ISSN 1022-7954, Russian Journal of Genetics, 2013, Vol. 49, No. 6, pp. 623—637. © Pleiades Publishing, Inc., 2013.
Original Russian Text © S.V. Shedko, I.L. Miroshnichenko, G.A. Nemkova, 2013, published in Genetika, 2013, Vol. 49, No. 6, pp. 718—734.

ANIMAL GENETICS

Phylogeny of Salmonids (Salmoniformes: Salmonidae)
and its Molecular Dating: Analysis of mtDNA Data
S. V. Shedko, I. L. Miroshnichenko, and G. A. Nemkova

Institute of Biology and Soil Science, Far Eastern Branch, Russian Academy of Sciences, Vladivostok, 690022 Russia

e-mail: shedko@biosoil.ru
Received August 7, 2012; in final form November 6, 2012

Abstract—Phylogenetic relationships among 41 species of salmonid fish and some aspects of their diversifi-
cation-time history were studied using the GenBank and original mtDNA data. The position of the root of
the Salmonidae phylogenetic tree was uncertain. Among the possible variants, the most reasonable seems to
be that in which thymallins are grouped into the same clade as coregonins and the lineage of salmonins occu-
pied a basal position relative to this clade. The genera of Salmoninae formed two distinct clades, i.e., (Brach-
ymystax, Hucho) and (Salmo, Parahucho, (Salvelinus, (Parasalmo, Oncorhynchus)). Furthermore, the gen-
era Parasalmo and Oncorhynchus were reciprocally monophyletic. The congruence of Salmonidae phyloge-
netic trees obtained using different types of phylogenetic markers is discussed. According to Bayesian dating,
ancestral lineages of salmonids and their sister esocoids diverged about 106 million years ago. Sometime after,
probably 100—70 million years ago, the salmonid-specific whole genome duplication took place. The diver-
gence of salmonid lineages on the genus level occurred much later, within the time interval of 42—20 million
years ago. The main wave of the diversification of salmonids at the species level occurred during the last 12
million years. The possible effect of genome duplication on the Salmonidae diversification pattern is dis-

cussed.
DOI: 10.1134/S1022795413060112

INTRODUCTION

Salmonid fish (family Salmonidae) are a remark-
able model for use in evolutionary biology, genomics,
and other fields of modern biology, largely because the
lineage ancestor experienced an additional round of
whole genome duplication [1—4]. The total number of
publications on salmonid fish exceeds several tens of
thousands [4], and Salmonidae are rightfully consid-
ered one of the most comprehensively studied group of
lower vertebrates. However, in many areas, there are
still blank spots and some basic issues still remain
unresolved, including the phylogeny.

First, the divergence order of three main lineages of
Salmonidae, thymalins (subfamily Thymallinae),
coregonins (Coregoninae), and salmonins (Salmoni-
nae) is unclear [5—9].

Second, the existing schemes of phylogenetic rela-
tionships among taxa within the above-mentioned
subfamilies [8—15] require improvement and/or addi-
tional testing using different types of phylogenetic
markers.

In addition, Salmonidae still require a more or less
complete time-calibrated portrait of their diversifica-
tion, which includes most of the contemporary repre-
sentatives of the subfamilies.

Mitochondrial DNA (mtDNA) is a well-proven
phylogenetic marker tested at different levels of taxo-
nomic hierarchy in many different groups of organ-

isms with clear evolutionary dynamics, and is free
from many of the problems associated with the phe-
nomenon of paralogy [16]. The mtDNA data, starting
from the pioneer study of Berg and Ferris [17], were
often used to solve various problems of the phylogeny
of salmonids. However, these studies usually covered
only a few representatives of Salmonidae.

For these reasons, the main objective of this study
was to elucidate the phylogenetic relationships among
41 species of salmonid fish, which accounts for about
two-thirds of the existing diversity of Salmonidae [18].
In addition, the molecular dating of cladogenetic
events in this group was performed based on the anal-
ysis of the mitogenome sequence data. Moreover, in
terms of current discussion on the role of polyp-
loidization in the formation of diversity in bony fish
(Teleostei) [19—21], it seemed interesting to assess
how close in time the genome duplication event and
the main periods of their diversification were in salmo-
nid fish.

MATERIALS AND METHODS

The analysis included mtDNA sequences retrieved
from the GenBank/NCBI database, as well as the
sequences of the CO1, Cytb, and the D loop region of
salmonid fish amplified in the present study using
primers reported in [22—24]. Amplification products
were sequenced using the Big Dye Terminator 3.1 kit
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(Applied Biosystems, United States) and the ABI
Prism 3130 automated analyzer (Applied Biosystems,
United States/Hitachi, Japan), especially for this case
(Table 1: JX261982 to JX262010). In total, 41 species
of salmonid fish were examined and 11 species repre-
sented three outgroups, including Esociformes (5),
Argentiformes (3), and Stomiiformes (3). For 24 spe-
cies, the data on whole mitogenomes (16 species of
Salmonidae and eight species from outgroups) were
used. For another 28 species, only incomplete data
were available, of which eight mitogenome fragments,
which contain either parts or full sequences of the
AT6, CO1, Cyth, NDI1, ND6, 125 and 165 TRNA genes,
and the D-loop region were selected for further analy-
sis (Table 1). A rational basis for including taxa with
incomplete data into the analysis lies first in the need
to minimize the number of long branches in the phy-
logenetic tree (fourth strategy of taxa selection [26]),
which yields a positive effect, even in case of data gaps
[27, 28]. Second, the goal of the study was to encom-
pass as much of the Salmonidae morphological and
ecological diversity as possible, including the taxa,
which were either previously treated as independent
genera or still have a claim on this position (Acantho-
lingua, Baione, Cristivomer, Phylogephyra, Salmothy-
mus, and some others; third strategy [26]).

Sequence data for each mtDNA functional region
were aligned using the MAFFT v. 6 software program
[29]. Then, individual alignments were concatenated.
The matrix was reviewed and the alignment of ambig-
uous regions, as well as stop codons in the protein-
coding genes were excluded from the analysis.

Phylogenetic reconstructions were performed
using different approaches, including weighted maxi-
mum parsimony (MP), maximum likelihood (ML),
and Bayesian analysis (BA). Moreover, in each case
two variants of phylogenetic reconstructions were per-
formed, i.e., using the data for all types of substitu-
tions, and excluding the nucleotide substitutions of
transition type.

A search for an MP tree taking into consideration
all types of nucleotide substitutions was performed
with the partition of the matrix into six presumably
structurally homogeneous blocks of nucleotides,
including (1) the first, (2) second, and (3) third codon
positions of 13 protein-coding genes; the genes of (4)
ribosomal and (5) transport RNA, and the (6) D-loop.
For each block, the ratio of the rates of transition to
transversion was determined using the PAUP 4.0b10
software program [30]. These estimates, rounded to
the nearest whole number, were used as transversion
weights in step matrices upon construction of MP
trees.

The heuristic search for an MP tree was conducted
in the PAUP software program in 30 rounds of random
sequence addition and subsequent TBR swapping.
The robustness of the tree branching pattern was eval-
uated using 1000 bootstrap pseudoreplicates. The
same approach was used to construct the ML tree. The
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tree robustness was assessed based on the data from
which the information on nucleotide substitutions of
transition type was excluded using RY coding.

The construction of an ML tree based on all types
of nucleotide substitutions was performed using the
data matrix, in which seven blocks of nucleotides were
identified, including (1) the first, (2) second, and
(3) third codon positions of 12 protein-coding genes;
(4) the ND6 gene, which differs substantially from the
other protein-coding genes in its base composition;
and the genes of (5) ribosomal and (6) transport RNA
and the (7) D-loop. Using the Modeltest 3.7 software
program [31] and based on the BIC criterion for each
nucleotide block, the best-fit model of nucleotide sub-
stitutions was determined as follows: GTR+I+G,
TVM+I1+G, TrN+I1+G, HKY+I+G, GTR+I+G,
SYM+G, and HKY+G, respectively.

In the variant of ML analysis based on the RY-
coded data matrix, the CF+I1+G model of nucleotide
substitutions was used.

A heuristic search of the ML tree was conducted in
the Garli v. 2 software program [32] in 30 rounds. The
robustness of the branching pattern of the tree was
evaluated using 1000 bootstrap pseudosamples.

Bayesian phylogenetic inference was performed
using the MrBayes 3.2 software program [33]. The par-
titioned analysis was performed using the above-men-
tioned ML scheme, except that the TVM+I+G and
TrN+I+G models were replaced by the more general
GTR+I+G model (due to limitations of the MrBayes
program). Transversion analysis was also conducted
using the CF+I14+G model. In both variants, the analysis
included 6 x 10° cycles with sampling each 1000th tree
generated. The first 1001 trees out all generated were
discarded and the remaining 5000 trees, which were
characterized by the stabilized probability estimates
(LnL), parameters of nucleotide substitution models,
and the tree lengths, were used to construct consensus
tree and to obtain the posterior probability estimates of
its branching pattern.

Molecular dating of Salmonidae cladogenesis was
performed within the framework of Bayesian inference
using the BEAST 1.6.2 software program [34] with
conditions including a fixed tree topology (ML tree);
a relaxed (nonstrict) molecular clock model with
uncorrelated log normal distribution of nucleotide
substitution rates across the tree branches and specia-
tion events following the Yule model of speciation; a
GTR+I+G model of nucleotide substitutions; a Baye-
sian analysis run for 30 x 10° cycles with sampling of
every 2000th trees generated; burnin, 1501. The ultra-
metric tree was calibrated to absolute time using four
calibration intervals. The first interval allowed the split
of salmonids and esocoids in the Cretaceous (145.5 to
65.5 million years ago) and was based on numerous
Late Cretaceous fossil records of Esociformes [35]. The
second interval associated the split of Esox and Novum-
bra with the Paleocene (65.5 to 55.8 million years ago)
and was based on a number of well-preserved fish fos-
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sils, which were quite validly attributed to the genus
Esox [36, 37]. The third interval limited the isolation
of the Salmoninae lineage to the Eocene (55.8—
33.9 million years ago). This calibration interval was
associated with the discovery in the Middle Eocene of
well-preserved fossil salmonids Eosal/mo, which pos-
sessed some derived features that, among present-day
Salmonidae, are exclusively typical of Salmoninae
[38]. The fourth calibration interval was based on
many fossil records of salmonids, which express the
derived features of Pacific salmons of the genus Onco-
rhynchus (see [39] and the references from this article)
and limited the start of diversification of recent lin-
eages of Oncorhynchus to Late Miocene (11.6—
5.3 million years ago).

RESULTS

After the removal of the alignment ambiguous
regions and stop codons of the protein-coding genes
from concatenated matrix, its length was 53 x 16388 bp.
The resulting data matrix included sequences of 18 full
mtDNA genomes, 6 mitogenomes without control
regions (in the genomes of the representatives of
Stomiiformes and Argentiformes, these regions were
excluded from the analysis due to inability to perform
adequate alignment with the same regions of other
sequences), and 29 concatenated nucleotide sequences.
The total length of the latter sequences varied from 543
to 5064 bp (with an average length of 2660 bp).

As a result of the phylogenetic analysis of the parti-
tioned data matrix performed using weighted MP, the
only MP tree was found (Fig. 1). Most of the internal
branches (37 out of 49) were supported with high
bootstrap values, which were either equal to or greater
than 70%. The topology of the MP tree obtained using
transversion MP was almost the same as that of the tree
in Fig. 1. However, in this case, the overall level of
bootstrap support was somewhat lower; only 30 out of
49 internal branches were supported with the values
equal to or greater than 70%.

The cladogram obtained as a result of partitioned
ML analysis is demonstrated in Fig. 2; its topology has
only one substantial difference from the MP tree
topology. Specifically, in the ML tree, coregonins
formed one clade with thymalins, while in the MP
tree, they grouped together with salmonins. The ML
tree topology inferred from the analysis of the
RY-coded data was almost the same as that of the tree
in Fig. 2. In total, 38 out of 50 internal branches of the
tree in Fig. 2 were highly bootstrap supported (70% or
higher) in a given variant of ML analysis (in both
cases, 31 internal branches).

The cladograms obtained as a result of Bayesian
analysis considering either all types of nucleotide sub-
stitutions or ignoring the transitions did not differ
greatly from one another, and their topology (Fig. 3)
was almost the same as that of ML cladogram. With
respect to the total number of branches with high
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bootstrap support values (38 out of 49 internal
branches had the probability of 0.95 and higher) and
their distribution across the tree, BA and ML cla-
dograms were very similar.

As can be seen, Figs. 1—3, which were constructed
using three different methods, were generally congru-
ent. The exclusion was the remarkably different colo-
cation of the lineages of thymallins, coregonins, and
salmonins in MP (Fig. 1) and the cladogram con-
structed by means of either maximum likelihood or
Bayesian methods (Figs. 2, 3). To assess whether this
difference is statistically significant, we compared
three alternative variants of the phylogenetic relation-
ships of thymallins, coregonins, and salmonins using a
number of statistical tests based on an analysis of the
probability estimates and implemented in the CONSEL
software package [40]. Most of these tests showed that
the difference in the most preferable variant of the
Salmonidae phylogeny (Figs. 2, 3) from the alternative
variants (including the variant demonstrated in Fig. 1)
was not statistically significant.

Molecular dating was performed based on the fixed
topology of phylogenetic tree constructed using the
maximum likelihood approach (Fig. 2). The resulting
chronogram of the cladogenesis events of salmonid
fish and representatives of the closest outgroup (Esoci-
formes) is demonstrated in Fig. 4.

According to our estimates, for the given set of
Salmonidae taxa, the mean evolutionary species age
(terminal branch length of the tree in Fig. 4) was
5.6 million years (range was 0.9—21.4; median was 4.8).

Among the species of Salmonidae, a number of rel-
atively compact groups that unite the representatives
of one genus (Thymallus, Prospium), or more fre-
quently, the representatives of closely related genera
(Stenodus and Coregonus; Hucho and Brachymystax;
Salmo and Salmothymus; Parasalmo and Oncorhyn-
chus; Salvelinus and Salvethymus) can be identified. In
these groups, the evolutionary age of the most recent
common ancestor varied in the range of 6.1—17.0 mil-
lion years with an average of 10.4 million years
(median was 10.3).

Correspondingly, the ancestral lineages of these
groups of species, as well as the lineage of the monotypic
species Parahucho diverged from each other much ear-
lier, about 42.3—19.9 million years ago. Moreover, five
out of seven of these divergence events occurred 27.8—
19.9 (23.4, on average) million years ago.

Dating of the Salmonidae lineage-specific whole
genome duplication was carried out using the data for
nuclear genome regions of the four salmonid species
(Coregonus clupeaformis, Salmo salar, Salvelinus alpi-
nus, and Parasalmo mykiss), flanked by conservative
noncoding elements (CNE) (Table 1 in [41]). The
divergence time for nine pairs of these paralogous
regions was determined using estimates of the diver-
gence time for the coregonins—salmonins and (42 mil-
lion years) and the Salmo—Salvelinus/Parasalmo
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Fig. 1. MP cladogram (76011 steps) obtained as a result of analysis of mtDNA data matrix using method of weighted MP. Figures
above and below the branches are bootstrap support values (% of 1000 bootstrap replicates) obtained for MP trees generated using
data on all types of substitutions (6713 phylogenetically informative positions) or excluding the substitutions of transition type
(3391 phylogenetically informative positions), respectively. Branches with support values of 70% and higher are marked.

(23 million years) dichotomies obtained in the present
study were used as calibration points. Similar to the
previous estimation, molecular dating was performed
using the BEAST software package [34] and additional
conditions that consist of the HKY+G model of
nucleotide substitutions; the strict molecular clock
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model; Bayesian analysis run for 2 x 10° cycles with
sampling of each 1000th of the trees generated; and

burnin, 501.

As a result, it was demonstrated (Fig. 4) that medi-
ans of the Bayesian time estimates from the date of
paralog divergence (the date of disomy establishment)
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Fig. 2. ML cladogram generated based on partitioned analysis of mtDNA data. Figures show bootstrap support values (% of 1000
bootstrap replicates) obtained for ML trees, generated using data on all types of substitutions (above the branches) or excluding
transition-type substitutions (below the branches). Branches with support values of 70% and higher are marked.

fell into the time interval of 102—71 million years ago.
Accepting the point of view of the authors of the study
[41] that these regions were duplicated as a result of
whole genome duplication, it can be hypothesized that
the latter could occur just after the appearance of the
Salmonidae lineage, or even at the moment of its for-
mation.
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DISCUSSION

Phylogenetic Relationships of Thymallins,
Coregonins, and Salmonins

In recent studies of the mitogenomes of the two

species of Thymallus | 7] and taimen Hucho bleekeri [8], it
was demonstrated that thymallins were grouped
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Fig. 3. Bayesian cladogram (50% majority rule consensus of 5000 trees) obtained based on partitioned analysis of mtDNA data.
Figures are posterior probabilities for Bayesian trees constructed using data on all substitution types (above the branches) or
excluding the substitutions of transition type (below the branches). Branches with posterior probability values of 0.95 and higher

are marked.

together with salmonins, while the position of cotre-
gonins was basal relative to this group, variant
(OUT,((C,(T,S))), according to the designations in
Table 2. In each of these studies, about 15 species of
Salmonidae and from two to three representatives of

the two outgroups were examined. At the same time, in
another study [6] focused on establishing the phyloge-
netic relationships of the genus Lepidogalaxias based
on the analysis of a large set (about 40) of the mitoge-
nomes of lower Euteleostei, including five genomes of
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Fig. 4. Bayesian chronogram of cladogenesis of Salmonidae and close taxa translated into absolute time scale (millions of years).
Boxes represent the 95% highest posterior density intervals of clade ages. Arrows indicate Bayesian time estimates of disomy
establishment calculated for nine duplicated nuclear genome regions of salmonid fish flanked by the pairs of corresponding CNE.

the representatives of Salmonidae, another variant of
phylogenetic relationships was found. According to
this variant, thymallins and coregonins were sister
taxa, (OUT,(T,C),S)).

In the present study, two variants of the phylogenetic
relationships of the three main lineages of Salmonidae

were described, including (OUT,((T,C),S)) for ML and
Bayesian trees and (OUT,(T,(C,S))) for MP trees. The
first variant is considered to be better supported, since
it is well known [42] that, under the conditions of a rel-
atively high level of homoplasy (in our case the consis-
tency index for MP trees (CI) constituted 0.39 and

Table 2. Statistical comparison of alternative phylogenies of Salmonidae (T, C, and S, thymallins, coregonins, and salmonins,
respectively; OUT, outgroup) carried out for two data sets (PART, partitioned data with inclusion of all types of nucleotide sub-
stitutions; RY, only transversions) using the tests based on an analysis of the maximum likelihood estimates. AU is approxi-
mately unbiased test; BP is bootstrap; KH is Kishino—Hasegawa test; SH is Shimodaira—Hasegawa test

Test
Data type Topology (Ln L)/ALn L
AU BP KH SH

PART (OUT,((T,C),S)) (—150281.2) 0.867 0.784 0.831 0.911
(OUT(T,(C,S))) 11.0 0.213 0.147 0.169 0.244
(OUT,(C,(T,9))) 13.7 0.123 0.069 0.109 0.165
RY (OUT,((T,C),S)) (—56195.7) 0.821 0.784 0.796 0.878
(OUT(T(C,S))) 8.8 0.054 0.015 0.066 0.081
(OUT(C,(T.S))) 5.5 0.232 0.201 0.204 0.243
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0.37, for full and RY-recoded data, respectively).
Maximum likelihood and Bayesian approaches were
more efficient than the MP method of phylogenetic
reconstruction.

It seems likely that the differences in the results of
[7, 8] and [6], as well as the present study, with respect
to the relationships of thymallins, coregonins, and
salmonins lineages are at most associated with the dif-
ference in the number and composition of the taxa
taken as outgroups relative to Salmonidae. It was
expected that the inclusion of a large number of repre-
sentatives of Salmonidae in the analysis, along with a
fairly revealing set of outgroups, would increase the
reliability of our reconstruction and minimize the
number of long branches in the phylogenetic tree of
Salmonidae, including its basal part. However, the
closest outgroup to Salmonidae (esocoids) is not close
to it in the true sense. According to our estimates, the
events of the lineage splitting of the Salmonidae and
Esociformes and the diversification of the main lin-
eages within the Salmonidae are separated by a con-
siderable time interval that constitutes about 64 mil-
lion years (Fig. 4). In addition, the time interval from
the divergence of the lineage of Salmoninae to the split
of the lineages of Thymallinae and Coregoninae was
rather small, about six million years, in terms of
mtDNA dating (Fig. 4) (analogous interval for the
(OUT,(T,(C,S))) variant, about three to four million
years, according to the RAG1 dating [9]). These fac-
tors, plus the inevitable degradation of the phyloge-
netic signal due to homoplasy, which is typical of rap-
idly evolving mitogenomes (in our case the rate of evo-
lution constituted 0.44 x 10~3 substitutions per site per
year per lineage, which is, e.g., ten times faster than
the rate of evolution for the nuclear genome RAG/
sequences [9]), seem to be the main causes of the
uncertainty manifested in the attempts to establish
phylogenetic relationships of the lineages of thymal-
lins, coregonins, and salmonins using the mtDNA
data.

The studies based on an analysis of nuclear DNA
do not help in resolving the situation. An analysis of
the expressed sequence tags (ESTs) of Salmonidae
indicated the variant with basal position of thymallins
relative to the sister taxa of coregonins and salmonins
(OUT(T,(C,S))) as the most plausible [5]. Among the
25 informative gene trees obtained in [5], 14 showed in
favor of this variant, while 8 trees supported the
(OUT,((T,C),S)) variant, and 3 trees supported the
(OUT,(C,(T,S))) variant. These results were obtained
based on an analysis of distant matrices using the NJ
algorithm of the phylogenetic tree construction. We
repeated the data analysis from the study [5], but using
the ML method with selection of the most adequate
model of nucleotide substitutions for each of the 78
potentially informative EST sets. As a result, it was
demonstrated that, at a bootstrap support level of 70%
and higher, eight out of nineteen informative gene
trees supported the (OUT,(T,(C,S))) variant, six trees
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supported the (OUT,((T,C),S)) variant, and five trees
supported the (OUT,(C,(T,S))) (personal unpublished
results). At a bootstrap level higher than 50% but lower
than 70%, the number of these gene trees was six,
eight, and four, respectively. As a result, according to
our data, none of the three alternative variants had a
convincing advantage, and all of them can be consid-
ered equally probable.

Based on an analysis of different copies of dupli-
cated nuclear Vig gene, two different phylogeny vari-
ants, (OUT,(C,(T.S)))and (OUT,(T,(C,S))), were sug-
gested [43]. The second variant was also inferred from
an analysis of the nuclear RAGI gene; however, its
Bayesian and bootstrap support values were low [9].

According to the opinions of a some of researchers,
the distribution of the copies of MT (type I1I-1V) and
MS (type V) subfamilies of the Hpal family of short
interspersed repetitive elements (SINEs) among the
salmonid fish supports the (OUT,(C,(T,S))) variant.
However, these data are fragmentary and preliminary
[15].

In a number of studies aimed at resolving the phylog-
eny of Salmonidae based on a cladistics analysis on the
morphological characteristics, the (OUT,(C,(T,S))) vari-
ant was obtained [38, 44—47]. However, the relation-
ships within the Salmonidae found in these studies at
a number of key points differ from those reported in
many other phylogenetic studies performed using
molecular genetic data, and which are considered to
be more or less established (e.g., the phylogenetic
position of Acantholingua, Hucho, Parahucho, Salmo,
Salmothymus, Salvelinus, and others). Therefore, as in
the case of the development of morphological phylog-
eny for Osmeridae fish [48], which are relatively close to
Salmonidae, it secems likely that the accuracy of the
Salmonidae phylogeny reconstructions listed could suf-
fer from the inability to adequately neutralize the neg-
ative effect of homoplasy that is typical of the evolu-
tionary transformation of different morphological
structures.

Thus, the overall situation seems to be ambiguous,
and the question on the true relationships of thymal-
lins, coregonins, and salmonis remains uncertain.

Phylogenetic Relationships of the Main Evolutionary
Lineages of Salmoninae

According to the data of the mitogenome analyses
([8], present study), the salmonid fish genera form two
clades. One of these clades includes Hucho and Brachy-
mystax, and another clade consists of all other genera
of Salmoninae. The same pattern was obtained previ-
ously based on the sequence data for introns C and D
of the growth hormone 2 gene (GH2C and GH2D)
[13], the RAG1 gene [9], and the distribution pattern of
the members of S/mll family of SINE retroposons
among the selected representatives of Salmoninae
[15]. An analysis of introns C and D of the growth hor-
mone 1 gene (GHIC and GH 1D) revealed a somewhat
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different pattern. Specifically, Hucho formed a com-
mon clade with Parahucho, and not with Brachymys-
tax [13]. Since sister relationships of Hucho and Bra-
chymystax are considered to be reliably established
based on the analysis of a variety of phylogenetic
markers, including allozymes [11], and morphological
characters [1, 49], the surprising data inferred from the
analysis of the GH IC and GH 1D introns seem to be an
artifact.

The evolutionary age of the recent species of Hucho
and Brachymystax is different. The mtDNA lineages
identified in species of Brachymystax diverged much
earlier than the radiation of the mtDNA lineages in
the genus Hucho (Fig. 4). The differences within the
blunt-scouted lenok Brachymystax are high for the
interspecific level and suggest that this species can
actually be represented by two independent species.
On the other hand, it cannot be excluded that this pat-
tern was formed as a result of introgressive hybridiza-
tion.

The pattern of the phylogenetic relationships in the
clade of Salmo, Parahucho, Salvelinus, Parasalmo,
and Oncorhynchus inferred from the mitogenome data
was similar to that revealed previously based on an
analysis of nuclear genes [9, 10, 13, 14]. In this clade,
Salmo occupies basal position, and the lineage of
Salvelinus (including Salvethymus) and that of Pacific
salmon Oncorhynchus and trout Parasalmo demon-
strate sister relationships. The lineage of Parahucho
joins the later grouping (Figs. 1—3). However, the
position of Parahucho is uncertain and, in consider-
able proportion to either bootstrap pseudoreplicates or
Bayesian cycles, the lineage of Parahucho formed
monophyletic group with the lineage of Salvelinus,
thus reducing the level of support for preferable group-
ing of Salvelinus, Parasalmo, and Oncorhynchus into
one clade. It should be noted in this respect that anal-
yses of either introns C and D of the growth hormone
genes 1 and 2 [13], or the RAGI gene [9] failed to
determine the unambiguous position of the lineage of
Parahucho relative to Salmo, Salvelinus, Parasalmo,
and Oncorhynchus. One of the causes of these difficul-
ties can be the relatively narrow time period during
which the divergence of the given lineages took place
(about three million years, according to mtDNA (Fig. 4),
as well as the RAGI calibration [9]). This period was
probably too short to accumulate the required number
of congruent phylogenetically informative characters.

With regard to the long-discussed issue on the rela-
tionships of Pacific salmon and trout, the following
should be noted. The morphological genera of Onco-
rhynchus and Parasalmo are well distinguished, and
there are at least six unique derived characters (syna-
pomorphies) that unite the species of Pacific salmon
into monophyletic group [1]. These data are supported
by the results of recent detailed allozyme analysis,
which demonstrated monophyly of the genus Onco-
rhynchus [11]. In addition, based on the data on
introns C and D of the growth hormone gene 1 [13], as
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well as those on mitogenomes (Figs. 1-3), it follows
that the genera Oncorhynchus and Parasalmo are
reciprocally monophyletic. According to our esti-
mates (Fig. 4), the time between the divergence of the
ancestors of these genera and the lineage diversifica-
tion within the Oncorhynchus is short, i.e., only about
0.8 million years. Because of this, the cases of para-
phyly of the genus Oncorhynchus identified during the
analysis of other regions of nuclear DNA, including
introns C and D of the growth hormone 2 gene [13],
internal transcribed spacers /757 and ITS2 of the
rRNA genes [14], and RAGI gene [9], can be inter-
preted in terms of incomplete lineage sorting.

The questions on the number of species in the
Salvelinus genus and their phylogenetic relationships
have been discussed for a long time. The species of this
genus can be conditionally divided into two groups.
The first group will include the species with unambig-
uous taxonomic status, S. fontinalis, S. levanidovi,
S. leucomaensis, S. confluentus, and S. namaycush.
The second group will be comprised of S. alpinus and
S. malma, and the charr species grouping around them
(so-called alpinoid and malmoid charr, respectively).
The species status of many of these charr is disputable.

The data of the present study once again demon-
strated the following. First, the species from the sec-
ond group are evolutionarily young (Fig. 4). Second,
the mitogenome data alone are not sufficient to eluci-
date the phylogenetic relationships in the Salvelinus
genus due to usual to this group phenomenon of intro-
gressive hybridization accompanied by the transfer of
mtDNA from one species to another ([50] and others).
For instance, it follows from the mtDNA data that
alpinoid (S. alpinus, S. taranetzi) and malmoid
(S. malma, S. curilus) charr are reciprocally paraphyl-
etic ([51—53], Figs. 1-3). However, based on allozyme
[54, 55] and the RAGI gene data [9], these species
form monophyletic groups. Similarly, the situation
with S. confluentus can be considered as an evidence of
introgressive hybridization [50, 53, 56]. According to
the mitogenome data, this species groups in one clade
with S. taranetzi ([50, 57], Figs. 1—3). However, the
phylogenetic tree position of S. confluentus as revealed
by allozyme data [54], the data on the /751 of nuclear
rRNA genes [14], and those on the introns GH IC and
GH2C [58] indicates that this species is sister to .S. /leu-
comaenis. For these reasons, phylogenetic position of
monotypic Salvethymus within the group of alpinoid
and malmoid charr (Figs. 1-3), inferred from the
mtDNA data, cannot be considered as strongly valid.
At the same time, it should be noted that the results of
RAPD PCR analysis also place for Salvethymus in the
group mentioned [59]. In addition, the chromosome
arm number (NF) in the karyotype of Salvethymus
constitutes 98 [60]. This means that it is the same as in
the other alpinoid and malmoid charr, including those
discussed in the present study. In S. fontinalis,
S. levanidovi, S. leucomaenis, S. confluentus and
S. namaycush, NF = 100, and this state is considered
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to be ancestral for charrs [60]. For these reasons, the
position of Salvethymus in the obtained phylogenetic
trees (Figs. 1—3) seems is close to true.

Polyploidization and Diversification of Salmonidae

It is known that, after its development, but prior to
its split into lineages of thymallins, coregonins, and
salmonins, the Salmonidae lineage experienced
whole-genome duplication, probably via autopolyp-
loidization [61]. The first attempt to time calibrate this
Salmonidae-specific whole-genome duplication was
based on the evolutionary age estimates of the LdhB
paralogs (80—100 million years), and assumed that this
event could coincide in time with the formation of the
salmonid lineage [62, 63]. More recently, this conclu-
sion was reached by Osinov and Lebedev [64] based on
the evolutionary age estimate of the Vg paralogs (75—
85 million years), which appeared to be about 10 mil-
lion years younger than dichotomy of salmonids and
esocoids. Our molecular calibrations, which are based
on the analysis of a number of paralogous regions of
nuclear genome (Fig. 4), are congruent with the esti-
mates mentioned above and also assume that polyp-
loidization could occur just after the isolation of the
salmonid lineage.

The duration of the diversification period of the
genus-level lineages in salmonids (22 million years,
taking place 42—20 million years ago) is similar to that
in esocoids (30 million years, taking place 88—58 mil-
lion years ago). However, in the lineages of Esoci-
formes, if this period began about 18 million years
after the emergence of the lineage, then it began much
later in the lineages of Salmonidae, with a large about 64
million years time lag (Fig. 4). Interestingly, the date of
recent Salmonidae diversification coincided with the
period when the transition from tetra- to disomic
inheritance was probably the most intensive. The
median of the close-to-normal distribution of esti-
mates of synonymous distances between the 408 pairs
of salmonid-specific genome-duplication ohnologs
from the genome of S. salar constituted 0.19, which
was about two times lower than that obtained upon
their comparison with the orthologs from the genome
of Esox lucius (0.43) [65]. This implies that the median
of time estimates from the date when disomy is estab-
lished for these genes lies somewhere around
47 million years ago (0.19/0.43 x 106). To date, about
76% out of 33 isozyme loci examined in P. mykiss have
passed through diploidization [61]. Taking this assess-
ment as a guideline, it can be calculated that, by the
time of diversification of modern Salmonidae (about
42 million years ago), the proportion of these loci in
their common ancestor could be about 40%. It can be
hypothesized that the achievement of this level of dip-
loidization served as a trigger of the process of diversi-
fication of recent Salmonidae.

In plants, it was demonstrated that the rate of spe-
ciation in recently formed polyploid lineages was con-
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siderably lower than in diploids [66]. In other words, in
most of the cases, polyploidization is an evolutionary
dead end. However, the lineages that are able to pass
through it can then achieve long-term evolutionary
success [66]. Despite the aforementioned lag period,
salmonid fish can be attributed to the last category
because, at the root of the Salmonidae phylogenetic
tree, the net rate of diversification is rather high (in
total, 0.078 lineages per million years; calculations
were made using the LASER software package [67]
based on the Bayesian chronogram obtained in the
present study) and comparable to that (0.067—0.081)
in rapidly evolving groups of Teleostei [21]. It should
be noted in this respect that, during the past 12 million
years, the diversification rate (0.108) was two times
higher than in the preceding period (42—13 million
years ago) (0.054). Finally, the present-day diversity of
Salmonidae is much higher than that of sister to them
Esociformes (66 species of 11 genera versus ten species
of four genera, respectively [18]).

An analysis of the whole-genome duplication
(WGD) phenomenon in the yeast Saccharomyces cer-
evisiae showed that the loss (physically, by deletion or
pseudogenization) of one of the ohnologs is a common
outcome for the overwhelming majority (up to 90%) of
duplicated genes [68, 69]. Moreover, these processes
are most intensive during the first several ten million
years after the WGD event [70, 71]. Similar evolution-
ary dynamics of WGD onhologs is also typical of
teleost fish (Teleostei) [72].

It is assumed that divergent resolution, i.e., losses
of different members of WGD duplicates in different
populations, can play an important role in speciation
of polyploids [71, 73]. It was believed that divergent
resolution promoted the diversification of salmonid
fish [73]. In our opinion, in the case of Salmonidae,
the role of divergent resolution was inessential.

Compared to other whole genome duplication
events happened in teleost fish, the rate of the ohnolog
losses in the genomes of salmonid fish seems
extremely low. In the 70—100 million years since the
Salmonidae-specific WGD in lineages that lead to
P. mykiss and S. salar, one duplicate was lost in 36%
(12 out of 33) of isozyme loci [61] and 30% (23 out of
74) of other nuclear genes examined [5], as well as in
22% (13 out of 59) of the Hox cluster genes [74, 75].

In the lineage of Clupeocephala, only during the
first 50—75 million years from the date of the Teleo-
stei-specific whole-genome duplication (TSWGD) up
to the radiation of the ancestors of Ostarioclupeomor-
pha and Euteleostei, one of the ohnologs was lost in
61% (78 out of 128) of the pigmentation genes exam-
ined, 79% (149 out of 187) of liver-specific genes [76],
61% (in 71 out of 116) of the genes involved in signal
transduction and metabolic pathways [77], and 59—
72% (26—31 out of 43—44) of the Hox cluster genes
[75,78, 79]. Taken together, the losses during this time
period constituted 65—90% of all losses of duplicate
genes that formed as a result of TSGD.
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In the lineage of Cyprinus, during the short period
of time from the moment of the Cyprinus- and Caras-
sius-specific WGD (11—16 million years) [80—82], the
expression of one of duplicate genes was lost in 48% of
the 23 isozyme loci [83], duplicated state was lost in
40—52% of the examined microsatellite loci [81—84],
and one out four (25%) Hox ohnologs was lost [82].

It is suggested that the main reason for the
extremely low rate of the loss of WGD duplicates in
the lineage of Salmonidae is the low rate of restoration
of disomic inheritance in these fish [85], which, in
principle, is expected in autopolyploids. In our opin-
ion, however, this feature makes it unlikely that diver-
gent resolution plays an important role in the diversifi-
cation of recent Salmonidae.
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OUIOTEHUA JIOCOCEBBIX PbIb (Salmoniformes: Salmonidae)
N EE MOJIEKVJISAPHASA JATUPOBKA: AHAJIN3 mr/IHK-JJAHHBIX
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Ha ocHoBe mannbpix mo mutoxoHapuaiabHoit JIHK, B3saTeix n3 Genbank, u opurnHajabHBIX MaTepHAIOB
MpoaHaIM3UPOBaHbI (PUJIOTEHETUUECKME B3AUMOOTHOIIIEHNS 41 BH/1a JIOCOCEBBIX PBIO, a TAKXKE HEKOTOPBIE
aCIIeKTHI UX OUBepcudrKam Bo BpeMeHHU. [lotoxeHne KopHs GUIoreHeTH4ecKoro aepesa Salmonidae
0Ka3aJloch HeyCcTOMYMBBLIM. Cpei BO3MOXKHBIX BADMAHTOB Hanbosiee 000CHOBAaHHBIM BBITJISIIUT TOT, B KO-
TOPOM XapUyCOBBIe OOBEANHEHBI B OTHY KJIaIy C CUTOBBIMHU, a TUHUS JTIOCOCEBBIX 3aHUMAET 6a3aibHOE OT-
HOCUTEJBLHO Hee MoJioxkeHue. Ponbl moaceMeiicTBa Salmoninae cocTaBuIv 1Be XOPOILIO BbIpakKeHHbIE KJla-
oel: (Brachymystax, Hucho) n (Salmo, Parahucho, (Salvelinus, (Parasalmo, Oncorhynchus)). I1pu aToM ponsl
Parasalmo w Oncorhynchus okazanuch B3aMHO MOHOGUIeTUUYeCKUMU. OOCYKAEHBI BOITPOCHl KOHTPY3HT-
HOCTHU (PMIIOTeHeTUYEeCKMX IepeBbeB Salmonidae, ITOCTPOSHHBIX 110 Pa3HBIM TUIIaM MapKepoB. CorjiacHoO
06aiieCOBCKOMY JaTUPOBAHUIO, MPEIKOBbIE IMHUU JJOCOCEBBIX U CECTPUHCKUX K HUM IIIyKOOOpa3HbIX pa3o-
HUIMCch okoJjio 106 MiH. et Ha3an. Hekoropoe BpeMst ciyctss — BepoaTHO 100—70 MIIH. JieT Hazad — IIpo-
u3ola crnernudurdeckas s JOCOCEBbIX MOJHOTEeHOMHAs AyTTuKalus. Pa3neneHue y 10COCeBbIX PbIO JIU-
HU pOTOBOTO YPOBHS ITPOMCXOIUIIO MHOTO TTO3Ke — B MHTepBasie 42—20 MuTH. jietT Hazaa. OCHOBHasI BOJTHA
nuBepcudUKaILMU JIOCOCEBbIX HAa BUIIOBOM YPOBHE MMeJia MECTO B mocieaHue 12 miH. jet. O6cyXaeHo

BO3MOXHOE BIIMSIHIE TCHOMHOM OYIUIMKAIIMK Ha XapakTep TuBepcudukanmum Salmonidae.

DOI: 10.7868/S0016675813060118

JlococeBrie prIOBI (ceM. Salmonidae) — ogHa u3
MOMEJIBHBIX TPYIIN PBIO IS PELICHUS PsAla aKTyallb-
HBIX IPO0JIeM 3BOJIOLMOHHON 0100, TEHOMUKU
U IPYTUX pa3iesioB COBPEeMEHHOI OMOJIOTMU, IIPEIOK
KOTOPOM MpoIIea Yepe3 HOMOTHUTEIbHBIA payHI
yaBoeHus reHoMa [ 1—4]. O01iee yncio myoanKanmii
II0 JIOCOCEBBIM COCTAaBJISIET BEJIMYMHY, IIPEBbIIIAIO-
IIIYI0 HECKOJIBKO JIECSITKOB ThICSIY UICTOYHUKOB [4], 1
Salmonidae 1o TpaBy MOTYT CYMTATLCSI OTHOM M3
HanboJjiee TOJHO U PA3HOCTOPOHHE M3YYECHHBIX
TPYIIIT HU3LINX TTO3BOHOUHBIX. TeM He MeHee “Oefibie
MsITHa” BO MHOTUX OOJIACTSIX BCE €IIIe COXPAHSIIOTCS,
1 HEKOTOPbIE NPUHLMNNAJIbHbIE BOIIPOCHI OKUAAIOT
CBOETO OKOHYATEJIBHOTO PEIICHUSI, B TOM YMCJIe Ka-
caroimecst M (prIOreHUN.

Bo-nepBbIX, HesiceH TIOPSIIOK JIUBEPreHIINU
TpexX IJIaBHbIX JIMHUI Salmonidae — xapuycoBbIX
(moncem. Thymallinae), curoseix (Coregoninae) u
JnococeBbix (Salmoninae) poio [5—9].

Bo-BTOpPBIX, HYKIAIOTCS B YTOUHEHUU U/UIU 10-
MOJTHUTEIBHOM IMTPOBEPKE C UCITOJIb30BAHUEM Pa3HO-
ro TMna UJIOreHeTUYECKUX MapKepOB CYILECTBYIO-
e CXeMBI (PMIOTreHETMYSCKUX CBS3ell TaKCOHOB
BHYTPM YKa3aHHBIX noacemeiicTs [8—15].

Kpome Toro, go cux nop mist Salmonidae He co-
3naHa Oosiee WM MeEHee LeJibHasi, BKJIIoYarolast
OOJIBIITMHCTBO COBPEMEHHBIX IIPEICTaBUTENIEH, Kap-
TUHA IUBepCcUGUKALIMU JIUHUA BO BPEMEHU.

MutoxonapuanbHass JJTHK (MtIHK) — xopoiio
ce0s1 3apeKOMEH10BaBIIN I (PUIIOreHETUYECKUIT Map-
Kep, MPOBEPECHHBIN HA PA3HBIX YPOBHSIX TAKCOHOMHU-
4eCKOM MEepapXuy B CAMBIX Pa3HbIX TpyIlnax opra-
HU3MOB, C ITOHSTHOM 3BOJIOLIMOHHONA TUHAMUKON U
CBOOOJHBIN OT OOJILIIMHCTBA MTPOOIEM, CBI3aHHBIX C
sBiieHrneM napajioruu [16]. Jauusre mo MtAHK, Ha-
YrHasi ¢ MMOHepcKoit paboTel bepra u ®appuca [17],
HEOJTHOKPATHO MPUBJICKATUCH IS PELLICHUS TEX U
MHbBIX BOMPOCOB (pUJIOreHNUU JTOCOCEBbIX pbi6. OgHa-
KO Takue paboThl, KaK MPaBUJIO, OXBATHIBAIU JUIIb
HEMHOTUX TpeacTaBuTesel Salmonidae.

B cBsi3u ¢ 3TUM 1IeJIbIO HACTOSIILIETO MCCIenOoBa-
HUsI ObLIO BbISICHEHUE (DMIIOTEHETUYECKUX B3alMO-
OTHOIIIeHUH 41 BUAA JOCOCEBBIX PBIO (UTO COCTABIISI-
eT IPUMEPHO 2/3 CyIIEeCTBYIOILIEIO pa3sHOOOpa3us
Salmonidae [18]), a Tak:Ke MOJIEKYJISIpHOE JaTUPOBa-
HHUe UX KJIaJloreHe3a Ha OCHOBE aHa/In3a MocjeaoBa-
TEJILHOCTE MUTOXOHAPUAIbHBIX TeHOMOB. Kpome
TOTO, B IIJIaHE TEKYIEro 00CyXIeH!sI 3HAYeHUS T10-
JIATIIONAN3aM B (OpMUPOBAaHUN Pa3HOOOPA3HS
KocTucthix poid (Teleostei) [19—21] mpencrasnsiioch
TakKXe MHTEPECHBIM OLIEHUTb, HACKOJILKO Y JIOCOCEe-
BBIX pbIO OJIM3KW BO BpEMEHHU aKT yIBOEHWSI TeHOMa 1
OCHOBHBIE MIEPUOJIbI UX IUBEPCUPUKAIINU.
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OUIIOTEHNA JIOCOCEBBIX PbIb

MATEPHAJIBI 1 METObI

MartepuanoM TIOCIYXXWJIM TOCIeI0BaTeIbHOCTH
Mt HK, B3sThIe 13 62361 Genbank/NCBI, a Takke
nocienoBaTebHoCcT reHoB COI u Cyth, D-nietnu
JIOCOCEBBIX PbIO, aMIUIM(ULIMPOBAaHHBIE HAMU C TTO-
MOIIIBIO TIpaliMepoB 13 padboT [22—24] u ceKBeHUPO-
BaHHbIE C HCIMOJIb30BaHUEM HabOopa Big Dye Termi-
nator 3.1 W aBToMaTuWuyeckoro aHanuzatopa ABI
Prizm 3130 (“Applied Biosystems”, CIIIA/“Hitachi”,
SAnoHus) crnenuanabHO IS 3TOoro ciydast (tabi. 1:
JX261982—JX262010). Bcero B aHaiu3 ObLT BKIIOYEH
41 BUL JIOCOCEBBIX pbIO, a Takxke 11 BUIoB, mpeacTaB-
JISIBIIMX TpU BHelmHuWe rpynnbl — Esociformes (5),
Argentiformes (3) u Stomiiformes (3). 1151 24 BugoB
WUCITOJIb30BaHbl JTaHHBIE IO TOJHBIM MUWTOXOHIPHU-
anbHBIM TeHoMaMm (16 BumoB Salmonidae u 8 BuaoB
W3 BHEITHUX TpyIi). st apyrux 28 BUAOB ObLIN A0-
CTYIIHBI JIMIIIb HETMIOJHbIE JaHHbIE, U3 KOTOPBIX HAMU
ObLIM OTOOpaHbl BOCEMb YYaCTKOB MHUTOT€HOMOB:
¢dbparMeHTBl WU TIOJHBIE MOCAEA0BATEIbHOCTU Te-
HOB AT6, CO1, Cytb, NDI1, ND6, 12Swn 16S pPHK, a
takke D-netnu (ta6:. 1). PanimoHaabHOCTH BKIIOYE-
HUSI B aHAJIM3 TAKCOHOB C HEMTOJIHBIMU JAHHBIMU ObI-
Jla 00ycCJIOBJIeHa, BO-TIEPBbIX, HEOOXOAUMOCTbBIO MU-
HUMMU3ALMU KOJUYECTBa JJIMHHBIX BETBEU B (husiore-
HEeTUYECKOM JepeBe (UeTBepTasl cTpaTerusi moaoopa
TaKCOHOB [26]), YTO JaeT MOJOKUTENbHBINA 3(hdeKT
JIaxke IIpY HaJIu4I1u IIpo0eIoB B JaHHEIX [27, 28]. Bo-
BTOPBIX, MpeciiefoBajlach 1IeJb OXBAaTUTb, MO BO3-
MOXHOCTH, BCe MOP(PO-3KOJOrMIecKoe pazHooOpa-
3ue Salmonidae, BKITIIOYasi T€ TaKCOHBI, KOTOPEIE B
MPOLIJIOM paccMaTpUBAJIUMCh B CTaTycE€ CaMOCTOSI-
TeJIbHBbIX POAOB WJIU MPETEHIYIOT Ha 3TO J0 CUX TOp
(Acantholingua, Baione, Cristivomer, Phylogephyra,
Salmothymus v op.) (TpeThs cTpaTerust — [26]).

ITo xaxmoMy (YHKOIMOHAJIBHOMY  Y4JacTKy
MTIHK mnpousBeneHo BbIpaBHMBAHUE C MOMOIIBLIO
nporpamMmmbl MAFFT v. 6 [29], a 3aTeM — KOHKaTeHa-
1IMS 9TUX UHAMBUYaJIbHBIX BBIpaBHUBaHU. MaTpu-
11a OblJIa MPOCMOTPEHAa, U YYaCTKU C JABYCMBICIICH-
HbIM BbIpaBHUBaHUEM, a TakKXKe BCE CTOM-KOIOHBI B
0EJTOKKOAUPYIOLINX TeHaX UCKITIOUEHBI U3 aHAIU3A.

PexoHcTpyK1IMio (pMI0reHUM OCYIIECTBIISUIN pa3-
JIMYHBIMU METOJaMU: B3BEIICHHOW MAaKCHUMaJbHOM
skoHoMuu (MP), HauOoJbllIEero MnpaBaOIIOAOOUS
(ML) u 6aitecockum (BA). Ilpu 3TOM B Kaxkmom
cJlydyae TIpOM3BEASeHO MO ABa BaprMaHTa (PUIOTeHETU -
YEeCKOM PEKOHCTPYKLIMU — C WUCHOJb30BAaHUEM WH-
dopMaly 10 BCeM TUIIaM 3aMeH, a TakKKe MCKITIoJast
HYKJICOTUAHBIE 3aMEIIeHUsI, OTHOCSIIECS K TpaH-
3ULIUASIM.

Ilpu moucke MP-pepeBa ¢ yyeToM BCEX TUIIOB
HYKJICOTUAHBIX 3aMEeH MaTpulia JaHHBIX Oblaa MOJ-
pasjesieHa Ha 11eCTb, TPEATONOXKUTEIbHO CTPYKTYP-
HO-OJTHOPOIHbBIX, OJJOKOB HYKJICOTUIOB: (1) mepBasi,
(2) BTOpas u (3) TpeThsl MO3ULIUU KOAOHOB 13 Getok-
KOJIMPYIOIINX T€HOB, TeHbI (4) prubocoManbHOM’ U (5)
tpaHcrioptHoit PHK, a takxe (6) D-merns. s
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KaXJIOro M3 3TUX OJIOKOB C IMTOMOIIBIO IIPOTrpaMMbI
PAUP 4.0b10 [30] ObLIO ompeleieHO OTHOILIEHUE
CKOPOCTH TPaH3WIINI K CKOPOCTH TpaHCBEpCHI, M
3TU OKPYTJIEHHBIE JO 11€JI0r0 3HAUYEHUST OLIEHKU Obl-
JIM UCMIOJIb30BaHbl B KaueCTBE Beca TpaHCBEPCHUIl B
MaTpuliax MOIIAroBbIX MepexoaoB (step matrix) mpu
noctpoeHnu MP-nepeBa.

OBpuctuyeckuii mouck MP-nepeBa BBIIOJIHEH C
noMotiibto mporpaMmMbl PAUP B 30 mOBTOpHOCTSIX CO
CllydallHbIM XapakKTepoM BKJIIOUEHMs TlocjienoBa-
TEJIbHOCTEW B aHaIU3 U TepecTaHoBKamMu nmo TBR-
aJropuTMy. BocrpousBoaMMOCTb BETBIEHU JepeBa
oneHeHa MeromoM OyrcTpama B 1000 ITOBTOPHBIX
TICEeBAOCTYYaliHBIX BEIOOPOK. AHAJIOTUUHBIMU TIpUE-
Mamu HaliieHo MP-nepeBo 1 olleHeHa ero yCTonum-
BOCTb Ha OCHOBE JaHHbIX, U3 KOTOPBIX MOCPEACTBOM
RY-konnpoBaHus Obl1a UCKITIOYeHA MHGOPMAIIHS O
HYKJICOTUAHBIX 3aMEIIEHUSIX, OTHOCSIIUXCS K TpaH-
3ULIUSIM.

IMoctpoenune ML-gepeBa 1o Bcem TUIIaM HYKJICO-
TUAHBIX 3aME€H MPOBEICHO HAa MaTpUlie NaHHBIX, B
KOTOpOU ObLIO BBIAEIEHO CeMb OJIOKOB HYKJIEOTU-
noB: (1) mepBasi, (2) Bropas u (3) TpeThbs HO3ULIMU KO-
JIOHOB 12 GeTOKKOAUPYIOIIUX reHoB, (4) reH ND6 ¢
CYIIECTBEHHO OTJIMYHBIM OT OCTIbHBIX OEJTOKKOAM-
PYIOLIMX T€HOB YaCTOTHBIM COCTABOM HYKJIEOTU/IOB,
reHsl (5) pubocomanbHO 1 (6) TpaHcnopTHOIt PHK,
a takxe (7) D-netna. st KaxXaoro u3 HyKJI€OTUI-
HBIX OJIOKOB ¢ TTOoMOIIbIO mporpaMMbl Modeltest 3.7
[31] Ha ocHoBe BIC-kputepus Oblia orpeaeacHa
HauboJiee TOAXOosIasl MOAEAb HYKJIEOTUIHBIX 3a-
memeanit: GTR+1+ G, TVM+ 1+ G, TIN+ 1+ G,
HKY + 1+ G, GTR + I + G, SYM + G, HKY + G,
COOTBETCTBEHHO.

B Bapmante ML-aHanu3a Ha OCHOBE MaTpPUIIbI
RY-konupoBaHHBIX HAHHBIX OBbLIa MCIOJbh30BaHa
Mojenb HyKjieoTuaHbix 3aMeineHuit CF + I + G.

DBpuctndyecKuii mounck ML-aepeBbeB OCyIIeCTB-
JIeH ¢ rmomoIibio rmporpamMmmsbl Garli v. 2 [32] B 30 mo-
BTOPHOCTSIX. YCTOMYMBOCTh BETBJICHUI JiepeBa Olie-
HEeHa MeTOJOM OyTCcTp3na ¢ WCIOJb30BaHUEM
1000 mOBTOPHBIX TICEBAOCTYIalHBIX BEHIOOPOK.

baitecoBckuii aHanu3 (pUIOreHUM BBIMOJHSIU C
noMoltiipio mporpammbl MrBayes 3.2 [33]. [Toapasne-
JICHHBIN aHaIU3 BBIMOTHEH 10 TIpeaplayiieit ML-cxe-
Me, 32 UCKJTFOYeHHeM Toro, uto MoaeJu TVM + 1+ G u
TrN + I + G ObpuIM 3aMeHEHBI Ha 0OoJiee OOIYIO
GTR + I + G (u3-3a orpaHMYeHU MTPOTrPaMMBbI
MrBayes). TpaHCBEepCMOHHBII aHaIU3 OBLT TaKXKe
MpOBeJIeH C KCIOJb30BAaHUEM MOJEIU HYKJICOTUI-
Heix 3amemiennit CF + I + G. B oboux BapmaHTax
aHaIu3 BKJIIoYasa B cebd 6 x 10° uKiI0B ¢ 0T6OpOM
KaXKIIOTO ThICSIYHOTO M3 TeHEPHUPOBAHHBIX JIEPEBbEB.
W3 onyyeHHBIX nepeBbeB nepBbie 1001 6b111 0TOpO-
1meHbl, a octaBiuecs 5000 nepeBbeB, XapaKTepru30-
BaBIIMXCSI CTAOWJIM3MPOBAHHBIMU OLIEHKAMU MpaB-
nmomopobust (Lnl), mapameTpaMmu Mopeieit HyKiIeo-
TUAHBIX 3aMEIIeHMU U JIMHAMU  JIepEBbEB,
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WCITOJIb30BaHBI IJIsI ITOCTPOSHUSI KOHCEHCYCHOTO (b1~
JIOTEHETUYECKOTO JiepeBa U TTOJIydeHUsI OLIEHOK aro-
CTEpHUOPHOIT BEpOSITHOCTH €T0 BETBJICHUIA.

MornexkyasspHoe  JaTMpoBaHME  KJIaJoreHe3a
Salmonidae mpoBeaeHO B paMKax 6alieCOBCKOTO MO/ -
Xola ¢ ToMolbio makeTa mporpamMm BEAST 1.6.2
[34] py ciaenyoomnxX yCJIOBUSX: TOIIOJIOTHS JepeBa
dukcupoBaHa — ML-gepeBo; Moleab MOJIEKYISIP-
HBIX YaCOB — BapbHUpylolye (He CTpOTHe) Yackl C He-
KOPpPEIUPOBAaHHBIM JIOTHOPMAJILHBIM pacrpeelie-
HUEM CKOpPOCTEil HYKJIEOTUIHBIX 3aMEH IO BETBSIM
JIepeBa U aKkTaMU BUA000pa30BaHUS, TIOMYMHS IO~
MuUcs pacrpeneaeHuio FOna; Monenb HyKICOTUAHBIX
zamernieHuin — GTR + I + G; npoTsokeHHOCTh Oalie-
cobckoro aHanmsa — 30 x 10° nukiIoB ¢ oT6OpOoM
KaXXI0ro ABYXTBICSTYHOIO 13 T€HePHUPOBAHHBIX Aepe-
BbeB; burnin — 1501. {1151 npuBsI3KM yJIbTpaMeTpuye-
CKOTo JiepeBa K aOCOIIOTHOM IIKajie BpeMEHU ObLIO
HMICTIOJIB30BAHO YEThIpEe KAJIMOPOBOYHBIX MHTEPBAJA.
[TepBbIii U3 HUX TOTYCKAaJI pa3iesieHue JJococeodpas3-
HBIX U IIIYKOOOpa3HBIX B Melry (145.5—65.5 MuH. et
Ha3am) 1 0a3MpoOBaJICSI Ha MHOXKECTBE IT03IHEMEIO-
BBIX MCKoITaeMbIX ocTatkoB Esociformes [35]. Bro-
poii cBs13bIBaN pasaeiaeHue Esox u Novumbra c naneo-
HeHoM (65.5—55.8 MIH. JIeT Ha3aa) U OCHOBBIBAJICS
Ha psAe XOpOIIO COXPAaHMBIIMXCS MCKOIIA€MBbIX
OCTaTKOB PbIO, BITOJIHE OOOCHOBAaHHO OTHOCUMBIX K
pony Esox [36, 37]. TpeTuit nHTEpBaJl OrpaHUYNBAIT
obocobneHre TMHNN Salmoninae mpeaeaaMu 301IeHa
(55.8—33.9 MmuIH. JTeT Ha3aI) U CBsI3aH C OOHAPYKEHU-
€M B CpPEOHEM 30ILIeHE XOPOIIO COXPAHMBILIMXCS MC-
KoItaeMbIX jjococeil Fosalmo, MeIoImx HEeCKOIBKO
IIPOJBUHYTBIX XapaKTEPUCTUK, KOTOPbIE CpPeaud CO-
BpeMeHHBIX Salmonidae mpucyllin UCKIIIOYUTEILHO
npencraBuTesIM Salmoninae [38]. YeTBepThIil OBIT
OCHOBaH Ha MHOTOYMCJIEHHBIX MCKOIAeMbIX OCTaT-
KaX JIOCOCEBBIX PbIO, MPOSIBISIONINX ITPOJABUHYTHIE
4epThl TUXOOKEAHCKUX Jiococeit poxa Oncorhynchus
(cm.: [39], a Takke JuTepaTypy U3 3TOM padOThI), U
orpaHuYMBaj BpeMsl Hadajla JUBepCUPUKALIUN pe-
LEeHTHBIX JIMHUI Oncorhynchus NTHTEpBAJIOM IO3THE-
ro muotuieHa (11.6—5.3 MuH. JeT Ha3am).

PE3VJIBTATbI

Ilocne ymaneHus1 U3 COCTaBHOI MaTPHUIIbl y4acT-
KOB C JIByCMBICJIEHHBIM BbIpaBHUBaHUEM, a TaKXkKe
BCEX CTOII-KOAOHOB B OEJIKOBBIX I'e¢HaX, €€ pa3zMep-
HOCTBH cocTaBmia 53 x 16388 mu. Mtorosag marpuia
JaHHBIX BKJIOYaja B ceO0s1 ITOCIea0BaTeIbHOCTH
18 monubix MTAHK-reHomoB, 6 MUTOreHOMOB 0€3
KOHTPOJIMPYIOIIMX YIaCTKOB (B MUTOT€HOMAX IIpe/-
craBuTese Stomiiformes u Argentiformes a3t yyacr-
KM OBLIM MCKIIOYEHEI U3-3a HEBO3MOXKXHOCTHU IIPOM3-
BECTH MX ITOJIHOLIEHHOE BHIpaBHUBAHUE C TAKOBBIMU
OCTaJIbHBIX TIOCJIEAOBATEIbHOCTEH), a TakKe 29 co-
CTaBHBIX HYKJICOTUIHBIX ITOCJIEOOBATEIILHOCTEN.
CyMMapHas IJIMHA ITOCIEOHUX BapbupoBajia B Ipe-
nmenax 543—5064 i (B cpenHeM 2660 1H).

INEABKO u ap.

B pesynprate GmoreHeTUYESCKOTO aHAJIM3a T10/ -
pa3aeaeHHOM MaTPUILIbI JAHHBIX C TIOMOIIbIO MEeToAa
B3BEIICHHON MaKCHUMAaJlbHOU 3KOHOMUM ObLIO Hali-
neHo enuHcTBeHHOe MP-nepeBo (puc. 1). bénbiras
yacTb BHYTpeHHUX BeTBeil (37 u3 49) storo nepesa
MMeJla BBICOKMII YPOBEHb OYTCTPAM-IIOAIEPKKM,
paBHBIN 1 npepbimammuii 70%. Tononorus MP-
JIiepeBa, TOJy4eHHOTO METOIOM TpPaHCBEPCUOHHOM
MakKCHMaJIbHOI 3KOHOMMHU, IIPAKTUYECKU ITIOTHO-
CTBIO ITOBTOpSIJIa TAKOBYIO JiepeBa Ha puc. 1, HO 00-
I ypOBEHb OYTCTPAM-IIOMIECPKKU OKa3ajics He-
CKOJIbKO HUKe — ToabKO 30 u3 49 BHYTPEHHUX BET-
Bell mMenu ypoBeHb moadepxxku B 70 um Oojee
MPOILIEHTOB.

Knagorpamma, moiydeHHasi B pe3yJibraTe Iojapas-
neneHHoro ML-ananusa, npuBeaeHa Ha puc. 2. Ee
TOIIOJIOTHSI UMEET JIUIIb OJHO CYILIECTBEHHOE OTJIM-
yue ot Tonojoruu MP-nepeBa — Ha ML-nepeBe cu-
roBble 00pa30Bau OJHY KJIaay C XapUyCOBBIMHU, B TO
BpeMms Kak Ha MP-nepeBe curoBbie 00beIMHWINCH C
JnococeBbIiMU. Tormonorus ML-gepeBa, mocTpoOeHHO-
ro Ha ocHoBe aHaiu3a RY-KoaupoBaHHBIX JaHHBIX,
HHMYEM CYIIECTBEHHBIM HE OT/IMYajach OT TaKOBOI
nepesa Ha puc. 2. B iestom 38 3 50 BHyTpeHHUMX BET-
Beil AepeBa Ha puc. 2 MeJIM BBICOKMIA (paBHBII WU
npepbimamnii 70%) ypoBeHb OYTCTPIIN-MOAAEPXK-
KM B TOM WX MHOM BapuaHTe ML-aHanu3a (B o6omnx
ciiygasix — 31 BHYTpEHHSISI BETBbB).

Knamorpammbl, mojiydeHHBIC B pe3yJibTaTe Oalie-
COBCKOTO aHaJIN3a, C YIeTOM BCEX THITOB HYKJICOTHI-
HBIX 3aMeH WX 0e3 yJeTa TpaH3UIIMiA, MaJlo YeM OT-
JIMYaJavcCh Ipyr OT Apyra, U ux tomnonorus (puc. 3)
MPaKTUYECKU MOJTHOCTBIO MOBTOpUIIa TaKOBYIO ML-
KagorpaMmbl. [1o ob1emMy 4ncity BeTBICHUIA, TTOJTy-
YUBIIUX BHICOKYIO MOAAEPKKY (38 13 49 BHYTpeHHUX
BETBel UMeJin BeposTHOCTH 0.95 U BhIIIIE), U UX pac-
npeneneHuio 1mo aepesy BA- m ML-xkiamorpaMmbr
TaKKe 0Ka3aIMCh YPE3BbIYATHO CXOTHBI.

Kak aTo MoxHO BuneTh (puc. 1—3), mocTpoeHHbIE
TpeMsl pa3IMYHbIMU METOIAMM KJIaloTpaMMBbl OKa3a-
JIMCb B OCHOBHOM KOHTPY3HTHBI. MckiloueHue co-
CTaBUJIO PE3KO OTIMYHOE B3aMMOPACITOJIOXKEHUE TN~
HUI XapUyCOBBIX, CUTOBBIX U JIOCOCEBBIX PbIO Ha
MaKCHMaJIbHO 5KOHOMHOMN Kjamorpamme (puc. 1) u
KJ1ajorpaMMax, MOCTPOEHHbBIX MPU MCMOJIb30BaHUU
MaKCUMaJIbHO-MTPaBAOMOA00HOTO WU 0alieCcOBCKO-
ro metonoB (puc. 2, 3). YroOnl OLIeHUTH, HACKOJIBKO
3TO OTJIUYME CYLIECTBEHHO, ObLIO MPOBENEHO CpaB-
HEeHHUe TpeX aJlbTepPHATUBHBIX BApUAHTOB (DUJIOTCHE-
TUYECKUX B3aUMOOTHOIIIEHU! XapuyCOBBIX, CUTOBBIX
U JIOCOCEBBIX PbIO C MOMOUIbIO HECKOJIBKUX CTaTU-
CTUYECKMX TECTOB, OCHOBAHHBIX Ha aHaJIN3€e OLIEHOK
npaBIonoaoousi U peaav30BaHHBLIX B MakeTe Mpo-
rpamm CONSEL [40] (ta6a. 2). bonapliHCTBO M3
HUX TTOKa3aJIv, YTO OTJIUYMSI HanboJjee MpearnoyTh-
TeJILHOTO BapuaHTa duisoreHuu Salmonidae (puc. 2,
3) oT anprepHAaTUBHBIX (BKJIIOYash BapMaHT, IIPUBE-
JNIEHHbINA Ha pUC. 1) CTaTUCTUYECKU HE 3HAYUMBI.
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Gonostoma gracile
| Bathylagus ochotensis
Ii': Opisthoproctus soleatus
79 Glossanodon semifasciatus
100 Umbra krameri
100 Umbra limi

95

100

99 Dallia pectoralis
9_5|£7': Novumbra hubbsi

64 Esox lucius
Thymallus tugarinae

100 — Thymallus grubii

100
100

100

100
100

98

Thymallus flavomaculatus
Thymallus thymallus
Thymallus brevirostris
Thymallus burejensis
Thymallus arcticus
Stenodus leucichthys
Coregonus peled
Coregonus lavaretus

96

77
89

100

Prosopium coulterii

100 Prosopium williamsoni

98

99 Prosopium cylindraceum
100 Hucho taimen
100 L82 Hucho hucho
Hucho bleekeri

100

100 Brachymystax tumensis

s5 1100 Brachymystax tumensis (Korea)
92 Brachymystax lenok
Salmo salar
100 Salmo (Salmothymus) orhidanus
100 L34 Salmo trutta

Salmo (Salmothymus) obtusirostris

100 |:
100

Parahucho perryi
Parasalmo mykiss
Parasalmo clarkii
Oncorhynchus tshawytscha
Oncorhynchus kisutch
Oncorhynchus masou
Oncorhynchus nerka
Oncorhynchus gorbuscha
Oncorhynchus keta

Salvelinus fontinalis

Salvelinus levanidovi

Salvelinus leucomaenis

Salvelinus namaycush

Salvelinus curilus

Salvelinus alpinus

Salvelinus malma

Salvelinus (Salvethymus) svetovidovi
Salvelinus confluentus

Salvelinus taranetzi

Puc. 1. MP-knanorpamma (76011 11aroB), rmojiydeHHasi B pe3ysbraTe aHann3a MaTpuiibl MTIHK-1aHHBIX METOIOM B3BEILIEH -
HOM MaKCHUMaJIbHO# 3KOHOMMU. L[ndpbl Haa U 1oa BeTBIMU — OyTcTpan-oteHKu (% ot 1000 perink OyTcTpara), MoaydeH-
Hble st MP-1epeBbeB, MOCTPOSHHBIX C UCITOIb30BaHUEM MHMOPMAIIUHU 10 BceM TUTaM 3aMeH (6713 duioreHeTHYeCKU NH-
¢opMaTUBHBIX MO3ULIMI) WM UCKIIOYasi HYKJICOTUIHbIE 3aMelleHUsI, OTHOCsIMecs K TpaH3usM (3391 dwunoreHeTnyecku
vH(GOpPMAaTUBHAS MTO3MUILIMsI), COOTBETCTBEHHO. BhIe/IeHbl BETBU C OLIEHKAMU, MIPEBBILIAIOIIMMY WK paBHbiMU 70%.

MonekyasipHas 1aTUpOBKa MPOBEAeHA Ha OCHOBE
(UKCUPOBAHHOU TOMOJOTMU (DUITOTEHETUUECKOTO
JiepeBa, TOJIy4EHHOTO METOJIOM MaKCUMAaJIbHOTO
npasaononodusi (puc. 2). MitoroBass XxpoHorpamma
KJ1aJloreHe3a JIOCOCEBbIX PbIO U MpeicTaBUTENEi

FTEHETUKA Ttom49 Ne6 2013

Onvkaiiiieit K HUM BHelnHe# rpynmnbl (Esociformes)
naHa Ha puc. 4.

CortacHO TPOBEACHHBIM pacdeTaM JIsi JaHHOTO
Habopa TakcoHOB Salmonidae cpeaHMii SBOJIIOIINOH-
HBII1 BO3pacT BUIOB (JUIMHA TEPMUHAIbHBIX BETBEU
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100 Dallia pectoralis
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Stenodus leucichthys
Coregonus peled
Coregonus lavaretus
Prosopium coulterii
Prosopium cylindraceum
Prosopium williamsoni
Hucho taimen
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Hucho hucho
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90 |00 Brachymystax tumensis (Korea)
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Salmo salar
100 Salmo trutta
100 L7 Salmo (Salmothymus) obtusirostris
70 Salmo (Salmothymus) orhidanus

100 |:
100

Parahucho perryi
Parasalmo mykiss
Parasalmo clarkii
Oncorhynchus tshawytscha
Oncorhynchus kisutch
Oncorhynchus masou
Oncorhynchus nerka
Oncorhynchus gorbuscha
Oncorhynchus keta

Salvelinus fontinalis

Salvelinus levanidovi

Salvelinus leucomaenis

Salvelinus namaycush

Salvelinus curilus

Salvelinus alpinus

Salvelinus malma

Salvelinus (Salvethymus) svetovidovi
Salvelinus confluentus

Salvelinus taranetzi

Puc. 2. ML-knagorpamma, rojgydyeHHast Ha OcCHOBe TtoapasaeneHHoro aHanm3a Mt HK-nanusix. Liudper — OyTcTpamn-oteHKN
(% ot 1000 perutuk 0yrcTpara) st ML-nepeBbeB, TOCTPOEHHBIX C UCIOJIb30BAaHKEM MH(MOPMALIMH 10 BCEM TUITaM 3aMeH (Haj
BETBSIMU) WJIW UCKJTIOYAsi HYKJICOTUIHBIC 3aMEILIeHUsI, OTHOCSIIMECS] K TPAH3ULIMSM (IO BETBSIMU). BblaeeHbl BETBU C OLIEH-

KaMM, TIPeBbIIIAIOIIMMY WK paBHbIMU 70%.

JlepeBa Ha puc. 4) cOCTaBUJI BEJIMYMHY B 5.6 MITH. JieT
(mpenensl BapbupoBaHusi — 0.9—21.4, menuaHa —
4.8).

Cpenu BuaoB Salmonidae MOXHO BBIIEIUTDH HE-
CKOJIBKO CPaBHUTEJIbHO KOMITAKTHBIX TPYII, O0b-

eIVHSTIONINX IIpeAcTaBUTelIell ogHoro pona (Thymal-
lus, Prosopium) uiav, 4To 4yaiie, OJIM3KUX polioB (Ste-
nodus n Coregonus;, Hucho n Brachymystax; Salmo n
Salmothymus; Parasalmo w Oncorhynchus; Salvelinus
u Salvethymus). DBOTIOLIMOHHBII BO3pacT HanboJiee
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Puc. 3. baiiecoBckas kiagorpamma (50%-Hbiit KoHceHcye 5000 nepeBbeB), MOJyYeHHAs HA OCHOBE MOAPA3AeIEHHOIO aHaIu3a
mtAHK-nannbix. Lndpsl — 3HaueHUsI alTOCTEPUOPHOI BEPOSITHOCTH 151 6ailieCOBCKUX JEPEBbEB, TOCTPOSHHBIX C MCIOb30-
BaHMeM MHGOPMALIMKU IO BCEM THUIIaM 3aMeH (Haj BETBSAMU) WM MCKITIOYasl HyKJICOTHIHbBIE 3aMEIEHMsI, OTHOCSIIMECS K
TpaH3ULMAM (MO BETBSIMU). BbleIeHbl BETBU C OLIEHKAMU, TTPEBbIIAIOIMMU WK paBHbIMU (.95,

OJIM3KOro O0IIEero MmpejaKa B TaKUX rpyIiax BapbUpo-
Baj B mipeaenax 6.1—17.0 MJIH. JIeT U B CpeIHEM CO-
craBui 10.4 muH. et (MenuaHa — 10.3).

B cBo10 ouepenpb, MPeaKOBLIC JIMHUM 3TUX TPYIIIT
BUIOB, a TakKXe JWHUSA MOHOTHIIMYECKOTO pOJIa
Parahucho nvBeprupoBaiu ApPYyr OT Apyra MHOTO
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panblie — oT 42.3 go 19.9 muH. et Hazan. [Ipuuem,
MOSITh U3 CEMY TAKUX aKTOB AUBEPTEHIIMU TTPOU30LLITU
B uHTepBasie 27.8—19.9 (B cpeanem 23.4) MJH. JieT
Hazaj.

HatupoBanue crneluUUIEeCKO IS JIMHUU
Salmonidae moJHOTeHOMHOM AYTIMKALIMU TTPOBE/IE-
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Ta6auma 2. Pe3yabraThl CTATUCTUYECKOTO CPABHEHUS aJIbTepHATUBHBIX BapuaHTOB ¢utoreHun Salmonidae (T, Cu S — xa-
PUYCOBBIE, CUTOBBIE U JIOCOCEBbIE PbIObI, COOTBETCTBeHHO; OUT — BHElIHsIs rpymiia), BEITOJHEHHOTO 1151 IBYX HA0OpOB
nanHbiX (PART — nmoapasneneHHbie JaHHBIE ¢ BKIIOYEHUEM BCEX TUTIOB HYKJIEOTUIHBIX 3amellieHnit, RY — ToibKo TpaHc-
BEPCUU) C UCIIOJIb30BaHEM TECTOB, OCHOBAaHHBIX Ha aHaIM3e OlieHOK npaBaononodus: AU — HecMmelieHHoro, BP — Oy-
crpan, KH — Kummro-Xacerasel, SH — IlInmopnatipa-XaceraBol

Tect
Tun maHHBIX Tomonorus (Ln L)/ALn L
AU BP KH SH

PART (OUT,((T,C),S)) (—150281.2) 0.867 0.784 0.831 0.911
(OUT,(T(C,S))) 11.0 0.213 0.147 0.169 0.244
(OUT,(C,(T;S))) 13.7 0.123 0.069 0.109 0.165
RY (OUT,((T,C),S)) (—56195.7) 0.821 0.784 0.796 0.878
(OUT,(T(C,S))) 8.8 0.054 0.015 0.066 0.081
(OUT,(C,(T,9))) 5.5 0.232 0.201 0.204 0.243

HO C MCIIOJIb30BaHMEM JAaHHBIX MO y4YacTKaM smep- HbIMU Hekogupyoimumu aiaeMmeHTamu (CNE)

HBIX TEHOMOB YeThIpeX BUAOB JI0COCEBBIX pbId (Core-
gonus clupeaformis, Salmo salar, Salvelinus alpinus v
Parasalmo mykiss), hnaHKupoBaHHBIX KOHCEPBaTUB-

(tabi. 1 B: [41]). [Ipu pacueTe BpeMeHN TUBEPIeH-
AU IeBSATU Tap TaKuX Mapajoruyeckux y4acTKOB B
KayecTBe KaJTMOPOBOUYHBIX BBICTYITMIM OLIEHKU DBO-
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Thymallus grubii
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Coregonus peled
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Prosopium coulterii
Prosopium cylindraceum
Prosopium williamsoni
Hucho taimen

Hucho hucho

Hucho bleekeri
Brachymystax tumensis
Brachymystax tumensis (Korea)
Brachymystax lenok

Oncorhynchus masou
Oncorhynchus nerka
Oncorhynchus gorbuscha
Oncorhynchus keta
Salvelinus fontinalis
Salvelinus levanidovi
Salvelinus leucomaenis
Salvelinus namaycush
Salvelinus curilus
Salvelinus alpinus
Salvelinus malma
Salvelinus (Salvethymus) svetovidovi
Salvelinus confluentus

| Salvelinus taranetzi

Salmo salar
Salmo trutta
Salmo (Salmothymus) obtusirostris
Salmo (Salmothymus) orhidanus
Parahucho perryi
Parasalmo mykiss
Parasalmo clarkii
Oncorhynchus tshawytscha
Oncorhynchus kisutch
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Puc. 4. BaitecoBckast xpoHorpaMMa KjiagoreHesa Salmonidae 1 61M3KMX K HUM TaKCOHOB, BhIpakeHHasl B aOCOIIOTHOM Bpe-
MEeHHO 1Kaye (MJH. jieT). [IpssMoyroabHuKY — 95%-Hble MHTEPBaJIbl HAUBBICIIEH alTOCTEPUOPHOM TIIOTHOCTH OLIECHOK Bpe-
MEHU CcyllecTBOBaHUs Kial. CTpesku — 6ailecoOBCKYE OLIEHKHM BPEMEHU YCTAaHOBJICHUSI IUCOMUU, PACCUMTAHHbBIE TSI IEBATU
NYTUIMIAPOBAHHBIX YYACTKOB SIIEPHOTO TeHOMa JIOCOCEBBIX PhIO, (hraHKMpOBaHHBIX MapamMu cooTBeTcTBYomMnX CNE.
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JIIOIIMOHHOTO BO3pacTa JUXOTOMMUI CUTOBbIE—JI0CO-
ceBble (42 MiH. JieT) U Salmo—Salvelinus/ Parasalmo
(23 MaH. JleT), TIOJlydeHHBbIE B HacTosleit paboTe.
HaTtrupoBka, Kak U paHee, Oblla BbIIIOJIHEHA C TIOMO-
mblto mporpamm makera BEAST [34] ipu ciaenytomnmx
JIOMOJTHUTEIBHBIX YCIOBUSIX: MOAEIb HYKJICOTUIHBIX
zamemiennii — HKY + G; mosexyisipHble 4achl —
CTpOTHUe; MPOTSKEHHOCTh 0alieCOBCKOrO aHaIu3a —
2 x 10® LMKJIOB C OTOOPOM KaXI0I'0 THICAYHOTO; bur-
nin — 501.

B pesynbrate ObLIO HaliaeHo (pUc. 4), 4TO Meaua-
HbI 0alieCOBCKUX OLIEHOK BpEMEHU C MOMEHTAa Hava-
Jla JUBEPreHlIMd MNapajoroB (BpeMEHU YCTaHOBJIE-
HUSI TUCOMMM) YJIOXUIUCh B MpPOMEXyTOK 102—
71 mutH. et Ha3an. [IpyHUMas TOUKy 3peHUsT aBTO-
pOB paboTHI [41], 4TO 3TH y4acTKM ObLIM YIBOEHHI B
pe3ysbrare IMOJHOTEHOMHOW AYIUIMKAIUMU, MOXHO
YTBEPXKIaTh, UTO MOCAEIHSISI MOIJIa MMPOU3OUTHU MO-
4TH cpasy K€ MOocJe IMOABIeHUs TUHUM Salmonidae
WJIU 1a’Ke B MOMEHT €€ 00pa3oBaHUsI.

OBCYXIEHHE

Dunoeenemuueckue 83aUMOOMHOULIEHUS xXapuycoebslx,
CU208bIX U 10COCEBBIX

B HemaBHMX HMCCIIeIOBaHUSIX MUTOT€HOMOB IBYX
BunoB Thymallus |7] v TaiimeHss Hucho bleekeri [8]
OBLIO HAMIEHO, YTO XapUyCOBbIE PHIOBI COCTABJISIIOT C
JIOCOCEBBIMU OAHY I'PYIIIIMPOBKY, @ CUTOBbIE 3aHUMa-
10T 6a3aJIbHOE, OTHOCUTEJILHO Hee, MOJIOXKeHNE — Ba-
puant (OUT,(C,(T,S))), cornacHo 0003HaAYECHUSIM U3
Tab6:a. 2. B kaxmoii n3 3Tux paboT OBLIO 3aAeCTBOBA-
HO OKOJIO MOJIyTOopa AecsaTKa BUIOB Salmonidae u 2—
3 mpeacTaBUTENISI OT Mapbl BHEIITHUX Ipynn. OgHaKo
B APYroM HCCIeIOBaHUM [6], TIOCBSILEHHOM yCTa-
HOBJICHMNIO (PMIOTeHETMYECKUX CBsI3eil poma Lepi-
dogalaxias Ha ocHOBe aHaiu3a OOJILIIOrO Habopa
(mopsinka 40) mmrToreHoMoB Hu3mux FEuteleostei,
BKJIIOYAsl TMsITb MUTOTEHOMOB MpeAcTaBUTENCH
Salmonidae, ObLI HalieH NHOW BapUaHT, B KOTOPOM
XapuyCOBBIE U CUTOBBIE PHIOBI HAXOASATCSI B CECTPUH-
ckux otHomeHusIx — (OUT,((T,C),S)).

B Hacrosieit paboTre IIoydeHO OBa BapuaHTa
(GuIoreHeTUYeCKNX B3aMMOOTHOIIEHHUI TpeX IJIaB-
HbIX 1uHU Salmonidae — (OUT,((T,C),S)) B ciyuae
ML wunm 0GaileCOBCKUX JEpEeBbEeB, a TakKXKe
(OUT(T,(C,S))) B cnyuae MP nepeBneB. IlepBoiii u3
HUX MOXHO CYWTATh Oojiece OOOCHOBAaHHBIM, IIO-
CKOJBKY XOpPOIIO M3BEeCTHO [42], 4TO B YCIOBUSIX
CpPaBHUTEIbHO BBICOKOI'O YPOBHS TOMOILJIa3Uu (B Ha-
1IeM caydyae MHACKC COOTBeTCTBUS 111 MP-nepeBbeB
CI — 0.39 1 0.37 nnsa nonHbix M1 RY-niepekonupoBaH-
HBIX IAHHBIX, COOTBETCTBEHHO) MaKCUMAaJILHO IIPaB-
OOTIOIOOHBEIN M 0aileCOBCKUII MOMXOILI OKa3bIBa-
oTcs 6ojiee 3(PPEeKTUBHBIMM, YE€M MAaKCUMAaJIbLHO
SKOHOMHBIIT MeTOJ (PUIOreHEeTUYECKOM pPEeKOH-
CTPYKLIUU.
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Paznuune pesynwsraToB mcciaemoBaHuil [7, 8], ¢
OIHO CTOPOHBI, a TAaK3Ke [6] U HACTOSIIEH PaGOTHI, C
JIpYroil, B IUIaHE B3aMMOOTHOLIEHUI JIMHUI Xapu-
YCOBBIX, CUTOBBIX U JIOCOCEBBIX PHIO, ITO-BUIMMOMY,
00YyCJIOBJICHO B OCHOBHOM pa3HMIIE B YMCIIe U CO-
CTaBe TAKCOHOB, B3SThIX B KAY€CTBE BHEIIITHUX, 10 OT-
HomeHMI0O K Salmonidae, rpymm. Bosbiroe dmcio
BKJIIOYEHHBIX B aHAJIM3 IIpeAcTaBuTeeil Salmonidae
BKyMe C JOCTaTOYHO TOKa3aTeJbHbIM HabopoM
BHEIIITHUX T'PYMIT JOJKHBI ObUIN, TI0 WA, TOBLICUTH
HaJEeXXHOCTh Halllell peKOHCTPYKIIMN, MUHUMU3UPYS
KOJIMYECTBO IJIMHHBIX BETBEU B (PMIOTeHETUYECKOM
nepeBe Salmonidae B 11e1oM 1 6a3aJIbHOM €ro YacTU B
ToM uucie. OmHako Omrkaimas K Salmonidae
BHEIIHSS rpymra (IyKooOpa3Hbie) He SIBISIETCS, K
COXXaJICHUWIO, OJIM3KON B IPSIMOM CMBbIcie. MOMEHT
pacxoxneHuss JuHu Salmonidae m Esociformes mn
MOMEHT O000CO0JeHMsI TJIaBHBIX JMHUIN BHYTPU
Salmonidae pasgeinsieT, mo Hallleil OLlEHKE, 3HAYM-
TEJILHBIIA MPOMEXKYTOK BPEMEHU — OKOJIO 64 MITH. JIET
(puc. 4). B1ob6aBok, IPOMEXYTOK BpeMeHU OT MO-
MEHTa OTICJICHUS JIMHMM Salmoninae 1 10 pas3aeie-
Hug auHuit Thymallinae n Coregoninae cpaBHUTEIIb-
HO MaJl — nopstaka 6 MitH. jteT o MTJAHK-gatrposa-
Huto (puc. 4) (aHAJTOTMYHBIN MHTEpBaJ 1151 BApUaHTa
(OUT/(T,(C,S))) — okono 3—4 MJH. JIeT, COIJIaCHO
RAG I-patupoBaHuio [9]). DTu 00CTOSITEIHLCTBA TLTIOC
Hen30exxHasg aerpaganus (GUIOTeHETUIECKOTO CHUT-
HaJIa BCJIEICTBME€ TOMOILIA3UM, CBOMCTBEHHOI OBICT-
PO BBOJIONUOHUPYIOIIMM MHUTOreHOMaM (a B
HallleM cJlydyae CKOpOCThb cocTaBuia B cpeiHeM 0.44 x
x 108 3aMeH Ha caifT B roj Ha JIMHUIO, 4TO, K IPUMeE-
py, B 10 pa3 ObIcTpee, yeM TakoBas JJISI TTOCJIeTOBa-
TeJIbHOCTEM simepHoro reHa RAG1 [9]), mo-BuauMomy
U SIBJISIIOTCSI OCHOBHBIMM IIPUYMHAMU TOM HEOIIpee-
JIECHHOCTHM, KOTOpasi MpPOSIBISICTCS IIPU ITOITBITKAX
YCTAaHOBJICHUSI (DMJIOTEHETUYECKMX B3aMMOOTHOIIIE-
HUI JIMHUI XapUyCOBBIX, CUTOBBIX U JJOCOCEBBIX PHIO
¢ nomotwio MTIHK -manHbBIX.

Pabothl, ocHOBaHHBIC Ha aHanu3e ssaepHoi JHK,
pa3pelnTh cuTyanuio He nomoratoT. Ilo pesynbra-
TaM PacCMOTPEHUSI KOHLEBbIX METOK 3KCIIPECCUPY-
ommxcs: nociaenoBarenbHocTeil (EST) Salmonidae
ObLIO, B YaCTHOCTH, HailaeHo [5], yTo HanboJiee Be-
POSITHBIM SIBJISIETCSI BapMaHT C 0a3aJIbHOM MO3uIInei
XapUyCOBBIX PhIO OTHOCUTEIBHO CECTPUHCKOI CUTO-
BbIx 1 JJococeBbIXx — (OUT,(T,(C,S))). U3 25 undop-
MAaTUBHBIX TEHHBIX IEPEBbEB, MOJYYECHHBIX B padoTe
[5], 14 cBuaEeTENLCTBOBAJIM B IOJIB3Y 3TOTO BapyaHTa,
8 — B monb3y (OUT,((T,C),S)) u 3 — B 11o1b3y Bapu-
anta (OUT,(C,(T,S))). D1t pe3yasraTbl ObLIA MOJY-
YeHbl Ha OCHOBE aHajM3a MaTpUIl AUCTAHIIUI C MO-
moibio NJ-ajroputMa NoCcTpoeHUS (PUIIOTeHETHIEC -
CKUX AepeBbeB. MBI MOBTOPWIN aHAJIN3 JaHHBIX U3
paboTHI [5], HO Tpu UcnoJib3oBaHMU ML-MmeTona u ¢
rnoadoopoM Haubosee aaeKBaTHOW MOIEIU HYKJIEO-
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TUIHBIX 3aMEIICHUN IJIs1 KaXKIoro u3 78 MOTEeHIIM-
anmpHO nHMopMmatuBHbIX Ha0opoB EST. B pesynbrare
Hanuiy (Hally HeonyOJMKOBaHHbBIE JaHHbBIC), UTO HA
YPOBHE OyTCTpan-noaaepkku B 70 u 6oyiee IpoLeH-
TOB U3 19 nHGOPMaTUBHBIX TEHHBIX IEPEBHEB 8 CBU-
nmerenbctBoBain B monb3dy (OUT(T,(C,S))), 6 —
(OUT((T,C),S)), 5 — (OUT(C,(T.S))). Ha yposHe
oyTcTpan-noaaepxku 6omnee 50%, Ho menee 70% Tta-
KMX TeHHBIX JepeBbeB ObIIO 6, 8 1 4, COOTBETCTBEH-
Ho. B utore, 1Mo HalIMM JaHHBIM, HU OJWH U3 TpeX
aJITepHATUBHBIX BapUaHTOB YOEOWUTEIbHOTO IIepe-
Beca He TTOJIy4IMJI, Y BCE OHU MOTYT CUMTAThCS PABHO-
BEPOSITHBIMH.

AHanmu3 pasHbIX KOMWUW AYTUIMLIIMPOBAHHOTO
sIIEpHOTO TeHa Vig MpUBOAUT K ABYM pa3HbIM BapH-
antaMm — (OUT/(C,(TS))) u (OUT(T(C,S))) [43].
IMocnennuit M3 HUX TIONYy4YeH Takke TPU aHaIM3e
ssmepHoro reHa RAGI, HO ero OyTcTpam u OaliecoB-
cKasl MOIeP>KKHU OKa3alucCh HEBEJIUKU [9].

ITo MHEeHWI0O HEKOTOPBIX MCCIENOBaTENIeid, pac-
MIpeaeicHue Cpeau JIOCOCEBbIX phIO komuit MT
(tun III-1V) u MS (tun V) nonceMeiicTB ceMeiicTBa
Hpal xopotkux paccessHHBIX ITOBTOpoB (SINE) cBu-
netenbcTBYeT B 1osb3y BapuaHTa (OUT,(C,(T.S))),
HO 3TU JaHHbIe (pparMeHTapHbl U HOCST TIpeaBapu-
TeJbHBIN XapakTep [15].

B HeckonbKMX HCCIeIOBaHUSIX, HaIlpaBJIeHHBIX
Ha penieHue BOITpocoB ¢uiaorennn Salmonidae Ha
OCHOBE KJIaJWCTUYECKOro aHajau3a MopdoJiorude-
CKMX IIpU3HAKOB, ObUI  TOJy4eH  BapUaHT
(OUT,(C,(T,S))) [38, 44—47]. OnHako yCTaHOBJICH-
Hble B 3TUX paboTaX B3aMMOOTHOILIECHUSI BHYTPU
Salmoninae B psiie TPUHIMNIMAIBHBIX MOMEHTOB OT-
JIMYAJIUCH OT T€X, YTO OBLIN HaiACHLI B MHOTOUYMC-
JIEHHBIX (DUJTOTeHETUYECKUX UCCIIEAOBAHUSX, TIPOBE-
JIEHHBIX C HCIIOJIb30BaHUEM MOJIEKYJISIPHO-TeHETU -
YeCKHUX JaHHBIX, U KOTOPBIE ceiiuac cuuTaroTcs bosee
VI MEHEee TBEpAO YCTAHOBJICHHBIMU (3TO, K TTpUMe-
py, ¢duaoreHeTuyeckoe moaoxeHue Acantholingua,
Hucho, Parahucho, Salmo, Salmothymus, Salvelinus
u 1.1.). [ToaToMy, KaK 1 B citydae pa3paboTKu Mopdo-
JIOTUYECKOUN (DUIIOTEeHUU OTHOCUTEIBHO OJIM3KUX K
JIOCOCEBBIM KOPIOIIKOOOpa3HbIX phiO [48], BIoiaHe
BEPOSITHO, UTO TOYHOCTH BbIIIEYKA3aHHBIX PEKOH-
cTpykumii ¢mnorenun Salmonidae Moria mocrtpa-
JIaThb U3-3a HEBO3MOXKHOCTU aJeKBATHBIM OOpa3soM
HUBEJIUPOBaTh HEraTUBHBIK 3(deKT romoruiasuu,
OOBIYHO 151 BOJIIOLIMOHHOM TpaHC(hOpMaLUU pas3-
JIAYHOTO poja MOPGOCTPYKTYP.

Takum o6pa3oM, CUTyalLlvsl B 1IeJIOM CKJIadbIBacT-
Cd HEOIHO3HAYHAsI, U BOIIPOC 00 UCTUHHBIX (hUIoTe-
HETUYECKNX B3aMMOOTHOIIEHUSIX XAapUYCOBBIX, CH-
TOBBIX M JIOCOCEBBIX PBIO BCe ellle OCTaeTCs OT-
KPBITBIM.

INEABKO u ap.

Dunocenemuueckue 3aUMOOMHOUEHUS OCHOBHbIX
I60NOUUOHHBIX AUHUL Salmoninae

CorylacHO pe3yJjbTaTaM aHaJiu3a MUTOTeHOMOB
([8], HacTosIasT paboTa), POABI IOCOCEBBIX PHIO 00-
pa3yloT JABe Kiadbl, OAHY M3 KOTOPBIX COCTaBJISIIOT
Hucho n Brachymystax, a Ipyrylo — BCE OCTaJbHbIE
ponnl Salmoninae. Takasl >ke KapTHHa ObLIa ITOJIyde-
Ha paHee IO pe3yjbTaTaM aHajiu3a HYKJIEOTHUIHBIX
rocJenoBare/ibHOCTeid MHTPOHOB C M D reHa ropmMo-
Ha pocrta 2 (GH2C v GH2D) [13], rena RAGI [9], a
TakXe TMaTTepHa paclpeieieHus YIEHOB CeMelCcTBa
SimIl SINE-peTpono30HOB cpeau OTOOpaHHBIX
npeacraButencii Salmoninae [15]. AHaIM3 THTPOHOB
Cu D renaropmona pocta 1 (GHIC v GH 1D) BbIsIBUI
HECKOJILKO MHYIO KapTUHY — pon Hucho obpa3oBai
o01yIo Kinany He ¢ Brachymystax, a ¢ Parahucho [13].
ITockonbKy cectpuHCcKue oTHolueHus:t Hucho n Bra-
chymystax CAUTAIOTCS HaIeXKHO YCTAaHOBJIEHHBIMU T10
pe3yjibraTaM aHajiM3a caMbIX Pa3IUYHbIX (PUIOTeHe-
TUYECKMX MapKepoB, BKIOYas auio3umbl [11] u
Mopdonornyeckue mnpusHaku [1, 49], To HeoObIU-
HBIN pe3yabTat mo nHTpoHaMm GHIC n GH 1D, cxopee
BCEro, SIBJISIETCS HEKMM apTedhaKkToMm.

DBOJIIOLIMOHHBIN BO3pacT PeLieHTHbIX BUIOB Hu-
cho v Brachymystax He onuHaKoB. BhIsIBIeHHbIE y BU-
noB Brachymystax nuaum MtIHK nuBeprupoBanu
HAMHOTO paHbllle, YeM pa3Ie/IuINCh TAKOBBIE B pojie
Hucho (puc. 4). Paznuuusi BHyTpU TYIIOPBLIOTO JIeH-
Ka B. fumensis BeJIUKU [J1s1 BHyTPUBUOBOTO YPOBHS U
CUTHAJIM3UPYIOT O TOM, YTO 3TOT BUJ MOXET Ha ca-
MOM JIeJIe COCTOSITh U3 IBYX He3aBUCUMbBIX BUIOB. C
JIPYTOi CTOPOHBI, HE UCKJIIOUEHO, YTO TaKasi KapTUHA
MOTJIa CJIOXMUTbCSI B pe3yJibTaTe MHTPOTPECCUBHOM
rudpuan3alu.

IlaTrTepH ¢GuIOreHETUYECKNX CBSI3el B Kiame
Salmo, Parahucho, Salvelinus, Parasalmo v Oncorhyn-
chus 10 MUTOT€HOMHBIM TaHHBIM CXONIEH C T€M, UTO
OBLIT BBISIBJIEH paHee MpU aHaIU3e SIIePHBIX TEHOB [9,
10, 13, 14]. Salmo B 3TO¥ Ki1age 3aHUMaeT Oa3aabHOC
nojoxeHue, a TuHus Salvelinus (Bkiouas Salvethy-
mus) 1 TAHUSI TUXO0KeaHCKUX Jiococeit Oncorhynchus
u dopeneit Parasalmo neMOHCTPUPYIOT CECTPUHCKIE
oTHoueHus. Jlunus Parahucho nmpucoeauHsieTcsl K
rnociaenHeit rpynmnupoBke (puc. 1-—3). TlomoxeHue
Parahucho, omHako, HEYCTOMYNBO, M B 3aMETHOM J0O-
JIe TICEBIOPETUTUK OYTCTPIITa MJIM 0aiieCOBCKMX ITMK-
J0B nmuHus Parahucho cocraBisiia MOHOpMIETHYE-
CKYIO TPYNIIUPOBKY C JIMHUEHR Salvelinus, CylliecTBeH-
HO CHUXasl TaKUM OOpa3oM YPOBEHb MOMICPXKKU
MPEUMYIIIECTBEHHOTO OOBCIMHEHUSI B OMHY KIIamy
Salvelinus, Parasalmo wn Oncorhynchus. B cBsi3u ¢
3TUM CTOMT yKa3aTh Ha TO, YTO NP aHAIN3e MHTPO-
HoB C u D reHoB ropmoHa pocta 1 u 2 [13] wiu reHa
RAG 1 |9] nonoxenue nuHuu Parahucho OTHOCUTENb-
HO Salmo, Salvelinus, Parasalmo w Oncorhynchus
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OUIIOTEHNA JIOCOCEBBIX PbIb

YCTAaHOBUTb OJHO3HAYHO TaKXKe He yaajioch. OaHOM
W3 TIPUYMH 3TUX 3aTPYAHEHU MOXET ObITh CpaBHU-
TEJIBHO Y3KMIi BPEMEHHOM MPOMEXYTOK, B TeUCHUE
KOTOpPOTo MPOU30IILIa UX AUBEPTreHIMs (MIpUMEPHO
3 MJIH. JeT corjlacHO pesyabTatam Kak MTIHK —
puc. 4, Tak u RAGI-natupoBaHus [9]) U KOTOpHIiA,
BEPOSITHO, HEIOCTATOYEH JJIsI HAKOILJIEHUSI He00X0-
JIUMOTO KOJIMYECTBA COIIACYIOIIUXCS (DUIOTeHETH-
YyecKr MH(MOPMATUBHBIX TPHU3HAKOB.

B orHomeHMM mosroe BpeMs AUCKYTHUPYEMOTO
BOIIpOCa O B3aMMOOTHOIIEHUSIX THXOOKEAHCKUX JIO-
coceil 1 gopesieil oTMeTUM ciaeayrouiee. Mopdoao-
rmyecku poabl Oncorhynchus w Parasalmo xopoliio
OTJIMYAIOTCSI, M MU3BECTHO IO MEHbBIIEH Mepe IIeCTh
VHUKQJIBHBIX TIPOM3BOMHBIX IPU3HAKOB (CHHAIIO-
Mopdwuit), OOBESIMHSIIONINX BUIbI THXOOKEAHCKUX
Jlococeid B MoHOpMIeTnyecKyto rpyriy [1]. B coot-
BETCTBUU C 3TUM HaAXOASTCS Pe3ybTaTbl HEIaBHETO
IMOAPOOHOIO aHaIM3a AJJIO3UMHBIX TaHHBIX, TIPOIe-
MOHCTPUpOBaBIre MoHoMIMIO pona Oncorhynchus
[11]. Kpome Toro, ponwl Oncorhynchus n Parasalmo
OKa3bIBAIOTCSI B3aMMHO MOHOMUIETUYECKUMU TIO
nHTpoHaMm C u D reHa ropmoHa pocta 1 [13] 1 muto-
reHoMmam (puc. 1—3). Ilo HamuMm pacuetam (puc. 4),
MMPOMEXYTOK BPEMEHU OT MOMEHTAa IWBEPTECHIINU
MIPEeIKOB 3TUX POIOB M 10 MOMEHTa IMBepcudrKa-
LMY JIUHUI BHYTpU Oncorhynchus Maji — BCEero Julllb
okojio 0.8 maH. net. [lostomy ciyyau mapaduanu
pona Oncorhynchus, BbISIBIIGHHbIE TPU aHAJIU3€e Y-
rux ygacTtkoB sgaepHoii JHK — matponos Cu D rena
ropMoHa pocta 2 [13], BHyTpeHHIX TpaHCKpUOUpye-
MbIx crieticepoB IT.S1 u ITS2 renos pPHK [14], rena
RAG1 [9] — MOXXHO TpaKTOBaTh KaK pe3yJibTaT coXpa-
HEHUS TIPEeIKOBOTO MOoJMMOpdU3Ma.

Bormpocel 0o yuciae BuaoB B poae Salvelinus n nx
duoreHeTUYECKMX B3aMMOOTHOIIEHMSIX TAKKe J0JI-
roe BpeMs SIBJISIIOTCSI IIPEIMETOM IMCKyccuii. Bumbl
3TOr0 POJA MOXKHO pa3AeUuTh YCIOBHO Ha ABE IPyIH-
nbl. B 1iepByIo BoimyT BUAbI, Y€l TAKCOHOMMYECKMIA
CcTaTyc He BBI3BIBAeT COMHEHUI, — S. fontinalis, S. le-
vanidovi, S. leucomaenis, S. confluentus n S. namay-
cush. Bo Bropyto — S. alpinus v S. malma v rpynmnupy-
IolIMecs] BOKPYT HUX BUIBI TOJBLIOB (T.H. aJIbITMHO-
WIHBIE ¥ MaJbMOUWIHBIE TONbIbI, COOTBETCTBEHHO),
BUIOBOI CTAaTyC MHOTUX U3 KOTOPBIX BBITJISIAUT
CIIOPHBIM.

PesynbraThl HacTosleir paGoTHI ellle pa3 Mpoje-
MOHCTPHUPOBAJIN, BO-TIEPBBIX, YTO BUALI B IOCJICTHEN
TPYIIIe 3BOJIOLIMOHHO MOJIONBI (pUC. 4); BO-BTOPbIX,
YTO MUTOTE€HOMHBIE JaHHBIE CaMM MO cede He SIBJIsI-
IOTCS TOCTATOYHBIMHM JIJISI BBISICHEHUSI (DUJTOTCHETH-
JeCcKMX CBSI3el B poje Salvelinus BBUIY OOBIIHOCTU B
3TOI TpyImne phIO SBJIEHUS WHTPOIPECCUBHOM TH-
OpUIM3allMKM, COIMPOBOXIAWOIIEHCI  IePEHOCOM
MTAHK ot ogHoro Buna K apyromy ([50] u MH. ap.).
K npumepy, anbnuHouaHsie (S. alpinus, S. taranetzi)
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u ManbmouaHsie (S. malma, S. curilus) TOnbLBI IO
MTAHK-ganuem ([51—-53], puc. 1—3) B3auMmHO I1a-
paduneruyHbl. OnHaKo 1o ajuio3umamM [54, 55| wiu
no reHy RAG1 [9] oHM cocTaBiIsIIOT MOHO(MIIETUYE -
CKUe TPYIMNUPOBKU. AHAJOTMYHO, KaK CBUACTEb-
CTBO MHTPOTPECCUBHOI TUOPUAN3ALIMY MOXHO pac-
cMaTpuBaTh cutyauuio ¢ S. confluentus [50, 53, 56].
ITo MUTOreHOMHBIM JAHHBLIM 3TOT BUA, OOBEAVHSICT-
cs B ogHy kiany c S. taranetzi ([50, 57], puc. 1-3).
OnHaKO Ha JepeBbsiX, MOCTPOSHHBIX MO AJIO3UM-
HBIM JaHHBIM [54], ITS] renos sinepHoit pPHK [14]
vy uatpoHam GHIC v GH2C [58], S. confluentus siB-
JISIETCSI BUJIOM, CECTPMHCKUM K S. leucomaenis. B cBsi-
34 C OTUM (PUIOTEHETUYECKOE MOJIOXKEHUE MOHOTH-
nuyeckoro Salvethymus — BHyTpU IpyHIIMPOBKU BU-
OB aJIbIIMHOUAHBIX Y MAaJIbMOUIHBLIX TOJBIOB
(puc. 1-3) — o mTIHK-gaHHBIM HeJIb3sT IPU3HATH
BECKO 000CHOBaHHBIM. TeM He MeHee OTMETHUM, UTO
no pesyiasratam PCR-RAPD-anamuza Salvethymus
TakXe OKa3bIBaeTCsl BHYTPU JAHHOW TPyMNITUPOBKU
[59]. Kpome Toro, yncio xpomocoMHbIx Iuied (NF) B
kapuorurie Salvethymus paBHo 98 [60]. To ecTb oHO
Takoe Xe, KaK Y paCCMOTPEHHBIX B HACTOSIIIEl pabo-
T€ U APYTUMX BUAOB AILIIMHOUIHBIX Y MaJIbMOUIHBIX
roawlioB. Y S. fontinalis, S. levanidovi, S. leucomaenis,
S. confluentus u S. namaycush NF = 100, u 310 cocTo-
STHUE JIJIS TOJIBLIOBBIX PhIO cCUMTaETCS MCXOOHBIM [60].
IMosTtomy monoxenue Salvethymus Ha MOJTy4eHHBIX
dunoreHeTMYECKUX AepeBbsX (puc. 1—3), BeposTHO,
GIV3KO K UCTUHHOMY,.

Tloaunnouduszayus u dusepcughuxayus Salmonidae

Kak n3BecTHO, UMEIOTCS BCE OCHOBAHUSI CUUTATD,
yTo B IMHUU Salmonidae, mmociie ee GopMrpoBaHUs, HO
JIO ee pasfeeHusl Ha JMHUW XapuycoB, CUTOB U JIOCO-
celi, TPOM30IILIO YIBOEHUE reHOMa, ITyTeM, BEPOSITHO,
apronoyrionau3auy [61]. TlepBast moIBITKa OaTH-
poBaHusI 3ToM, crienuduyeckoit mist Salmonidae, mosn-
HoreHoMHou ayrumukauuu (JICTL — nococeBo-crieny-
(brueckasi reHOMHasi OyTJIMKallMs) OCHOBbIBAJIach Ha
OLIEHKE 3BOJIIOLIMOHHOIO BO3pacTa MapajioroB reHa
LdhB (80—100 MJH. 1eT) U JoMmycKaia, YTO 3TO COObITHE
MOIJIO TI0 BPEMEHU COBIIACTh C COOCTBEHHO CaMUM
(opMHpoBaHMEM JIMHUM JIOCOCEBBIX pbIO [62, 63].
TTo3xke K aHAIOTMIYHOMY 3aKJTIOUCHMIO TIpUI Ocu-
HOB 1 JIeOenes [64], ncxons U3 ITOTydeHHOM UMY OLIEH-
KU 3BOJTIIOLIMOHHOTO BO3pacTa napajioros reHa Vig (75—
85 MUTH. J1eT), okazaBILIMXCSl MpUMepHO Ha 10 MJIH. JieT
MOJIOXe BO3pacTa AUXOTOMUU JIOCOCEBBIX U IIIyKOOO-
pasHbix. Halm MonexkysisipHble JaTUPOBKM, OCHOBAH-
Hble Ha aHaM3€ HECKOJIbKUX MapaloTMYeCKUX yJacT-
KOB SIIepHOTO reHoMa (puc. 4), HAXOOSATCS B COIJIACUU C
TMepeyrcleHHBIMU OLIEHKAMM U TaKKe JTOIMYCKaloT, YTO
TMOJUTUTOUIN3ALIMST MOTJIa TIPOM30MTU TIOUTH Cpasy XKe
nocJjie 000Cco0IeHUS TUHUHU JIOCOCEBBIX PHIO.
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IIpoTszKeHHOCTHh ITeproja IuBepCcUPUKAIINN JTH-
HUI1 pOIOBOIO YPOBHSI Y JIOCOCEBBIX PHIO (22 MIIH. JIET —
¢ 42 1o 20 MJIH. JIET Ha3ad) CXOAHA C TAKOBOM ITYKO-
obpas3HbIX (30 MJIH. J1eT — ¢ 88 Mo 58 MJIH. JIET Ha3am).
OpnHako, eciiv B 1uHuu Esociformes aToT nepuos Ha-
YyaJics CITYCTS MpUMepHO 18 MIIH. JIET ITOCJIE e¢ MOsIB-
JIeHUs, TO B TMHMU Salmonidae oH HACTYIIMJI MHOTO
MO03Xe, ¢ 00JIBIINUM (0KOJI0 64 MITH. JIeT) BpeMEHHBIM
naroM (puc. 4). JIilo00IIBITHO, YTO HAYaJI0 JTUBEPCU-
dukalmm perleHTHBIX Salmonidae coBragaer ¢ nepu-
0I0M, KOTJa Tepexoj OT TeTpa- K AUCOMHYCCKOMY
HACJIEHOBAHUIO  OCYIIECTBIISIICS,  IO-BUIUMOMY,
Hanboyiee UTHTEHCUBHO. MeanaHa GIM3KOro K HOp-
MaJbHOMY pacrnpeaeieHus] OLEHOK CUHOHUMUYEe-
ckux pucraHumii Mmexny 408 napamu JICII-oHoo-
roB u3 reHoma . salar paBHa 0.19, 4yTo TIpUMEpHO B
JIBa pa3a MEHbIIIEe TAKOBOI IPU UX CPAaBHEHUU C Op-
ToJioraMu U3 reHoma Esox lucius — 0.43 [65]. 13 gyero
MOXHO OXUAATh, YTO MeAUaHAa paclpeaeieHus olie-
HOK BpeMEeHU C MOMEHTa YCTAHOBJIEHUS AMCOMMU
JUJTSI OTUX TEHOB HAaXOAUTCS TIe-TO B palioHe OLEHKMU
B 47 muH. nieT Hazax (0.19/0.43 x 106). K HacTosiiiemy
MOMEHTY Yepe3 TUTLUIOMIU3ALINIO TIPOIILIO IIPUMEPHO
76% 13 33 mpoaHAIM3UPOBAHHBIX N303UMHBIX JIOKY-
coB P. mykiss [61]. Torna, 6epst 3Ty OLICHKY 32 OpUEH-
TUP, MOXHO TMOJICUMTATh, YTO K MOMEHTY Havaja JIu-
BepcupUKaAIIMU COBpeMeHHBIX Salmonidae (okoso
42 MJIH. JIET Ha3ad) DOJISI TAKUX JIOKYCOB Y MX OOIIIETO
MpeaKa MOIJIa COCTaBISATh oKojio 40%. MoxkeTr mo-
CTUXKEHHE VMMEHHO TaKOIr'o YPOBHSI TUIUIOMAU3ALINU
U SIBUJIOCH “CITYCKOBBIM KPIOUKOM ™ Ipoliecca IuBep-
cuduKalm pelieHTHbIX Salmonidae?

Ha nmpumepe pacTteHUit mokaszaHO, YTO CKOPOCTb
BUI000pa30BaHUs B HeIaBHO C(hOPMUPOBAHHBIX ITO-
JIMTUIOUJHBIX IMHUSIX CYIIIECTBEHHO HUXE, YEM B 11 -
IUTOMIHBIX [66], T.€. TIOJUIIIIOMINS Yallle BCeTO SIBIIS-
€TCsl DBOIIOLIMOHHBIM TynuKoM. OJHAKO Te U3 IO-
JIMIUIOWAHBIX  JIMHUM, KOTOpbIe  OKa3bIBAIOTCS
CMOCOOHBIMU €r0 MUHOBaTh, BIOCJIEACTBUU MOTYT
UMETh JOJTOBPEMEHHBI SBOJIOLMOHHBINA yCIEeX
[66]. JlococeBBIe pHIOLI, HECMOTPS Ha YKa3aHHYIO 3a-
JIEPKKY, OTHOCSTCSI, OUEBUIHO, K OCJEIHEN KaTero-
puH, MOCKOJIbKY B KpOHE (PUJIOTEeHETUYECKOTO Jepe-
Ba Salmonidae 4yucTasi CKOpOCTh AWBEPCUDUKALINUA
(net diversification rate) TOBOJbHO BbICOKA (B 1I€JIOM
0.078 nuHMIT Ha MJIH. JIET, pacdeT IMPOBEACH C TIOMO-
mbio maketa LASER [67] Ha ocHOBe MOIy4YeHHOI B
HacTosIIell paboTe 0alieCOBCKOM XPOHOIpPaMMBbI) U
BIOJTHE corocTtaBuMa ¢ TakoBoit (0.067—0.081) B
OBICTPO BBOJIOLIMOHUDPYIOIIMX TIpyrmax Teleostei
[21]. OT™MeTM, YTO IIPH 3TOM B TTOcaeAHME 12 MITH. JIET
ee Tem1rbl (0.108) ObL1M B 1Ba pa3a BHIIIE, YEM B IIPE/I-
mecTBytomuii (42—13 MJIH. IE€T Ha3alI) OTPE30K Bpe-
meHu (0.054). B KoHeUHOM UTOre B HaCTOsIIIee Bpe-
Ms1 pasHooOpasue Salmonidae oka3bIBaeTCsi MHOTO
BBIIIIE pa3HOOOpasusi CEeCTpUHCKUX K HUM Esoci-
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formes (66 BunoB 11 pomos npoTtus 10 BumoB 4 ponos,
COOTBETCTBEHHO [18]).

Kaxk 1moxazaHo Tpy U3ydeHUHU SIBJICHUSI ITOJTHOTEe-
HoMHou ayruiukauuu (ITT) y aposxckeit Saccharo-
myces, notepsi (puzndecku, yepes Aeaeuto Uin Iy-
TeM TMCEeBAOTeHM3allMM) OJAHOTO M3 OHOJIOTOB —
OOBIYHBIN MCXO[I JJIs1 TIOJABISIIONIETO OOJIBIIMHCTBA
(BrmoTh 10 90%) NyTUIMLIMPOBAHHBIX TeHOB [68, 69].
IIpu 3TOM HanboNee MHTEHCUBHO TaKMe MPOLIECCHI
UAYT HAa IPOTSLKEHUM MIEPBBIX HECKOJIBKUX ASCSATKOB
MJIH. JieT criycts coobitus TITL [70, 71]. CxomHas
sBomolMoHHass guHamuka IIIJI-oHoJioroB xapak-
TepHa U 1Jis1 KocTucThix poi0 (Teleostei) [72].

CuuraeTcs, YTO AUBEPreHTHOE paspelieHue —
notepu pa3HbIX wieHoB I1I/]-my0amrkaToB B pa3HBIX
MOMYJISIIUSIX — MOXET UTpaTh BaXXHYIO POJIb B IIPO-
Hecce BuUAooOpa3zoBaHus Yy mojmruionnoB [71, 73].
IIpennonarasoch, 4TO AUBEPreHTHOE pa3pelleHUue
CITOCOOCTBOBAJIO JUBEPCU(PUKAIINH JIOCOCEBBIX PHIO
[73]. Ha Ham B3rsam, B ciaydae ¢ Salmonidae ero
pOJib, CKOpee BCEero, Oblla HeCyIlleCTBEHHAS.

B cpaBHeHMU ¢ OpyruMu, IPOM3OIIEAIINMU Y KO-
CTUCTBIX PBIO, CIydasiMU ITOJTHOTCHOMHBIX OYIUIMKAa-
L1 CKOPOCTD TTOTEPh OHOJIOTOB TeHOMaMU JIOCOCEBBIX
pBIO BRITISIIUT KpaiiHe Hu3Koi. 3a 70—100 MurH. JeT,
TMpOLIENIINX ¢ MOMEHTa crielmdndeckoi misa Salmo-
nidae I'I'Jl, B muamsx, Beaymmx K P. mykiss v S. salar,
MPOU30IIIIA TIOTEPST OAHOTO U3 Ty0IMKaTOB B 36% (B 12
n3 33) n303uMHBIX JIOKycoB [61], B 30% (B 23 u3 74)
JIPYTUX UCCIEIOBaHHbIX SIIEPHBIX TEHOB [5], a TakKe B
22% (B 13 n3 59) renoB Hox xnacrepos [74, 75].

B nuamm Clupeocephala TonpKO B TeueHME TIep-
BbIX 50—75 MJIH. JIeT, HAa4YMHasi C MOMEHTa cenudu-
yeckoit musa Teleostei TTOTHOTEHOMHOM TyTUTMKAITUHA
(TCT'1) un no pacxoxneHust mpeakos Ostarioclupeo-
morpha u Euteleostei, ObL1 yTepsIH OAWH U3 OHOJIOIOB
B 61% (B 78 u3 128) ucciaenoBaHHBIX TEHOB ITUTMEH-
Taunu, B 79% (B 149 u3 187) rmeyeHOUHBIX TeHOB [76],
B61% (B 71 13 116) TeHOB, BOBJICUCHHBIX B IIPOIIECCHI
nepenayy CUTHAJIOB 1 0OMeHa BellecTB [77], a Takke
B 59—72% (B 26—31 u3 43—44) renos Hox Kj1actepoB
[75, 78, 79]. B menom 1moTepu B 3TOT MPOMEXYTOK
BPEMEHM COCTaBWJIMA IIPUMEPHO OT 65 mo 90% Bcex
MOTeph T€HOB-IYOJIMKATOB, 00pa30BaBIINXCSA B pe-
synwsrate TCI/.

B munum Cyprinus 3a To HeOOIbIITIOE BPeMsI, IIPO-
1Ieaiiee ¢ MoMeHTa crenubudeckoit mis Cyprinus 1
Carassius IIT] — 11—16 muH. jtet [80—82], — yrepsiHa
BKCIIPECCUS OTHOTO U3 IyOJIMKATOB B 48% 13 23 11po-
aHaJTM3NPOBAHHBIX N303MMHBIX JJOKYCOB [83], moTe-
pSIHO OymIUIUpoBaHHOE cocTositHue B 40—52% wc-
cJIeIOBaHHBIX MUKPOCATEJUTUTHBIX JJOKYCOB [81—84],
a TaKXe yTpadeH OoIuH M3 deTbipex (25%) Hox-oHo-
JIoroB [82].
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OCHOBHOI IPUYNHOM Ype3BhIYaiTHO HU3KOM CKO-
poctu yrpatbl III'JI-gyomukatoB B nuHuUM Salmo-
nidae sABISI0TCS, TTO-BUAUMOMY, HU3KHE TEMIIbI BOC-
CTAHOBJICHUS Y 3TUX PHIO TMCOMUYECKOTO HaCJIeI0-
BaHUS [85], 4TO, B MpPUHLMIE, OXHUIAEMO IS
aBTOMNOJIMIUIOWAOB. Tak WiuM WHaye, HO, Ha Hall
B3IJIs1]1, 9Ta OCOOEHHOCTb JiejlaeT MaJIOBEPOSITHOM Ka-
Ky10-1100 3HAUMMYIO DPOJib JUBEPIEeHTHOTO pa3pe-
IIeHUsI B IUBepCUDUKALMU COBPEMEHHBIX Salmo-
nidae.

ABTODHI TJIy0oKO Tipu3dHaTeabHbl O.A. PagueHKo
u J. Bohlen 3a 1106e3H0 mpegocTaBieHHbIE 00pa3Libl
HEKOTOPBIX BUIOB PHIO.

Pabota BeImosiHeHA ITpu (PMHAHCOBOI ITOAIEPXKKE
Poccuiickoro ¢poHaa pyHIaMeHTaaIbHBIX UCCIEI0Ba-
Huii (mpoekT Ne 09-04-00370-a) u JIBO PAH (mipo-
ekt Neo 09-111-A-06-185).
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