ISSN 1995-4255, Contemporary Problems of Ecology, 2018, Vol. 11, No. 3, pp. 271—285. © Pleiades Publishing, Ltd., 2018.
Original Russian Text © V.S. Artamonova, O.V. Kolmakova, E.A. Kirillova, A.A. Makhrov, 2018, published in Sibirskii Ekologicheskii Zhurnal, 2018, No. 3, pp. 293—310.

Phylogeny of Salmonoid Fishes (Salmonoidei)
Based on mtDNA COI Gene Sequences (Barcoding)

V. S. Artamonova® % *, Q. V. Kolmakova?, E. A. Kirillova?, and A. A. Makhrov*?*

“Severtsov Institute of Ecology and Evolution, Russian Academy of Sciences, Moscow, 119071 Russia
b Institute of Biophysics, Krasnoyarsk Science Center, Siberian Branch, Russian Academy of Sciences,
Krasnoyarsk, 660036 Russia
*e-mail: valar99@mail.ru
Received November 22, 2017; in final form, December 22, 2017

Abstract—We have analyzed the partial sequences of the mitochondrial CO/ gene along with the amino acid
sequences of cytochrome oxidase subunit I, encoded by this gene region, in representatives of 11 genera of
salmonoid fish. For amino acid sequences, two alternative networks are constructed with outgroups repre-
sented by either Esocoidei or Osmeroidei as the supposed ancestral groups. This way, Osmeroidei appear to
be closer to the salmonoid fish than Esocoidei, and their presence in the network as an outgroup explains the
available data on the morphology and karyology of salmonoids much better. A number of the results of this
study are fundamentally new. In particular, the slowing down of the molecular evolution of the grayling (Thy-
mallidae) is shown. We conclude that the charr (Salvelinus) is one of the modern genera of salmonoids closest
to their ancestor. The hypothesis of the phylogenetic proximity of the genera Brachymystax, Hucho, and
Salmo has been confirmed. We also discuss the possibility that it is namely the changes in the amino acid
sequence of cytochrome oxidase subunit I that lead to postzygotic reproductive isolation between taxa.
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INTRODUCTION

Researchers of various specialities have long been
paying the closest attention to salmonoid fish. This is
because many of these fish are key components of
marine and/or freshwater ecosystems (Willson and
Halupka, 1995) and have long been the main objects
of commercial and amateur fishing and aquaculture
(Kazakov, 1988; Karpevich et al., 1991; Chereshnev
et al., 2002; Montgomery, 2003; Shuntov and Tem-
nykh, 2008; Lyubite!’skoe rybolovstvo..., 2010; Sidorov
and Reshetnikov, 2014; Artamonova and Makhrov,
2015).

Due to its high ecological and morphological plas-
ticity (Noakes et al., 1989; Pavlov and Savvaitova,
2008; Kuzishchin, 2010), salmonoid fish often serve as
model objects for evolutionists (Viktorovskii, 1978;
Mina, 1986; Altukhov et al., 1997; Evolution Illumi-
nated, 2004). Thousands of publications are devoted
to salmonoid fish, and in the present work it is impos-
sible to list even review articles and monographs that
generalize this data set.

Salmonoid fish are represented by a large number
of genera and species, and researchers have very differ-
ent views on the origin of large evolutionary lines:
there are heated discussions about the systematic sta-
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tus of many forms. In our study, we will use the classi-
fication according to which the suborder Salmonoidei
includes families Salmonidae, Coregonidae, and Thy-
mallidae (Atlas presnovodnykh ryb..., 2003), and we
will try to shed light on the relationship between these
families, as well as their constituting genera (Table 1).

The phylogeny and taxonomy of salmonoid fish
were the topic of morphological studies (Regan, 1914;
Chernavin, 1923; Norden, 1961; Vladukov, 1963; Ras-
sadnikov, 1980; Alekseev, 1993), publications on the
evolution of ontogenesis (Korovina, 1978; Soin, 1980;
Kendall and Behnke, 1984; Pavlov and Osinov, 2004),
generalizations of paleontological data (Sychevskaya,
1988; Wilson and Li, 1999), works presenting karyo-
logical data (QOjima et al., 1963; Rees, 1964;
Chernenko, 1969; Vasil’ev, 1977; Allendorf and Thor-
gaard, 1984; Hartley, 1987; Frolov, 2000; Phillips and
Rab, 2001; Zelinsky and Makhrov, 2002; Sutherland
et al., 2016), allozymes (Osinov and Lebedev, 2000;
Osinov and Lebedev, 2004), sequences of mitochon-
drial and nuclear DNA (Ramsden et al., 2003; Crespi
and Fulton, 2004; Phillips et al., 2004; Matveev and
Okada, 2009; Yasuike et al., 2010; Wang et al., 2011;
Shedko et al., 2012; Macqueen and Johnston, 2014;
Zhivotovskii, 2015; Lappin et al., 2016; Horreo, 2017),
and papers summarizing and integrating data obtained
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by different methods (Tchernavin, 1939; Berg, 1948,;
Behnke, 1970; Dorofeeva et al., 1980; Sanford, 1990;
Makoedov, 1999; Alexandrou et al., 2013; Makhrov,
2017; Robertson et al., 2017). A huge number of publi-
cations are devoted to the evolution of individual
groups of salmonoid fish.

There are works where solutions to taxonomy prob-
lems employ data on the sequence of the mitochon-
drial COI gene encoding the subunit I of the cyto-
chrome oxidase complex (Complex IV), but these arti-
cles are devoted to solving an applied problem:
identifying several practically important salmon spe-
cies (Rasmussen et al., 2009; Cline, 2012; Muiioz-
Colmenero et al., 2017, and references in that work).
Meanwhile, Complex IV includes proteins encoded by
both mitochondrial and nuclear genes, and these pro-
teins must correspond to each other in their structure
for the normal functioning of the system as a whole (Li
et al., 2006). Moreover, COI is the only gene whose
participation in speciation has been proved in a special
study (Hebert et al., 2003).

All this makes the sequence of the mitochondrial
COI gene an extremely valuable carrier of information
in the reconstruction of events associated with the
emergence of new taxa in evolution, especially since
mitochondrial DNA does not normally recombine,
and, therefore, stores information, including that
about the sequence of events that led to emergence of
a particular species.

We believe that combining the sequence of this
gene with other sequences of mitochondrial DNA
during analysis, as some researchers do (Créte-
Lafreniere et al., 2012; Shedko et al., 2013), is unjusti-
fied, since the selection rate for different genes is dif-
ferent and the role of other mitochondrial genes in the
speciation process is not shown.

The reconstruction of evolutionary events associ-
ated with changes in the sequence of mitochondrial
DNA (substitutions, insertions, and deletions of
nucleotides) is carried out by constructing a network
of haplotypes that are variants of the nucleotide
sequence of some region of mitochondrial DNA
(Morrison, 2005). Originally, this method was used to
study intraspecific diversity (Bandelt et al., 1999), but
it is also successfully used to study the evolutionary
relationships of large systematic groups (Huson and
Bryant, 2006). However, to the best of our knowledge,
this method has not been used to study the supraspe-
cific evolution of salmonids.

In our work, we applied the haplotype network
construction method suitable for studying evolution-
ary events at the level of the emergence of entire genera
and families. In order to reconstruct evolutionary
events of this scale, we took into account that only very
rare substitutions in the sequence of the COI gene,
whose product should work in conjunction with
nuclear proteins, can lead to a change in the amino
acid sequence of the protein and also not be lethal, and
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constructed a network of haplotypes for the partial
amino acid sequence of cytochrome oxidase I. This
approach has long been known (Bandelt et al., 1999),
but it is rarely used.

This paper discusses the features of taxonomy of
salmonoid fish resulting from the presented recon-
struction of evolutionary events, as well as the corre-
spondence of the picture obtained to the existing con-
cepts of the origin of the major evolutionary lines of
this suborder.

MATERIALS AND METHODS

Biological samples. Biological material consisted of
fragments of adipose fins or white fish muscles fixed
with 96% ethanol. Information on the species affilia-
tion of the fish studied, as well as the material collec-
tion sites, is provided in Table 1.

Isolation of DNA and amplification of the partial
sequence of the mitochondrial COI gene. Total cellular
DNA was isolated using the DNA-EXTRAN-2
reagent kit (produced by Synthol, Russia) according to
the manufacturer’s recommendations.

A PCR product containing a partial sequence of
the mitochondrial COI gene was obtained using the
Tertsik thermal cycler (DNA Technology, Russia)
using universal primers designed specifically for fish
(Ward et al., 2005). For representatives of the genera
Salvelinus, Salmo, Parasalmo, and Oncorhynchus, we
used primers FishF1 and FishR1; for all others we
used FishF2 and FishR2. Amplification was carried
out in 25 puL of buffer manufactured by Fermentas
(Lithuania, Vilnius) containing 75 mM Tris-HCI (pH
8.8), 20 mM (NH,),SO,, 0.1% Tween 20, and 2 mM
MgCl,. The amplification mixture contained about
300 ng of total cell DNA, 200 nmol each of four
deoxyribonucleotides, 10 pmol of forward and reverse
primers, and 0.5—0.7 polymerase units (produced by
Bionem, Russia). To prevent evaporation during the
reaction, about 12 LL of mineral oil was layered on top
of the mixture. The amplification program included
the stage of initial denaturation of DNA at +95°C for
4 min, 31 cycles of DNA fragment amplification at
+95°C for 30 s, +50°C for 30 s, and +72°C for 50 s, as
well as the final chain elongation stage at +72°C for
5 min.

PCR product sequencing. The resulting PCR prod-
uct was reprecipitated under mild conditions, adding
ammonium acetate to the sample extracted from the
mineral oil to a final concentration of 0.125 M and
ethanol to 70%; the mixture was kept for 20 min at
room temperature and then centrifuged for 20 min at
13000 rpm (centrifuge Eppendorf 5415R). The precip-
itate was washed with 70% cooled ethanol, dried, and
redissolved in bidistilled water. The sequencing reac-
tion was carried out taking 20 ng of the PCR product
and 3.2 pmol of the corresponding primer. Each sam-
ple was sequenced twice, from the forward and reverse

No.3 2018
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Fig. 1. Network for the partial amino acid sequence of cytochrome oxidase subunit I, where the pike, a representative of the sub-
order Esocoidei, is selected as an outgroup with respect to the subfamily Salmonoidei. The lengths of the branches are propor-
tional to the number of amino acid changes in the protein sequence. For the notation of the sequence variants, see Table 1.

primer. The sequencing reaction was carried out using
the ABI PRISM® BigDye™ Terminator v. 3.1 reagents
with the subsequent analysis of the reaction products
on the ABI PRISM 3730 Applied Biosystems
sequencer of the Institutional Collective Use Center
“Genome” of the Institute of Molecular Biology of the
Russian Academy of Sciences.

Analysis of sequencing results and construction of
haplotype networks for mtDNA COI sequences and
their amino acid sequences. The sequencing results
were analyzed using a specialized BioEdit v. 7.0.5. edi-
tor (Hall, 1999). To translate nucleotide sequences
into amino acids, the option Translate in Selected
Frame (Permanent) was used in employing the genetic
code of mitochondria.

Network 5.0.0.1 software was used (http://
www.fluxus-engineering.com) for the construction of
haplotype networks. For partial mtDNA COI
sequences, the option Median Joining was used and,
for the amino acid sequences, the option Reduced
Median was used.

RESULTS

Nucleotide and amino acid sequences of 124 repre-
sentatives of different species of fish belonging to
14 genera were studied. For the construction of net-
works, partial sequences of the mitochondrial CO/
gene of 651 bp encoding the amino acid sequences of
217 amino acid residues were used, which belonged to
45 different haplotypes and 19 variants of the amino
acid sequence of cytochrome oxidase subunit I. The

CONTEMPORARY PROBLEMS OF ECOLOGY Vol. 11  No. 3

sequences representing these haplotypes are placed in
the international GenBank database; the sequence
numbers are given in Table 1.

Networks for variants of the partial amino acid
sequence of the mitochondrial COI protein are shown
in Figs. 1 and 2. They take into account the sequences
of representatives of all salmonoid genera except for
Salvethymus, the genus whose only representative is
longfin Svetovidov’s charr (Salvethymus svetovidovi).
However, the nucleotide sequence of the mitochon-
drial COI gene presented in the international Genbank
database (JX960966.1) suggests that the partial amino
acid sequence of cytochrome oxidase subunit I in this
single representative of the genus Salvethymus does not
differ from the corresponding amino acid sequence
fragment characteristic of the vast majority of repre-
sentatives of the genus Salvelinus. Thus, adding this
species into analysis does not change the topology of
the branches of the network.

The networks shown in Figs. 1 and 2 were con-
structed using the sequences for the same representa-
tives of salmonoid fish. Data groups differed only in
that, in the first case, pike belonging to the suborder
Esocoidei was selected as an outgroup with respect to
the suborder Esocoidei and, in the second case, repre-
sentatives of two genera of the suborder of Osmeroidei,
Osmerus and Hypomesus, were selected. The choice of
the representatives of these suborders was due to their
proximity to salmonoid fish in terms of morphological
features. Osmeroidei are considered immediate ances-
tors of salmonoid fish: it is assumed that tetraploidiza-
tion of the genome occurred in one of the smeltlike

2018
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Fig. 2. Network for the partial amino acid sequence of cytochrome oxidase subunit I, where representatives of two genera of the
suborder Osmeroidei are selected as an outgroup with respect to the subfamily Salmonoidei. The lengths of the branches are pro-
portional to the number of amino acid changes in the protein sequence. For the notation of the sequence variants, see Table 1.

ancestors, and this ancestor gave rise to a new fish sub-
order, Salmonidae. This assumption is favored by
karyological data (Frolov, 2000).

As for Esocoidei, according to the results of an anal-
ysis of a number of mitochondrial and some nuclear
genes, they turned out to be more similar to salmonoid
fish than Osmeroidei are (Ramsden et al., 2003; Asinov
and Lebedev, 2004, Li et al., 2010; Campbell et al.,
2013; and references in these works). Therefore, we
found it necessary to test, among other things, the
hypothesis of the origin of salmonoid fish from the
ancient representatives of the suborder Esocoidei.

A comparison of the two variants of the network
shows that its overall topology, in general, remains
independent of the choice of the external group. More-
over, in both cases, there is incomplete unambiguity in
the arrangement of branches for a group of fish that
includes Thymallus and Coregonus, although possible
variants of the origin of phylogenetic lines look some-
what different in the case of two different outgroups.

In order to clarify this issue, Fig. 3 presents a net-
work of haplotypes for a partial nucleotide sequence of
COlI, which includes data for Coregonus and Thymal-
lus, as well as for their nearest neighbors, smelts and
Sakhalin taimen. Figure 3 clearly shows that the
arrangement of branches for Coregonus and Thymallus
makes it possible to conclude that these two families

CONTEMPORARY PROBLEMS OF ECOLOGY Vol. 11

independently originate from a common smeltlike
ancestor, which also independently gave rise to the
Sakhalin taimen, a representative of the family Salmo-
nidae.

We assume that expanding the network with the
inclusion of a larger number of Coregonus species
would make it possible to clarify this issue at the level
of the amino acid sequence of the COI protein, which
generally speaking would be more preferable. This is
due to the fact that a large number of nucleotide vari-
ations in similar sequences of phylogenetically distant
species usually does not allow for the reconstruction of
evolutionary events at the level of the nucleotide
sequence. Our attempt to do this was successful most
likely due to the correct choice of the outgroup, and
also the fact that the rate of the mutation process in the
coding sequence of the COI gene is relatively low;
because the need for the coordinated work of cyto-
chrome oxidase subunit I with the proteins encoded by
nuclear genome sequences, this gene is under severe
pressure of selection.

In order to assess how the rate of nucleotide substi-
tutions correlates with the rate of amino acid substitu-
tions, we constructed a network of haplotypes of the
partial sequence of COI for the genus Salvelinus,
including as an outgroup a similar sequence for the
sole representative of the genus Parahucho, the Sakha-
lin taimen. These data are presented in Fig. 4.
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Fig. 3. Median network of haplotypes of the partial sequence of mitochondrial CO/ gene for representatives of families Corego-
nidae and Thymallidae. Sequences of two genera (Hypomesus and Osmerus) of Osmeroidei, the supposed diploid ancestors of
these families, are used as outgroups. Additionally, the network of haplotypes includes sequences of this gene of the Sakhalin tai-
men, the only representative of the genus Parahucho, belonging to the family Salmonidae, which is related to genera Coregonus
and Thymallus. The lengths of branches between the points separating the representatives of different genera, as well as between
the branching points of the network (median vectors) and the closest haplotypes of representatives of the genera, are proportional
to the number of nucleotide substitutions in the gene sequence. For the notation of haplotypes, see Table 1.

DISCUSSION

Amino acid substitutions, taxonomy, and reproduc-
tive isolation. First, it should be noted that, regardless
of which particular variant of the haplotype network
for the amino acid sequence of cytochrome oxidase
subunit I is considered (Fig. 1 or Fig. 2), most genera
of the suborder of salmonoid fish are separated from
each other by at least two substitutions in the consid-
ered partial amino acid sequence. There is no univocal
correspondence between the number of nucleotide
and amino acid substitutions.

Thus, Fig. 4 shows the network of haplotypes of the
partial sequence of the COI gene for the genus Salveli-
nus, where the outgroup includes a sequence for the
Sakhalin taimen, the only representative of the genus
Parahucho. The nearest haplotypes for the genera
Salvelinus and Parahucho are separated by 63 nucleo-
tide and two amino acid substitutions, and the most
distant from each other haplotypes of representatives
of the genus Salvelinus, which have absolutely identi-
cal amino acid sequences of cytochrome oxidase sub-
unit I, are separated by 43 nucleotide substitutions (see
Fig. 4). Moreover, only 38 nucleotide substitutions
separate haplotypes of representatives of the genera
Brachymystax and Hucho, which are separated by two
amino acid substitutions.
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These data make it possible to suggest that cyto-
chrome oxidase is one of the most important proteins
that provides postzygotic reproductive isolation: the
disparity between proteins of Complex IV, which are
encoded by the nuclear and mitochondrial genomes,
leads to the death of intergeneric hybrids. At the same
time, many hybrids between species that are part of the
same genus are viable, and often fertile. This is partic-
ularly true in cases where amino acid sequences of
cytochrome oxidase subunit I coincide in the two spe-
cies: thus, hybrids between the Arctic charr and the
brook trout are viable and fertile (Gross et al., 2004,
and references in that work). Moreover, whitefish and
inconnu, which formally belong to different genera
(Coregonus and Stenodus, respectively) but have iden-
tical amino acid sequences, also hybridize, even under
natural conditions (Reist et al., 1992).

The problem of the diploid ancestor of salmonoid fish.
There is no doubt that the entire group of salmonoid
fish has a tetraploid origin (reviews: Allendorf and
Thorgaard, 1984; Hartley, 1987; Frolov, 2000). Exten-
sive data on comparative morphology (Norden, 1961;
Dorofeeva et al., 1980) led ichthyologists to the con-
clusion that the nearest diploid ancestors of salmon-
oids were fish similar to modern Osmeridae. However,
molecular genetic data based on a joint analysis of the
sequences of mitochondrial and nuclear genes, which
resulted in the construction of various dendrograms,
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Salf

Salvelinus

PaHu%" Parahucho

Fig. 4. Median network of haplotypes of the partial sequence of the mitochondrial COI gene for the studied representatives of the
phylogenetically related genera Parahucho and Salvelinus. Numbers indicate the number of nucleotide substitutions in the gene
sequence between the closest representatives of genera or between haplotypes and branching points of the network (median vec-

tors). For the notation of haplotypes, see Table 1.

led some researchers to the conclusion that the sister
group of Salmoniformes (including salmonids, white-
fishes, and graylings) is Esociformes (Ramsden et al.,
2003; Osinov and Lebedev, 2004, Li et al., 2010; and
references in those works).

A comparison of the haplotype networks for the
partial amino acid sequence of cytochrome oxidase
subunit I, shown in Figs. 1 and 2, shows that this
assumption is false. Since mitochondrial DNA, unlike
nuclear DNA, does not recombine, its genes are not
able to duplicate and change their function: it keeps
complete information about the sequence of evolu-
tionary events. If we assume that the diploid ancestor
of salmonoid fish was pikelike, then the families of
whitefishes and graylings are much younger than the
family of salmonids, from which in this case white-
fishes and graylings must trace their origin. This con-
tradicts not only the morphological (Norden, 1961;
Dorofeeva et al., 1980) but also karyological (Frolov,
2000; Phillips and Rab, 2001) and paleontological
(Wilson and Li, 1999) data. Moreover, even if one pro-
ceeds from formal estimates and considers that the
ancestor genus is the one that is separated from salm-
onoid fish by a smaller number of changes in the
amino acid sequence, it turns out that the pike is sep-
arated from salmonoid fish by five amino acid substi-
tutions (Fig. 1) and the smelt is separated only by four
(Fig. 2).
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In addition, the situation presented in Figs. 2 and 3
is in good agreement with modern taxonomy: it
demonstrates the independent origin of graylings,
whitefishes, and salmonids from their common smelt-
like ancestor. At the level of individual lines represent-
ing the evolution of families, there is a tendency to a
decrease in the number of chromosomes towards the
periphery (examples are Atlantic salmon and pink
salmon).

Proceeding from the foregoing, in further analysis
of the results, we proceeded from the assumption that
the ancestor of salmonoid fish was smeltlike and con-
sidered only a network of haplotypes that included
Osmeridae as an outgroup (Fig. 2).

Slowing down of the molecular evolution of graylings.
The key advantage of a haplotype network (for both
nucleotide and amino acid sequences) against a den-
drogram is the ability to distinguish more ancient hap-
lotypes from younger ones. An examination of the net-
work that we obtained (Fig. 2) shows that amino acid
sequences of modern graylings are much more similar
to sequences of smelts, ancestors of salmonoid fish,
than sequences of representatives of two other fami-
lies. This means, in turn, that the molecular evolution
of graylings at the level of the amino acid sequence was
much slower than the molecular evolution of white-
fishes and salmonids (although Arctic charrs, repre-
sentatives of salmonids, also have haplotypes similar
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to haplotypes of Osmeridae). The molecular evolution
of pink salmon was particularly rapid.

It should be noted that, in terms of the characteris-
tics of the karyotype, the graylings are also closer to
their common ancestor than other salmonoids
(Frolov, 2000); therefore, it can be assumed that these
fish are also ecologically and morphologically closer
to their common ancestor than salmonids and white-
fishes.

The fact of differences in the rates of evolution of
different groups of salmonids, as well as many other
facts (Artamonova and Makhrov, 2006; Rol’sKii et al.,
2017; Bolotov et al., 2017; Makhrov and Laius, 2018),
refute the molecular clock hypothesis, which has
become widespread in recent decades. Meanwhile,
with the accumulation of facts that contradict it, sup-
porters of this hypothesis only complicate their mod-
els more and more (like supporters of the geocentric
model of the world once did) instead of trying to con-
firm it experimentally.

Arctic charrs are the closest modern group to the
ancestor of salmonids. The principal difference in the
phylogeny of salmonids, resulting from the haplotype
network that we represented for the partial amino acid
sequence of cytochrome oxidase subunit I, from the
ideas typical of most evolutionary geneticists (review:
Zhivotovskii, 2015) is the proximity of the ancestors of
this family to modern Arctic charrs. However, the net-
work of haplotypes undoubtedly more adequately
describes the evolutionary process when compared to
dendrograms, on which genetics at the present rely
heavily.

The origin of other salmonid species from fish sim-
ilar to Arctic charrs contradicts the most widespread
concepts of salmonid evolution that morphologists
have (Norden, 1961; Glubokovskii, 1995). However,
evolution schemes of this group, which have been pro-
posed on the basis of morphological data, include
some that are in good agreement with our data. Thus,
Arctic charrs are close to the ancestor of salmonids in
Fig. 2.14 (b) in the monograph of Glubokovskii (1995).
This figure is a treelike graph constructed by the Lee
method using data on 45 morphological traits. In
addition, representatives of the genus Salvelinus,
unlike other salmonids, are similar to representatives
of the genus Thymallus in the structure of the lateral
line system (Rassadnikov, 1980).

Sanford (1990) attempted to construct a phylogeny
of salmonids in terms of different traits on the basis of
a cladistic approach, noted the unresolved trichotomy
of the branch leading to Salvelinus and the branches
leading to Brachymystax + Hucho and Salmo + Onco-
rhyncus. The reason for this is both the osteological
trait common for Salvelinus, Brachymystax, and
Hucho and the osteological trait common for Salveli-
nus, Salmo, and Oncorhyncus (Sanford, 1990). Now
the reason for this trichotomy is clear: Arctic charrs are
an ancestor of the other four genera.
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The assumption that representatives of the genus
Salvelinus are closest to the ancestor of salmonids is
favored by the fact that Arctic charrs are distinguished
by a very high ecological and morphological diversity
(reviews: Savvaitova, 1989; Adams and Maitland,
2007; Knudsen et al., 2016), which is characteristic of
the ancient groups (Mamkaev, 1968; Rozhnov, 2006).

At the same time, it should be noted that, from the
point of view of the well-established pattern concern-
ing the decrease in the number of chromosomes
during the evolution of salmonids (Viktorovskii,
1978), the origin of the karyotype of lenoks, Brachy-
mystax, with the number of chromosomes 2n = 90—92,
from the modern karyotype of Arctic charrs, Salveli-
nus (2n = 76—84), is extremely unlikely. Apparently,
the first representatives of salmonids had a mitochon-
drial haplotype close to the most common haplotype
of modern Salvelinus, but at the same time their
karyotype was significantly different from the modern
one and was close to the karyotype of modern Brachy-
mystax.

A decrease in the number of chromosomes is accom-
panied by a decrease in the evolutionary plasticity of sal-
monids. The network that we constructed for the par-
tial amino acid sequence of cytochrome oxidase sub-
unit I shows that salmonoid species characterized by a
low number of chromosomes (Sakhalin taimen,
Atlantic salmon, and pink salmon) are peculiar evolu-
tionary dead ends: they have not given rise to new taxa.

Earlier we have shown (Makhrov, 2017) that these
groups have, as a rule, a narrower spectrum of mor-
phological and ecological diversity in comparison
with the closest ancestors. The cited work also sug-
gested that the genome rearrangements accompanied
by the fusion of several chromosomes at once led, inter
alia, to the disruption of the functioning of genetic sys-
tems responsible for the formation of certain ecologi-
cal groups and morphotypes. As a result, taxa that
underwent such genome rearrangements have fewer
ecological groups and morphotypes than their imme-
diate ancestors.

Thus, groups of salmonids with a low number of
chromosomes can serve as a good example of a
decline in evolutionary plasticity. This phenomenon,
rather than its natural occurrence in the course of
evolution within a single family, has been known for
a long time, and different authors have called it dif-
ferent things: immobilization (Shmal’gauzen, 1945),
routinization (Lyubishchev, 1982), and frozen evolu-
tion (Flegr, 2008).

Phylogenetic proximity of genera Brachymystax,
Hucho, and Salmo. Different geneticists treat the evo-
lutionary relationships of these three genera differently
(Phillips and Oakley, 1997; Oakley and Phillips, 1999;
Osinov and Lebedev, 2000; Crespi and Fulton, 2004;
Phillips et al., 2004; Matveev et al., 2007; Créte-
Lafreniere et al., 2012; Shedko et al., 2012, 2013; Pan-
kova and Brykov, 2013). According to our data, Bra-
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chymystax, Hucho, and Salmo belong to a single phy-
logenetic clade, as was previously revealed in a phylo-
genetic study that employed a large set of genes
encoding proteins (Osinov and Lebedev, 2000).

Our research is another piece of evidence indicat-
ing that these ideas are true, and more and more such
evidence has appeared in recent years. Thus, for exam-
ple, according to molecular genetic data, Margaritifera
dahurica, whose larvae are parasites of lenoks, Brachy-
mystax (I.V. Vikhrev, personal communication), is a
sister species for the freshwater pearl mussel (Margari-
tifera margaritifera), whose larvae are parasites mainly
in salmons of the genus Sa/mo (Bolotov et al., 2016).
This fact to some extent confirms the evolutionary
proximity of the genera Salmo and Brachymystax.

The origin of Atlantic salmon. The hypothesis about
the origin of the Atlantic salmon (Salmo salar) from an
ancestor similar to the modern brown trout (Salmo
trutta) was previously expressed on the basis of mor-
phological and karyological data (Dorofeeva, 1998).
Our network for the partial amino acid sequence of
cytochrome oxidase subunit I fully supports this
assumption.

Understanding the evolutionary history of Atlantic
salmon makes it possible to explain several important
issues of biology of this species. In particular, since the
formation of landlocked forms is very characteristic of
the brown trout and the landlocked forms of the
Atlantic salmon are rare, the hypothesis of the relic
nature of the landlocked forms of this species seems
quite reasonable (Kuderskii, 1977; Lysenko, 1994;
Makhrov et al., 2013).

In addition, since the brown trout can repeatedly
become infected with larvae of the freshwater pearl
mussel, while the Atlantic salmon develops immunity
after a single infection, the hypothesis about the sym-
biosis of the Atlantic salmon and the freshwater pearl
mussel is questionable (Makhrov and Bolotov, 2010).
On the contrary, it is rather possible to talk about the
intensification of the immune response to infection by
larvae of the freshwater pearl mussel during the evolu-
tion of the Atlantic salmon.

Evolutionary relationships between genera Onco-
rhynchus and Parasalmo. The systematic status of
Parasalmo has been discussed for many years. Most
researchers do not distinguish the genus Parasalmo,
attributing the species of this group to the genus
Oncorhynchus. However, other specialists (including
some of the authors of this paper) defended the
notion that Parasalmo is a separate genus (Zelinsky
and Makhrov, 2001; Pavlov et al., 2001; Atlas presno-
vodnykh ryb..., 2003).

It should be recognized that the data we have
obtained is a strong indication in favor of the fact that
Parasalmo is not a separate genus but part of the genus
Oncorhynchus. According to the data, a representative
of this genus, the rainbow trout, originates from an
ancestor similar to the masu salmon (Oncorhynchus
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masou). At the same time, Parasalmo and Oncorhyn-
chus have significant differences in morphological
traits and in ecology (in particular, Oncorhynchus,
with rare exceptions, is characterized by monocyclic-
ity); this must be taken into account when deciding on
the systematic position of Parasalmo.

CONCLUSIONS

The network obtained for the partial amino acid
sequence of cytochrome oxidase subunit I makes it
possible to draw several conclusions about the phylog-
eny of salmonoid fish. There is a fundamentally new
idea about the origin of all salmonids from an ancestor
close to the modern Arctic charrs (Salvelinus). We
confirm the ideas expressed earlier in the literature but
still discussed the origin of salmonoid fish from
Osmeroidei, the phylogenetic proximity of the genera
Brachymystax, Hucho, and Salmo; the origin of the
Atlantic salmon from a brown trout—like ancestor;
and the belonging of the Parasalmo group to the genus
Oncorhynchus.

Some of the results obtained in this work have a
general biological significance. In particular, the data
indicate that the evolution of salmonids, starting with
highly polymorphic Arctic charrs, ultimately leads to
taxa with a small ecological and morphological diver-
sity and with a low evolutionary potential (which
experienced immobilization). This process is accom-
panied by the fusion of entire chromosome groups.

Another interesting phenomenon noted in this
work is the preservation in an almost unchanged form
of several ancient haplotypes and the slowing down of
the molecular evolution of some groups of salmonoid
fish. In particular, it has been shown that haplotypes of
grayling fish are very close to haplotypes of the ances-
tor of all salmonoid fish. Contrary to the molecular-
clock hypothesis, the evolution of graylings was much
slower than the evolution of whitefish and salmonids.

It is also suggested that the main mechanism of
postzygotic reproductive isolation is the discrepancy
between the amino acid sequence of cytochrome oxi-
dase subunit I encoded by the mitochondrial genome
and the amino acid sequences of nuclear proteins,
which together with this protein constitute so-called
Complex IV.
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