanner, R., Holm, E., et al., Identifying
Canadian freshwater fishes through DNA barcodes,
PLoS One, 2008, vol. 3, no. 6. €2490

Taylor, E.B., Lowery, E., Liliestrale, A., et al., Genetic
analysis of sympatric char populations in western
Alaska: Arctic char (Salvelinus alpinus) and Dolly
Varden (Salvelinus malma) are not two sides of the same
coin, J. Evol. Biol., 2008, vol. 21, pp. 1609—1625.

Alekseyev, S.S., Bajno, R., Gordeeva, N.V.,, et al., Phy-
logeography and sympatric differentiation of the Arctic
charr Salvelinus alpinus (L.) complex in Siberia as

RUSSIAN JOURNAL OF GENETICS

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

revealed by mtDNA sequence analysis, J. Fish. Biol.,
2009, vol. 75, pp. 368—392.

Créte-Lafreni¢re, A., Weir, L.K., and Bernatchez, L.,
Framing the Salmonidae family phylogenetic portrait:
a more complete picture from increased taxon sam-
pling, PLoS One, 2012, vol. 7, no. 10. e46662

Bogutskaya, N.G. and Naseka, A.M., Katalog besche-
byu-snykh i ryb presnykh i solonovatykh vod Rossii s
nomenklaturnymi i taksonomicheskimi kommentariyami
(Catalog of Agnatha and the Fishes of Fresh and Brack-
ish Waters of Russia with Nomenclatural and Taxo-
nomic Commentaries), Moscow: KMK, 2004.

Ronquist, E and Huelsenbeck, J.P., MRBAYES 3:
Bayesian phylogenetic inference under mixed models,
Bioinformatics, 2003, vol. 19, no. 12, pp. 1572—1574.

Swofford, D.L., PAUP*: Phylogenetic Analysis Using
Parsimony (*and Other Methods): Version 4.0b10, Sun-
derland: Sinauer Associates, 2002.

Felsenstein, J., PHYLIP—Phylogeny Inference Pack-
age (Version 3.2), Cladistics, 1989, vol. 5, pp. 164—166.

McElroy, D., Moran, P., Bermingham, E., and Korn-
field, 1., REAP: an integrated environment for the
manipulation and phylogenetic analysis of restriction
data, J. Hered., 1992, vol. 83, pp. 153—158.

Nei, M. and Li, W.-H., Mathematical model for study-
ing genetic variation in terms of restriction endonu-
cleases, Proc. Natl. Acad. Sci. U.S.A., 1979, vol. 76,
pp. 5269—5273.

Nei, M. and Tajima, E, DNA polymorphism detect-
able by restriction endonucleases, Genetics, 1981,
vol. 97, pp. 145—163.

Nei, M. and Miller, J.C., A simple method for estimat-
ing average number of nucleotide substitution within
and between populations from restriction date, Genet-
ics, 1990, vol. 125, pp. 873—879.

Kimura, M., A simple method for estimating evolu-
tionary rates of base substitutions through comparative
studies of nucleotide sequences, J. Mol. Evol., 1980,
vol. 16, pp. 111—-120.

Nei, M. and Tajima, FE, Maximum likelihood estima-
tion of the number of nucleotide substitutions from
restriction site data, Genetics, 1983, vol. 105, pp. 207—
217.

Nei, M., Molecular Evolutionary Genetics, New York:
Columbia Univ. Press, 1987.

Templeton, A.R., Phylogenetic inference from restric-
tion endonuclease cleavage site maps with particular
reference to the evolution of humans and the apes, Evo-
lution, 1983, vol. 37, pp. 221—-244.

Kishino, H. and Hasegawa, M., Evaluation of the max-
imum likelihood estimate of the evolutionary tree
topologies from DNA sequence data, and the branch-
ing order in Hominoidea, J. Mol. Evol., 1989, vol. 29,
pp. 170—179.

Felsenstein, J., Confidence limits on phylogenies: an
approach using the bootstrap, Evolution, 1985, vol. 39,
pp. 783—791.

Osinov, A.G. and Lebedev, V.S., Salmonid fishes
(Salmonidae, Salmoniformes): the systematic position
in the superorder Protacanthopterygii, the main stages

of evolution, and molecular dating, J. Ichtyol., 2004,
vol. 44, no. 9, pp. 690—715.

Vol. 51  No. 1 2015



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

PHYLOGENY OF CHARRS OF THE GENUS Salvelinus BASED

Smith, G.R., Introgression in fishes: significance for
paleontology, cladistics, and evolutionary rates, Syst.
Biol., 1992, vol. 41, pp. 41-57.

Brykov, VL. A., Oleinik, A.G., Polyakova, N.E., et al.,
Punctuate divergent evolution in fish from the North-
ern Pacific, Russ. J. Genet., 2010, vol. 46, no. 7,
pp. 861—-866.

Wilhelm, V., Villegas, J., Miquel, A. et al., The com-
plete sequence of the mitochondrial genome of the chi-
nook salmon, Oncorhynchus tshawytscha, Biol. Res.,
2003, vol. 36, pp. 223—231.

Funk, D.J. and Omland, K.E., Species-level paraphyly
and polyphyly: frequency, causes, and consequences,
with insights from animal mitochondrial DNA, Annu.
Rev. Ecol. Syst., 2003, vol. 34, pp. 397—423.

Phillips, R.B., Sajdak, S.L., and Domanico, M.J.,
Relationships among charrs based on DNA sequences,
Nordic J. Freshwater Res., 1995, vol. 71, pp. 378—391.

Phyllips, R.B., Gudex, L.I., Westrich, K.M., and
DeCicco, A.L., Combined phylogenetic analysis of
ribosomal ITS1 sequences and new chromosome data
supports three subgroups of Dolly Varden char (Salveli-
nus malma), Can. J. Fish. Aquat. Sci., 1999, vol. 56,
pp. 1504—1511.

Radchenko, O.A., Izmenchivost’ mitokhondrial’noi
DNK gol’tsov roda Salvelinus (Variation of Mitochon-
drial DNA in Chars of the Genus Salvelinus),
Magadan: Severo-Vostochnyi Nauchnyi Tsentr,
Dal’nevostochnoe Otdelenie, Rossiiskaya Akademiya
Nauk, 2005.

Shubina, E.A., Ponomareva, E.V., and Gritsenko, O.F.,
Population genetic structure of the char species of the
Northern Kuril Islands and the rank of the Dolly
Varden char in the system of the genus Salvelinus
(Salmonidae: Teleostei), Zh. Obshch. Biol., 2006,
vol. 67, no. 4, pp. 280—297.

Yamamoto, S., Maekawa, K., Morita, K., et al., Popu-
lation genetic structure and phylogeography of a salmo-
nid fish, Dolly Varden Salvelinus malma: multiple gla-
cial refugia in the North Pacific rim, in 7th International
Charr Symposium: Program and Abstracts of Presenta-
tions, Yuzhno-Sakhalinsk, 2012, p. 16.

Phillips, R.B., Manley, S.A., and Daniels, T.J., System-
atics of the salmonid genus Salvelinus inferred from
ribosomal DNA sequences, Can. J. Fish. Aquat. Sci.,
1994, vol. 51, suppl. 1, pp. 198—204.

Frolov, S.V., Izmenchivost’ i evolyutsiya kariotipov losos-
evykh ryb (Karyotype Variation and Evolution in
Salmonids), Vladivostok: Dal’nauka, 2000.

Wilson, C.C. and Hebert, PD.N., Phylogeography and
postglacial dispersal of lake trout (Salvelinus namay-
cush) in North America, Can. J. Fish. Aquat. Sci., 1996,
vol. 53, pp. 2764—2775.

Taylor, E.B., Redenbach, Z., Costello, A.B., et al.,
Nested analysis of genetic diversity in northwestern
North American char, Dolly Varden (Salvelinus malma)
and bull trout (Salvelinus confluentus), Can. J. Fish.
Aguat. Sci., 2001, vol. 58, pp. 406—420.

Yamamoto, S., Morita, K., Kitano, S., et al., Phylo-
geography of white-spotted charr (Salvelinus leucomae-
nis) inferred from mitochondrial DNA sequences, Zool.
Sci., 2004, vol. 21, pp. 229—240.

RUSSIAN JOURNAL OF GENETICS  Vol. 51 No. 1

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

2015

67

Radchenko, O.A., Variability of nucleotide sequences
of mitochondrial DNA cytochrome b gene in chars of
the genus Salvelinus, Russ. J. Genet., 2004, vol. 40,
no. 3, pp. 244—254.

Radchenko, O.A, Salmenkova, E.A., and
Omel’chenko, V.T., Variation of cytochrome b gene in
sympatric chars from Kronotsky Lake (Kamchatka
Oblast), Russ. J. Genet., 2006, vol. 42, no. 2, pp. 172—
181.

Shedko, S.V., Ginatulina L.K., Miroshnichenko, I.L.,
and Nemkova, G.A., Phylogeography of mitochondrial
DNA in South Asian Dolly Varden char Salvelinus curi-
lus Pallas, 1814 (Salmoniformes, Salmonidae): medi-
ated gene introgression?, Russ. J. Genet., 2007, vol. 43,
no. 2, pp. 165—176.

Ayers, S.D., A review of the species status of the Ang-
ayukaksurak charr (Salvelinus anaktuvukensis) of
northern Alaska: perspectives from molecular and mor-
phological data, MSc Thesis, University of Alaska Fair-
banks, Fairbanks, 2010.

Osinov, A.G., The Dolly Varden (Salvelinus malma) of
Eurasia and the chars of the Kamchatka river basin:
data from allozyme analysis, ISACF Inform. Ser., 1999,
no. 7, pp. 173—181.

Osinov, A.G., Evolution relationships between the
main taxa of the Salvelinus alpinus—S. malma complex:
results of comparative analysis of allozyme data of dif-
ferent authors, J. Ichtyol., 2001, vol. 41, no. 2, pp. 167—
183.

Osinov, A.G., Arctic charr Salvelinus alpinus from
Transbaikalia and Taimyr: genetic differentiation and
origin, J. Ichtyol., 2002, vol. 42, no. 2, pp. 141—151.

Osinov, A.G., Alekseev, S.S., and Kirilov, A.E, Arctic
charr Salvelinus alpinus from Lake Ulakhan-Silyan-
Kyuel’ (the Yana River basin): biology, morphology,
genetics, and phylogeny, J. Ichtyol., 2003, vol. 43, no. 1,
pp. 54—67.

Shedko, S.V., Miroshnichenko, I.L., and Nemkova, G.A.
Phylogeny of salmonids (Salmoniformes: Salmonidae)
and its molecular dating: analysis of nuclear RAG 1
gene, Russ. J. Genet., 2012, vol. 48, no. 5, pp. 575—579.

Montgomery, D.R., Coevolution of the Pacific salmon
and Pacific Rim topography, Geology, 2000, vol. 28,
no. 12, pp. 1107—1110.

Ilves, K.L. and Tailor, E.B., Evolutionary and biogeo-
graphical patterns within the smelt genus Hypomesus in
the North Pacific Ocean, Biogeogr., 2008, vol. 35,
pp. 48—64.

Oleinik, A.G., On the mutation rates of the mitochon-
drial and nuclear genomes of salmonid fishes, Russ. J.
Mar. Biol., 2000, vol. 26, no. 6, pp. 432—438.

Behnke, R.J., A systematics review of the genus Salveli-
nus, in Charrs: Salmonid Fishes of the Genus Salvelinus,
Balon, E.K., Ed., The Hague: Junk, 1980, pp. 441—
480.

Behnke, R.J., Interpreting the phylogeny of Salvelinus,
Physiol. Ecol. Jpn. Spec., 1989, vol. 1, pp. 35—48.

Westrich, K.M., Konkol, N.R., Matsuoka, M.P., and
Phillips, R.B., Interspesific relationships among charrs
based on phylogenetic analysis of nuclear growth hor-
mone intron sequences, Environ. Biol. Fishes, 2002,
vol. 64, pp. 217-222.



68

62.

63.

64.

65.

66.

OLEINIK et al.

Nelson, J.S., Fishes of the World, Hoboken: Wiley,
2006, 4th ed.

Savvaitova, K.A., Taxonomy and biogeography of
charrs in the Palearctic, in Charrs: Salmonid Fishes of
the Genus Salvelinus, Balon, E.K., Ed., The Hague:
Junk, 1980, pp. 281—294.

Collins, T.M., Fedrigo, O., and Naylor, G.J.P., Choos-
ing the best genes for the job: the case for stationary
genes in genome-scale phylogenies, Syst. Biol., 2005,
vol. 54, pp. 493—500.

Hedtke, S.M., Townsend, T.M., and Hillis, D.M., Res-
olution of phylogenetic conflict in large data sets by
increased taxon sampling, Syst. Biol., 2006, vol. 55,
pp. 522—529.

Felsenstein, J., Cases in which parsimony or compati-
bility methods will be positively misleading, Syst. Zool.,
1978, vol. 27, pp. 401—410.

RUSSIAN JOURNAL OF GENETICS

67.

68.

69.

70.

Anderson, EE. and Swofford, D.L., Should we be wor-
ried about long-branch attraction in real data sets?
Investigations using metazoan 18S rDNA, Mol. Phylo-
genet. Evol., 2004, vol. 33, pp. 440—451.

Gatesy, J., DeSalle, R., and Wahlberg, N., How many
genes should a systematist sample? Conflicting insights
from a phylogenomic matrix characterized by repli-

cated incongruence, Syst. Biol., 2007, vol. 56, no. 2,
pp. 355—363.

Chereshnev, I.A. and Skopets, M.B., Salvethymus
svetovidovi gen. et. sp. nova—a new endemic fish of the
salmonid (Salmoninae) subfamily from Lake
El’gygytgyn (Central Chukotka), Vopr. Ikhtiol., 1990,
vol. 30, no. 2, pp. 201—-213.

Stearley, R.F. and Smith, G.R., Phylogeny of the
Pacific trout and salmon (Oncorhynchus) and genera of
the family Salmonidae, Trans. Am. Fish. Soc., 1993,
vol. 122, no. 1, pp. 1-33.

Traslated by N. Maleeva

Vol. 51  No. 1 2015



