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Genetic Relationships Between Anadromous and Non-anadromous
Masu Salmon (Oncorhynchus masou) Inferred from Mitochondrial
and Microsatellite DNA Variation
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Abstract

Genetic relationships between homing anadromous and matured non-anadromous forms of masu salmon (Oncorhynchus
masou) from one river of Hokkaido, Japan, and two rivers of Sakhalin, Russia, collected in 2001 to 2008 were examined
using nucleotide sequence variation in the mitochondrial (mt) DNA NADH dehydrogenase subunit 5 gene (ND5)
region and allelic polymorphisms at six microsatellite (ms) DNA loci. All the non-anadromous samples examined were
genetic males identified with GH-Y pseudogene. Significant difference between anadromous and non-anadromous
samples within the Shari and Sukhopletka Rivers was suggested with Fg estimates and neighbor-joining trees using
msDNA but not mtDNA marker. Analyses of mtDNA and msDNA also suggested that the genetic divergence among
allopatric samples in Hokkaido and Sakhalin was larger than that between two life-history forms in the same river.
The present findings imply a possible genetic differentiation between the two life-history forms of masu salmon in the
same river and distinct genetic structuring in the Far East.

Keywords: masu salmon, yamame, mitochondrial ND5 gene, microsatellite DNA marker, molecular population
genetics, genetic diversity
(accepted December 21, 2009)

Introduction more females than males because males mostly re-

Masu salmon (Oncorhynchus masou) exclusively

occurs in the Asian side of north Pacific Ocean”.

main in the natal rivers?, unlike other Oncorhynchus
species with polymorphic life history, such as rain-

From their life history, masu salmon is known to
include two life-history forms, anadromous ocean
migrants and non-anadromous river-residents. Fry
of masu salmon emerge in Spring, stay in natal rivers
for at least one year, and then smolts migrate seaward
to grow up in oceans”. Smolts generally consist of

bow trout (Oncorhynchus mykiss) and sockeye salmon
(Oncorhynchus nerka). In the latter two species, both
the males and females of some populations remain in
fresh water throughout the entire life* .

The occurrence of non-anadromous males is as-

sociated with precocious sexual maturation in masu

Corresponding author: Syuiti Abe, Laboratory of Aquaculture Genetics and Genomics, Graduate School of Fisheries
Sciences, Hokkaido University, Hakodate 041-8611, Japan
E-mail: abesyu@fish.hokudai.ac.jp
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Table 1. Details of masu salmon samples in Japan and Russia used in this study

Sampling site Abbreviation Year Phenotypic sex  Genotypic sex Morph I\L?E:}?r
Hokkaido in Japan

Shari01F SHAO1F 2001 Unknown Female (39/78)  Anadromous 39

Shari01M SHA0IM 2001 Unknown Male (39/78) Anadromous 39

rShari08 rSHA08 2008 Male (24/24) Non-anadromous 24
Sakhalin in Russia

SukhopletkaO4F SUK0M4F 2004 Unknown Female (28/28)  Anadromous 28

rSukhopletka04 rSUK04 2004 Male (15/15) Non-anadromous 15

Lutga04F LUTO04F 2004 Unknown Female (34/34) Anadromous 34

rLutga04 rLUT04 2004 Male (10/11) Non-anadromous 10

Phenotypic sex was determined by the external appearance of gonads. Genotypic sex was determined by GH-Y typing. See text for detail.

Y. Such a pre-

salmon as in other salmonid species
cocious maturation or an alternative reproductive
phenotype of males” is likely influenced by genetic
and environmental factors®. Their respective con-
tributions, however, is still difficult to estimate pre-
cisely”. The precocious males may have influence
on masu salmon population structure through their
likely high reproductive success with strong sperm
competition4), increase of effective population size?,
and promotion of gene flow between different year
classes of migrants”. Elucidating the genetic rela-
tionships between the two life history forms of masu
salmon to understand the genetic characteristics
of non-anadromous form will thus have a practical
significance for sustainable masu salmon fisheries
through conservation of wild populations and genetic
resource managements of this species.

Genetic divergence has been reported between
anadromous and non-anadromous forms in rainbow

)10)

trout (Oncorhynchus mykiss)™’, whereas no genetic

difference has been reported between the two life

history forms in other salmonids' %

. However, no
studies have ever been conducted yet to analyze the
genetic characteristics of non-anadromous form in
comparison with those of anadromous counterpart
in masu salmon. In the present study, genetic vari-
ability of anadromous and non-anadromous masu
salmon from the same river was estimated using the
mitochondrial (mt) DNA and nuclear microsatellite
(ms) DNA markers to elucidate the genetic relation-

ships between them.

Materials and Methods
Samples and DNA extraction
Liver and/or fin tissue samples from a total of

Lutga Sukho
pletka /

Figure 1. Sampling sites of anadromous and non-
anadromous masu salmon used in the present study.

217 masu salmon of the homing anadromous and
mature non-anadromous forms from the Shari River
in eastern Hokkaido, Japan, and Sukhopletka River
and Lutga River in southern Sakhalin, Russia, were
collected from 2001 to 2008 (Table 1 and Figure 1).
All anadromous samples were collected in August or
September of the indicated years. All tissue samples
were fixed in ethanol and stored at room tempera-
ture until DNA extraction. Phenotypic and genetic
sexes of individuals were determined with the ex-
ternal appearance of gonads and/or the presence of
male-specific growth hormone pseudogene (GH-Y)'™®
to be described below.

Total genomic DNA was extracted from the above
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ethanol-fixed tissues with a Gentra Puregene Tissue
Kit (QIAGEN) following the manufacturer’s proto-
col. Extracted DNA was dissolved with TE buffer
(10 mM Tris-HCI, 1 mM EDTA, pH 7.3), electropho-
resed in 1% agarose gel, and stained in ethidium bro-
mide to check the size and quality.

GH-Y typing

GH-Y typing was performed with PCR using the
amplification primers GH5 (5-AGCCTGGATGACA
ATGACTC-3’) and GH6 (5-CTACAGAGTGCAGTT
GGCCT-3) as previously reported® . PCR were
carried out for 35 cycles with 1 min at 94C, 1 min
at 50~60TC, and 1 min at 72C¥. The obtained PCR
products were separated on 2% agarose gel electro-
phoresis, stained with ethidium bromide, visualized
on a transilluminator, and photographed.
Mitochondrial and Microsatellite DNA analyses

About 561bp of the 5’ half of the mtDNA NADH
dehydrogenase subunit 5 gene (ND5) region was
amplified with PCR using a primer pair of ND5-1F
and ND5-3R as previously'®. The thermal cycling
profile consisted of 5min initial denaturation at 92C,
followed by 36 cycles of denaturation at 95C for 45s,
annealing at 56C for 30s and extension at 72°C for
1min, with a post-cycling extension at 72°C for 5min.
The obtained PCR products were purified with
AMPure magnetic beads (Agencourt, Beverly, MA),
and subjected to sequence directly after sequenc-
ing reaction with an ABI PRISM BigDye Terminator
Cycle Sequencing Ready Reaction Kit version 3.1
on an ABI PRISM 3130xL genetic analyzer (Applied
Biosystems). Novel reverse primers, ND5-R1 (5’
-AGAATGAGGCCCATAAGAGG-3’) and ND5-R2 (5’
-TAGGCTCCCGATTGTGAGAC-3), were designed
for direct sequencing as described previously'”.

For msDNA variability, six loci, Oma02, Oma03ke,
Oma04my, Ots520, Onelll and Omi87TUF, devel-
oped for masu salmon and other salmonids'®?%
were analyzed in the present study. PCR was per-
formed in a 10 1 reaction mixture containing 0.5 1
of genomic DNA, 2 M of each primer, 0.25 mM
each of dNTPs, 1 unit of Tag DNA polymerase, and
11 of 10x reaction buffer (with 1.5 mM MgCl,).
The temperature profile consisted of 5min initial
denaturation at 94C, followed by 28 cycles of dena-
turation at 94C for 40s, annealing at the below indi-
cated temperature for 40s, and extension at 72C for

40s, with a post-cycling extension at 72°C for 40min.
The annealing temperatures used were 52C for the
0Ots520, 54C for the Onelll, 56C for the Oma02,
Oma03ke and Oma04my, 61C for the Omi87TUF,
respectively. The PCR conditions, especially the an-
nealing temperatures, were optimized for amplifica-
tion of the target loci when necessary. Allele size of
fluorescence-labeled fragments was measured on
an ABI PRISM 3130xL genetic analyzer, followed
by analysis with GeneMapper software version 3.7
(Applied Biosystems).
Data analysis

Multiple alignment of mtDNA ND5 sequences
was performed with GENETIX-WIN version 4.0.1
(Software Development Co., Ltd, Japan) to iden-
tify nucleotide variations, from which the haplotypes
were defined. The genetic variation within the exam-
ined anadromous and non-anadromous samples was
characterized with nucleotide diversity () and hap-
lotype diversity (%) using ARLEQUIN version 3.1%%.

For msDNA analysis, the GENEPOP version3.4
program?® was used to test for the conformation of
Hardy-Weinberg equilibrium (HWE), and to assess
the significance of population differentiation in allele
frequencies. Allele richness (A7) and Fjg was cal-
culated using the FSTAT 2.9.3 program®. Genetic
variability in each sample and the combined indi-
viduals from both anadromous and non-anadromous
samples was estimated as the number of alleles per
locus (Na), and the observed (#0) and expected het-
erozygosities (%e) using ARLEQUIN version 3.12%.

Cluster of the samples was examined using the
neighbor-joining (NJ) method?” with NEIGHBOR in
the PHYLIP program version 3.67°® based on the ge-
netic distance of the Kimura-2-parameter method®”
for mtDNA and Cavalli-Sforza and Edwards chord
distances®” for msDNA data, and the consensus
tree was generated using CONSENSUS in the above
PHYLIP program. Bootstrap values were computed
by resampling loci over 1,000 replications, and the
trees were visualized using the TREEVIEW pro-

8D, Resampling of mtDNA and msDNA was

gram
performed using a home-made program HAPBOOT
(provided by Dr. A. J. Gharrett, University of Alaska
Fairbanks) and Segboots in the PHYLIP program ver-
sion 3.67, respectively. The pairwise population Fgr

values were calculated using ARLEQUIN version 3129,
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Results
Genetic sex by GH-Y typing

Sexing by GH-Y typing was first attempted in the
Shari (non-anadromous) sample that included indi-
viduals with known phenotypic sex. The GH5/GH6
primer pair amplified about 410bp fragment in all
the individuals, which was probably from the GH-II
gene. On the other hand, about 280bp fragment
occurred only in the phenotypic males (Figure 2),
indicating the male specific GH-Y*>. However, ap-
proximately 1kb fragments of the GH-I gene!® was
not observed in this study. The concordance of phe-
notypic sex and the GH-Y typing in non-anadromous
males was 100% (25/25) in the Shari River and
(15/15) in the Sukhopletka River, but 99% (10/11)
in the Lutga River. In the latter, one male showed a
lack of 280bp GH-Y fragment (Figure 2), and hence
excluded from the analysis. The genetic sexing was
attempted for individuals with unknown phenotypic
sex in anadromous fish from the other rivers. As

1000 bp—»

500 bp—»

shown in Table 1, 39/78 (50%) and 39/78 (50%) anad-
romous fish in the Shari River was female and male
by genetic sexing, respectively. In the Sukhopletka
River, 28/28 (100%) of anadromous fish were fe-
males, and 34/34 (100%) of andromous fish were
females in the Lutga River (Table 1).
Mitochondrial DNA analysis

Twelve of 21 haplotypes indentified previously'”
were found in the three anadromous and three non-
anadromous samples examined herein (Table 2).
The occurrence of haplotypes was mostly similar
in the males and females of anadromous and the
males of non-anadromous fish among the different
regional samples. The observed %z (0.0000-0.6017)
and 7 (0.0000-0.0027) in the anadromous samples
were comparable with non-andromous samples (%,
0.1333-0.6014; =, 0.0004-0.0023) (Table 2), suggest-
ing similar genetic variability between the two life
history forms of masu examined herein.

410bp
280 bp

Figure 2. Male-specific distribution of masu salmon GH-Y pseudogene (280bp) after 2% agarose gel elec-
trophoresis (2ul of PCR products) in the Shari River non-anadromous (A; lane 1-8), and the Lutga
River non-anadromous form (B; lane 9-12) and anadromous form (B; lane 13-16). One male of
the Lutga River (lane 10 in B) has not 280bp GH-Y band, and not included in the analysis. M:

DNA size marker

Table 2. Haplotype diversity (2 +SD) and nucleotide diversity (7 +SD) among the examined masu salmon samples calcu-

lated from the mtDNA ND5 region sequence data

Number of individuals with haplotype

Haplotype diversity Nucleotide diversity

Sample H1 H2 H3 H4 H7 HS HI10 HI11 HI12 H14 H15 H20 (h+SD) (7 +=8D)
SHAOIF 21 0 O O o0 0 0 11 6 0 0 0 0.6017 +0.0543  0.002799 + 0.001895
SHAOIM 28 0 O O 0 0 O 10 2 0 0 0 0.4564+0.0725  0.001892 +0.001421
rSHAO8 11 0 1 0 O0 0 ©0 11 1 0 0 0 0.6014+0.0548  0.002316 +0.001673
SUKO4F 28 0 O 0 O 0 0 0 0 0 0 0 0.0000%0.0000  0.000000 = 0.000000
SUK4 14 0 0 0 0 0 0 1 0 0 0 0 0.1333+0.1123  0.000477 +0.000618
LUTO4F 25 4 0 0 O 0 0 30 0 0 2 0.4474+0.0978  0.001180+0.001035
fLbUTo4 7 1 0 0 1 0 0 0 0 1 0 0 0.5333+0.1801  0.001072+0.001049
Sample abbreviations are listed in Table 1.
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Microsatellite DNA analysis

The observed number of alleles (Na), allele rich-
ness (A7), expected heterozygosity (ke), observed
heterozygosity (ko), and the deviation from HWE at
the six microsatellite loci in the examined samples
are shown in Tables 3 and 4. As shown in Tables 3,
the number of alleles at the six microsatellite loci
examined ranged from 6 to 27 in both life history
forms, showing a total of 86 different alleles over all
loci for all samples. A total of 16 private alleles oc-
curred in all the anadromous and non-anadromous
samples, and the frequency of such alleles ranged
from 1.3 to 5.6% in all the examined samples (Table
3). Ar was 6.21 to 6.82 for anadromous and 5.80
to 6.33 for the non-anadromous fish, respectively
(Table 4). Average heterozygosity (ke) was 0.779

for anadromous and 0.790 for non-anadromous, sug-
gesting similar genetic variation in the two forms
(Table 4). Departure from HWE was suggested at
the Oma02 in SHA01-M and LUTO04-F, at the Oma3ke
in SHAO01-F, SHA01-M, and LUTO04-F, at the Ots520 in
SHAO1-F and LUT04-F, probably due to heterozygote
deficiencies by the excess of &e over ho, although
such departure was not found after adjustment for
multiple tests with the sequential Bonferroni cor-
rection (Table 4). Additionally, Fig values were calcu-
lated in each life-history form and pooled samples in
the same rivers by combining anadromous and non-
anadromous samples. Based on the ppoled Fig values,
probable heterozygote deficiencies were inferred in
the Shari River (0.087) and the Lutga River (0.081),
but not in the Sukhopletka River (-0.016) (Table 4).

Table 3. Allelic frequencies of the six microsatellite DNA loci in masu salmon samples examined

Alleles at

Alleles at

. . SHAOLIF SHAOIM rSHA08 SUKO4F rSUKO4 LUTOAF rLUTO4 . . . SHAOIF SHAOIM rSHA08 SUKO4F rSUKO4 LUTOAF rLUT04

indicated loci indicated loci

Oma3ke 38 40 24 28 15 34 9 165 0.000 0.000 0.021 0.071 0.000 0.029 0.000
105 0.000 0.000 0.000 0.018 0.000 0.000 0.000 167 0.092 0.075 0.000 0.018 0.000 0.015 0.000
107 0.000 0.025 0.000 0.000 0.000 0.000 0.000 169 0.026 0.025 0.021 0.018 0.000 0.029 0.000
109 0.013 0.000 0.000 0.000 0.000 0.000 0.000 171 0.053 0.038 0.000 0.000 0.000 0.015 0.000
111 0.039 0.000 0.042 0.036 0.100 0.088 0.111 173 0.053 0.013 0.000 0.000 0.000 0.000 0.000
113 0.013 0.050 0.042 0.071 0.067 0.029 0.056 175 0.066 0.038 0.000 0.000 0.000 0.015 0.000
117 0.066 0.038 0.042 0.071 0.033 0.074 0.111 185 0.000 0.000 0.021 0.000 0.000 0.000 0.000
119 0.158 0.138 0.083 0.036 0.067 0.029 0.056 Ots520 38 40 24 28 15 34 9
121 0.526 0.438 0.479 0.339 0.233 0.412 0.444 163 0.000 0.000 0.000 0.018 0.000 0.000 0.000
123 0.092 0.188 0.229 0.250 0.133 0.206 0.167 165 0.000 0.000 0.021 0.000 0.000 0.000 0.000
125 0.039 0.000 0.000 0.000 0.000 0.088 0.000 167 0.000 0.013 0.000 0.000 0.000 0.000 0.000
127 0.000 0.000 0.021 0.000 0.000 0.000 0.000 171 0.066 0.038 0.063 0.054 0.100 0.000 0.000
129 0.000 0.000 0.042 0.107 0.333 0.044 0.056 173 0.184 0.163 0.292 0.071 0.100 0.176 0.111
131 0.000 0.000 0.000 0.036 0.033 0.000 0.000 175 0.118 0.063 0.042 0.250 0.233 0.118 0.111
133 0.000 0.050 0.021 0.000 0.000 0.029 0.000 177 0.026 0.038 0.000 0.018 0.100 0.015 0.000
143 0.053 0.075 0.000 0.036 0.000 0.000 0.000 179 0.303 0.350 0.250 0.054 0.033 0.103 0.222

Oma4my 38 40 24 28 15 34 9 181 0.039 0.025 0.083 0.018 0.000 0.074 0.056
151 0.079 0.125 0.000 0.054 0.000 0.044 0.000 183 0.026 0.013 0.021 0.179 0.133 0.059 0.000
153 0.013 0.000 0.146 0.232 0.067 0.000 0.056 185 0.026 0.000 0.042 0.107 0.100 0.044 0.222
155 0.066 0.075 0.042 0.161 0.100 0.044 0.000 187 0.066 0.088 0.125 0.054 0.100 0.176 0.000
157 0.408 0.500 0.417 0.232 0.300 0.353 0.333 189 0.000 0.000 0.063 0.000 0.000 0.015 0.000
159 0.224 0.125 0.167 0.161 0.267 0.368 0.222 191 0.026 0.050 0.000 0.036 0.067 0.059 0.167
161 0.184 0.113 0.229 0.143 0.267 0.118 0.333 193 0.000 0.000 0.000 0.000 0.000 0.059 0.056
163 0.026 0.050 0.000 0.018 0.000 0.029 0.056 195 0.105 0.150 0.000 0.143 0.033 0.044 0.000
165 0.000 0.013 0.000 0.000 0.000 0.044 0.000 197 0.013 0.000 0.000 0.000 0.000 0.000 0.000
Oma2 38 40 24 28 15 34 9 199 0.000 0.013 0.000 0.000 0.000 0.059 0.000
121 0.000 0.000 0.000 0.018 0.067 0.000 0.000 201 0.000 0.000 0.000 0.000 0.000 0.000 0.056
125 0.000 0.000 0.021 0.054 0.200 0.000 0.056 Onelll 38 40 24 28 15 34 9
127 0.013 0.000 0.000 0.000 0.000 0.074 0.000 153 0.013 0.000 0.000 0.000 0.000 0.000 0.000
129 0.092 0.125 0.063 0.268 0.167 0.162 0.111 157 0.000 0.000 0.000 0.000 0.033 0.029 0.000
131 0.105 0.100 0.250 0.125 0.133 0.015 0.111 165 0.276 0.338 0.125 0.125 0.267 0.103 0.167
133 0.158 0.150 0.021 0.071 0.100 0.088 0.222 169 0.474 0.475 0.542 0.375 0.167 0.500 0.500
135 0.092 0.063 0.146 0.071 0.067 0.015 0.056 173 0.237 0.175 0.313 0.482 0.500 0.353 0.333
137 0.013 0.038 0.063 0.000 0.000 0.000 0.000 177 0.000 0.013 0.021 0.018 0.033 0.015 0.000
139 0.026 0.025 0.000 0.000 0.000 0.088 0.000 Omi87TUF 38 40 24 28 15 34 9
141 0.000 0.000 0.000 0.000 0.000 0.029 0.000 100 0.000 0.000 0.021 0.000 0.000 0.000 0.000
143 0.000 0.013 0.021 0.000 0.000 0.074 0.111 108 0.066 0.050 0.083 0.000 0.000 0.015 0.000
145 0.000 0.000 0.000 0.000 0.000 0.015 0.000 110 0.013 0.025 0.000 0.000 0.000 0.000 0.000
147 0.000 0.000 0.000 0.000 0.000 0.000 0.056 112 0.000 0.000 0.000 0.000 0.000 0.029 0.000
149 0.026 0.000 0.000 0.000 0.000 0.015 0.056 114 0.316 0.338 0.271 0.214 0.133 0.250 0.389
153 0.000 0.013 0.000 0.018 0.000 0.015 0.000 116 0.171 0.225 0.250 0.375 0.500 0.235 0.222
155 0.118 0.063 0.104 0.018 0.033 0.000 0.000 118 0.276 0.288 0.250 0.339 0.233 0.294 0.222
157 0.000 0.038 0.000 0.000 0.067 0.044 0.000 120 0.039 0.013 0.083 0.036 0.067 0.074 0.000
159 0.000 0.000 0.000 0.036 0.000 0.162 0.000 122 0.066 0.013 0.021 0.036 0.067 0.029 0.056
161 0.000 0.038 0.000 0.036 0.133 0.029 0.056 124 0.026 0.050 0.021 0.000 0.000 0.074 0.111
163 0.066 0.150 0.250 0.179 0.033 0.074 0.167 136 0.026 0.000 0.000 0.000 0.000 0.000 0.000

Sample abbreviations are listed in Table 1. Private alleles are indicated in bold.
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Table 4. Variability at six microsatellite loci in masu salmon samples examined

Variation within each sample

Loci SHAO1F SHAOIM rSHA08 SUKO4F rSUK04 LUTO4F rLUT04
N 39 39 24 28 15 RY! 10
Oma3ke Na 9 8 9 10 8 9 7
Ar 5.85 5.97 6.06 7.01 6.82 6.49 7.00
ho 0.538 0.615 0.583 0.893 0.933 0.676 0.900
he 0.676 0.766 0.718 0.810 0.823 0.774 0.826
P 0.014 0.003 0.278 0.705 0.891 0.014 0.671
Omadmy Na 7 7 5 7 5 7 5
Ar 5.20 5.45 4.57 5.93 4.79 5.22 5.00
ho 0.667 0.744 0.750 0.750 0.933 0.618 0.900
he 0.751 0.697 0.738 0.832 0.779 0.730 0.779
P 0.696 0.754 0.727 0.053 0.284 0.477 1.000
Oma02 Na 15 17 12 14 10 20 10
Ar 9.96 10.18 7.67 8.72 8.65 10.63 10.00
ho 0.923 0.846 0.833 0.893 0.933 0.765 0.900
he 0.920 0.918 0.850 0.874 0.901 0.922 0.932
P 0.666 0.014 0.964 0.227 0.916 0.002 0.725
0Ots520 Na 12 12 10 12 10 13 8
Ar 7.79 7.32 7.32 8.26 8.76 9.20 8.00
ho 0.667 0.718 0.625 0.857 0.800 0.765 0.800
he 0.854 0.811 0.835 0.873 0.901 0.903 0.900
P 0.023 0.671 0.108 0.881 0.174 0.010 0.229
Onelll Na 4 4 4 4 5 5 3
Ar 3.23 3.21 3.33 3.27 4.19 3.62 3.00
ho 0.692 0.769 0.417 0.607 0.733 0.706 0.500
he 0.650 0.640 0.618 0.622 0.671 0.623 0.668
P 0.822 0.256 0.061 0.732 0.257 0.440 0.347
Omi87TUF Na 9 8 8 5 5 8 5
Ar 6.12 5.14 5.84 4.08 4.68 5.78 5.00
ho 0.744 0.641 0.833 0.714 0.733 0.824 0.600
he 0.796 0.750 0.803 0.708 0.692 0.795 0.789
P 0.451 0.788 0.571 0.863 0.795 0.495 0.329
Mean Na 9.33 9.33 8.00 8.67 717 10.33 6.33
Ar 6.36 6.21 5.80 6.21 6.32 6.82 6.33
ho 0.705 0.722 0.674 0.786 0.844 0.725 0.767
he 0.775 0.764 0.760 0.787 0.795 0.791 0.816
Fig 0.095 0.053 0.114 0.001 -0.065 0.084 0.075
Pooled Fig 0.087 -0.016 0.081

Sample abbreviations are listed in Table 1.

N, number of individuals; Na, number of alleles; Ar, allelic richness; ke, expected heterozygosity; ko, observed; heterozygosities; P,
probability value estimates regarding departure from Hardy-Weinberg equilibrium (HWE); Fi5 and pooled Fig, inbreeding coefficient of
each sample and the pooled ones combining anadromous and non-anadromous forms in each river, respectively.

The P value suggesting significant departure from HWE is shown in bold, which, however, is not supported following adjustment for

multiple tests with the sequential Bonferroni method (k = 42).

Population genetic analysis

Pairwise sample Fgy estimates using both mtDNA
ND5 and msDNA markers under Bonferroni cor-
rection suggested no significant difference between
both females and males of anadromous form in
the Shari River, although significant difference
was shown between anadromous (both female and
male) and non-anadromous (all male) samples in
this river with msDNA markers (Table 5). Similar
difference between the two forms was found in the

Sukhopletka River, but not in the Lutga River (Table
5). This may be related to the smallest samples size
in the latter (Table 1). Nonsignificant difference
between the two forms in the same river was shown
with the mtDNA marker, which, however, suggested
significant difference among non-anadromous and
anadromous samples from different rivers in Japan
and Russia, excepting between the anadromous fe-
males in the Shari River and non-anadromous males
in the Lutga River (Table 5). In addition, pairwise
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Table 5. Estimated pairwise ¢hst (mtDNA data, above diagonal) and Fgr (msDNA data, below diagonal) values among 7
masu salmon samples in Hokkaido and Sakhalin.
Statistical significance was tested using the exact test after sequential Bonferroni adjustments (*P<0.05 and * * P<0.001).

SHAO1 F SHAOIM rSHA08 SUKO4F rSUK04 LUT04F rLUT04
SHAO1F 0.0249 -0.0106 0.3186** 0.1904 * 0.2052** 0.1812**
SHA01M 0.0003 0.0368 0.2101* 0.0813 0.0916* 0.0886*
rSHA08 0.0100* 0.0178** 0.4476** 0.2683* 0.2634** 0.2455**
SUKO4F 0.0411** 0.0500** 0.0319** 0.0444 0.0549 0.1167**
rSUK04 0.0580** 0.0702** 0.0570** 0.0118** -0.0146 -0.0194
LUT04F 0.0183** 0.0308** 0.0210** 0.0242%** 0.0406™* -0.0322
rLUT04 -0.0025 0.0075 0.0007 0.0086 0.0186 -0.0008

Sample abbreviations are listed in Table 1. Bold values denote to those from comparison within the same river.
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rSHAO08
SHA0IM .
.
*
SHAO1F @ LUT04F
a ©® rSUK04
0.0002 rLUT04
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SUKO4F  suko4
{ ]
rSHAO08
-
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*
SHAOTF % LUT04F
—
0.005

@ SHAOIM
@ SHAOIF
* 'SHA08
100 J:l LUT04F
91 ® [SUK04
100 _:. rLUT04
100 ® SUKO04F
* SHA0IM
| # SHAOIF
ol | * rSHA08
% ® LUT04F
u rLUT04
99 @ SUK04F

Figure 3. Unrooted NJ tree showing genetic distance among samples, based on mtDNA (A) and msDNA
data (B). In the inset, the topology of the consensus tree is shown with nodal values for boot-
strap support over 50% of the 1000 replicated trees. Sample abbreviations are listed in Table 1.

estimates were larger among samples from different
locals than between the two life-history forms in the
same river (Table 5).

The unrooted NJ trees based on the msDNA data
using Cavalli-Sforza genetic distance clustered the
two forms from the same rivers, but not the same
forms from the different rivers (Figure 3). On the
other hand, such a regional cluster was not apparent
with mtDNA data, particularly for the samples from
two Russian rivers (Figure 3).

Discussion
The present molecular genetic findings ob-
tained from masu salmon samples in Hokkaido and

Sakhalin using mtDNA and msDNA markers would
deserve emphasis in relation to 1) possible genetic
differentiation between sympatric two life-history
forms of masu salmon, 2) larger genetic divergence
among allopatric samples than between sympat-
ric life-history forms, and 3) different potential of
mtDNA and msDNA markers to estimate the genetic
divergence between or among samples.

Sympeatric life-history forms of salmon have previ-
ously been shown to be genetically interrelated®® and
more genetically similar within a locale than between

regions?’B)

, suggesting that life-history forms are
not derived from separate genetic lineages. In this

context, a possible genetic differentiation between
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anadromous and non-anadromous forms of masu
salmon observed herein is intriguing finding, al-
though this was inferred from pairwise Fgr estimates
with only msDNA markers (Table 5). Alternative
interpretation for this finding may include demo-
graphic fluctuation of populations, as both life-histo-
ry forms examined are unknown as to whether they
are fish of the same generations. Non-anadromous
masu salmon, if not all, are known to be iteroparous
or attain multiple reproduction in the life?. On the
other hand, no notable genetic differentiation be-
tween different year classes of homing, semelparous
masu salmon has been reported in the previous stud-
ies using allozymes®® and microsatellite DNA mark-

ers®

. In addition, no genetic heterogeneity among
four yearly collections of homing masu salmon in a
river of Hokkaido also was found using mtDNA and
msDNA markers (unpublished data). Considering
these together, demographic fluctuation of popu-
lations seems not plausible or less possible than
genetic divergence for interpretation of the results
given in Table 5. Similar, if not the same, genetic
differentiation between life-history forms has been
reported for rainbow trout'”. Since this iteroparous
trout have different life history to that of semelpa-
rous masu salmon like other Oncorhynchus species,
the present and the previously reported findings
may not be compared directly. The present findings
thus suggest the possibility of moderately restricted
gene flow between the two life history forms of masu
salmon in the same river.

The obtained pairwise Fgr estimates and NJ tree
suggest that anadromous and non-anadromous masu
salmon are more genetically similar within each
river than among rivers (Figure 3). This finding and
the occurrence of the same mtDNA haplotypes and
sharing many alleles between the two sympatric life-
history forms, as well as among allopatric samples
in Japan and Russia (Tables 2 and 3), seem to favor
a common genetic lineage of the two life-history
forms as has been suggested previously®* *®. The
observed mild but significant differentiation between
the two life-history forms of masu salmon is likely
related to a male-biased restriction of gene flow in
the same river, as the occurrence of precociously
maturated males or river-residents would help gene

flow within anadromous and non-anadromous forms
but limit between the two life-history forms.

The present findings also suggest different poten-
tial of mtDNA and msDNA markers in estimation
of gene flow among the examined samples. Similar
discordance in the population genetic inference has
been observed previously in masu salmon'” and

39 The observed discor-

some other fish species
dance can be explained partly by the differences in
the modes of inheritance in the two marker systems,
i.e. both parental msDNA vs. matrilineal mtDNA, and
differential mutation rates between the two mark-
ers®. In addition, a difference larger than expected
has been reported to be due to sex-biased gene flow

363D As men-

among populations in other animals
tioned earlier, the occurrence of non-anadromous
males is associated with their precocious sexual
maturation”. Therefore, male-biased occurrence of
non-anadromous form of masu salmon might also
influence the observed discordance in estimation of
gene flow, particularly for the results of pairwise Fgp
estimates herein.

The present study analyzing the small size of
samples from three rivers is actually preliminary in
nature. The obtained findings should be evaluated
with the findings from more river systems, since the
present population genetic features might reflect
particular ecological or demographic conditions in
the examined rivers. Further population genetic
analyses using increased sample sizes from more
river systems in the Far East would help understand
the pattern of gene flow between the two life-history
forms of masu salmon. The genetic relationships
between the life-history forms would provide a clue
to conservation and managements of wild salmon
populations, which therefore would allow sustainable
use of salmon resources.
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Comparison of Sr/Ca ratio of the Corbicula japonica shells collected in Japan,
imported C. japonica from Korea and C. largillierti from China
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Abstract

We examined the Strontium (Sr) to Calcium (Ca) ratios of the Corbicula japonica collected from Lake Jusan, Lake
Ogawara, Ibi River and imported C. japonica from Korea and C. largillierti from Lake Taihu with an electron probe micro
analyzer (EPMA). C. japonica collected from Lake Jusan and Ibi River estuary showed high Sr/Ca ratios in the shell: 5.87
+(.86 and 5.50 = 1.10, respectively. The ratios of C. japonica of northern part and southern part from low salinity Lake
Ogawara were 4.02 = 0.67 and 3.71 = 0.43, respectively. Ibi River samples collected at 17 km from river mouth showed
lowest Sr/Caratios 1 .38 £0.49 in C. japonica. The fresh water species C. leana also showed low Sr/Ca ratios (1.65+0.11).
C. largillierti from Lake Taihu showed low ratios (1.37 +0.20). These results indicates that Lake Taihu is freshwater
lake. On the contrary, four of eight C. japonica samples imported form Korea showed very low Sr/Ca ratios (0.94 = 0.42)
and the remaining four samples showed high Sr/Ca ratios (4.81 £0.94). These results suggest that the samples may be
collected from different site, the former was freshwater region and the latter was from the estuary.
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Fig. 1. The sampling sites of the Corbicula japonica at Lake Ogawara (st.1, st2), Lake Jusan (st.3) and Ibi River
(st.4; 17 km from river mouth, st.5; 2.9 km from river mouth).
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Fig. 3. Sr/Ca ratio profile of shell transsection in inner calcareous layer of Corbicula japonica collected from Lake Jusan
(Aomori Pref)) analyzed with EPMA. The number represents specimen number.
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Fig. 6. Sr/Ca ratio profile of shell transsection in inner calcareous layer of Corbicula japonica collected from Ibi River es-
tuary (Aichi Pref.) analyzed with EPMA. The number represents specimen number.
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Effects of Water Temperature on Embryonic Survival Rates and
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Abstract

Eggs from four full-sib families of masu salmon Oncorhynchus masou masou were exposed to five different
temperatures (4, 9, 12, 16, and 20C) from fertilization to eye-pigmented embryonic stage for investigating the effects
of water temperature on the embryo survival rate and nine meristic characters (upper, lower, and total gill rakers;
pelvic, pectoral, dorsal, anal, and caudal fin rays; and pyloric caeca) of the surviving juveniles. Survival rates at the
two extreme temperatures (4 and 20C) were generally low. All embryos from two families died during the thermal
treatment at 20C. Rearing groups at 16C showed the next highest survival rates compared to controls kept at 9C.
Mortality under the same temperatures was significantly different among the four families. Moreover, mortality
during thermal treatment was greatly variable (13.3 —76.7%), but was similar during the post-treatment period (14.5
—24.9%). These results suggest that the sensitivity to water temperature is different among families. Changes in the
meristic characters of juveniles were dependent on the incubation water temperature at the early developmental stage,
and the degree of modification was different among families. However, there was a general response pattern for lower
gill and total gill rakers (sum of upper and lower gill rakers) as well as pectoral and anal fin rays, which showed the
greatest average counts at intermediate temperatures. Dorsal and anal fin ray counts were significantly lower than
those of the controls in all experimental groups reared over 16C. Thus, meristic characters of masu salmon juveniles
may be influenced by the incubation water temperatures exposed in the early embryonic stage. The present findings
suggest that the observed meristic characters, which are significantly affected by water temperatures, may be useful
for discriminating between stream-spawned and hatchery-reared populations.

(accepted February 1, 2010)

Introduction
It has been reported that incubation water tem-
perature during embryonic stages has a major influ-

ence on the survival rate and development rate in

1,2)

salmonids™”. However, survival rates during the

early developmental stage as well as the upper and

lower lethal limits of incubation water temperatures

are different among species™?, stocks or strains”®,

bloodlines!?, and families®®1%1? For example,
Murray and McPhail® incubated embryos of five spe-

cies of Oncorhynchus at water temperatures ranging

from 2 to 14C and compared survival rates. They
found that pink O. gorbuscha and chum salmon O.
keta did not survive until hatching at 2°C, and that,
at low temperatures, coho O. kisutch and sockeye
salmon O. nerka had higher survival rates than
Chinook salmon O. tshawytscha. They also reported
that the survival rates of chum, pink, and Chinook
salmon embryos at 14C were higher than those of
sockeye and coho salmon. The upper temperature
at which 50% mortality of embryos occurs is differ-
ent for these five Oncorhynchus species; it is 16C for

Corresponding author: Daisei Ando, Hokkaido Fish Hatchery, 3-373 Kitakashiwagi, Eniwa, Hokkaido 061-1433, Japan
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chum and Chinook salmon, 15—15.5C for pink and

sockeye salmon, and 13.5C for coho salmon?.

In
general, it is thought that coho and sockeye salmon
embryos have a greater tolerance to cold waters, and
that chum, pink, and Chinook salmon may be better
adapted to warmer waters>>'>Y_ These results sug-
gest that incubation water temperatures during the
embryonic development stage are an important fac-
tor in the survival of embryos.

It has also been reported that some meristic
characters in fish may be affected by external en-
vironmental factors such as incubation water tem-
peratures. However, meristic characters also have

1517 " In salmonids, meristic

inherited components
characters such as the number of gill rakers, as well
as the number of dorsal and pectoral fin rays, are im-
portant in the identification of different stocks'®?V.
However, mean values of meristic characters are not
always stable and differences between populations
do not always originate from genetic components®.
For example, based on parent-offspring regressions,
heritability in the number of gill rakers is high in
salmonids, i.e., 0.67 for rainbow trout O. mykiss, 0.45
—0.63 for pink salmon, and 0.60 for masu salmon O.
masou masou”>> . Regardless of this high heritabil-
ity, the number of gill rakers can change in artifi-
cially reared salmonid populations®®. Furthermore,
meristic character modification responses to incuba-
tion water temperature differences are reported to
be different among families. Téning?” surveyed the
modification responses of dorsal fin ray numbers
in sea trout Salmo trutta trutta at several different
temperatures using a number of families, while Ali
and Lindsey®® conducted a similar experiment using
medaka Oryzias latipes families. In general, their re-
sults showed that the number of fin rays was highest
at an intermediate temperature. However, the abso-
lute values at the same temperature were different
among families with some exceptions. These results
suggest that a study of several families is necessary
when investigating meristic character modification
responses to incubation water temperatures.

Masu salmon are important in the commercial and
recreational fisheries of northern Japan, including
Hokkaido Island®®”. Stock enhancement of masu
salmon has been conducted in all areas of Hokkaido

and artificially fertilized eggs are incubated in spring

water (the temperature of spring water is usually
stable at approximately 8C) as used in chum salmon

3D However, masu salmon adults usu-

hatcheries
ally spawn during early or middle September when
stream water temperatures are higher (12 —-16T)

than those in hatcheries®?

. Thus, there may be
a marked difference in the incubation water tem-
peratures between hatchery-reared and stream-
incubated eggs. If the meristic characters of masu
salmon change with incubation water temperatures,
then these plastic characters may be useful when
distinguishing hatchery-reared populations from
stream-incubated populations. However, meristic
character modification responses and survival rates
have not been examined in embryos and/or juve-
niles exposed to different incubation water tempera-
tures during the early developmental stage in masu
salmon. Therefore, masu salmon embryos from full-
sib families were incubated at five different tempera-
tures from fertilization to the eye-pigmented embry-
onic stage, and the survival rates were determined.
Subsequently, meristic characters of the surviving
juveniles from each incubation water temperature
were compared for investigating the modification re-
sponses to incubation water temperatures.

Materials and Methods
Fish and thermal treatment

Masu salmon adults used in this study originated
from Shiribetsu River located on the Sea of Japan
side of the western Hokkaido Island. This stock
was introduced into the Mori Research Branch of
Hokkaido Fish Hatchery (Mori, Hokkaido) in 1989
(118,000 eggs) and was then domesticated under
a stock enhancement program. In 1998, 20 adults
were transported to Hokkaido Fish Hatchery (HFH;
Eniwa, Hokkaido) for laboratory experiments and
artificial fertilization was repeated over three genera-
tions using a small number of parents (50 adults per
generation). This stock has been reared in spring
water at HFH throughout their life.

In 2007, eggs of four dams were collected and
fertilized individually using the milt of four sires pro-
ducing four full-sib families (OM11—14). Fertilized
eggs were placed in running spring water for 1 h
for hardening the egg envelop. Then, egg batches
were divided into five groups and housed in separate
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mesh baskets. These baskets were placed in aquaria
containing still water under different temperatures
until the eye-pigmented embryonic stage. Masu
salmon eggs were managed according to the pro-
cedure for stock enhancement of chum salmon®?.
Chum salmon eggs can be practically tolerated for
transportation after 300 degree-days®. The hatch-
ing time of masu salmon eggs in normal spring water
at HFH is approximately 470 degree-days®” and the
biological eye-pigmented embryonic stage occurs at
approximately 240 degree-days (30 days at 87C)%?.
However, hatchery managers usually treat masu
salmon eggs carefully without disturbance until 300
degree-days, similar to the treatment given for chum
salmon eggs. Therefore, this developmental stage
(300 degree-days) is important in the management
of masu salmon eggs.

Five groups (4D, 9D, 12D, 16D, and 20D) were
incubated at five water temperatures; i.e., 4, 9, 12, 16,
and 20C, respectively, controlled with heaters and
incubators. Water temperatures were recorded daily
and mean water temperatures and standard errors in
the five groups were 4.4 +0.01, 8.8+0.05, 12.2+0.12,
16.2%0.10, and 19.9+0.12C, respectively. These five
groups were incubated in still water until 319 — 334
degree-days and then transferred into aquaria with
running spring water until hatching. The mean spring
water temperature after thermal treatment was 8.4
0.03C. Total rearing duration for the five groups, from
fertilization to sampling, was 199 — 266 days (Table 1).

Meristic characters

Up to 50 fish from each group were sampled to
investigate the nine meristic characters. For each
fish, nose-fork lengths (FL) were measured to the

nearest 0.1 cm. The number of upper gill rakers
(UGR), lower gill rakers (LGR), gill rakers (GR), pel-
vic fin rays (PelFR), pectoral fin rays (PecFR), dorsal
fin rays (DFR), anal fin rays (AFR), caudal fin rays
(CFR), and pyloric caeca (PC) were also recorded. In
masu salmon, it has been reported that the number
of PelFR, PecFR, DFR, AFR, and PC becomes fixed

at a standard body length of 3—4 cm®

. However,
GR numbers are thought to be fixed in most masu
salmon when the fish have a nose-fork length of more
than 7cm®®. Therefore, fish with FLs of >7 cm
were selected for this study. All meristic characters,
excluding PC, were stained with Alizarin Red S and
numbers counted under a binocular microscope. The
total number of GR was the sum of the numbers of
UGR and LGR of the first left gill arch. Rudimentary
umbos were included in the analysis, and an inter-
mediate raker was included in the LGR. Pelvic and
pectoral fins were removed from the left side of the
fish and fin rays were counted excluding rudimentary
rays preceding the anterior-most major ray'”. For the
anal and dorsal fins, the first vestigial rays on the an-
terior fin base were counted when possible. The last
bifurcated rays were counted as one fin ray. For the
caudal fin, all observed rays (branched and single)
were enumerated. The PC was removed from the fish
along with the stomach and intestine. Subsequently,
each caecum was separated and counted. At the same
time as the alimentary system was removed, sex was
determined according to the external appearance of
gonads.

Survival rates and statistical analysis
Dead eggs and fish were counted and removed
from each mesh basket every day. At the time of

Table 1. Rearing procedures and water temperatures in five thermal treatment groups

Thermal treatment ™! Post-treatment ™! Total rearing

Group Rearing days Water temperature (C) Rearing days Water temperature (C) fgfgﬁig?n

(degree-days) Mean + SE Range until analysis  Mean = SE Range to analysis
4D 75 (328.7) 4.4=0.01 42— 4.6 191 266
9D *?2 38 (333.9) 8.8=£0.05 83— 9.7 187 225
12D 27 (329.4) 12.2+0.12 10.8—13.0 183 8.4+0.03 7.6-9.7 210
16D 20 (324.9) 16.2+0.10 15.8—-17.8 188 208
20D 16 (319.0) 19.9+£0.12 19.3—-20.7 183 199

*1Treatments in each water temperature were conducted using static waters from fertilization to eye-pigmented embryonic stage. Then
each eggs were transferred into identical running spring water until analysis.

*2 Control.
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emergence, the fry in each group were counted.
Exact initial egg numbers were calculated as the
sum of the number of dead eggs and the number of
fry that emerged. At the end of rearing, survival rate
and standard error in each group from fertilization
to sampling time were calculated using the Kaplan-
Meier method, and compared using log rank tests
within thermal treatment groups. At the final sam-
pling, the number of surviving juveniles and the total
individuals lost (i.e., sum of dead eggs and fry) in
each group within the full-sib family was compared
using the 9D group as a control, because rearing wa-
ter temperatures during thermal treatment and post-
treatment period were maintained between 8.4 and
8.8 for this group (Table 1). The data were statisti-
cally evaluated using chi-square tests.

Mean values of FLs and the nine meristic char-
acters in 4D, 12D, 16D, and 20D groups were com-
pared to the 9D group using Dunnett’s test. Sex
ratios in each group were analyzed using Fisher’s
exact probability test to detect deviation from a 1:1
sex ratio. Significance levels were set at P = 0.05 for
all statistical analyses.

Meristic character modification rates in the 4D
and 16D groups were compared to the 9D group us-
ing the mean meristic character values of the four
full-sib families in each thermal treatment group.
The modification rates were calculated as:

TMx— TMyp
TMyp
where TMy is the mean value of the target meristic
character in the X (4D or 16D) thermal treatment
group and TMyp, is the mean value of the same target

Modification rate (%) = x 100 + 100

meristic character in the 9D group.

Results

In four full-sib families, 993 — 1283 eggs were
taken from each dam and 143 — 272 fertilized eggs
were used in each experimental group. The range
of survival rates from fertilization to final sampling
was 0—80.5% (Table 2). All members of two families
in the 20D group (families OM13 and OM14) died
during thermal treatment. The survival rates of the
family OM14 in the 12D group was poor (2.8%) with
only six juveniles surviving until the final sampling.
Therefore, OM13 and OM14 in the 20D group and
OM14 in the 12D group were excluded from further
analysis. The remaining 17 family groups were used
for meristic character analysis. The average sur-
vival rates of the four full-sib families in each ther-
mal treatment group were, in descending order, 9D
(72.2%) > 16D (62.8%) > 12D (33.1%) > 4D (21.1%) >
20D (4.9%).

Survival rates among families in the same ther-
mal treatment group were significantly different (P<
0.001). The survival rate for OM11 was generally
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Fig. 1. Survival rates of four full-sib families (OM11—14) from fertilization to sampling. Bars denote standard errors

estimated by the Kaplan-Meier method. Groups 4D, 9D, 12D, 16D, and 20D reflect thermal treatments (4.4, 8.8,

12.2, 16.2, and 19.9C, respectively) applied from fertilization to the eye-pigmented embryonic stage. Symbol
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dicates that all eggs died during thermal treatment. Survival rates among families were compared using a log rank
test. Significance levels were set at P = 0.05 for all statistical analyses.
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higher than the rates in the other families for each of
the thermal treatment groups (Fig. 1). In the 4D and
20D groups, survival rates within a family were signifi-
cantly different from the 9D group, and the mortality
in the thermal treatment and post-treatment periods
varied among families (Fig. 2). Among the families,
there was no significant difference in survival in the
16D groups in OM11, OM13, and OM14 families.
On the other hand, the 12D group survival rates for
the OM11, OM12, and OM14 families were lower
than those of 9D. However, survival rates were
similar between the 9D and 12D treatments in fam-
ily OM13 (Fig. 2). In general, mortality mainly oc-
curred during the thermal treatment periods in the
20D extreme temperature group. In the pooled data
for the four families, mortality varied widely (13.3
—76.7%) during thermal treatment while mortality
rates during the post-treatment period were similar,
14.5-24.9% (Fig. 3). Within the pooled family data,
the average survival rate of the 16D group was
highest (62.8%), with the exception of the 9D group
(72.2%; Table 2).

For the 17 groups with sufficient numbers to assess
meristic variation, 708 fish were analyzed for meris-
tic characters. Mean FL ranged from 7.0 to 9.2 cm;
however, mean FLs for 4D in OM13 family, 12D in
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OM12 and OM13, and 16D in OM11 and OM13,
were significantly different from the 9D FLs within
those families (Table 2). Sex ratios were not skewed
from 1:1 within thermal treatment groups in each
family, but male occurrence in the 9D group in the
data pooled for the four families was significantly high
(Table 2).

The response to incubation water temperatures
for LGR, GR, PecFR, and AFR counts varied simi-
larly, with the highest number of rays or rakers oc-
curring at intermediate temperatures (Figs. 4 and
5). However, the magnitude of the response and the
absolute values at the same temperature differed.
For the LGR and GR of OM11, the number of gill
rakers in the 12D and 16D groups was significantly
higher than in the 9D group, but the other three
families showed no such differences. On the other
hand, LGR and GR counts in the 4D group of OM12,
OM13, and OM14 were significantly lower than the
counts for 9D, whereas the mean value in OM11 fam-
ily showed no such difference (Fig. 4). In PelFR, the
number of rays showed little change with tempera-
ture for all families, although, at all temperatures, the
absolute values for OM11 were higher than those
for the other three families. For the DFR and CFR
counts, the response of OM12 showed an arched

O Survived fish

EDead eggs and fish after thermal treatment
M Dead eggs during thermal treatment

C

Y]
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OM13 OM14

Fig. 2. The number of surviving and deceased individuals in each group of four full-sib families (OM11—14). Group
names 4D, 9D, 12D, 16D, and 20D, indicate thermal treatments (4.4, 8.8, 12.2, 16.2, and 19.9T, respectively) of the
eggs from fertilization to the eye-pigmented embryonic stage. The number of deceased individuals is shown ac-
cording to the developmental periods: during thermal treatment period until the eye-pigmented embryonic stage
(closed bar) and the period after that (hatched bar). Symbol “C” denotes control group (9D) and asterisks on the
bars indicate significant differences from the family’s 9D control. The ratio of surviving and deceased individuals
was compared using a chi-square test. Significance levels were set at P = 0.05 for all statistical analyses.
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curve; however, the other three families showed
30 For PC,
there was no clear response to water temperature.

either null or declivous responses

However, there was a tendency towards an increas-
ing count in the 4D groups, except in OM13 fam-
ily. The DFR and AFR modification responses in the
16D and 20D groups were similar with both counts
showing a declivous curve while water temperature
increased, and all group counts were significantly
lower than those in the 9D group (Fig. 5).

In the 4D, 9D, and 16D thermal treatment groups,
meristic data were obtained for all four families.
The meristic character modification rates ranged
from 94.7% in AFR mean counts in the 4D group to
109.2% in PC mean counts in the 4D group. The

modification responses of UGR, LGR, GR, DFR, and
CFR showed similar tendencies; UGR, LGR, and GR
showed acclivous responses®”, while DFR and CFR
showed declivous responses (Fig. 6).

Discussion
It has been reported that incubation water temper-
atures have a marked effect on embryo survival in

2791D - Beacham and Murray'? inves-

Pacific salmon
tigated the survival rate of chum salmon at incuba-
tion water temperatures of 4, 8, and 12C, and found
that survival rates from the eye-pigmented embryon-
ic stage to hatching was lowest at 12°C. On the other
hand, survival rates at a low temperature (4C) in

pink salmon embryos varied greatly among families.

Table 2. Survival rate, sex, and fork length in four masu salmon families treated by five different temperatures

Number of Number of individuals for
Famil Grou Initial egg  survival fish analysis Fork length (cm)
y P numbers  until analysis
%) Female Male Total Mean = SE Range

4D 177 78 (44.1) 29 21 50 7.4+0.05 7.0 — 84
9D 216 170 (78.7) 18 32 50 7.3 +0.04 70-179
OM 11 12D 203 124 (61.1) 26 24 50 7.4£0.05 7.0 — 8.6
16D 201 161 (80.1) 24 26 50 7.5+0.05" 7.0 — 8.2
20D 196 23 (11.7) 8 8 16 7.5+0.08 71— 8.2
Subtotal 993 556 (56.0) 105 111 216 7.4 %+0.02 7.0 — 8.6
4D 257 54 (21.0) 19 21 40 7.8 +0.07 7.0 — 8.9
9D 272 219 (80.5) 20 30 50 7.8 +0.04 73 — 84
OM 12 12D 260 51 (19.6) 20 29 49 8.2 +0.08" 7.0 —9.2
16D 250 122 (48.8) 24 25 49 7.7+0.06 7.0 — 84
20D 244 20 (8.2) 11 8 19 8.0+0.10 71 -85
Subtotal 1283 466 (36.3) 94 113 207 7.9+0.03 7.0 —-92
4D 143 26 (18.2) 7 11 18 7.5+0.09° 7.0 — 8.6
9D 248 143 (67.7) 21 29 50 8.0+0.01 75— 8.6
OM 13 12D 234 120 (51.3) 23 27 50 8.4 +0.05" 75 -09.1
16D 240 126 (52.5) 21 28 49 7.7+0.05 7.0 — 85
20D 242 0 (0.0 - - - no data no data
Subtotal 1107 415 (37.5) 72 95 167 8.1+0.04 7.0 -9.1
4D 260 19 (7.3) 9 9 18 7.9+0.13 7.0 — 8.8
9D 199 143 (71.9) 17 33 50 7.7+0.07 71-9.2
OM 14 12D 212 6 (2.8) - - - no data no data
16D 214 159 (74.3) 20 30 50 7.6 =0.06 7.0 - 9.1
20D 191 0 (0.0 - - - no data no data
Subtotal 1076 327 (30.4) 46 72 118 7.7+0.04 7.0 - 9.2
4D 837 177 (21.1) 64 62 126 7.6 =0.02 7.0 — 89
9D 935 675 (72.2) 76 124 200% 7.7+0.04 7.0 —-92
Total 12D 909 301 (33.1) 69 80 149 8.0+ 0.09" 7.0 —9.2
16D 905 568 (62.8) 89 109 198 7.6 +0.05 7.0-9.1
20D 873 43 (4.9 19 16 35 7.7+0.03 71 -85
Total 4459 1764 (39.6) 317 391 708 7.7+0.08 7.0 — 9.2

Egg batch reared at 9C (9D) was defined as control.

Symbol “a” indicate the significant difference from 1:1 sex ratio treated with Fisher’s exact probability test at P = 0.05 level.
Symbol “b” indicate the significant difference from 9D control treated with Dunnett’s test at P = 0.05 level.
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Fig. 3. The number of surviving and deceased individuals in all four families. Group names 4D, 9D, 12D, 16D, and 20D,

reflect thermal treatments (4.4, 8.8, 12.2, 16.2, and 19.9T, respectively) from fertilization to the eye-pigmented em-
bryonic stage. The number of deceased individuals is shown according to developmental periods: during thermal
treatment period until the eye-pigmented embryonic stage (closed bar) and the period after that (hatched bar).
Symbol “C” denotes control group (9D) and asterisks on the bars indicate significant differences from the 9D con-
trol. The ratio of surviving and deceased individuals was compared using a chi-square test. Significance levels
were set at P = 0.05 for all statistical analyses. The figures in the bars indicate mortality (%).
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Fig. 4. Modification responses to incubation water temperatures for upper gill rakers (UGR), lower gill rakers (LGR),

and total gill rakers (GR is the sum of UGR and LGR) in four full-sib families (OM11 —14). Bars denote standard
error of the mean. Group names 4D, 9D, 12D, 16D, and 20D, reflect thermal treatments (4.4, 8.8, 12.2, 16.2, and
19.9T, respectively) from fertilization to the eye-pigmented embryonic stage. Letters “a” (OM11), “b” (OM12), “c”
(OM13), and “d” (OM14) indicate significant differences from the family’s 9D control derived by Dunnett’s test.
Significance levels were set at P = 0.05 for all statistical analyses.

However, the variation was lowest at 8 and 127C'?.
In sockeye salmon, no significant differences in em-
bryo survival rates were observed at 4, 8, 12, and
15C, but the rate was lowest at 2C%. In addition, no
Chinook salmon embryos survived at 2C¥. On the

other hand, while coho salmon embryos were found
to survive in cold waters (for example, 1.3C), coho
salmon embryo mortality increased above 11T, with

T 2,3,14)

complete mortality at 14 . Lower and upper

lethal temperatures for Chinook salmon embryos
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Fig. 5. Modification responses to incubation water temperatures for pelvic (PelFR), pectoral (PecFR), dorsal (DFR), anal
(AFR), and caudal fin rays (CFR), and pyloric caeca (PC) in four full-sib families (OM11—14). Bars denote stan-
dard error of mean. Group names 4D, 9D, 12D, 16D, and 20D, reflect thermal treatments (4.4, 8.8, 12.2, 16.2, and
19.9C, respectively) from fertilization to the eye-pigmented embryonic stage. Letters “a” (OM11), “b” (OM12), “c”
(OM13), and “d” (OM14) indicate significant differences from the family’s 9D control derived by Dunnett’s test.
Significance levels were set at P = 0.05 for all statistical analyses.
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Fig. 6. Modification rates relative to the 9D controls for nine meristic characters in all four full-sib families. Group names
4D, 9D, and 16D, reflect thermal treatments (4.4, 8.8, and 16.2C) from fertilization to the eye-pigmented embryonic
stage. The 9D groups were set as controls (i.e., 100%). Abbreviations for each trait are as follows: upper gill raker
(UGR), lower gill raker (LGR), total gill raker (GR; sum of UGR and LGR), pelvic fin rays (PelFR), pectoral fin rays
(PecFR), dorsal fin rays (DFR), anal fin rays (AFR), caudal fin rays (CFR), and pyloric caeca (PC), respectively.

(i.e., resulting in 50% mortality in the period from temperatures above 18C. These results suggest that
fertilization to 50% hatching) range from 2.5—-3.0 to Oncorhynchus embryos can survive in water tempera-
16.0CY. Moreover, Kashiwagi et al.*® reported that tures ranging from 1.3 to 16C. However, there are

rainbow trout embryos did not survive to hatching at species-specific upper and lower lethal temperatures.
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In our study, survival rates were lowest at the two
extreme temperatures tested (4 and 20C). The
low survival rate at 4C suggests that low incuba-
tion water temperature tolerance in masu salmon
embryos may not be as strong as in sockeye and
coho salmon. On the other hand, although overall
survival was only 4.9% at 20C, eggs from two full-
sib families survived until they reached the eye-
pigmented embryonic stage at 20C. Moreover,
there was no significant difference in survival rates
between the 9D and 16D groups in three families
(OM11, OM13, and OM14). These results suggest
that masu salmon embryos have a greater tolerance
of high incubation water temperatures than other
Oncorhynchus species. However, mortalities in the
middle temperature range (12D) group were higher
than those in the 9D and 16D groups (Figs. 2 and 3).
The cause of this phenomenon is not known, but we
note that mortality during thermal treatment in the
12D group was higher than that in both the 9D and
16D groups (Fig. 3). As all groups were housed, in-
cubated, and reared in similar conditions, we suggest
that the experimental process was not responsible
for the observed survival differences. In salmonids,
it has been reported that incubation water tempera-
ture sensitivity is different within a species among
families, stock, parental female size class, and popu-

619 Moreover, there is evidence

lation brood-year
of marked decreases in survival rates around 12C in
one study?. The fish used in this study were from
a domesticated stock incubated at the hatchery in
spring water, with minimal water temperature chang-
es (7—12T). More detailed research using a larger
number of full-sib families is necessary to investigate
this apparently low survival rate phenomenon at
12T in masu salmon embryos.

Although the spawning season of masu salmon
adults ranges from late August to early October,
most adults spawn during September when the wa-
ter temperature in the rivers of Hokkaido ranges be-
tween 13 and 17C>?. Thermal tolerance depends on
species or stock, and differences in sensitivity to low
and high incubation water temperature are thought
to be related to the natural history of the target or-

240 For example, Beacham and Murrayz)

ganisms
noted that coho salmon in North America spawn

during the latter part of the spawning season of the

coho, Chinook, pink, chum, and sockeye salmon
populations they surveyed, suggesting that coho
salmon have a higher tolerance to low temperatures.
Furthermore, this tolerance suggests that coho salm-
on have become adapted to spawning during late
fall and early winter. In chum salmon, it has been
reported that late-spawning stocks exhibit higher
embryo survival rates at low water temperatures
than early-spawning ones”. Hendry et al.” and Tang

1. indicated that eggs taken from sockeye and

et a
coho salmon stocks that experience high tempera-
tures in their spawning streams exhibit higher sur-
vival rates under high-temperature conditions in the
laboratory, than those of stocks that spawn in lower
temperature streams. Although the masu salmon
adults used in this study were not from a stream
spawning population, their fertilized embryos seem
to exhibit a tolerance for water temperatures similar
to those in streams. Wild masu salmon stocks spawn
in rivers with high water temperatures during fall. A
clearer indication of incubation water temperature
tolerances may have been obtained if both hatchery
and wild-origin masu salmon were used to investi-
gate the survival rates at different temperatures.

It has been reported that most of the mortality in
fish embryos occurs during the early developmental
period, especially from the stage of fertilization to

epiboly or to the eye-pigmented embryonic stage®®'?.

19 noted that such temperature effects were

Marten
restricted to the period between fertilization and the
eye-pigmented embryonic stage with no significant
effects after the eye-pigmented embryonic stage
in brook trout Salvelinus fontinalis. Murray and
Beacham*” observed that a period of incubation at
warmer temperatures was necessary before pink
salmon embryos could survive lower incubation water
temperatures. In our study, there was no large varia-
tion in the mortality rates after the eye-pigmented em-
bryonic stage (14.5—24.9%). However, mortality dur-
ing the early developmental stage (from fertilization
to the eye-pigmented embryonic stage) was highly
variable (13.3—76.7%). These results suggest that
mortality differences during the thermal treatment
period are related to incubation water temperatures
and not rearing technique.

Meristic characters in masu salmon changed with
incubation water temperatures until the eye-pigmented
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embryonic stage. Final GR and PC counts as well
as the number of fin rays are dependent on fish size.
However, PC and fin ray numbers, excluding CFR,
are approximately fixed at 3 —4 cm®®®. Most fish at-
tain a fixed number of GR at an FL >7 cm; however,
GR counts are not completely fixed until an FL of

36 Because we used an FL of approximately

8 cm
7 cm in our study, our GR counts may not be fully
representative of final values. However, we suggest
that the general tendency in the GR modification
response to water temperature has been detected.
For example, although there are no differences in
FLs between the 9D and the 4D groups in OM12
and OM14, the mean GR in the 4D groups is signifi-
cantly lower than that of the 9D. Moreover, the FLs
of the 9D and 12D groups in OM11 were similar.
However, the mean GR number in the 12D group
was significantly higher than that in the 9D group.
Unfortunately, information about CFR numbers is
scarce. Hikita*? reported that CFR ranged from
45 to 47 in masu salmon with FLs of 17.9 —57.0 cm.
Here, CFR counts in the 9D group varied from 40
to 50 rays and mean values were 42.7 —47.1. Based
on similarities with the data of Hikita?, we suggest
that the CFR counts had approximately reached the
fixed number observed in adults. The FL of OM11
in the 9D group was smaller than those of OM13 and
OM14. However, the CFR of OM11 in the 9D group
was apparently higher than those of the other two
families (Fig. 5).

Meristic characters may change with incubation
water temperatures, but there are also meristic char-
acter modification responses that depend on fami-
lies. Here, LGR, GR, PecFR, and AFR showed the
same modification responses to water temperature
(an arched curve) in all four families. PC counts in
the 4D groups of the four families showed the larg-
est modification rate compared with the 9D group
(Fig. 6). However, in stream-spawned masu salmon
embryos, water temperatures of 4C may not be ex-
perienced until the eye-pigmented embryonic stage.
Therefore, the 4D groups represent an extreme
experimental setting in our analysis, and we suggest
that the extreme modification rate reflects that set-
ting. For DFR and AFR, the high water temperature
rearing groups (16D and 20D) showed significantly
lower ray counts than that of the 9D in all families.

As hatchery-reared fish experience colder water
temperatures than stream-incubated fish in early em-
bryogenesis, and as DFR and AFR show significant
changes with water temperature, these traits may
be useful tools in distinguishing hatchery-reared or
stream-incubated stocks. Furthermore, an arched
curve in meristic characters over several tempera-
tures has been reported in other salmonids. For
example, Seymour™ found that DFR and AFR were
greatest at intermediate temperatures in Chinook
salmon, while Taning®” found that the modifica-
tion responses of DFR and AFR in sea trout showed
arched curves at several temperatures. To examine
modification responses in further detail, and inves-
tigate the arched curve more accurately, more than
three incubation water temperatures should be used
in future analyses.

In our study, sex ratios in each group did not
vary significantly from 1:1. However, the sex ratio
in the four family-pooled 9D group had a signifi-
cantly high proportion of males. In this study, large-
sized fish were primarily selected to determine GR.
Survival rates of 9D and 16D groups were generally
high in all four families. It has been reported that
the growth of potential smolts (fish which become
smolts in the following year) did not differ between
the sexes. However, growth of precocious males is
reported to be faster than that of immature males in
masu salmon®**?. The minimum size for the appear-
ance of precocious males is 7—8 cm?®. Therefore,
it is thought that some of these males were included
in the group we analyzed, because larger fish were
selected for analysis. Traits were analyzed without
stratifying for sex in this study because previous
studies have reported that several meristic charac-
ters in Oncorhynchus show no significant differences
between the sexes’1821:2545.46)

In masu salmon, our results show that meristic
characters may be affected by temperatures in early
embryogenesis, at least until the eye-pigmented
embryonic stage. This finding could be utilized
to detect hatchery-reared populations in the field,
because the water temperatures experienced up to
the eye-pigmented embryonic stage will be different
between hatchery-reared and stream-incubated popula-
tions. However, the effects of water temperatures after
the eye-pigmented embryonic stage are unknown.
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For example, it is reported that the phenocritical pe-
riod for DFR and PecFR begins at the eye-pigmented
embryonic stage and lasts after hatching in sea
trout’”. Water temperature from the eye-pigmented
embryonic stage to emergence in the stream is low-
er than that of the hatchery®®. Moreover, stream-
spawned masu salmon embryos may experience
daily fluctuations and seasonal variations in water
temperatures. More detailed surveys including the
post eye-pigmented embryonic period will be neces-
sary to allow hatchery-reared and stream-incubated
populations to be distinguished.
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Abstract
Both domestic and introduced Carassius auratus are distributed widely in the Ryukyu Archipelago. Because they

cannot be distinguished morphologically, we developed a simple and easy method that can distinguish domestic and

introduced specimens. Two allele-specific primers targeting mitochondrial ND4 and ND5 gene regions were devel-

oped based on published sequences. These primers are specific to domestic and introduced C. auratus, respectively.

Each primer was designed to amplify different size fragment by reacting with respective reverse primers. From the

confirmatory experiments, the multiplex PCR reaction using primer mixture including the above two specific primer

sets and one non-specific primer set for positive control was confirmed to be an effective method for distinguishing be-

tween Ryukyuan domestic and introduced C. auratus.

(accepted February 20, 2010)

73 (Z Z TlE Carassius auratus *359) 3. &
BBIUHAYNE GG —F 2 7 KE—H O I
AT A a4 BaA B o—RkMkkm T, F
T VT TIEALIZE 5 TEIgAD D 5 — %1 7 fa
Thbo AEDIAIILILIEE . HIERYE F Tl
FEIIZIEY . LR ORI B L O OME % R
CPRIKIE, BRISIIB RN ORER i R BT
57,

Takada®b 12 X 5 7+ O I s 2 F 1Y 7DNA
(mtDNA) 4,66935 2% (bp) % F 72 AL IEAT O H
Fo HROEIM, JUM, AN+ UE, KRGS, 10>
7 +HE, BE. BLOREO 7HIEICIE. FhER
ECHEAL L7z 7 D O W E A RS LT b S
EDBWL PR 572Y 7 F Tld mtDNA % H w725
WRIBENT DFEFAS, ¥ DNA O F L HARIIZ—5T 5
CEDHEPOSLNTETHE DY, mtDNA ORI X
DIFSNIz FROBERIITHIEETEL0TH S

EFRDbe FHEETHE, ZOTHIEICIE, FNE
NI LR SN WNT T A T % O s
LG ALTBY. TNSIZEFEONTB Y £ T2
LDHEWIZHITTRTH L E V) 2 LIl b, THEH
BIG3ARS B 7 T 75 Carassius cuvieri UALD
7% C. auratus (2O Cl, 5 A THHAHRE S
nTwz? LHL, Lito 7 isEgEFO ) 6.
HARIZEAORMTH 5 4 EF 2 HEEOER LTS L
Ebeb e, HAO7F5HfEL LT LIS L A
V> (Murakami et al.”, Iguchi et al.”, Yamamoto et al.”
b)),

WERFEE. PREES - Bl cAE L L 2%
 OEAFER EA HREZ & e, AW 2 E2 74 ik
TH2Y, ZWatiT s 75 b Fi, o g
H 2 6 #EEICRE A b L7z, B X 220- 10077 4F
HCIE L7z L Mg SN A ERBAERTH Y, =
DOFERFNS T, MO TEDHFEZIAS ISk

HAKSE © T164-8639 W LARHEFIXFIR1-15-1 WGURSAMEENTIETT 0 FilERk ol S ARkSE
Tel: 03-5351-6489, Fax: 03-5351-6579, E-mail: takada@ori.u-tokyo.ac.jp



110

7 F AR, FOREREA Y & s RO R S
75 evolutionarily significant unit (ESU)™® & R.7: 32
ENTE, BREOLEWEDE V., L L, IEZFDOH
LA L2 A Lo2h ), BIIZK 5T
HEEAEE SN TWEY, &5, 2hF TICHEK
FIE CHRE SN 7 F485MER D ) © . 1EFAAK13254
fEfk (52%) L2 ERR S s, 5D o231fEE (48%)
FHATHE, TEB L OAED S O AL GEE
TV, WEAE SRR O BEMMEMTIIEEIC LD
DO b,

CDIERZEDOW A % AN IED L 72021E, 50
DER AR R E L LI EVAKTH L, BAAH
BHBICERT 2 7F 08 X230 3BEEETH 5
EEZOLNTENY, HERT7FOSAOBIRZE 5 I
ZOEREDFM 2R 575 Th ., F#ER S VN
BIEDOR R EZ ST B2, FHS kMg
Th L0, BIEEETH 2202 T 508N D 5,
FESRAER & BTV RE I X 2 3B SR EECdH
HZ Db, WEOHBIZIE mtDNA [E#OSLE L X
N3V, &2 TR TR, MR B 2l (2
AT E N TS mtDNA I22W T, PCR#EZ W
7 HERRAE & BB RAR O 5 I B D BASE % i A 726
T8, MEN M —IEEER ARSI A
~—E M OEERY > b L IZKET L. RICIhEH
V>, Multiplex PCR |2 & 5 7 F OIRERRFEDOH 52
A& M L7z

a) ND4

MR ERE

T4 —FTH1> FEVBIZHAT DR
(ERRMIZE T 5 mtDNA N 70 % 4 7 % Fofk)
ERIETL AN, AN + DU, S, T 7 + R E,
BEBLUOHERMKIZET L mDNANT O Y £ 7
FROME) ZHT B 200 ERTIA Y — %,
mtDNA ¢ ND4 1515815 D46 — 667 H DML, B &
OF ND5 s fz 758150956 — 9787 H D AR 2 /RS L 72
(Fig. 1)o ND4 & fzx7-#E18 0667 H & ND5 #{x 178
W978% H O MEAL I, fEREI Tl G, BHAEITIX A
WKEESNRTEY (Fig. 1), I H o 1 HERER A
352 L2 X ) mEOHBISTTERIC R 5, FR L7
FRTIA~—D 3 Kiilx, 667 HDBEMIZxT LT
EHERMOAZIZ~ Yy F 55 L9112 G2, 978%F H DB
PR L CRBEEOAIT Yy FTAEIICAEL
720 SO IR RN ZED 72012, 794 <% —
D KIS IEEBICI ATy FL btk EE
ALZ? (Fig. Do ED XL TERLZ22
DT T4 <—OHERIIE, KDOEY TH S : ND4-
66L-RDS. 5-TGA TTA ACT TCC CCT AAA CGG-3’;
ND5-978L-IS. 5-TTG GAC TAA AYC AAC CAC ARA
TA-3's ND4-66L-RDS |2/} 5T 5 Tt 77 4 ~v—& LT,
ND47>285— 2667 H @ . 1= ND4-266H (5-CAR YCG
TKG TCG RCT RAT TG-3) % fE# L, ND5978LIS (2
X L Cld. ND5?1319 - 13007% H @ J# {7 |2 ND5-1300H
(5-ACG AAT CGY GGG GTT CCTAT3) % fF#1 L 7z
(Fig. 2) o

*
21 5"-TGATT AACTTCCCCT AAAC@—S' 100

Honsyu lineage (H, n=1)
Kyusyu lineage (K, n=5)

Honsyu+Shikoku lineage (HS, n=14) ........c. oot ciieiina

Ryukyu lineage (R, n=13) vesaTaTasirTaeiissiaa i T

China lineage (C, n=10) TeosToTeur cvnnnssnes suvsThs

Taiwan lineage (T, n=8) sl 1T .. THS

Russia lineage (Ru, n=2) ToTowe Towwsenans e T
ND5

b) 921

Honsyu lineage (H, n=1)

Ryukyu lineage (R, n=13)
China lineage (C, n=10)
Taiwan lineage (T, n=8)
Russia lineage (Ru, n=2)

AACATCTAGT CAATTAGGCT TAATAATAGT TACAATTGGA CTAAATCAAC CACAGC
Kyusyu lineage (K,n=5)  ...... T Ty
Honsyu+Shikoku lineage (HS, n=14) .......... ooty

CACAATCATA CTATTCCCAA CAATCTGATT AACTTCTCCT AAATGACTAT GAACAACTAC AACCGCACAC AGCCTCCTAA

il L R o g e
e Gvsreses
,,,,,,,,,,,,,,,,, Vs 0Goetins spevmnninns Sevmssiine
*

S'-TTGGA CTAAAYCAAC CACARATR-3' 1000

C ATTCCTCCAC ATCTGCACCC

......................... . I ——

,,,,,,,,,,,,,,,,,,,,,,,,, A.i. SerESiE St T
........... Tireisrs G STASG. . T

................ Cooee vl e T

,,,,,,,,,,,,,, e
c AN T

Fig. 1. Sequences and locations of the Ryukyu domestic specific primer ND4-66L-RDS (a) and those of introduced
specific primer ND5-978L-IS (b) with aligned sequences of ND4 and ND5 gene regions of 53 Carassius au-
ratus. Dots indicate sequence structures that are identical with those in the top line. Degenerated positions
are indicated using IUPAC codes. Asterisks indicate introduced mismatch. To show outline of phylogenetic
relationships between major lineages in C. auratus, schematic trees generated by Bayesian analysis based on
concatenated 4.665bp sequences of CR, ND4, ND5, and cyt b regions of mtDNA? are provided on the right side.
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Fig. 2. Schematic representation of the ND4/5 and CR regions showing relative positions of specific primers and
expected band size for each primer set. *Expected sizes of positive control band vary among haplotypes

because of indels in the CR.
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Fig. 3. Multiplex PCR amplification of DNA from seven
Carassius auratus specimens using a primer set
including following six primers: ND4-66L-RDS,
ND4-266H, ND5-978L-IS, ND5-1300H, 115923, and
H16500. MtDNA haplotypes of the seven specimens
are previously distinguished from CR, ND4, ND5,
and cyt b sequencing. M indicates size marker.
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AB368569. AB368572. AB368578. AB368585-86.
AB368588. AB36859697. AB368601-02) .

PCR i PCR IBIZiE, 794 v — DR
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Fig. 4. Multiplex PCR amplification of DNA from 75 Carassius auratus specimens collected from Okukubi River (a),
Haneji Dam (b), and Ishikawa River (c) using a primer set include six primers (for details of primers, see legend
of Fig. 3). MtDNA haplotypes of the 75 specimens were previously distinguished from CR sequencing, and this
resultant band pattern is identical with those expected from mtDNA haplotypes. M indicates size marker. Numbers
above each lane indicate individual code number. Codes below each lane indicate lineages distinguished from CR
sequencing: C, China lineage; R, Ryukyu; HS, Honshu + Shikoku; T, Taiwan; K, Kyushu.

B D 72002, BT 72 W Takara Tagq Polymerase
(FilisE) 2 L7 POSE (25101 ORI
LLF @@ ) TH % : Takara Tag Polymerase (5 units/
21) 0.1 11, 10XPCR /Ny 7 7 — (Mg*“free) 1pl.
25 mM MgCl, 0.6 1«1, dNTP ¥ (2.5 mM each) 0.8 1«1,
5uM 774 ~— 05ulx6, KK 35ul, 77
L' — FDNA 1x1o PLEDORISHIZOWT, Gene Amp
PCR System 9700 (Applied Biosystems 1) % T,
AT 2557 DEZEM %, 94T 10 o #ZE:, 50C 1088
DT == 7, 72T 30 DM ERIS 2359 1 7 )V
TV, |RIZ72C 5 OMMERIS 21T 5 72,

BIEKTH D& PCR WL, 2% GenePure LE 7
77— A7)V (ISC Bioexpress #1) % v T100V %
BIE TG OBLKKEOHZ, TF TV A70x A F
e |2 X DM L7zs M SRR R o4 4 X
139 A4 X< — 7% — Gene Ruler 100bp DNA Ladder Plus
(Fermentas 1) % & ZIZHEE L7zo WO IEIEN A %
BT A 72002, VLB X ORI
1Z05XTBE /Ny 7 7 — &l L 72,

WM DY —4 > X BIE Szl Y B 193
THhhHI e MBT 572012, Bk L7z, 7HRFE24A
#£9 5 7K DNA ###fl & L7 PCR EWD., ¥
AV No—=r v A%1T-725 PCR EWIZ. ExoSAP-
IT (USB #t) THLHE L 72, BigDye Terminator Kit
ver. 3.1 (Applied Biosystems ft) # JAWCH 4 7 LT —
7Y ARG EAT o 720 RUSIZIE, PCR BRI W72

TIAR =% FTNETIH W, BERYOPEIZIL ABI
PRISM 3130 Genetic Analyzer % &1 L 72,

& R

AN TN A+ UEL BREk, FE. fEB &
ra Y7 RMENEINUIET S mtDNA N7 T (7
%Rd 7ERD DNA % $%1 & L 72 PCR Kt % 175
ToAER. NTU YA THhOLTFHEENLEY DN BN
y—rfgens: (Fig. 3). bbb, MERKOM
BT, RYTF1o7ayha—LThsEHFEIN
% #9500bp OIEWRKTH & . FERBUNIHFR RNV R &
L CHIRE X 1 % #9240bp OEIERIH DSFERE S ze —
F FRLSOEATIE, RYF17a» ha—LT
BB LIRS N B H500bp DOBSIERT & FHEA
BNy B & LTRSS 1L A 5370bp OIGIRRT A3
RS NIz TNHDOINY FOIEIEN 2 iReE Lz &
Z A, #240bp OWIF 1Z ND4 @, #1360bp @ W H 1%
ND5 @, #1500bp OWiFix CR DEH)TH 5 Z & A5
RSN, BhEWR C HOFEESEEI L TnL I L
MR T & 72,

EEOF T NIZONTLIDT I, —ty |k
HIER T F ERBIET T OHBNERNTH 5 2 & &R
T 272012, xR RHED T FH5MT HIMMEED 3
IRIE A 515 5 N 775K % AT L 72 2 DiES % Fig.
412 T FEGRICE T A 17K (A% 5 a-3.
7-9. 11. 12, 18. 25, 27. 29. 35, 39. 42, 43,
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49;¢5, 11) TlE, RYTF14 73y ba—LV<Tdhsb
#7500bp DIENEWT & o FERIFIZHRRAY 72:492400p O
BRI R SRR S Lz — T, BIERH TH % SN
(c-14. 6-10, 12) . A + TU[E (a-16. 34) « 15 (b-1-13) .
E R (a1, 2. 46, 10, 1317, 1924, 26, 28.
30-34, 36-38. 40, 41, 4448, 50) T, ¥ 71 7
a2 b a— )L TH B#500bp DOBINERTF & AL
FFELNY 72 #9370bp OISR AMERE S 117z (Fig. 4) -

3 =
ULoiERiy, S LEZTI4 -1y b
. HEFBOERSBME ., SN F TICHRINT
WL ERHHAR U, AN+ TUE, 5EB L O
HHE) OHFNCBNTHHTH L Z ENHS 2L -
72o AMB LT L 7 + HERFED 7 FIZRKZHERY]
BTSN TO AR WA, RIZZ NS DB B2
BIEINTL, &7 R%D7F® DNA % JH\v7z PCR
KIieofER (Fig.2) £h, o754 ~<v—ty bxH
W5 Z L TIERMER L OB TH L EEZ HN
5o
AKWFZECTHRZE S NS, 1Eo~ VT 7
L'y 27 A PCR T2 WA ORI A & FEEEICHRS
CENTEL, BETH D L FEICHED @
Thb, /o FOFEEZ X & L7z PCR MUb & K
AT 720, WEAPIREED T DNA > v 5
THR/EPHFEEINL, 2720, Chelex IBEH T
AR Z99T ., 5 MBI L 72 ICE T 5 7210 T
DNA 7%iiHi T & % Chelex i34 0 fi f§i 72 5T
i 172 DNA S EHTTEETH 5. DNA & i3
LY TNIE, MLy ) — VR TRHEE, FIXEE L
7o, g, MEEE. DNA % & Gk < & Ui %
WTH RV, RO 25 Z & THEDS
BN b T, DNA IZHED S FAWZE TILE #T 72
ZETEDLD., MRELDLHERT I E R AN
T2 %0

AR FNFEL, VBT AHERT FOEEE
WrECTHEFICAEHTHALEEZOND, FridIh
I CHREGI B0 5 7 FOHRE T TR,
FKRAEOKIT DL Lo ZOHFEE V72, RS S
BT BLERT F 0 L0 3 7% 50 AR O IERATR D
SNb. F7z. BOLIPMIR T TIIAER 7 FoEEM)
Ak S NIRD ., FEA RREHEB;ITbONL TS, L
L. FELOMBHEPE T, k) 7 FHERERERTDH
%7, BRI TH 5 a2 iR I IRE - B
L) BREHLPIERAZIOND, ThE TICHERY
ECITbiz 7 > O oA R, BIAEGER
FIBICAERT S 7 F0B X2 P5Bhicdhsr 2

EDBWSENCH->THENY, HEOHS N TR VT F
xOREE - BANE L7235 A . TERMERZZ T <. BIEHA
R NBRICHR LCTL ) WREE SV, T72, 2
D X)L THER S N RIS B RIS i -
bl BIEEARDS A R KT A 7200 T . ZNLHD
Z 2T A ER L TR & M 5 7 51
EREHAOBEIMAEIEILINL Z LIl b, 2
DL RHREE BT, ERT T EHEEIRET L2720
2. KT ITAX—DEHENDLZEDREENS,
LB L 725 BEE. < T mtDNA %43
WRHIBIZ L7235 D TdH A, mtDNA (35 % 38 U Chit
L3570, MHEEMEZITH) 7 2H&T 5 ETIEH
HTHHH, AUWATEEIT) 7 F TIIZHED D - 7255
4. mtDNA SHOATIII N EMRET 5 2 L3 L
Vo Thbb, FHEGRKETH S & HIE S R
MR CTd T RBIE D B T & Zevee AHGIEIZ. 18
K7 F RIS D 720D LERKIROH BT iED—D
THY. &, Br/ 20 Fhiliioni<—
H—DRFELVETH S,

= 9

WEFNE D 7 Fid. B BRI E M & fhIs s sk
*FOMALMICEE R BAL (ESU) THhb. LovL.
TAEZOWAIEEFEL <. SIS N2 ILH
REHE, BE. TEDSD 7 70O NEFREIEO
A ZTTBY . SFE TITHN L 72485k D
B, 231 (48%) (FRFEMAETH o 72, Fox1E 2
® ESU ORI T 2 AN RIE T 2720, Ik
FIEOLERT > L BIE 7 % M5\ B3 % )7 % B
L7z FEHRT FOMEERYOAEMET 5 LT T
4 ~—% mtDNA & ND4 #{nT-#Ei2. B~ F12
X9 % 2% NDS IR FHBIIRET Lz, Sb i
XI5 T 77 4~ —ILAT#H Tld240bp, BE Tl
364bp DT ZHEIRT 5 L ) IZfE L2, Ths 27
FA~v—+tvy M, PCRISDIERZFERT 5720
DR T4 7aryra—VHO1 77943 —tvy M
SRS HWT~IVF 7L v 7 A PCR %475 72
LA, SRS LITIAY—ty VERWAZ &
T, WEFESIZ0A T 21k 7+ ERBHE7 F 2IEL <
HIBIHR S & SR E N,

Eil &

R CTHA L 72ERE R L TF S o 2HHE
—HARKIZBILE L LT %, 2B, AWZEO—E1LIT
BRRFEERFERFEO2MA COE 7075 4, B &
OV H AR ZA07 4R B 25 O BH 0P 58 2 #ff B 4 (15380131 -
17405035 * 19207007) 12 & - CTirh 7z,
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YNBHAEE vasa cDNA D a—=v 7B LN
Z O Z T AR L7 PCR 12X % 27 a~ 27 afhEiiak R o RS

BE A s (R - B Sz (EERKE) - KIZERE (REER) - BORAKER OKEREIE L)
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Identification of Bluefin Tuna Germ Cells and Larvae by PCR Detection of
vasa Sequence Polymorphisms

Naoki KABEYA*', Tomoyuki OKUTSU*?, Ryosuke YAZAWA*', Kentaro HIGUCHI*?,
Kazue NAGASAWA*!, Ryosuke MIMORI**, Hisashi CHUDA™*®, Masaomi HAMASAKI*’,
Yutaka TAKEUCHI*® and Goro YOSHIZAKI*!
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** Amami Station, National Center for Stock Enhancement, Fisheries Research Agency
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Abstract

The production of bluefin tuna gametes via interspecies germ cell transplantation with small-bodied surrogate
broodstocks, which have short generation times, enables rapid and simple seed production of the bluefin tuna. Due
to their high degree of relatedness, members of the family Scombridae are the most promising candidate surrogate
species for the production of bluefin tuna gametes. The successful use of surrogate broodstock requires an efficient
and reliable method to trace donor-derived germ cells in the recipient fish. PCR analysis of sequence polymorphisms
of gene(s) specifically expressed in germ cells provides a powerful approach to distinguish donor-derived germ cells
from the recipient-derived cells. Herein, we describe a method for the specific detection of bluefin tuna vasa in mRNA
transcripts and genomic DNA. Full-length vasa cDNAs were cloned from six potential surrogate scombrid species.
A bluefin tuna-specific vasa primer pair was designed based on an alignment of bluefin tuna and other scombrid
vasa cDNA open reading frame sequences. Importantly, amplification of the target 578-bp fragment by RT-PCR with
this primer pair was successful only for gonadal bluefin tuna cDNA template. Additionally, the bluefin PCR product
could be digested into two fragments (364 and 214 bp) by Hpal, a restriction enzyme specific to the bluefin tuna
vasa sequence. Similar results were obtained for genomic DNA extracted from bluefin tuna larvae. Thus, detection
of sequence polymorphism of vasa would be invaluable for detecting the donor-derived bluefin tuna germ cells and
resultant larvae when Scombridae recipients are used as surrogates.
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AR, R T, BEHAER S L TCruox s
Thunnus orientalis O N BFH SN TBH., 1
WCEBRR7u~ 7 0&FE0RP BRI LTy
5V COMEERMPET 20, KKROLE T Rifs
T, ALFHBE T TEEHA>r OB LN ZHINE
HwTru~xrna xS 558 Em o050
fibnTwa*?, L, CORETZRHINZE5
7olZid, BEAHEAR. ZLOAT EHITITAH
Wik LEE 5, T2 THhaE, T2 N
HERERGN & LT MCBEBAEE] ORI AT
WA, R AL X, B 5 MO RS T
ZEBEDVES TR E TICHMZ LIS LW RIEE
T ERZRORB OB A EE ST LHMTH 5,
KiFEZFHAL, 7o~ 7 a1z ELAMEIZB
WO/ NI EE S G5 2 e TEIUL,
M) bizrzu~ 7 uDiBTFE2ESI2H8AZ L A%
REE Do BRI, FF— ¢ 2 2 EOREENS
FEALZ R L. 2N x RENICERA TR 0fE
FEENICBAET 2. 2Dk, BRES 7z B — KR
M B S AGER R IR I CE L, & 2ITHAE L2k,
BARHI IR IER BB 2T B0 A 1ZTTICR
F =12 =V~ X Oncorhynchus mykiss 15 F12 = < A
HWRAEM OARR S, FF—Il=V <A, 1§
FAZY < X Oncorhynchus masou % A\ 72 AR |2
BWTH FF—HREEBFE2EESIEL I LKL
TWwhe TR, IR D =X Nibea mitsukurii |2
BWLTL, BEMBBHEEEIHBES N TWDY,

REHAAITEZRD S L0121, FF—E%45
A FEAIE AN T ARAE O FAFERR AR L 15 F ARGl
NTHIE, SOICEMAEZERL ZENPLETH L,
b L. NP —EEMIEE RO RIERTHRAEL S
5 FE T, BHMOKE ZMERT 5 H B2 ET UL, AR
DREWHEZEEICHWZGE, SRPHO 2R 5 %
TIZEVWEM A2 BT 5, 20720, HEMSHR %
REEEL T BT, EEEENICRBRE L 72 K — 4
TEAINE G FAETEIRN T ED & D BB R R E Y
TNVEALTEZY ) V73 LEMOMENELTH
%o

T FAFERAN T FF —HRo LM 2 i3 %
72ol2iE, FIBEEE SO DATEME E B X -
THA L7 R —HEoAFEMB OB, KIZFF—H
kO & A FEMNE 2 B3 5 B H B o FhA D
fTolc=V< A, Y~ X HORFEB I B VT
. AR SRR Bt 2 56 L T\ 5 puasa-
G BIZTHEA=ZY A" 0% FF—L LTHV
O, P —AGEMEICRERN 2 ikaEt e RE L L
T, BHZOEMBOBETEZ1T) 2 LD TRETH -

7zo L2 L. FEFEASGAME 0 L CHREIETFE AN %
AW Z 83 FE LL v, 20 £ OFHBEER
FEASEM T 2INTIEE 1 mm FBE L NITHY, N
NN/ CIRVAT S N (574 = B SV 57478 IV e
7B S A ORRE»IEF ICHEETH 5,

NS OMEE RS 5 720120E, AT TR
FEIZEBLS 2 NIEME O BInF OfE M BCY) % B % K
W3 22 &, B L 7-ATEMIE2 0 3 0 A FERR
EE LGP EZHONIIT LI ENFRTHL L
E2 oMb, BAMIZIZ, BERNT 74~ —%2H»
72 RT-PCR (Reverse Transcriptase Polymerase Chain
Reaction) #:' %, PCR-RFLP (Restriction Fragment
Length Polymorphism) #E2OHTH B, TN HD
HEZXY . BEOBAZ R TICBMONRE % H %
THIEDUREL 20 R —F & 15 FAE 0 fai 70k
AEDLEOME, &SI EHIL O R 3 o st
DBEOFER LY =Vl LifFsh s,

INLONEEFEHT H720120E, AR TR
BICHEBL, 2 omiEcAEMl~——& L
TR EN TV vasa BIZTHFEHTHHY, T4
bH vasa Bz FOMEMTOLRE %L LiZrsux s
? vasa BIETV R PCR 79 4 < —%E L.
RT-PCR | & V) i EOAFERRNIC B F —FH R D vasa
mRNA (cDNA) 25 C & AUE. N — Bk Ak
FADPHEHEL TN D I L OMBERARE %5, 72,
REFAFFEZ VT o~ 7 uOfarE s -
G HLTI9A4~v—2HWTZD47 7 . DNA = #Hl
ELTPCR Z479) 2 &2k b, BEHRDO KA
fh& 7 a7 afskoRIAEERZ#Y S 5 2 & b
BB B0 Z 2 TARMIZE T, 7 u~ 7 adiEiiias
TE 15 AT d 5V FHEUHE 6 1 &2 I\ T vasa
&Y ¢cDNA 7 0 — = > 7% AT\v, ZOIEILEY %
P L7z EHIC. INHLORHRE I, 7ua~v s
vasa BILT- O R E RN T L HFEORFEEZIT- 72,

MR ERE

HEA AR TIX. EBEREORMBEMY CHE
Sz uxruofE, BB L OHHRILEEARD
RE#E# CHEBE SN2 a< 7 aOyiE, TR
IO EBEE TR S Nz 7 0~ 7 uDIiE % Z
NENKE—RLYHBELAW, £40/fKE (4H
B % = Al o+ UK X 100) 14.55.0 kg (0.16)
3.1kg (0.046). 35.7 kg (0.784). 6.6 kg (0.038) T
Holze 7o, 27U T UDRET & EHESE L H
BaEHOY A BEEE LT TEEEERTTAED
EEM CERIE X 72 Y+ Katsuwonus pelamis (Fafk
#H 0 1544.5 g, AGEMRTEEL - 0.28. LLTHIER) DIIE.,
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TR RAEHOEBRE RISV Y Y
%" Auxis rochei (2934 g. 017) BX eIV ¥ A
thazard (782.8 g. 0.42) DOYIE. FIHK LA IR &
ARHT O B #2585 THTE S L7z A< Euthynnus affinis
(1827.3 g, 0.049) DIRH, VLA 11T I 0 58 &
TR & L7z~ N Scomber japonicus (159.8 g.
0.07) OEHEB LT~ /3S. australasius (143.0 g.
0.13) OUNIEEHW/z L zAmREEnEn r
FTAT A ATEEHE L7212, —80CIZ TR L7z

XA ETERR » 5 D RNA fhH & & U cDNA &%
FHRFEOINE B X UHEAD S ISOGEN (= v KRy ¥ —
V)LD, Ao TE I )VizfEv4as RNA i
L7260 #\W T, TURBO DNase (Ambion) % H\VTifk
fFo 71 k2 )VIZHEvy DNA 58 RS % 17 - 72 #2102,
HILSYOREIHENT = 7 — Vi, =% ) — )ik
M T L2 BON/AERNADH L 2ug %85

#l & L T Ready To Go You-Prime First-Strand Beads
(GE Healthcare Life Sciences) (& V). 41 I (dT)
7Y T =77 4<— (Tablel) ZH\WTH 1
cDNA # &1 L7z,

vasa BIzFNH 7O —=>49 A L7-&HEHE
cDNA% #:5 & 1, Nagasawa b D 5% &% 12
ESI9A4 -2t L, Table 1 IZR"§ 794 ~v—%
FAWT RT-PCR % 1T > 72o PCR Ui IZ. AR L7
cDNA (20857 F) 111, 10X ExTaq buffer (¥ 71 5
4 7) 11, 25 mM ANTP mixture (¥ # 551 )
08ul. 1uM D% 75 A ~—1ul. Takara ExTaq
AT =¥ (¥57 754 4) 0051, DW (ZEFIK)
5151 DFF0 ] & L7z MRESLMFIZ94T T 3 43 H D
BEMEDH, 94C T30f . 58T T30/ . 72C T
30MPH DM A 27 )V & 35lal#E D R L, 72°C T 5 0 H D
RIS EZ AT o 720 1551172 PCR RUGE % 2.0%D

Table 1. List of primers used for degenerate PCR, RACE-PCR, RT-PCR, and Genomic PCR

Step Primer name Sequence Species Order
cDNA synthesis Adaptor-oligo (dT) 5-GTAATACGACTCACTATAGGGCACGCGTGGTCGACGG Al Antisense
CCCGGGCTGG(T) x 193
Degenerate PCR mixFwl-vasa 5-TAYRWBAAGCCBACNCCHGTNCAGAA-3 All Sense
Degenerate PCR mixRv4-vasa 5“TCHTCDGGGWANGTRGCRCTGAACAT-3 Al Antisense
3'RACE first mixFwl-vasa 5~ TAYRWBAAGCCBACNCCHGTNCAGAA-3’ EA,S] Sense
3'RACE nested mixFw2-vasa 5 TATYKCHGCYGGMMGRGAYCTVATGGC-3’ EA, SJ Sense
3'RACE first GOMAvasa_GSP_Fw1 5-TCCTAGATGAGGCTGACCGGATGTT-3’ SA Sense
3'RACE nested GOMAvasa_GSP_Fw2 5-TCCAAAGAGAACCGTCAGACTCTT-3’ SA Sense
3'RACE first Katsuo_3RACE Fwl 5-TAAGCTGCGGTACCTGGTGCTAGAT-3’ KP, AR, AT Sense
3'RACE nested Katsuo_3RACE Fw2 5-TGGGCTCACCTGGAATGCCATCCAA-3’ KP, AR, AT Sense
3'RACE first Adaptorl 5-CTATAGGGCACGCGTGGT-3 All Antisense
3'RACE nested Adaptor2 5-TAATACGACTCACTATAGGGC-3 All Antisense
5'RACE first MASABA vas_GSP1 5-TCCATGAGATCTCTGCCAGCAGAGATA-3 SJ Antisense
5RACE nested MASABA vas_GSP2 5-TGATCTCTGCCAGCAGAGATAATTGGAAT-3 SJ Antisense
5RACE first GOMA_vas_GSP1 5 TGCCATGAGATCTCTGCCAGCAGAGATGA-3 SA Antisense
5RACE nested GOMA _vas_GSP2 5“TGATCTCTGCCAGCAGAGATGATTGGAAT-3’ SA Antisense
5RACE first SUMA vas_GSP1 5“TCATCTGCCATCAGCTGCTGCAGAAT-3 EA, AR Antisense
5RACE nested SUMA_vas_GSP2 5 TATGCAGCCGTTTTACCAGATCCAGTCT-3’ EA, AR Antisense
5RACE first Katsuo_5RACE_Rvl 5-AATCTGGTTGATGAGCTCCCTAGTT-3 KP, AT Antisense
5RACE nested Katsuo_5RACE Rv2  5-TGATTGCTTCAGGCTCCTGCAGCTCACT-3’ KP, AT Antisense
Vasa total-length PCR  Katsuo_vasabUTR_F1 5-TACCATAGACTTCTGCCTGAGAAGT-3’ EA, KP, AR, AT Sense
Vasa total-length PCR  Katsuo_vasa3UTR_R1 5-TTGGTCGACAGACACATTGTT-3’ KP, AR, AT Antisense
Vasa total-length PCR ~ Saba_vasab5UTR_F1  5“TTAGTGACCAGACGGAGAACAACGACTT-3 SJ, SA Sense
Vasa total-length PCR  Saba_vasa3UTR_R1  5-TGCCAGTCAGTGAATGGAGATGACAGAT-3’ EA, S] Antisense
Vasa total-length PCR  Goma_vasa3UTR_R1 5-TGGTTTCGCCATTTACCATCTCACTTAGC-3’ SA Antisense
RT-PCR, Genomic PCR BFT-specific Fw 5-GGCTGACTTCCTCAAGACAG-3 All Sense
RT-PCR, Genomic PCR BFT-specific Rv 5-TAAAGCCAGTGGTAGCAGGT-3’ All Antisense
RT-PCR, Genomic PCR Common Fw 5-CTATTTGTTCCTGGCTGTGG-3 All Sense
RT-PCR, Genomic PCR Common Rv 5-GCAGACTCTTCTAACCATGAAGG-3 All Antisense

Xabbreviations: EA, E. affinis; S], S. japonicus; SA, S. australasicus; KP, K. pelamis; AR, A. rochei; AT, A. thazard.
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T A H = ABEKKENME L, FHES NS A XOHEE
Wr % UltraClean 15 DNA Purification Kit (MO Bio)
FHWTHRMNO 70 s a )V IchEng) ) UL 72,
F5 8L L 72 BB W i % pGEM T-Easy Vector System I
(Promega) % H\WCiRffo 71 k2 )ViZHEvy pGEM
T-Easy 77 A3 R ¥ —|ZHTrua—=r 7 L7z,
Bon7 77 A3 FOIEEEFIE BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) % 7]
> T ABI PRISM 3100-Avant (Applied Biosystems)
W2 &) g L7zs RICERK D cDNA BLA % RET 5
729, 3R B L 5K Wi @ rapid amplification of
c¢DNA ends (RACE) #17- 720 LR 75 4 ~—
272 PCRIZ X D 5% L 72 cDNARELH O —FR72 5 |
Table 1 I2/R$ 7T 4 ~—% H\WT 3RACE 17> 72,
PCR e, Lk & EED$# cDNA % v, i
X, 94C T3 M OBEMED R, 94T T30FP .
55C T30# M. 72C T 143 MDA 7 )V %3501 &
L. 2CT55MORMIRRISZ T 72, 517
PCR EEY) D100f5 A B & #80 & L, Table 1 127”3 7
J 4 <—% M\ nested PCR %475 72, nested PCR
Dl ESRME, 94T T 3 7 M OBZEED %, 94T T30
. 60T T30F2 /], 72C T 143 Md¥ 1 7 v % 35[0
HBYEL, 72CT5HMORBMERIEXITo72, 5
RACE % GeneRacer Kit with SuperScript III RT, TOPO
TA Cloning for Sequencing (Invitrogen) % J\» TR
ffo 70 b I VI T o 720 %12, Table 112
RY 7T I A4~ —% T vasa cDNA O 45 % BE L
720 PCR It l. ko> GeneRacer Kit (2 & ) AR L
72 ¢cDNA (40f5#4 M) % % & L. PrimeSTAR Max
DNA Polymerase (% % /34 %) #HWTHIED T
O~ I VIHEVT 5 720 ZNENIE S N IEIREET A X
ko T VR % . pGEM T-Easy |24 7 2 11—
=7 L. Lo lEE v Coasa= K ORI %
RE L7

RIFEEM VT, 5172 cDNA B & 0 HEE
SNB 7T I/ BRSO FEPERZ % National Center
for Biotechnology Information @7 = 74 A1 b (http://
www.nchi.nlm.nih.gov/) |2 TiTo 720 ZBHNIDOT 54
A~ MIZiE CLC Sequence Viewer (CLC bio) % fifif
L. EBERSA N X ) Rt 2 R L 720 SRARFRAT
T2 TR E DOIREETH . R o 451512 10001[0]
DT —=PMALT Y TEATICE D EHEL 72,

7040 vasa %88 RT-PCR & L UHIREE R
MIE 7 U~ 70 vasa BInT O A K FERIYIZEEIET
L7943 —2ET 5720, (55N B &R
T vasa Ein T OHIERS & BEHIO 7 1~ 70 vasa &
EFOHIERG % Lk 7 b o7 % o T

U720 WIS, PNEBLS M vasa B TECH) & 70~
70 vasa Bn TG TERDEFR LT 2 IR
PCR 7' A v— (BFT-specific Fw. BFT-specific Rv)
ke L72 (Fig.3)e 2O T I4x—Nru<xru
vasa BAETIIFRMTH L & EMRT L7012,
7 a7 u@iiEEs L UHREE cDNA, Y BH&fdE o
PIE B L R HE cDNA % #8112 RT-PCR % 17> 72,
PCR FUSifild. &R L 72 cDNA (50f5AH) 1p1. 10
x ExTaq buffer (% 57 5/54 %) 1pul. 25 mM dNTP
mixture (¥ % 934 %) 08ul. 1yM D% T 54
~— 1pl, Takara ExTaq K1) A5 —¥ (¥ 51554
) 0.05u1, DW 51511 ®FF0 1 & L7z HESMS
[394C T3 OBEM D%, 94T T30 /. 60T
T30F6[ . 72C T30MH D A 7 )V %30l ) K L,
RCTH5MORMMERISZITo 72, T2 £
T vasa BIn T ORFHEB 2L OHF LT T4~ —
(Table 1) % W CRBD ST PCR %47\, Bk
R E L7z #5172 PCREW%2.0%D 7 4 — A
TOVERIKEN THEEL 720 €512, PCRIZ L D #
& L7z ASHhEV 2 7 u~ Ju RO D TH %
WEMERT A72012, 7 U~ 7O vasa @5 T DOHN
Z DOFEEH % A S 5 Hpal 12 & 1) BERMALZ i L
720 UBEIE, 54172 PCR EW2.0 1. 10xK /Y
Tr— (FHI54F) 1.0ul, Hpal (¥ 71 554 %)
051, B AKTE ] ®FEF0pu1E L7z, 37C T 3 HEH
WLER L 7215, 70— A7 )VESIKENC THIH & % 1
L7,

BtFarosns /L DNA MEsLyO~ /0O
2/ PCR RI-PCRETHW T I A4 =27
2L DNA 28L& L72E I B TH 2 053 5
72, RIFEF SO RE Y CHA#E S L1t
%1 Higor o~ 7 afff, B IO, HEHE V8 i
IKIERE P HFEE I NI A, BV FZRIBLESh
720 bt 1 HE O #4295, Gentra Puregene Tissue
Kit (Qiagen) = H W TIRMNO 70 k 2 )WIZHEW47
J . DNA it L7z f561725" 7 & DNA % § %!
LT, FRERT-PCRTHH L7774 ~—% T
PCR #1757z, PCR UG, W LM/ 2 DNA
(5% 11, 10X ExTaq buffer (¥ #1554 %) 11,
25 mM dNTP mixture (¥ % /854 %) 08ul. 1uM
D754 ~<—1ul, Takara ExTaqg K1) A5 —¥ (¥
719354 %) 0051, DW 5151 ®&F10p] & L7z,
IRESME394C T 3 3 O BEE D #2.,94C T30V
60C T30F M. 72C T30M M D 1 7 )L % 35[0l 1) &
L. 2CT5 5 MORBMERILZIT> 720 2.0%7 7
O — A7 )VEESGKEN TSR & WERR L 72 f2. S8R
Wik @ Hpal {EALDSWTRETH 2 DE 0720 T 720
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Fig. 1. Comparison of the deduced amino acid sequence of vasa gene sequence from Thunnus orientalis, Katsuwonus pela-
mis, Euthynnus affinis, Auxis rochei, Auxis thazard, Scomber japonicus and Scomber australasicus. Identical sequences
are shaded. Arginine-glycine repeats and arginine-glycine-glycine repeats in the N-terminal region, which are well-
conserved among the vasa orthologs of various species, are underlined and double underlined, respectively. Eight
consensus sequences for the DEAD protein family, including an adenosine triphosphate (ATP)-A motif and an ATP-B
motif, are enclosed in boxes. Individual sequence data is available from GenBank (Thunnus orientalis: EU253482; 1292
bp-1869 bp, Katsuwonus pelamis: GU581281; 1276 bp-1853 bp, Euthynnus affinis: GU581280; 1299 bp-1876 bp, Auxis
rochei: GU581282; 1263 bp-1840 bp, Auxis thazard: GU581283; 1236 bp-1813 bp, Scomber japonicus: GQ404693; 1311
bp-1888 bp, Scomber australasicus: GU581279; 1350 bp-1927 bp).
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yu~Z7ulRko DNA B IZE L CTlX. Hpal 78k
AT ASHENE S N FEIIC 1 AT L e O & 2R
L7202, WIERR 27 s u—= 7L, AR
TPIE L7,

& x

YN EERE vasa cDNA OO —=Z>50&L0
REBEN VB S ATE vasa BT OT I B
AEI (ORF) O S, # v+, A~v, IV Y
LRIV T E RN I NONHIZ1932 bp.
1923 bp. 1884 bp. 1884 bp. 1932 bp. 1938 bp T& -
2o IO OIEEEF I L 72E 2 A, ORFOM
FPE1391%~99% T d - 7= (Table 2A), F 72, 3'IEHH
FRFEIE (3-UTR) £ 13367 bp. 341 bp. 368 bp.
367 bp. 380 bp. 369 bp TH - 7z FIEFMF L DI
FEH Z e L7z e 2 A, HFEPEIZ87%~98%TH 1 |
Frlicrzoxrsuabaytd, AEOMTRBOTEH
WAHEEASER S & 7z (Table 2B). F 72, o517
IR D SHEE SN L 7 3 BEEHNIE, R & [AlkE
DJEIZ644, 641, 628, 628, 644, 6465%FLTH - 72,
IS 7 3 EREAICIZ, DEAD K> 2 2 RNA NV
1 — BIRIE SN2 8 ST D a ¥ & 3 AFH A HE
L7 720 N RKImEBIZIE, 7VvF=r-7) 2,
BIO, 7AVF=- 7)) o) R LR
FiisgEmh L Cw/z (Fig. 1) LA L. 0D K LA

999

918

942

FIOBBUIFEIC L > TRAED, zu~xr7oB LU
YATETIVF=Z -7 2 )R LAI7EL, T
WX TN T O R L8 TH S
DT L, AR TIELI7REIE 70, VY2 5BI U0k
IV FTiEIem & 7, v ANBI IS NTIE
16 & 8RITH o720 T2 YV TFBLTLT Y
7Y TIEI22F B H133FHO T I /R E TOER
FWRIFHBSEAE L7 (Fig. 1o f3H VASA B L O
PL10D ZARI AT IZ & V) \vasa BInTIZHAFHETH D
WL CHUEE L 725 B &£ o> VASA BCHZEEA O
VASA eyl & IFH 2 BRI 2R L7 (Fig. 2).
70~ 70 vasa Bz FIFEN RT-PCR & & Ul
FREER VNIRRT OARE WRIZ, 7o~ 7o &g FH
BAFEM D vasa Bz T OEMEx b L2, yuvr o
vasa BAE T DA EMIEST 570D 75 4 ~— (BFI-
specific Fw. BFT-specific Rv) #1{Ei L 72 (Fig. 3).
INBLTIAR—=NI7U~Y T U vasa BT IR
THbHIEERMRT L2010, BAMIIES X ORHE
cDNA Z ##Z, PCR Z{To 720 ZD#ER, 70
7 a SR cDNA 288 & L THW/ZXIZBWToO
AT T8 (578 bp) DNy FHK &7 (Fig.
4A) . F72. AEBRTHWHAENO R 5 4 #1F
Mo raxraly FIVET, O PCR BT O
WIZIFEDRO NG D072 DLEOFER, K7F4
~—%t v MI., 7970 vasa BinT % FFEAICH

T. orientalis

K. pelamis

E. affinis

1000 A. rochei

A. thazard
100 S. japonicus

S. australasicus

VASA

Seriola quinqueradiata

Oncorhynchus mykiss

1000

Oryzias latipes
988 Cyprinus carpio
1000 Carassius auratus

611

Danio rerio

1000———— Danio rerio
|

Oreochromis niloticus

PL10

Carassius auratus

0.220

Fig. 2. Neighbor-joining phylogenic tree of the deduced amino acid sequences of VASA and PL10. The numbers adjacent
to phylogenic nodes indicate bootstrap values for 1,000 replicates with the length of the horizontal lines indicat-
ing genetic distances. The GenBank accession numbers of the amino acid VASA and nucleic acid vasa sequences
shown in the alignment are as follows: VASA (T. orientalis: EU253482, K. pelamis: GU581281, E. affinis: GU581280,
A. rochei: GU581282, A. thazard: GU581283, S. japonicus: GQ404693, S. australasicus: GU581279, Seriola quinquera-
diata (japanese amberjack): GU596411, Oncorhynchus mykiss (rainbow trout): AB032566, Oryzias latipes (medaka):
AB063484, Cyprinus carpio (common carp): AF479820, Carassius auratus (goldfish): AY773078, Danio rerio (zebraf-
ish): NM_131057, Oreochromis niloticus (tilapia): AB032467, and PL10 (C. auratus: AY842133, D. rerio: BC059794).
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Table 2. Identity matrix showing pair-wise comparison of
ORF (A) and 3-UTR (B) among various scombrid
vasa sequences

A

TO KP EA AT AR SJ SA

100 96 95 94 94 93 93
100 98 96 96 92 92

T orientalis (TO)
K. pelamis (KP)

E. affinis (EA) 100 95 96 92 92
A. thazard (AT) 100 98 91 91
A. rochei (AR) 100 18(1) gé

S. japonicus (SJ)

S. australasicus (SA) 100

B)

TO KP EA AT AR §] SA

100 95 94 92 92 89 89
100 97 96 95 90 90

T. orientalis (TO)
K. pelamis (KP)

E. affinis (EA) 100 94 94 89 89
A. thazard (AT) 100 97 87 87
A. rochei (AR) 100 87 87
S. japonicus (SJ) 100 98
S. australasicus (SA) 100

EWRECH L LD LNE Lo, EHIC, 71U~
ra b S NERAHO vasa BRI »S, 707
70 vasa BILT O I % FEERICUINT 2 HIRESR &
L C Hpal 73 &7z (Fig. 3)o 7 0~ 7 11 A FEfGR
c¢DNA 75 RT-PCR (2 & V) ¥8Ig L 7287 i = Hpal TIH
ftL7z& A, @TollgroEon/l-r7u~v 7ol
YT WVIZE L TP EY A X (364 bp. 214 bp) DT
Wi A3 5 17z (Fig. 4B)o

70~770 vasa Bz FHEN PCR ICL3%7A~
JOMEFAEOKRE su~xrua, Av, YOl
Lol L7277 4 DNA Z§/ & |
7ZPCRIZBVWTH, LTI 1~v—+tv b (BFT-
specific Fw. BFT-specific Rv) (&7 0 < 2 O pasa &
EfOAREFERGIHE L7 (Fig. 5B, L&), L
L. RT-PCR |2 & Z3MREKT A & 0 b & 51BN B g
A SN2 &b REHAIZA » ba v aHf
35 epREEni, 22T, ZOMWIEK/FO
WY % ghsg Ly BRI 7 1~ 7 1 vasa cDNA B
WD AFT o728 2 A, 1 bp~140 bp. 430 bp
~529 bp. 601 bp~871 bp. 1104 bp~1171 bp D5
TL100%DHHFE D S, Tofo#EEE, 7 u~
2771 vasa cDNA BCH) EIZIZFEE L o 7ze 512,
YT7F 742 vasa DT LTSS LDl X
. 718 =<7 1 vasa cDNA FeH) EICHAE L o 72
FEIRIZIEA Y P YPFEA SN T LT EPNHL N E
Holze T, yua~r 0 vasa 7/ LB EOTE

IX¥V Ay baryERIZIE. ATIA T A
N DRIEECY) TH B GT-AG BEHIAFAEL Y, Zh
SOMELY. ¥/ oo u~ 70 vasa BIETT
3, T4~ —FAI TR SNLEHIMIZ3 DDA »
NOYDFAET A EDHL DL 572 (Fig. 5A) -
F 7o, HEIERR IS 2 0~ 2T vasa & B YD
¥ % Hll REF 3 Hpal OFERRICHIE 1 7 BT L TR
I EBRIZHIERT A O Hpal LFLIZ XD, PRSI S
YW £ Cd 5722 bp B & 17449 bp O Wi A5#e i
7z (Fig. 5B, ). BtExtii s L T MafE vasa
ORI FRET L7279 14 ~— (Common Fw,
Common Rv) % i\ TPCR 1T - 728& 121, F
N TOFEBXIZE T DNA Wi OBIEAFERE T & 72
D, FORESNIAFIZL->THRRY, &5 725
ruaxrzu, fvF, AXONEIZEENER A AYH S
7z (Fig. 5B, TE).

£33 =

RWFFETUEA NBHEE 7 FH R O vasa #E{n T O
LR ER BT L, CoZMEFPTLZET, 7
O~ 7 U vasa WA & FFEICHEIETTEETH S 2 &
N7z, EBIZZu~ZuRETAEE HYE L
7oA Z NS AL, FF—H (yu~rno)
DONGH A BRI X0 38 L. ARMiIfE & Bk~ 2 A0
MR ANRAE L 7 il BB & 16 = (A BHE )
DIEHEPICRAE T Y Z0720, BiiL/z27a< s
DREHEAMINED S B WS LR D R L, HARISK
BOIIRKE T~ LML 5 2 & DS A5 AL S
B ORBBADOETERANIHFEL TN 5D Z L 21
BY B EDVWEL %D, BEIC Nagasawa 5213, 7
U~ 7 a0 vasa BInFOFEBAREFEAME RN T
HAHT ER, insitu AT IA = a VIZXDH
LML TS, 2O EE, RWIFETHE L7 0
~ 70 vasa Feh % ¥ RIS 2 80E0s, 7o~
7 a ORGIEMNE 2 RIS T 28k L LTHERT
HHTEEERL TS, $/2. 7UX 700D vasa
BCH 2 R S A VAR AR S 5 il BR B SR Rk AR AL C PCR
MR 2 I 5 2 & T, XD HMEEIC v s O
HI2E® vasa mRNA 737 % [AET A2 L gL %2 >
720 SHICKWIZETIE, R ZEMMLHESNTZ7 T
~ 7 Ui¥D cDNA #$RI & L72EaTH, T
D BLRIKEI G SNz 720, AEEIEN O/
BRI 7 B\ E N W ERTREN D, (TR,
0= 70 OEGEH % B/ NUTE ISR L 72
Yty N —HROEFEMNIE % 16 £ 0 A Gl N < &5
LB 2 2 L IZIERICHEECH o720 LA L. AW
e CEMAL L 72 vasa #1235 3% RT-PCR % v
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Fig. 3. Comparison of the partial vasa gene sequence from Thunnus orientalis (bluefin tuna), Katsuwonus pelamis (skipjack
tuna), Euthynnus affinis (kawakawa), Auxis rochei (bullet tuna), Auxis thazard (frigate tuna), Scomber japonicus (chub
mackerel) and Scomber australasicus (blue mackerel). The annealing sites for the novel primers designed in this study
are enclosed in boxes and labeled with the name of the corresponding primer (BFT-specific Fw, BFT-specific Rv,
Common Fw, and Common Rv). Identical sequences are shaded.

é:&f\ﬁiéﬁﬁmﬂbﬁiﬂtﬁmvﬁﬂiﬁ
MR & RIS . 2 O 8BU R 5 2 & ASHTREIS
LboLMFsns,

F72. 7/ & DNA 2 HIICHW A TH, 71
~ 7 Uil e CH o s, RiEEH
WpZ i Trux s ufilE B L oA
F—HRO 7O~ 7uiid L VI S 52
ILIF A BT 20 EPEMERT 52 & QHEIC L >
oo BRIC, Zua~xrua, Av, VAR trEO s
/ 2 DNA % 8%l & L TR L 72 vasa BT WH O
SrEIE. bI TR LINsu~sTu, by g,
A DNEIZE Do 720 RFEIZE F 115 cDNA BLY

TINLDO3AMM T TEOEENBD HLNT

W3RV, TOGTEOERIIS v arizBITA
STEOZELHEMSNLD, ZO5TESR AT
LT, BifEICcru~sa, vt A~oflE,

B0, [F 2T AL L TRETH B L
AbNbe, BAEFETIZ, YNEHEEHOZREINE X O
b ofEFEdEE LTid, 2 ha> K1) 7 DNA B
ﬂ@%ﬂ%mw6ﬁ&ﬁﬁ%éhfwymkﬁ$®
BOWRHEBAHEABET 27201213, EEEZAEL
fm CENEETH D HP, :h%@ﬁﬂ%%’:ﬁﬁwf:
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Fig. 4. Evaluation of the specificity of bluefin tuna vasa gene-specific primers (BFT-specific Fw, BFT-specific Rv)
with gonadal cDNA templates. (A) Upper, Templates are as follows: lanes 1-4, Thunnus orientalis from Amami-
oshima, Koshikijima, Sunosaki, and Kushimoto, respectively; lane 5, Euthynnus affinis; lane 6, Katsuwonus pelamis;
lane 7, Auxis rochei; lane 8, Auxis thazard; lane 9, Scomber japonicus; and lane 10, Scomber australasicus. Lower,
Amplification using the primer set for the conserved regions of the Scombridae vasa (Common Fw and Common Rv)
with the same templates as in Upper (internal control for RT-PCR amplification). Lane N, no template (negative con-
trol). MW is a molecular weight marker (2-log DNA ladder, New England Biolabs); (B) Restriction digestion of BFT-
specific vasa in bluefin tuna: lanes 1-4 (corresponding to lanes 1-4 in A) contain PCR products undigested (U) and
digested (D) with Hpal. Lane MW contains molecular weight markers (2-log DNA ladder).
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Fig. 5. Evaluation of specificity of bluefin tuna vasa gene-specific primers (BFT specific Fw, BFT specific Rv) with genomic
DNA templates. (A) Schematic restriction enzyme cleavage pattern of bluefin tuna vasa gene within the region ampli-
fied by PCR. Bluefin tuna-specific primers are denoted by arrows. White boxes and solid lines represent exon and
intron regions, respectively. The 1171-bp PCR product, obtained from genomic DNA templates for bluefin tuna, is
cleaved into 722-bp and 449- bp fragments by Hpal digestion. (B) Upper, Amplification of genomic DNA obtained from
juveniles: lane 1, Thunnus orientalis; lane 2, Euthynnus affinis; lane 3, Katsuwonus pelamis; lane 1D, Hpal-digestion
of PCR product in lane 1. Lower, Amplification using the primer set for the conserved regions of Scombridae vasa
(Common Fw and Common Rv) with the same templates as in Upper (internal control for genomic PCR amplifica-
tion). Lane N, no template (negative control). Lane MW contains molecular weight markers (2-log DNA ladder).
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