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ABSTRACT: The nucleotide sequences of a highly polymorphic region of the mitochondrial gene for 
cytochrome oxidase 1 (237 base pair) were determined for 240 individual specimens of the Japanese 
turban shell Turbo (Batillus) cornutus collected from 12 sltes around Japan Synonymous nucleotide 
substitutions were detected at 34 positions, dnd the 49 haplotypes obtained were dlvided Into 2 clusters 
that formed 'star' phylogenies. The distribution of the 2 clusters was closely related to the pathways of 
the 2 warm currents along the Japanese Islands, namely, the Kuroshio and Tsushima Currents. The 
appearance of 2 clusters in the Japan Sea and the Seto Inland Sea is probably attributable to gene flow 
through the Kanmon Strait during the past 5000 yr. The genetlc polymorphlsm found anlong the nat- 
ural populatlons of the Japanese turban shell provldes useful informat~on with which to assess the 
anticipated genetic disturbance introduced by human act~vltles, such as stocking with art~flclally bred 
juveniles. 
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INTRODUCTION 

The intraspecific g e n e t ~ c  structure of populations of 
marine animals, as well as those of other organisms, is 
determined by both historical and contemporary envi- 
ronm.enta1 factors (Avise 1994). One of the most impor- 
tant environmental factors in the case of marine ani- 
mals is the nature of ocean currents. For example, an  
analysis of restriction fragment length polymorphism 
(RFLP) of mitochondrial DNA (mtDNA) revealed a dra- 
matic genetic discontinuity in populations of various 
very different marine animals, such as the horseshoe 
crab, the American oyster, the diamondback terrapin 
and the toadfish, between the Gulf of Mexico and the 
Atlantic coast of the southern United States (Avise 
1994). This genetic discontinuity has been attributed to 
separation during the Pleistocene by a change in sea 
level and associated alterations in estuarine habitats. 

This genetic differentiation between the 2 regions is 
believed to be maintained by the present pattern of 
marlne currents, namely, the Gulf Stream and the 
southward nearshore currents along the Atlantic coast, 
in spite of the continuous distribution of the various 
species at the present time (Reeb & Avise 1990). 

The direct sequencing of DNA is superior to RFLP 
analysis as a tool for the accurate estimation of varia- 
tions in natural populations (Carr & Marshal1 1991), 
although it requires a greater monetary investment, 
equipment and materials than RFLP analysis. The 
recent advances in methods for the direct sequencing 
of products of PCR (polymerase chain reaction) allow 
us to obtain DNA sequence data from many individu- 
als at relatively low cost and  in a very short time. 

The Japanese turban shell Turbo (Batillus) cornutus 
Lightfoot is a marine prosobranch gastropod that in- 
h a b ~ t s  shallow sublittoral rocky bottoms around the 
Japanese Islands and South Korea. The geographical 
distribution of this species is limited to the temperate 
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Fig. 1 .  Distribution of Turbo (Batillus) cornutus (shaded areas; 
according to Ozawa & Tomida 1995) and sites at which 
Japanese turban shells were collected: 1. Sabashima Island, 
Akita Prefecture; 2, Awashima Island. Niigata Prefecture; 
3, Nishinoshima Island, Shirnane Prefecture; 4, Mishima 
Island. Yamaguchi Prefecture; 5, Ohshirna Island, Fukuoka 
Prefecture; 6, Iki Island, Nagasaki Prefecture; 7, Ojikashirna 
Island, Nagasaki Prefecture; 8, Akune, Kagoshima Prefec- 
ture, 9, Uchiura Bay, Chiba Prefecture: 10, Ohshima Island, 
Tokyo Prefecture; 13, Obshima Island, Tokushima Prefecture; 
12,  Yashirojima Island, Yamaguchi Prefecture. Arrows indl- 
cate approx~mate .routes of the Kuroshio and Tsushima Cur- 

rents (according to Kawai 1972) 

coasts that are affected by 2 warm currents, namely 
the Kuroshio and Tsushima Currents (Fig. 1). The 
Tsushima Current branches off from the Kuroshio Cur- 
rent south of Kyusyu Island and the currents never 
meet again (Fig. 1). Larvae of T cornutus are lecitho- 
trophic, with a short planktonic period of 3 to 5 d (Ai 
1965, Toyama 1980) that suggests their limited larval 
dispersal ability. Thus, we might expect a large genetic 
difference between populations in the areas along the 
2 warm currents. 

Turbo cornutus is a commercially important shellfish 
in Japan, and the artificial enhancement of its produc- 
tion by the stocking of open-sea areas with a large 
number of artificially bred juveniles has become of 
incredsjng interest (Okabe et al. 1989). In the near 
future, the genetic structures of populations of T cor- 
nutus may well be affected by such human activities. 
The present study was designed to clarify the genetic 

structure of these populations under 'natural condi- 
tions' by an analysis of the nucleotide sequence of part 
of a mitochondrial gene from Japanese turban shells 
collected at various sites around Japan. The results 
provide basic information for future assessment of the 
effects of human activities on these populations. 

MATERIALS AND METHODS 

In all, 240 individual specimens of Turbo cornutus 
were collected from 12 sites (Fig. l ) ,  which covered its 
geographical distribution around the Japanese Islands. 
Most of the sampling sites were chosen close to remote 
islands where we judged that disturbance by human 
activities would be less frequent and where native 
populations would be well preserved. Samples were 
dissected and kept in a deep-freezer (-80°C). mtDNA 
was extracted from the liver of each specimen by a 
modified version of the method of Komm et  al. (1982). 

Using PCR, we amplified part of the gene for 
cytochrome oxidase I (COI), which had been shown to 
contain sufficient variations in nucleotide sequence for 
the analysis of population structure in a comparison of 
almost the entire nucleotide sequence of the gene for 
CO1 among individuals collected from Awashima, 
Niigata Prefecture, and from Ohshima, Tokyo Prefec- 
ture (authors' unpubl. data). The primers employed 
were COI-3, 5'-GTNTGRGCNCAYCAYATRTTYAC- 
NGT-3', corresponding to amino acid residues 285- 
293 encoded by the gene from Drosophila yakuba for 
COI, and COI-6, 5'-GGRTARTCNSWRTANCGNCGN- 
GGYAT-3', corresponding to residues 434-442 en- 
coded by the gene from D. yakuba. These primers are 
'universal' primers for most metazoan genes for CO1 
(Shimayama et al. 1990). The conditions for PCR were 
as follows: 94°C for 60 S; then 30 to 40 cycles at 92°C for 
40 S ,  40°C for 60 S, and 72°C for 90 S. Gene Releaser'" 
(BioVenture Inc., Murfreesboro, TN, USA) was used to 
sequester products of cell lysis that might have inhib- 
ited the polymerase. 

Nucleotide sequences of 237 bp, which contained 
sufficient variability as indicated above, were deter- 
mined by the dideoxynucleotide chain-termination 
method with a SequenaseTM PCR product sequencing 
kit (United States Biochemical Corp.) using primers 
COI-3 and COI-6. Amino acid sequences of CO1 were 
deduced by reference to the modified genetic code of 
molluscan mtDNA (Shimayama et al. 1990, Hoffmann 
et al. 1992). 

Differences in the frequencies of haplotypes be- 
tween populations were tested by a randomized chi- 
squared, test of independence (Roff & Bentzen 1989). 
Chi-squared va.lues were generated from 1000 slmu- 
lated rand.om samplings of the data. 
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1 2 3  4 5 6 7 8  9 10 11 12 
TCR mi GCT ACY ATY CAY GCR GCR CGT GTG AAA TAT GAA ACA CCX ATR TTR TCA GCR TTA GGA lTT 

1 3 1 4  15 16 1 7  18 I 9  20 2 1 
ATT TTY YTR TTT ACA GTY CGG GCA TTA ACT GCT ATY GTG YTR TEA AAT TCT TCT TTR CAT AT1 ATU 

22 2 3  2 4  2 5 2627 28 2 9 
CTY CAT GAT ACA TAT TAY GTA GTY GCT CAT T T Y  CAT TAT GTE YTB TCA ATA GGA GCT GTT TTY GCT 

30 31 32 33 34 
TTR TTT GCA GCT TTT AAT TAY TXA lTT CCY TTR ATY ACI 

Fig. 2. Nucleotide sequence of part of the mltochondrial gene for cytochrome oxidase 1 from Turbo (Batillus) cornutus. Numbers 
denote the positions at which intraspecific variations were observed. Nucleotide polymorphisms are  indicated by 1UB codes This 
nucleotide sequence will appear in the G S D B ,  D D B J ,  EMBL, and NCBI nucleotide sequence databases with the accession num- 

ber D89277 

RESULTS 

(Fig, 2) .  No amino acid substitutions T9 * Ã Ã Ã $ * Ã Ã * * * * Â Â * Ã C Ã * * * * * * * * * * * * * * * * 
T l o * * * * * * * * * * * * * : * * Ã ˆ * * * A * * * * * * * * * * * *  

weredetected and thenucleotide 711 * * * * $ * * $ * * * * * * * * * * * * * $ * * T * * * * * * * * 

tinct clusters, ~~~l~~~~~~ of one clus- T I 9  * T * * * * * * * * * * * * * * * * * * * * * * * * * G * * * * * * 
T 2 0 > < Ã ‡ C > Ã ˆ f * l t t Ã ˆ < t l $ > Ã ˆ t > t * t Ã ˆ Ã ˆ $ t t  

ter were predominately found on the 721 * Ã * * c Ã * Ã Ã Ã Ã * * Ã Ã 8 Ã Ã A * * * Ã Ã Ã Ã Ã * Ã Ã Ã * Ã Ã 

Tsushima side of Japan, while haplo. T22 * * * * * * * * * * * * * * A * * * * * * * * * * * T * * * * * * * 
T 2 3 * * * * 1 * * * * * * * t Ã ˆ Ã ˆ Â ¥ t * t t A t : t Â ¥ t T > t Ã  

t y p e s o f t h e o t h e r c l u s t e r w e r e p r e -  T ~ ~ Ã ˆ Ã ˆ * * * Ã ˆ Ã ˆ ~ Ã ˆ * * * Ã ˆ Ã ˆ Ã ˆ ~ Ã ˆ Ã ˆ Ã ˆ Ã ˆ Ã ‡  

dominately found on the Kurosh,o T2S A * * * * c G * * * * * * * * * * * * 4 * * * * * * * * * * * * * * 
T 2 6 A * * * * * G * * * * * * * * * * * * * * * * * * * T * * * * * * *  

side. These 2 clusters will be  referred TZI Ã T t Ã Ã Ã Ã t Ã Ã Ã Ã * * Ã Ã t Ã Ã Ã Ã Ã Ã Ã Ã Ã T G Ã * * * * * 
to hereafter as the  hi^^ types and T28 * T * * * * * * * * * * * * * * * * * * * * * * * * * G * A * * * 

K l * * * C * * * * * * * * * * * * * * A A * * * * C * * C * A * C * *  
the Kuroshio types, respectively. Each K Z  A t Ã c Ã Ã * * Ã Ã Ã Ã Ã : Ã Ã Ã Ã A A Ã Ã Ã Ã c * Ã G * A * c Ã Ã 

of the 2 clusters formed a so-called K3 * T * C * * * * * * * * * * * * * * A A * * * * C * * G * A * C * * 
K 4 * * Ã ˆ Ã ˆ Ã ˆ Ã ˆ Ã ‡ Ã ˆ Ã ˆ * Ã ˆ * * $ Ã ˆ Ã ˆ Ã ˆ * A A Ã ˆ *  

'star' phylogeny, with the dominant K 5  * Ã + c * Ã * Ã Ã * Ã c * Ã Ã Ã Ã A A Ã Ã * Ã c * Ã c Ã A Ã c Ã * 
haplotype in the center (T l  and Kl ) ,  K6 * * * C * * * * * * * * * * * * i * A A A * * * C * * G * A * C * * 

K 7 Ã ˆ Ã ˆ * C Ã ˆ t Ã ˆ Ã ˆ * * Ã ˆ t t Ã ˆ t t Ã ˆ Ã ˆ A A Ã ˆ T t Ã  

surrounded by haplotypes that dif- ~8 * * Ã c Ã Ã Ã Ã Ã Ã Ã * Ã Ã Ã Ã Ã Ã A A Ã Ã c + c Ã * G * A * c Ã Ã 

fered from the dominant one by less K9 * * * C * * * * * * * * * * * * * * A A * * * * C T * G * A * C * * 
K l O Ã ‡ Ã ˆ Ã ‡ C Ã ‡ Ã ˆ Ã ˆ * Ã ˆ * Ã ˆ Ã ˆ t Ã ‡ Ã ˆ t Ã ˆ * A A Ã ˆ  

than 3 substitutions (Fig. 4).  K ~ I * * * c * * * * * * * Ã ˆ Ã ˆ ~ Ã ˆ ~ * * A A * ~ * * c * * G c A *  

Frequencies of haplotypes within K l Z *  * * C * * * * * * * * * * * * * * A  A * * * * C * * G * A  C C * * 
K 1 3 * T * C * Ã ˆ Ã ˆ * Ã ˆ Ã ˆ Ã ˆ Ã ˆ t Ã ˆ Ã ˆ Ã ˆ Ã ˆ Ã ˆ A A * Ã §  

each population are sumnarized in K K  Ã T * c Ã Ã Ã Ã Ã Ã * Ã Ã Ã Ã * * * A A * * * * c * T c * A * c * * 

'hima, Tokyo and C h i b a e  and Fig. 3. Nucleotides at  the variable positions in the part of the gene for cytochrome 
populations from sites along the Tsu- oxidaso I from Turbo (Batillus) cornutus. Numbers denote the positions shown in 
shima Current. Statistical analysis by Fig. 2.  Asterisks indicate nucleotides that are identical to those in TI 

the method of Roff & Bentzen (1989) 
showed that this difference is significant (p  < 0.001). 3 populations collected from sites along the pathway of 
Fig. 5 shows the geographical distribution of the 2 clus- the Kuroshio Current, all individuals had haplotypes of 
ters of haplotypes, the Tsushima and Kuroshio types. In the Kuroshio types. By contrast, the haplotype compo- 
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Fig. 4.  Network of haplotypes. Lengths of lines between haplotypes denote 
the numbers of nucleotide substitutions between them 

Fig. 5. Geographical distribution of the 2 groups of haplo- 
types, the Kuroshio and Tsushima types. Black and white 
areas in the circles indicate the relative frequencies of the 

Kuroshio and Tsushima types, respectively 

sitions of populations from sltes along the Tsushlma 
Current were more complicated. All individuals from 
populations at 2 sites (Sites 7 and 8 in Fig. 1) in the 
upstream region of the current, west of Kyusyu Island 
facing the East China Sea, had mtDNA of the 
Tsushima types. In the middle region of the Tsushima 
Current, north of Kyusyu Island, the populations sam- 
pled at 2 sltes (Sites 5 and 6) included a few individu- 
als with Kuroshio-type sequences. In the populations 
from the 4 sites along the Japan Sea coast of Honsyu 
Island (Sites 1 to 4) ,  the frequency of haplotypes of the 

Kuroshio types was slightly higher than 
at the north Kyusyu sites. By contrast, 
haplotypes of individuals collected in the 
Seto Inland Sea (Site 12)  were malnly of 
the Kuroshio types and only 2 of 20 spec- 
imens were the Tsushima types. 

DISCUSSION 

The present analysis, based on the 
nucleotide sequences of a portion of the 
mtDNA, clearly revealed the genetic 
structure of populations of Japanese tur- 
ban shells. The 240 specimens that we 
analyzed could be divided into 2 distinct 
haplotype clusters, the Tsushima types 

and the Kuroshio types, and the proportions of 
these types varied among regional populatlons. The 
phylogeographical characteristics of the Japanese tur- 
ban shell resemble those of the European anchovy 
(Magoulas et al. 1996). RFLP analysis of mtDNA of 
European anchovies collected from the Black Sea, the 
Mediterranean and the Atlantic showed that their hap- 
lotypes could be divided into 2 distinct clu.sters which 
represented different geographical distributions. 
Magoulas et al. (1996) attributed this heterogeneous 
phylogeographical structure to the isolation of the 
Black Sea from the Mediterranean during the glacial 
periods and the subsequent post-glacial, one-way dis- 
persal from the Black Sea to the Mediterranean. 

In the case of the Japanese turban shell, the path- 
ways of the 2 warm currents, the Kuroshlo and 
Tsushima Currents, appear to explain the trends in 
the genetic structures of populations identified in this 
study. The Tsushima Current branches off from the 
Kuroshio Current and they never join each other 
again. The distribution of the 2 haplotype clusters cor- 
responds closely to the paths of the 2 warm currents. 
The 2 clusters probably evolved during the periods 
when they were isolated from each other, and the 
present coexistence observed at some sites might be 
the result of secondary contacts (.4vise et al. 2987. 
Magoulas et al. 1996). Each cluster formed a 'star' 
phylogeny that consisted of one dominant haplo- 
type and some rarer haplotypes, with the latter differ- 
ing from the dominant haplotype by less than 
3 nucleotide substitutions. Since haplotypes K1 and 
T1 were detected at high frequency and were located 
in the center of the 'star' phylogenies, these are likely 
to be the ancestral forms in each cluster. The 'star' 
phylogeny suggests a dramatic bottleneck that was 
followed by an explosion in population size (Magoulas 
et al. 1996). The phylogenetic network also suggests 
that population bottlenecks occurred not only on the 
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Table 1 Haplotype composition of each population of Turbo 
(BatUlus) cornutus collected from 12 sites around Japan.  Sam- 

pling sites are  those shown in Fig. 1 

Sampling site 
2 3 4 5 6 7 8 9  10 11 12 Tot. 

T l  10 
T2 1 
T3 1 
T4 0 
T5 0 
T6 0 
T7 0 
T8 0 
T9 0 
T10 0 
T11 0 
T12 2 
T13 0 
T14 1 
T15 0 
T16 0 
T17 2 
T18 0 
T19 0 
T20 0 
T21 0 
T22 0 
T23 0 
T24 0 
T25 0 
T26 0 
T27 1 
T28 0 
K1 2 
K2 0 
K3 0 
K4 0 
K5 0 
K6 0 
K7 0 
K8 0 
K9 0 
K10 0 
K11 0 
K12 O 
K13 0 
K14 0 
K15 0 
K16 0 
K17 0 
K18 0 
K19 0 
K20 0 
K21 0 

Tot. 20 

coast along the Tsushima Current but also along the 
Pacific coast. 

The rate of substitutions between the 2 ancestral 
haplotypes, as calculated by Kimura's 2-parameter 
method (Kimura 1980), was 0.031. If the rate of evolu- 

tion of CO1 of the darking beetle, namely 0.02 substitu- 
tions per million yr (Juan et al. 1995) is used, the diver- 
gence between the 2 clusters can be estimated to have 
occurred 1.6 million yr ago (Ma). This value is probably 
an overestimate because only the highly polymorphic 
region of the CO1 gene of the Japanese turban shell 
was used. Chinzei (1991) suggested that a system of 
warm currents slmilar to the present one along the 
Japan Islands had already been established 17 to 
15 Ma, before the spread of the Japan Sea. Fossils of 
the genus Turbo have been reported from the coast of 
the Japan Sea in the deposition of this age (Kobayashi 
& Horikoshi 1958). After the spread of the Japan Sea, 
the first appearance of warm-water benthic molluscs 
was reported to be have occurred 1.3 Ma and, there- 
after, the cold- and warm-water fauna in the Japan Sea 
were estimated to alternate with glacio-eustatic 
changes in sea-level during the last 1.3 million yr 
(Kanazawa 1990, Kitamura & Kondo 1990). During the 
course of a series of reductions in suitable habitats for 
the Japanese turban shell in the glacial periods, the 
genetic differentiation that we have detected may 
have occurred and then been maintained until the pre- 
sent time. 

During glacial periods, it is assumed that warm 
currents did not flow into the Japan Sea (Ujiie et al. 
1991, Ahagon et al. 1993) and it might have led to cold 
surface-water conditions in the Japan Sea, as clearly 
indicated by the species composition of planktonic 
foraminiferans and diatoms in the Japan Sea at that 
time (Tanimura 1981, Oba 1991, Oba et al. 1991). The 
taxonomical and geochemical analysis of microfossil 
assemblages in piston core samples (Tanimura 1981, 
Oba 1988, 1991, Oba et al. 1991) also revealed the 
severe anoxic conditions caused by the input of a sig- 
nificant amount of fresh water into the surface layer 
and the subsequent stratification of the water column 
in the Japan Sea during the middle period of the last 
glacial period (27000 to 20000 yr ago). Oba et al. 
(1991) suggested that most of the benthic fauna was 
probably eliminated during this period. The tempera- 
ture of the sea surface in the Japan Sea at the end of 
the last glacial period (20000 to 10000 yr ago) was esti- 
mated to be low, as a result of the inflow of the Oyashio 
cold current, from micropaleontological evidence (Oba 
et al. 1991). During this period, the environment of the 
Japan Sea was unsuitable for species that originated in 
tropical areas, such as turban shells. The analysis of 
oxygen isotopes in tests of both planktonic and benthic 
foraminiferans in a piston core sample taken off the 
western coast of Kyusyu Island showed that the 
Tsushima Current has flowed over this area for the last 
30000 yr (Oba 1991). Therefore, the main habitat of the 
Japanese turban shell with the Tsushima type of 
mtDNA was probably restricted to the western coast of 
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Kyusyu Island, which is likely to have become a refuge 
during the glacial periods. 

Micropaleontological evidence (Oba 1991, Oba et 
al. 1991) indicates that the continuous inflow of the 
warm Tsushima Current into the Japan Sea began 
8000 yr ago, when the present oceanographic condi- 
tions of the Japan Sea were established. Then Japan- 
ese turban shells, which had survived in a refuge out- 
side the Japan Sea, might have entered through the 
Tsushima Strait and colonized the Japan Sea. The col- 
onized populations probably consisted of individuals 
with the Tsushima type of mtDNA, just like the pre- 
sent populations off the western coast of Kyusyu 
Island. After the 2 types of population became estab- 
lished, respectively, in the Japan Sea and on the 
Pacific coasts, the Kanmon Strait, a narrow (about 
500 m) stralt of 12 m in depth that is located between 
Kyusyu and Honsyu Islands, was formed 5000 yr ago 
(Ohshima 1990). The mixture of a few individuals 
with the Kuroshio type of mtDNA in the Japan Sea 
and those with the Tsushima type in the Seto Inland 
Sea is probably the result of the gene flow through 
the Kanmon Strait during the last 5000 yr. 

The present study revealed the large genetic diver- 
sity in the populations of Japanese turban shells 
around Japan. Although the genetic polymorphism 
revealed in the present study is probably selectively 
neutral, genetically distinct populations of Japanese 
turban shells might have their own genes that are 
adaptive to their native habitats. The artificial trans- 
plantation of individuals from allopatric populations 
might result in the loss of such a genetic advantage 
from the regional populations. In addition, the genetic 
diversity of reared juveniles is usually much lower than 
that of a natural population because the former are 
produced from only a few parental lines. Thus, the 
stocking of reared individuals should be carried out 
with careful planning and detailed monitoring of possi- 
ble genetic perturbations. The genetic polymorphism 
revealed in this study provides useful tools not only for 
evaluation of the productive success of stocks but also 
for assessment of the degree of genetic disturbance 
caused by human activities. 
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