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Abstract  Xia Yingzhe, Chen Yiyu, and Sheng Yan (2006) Phylogeographic structure of 

lenok (Brachymystax lenok Pallas) (Salmoninae, Salmonidae) populations in water systems 

of eastern China, inferred from mitochondrial DNA sequences.  Zoological Studies 45(2): 

xxx-xxx.  Salmonid fishes represent a model system for addressing a wide range of biogeographic, 

evolutionary, and conservation questions.  Studies on the genetic structure and phylogeographic pattern of 

Brachymystax lenok Pallas (Salmoninae, Salmonidae) populations are important for addressing the 
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systematics, evolution, and effective conservation of the species.  Partial sequences of the mitochondrial 

control region (835 bp) and cytochrome (cyt) b (1069 bp) were obtained by PCR amplification from 71 B. 

lenok individuals from 7 populations in the river systems of northern China.  Analysis of molecular 

variance indicated that a high proportion of the total genetic variance was distributed among regions, 

supporting strong geographic structuring of mtDNA polymorphism.  Phylogenetic analysis was 

conducted using Neighbor-joining (NJ), maximum likelihood (ML), and Bayesian approaches, based on 

the combined control region and cyt b sequences.  Seventeen haplotypes were assigned to 3 clades that 

were related to geographic regions.  No shared haplotypes were found among regions.  The pattern of 

phylogenetic discontinuity, which is associated with spatial separation, is a result of both historical 

(long-term, zoogeographic barriers to gene flow) and contemporary (limited dispersal and gene flow 

capabilities) components.  Based on our results, together with geological age data, we inferred that after 

entering the Amur River drainage, lenoks spread southwardly along inland drainages and hypothesize the 

dispersal route of the species in the water systems of eastern China.  We further propose that each of the 3 

evolutionarily distinct groups of lenok populations should be protected in order to avoid the loss of 

biodiversity.  It is highly recommended that management efforts focus on riverine conservation, and avoid 

translocations among populations of different regions. 

Key words: Phylogeography, Mitochondrial DNA, Control region, Cytochrome b, 

Brachymystax lenok. 

 

 

INTRODUCTION 
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Salmonid fishes are economically important worldwide. Some species have long been of 

great interest due to their commercial and recreational value (Crespi and Fulton 2004).  In 

recent years, they are becoming increasingly important as model systems for addressing a 

wide range of biogeographic, evolutionary, and conservation questions (Bermingham and 

Avise 1986, Bernatchez and Wilson 1998, Wilson and Bernatchez 1998, Ramsden et al. 2003, 

Cortey et al. 2004, Utter 2004, Ah-King et al. 2005, Gum et al. 2005, McLean et al. 2005, 

Tonteri et al. 2005) together with the rise of molecular phylogeography (Avise et al. 1987, 

Avise 2000).  These studies are being carried out at different geographic scales and in 

different regions.  The scales can be as large as the Holarctic, covering a species’ 

distribution (Brunner et al. 2001), or as small as a few basins (Asplund et al. 2004), or even 

within basins (Weiss et al. 2002).  The regions are not evenly distributed.  Most such 

studies have been carried out in Europe (Cortey et al. 2004, Ah-King et al. 2005, McLean et 

al. 2005) and North America (Stamford and Taylor 2004, McLean et al. 2005), whereas fewer 

studies are being conducted in Asia, in comparison with other geographic regions (McCusker 

et al. 2000, Brunner et al. 2001).  Some research on salmonid fishes in Siberia has been 

accomplished (Froufe et al. 2003) but similar studies in other Asian regions are urgently 

needed. 

Brachymystax lenok Pallas (Salmoninae, Salmonidae) is distributed throughout eastern 

Siberia and portions of northern Mongolia, China, and Korea (Institute of Hydrobiology et al. 

1993).  Due to its wide distribution, great adaptability, and restriction to freshwater habitats, 

as well as the complexity of its morphological and ecological traits, B. lenok is an ideal model 

organism to study the geographic distribution of genetic variation and the mechanisms that 
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create and maintain these patterns in eastern Asia.  However, populations of the species are 

currently declining through overexploitation, environmental pollution, and other causes, and 

it has been listed as a threatened species (Wang 1998, Yang and Wei 1999).  To protect and 

make full use of the natural resources of the species, controlled reproduction is now in 

progress (Liu et al. 2000, Zhang 2003).  Understanding the extent of phylogenetic 

differentiation among extant populations is important for efficient conservation and 

management of the lenok.  However, information about B. lenok is still very scarce (Froufe 

et al. 2004).  Results of former taxonomic and biogeographic studies have produced some 

controversy, such as on specific and subspecific classifications (Kifa 1976, Song and Fang 

1984, Qin and Wang 1989, Mina 1992, Alekseyev 1994, Alekseyev 2003, Ma et al. 2005), 

and on the origin and evolution of the species (Gao 1980, Xie 1981, Li 1984, Alekseyev 1986, 

Mina 1991, Shed’ko et al. 1996 2001, Froufe et al. 2003, Alekseyev 2004).  Therefore, 

comprehensive studies on the genetic structure and phylogeographic patterns of lenok 

populations based on molecular techniques are important for understanding lenok systematics 

and evolution, and for developing effective conservation of the species. 

Due to the rapid pace of mtDNA nucleotide substitution, and the special mode of 

maternal non-recombining mtDNA inheritance, mtDNA has become an effective molecular 

marker for phylogeographic analysis at the intraspecific level (Avise 1987), and has been 

widely used in studies of salmonid fishes (McCusker et al. 2000, Brunner et al. 2001, Weiss 

et al. 2002, Asplund et al. 2004, Stamford and Taylor 2004).  In the present study, we first 

characterized the genetic and phylogeographic structure among 71 B. lenok individuals from 

7 populations in river systems of northern China using sequences of the mitochondrial control 
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region (D-loop) and of cytochrome b (cyt b).  Then we discuss the mechanism for the 

formation of the present structure. Based on the phylogeographic structure of lenoks together 

with geological age data, we tested 2 hypotheses on the dispersal route of the species in water 

systems of eastern China.  Finally, we provide some conservation implications for protecting 

the evolutionary potential and genetic diversity of the species. 

 

 

MATERIALS AND METHODS 

 

Sampling and DNA extractions 

 

Brachymystax lenok is found in rivers of the Amur River basin (including the Erguna 

River, Humahe, Amur River, Nenjiang, Wusuli River, Songhua River, and Suifenhe), rivers 

from the Changbai Mountains (including the Yalu River and Tumen River), headwaters of the 

Haihe and Luanhe, tributaries of the Yellow River (the rivers around Taibai Mountain 

including the Heihe, Xushuihe, and Taibaihe), and the Erqisi River in northern Xinjiang 

Province.  Brachymystax lenok populations are continuously distributed in water systems of 

eastern China (Gao 1980).  Seventy-one individuals were sampled from 7 different 

populations chosen from north to south in 3 geographic regions (the Amur River, Changbai 

Mountains, and old Yellow River) in China.  Exact sampling localities and sample sizes are 

presented in table 1 and figure 1.  Ethanol-preserved muscle tissues were transported back to 

the laboratory.  Total DNA was obtained from digestion of 100 mg of minced tissue in 1 ml 
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of buffer (50 mM Tris (pH 8.0), 100 mM EDTA (pH 8.0), 1% SDS, and 0.6% proteinase K) 

for 16 h at 37 °C with constant gentle mixing.  The solution was sequentially extracted once 

each with 1 volume of phenol and phenolchloro-alcohol (24: 1).  Total DNA was recovered 

by overnight precipitation in 2.5 volumes of absolute ethanol, and centrifugation at 13,000 

rpm for 30 min.  DNA was resuspended in 100-300 μl of sterile, deionized water and frozen 

at -20 °C until amplification. 

Fig. 1.  Map showing Brachymystax lenok populations analyzed in this study.  See table 1 

for the population abbreviations. 

 

 

Table 1.  Population abbreviations, locality, sample size, and geographical coordinates for 

Brachymystax lenok individuals 
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Population Locality n Latitude Longitude 

WN Woniuhe, Amur River 10 50°05′N 127°51′E 

SF Suifenhe, Amur River 8 43°48′N 131°12′E 

SH Songhua River, Amur River 9 50°33′N 125°49′E 

YL Yalu River, Changbai Mountains 12 42°00′N 127°22′E 

TM Tumen River, Changbai Mountains 14 42°05′N 129°00′E 

YE Yellow River, old Yellow River 10 34°24′N 108°14′E 

TL Tuligenhe, old Yellow River 8 42°14′N 116°42′E 

 

PCR amplification and sequencing 

 

The mitochondrial control region was amplified by polymerase chain reaction (PCR) 

using the primers M13/t-pro: TGT AAA ACG ACG GCC AGT CCC AAA GCT AAG ATT 

CTA AA (an M13 universal forward primer followed by t-pro; Shedlock et al. 1992), and 

s-phe: GCT TTA GTT AAG CTA CG (Nielsen et al. 1994).  Reactions of 50 μl in total 

volume contained 0.2 mM dNTPs, 1.5 μM each of the light- and heavy-strand primers, 2.5 

units of Taq DNA polymerase (Promega), 10× Taq DNA polymerase buffer, and 3 μl of 

template DNA. PCR amplifications were performed in a PTC-200 thermocycler (MJ 

Research, Watertown, MA, USA) under the following conditions: 94 °C for 5 min; 40 cycles 

of 94 °C for 30 s, 49 °C for 30 s, and 72 °C for 1 min; with a final extension at 72 °C for 5 

min. 

The cyt b region was amplified using the same PCR reagents and quantities as for the 
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D-loop but with 2 primers we designed: S2UP (AAC CAC CGT TGT TAT TCA) and 

S2DOWN (GCT CAT TGG AGG GCT TTA).  PCR cycles were performed in a PTC-200 

thermocycler (MJ Research) under the following conditions: 94 °C for 5 min; 40 cycles of 94 

°C for 1 min, 56 °C for 1 min, and 72 °C for 1 min; with a final extension of 72 °C for 5 min. 

All amplified products were purified using QIAquick PCR purification kits (QIAGEN, 

where? Qiagen Inc., Chatsworth, CA) following the supplier’s instructions.  PCR products 

were then sent to Shanghai Sangon Biologic and Engineering Technology and Service Co. 

(Shanghai, China) for sequencing. 

 

Data analysis 

 

DNA sequences were aligned and checked by eye.  The pairwise sequence 

divergences among haplotypes were calculated using MEGA 2.01(Kumar et al. 2001).  The 

overall genetic differentiation between each sample population was tested using pairwise 

F-statistics (Wright 1951).  This approach does not allow the specific testing of hypotheses 

that relate geographical proximity of populations to the genetic population structure.  To 

achieve this, genetic differentiation was tested among 3 geographic regions (the Amur River, 

Changbai Mountains, and old Yellow River), among populations within regions, and within 

populations using analysis of molecular variance (AMOVA) based on pairwise 

squared-Euclidean distances between haplotypes (Excoffier et al. 1992).  All population 

analyses were carried out on both the control region and cyt b sequences using ARLEQUIN 

vers. 2.0 (Schneider et al. 2000). 
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Phylogenetic analyses were conducted using the Neighbor-joining (NJ), maximum 

likelihood (ML), and Bayesian approaches.  Kimura’s 2-parameter distance was used for the 

NJ method (Saitou and Nei 1987), and the reliability of the nodes was estimated with 1000 

bootstraps replicates.  The ML and Bayesian methods based on explicit models of sequence 

evolution were favored because they are known to be robust to a number of systematic biases 

of phylogenetic reconstruction (Huelsenbeck and Ronquist 2001, Sullivan and Swofford 

2001).  Each base position was treated as an unordered character with 4 alternate states.  

Gaps were treated as missing data.  A hierarchical series of likelihood ratio tests 

implemented in Modeltest 3.06 (Posada and Crandall 1998) were applied to find the most 

appropriate model of evolution that fit the data for the subsequent ML analysis.  The model 

test indicated that the best model (p < 0.001) was the Tamura-Nei model (Tamura and Nei 

1993).  A heuristic tree search with tree bisection reconnection (TBR) branch swapping was 

used in PAUP* to find the best ML tree.  The reliability of the nodes was estimated by ML 

bootstrap percentages (BPML) obtained after 100 pseudoreplicates, using the previous ML 

parameters and TBR branch swapping.  We conducted Bayesian analyses using MrBayes 

3.0b (Huelsenbeck and Ronquist 2001).  The inference was conducted using the GTR + I + 

Γ model (Yang 1994); the data matrix was partitioned “by_condon”, starting trees were 

random, and phylogenetic constraints were not used.  One million generations of Markov 

chain Monte Carlo (MCMC) were run; every 100th topology was sampled resulting in 10,000 

trees.  We discarded the first 1000 trees obtained before the Markov chain reached 

convergence, meaning that stationarity was empirically determined to have occurred by the 

1000th tree.  The posterior probability of the phylogenetic and tree topologies were then 
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determined from the remaining 9000 trees.  This procedure was repeated 2 times resulting in 

18,000 trees.  Majority rule consensus trees were constructed from these remaining trees 

using the “sumt” option in MrBayes 3.0b.  All phylogenetic analyses were carried out on the 

combined control region and cyt b sequences using PAUP* 4.0b10 (Swofford 2002). 

 

 

RESULTS 

 

For each of the 71 lenok individuals, 835 bp of the mtDNA sequence from the 5′ end of 

the control region was obtained.  In total, 43 (5.1%) nucleotide positions were polymorphic 

including 33 parsimony informative positions and 10 singleton polymorphic positions, 

defining a total of 15 haplotypes (GenBank accession nos.: AY960113, and 

DQ017066-DQ017079; Table 2).  No haplotype was shared among different populations.  

The pairwise sequence divergences among the 15 haplotypes are shown in table 3.  The 

overall average sequence divergence was 1.93%.  The average base composition was 32.1% 

A, 17.5% C, 18.4% G, and 32.06% T. The A+T content (64.1%) was much higher than the 

G+C content (35.9%).  The analysis of molecular variance (Table 4) indicated that a high 

proportion of the total variance was distributed among regions (63.55%), whereas 24.17% 

and 12.28% occurred among populations within regions and within populations, respectively.  

Estimates of genetic differentiation between populations, using F-statistics, are given in table 

5.  Populations SF, TM, and YE showed high levels of genetic differentiation from all other 

populations. 
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Table 2.  Geographic distribution of the 15 haplotypes of the control regions and the 13 

haplotypes of the cytochrome b regions in Brachymystax lenok populations.  C, cytochrome 

b region; D, D-Loop region. 

Population 

Woniuhe Suifenhe 
Songhua 

River 

Yalu 

River 

Tumen 

River 

Yellow 

River 
Tuligenhe Haplotype 

C D C D C D C D C D C D C D 

WN1 6 10 - - - - - - - - - - - - 

WN2 4  - - - - - - - - - - - - 

SF1 - - 8 8 - - - - - - - - - - 

SH1 - - - - 2 2 - - - - - - - - 

SH2 - - - - 7 7 - - - - - - - - 

YL1 - - - - - - 6 6 - - - - - - 

YL2 - - - - - - 6 6 - - - - - - 

TM1 - - - - - - - - 14 5 - - - - 

TM2 - - - - - - - - - 5 - - - - 

TM3 - - - - - - - - - 3 - - - - 

TM4 - - - - - - - - - 1 - - - - 

YE1 - - - - - - - - - - 2 2 - - 

YE2 - - - - - - - - - - 5 6 - - 

YE3 - - - - - - - - - - 2 2 - - 

YE4 - - - - - - - - - - 1 - - - 

TL1 - - - - - - - - - - - - 8 6 
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TL2 - - - - - - - - - - - - - 2 

 

The 5' end of the cyt b mtDNA region (1069 bp) was amplified from 70 lenok 

individuals.  In total, 106 (9.9%) nucleotide sites were polymorphic including 72 parsimony 

informative sites and 34 singleton polymorphic sites.  The average base composition was 

24.3% A, 30.4% C, 15.1% G, and 30.2% T. The G+C content (60.6%) was much higher than 

the A+T content (39.4%).  Thirteen haplotypes were obtained, and no haplotype was shared 

among different populations (GenBank accession nos.: DQ086216-DQ086218, DQ086220, 

DQ086222, DQ086223, and DQ086225-DQ086232; Table 2).  The pairwise sequence 

divergences among the 13 haplotypes are shown in table 3.  The overall average sequence 

divergence was 3.77%.  The analysis of molecular variance among populations was 

performed as previously presented for the control region (Table 4).  Again, the proportion of 

genetic variance among regions was large and significant (p < 0.01).  Pairwise population 

differentiation revealed by the cyt b sequences were similar to those revealed by the control 

region sequences, with a high level of differentiation between populations SF and TM. 

 



Genotype WN1 WN2 SF1 SH1 SH2 YL1 YL2 TM1 TM2 TM3 TM4 YE1 YE2 YE3 YE4 TL1 TL2 

WN1 - * 0.0061 0.0036 0.0024 0.0222 0.0209 0.0222 0.0234 0.0222 0.0298 0.0234 0.0247 0.0235 * 0.0222 0.0147 

WN2 0.0009 - * * * * * * * * * * * * * * * 

SF1 0.0221 0.0211 - 0.0061 0.0073 0.0222 0.0210 0.0222 0.0235 0.0247 0.0299 0.0172 0.0185 0.0197 * 0.0160 0.0147 

SH1 0.0038 0.0028 0.0220 - 0.0012 0.0209 0.0197 0.0210 0.0222 0.0235 0.0286 0.0235 0.0248 0.0260 * 0.0222 0.0135 

SH2 0.0104 0.0095 0.0269 0.0085 - 0.0222 0.0209 0.0222 0.0235 0.0222 0.0298 0.0247 0.0260 0.0248 * 0.0235 0.0147 

YL1 0.0512 0.0501 0.0542 0.0490 0.0551 - 0.0012 0.0052 0.0097 0.0110 0.0159 0.0272 0.0285 0.0298 * 0.0234 0.0197 

YL2 0.0522 0.0512 0.0552 0.0501 0.0561 0.0028 - 0.0073 0.0085 0.0097 0.0147 0.0260 0.0273 0.0285 * 0.0222 0.0184 

TM1 0.0501 0.0491 0.0573 0.0480 0.0561 0.0240 0.0250 - 0.0012 0.0024 0.0073 0.0273 0.0286 0.0298 * 0.0235 0.0197 

TM2 * * * * * * * * - 0.0036 0.0085 0.0286 0.0298 0.0311 * 0.0247 0.0209 

TM3 * * * * * * * * * - 0.0098 0.0298 0.0311 0.0298 * 0.0260 0.0222 

TM4 * * * * * * * * * * - 0.0350 0.0363 0.0375 * 0.0311 0.0273 

YE1 0.0532 0.0522 0.0584 0.0511 0.0603 0.0339 0.0249 0.0309 * * * - 0.0012 0.0049 * 0.0061 0.0122 

YE2 0.0543 0.0532 0.0573 0.0521 0.0593 0.0329 0.0339 0.0319 * * * 0.0009 - 0.0036 * 0.0049 0.0110 

YE3 0.0594 0.0583 0.0624 0.0572 0.0623 0.0378 0.0369 0.0368 * * * 0.0057 0.0047 - * 0.0061 0.0015 

YE4 0.0553 0.0542 0.0583 0.0531 0.0603 0.0339 0.0329 0.0329 * * * 0.0019 0.0009 0.0038 - * * 

TL1 0.0542 0.0532 0.0594 0.0521 0.0613 0.0349 0.0359 0.0299 * * * 0.0066 0.0076 0.0123 0.0085 - 0.0110 

TL2 * * * * * * * * * * * * * * * * - 

Table 3  Matrix of pairwise sequence divergence estimates for control region sequences between 15 B. lenok genotypes (above diagonal) and cyt b sequences 

between 13 B. lenok genotypes (below the diagonal) 
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NJ analysis resulted in a molecular phylogenetic tree with high bootstrap values 

at most nodes (Fig. 2).  Seventeen haplotypes were assigned to 3 clades that were 

related to geographic regions, hereafter referred to as the Amur River, Changbai 

Mountains, and old Yellow River regions.  Trees constructed using the ML and 

Bayesian methods (not shown) were very similar to the NJ tree.  High bootstrap 

values and posterior probabilities were found at most nodes of the consensus trees 

resulting from the ML and Bayesian analyses. 

Fig. 2.  Neighbor-joining tree based on the combined control region and cyt b 

sequences.  Seventeen haplotypes were assigned to 3 clades, which are the Amur 

River, Changbai Mountains, and old Yellow River.  Numbers at the nodes are 

bootstrap values computed by 1000 replications using Kimura’s 2-parameter distance. 

Hucho taimen was used as the outgroup taxon. 

** p < 0.001. 
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Table 4.  Analysis of molecular variance (AMOVA) for Brachymystax lenok 

populations from 3 geographic regions (the Amur River, Changbai Mountains, and old 

Yellow River) 

Molecular marker Source of variation 
Total variance 

(%) 
p value 

D-loop Among regions 63.55 < 0.001

 Among populations within regions 24.17 < 0.001

 Within populations 12.28 < 0.001

Cytochrome Among regions 54.92 < 0.01 

b Among populations within regions 41.26 < 0.001

 Within populations 3.82 < 0.001 

 

Table 5.  Pairwise FST values for the control region (above the diagonal) and 

cytochrome b sequences (below the diagonal) and p values of the Brachymystax lenok 

populations 

FST  WN SF SH YL TM YE TL 

WN - 0.9811* 0.3684 0.9938 0.9925* 0.7035 0.9838 

SF 0.7103* - 0.7125* 1.0000* 1.0000** 0.7799** 1.0000*

SH 0.2789 0.5237* - 0.9684 0.9628* 0.6928 0.9216 

YL 0.9076* 0.9143* 0.6822 - 0.8265* 0.7487 1.0000 

TM 0.7947* 0.9688** 0.7822** 0.6548 - 0.7830* 1.0000*
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YE 0.9499* 0.9432* 0.7758* 0.9287* 0.8812** - 0.5161 

TL 0.8513 0.9019* 0.7143 0.7147 0.8990*** 0.6486 - 

* p < 0.05, *** p < 0.01,*** p < 0.001. 

 

 

DISCUSSION 

 

Population structure and phylogeographic pattern 

 

In this study, analysis of molecular variance indicated that a high proportion of 

the total genetic variance was distributed among regions, supporting strong 

geographic structuring of mtDNA polymorphism.  Phylogenetic analyses assigned 

haplotypes to 3 lineages that are related to geographic regions.  No shared 

haplotypes were found among regions.  The present-day pattern of phylogenetic 

discontinuity, which is associated with spatial separation, is a result of both historical 

(such as long-term zoogeographic barriers to gene flow) and contemporary 

components (such as limited dispersal and gene flow capabilities) (Avise et al. 1987, 

Avise 2000).  Brunner et al. (2001) reported significant differentiation among Arctic 

charr (Salvelinus alpinus) populations, indicating reduced gene flow probably due to 

hatchery site homing behavior and limited dispersal at sea.  Studies on the 

phylogeography of the European grayling Thymallus thymallus indicated that strong 

natal homing tendencies coupled with poor dispersal may have promoted inter- and 

 16



intra-basin population fragmentation (Weiss et al. 2002, Gum et al. 2005).  Similarly, 

B. lenok, like most salmonids, exhibits natal homing but is adapted and restricted to 

freshwater habitats.  These ecological features may limit contemporary gene flow 

among populations, a prerequisite for maintaining historical geographic structuring 

over time and space even when physical barriers are absent or permeable (Avise et al. 

1987, Avise 2000).  However, this does not seem to be the case in a recent study by 

Froufe et al. (2003).  They found 1 shared haplotype of B. lenok between the Lena 

and Amur basins and reported recent hydrological mixing of the major river drainage 

systems in eastern and far-eastern Siberia.  They suggested that B. lenok had the 

ability to achieve trans-basin dispersal when hydrological corridors provided suitable 

paths for this cold-tolerant species. Extensive sampling and further analyses are 

needed to clarify this point. 

 

Population dispersal and molecular clock 

 

Pleistocene biogeographic events have traditionally been ascribed a major role in 

promoting speciation and in sculpting the present-day diversity and distributions of 

vertebrate taxa (Avise and Walker 1998).  A central tenet in phylogeography is that 

contemporary lineages living in or near formerly glaciated areas can be traced to 

ancestral lineages from glacial refugia (Avise et al. 1987).  The distributions of 

contemporary lenok populations were found to be in concordance with the Quaternary 

remnants of glaciation, which suggests that the postglacial climate offered suitable 
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living conditions for lenok populations (Gao 1980).  A widely accepted point of view 

is that B. lenok originated from the Eurasian north frigid zone and dispersed from 

Siberia to the water systems in northern China with the advent of Pleistocene 

glaciations (Gao 1980, Xie 1981, Li 1984). Yet the dispersal routes of the lenok are 

unknown.  There are 2 hypotheses: (1) after entering the Amur River drainage, 

lenoks spread southwardly along inland drainages (Xie 1981); and (2) after entering 

the Amur River drainage, lenoks spread southwardly along the coastline.  Lenok 

populations dispersed from the Sea of Japan to the Yellow Sea or to the southeastern 

East China Sea during the penultimate glaciation or the last glaciation.  When the 

climate turned warm, the range of lenoks was reduced in the north, while a few 

individuals colonized and settled in montane rivulets, which were the ancestors of the 

contemporary B. lenok populations distributed in the headwaters of the Weihe, 

Chaobaihe, Lunhe, and Hunhe (Li 1984).  According to our results, we believe the 

2nd viewpoint about the dispersal route of lenoks is questionable.  Because of global 

climate changes during the Pleistocene, major glaciations occurred 4 times in China 

(Li 1990).  With the advance of glaciation, a large amount of freshwater was 

enclosed in the ice sheets, which resulted in the rapid lowering of sea levels.  In the 

late Pleistocene, the sea level of the East China Sea declined as much 150-160 m on 

the edge of continental shelf (Zhu et al. 1979).  At that time, the Sea of Japan, Bohai 

Gulf, Yellow Sea, and East China Sea were at the edge of the continent, where 

freshwater low-lying areas and swamps were distributed.  Exchanges of fishes were 

possible due to the mixture of close drainages in those regions.  First, both the 
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Suifenhe and Tumen River flow into the Sea of Japan, and the entrances to the sea of 

the 2 rivers are no more than 80 km apart.  If the 2nd viewpoint is correct , exchange 

of the lenok between the 2 water systems would have been likely.  As a result, 

population SF should be closely related to population TM.  However, the 2 

populations were sorted in different clades on the phylogenetic tree.  Population SF 

was closer to the Amur populations than population TM, which together with 

population YL, constituted a different clade.  Second, 1 mtDNA control region 

sequence (downloaded from GenBank; accession no.: AF125519) of a lenok 

individual from Hanjiang, Korea, was used in the phylogenetic analysis in 

combination with the control region we sequenced.  The Hanjiang lenok individual 

did not form a clade with the coastal population TM, but rather with populations TL 

and YE.  Finally, if the 2nd dispersal route were correct, we could deduce that B. 

lenok should have spread into the rivers of Japan along the Sea of Japan.  But it has 

virtually not been reported from any of the islands of Japan (Tomiyama 1998). 

Based on the phylogeographic structure of the lenoks, together with geological 

age data, we suggest that the dispersal route of the species in the water systems of 

eastern China was as follows. With the advent of Pleistocene glaciations, B. lenok 

dispersed from Siberia into the Amur River drainage and Nenjiang drainage in 

northern China (Gao 1980, Xie 1981).  Then the lenok populations in the Amur 

River basin diffused to the old Yellow River basin, which consists of the Tuligenhe, 

Weihe, and Hanjiang (Liu 1958).  With the uplift of the Xiaoxing-anling (Lin et al. 

1999), lenok populations in the Amur River drainage became separated from those in 
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the old Yellow River basin.  After the occurrence of marine transgression, the 

tributaries of the old Yellow River basin successively became isolated (Chen 2003, 

Shi and Yu 2003).  Brachymystax lenok populations evolved separately under the 

respective different environments. 

A widely used divergence time for mtDNA in bony fishes is 2% sequence 

divergence between lineages per million years (my) (Bermingham and Avise 1986, 

Grewe et al. 1990).  According to this molecular clock of 2%/my, the haplotypes 

found in the Amur River basin may have diverged from the old Yellow River basin 

haplotypes 2 million years ago (mya), which corresponds to the geological age of the 

uplift of the Xiaoxing-anling (Lin et al. 1999).  The haplotypes found in the 

Changbai Mountain area may have diverged from the old Yellow River basin 

haplotypes 1.5 mya.  The haplotypes found in the Yalu River may have diverged 

from the Tumen River haplotypes 1.2 mya, which corresponds to the geological age 

of the uplift of the Changbai Mountains (Li 1990). 

 

Conservation implications 

 

In Siberia, lenoks are known to occur in 2 relatively distinct morphological 

forms (blunt-snouted lenoks and sharp-snouted lenoks) (Kifa 1976).  The 2 forms are 

found sympatrically in some regions and allopatrically in other regions (Alekseyev 

1994, Alekseyev et al. 2003).  In sympatric regions, the blunt-snouted lenok is more 

restricted in its distribution to high-order mountain tributaries and to upstream lakes 
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(Alekseyev et al. 2003).  Taxonomically the 2 forms are viewed either as 1 complex 

species, B. lenok, represented by 2 infraspecies (Mina 1991), or as 2 nominal species, 

B. lenok and B. tumensis (Shed’ko 2001).  The taxonomy of lenok populations in 

China is still controversial.  Li (1966) proposed that the lenok populations in the 

rivers around Taibai Mountain in the Qinling Mountains should be identified as a 

subspecies, B. lenok tsinlingensis, which is in contrast to the views of Song and Fang 

(1984), Gao (1980), and Qin (1989).  Ma et al. (2005) reported that 2 species of 

lenok are found in the Amur basin: B. tumensis, a blunt-snouted lenok, and B. lenok, a 

sharp-snouted lenok.  In our studies, the lenok populations in the Amur basin and the 

Changbai Mountain regions do not distinctly differ in morphology, whereas the lenok 

populations in the tributaries of the Yellow River are closer to the blunt-snouted lenok 

form than to the sharp-snouted lenok form. 

The conservation implications of our findings are clear.  Failure to recognize the 

3 evolutionarily distinct groups of lenok populations could unwittingly lead to the loss 

of biodiversity (Soltis and Gitzendanner 1999).  Considering the divergences in 

morphology and distribution, it is likely that some genetic information remains to be 

uncovered among the populations of the 3 regions.  Therefore, it is highly 

recommended that management efforts focus on riverine conservation, and avoid 

translocations of populations among different regions.  In the practice of developing 

controlled reproduction to increase the population resources, hybridization stemming 

from translocation among different regions could severely limit the adaptive potential 

and unique evolutionary trajectories of these groups. 

 21



 

Acknowledgments: This study was supported by the National Science Fund for 

Fostering Talents in Basic Research (grant no. NSFC-J0030092), the Fund for the 

President of the Chinese Academy of Sciences (grant no. A2901046), and the National 

Basic Research Program (grant no. 2005CB422207).  We thank Sergey S. Alekseyev 

(Kol’tsov Institute of Developmental Biology, Moscow, Russia) for introducing the 

lenok studies in Russia and offering earlier important papers on lenoks. 

 

 

REFERENCES 

 

Ah-King M, C Kvamemo, BS Tullberg.  2005.  The influence of territoriality and mating system 

on the evolution of male care: a phylogenetic study on fish.  J. Evolution Biol. 18: 371-382. 

Alekseyev SS.  1994.  Appearance of morphological differences between sharp snouted and 

blunt snouted lenoks (genus Brachymystax, Salmonidae) in ontogeny and role of heterochrony 

in their divergence.  Voprosy Ikhtiol. 34: 1-16. 

Alekseyev SS, MA Gruzdeva, MB Skopets.  2004.  Fish fauna of the Shantar Islands.  J. 

Ichthyol. 44: 36-51. 

Alekseyev SS, AF Kirillov, VP Samusenok.  2003.  Distribution and morphology of the 

sharp-snouted and the blunt-snouted lenoks of the Genus Brachymystax (Salmonidae) of East 

Siberia.  J. Ichthyol. 4: 350-373. 

Alekseyev SS, MV Mina, AS Kondrashov.  1986.  Parallel clines as a result of countercurrent 

 22



dispersion and character displacement.  Analysis of a situation in the genus Brachymystax 

(Salmonidae, Salmoniformes).  Zool. Zh.. 65: 227-234. 

Asplund T, A Veselov, CR Primmer, I Bakhmet.  2004.  Geographical structure and postglacial 

history of mtDNA haplotype variation in Atlantic salmon (Salmo salar L.) among rivers of the 

White and Barents Sea basins.  Ann. Zool. Fenn. 41: 465-475. 

Avise JC.  2000.  Phylogeography: the history and formation of species.  Cambridge, MA: 

Harvard Univ. Press. 

Avise JC, J Arnold, RM Ball, E Bermingham, T Lamb, JE Neigel, CA Reeb, NC Saunders.  1987. 

Intraspecific phylogeography: the mitochondrial DNA bridge between population genetics 

and systematics.  Annu. Rev. Ecol. Evol. S. 18: 489-522. 

Avise JC, D Walker.  1998.  Pleistocene phylogeographic effects on avian populations and the 

speciation process.  Proc. Roy. Soc. Lond. B Biol. 265: 457-463. 

Bernatchez L, CC Wilson.  1998.  Comparative phylogeography of Nearctic and Palearctic 

freshwater fishes.  Mol. Ecol. 7: 431-452. 

Bermingham E, JC Avise.  1986.  Molecular zoogeography of freshwater fishes of the 

southeastern United States.  Genetics 113: 939-965. 

Brunner PC, MR Douglas, A Osinov, CC Wilson, L Bernatchez.  2001.  Holarctic 

phylogeography of Arctic charr (Salvelinus alpinus L.) inferred from mitochondrial DNA 

sequences.  Evolution 55: 573-586. 

Chen ZH, XF Shi, XQ Wang, CY Xin, FR Kong, HI Yi.  2003.  Geochemical changes in core 

B10 in the southern Huanghai Sea and implications for variations in paleoenvironment and 

paleoclimate.  Acta Oceanol. Sin. 25: 69-77. 

 23



Cortey, M, C Pla, JL García-Marín.  2004.  Historical biogeography of Mediterranean trout. Mol. 

Phylogenet. Evol. 33: 831-844. 

Crespi BJ, MJ Fulton.  2004.  Molecular systematics of Salmonidae: combined nuclear data 

yields a robust phylogeny.  Mol. Phylogenet. Evol. 31: 658-679. 

Excoffier L, PE Smouse, JM Quattro.  1992.  Analysis of molecular variance inferred from 

metric distances among DNA haplotypes: application to human mitochondrial DNA 

restriction data.  Genetics 86: 991-100. 

Froufe E, S Alekseyev, I Knizhin, P Alexandrino, S Weiss.  2003.  Comparative phylogeography 

of salmonid fishes (Salmonidae) reveals late to post-Pleistocene exchange between three 

now-disjunct river basins in Siberia.  Divers. Distrib. 9: 269-282. 

Froufe E, KM Sefc, P Alexandrino, S Weiss.  2004.  Isolation and characterization of 

Brachymystax lenok microsatellite loci and cross-species amplification in Hucho spp. and 

Parahucho perryi.  Mol. Ecol. Notes 4: 150-152. 

Gao XZ.  1980.  Studies on the distribution and characteristics of Hucho (Salmonidae) and 

Brachymystax (Salmonidae) in China.  J. Shanxi Fish. 1: 23-30 

Grewe PM., N Billington, PDN Hebert.  1990.  Phylogenetic relationships among members of 

Salvelinus inferred from mitochondrial DNA divergence.  Can. J. Fish. Aquat. Sci. 47: 

984-991. 

Gum B, R Gross, R Kuehn.  2005.  Mitochondrial and nuclear DNA phylogeography of 

European grayling (Thymallus thymallus): evidence for secondary contact zones in central 

Europe.  Mol. Ecol. 14: 1707-1725. 

Huelsenbeck JP, F Ronquist.  2001.  MrBayes: Bayesian inference of phylogeny.  

 24



Bioinformatics 17: 754-755. 

Institute of Hydrobiology, Academia Sinica, Shanghai Natural Museum, Ministry of Agriculture of 

China.  1993.  The freshwater fishes of China in coloured illustrations, Vol. 3.  Shanghai: 

Shanghai Scientific and Technical Publishers, pp. 166. 

Kifa MI.  1976.  Morphology of two forms of lenok (genus Brachymystax, fam. Salmonidae) 

from the Amur basin and their systematic position. In OA Skarlato, ed.  Zoogeographyrafiya 

i sistematika ryb (Zoogeographyraphy and systematics of fishes).  Leningrad: Zoological 

Institute of the Academy of Sciences of the USSR Publishing House, pp. 142–156. 

Kumar S, K Tamura, IB Jakobsen, M Nei.  2001.  MEGA 2: Molecular Evolutionary Genetics 

Analysis software.  Bioinformatics 17: 1244-1245. 

Li SZ.  1966.  On a new subspecies of fresh-water trout, Brachymystax lenok tsinlingensis, from 

Taipaishan, Shensi, China.  Acta Zootaxon. Sin.  3: 92-94. 

Li SZ.  1984.  Studies on the distribution of the Salmonid fishes in China.  Chinese J. Zool. 1: 

34-37. 

Li RQ.  1990.  Periglacial stages and their division in North China.  Quaternary Sci. 2: 

125-136. 

Lin NF, J Tang, JM Bian, JQ Yang.  1999.  The Quaternary environmental evolution and the 

problem of desertification in northeast plain.  Quaternary Sci. 5: 448-455. 

Liu PX.  1958.  Physical geography in the northeast of China, 1st ed.  Shanghai: Shanghai 

Xinzhishi Press. 

Liu XT, JY Cao, ZZ Zhang, et al.  2000.  Studies on the techniques of domestication in pond 

and artificial reproduction for the natural Brachymystax lenok individuals.  Hebei Fish. 5: 

 25



6-9. 

Ma B,  JS Yin,  JP Li.  2005.  Comparative studies on morphology and taxonomic position of 

two species of lenok.  Acta Zootaxon. Sin. 30: 257-260. 

McCusker MR, E Parkinson, EB Taylor.  2000.  Mitochondrial DNA variation in rainbow trout 

(Oncorhynchus mykiss) across its native range: testing biogeographical hypotheses and their 

relevance to conservation.  Mol. Ecol. 9: 2089-2108. 

McLean JE, P Bentzen, TP Quinn.  2005.  Nonrandom, size- and timing-biased breeding in a 

hatchery population of steelhead trout.  Conserv. Biol. 19: 446-454. 

Mina MV.  1991.  Microevolution of fishes. Evolutionary aspects of phenetic diversity.  New 

Delhi-Calcutta: Oxonian Press, pp. 215. 

Mina MV.  1992.  An interpretation of diversity in the salmonid genus Brachymystax (Pisces, 

Salmonidae) as a possible result of multiple hybrid speciation.  J. Ichthyol. 32: 117-122. 

Mina MV.  2001.  Morphological diversification of fish as a consequence of the divergence of 

ontogenetic trajectories.  Russ. J. Dev. Biol. 6: 397-401. 

Nielsen JL, CA Gan, WK Thomas.  1994.  Differences in genetic diversity for mitochondrial 

DNA between hatchery and wild populations of Oncorhynchus.  Can. J. Fish. Aquat. Sci. 51: 

290-297. 

Posada D, KA Crandall.  1998.  Modeltest: testing the model of DNA substitution. 

Bioinformatics 14: 817-818. 

Qin SZ, SA Wang.  1989.  Studies on the subspecies of Brachymystax lenok (Pallas), China. 

Salmon Fish. 2: 52-61. 

Ramsden SD, H Brinkmann, CW Hawryshyn, JS Taylor.  2003.  Mitogenomics and the sister of 

 26



Salmonidae.  Trends Ecol. Evol. 18: 607-610. 

Saitou N, M Nei.  1987.  The neighbor-joining method: a new method for reconstructing 

phylogenetic trees.  Mol. Biol. Evol. 4: 406-425. 

Schneider S, D Roessli, L Excoffier.  2000.  Arlequin: a software for population genetics data 

analysis. vers. 2.000. Geneva: Genetics and Biometry Laboratory, Department of 

Anthropology, Univ. of Geneva. 

Shedlock AM, JD Parker, DA Crispin, TW Pietsch, GC Burmer.  1992.  Evolution of the 

salmonid mitochondrial control region.  Mol. Phylogenet. Evol. 1: 179-192. 

Shed’ko SV, LK Ginatulina, IZ Parpura, AV Ermolenko.  1996.  Evolutionary and taxonomic 

relationships among Far-Eastern salmonid fishes inferred from mitochondrial DNA 

divergence.  J. Fish Biol. 49: 815–829. 

Shed’ko SV. 2001.  List of cyclostomes and fishes of coastal fresh waters of Primor’e.  

Vladimir Ya.  Levanidov’s Biennial Memorial Meetings.  Issue 1.  Vladivostok: Dal’nauka, 

pp. 229–249. (in Russian) 

Shi YF, G Yu.  2003.  Warm-humid climate and transgressions during 40-30 ka B. P. and their 

potential mechanisms.  Quaternary Sci. 23: 1-11. 

Soltis PS, MA Gitzendanner.  1999.  Molecular systematics and the conservation of rare species. 

Conserv. Biol. 13: 471-483. 

Song SL, SM Fang.  1984.  Discussion of the subspecies of Salmonidae fishes, Brachymystax 

lenok tsinlingensis Li, from Shanxi, China.  J. Lanzhou Univ. (Nat. Sci.) 20: 92-95. 

Stamford MD, EB Taylor.  2004.  Phylogeographical lineages of Arctic grayling (Thymallus 

arcticus) in North America: divergence, origins and affinities with Eurasian Thymallus.  Mol. 

 27



Ecol. 13: 1533-1549. 

Sullivan J, DL Swofford.  2001.  Should we use model-based methods for phylogenetic 

inference when we know that assumptions about among-site rate variation and nucleotide 

substitution pattern are violated?  Syst. Biol. 50: 723-729. 

Swofford DL.  2002.  PAUP*. Phylogenetic Analysis Using Parsimony (*and other methods). 

vers. 4.0b10.  Sunderland, MA: Sinauer Associates. 

Tamura K, M Nei.  1993.  Estimation of the number of nucleotide substitutions in the control 

region of mitochondrial DNA in humans and chimpanzees.  Mol. Biol. Evol. 10: 512-526. 

Tomiyama T.  1998.  Fisheries in Japan - Salmonidae. 2nd ed.  Tokyo: Japan Marine Products 

Photo Materials Association, pp. 270-287. 

Tonteri A, S Titov, A Veselov, A Zubchenko, MT Koskinen, D Lesbarrères, S Kaluzhin, I Bakhmet, 

J Lumme, CR Primmer.  2005.  Phylogeography of anadromous and non-anadromous 

Atlantic salmon (Salmo salar) from northern Europe.  Ann. Zool. Fenn. 42: 1-22. 

Utter F.  2004.  Population genetics, conservation and evolution in salmonids and other widely 

cultured fishes: some perspectives over six decades.  Rev. Fish. Biol. Fisher. 14: 125-144. 

Wang S.  1998.  China red data book of endangered animals. Pisces. National Environmental 

Protection Agency. Endangered Species Scientific Commission, China. Beijing: Science Press 

and Science Press New York, 247 pp. 

Weiss S, H Persat, R Eppe, C Schlötterer, F Uiblein.  2002.  Complex patterns of colonization 

and refugia revealed for European grayling Thymallus thymallus, based on complete 

sequencing of the mtDNA control region.  Mol. Ecol. 11: 1393-1407. 

Wilson CC, L Bernatchez.  1998.  The ghost of hybrids past: fixation of arctic charr (Salvelinus 

 28



alpinus) mitochondrial DNA in an introgressed population of lake trout (S. namaycush).  Mol. 

Ecol. 7: 127-132.. 

Wright S.  1951.  The genetical structure of populations.  Ann. Eugen. 15: 323-354. 

Xie YH.  1981.  Fauna composition of fishes in Liaohe.  In Chinese Ichthyological society, ed.  

Collection in Ichthyology, Vol. 2. Beijing: Science Press, pp. 111-119. 

Yang DG, QW Wei.  1999.  The distributing actuality and protecting countermeasure of rare 

aquatic animals in Xushui River of Qinling Mountains.  J. Fish. Sci. China 6: 123-125. 

Yang ZH.  1994.  Estimating the pattern of nucleotide substitution.  J. Mol. Evol. 39: 105-111. 

Zhang JH.  2003.  Preliminary study on the conservation effects of artificial domestication for 

Brachymystax lenok tsinlingensis.  J. Fish. China 12: 48. 

Zhu YQ, CY Li, CK Zeng.  1979.  On the lowest sea level of the continental shelf in the East 

Sea of China during Pleistocene.  Chinese Sci. Bull. 7: 317-320. 

 

 29


