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ABSTRACT-We  conducted  a polymerase chain  reactlon - restrictlon  fragment length polymorphism

(PCR-RFLP) ana)ysis  of the mitochondrial  cytochrome  b gene to elucidate  the detailed genetic population
structure  of Japanese wild  populations of  medaka,  Otyiias latipes, The  analysis  of 1,225 specimens  col-

lected from 303 sites  identified 67 mitotypes,  Subsequently we  determined the nucleotide  sequences  of

the complete  cytochrome  b gene (1 141-bp) to clarify  the phylogenetic relationships among  mitotypes.  The

phylogenetic tree based on  nucleotide  sequences  indicated three major  clades  (A, B and  C) that differed

by 11,3-11.8%, corresponding  to three clusters  previously identified by RFLP  analysis  of entire mitochon-

drial DNAs.  The  geographic distribution of mitotypes  in clades  A  and  B was  fully concordant  with the North-
ern  and  Southern Populations defined by allozymes.  Clade A could  be subdivided  into three subclades

and  clade  B into eleven, with  sequence  divergences among  subclades  of 1.3-5.8%. Each distribution of

mitotypes  in subclades  roughly  corresponded  to that of mtDNA  haplotypes in subclusters  previously iden-

tified, Mitotypes in clade  C were  found only  in the Kanto district. The phylogenetic relationships  and  the

estimated  divergence times suggest  that three Japanese  clades  originated  from a common  ancestor  and

were  separated  during the Pliocene, and  that the regional  differentiation of subclades  was  closely con-

nected  with  the geological history of the Quaternary, Thjs study  has also  demonstrated the possibility of

artificial disturbance of natural distribution especially  in the Kanto district and  the superior  efficacy of  PCR-

RFLP analysis  as  a simple  method  for detectlng genetic variation and  artificial gene  flow of medaka,

Key  words:phylogeography,  conservation,  mitochondriai  DNA,  PCR-RFLP,  Ootzias latipes

INTRODUCTION

   Medaka, 0tyzias latipes, is an  egg-laying  freshwater

fish native  to Japan, Korea  and  China. It inhabits marshes,

ponds and irrigation canals amid  rice fields in flat alluvial

lowlands. Recently the Japanese  wild population of medaka

has been  decreasing rapidly, mainly  because  of destruction
of their habitat (Hosoya, 2000), and  this fish has been listed
within the  rank  of 

`Threatened
 11' in the  1999  Red  List of

Threatened Animals of Japan (Ministry of the Environment
Japan, 1999).

   Allozyme studies have shown  that wild populations of

medaka  consist  of four genetically different groups/ the

Northern Population from the Sea  of  Japan  coast  of  eastern

Japan, the Southern Population from the Pacific coast  of

'
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eastern  Japan and  from western  Japan, the East Korean

Population from eastern  and  southern  Korea, and  the

China-West Korean  Population from China and  western

Korea (Sakaizumi et aL, 1983; Sakaizumi, 1986; Sakaizumi

and  Joen, 1987). The boundaries separating  the geographic
distributions of these four groups are  clear,  and  major  diver-

gences among  groups have  been  observed.  However, jt is

evident  that ma[e  and  female progeny from hybrids among
the four groups are  fully fertile (Sakaizumi et ai,, 1992),

   Studies of restriction fragment length polymorphism

(RFLP) of the entire  mitochondrial  DNA  (mtDNA) of medaka

has confirmed  the existence  of four groups on  the basis of
the results  of  aliozymic  analyses  (Matsuda et al., 1997a;
Matsuda  et al., 1997b). RFLP  analysis  of the Japanese  wiid

popuiation, revealed  a total of 63 mtDNA  haplotypes that

formed three distinct clusters (A, B and  C). The geograph℃

distribution of mtDNA  haplotypes in clusters A and  B fully

corresponds  to the Northern Population and  the Southern



The Zoological Society of Japan

NII-Electronic Library Service

TheZoological  Society  of  Japan

   1280  Y. Takehana et al.

   Population, Ciuster C  was  found only in the Kanto district. small  sample  sizes  <one indMdual persite), the limited num-

   Furthermore, distributions of mtDNA  haplotypes in the sub-  ber of polymorphic sites, and  the lack of informative out-

   clusters, show  strong  geographical correlations. However, group data.

   the genetic variability within populations and  the orlgin of Mitochondrial DNA  can  be a powerful molecular  marker

   two Japanese groups remain  to be clarified becau$e of the for reconstructing  evolutionary  lineages in anjmals (Avise,

Fig,1,

304

if.

 Z

4oeN

 2S4

26%
 ,g

ts 2%

     ,8

    ed276

     ,S7
g,4 ,,

26VO
 1

 I7

    27670

   27727e

   79
 

-2

3oeN

Sea  of  Japan

76.177tg8,-7

 
69

 16,6,
 1&

 W41?ge87-8

 t9 95

Pacific Ocean

 03273019q

Collectlon sltes  ot O. Iatipes, The numbers  referto  the locations listed in Table 1,

94645e

$7eB-9-

 67

9-1012

eY

except  fortwo Korean  sites  mentioned  in the text.

             NII-Electronic  



The Zoological Society of Japan

NII-Electronic Library Service

TheZoologicalSociety  of  Japan

Cytochrome b Variationsof Medaka 1281

Tabte1.  Collections[tes,samplesize

representlng  each  mitotype.  Asterisks
Southern Populaions, respectively.(N)

 and  observed  mitotypes  of O(yzias tatipes.

('} show  samples  that we  sequenced.  HNI  andNumbers

 in parentheses indicate number  of  individuals
Hd-rR  are  inbred stains  derived from the Northern  and

Collection site N Mitotype

 1,
 2.

 3.
 4.

 5,

 6.

 7.

 8.
 9.10.1112,13,141516,17.18.I9.20.21.22.23.24.25.26.27,28,29,30,31.32.33.34.35.36.37.38,3940,41,42.43.44.45.46,47,48,49.50.51,52.53.54.55,56,57,58,sg.60.61.62.63.6465,S6,67,68.69.70.71.72.73.74.75.76,

Hakodate,HokkaidePref,

Higashidori,Aemor/Pref.

Kamlk/ta, Aomer/  Pref,

Momeishi, Aomori  Pref,

lwaki, Aomori P[ef,
Hirosaki,Aomorl Pref.
Hanamaki, lwate Pret.
Ichinoseki, lwate Pref.

Kesennumal,MiyagiPret.

Kesennuma2,MiyagiPret.

Tajiri, M[yagi Pref.

Onagawa,MiyagiPref.
Sendai,MiyagiPref,

Noshiro,AkitaPret.

Hachiregata,AkitaPref.

Yuwa,  Aklta Pref.
Hon]e, Akita Pref,

S/njol,YamagataPref,
Shin]o2,YamagataPref.
Tsuruoka,YamagataPref,

Obanazawal,YamagataPref,
Obanazawa2,YamagataPref.

Yamagata,YamagataPref,
Soma. Fukusb/ma  Pref.

A[zubange,FukushimaPref.

Aizuwakamatsu,FukushrmaPref,
lnavvashirel,FukushimaPref.
Inavvashtro2, Fukush/ma  Pref,

inavvashire3, Fukush/ma  Pref.
Inauvashiro4, Fukushima  Pref.

Koriyama,FukushEmaPref.

Sukagavva,FukushimaFref,
luvakl. Fukusbima  Pref.
Urlzura,IbarakiPref.

Naka,lbarakiPref.

Mite1,1barakiPref.

Mlte2,lbarakiPref.

Mito3, lbaraki Pref.
Mito4, lbarak/ Pref.

Mito5, lbarak/ Pref.
Oarai, lbaraki Pref.

Otavvara,TochigiPref,

Karasuyama,TochigiPref,
Takanezawa,TochigiPref,

Kawachi,TochigiPret.

Mooka1,TochjgiPref
Moeka2,TochigiPref.
Mibu, Tochigi Pret.
Maebashp,GunmaPret,

Nitta,GunmaPref
Tatebayashl, Gunma  Pref

ltakura,GunmaPret.
Menuma,  Saitama  Pref.

Ogawa, Saitama Pref
Yoshimi,SaitamaPret.
Hatoyama,SaitamaPref

Hasuda,SaitamaPref

lruma, Saitama Pref,
Nagareyama,ChibaPret.

Sawara,  Chiba  Pret.

Sakura,ChibaPref.
Chiba,ChibaPref.
Naruto,ChibaPref,

Oamishirasato,ChibaPret

Mobara,ChibaPref,

Ohara, Chiba Pret.
Onluku,ChibaPret.
Kisarazu,ehlbaPref.

Futisu,ChibaPref
Kitaku, Tokyo Pret.
Chiyedaku,TokyoPref,

Setagayakul,TokyoPref.
Setagayaku2,TokyoPret.

Kawasaki,KanagawaPref,
Yokohama,  Kanagawa  Pret,

Kamakura,KanagavvaPref,

54143t55325555544555551445435565851114555555565555656576269655756552955105443Bll(5)A"1),A13X3)

Al(1)Al{4)Al{2),A4(1)

Al{1)Bll(2),B27(3)

Bll(5)Bll(3)Bll(2)Bll{5)Bll(5)Bll(5)Al(3),A2-(2)

A15(5)A16･(4)Al{4)AIX5)Al{5)Al(3),A4rkC2)

A5(5)Al(5)A511)Bll(4)Al(2),A19(2)

Al(5)Al(1},AB.{3)

A19(3)Al(5)AtC4),A8(1)

Al '{3L  A19(IX BIa(IL B27(1)
BlaC5}BlaC3LBII{5)

Bll(5)Bll(1)BllaOBIIOBII(2).Cl(2)

Bla(4),B270}

Bll(5)B"(5)Bll(5}Bll(2},B15{3)

Bl5C4),B270

B11(5)Bll(3),B15,{2},Cl'{1}

B15(5)Bll(4),B150

Bla"(5)Bla(3},B15{2)

Bla(3),B15(3)
Bla(3LBII(1),B15(1)

Blb+(3),B15{3)

Bll{5)Bla'(3),Bll(2),B15{1),B360)

Bla(1),BllC5}

Bll(ILB15(1}

Bll(3),B27(3)
Bla{3},Bll{5LB3s"")

Bla(3LBI1{D,B15(2)

Bll(5)Bll(5)BlaO

 BII(6)

Bll{5)Bla(3),B27(t),Cl{2)

Bll(5)Bll(5)Bll(1},B150

Bla(3),Bll(4),Ban'(1),C2'(1)
B15'(5)Bll(5JBIa(2LBII(4),B27(3LB34<1)

B36+(5)Bll(4)Bll(4)B27{3)

Collection$ite N Mitotype

77,7S79,80.81.82.83.84.85.86.87.88.

 89,
 90,

 91
 92,

 93.
 94.

 95.

 96,
 97.

 9S.
 99.100,101.102.103.Ie4,105,106,107,108.109.110.111,112.113.114.115,116,t17,"8,119.120.121.122.123124,125,126,127.128.129.130.131.132.133,134135136.137.138.139.140.141.142,143,144,145,146.147,148.149.150.151.152,

Miura,KanagawaPref.
Odawara,KanagavvaPret.

Ryotsu.NiigataPret.

Aikawa,NiigataPref,
Sawata.NiigataPref.
Hamochi,NiigataPref.

Arakawa,  N[igata Pref.
Sekikavva,NiigataPref,
Kurokawa,NiigataPref

Shibata,NiigataPref
Toyosaka,NLigataPref.

Nibgatal,NiigataPref

Niigata2,NiigataPref
Niigata3, Niigata Pref,

N/shikawa,NiigataPref.

Shirone,NiigataPret.

Teradomari,NiigataPref.

Mitsuke.NiigataPref.

Kashivvazaki1,NiigataPref.
Kashlwazaki2,NiigataPret.

Ol/yal,NiigataPret.
Ojiya2,NiigataPref.
Ojiya3,NiigataPret.

Oilya4,NiigataPref,
Ojiya5, N/igata Pref,
Nakasato,NiigataPref
Tsunan,N//gataPref.

Itoigawa.NiLgataPret.
Kurebe,ToyamaPret.

Kamiich/t,ToyamaPref,
Ksmiichi2,ToyamaPref,

Kamplch/3 Toyama Pref,
Oshima, Toyama  Pref

Himi,ToyamaPref,

Nanao,  lsh/kawa Pref.

Karazavva.IshikavvaPref,

Kaca lshikawa Pref,
Avvara,FukuiPref.

Kanazu, Fukui Pret.
Sabae,  Fukui Pret.

Mihama, Fukui Pref.
Obama, Fukui Pref,
Kobuchizawa,Yamanash[Pref.

Tatomi,YamanashiPref,
Rokugo,Yamanash[Pref,

Fujiyoshida,YamamashiPret,
Sakae,NaganoPret.

Iiyama,NaganePret.
Toyota, Nagano  Pref.
Nakano.NaganoPret.
Obuse,NaganoPret,

Nagano,  Nagane Pret.
Omachi, Nagano  Pref,

Tobu,NaganoPref.

Suwa1,NaganoPref.

Suuva2 NaganoPref.
Suuva3,NaganoPref.
1[da,NaganePref.

Anpacha, Gifu Pref.
Mishlma,ShizuokaPref.

Fuli,ShizuekaPref.

Sbizuoka, Sbizuoka  Pret.

Iwata,ShizuokaPref,

Kozakai, Aichi Pret.

Nish[o,AichiPref.
Seto,AichiPref,

lvvakurE,Aich[Pref,

Saori,AichLPref,
Tatsuta,AichiPret.

Nagash/ma, Mie Pret.
Tsu, Mie Pref.

Uenol.MiePref,
Ueno2.MlePref.

Ueno3,MiePref,

Toba,MiePret.

Isobe, Mie Pret.

37231555245545553424222255444104211551551141525555355535225555441547434515555Bll(3)Bll(2),B27'<3),CIC2}

Al(2}Al(3)AIMAIC5)Alde(5)B27(5}A2(2)Al(3).A20(1)

Al(5)Al(3),A6(1),A7.(1)

Al(ILA3{1),A6t(2)

AIC2LA3+(ILA19{2)

Al(5}Al(2),A19(3)

Al(2LA30AWXA19{3)

Al{2)Al{4)A19'C2)A19(2}A19{2}A19(2>At9(3).B27C2)

A3{2),Bla{3)
Al{4)Al{4)Al(4)Al(6),A20,{4)

Al(4)AIC2)Al(1)AICI}All(3),A9t(2)

All15)All(1)AIOXI),All{3),A12.(1)

Al{5)AIOAI(OAI-{4)Bll{1)Bll{5)Bll(2)Bll(5)A19C5)Bll(5)Bll(5)B27(3)Bll(5)Bll(5)Bll(5)Bl"3}Bll{5)Bll{2)Bll(2)Bll[5)B40'{5)BIB'{5)BIS(4),B19･(1)

B21-(4)B5k(3L
 B27{1)

B270B27{5)B4e{4)B12(2),B27(1),B40C4}

Bl2X3L B40{O
B12(1).B40(2)

BlcC3),B12(1}
Blc･(5)Bla{1)Bla(5)Bla(5)Blc(4).B27C"

Blc(1),B5{3),Bll(1)
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Table 1,ContinuedCollection

 site

153.154.155.t56.157.158,159,160,161.162.a63,164.165.166.ri67.168,169.170.171.172.V3.174.175,17S.177,17B.179.180.181.i82.183.184,185,186,187.188.189.190.191.192,193.I94.195,196,197,198.199.200,201.202.203.204.2e5.206.207.208,209,210,211,212.213.214.215.216.217,21B.219.220,221.222.223.224.225.226.227,228.229.Ago,  Mie  Pref.

Miyama,  Mie  Pref,

Kumane, Mie Pref,
Mihama, Mle Pref.
Kinomoto, Shiga Pref,
Hikene,  Shiga Pref.
Notogavva,  Shiga Pref,
Katata,ShigaPref.

Maizuru1,KyotoPref.
Maizuru2, Kyoto Pret,
Miyazu, Kyoto Pref.
Ine, Kyoto Pret.
Omiya,KyotoPref.
Tango,  Kyoto Pref.
Amino,  Kyoto  Pref.

Kumihamal,KyetoPref.

Kumihama2, Kyoto  Pref.

Keihoku, Kyoto Pref.
Tanba,KyotoPref.
Kameoka,KyotoPref.
Hirakata,OsakaPref.
Izumi, Osaka Pref.
Kaizuka, Osaka Pref,
Toyookal,  Hyogo  Pret,

Toyeeka2,  Hyego  Pref,

Kinosakj,HyogoPref.
Takemo, Hyego Pref.
Kasumil, Hyege Pref.
Kasumi2, Hyogo Pref.
Kasumi3,  Hyoge  Pref.
Hamasaka,  Hyogo  Pref.

Hikami, Hyogo  Pref.

Kaibara, Hyege Pret.

Tannan,HyogoPref,
Himejit, Hyogo Pret.
Himeji2, Hyogo Pref.
Higashiura,HyogoPref.

Seidan, Hyogo Pref.
Kawai, Nara Pref.
Hongu,WakayamaPref.

Shingu,WakayamaPref.

Nachikatsuura,WakayamaPref.
Kushimoto,WakayamaPref.

Hikigawa, Wakayama  Pfef,
Tanabe,WakayamaPref,

Hashimota,WakayamaPref.
Wakayama,WakayamaPref.
]wami, Tettori Pref.
Tottori, Totteri Pref.
Yonago,  Tottori Pref.
Matsue,  Shjmane Pref.
Oda,  Shimane  Pref.

Gotsu, Shimane Pref.
Sakurae, Shimane Pref.
Hamada, Shimane Pref.
Masuda, Shimane Pref.
Saigo,ShimameFref,
Tsuma,ShimanePref.

Seto,OkayamaPref.
Okavama,OkayamaPref,
Tessei, Okayama  Pref.
Miyo$hi, Hireshjma  Pret.
Tamagawa,YamaguchiPref.

Abu,YamaguchiPref.

Hagi,YamaguchlPret,
Nagato,YamaguchiPref,
Yuya,YamaguchiPref.
Hohoku,YamaguchiPref.

Toyeural,YamaguchiPref.

Toyoura2,YamaguchiPref.

Shimonoseki,YamaguchiPret.
Sanyo,YamaguchiPref.
Ube,YamaguchiPref.
Yamaguchi,YamaguchiPref.

Hofu,YamaguchiPref.

Kudamat$u,YamaguchiPref.
Hirao,YamaguchiPref.

N5554555363352325354425336522137574525416875314432513323532541455144214625f534

Y. Takehana  et  aL

Mitotype
Blc(5)B5(1},

 B33(4)
B33'(5}B33(4}B22(5}B22.'(5)B22(5)Bla(1),B22'(2)

A15'iC2),A17+"),A18'C3)
Ari5C3)Al(3)Al(5)B30'(2)B2B"(3)B29(2)B5.{1),

 B14'C4)
B7'{3)B22{5)B3St(4)B22(3},B38{1)

BlaO,  B22(1)
B6'(5)BlaC3)A14i(3)A14(3),B14(3)

A14(5)B31-(2)B29'C2}B290B29(3)B15(3),

 B3T(4}
B22C5)B90),

 B22(4), B27{2)
B39'C4)B9'(5)BIa(1),

 B9(1)
Bla{4),B22Cl)
Bla{4)Bla<1)Bllde{5),B32(1)

Bl aO,  B22{1), B32'(3L
B33'O,B41'{2)

Bl1(4}, B33(3)

Bla(4), B270
BlaCl),BIO'(2}
BIO(ri)BlaC2),B22C2}

Bla(3),BlbO

B20-(3)B31(2)B4.{3),B29C2)

B29{1)B29(2L
 B31[1)

Bl 50,  B29{2)

B29(2)B29(3)B15(5)B29C3)B3(1),

 B29(1)
Bla'(5)Bla{4)Bla{1)Bla(4)B3de(2),B15(3)

B15(5}B15(1)Bl5(4)B15(ILB17C3)

B15{2)BlaU)B15(4}B15'(6}B15C2)B4C3),Bd5(2}

Bla(1)B13'(5)B13(3)Bla(4)

Collectionsite
230.231.232.233.234.235,236,237,238.239.240,241,242.243.244.245.246.247.248.249.250.251.252.253,254,255.256.257.258.259,260.261.262,263.264.265.266.267.268.269.270.2].272.273,274,275.276,277,27e.279.280.281.282.283.284.285,286,287,288.289.290.291.292.293.294,295.296.297.298.299.3oe.301.302,303,lwakuni, Yamaguchi  Pref.

Anan,TokushimaPref,
Yuki,TokushimaPref.
Hiwasa,TokushimaPref,
Kainan,TokushimaPref.
Ikeda,KagawaPref,
Kamiura,  Ehime  Pref.

Yoshiumi,  Ehime  Pref.

Matsuyama,EhimePref.
Masaki, Ehime Pret.
Uchiko, Ehime Pref.

Tsushima,EhimePref.

Teyo,  Kochi  Pref.

Aki, Kochi  Pfef.

Tosa, Kochi Pref.
Susaki,KochiPref.
Saga, Kochi Pref.
Nakamura,KochiPref,
Sukumo, Kechi Pref.

Kurate,FukuekaPref.

Munakata,  Fukuoka  Pref.
Fukuma,  Fukuoka  Pref,
Hisayarna, Fukuoka  Pref.
Shima, Fuk-oka Pref.
Yukuhashi, Fukuoka Pret,
Shiida, Fukuaka Pref.
Buzen,  Fukuoka Pref.
Mihashi, Fukuoka  Pref.

Yamato,  Fuk-oka  Pref.

Karatsu,SagaPref.

Arita, Saga Pref.
Kashima, Saga Pref.
Sa$ebo,NagasakiPret.
Kazusa, Nagasaki Pref.
Kamiagata,Naga$akjPref.
Izuhara,NagasakiPref.

Ashibe, Naga$aki  Pref.

Fukue,  Nagasaki  Pret,

Reihoku, Kumamoto  Pret,

Uto,KumamotoPref.
Taragi,KumarnotoPref.
Minamata, Kumamoto Pref.
Bungotakada,OitaPref.

Beppu,  Oita Pref.

Saiki, Oita Pref,
Kusu, Oita Pref,
Nobeoka,MiyazakiPret,
Takanabe,MiyazakiPref,
Saito, Miyazakj Pref.
Miyaiaki, Miyazaki Pref.
Kiyotake,MiyazakiPref.

Kushimal,MiyazakiPref.

Ku$hima2,M[yazakiPref.

Higashikushira,KagoshimaPref.
Kushjra,KageshimaPref.
Takaono, Kagoshima Pref.
H[vvaki,KagoshimaPref,
Sendai,KageshimaPref,
Hiyoshi,KagoshimaPret.

Oura,KagoshimaPret.
Kamikoshiki,KagoshimaPref.
Satol,KagoshimaPref.
Sate2,KagoshimaPref.
Nakatane,KagoshimaPref,
Mageshimal,KagoshlmaPref.

Mageshima2,KagoshjmaPref.

Mageshima3,KagoshimaPref.
Mageshima4,KagoshimaPref.

Kikai, Kagoshima  Pref,

Ogimi, Okinawa Pref.
Nago, Okinawa Pref.
Ginoza,OkinawaPref.
Ishikawa, Okinawa Pret.
Gushikami,OkinawaPref.

lnbredstrains

      HNI'
      Hd-rR'

N Mitotype

44454254651455455534534455555541531154155451422455155553354553253333252541

23

BlaC4}Bla(4)Bla(4)BlaC5)B2+(4)Bta(2)Bla{5)Bla{4)Bla(6)Bla(5)BlaCl)BldC4)BlaC5)Bid(5)Bld{4)Bld'(5)Bld(5)Bld(4),B42t(1)

Bld(3)B15(4)B15(4},B16,(1)

BISC2}, B24{1)

Bla(ILB15{3)

B15(2),B17(2}
B15(5)B15(5)Bt5t(s)B24C5)B24t(5)B17(4),B24(1)

B26(4)B24{1)B26'{5)B23+(3)B170B17(1)BIT(5}B26(4)B23(1)B23(3),B24(2)

B24(5)B24(4)B15{5)Bla{1)Bla(4)B15(2)B13C2)B13C4)B4(5)B4'<5)B40B4(5}B4(5}B4(5}B4(5)B24C3)B24(3)B24i(5)B24(4)B24{5)B25X5)B24(3)B24(2}BS+(5}B24'{3)B24(3}B8(3)B8C2),

 B24(D
B24t(2)B24(5)B24.C2)B24{5)B24{4)B24'<1)

Al(2)B27(3)
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1994; Kocher  and  Stepien, 1997). The  cytochrome  b gene
is found in the mitochondrial  genome of nearly ali eukaryotic

organisms  and  in many  diverse prokaryotes, indicating a

very  ancjent  orjgin (Espostj et al., 1993). This gene has

been one  of the most  frequently utilized segments  of mtDNA

because it is easy  to allgn and  it has been characterized  in
many  vertebrates,  including several  fish species  {Kocher
and  Stepien, 1997; Kocher  et  al., 1989; Zadoya  and

Doadrio, 1999; Orti et aL, 1994; Brito et al., 1997}. In the

case  of fish, the cytochrome  b gene has been  used  to

address  many  phylogenetic questions, from relationships

among  closely related cichlids (Meyer et at,, 1990} to deep

phyiogenetic questions such  as the relationships among

sarcopterygian  fishes and  tetrapods {Meyer and  Wilson,

1990; Meyer  and  Dolven, 1992; Hedges  et aL, 1993; but see

Meyer, 1994),

    ln thjs study, we  surveyed  the detailed genetic popula-
tion structure  in Japanese wild populatlons of medaka  by
PCR-RFLP  analysis  ef the cytochrome  b gene in order  to

clarify the genetlc variability within populations. This proce-
dure resulted  in the identiflcation of a large number  of mito-

types. In addition, we  obtained  nucleotide  sequences  of all

mitotypes  of the cytochrome  b gene discriminated by PCR-
RFLP  analysis. This report concerns  the phylogenetic rela-

tionships among  mitotypes,  and  discusses the origin of the
Northern and  Southern Populations in medaka  and  their

evolutionary  history,

             MATERIALS  AND  METHODS

Materials

   During the period 1979-2001,  we  collected  w"d  individuals ot

O. latipes from 303 different sites  in japan <Fig. 1). The col]ection

sites are  li$ted in Table 1. We  also examined  iwo inbred strains,
HNI  derived from the Northern Population and  Hd-rR  from  the

Southern Population (Hyodo-Taguchi and  Sakaizumi, 1993).

   Two  individuals captured  from Sokcho (site #304 in Fig. 1) and
Samsan  (site #305)  in Korea  were  included for [ntraspecific phylo-
genetic analysis,  The tormer belongs to the East Korean Popu[ation
and  the Iatter to the China-West Korean Population. In addition,

three species  of the genus  Otyzias, O, curvinotus,  O. fuzonensis
and  O. mekongensis,  were  analyzed  for outgroup  compari$on.

They have been classlfied  into the bi-armed chromosome  group
with O. Iatipes (Uwa, 1986).

DNA  extraction and  amplification of cytochrome  b gene
   Total DNA  was  extracted  from the caudal  fin by proteinase K
digestion, phenoi:chloroform extraction  and  isopropanol precipita-
tion (Shinomiya et al,, 1999), and  the DNA  samples  were  dissolved

          Fa Fe Fb
          > > >
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     in TE buffer (1 mM  EDTA, 10 mM  Tris pH 8.0).

        Forthe design ot the PCR primers, two  complete  mitochondrial

     genomic libraries were  first constructed  from two  wild  strains,  Mai-

     zuru  from the Northern Populatlon and Himeji from  the Southern

     Population, and  nucleotide  sequences  were  obtained  from around

     the cytochrome  b gene, We  then used  these sequences  to design

     a  pair of  PCR  primers to amplity a 1241-bp segment  [ncluding tne

     complete  cytochrome  b gene. The nucleotide  sequences  of  the

     primers were  Cytb Fa (5'-AGG ACC  TGT  GGC  TG  AAA  AAC

     CAC-3i) and  Cytb RVa  (5i-TYC GAC  YYC  CGR  WTT  ACA  AGA

     CCG-3i), The reaction  mixture for amplification by PCR  contained

     O.2 mM  of dNTPs,  O.25 pM  of each  primer, 1 ul ot template DNA

     (below 100 ng), and  O.6 units  of Ex faq polymerase and  E)( Tlaq

     Buffer CJ'aKaRa shuzo  Co., Kyoto, Japan). PCR  amplifications with

     a  GeneAmp  PCR  System 9700  (Applied Biosystems, Foster City,

     CA, USA) were  pertormed under  the following conditionsi  94"C tor

     2min for denaturation, 30 cycles  of amplification  (94CC for 1.5 min,
     550C for 2 min,  720C tor 2 min) and  1min for the final extension  at

     720C, u$ing.

     PCRRFLP  analysis

        RFLP  ana[ysis ot the cytochrome  b gene was  conducted  for

     1,225 wild  individuals trom 303 sites in japan and  the two  inbred

     strains.

        Amplified segments  were  digested with  five restriction endo-

     nucleases  (Haelll, Mbol, Mspl, Rsai and  Ttaql), im accordance  with

     the instructions provided by the suppliers. Enzyme  taql was  used

     only for specimens  representing  mitotype  Bl identified by the other

     four enzymes,  because of the wide  distribution of mitotype  Bl. The

     fragments thus obtained  were  separated  by electrophoresis  on  6%

     polyacryiamjde gels. RFLP  patterns were  visualized  and  photo-
     graphed under  UV  1[ght after  ethidium  bromide staining.

     Sequencingforphylogeneticanalysis

        The  entire  cytochrome  b gene was  subjected  to sequence

     analysis.  We  sequenced  eighty-seven Japanese individuals of O.

     latipes, including all mitotypes identified by PCR-RFLP  analysis,

     two  Korean  indMduaLs  and  three closely-related  species.  The

     sequenced  Japanese samples  are shown  with  an asterisk (D in
     Table 1,

        Nucleotide sequences  were  determined directly from PCR

     products. DNA  sequencing  used  an  Applied Biosystems  310

     Genetic Analyzer with ABI BigDye  Terminator  Cycle Sequencing

     FS  Ready  Reaction Kit (Applied Biosystems) in accordance  with  the

     manufacturer's  instructions, The following primers were  used  for

     sequencing/  CytbFa, CytbFb (5i-CAA ATA  TCA  TT  TGA  GGG

     GCC  ACT  GT-3i), CytbFc (5'-CGA CAA  AGT  ATC  CTT  CCA  CCC

     TTA  CTT-3i), CytbFd (5i-CCC TAT  TCT  ACA  CAC  CTC  TAA  ACA

     ACG-3i), CytbFe (5i-CTC GTC  AGT  TGC  ACA  CAT  CTG  CCG-3i),

     CytbRVa, CytbRVb (5i-ACT GAA  AAT  CCC  CCT  CAA  AIT CAT

     TG-3i>, CytbRVc {5i-CCT CCA  AGT  TTG  ITT  GGA  AT  GAT CGT
     AG-3'), and  CytbRVd (5'-GCA TGT  ATA  ITC  CGG  ATT  AGT  CAG

     CCG  TA-3i}. The positions of these primers are  shown  in Fig. 2.

        DNA  sequences  were  aligned  by using  the multiple-sequence

     alignment  program CLUSTAL  X, version 1,81 (Thompson et al,,

         Fc Fd
         > >

                            <
                            RVd

Fig, 2. Positions (arrowheads) ot primers used  for amplification

primers are  described in the text,

< <
RVb  RVc

and/or  sequencing  of cytochrome

                  <
                  FIVa

b gene, The nucleotlde sequence$  ot the
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t994). Phy[ogemetic analyses  were  performed with  MEGA2,  version

2,1 (Kumar et aL, 2001). Pairwise sequence  divergence$ were  cal-

cula ±ed  wjth  Kimura's two-parameter  method  (Kimura, 1980), and

phylogenetic tree$ were  reconstructed with  the neighbor-jojning

(NJ) method  (Saitou and Nei, 1987). The reliability o"he  tree was
evaluated  with  the aid  of {OOO  bootstrap replicates  (Felsenstein,
1985}, although the ljterature on the interpretation ef bootstrap pro-
portions (BPs) has not reached a consensus  yet (Felsenstein and

Kishino, 1993; Hillis and  Buil, 1993}, We  tollowed the interpretation

by Shaffer et  al. <1 997), which  considers  BPs >90%  to be highly sig-
nificant, 70-89%  as marginally significant, and  <70%  a$ constituting

limited evidence  ef monophyly.  The  sequences  reported  in this

paper have been deposited in the DDBJfEMBLIGenBank  under

acce$sion  numbers  AB084670-AB084756 and  AB094503-
AB094507.

RESULTS

PCR-RFLPanalysis

   Multiple fragment patterns of the segments  (1241-bp)
including the entire cytochrome  b gene could  be identifled
with  the five restriction  endonucleases.  The  fragment pat-
terns detected by each  of  the endonucleases  are  shown  in

Table 2, Twenty-five different patterns were  found tor Haelll

(A-Z), 14 for Avlool (A-N), eight  for Anspl and  Rsal (A-H),
and  four for laql (A-D). However, we  treated several  differ-

ent fragments as practically the same,  sjnce  the detection of

sma"  differences (below 20-bp) between  tragments was  not

possible with  this method,

   A  total of 1,225 individuals were  surveyed  and  67 mito-
types were  observed  (Table 3), The composite  mitotypes

were  identifjed from four restriction endonucieases  (Haelll,
Mbol, Mspl, and Rsal). A  special analysis  with  another

restriction endonuclease,  laql, was  used  for Mitotype Bl,

yielding four submitotypes  (Bla-Bld). Twenty-four mito-

types were  found at only  one  site, 15 shared  two $ites, and

seven  three sites. Eleven mitotypes  were  observed  at  four

to seven  sites, and  ten at more  than nine  sltes.

Sequencing and  phyiogenetic analysis

   The 1141 -bp region  of the complete  cytochrome  b gene
was  successfully  sequenced  for all indMduals without  any

insertions or deletions, ln the 1141 -bp sequences  from Jap-
anese  populations, 326 sites were  variabie, and  311 transi-
tions and  60 transversions were  ob$erved  (45 sites show
both transition and  transversion). Most substitutjons (270;
82.8%) were  in the third codon  position, with  only  44

(13.5%) in the first and  12 {3.7%} in the second  positions,
and  total of resulting in 37 (9.7%) amino  acid  change$.  A
nonsense  mutation  observed  at nucleotide  position "36  in
the sample  from Mishima (site #t36) eliminated  two amino

Table 2. Fragment patterns and  molecular  size  (bp} generated by tive endnucieases  of an  amplif[ed  segment  (1241-bp) comprising the com-

plete cytochrome  b gene. Asterisks O  show  fragments inceuding two digestion patterns that could not be distjnguished by electrophoresis,
because  their molecular  $ize was  very  similar.

Endonuclease
Fragmentpattern

Haelll

ABCDEFGHdJKL  M  NO  P  Q  R  S T  U V  W  X Z

Molecular size  (bp)563 312t 306･ 480 284 765

284 284 284 284 251 284

202 251t 257, 2D2 22g 173

173 202 202 173 202 19

 19 173 173 83 173

    lg 19 19 S3

              19

1049 765 563

173 284 2S4

 19 120 202

     53 192

     19

563 5634B6

 284ri73

 202

 19 13g

    53

4232S420214013953563 563 563 S06 563 4S6 284  765 625 2S2 563  2B4  423 734

236 486 284 284 486 480 282

202 192 202 257 139 139 2Sl

139 120 202 53 83 202

        53 139 53 139

        19 53 53

284 284 2Sl 202 24B 423 175

139 140 236 IS9 202 202 140

53 139 202 139 175 140 139

    53 139 125 140  53 53

       53 53 139

       46 53

Endonuclease

Fragrnentpattern

Mbol Mspl

ABCDEFGH1JKLMNABCDEFGH

Molecular size  (bp)659 730 537 659 659 531

34S 348 34S 211 511 3S2

163  163 163  163 71 348

71 122 137

       7ri 71

531 893 531  531 531

362 34B 34B 348 34B

211 182 282 260

137  180  SO 102

41oa36234S12ri'403t 348 356

362 265 348

348 256 256

128' 13S 13S

    le6 le6

    91 37

    37

542 473 675

318 SIS 542

259 259 13

98 98 11

13 6g11

 13

    11

542 542416

 3S9259

 2S913

 2711

 i3

    11

640 473 411

318 416 389

259 259 259

 13 69 131

 11 13 27

    11 13

       11

Endenuclease

Fragmentpattern

Rsal taql

ABCDEFGHABCb

Molecularsize (bp) 1241 867' S85'
               374, 356.734

 507 574' 592' 436 592

507  414  356  356  356  356

   320 293 293 293 197

       IS' 156 g6

9462938952376144

 4

4724232376144

 4

S7S 895237

 23761

 105614

 4

NII-Electronic  
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Tabie 3. Mitotypes, composite  fragment patterns, number  of

localities in which  the mitotype  was  found, and  sample  size  (N) of
Oryzias /alpes. The order  of  the enzymes  is Haelll, Mbo[, Mspl,

and  RsaL.

No. of localitiesN

of Medaka

MitotypeComposite laql

AiA2A3A4A5A6A7A8A9AIOA"A12A13A14A15Ad6A17At8A19A20BlaBlbBlcBldB2B3B4B5B6B7B8B9BIOBIIB12B13B14B15B16B17B18B19B20B21B22B23B24B25B26B27B28B29B30B31B32B33B34B35B36B37B38B39B4eB4aB42ClC2AAAAAAABAABAABAAACAAADAAAEAABABABBAABBCABBDABBDCCAAADADDEAAAEBAAFAAAGAAAHAAAIAAAJFEEJFEEJFEEJFEEJFEFJFDBJFDEJGEEJHEEJHDBJHDEJIEEJJEEKFEEKJEELFDELFDBLFFELKFELLFEMFEEMFEGMFGBMFHENFEEOFCAOFDAOFDBOLDAPFEEPFDAPFDBPGDAPHDBQFEBQFEERFEESFEETJEEUFFEVFEEVFDEWFEEXFEEHFEEZMCHZNCH

ABcD

4724222

 12

 114

 1
 133

 1
 1

 112

 2532

 5
 7

 1
 2

 9
 4

 1
 1

 3
 3
 261

 4
 4

 237

 1
 6

 2
 1
 1

 112

 324

 1

 319

 112

 1

 3
 2
 5

 2
 1

 2
 1
 2

 1
 5

 1
 t

 4
 1

145

 4

 5
 3
 6

 3
 1
 4

 2
 1

 12
 1

 3
 tl

 10
 4
 1

 330

 5157

 4

 18
 30

 4
 3

 37
 8

 5
 3
 10

 7
 3226

 7
 14

 7110

 1

 16

 9
 1
 3

 4
 39
 7

 75
 5

 13
 41

 3
 24
 2

 5
 4
 17

 2
  1

 6
 4

 5
 4
 16
  2

  1

  7
  d
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acids  in the C-terminal, although  this mutation  did not seem

to have affected viabiiity  because the fish looked normal.

   The  NJ tree based on  Kimura's two-parameter model  is

shown  in Fig. 3. This tree demonstrates that the 67  mlto-

types found among  Japanese  wild  popu]ation could  be

divided into three major  clades  (A, B and  C) accompanied

by highly significant BPs  (99% each),  Clade A comprised  20

mitotypes  (Al-A20), clade  B 42 (Bl-B42) and  clade C only

two, Cl and  C2. Clades A  and  B were  subdMded  into,

respectively, three and  11 subclades,  We  designated the

subclades  of clade  A A-l to A-III and  those of clade  B B-1 to

B-×1. The BP values  of  these subclades  were  never  less

than 8e%, We  analyzed  nucleotide  sequences  of 2-6 indi-

viduals  for 10 mitotypes  that had large dlstribution ranges.

As a result,  while  the same  mitotype  was  usually clu$tered

in one  subclade,  the exception  was  mitotype  B4, shared

between  two subciades  B-Vlll and  B-X. The sample  from

Yonago (site #202} was  included in subclade  B-× and  the

specimen  from Miyazaki (site #279) in subclade  B-VIII,

   The  average  sequence  divergence was  11.3%

(SE=O.9) between  clades  A and  B, 1 1.8%  {SE=1.1) between

clades  A and  C and  ",4%  <SE=1.0) between clades  B and

C. The respective  sequence  divergences within clade  A  and

clade  B averaged  1.6%  {SE=O,2) and  3.2% (SE=O.3). The

average  divergence values  were  3,O-4.1% among  sub-

caldes  A-1 to A-111 and  1 ,3-5.8% among  subclades  B-1 to Xl,

   The  tree also  showed  intraspecific reiationships  and  the

branching order  of clades  and  subclades.  Monophyly of the

ingroup (O. Iatipes lineage) was  supported  by a BP value  of

90%.  The  ingroup was  dMded  into two iineages, one  con-

sisting of  three Japanese  clades  and  supported  by a BP

value  of 94%,  and  the other contained  SokchQ  and  Samsan

sample$  with limited BP  support  (58%), ln the former lin-

eage,  c[ade  A divided at  the basal portion, and  clade  B-C,

supported  by a  BP vafue  of 78%,  subsequently  branched

into clades  B and  C, ln clade  A, subclade  A-M split first, and

the remainder  (BP=69%) was  divided into subclades  A-1 and

A-11. Clade B first dMded  into subclade  B-Xi and  the remain-

der consisting  of 10 subclades,  which  split in descending

order  according  to their subclade  designation, although  sev-

eral nodes  were  not  supported  by substantial BPs (<50%).

413 1225

Geographic distribution of mitotypes

   Fig, 4 shows  the  geographjc distr]bution of the mito-

types of the three clades  and  14 subclades  making  up  the

NJ tree. The distribution patterns demonstrated $trong  geo-

graphical associations,

   The  mitotypes  of c[ade  A were  found along  the Sea of

Japan northward  from Hyogo  Prefecture, while  those of

clade  B were  distributed along  the Pacific coast  southward

from lwate Prefecture and  along  the Sea of Japan westward

from Kyoto Prefecture. The  mitotypes  of clade  C were  found

at five sites in the Kanto district.

   The mitotypes  of subclade  A-l were  widely  distributed

covering  the entire distribution range  of clade  A, but those

of subclade  A-ll were  observed  at only  four sites  westward
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Clade A

Clade

Clade

Bgg

c

&o

{99

9180..

At-Obama
 AIO-Awara
A12-AwaraA9-Nanao

AttKanazawa

Subclade  A-l

] Subclade  A-ll
ISubcladeA-1]1

      1-Hepgu
    B41-Shingu
    Bri2-Saori

     B36-Setagayaku2
     B40-Hash:ma
   Bll-Mitol
93 B27-Hd-rR
  B27-Odawara
  B34-Futtsu
   B35-Nagareyoma
92  Btc-Tsu
   B5-Kumihamal

 99

 537597

 B5-lwata
  B21-$h[zueka
 B19-Fuji
 B18-Mishima

B33-Shingu
B32-Shingu
B33-Kumano
Blb-Menuma
Bla-Maebashi
Bla-trbshimT
  B22-Katata
99 B22-Hikone
 BIO-Hikigawa

Bg4Is'MenZaki

 B39-Tannan
B38-TanbaB6-lzumi

 B9-HimejM
BIa-Seto
 B2Kainan

  -Mookat

 B37-Hamaseka
 Bt5-Sh]monoseki

 B17-Ashibe

 B29-Kasum[1

 Bt4-eeamWihaamal
  B7-Kumihama2
B4-l

 ]2n4a-valcat
ss B24-Mageshima

   C2-Futtsu
Sokcho

Subclade  B-l

] Subclade  B-11
] Subclade  B-ll1

] Subclade  B-IV

] Subclade  B-V

] Subclade B-Vl

Subclade B-VII

1 Subclade  B-VM

Subclade  B-IX

Subclade  B-X

Subclade  B-XI

     ] Clade  C

SemsanO,

 tuzonensis
O, mekongensis

Fig. 3. Neighber-joining tree of the entire  cytochrome  b gene (1141-bp). The sequence  djvergences were  calculated  with  Kimura's (1980)
two-parameter method.  BP values  with  1eOO replicate$  assoeiated with each  node  are shown.  Branches without  BP vaiues  were  supported  by
<50%.
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@  Subclade B-1

O  Subclade B-11
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 Subciade B-111

@  Subclade B-[V

W  Subclade B-V

A  Subclade B-Vl
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X  Subclade B-Vlll

O  Subclade B-IX
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A  Subclade B-Xl
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Kyushu

Sea oflapan
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Ryukyu ls.

Fig. 4. Geographic distribution of mitotypes.  Clustering of mitotypes  was  inferredfrom the NJ tee (Fig. 3), lntra-populational polymorphism is
[ndicated by the combination  of small  $ymbols.

from the Noto Peninsula, Subclade A-111 contained  only  one

mitotype, Al4, This mitotype  was  found at three sites along
the northern  coast  of Hyogo  Prefecture (sites #176, 177,
178), and  this area  corresponded  to the distribution region

of the Boundary Population (Sakaizumi, 1984).

  The mitotypes  of subclade  B-l are widely  distributed
from the eastern  part of  Kii Peninsula to the Tohoku  distrlct,

The  mitotypes  of subclade  B-11 were  found in the  same
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region  as  those of  subclade  B-1 (except for Sekikawa; site

#84), and  the mitotypes  of subciade  B-111 mainly  in the Tokai
district, The mitotypes  of subclades  B-IV, B-V and  B-Vl were
found exclusively  and  respectively  in Shizuoka Prefecture,
along  the Pacific coastin  Shikoku, and  in the eastern  part
of Kii Peninsula, and  the mitotypes  of  subclade  B-Vll mainly

around  the Seto lnland Sea  as well as  in the Kanto district,

Although subclade  B-Vl1 consists  of nine  mitotypes,  all $pec-

imens from the Kanto district represented  the same  mito-

type, Bla, The mitotypes  of subclade  B-Vlll were  found in
ea$tern  Kyushu, Tanegashima  lsland and  Mageshima

lsland. The  mitotypes  of subclade  B-IX were  mainly  distrib-

uted  along  the western  edge  of Honshu, in the northern  part
ot Kyushu, and  also  in the Kanto district, Although subclade
B-IX contains  five mitotypes,  all individuals from Kanto dis-
trict showed  only  one  mitotype,  Bl5. The mitotypes  of sub-

clade  B-X were  found in the San-in district, and the mito-
types of subclade  B-Xl in the western  region  of Kyushu  and

in the Ryukyu lsland$.

                 DISCUSSION

   Phylogenetic analysis  of  the cytochrome  b gene
sequence  revealed  the differentiatjon of three major  clades

(A, B and  C) within the Japanese wild populations of

medaka.  Matsuda et al, (l997b} also  identified three major

clusters  among  Japanese medaka  on  the basis of their

RFLP  analysis  ot the entire mtDNA,  The  distributions of the

three clades  identified in cytochrome  b sequences  com-

pletely agreed  with those of the three clusters  detected in
RFLP  analysis,  That is, clades  A, B and  C  correspond  to,

respectively, mtDNA  clusters  A, B and  C. Moreover, the

geographic distributions of the mitotypes  in clades  A  and  B

appear  to be identical to the previously described ranges  of

the Northern and  Southern Populations as  determined by
aHozymic analysis (Sakaizumi et al., 1983). This agreement
among  the mitotypes  of cytochrome  b, mtDNA  haplotypes

and  allozyme  genotypes supports the concept that the two
Japanese  populations evolved  in complete  isolation in the

distant past.

   Matsuda  et  al. (1997b) conducted  RFLP  analysis  of

mtDNA  for one  individual per site,  and  identified subclusters

that tended to reflect the region-specific geographic distribu-
tion, The distribution of mitotypes  in each  subclade  revealed

in this study  roughly  corresponded  to that of mtDNA  haplo-

types in the subclusters,  This consistency  can  be explained

by the low genetic variability within  the population, Most of

popuiations had monotypic  mitotype  or mitotypes  belonging

to the same  subclade,  This result shows  only  $mall  nucle-

otide  changes  and  close  phy]ogenetic relationships  among

mitotypes  in single  populations. Consequently, it is likely
that the mtDNA  hapiotype of each  individual substantially

reflected that of each  population.
   Our analysis  also showed  phyiogenetic relation$hips

among  clades and subclades, The NJ tree shows  that in O.
Iatipes, the initial divergence occurred  between  the conti-

nental  dade and  the Japanese clade. After the three Japa-
nese  clades  had separated  off, each  of the subclades

diverged further, Several authors  have proposed different

molecular  c[ocks  for the cytochrome  b gene: about  O.81%

per million  years (myr) from elasmobranchs  {Cantatore et

al,, 1994), about  O.92%/myr  from Sebastes  fishes (Rocha-
Olivares et al., 1 999), about  2,5%lmyr  from mammals  (lrwin
et al,, 1991) and  about  2.8%fmyr from sticklebacks  (Orti et

aL, 1994). Recently, Harada et al. (2001} estimated  evolu-

tionary rates of 2.5-2.8%fmyr  from floating gobies, Gym-
nogobius  species,  based  on  the paleogeographic data. We
followed these rates, and  estimated  the divergence timesi
5.4-6,O million years ago  (mya) between the continental

clade  and  the Japanese clade, 4.0-4,7 mya  among  clades

A, B and  C, 1,1-1,6 mya  among  subclades  A-1 to A-111, and

O.5-2,3 mya  among  subclades  B-1 to B-Xl.

   On the basis of these findings, we  suggest  that the orig-

inal stock  of medaka,  like many  cyprinid fishes, dispersed
from the Eurasian continent  into the western  part of Japan

(Nishimura, 1980; Tomoda, 1989), and  that the ancestor  of

the Japanese populations became  separated  from the con-

tinental populations during the Iate Miocene. Subsequently,
this ancestor  dMded  into three groups (clades A, B and  C)
cturing the Pliocene, The era of colonization  by the three
clades  corresponds  to the period of the establishment  of  the

protoform of Japan (Fujita, 1990). It is supposed  that the dis-

persal of freshwater fish is restricted  by geographic features
such  as  mountains  and  sea,  so that fish populations are

inevitably confined  to their own  watershed  or island, result-

ing in regional  differentiation, The boundary separating  the

Northern and  Southern Populations corresponds  to the

backbone mountains  of  Honshu, which  are  surmised  to

have  created  a  barrier between  the two populations (Sakai-
zumi  et al,,1983),  lt is therefore very  likely that the three

Japanese groups emerged  during this period as  a result of

geographic isolation, After colonization  by the three groups,

populations within  the groups underwent  genetic interaction

for a  long time until later separation,

   Mitotypes in clade  C are  rare variants  of the Japanese

wild poputation and  found only  at five sites in the Kanto dis-
trict. That this clade  is more  closely  related  to clade  B than

to clade  A  is supported  by a  BP  of  78%.  The  fish represent-
ing the haplotype in cluster C has an  allozymic  genotype
similar to that of the fish with haplotypes in cluster B in spite
ot major  dMerences  in the sequence  estimated  in the

mtDNA  (Matsuda et ai,, 1997b). These results suggest  that

the mitotypes  in clade  C  are  
`relics',

 which  diverged from the
ancestor  of the Japanese medaka  and  remained  in a limited
regjon  (the Kanto district) for a long time, The djstribution

pattern of mitotypes  in clade  C is similar to that of cyprinid
fish, lanakia tanago. Thi$ $pecies  is also restricted  to a  few

sites  in the Kanto district (Ho$oya, 1993). These  similar dis-

tribution patterns between clade  C in O, tatipes and  T. tan-
ago  may  suggest  the same  colonization  history,

   ln clade  A, whlch  corresponds to the Northern Popula-
tion, three subclades  (A-1 to A-111) were  recognized.  The  NJ
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tree indicates that subclade  A-111 (distributed along  the
northern  coast  of Hyogo Prefecture) was  the first to separate

from the common  ancestor of clade A, followed by sub-
clades  A-11 (distributed in 1$hikawa Prefecture) and  A-i. It is

likely that the dispersal of the Northern Population through-

outits  distribution area, took place from South to North,
Subclades A-11 and  A-M originated independently during the
Quaternary in the regions  where  they now  occur,  because

the boundaries between the subclades  are  vety  distinct.

Subclade  A-1, with  the largest distribution range  in clade  A,

is characterized  by limited differentiation, as  evidenced  by
the short  branch on  the NJ tree. It is surmised  that this

decline in genetic variatien can  be attributed to a bottleneck
effect, and  that subclade  A-1 recently  expanded  its distribu-
tion area  (mya between subclades  A-1 and  A-11 <1,2),

   Clade B, which  corresponds  to the Southern Popula-
tion, can  be divided into 1 1 subclades,  B-1 to B-Xl. The mito-

types of subclade  B-Xl are found in the western  region  of

Kyushu and  the Ryukyu lslands, and  this subclade  may

have  been the  first to separate  in the late Pliocene from a

common  ancestor  of  clade  B, followed by the remaining  sub-

clades  after a  period of  genetic interaction with each  other.

Subclade B-X and  B-IX were  next  to become isolated from
the other  subc[ades,  Mitotypes of B-X are  found in the San-
in districL and  those of B-IX along  the western  edge  of Honshu
and  in the northern  part of Kyushu. The  remaining  subclades,

on  the  other  hand, diverged in almost  the same  period, fol-

lowed by subclades  B-I, B-11 and  B-111 in eastern  Japan,

which  have diverged most  recently. The boundaries of the
distribution of the mitotypes  of each  subclade  are  relatively

clear  and  correlate  with  geographical features such  as

mountains.  These  results  suggest  that the dispersai of the

Southern Population occurred  from south-west  to north-east

in its distribution area, except  for the Ryukyu lslands, Fur-
thermore, the regional differentiation of subclades  is mainly
due to isolation during the Quaternaty, as  a result of geo-
graphic i$olation and  thus has been  maintained  until  now.

   As  for subclade  B-Xl that were  distributed from western

Kyushu  to the Ryukyu  lslands, the populations from western

Kyushu  had four mitotypes  (B23-B26), while  those from
Mageshima lsland (sites #294 and  295) and  the Ryukyu
lslands (sites #298-303) had only  one  mitotype  B24. In con-
trast to the sequence  divergences among  samples  from
Kyushu  (sites #262, 263, 287  and  290) in subclade  B-Xl

{O,71-3.1%), those among  specimens  from the Ryukyu

ls)ands (sites #298, 300 and  303) and  Mageshima  lsland

(site #294) were  extremely  low (O-O.09%), Furthermore, the

NJ tree showed  a  close  relationship between samples  from

the Ryukyu lslands and  western  Kyushu  in subclade  B-Xl,

with  a minimum  divergence between  them  of O.35%  (Sen-
dai vs, MageshimalNagolGushikami,  and  Kamikoshiki vs,

MageshimalNagolGushikami), These results indicate that

medaka  in western  Kyushu recently expanded  their range

into the Ryukyu Islands {mya<O,14), Based on  analysis  of

stratigraphic,  tectonostructural and  geomorphic data for the
Ryukyu  Cordi[[era and  adjacent  regions, Kimura (1996) pro-
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posed a  paleogeographic hypothesis that a large land
bridge may  have formed from the Chinese continent  through

Taiwan  and  the Ryukyu lslands to the Kyushu  main  island

during the middle  to the late Pleistocene (O.2-O.02 mya).  It

is thus possible that dispersal of medaka  occurred  via the

land bridge formed from Kyushu to the Ryukyu lslands dur-

ing the last lce Age,

   Although distribution patterns of the mitotypes  in each

of subclades  show  strong  geographical associations,  mito-

types in subclade  B-Vll and  B-IX show  an  exceptionally

scattered  distribution in western  Japan  and  the Kanto dis-

trlct, This disjunct distribution between  western  Japan and

the Kanto district has also  been observed  at the ACP  locus

<Sakaizumi et  aL,  1983), Our results showed  that the popu-

lations from western  Japan had seven  mitotypes  in subciade

B-Vll and  fjve mitotypes  in subclade  B-IX. On the other

hand, those trom the Kanto district had only two mitotypes,

Bla and  Blb, and  one  mitotype  B15 in respective  sub-

clades, The  sequence  divergences were  O-O,09%  between
samples  from Maebashi (Bla; site #49), Yoshimi (Bla; site
#55), and  Menuma  (Btb: site #53), and  O%  between  sam-

ples from Mooka (Bl5; site #46) and  Kita-ku (Bl5; site #70).

These results  indicate little genetic variability of mitotypes  in

each  of the subclades,  which  were  distributed in the Kanto

district, Furthermore, it is notable  that a  large genetic vari-

ability within populations from the Kanto district, was

observed,  Our study  clearly shows  that distinct mitotypes,

differentiated in various  regions, exist even  wjthin  popula-
tions in this district. These  findings strongly  suggest  that this

distribution pattern was  a result of gene flow, and  could

have  been  caused  by human action such  as  the release  of

fish. It js possible that rnedaka  from western  Japan may

have  been released  in the Kanto  district.

   Furthermore, populations from natural  parks such  as

Mito4 (site #39, lbaraki Pref., Bla and  B27), Sekikawa (site
#84, Niigata Pref., B27), and  Nakasato {site #102, Niigata

Pref., A3  and  Bla) surely represent  different mitotypes  from

those originally dlstributed in adjacent  regions,  These

unusual  distribution patterns may  also  have  been caused  by

artMcjal transplantation.

   Our study  also  demonstrated the high efficacy of PCR-
RFLP  analysis  of  mitochondrial  cytochrome  b gene as  a

simple  method  for detecting genetic variation  among  Japa-

nese  wild populations of  medaka.  The  mitotypes  identified

by PCR-RFLP, reflect variations  in cytochrome  b $equences

and  make  the deta"ed detection of endemism  possible. As

stated  earlier,  Japanese  wild populations of medaka  are

characterized  by high lntraspecific variation and this genetic
variation has been maintained  for a long time by geograph-
ical isolation. Our results  demon$trate that transportation of

medaka  between river$  or between  regions  strongly  affects

the genetic features of local populations and  the natural  dis-

tribution of  intraspecific variation, To conserve  the genetic
diversity of medaka,  including geographic variations,  it is

important to preserve local populations and  to prevent fur-
ther artificial djsturbance. We  hope that our  PCR-RFLP
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methoct  can  be applied  to genetic monitoring  and  thus con-

tribute to the conservatjon  of wild populations of medaka.

Furthermore it js likely that this method  can  be applied  to

other  species.
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