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Abstract G enetic  d ivergence am o n g  ten  p o p u la tio n s  o f  
sm all- a n d  large-egg fo rm s o f  th e  b rac k ish -w a te r  p o ly ­
ch a e te  H ediste  japon ica  com plex  w as investiga ted  on  14 
isozym e loci by e lec tro p h o re tic  analysis. T h e  tw o  form s 
w ere d is tingu ishab le  by com ple te  allele su b s titu tio n s  a t 
five loci, resu lting  in  high genetic d iffe ren tia tion  (N ei’s 
D : 0.533 to  0.662). N o  genetic  ev idence o f  h y b rid iz a tio n  
betw een  the  tw o  fo rm s w as d e tec ted  in  sy m p a tr ic  p o p ­
u la tio n s  in  th ree  rivers. T hese  resu lts  in d ica te  th a t the 
tw o fo rm s are  rep roductive ly  iso la ted , clearly  show ing  
th a t  the  tw o fo rm s are  d is tinc t species. T h e  genetic  d if­
fe ren tia tio n  a m o n g  p o p u la tio n s  w as h ig h e r in the  large- 
egg fo rm  (D : 0.005 to  0.111, G§T\ 0 .435) th a n  th a t in  the 
sm all-egg  fo rm  (D : 0.000 to  0 .001, GST- 0.020). T his 
gene tic  d ifference betw een  th e  tw o  fo rm s seem s to  be 
a t tr ib u ta b le  to  a  d ifference in  th e ir  life h isto ries. T he 
av e rag e  expected  heterozygosity  w as low  in p o p u la tio n s  
o f  b o th  the large-egg fo rm  (0.005 to  0.068) a n d  th e  
sm all-egg  fo rm  (0.014 to  0.038) in  co m p a riso n  w ith  
o th e r  m arin e  inverteb rates.

Introduction

T h e nere id id  po lychaete  H ediste  japon ica  (Iz u k a  1908) 
( =  N eanthes japon ica ) co m m o n ly  in h a b its  b rac k ish  w a­
te rs  in  a n d  a ro u n d  J a p a n  (Im a jim a  1972). T h is species 
co n s titu te s  an  a llo p a tric  sib ling  species com plex  to g e th er 
w ith  H . diversicolor in h a b itin g  E u ro p e  a n d  the  east co ast 
o f  N o r th  A m erica  an d  H . lim nicola  in h a b itin g  the  w est 
c o a s t o f  N o r th  A m erica  (Sm ith  1958; F o n g  a n d  G a rth -  
w aite  1994).
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O u r p rev io u s stud ies  have suggested  th a t H ediste  
japon ica  consists o f  tw o  d is tin c t species (sm all- and  
large-egg fo rm s) w hich  differ in  egg d iam eter an d  d e­
v e lopm en ta l p a tte rn  (S a to  a n d  T su ch iy a  1991), rep ro ­
ductive  b eh a v io r , sa lin ity  p reference fo r early 
deve lopm en t (S a to  an d  T su ch iy a  1987), an d  k aryo type  
(S a to  a n d  Ik ed a  1992). F o r  fu rth e r  investiga tion  to 
clarify  th e  ta x o n o m ic  s ta tu s  o f  the  tw o  fo rm s o f  H . ja p ­
onica , allozym e e lec tro p h o re tic  ana lysis  w as ca rried  ou t.

E le c tro p h o re tic  ana lysis  o f  allozym es has been useful 
to  d em o n s tra te  genetic  iso la tio n  betw een  m o rp h o lo g i­
cally  sim ilar c ryp tic  species in  v a rio u s  a q u a tic  o rganism s 
inc lud ing  po lychae tes (G rassle  a n d  G rassle  1976; Brit- 
to n -D av id ian  a n d  A m o u reu x  1982; C a d m a n  an d  N el- 
so n -S m ith  1990; M a n ch e n k o  a n d  R ad ash ev sk y  1993), 
sh rim ps (C how  a n d  F u jio  1985), b ivalves (Seed 1992), 
ech inoderm s (M a ts u o k a  an d  E la ta n a k a  1991), nem erte- 
ans (M an c h en k o  a n d  K u lik o v a  1996), co ra ls  (S to b a rt 
an d  B enzie 1994) a n d  fishes (M a su d a  e t al. 1989; Y am ­
azaki a n d  G o to  1996), an d  a lso  useful to  q u an tify  the 
genetic d iffe ren tia tio n  a m o n g  local p o p u la tio n s  in a 
species (e.g., C h o w  et al. 1988; B ristow  an d  V adas 1991; 
G ra n t an d  L an g  1991; S h im izu  e t al. 1993; F o n g  and 
G a rth w a ite  1994; W a rd  an d  A n d re w  1995; W illiam s and 
Benzie 1996). By e lec tro p h o re tic  analysis, we have 
co m p ared  th e  genetic  bases o f  ten  Ja p an e se  p o p u la tio n s  
o f  the  sm all- an d  large-egg  fo rm s o f  H . japon ica , b o th  o f 
w hich occu rred  sy m p atrica lly  in  th ree  rivers. H ere  we 
re p o rt on  genetic  d iffe ren tia tio n  betw een  th e  tw o  form s 
an d  a m o n g  p o p u la tio n s  w ith in  each  fo rm , p ro v id ing  
s tro n g  ev idence th a t  th e  tw o fo rm s a re  genetically  iso­
la ted  a n d  c o n s titu te  se p ara te  species.

Materials and methods

C o llec tio n  o f  sam p les

T h e  sm all- a n d  larg e-eg g  fo rm s a re  w ell d is tin g u ish ab le  in sexually  
m a tu re  w o rm s by  re p ro d u c tiv e  b e h a v io r  a n d  egg size (S a to  and  
T su ch iy a  1987, 1991). M a tu re  w o rm s o f  th e  sm all-egg  fo rm  w ere 
o b ta in e d  f ro m  five lo ca lities  o f  b ra c k ish  w a te rs  in J a p a n  (F ig . 1;
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T a b le  1). T h e  w o rm s w ere co llec ted  by  sc o o p  n e t d u r in g  re p ro ­
d u c t i e  sw arm in g  n e a r  w a te r  su rface  a t n ig h t d u r in g  sp r in g  tid es o f  
th e  c o ld  se a so n  (F e b ru a ry  to  A p ril). M a tu re  eggs o b ta in e d  fro m  
fem ales in these  p o p u la tio n s  w ere 140 to  170 p m  in  d ia m e te r , an d  
h a d  tra n s lu c e n t o o p lasm . T hese  ch a ra c te r is tic s  a re  c o n s is te n t w ith  
th e  sm a ll-eg g  fo rm  re p o rte d  p rev io u sly  (S a to  a n d  T su ch iy a  1987, 
1991). O n  th e  o th e r  h a n d , rep ro d u c tiv e  sw arm in g  d o e s  n o t  o ccu r in 
th e  large-egg  fo rm  (S a to  a n d  T su ch iy a  1987). M a tu re  w o rm s o f  th e  
large-egg  fo rm  w ere o b ta in e d  fro m  th re e  b ra c k ish -w a te r  h a b ita ts  in 
K a g o sh im a  P re fec tu re  from  S ep tem b er to  O c to b e r , a n d  o n e  m o re  
h a b ita t  in A o m o ri P re fec tu re  in  M a y  (F ig . 1; T a b le  1). T h ey  w ere 
co llec ted  by  p ick in g  them  o u t o f  sed im en t sa m p le s  w h ich  w ere  d u g  
f ro m  in te r tid a l fla ts w ith  a shovel. T h e  la rg e r  size o f  o o cy tes (m o re  
th a n  170 p m  in d iam eter) a n d  o p a q u e  o o p la sm  w ere  u sed  as d i­
a g n o s tic  c h a ra c te rs  fo r  th e  large-egg  fo rm . M a tu re  m ales co llec ted  
to g e th e r  w ith  fem ales o f  th e  large-egg  fo rm  w'ere a lso  re g a rd e d  as 
th e  larg e-eg g  form .

Im m a tu re  w o rm s w hich  w ere  co llec ted  f ro m  G a m o  L a g o o n  
n e a r  th e  m o u th  o f  the N a n a k ita g a w a  R iv e r in M iy ag i P re fec tu re  in 
Ju ly  1994 w ere  a lso  used  as m a te r ia l o f  th e  larg e-eg g  fo rm  because  
th e  larg e-eg g  fo rm  is k n o w n  to  be c o m m o n  th e re  (K ik u c h i p e rso n a l
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Fig. Î H ediste japonica. M a p  show 'ing sa m pling  sites ( /  O b u ch in u m a 
S w am p, A o m o ri Prefecture; 2  N a n ak itag aw a  R iver, M iyagi Prefec­
tu re; 3 B eppugaw a R iver, K ag o sh im a P refec tu re; 4 O m oigaw a R iver, 
K ag o sh im a Prefecture; 5 K o tsu k ig aw a R iver, K ag o sh im a  Prefecture; 
6  N ag a tag a w a  R iver, K ag o sh im a Prefecture; 7 K am in o k a w a  R iver, 
K ag o sh im a  Prefecture). Specim ens o f  large-egg fo rm  (O ), sm all-egg 
fo rm  ( • )  o r  b o th  fo rm s ( 3 )  w ere collected (K B  K ag o sh im a Bay)

T ab le  1 H ediste  ja p o n ic a .  S am p le  d a ta .  Sexally  m a tu re  ad u lts  w ere 
used fo r  sam ples, e x c e p t fo r  im m a tu re  a d u lts  o f  th e  large-egg  fo rm  
in N a n a k ita g a w a  R iv e r  (*) (N u m b ers  in paren th eses  site  num b ers, 
see Fig. 1)

F o rm , P erio d N o . o f
locality o f  c o llec tio n in d iv iduals

L arge-egg  fo rm
O b u c h in u m a  S w a m p ,

A o m o ri P re f. (1) 31 M ay 1992 28
N a n a k ita g a w a  R i \ e r ,

M iyag i P ref. (2) 14 Ju ly  1994 51*
K o tsu k ig a w a  R iver,.

K a g o sh im a  P ref. (5 ) S e p -N o v  1991 22
N a g a ta g a w a  R iver,

K a g o sh im a  P ref. (6 ) S e p -O c t 1991 41
K a m in o k a w a  R iv e r ,

K a g o sh im a  P re f. (7 ) S e p -O c t 1991 14

Sm all-egg  fo rm
N a n a k ita g a w a  R iv e r ,

M iyag i P re f. (2) 26 A p r  1994 52
B e p p u g aw a R iver,

K a g o sh im a  P re f. (3 ) 13 M a r  1994 40
O m o ig aw a R iver,

K a g o sh im a  P re f. (4 ) 1 M a r  1991 11
N a g a ta g a w a  R iver,

K a g o sh im a  P re f. (6 ) F e b - M a r  1992 44
K a m in o k a w a  R iver,

K a g o sh im a  P re f. (7 ) F e b - M a r  1992 10

co m m u n ic a tio n ), a n d  b ecau se  a ll o f  th e  w o rm s co llec ted  h a d  d i­
ag n o s tic  alleles o f  th e  la rg e-e g g  fo rm  (see “ R e su lts” ).

L iv ing  m a te r ia ls  w ere  tr a n sp o r te d  to  th e  la b o ra to ry , p u t  in to  
sm all vinyl b ag s in d iv id u a lly , a n d  d eep -fro zen  a t  - 8 0  °C  u n til used 
fo r  e le c tro p h o re tic  an a ly s is .

E le c tro p h o resis

F lo rizo n ta l s ta rc h  gel e le c tro p h o re s is  w as used  to  d e te rm in e  allele 
frequ en c ies a t  14 loci c o d in g  fo r  ten  enzy m es (T ab le  2). F ro zen  
sam ples o f  a  w h o le  b o d y  o r  a  piece o f  b o d y  w ere  p laced  in  a  p lastic  
m ultiw ell p la te  w ith  a  few d ro p s  o f  d is tilled  w a te r , a n d  th e n  cu t 
in to  pieces w ith  sc isso rs . C ru d e  p ro te in  e x tra c ts  o f  th a w in g  sam ples 
w ere  a b so rb e d  o n to  f ilte r  p a p e r  w icks (N o . 51 A , T o y o  F ilte r  P ap e r 
C o ., T o k y o , Ja p a n )  a n d  su b je c ted  to  e le c tro p h o re s is . G els w ere 
p re p a re d  by  u sin g  12 .5%  S ta rc h -H y d ro ly se d  (C o n n a u g h t L a b o ­
ra to rie s  L im ited , C a n a d a )  a n d  tw o b u ffe r sys tem s, i.e ., c itr ic  acid , 
JV -(3-am inopropyl) d ie th a n o la m in  (C A E A , p H  7), a n d  c itric  ac id , 
N -(3 -am in o p ro p y l)  m o rp h o lin e  (C A P M , p H  6) (C la y to n  a n d  T re ­
tiak  1972). S ta in in g  m e th o d s  fo llow ed th o se  c ited  in T a b le  2.

M u ltip le  loci fo r  a  g iven enzym e w ere  n u m b e re d  fro m  th e  m ost 
a n o d a l locus. A t each  lo cu s , th e  m o s t co m m o n  allele in  th e  sm all- 
egg fo rm  w as n a m e d  *100  ( fo r  a n o d a l m ig ra tio n )  o r  * -1 0 0  ( fo r  
c a th o d a l m ig ra tio n ) , a n d  th e  o th e r  a lleles w ere  n am ed  a c c o rd in g  to  
th e ir  re la tiv e  m o b ility  to  th e  *100  allele.

A llele freq u en c ies w ere  c a lcu la ted  fro m  o b se rv ed  gen o ty p es . A  
locus w as assu m ed  to  be p o ly m o rp h ic  in e a c h  p o p u la tio n  if  the 
freq u en cy  o f  th e  m o s t c o m m o n  allele d id  n o t  exceed 0 .95 . O bserved  
h e te ro zy g o sity  (h0) w as o b ta in e d  fro m  d ire c t c o u n ts  o f  h e te ro zy ­
g o tes , a n d  ex p ec ted  h e te ro zy g o sity  (hc) w as c a lcu la ted  as he =  1 - L  
X/2, w here  x ,  is th e  freq u e n cy  o f  th e  z-th a lle le  a t  each  locus. M ean  
h e te ro zy g o sities  (H 0 a n d  H e) fo r  each  p o p u la tio n  w ere o b ta in ed  
f ro m  th e  fo rm u la s , H 0 = L  h j r  a n d  H c =  E  he/r , w h ere  r  is th e  
n u m b e r  o f  loc i. A  coeffic ien t o f  gene d iffe re n tia tio n  (G Sj )  (N ei 
1975) w as c a lcu la ted  to  e s tim ate  in te rp o p u la tio n a l d iv ersity  in  b o th  
th e  large- a n d  sm a ll-eg g  fo rm s. G en e tic  d is tan c es  (D ) (N ei 1972) 
w ere used  fo r  ev a lu a tio n  o f  genetic  d iffe re n tia tio n  a m o n g  p o p u la ­
tio n s. A  d e n d ro g ra m  b a se d  on  N e i’s D  w as c o n s tru c te d  u sin g  the
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T ab le  2  H ed is te  ja p o n ica . E nzym es, loci d e tec ted , b u ffer sys tem s u sed  a n d  refe ren ces fo r  s ta in in g  p ro c e d u re . E n zy m e  co m m iss io n  nu m b ers 
a re  g iven  in  p a re n th e se s

E nzym e A b b re v ia tio n L o cu s B uffer system R eference, s ta in in g  p ro c e d u re

A sp a ra te  tra n sa m in a se A T A A ta -1* C A P M T an ig u ch i a n d  N u m a c h i (1978)
(2.6.1.1) A ta -2 * C A P M
A d en y la te  k in ase A K A k * C A E A S haw  a n d  P ra sa d  (1970)
(2.7.4.3)
G ly c e ro l-3 -p h o sp h a te  d e h y d ro g en ase G 3 P D H G 3pdh-1* C A E A N u m ach i (1971)
(1 .1 .1 .8) G 3pdh-2* C A E A
G lu co se -6 -p h o sp h a te  iso m erase G P I Gpi* C A P M S haw  a n d  P ra sa d  (1970)
(5 .3 .1 .9)
I so c itra te  d e h y d ro g e n a se ID H P Idhp-1* C A E A T an ig u ch i a n d  N u m a c h i (1978)
(1 .1 .1 .42) Idhp-2* C A E A
L a c ta te  d e h y d ro g e n a se L D H L d h -1 * ' C A P M N u m a c h i (1970)
(1 .1 .1 .27) L d h -3 * C A P M
M a la te  d e h y d ro g e n a se M D H M d h -1 * 1 C A P M N u m a c h i (1970)
(1.1 .1 .37)
P h o sp h o g lu c o n a te  d e h y d ro g e n a se P G D H Pgdh* C A P M T an ig u ch i a n d  N u m a c h i (1978)
(1 .1 .1 .44)
P h o sp h o g lu c o m u ta s e P G M P g m * C A E A S haw  a n d  P ra sa d  (1970)
(5 .4 .2 .2)
S u p ero x id e  d ism u ta se S O D S o d * C A P M N u m a c h i (1972)
(1.15 .1 .1)

L d h-2*  a n d  M d h -2 * loci a p p e a re d  to  ex ist b u t  co u ld  n o t  be  d e tec ted  clearly

u n w eig h ted  p a ir -g ro u p  m e th o d  w ith  a r ith m e tic  av erag in g  c lu s te r­
in g  p ro c e d u re  (U P G M A , S n ea th  a n d  S o k a l 1973).

Results

A llele frequencies in  ten  p o p u la tio n s  o f  tw o fo rm s are 
show n in T ab le  3. T h e  tw o  fo rm s d id  n o t sh a re  alleles a t 
five loci o u t o f  14 loci te sted , i.e., G 3pdh-1*, G3pdh-2*, 
Idhp-2*, L dh-3* , Pgdh*. A t a n  ad d itio n a l locus (A k * )  , 
nearly  co m p le te  su b stitu tio n  o f  allele betw een th e  tw o 
fo rm s w as a lso  observed . N o  hyb rid s betw een  th e  tw o 
fo rm s w ere fo u n d  in  th ree  rivers w here b o th  fo rm s occur 
sy m patrica lly . F o u r  loci (A ta -1 *, A ta -2 *, Idhp-1*, Sod*) 
w ere m o n o m o rp h ic  (P  > 0 .95), fixed in  th e  sam e allele 
in  all p o p u la tio n s  o f  b o th  form s. T h e  observed  n u m b e r 
o f  geno types seem ed to  be co n sis ten t w ith  the  ex p ec ta ­
tio n s  o f  H a rd y -W e in b e rg  eq u ilib riu m  a t all p o ly m o rp h ic  
loci in  all p o p u la tio n s , th o u g h  significancy o f  the  d if­
ference betw een  th e m  co u ld  n o t be assessed by x 2_lest 
because o f  the  sm all sam p le  sizes.

N e i’s genetic  d is tan ce  (D ) w as ca lcu la ted  fo r each  p a ir  
o f  p o p u la tio n s  (T ab le  4). B ased o n  th e  Z)-values, a 
d en d ro g ra m  w as d ra w n  by the  U P G M A  clustering  
(Fig. 2). T h e  d e n d ro g ra m  show ed  tw o  m a jo r clusters, 
c learly  se p a ra tin g  th e  tw o form s. B etw een the  tw o form s, 
the  D -values ran g e d  fro m  0.533 to  0.662 (average: 0.581).

T h e  genetic  d iffe ren tia tio n  a m o n g  p o p u la tio n s  o f  the  
large-egg fo rm  w as re la tive ly  la rge (D: 0.005 to  0.111, 
average: 0.050). T h e  large-egg  fo rm  w as subd iv ided  in to  
tw o g ro u p s , i.e., a  n o r th e rn -Ja p a n  p o p u la tio n  (N a n a ­
k itag aw a) an d  th e  o th e r  p o p u la tio n s  inc lud ing  th ree  
so u th e rn -Ja p a n  p o p u la tio n s  a n d  a n o th e r  n o r th e rn -Ja ­
p a n  p o p u la tio n  (O b u ch in u m a). A s fo r the  large-egg 
fo rm , allele frequencies w ere locally  specialized a t Pgm *  
an d  Idhp-2*  loci in  tw o  p o p u la tio n s  located  in  K a g o ­

sh im a Bay, a n d  a t M d h -1 * locus in  a n o r th e rn -Ja p a n  
p o p u la tio n  (N a n ak itag a w a ) (F ig . 3).

O n  th e  o th e r  h an d , such  a  locally  specialized  allele 
freq u en cy  w as n o t observed  in  any  p o p u la tio n s  o f  the 
sm all-egg form . T h u s, th e  genetic d iffe ren tia tion  am o n g  
p o p u la tio n s  o f  th e  sm all-egg fo rm  w as ex trem ely  sm all 
(D : 0.000 to  0.001, average: 0.0005), even betw een  pairs 
o f  a  n o r th e rn -Ja p a n  p o p u la tio n  (N a n ak itag a w a ) a n d  the 
o th e r  so u th e rn -Ja p a n  p o p u la tio n s.

T h e  low er genetic  v a ria tio n  a m o n g  p o p u la tio n s  o f  the 
sm all-egg  fo rm  w as also  show n by  a  low er G St  value. 
T h e  five p o p u la tio n s  o f th e  sm all-egg fo rm  h a d  a  low er 
G st v a lue  (0.020) th a n  those  o f  the  large-egg  form  
(0.435) (T ab le  5).

T h e  sm all-egg fo rm  exhibited  relatively  low  geno typ ic  
d ive rsity  w ith in  a  p o p u la tio n  (T ab le  5). P ercen tag e  o f 
loci p o ly m o rp h ic  (P 0 .95 : 7-1 to  14.3% ) a n d  average ex­
pec ted  heterozygosity  (H g  0.014 to  0.038) in  th e  five 
p o p u la tio n s  o f  th e  sm all-egg fo rm  w ere low er th a n  those 
in  p o p u la tio n s  o f  th e  large-egg fo rm  excep t in  th e  O bu­
ch in u m a p o p u la tio n  (P 0 .9 5 : 14.3 to  21 .4 % , H g  0.048 to  
0.068). T h e  P 0 95 value (0% ) an d  th e  H c v a lue  (0.005) in 
the  O b u ch in u m a  p o p u la tio n  w ere m u ch  low er th a n  those 
in  an y  o th e r  p o p u la tio n s . T h e  d ifferences a m o n g  the H c 
values o f  all p o p u la tio n s  o f  b o th  fo rm s w ere n o t signifi­
c a n t (one-w ay  A N O V A ; F 9J 30 =  0.83, P  = 0.59).

Discussion

Species s ta tu s  fo r the  two fo rm s o f  H ediste  japonica

T h e  sm all-egg  fo rm  and  the  large-egg  fo rm  are  very 
sim ila r in  a d u lt  m orp h o lo g y  to  each  o th e r, an d  identified 
as H . japon ica  acco rd ing  to  th e  key  o f  Im a jim a  (1972). 
B ut, the  tw o fo rm s differ m ark ed ly  in  th e ir  life -h isto ry
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N ag atag aw a (6) 

B eppugaw a (3) 

O m oigaw a (4) 

K am inokaw a (7) 

N anak itagaw a (2) 

N agatagaw a (6) 

K otsukigaw a (5) 

Kam inokaw a (7) 

O buchinum a (1)

. N anak itagaw a (2)

0.1 0 .2  0 .3  0.4
G en e tic  d is tan ce

0 .5  0.6

F ig. 2 H ediste japonica. D en d ro g ram  show ing  U P G M A  clustering  by 
N ei’s genetic d istances am ong  p o p u la tio n s o f  the large- an d  sm all-egg 
fo n tis  (N um bers in parentheses site num bers, see F ig. 1; S  small-egg 
fo rm ; L  large-egg form )

N orthern Ja p a n S ou th ern  J a p a n

K agosh im a Bay

A (1) M (2) K (7) K (5) K (6)

P g m  
□  100

O o o C ©

Idhp-2  

□  154
O © € ) « «

M dh-1  
□  100

o « O o O

Fig. 3 H ediste japonica. G eograph ic  v a r ia tio n in  allele frequencies o f
th ree  loci {Pgm*, Idhp-2*, M dh-1*) in five p o p u la tio n s  o f  th e  large-egg 
fo rm  {Num bers in parentheses site num b ers, see Fig. 1; A  A om ori 
P refec ture; M  M iyagi Prefecture; K  K ag o sh im a  P refec ture)

tra its , i.e., rep ro d u c tiv e  cycle, rep ro d u c tiv e  behavior 
(S a to  a n d  T su ch iy a  1987) a n d  d eve lopm en ta l p a tte rn  
(S a to  an d  T su ch iy a  1991). S ligh t d ifferences in k a ry o ­
type (Sato  a n d  Ik e d a  1992), a d u lt m o rp h o lo g y  (Sato  
1992, u n p u b lish ed  d a ta ) , a n d  u ltra s tru c tu re  o f  gam etes 
(S a to  un p u b lish ed  d a ta )  h av e  also  been  fo u n d  betw een 
the  tw o  form s. T h ese  p rev io u s  stud ies  have suggested 
th a t th e  tw o fo rm s m a y  be se p a ra te  species.

O u r e lec tro p h o re tic  resu lts in  th e  p resen t s tudy  show  
th a t the  tw o fo rm s sh a re  no  co m m o n  allele a t five o u t o f 
14 isozym e loci s tu d ied , even in  sy m p a tric  po p u la tio n s. 
T h is  resu lt suggests th a t  th e  tw o fo rm s are  rep roduc- 
tively iso la ted , p ro v id in g  ev idence fo r the  existence o f 
tw o sib ling  species in  H ed is te  japon ica  acco rd in g  to  the 
b io log ical species c o n c ep t (M a y r 1969). T axonom ica l 
d escrip tio n  o f  the  tw o  fo rm s w ill be p resen ted  in  a later 
p a p e r  w ith  a  d e ta iled  co m p ariso n  o f  a d u lt  m orpho logy .

F o n g  a n d  G a r th w a ite  (1994) ex am ined  the  ex ten t o f  
genetic d iffe ren tia tio n  am o n g  th ree  a llo p a tric  sibling 
species, H ed is te  d iversicolor , H . lim nicola  an d  the  large- 
egg fo rm  o f  H . ja pon ica , an d  re p o rte d  D -values o f  0.50 
to  1.18 am o n g  th em . T hese  D -values a re  co m p arab le  to  
o u r  results fo r D -values betw een  the  tw o form s o f
H . japon ica  (0.533 to  0.662). T h e  79-values betw een the 
tw o  fo rm s o f  H . ja p o n ica  a re  also  c o m p arab le  to  typical 
levels am o n g  congeneric  species in  v a rio u s  ta x a  (0.616; 
T h o rp e  1982) a n d  a m o n g  sib ling  species in m any  m arine  
taxa  (0.5 o r g rea te r; K n o w lto n  1993), th o u g h  n o t as high 
as am o n g  th e  “ N ereis acum ina ta” species g ro u p  (1.36 to
I.76; R o driguez-T re lles  e t al. 1996).

G enetic  d iffe ren tia tio n  a m o n g  p o p u la tio n s  
w ith in  a  fo rm

T h e genetic d iffe ren tia tio n  a n d  v ariab ility  am o n g  p o p ­
u la tio n s  w ere h ig h e r in  the  large-egg fo rm  (D ; 0.005 to  
0.111, G st-  0.435) th a n  the  sm all-egg fo rm  (D: 0.000 to  
0.001, Gs t : 0.020).

T a b le  5 H ediste  japon ica . G e n e tic  v a r ia b ility  a t  14 loci in ten  p o p u la tio n s  a n d  coeffic ien t o f  gene (G st ) a n d  N e i’s g en e tic  d is tan c e  (£>) 
w ith in  each  fo rm  [N u m b ers in paren th eses  s ite  n u m b e rs , see F ig . 1; H y  a v e rag e  ex p ec ted  h e te ro zy g o sity  in th e  to ta l  p o p u la tio n s  in each 
fo rm ; 7 /s av erag e  expected  h e te ro zy g o sity  w ith in  a  p o p u la tio n  in each  fo rm ; GST is e q u a l to  {H T -  H s )

P o p u la tio n M e a n  sam p le  
size p e r  locus 
± S D

P o ly m o rp h ic  
loci (% )

M e a n  h e te ro zy g o sity  ±  SD

O b served E xpected

H-r Hs Gc M e a n  D ±  SD

L arg e-eg g  fo rm  
O b u c h in u m a  (1) 27.5 ±  1.3 
N a n a k ita g a w a  (2) 49.9 ±  2.2 
K o tsu k ig a w a  (5) 21.6 ±  0.8 
N a g a ta g a w a  (6) 40.1 ±  2.2
K a m in o k a w a  (7) 13.3 ±  0.6

S m all-egg  fo rm  
N a n a k ita g a w a  (2) 50.7 ±  0.6 
B e p p u g aw a (3) 40.0 ±  0.0
O m o ig aw a (4) 10.6 ± 0 . 8
N a g a ta g a w a  (6) 43.3 ±  1.4
K a m in o k a w a  (7) 9.8 ±  0.6

0.0 0.005 ± 0.013 0.005 ± 0 .0 1 3 )
14.3 0.056 ± 0.125 0.051 ± 0.109
21.4 0.067 ± 0.152 0.068 ± 0.157
21.4 0.069 ± 0.131 0.066 ± 0.125
14.3 0.060 ± 0.171 0.048 ± 0.134

7.1 0.037 ± 0.046 0.038 ± 0.050
7.1 0.027 ± 0.042 0.026 ± 0.040
7.1 0.019 ± 0.053 0.018 ± 0.048

14.3 0.030 ± 0.042 0.029 ± 0.040
14.3 0.014 ± 0.036 0.014 ± 0.035

0.0842 0.0476 0.435 0.050 ±  0.037

0.0257 0.0249 0.020 0.0005 ±  0.0005
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T h is  d ifference seems to  be a ttr ib u ta b le  to  th e  d if­
ferences in  life -h is to ry  strateg ies betw een  the  tw o  fo rm s. 
A d u lts  o f  H ed is te  japon ica  (p erh ap s b o th  fo rm s) show  
eu ry h a lin e  d is tr ib u tio n s  in  estuaries (K ag aw a 1955; W u  
e t al. 1985; S a to  u n p u b lish ed  d a ta ) . M a tu re  a d u lts  o f  the  
sm all-egg  fo rm  spaw n  a ro u n d  the m o u th  o f  a  river, 
w here  the  sa lin ity  ap p ro a ch es  fu ll-s treng th  seaw ater, 
fo llow ing  rep ro d u c tiv e  sw arm ing  (the co n sp icu o u s m i­
g ra tio n  to w a rd  th e  sea) (S a to  and  T su ch iy a  1987). T h e ir  
sm alle r eggs (d iam ete r: 140 to  170 pm ) develop  in to  free- 
sw im m ing  la rv a e  w ith  a  pelag ic life a ro u n d  the  river 
m o u th  (S a to  a n d  T such iya 1991). T h e  la rvae  g a in  to l­
e rance  to  the  low er sa lin ity  a t  the  six-setiger stage, w hen  
they  m ove u p s tre a m  in to  th e  ad u lt h a b i ta t w ith  the  ris ­
ing  tide  a n d  se ttle  th e re  (K agaw a 1955). I t seem s th a t th e  
la rv ae  o f  the  sm all-egg  fo rm  easily m ig ra te  fro m  riv er to  
river th ro u g h  th e  sea, resu lting  in  fre q u en t gene flow 
am o n g  p o p u la tio n s .

In  c o n tra s t, m a tu re  ad u lts  o f  the  large-egg fo rm  
sp aw n  w here th e y  no rm ally  live w ith o u t lo n g -d is tan ce  
d ispersal (S a to  a n d  T such iya  1987). T h e ir  la rger eggs 
(d iam eter: 200 to  240 pm ) develop d irectly  in to  b en th ic  
ju v en iles  w ith o u t a  tru e  pelag ic p h ase  u n d e r low er s a ­
lin ity  (S a to  a n d  T su ch iy a  1991). T h u s, the w ho le  life 
cycle o f  the  large-egg  fo rm  is usually  com ple ted  in 
b rack ish  w ate rs  w ith in  rivers, resu lting  in  lim ited  gene 
flow  betw een  p o p u la tio n s . T h erefo re , th e  h igher in te r ­
p o p  u la tio n a l genetic  d iffe ren tia tion  m ay be expected  in  
the  la rge-egg  fo rm .

T h e  m o d e  o f  life h is to ry  o f  H ediste  diversicolor re ­
sem bles th a t  o f  the  large-egg fo rm  o f  H . japon ica ; the  
w hole life cycle is com pleted  w ith in  b rack ish  w ate rs  
w ith o u t a  tru e  p la n k to n ic  stage (D ales 1950; Sm ith  1964; 
B a rte ls -H ard eg e  an d  Z eeck 1990). In  E u ro p e an  H . diver­
sico lor , re la tive ly  h igh levels o f  genetic  d iffe ren tia tion  
w ere fo u n d  betw een  tw o N o rth  Sea p o p u la tio n s  (D : 0.31; 
F o n g  an d  G a rth w a ite  1994) an d  a m o n g  fo u r  w estern  
M e d ite rra n e a n  p o p u la tio n s  (Z): u p  to  0.356; A b b ia ti a n d  
M a lta g lia ti 1996). T h ro u g h  a  s tudy  o f  L D H  p o ly m o r­
ph ism s in  E ng lish  p o p u la tio n s  o f  H . diversicolor , H ate ley  
e t al. (1992) suggested  th a t th e re  is co n s id erab le  genetic  
d iffe ren tia tio n  b etw een  p o p u la tio n s , even th o se  sep ara ted  
b y  ju s t 2 km .

I t  m ay  be generalized  in  n o t on ly  b rack ish -w a te r 
species b u t a lso  m a rin e  species th a t m odes o f  la rv a l d e­
v e lo p m en t in fluence the  scale o f  gene flow, co n seq u en tly  
affecting  gene tic  d iffe ren tia tio n  betw een  p o p u la tio n s . 
H o sk in  (1997) d em o n s tra te d  th a t a  species p ro d u c in g  
p la n k to n ic  la rv ae  exh ib its  low er levels o f  genetic  d iffer­
e n tia tio n  am o n g  local p o p u la tio n s  th a n  species th a t u n ­
d erg o  d irec t d ev e lo p m en t in  in te r tid a l g as tro p o d s  w ith in  
th e  so u th e a s t co as ta l reg ion  o f  A u stra lia .

G en e tic  v ariab ility  w ith in  a  p o p u la tio n

T h e  av erag e  heterozygositie s in  p o p u la tio n s  o f  b o th  th e  
large-egg  fo rm  (H c: 0.005 to  0.068) an d  the sm all-egg 
fo rm  (0.014 to  0.038) a re  low  in co m p ariso n  w ith  o th e r

m arin e  po lychaetes su c h  as P olydora  spp . (0.131 to  
0.283; M a n ch e n k o  a n d  R a d a sh e v sk y  1993) an d  G lycera  
dibranchiata  (0.09 to  0 .18 ; B ristow  a n d  V ad a s  1991), an d  
o th e r  m arin e  in v e rte b ra te s  (m ean  ±  S D  fo r 18 species: 
0.124 ±  0.08; N evo  1978). T h e  low  levels o f  H e v alues in 
tw o  fo rm s o f  H ediste ja p o n ic a  a re  ra th e r  c o m p arab le  to 
th o se  in  H . diversicolor (0.014 to  0 .034; A b b ia ti an d  
M a lta g lia ti 1996) a n d  a  freshw ate r sh rim p  (0.000 to  
0.069; Ik e d a  e t al. 1993). P o p u la tio n s  w ith  la rger effec­
tive sizes te n d  to  h av e  h ig h e r  values o f  H e (K im u ra  and  
C ro w  1964; K ijim a an d  F u jio  1984). I t  is p ro b ab le  th a t 
effective p o p u la tio n  sizes a re  usually  sm alle r in b rack ish - 
w a te r  an d  fresh w ate r species in h a b itin g  estuaries an d  
rivers th a n  in  m arine  species.

O u r resu lts  show  th a t  th e  level o f  genetic variab ility  
w ith in  a p o p u la tio n  o f  th e  sm all-egg fo rm  w as low er in 
co m p ariso n  w ith  m o s t p o p u la tio n s  o f  the large-egg 
fo rm , suggesting  th a t  a n  effective p o p u la tio n  size was 
rela tively  sm all in the  sm all-egg  fo rm . T h is resu lt m ay  be 
u n expected , because lo ca l p o p u la tio n s  o f  th e  sm all-egg 
fo rm  seem ed to  be in te rco n n ec te d  by  p la n k to n ic  la rvae  
to  c o n s titu te  a  “ c o m p o u n d  p o p u la tio n ”  (see above). In 
fac t, the  p ercen tage  o f  p o ly m o rp h ic  loci an d  H e values 
w ere g rea te r  in p o p u la tio n s  o f  a  species p ro d u c in g  
p la n k to n ic  la rvae th a n  species th a t  u n d e rg o  d irec t de­
v e lo p m en t in in te rtid a l g as tro p o d s  in h a b itin g  the 
so u th e a s t co ast o f  A u s tra lia  (H osk in  1997). L ow  p o p u ­
la tio n  density  o f  the  sm all-egg  fo rm  in each  locality  
(S a to  un p u b lish ed  d a ta ) m a y  be re la ted  to  its low  levels 
o f  genetic variab ility .

A n  ex trem ely  low  level o f  genetic  v ariab ility  such  as 
0 %  o f  p o ly m o rp h ic  loci observed  in  th e  O b u ch in u m a 
p o p u la tio n  o f  the  large-egg  fo rm  m ay  be caused  by  a 
p o p u la tio n -size  b o ttle -n eck . H a b ita ts  o f  the  large-egg 
fo rm  th ro u g h o u t its w ho le  life cycle a re  in  estuaries, 
w hich a re  s itu a ted  in  low er reaches o f  rivers. Jap an ese  
es tu arie s  a re  rela tively  sm all, an d  the ir en v iro n m en ts  are 
som etim es severely d am ag ed  by a  c a ta s tro p h e  such  as a 
heavy  flood.

A cknow ledgem ents W e a re  g ra te fu l to  E . K ik u c h i a n d  to  M . Ik ed a  
(T o h o k u  U n iv ersity ) fo r  th e ir  h e lp  in co llec tio n  o f  m a te ria ls .

References

A b b ia ti M , M a lta g lia ti F  (1996) A llo zy m e ev idence  o f  genetic  
d iffe ren tia tio n  betw een  p o p u la t io n s  o f  H ed is te  diversicolor 
(P o ly c h ae ta : N ere id id ae ) f ro m  th e  w es te rn  M e d ite rra n e a n . 
.1 m a r  B io l A ss U K  76: 637-647  

B a rte ls -H a rd e g e  H D , Z eeck  E  (1990) R e p ro d u c tiv e  b e h a v io r  o f  
N ereis diversicolor  (A nnelida: P o ly ch ae ta ) . M a r  B iol 106: 4 0 9 -  
412

B ris to w  G A , V a d a s  R L  Sr (1991) G e n e tic  v a r ia b ility  in b lo o d w o rm  
(G lycera  d ibranchiata)  p o p u la tio n s  in th e  G u lf  o f  M a in e . M a r  
Biol 109: 3 1 1-319  

B ritto n -D a v id ia n  J , A m o u reu x  L  (1982) B iochem ica l sy s tem atics  o f  
tw o s ib lin g  species o f  p o ly ch ae te  anne lid s : O phelia  bicornis  and  
O. rad ia ta . B iochem  Syst E co l 10: 3 5 1 -3 5 4  

C a d m a n  P S , N e lso n -S m ith  A (1990) G en e tic  ev idence  fo r  tw o 
species o f  lu g w o rm  (A renicola ) in S o u th  W ales . M a r  E co l P ro g  
Ser 64: 107-112



170

C h o w  S, F u jio  Y  (1985) B iochem ica l ev idence o f  tw o  ty p es  in th e  
fresh  w a te r  sh r im p  P alaem on paucidens  in h a b itin g  th e  sam e 
w a te r  system . Bull Ja p  S oc sc ien t F ish  51: 1451-1460 

C h o w  S, F u jio  Y , N o m u ra  T  (1988) R e p ro d u c tiv e  iso la tio n  an d  
d is tin c t p o p u la t io n  s tru c tu re s  in tw o  types o f  th e  f re sh w a te r  
sh r im p  P alaem on  paucidens. E v o lu tio n  42: 804-813  

C la y to n  JW , T re tia k  D N  (1972) A m in e -c itra te  buffers fo r  p H  
c o n tro l  in  s ta rc h  gel e lec tro p h o re sis . J F ish  R es B d C a n  29: 
1169-1172

D a les R P  (1950) T h e  re p ro d u c tio n  a n d  larval d ev e lo p m en t o f  N e ­
re is d iversicolor  O . F . M ü lle r. J  m a r  Biol A ss U K  29: 3 2 1 -360  

F o n g  P P , G a r th w a ite  R L  (1994) A llozym e e le c tro p h o re tic  an a ly sis  
o f  th e  H ed is te  lim nicola  -  H . diversicolor -  H . ja p o n ica  species 
co m p lex  (P o ly c h ae ta : N ere id id a e ) . M a r  Biol 118: 4 6 3 -4 7 0  

G r a n t  W S, L a n g  M  (1991) M o d e  o f  la rval d ev e lo p m en t a n d  g enetic  
p o p u la tio n  s tru c tu re  in N odilitto rin a  a fricana knysna en sis  
(P ro so b ra n c h ia : L itto r in id a e ) . M a r  Biol 109: 4 7 9 -483  

G ra ss le  JP , G ra ss le  J F  (1976) S ib ling  species in  th e  m a r in e  p o llu ­
tio n  in d ic a to r  C apitella  (P o ly c h ae ta ). Science 192: 567-569  

H a te ley  J G , G r a n t  A , T a y lo r  S M , Jo n e s  N V  (1992) M o rp h o lo g ic a l 
a n d  o th e r  ev id en ce  o n  th e  deg ree  o f  g enetic  d iffe ren tia tio n  b e ­
tw een  p o p u la tio n s  o f  N e re is  diversicolor. J  m a r  B iol A ss U K  72: 
365-381

H o s k in  M G  (1997) E ffects o f  c o n tra s tin g  m o d es o f  la rv a l d ev e l­
o p m e n t o n  th e  g enetic  s tru c tu re s  o f  p o p u la tio n s  o f  th re e  species 
o f  p ro s o b ra n c h  g a s tro p o d s . M a r  Biol 127: 6 4 7-656  

Ik e d a  M , K ijim a  A , F u jio  Y  (1993) G en e tic  d iffe ren tia tio n  a m o n g  
local p o p u la t io n s  o f  c o m m o n  fre sh w a te r  sh rim p  P a ra tya  co m ­
pressa  im provisa . J a p  J G e n e t 68: 293-302  

Im a jim a  M  (1972) R eview  o f  th e  an n e lid  w orm s o f  th e  fam ily  
N e re id a e  o f  J a p a n ,  w ith  d e sc rip tio n  o f  five new  species o r 
subspecies . Bull n a tn  Sei M u s , T o k y o  15: 37 -153  

Iz u k a  A  (1908) O n  th e  b reed in g  h a b it a n d  d ev e lo p m en t o f  N ereis  
ja p o n ica  n . sp . A n n o tn e s  zo o l j a p  6: 295-305  

K a g a w a  Y  (1955) N o te  o n  th e  o p tim u m  salin ities , s tu d ie d  in th e  
a d u lt  a n d  la rv a  o f  th e  b ra c k ish -w a te r  p o ly ch ae te  w o rm , N ereis  
japon ica . J  G a k u g e i T o k u sh im a  U n iv  n a t  Sei 6: 11-16  (in  J a p ­
an ese  w ith  E n g lish  sum m ary )

K ijim a  A , F u jio  Y  (1984) R e la tio n sh ip  betw een  av erag e  h e te ro z y ­
g o sity  a n d  r iv e r  p o p u la tio n  size in ch u m  sa lm o n . Bull J a p  Soc 
sc ien t F ish  50: 603-608  

K im u ra  M , C ro w  J F  (1964) T h e  n u m b e r  o f  a lleles th a t  c a n  be 
m a in ta in e d  in  a  fin ite  p o p u la tio n . G en e tics  49: 7 2 5 -738  

K n o w lto n  N  (1993) S ib ling  species in th e  sea. A  R ev  E col S y st 24: 
189-216

M a n c h e n k o  G P , K u lik o v a  V I (1996) A llozym e a n d  c o lo r  d iffer­
en ces b e tw een  tw o  sib ling  species o f  th e  h e te ro n e m e rte a n  L in eu s  
to rqua tus  f ro m  th e  Sea o f  Ja p a n . M a r  Biol 125: 687-691 

M a n c h e n k o  G P , R a d a sh e v sk y  V I (1993) G en e tic  d ifferences b e ­
tw een  tw o  s ib lin g  species o f  th e  P olydora cilia ta  co m p lex  
(P o ly c h ae ta : S p io n id ae ) . B io ch em  Syst E co l 21: 5 4 3 -548  

M a su d a  Y , O z a w a  T , E n am i S (1989) G en e tic  d iffe ren tia tio n  
a m o n g  e ig h t c o lo r  types o f  th e  fresh w ate r g o b y , R hinogobius  
brunneus , f ro m  w este rn  J a p a n . J a p  J  Ich th y o l 36: 30-41 

M a tsu o k a  N , H a ta n a k a  T  (1991) M o le c u la r  ev idence fo r  th e  ex is­
tence  o f  fo u r  s ib lin g  species w ith in  th e  se a -u rch in , E ch inom etra  
m a th a e i  in  Ja p a n e s e  w a te rs  a n d  th e ir  e v o lu tio n a ry  re la tio n sh ip s . 
Z o o l Sei 8: 121-133 

M a y r  E  (1969) P rin c ip le s  o f  sy s tem a tic  zoo logy . T a ta  M c G ra w -H ill 
P u b lish in g  C o m p a n y , N ew  D elh i 

N ei M  (1972) G e n e tic  d is ta n c e  b e tw een  p o p u la tio n s . A m  N a t  106: 
28 3-292

N ei M  (1975) M o le c u la r  p o p u la tio n  genetics a n d  e v o lu tio n . N o r th -  
H o lla n d  P u b lish in g  C o ., A m ste rd am

N ev o  E  (1978) G e n e tic  v a r ia tio n  in  n a tu ra l p o p u la tio n s : p a tte rn s  
a n d  th e o ry . T h e o r  P o p u l Biol 13: 121-177 

N u m a c h i K  (1970) L a c ta te  a n d  m a la te  d eh y d ro g e n a se  isozym e 
p a tte rn s  in  fish a n d  m a rin e  m am m als . Bull J a p  S oc sc ien t F ish  
36: 1067-1077

N u m a c h i K  (1971) G e n e tic  p o ly m o rp h ism  o f  a -g ly c e ro p h o sp h a te  
d e h y d ro g e n a se  in  s a u ry , C ololabis sa ira  I . Seven v a r ia n t  fo rm s 
a n d  g enetic  c o n tro l .  Bull J a p  S o c  sc ien t F ish  37: 755 -7 6 0  

N u m a c h i K  (1972) G e n e tic  p o ly m o rp h ism  o f  té tra z o liu m  ox idase 
in b la c k  rock fish . B u ll Ja p  S oc sc ien t F ish  38: p  789 

R o d rig u ez-T re lles  F , W e in b e rg  J R , A y a la  F J  (1996) P re su m p tiv e  
ra p id  sp é c ia tio n  a f te r  a fo u n d e r  ev en t in  a  la b o ra to ry  p o p u la ­
t io n  o f  N e re is : a llo z y m e  e le c tro p h o re tic  ev id en ce  does n o t 
su p p o r t  th e  h y p o th e s is . E v o lu tio n  50: 457-461  

S a to  M  (1992) D iffe ren ces  in  p a r a g n a th  n u m b e r  b e tw een  tw o s ib ­
ling  species in  th e  b ra c k ish -w a te r  p o ly ch ae te , “ N ea n th es ja p o ­
nica” . Z o o l Sei 9: p  1298 (a b s tra c t)

S a to  M , Ik e d a  M  (19 9 2 ) C h ro m o so m e  co m p le m e n ts  o f  tw o  fo rm s 
o f  N e a n th e s  ja p o n ic a  (P o ly c h ae ta : N e re id id a e ) w ith  ev idence o f  
m a le -h e te ro g a m e tic  sex ch ro m o so m es . M a r  B io l 112: 299-307  

S a to  M , T su ch iy a  M  (1987) R e p ro d u c tiv e  b e h a v io r  a n d  sa lin ity  
fa v o ra b le  fo r  e a rly  d e v e lo p m e n t in tw o  ty p es o f  th e  b rack ish - 
w a te r  p o ly ch ae te  N e a n th e s  ja p o n ica  ( Izu k a ). B e n th o s  R es ( J a ­
p a n )  31: 29 -4 2

S a to  M , T su c h iy a  M  (1991) T w o  p a tte rn s  o f  ea rly  d ev e lo p m en t in 
n e re id id  p o ly c h a e te s  key ing  o u t  to  N ea n th es japonica  ( Izuka). 
O p h e lia  5(Suppl): 3 7 1 -3 8 2  

Seed R  (1992) S y ste m a tic s  ev o lu tio n  a n d  d is tr ib u tio n  o f  m ussels 
b e lo n g in g  to  th e  g e n u s  M y tilu s : a n  overview . A m  m aiae  Bull 9: 
123-137

S h aw  C R , P ra sa d  R  (1970) S ta rc h  gel e le c tro p h o re s is  o f  enzym es -  
a  c o m p ila tio n  o f  rec ip es. B iochem  G e n e t 4: 2 9 7 -3 2 0  

S h im izu  T , T an ig u ch i N , M iz u n o  N  (1993) A n  e le c tro p h o re tic  
s tu d y  o f  g enetic  d iffe re n tia tio n  o f  a  Ja p a n e se  f re sh w a te r  goby , 
R hinogobius flu m in e u s .  J a p  J  Ich th y o l 39: 3 2 9-343  

S m ith  R I (1958) O n  re p ro d u c tiv e  p a t te rn  a s  a  specific ch a rac te ris tic  
a m o n g  n e re id  p o ly ch ae te s . Syst Z o o l 7: 60 -7 3  

S m ith  R I  (1964) O n  th e  ea rly  d ev e lo p m en t o f  N e re is  diversicolor in 
d iffe ren t sa lin ities . J  M o rp h  114: 4 3 7 -4 6 4  

S n e a th  P H A , S o k a l R R  (1973) N u m e ric a l ta x o n o m y . W .H . F re e ­
m a n  a n d  C o ., S an  F ra n c isc o  

S to b a r t  B, B enzie J A H  (1994) A llo zy m e e le c tro p h o re s is  d e m o n ­
s tra te s  th a t  th e  sc le ra c tin ia n  c o ra l M o n tip o ra  d ig ita ta  is tw o 
species. M a r  Biol 118: 183-190 

T a n ig u c h i N , N u m a c h i K  (1978) G e n e tic  v a r ia tio n  o f  6 -p h o sp h o - 
g lu c o n a te  d eh y d ro g e n a se , iso c itra te  d eh y d ro g e n a se , a n d  g lu ­
tam ic -o x a lo ace tic  tra n sa m in a se  in  th e  liver o f  Ja p a n e se  eel. Bull 
J a p  S oc sc ien t F ish  44: 1351-1355 

T h o rp e  J P  (1982) T h e  m o lecu la r  c lo ck  h y p o th esis : b iochem ical 
e v o lu tio n , g enetic  d iffe ren tia tio n  a n d  sys tem atics. A  R ev E col 
S y st 13: 139-168 

W a rd  R D , A n d rew  J  (1995) P o p u la tio n  g enetics o f  th e  n o r th e rn  
Pacific  se a s ta r  A ster ia s  am urensis  (E c h in o d e rm a ta : A steriidae): 
a llozym e d iffe ren tia tio n  a m o n g  Ja p a n e se , R u ss ia n , an d  recen tly  
in tro d u c e d  T a sm a n ia n  p o p u la tio n s . M a r  B io l 124: 99-109  

W illiam s S T , B enzie JA H  (1996) G e n e tic  u n ifo rm ity  o f  w idely 
s e p a ra te d  p o p u la tio n s  o f  th e  co ra l re e f  s ta rfish  L in c k ia  laevigata  
f ro m  th e  E ast In d ia n  an d  W est Pacific  O cea n s , revealed  by a l­
lo zy m e e lec tro p h o re s is . M a r  B iol 126: 99 -1 0 7  

W u  B L , S u n  R , Y a n g  D  (1985) T h e  N ere id a e  (p o ly ch ae to u s  a n ­
nelid s) o f  th e  C h in ese  coast. C h in a  O cea n  P re ss , B eijing 

Y a m a z a k i Y , G o to  A  (1996) G en e tic  d iffe re n tia tio n  o f  L ethen teron  
re issneri p o p u la tio n s , w ith  refe rence to  th e  ex istence  o f  d isc re te  
ta x o n o m ic  en tities. Ich th y o l R es 43: 283 -2 9 9


