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Abstract—The phylogenetic relationships among 26 species of salmonid fishes (family Salmonidae) were
studied using the RAG1 gene as phylogenetic marker. No unambiguous relationships between thymalllins,
coregonins, and salmonins it was possible to establish. It seems likely, that divergence of these lineages took
place during rather short time interval (about 3 to 4 million years). The thymallins are thought to be the first
separated lineage. The genera of the subfamily Salmoninae form two distinct monophyletic groups, repre-
sented by (1) Brachymystax and Hucho and (2) Salmo, Parahucho, Salvelinus, Parasalmo and Oncorhynchus.
Ancestral forms of these two evolutionary lineages could diverge at the Oligocene—Miocene boundary (about
24 million years ago). It is suggested that diversification of the main lineages within the second group was
rather rapid, and took place in middle Miocene (about 19—16 million years ago). Moreover, the lineages of
Salvelinus, Parasalmo and Oncorhynchus were the latest to diverge. It seems likely that divergence of the Pros-
opium and Coregonus ancestral lineages occurred during the same time interval.

DOI: 10.1134/51022795412050201

Salmonid fishes (family Salmonidae) are used as a
model group in studies in evolutionary biology, genom-
ics, and other fields of modern biology [1, 2]. It is evi-
dent that the existence of well-grounded phylogenetic
scheme is the requirement for proper design of compar-
ative studies and interpretation of their results. Despite
of the recent progress in understanding of the phyloge-
netic relationships within salmonids, some basic issues
still remain unresolved. First, the divergence order of
three main lineages of Salmonidae, thymalins (subfam-
ily Thymallinae), coregonins (Coregoninae), and
salmonins (Salmoninae) is unclear. Second, there is no
consensus on phylogenetic relationships of the main
lineages within Salmoninae: Hucho and Brachymystax;
Parahucho;, Salmo; Salvelinus; Parasalmo and Onco-
rhynchus.

In the present study, these issues are examined
using a proven phylogenetic marker, single-copy
nuclear gene RAGI (recombination activating gene
1)[3, 4], which was new for this fish group. As a result,
quite acceptable phylogenetic scheme of Salmonidae
was constructed. In addition, with some suppositions,
molecular dating of this phylogenetic scheme was per-
formed.

A total of 62 DNA samples were examined. The
samples were extracted with the help of standard phe-
nol—chloroform technique from muscle tissues of
26 salmonid species, including Thymallus arcticus
(Katun River, n = 1), Th. tugarinae (Kievka River, n =2),
Coregonus migratoris (Baikal Lake, n = 2), Hucho
taimen (Selenga River, n = 2), Brachymystax lenok
(Markakol Lake, n = 1; Ingoda River, n = 1: Armu

River, n = 1), B. tumensis (Onon River, n = 1; Komis-
sarovka River, n = 1; Anan’evka River, n = 1), Salmo
trutta (Luga River, n = 2), Parahucho perryi (Kievka
River, n = 7), Salvelinus alpinus (Luomus Lake,
Finnland; Kanes Laddu, Finnland, n = 3; goggle-eyed
char from Lama Lake, » = 3; davatchan from Frolikha
Lake, n = 3; Kolyma River, n = 2), S. leucomaensis
(Maksimovka River, n = 2), S. levanidovi (Yama River,
n = 1), S. elgyticus (El'gygytgyn Lake, n = 2),
S. boganidae (El'gygytgyn Lake, n = 2), S. taranetzi
(Vykvynaivaam River, n = 1), S. malma (Kamchatka
River, n =1; Vilyuchinsky Brook, n = 1), S. curilus
(Severny Bay, n = 1; Tym’ River, n = 1; Rasshua
Island, n = 2; Maksimovka River, n = 1), Oncorhyn-
chus masou (Lyutoga River, n = 1; Serebryanka River,
n=1), O. keta (Narva River, n = 1; Kievka River, n = 2),
as well as O. gorbusha (n = 1), O. nerka (n = 2),
O. kisutch (n =1), O. tschavytscha (n = 1), and Paras-
almo mykiss (n = 1) from Kamchatka River.

The DNA fragment containing the larger part of
the RAG1 exon 2 was amplified with the help of poly-
merase chain reaction. The product obtained was
purified and sequenced using the Big Dye Terminator
3.1 kit (Applied Biosystems, United States). The reac-
tion products were fractionated using an ABI Prizm
3130 automated analyzer (Applied Biosystems,
United States/Hitachi, Japan). All manipulations
were carried out at the Institute of Biology and Soil
Science, Russian Academy of Sciences, Russian
Academy of Sciences, Vladivostok. Amplification and
sequencing was performed using a set of primers
described in [3], as well as personally designed primers
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F2817 (GAAGCACAGCCGTCTCATCCTG) and
F3269 (TGGACAARCAGCTGAGGAAGAAGA).

As a result, in each of 62 specimens examined, 1524
bp of the RAGI gene fragment were sequenced. For
most of the specimens, no mixed signals in the ABI
chromatograms were detected. However, in 13 speci-
mens peak overlapping at 1 to 2 (1.6, on average) dif-
ferent nucleotide positions was identified. Such indi-
viduals were considered to be heterozygous for the
RAG 1 fragment examined. Taken together, in 62 spec-
imens a total of 23 RAG variants, differing in unam-
biguous nucleotide substitutions, were detected. Typi-
cally, each of the 23 Salmonidae species was charac-
terized by one to two unique variants. The exclusion
were the specimens of B. lenok and B. tumensis, which
were indifferent with respect to the RAGI fragment
examined. The same was true for the specimens of
S. alpinus and S. taranetzi, and one of two S. elgyticus
individuals, which had one and the same RAG/ vari-
ant. In addition to the sequences determined (deposed
in the GeBank/NCBI under accession numbers
GQ871466 to GQ871494), the analysis included the
GenBank/NCBI RAG1 sequences for: Thymallus thy-
mallus (AY430214), Prosopium williamsoni
(AY430213), Salmo salar (DW577969, EG768285), as
well as Salvelinus leucomaenis (AY380535) from Kuril
Islands, and P. mykiss (NM_001124737) from North
America. The Esociformes species taken as outgroup
were Esox [lucius (AY380542) and Umbra krameri
(AY380547). Thus, phylogeny of salmonid fishes was
reconstructed using 30 sequence variants of the RAG1
gene, which represented 26 species of Salmonidae and
two outgroups.

The phylogeny of Salmonidae was reconstructed
using the following approaches: (1) Bayesian (BA),
based on the GTR + G nucleotide substitution model,
selected with the help of the Modeltest 3.7 software
program [5]; (2) maximum likelihood (ML) with the
use of the same evolutionary model; (3) maximum
parsimony (MP); (4) distance method, using neighbor
joining (NJ) algorithm based on LogDet genetic dis-
tances.

The Markov chain Monte Carlo analysis (Bayesian
phylogenetic inference) was performed using the
MrBayes 3.2 software program [6] via simultaneous
running of six chains (five hot and one cold) during
3 x 10° cycles sampling each 500th tree generated and
discarding the first 1001 trees out of 6001 generated
(burn-in = 1001).

Heuristic search of maximum likelihood or maxi-
mum parsimony trees (ML and MP trees) was con-
ducted in the PAUP 4.0b10 software program in 40
rounds of random sequence addition and subsequent
TBR swapping. The same program was used for the
construction of NJ tree. Robustness of the ML, MP,
and NJ tree branching patterns was evaluated using
1000 bootstrap pseudosamples.

Irrespectively of the methods used, final phyloge-
netic trees appeared to be virtually the same. The BA,
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ML, and MP tree topologies were identical (Fig. 1).
The NJ tree differed from the first ones in two points,
including sister position of Thymallus and Coregonus
and clustering of Parahucho, Salvelinus and Oncorhyn-
chus. However, bootstrap support of these alternative
clusters appeared to be low (< 50%). Basic similarity of
the results received using different phylogenetic
reconstruction methods, along with highly statistically
significant support of most of the clades identified
enables considering phylogenetic tree in Fig. 1 as
valid.

Noteworthy, the testing of molecular clock based
on likelihood ratio test [8] showed that evolutionary
rate of RAG1 sequences in different parts of the tree
was relatively homogenous. The difference between
the likelihood estimates obtained for additive and
ultrametric ML trees was not statistically significant.
Specifically, 2A = 2(—4963.02—(4976.32)) = 26.6; P=
0.54 at df = 28 (without outgroups, 2A =
2(—3740.08—(—3753.01)) = 259, P =047 at df. =
26). This property enabled building of ultrametric tree
of Salmonidae, which was realized in Bayesian
approach as implemented in the BEAST 1.4.8 soft-
ware package [9]. The conditions used were as follows:
molecular clock model, strict clock; nucleotide substi-
tution model, GTR + R; the extent of Bayesian anal-
ysis, 3 x 10° cycles sampling each 1000th tree; burn-in,
601; outgroups were excluded from the analysis. To
associate the ultrametric tree with absolute time scale,
two calibration intervals were used. The first interval
was based on numerous salmonid fossils, which dis-
played advanced characters of Pacific salmons from
the genus Oncorhynchus (see [10] and references
therein). This interval confined the divergence time of
recent Oncorhynchus lineages to late Miocene (5.3 to
11.6 million years ago). The second interval confined
isolation of the lineage of Salmonidae to the limits of
Eocene (33.9 to 55.8 million years ago). This interval
is associated with the discovery of well-preserved fos-
sils of the Eosalmo salmons in Middle Eocene. These
fossils possessed some advanced characteristics, which
among modern Salmonidae, are found exclusively in
the representatives of Salmoninae [11].

Ultrametric Bayesian tree built following the
requirements mentioned (Fig. 2) was virtually similar
to the topology of the tree in Fig. 1, and demonstrated the
posterior probability estimates similar to ordinary Baye-
sian tree. Summation of the data obtained (Figs. 1, 2) led
to the following conclusions:

(1) No unambiguous relationships between thy-
malllins, coregonins, and salmonins were established.
It seems likely that the divergence of these lineages
took place during a relatively short time interval (about
3 to 4 million years). The thymallins are thought to be
the first separated lineage.

(2) The genera of the subfamily Salmoninae form
two distinct monophyletic groups, represented by (1)
Brachymystax and Hucho and (2) Salmo, Parahucho,
Salvelinus, and Oncorhynchus. The ancestral forms of
Vol. 48
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Fig. 1. Phylogram of salmonid fishes (ML tree), inferred from the data for RAG gene fragment. Figures at the clade bases are the
posterior probabilities for Bayesian tree, as well as the bootstrap values (% from 1000 bootstrap replicates) for ML, MP, and NJ
trees, respectively. The reproducibility of a certain clade in less than 50% of bootstrap replicates is designated by a dash; **** the
highest support value (for this clade the values range constituted from 0.95 to 1.0, for Bayesian tree and from 95 to 100 for ML,
MP, and NJ trees). The scale reflects the number of substitutions per nucleotide position.

these two evolutionary lineages could diverge at the
Oligocene—Miocene boundary (about 24 million
years ago).

(3) It is suggested that diversification of the main
lineages within the second group was rather rapid, and
took place in middle Miocene (about 19—16 million
years ago). Moreover, the lineages of Salvelinus,
Parasalmo and Oncorhynchus were the latest to
diverge. It seems likely, that divergence of the Pros-
opium and Coregonus ancestral lineages occurred dur-
ing the same time interval.

In general, the RAGI fragment sequenced proved
its applicability for resolution of the tasks of the
present study. This marker, like many other nuclear
genes characterized by low evolutionary rate (accord-
ing to our estimates, 0.57 x 10~ substitutions per site
per year), displayed distinct, with minimum
homoplasy, phylohenetic signal (the consistency index
for MP tree without outgroups, 0.79). The phyloge-
netic trees (Figs. 1, 2) agrees with the data of recent
molecular genetic studies, based on the analysis of
nuclear DNA, in a part of relationships between thy-
mallins, coregonins, and salmonins [12], the diver-
gence order of the main evolutionary lineages within
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Salmoninae [13—15], phylogenetic relationships of
0. keta, O. gorbuscha, and O. nerka [14, 16], and in
some other details. The results of molecular dating of
the Salmonidae cladogeny (Fig. 2) are to a large extent
similar to the estimates obtained earlier using other
approaches and based on other data [17, 18].

However, some other molecular genetic studies
described another pattern of phylogenetic relation-
ships between thymallins, coregonins, and salmonins
[15, 19, 20]. Moreover, the position of Brachymystax
and Hucho among other evolutionary lineages of
Salmoninae, inferred from the analysis of mtDNA
[14, 21] and introns of the GH1 gene [16], was differ-
ent. In addition, position of the Parasalmo lineage rel-
ative to the species of Oncorhynchus, reported in dif-
ferent studies, was also different (Figs. 1,2 [13, 14, 16,
18, 20—22]). Because of this, it seems reasonable that
further clarification and detailed elaboration of the
salmonidae phylogeny is performed using more phylo-
genetic markers and simultaneous analysis of many
unlinked loci of nuclear genome and mtDNA.
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Fig. 2. Bayesian chronogram of salmonid cladogenesis, expressed in absolute time scale (million years). Boxes designate 95%
intervals of the highest posterior densities of the clade lifetime estimates, characterized by posterior probabilities higher than 0.5.
The periods that produced the main morphoecological diversity of Salmonidae are shown in dark.
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OUJIOIEHUA JIOCOCEBBIX PbIb (Salmoniformes: Salmonidae)
N EE MOJIEKYJIAPHASA JATUPOBKA:
AHAJIN3 AAEPHOI'O 'EHA RAGI1
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WccnenoBaHbl uaoreHeTUYECKUE B3aUMOOTHOIIIEHUS 26 BUIOB JIOCOCEBBIX pbIO (ceM. Salmonidae) ¢ uc-
nosib3oBaHueM reHa RAG I B KauecTBe (DUIOTeHETUYECKOro MapKepa. B3auMooTHOILIIEHUSI XapuyCOB, CUTOB
M JTOCOCEW OHO3HAYHO YCTAHOBUTDH HE YIAJIOCh; IUBEPTEHIIVS 3TUX JUHWM, TTO-BUIUMOMY, TIPOM30IIUIA B
CpaBHUTEJIbHO KOPOTKMI (*3—4 MIIH. JIeT) IIpOMEXYTOK BpeMeHHU. [1epBoii, BeposiTHO, 060coduiach Jiv-
HUsI XapuycOBBIX pbI0. Pombl momcemeiicTBa Salmoninae ciiaraloT 1Be XOpOoIIo BeIpakeHHbIE MOHODUIIETH -
yeckue rpynnupoBku — (1) Brachymystax v Hucho, a taxke (2) Salmo, Parahucho, Salvelinus, Parasalmo n
Oncorhynchus. TpenkoBbie OPMBI 3TUX ABYX BOJTIOIMOHHBIX JIMHUIT MOTJIM TUBEPTrUPOBATh Ha TpPaHUIIC
oJiMrolieHa u MuolieHa (=24 MiIH. JieT Hazan). JluBepcuduKaiusi OCHOBHbBIX JIMHUI BHYTPU BTOPOI TpyM-
MMPOBKU TTPOMCXOAMIIA, TI0 BCeil BUIMMOCTH, CPAaBHUTEJBHO OBICTPO B CpenHeM MUolLieHe (~19—16 MIiTH.
et Hazan). [Tpu atoM nuaum Salvelinus w Parasalmo Bmecte ¢ Oncorhynchus pa3aenuinuch B MOCIEIHION
odepenb. BeposTHO, B 3TOT Xe TepHo BpeMeH! pa3oluUTUCh MPEeIKOBbIe TUHUU poaoB Prosopium u Core-

gonus.

JlococeBble pbiObI (ceM. Salmonidae) — Monens-
Has TpyIma Uil U3ydeHUs psla aKTyalbHBIX IPO-
0JIeM 3BOIIOIIMOHHON OMOJIOTNU, TEHOMUKHW U IPY-
THX pa3lesioB COBpeMeHHOI ononornn [1, 2]. OueBua-
HO, YTO HaJIM4ne OOOCHOBAHHOM (PMIIOTCHETUYSCKOMN
CXEMBI SIBJISIETCSI HEOOXOMMMBIM YCIIOBUEM IJIST KOP-
PEKTHOTO TUTAHUPOBAHMS CPABHUTEITBLHBIX MCCIIEIO-
BaHUI W WHTEPIIPETALIMN WX Pe3ysabTaToB. HecMmorps
Ha TOCTUTHYTHIN B MOCTIeTHEE BPeMsT ITPOrPECC B IIOHM-
MaHMU (WIOTEHETUYECKNX CBs3eil BHYTpM Salmo-
nidae, HEKOTOPBIC TPUHIIUITHATIBHBIE BOIPOCHI BCE
ellle OCTAaIOTCs HepelIeHHBIMK. Bo-TiepBBIX, He sSIceH
MTOPSIIOK AUBEPTEHIINH TPeX IIaBHBIX JIMHUI Salmo-
nidae — xapmycoBbIX (mmomceM. Thymallinae), curo-
Bbix (Coregoninae) 1 nococeBbix (Salmoninae) pbIO.
Bo-BTOpBIX, HET €OIWHOTO MHEHHUS OTHOCUTEIBHO
GMIOreHeTMYECKNX B3aMMOOTHOIIIEHUH OCHOBHBIX
JHUNM BHYTpU Salmoninae — Hucho u Brachymystax;
Parahucho; Salmo; Salvelinus; Parasalmo v Oncorhyn-
chus.

Hacrosiee riccenoBaHre HaIlpaBIeHO Ha pelle-
HHUE YKa3aHHBIX BOIIPOCOB MPHU MCITOJIH30BAHUHU TTPO-
BEPEHHOTO U XOpOIIO cedsl 3apeKOMEHAOBABLIETO
[3, 4] dunoreHeTMYECKOTO MapKepa, HOBOTO TSI TaH-
HOI TPYIIIBI PHI0 — OMHOKOIMIAHOTO SIIEPHOTO TeHa
RAG (reHa aktuBupylollero pekoMouHaiuwo 1). B
pe3yJbTaTe MojiydyeHa BIOoJIHE MpuemMiieMasi cxema hu-
JoreHur Salmonidae, a Takke, C HEKOTOPbIMU JIOMY-
IIEHUSIMU, TIPOBEIEHA €€ MOJIEKYJ/ISIpHAsT JaTHPOBKa.

B pa6ore ucnoap3oBanu 62 oopasia JHK, moiy-
YeHHBIX CTaHAAPTHON (HEHOIBLHO-XJIOPODOPMHOM
9KCTPAKIIUEH N3 MBIIIEYHBIX TKaHel 23 BUIOB JIOCO-
ceBbIX poIO: Thymallus arcticus (p. Katynb, n = 1),
Th. tugarinae (p. Kuesxka, n = 2), Coregonus migratori-
us (03. baiikan, n = 2), Hucho taimen (p. Cenexra, n =
=2), Brachymystax lenok (03. Mapkakosb, n = 1;
p. Uaroma, n = 1; p. Apmy, n = 1), B. tumensis
(p. OHoH, n = 1; p. KomuccapoBka, n = 1; p. AHa-
HbeBKa, n = 1), Salmo trutta (p. Jlyra, n = 2), Parahu-
cho perryi (p. KueBka, n = 7), Salvelinus alpinus
(03. Luomus, ®unnsaumusa, n = 3; Kanes Laddu,
Dunnaunus, n = 3; “nydernaska” us o3. Jlama, n = 3;
nmaBaT4yaH 13 03. @ponmxa, n = 3; p. Konbima, n = 2),
S. leucomaenis (p. MakcumoBka, n = 2), S. levanidovi
(p. fdma, n = 1), S. elgyticus (03. DIABIBITBITIBIH, 1 =
=2), S. boganidae (03. DIbIBITBITIBIH, 1 = 2),
S. taranetzi (p. BoikBbIHaliBaaM, n = 1), S. malma
(p. Kamuatka, n = 1; py4y. BumounHckuit, n = 1),
S. curilus (3an. CeBepHblit, n = 1; p. TeiMb, n = 1;
o-B Pacmya, n = 2; p. MakcumoBka, n = 1), Onco-
rhynchus masou (p. Jlrorora, n = 1; p. CepebpsiHKa,
n=1), O. keta (p. Hapsa, n = 1; p. Kueska, n = 2), a
takxke O. gorbuscha (n = 1), O. nerka (n = 2),
0. kisutch (n=1), O. tschawytscha (n = 1) u Parasalmo
mykiss (n = 1) n3 p. Kamuarka.

®dparMeHT, BKJIIOYaOIINii 0OJIbIITYIO YaCTh BTOPO-
ro (3') sk3ona rena RAG1, ammiuduimpoBaim Me-
TOJOM MOJMMEPA3HOM LIEITHOM peakUU; MOIydeH-
HBIA NPOAYKT OYMIIAJIM, CEKBEHUPOBAJIU C ITOMO-




2 HIEABKO u np.

mplo Habopa Big Dye Terminator 3.1 (“Applied
Biosystems”, CIIIA) u pa3roHsiiu MpOAYKTHI peak-
oM Ha aBTOoMaTmdeckKoM aHamm3atope ABI Prizm
3130 (“Applied Biosystems”, CIILIA/“Hitachi”, fmno-
HUsT) Ha 6a3e buonoro-nmouseHHoOro nHcTUTyTa JIBO
PAH (. BnaguBocTtok). st amiummuKanm 1 ce-
KBEHMPOBAHMSI UCIIOJIb30BaI HAOOp IpaiiMepoB U3
padoThI [3], a Takke nmpaiiMepbl, pa3padboTaHHbIC Ha-
mu: F2817 — GAAGCACAGCCGTCTCATCCTG un
F3269 — TGGACAARCAGCTGAGGAAGAAGA.

B pesyibrate y Kaxkaoro u3 62 MccliefOBaHHBIX
00pa31ioB OBLIO CeKBEeHMpoOBaHO 1o 1524 mH ¢par-
MeHTa reHa RAG 1. /151 60abpIIMHCTBA 00pa3oB cMe-
maHHBIM curHal B ABI-xpomMaTorpamMmax BBISIBIICH
He Ob1. OpgHako y 13 00pa3oB 0OHAPYKEHO HaJIO-
JKeHre MMKOB Mo 1—2 (B cpemHeM — 1.6) pa3IuaHBIM
HYKJICOTUAHBIM NO3UIUSIM. Takue ocodu paccMaTpu-
BaJIUCh KaK TeTePO3UTOTHHIE MO WCCISAOBAHHOMY
yuacTKy TeHa RAGI. Becero y 62 06pa3iioB ObITO BBI-
sgBiaeHO 23 BapmaHTa TreHa RAGI, pa3an4aBIIMXCS
HEJIBYyCMBICJICHHBIMU HYKJICOTUIHBIMU 3aMeIlcHUSI -
mu. Kak npaBuio, Kaxapiii u3 23 sugoB Salmonidae
XapaKTepU30BaJICSI OOHUM—IBYMSI YHUKAJIBbHBIMU
BapuaHTaMM. MCKITIIOYeHUE COCTABUJIM MPEACTaBU-
tenu B. lenok v B. tumensis, HEOTIUYUMBIE 110 UCCIIE-
JIOBAaHHOMY Yy4acTKy reHa RAGI, a takxke oOpa3Lbl
S. alpinus, S. taranetzi 1 omHa U3 AByX oco0eii S. elgyt-
icus, UMEBIINX OAWH U TOT K€ BapuaHT reHa RAGI.
Kpome mociiemoBaTebHOCTE, TOJIydEHHBIX HaMU
(nemonupoBaHbsl B Genbank/NCBI non HoMepamu
GQ871466—GQ871494), B aHanM3 ObUINA BKJIIOYEHBI
nmaHHbIe 1o TeHy RAG 1 u3 6a3be1 Genbank/NCBI s

caenyomux BUmoOB pui0o:  Thymallus thymallus
(AY430214), Prosopium williamsoni (AY430213),
Salmo salar (DW577969, EG768285), a Takxe

Salvelinus leucomaenis (AY380535) ¢ Kypun u
P. mykiss (NM_001124737) uz CeBepHoiit AMEPUKU U
BumoB Esociformes, B3SIThIX B KayeCTBE BHEIIHUX
rpynn — Esox lucius (AY380542) u Umbra krameri
(AY380547). TakuMm o0Opa3oM, IJISI TIOCTPOSHUS (PH-
JIOT€HUM JIOCOCEBBIX PHIO OBLIO MCIIOIb30BaHO 30 Ba-
pUAaHTOB MoOcJienoBaTeaIbHOCTe TeHa RAGI, mipen-
craBisBIIMX 26 BUmoB Salmonidae m 2 BHelIHUe
TPYIIIEL.

PexkoHcTpykumio ¢unoreHun Salmonidae ocy-
LIECTBJISIIA Pa3UYHbIMU MeTofgamu: 1) OaliecoB-
ckuM (BA) Ha ocHOBe MOIE/IM HYKJICOTUIHBIX 3aMe-
meHuit GTR + G, orodbpanHol nmporpammoii Mod-
eltest 3.7 [5]; 2) HamOobIIero IIpaBaomnogoous (ML)
IPU UCMHOJB30BAHUM TOU XK€ 3BOJIIOLIMOHHOW MOJIE-
u; 3) MakcumaibHoOU 3KoHomuu (MP); 4) nucran-
LIMOHHBIM — TIO aJITOPUTMY OJIMKAMIIIero coceacTnBa
(NJ) Ha ocHoBe LogDet reHeTHYECKIX IUCTAHIINA.

Anamm3 Mownre-Kapio ¢ ncrionb3oBaHueM lienei
MapkoBa (baitecoBckuii aHaiu3 (UIOTCHUU) BbI-
MOJIHSJIA ¢ MOMOIIBI0 mporpaMMmbl MrBayes 3.2 [6]
MyTeM OJHOBPEMEHHOTO 3amycKa IIecTu 1eneu (ms-
T “ropssYux” M OOHON “X0J0AHOI”) B TedeHUe 3 X

x 10° HUKIJIOB C OTOOPOM KaxKIOTo MSITUCOTOTO U3 re-
HEPUPOBAHHBIX JEPEeBbEB U WCKIIOUYCHUEM TEPBBIX
1001 3 6001 monyyeHHBIX AepeBbeB (burnin = 1001).

OBpUCTUYECKUI TTOMCK Hanboiee IIpaBIoIioma00-
HBIX WJIM MaKCUMaJIbHO 3KOHOMHBIX AepeBbeB (ML-
1 MP-aepeBbeB) MPOBOAWIN C TTOMOIIBIO TIPOTrpaM-
MBI PAUP 4.0b10 [7] B 40 IOBTOPHOCTSIX CO CITyJaii-
HBIM XapaKTEPOM BKJIIOUEHUS T10C/Ie10BaTeIbHOCTEN
B aHaJIM3 1 nepectaHoBkamu no TBR-anroputmy. Ta
JKe TporpaMMa HCIoJIb30Bajlach U ISl TOCTPOCHUS
NJ-nmepeBa. YcroiiunBocTh opsiaka BeTBIeHU ML-,
MP- u NJ-gepeBbeB olieHUBaaCh METOJIOM OyTCTp-
sma B 1000 MOBTOPHBIX IICEBIOCTYyYaliHBIX BEIOOpKaX.

BHe 3aBMCHMMOCTM OT MCHOJIB30BAHHOIO METOJa
WUTOTOBbIE (DUIOTE€HETUYECKUE JEPEeBbS OKa3aJlUCh
MpakTAUYEeCKW OOHUMU U TeMu Xe. Tormmosorus BA-,
ML- u MP-nepeBbeB ObUIa uaeHTUYHOM (puc. 1), a
NJ-nepeBo oTiIMUaIoCh OT HUX B ABYX MOMEHTax —
CECTPUHCKUM ToJioxkeHueM Thymallus v Coregonus, a
TakXke 00beIUHEHUEM B OJIHY TPYNIUPOBKY Parahu-
cho, Salvelinus u Oncorhynchus, HO OyTCTPAII-IIOM-
Jep>KKa TUX aJbTepHATUBHBIX BADUAHTOB KJIaCTEpU-
3allMd OKaszajach HU3Kou (<50%). [NpuHIUNIUAaIb-
HOE CXOJICTBO PE3YJIbTaTOB, TTOJYYEHHBIX C TTIOMOIIIbIO
pa3IUYHBIX METOHOB (DUIOTEHETUYECKON pPEKOH-
CTPYKLIMHU, a TaKXKe BbICOKAsl CTaTUCTUYECKasl IMOJi-
Jiep>KKa OOJIbIIIMHCTBA U3 BBISIBJIEHHBIX KJa MO3BO-
JISIIOT paccMaTpuBaTh (PUIIOr€eHETUYECKOE IEPEBO HA
puc. 1 kak 000CHOBaHHOE.

BaxxHo, 4TO TeCT MOJIEKYJISIPHBIX YaCOB, OCHOBaH-
HBIII Ha OTHOIICHWM OLIEHOK mpaBaornomobus [8],
moKasaJl, YTO CKOPOCTb IBOJIOIMU HYKJICOTUIHBIX
nocaeaoBaTebHOCTe reHa RAGI B pa3HBIX 4acTsIX
3TOTO JIepeBa OTHOCUTEILHO OgHOpoAHa. Pasmmume
MEXIy OlLIeHKaMH IIpaBIOINOM00MS, ITOJydYeHHBIMU
JUJIsl aAIUTUBHOTO 1 yJIbTpamMeTpudyeckoro ML-naepe-
BBbEB, OKA3aJI0Ch CTATUCTUIECKA He 3HAYNMO — 2A =
= 2(—4963.02—(—4976.32)) = 26.6, P = 0.54 npu
d.f. = 28 (6e3 BHelrHuX rpynn — 2A = 2(—3740.08—
(—3753.01)) = 259, P = 047 1ipu d.f. = 26). D10
CBOWCTBO ITO3BOJIMJIO TIOCTPOUTH VYIIBTpaMeTpude-
ckoe nepeBo Salmonidae, 4To ObBUIO peajn30BaHO B
paMKax 6aifeCOBCKOTO MOIX0Aa C TTOMOIIBIO TTaKeTa
nporpamMm BEAST 1.4.8 [9] npu clienyolmx ycJIOBU-
SIX: MOJEJb MOJIEKYJISIPHBIX YaCOB — CTPOTUE Yachl;
Moneab HykJeoTuaHbix 3amelieHuit — GTR + G;
MPOTSDKEHHOCTh GailecOBCKOro aHaymsa — 3 x 10°
LIUKJIOB C OTOOPOM KaXKIOTO THICSTYHOTO M3 TeHEepU-
POBaHHEBIX AepeBbeB; burnin — 601; BHEIITHUE TPYITITLI
W3 PaCCMOTPEHUS OBLIN UCKITIOUEHBI. 17151 IpUBI3KU
YJIBTPaMEeTPUIECKOTO JepeBa K aOCOTIOTHON IIKasie
BpPEMEHU OBbLJIO MCMOJb30BaHO JBa KAJIMOPOBOUYHBIX
nHTepBata. [1epBoIif 6BLT OCHOBaH HA MHOTOYMCIIEH-
HBIX MCKOMAEeMbIX OCTaTKaX JIOCOCEBBIX PHIO, IMPOSIB-
JISTIOIIMX MPOABUHYTHIE UePThl TUXOOKEaHCKUX JIOCO-
ceii poga Oncorhynchus (cMm.: [10], a Takke IuTepaTy-
py U3 23Toil paboThl), MW OIpPaHUYMBAJ BpEeM:
pazaesieHUs1 peleHTHBIX JUHUM Oncorhynchus WH-
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Puc. 1. ®unorpamma siococeBbix pbid (ML-nepeBo), nosyueHHas 1o pesyjsrataM aHaiu3a dparmernrta reHa RAGI. Ludpso! B
OCHOBaHUSIX KJIaJl — 3HAUYCHUSI allOCTEPUOPHOI BEPOSITHOCTH JIJIs1 6alieCOBCKOTO iepeBa, a TakKe OyTcTpan-oleHku (% ot 1000
perunk Oytcrpana) mist ML-, MP- u NJ-ngepeBbeB, cooTBeTCTBeHHO. [Ipodyepk 03HauaeT BOCTIPOU3BOAMMOCTD JAHHOW KJIaIbl
B MeHee yeM 50% perutnk OyTcTpamna, ***% — HauBBICIIMI YPOBEHD MOAAEPXKKH (MHTEPBaAJI 3HAYECHUI [IJIsT JaHHOM KJIaIbl CO-
crasisi 0.95—1.0 B cnyvae 6atiecoBckoro nepesa 1 95—100 niast ML-, MP- u NJ-nepesbeB). Lllkana oTpaxaeT 4ucio 3aMeH Ha

HYKJII€COTUIHYIO ITO3ULUIO.

TepBaJIOM ITO3aHero MuolieHa (5.3—11.6 MJIH. 1eT Ha-
3am). Bropoii nHTepBa orpaHUYMBan 000CO0IEHUE JT-
HuM Salmoninae mpenenamu 3oneHa (33.9—55.8 muH.
JIeT Ha3am) U CBA3aH ¢ 0OHApyKeHUEM B CPETHEM 20-
IICHE XOPOIIIO COXPAaHUBIIMXCSI MCKOIAeMBIX JIOCO-
ceit Eosalmo, nMerolnx HECKOJBKO MPOIABUHYTHIX
XapaKTepUCTUK, KOTOpbIE€ Cpedu COBPEMEHHBIX
Salmonidae nmpuCyllIM UCKIIOUUTEIbHO TpeICTaBU-
TeasM Salmoninae [11].

IMonydeHHOEe TpU yKa3aHHBIX YCIOBUSX YJIbTpa-
MeTpuuecKoe OaliecoBCcKoe aepeBo (puc. 2) MpaKTu-
YeCKH MOJIHOCThIO MOBTOPUIIO TOMOJIOTUIO AepeBa Ha
puc. 1 1 UMesIo0 CXOTHBIE C OPAMHAPHBIM OaliecoB-
CKMM JIePEBOM OIIEHKM arlOCTEPUOPHBIX BEPOSITHO-
creit. Takum obOpa3zoM, CyMMUPYsI TTOJIyYEHHbIE pe-
3yJbTaThl (pUc. 1, 2), MOXHO MPUATHU K CIISIYIOIINM
OCHOBHBIM BBIBOJAM:

1. BzanMoOOTHOIIIEHUS TUHUIA XapuyCOB, CUTOB U
Jlococeid OJHO3HAYHO YCTAaHOBUTh HE yaanoch. Mx
JNIUBEPTEeHIIMS, O-BUIMMOMY, TPOM30IILIa B CPABHU-
TEJIbHO KOPOTKMI (~3—4 MJIH. JIeT) IIPOMEXYTOK Bpe-
MeHHM. BeposTHO, 4TO mepBoOii 000COOMIACh JIMHUS
XapUYyCOBBIX PHIO.
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2. Ponbl monceMmeiictBa Salmoninae ciaraiot aBe
XOPOIIIO BhIpaxkeHHbIe MOHODUIETUYSCKUE TPYIITH -
poBku — (1) Brachymystax v Hucho, a takxke (2)
Salmo, Parahucho, Salvelinus, Parasalmo v Oncorhyn-
chus. IlpenkoBbie (pOPMBI 3TUX TBYX 3BOJTIOIIMOHHBIX
JIMHUIA MOTIJIM IMBEPrUpOBaTh Ha IpaHUIIE OJIMTOLe-
Ha ¥ MuoIeHa (224 MJIH. JIET Ha3an).

3. JluBepcuduKasi OCHOBHBIX JUHWUIA BHYTPU
BTOPOU IPyINIUPOBKU MPOUCXOANUIIA, T10 BCE BUAN-
MOCTH, CPaBHUTEJILHO OBICTPO B CpEAHEM MUOILIEHE
(=19—16 MuH. et Hazanm). [1pu aToMm muaUM Salveli-
nus u Parasalmo Bmecte ¢ Oncorhynchus pa3neanianch
B ITIOCJIEIHIOIO ouepeab. BeposTHO, B 3TOT XKe epuo/,
BpPEMEHM Pa30lUIMCh IIPEAKOBEIC TUHUU POaoB Pros-
opium v Coregonus.

B 1enom cekBeHUpOBaHHbLIN (parMeHT TreHa
RAG 1 mokaszan ¢cBOIO IPUTOAHOCTD JJISI peIlleHUs 3a-
Jla4 HACTOSIIIETO uccieaoBaHus. JlaHHbII Mapkep, uMe-
IOIIMIA, KAK U MHOTYE JpyTye siAepHble TeHbl, HU3KYIO
CKOpPOCTh 3Boonnu (mo HammM pacyeram — 0.57 x
x 10~ 3aMeH Ha caiiT B TO1), IPOSIBUJI ACHBIA, C MU-
HUMaJIbHBIM KOJIMYECTBOM TOMOILIa3uU, (UIOreHe-
TUYECKMU CUTHaI (MHAEKC COOTBETCTBUS mjisi MP-
JepeBa 6e3 BHemHux rpynn — 0.79). ITonydeHHbIe
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Puc. 2. baitecoBckast XxpoHOTrpaMMa KJiaJoreHe3a JOCOCEBBIX PbI0, BhIpaXkeHHasi B aGCOMIOTHOM BpeMEHHOM 1IKajie (MJTH. JIET).
IMpsiMOyronbHUKU — 95%-Hble HTEPBAJIbl HAMBBICIIEH AlTOCTEPUOPHON TJIOTHOCTH OLIEHOK BPEMEHU CYIIECTBOBAHUS KJIall,
MMEBIIMX allOCTEPUOPHBIE BEPOSITHOCTH BhilIe 0.5. 3aTeMHEHBI IEPUOJIbI, AaBIIIE OCHOBHOE MOP()O-3KOJIOTMYECKOE pa3HO-

oOpa3ue Salmonidae.

¢dunoreHerudeckue aepeBbs (puc. 1—2) HaxoaITCsI B
COOTBETCTBUU C Pe3yJIbTaTaMM HEeOaBHUX MOJIEKYISIP-
HO-TeHETUYECKUX HCCeNOBaHUI, OCHOBaHHBIX Ha
aHaymze sgaepHoit JIHK, B wacti B3amMoOOTHOIMIEHMIA
JIMHUM XapUyCcoB, CUTOB U Jiococeii [12], mopsiaka nu-
BEPreHLUM OCHOBHBIX 3BOJIIOLIMOHHBIX TUHUI BHYT-
pu Salmoninae [13—15], ¢umoreHeTndyecknx B3au-
MooTHolueHuii O. keta, O. gorbuscha v O. nerka [14,
16] u gpyrux meraiieii. Pe3yibraThl MOJIEKYISIpHOMI
IaTUPOBKU KilamoreHe3a Salmonidae (puc. 2) Takxke
BO MHOTOM CXOJHBI C OLIEHKaMU, TTOJly4YeHHbIMU pa-
HEe, UCXOIS M3 NPYTUX NAaHHBIX U TPU UCTOIb30Ba-
HUJ MHBIX METOANYECKUX ImoaxonoB [17, 18].

OnmHako (pMIOreHEeTUYECKUE CBSI3U XapUyCOB, CH-
TOB U JIOCOCEW TIO pe3yJibTaTaM APYTrUX MOJIEKYJISIPHO-
TeHETUYECKUX paboT BhIIAaaT nHaue [15, 19, 20]. ITo-
noxenue Brachymystax n Hucho cpean ocTaJbHBIX
3BOJIOIIMOHHBIX JUHUI Salmoninae B pabortax, oc-
HoBaHHBIX Ha aHanu3e MTAHK [14, 21] wiu uHTpO-
HOB sinepHoro reHa GH1 [16], Takke BBIDJISIOUT II0
npyromy. Kpome Toro, ot paboThI K paboTe Bapbupy-
eT ToJIoKeHUe TMHUM Parasalmo OTHOCUTEIBbHO BU-
noB Oncorhynchus (puc. 1,2, [13, 14, 16, 18, 20—-22]).
B cBs13u ¢ 9TUM AanbHelilee yToUHeHUE 1 IeTajin3a-
1Sl cxeMbl ¢puyioreHun Salmonidae BUISATCS B yBe-

JIMYCHUM YUCJIA UCTIOIb3YyeMbIX (DUIOTeHETUYECKUX
MapKepoB U OJHOBPEMEHHOM aHaJiu3e MHOTMX He-
CLEIIJICHHBIX JIOKYCOB SIIEPHOIO I'€HOMa, a TakKKe
mtIHK.

ABTOpBHI ITy00KO ITpu3HateabHbl O.A. PagueHko,
J.C. Cennexk n M.b. lllenpko 3a mpegocTaBiIeHHBIC
00pas31bl psifia BUIOB JIOCOCEBBIX PHIO.

PabGora BeITTOTHEHA TPpY (PUHAHCOBOM ITOIIEPKKE
Poccuiickoro ¢poHma pyHaaMeHTaIbHBIX UCCIEI0BA-
Huit (mpoexT Ne 09-04-00370-a) u [IBO PAH (mipo-
ekt Ne 09-111-A-06-185).
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WccnenoBaHbl (uaoreHeTUYECKNME B3aUMOOTHOIIEHUS 26 BUIOB JIOCOCEBBIX pbIO (ceM. Salmonidae) ¢ uc-
nosib3oBaHueM reHa RAG I B KauecTBe (DUIIOreHETUYECKOro MapKepa. B3auMoOTHOILLIEHUSI XapUyCOB, CUTOB
M JIOCOCEN OJJHO3HAYHO YCTAHOBUTD HE YIAJIOCh; TUBEPTEeHIINUS 3TUX JIMHUI, TT0-BUAMMOMY, ITPOM30IILJIa B
CpPaBHUTEJILHO KOPOTKUM (~3—4 MJIH. JIET) IpOMEXYTOK BpeMeHU. [lepBoli, BeposiTHO, 000CcOo0MIach JIr-
HUS XapruycoBbIX pbI0. Ponbl mojceMeiicTBa Salmoninae cyiararoT ABe XOpoIlo BhIpaxkeHHbIe MOHOMWIIeTH -
yeckue rpyrnupoBku — (1) Brachymystax v Hucho, a Taxke (2) Salmo, Parahucho, Salvelinus, Parasalmo n
Oncorhynchus. TlpeakoBbie (DOPMBI 3TUX JBYX 9BOJIOLMOHHBIX JIMHUI MOTJIM AWBEPIrMPOBATh Ha TPAHULIC
oJIMrolieHa U MuoneHa (~24 MiH. JeT Ha3an). JluBepcudukamnyss OCHOBHBIX JTUHUI BHYTPHU BTOPOI TPYyII-
MUPOBKU TTPOMCXOAMIIA, TIO BCeil BAIMMOCTH, CPABHUTEBHO OBICTPO B CpelHeM MUolieHe (~19—16 MITH.
et Hazan). [Ipu atoM nuaum Salvelinus n Parasalmo Bmecte ¢ Oncorhynchus pa3aenuinch B IMOCIEIHION
ouepenb. BeposiTHO, B 3TOT ke Mepuo BpeMEeHU pa3oluIMCh MTPeAKOBbIC JIMHUU poioB Prosopium n Core-

gonus.
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