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A llozym e variation in turbot ( P se tta  m ax im a)  and brill 
(Scophthalm us rhom bus)  (O steich th yes, P leuronectoform es, 

Scophthalm idae) throughout their range in Europe

A .  B i .a n q u b r * ,  J . - P .  A i .a y s i  t ,  O .  B i r r a d a - R k u a m i í  a n d  P .  B h u i u : B I * §

*L a b o ra to ire  d e  ( ic n c li tp tc  d e  I I n s t i tu t  d e s  S c ie n c e s  d e  P e v o lu t io n  ( C  R A J 2 7 - C N  R S  I , 
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B  P  III 14. R a h u l . M o r o c c o

(R e c e iv e d J  O c to b e r  1991 . A c c e p te d 2 0  M a r c h  1 9 9 2 )

Two sp ec ie s  o f  c o a s ta l  lla llis li  (h u l l  and  tu rb o t. S c o p h th a lm id a e )  w ere a n a ly sed  e lc c tm p h o rc ii-  
c a llj  a í U c o m i i io n c i i /y  m a lic  lo c i iii s a m p le s  la k e n  fro m  1 1 s i i c .  rep resen im g  th e  s p e c ie s  ra n g es  in 
I in o p e  Drill sh o w e d  a m ean  h e ter o z y g o s ity  ( / / )  o f t )  II w h ile  that o f  tui h o i w a s 0  0 2 . I lie v irtu al 
absence o l g en e tic  d iv e is ilv  in tu rb ot is pi o b a  hi y d u e  lo  a  v e iy  lo w  cv o lu tio n a i y ra le , a n d  pros ides  
lit I le ex id en ee  lo i p o p u la t io n  su b s l i uci tire ev en  i f  v a r io u s s ig n s  i ild ica  le  I h e  p o -s i b ilii y o f  a h id d en  
d illc r c iilin iio n  (p ie s e n c e  <>l th e la v o u  i i i , m i i i , n  i i i  lile  liln ck  Sea a n d  d i i lc ie n i i .u io n  o f  a  sp ec ie s-  
specilic c c s lm le  p a ia s ilc  o n  e ilt ie i s id e  o l ih e  Stra it o l  < i ib ia ll .u  I 1 In th e o lh o i han d , th e w eak  
g e o g ia p h n  s lr u c lu r e  i i i  b u ll  s e em s lo  resu lt l io m  i.ip n l le c o lo n i /a l io n  lo llo w m g  I lie last ice  age

Key w ords- g e n e tic  d iv ers ity , p a le o h is io r ic  m ig ra tio n s: a l lo /y m c s :  m a rin e  b io g eo g ra p h y ;  
S c o p h lh a lm iila e . n u m en , u la x o n .

I. INTR ODUCTION

T u r b o t ,  P s e t ta  m a x im a  ( L i n n a e u s ,  175X) S w a i n s o n ,  a n d  b r i l l .  S c o p h th a lm u s  
rhom bus  ( L i n n a e u s ,  I75X) R a f i n e s q u e ,  h a v e  v e r y  s i m i l a r  m o r p h o l o g i e s .  A n  
im m e d ia te  c r i t e r i o n  o f  d i s t i n c t i o n  is t h e  p r e s e n c e  o r  a b s e n c e  o f  b o n y  t u b e r c l e s ,  
which a r c  s c a t t e r e d  o v e r  t h e  t o p o f l u r b o l  ( Q u e r o ,  1984)  a n d  a  r e  a b s e n t  in  br i l l .  T h e  

two spec ies  a r e  s y m p a  I l i e  o v e r  a l a r g e  p o r t i o n  o f  t h e i r  r a n g e ,  i.e.  t h e  A t l a n t i c  c o a s l s  
f rom N o r w a y  t o  M o r o c c o  ( o n l y  t u r b o t  o c c u r  in  M o r o c c o ) ,  a n d  t h e  n o r t h e r n  c o a s t s  
o f  the  M e d i t e r r a n e a n ,  b e c o m i n g  r a r e  in  t h e  e a s t e r n  b a s in .  In  t h e  B la c k  S e a ,  P. 
m a x im a  ls r e p l a c e d  b y  P. m a o c t ic a  ( P a l l a s .  181 I ) B o n a p a r t e ,  w h i c h  is  a l s o  f o u n d  in 
tile e a s t e r n  M e d i t e r r a n e a n  ( N o r m a n ,  1934) .  I t  s h o u l d  b e  n o t e d  t h a t ,  a l t h o u g h  
m any  a u t h o r s  r a i s e  t h e  l a t t e r  t a x o n  to  t h e  r a n k  o f  s p e c i e s ,  T o r t o n e s e  ( 1971 ) c o n ­
siders it t o  be  a  s u b s p e c i e s :  P. m a x im a  m a o c t ic a .  T h i s  t a x o n  is c h a r a c t e r i z e d  by  
b o n y  t u b e r c l e s  t h a t  a r e  l a r g e r  a n d  m o r e  a b u n d a n t .

D u r in g  a  g e n e t i c  s t u d y  o f  a l l o z y m e s  in c c s t o d e  p a r a s i t e s  sp e c i f i c  t o  t h e s e  t w o  
species, R e n a u d  c l  al. ( 1986) d e m o n s t r a t e d  t h a t  B o th r io c e p h a lu s  g r e g a r iu s ,  a  p a r a ­
site o f  t h e  t u r b o t ,  s h o w s  c o n s i d e r a b l e  d i f f e r e n t i a t i o n  b e t w e e n  th e  A t l a n t i c  a n d  th e  
M e d i te r r a n e a n .  T h e  t w o  f o r m s  s e p a r a t e  in s o u t h e r n  P o r t u g a l  ( b e t w e e n  L i s b o n  
and  H aro ) ,  w h e r e a s  t h e  b r i ll  p a r a s i t e ,  B. b a r b a tu s  is i d e n t i c a l  f r o m  th e  H ng l ish  
C h a n n e l  l o  t h e  M e d i l e t  r a n e a n .

¡¡Author lo  w h o m  c o r re sp o n d en ce  sh o u ld  b e  ad d ressed
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i-.iv.li i-1 ul -«amples.

1 lie o b j e c t i v e  o f  tl ie  p r e s e n t  s t u d y  w a s  t o  a n a l y s e  a l l o / y i n e  v a r i a t i o n  in t h e  tw o  
s p e e i e s  b \  e l e c t r o p h o r e s i s  o f  e n z y m e s  f r o m  t u r b o t  a n d  br i ll  c a p t u r e d  o v e r  t h e i r  
w h o l e  r a n a e  ( F i g .  I). W e  c o m p a r e  i n t e r s p c c i l i e  g e n e t i c  v a r i a b i l i t y  a n d  a n a l y s e  
g e o g r a p h i c  d i f f e r e n t i a t i o n  in  e a c h  o f  t h e  sp e c ie s .  A n  a d d i t i o n a l  o b j e c t i v e  ol ' t h e  
s t u d y  w a s  t o  d e t e r m i n e  w h e t h e r  e n / y m e  m a i  k e r s  c o r r o b o r a t e  t h e  p a r a s i t o l o g i c a l  

m a i  k e r s .

II. M A TERIALS ANI) M E T H O D S
I ish w ere i  a l ight  by  b o t to m  t rn w l in g a l  I I s i t e s o n  the A i la in ie a iu t  M e d i te r r a n e a n  coas ts  

( I ig 11 a n d  were  e i th e r  f rozen w ho le  a n d  t ran sfe r red  to  the  l a b o ra to ry  o r  dissec ted  a t  the 
site an d  lile o rg a n s  w ere t r a n s p o r te d  lo  the  l a b o r a to ry  in l iquid  n it rogen .

According, to  c lassical t a x o n o m ic  cr i ter ia  based  on  m o rp h o lo g y ,  the  tu r b o t  specim ens 
f rom  the  Aegean Sea be longed  lo  the  tax o n  n n io c llm . All the o th e r s  were classif ied as 
I', n ia  \  ¡ i i i , i.

I he gen e t i f  s tu d y  w as  ca r r ied  o u t  on  skeletal m usc le  and  liver  ex trac ts  using  s ta rch  gel 
1 1 2" « ) e lec trophore s is  a d a p te d  I ro m  the  m e th o d s  o f  Schulder  c i a!. ( 1979) a n d  P as te u r  ci ul. 
( l* 's?)  l i i /y m e  loei a re  descr ibed  here us ing  the  Shak lee  < / ul. (1990)  n o m e n c la tu re .  In 
b o th  species, r e fe tenee  alle le  100 d es igna tes ,  by  c o n v e n t io n ,  the  m o s t  f reque n t  e lec l ro m o rp l i  
iii tu rbo t  f a b le  I sh o w s the  en zy m es  s tu d ied  a n d  the b u l lé is  used.

I lei t r o p h o re m  d a t a  were ana lysed  using classical p a ram e te r s ,  i.e he te rozygosi ty  I I  and  
e n /y m . i ln  p o ly m o rp h ism  / ’. Nei d is tan c es  (1972) were ca lcu la ted  within a n d  between 
species, a n d  the results  a re  given in the  fo rm  o f  a d e n d r o g ra m  c o n s t ru c te d  acco rd in g  lo the 
m e th o d  ol Si lea lii Si Sokal  ( 197.1).
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I ahi  i- I. Q u a l i ta t iv e  de sc r ip t ion  o f  the I 7 enzym at ic  loci analysed

lin zy m e nam e H.C. Loci O rg a n s  o f  
analys is

Buffers
used

T u rb o t /
brill

d iagnos tic

Aspartate ■>.6.1.1. A A T -1 * M uscle  and Poulik. 1/2
am inotransferase

A A T -2*
liver 
M uscle Poulik 1/2

A A T S * 1 iver Poulik 1/2 *
Acid p hospha tase 3.1.3.2. A C T * 1 .iver P C  6 3 *
Alcohol I . l . l . l . A D I I * 1 .iver Poulik 1/2 *
dehydrogenase
Creatine kinase 2.7.3.2. CK* M uscle Poulik 1/2
Alpha glycero 1.1.1.8. a d P D ii* M uscle I M F  6-9
phosphate
dehydrogenase
(ilucosc 6 -phospha te 5.3.1.9. a n - 1* M uscle Poulik 1/2
isomerase 0 7 7 -2 * M uscle a n d Poulik 1/2

liver
Isocitrate 1.1.1.42. / / ) / / - / * M uscle r e  8-0
dehydrogenase 11)11-2* 1 .iver T C  8 0
Lactate 1.1.1.27. I .D II* Muscle T C 8 - 0 *
dehydrogenase
Malaie 1.1.1.37. M  D ll* M uscle K '  8-0
dehydrogenase
Malic enzyme 1.1.1.40. M U -2* M uscle I M F  6-9
ft-Phosphogluconalc 1.1.1.44. a  r a n  ¡i* Liver T C  8-0
dehydrogenase
I 'hosphoglueomutase 5.4.2.2. P G M * M uscle and  

liver
Poulik 1/2

Superoxide disimilase 1.15.1.1. s o n * 1 .iver Poulik 1/2

Huilers: P o u lik  I 2: IH s u| ' b o r ic  a c id . 2 4  gl 1 N a O H . p H  8-2  for th e e ic e l i o d e s ;  2-3 g l 1 l í is. (> 27 j>l 1 
citric acid , p i  I X-7 fo r  the- gel.

PC 6-3: 4 4  I g l ' ti iso ilie  c itr a te . 37 4 iii 1 d ih y d r o g c n a tcd  m o n o s o d ic  p h o sp h a te , p H  ft 3 fo r  the  
electrodes: id en tica l h u llet d ilu ted  4(1 fo ld  fo r  the gel.

IM I:ft-9 : l2  I gl 1 1 1 is. 9 S gl 1 n ia lc ie  a n h y d r id e . 3-7 gl ' I :D T A .2 g l  1 M g ('!2 . p H  ft-9 fo r  I ho e lect io d e s:  
ulcniical In iller  d ilu te d  l() -lo ld  lo i  th e  goi  

ICH 0: 75 ft i:l I rís, 30  gl ' c itric a c id , p i I X-0 for th e  e lec l io d e s: id en tica l h u iler  d ilu ted  30-fo ld  for the gel.

' The allelic frequencies  ( in te r-sam ple  c o m p a r iso n s )  a n d  the  g eno typ ic  frequencies 
ipanmixia)  w e re  c o m p a r e d  by  / •  tests, t hese w ere  p e r fo rm e d  u s in g  the  fo llow ing eon- 
\ cillions in the case o f  an  expected  n u m b e r  less t h a n  5: if  th e  difference between expected 
.md observed n u m b e rs  w as  not s ignificant,  th is  result  w as  accepted .  I f  the  test show ed  a 
significant heterogeneity ,  it w a s  repea led  by  p o o l in g  the  less f reque n t  alleles. I f  t h e / ’’ test 
was for a squa re  m atr ix  7 x 2 in w hich one  o r  m o re  expected  n u m b e r  was less than  5, Y a te s ’ 
correction was app l ied  (I I el lor. I96X, a d a p te d  from  Y ates ,  1934).

C orrespondence  ana lys is  w a s  ca r r ied  o u t  a c c o rd in g  t o  the  m e th o d  o f  Benzécri (1973) 
using the BIOM  I C O  p ro g ra m  ( l .eb re io n  c l ul., 1990) w ith  the m odif ica tions  described by 
She d a l  ( I98X). T h is  analys is  m ak es  it poss ible  to  represen t  in d iv idua ls  on  different planes 
of  ¡i m ult id im ensional  sp a ce  a c c o rd in g  to  the  set o f  al lel ic variables.  F a c h  allele was  coded  
.is follows: 0 -  indiv idual  wuthoui the allele, 1 -- ind iv idual  with the allele in a he te rozygous  
stale, and  2 — individual  with the allele in a h o m o z y g o u s  sta te .  T h u s ,  the re  a re  as  m any  
(.niables as  there a r e  alleles.

Only individuals  cha rac te r ized  at all enzym e  loci w ere used in the analysis.
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UI. RESULTS

F .N Z Y M E  P O L Y M O R P H I S M S

T h i r t e e n  e n z y m e  s y s t e m s  c o r r e s p o n d i n g  t o  17 lo c i  w e r e  i n t e r p r e t e d  in  b o t h  
specie.-. ( T a b l e  1). F o u r  o f  t h e s e  w e r e  f o u n d  t o  b e  d i a g n o s t i c  f o r  t h e  t w o  sp e c i e s ,  i.e.

A  A  T - 3 * . A  C P * ;  A D H *  a n d  L D H *  ( T a b l e  II) .
I n  t u r b o t  o n l y  s ix  p o l y m o r p h i c  lo c i  (A D H *, C K * . a - G P D H *, G P 1 -2 * ,  I D H - 2 * 

a n d  P G M * )  w e r e  found, o u t  o f  t h e  17 a n a l y s e d .  T h e  p e r c e n t a g e  o f  p o l y m o r p h i s m  
f o r  t h e  s p e c i e s  w a s  P  =  2 7 %  ( c r i t e r i o n  0 -9 5 )  a n d  t h e  h e t e r o z y g o s i t y  w a s  H  =  0  0 1 9 .  
Br i l l  s h o w e d  10 p o l y m o r p h i c  lo c i  (A  A T - 1 *. A A T - 2 * .  A A T - 3 *, A D H * ,  a - G P D H * ,
G  P I-1 * . I D H - 2 * .  M D H *, P G M *  a n d  S O D * )  w i t h  a  p o l y m o r p h i s m  r a t e  o f  4 4 %

a n d  h e t e r o z y g o s i t y  o f  0 -107 .

P A N M I X I A

T e s t s  o f  s i g n i f i c a n c e  o n  t h e  d i v e r g e n c e  f r o m  H a r d y  - W e i n b e r g  e q u i l i b r i u m  w e r e  
p e r f o r m e d  f o l l o w i n g  t h e  a b o v e  c o n v e n t i o n s .  In  al l  t h e  s a m p l e s ,  n o  s ig n i f i c a n t  
d e v i a t i o n  f r o m  t h e  e x p e c t e d  p r o p o r t i o n s  o f  g e n o t y p e s  w e r e  o b s e r v e d

G E N E T I C  D I S T A N C E S  ( T A B L E  III)

T h e  U P G M A  d e n d r o g r a m  ( F i g .  2)  c l e a r l y  c o n f i r m e d  t h e  d i f f e r e n c e  in  h e t e r o ­
z y g o s i t y  s e p a r a t i n g  t h e  t w o  sp e c ie s .  A l t h o u g h  t u r b o t  a n d  b r i l l  w e r e  w e l l  d i f f e r ­
e n t i a t e d  f r o m  o n e  a n o t h e r ,  n o  i m p o r t a n t  d i f f e r e n c e  c a n  b e  s e e n  w i t h i n  e a c h  sp e c ie s ,  
e v e n  in  t h e  t a x o n  m a o e t ic a  w h o s e  d i s t a n c e  f r o m  t h e  o t h e r  f o r m  w a s  p r a c t i c a l l y  z e r o  

( 0 0 0 2  <  / )  < 0 0 0 3 ) .

C O M P A R I S O N S  B E T W E E N  S A M P L E S

In  v ie w  o f  t h e  s m a l l  s iz e  o f  s o m e  s a m p l e s ,  g e o g r a p h i c a l l y  n e i g h b o u r i n g  s a m p l e s  
w e r e  p o o l e d :  N o r t h  A t l a n t i c  c o a s t s :  K . A T T  +  N O R D  +  H O L L  ( t o t a l  o f  25  b r i ll  
a n d  29  t u r b o t ) ;  W e s t  A t l a n t i c  c o a s t s :  B R E T + B I A R  +  P O R T  (1 4  b r i l l  a n d  52 
t u r b o t ) ;  W e s t  M e d i t e r r a n e a n  c o a s t s :  E B R E + L I O N  +  A D R I  (78  b r i l l  a n d  68 
t u r b o t ) .  T hese  p o o l e d  s a m p l e s  t h e m s e l v e s  s h o w e d  n o  h e t e r o g e n e i t y .  T h e  t u r b o t  
s a m p l e s  E G E E  a n d  M A R O  w e r e  t o o  i s o l a t e d  t o  b e  g r o u p e d .

T h e  y 1 t e s t s  w e r e  p e r f o r m e d  u s i n g  t h e  g r o u p e d  s a m p l e s  ( T a b l e  IV )  a n d  w e a k  
g e o g r a p h i c  s t r u c t u r e  a p p e a r e d  a t  s o m e  loc i :  in  t u r b o t ,  p a i r s  o f  c o m p a r i s o n s  i n c l u d ­
i n g  E G E E  w e r e  g e n e r a l l y  s i g n i f i c a n t l y  h e t e r o g e n e o u s  a t  t h e  I D H -2 *  l o c u s ,  s h o w i n g  
t h e  o n l y  s t r u c t u r e  g i v e n  t h e  l o w  p o l y m o r p h i s m  o f  t h e  s p e c i e s ;  in  b r i l l ,  f o u r  
t e s ts  w e r e  s ig n i f i c a n t  o u t  o f  a  t o t a l  o f  23  ( 1 7 % ) .  It s h o w s  a  w e a k  d i f f e r e n t i a t i o n  
o f  t h e  M e d i t e r r a n e a n  r e g i o n  a n d  h o m o g e n e o u s  p o p u l a t i o n  in  t h e  t w o  A t l a n t i c  

r e g io n s .
I

C O R R E S P O N D E N C E  A N A L Y S IS

In  t u r b o t ,  t h e  f ive  p o l y m o r p h i c  loc i  w e r e  u se d  f o r  c o r r e s p o n d e n c e  a n a l y s i s  
e n c o m p a s s i n g  14 v a r i a b l e s  ( i .e .  a l l e le s )  a n d  164 i n d i v i d u a l s .  In  t h e  p r o j e c t i o n  o f  
i n d i v i d u a l s  o n  t h e  p r i n c i p a l  p l a n e  ( a x e s  1 a n d  2 0 )  m o s t  c l u s t e r e d  in  t h e  c e n t r a l  z o n e .  
T h i s  i n c l u d e d  f ish  f r o m  t h e  G r e e k  p o p u l a t i o n  { m a o e t ic a ) ,  e v e n  t h o u g h  t h a t  p o p u ­
l a t i o n  h a d  o n l y  a l l e le  8 0  a t  l o c u s  I D H -2 *  a t  a  f r e q u e n c y  o f  0 -20 .  N o  s t r u c t u r e  c o u l d
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be  f o u n d ,  b u t  t h e  l o w  level a n d  n u m b e r  o f  d e t e c t a b l e  p o l y m o r p h i s m s  d e p r i v e d  u s  o f  
a n  a d e q u a t e  t o o l  f o r  a n a l y s i s .  -  >

A l t h o u g h  t h e  h e t e r o z y g o s i t y  o f  b r i l l  w a s  five t i m e s  h i g h e r  t h a n  t h a t  o f  t u r b o t ,  n o  
d i f f e r e n t i a t i o n  c o u l d  b e  f o u n d  o n  t h e  m a i n  ax es .

IV. DISCUSSION

V A R IA T IO N  B E T W E E N  S P E C IE S

V a r i o u s  h y p o t h e s e s  h a v e  b e e n  p r o p o s e d  in t h e  l i t e r a t u r e  t o  e x p l a i n  d i f f e r e n c e s  in 
, p o l y m o r p h i s m s  b e t w e e n  s p e c i e s ,  a s  o b s e r v e d  h e r e  b e t w e e n  t u r b o t  a n d  br i l l .  T h e y  

in c lu d e  d i f f e r e n c e s  in  t h e  s e a s o n a l  a s p e c t  o f  t h e  f o o d  s u p p l y  ( A y a l a ,  1975; 
Ip®:'1 V a le n t in e  e t  a l .,  1976) ,  h e t e r o g e n e i t y  o f  t h e  e n v i r o n m e n t  (Lev ins ,-  1968) .  p o p u -  
Vv' l a t i o n  s iz es  ( N e i  e t  u i .  1975)  a n d  m o d e  o f  r e p r o d u c t i o n .  H o w e v e r ,  a s  t u r b o t  a n d

brill h a v e  e s s e n t i a l l y  t h e  s a m e  f e e d i n g  h a b i t s  a n d  live s y m p a t r i c a l l y  o v e r  v a s t  
¡ V ;. ; g e o g r a p h i c  a r e a s ,  it  is  d i f f i c u l t  t o  u s e  a d a p t a t i o n  a r g u m e n t s .  A l t h o u g h  t h e r e  is a
. ; ç  . d i f fe rence  in  t h e  b e h a v i o u r  o f  b r i l l  in  t h a t  s o m e  y o u n g  i n d i v i d u a l s  e n t e r  l a g o o n s ,
' ‘ tfiis in  i t s e l f  s e e m s  a n  u n l i k e l y  e x p l a n a t i o n  o f  s u c h  a  l a r g e  d i f f e r e n c e  in  t h e  level o f
.. Vji; ' . p o ly m o r p h i s m .

H is to r ic a l  c a u s e s ,  a s s o c i a t e d  w i t h  d r a s t i c  r e d u c t i o n s  in  p o p u l a t i o n s  ( r e c e n t  b o t t l e ­
neck) c a n  g iv e  r ise  t o  l o w  leve ls  o f  p o l y m o r p h i s m  ( N e i  e t  a i ,  1975; C h a k r a b o r t y  Sc 
Nei,  1977). H o w e v e r  e x a m p l e s  o f  t h i s  a r e  r a r e  in  m a r i n e  e n v i r o n m e n t s  s in c e  t h e r e  
a re  few er  e f fe c t iv e  b a r r i e r s  to  m i g r a t i o n  t h a n  in  t h e  c a s e  o f  i n l a n d  a n i m a l s  ( G r a n t  &  
S tah l ,  1988).  j f h c  b o t t l e n e c k  h y p o t h e s i s  h a s  b e e n  p r o p o s e d  b y  G r a n t  Sc S t ä h l  
(1988),  w h o  f o u n d  a  l a r g e  d i f f e r e n c e  in  p o l y m o r p h i s m  b e t w e e n  A t l a n t i c  G a d u s  
m o rh u a  L. a n d  P a c i f i c  c o d  G a d u s  n id c r o c c p lu d u s T ú c s i i i s ,  a n d  b y  K o t u l a s  ( 1 9 9 0 )  t o  
ex p la in  t h e  d e c r e a s e  in  g e n e t i c  d i v e r s i t y  o b s e r v e d  in S o le a  v u lg a r is  in  t h e  A e g e a n  
Sea. H o w e v e r ,  t h e r e  is  n o  r e a s o n  w h y  b r i l l  s h o u l d  n o t  h a v e  u n d e r g o n e  th e  s a m e  
p o p u l a t i o n  r e d u c t i o n .  I f  it d i d ,  it r e m a i n s  t o  b e  e x p l a i n e d  h o w  t h e  l a t t e r  s p e c ie s  

M . .  r eg a in ed  a  h i g h  lev e l  o f  p o l y m o r p h i s m  w h i l e  t h e  t u r b o t  d i d  n o t .
¡¡LT A l t e r n a t i v e l y ,  a  h y p o t h e s i s  b a s e d  o n  i n t r i n s i c  g e n e t i c  m e c h a n i s m s  s u c h  a s  d i f fe r -  

en t  r a t e s  o f  e v o l u t i o n  c a n  a l s o  b e  p r o p o s e d .  P o s s i b l y  th i s  is c o n s i s t e n t  w i t h  t h e  f a c t  
jl'jr that, a l t h o u g h  t h e  t a x o n  m a o e t ic a  s h o w s  c l e a r  m o r p h o l o g i c a l  d i f f e r e n c e s  w h ic h
I m u s t  h a v e  t a k e n  a  l o n g  t i m e  to  a p p e a r ,  i t  h a s  n o t  d i v e r g e d  g e n e r a l l y  w i th  r e g a r d  to
, • b io c h e m ic a l  m a r k e r s ,
h, .
5 j V A R I A T I O N  W I T H I N  S P E C IE S

Í S o in e  s m a l l - s i z e d  s a m p l e s  led u s  to  g r o u p  s a m p l e s  in  l a r g e  r e g i o n s  s u c h  a s  th e  
N o r th  A t l a n t i c  c o a s t s .  W e s t  A t l a n t i c ,  M o r o c c o ,  W e s t  M e d i t e r r a n e a n  a n d  A e g e a n  

u -  Sea. A  w e a k  d i f f e r e n t i a t i o n  w a s  f o u n d  in  b r i ll  a l o n g  E u r o p e a n  c o a s t s ,  th e
; M e d i t e r r a n e a n  r e g i o n  s h o w i n g  f r e q u e n c y  d i v e r g e n c e s  a t  A A T - 2 * .  r / G P D H *  a n d

b: G P I-1*  lo c i  a s  c o m p a r e d  w i t h  t h e  t w o  h o m o g e n e o u s  A t l a n t i c  r e g io n s .

In t u r b o t ,  o n l y  t h o s e  o f  t h e  A e g e a n  S e a  w e r e  d i s t i n g u i s h e d  f r o m  th e  o t h e r s ,  by- 
hav ing  a l le le  8 0  a t  l o c u s  I D H -2 *  a t  a  f r e q u e n c y  o f  0 -2 ,  b u t  t h i s  d i f f e r e n c e  o n l y  g a v e  

: !., rise to  a  n e g l ig ib l e  g e n e t i c  d i s t a n c e  a m o n g  l o c a t i o n s .

W h y  is t h e r e  a  w e a k  g e n e t i c  d i f f e r e n t i a t i o n  in  t u r b o t  a n d  b r i l l  o v e r  s u c h  a  l a r g e  
range? F l a t f i s h e s  o f  t h e  f a m i l i e s  S c o p h t h a l m i d a e  a n d  P l e u r o n e c t i d a e  a r e  c o n ­
sidered t o  b e  o f  n o r t h e r n  o r i g in  ( G r e e n w o o d  e l  u i ,  1973).  T h e  t w o  s p e c i e s  s t u d i e d
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G E N E T I C  S T R U C T U R E  IN S C O  PI IT H A LM ID  FISH

T U R B O T

B R I L L

NORD

H O L L

^  BRET

733

->  M A R O

EGEE

EBRE

K A T T

H O L L

PORT

0 -3 0  0 -2 5  "  0 - 0 5  0-01  0

Fia  2. U P G M A  dendrogram o f  Nei  genei ic distances obtained I ront the 14 sels  o f  samples  analysed.

are s y m p a t r i c  o v e r  m o s t  o f  t h e i r  c u r r e n t  g e o g r a p h i c  r a n g e  ( e x c e p t  o n  t h e  M o r o c c a n  
coasts w h e r e  o n l y  t u r b o t  o c c u r s )  a l l o w i n g  u s  t o  a s s u m e  t h a t  t h e y  p r o b a b l y  u n d e r ­
went the  s a m e  i n t e n s i t y  o f  c l i m a t i c  e v e n t s  a n d  c o n s t r a i n t s  r e l a t e d  t o  ice a g es .  
A c c o rd in g  t o  p a l e o h i s t o r i c a l  h y p o t h e s e s  c o n c e r n i n g  P la t ic h th y s  f l e s u s  L. ( B o r s a  
e tu i.,  1987; B e r r e b i ,  1988) a n d  P . m a x im a  ( R e n a u d  e t a / . ,  1990) ,  t h e  M e d i t e r r a n e a n  
p o p u la t io n s  o r i g i n a t e d  f r o m  a n  A t l a n t i c  p a r e n t  p o p u l a t i o n ,  s u b u n i t s  o f  w h i c h  h a d  
a lready p e n e t r a t e d  t h e  M e d i t e r r a n e a n  d u r i n g  v a r i o u s  c o l d  e p i s o d e s .  T h e  a b s e n c e  
o f  gene t ic  d i f f e r e n t i a t i o n  b e t w e e n  d i s t a n t  A t l a n t i c  p o p u l a t i o n s  c a n  b e  e x p l a i n e d  by  
very ra p id  r e c e n t  s o u t h  n o r t h  r e c o l o n i z a t i o n  ( p o s t - g l a c i a l ) .  T h e  w e a k  d i f f e r e n t i ­
ation b e tw e e n  A t l a n t i c  a n d  M e d i t e r r a n e a n  b r i l l  p o p u l a t i o n s  c o u l d  b e  d u e  t o  a n  
invasion o f  t h e  M e d i t e r r a n e a n  d u r i n g  t h e  l a s t  ice a g e .  E v e n  i f  g e n e  f low  b e t w e e n  
the tw o  a r e a s  w a s  i n t e r r u p t e d ,  t h e  p r o c e s s  h a s  b e e n  t o o  r e c e n t  t o  a l l o w  m u c h  
d if fe ren t ia t ion .
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T able IV. ^ 2-tests be tw een  sam ples

Brill T u rb o t

1/2 1/3 2/3 1/2 1/3 1/4 1/5 2/3 2/4 2/5 3/4

A A T -3* 4- CK* -  N T N T

A A T -2 * N T N T -t- + a C P D II* - -  N T - N T —

A D H * NT N T — C  PI-2* — -  — T — —

a d  P I) II* +  4- — ID H -2* +  4- +  + + — +  -F

C E  1-1* — +  + P G M * - —  _ — -
11)11-2* —
M  D U * - -
P C  M * -
S O I)*

3/5
N T
N T

NT
N'l

In brill, I K.ATT 4 IIOLL (North  Atlantic coasts); 2 - - BR ET  4  PO R T  (West Atlantic); 3 - EURE-t I.ION (\\.
Mediterranean) In turbot, I =  K A T T  +  N O R D  + H O L I .  (North  Atlantic); 2-= B R ET  +  BI AR +  PORT (West Allant*.
3 - 1. ION h- AI )R 11 West Mediterranean); 4  =  EGEE and 5 =  M A R O .

+ : significant ( / ’ <(>-05); +  +  : highly significant (ƒ * <0 -0 1 ); — ; not significant ( / ’ > 0  05); N T  -  not analysed.

A n  a l t e r n a t i v e  h y p o t h e s i s  is  t h a t  t h e  p e r s i s t e n c e  o f  c u r r e n t  g e n e t i c  e x c h a n g e s  h a s  
b e e n  l a r g e  e n o u g h  t o  o p p o s e  t h e  e f fe c t s  o f  g e n e t i c  d r i f t .  In  f i sh es ,  t h e  e x t e n t  o f  
e x c h a n g e  d e p e n d s  o n  t h e  c a p a c i t i e s  o f  a d u l t s  t o  m i g r a t e  a n d  p a r t i c u l a r l y  o n  p a s s iv e  

e x c h a n g e s  d u r i n g  p e l a g i c  s t a g e s .
In  t h e  c a s e  o f  t u r b o t ,  it  s h o u l d  b e  s t r e s s e d  t h a t  a l t h o u g h  g e o g r a p h i c  h o m o g e n e i t y  

a p p e a r s  t o  b e  d e m o n s t r a t e d ,  t h e  l o w  g e n e t i c  d i v e r s i t y  d o e s  n o t  a l l o w  d e f in i t iv e  
c o n f i r m a t i o n  o f  t h e  a b s e n c e  o f  g e o g r a p h i c  d i f f e r e n t i a t i o n  e x c e p t  f o r  t h e  m a o e t ic a  
t a x o n .  O t h e r  m a r k e r s  w o u l d  h a v e  t o  be  u s e d  ( s u c h  a s  m i t o c h o n d r i a l  D N A ) .  
M o r e o v e r ,  t h i s  a b s e n c e  o f  s t r u c t u r e  a p p e a r s  to  c o n f l i c t  w i t h  p a r a s i t o l o g i c a l  
d a t a  o b t a i n e d  b y  R e n a u d  e t  a t. ( 1 986)  a c c o r d i n g  t o  w h i c h  c e s t o d e s  o f  t h e  sp e c ie s  
B o th r io c e p h a lu s  g r e g a r ia s ,  w h i c h  a r e  t u r b o t  p a r a s i t e s ,  s h o w  s ig n i f i c a n t  d i f f e r e n ­
t i a t i o n  in  s o u t h e r n  P o r t u g a l .  T h i s  d i f f e r e n t i a t i o n ,  i n d i c a t i n g  a  b r e a k  in g e n e  f lo w  in 
t h e  p a r a s i t e s ,  is t h u s  n o t  p a r a l l e l l e d  b y  a  s i m i l a r  p h e n o m e n o n  in  t h e  h o s t .  I t s  c a u s e  
is m o r e  l ik e ly  t o  b e  f o u n d  in  v a r i a t i o n s  o f  c l i m a t i c  c o n d i t i o n s ,  p r o d u c i n g  a  local  
i n t e r r u p t i o n  o f  t h e  p a r a s i t e  c y c le  ( s u c h  a s  t h e  a b s e n c e  o f  a n  i n t e r m e d i a t e  h os t ) ,  
w h i c h  s e p a r a t e s  t h e  p a r a s i t e s  b u t  n o t  t h e  h o s t s  ( R e n a u d  e t  a l . ,  1990).

W h a t  is  t h e  o r i g in  o f  t h e  d i f f e r e n t i a t i o n  o f  t h e  G r e e k  p o p u l a t i o n ?  T h e  p r e s e n c e  
o f  a l l e le  8 0  a t  l o c u s  I D H - 2 * a t  a  f r e q u e n c y  o f  0 -20 ,  a s  w el l  a s  t h e  c l e a r  m o r p h o l o g i ­
ca l  d i f f e r e n c e  d e s c r i b e d  a b o v e  a r e  p r o o f  o f  d i f f e r e n t i a t i o n  o f  p o p u l a t i o n s  in  the 
A e g e a n  S e a  r e l a t i v e  t o  o t h e r  a r e a s  ( M e d i t e r r a n e a n  a n d  A t l a n t i c ) ,  f t  s h o w s  t h a t  
g e n e  f lo w  is i n t e r r u p t e d  o r  v e r y  l im i t e d  b e t w e e n  t h e  A e g e a n  a n d  t h e  A d r i a t i c .  T h is  
l e a d s  u s  t o  p r o p o s e  o t h e r  h y p o t h e s e s  t o  e x p l a i n  t h e  a b s e n c e  o f  c o n t r a s t e d  d i f ie re n -  1 
t i a t i o n  o f  t h e s e  s p e c i e s  a s  w e l l  a s  t h e  d i f f e r e n t i a t i o n  o f  t h e  t a x o n  m a o e t ic a .  O u r  
a r g u m e n t  is b a s e d  o n  e x a m p l e s  o f  o t h e r  P l e u r o n e c t i f o r m e s .  T h e  c o l o n i z a t i o n  o f  
t h e  M e d i t e r r a n e a n  b y  f l o u n d e r ( B o r s a í * / « / . ,  1987;  B e r r e b i ,  1988)  p r o b a b l y  o c c u r r e d  
in  a t  l e a s t  t w o  p h a s e s .  F i r s t l y ,  a n  a n c i e n t  i n v a s i o n  o f  A t l a n t i c  o r i g i n  a f f e c t i n g  the  
w h o l e  M e d i t e r r a n e a n  b a s i n  a n d  t h e  B la c k  S e a .  P r o b a b l y  t h i s  w a s  f o l l o w e d  b y  a 
m o r e  r e c e n t  c o l o n i z a t i o n  ( l a s t  ice a g e ,  2 0  0 0 0  y e a r s  a g o )  a f f e c t i n g  o n l y  the 
w e s t e r n  M e d i t e r r a n e a n .  A n  a n a l o g o u s  p a t t e r n  o f  i n v a s i o n  a n d  w i t h d r a w a l ,  w i th  a 
p e r s i s t e n c e  o f  r e f u g e  z o n e s ,  is p o s s i b l e  in  t h e  c a s e  o f  t u r b o t .
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T h e  p r e s e n t  s t u d y  a l l o w s  a  c o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  b y  d i f f e r e n t  m e t h o d s :

p a r a s i t o l o g i c a l  m a r k e r s  s u g g e s t  g e n e r a l  h o m o g e n e i t y  in  b r i l l  a n d  a  d i v i s i o n  o f  
t u r b o t  o n  e i t h e r  s id e  o f  P o r t u g a l ;

m o r p h o l o g y  i n d i c a t e s  h o m o g e n e i t y  w i t h i n  t h e  s p e c i e s ,  e x c e p t  f o r  t h e  t a x o n  
m a o e tic a  o f  t u r b o t ,  w h i c h  is s o m e t i m e s  c o n s i d e r e d  t o  b e  a  s p e c ie s ;  a n d  
e n z y m e  m a r k e r s  s h o w  o n l y  w e a k  d i f f e r e n t i a t i o n  a n d  t e n d  to  i n d i c a t e  t h a t  t h e  
t a x o n  m a o e t ic a  is a  m e r e  l o c a l  a d a p t a t i o n .

T h e se  r e s u l t s  a n d  c o m p a r i s o n  w i t h  o b s e r v a t i o n s  in  a  s i m i l a r  s p e c i e s  ( f l o u n d e r )  
lead to  tw o  h y p o t h e s e s :  t h e  f irs t  a t t r i b u t e s  h o m o g e n e i t y  w i t h i n  sp e c i e s  t o  p e r s i s t e n t  
gene flow d u r i n g  t h e  p e l a g i c  p h a s e ,  a n d  t h e  s e c o n d  l a k e s  i n t o  a c c o u n t  t h e  h i s t o r y  o f  
c o lo n i z a t io n  in t h e  l a r g e  m a r i t i m e  r e g io n s .

T h e  p e r s i s t e n c e  o f g e n e  h o w  in c e r t a i n  a r e a s  is n o t  in c o n f l i c t  w i t h  t h e  e x p l a n a t i o n  
based  o n  c o l o n i z a t i o n  h i s t o r y .  T h e  f o r m a t i o n  o f  a  m o r p h o l o g i c a l  e n t i t y  s u c h  a s  th e  
tax o n  m a o e tic a  m a y  b e  r e l a t e d  t o  d i f f e r e n t  w a v e s  o f  c o l o n i z a t i o n  f o l lo w e d  by  
g e o g ra p h ic  i s o l a t i o n ,  w h e r e a s  t h e  a b s e n c e  o f  d  i H e re n t ia  t i o n  b e t w e e n  o t h e r  l o c a l i t i e s  
m ay  be  d u e  t o  l o c a l ly  l a r g e  g e n e  f lo w s .  O v e r  s u c h  l o n g  c o a s t l i n e s ,  t h e  t w o  k i n d s  o f  
h y p o th e s is  c a n  b e  p r o p o s e d  s i m u l t a n e o u s l y  a n d  c o m p l e m e n t a r i t y .

We would  like to  t h a n k  P. B orsa ,  F. B o n h o m m e .  M. R a y m o n d ,  B. Delay,  a n d  N. P as teu r  
for their critical r ead in g  o f  the  m a n u s c r ip t .  W e also  ow e special t h a n k s  to  F. R e n a u d  for 
help in c ap tu r ing  spe c im ens  a n d  in w r i t ing  the m an u sc r ip t .  T h e  research  w as financed by 
Axes Prioritaires o f  the Univers i ty  of" M on tpe ll ie r  II f ro m  1984 io  1985 a n d  by  F re n ch -  
Spanish Action  Intégrée in 1986 a n d  1987.
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T h e  d e te c t io n  o f  t h re s h o ld  c o n c e n t r a t i o n s  a n d  r e la tiv e  s t im u la to r y  e ll’e c tiv e n e s s  (R S F .)  fo r  19 
a m in o  a c id s  w e re  s tu d ie d  b y  o l f a c to r y  b u lb a r  e le c t ro e n c e p h a lo g r a m  (O L G )  in th e  a lg iv o ro u s  
rab b itf ish . T h e  th re s h o ld  c o n c e n t r a t i o n s  f o r  19 a m in o  a c id s  r a n g e d  f ro m  10 111 to  10 'm .  
L -A lan in c  w a s  t h e  m o s t  e ffe c tiv e  a m in o  a c id ,  a n d  th e  t h re s h o ld  c o n c e n t r a t i o n  w a s  e s t im a te d  lo  b e  
fro m  10 '" lo  10 "m . T h e s e  r e s u l ts  w e re  c o m p a r e d  w ith  t h e  o l f a c to r y  r e s p o n s e  in  h e rb iv o r o u s  a n d  
c a rn iv o ro u s  f ish es  p re v io u s ly  r e p o r te d .  T h e  c o m p a r is o n  o f  R S E  f o r  r a b b i t f i s h  w i th  th o s e  f o r  o th e r  
fishes sh o w e d  c o r r e la t io n  c o e ff ic ie n ts  r a n g in g  f ro m  r  - 0  9 7  to  r  0  60. h u t  h ig h  s im ila r i t ie s  d id  
n o t  c o r r e s p o n d  w ith  d if f e re n c e  in  fe e d in g  h a b i t s  fo r  h e rb iv o re s  a n d  c a rn iv o re s .  T h e  ro le  o f  
a m in o  a c id s  in  fish  c h c m o s e n s o ry  b e h a v io u r  a n d  th e  o l f a c to r y  r e s p o n s e  o f  th e  ra b b i t f i s h  w as 
c o m p a re d  w ith  th e  g u s ta to r y  r e s p o n s e  r e p o r te d  p re v io u s ly . I t w a s  fo u n d  th a t  L -scrm c  w a s  th e  
m o st p o te n t  s t im u la n t  in b o th  c h e m o r e e c p to r s ,  t - p ro l in e  a n d  t .-g lu ta m in ic  a c id  w e re  th e  m o s t  
p o te n t  g u s ta td ry  s t im u la n ts ,  a n d  i .- a la n m e .  L -g lu ta m in c , l .- a rg in in e  a n d  i.- ly s in e  w e re  th e  m o s t  
p o te n t  o l fa c to ry  s t im u la n ts .

K ey w o rd s : a m in o  a c id ;  a lg a e ;  h e rb iv o r e :  o l f a c t io n ;  ta s te .

I. IN TR O D U CTIO N

In fishes, w a te r - so lu b le  c h em ica l  c o m p o u n d s  a r e  d e te c te d  b y  o l f a c to ry  an d  
gustatory recep to rs .  T h e  o l f a c to ry  sy s tem  p lay s  a n  i m p o r t a n t  ro le  in fish 
behaviour, i.e. feed ing ,  sc h o o l in g ,  c o u r t s h ip ,  m ig r a t io n ,  re co g n i t io n  o f  in d iv id u a ls  
and their ow n  b r o o d s  ( H a r a ,  1975; Liley, 1982) a n d  d i s c r im in a t io n  o f  o d o u r s  o f  
aquatic p lan ts  (W a lk e r  &  Masier,  1949), w hile  th e  g u s t a to r y  sy s te m  is d i rec tly  
associated with feed ing  b e h a v io u r  ( A tc m a ,  1977). In recen t  years ,  o l f a c to ry  a n d  
gustatory s tud ies  in fish h a v e  fo cu sed  large ly  o n  feed ing  p r o b le m s  in a q u a c u l tu re .

Llectrophysio logical  s tu d ie s  h a v e  sh o w n  t h a t  th e  re c e p to r s  in b o t h  o l f a c t io n  a n d  
taste are effective a n d  sensi t ive  fo r  a m i n o  ac id s  in m a n )  fish spec ies  ( Ç a p r io ,  1988). 
Behavioural s tu d ies  d e m o n s t r a t e d  t h a t  a m i n o  ac id s  a r e  th e  m o s t  p o te n t  s t im uli  
and cause fish to  be a t t r a c t e d  to  fo o d  a n d  to  ea t  fo o d  ( C a r r  e t a /., 1977). T h ese  
results have p ro v id ed  ev id en ce  th a t  a m i n o  ac id s  a c t  a s  c h em ica l  cues ,  su c h  as 
aitractants, s t im u la n ts  o r  repe l len ts  in feed ing  b e h a v io u r .  H o w e v e r ,  th e  q u e s t io n
remains w h a t  is th e  fu n c t io n a l  d i f fe rence  o f  th e  ro le  o f  a m i n o  ac id  s t im u l i
between o lfac t ion  a n d  t a s te  in feed in g  b e h a v io u r?

It has been c o n s id e re d  t h a t  o l f a c t io n  is t h e  m o r e  sensi t ive  d i s ta n t  c h e m o r e c e p to r  
and taste is the  c o n ta c t  c h e m o r e c e p to r .  H o w e v e r ,  C a p r io  (1978)  f o u n d  t h a t  the  
gustatory recep to r  o f  t h e  c h a n n e l  catf ish ,  Ic ta lu ru s  p u n c ta tu s  R a f in e sq u e  is m o re  
sensitive to  L-cysteine a n d  t . -a lan ine  t h a n  th e  o l f a c to ry  re c e p to r .  F u r t h e r m o r e ,
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