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Abstract  Lacustrine sockeye salmon (Oncorhynchus nerka) are listed as an endangered species in Japan despite little 17 

genetic information on their population structure. In order to clarify the genetic diversity and structure of Japanese 18 

populations for evaluating on the bottleneck effect and an endangered species, we analyzed the ND5 region of 19 

mitochondrial DNA (mtDNA) and 45 single nucleotide polymorphisms (SNPs) in 640 lacustrine sockeye salmon in 20 

Japan and 80 anadromous sockeye salmon in Iliamna Lake of Alaska. The genetic diversity of the Japanese population in 21 

both mtDNA and SNPs was significantly less than that of the Iliamna Lake population. Moreover, all Japanese 22 

populations had SNP loci deviating from the HWE. In spite of low genetic diversity, the SNP analyses resulted that the 23 

Japanese population was significantly divided into three groups. These suggest that Japanese sockeye salmon populations 24 

should be protected as an endangered species and genetically disturbed by the hatchery program and transplantations. 25 

 26 

Keywords  Lacustrine sockeye salmon · Oncorhynchus nerka · Population structure · Single nucleotide polymorphisms 27 

· Mitochondrial DNA · Bottleneck effect 28 
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Introduction 31 

 32 

Sockeye salmon (Oncorhynchus nerka) range widely in the North Pacific Ocean and northern adjacent Bering Sea and 33 

Okhotsk Sea. They spawn mainly in lakes and river systems around the Pacific Rim from the Columbia River Drainage 34 

to the southern portion of the Kamchatka Peninsula and the Kuril Islands. Life history patterns of sockeye salmon are 35 

classified into three types: anadromous, lake resident (lacustrine), and kokanee (Ricker 1940). Anadromous sockeye 36 

salmon migrate to the sea 1 or 2 years after living in freshwater and stay and grow in the ocean from 1 to 4 years 37 

(Burgner 1991). Kokanee salmon, which are derived from anadromous fish, live in a freshwater habitat all of their lives. 38 

Lacustrine sockeye salmon are classified as atavismus of kokanee; a part of them migrate to the sea as smolt due to a lack 39 

of resources, such as food and habitat, to satisfy their energy metabolism (Ricker 1940; Kaeriyama 1996). Although 40 

anadromous sockeye and kokanee salmon are sympatric in many watersheds and concurrently spawn in the same 41 

locations in some cases, these two types are reproductively isolated and genetically differentiated due to different growth 42 

rates and maturity timing (Foote and Larkin 1988; Wood and Foote 1996). Iliamna Lake in Alaska is the largest 43 

sockeye-producing site in the world (Burgner 1991). In Japan, although the anadromous sockeye salmon is not found 44 

naturally, lacustrine sockeye salmon are distributed among several lakes (Kaeriyama 1991; Figure 1). Moreover, the 45 

Japanese lacustrine sockeye salmon was recently listed as an endangered species by the Japanese Ministry of the 46 

Environment (Red List; Ministry of the Environment, Japan 2007). 47 

 The genetic population structure of the Pacific salmon has been clarified using various methods such as allozyme 48 

(Winans et al. 1994), mitochondrial DNA (mtDNA; Seeb and Crane 1999), and microsatellite DNA (msDNA; Beacham 49 

et al. 2006). The mtDNA and msDNA methods are powerful tools for genealogical identification, despite limitations of 50 

analytical precision (Zhang and Hewitt 2003). For example, mtDNA sequencing represents only single maternally 51 

inherited loci, and msDNA loci suffer from variable null alleles and mutation patterns, introducing ambiguity into data 52 

analyses. The loci can also be sparse in the genome and thus become difficult to isolate in some species (Navajas et al. 53 

1998). In contrast, single nucleotide polymorphisms (SNPs) are a powerful tool for these applications (Smith et al. 2005). 54 

SNPs provide a better representation of the variation in a species genome than msDNA or allozymes. Additionally, SNPs 55 

are easily standardized across research groups and well suited for high-throughput genotyping (Brumfield et al. 2003). 56 

Studies using SNPs in Oncorhynchus spp. in Japan, hodwever, have not yet been conducted. 57 

 Japanese sockeye salmon population is uniquely located on the msDNA dendrogram of sockeye salmon in the North 58 

Pacific because of reducing genetic diversity relative to other populations (Beacham et al. 2006). Native Japanese 59 

lacustrine sockeye salmon have distributed in Akan Lake and Chimikeppu Lake in Hokkaido (Oshima 1934). The Akan 60 
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Lake lacustrine sockeye salmon were first transplanted to Shikotsu Lake in 1893 (Fujimura 1900). After that, they were 61 

re-transplanted from Shikotsu Lake to some oligotrophic lakes (Fig. 1). For instance, Lacustrine sockeye salmon were 62 

transplanted from Shikotsu Lake to Towada Lake in 1902, Tachibana Lake in 1911 and Abira River in 1985 at the first. 63 

Tachibana Lake had a transplant of Shikotsu Lake sockeye, despite multiple-transplant in other lakes. In the 1920s, the 64 

Shikotsu Lake lacustrine sockeye salmon experienced a catastrophic crash due to sexual imbalance and abnormal gonad 65 

development due to the overpopulation caused by over-released juveniles from the hatchery (Kaeriyama 1993). 66 

Kaeriyama (1991) also estimated that their effective population size was zero individuals in 1925 and 1927 based on the 67 

record of the hatchery reports. Subsequently in Shikotsu Lake, anadromous sockeye salmon eggs (4.53 million total) 68 

were transplanted 11 times between 1925 and 1940 from Urumobetsu Lake on Iturup Island in the Kril Islands (Tokui 69 

1964). Because of these transplants after the population crush, Kaeriyama (1991) assumed that the Japanese native 70 

lacustrine sockeye salmon was displaced to the population of the Urumobetsu Lake anadromous sockeye salmon in 71 

Shikotsu Lake. However, Winans and Urawa (2000) noted genetic differences between the Japanese sockeye salmon 72 

(Shikotsu Lake, Towada Lake, and the Abira River) and Iturup Island’s population (Sopochnoye Lake), despite no genetic 73 

differentiation among Japanese populations based on allozyme variability. Microsatellite DNA (msDNA) analysis 74 

revealed that a Japanese sockeye salmon population (the Abira River population) with the lowest genetic diversity was 75 

distinctive from North American and Russian populations including Kamchatka populations (Beacham et al. 2006). 76 

Genetic studies are very few regarding the lacustrine sockeye salmon population in Japan (Winans and Urawa 2000; 77 

Beacham et al. 2006), and no information on the genetic structure of the native Akan Lake and other lake populations 78 

including the Tachibana Lake population, although Japanese sockeye salmon is an endangered species. 79 

 The present study aimed to enhance 1) the genetic tool for assessing the genetic diversity of sockeye populations, 80 

and to find 2) the influence of transplantation especially from the Urumobetsu Lake anadromous sockeye salmon into the 81 

Japanese populations, and 3) the bottleneck effect in the Japanese sockeye population. We also analyzed the anadromous 82 

Iliamna Lake sockeye salmon populations in Iliamna Lake, Alaska, to compare with the population structure of Japanese 83 

sockeye salmon. 84 

 85 

Materials and methods 86 

 87 

Samples of Japanese sockeye salmon (n = 640) were collected from Akan Lake in 2004 and 2008 (AKA04, AKA08), 88 

Shikotsu Lake in 2003 and 2008 (SHI03, SHI08), Towada Lake in 2004 and 2008 (TOW04, TOW08), Tachibana Lake in 89 

2003 (TAC03), and the Abira River in 1994 (ABI94) during the autumn. Sockeye salmon samples were also collected 90 
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from Iliamna Lake, the Kubichack River system, Alaska, USA, in the summer of 2003 (n = 81). These samples consisted 91 

of two spawning types: lake river-spawn (ILIR03) and lake-spawn types (ILIL03) (Fig. 1, Table 1). Samples of heart, 92 

dorsal fin, and adipose fin were kept in 100% ethanol at –20ºC until preparation of genomic DNA. Genomic DNA was 93 

extracted using a DNeasy 96 Tissue Kit (Qiagen, Valencia, CA). Extracted DNA was dissolved in TE buffer (10 mM 94 

Tris–HCl, 1 mM EDTA, pH 8.0) and stored at –20ºC until use. 95 

 96 

mtDNA assay 97 

 98 

In this study, direct sequencing of the Japanese populations was performed to read the 520 base pair (bp) 5’ half of the 99 

mtDNA NADH dehydrogenase subunit 5 (ND5) gene. The primer sets used in this study were as follows: forward primer, 100 

5’-TACCCCAATTGCCCTGTACG-3’, and reverse primer, 5’-TAGGCTCCCGATTGTGAGAC-3’ (Kitanishi et al. 2007). 101 

Polymerase chain reaction (PCR) was performed under the following conditions: preheating at 95ºC for 5 min, followed 102 

by 40 cycles of denaturation at 95ºC for 45 s, annealing at 56ºC for 30 s, and extraction at 72ºC for 2 min, and completed 103 

with a final extension at 72ºC for 10 min. The PCR products were used for the sequencing reaction with a BigDye 104 

Terminator Cycle Sequencing Kit (ver. 3.1; Applied Biosystems, Foster City, CA). Direct nucleotide sequencing was 105 

performed using the same primers as described above with the following sequencing reaction: preheating at 96ºC for 1 106 

min, followed by 25 cycles of denaturation at 96ºC for 20 s, annealing at 50ºC for 20 s, and an extension at 60ºC for 4 107 

min. 108 

 109 

SNP assay 110 

 111 

Multiplex genotyping was performed using the BioMark 96.96 Dynamic Array (Fluidigm, South San Francisco, CA). 112 

The Dynamic Array contains a matrix of integrated channels and valves housed in an input frame. The input frame has 96 113 

inlets for the sample DNA, and 96 inlets for the assays of 96 SNP markers. BioMark 96.96 Dynamic Arrays allowed for 114 

the genotyping of 95 individuals per 96-well plate (with one inlet used as a no-template control using TE buffer). Sample 115 

DNA from 95 individuals and the assays for the 45 sockeye salmon SNP markers (Table 2) were added to each plate 116 

using a Janus Automated Workstation (PerkinElmer, Fremont, CA). Plates were then pressurized to load the mixture into 117 

the array using a Fluidigm Integrated Fluidic Circuit Controller HX. The DNA was amplified by PCR using Fluidigm 118 

IFC thermal cyclers in 50 cycles of 92°C for 15 s and 60°C for 1 min. Endpoint reads for each Dynamic Array were 119 

performed using a Fluidigm Biomark. Each 96.96 dynamic array was scored by two separate members of the University 120 
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of Washington School of Aquatic and Fishery Sciences laboratory using the associated Fluidigm Biomark genotyping 121 

software. 122 

 123 

Data analyses 124 

 125 

After mtDNA sequencing, the sequence data were determined using Bioedit version 7.0.9.0 (Hall 1999). Haplotypes were 126 

analyzed using Clustal W (Thompson et al. 1994) for alignment. Haplotype diversity (h), nucleotide diversity (π), and the 127 

genetic differentiation index FST for pairwise populations were calculated with Arlequin version 3.11 (Excoffier et al. 128 

2005). Statistical significance of haplotype frequencies was determined based on the exact test after sequential 129 

Bonferroni correction (Rice 1989). In the SNP analysis, genotype frequency conformity to Hardy–Weinberg equilibrium 130 

(HWE) in each locus and population was tested using GENEPOP version 1.2 (Raymond and Rousset 1995). Levels of 131 

significance for all tests in HWE were determined by population using sequential Bonferroni adjustments for 132 

simultaneous tests (Rice 1989). The differentiation index (FST) and genetic differentiation estimates, which were 133 

determined using the pairwise FST defined by Wright (1969), were calculated with Arlequin version 3.11 (Excoffier et al. 134 

2005). Critical significance levels for simultaneous tests were evaluated using sequential Bonferroni adjustment (Rice 135 

1989). Principal coordinate analysis (PCoA) was performed using GenAlEx 6.1 software (Peakall and Smouse 2006). 136 

Analysis of molecular variance (AMOVA) was performed using Arlequin version 3.11 (Excoffier et al. 2005) to examine 137 

genetic variation among sockeye salmon populations. To test for recent population bottlenecks, we used the program 138 

BOTTLENECK version 1.2.02 (Piry et al. 1999). During a bottleneck, alleles are lost from the population and levels of 139 

heterozygosity are temporarily higher than expected under mutation-drift equilibrium. Note that bottlenecks are 140 

detectable for only a few dozen generations until genetic drift and new mutations begin to reestablish mutation-drift 141 

equilibrium (Nei and Li 1976; Maruyama and Fuerst 1985; Cornuet and Luikart 1996). We assume an infinite allele 142 

model of mutation (IAM) for this analysis because SNPs were generated by distribution mutations on the simulated gene 143 

genealogies at a mutation rate of 6 × 10
–5

 per generation under an “infinite alleles” mutation model (Reich et al. 2001). 144 

We therefore used this model with the sign test to determine if a significantly greater proportion of loci with 145 

heterozygosity excess than expected existed for a population. The other test, which is considered more powerful and 146 

robust than the sign test (Piry et al. 1999), detects significant heterozygosity excess on average across loci using a 147 

standard difference test. 148 

 149 

Results 150 
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 151 

mtDNA analysis 152 

 153 

Both the Japanese and the Iliamna Lake populations possessed only one base substitution and had two haplotypes (Hap-1 154 

and Hap-2) within the 520-bp sequence of the mtDNA ND5 region. Nucleotide substitutions were pyrimidine (C–T) 155 

transitions (260 bp; Hap-1: C; Hap-2: T). Within the Japanese populations, the AKA08, TOW04, TOW08, and TAC03 156 

populations possessed both haplotypes, although the number of individuals that possessed Hap-2 were few. The other 157 

Japanese populations, AKA04, SHI03, SHI08, and ABI94, possessed only Hap-1. The Iliamna Lake populations and the 158 

lake and river spawning populations had both haplotypes, although the proportion of individuals that possessed each 159 

haplotype was opposite (Fig. 2). The haplotype and nucleotide diversities of the Japanese populations were extremely 160 

low compared to the Iliamna Lake populations (Table 3). The pairwise FST showed significant genetic difference between 161 

the TAC03 and other Japanese populations (P < 0.05). A significant difference between the Japanese populations and the 162 

Iliamna Lake populations was observed, but no significant difference between the Iliamna Lake populations was detected 163 

(Table 4). 164 

 165 

SNP analysis 166 

 167 

Forty-five SNPs were amplified across populations. The Japanese populations had significantly more monomorphic loci 168 

(22.3 ± 4.20) than the Iliamna Lake populations (6.50 ± 2.70; P < 0.05), and the heterozygotes in the Japanese 169 

populations (0.10 ± 0.01) were also significantly smaller than that of the Iliamna populations (0.23 ± 0.01; P < 0.05; Fig. 170 

3). Despite the low genetic diversity, all Japanese populations had SNP loci deviated from HWE, whereas the Iliamuna 171 

population (IliL03) had only one locus deviated from HWE (Table 5). Within the Japanese populations, SHI08 and 172 

SHI04 had six (One_zP3b, One_STC-410, One_GPDH2, One_U508-533, One_U502-167, and One_MARCKS-241) and 173 

one (One_VIM-569) private alleles, respectively. The other populations did not have a private allele. Although the 174 

Japanese populations had lower allelic diversity than the Iliamna Lake populations, the Japanese population had three 175 

specific genotypes in three loci (One_IL8r_362, One_serpin, and One_Ots213_181). In these loci, the Japanese 176 

populations had characteristic genotypes. For example, at One_IL8r_362, the Japanese populations had a “TT” genotype; 177 

however, both river and lake spawning populations of the Iliamna Lake population had only “CC” or “CT” and did not 178 

possess a “TT” genotype. The same situation was observed in the other loci (Fig. 4). The PCoA for both the Japanese and 179 

the Iliamna Lake populations showed that genetic variations were expected as 93.01% on the first principal coordinate 180 
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and only 2.96% on the second principal coordinate (Fig. 5A). The PCoA for only Japanese populations showed 52.21% 181 

on the first principal coordinate and 19.88% on the second principal coordinate. According to the PCoA results, Japanese 182 

populations were categorized into three groups: the Akan Lake and Shikotsu Lake populations, the Towada Lake and 183 

Abira River populations, and the Tachibana Lake population (Fig. 5B). Variance components calculated by AMOVA for 184 

these three groups showed that 1.89% of the variation was accounted for among groups and 0.64% of the variation 185 

among populations (P < 0.05; Table 7). 186 

 187 

Discussion 188 

 189 

In this study, both Japanese and the Iliamna Lake sockeye salmon populations had only two haplotypes in the ND5 190 

mtDNA region. Anadromous sockeye salmon in south central Alaska and eastern Kamchatka possessed variable sites in 191 

the ND5/ND6 mtDNA regions (Churikov et al. 2001; Brykov et al. 2003). The low genetic variability of the ND5 region 192 

used in this study suggests that this region may be of limited use in discriminating among populations of sockeye salmon. 193 

Despite the low variability in this region, the Japanese populations had lower haplotype and nucleotide diversities than 194 

the Iliamna Lake populations, which indicates that Japanese lacustrine sockeye salmon populations are genetically 195 

homogeneous compared to the Iliamna Lake population. The Shikotsu Lake and the Abira River populations had only 196 

Hap-1. The Shikotsu Lake population experienced a sharp decline from 1985 to 1988; their effective population size was 197 

less than 100 (Kaeriyama 1991). Lacustrine sockeye salmon with Hap-2 in Shikotsu Lake may have been on the edge of 198 

extinction during this period. Transplants of the lacustrine sockeye salmon from Shikotsu Lake to the Abira River were 199 

carried out after 1985. The Abira River population did not possess Hap-2. This result also supports this hypothesis. 200 

According to pairwise FST comparisons within the Japanese populations, the Tachibana Lake population (TAC03) was 201 

significantly different from all Japanese populations. After the transplants from Shikotsu Lake in 1911–1912, the 202 

Tachibana Lake population was closed to further transplants from other Japanese populations and reproduced inside it (M. 203 

Kaeriyama unpublished data). Evidence on appearance in the Tachibana Lake population and absence in the Shikotsu 204 

Lake and the Abira River sockeye salmon of Hap-2 suggests that Hap-2 may be one of the genetic characteristics of 205 

native Japanese populations. 206 

 The SNP analysis showed that the Japanese lacustrine sockeye salmon populations had lower allelic and 207 

heterozygous diversity than the Iliamna Lake populations. All Japanese populations had SNP loci deviated from the HWE 208 

despite the low genetic diversity (Table 5). These results correspond to previous studies (Winans and Urawa 2000; 209 

Beacham et al. 2006). This suggests that the bottleneck effect and gene flow occurred to all Japanese populations. 210 
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However, the BOTTLENECK evaluated only ABI94 and TAC03 as the bottleneck effect, despite low allelic 211 

heterozygositic diversity of SNP in all populations. Therefore, this BOTTLENECK could not estimate a bottleneck effect 212 

for Japanese populations which had few SNP polymorphic loci. In spite of very low genetic diversity, the Japanese 213 

populations had unique genotypes (One_IL8r_362, One_serpin, and One_Ots213_181) compared to the Iliamna Lake 214 

populations. These genotypes did not appear in some of the Alaskan sockeye salmon populations (unpublished data, J. 215 

Seeb). We may distinguish the Japanese populations from other populations using these genotypes. Why the “XX” 216 

genotype did not appear despite the existence of the “XY” genotype in some loci of sockeye salmon populations is still 217 

uncertain. For example, the locus of One_IL8r_362 in Iliamna Lake populations did not possess the “TT” genotype. 218 

Genetic linkage, especially an association between the “X” genotype and viral disease loci, for example, may cause a 219 

nonappearance of “XX” (Moen et al. 2008). To solve this problem, we need to perform whole-genome linkage 220 

disequilibrium mapping of common disease genes (Kruglyak 1999). 221 

 According to a PCoA result including both the Japanese and Iliamna Lake populations, almost no genetic 222 

differences exist among the Japanese populations because the second principal coordinate showed only 3.0% and the 223 

Japanese populations showed a concentrated distribution (Fig. 5A). Namely, there are no genetic differentiations among 224 

Japanese populations. This evidence suggests that the transplants of Urumobetsu Lake anadromous population would not 225 

necessarily affect to the Shikotsu Lake population. The carrying capacity of Shikotsu Lake is constantly about 7,200 226 

individuals and 12,000 at a maximum (Kaeriyama 1991). The first overpopulation occurred during the early 1920s 227 

because of over-release of hatchery-derived juvenile into the lake (Kaeriyama 1993). Subsequently in Shikotsu Lake, 228 

many anadoromous sockeye salmon eggs were transplanted from Urumobetsu Lake to Shikotsu Lake. However, this 229 

anadoromous population could not reproduce in order to the density dependent effect (Rogers et al. 1980; Kaeriyama 230 

1998) under the low carrying capacity. In addition, the high rate of mortality of anadromous and nonanadromous hybrids 231 

(Ricker 1940; Wood and Foote 1996; Craig et al. 2005) and genetic differences between sockeye and kokanee formed as 232 

a result of multiple, divergent selection pressures associated with the marine (sockeye) and lacustrine (kokanee) 233 

environment (e.g., Wood and Foote 1990, 1996; Taylor and Foote 1991; Foote et al. 1992; Foote et al. 1999). This may be 234 

the reason why the Urumobetsu Lake anadromous sockeye salmon population did not adapt in the lakes of Hokkaido.  235 

 In conclusion, this study demonstrated that Japanese lacustrine sockeye salmon have much less genetic diversity 236 

than the anadromous sockeye in North America and Russia based on the bottleneck effect due to the overpopulation in 237 

Shikotsu Lake and transplants of a few eggs as the effective population size to lakes. Therefore, there is a need for 238 

Japanese sockeye salmon to be protected as an endangered species, and not to be disturbed by transplantations. 239 

 240 
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Table 1 Samples of sockeye salmon in the Japanese and the Iliamna lakes used in this study. 389 

*
The samples in the Akan Lake in 2008 were harvested in two batches, the numbers were combined. 390 

 391 

          

Population   
Sample 

abbreviation 

Date of collection 

(year/month/day) 
n 

Japan 
    

  Akan Lake (2004) 
 

AKA04 2004/10/10 74 

  Akan Lake (2008) 
 

AKA08 2008/10/3 & 25 100
*
 

  Shikotsu Lake (2003) 
 

SHI03 2003/10/23 59 

  Shikotsu Lake (2008) 
 

SHI08 2008/10/17 100 

  Towada Lake(2004) 
 

TOW04 2004/9/29 67 

  Towada Lake(2008) 
 

TOW08 2008/10/28 100 

  Tachibana Lake (2003) 
 

TAC03 2003/10/25 60 

  Abira River (1994) 
 

ABI94 1994/10/3 80 

Alaska, USA 
    

  Iliamna Lake Lake Spawning (2003) ILIL03 2003/8/14 35 

  Iliamuna Lake River Spawning (2003) ILIR03 2003/8/15 46 

392 
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 393 

Table 2 Individual SNP markers (45loci) used in this study; N: Nucleotide DNA markers, M: mtDNA markers, 394 

FST: the differentiation index for each marker in all samples. 395 

 396 

        

Marker DNA marker FST Reference 

One_ACBP-79 N 0.237 A 

One_ALDOB-135 N 0.182 A 

One_CO1 M 0.309 A 

One_ctgf-301 N 0.021 A 

One_Cytb_17 M 0.009 A 

One_Cytb_26 M 0.300 A 

One_E2 N 0.089 B 

One_GHII-2461 N 0.037 A 

One_GPDH N 0.035 B 

One_GPDH2 N 0.041 B 

One_GPH-414 N 0.484 A 

One_hcs71-220 N 0.132 A 

One_HGFA N 0.731 B 

One_HpaI-436 N 0.090 A 

One_HpaI-99 N 0.015 A 

One_IL8r-362 N 0.097 C 

One_KPNA-422 N 0.264 A 

One_LEI-87 N 0.251 A 

One_MARCKS-241 N 0.017 C 

One_MHC2_190v2 N 0.610 A 

One_MHC2_251v2 N 0.422 A 

One_Ots213-181 N 0.188 A 

One_p53-576 N 0.027 A 

One_pIns-107 N 0.053 B 

One_Prl2 N 0.298 A 

One_RAG1-103 N 0.039 A 

One_RAG3-93 N N/A A 

One_RF-112 N 0.198 B 

One_RF-295 N 0.010 B 

One_RH2op-395 N 0.007 A 

One_serpin N 0.171 B 

One_STC-410 N 0.287 A 

One_STR07 N 0.294 A 

One_Tf_ex10-750 N 0.220 A 

One_Tf_ex3-182 N 0.026 A 

One_U301-92 N 0.018 A 

One_U401-224 N 0.197 C 

One_U404-229 N 0.061 C 

One_U502-167 N 0.007 C 

One_U503-170 N 0.198 C 

One_U504-141 N 0.150 C 

One_U508-533 N 0.026 C 

One_VIM-569 N 0.046 A 

One_ZNF-61 N 0.067 C 

One_zP3b N 0.133 B 

A: Elfstrom et al. (2006), B: Smith et al. (2005), C: Habicht et al. (2007)  
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 397 

 398 

Table 3 Haplotype (h) and nucleotide (π) diversities of the mtDNA ND5 region in 399 

populations of sockeye salmon in Japan and the Iliamna Lake, Alaska. 400 

 401 

      

Population h (±SD) π (±SD) 

AKA04 0.0000  0.0000  

AKA08 0.0396 ± 0.0269 0.000071 ± 0.000210 

SHI03 0.0000  0.0000  

SHI08 0.0000  0.0000  

TOW04 0.0299 ± 0.0287  0.000053 ± 0.000182 

TOW08 0.0396 ± 0.0269 0.000071 ± 0.000210 

TAC03 0.2350 ± 0.0646 0.000419 ± 0.000546 

ABI94 0.0000  0.0000  

ILIR03 0.494 ± 0.039 0.000881 ± 0.000859 

ILIL03 0.487 ± 0.035 0.000868 ± 0.000845 

 402 

 403 
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Table 4 Population pairwise FST estimates of sockeye salmon collected in Japan and the Iliamna Lake. The data are based on the mtDNA ND5 data. Statistical 

significance of FST value is tested by the exact test after sequential Bonferroni adjustments. *P<0.05, **P<0.01, ***P<0.001 

 

                      

  AKA04 AKA08 SHI03 SHI08 TOW04 TOW08 TAC03 ABI95 ILIR03 ILIL03 

AKA04                     

AKA08 0.00308  
         

SHI03 0.00000  0.00558  
        

SHI08 0.00000  0.00000  0.00000  
       

TOW04 0.00150  0.01158  0.00192  0.00616  
      

TOW08 0.00576  0.00669  0.00254  0.01010  0.01188  
     

TAC03 0.13355** 0.12152*** 0.11754** 0.15912*** 0.08665  0.09154* 
    

ABI95 0.00000  0.00227  0.00000  0.00000  0.00268  0.00687* 0.13967*** 
   

ILIR03 0.49950*** 0.51406*** 0.46046*** 0.55504*** 0.43447*** 0.47578*** 0.16180*** 0.51354*** 
  

ILIL03 0.66415*** 0.68197*** 0.63265*** 0.70751*** 0.61836*** 0.65706*** 0.38936*** 0.67527*** 0.05991    
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Table 5 The list of SNP loci deviated from HWE basec on GENEPOP. *P<0.05, **P<0.01, ***P<0.001 

 

Population name Marker P value 

 AKA04 One_E2  * 

 
One_serpin  * 

 
One_RF112 * 

AKA08 One_GPDH ** 

SHI03 One_IL8r-362 * 

SHI08 One_HGFA * 

TOW04 One_Prl2 ** 

TOW08 One_Ots213-181 * 

TAC03 One_IL8r-362 *** 

 
One_RF-112 ** 

ABI94 One_IL8r-362 * 

 
One_GPDH * 

   
IliL03 One_E2  * 
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Table 6 Results of a sign test and standard difference test indicator for a genetic bottleneck in eight 

populations of lacustrine sockeye salmon in Japan. IAM stands for the infinite alleles model of mutation 

(Reich et al. 2001) 

  

          

Population Sigh Test 
(IAM) 

 
Standard 
difference Test 
(IAM)       

AKA04 
 

0.198  
 

0.367  

AKA08 
 

0.173  
 

0.334  

SHI03 
 

0.326  
 

0.143  

SHI08 
 

0.321  
 

0.121  

TOW04 
 

0.286  
 

0.116  

TOW08 
 

0.091  
 

0.053  

TAC03 
 

0.049  
 

0.048  

ABI96   0.016    0.025  
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Table 7 Results of analysis of molecular variance among sockeye salmon populations in Japan. The Japanese populations were partitioned 

into three groups based on the PCOA result (Fig. 5). *P<0.05. 

 

 

 

          

Source of Variation df 
Sum of 

squares 

Variance 

components 

Persentage of 

variation 

Among groups 2 41.38  0.04458 1.89* 

Among populations within groups 5 23.79  0.01515 0.64* 

Within populations 1262 2902.96  2.30029 97.47 

Total 1269 2968.12  2.36002   

*P<0.005 
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Figure captions 

 

Fig. 1 (A) Sampling locations of lacustrine sockeye salmon in Japan. Historically important transplants are indicated by 

arrows and transplant ages are shown in parentheses. Native Japanese lacusrtine sockeye salmon lived only in 

Akan Lake and Chimikeppu Lake (B) Sampling locations of sockeye salmon in Iliamna Lake, Alaska, USA. 

River and lake spawning populations are expressed in stars and circles, respectively. Refer to Table 1 for sample 

names 

 

Fig. 2 Distribution of mtDNA ND5 haplotypes of sockeye salmon in Japan. Abbreviations are referred to Table 1 

 

Fig. 3 Number of monomorphic SNPs (A) and observed heterozygosity (B) of sockeye salmon populations in Japan and 

the Iliamna Lake populations. Bar indicates the standard error of each heterozygosity. Abbreviations are referred 

to Table 1 

 

Fig. 4 SNP genotypes on One_IL8r_362, One_serpin, and One_ Ots213_181 loci of the Shikotsu Lake (A) and Iliamna 

Lake (B) sockeye salmon populations. Red, green, and blue dots indicate ‘XX,’ ‘XY,’ and ‘YY’ genotypes, 

respectively. Black and gray dots represent a standard point and samples beyond detection because of bubbles or 

low density of DNA, respectively 

 

Fig. 5 Principal coordinate analysis estimated by 45 SNP loci of sockeye salmon among 

Japanese and Lake Iliamna Lake populations (A), and within Japanese populations (B). 

Abbreviations are referred to Table 1 
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Fig. 2 
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