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A preliminary investigation of allozyme genetic variation 
and population geographical structure in Aphanius fasciatus 

from Italian brackish-water habitats

F. M a l t a g l i a t i

D ipartim en to  d i Scienze d e ll’U om o e dell'A m bien te , Via A . Volta 6, 1-56126 Pisa, I ta ly

(R eceived  25  Ju ly  1997, A ccep ted  14 January  1998)

A  to ta l o f  150 indiv iduals from  Aphanius fa sc ia tus  from  coastal b rack ish-w ater h ab ita ts  was 
analysed by allozym e electrophoresis to  collect d a ta  on its genetic variation . F ro m  22 enzym es.
43 pu ta tive  enzym e-coding loci were resolved. 12 o f  w hich were po lym orphic a t P0 99 level. 
O nly one o f  th e  31 p robab ility  tests show ed a  significant dep artu re  from  the H ardy -W ein b erg  
equilibrium . Aphanius fa sc ia tus  show ed low levels o f  genetic polym orphism , w ith expected 
heterozygosity values rang ing  from  0 0 2 7  (s.E.=0-013) to  0 0 6 4  (s.e. = 0-023). N ei's genetic 
d istances betw een popu la tions ranged  from  0  002 to  0-042. W eir & C ockerham  /-"-statistics 
show ed high levels o f  genetic heterogeneity  am ong  p opu la tions (jackknifed  0=0-302. 
s.E. = 0 045) and  estim ates o f  .Vm were <1. indicating  restricted  gene flow . Significant positive 
c o rre la tio n  betw een genetic d istance an d  geograph ical d istance m atrices, detec ted  by M an te l's  
test (g=  1-941: / ><0-001). is consisten t w ith  th e  p red iction  th a t the species is genetically- 
s truc tu red  by iso lation-by-distance. <; 199S The Fisheries Socien of the British lsle>

K ey w ords: Aphanius fa sc ia tu s : b rack ish-w ater hab ita ts: allozym es; genetic variation ; genetic 
distance: gene flow: isolation-bv-distance.

INTRODUCTION

Subdivision between populations within a species increases the potential for 
genetic differentiation due either to selection or drift. Gyllensten (1985) and 
subsequently W ard et al. (1994) discussed the differences o f the levels o f genetic 
substructuring in marine, anadromous and freshwater teleosts. Generally 
marine species have the potential for long-distance dispersal of eggs, lanae , 
juveniles and adults, resulting in genetic connection between populations over 
large distances. Conversely, some characteristics of species living in disjunct 
habitats, such as fresh- or brackish-water sites and the nature of the habitats 
occupied produce a higher likelihood of evolutionary divergence among popula
tions (C analho , 1993): benthic eggs, absence of larvae, low mobility of adults, 
presence of geographical and ecological barriers, fragmentation of habitats, 
respectively.

The main objectives of the present study were to quantify the levels of 
allozyme genetic variation within populations o f Aphanius fasciatus Nardo, 1827 
from five different localities, to gain information about the genetic structure of 
the species; and to relate the observed genetic heterogeneity and postulated 
levels of gene flow to certain biological and ecological characteristics o f the 
species. Aphanius fasciatus is a small cyprinodontid fish (7-8 cm max L^).
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discontinuously distributed in brackishwater habitats along the coasts o f the 
Mediterranean Sea: it occurs from Egypt westward to Algeria; along the coasts 
from southern Turkey to France; and along coastal habitats of many islands 
(Villwock, 1970). It aso occurs in some rivers (Tigano & Parenti, 1988; Parenti 
& Tigano. 1993) or oases (Kraiem, 1983). Aphanius fasciatus is relatively 
sedentary, with large benthic eggs, no larval dispersal stages and limited 
migrating capabilities o f the adults. It is an ideal organism for an investigation 
focusing on the importance of drift, selection and gene flow in determining 
population divergence, because the potential for restricted gene flow, the 
ecological variation and the discontinuity of distribution along the coasts are 
extensive. Furthermore, since A. fasciatus is not a species o f commercial interest 
and is of scarce relevance for aquariologists, the distribution o f genotypes among 
its populations should not be directly affected by human activities. M orphologi
cal differentiation among A. fasciatus populations has been detected particularly 
from Sicily, Sardinia and the Adriatic Sea (Tigano & Parenti, 1988; Parenti & 
Tigano, 1993). Moreover, variability o f the number o f active nucleolus organizer 
regions (NORs) was found both at the intra- and interpopulation level (Vitturi 
eta!., 1995).

MATERIALS AND M ETHODS

C O L L E C T IO N  O F  S A M P L E S  
Sam ples o f  30 fishes w ere co llec ted  betw een  O c to b e r 1994 an d  Ju ly  1995 from  each  o f  

the fo llow ing  five c o a s ta l localities (F ig . 1): C asa race io  co asta l p o n d  (C A S ) (4 0*54 'N . 
08*15 'E); a  b rack ish -w a te r m ic ro h a b ita t a t  E lb a  Is la n d  (E L B ) (4 2 * 4 8 'N . 10*19 'E): 
O rbetello  L ag o o n  (O R B ) (42*26' N . 11*12' E): a  m a n -m a d e  can a i n e a r  P io m b in o  (P IO )
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(4 2*57 'N . 10*29 'E); a n d  S a b a u d ia  co a sta l lake  (SA B ) (41*02' N , 10*19 'E ). T hese 
lo ca tio n s  w ere sep a ra ted  b y  3 0 -400  km . B aited  fish -trap s w ere laced  in  shallow  w a te r 
w ith  a b u n d a n t b en th ic  veg e ta tio n , a n d  th e  ca tches w ere tran sfe rred  alive to  the 
la b o ra to ry , k illed  in  iced  w a te r  a n d  p laced  im m edia te ly  in single p las tic  bags fo r  sto rage  
a t -  80* C  u n til th e  analyses.

E L E C T R O P H O R E S IS
Sam ples o f  epax ia l m uscle , eye an d  liver w ere ana ly sed  by  e lec tropho resis . T issue 

sam ples w ere g ro u n d  in  th ree  vo lum es o f  th e  ex trac tin g  bu ffe r [T ris (0 05 m ). E D T A  
(0 01 m). P M S F  (0 1  M), M erc a p to e th a n o l (0-2% ). T r ito n  X 100 (0 1 % ). co rrec ted  to  p H  8 
w ith  HC1] th en  cen trifuged  fo r 10 m in  a t 4000 g. S u p e rn a ta n t frac tio n s  w ere ap p lied  
im m ed ia te ly  to  cellu lose ace ta te  m em b ran es  (S a r to p h o rR system , S a rto riu s ). Sam ples 
w ere k ep t a t <5* C  a t all stages o f  p re p a ra tio n . A ll e lec trophoesis  ru n s  w ere p e rfo rm ed  
a t 300 V fo r  25 m in . A  p re lim in a ry  screen ing  w as c o n d u c te d  o n  som e specim ens from  
O rb e te llo  L a g o o n  to  op tim ize  ana ly tica l co n d itio n s  fo r  the  ac tiv ity  a n d  re so lu tio n  o f  
enzym es using  cellu lose ace ta te  e lec tropho resis . A  to ta l o f  39 enzym e system s (T ab le  I) 
w as a ssay ed  using  th e  T E M  buffer [T ris (0 1  M). E D T A  (0 0 1 m). M gC l2 (0 001 m), 
co rrec ted  to  p H  7-8 w ith  m ale ic  acid]. E nzym es w ere analy sed  fo llow ing  th e  s ta in in g  
p ro ced u re s  o f  R ich a rd so n  e t al. (1986) a n d  P a s te u r  et al. (1987). slightly m odified . 
N o m en c la tu re  fo r p ro te in -c o d in g  loci fo llow ed th e  reco m m en d a tio n s  o f  S hak lee  et al. 
(1990). T h e  m o s t co m m o n  allele w as assigned  a rb itra r ily  th e  va lue  100. slow er an d  
fa s te r  b a n d s  o n  th e  zym ogram s, rep resen tin g  o th e r  alleles, w ere g iven low er o r  h igher 
n u m b ers  co rre sp o n d in g  to  th e ir  re la tive  m obilities, respectively . C a lib ra tio n  o f  alleles 
w as accom plished  by  ru n n in g  ind iv iduals from  d ifferen t p o p u la tio n s  o n  th e  sam e 
e lec tro p h o re tic  m em b ran e .

D A T A  A N A L Y S IS
D ip lo id y  o f  A. fascia tus  (2 /i= 4 8 ) (V illw ock, 1970: V ittu ri e t al.. 1995) a llow ed  th e  

a p p lic a tio n  o f  c lassical sta tis tics  fo r  e le c tro p h o re tic  d a ta  from  d ip lo id  o rgan ism s. 
S ta tis tica l ana ly ses w ere p e rfo rm ed  u s in g  th e  c o m p u te r  packages F S T A T  (G o u d e t, 1994) 
a n d  G E N E P O P  3.1 (R a y m o n d  & R o u sse t. 1995). T h e  allele frequencies, th e  p ro p o r tio n  
o f  p o ly m o rp h ic  loci (P 0 9 9  c rite r io n ), th e  m ean  n u m b e r o f  alleles p e r  locus a n d  th e  
observed  a n d  expected  h e te rozygosity  p e r  locus w ere ca lcu la ted  fo r each  p o p u la tio n . 
D ev ia tio n s  fro m  th e  expected  H a rd y -W e in b e rg  geno typ ic  p ro p o r tio n s  w ith in  p o p u la 
tio n s  w ere assessed  using  a n  ex ac t significance p ro b ab ility  tes t (L o u is  &  D em p ste r. 1987). 
L evels o f  p o p u la tio n  s tru c tu r in g  w ere q u an tified  fo r  all loci w ith  W eir &  C o ck erh am  
(1984) e s tim a to rs  o f  F -s ta tistics. T h e  fo llow ing  p a ram e te rs  w ere ca lcu la ted : f  the 
c o rre la tio n  o f  genes w ith in  in d iv idua ls  w ith in  p o p u la tio n s  a n d  6, th e  c o rre la tio n  o f  genes 
o f  d ifferen t in d iv idua ls  in th e  sam e p o p u la tio n . E stim a tes  o f  th e  varian ce  o f  these 
p a ra m e te rs  w ere o b ta in e d  by  jack k n ifin g  acro ss  loci (W eir &  C o ck e rh am . 1984: W eir, 
1996). F -s ta tis tics  w ere tes ted  fo r  d ifference fro m  zero  p e rm u tin g  (1000 rep lica tes) alleles 
w ith in  sam p les ( ƒ  ) a n d  alleles be tw een  sam p les (F  a n d  0) over all loci. T o  de te rm ine  
m u ltilo cu s genetic  re la tio n sh ip s  a m o n g  p o p u la tio n s , N e i's  (1978) an d  m odified  R ogers" 
(W righ t. 1978) gene tic  d is tan ces w ere co m p u ted  an d  d e n o m in a te d  h ere  Z)N a n d  D R. 
respectively . O n  th e  b asis  o f  N e i's  (1978) genetic  d is tan ce  m a trix , a  d en d ro g ram  w as 
g en era ted  w ith  th e  u n w eigh ted  p a ir  g ro u p  m e th o d  (U P G M A ) c lu s te r analy sis (S n ea th  & 
S okal. 1973) a n d  sub jec ted  to  b o o ts tra p p in g  w ith  5000 rep lica tes. P o p u la tio n s  w ere 
o rd in a te d  in  a b i-d im en sio n a l space  w ith  m u ltid im en sio n a l scaling  (M D S ) to  exam ine  the 
re la tio n sh ip  dep ic ted  in th e  o rig in a l d is tan ce  m a trix  (L essa. 1990). T h e  m odified  R o g ers ' 
genetic  d is tan ce  w as used  because  m etric ity  o f  th e  d is tan ce  m easu re  is req u ired  in  M D S  
analysis (L essa. 1990). T o  verify th e  c o rre la tio n  a m o n g  geo g rap h ica l a n d  genetic  d is tance  
m atrices, a  M a n te l’s te s t o f  th e  a sso c ia tio n  betw een  tw o  p a ram e te rs  in d a ta  m a trices  w ith  
in te rn a l co rre la tio n  (M an ly . 1985) w as used  w ith  120 p e rm u ta tio n s  (n! p e rm u ta tio n s , 
w here  n  is th e  n u m b e r o f  p o p u la tio n s). In d irec t e s tim ates  o f  gene flow  (A m. th e  effective 
n u m b e r o f  m ig ran ts  p e r  g en e ra tio n ) w ere ca lcu la ted  using  b o th  W rig h t's  (1943) 
is land  m o d el, w here  0=  l/(4.Vm+ 1 ): a n d  S la tk in 's  (1985) p riv a te  alleles m eth o d .
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T a b l e  I . A . f a s c  ia tu s , e n z y m e  s y s te m s  a s s a y e d

A bb rev ia tio n E nzym e E .C .
N o .

A ct* R e s t T is^ N o .
loci

A A T A sp a rta te  am in o tran sfe rase 2.6.1.1 _ __ _ _
A C O A con itase 4.2.1.3 + — — —
A C P A cid  p h o sp h a ta se 3.1.3.2 — — — —
A D A A d en o sin e  deam inase 3.5.4.4 + — — —
A D H A lco h o l dehy d rogenase 1.1.1.1 + + L 2
A K A deny la te  k inase 2.7.4.3 + + L 1
A L D O A ldo lase 4.1 .2 .13 + + M . L 3
A L P A lka line  p h o sp h a ta se 3.1.3.1 — — — —
A O A ld eh y d e  ox idase 1.2.3.1 + + L 2
C K C rea tin e  k inase 2.7.3.2 + + L 2
D R 5 P D esoxy ribose-5 -P  a ldo lase 4.1 .2 .4 + — — —
FB P F ru c to se  b ip h o sp h a ta se 3.1.3.11 + L 1
F D H F o rm a ld eh y d e  d eh y d ro g en ase 1.2.1.1 — — — —
F H F u m a ra te  h y d ra ta se 4.2 .1 .2 + + L 1
F K F ru c to se  k inase 2.7.1 .4 + — — —
G A P D H G ly cera ld eh y d e-3 -P  dehy d rogenase 1.2.1.12 + + M 2
G D A G u a n in e  d eam in ase 3.5.4 .3 + — — —
G D H G lu co se  d ehyd rogenase 1.1.1.47 + + L 2
G L U D H G lu ta m a te  d eh y d ro g en ase 1.4.1.3 + — — —
G L Y D H G ly ce ra te  d ehyd rogenase 1.1.1.29 + + L 1
G P D G lycero l-3 -P  d ehyd rogenase 1.1.1.8 + + M . L 3
G 6 P D H G lucose-6 -P  d eh y d ro g en ase 1.1.1.49 + M . L 2
G P I G lu co se-6 -P  isom erase 5.3.1.9 + + M . E 2
H A O X H y d ro x y ac id  oxidase 1.1.3.15 + — — —
H B D H 3 -H y d ro x y b u ty ra te  d ehyd rogenase 1.1.1.30 + — — —
H K H exok inase 2.7.1.1 + — — —
1D H Iso c itra te  d eh y d ro g en ase  (N A D P + ) 1.1.1.42 + M . L 2
L D H L -L acta te  d eh y d ro g en ase 1.1.1.27 + + E 3
M D H M a la te  d ehyd rogenase 1.1.1.37 + + M 4
M E M alic  enzym e 1.1.1.40 + + M 3
M P I M an n o se -6 -P  isom erase 5.3.1.8 + + M 1
N P P u rin e-n u c leo sid e  p h o sp h o ry lase 2.4.2.1 — — — —
P G D H P h o sp h o g lu c o n a te  d ehyd rogenase 1.1.1.44 + + L 1
P G M P h o sp h o g lu co m u ta se 5.4.2.2 + + M 1
P Y D H P y rro lin e  d eh y d ro g en ase 1.5.1.12 + + L 2
S K D H S h ik im a te  d eh y d ro g en ase 1.1.1.25 — — — —
S O D S u p ero x id e  d ism u tase 1.15.1.1 + — — —
S O R D H S o rb ito le  d eh y d ro g en ase 1.1.1.14 + + L 2
X D H X a n th in e  d ehyd rogenase 1.2.1.37 + — — —

A ct. A ctivity: Res. resolu tion: T is. tissue. * +  . G o o d : —. p o o r  o r absen t. + + , G o o d ; — . no t resolvable. 
ÎM . E paxial m uscle: L. liver: E. eye.

ln [p (l)] =  uln(A 'm)+ 6  [w here p i 1) is th e  average  frequency  o f  alleles fo u n d  in on ly  one 
p o p u la tio n  sam pled : a  a n d  b  a re  c o n s ta n ts  th a t  d ep en d  o n  th e  n u m b e r o f  ind iv iduals 
sam p led  p e r p o p u la tio n ] . T h e  fo rm er m e th o d  assu m es an  is lan d  m o d e l o f  p o p u la tio n  
s tru c tu re : how ever, it h as  been d em o n s tra te d  th a t it will yield a re latively  so u n d  estim ate  
fo r  o th e r  m odels o f  p o p u la tio n  s tru c tu re , such  as a  step p in g -s to n e  a r ra y  (S la tk in , 1994). 
T hese  m e th o d s  e stim ate  gene flow  ra te s  assu m in g  th a t , on  average , a llozym e v a ria tio n  
across loci is neu tra l.
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RESULTS
P IL O T  S T U D Y

Seventeen o f the 39 enzymes assayed were not scorable either because 
of inadequate staining or because the resulting patterns were uninterpretable 
(Table I). ALDO, GPD, G 6PDH and IDH gave different electrophoretic 
patterns for apaxial muscle and liver tissues, and GPI had two different patterns 
for epaxial muscle and eye tissues, thus each of these enzymes was analysed for 
the two tissues (Table I).

The genetic basis o f the banding patterns should be determined before 
commencing any statistical analysis o f electrophoretic data (Weir, 1996); in most 
cases, however, it is impractical or impossible to  carry out such direct tests. In 
these cases it is necessary to  rely on indirect evidence to verify the genetic basis 
of the observed variation. Lacking direct genetic evidence for A. fasciatus, the 
following indirect criteria were adopted to establish the genetic nature o f the 
observed variation in enzyme banding patterns: (1) the isozyme banding patterns 
of presumed heterozygotes agreed with those predicted from the known subunit 
structure of these enzymes in other fishes for GD H , GPD, GPI, LDH, ME, MPI, 
PG DH , PG M  (M arkert et al., 1975; Bolch et al., 1993: Lee et al., 1995) and in 
other vertebrates (Richardson et a i ,  1986); (2) with the exception of only the 
GPD-2* locus, all probability tests for agreement with Hardy-W einberg expec
tations failed to reveal significant deviations. The only sigificant departure from 
Hardy-W einberg equilibrium occurred at GPD-2* locus in the Piombino popu
lation (exact P=0-021) and was probably due to a  sampling error. For this locus 
the deviation from equilibrium was due to an excess of heterozygote individuals.

The requirement o f a pilot study were widely satisfied, since more than a 
sufficient number (12) o f suitable genetic markers were identified and detailed 
information on the genetic structure o f the species was found.

G E N E T IC  V A R IA T IO N  W IT H IN  P O P U L A T IO N S
Twelve o f the 43 loci examined in A. fasciatus were polymorphic (Table II). 

For each population, no more than two alleles per locus were observed, with the 
exception o f three at M PI*  in the sample from Sabaudia Lake. The mean 
number of alleles per locus was 1-2 in Sabaudia population and 11 in all the 
other populations (Table III). The lowest percentage of polymorphic loci was 
observed in the population from Casaraceio Pond and Orbetello Lagoon 
(1*0 9 9 “  12 each), whereas the highest value occurred in the population from 
Sabaudia Lake (P099=21) (Table III). Mean values of observed and expected 
heterozygosity ranged from 0-024 (s.e. = 0-011) to 0-060 (s.e.=0  023) and from 
0-027 ( s . e .=0-013) to 0-064 ( s .e .  = 0-023). respectively. The average jackknifed ƒ. 
indicating the level o f  genetic heterogeneity within populations, was 0-023 
( s .e .  = 0-035), not significantly different from zero (P=0-261).

G E N E T IC  V A R IA T IO N  A M O N G  P O P U L A T IO N S
A high degree o f genetic variability among populations is shown by the 

presence of various private alleles: GDH-2* 102, G6PDH-I* 102, ME-2*98 in 
Casaraceio Pond population and AO-2*98, GDH-2*98, G6PDH-2* 102, GPI- 
2*96, MPI*98 in the Sabaudia Lake population (Table II). For all samples the
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T a b le  II. A. fa sc ia tu s , allele frequencies a t 12 polym orphic loc it

P o p u la tio n
L ocus A llele

C A S E L B O R B P IO SA B

A O -2* 100 1 0 0 0 1-000 1-000 1-000 0-893
98 0 000 0-000 0-000 0-000 0-107

(*) (26) (20) (24) (28) (28)
102 0-074 0-000 0-000 0-000 0-000

G D H -2* 100 0-926 1-000 1-000 1-000 0-983
98 0-000 0-000 0-000 0-000 0-017

(n) (27) (28) (29) (30) (30)

G PD -2* 100 1-000 0-412 0-646 0-340 0-817
98 0-000 0-588 0-354 0-660 0-183

(n) (21) (17) (24) (25) (30)

GPD -3* 102
100

0-000
1-000

0-050
0-950

0-067
0-933

0-100
0-900

0-017
0-983

in) (27) (30) (30) (30) (30)

G 6PD H -1* 102 0-204 0-000 0-000 0-000 0-000
100 0-796 1-000 1-000 1-000 1-000

(») (27) (30) (28) (28) (30)

G 6PD H -2* 102 0-000 0-000 0-000 0-000 0-133
100 1-000 1-000 1-000 1-000 0-867

(«) (26) (30) (30) (29) (30)

G P I-l* 100 0-900 1-000 1-000 1-000 0-367
98 0-100 0-000 0-000 0-000 0-633

(«) (25) (30) (12) (30) (30)
100 1-000 0-483 0-900 0-433 0-672

GPI-2* 98 0-000 0-517 0-100 0-567 0-000
96 0-000 0-000 0-000 0-000 0-328

(n) (25) (29) (15) (30) (29)

L D H -3* 100 0-000 0-600 0-550 0-917 0-483
98 1-000 0-400 0-450 0-083 0-517

{n) (30) (30) (30) (30) (30)

M E -2* 100 0-950 1-000 1-000 1-000 1-000
98 0-050 0-000 0-000 0-000 0-000

(«) (30) (27) (30) (30) (30)
102 0-00 0-317 0-259 0-233 0-567

M P I* 100 1-000 0-683 0-741 0-767 0-417
98 0-000 0-000 0-000 0-000 0-017

(*) (30) (30) (29) (30) (30)

P G M * 100 0-733 0-983 1-000 0-917 1-000
98 0-267 0-017 0-000 0-083 0-000

(«) (30) (30) (30) (30) (30)

n. N u m b er o f  individuals sam pled fo r  each locus.
P o p u la tio n  abbrev ia tions a re  as in F ig. I.
■¡■Loci A D H -1*. A D H -2*. A L D O -l* . A LD O -2* . A LD O -3* . A K *. A O -1*. CK-1*. CK-2*. F  BP*. FH *. 

G A PD -}*. G APD -2*. G D H -I* . G L Y D H * . GPD-1*. ID H -Î* . ID H -2*. L D H -1*. L D H -2* . M D H -I* . 
M D H -2*. M D H -3* . M D H -4* . M E -l* . M E -3* . PG D H *. P Y D H -1 * . P Y D H -2 * . SO R D H -1 * . SO R D H -2*  
show ed no allelic v aria tion  in all sam ples analysed.

m a g n i tu d e  o f  g e n e t ic  s u b d iv is io n ,  m e a s u r e d  a s  th e  a v e r a g e  ja c k k n i f e d  9  w a s  
0 -3 0 2  (s .E .= 0  0 4 5 ) . T h is  v a lu e  w a s  s ig n if ic a n t ly  g r e a t e r  t h a n  z e r o  (7 ,< 0  0 0 1 ). 
V a lu e s  o f  N m  c a lc u la te d  b y  W r i g h t 's  (1 9 4 3 )  m e th o d  a n d  b y  S la tk in ’s (1 9 8 5 )
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T a b l e  III. A. fa sc ia tu s , m easu res o f  genetic  v a riab ility  ca lcu la ted  fo r  each  p o p u la tio n

P o p u la tio n C A S E L B O R B P IO SAB

M ean  sam ple  size p e r  locus 26-0
(0-8)

28-3 
(0 6)

25-4
(1 0 )

28 1 
(0 5)

29-4
(0-4)

M ean  n o . o f  alleles p e r locus 1-1
(0-0)

1-1
(0-1)

1-1
(0-0)

1-1 
(0 1)

1-2
(0 1 )

P ercen tag e  o f  loci po ly m o rp h ic 12 14 12 14 21

M ean  ob serv ed  heterozygosity 0-024
(0-011)

0-048
(0-022)

0-037
(0-017)

0-045
(0-021)

0-060
(0-023)

M ean  expected  heterozygosity 0-027
(0-013)

0-048
(0-022)

0-039
(0-018)

0-042
(0-018)

0-064
(0-023)

S tan d ard  e rro rs  a re  in parentheses. P opu la tion  abbrev ia tions a re  as in F ig. I.

T a b l e  IV . A. fa sc ia tu s . va lues o f  N e i's  (1978) genetic  d is tance  
(ab o v e  d iag o n a l)  a n d  m odified  R o g e rs ' (W righ t, 1978) genetic 

d is tan ce  (below  d iag o n a l)

C A S E L B O R B P IO SA B

C A S 0 0 2 9 0-015 0-042 0-027
E L B 0 1 6 7 — 0-005 0-002 00 2 1
O R B 0 1 2 2 0-074 — 0-010 0-015
P IO 0-202 0-053 0-103 — 0-029
SA B 0-163 0-143 0-123 0-168 —

P opu la tion  abbrev iations are  as in Fig. 1.

private alleles method were 0-578 and 0-445 effective migrants per generation, 
respectively, both indicating low levels of gene flow among populations.

Analyses of population genetic differentiation carried out using Nei's and 
modified Rogers' genetic distances gave values ranging from Z)N = 0*002 to 0 042 
and from Z>R = 0-053 to 0-202. respectively (Table IV). The presence of 27 loci 
fixed for the same allele in all populations lowered these values greatly. The 
relatively high value o f cophenetic correlation (r=0-870) suggests that the 
dendrogram of Nei's genetic distances (Fig. 2) represents the original genetic 
distance matrix accurately. The value o f stress (5=0 000) indicates that distances 
among populations on the MDS plot represent the genetic distances accurately 
(Fig. 3). MDS showed population subdivision consistent with both the genetic 
relationship depicted in the UPGM A dendrogram and the geographical distri
bution o f sites. M antel's test confirmed that genetic differentiation among 
populations is correlated with geographical distance (g=T941; P<0-001).

DISCUSSION

GENETIC VARIATION WITHIN POPULATIONS
The five populations o f A. fasciatus analysed are characterized by low levels of 

allozymic polymorphism (Table III), with expected heterozygosity comparable
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0 .0 3 0  0 .0 2 5  0 .0 2 0  0 .0 1 5  0 .0 1 0  0 .0 0 5  0 .000

1 1 3 7

3 4 0 0

3 0 5 0

5000

ELB

PIO

ORB

SAB

I------------------------------------------------------------------------------  CAS
F ig . 2. L 'PG M A  den d ro g ram  o f  N ei's  (1978) genetic d istance am ong  p opu la tions sam pled. T he 

dendrogram  is a consensus tree based on boo tstrap p in g  w ith  5000 replicates: node values indicated  
on branch ing  p o in ts represent the num ber o f  tim es a particu lar c luster g ro u p  o f  A fasc ia tus was 
fo rm ed  ou t o f  5000 iterations. P opu la tion  abbrev iations are  as in Fig. 1.

P IO  •  i
^ ELB

ORB •

1 •
1 SAB

C A S *  j s  = 0.000

F ig . 3. M ultid im ensional scaling o f  m odified R ogers ' (W right. 1978) genetic distances. P opula tion  
abbrev iations are as in F ig. 1.

to the mean values for anadromous and freshwater fish species reported by 
Gyllensten (1985). but lower than those reported by W ard et ai. (1994). The 
results reflect the characteristically low levels of polymorphism in many typical 
brackishwater invertebrate species (Battaglia et a!.. 1978: Abbiati & Maltagliati. 
1996). Furthermore, the closely related species. A. iberus (Valenciennes), having 
ecological and biological characteristics similar to A. fasciatus. also showed low 
levels of genetic polymorphism, with slightly higher values o f heterozygosity 
(Hexp range=0-023-0T09) (Doadrio et ai.. 1996). The different values obtained 
for A. iberus are probably due to either the lower number of loci analysed, 
or the different set of enzymes assayed. The low levels o f genetic variability 
in A. fasciatus can be explained by random loss o f alleles in isolated local 
populations through the effects of genetic drift. Alternatively, one among the 
most extended theories reported for explaining low polymorphism in 
brackishwater species is related to adaptation to brackishwater habitats, which 
requires tolerance o f considerable fluctuation o f physicochemical parameters, 
such as salinity, temperature and oxygen concentration (Cognetti. 1994 and 
references therein).
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GENETIC VARIATION AND GENE FLOW AMONG POPULATIONS
A high degree of isolation among populations, with ^ST values usually >0-450, 

has been detected in populations of various species of brackish- and freshwater 
cyprinodontids (Ashbaugh et a i, 1994; Doadrio et aí., 1996). Aphanius fasciatus 
is no exception to this trend, and population structuring was as strong as in other 
cyprinodontid fishes. Weir & Cockerham’s (1984) coancestry coefficient showed 
that A. fasciatus populations are differentiated genetically with a mean value of 
jackknifed 6 of the same magnitude of the average value found by Gyllensten 
(1985) (reported as GST by the author) in 10 freshwater fish species. Despite the 
low mean number of alleles per locus in all populations (Table III), the presence 
o f various allelic forms (Table II) is evidence o f great genetic heterogeneity 
among populations. The small values of the mean number o f alleles per locus are 
due to the presence o f various private alleles, which can be found in only one or 
few samples. This genetic characteristic produces moderate Nei’s (1978) genetic 
distances, ranging from 0 002 to 0-042, which are typical of conspecific popula
tions of cyprinodontid species. In fact, they are of the same magnitude of 
those observed among populations of Cyprinodon macularius Baird & Girard 
(Z)N=0-002-0-042) (Turner, 1983) and the Mediterranean populations of 
A. iberus (Z)N =0-002-0-096) (Doadrio et aí., 1996).

Generally life-history adaptations have evolved in response to selection for 
restricted dispersal, thus the likelihood o f reproductive isolation of populations 
is increased and their genetic differentiation is likely (Waples, 1987). Life-history 
traits of A. ’fasciatus, such as benthic eggs and absence of larval stages and 
habitat preferences, determine a low potential for dispersal, which is consistent 
with the observed high degree of genetic differentiation among its populations. 
In addition, the genetic structure o f A. fasciatus results from the interaction of 
life-history traits and natural fragmentation of habitats, which determine the 
observed isolation o f local populations.

A clear geographical trend o f genetic differentiation among populations 
emerged from the analyses of genetic distances (Figs 2 and 3) and it was 
confirmed by a significant positive correlation between the genetic and geograph
ical distance matrices. These analyses support W right’s (1943) isolation-by- 
distance model of genetic structuring in A. fasciatus. Although A. fasciatus is 
considered a non-migratory species, exchange o f individuals from one habitat to 
another is possible, in fact some specimens have been recorded in the open sea 
mixed with juveniles o f Sardinia pilchardus Risso, 20-70 m from the coast 
(Torchio, 1967). The presence of this species in the marine environment is 
considered occasional and probably is connected with unpredictable events, such 
as exceptional rainfalls or floods that might flush individuals o f A. fasciatus away 
from brackishwater habitats to the open sea.

Analyses o f gene flow carried out using either W right's (1943) or Slatkin’s 
(1985) methods were consistent and gave very low values o f N m. From  an 
ecological perspective, these estimates of gene flow confirm the occurrence of 
restricted migration between populations and imply that genetic differentiation 
over time may have occurred due to genetic drift. The natural fragmentation of 
the brackish-water habitats, contributing to the disjunct coastal distribution of 
A. fasciatus and the observed estimates of gene flow among populations suggest 
that the one-dimensional stepping-stone model (Kimura & Weiss, 1964; Slatkin,
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1994) may be a more apppropriate model to describe the mechanisms o f genetic 
substructuring of the species. However, the present study provides only a rough 
insight into the pattern of gene flow among populations of A. fasciatus, given 
that only five localities were analysed. Further investigations on a greater 
number of individuals and populations will allow the application of powerful 
methods, such as the regression approach, recently introduced by Slatkin (1993, 
1994), to demonstrate the modality of gene flow clearly in this cyprinodontid 
species.

T h e  a u th o r  th a n k s  M . R u ck e lsh au s  a n d  tw o  a n o n y m o u s  referees fo r  he lp fu l co m m en ts  
on  a n  early  d ra f t o f  th is  m an u sc rip t; A . C aste lli, C . L ard icc i an d  M . M agri fo r  h e lp  in 
co llecting  specim ens; an d  B. C iom ei fo r  h e lp  w ith  th e  E ng lish  language . T h is  w o rk  is a 
p a r t  o f  F M 's  P h D  thesis.
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