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T h r o u g h o u t  i t s  n a tu r a l  r a n g e ,  t h e  b r o w n  t r o u t  S a lm o  t r u t ta  L. e x h ib i t s  a  c o m p le x  p a t t e r n  
o f  m o r p h o lo g ic a l  a n d  l i f e - h i s to r y  v a r ia t io n .  T h is  h a s  le d  to  c o n s id e r a b le  ta x o n o m ic  
c o n f u s io n ,  h a m p e r in g  th e  u n d e r s t a n d i n g  o f th e  e v o lu t io n a r y  h i s to r y  o f  th e  s p e c ie s .  T o 
d o c u m e n t  th e  p h y lo g e n e t i c  r e l a t i o n s h ip s  a m o n g  m o r p h o lo g ic a l ly  a n d  g e o g r a p h ic a l ly  
r e m o te  b r o w n  t r o u t  p o p u l a t i o n s  a c ro s s  w e s t e r n  E u r o p e ,  w e  d e te r m in e d  t h e  D N A  
s e q u e n c e  v a r ia t io n  in  s e g m e n ts  o f  th e  m ito c h o n d r ia l  c o n tro l  r e g io n  f o r  151 i n d iv i d u a l s  
r e p r e s e n t in g  24 p o p u la t i o n s .  D N A  w a s  p r e p a r e d  fo r  d o u b le - s t r a n d e d  s e q u e n c i n g  b y  th e  
p o ly m e r a s e  c h a in  r e a c t io n  (P C R ). T w e n ty - o n e  v a r ia b le  n u c le o t id e  p o s i t io n s  w i t h i n  a 640- 
b p  f r a g m e n t  s u r v e y e d  d e f in e d  12 g e n o ty p e s  d i f f e r in g  b y  a m e a n  o f  7 n u c l e o t id e  s u b s t i ­
t u t i o n s  ( ra n g e  1—12). F iv e  m a jo r  p h y lo g e n e t ic  a s s e m b la g e s  d i f f e r in g  b y  m e a n  s e q u e n c e  
d iv e r g e n c e  e s t im a te s  o f  0 .9 6  to  1.4491 w e r e  i d e n t i f i e d .  T h e s e  g r o u p in g s  e x h ib i t e d  a  s t r o n g  
s p a t i a l  p a r t i t io n in g  b u t  l a c k e d  c o n g r u e n c e  w i th  e i t h e r  e c o lo g ic a l  o r  m o r p h o lo g ic a l  d i f ­
f e r e n t i a t io n .  C o m p le te  m i to c h o n d r ia l  D N A  (m tD N A )  m o n o m o r p h i s m  a c ro s s  a l l  A t la n t ic  
b a s i n  p o p u la t i o n s  c o n t r a s te d  w d th  th e  h ig h  in te r d r a in a g e  g e n e t ic  d iv e r s i t y  o b s e r v e d  in  
m o r e  s o u th e r ly  p o p u la t i o n s .  T h i s  s t u d y  e x e m p l if i e d  th e  u s e f u ln e s s  o f  m i to c h o n d r ia l  
D N A  s e q u e n c e  a n a ly s i s  f o r  e s t im a t in g  p h y lo g e n e t ic  r e la t i o n s h ip s  w i t h in  S. t r u t ta  
p o p u la t i o n s .
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Summary

introduction h a m p e re d  th e  u n d e r s ta n d in g  o f th e  e v o lu tio n a ry  h is to ry  
o f th e  sp ec ies . F o r in s ta n c e , m o re  th a n  50 d iffe re n t 
L in n e a n  sp ec ies h a v e  b e e n  d e sc r ib e d  o v e r th e  la s t tw o  
c e n tu r ie s  b a se d  on  v a r ia tio n  in  th e  sp e c ie s  c u rre n tly  
re c o g n iz e d  as Salmo trutta  (B e h n k e  1986).

T h e  b ro w n  tro u t  Salmo tru tta  L. is a n a tiv e  sa lm o n id  
sp e c ie s  fro m  E u ras ia  a n d  N o r th  A frica . Its  n a tu ra l  ra n g e  
e x te n d s  fro m  n o r th e r n  N o rw a y  a n d  th e  n o r th -e a s te rn  
p a r t  o f  E a s te rn  R ussia  s o u th w a rd  to th e  A tlas  M o u n ta in s  
o f  N o r th  A frica . F ro m  w e s t  to  e as t, its ra n g e  s p a n s  fro m  
I c e la n d  to  th e  A ra l Sea a ff lu e n ts  (M a cC rim m o n  & 
M a rsh a ll  1968; B e h n k e  1986). T h e  b ro w n  tro u t  is c o m ­
p o s e d  o f n u m e ro u s ,  d is tin c t g e o g ra p h ic  fo rm s (B lanc et 
al. 1971). It a lso  ex h ib its  ex tre m e  p h e n o ty p ic  d iv e rs ity  
a n d  c o n s id e ra b le  life h is to ry  v a r ia tio n  w ith in  a g e o ­
g ra p h ic a l  re g io n , in c lu d in g  sp e c ia liz a tio n s  fo r a n a - 
d ro m o u s ,  f lu v ia tile  a n d  la c u s tr in e  m o d e s  o f life. T h is  h a s  
le d  to  c o n s id e ra b le  tax o n o m ic  c o n fu s io n  w h ic h  h a s

Sev eral s tu d ie s  h a v e  d e m o n s tr a te d  h e r ita b ilitv  for 
so m e  m o rp h o lo g ica l a n d  m e ris tic  c h a ra c te rs  in  e n ­
v iro n m e n ta lly  co n tro lled  c o n d it io n s  (e .g . C h e v a s su s ,  
B lanc & B ergo t 197Q; B lanc, P o isso n  & V ibert 1983; K rieg , 
1984; Skaala & Jo rs ta d  1987, 1988). H o w e v e r , it is 
g e n e ra lly  re co g n ize d  th a t th e  e x c e p tio n a l leve l o f p h e n o ­
ty p ic  p las tic ity  th a t  c h a ra c te riz e s  b ro w n  tro u t a n d  m o st 
sa lm o n id s  lim its th e  u s e fu ln e s s  o f  m o rp h o lo g ic a l 
c h a ra c te rs  in  re so lv in g  p h y lo g e n e t ic  re la tio n s h ip s  
(B eh n k e  1972).
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e le c tro p h o re tic  a n a ly s is  o f a llo z y m e  v a ria tio n  (rev ie w e d  
in  F e rg u s o n  1989; G u y o m a rd  1989). T h ese  s tu d ie s  d e ­
sc rib ed  th e  g e n e tic  d iv e rs ity  o f t ro u t  p o p u la t io n s  in  
sp ec ific  g e o g ra p h ic  a re a s  (T ag g a rt, F e rg u so n  & M aso n  
1981; G u y o m a rd  & K rieg  1983; K n e g  & G u y o m a rd  1985; 
R v m a n  1983; C ro z ie r  & F e rg u so n  1986; K a rak o u s is  & 
T r ia n ta p h v l id is  1988; O s in o v  1990a), a n d  m o re  sp ec ifi­
cally , h a v e  a d d re s s e d  th e  fo llo w in g  q u e s tio n s ;

1 . a re  th e  d if fe re n t  eco lo g ica l v a r ia n ts  fo u n d  in 
s e p a ra te  d ra in a g e s  d e r iv e d  fro m  a s in g le  c o m m o n  a n ­
c e s to r , i.e . a re  th e y  m o n o p h y le t ic  in  o rig in ?  (G u y o m a rd  et 
al. 1984; O s in o v  1984; S k aa la  & N æ v d a l  1989; H in d a r  et 
aí. 1991); a n d

2 . d o  th e  d is t in c t io n  o f g e o g ra p h ic a !  fo rm s  a n d /o r  
s e p a ra t io n  o f  sy m p a tr ic  fo rm s  b a se d  o n  p h e n o ty p ic  
d if fe re n c e s  h a v e  a p h y lo g e n e tic  b asis?  (R y m an , A lle n d o rf  
& S ta h l  1979; K rieg  & G u y o m a rd  1985; H a m ilto n  et aí. 
1989; G u y o m a r d  1989; K a ra k o u s is  & T r ia n ta p h v lid is  
1990; O s in o v  1990b; F e rg u s o n  & T a g g a rt 1991).

C o lle c tiv e ly , th e  a n a ly s e s  o f a llo z y m e  v a ria tio n  h a v e  
r e v e a le d  th a t  b ro w n  t ro u t  r e p re s e n ts  o n e  o f th e  m o s t 
h ig h ly  s t r u c tu r e d  a n im a l sp e c ie s  w i th  m o re  th a n  50% of 
th e  to ta l  g e n e tic  d iv e rs ity  b e in g  d is tr ib u te d  a m o n g  p o p u ­
la t io n s  in  so m e  re g io n s  (e .g . K rieg  & G u y o m a rd  1985). 
T h e se  s tu d ie s  h a v e  a lso  b e e n  p a r ticu la r ly  u se fu l in 
d e m o n s tr a t in g  th a t  eco lo g ica l v a r ia n ts  a re  p o lv p h y le tic  in 
o r ig in , w h e re b y  d if f e re n t  a n c e s to r s  in d if fe re n t d ra in a g e s  
h a v e  g iv e n  r ise  in d e p e n d e n t ly  to  la c u s tr in e , flu v ia tile , 
a n d  a n a d r o m o u s  fo rm s.

In  c o n tr a s t ,  l im ite d  in fo rm a t io n  w a s  g e n e ra te d  o n  th e  
p h y lo g e n e t ic  r e la t io n s h ip s  a m o n g  g e o g ra p h ic a l fo rm s. In 
a n  a n a ly s is  o f  F re n c h  p o p u la t io n s ,  K rieg  & G u y o m a rd  
(1985) d e a r ly  d e m o n s tr a te d  a n  im p o r ta n t  d ic h o to m y  
b e tw e e n  A tla n tic  a n d  M e d i te r r a n e a n  d ra in a g e  p o p u la ­
t io n s  a n d  th e  u n iq u e n e s s  o f  so m e  C o rs ic an  p o p u la t io n s . 
O s in o v  (19S4) a lso  fo u n d  h ig h  lev e ls  o f  d iv e rg e n c e  
b e tw e e n  p o p u la t io n s  from  th e  Baltic Sea, W h ite  Sea a n d  
B la c k /C a sp ia n  S e a s  b a s in s . H a m ilto n  et aí. (1989) p ro ­
p o s e d  th a t  re c o lo n iz a tio n  b y  tw o  d is tin c t races w a s  p a r tly  
r e s p o n s ib le  fo r  th e  g e n e tic  d iv e rs ity  of b ro w n  t ro u t  in  
n o r th - w e s te r n  E u ro p e .

S o m e  a t te m p ts  h a v e  b e e n  m a d e  to  carry  o u t  an  in te ­
g r a te d ,  c o m p r e h e n s iv e  a n a ly s is  o f p o p u la t io n s  e x a m in e d  
in  d i f f e re n t  re g io n s  by  d if fe re n t  la b o ra to r ie s  (e .g . 
K a ra k o u s is  &  T r ia n ta p h y l lid is  1990). H o w e v e r , p ro b le m s  
re la te d  to  te c h n ic a l d if fe re n c e s  b e tw e e n  lab o ra to r ie s  a n d  
in c o n s is te n c ie s  in  a llo z y m e  n o m e n c la tu re  cas t d o u b t  o n  
th e  v a lid i ty  a n d  u s e fu ln e s s  o f  s u c h  an  a p p ro a c h  
(F e rg u s o n  1989). F u r th e rm o re ,  g e n e tic  d iv e rg e n c e  
e s t im a te s  o b ta in e d  f ro m  a llo z y m e  d a ta  w e re  b a se d  o n  
g e n e  f re q u e n c y  v a r ia tio n s  a n d  th e re fo re  c a n n o t  d e te c t  
p h y lo g e n e t ic  r e la t io n s h ip s  a m o n g  th e  a lle les th e m se lv e s .

T h e  g a th e r in g  o f  s u c h  in fo rm a tio n  re q u ire s  th e  s tu d y  o f 
g e n e t ic  v a r ia tio n  a t th e  D N A  lev e l, a n d  h a s  b e e n  re fe rre d

to a s  p h y io g e o g ra p h y  (A vise  et aí. 1987p T his approach 
has w idely  b e e n  app lied  to  the study o f m itochondrial 
D N A  (m tD N A ) v aria tio n  using  restric tio n  fragm ent 
leng th  p o ly m o rp h ism s (R F L P s) in m any groups of 
a n im als , in c lu d in g  fishes (rev iew ed  in B illington & Hebert: 
1991). H o w e v e r , th e  few m tD N A  stu d ies  involving brown 
tro u t w ere p re lim in a ry , be ing  re s tr ic ted  to  few fish and 
p o p u la tio n s  (P a lv a  1986; G y llen s ten  & W ilson 1987- 
M cV eigh & F e rg u so n  1988; H y n es, D u k e  & Joyce 1989). 
T h ese  s tu d ies  su g g e ste d  th at m tD N A  v aria tion  m ay not 
be  as ex ten siv e  as a llozym e v a ria tio n . In this case, a 
h ig h er d eg ree  o f  reso lu tio n  m ay b e  o b ta in e d  by exam ining 
seq u en ces in th e  m o re  v a riab le  reg io n s of the m ito­
ch o n d ria l g en o m e .

T h e  recen t in tro d u c tio n  o f  the a u to m a tio n  o f  the poly­
m erase  chain  re a c tio n  (P C R ; Saiki et aí. 1985) a llo w s on e  to 
o b ta in  s e q u e n c e  in fo rm a tio n  o n  sp ec ific  se c tio n s  of th e  
g e n o m e  in  la rg e -sca le  p o p u la t io n  su rv e y s  (V ig ilan t et aí. 
1989; M e y e r  et aí. 1990; T h o m a s  et aí. 1990; C arr & 
M arsha!) 1991, M cV eig h , B a rtle tt & D a v id so n  1991; 
S m ith  & P a tto n  1991; P a tto n  & S m ith  1992). S tu d ies  of 
m a m m a lia n  D N A  se q u e n c e  v a r ia tio n  h av e  re v ea le d  th a t 
th e  m o st v a r ia b le  re g io n s  of th e  m ito c h o n d ria !  g en o m e 
w e re  lo c a te d  in  th e  n o n -c o d in g , co n tro l re g io n  (D -loop; 
e .g . V ig ilan t et aí. 1989). H o w e v e r , th e re  a re  cu rre n tly  
fe w  d a ta  a v a ilab le  to  co n firm  if th is  a lso  h o ld s  tru e  in  
lo w e r  v e r te b ra te s ,  p a r ticu la r ly  fish es.

In  th is  p a p e r ,  w e  s tu d ie d  th e  D N A  se q u e n ce  v a ria tio n  
in  s e g m e n ts  o f  th e  m ito c h o n d ria l c o n tro l re g io n  h o m o ­
lo g o u s  to  th o se  re p o r te d  a s  h y p e rv a r ia b le  in  m am m als  to  
d o c u m e n t  th e  p h y lo g e n e tic  re la tio n s h ip s  a n d  th e  d is tr i­
b u t io n  o f  m tD N A  g e n e tic  d iv e rs ity  in  m o rp h o lo g ica lly  
a n d  g e o g ra p h ic a lly  re m o te  b ro w n  t ro u t  p o p u la tio n s  
a c ro ss  w e s te rn  E u ro p e .

M a t e r i a l s  a n d  m e t h o d s

S a m p le  co llec tio n s

A  to ta l o f 151 fish  w a s  co llec ted  in  1990 a n d  1991 from  24 
d if fe re n t  p o p u la t io n s  in  w e s te rn  E u ro p e  (Table 
S a m p le s  c o n s is te d  of f re sh , fro ze n , o r  e th a n o l-p re se rv e d  
liv e r o r  o v a ria n  t is su e s  s h ip p e d  b y  c o llab o ra to rs  to 
th e  la b o ra to ry . U n le ss  o th e rw is e  in d ic a te d  in  T able  1, 
s a m p le s  w e re  o b ta in e d  fro m  p o p u la t io n s  a p p a re n tly  no t 
s to c k e d  w ith  d o m e s tic  s tra in s  of b ro w n  tro u t.

D N A  extractions

For fresh  tis su e  s a m p le s , m tD N A  w a s  p u rif ie d  acco rd in g  
to  B e rn a tch e z  et aí. (1988). For o th e r  sa m p le s , to ta l D N A  
w a s  o b ta in e d  from  d ig e s tio n  o f 100 m g  of m in ced  tis su e  in  
1 m l o f b u ffe r  (SO -m viTris, p H  8.0; lOO-m xiED TA , p H  8.0;
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T ab le  1 Origins of fish populations, sample sizes pi), andzibsolute frequency distribution o f 12 genotvpes am ong 151 S. trutta mtDNA 
sequences. Basin, At; Atlantic. Da: Danube. Me: M editerranean, Ad: Adriatic. M orph refers to the subspecies nam e currently assigned in 
the literature. M orphs trutta, lacustris and fario refer tu anadrom ous, lacustrine, and fluviatile ecological forms, respectively. M orphs 
'.junca, carpio, macrostigma and  marmoratus refer to morphologically distinct geographic forms. A sterisks m ark populations for which 
sam ples were obtained in a small affluent of the given waterbody. Redon R., A ubonne R., Bresle R., Chisone R. and Pellice R. 
populations are currently stocked with domestic strains of Atlantic origin. Tes R. has been stocked until four years ago with dom estic 
-trains m aintained in Italy. Gurk R. sam ple w as obtained from hatchery strains originating from local native fish

Sequences

Population Basin M orph >i Atl At2 Dal Da2 M el Me2 A d i Ad2 Ad 3 M ai Ma2 Ma3

¡a) Splupsk R, Poland At trutta 4 4
;b) Swibno R., Poland At trutta 2 2
(C) Bogstad L., N orw ay“ At ■acustris 7 7
(d) Daialven R., Sweden At fario 8 8
(e) Via ta R., Czechoslovakia At fario 8 8
(0 Saar R., Switzerland At fario 8 8
(g) Bresle R., France At fario 8 8
(h) Elom R., France At fario 8 8
(i) Euienbach R., Germ any Da fario 6 4 7

(j) G urk R., Austria Da fario 5 5
(k) Bohing L., Yugoslavia Da fario 1 1
(1) Redon R., France Me Lacustris 3 3
(m) A ubonne R., Switzerland Me ¡acustris 5 4 1
(n) D oubsR ., France* Me (ario 6 6
(o) Tes R., France Me fario 8 1 4 2 1
(p) Dranse R., France* Ad fario 8 7 1
iq) O hrid L., Yugoslavia Ad Iétnica S 8
(r) Neretva R., Yugoslavia Ad fario 2 1 1
(s) Chisone R., Italy Ad fario 8 5 3
(t) Garda L., Italy Ad carpio 8 6 1 1
(u) Toce R., Italy Ad marmoratus 8 4 4
( V )  Pellice R., Italy Ad marmoratus 8 8
(w) Vecchio R., Corsica Me macrostigma 6 1 5
(x) Taravo R., Corsica Me macrostigma 8 8

1% SD S, 0.6%  P ro te in a se  K) fo r 16 h  a t3 7 °C  w ith  c o n s ta n t  
g e n tle  m ix in g . T h e  so lu t io n  w a s  se q u e n tia lly , ex tra c te d  
o n c e  e a c h  w ith  o n e  v o lu m e  o f p h e n o l ,  p h e n o lc h lo ro -  
fo rm :iso a m y l a lco h o l (24:1), a n d  c h lo ro fo rm :iso am y l 
a lco h o l (24:1). T o ta l D N A  w a s  re c o v e re d  by  o v e rn ig h t 
p re c ip ita tio n  in  i b 3 - v o lu m e s  o f a b so lu te  e th a n o l, a n d  
c e n tr ifu g a tio n  a t  13000  r .p .m . fo r 30 m in . D N A  w a s  
r e s u s p e n d e d  in  100-300 u.1 o f ste rile , d e io n iz e d  w a te r  a n d  
f ro z e n  a t -2 0 ° C  u n til  am p lif ic a tio n .

D N A  am plification  an d  sequencing

D o u b le -s t ra n d e d  PC R  a m p lif ic a tio n s  w e re  p e rfo rm e d  in 
50-}xl re a c tio n  v o lu m e s  c o n ta in in g  2 u n its  of Therm us 
aquaticus  D N A  p o ly m e ra s e  (P ro m e g a ), 5 pi reac tio n  
b u f fe r  (500-mM KC1, p H  9.0; 0.1% g e la tin ; 1% T rito n  X- 
100), 20 p m o l (p ico m o le ) e ac h  o f th e  ligh t- a n d  h eav y - 
s t r a n d  p r im e rs ,  6.5-m.M M g C l2, a n d  500 u m  d G T P ,d A T P , 
d T T P  a n d  d C T P  (B o e rh in g e r  M a n n h e im ) . O n e  m ic ro litre  
o f th e  D N A  p re p a ra t io n  w a s  a d d e d  to  th e  PC R  m ix . D N A  
w a s  a m p lif ie d  in  a p ro g ra m m a b le  th e rm a l cy c ler (MJ

R e se a rc h , U SA ) u s in g  th e  fo llo w in g  pro file : o n e  p re ­
lim in a ry  d é n a tu ra t io n  a t 95JC fo r 1 m in , fo llo w ed  b y  
s t r a n d  d é n a tu ra t io n  a t 92°C (1 m in ) , a n n e a lin g  a t 5 0 'C  (1 
m in ), a n d  p r im e r  e x te n s io n  a t 72X1 (1 .5  m in ) r e p e a te d  for 
30 cycles.

T h e  lig h t-  a n d  h e a v y -s tra n d  p r im e r s  w e re  lo ca ted  
w ith in  th e  p ro lin e  a n d  p h e n y la lan in e  tR N A  gen es , re sp e c ­
tively , a llo w in g  am plification  of th e  en tire  n o n -co d in g  
reg io n  (ap p ro x im ate ly  1 k ilobase). T h e  p rim e r located  in  th e  
p ro lin e  tR N A  g e n e  (L19: 5 ' C C A C T A G C T C C C A A A G C T A  
3 ')  w a s  d e s ig n e d  from  h o m o lo g ie s  o b se rv e d  a m o n g  p u b ­
lish e d  fish  s e q u e n c e s  (B u ro k e r et aí. 1990; M e y e r et al. 
1990; J o h a n s e n , G u d d a l & J o h a n s e n  1990). T h e  o th e r  
p r im e r  (H17: 5 ' A C T T T C T A G G G T C C A T C  3 ')  w a s  
d e s ig n e d  from  h o m o lo g ie s  b e tw e e n  Gadus morhua 
( Jo h a n se n  et at. 1990) a n d  u n p u b l is h e d  A rctic  c h a rr  
s e q u e n c e s  (S. Jo h a n se n , u n p u b l is h e d  d a ta ).

A m p lif ie d  D N A  te m p la te s  w e re  p u rif ie d  fro m  re s id u a l 
p r im e r s  a n d  n u c le o tid e s  b y  se lec tiv e  a lco h o l p re c ip ita tio n  
(K re itm a n  & L an d w e b e r  1989). B riefly , d o u b le -s tra n d e d  
D N A  w a s  p re c ip ita te d  in  1 .2 5 -m  a m m o n iu m  a c e ta te , 50%
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e th a n o l ;  a n d  cen trifu g ed  fo r 15 m in . D N A  p e lle ts  w e re  
r in s e d  in  200 ¡xi of 70% e th a n o l ,  c e n tr ifu g e d  fo r 10 m in . 
a n d  d r ie d  u n d e r  v a cu u m . P e lle ts  w e re  r e s u s p e n d e d  in  70 
jxl o f  s te r ile , d e io n ized  w a te r  a n d  e x tra c te d  o n ce  w ith  o n e  
v o lu m e  o t  p h e n o l. D N A  w a s  p re c ip ita te d  a n d  c e n tr i­
fu g ed  a s e c o n d  tim e in  (1 .25-m ) a m m o n iu m  a ce ta te  a n d  
(50%0 e th a n o i .  V a c u u m -d rie d  p e lle ts  w e re  r e s u s p e n d e d  
in lOp.1 o f  s te rile , d e io n iz e d  w a te r .

D o u b le -s tra n d e d  D N A  se q u e n c in g  re a c tio n s  w e re  
p re p a r e d  w ith  th e  S e q u e n a s e  kit (V e rs io n  2 .0 , US Bio­
c h em ica l)  a cc o rd in g  to th e  m a n u fa c tu re r 's  d ire c tio n s  a n d  
th e  fo llo w in g  m o d ific a tio n s . T h irty  p ic o m o le s  (1 .5  p.1) of 
e ith e r  th e  L19 o r  H 17 p r im e r  w a s  m ix ed  w i th  8 .5  ¡xi of th e  
p u r if ie d  D N A  te m p la te . T h is  m ix tu re  w a s  d e n a tu r a te d  by- 
b o ilin g  fo r 3 m in  a n d  q u ick ly  ch illed  o n  w e t  ice. E ig h t 
m ic ro litre s  o f reac tio n  m ix  [1 ¡xi o f  DTT s o lu t io n , 2 |xl of 
re a c tio n  b u ffe r , 2 ¡xi of lab e llin g  m ix (d i lu te d  1:4), 0 .5  p i of 
3:,S -d A T P , 0.5 p i of M n  b u ffe r  2 p i o f S e q u e n a s e  
e n z y m e  (d i lu te d  1:5)] w a s  im m e d ia te ly  m ix e d  w ith  d e ­
n a tu r e d  D N A . A liq u o ts  (3 .5  pi) of th is  m ix tu re  w e re  
im m e d ia te ly  tra n s fe r re d  to  each  o f th e  fo u r  te rm in a tio n  
re a c tio n  tu b e s  c o n ta in in g  2 .5  p i of e ac h  d d N T P  m ix tu re . 
S e q u e n c e s  w e re  s e p a ra te d  o n  40-cm , 6 % p o ly a c ry la m id e  
(19:1 BIS), 7-m u re a  ge ls . E le c tro p h o re s is  w a s  p e rfo rm e d  
a t 1100-1200  V c o n s ta n t v o lta g e  for e i th e r  2 -2 .5  h  o r 
4 .5 -5 .5  h  to  o b ta in  th e  5 ' a n d  th e  3 ’ e n d s  of th e  se q u e n c e , 
re sp e c tiv e ly .  T he g e ls  w e re  fixed  in  10% e th an o l:1 0 %  
ace tic  a c id  fo r  20 m in , v a c u u m -d r ie d  o n to  filte r  p a p e r  a t 
80°C fo r 45 m in , a n d  a u to r a d io g ra p h e d  w ith  X -ray  film  
(Fuji,R X -L ) fo r 48 to  240 h .

Sequence analyses

S e q u e n c e  d a ta  w e re  su b je c te d  to  b o th  d is ta n c e  a n d  
c h a ra c te r -b a s e d  a n a ly se s  u s in g  th e  p h y l i p  c o m p u te r  
p a c k a g e  (V ers io n  3.3; p ro v id e d  by  J. F e lse n s te in , D e ­
p a r tm e n t  o f  G en etics , SK -50, U n iv e rs ity  o f  W a s h in g to n , 
S e a ttle , W 'A 98195, U SA ). T h e  d is ta n c e  m e a s u re  u se d  w a s  
th e  e s t im a te  of n u c le o tid e  s u b s ti tu tio n  c a lc u la te d  u n d e r  
th e  K im u ra  2 -p a ra m e te r  m o d e l  (K im u ra  1980) u s in g  th e  
p ro g ra m  d n a d i s t . T he re s u l t in g  d is ta n c e  m a trix  w 'as u s e d  
to  b u i ld  le a s t-sq u a re  e s t im a te s  of th e  p h y lo g e n e tic  n e t ­
w o rk  w i th  u n c o n s tra in e d  b ra n c h - le n g th s  ( f i t c h  p r o ­
g ra m ). F o r c h a ra c te r-b a se d  a n a ly s is , th e  s e q u e n c e  d a ta  
w e re  u s e d  to  g e n e ra te  p h y lo g e n e tic  t re e s  a c c o rd in g  to  a 
m ax im a l p a rs im o n y  c r ite r io n  u s in g  th e  d n a p a r s  p ro g ra m  
(W a g n e r  o p tio n ) . A m a jo r ity - ru le  c o n s e n s u s  tre e  w a s  
c o n s t r u c te d  u s in g  th e  c o n s e .m s e  p ro g ra m . T rees  w e re  
ro o te d  u s in g  A tlan tic  s a lm o n  (Salmo salar-L .) a s  a n  o u t ­
g r o u p ,  a c lo se  re la tiv e  o f  th e  brow m  tro u t  (G v lle n s te n  & 
W ilso n  1987).

In tra -  a n d  in te r -p o p u la t io n  g e n e tic  d iv e rs ity  w 'as 
m e a s u r e d  b y  th e  m a x im u m  lik e lih o o d  e s t im a tio n  of th e  
a v e ra g e  n u m b e r  of n u c le o tid e  s u b s t i tu t io n s  p e r  s ite
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w ith in  a n d  b e tw e e n  p o p u la t io n s  (N e i 1987). T his 
a llo w ed  a n  e s t im a tio n  o f p o p u la t io n  su b d iv is io n  at th e  
n u c le o tid e  lev e l, N st (L y n ch  & C re a se  1990), T h e  re su lt­
ing  in d ex  g iv es  th e  ra tio  o f th e  a v e ra g e  g e n e tic  d is tan ce  
b e tw e e n  g e n e s  f ro m  d if fe re n t  p o p u la t io n s  re la tiv e  to th a t 
a m o n g  g e n e s  in  th e  p o p u la t io n . E x trem e  N st e s tim a te s  of 
0 a n d  I in d ic a te  zero  a n d  c o m p le te  p o p u la t io n  su b ­
d iv is io n , re sp e c tiv e ly .

R e s u l t s

Sequence varia tion  and  d ive rs ity  o f m tD N A  genotypes

For all s p e c im e n s  a n a ly se d , a m in im u m  o f  310 b p  co u ld  b e  
d e te rm in e d  a t  th e  5 ' e n d  o f th e  co n tro l re g io n  (Fig. 1). A n 
a d d itio n a l 330 b p  w e re  s e q u e n c e d  a t th e  3 ’ e n d  fo r o n e  
r e p re se n ta t iv e  o f  all g e n o ty p ic  v a r ia n ts  in  o rd e r  to  in ­
c rease  th e  re lia b ility  o f th e  e s tim a te  of th e ir  p h y lo g en e tic  
re la tio n s h ip s  (F ig . 1). B oth  re g io n s  s e q u e n c e d  w e re  A-T

5 1 -  a n d  s e g m e n t

P r o l i n e  c RNA 1  2  3

A AACTATCCT C T G A T T T T T C  A G CTA TG TA C A A TA A CA A TT G T T C T A C C T T  GCTAACCCAA 6 0

TG TTA TA CTA  C A T C T A T G 7A  T A A TA TTA CA  T A T TA T G T A T  T T A C C C A T A T  A T ATA A TATA  1 2 0  
4 6

G C A T C -T G A G  T A G T A CA T CA  T A T G T A T T A T  CA A CA TTA GT G A A T T T A A C C  CC TCA TA C A T 1 8 0  
5 7

CAGCACTAAC T C A A G C T T T A  CATAAAGCAA A A CA CG TCA T A ATAACCAAC T A A G T T G T C T  2 4 0  
8  9  1 0  11  1 2  13

TAACCCGATT A A T ÏG T T A T A  TCAATAAAAC TCC AG CTA A C A CG G GC TCCG  T C T T T A C C C A  3 0 0  

CCAACTTTCA

3 1 -  e n d s e gm e n t

CA CTTA A TAT A T CT CT A A G A  T A CCC CG G CT T C TG CO CG G T A A C CC CCC TA  CC CCC CTA CG  6 0
14

CTGAAGGATC C T T A T A T T C C  TG TCA AA C CC CTAAACCAGG A A GTC TC A AA  TCAGCGCCAA 1 2 0
1 5  "  -

T C T T T T T A T A  TA CA TTAA TG  A A C T T T T T T G  C C A A T T T T A T  A G CA T TT G G C ACCGACTACA 1 8 0  
1 6  1 7

CTA TCA TTA G  C A C C A C T T T T  A TAATTAAAG T A TA C A TTA A  T A A A C -T T T T  C G CTA A A TTT 2 4 0  
1 8  1 9  2 0

TA TAA CA TTT A GCACCGACT CC A C T G T C A T  T A G C A CCC TC TCA A TCA A A C ATATAAAGGC 3 0 0  
21

CÏA G TT G G C G  TA G C T T A A C T  AAAGCATAA 

P h e n y l a l a n i n e  tR N A

Fig. 1 Sequences for tw o segm ents of the mtDNA control 
region, type A tl. from S. trutta. The sequences show n are for the 
light strand. The first sequence (5' end) includes part of the 
proline tRNA gene. The second sequence (3' end) includes part 
of the phenylalanine tRNA gene. Asterisks and num bers above 
mark the 21 variable positions among the 12 brown trout 
genotvpes observed. The sequences presented in this paper (cf. 
Table 2) have been entered  into CeneBank u nder the accession 
num bers M97962 to M97987.
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T able  2 V am ble iiucélo tidepoiàtioR s o j  r e s o l d  am ong 151 S. trutta mtDNA5 seq ueneed  sequence
position in. Fig. 1. Ñ ucelotide aí' each position is given for genotype A tl . For other genotypes, nucleotides are given w hen different from 
ATI, while identity  is indicated bv dashes. Asterisks indicate deletions (or insertions)

Variable sites

g en o ty p es 1 i 3 4 5 6 7 s 9 10 11 12 13 14 15 lo 17 18 19 20 21

Atl T T C * G T A G A T T G C C T A * T C A C
At2 A G
Dal C A — — - — — — — G — — — - - G - - T - -
P a 2 C A G G — — - - — G - - T - -
Niei — — — — A — C — — - — — - - C G T C - - -
Me2 — C — — A — C — — — — — — — C G - C - - -
'u ii — C — — — — _ — — — — C — — — G T — - - -

Ad2 — c — — — — _ — — — C C — — — G T — - - -
Ad3 — c T — — — _ — — — — C — — — G T — - - -
M ai — c — A — — — — — — A — T — G - — - T T
Ma2 — c — A — — — — — — — A T T — G - — - T -
Ma3 - c — A — C — — — — — A T T — G - - - T -

Table 3 Matrix of pairw ise percentage sequence divergence estim ates (below m ain diagonal) a n d  observed num ber of m utational 
even ts differences (above main diagonal) betw'een 12 S. trutta m tD NA genotypes

Genotype A tl At2 D al Da2 M el Me2 Adl Ad2 A d3 Mal Ma2 Ma3

Atl 2 6 5 9 7 5 6 6 8 8 9
At2 0.32 8 7 11 9 7 8 8 10 10 11
Dal 0.96 1.28 1 11 9 7 8 8 10 10 11
Da2 0.80 1.12 0.16 10 8 6 7 7 9 9 10
Viel 1.44 1.76 1.76 1.60 2 8 9 9 11 11 12
Me2 1.12 1.44 1.44 1.28 0.32 6 7 7 9 9 10
Adi 0.80 1.12 1.12 0.96 1.28 0.96 1 1 / 7 S
AdZ 0.96 1.28 1.28 1,12 144 1.12 0.16 2 8 8 9
Ad3 0.96 1.28 1.28 1.12 1.44 1.12 0.16 0.32 8 . . . 3 9
M al - " 1.28 ‘ 1.60 -  4  60 1.44 1.76 1.44 1.12 1.28 1.28 2 3
Ma2 1.28 1.60 1.60 1.44 1.76 1.44 1.12 1.28 1 .2S 0.32 1
Ma3 1.44 1.76 1.76 1.60 1.92 1.60 1.28 1.44 1.44 0.48 0.16

ric h  (6 8 %). T w e n ty -o n e  o f  th e  640 p o s i t io n s  in  th e  
s e q u e n c e s  w e re  v a r ia b le ,  in v o lv in g  26 m u ta t io n a l  e v e n ts  
i f a b le  2). S e q u e n c e  v a r ia tio n  w a s  p r e d o m in a n t ly  d u e  to 
t r a n s i t io n s  (n =  17), fo l lo w e d  b y  tra n v e r s io n s  (n = 6), a n d  
s in g le  b a se -p a ir  in s e r t io n s /d e le t io n s  (n =  3). N o  la rg e  
d e le t io n s  o r  in s e r t io n s  w e re  o b se rv e d .

T w e lv e  m ito c h o n d r ia l  g e n o ty p e s  w e re  id e n tif ie d  
a m o n g  th e  151 in d iv id u a ls  s e q u e n c e d  (T able  2). P a irw ise  
s e q u e n c e  d iv e rg e n c e  e s t im a te s  v a r ie d  fro m  0 .1 6  to  1.92% 
(m e a n  ±  S D , 1 .2 0  ±  0.4491), im p ly in g  1 -1 2  (7 .5  ±  2.8) 
m u ta t io n a l  s t e p s  b e tw e e n  g e n o ty p e s  (T able  3).

M o lecu lar trees

T oe f i t c h  p h e n o g r a m  re v e a le d  five  m a jo r  c lu s te r s  s e p a r-  
a ’-‘d  by  m e a n  s e q u e n c e  d iv e rg e n c e  e s t im a te s  ra n g in g  
f ro m  0 .96%  to  1 44%  (Fig. 2). C h a ra c te r -b a s e d  a n a ly s is

r e so lv e d  a to ta l o f 16 e q u a lly  p a rs im o n io u s  tre e s , re q u ir ­
in g  a m in im u m  o f 26 m u ta t io n a l  s te p s  fo r 21 m u ta te d  s i te s  
(c o n s is te n c y  in d e x  =  0.S1). T h e  m a jo rity -ru le  c o n s e n s u s  
tre e  is p r e s e n te d  in  Fig. 3. T h e  ro o tin g  p o s it io n  w a s  th e  
s a m e  in  all o f th e  16 tre e s  a n d  id en tica l to  th a t  o f th e  f i t c h  

p h e n o g ra m . T h e  five c lu s te r s  re so lv ed  in  th e  d is ta n c e -  
b a se d  a n a ly s is  w e re  s u p p o r te d  in  all 16 tree s , in d ic a tin g  
th a t  th e y  r e p re s e n t  p h v lo g e n e tic a lly  d is tin c t g ro u p s .  
H o w e v e r , th e  b ra n c h in g  p a tte m , except fo r th e  p o sitio n  o f 
th e  ro o t, w a s  n o n -s ig n ific an t a n d  re m a in e d  u n re so lv ed .

G eographic d is tr ib u tio n  o f m tD N A  phylogene tic  g roups

All five  p h y lo g e n e tic  g r o u p s  e x h ib ite d , a  s tro n g  g e o ­
g ra p h ic  p a t te rn  o f d is t r ib u t io n  (Fig. 4, T ab le  1). A ll in d i­
v id u a ls  f ro m  th e  A tlan tic  d ra in a g e  p o p u la t io n s  w e re  
fixed fo r g r o u p  IV (g e n o ty p e s  A t l ,  A t2). G ro u p  IV w a s
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II I

S.  sa la r

A d l

A d 2

A d 3

D a 2

At l

0 , 3 2
At 2

M e 2

M a i

M a 2

M a  3

Fig. 2 Unconstrained branch-length pheno­
gram  clustering 12 genotypes observed 
am ong 151 S. trutta mtDNA sequences. 
Definitions of genotypes are given in 
Table 2. Branch lengths are given on the 
tree. Salam salar was used as an outgroup 
taxon.

Ma  3

D a 2 M a 2

M a i
D a 1

Me 1

S . sa la r

Ad1 A d 3
At1

A d 2

At 2

Fig. 3 Majority-nule consensus netw ork 
resulting from the 16 equally m ost par­
sim onious trees found by the MIX pro­
gram. T he netw ork was rooted using S. 
salar as an outgroup. Definitions of geno­
tvpes are given in Table 2. O pen circles 
indicate m utational events and small- 
character num bers refer to the variable 
nucleotide positions (Table 2). Bold- 
character num bers refer to the num bers of 
trees out of 16 in which particular group­
ings w ere observed.

a lso  d o m in a t in g  in  th e  D a n u b e  d ra in a g e . It w a s  o b se rv e d  
in  a  s in g le  in d iv id u a l  fro m  A d ria tic  p o p u la t io n s  a n d  on ly  
in  so m e  M e d i te r ra n e a n  p o p u la t io n s  c u rre n tly  o r p re ­
v io u s ly  s to c k e d  w ith  d o m e s tic  s tra in s  of A tlan tic  o rig in  
(T ab le  1). G ro u p  III (g e n o tv p e s  D a l ,  D a2) w a s  co n fin e d  to 
th e  D a n u b e  d ra in a g e  w ith  th e  e x c e p tio n  of o n e  in d iv id u a l 
fro m  th e  N e re tv a  R iver, in  th e  A d ria tic  b as in . G ro u p  I

(g e n o ty p e s  M e l, M e2) w a s  c o n fin e d  to M e d ite r ra n e a n  
p o p u la t io n s  w hile g ro u p  II (g e n o ty p e s  A d l- A d 3 )  w as 
o n ly  o b se rv e d  am o n g  A d ria tic  a n d  C o rs ican  p o p u la tio n s . 
H o w e v e r , C o rsican  p o p u la t io n s  w e re  a lm o s t fixed (93%  
o f  th e  fish  ex am in ed ) fo r g e n o ty p e  A d 3 , w h ic h  w as n o t 
d e te c te d  in  an y  c o n tin e n ta l  p o p u la t io n s .  G ro u p  V 
(M a l-M a 3 )  w as  s tr ic tly  a s so c ia te d  w ith  A d ria tic  d ra in ­



Fig. 4 G eographic d istribution of the five phylogenetic group­
ings am ong 151 S. trutta sequenced m tD NAs resolved in 
d istance-based and  character-based analyses: G roup 1 (®), 
G roup  II (O), G roup III (©), Group IV ( • ) ,  G roup V (©). Dotted 
lines delineate m ajor basins.

a g e s ,  w i th  th e  e x c e p tio n  o f o n e  in d iv id u a l  fro m  th e  T es 
R iv er (F ran ce ) w h ic h  w a s  k n o w n  to  h a v e  b e e n  s to c k ed  
w ith  d o m e s tic  s tra in s  m a in ta in e d  in  Ita ly .

L evels o f  congruence in geno typ ic  a n d  phenotyp ic  
varia tion

N o  a s s o c ia t io n  w a s  o b se rv e d  b e tw e e n  m tD N A  p h y lo ­
g e n e t ic  g ro u p in g s  a n d  th e  d if fe re n t  e co lo g ica l m o rp h s  
e x h ib i te d  in  th e  p o p u la t io n s  s tu d ie d  (T ab le  1). F o r 
in s ta n c e ,  th e r e  w a s  n o  d e te c ta b le  d i f fe re n tia tio n  a m o n g  
a n a d r o m o u s  (m o rp h  tru tta ), la c u s tr in e  ( m o rp h  ¡acustris) 
o r  f lu v ia tile  (m o rp h  fario) p o p u la t io n s  o b se rv e d  w ith in  
th e  A tla n tic  b a s in . C o n v e rse ly , flu v ia tile  o r  la c u s tr in e  
p o p u la t io n s  f ro m  A tla n tic , M e d ite r ra n e a n  a n d  A d ria tic  
d r a in a g e s  w e re  fixed  fo r d is tin c t p h y lo g e n e tic  g ro u p s . 
T h is  c le a rly  in d ic a te s  th a t eco log ica l m o rp h s  d o  n o t 
r e p r e s e n t  n a tu ra l  a s s e m b la g e s  re s u ltin g  fro m  m o n o - 
p h v le t ic  d iv e rg e n c e .

H o w e v e r ,  so m e  a sso c ia tio n s  w e re  o b se rv e d  b e tw e e n  
d is t in c t  m tD N A  g e n o ty p e s  a n d  g e o g ra p h ic  m o rp h s . F o r 
e x a m p le ,  all m arm oratus t ro u t  a n a ly se d  w e re  fixed  fo r 
m tD N A  g r o u p  V, w 'h e rea s  all b u t  o n e  f ish  fro m  C orsica  
( m o r p h  macrostigm a) w e re  fixed  fo r g e n o ty p e  A d3 . 
In  c o n tr a s t ,  fish  f ro m  O h r id  L. (m o rp h  letnica) w e re  
n o t  g e n e tic a lly  d i f fe re n tia te d ,  b e in g  fixed  fo r g e n o ty p e
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A d i ,  w h ich  w as o b s e rv e d  in  o th e r  m o rp h s  from  th e  
A d ria tic  a n d  M e d i te r ra n e a n  d ra in a g e s . S im ilarly , fish 
fro m  G ard a  L. (m o rp h  carpio ; Italy) w e re  n o t p h y lo - 
g e n e tica llv  d iffe re n tia te d , b e in g  c o m p o se d  o f m tD N A  
g ro u p s  II a n d  V , a lso  o b s e rv e d  in marmoratus a n d  fario 
p o p u la t io n s  o f  th e  A d ria tic  b a s in .

P o p u la tio n -g en e  d iv e r s ity

T h e  d is ta n c e  m atrix  of n e t  in te rp o p u la t io n  n u c le o tid e  
d iv e rg e n c e  w as u se d  to  c o n s tru c t a U P G M A  tree  
(u n w e ig h te d  p a ir-g ro u p  m e th o d  u s in g  a r ith m e tic  a v e r­
ag es)  re la tin g  th e  24 t ro u t  p o p u la t io n s  s tu d ie d  (Fig. 5). 
T h e  p o p u la t io n s  c lu s te re d  in to  fo u r h ig h ly  d is tin c t 
g ro u p s  (n e t n u c le o tid e  d iv e rg e n c e  a m o n g  p o p u la t io n s  
c lu s te rs  ra n g in g  fro m  1.04 to  1 .32% ), la rg e ly  re flec tin g  
th e  g e o g rap h ica l a n d  ra c ia l  p a r ti t io n in g  of m tD N A  
p h y lo g e n e tic  g ro u p in g s . T h e s e  c lu s te rs  w e re :
1 . marmoratus p o p u la t io n s  (u , v);
2. M e d ite r ra n e a n  d ra in a g e  p o p u la t io n s  (n .o );
3. A d ria tic /C o rs ican  d ra in a g e  p o p u la t io n s ,  in c lu d in g  
carpio, (p ,q ,s , t ,w ,x ) ;  a n d
4. A tlan tic /D a n u b e  d r a in a g e  p o p u la t io n s  (a -m , r). 

S ig n ifican t s u b s tru c tu r in g  w a s  a lso  o b se rv e d  w ith in
e ac h  c lu s te r . T h u s , th e  tw o  m armoratus p o p u la tio n s  
(R ivers Pellice a n d  T oce) w e re  s ta tis tica lly  d if fe re n tia te d  
( x i  =  5.33, P  <  0.025) a s  w e re  th e  tw o  M e d ite ra n e a n  
p o p u la t io n s  (R ivers Tes a n d  D o u b s ; x i  — 7.83, P <  0.05). 
T h e  tw o  C o rsican  p o p u la t io n s  w e re  a lso  h ig h ly  d iffe re n ­
tia te d  fro m  th e  A d ria tic  p o p u la t io n s  ( x i  =  46, P <  0.001), 
a s  w e re  th e  D a n u b e  p o p u la t io n s  fro m  th e  A tla n tic  p o p u ­
la tio n s  (xi =  19.8, P <  0.001). In  c o n tra s t ,  n o  d if­
fe re n tia tio n  w a s  o b se rv e d  b e tw e e n  all p o p u la t io n s  from  
th e  A tlan tic  b a s in  a s  all f ish  w e re  fixed  for th e  A tl 
g e n o ty p e .

C o n tra ry  to  th e  h ig h  in te rp o p u la t io n  d iv e rs ity  o b ­
se rv e d  (m e a n =  1.05 ±  0 .57% ), in tr a p o p u la t io n  d iv e rs ity  
w a s  n u ll o r  re la tiv e ly  low' in  m o s t  c ases  (m ea n  n u c le o tid e  
d iv e rs ity  e s tim a te s  =  0 .25 ±  0 .38% ). T h u s , b a se d  o n  th e  
N st e s tim a te  of 0 .76 , o n ly  24%  o f th e  o v e ra ll g en e tic  
d iv e rs ity  o b se rv e d  w a s  a tt r ib u te d  to in tra p o p u la t io n  
d iv e rs ity  as o p p o s e d  to  76% fo r a m o n g  p o p u la t io n s .

D i s c u s s i o n

Sequence variation in  brow n trou t m itochondrial control 
region

T h e  ra tio n a le  fo r s tu d y in g  se q u e n c e  v a r ia tio n  in se g ­
m e n ts  o f th e  m ito c h o n d r ia l  D N A  co n tro l re g io n  w as 
m o tiv a te d  by  e v id e n c e  th a t  th o se  re g io n s  w e re  h y p e r ­
v a r ia b le  in  m a m m a ls , a n d  e x h ib ite d  h ig h e r  g e n e tic  d iv e r­
s ity  th a n  th a t  d e te c te d  by  RFLP a n a ly s is  o r  se q u e n c in g  of
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o th e r  re g io n s  o f  th e  m o lecu le . For in s ta n c e ,  in a s tu d y  of 
th e  fe ra l m o u s e ,  M u s spretus, D e sm a ra is  et al. (u n p u b î. 
d a ta )  f o u n d  o v e r  th re e  tim es a s  m a n y  p o ly m o rp h is m s  by 
s e q u e n c in g  a 250-bp  s e g m e n t o f th e  D -lo o p  c o m p a re d  to  
R FL P a n a ly s is  o f 52 re s tr ic tio n  s ite s . In  th e  sa m e  s tu d y , 
n u c le o t id e  d iv e rs ity  w ith in  a n d  b e tw e e n  g e o g rap h ica l 
r e g io n s  w a s  10-15  tim e s  h ig h e r  in  s e q u e n c e  d a ta . T he 
m ito c h o n d r ia l  c o n tro l re g io n  o f b ro w n  t r o u t  rev ea led  
m o re  v a r ia tio n  th a n  th a t  o b se rv ed  in  se q u e n c e  a n a ly s is  of 
o th e r  f ish e s . In  a n  in te rsp ec if ic  s tu d y  o f  c ich lid  fish es, 
o n ly  15 s i te s  o u t  of 803 (m ean  n u m b e r  of n u c le o tid e  
s u b s t i tu t io n  p e r  s ite  (d) <  0.005) s h o w e d  b a se -su b s ti-  
tu tio n a l  d if fe re n c e s  in  th e  cy to c h ro m e  b, th re o n in e ,  a n d  
p r o l in e  tR N A  g e n e s , a n d  in  th e  m o st v a r ia b le  p a r t  o f th e  
c o n tro l re g io n  (M ey er et al. 1990). In  an  a n a ly s is  of 
c y to c h ro m e  b g e n e  v a ria tio n  in  A tlan tic  co d  (Gadus mor­
hua ) p o p u la t io n s ,  C a rr  & M arsh a ll (1991) fo u n d  1-5 
m u ta t io n a l  d iffe re n c e s  (m ea n  d  =  0 .004) a m o n g  tra n s ­
o c e a n ic  s a m p le s . C o m p a ra b le  v a r ia tio n  w a s  o b se rv e d  in 
th e  c y to c h ro m e  b g e n e  a m o n g  tu n a  sp e c ie s  (1 -5  m u ta ­
tio n a l  c h a n g e s )  (B artle tt a n d  D a v id so n , 1991) w h ile  a 
m a x im u m  o f 2 m u ta t io n a l  d iffe re n c e s  (m e a n  d  =  0.0035) 
w e re  o b se rv e d  a m o n g  tra n so c e a n ic  p o p u la t io n s  o f th e  
A tla n tic  s a lm o n , S. salar (M cV eigh et aL 1991).

C o n v e rs e ly  to  th o se  o b se rv a tio n s , o th e r  e v id e n c e  
s u g g e s ts  th a t  th e  c o n tro l re g io n  o f b ro w n  tro u t  m a y  n o t 
be  a s  v a r ia b le  a s  re p o r te d  fo r m am m als . F irst, th e  lev e ls  of 
d iv e rg e n c e  w e  o b se rv e d  a m o n g  m tD N A  g e n o ty p e s  
( ra n g e  0 .16  -1 .9 2 % )  a re  w e ll w ith in  th e  ra n g e  o f v a r ia tio n

Fig. 5 Population tree (UPGMA) cluster­
ing 24 S. trutta populations according to 
the d istance matrix resulting from the 
maximum likelihood estim ation of the net 
average num ber of nucleotide substitu­
tions p e r rite among populations. Small 
letters denote  the population nam es given 
in Table 1.

f re q u e n tly  re p o r te d  fo r in tra sp e c if ic  c o m p a r is o n s  in  
fish es u s in g  R FL P  a n a ly s is  (e .g . B e rm in g h a m  & A vise  
1986; B e m a tch e z  & D o d so n  1991; B illing ton  & H e b e rt  
1991). S eco n d ly , m tD N A  RFLP s tu d ie s  a m o n g  b ro w n  
tro u t p o p u la t io n s  o f n o r th e r n  E u ro p e  re v e a le d  sev e ra l, 
a lth o u g h  v e n r s lig h tly  d if fe re n tia te d , m tD N A  g e n o ty p e s  
w h ile  th e  p re s e n t  s tu d y  re v e a le d  m o n o m o rp h ism  acro ss 
th e  A tlan tic  b a s in . T h ird ly , in te rsp e c if ic  c o m p a r is o n  w ith  
a n o th e r  se q u e n c e  a n a ly s is  (M cV eigh  et al. 1991), a n d  a n  
RFLP s tu d y  (G y llen s te n  & W ilso n  1987) w e re  h ig h ly  
c o n g ru e n t .  F o r in s ta n c e , d iv e rg e n c e  v a lu e s  b e tw e e n  S. 
tru tta  a n d  S. salar e s t im a te d  in  th e  p r e s e n t  s tu d y  (5.44 -  
6.44% ) w e re  o n ly  s lig h tly  h ig h e r  th a n  th o se  o b se rv e d  in  
an  a n a ly s is  of th e  c y to c h ro m e  b g e n e  (ran g e ; 4 .8 0  -  5.40% ) 
a n d  b asica lly  id e n tic a l to RFLP a n a ly s is  (6 .18 -  6.52% ). 
S im ila rly , c o m p a ra b le  d iv e rg e n c e  e s t im a te s  w e re  o b ­
se rv e d  in  th e  c o n tro l re g io n  se q u e n c e  (L. B e m a tch e z , 
u n p u b l.  d a ta )  a n d  RFLP a n a ly s is  b e tw e e n  S. salar an d  th e  
ra in b o w  tro u t,  Oncorhynchus m ykiss  (14.7%  v s. 13.5% ; 
ra n g e  1 3 .1 4 -1 4 .1 9 % ).

A n o th e r  m a jo r  d iffe re n c e  o b se rv e d  b e tw e e n  v a ria tio n  
in  b ro w n  tro u t a n d  m a m m a l m ito c h o n d r ia l  c o n tro l 
re g io n s , a n d  in m tD N A  c o d in g  re g io n s , is in  th e  n a tu re  of 
n u c le o tid e  su b s titu tio n s . It h a s  b e e n  g e n e ra lly  o b se rv ed  
th a t t ra n s itio n s  g re a tly  o u tn u m b e r  t r a n s v e rs io n s  (ra tio  
10:1) a t th e  in tra sp ec if ic  lev e l in  th e  m a m m a lia n  D -loop 
(V ig ilan t et al. 1989; T h o m a s  et a!. 1990) a n d  in  c o d in g  
re g io n s  o f m am m als , b ird s , a n d  fish  (B eck en b ach , 
T h o m a s  & S o h rab  1990; C a rr  & M a rsh a ll 1991; S m ith  &
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P a tto n  1991; B irt-F rie sen  el al. 1992). A lth o u g h  t r a n ­
sitio n a l e v e n ts  o u tn u m b e re d  t r a n s v e rs io n s  in th is  s tu d y , 
3 m u ch  lo w e r  ra tio  w a s  o b se rv e d  (17:6). T h is su g g e s ts  
th a t  fu n d a m e n ta l  d if fe re n c e s  in  p a t te rn s  o f m u ta tio n , 
fu n c tio n a l a n d  s tru c tu ra l  c o n s tra in ts  m a y  ex ist b e tw e e n  
th e  c o n tro l re g io n s  o f  fish  a n d  m am m als .

P hylogeographic assem blages

T he goal o f  th is  s tu d y  w a s  n o t to p r e s e n t  a n  o v erall a n d  
c o m p re h e n s iv e  p h y lo g e o g ra p h ic  su rv e y  o f b ro w n  tro u t. 
W h ile  p re v io u s  s tu d ie s  o f g e n e tic  v a r ia tio n  in S. trutta  
c o n c e n tra te d  o n  sp ec ific  g e o g ra p h ic  re g io n s , w e  w a n ted  
to  p ro v id e  a f irs t  a s s e s s m e n t  o f p h y lo g e n e tic  re la tio n ­
s h ip s  b e tw e e n  w id e ly  re m o te  p o p u la t io n s .  H o w ev e r, 
m a n y  fac to rs  c o u ld  lim it th e  u s e fu ln e s s  o f su c h  a n  
a p p ro a c h . F irs t, th e  re la tiv e ly  lo w  n u m b e r  o f p o p u la tio n s  
s a m p le d  a n d  th e  p a r tia l  c o v e ra g e  o f th e  w id e  n a tu ra l 
g e o g ra p h ic  d is t r ib u t io n  of b ro w n  t ro u t  c o u ld  lead  to an  
u n d e re s t im a t io n  o f th e  ex is tin g  d iv e rs ity . S eco n d ly , 
E u ro p e a n  t r o u t  p o p u la t io n s  h a v e  b e e n  ex ten siv e ly  
s to c k ed  a n d  m ix e d  o v e r  c e n tu r ie s , th e re fo re  d e c re a s in g  
th e  p o ss ib ility  o f  d e te c t in g  p h y lo g e n e tic  s ig n a ls  a m o n g  
p o p u la t io n s .  D e sp ite  th e s e  p o te n tia l  l im ita tio n s , th e  
p r e s e n t  s tu d y  re v e a le d  th a t th e  b ro w n  tro u t re p re s e n ts  
o n e  o f  th e  m o s t  g e n e tic a lly  s tru c tu re d  a n im a l sp ec ie s  
s tu d ie d  to  d a te . T h e  N st v a lu e  o f 0 .76 o b se rv e d  b e tw e e n  
p o p u la t io n s  is h ig h e r  th a n  a n y  o th e r  e s t im a te s  re p o rte d  
fo r  v a r io u s  g r o u p s  o f in v e r te b ra te s  a n d  v e r te b ra te s  (ran g e  
0.Û 3-0.75; c o m p ile d  in  L y n c h  & C re a se  1990; T able  4, 
p . 391).

T h e  p re s e n t  s tu d y  re v e a le d  th e  e x is te n c e  o f five h ig h ly  
d if fe re n tia te d  m tD N A  p h y lo g e n e tic  g ro u p s .  B ased  on  
s e q u e n c e  d iv e rg e n c e  e s t im a te s ,  th o se  g ro u p s  m u s t h av e  
d iv e rg e d  fro m  a c o m m o n  a n c e s to r  lo n g  a g o , m u c h  b e fo re  
th e  la s t g lac ia tio n  e v e n t  th a t  p e a k e d  so m e  18 000 y ears  
a g o . A p p lic a t io n  o f th e  2% se q u e n c e  d iv e rg e n ce  p e r  
m illio n  y e a r  m o le c u la r  c lock  (B ro w n , G e o rg e  & W ilso n  
1979) w o u ld  s u g g e s t  th a t  th e y  d iv e rg e d  in  th e  o rd e r  of 
4 5 0 0 0 0 -7 0 0  000 y e a rs  a g o . H o w e v e r , th is  e s tim a te  m u s t 
b e  c o n s id e re d  a s  m in im a l, b e c a u se  if th e  ra te  o f e v o lu tio n  
in  p o ik ilo th e rm  v e r te b ra te s  d iffe rs  f ro m  th a t  of h ig h e r  
v e r te b ra te s ,  it  is p ro b a b ly  lo w e r  th a n  2%  (K ocher et al. 
1989). In  c o n tra s t  to  th e  u n a m b ig u o u s  p h y lo g e n e tic  
g ro u p s  o b s e rv e d , th e ir  b ra n c h in g  p a t te rn  re m a in e d  u n ­
re so lv e d , la rg e ly  d u e  to  th e  n u ll o r  v e ry  sm a ll in te rn o d e  
b ra n c h - le n g th s  o b s e rv e d  in  th e  m o le c u la r  tree s . T h is 
s u g g e s ts  th a t  iso la tio n  o f all g ro u p s  o c c u rre d  a t sim ila r 
g e o lo g ic a l tim e s .

T h e  h ig h  lev e l o f  g e o g ra p h ic  d is c o n tin u ity  b e tw e e n  th e  
five  m tD N A  g r o u p s  is c o n s is te n t  w ith  an  a n c ie n t allo- 
p a tr ic  d iv e rg e n c e  w ith in  s e p a ra te  w a te r s h e d s  fo llo w ed  
b y  lim ite d  n a tu ra l  in te rm ix in g  o v e r  th e  last sev e ra l 
h u n d r e d  th o u s a n d  y e a rs . G ro u p  I w a s  a lm o s t e n tire ly

c o n fin e d  to  th e  M e d i te ra n n e a n  d ra in a g e s  o f France  a n d  is 
in d ic a tiv e  of tro u t p o p u la t io n s  th a t m ay  h a v e  su rv iv e d  in 
th a t  re g io n . G ro u p  11 w a s  m ain lv  fo u n d  in  th e  A d ria tic  
b a s in  b u t  a lso  in C o rs ic a  a n d  h e a d w a te rs  o f a n e a rb y  
M e d ite r ra n n e a n  r iv e r  s y s te m . T h is  su g g e s ts  th a t th e se  
tro u t p o p u la t io n s  o r ig in a te d  in  A d ria tic  d ra in a g e s  a n d  
m ay  s u b s e q u e n t ly  h a v e  c o lo n iz ed  C orsica, an d  a lso  
M e d ite r ra n e a n  d ra in a g e s  bv a n ce stra l h e a d w a te r  c o n ­
n e c tio n s . G ro u p  I w a s  a lso  o b se rv e d  in C orsica  in d ic a tin g  
th a t  th e  is la n d  h a s  b e e n  c o lo n iz ed  by  a t le a s t tw o  v e ry  
d is tin c t lin e a g e s . G ro u p  111 w a s  o n ly  o b se rv ed  in D an u b e  
d ra in a g e s  a n d  in  n e a rb y  A d ria tic  b a s in  h e a d w a te rs  of 
B osn ia  H e rz e g o v in a , in d ic a tin g  th e  ex is ten ce  of a d is tin c t 
g ro u p  o f t ro u t  p o p u la t io n s  in  th a t  reg io n . Both p h y lo ­
g e n e tic  a n a ly se s  s u g g e s t  th a t  g ro u p  III m ay  r e p re se n t  th e  
m o s t  d iv e rg e n t  p h y lo g e n e t ic  g ro u p  a m o n g  th e  p o p u la ­
t io n s  su rv e y e d . G ro u p  V  w a s  co n fin ed  to  th e  A d ria tic  
b a s in  in d ic a tin g  th e  e x is te n c e  o f a t  le a s t a se c o n d  p h y lo ­
g e n e tic  g ro u p  in  th is  re g io n , h ig h ly  d iv e rg e n t  from  g ro u p
II. T h ese  la t te r  tw o  g r o u p s  s h o w e d  a d isc re te  a sso c ia tio n  
w ith  m o rp h o lo g ic a lly  d is t in c t  p o p u la t io n s . F inally , 
g ro u p  IV w a s  b y  fa r th e  m o s t  w id e s p re a d  a n d  w as th e  
o n ly  o n e  o b se rv e d  a c ro ss  all th e  A tlan tic  b a s in . It a lso  
d o m in a te d  in  th e  D a n u b e  b as in  a n d  o b se rv e d  in  so m e  
M e d ite r ra n e a n  p o p u la t io n s .  T h e  la tte r  case  is m o st likely 
th e  r e su lt  o f  s to c k  t ra n s fe rs  a s  g ro u p  IV w a s  o n ly  o b ­
s e rv e d  in  so m e  p o p u la t io n s  k n o w n  to  h a v e  b een  c o n ­
ta m in a te d  b y  d o m e s tic  s tra in s  w h ic h  a p p e a r  to o rig in a te  
ex c lu s iv e ly  fro m  th e  A tla n tic  b a s in  (K rieg  & G u y o m a rd  
1985).

T h e  p re s e n c e  o f  g ro u p  IV in th e  D a n u b e  d ra in a g e  is 
m o re  p ro b le m a tic . Its d o m in a n c e  a m o n g  D a n u b e  p o p u ­
l a t i o n s ,  e v e n  th o se  w ith o u t  re co rd s  of su p p le m e n ta l 
s to c k in g , s u g g e s ts  an  a n c ie n t o rig in  of G ro u p  IV in  th is  
re g io n . Y et o n e  c a n n o t e n tire ly  ru le  o u t u n re c o rd e d  
in tro d u c t io n s  fro m  a n  A tlan tic  so u rce . A lto g e th e r, th e se  
re su lts  s u g g e s t  th a t  g ro u p  IV o rig in a ted  in  e ith e r  th e  
A tlan tic  o r  D a n u b e  d ra in a g e s  a n d  in d ic a te  th a t  it m ay  
h a v e  b e e n  re sp o n s ib le  fo r th e  re co lo n iz a tio n  o f m o s t of 
n o r th e rn  E u ro p e  fo llo w in g  th e  la s t glacial re tre a t. 
H o w e v e r , th e s e  re su lts  d o  n o t  d e n y  th e  h y p o th e s is  th a t  
n o r th -w e s t  E u ro p e  h a s  a lso  b e e n  c o lo n ized  to  a le s se r 
e x te n t by  a s e c o n d  race  p o s tu la te d  fro m  a llo zy m e  d a ta , 
to d a v  c o n f in e d  to  so m e  u p p e r  re ac h es  (H a m ilto n  et al. 
1989), a s  th e  p re s e n t  s tu d y  d id  n o t  co v er su c h  tr ib u ta r ie s .

Levels o f congruence w ith  a llozym e variation

T h e  g e o g ra p h ic  d is tr ib u tio n  o f  m tD N A  diversity-' is c o n ­
g ru e n t  w;i th  p a t te rn s  o f g e n e tic  d iffe re n tia tio n  d e te c te d  in 
e a r lie r  s tu d ie s  o f a llo z y m e  v a ria tio n . F irst, th e  m tD N A  
p h y lo g e n e tic  d is c o n tin u ity  b e tw e e n  A tlan tic  a n d  
M e d i te r r a n n e a n  d ra in a g e s  p a ra lle ls  th e  p a tte rn s  fo u n d  
bv K rieg  & G u y o m a rd  (1985) a n d  G u y o m a rd  (1989) w-hich
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d e m o n s tr a te d  a d ich o to m ic  d iffe re n tia tio n -b e tw e e n  b o th  
b a s in s  in  F ren ch  p o p u la tio n s . B oth  m ito c h o n d r ia l  a n d  
a llo z y m e  a n a ly se s  in d ic a te d  th a t m u lt ip le  co lo n iza tio n  
m a v  h a v e  o ccu red  d u r in g  th e  e v o lu tio n  o f C o rsican  tro u t 
(G u y o m a rd , 1989).

C o n v e rse ly , m a jo r d isc re p a n c ie s  b e tw e e n  m tD N A  a n d  
p ro te in  v a r ia tio n  a n a ly se s  w e re  o b s e rv e d  in  th e  ex ten t of 
b o th  in tra -  a n d  in te r -p o p u la tio n  le v e ls  of g en e tic  v a r i­
a tio n . M o s t p o p u la t io n s  su rv e y e d  in  th is  s tu d y  rev ea led  
lo w  lev e ls  o f in tra p o p u la t io n  d iv e rs ity '. T h is  is p a r ­
tic u la r ly  tru e  for th e  A tlan tic  b a s in  p o p u la t io n s  in  w h ich  
n o  s e q u e n c e  v a r ia tio n  w a s  d e te c te d .  In  c o n tra s t ,  th e se  
p o p u la t io n s  ex h ib ited  h ig h  lev e ls  o f p ro te in  v a ria tio n , 
w i th  an  a v e ra g e  level of h e te ro z y g o s ity  o f  0.047, ra n g in g  
f ro m  0 .0  to  0.122 (G y llen s te n , 1985; F e rg u so n , 1989). 
S im ila rly , s h a rp  d iffe re n ce s  in  a lle le  f re q u e n c ie s , e v en  on  
a sm a ll g e o g ra p h ic  scale, c h a ra c te r iz e d  m a n y  of th o se  
p o p u la t io n s ,  w h e re a s  m o n o m o rp h y  w7as o b se rv ed  in 
m tD N A  se q u e n c e s . L ack  o f c o n g ru e n c e  b e tw e e n  m ito ­
c h o n d r ia l  a n d  n u c le a r  g e n e  p a t te rn s  o f  v a r ia tio n  is to be 
th e o re tic a lly  likely b e ca u se  o f d if fe re n t  m o d e s  of t r a n s ­
m is s io n  a n d  e v o lu tio n , a n d  it h a s  b e e n , in  fact, f req u e n tly  
r e p o r te d  (e .g . W ard , B illin g to n  &  H e b e r t  1989; 
F e rg u so n , D a n z m a n n  & H u tc h in g s  1991).

Lack o f  congruence between gen o typ ic  and  phenotypic  
varia tion

T h e  w e a lth  o f p h e n o ty p ic  v a r ia tio n  o b se rv e d  in  b ro w n  
tro u t  h a s  led  to  tax o n o m ic  re c o g n itio n  o f  n u m e ro u s  g e o ­
g ra p h ic a l  a n d  eco log ica l fo rm s th a t  m o s t  o f te n  tilled  th e  
l i te r a tu re  w ith  v e ry  c o n fu s in g  a n d  in c o n s is te n t  n o m e n ­
c la tu re . I t  h a s  b e e n  c o m m o n  p ra c tic e  t o  re co g n ize  th e  
b asic  eco lo g ica l fo rm s o f S. tru tta , i .e .  a n a d ro m o u s , lacu ­
s tr in e ,  a n d  flu v ia tile  a s  tru tta , lacustris, a n d  fario, re sp e c ­
tiv e ly . D e p e n d in g  o n  a u th o r s h ip s ,  th e s e  n a m e s  h av e  
b e e n  tr e a te d  a s  sp e c ie s , su b s p e c ie s  o r  m o rp h a . H o w e v e r , 
it  h a s  b e e n  su g g e s te d  fo r a lo n g  tim e  th a t  su c h  a c lassifica­
tio n  d o e s  n o t  r e p re s e n t  a n a tu ra l  a s se m b la g e  re su ltin g  
fro m  a  m o n o p h y le tic  d iv e rg e n c e  (e .g . N iim a n n  1967; 
B e h n k e  1972). T h is h a s  a lso  b e e n  c lea rly  d e m o n s tra te d  by 
p ro te in  v a r ia tio n  a n a ly se s  (e .g . G u y o m a rd  et al. 1984; 
H in d a r  et al. 1991). T h e  p r e s e n t  s tu d y  c o rro b o ra te s  th o se  
o b s e rv a tio n s .  C learly , d is tin c t eco lo g ica l m o rp h s  o f tro u t 
a re  e x p re s s e d  in d e p e n d e n t ly  in  m a n y  iso la te d  d ra in a g e s .

H o w e v e r ,  th e  sy s te m a tic s  a n d  p h y lo g e n e tic  s ta tu s  of 
g e o g ra p h ic a l  fo rm s re m a in e d  p re t ty  m u c h  u n re so lv e d . 
B ased  o n  th e  e x te n t o f m o rp h o lo g ic a l d if fe re n tia tio n , an d  
a g a in  d e p e n d in g  o n  a u th o r s h ip s ,  v a r io u s -g e o g ra p h ic a l 
v a r ia n ts  h a v e  b e e n  re c o g n iz e d  e i th e r  a s  fu ll sp ec ies , 
s u b s p e c ie s  o r  m o rp h a , v e t it is w id e ly  a c k o w le d g e d  th a t 
th e  u t il i ty  o f  m o rp h o lo g ic a l c r ite ria  c lass ica lly  u s e d  in 
a s s e s s in g  p h y lo g e n e tic  r e la tio n s h ip s  i n  s a lm o n id s , su c h  
a s  m e ris tic  c o u n ts  o r c o lo ra tio n , is  h a m p e r e d  bv  th e ir

-  -V -W Æ Ï.S , 
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p h e n o ty p ic  p la s tic ity  (A llen d o rf, R v m an  & U tte r  1987)
T h e  p re se n t  s tu d y  c o rro b o ra te s  th is  v ie w  a n d  casts 
d o u b ts  o n  th e  u s e fu ln e s s  of d if fe re n t  h ie ra rch ic a l taxo­
n o m ic  re c o g n itio n  b a se d  so le ly  on  m o rp h o lo g ica l 
p a tte rn s .

F or in s tan c e , th e  full r a n g e  o f m tD N A  p h y lo g en e tic  
d isc o n tin u ity  d e sc rib e d  in  th is  s tu d y  w a s  o b se rv ed  
a m o n g  fluv ia tile  t r o u t  p o p u la t io n s  sa m p le d  in  d iffe ren t 
d ra in a g e s , b u t r e p re s e n t in g  th e  s in g le  m o rp h  fario based  
o n  m o rp h o lo g ic a l sim ila rities . In  c o n tra s t ,  n o n e  of th e  
m o s t m o rp h o lo g ic a lly  d is tin c t p o p u la t io n s  tre a te d  he re  
e x ce ed e d  leve ls o f  d iv e rg e n c e  o b se rv e d  w ith in  fario.
B ased  o n  its  h ig h  m o rp h o lo g ic a l d is tin c tiv e n e s s , th e  
m arb le  t ro u t,  S. marm oratus, h a s  b e e n  h y p o th e s iz e d  to 
r e p re s e n t  th e  e a r lie s t  b ra n c h in g  in th e  S. tru tta  com plex  
(e .g . B eh n k e  1968). T he p r e s e n t  re su lts  fu lly  su p p o r t  the 
ev o lu tionär),' d is tin c tiv e n e s s  o f  marmoratus by  in d ic a tin g  
i ts  a n c ie n t m o n o p h y le tic  d iv e rg e n c e . H o w e v e r , its  
b ra n c h in g  d o e s  n o t  a p p e a r  to  b e  e a r lie r  th a n  th a t  of a n y  
o th e r  p h y lo g e n e tic  g ro u p in g s  id e n tif ie d . O u r  re su l ts  also 
in d ic a te d  a m u c h  m o re  r e c e n t  d iv e rg e n c e  o f th e  o th e r  
m o rp h o lo g ic a lly  d if fe re n tia te d  p o p u la t io n s ,  i .e . letnica, 
carpio a n d  macrostigma. T h is  e m p h a s iz e s  th e  im p o rta n c e  
o f c o n s id e r in g  b o th  g e n e tic  a n d  m o rp h o lo g ic a l an a ly se s 
to  b e tte r  u n d e r s ta n d  th e  ro le  o f  d iffe re n t e v o lu tio n a ry  
fo rces in  sh a p in g  p a t te rn s  o f o rg a n is m a l e v o lu tio n .

A c k n o w l e d g m e n t s

T h e  a u th o r s  a re  in d e b te d  to  th e  n u m e ro u s  co lla b o ra to rs  
th a t  k in d ly  p ro v id e d  u s  w i th  t is su e  sa m p le s :  D. 
B e au d o u x , O . E n d e rle in , G . F o rn e r is , D. G e rd a u x , R. 
G ia n n a te lli, N . H ris to v sk i, M . L u cz y n sk i, I, P. M u n iz , B 
R o ch é, C. R hu lé , ]. S c h o ffm a n n , a n d  J. V o s tra d ro v sk y .
W e  a lso  th a n k  S. J o h a n s e n  fo r  h is  h e lp  in  ch o o sin g  
p r im e rs . L.B. is a lso  g ra te fu l to  R. M a z a rt ,  P. G arcia , a n d  
L. D e sp ré s  fo r th e ir tech n ica l a s s is ta n c e , a n d  to  M . G iroux  
fo r th e  re a liza tio n  o f F ig .4. T h e  p a p e r  w a s  im p ro v e d  by 
c o m m e n ts  fro m  B. K lo n k le . T h is  s tu d y  w a s  f in a n c e d  by a 
re se a rc h  g ra n t  to R .G . a n d  F.B. fro m  th e  B u reau  d es 
R e sso u rc es  G é n é tiq u es , M in is tè re  d e  la R e c h e rc h e  e t d e  la 
T ec h n o lo g ie  (F rance). L.B. w 'as s u p p o r te d  by  N SER C  
(C a n ad a ) a n d  A U PELF (F ra n c e -C a n a d a )  fe llo w sh ip s .
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