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ABSTRACT: Marked differences between continental samples of American and European eels 
have been detected electrophoretically in allele frequencies at the MDH-2 locus. Starch gel 
electrophoresis carried out on board F. R. V. "Anton Dohrn" during the eel expedition to the 
Sargasso Sea in 1979 revealed a similar clear-cut genetic difference in a sample of 0-group Anffuilla 
leptocephali, thus confirming the classical theory of Schmidt (1932). The MDH-2 genotypes provide 
an additional diagnostic character for the distinction between young A. anguilla and A. rostrata 
leptocephali. Species identification by biochemical genetic characters did not correspond with that 
by meristic characters (rnyomere numbers) in ca. 13 % of the specimens studied; this discrepancy 
mainly concerns leptocephali of the A. anguilla genotype. The results obtained are critically 
discussed. 

INTRODUCTION 

An addi t ional  tool for the solut ion of taxonomic problems has b e e n  provided by the 
introduct ion of b iochemical  methods, part icularly by enzyme electrophoresis on starch 
and  acrylamide gels (RolIinson, 1980). This technique  (Brewer, 1970; Ayala & Valent ine,  
1978) reveals the variants of a protein, the product of a specific gene  locus, by differential 
electrophoretic mobilit ies.  Provided a rel iable  genet ic  in terpreta t ion can be g iven to 
expla in  the pat tern  of electrophoretic variat ion of a part icular  enzyme (Utter et al., 1974; 
Allendorf  & Utter, 1979), the study of allelic variants  (allozymes) may provide useful  
information about  the genet ic  structure of natural  populat ions  in  space and  time. 

The ut i l izat ion of electrophoretic variants  of enzymes as genet ic  markers  was useful  
in  two areas of ichthyological research: (1) the mark ing  of popula t ions  or stocks of 
economical ly  important  species to identify their  course of migra t ion and  different 
b reed ing  grounds;  (2) the study of interspecific differences for the solution of taxonomic 
problems (De Ligny, 1971, 1972; Rodin6 & Comparini ,  1978b). AlIozymes as genet ic  tags 
are in  fact more re l iable  tools for this k ind  of invest igat ions  than tradi t ional ly used 
morphometr ic  and  merist ic characters (Avise, 1975). 

Electrophoretic methods have signif icant ly contr ibuted to the solution of controver- 
sies regard ing  the classical theory of Schmidt (1932) on the or igin of Atlant ic  and  
Medi te r ranean  eel  (Rodin6 & Comparini ,  1978a, b). In particular,  Tucker ' s  (1959) con- 
troversial v iew on the existence of two different ecophenotypes of a s ingle  Atlantic eel  
species has b e e n  strongly chal lenged.  Sick et al. (1967) demonst ra ted  hemoglobin  
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polymorphism in  the Amer ican  eel, While the European eel is monomorphic;  Jamieson  
& Turner  (1980) reported differences be tween  the two Atlantic popula t ions  in  muscle 
proteins. A signif icant  contr ibut ion at the genet ic  level  was the e luc idat ion  of marked  
differences in al lele f requencies  of the MDH-2  locus (malate dehydrogenase)  be tween  
samples of Amer ican  and  European  eels observed by De Ligny & Pantelouris  (1973) and  
confirmed by Wil l iams et al. (1973) and  Rodin5 & Compar in i  (1978a). 

This biochemical  genet ic  difference was, however,  observed at advanced  develop- 
menta l  stages; it could result  from differential selection, depend ing  on different environ-  
menta l  condit ions met  with by leptocephal i  dur ing  their migra t ion to different cont inen-  
tal waters. Indeed, caut ion is due when  inferr ing reproductive isolation from the genet ic  
differentiation observed in  elvers and  more advanced  stages of eels (Koehn & Williams, 
1978). 

Therefore, conclusive evidence  proving the presence of two separate gene  pools in  
Atlantic eels could be ob ta ined  from the analysis  of samples of young  leptocephal i  
caught in  or in  the vicini ty of the b reed ing  area. This opportuni ty was offered by the 1979 
eel expedit ion of the F.R.V. "Anton Dohrn" to the Sargasso Sea. 

During the cruise, eel  larvae were analysed for some enzymes  (see Com- 
par ini  & Rodin5, 1980). Part icular a t tent ion from the taxonomic point  of v iew was given 
to MDH electrophoretic pat terns because  of the above reported differences in  allele 
frequencies  be tween  the two cont inenta l  populations.  Proving the existence of a similar, 
clear-cut genetic difference be tween  two distinct larval  pools in  the b reed ing  area, 
besides  confirming Schmidt 's  theory, provided an addi t ional  or confirmative diagnostic 
character for the ident i f icat ion of both eel species at the larval stage. 

In this paper, data on genet ic  variabi l i ty  in eel larval  samples made  avai lable  by the 
study of the MDH locus are reported. Moreover, the results a t ta ined after comparison of 
the 2 methods of species identification,  by biochemical  genet ic  and meristic characters, 
are given. The data are discussed with part icular  reference to taxonomic studies, based  
on myomere counts of 0-group Anguilla larvae (Schoth, 1982). 

MATERIALS AND METHODS 

Figure 1 shows the route of the F. R. V. "Anton Dohrn" and  the different haul  stations 
for eel larvae collection. Details of the 1979 eel expedit ion,  the f ishing equ ipmen t  and  
other technique data  are reported main ly  by Tesch et al. (1979) and  Tesch (1982); more 
information about  the place of capture, n u m b e r  and distr ibution of the 0-group Anguilla 
larvae are given by Schoth & Tesch (1982). 

Anguilla leptocephal i  can easily be dis t inguished from those of other Angui l -  
liformes (Smith, 1979). Immedia te ly  after the different hauls, Anguilla larvae were 
roughly sorted out on board; the rest were identif ied from the preserved ichthyoplankton 
in  the laboratory where  the m a i n  myomere count ings  were carried out (for further 
details, see Schoth, 1982). 

Out of more than  2,000 leptocephal i  (mainly the 0-group) separated on board, 121 
individuals  of the 0-group (7-25 mm in length) and  five of the I-group (about 40 ram) 
were analysed by electrophoresis on board. The n u m b e r  of leptocephal i  electrophoresed 
at the different stations (all from the first part of the cruise) is g iven in  Figure 1. The five 
I-group specimens der ived from the fourth haul, which was t aken  in  the middle  of the 
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Fig. 1. Route of F. R.V. "Anton Dohrn" with positive • and negative 0 hauls of 0-group Anguilla 
leptocephali. Number of leptocephali used for etectrophoresis at each haul station 

Anffuilla anguilla hatching area. Prior to electrophoretic treatment,  the body length  of 
all specimens  was measured  and  the myomeres of the majority of the analysed 0-group 
leptocephal i  caught  west of 61 ° W were counted. 

If possible, leptocephali  were immedia te ly  eIectrophoresed; otherwise they were 
frozen (--30 °C) and  used wi th in  a few hours. Apart  from the appearance  of a supp lemen-  
tary electrophoretic b a n d  (see be low and  Compar ini  & Rodin6, 1980), no important  
differences were discovered b e t w e e n  frozen and  fresh specimens.  Horizontal  elec- 
trophoresis was performed in  11.5 % starch gel ( 'B io tes tge l ' ,  Biotest-Serum Inst. GmbH, 
Frankfurt/M.), us ing  an  apparatus  s imilar  to that descr ibed by  Ayala  & Valen t ine  (1978). 
Whole leptocephal i  or cephalic halves  of their bodies  were carefully washed in  an  ice- 
cold 1 %  NaC1 solution. Each ind iv idua l  sample  was put  into a micro-tube,  then  f inely 
minced  with scissors in 2 to 3 volumes  of 0.05 M Tris-HC1, pH 7.2, at 4 °C. With the help 
of tweezers, a little rectangle  (5 × 6 mm) of chromatography paper  was put  into each of 
the tubes  and  soaked with homogenate .  Finally,  each soaked paper  was deposed into the 
sample  slot of the gel. Electrophoretic condit ions and  MDH-sta in ing  method are 
reported e lsewhere  (Comparini  et al,, 1975; Compar in i  & Rodin6, 1980). 

RESULTS 

M D H - 2  g e n o t y p e  d i s t r i b u t i o n  i n  t he  Anguilla l a r v a l  s a m p l e  

The MDH electrophoretic pat terns of Anguilla larvae ana lysed  on board (Fig. 2) 
correspond to those described in elvers and  older eels of A. anguilla (Comparini  et al., 
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Fig. 2. Photograph of MDH electrophoretic patterns observed in the Anguilla leptocephali sample. 
Corresponding genotypes (according to Fig. 3) are also reported. Asterisks indicate the position of 

bands which appear in frozen specimens due to mitochondrial MDH activity 

1975 and Compar in i  & Rodin6, 1980) and A. rostrata (Williams et al., 1973). As in other  

teleosts, MDH is control led by two gene  loci, one of them (MDH-I) ist almost  monomor-  

phic  whi le  the other (MDH-2) is polymorphic  in the two Anguilta species  studied, 

Figure  3 shows schemat ica l ly  the MDH patterns observed  in the lep tocephal i  
sample  together  wi th  their  gene t ic  interpreta t ion (for further detai ls  see Compar in i  et al., 

1975; Comparini  & Rodin6, 1980). As in cont inental  samples,  a very low var iabi l i ty  was 

observed  for MDH-1 (two heterozygotes ,  ab, were  observed),  whi le  MDH-2 was  polymor-  
phic in the larval sample  also. The observed and expec ted  geno type  distr ibution 

(according to the Hardy-Weinbe rg  law), as wel l  as the a l le le  f requencies  for the MDH-2 
locus are reported in Table  la .  The  a l le le  f requencies  are different from those reported in 

the cont inental  ee l  samples  of both populat ions (Comparini  & Rodin6, 1980), The 

observed  genotype  distr ibut ion shows a h ighly  signif icant  difference (X 2 131 = 78.3, P 
0.01), due to a strong excess of homozygotes  compared  with the expec ted  values for a 

s ingle panmict ic  populat ion.  
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Fig. 3. Schematic representation of MDH electrophoretic patterns observed in Ieptocephali samples 
and genetic interpretation of variability at the MDH-1 and MDH-2 loci. The alleles are indicated 
by a, b, c, d, e in the order of the anodic mobility of the respective homodimer bands (for additional 

explanations see text) 
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Table 1. (a) Observed and, in parentheses, expected MDH-2 genotype distribution and allele 
frequencies in a sample of Anguilla leptocephali. (b) Expected genotype distribution assuming a 

genetically heterogeneous sampling (additional explanations see text) 

(a) Genotypes Number Alleles Frequencies 

aa 72 (45.8) a 0.603 
ac 8 {53.1) b 0.020 
cc 35 (15.4) c 0.349 
others 11 (11.7) d 0.008 

126 e 0.020 

(b) Genotypes aa ac cc others Total 
Number 70.6 9.2 31.0 15.2 126 

Among  the possible factors responsible  for this excess, persis tent  i nb reed ing  can be 
excluded for obvious reasons; it also seems very un l ike ly  that, in  a sample consist ing 
mostly of 0-group larvae aged no more than a few weeks, this excess could originate 
from strong select ion agains t  heterozygotes. Therefore, this dis t r ibut ion most probably  
results from the sampl ing  together  of ind iv idua ls  or ig inat ing  from two distinct popula-  
tions with an  appreciable  difference in  allele f requencies  and  separate gene  pools 
(Wahlund effect). 

This is consistent  with the v iew that the sample was made  up of two different groups 
of larvae, be long ing  to the two reproduct ively isolated gene pools of A. anguilla and 
A. rostrata and  hav ing  the same (or very similar) al lele f requencies  as reported for the 
cont inenta l  populat ions.  The observed genotype dis tr ibut ion is i ndeed  very similar  
()~2 {3) ~- 1.86, P > 0.60) to the expected one {Table lb)  assuming  that the larval  sample  
was composed of specimens  be long ing  to the American  and  European  eel populat ions at 
a rate of 6 1 %  and  39 %, respectively. The ratio was deduced  by considering,  in  the 
ana lysed  larval  sample, the proport ion be tween  the observed n u m b e r  of MDH-2 aa 

genotypes  (common in  Amer ican  eel) and  of MDH-2 c c a n d  other genotypes  (common in  
European eel). 

M D H - 2  g e n o t y p e s  as a d i a g n o s t i c  c h a r a c t e r  of the  l e p t o c e p h a l i  i n  A n g u i l l a  

s p e c i e s  

Under  this precondi t ion the MDH-2 genotype can also be used in young leptoce- 
phal i  as a species-diagnost ic  character. This is easy to recognize on board. Indeed,  on the 
basis  of the MDH-2 al lele f requencies  observed in  the cont inenta l  populat ions,  the 
probabi l i ty  of correct diagnosis  of the species is more than 0.998, calculated by apply ing  
the statistics proposed by Ayala & Powell (1972), if the aa homozygotes are scored as 
A. rostrata, the heterozygotes showing the "ambiguous"  genotype ac are not considered 
and  all other genotypes are scored as A. anguilla. 

With the use of this parameter  it is possible to assume that the analysed sample of 
126 leptocephal i  was composed of 72 A. rostrata (aa genotypes),  46 A. anguilla (cc and 
other genotypes),  and  8 Angui l la  of uncer t a in  species at tr ibution (ac genotypes}. Of the 5 
I-group larvae, 4 were A. anguilla and  one was of ambiguous  genotype.  Therefore, the 
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121 0 -g roup  l e p t o c e p h a l i  cou ld  be  s u b d i v i d e d  into  72 A. rostrata, 42 A. anguilla a n d  

7 s p e c i m e n s  of u n c e r t a i n  a t t r ibu t ion .  
O n  the  bas is  of this  subd iv i s ion ,  a p r e v a l e n c e  of A. rostrata l a r v a e  is obv ious  in the  

l a t t e r  s ample .  H o w e v e r ,  l a b o r a t o r y  m y o m e r e  c o u n t i n g s  h a v e  s h o w n  n e a r l y  e q u a l  n u m -  
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Pig. 4. Distribution of total myomere numbers as observed (a) in the 99 0-group leptocephali 
counted on board before electrophoresis and (b) in the main batch of the 0-group leptocephali by 

laboratory counts 
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bers of ind iv idua ls  of the two species in  the main  batch of 0-group leptocephaIi  (Fig. 4b). 
An  exp lana t ion  of this discordance is that  most of the specimens  ana lysed  on board were 
caught  west of 65 ° W (see Fig. 1) where,  as shown by laboratory countings,  A. rostrata 
larvae were most a b u n d a n t  (Schoth & Tesch, 1982). 

C o m p a r i s o n  b e t w e e n  e l e c t r o p h o r e t i c  a n d  m e r i s t i c  d a t a  i n  0 - g r o u p  e e l  l a r v a e  

Of the 121 0-group leptocephal i  ana lysed  on board by electrophoresis, 105 speci- 
mens  were subjected to myomere  count ing  beforehand.  Total myomere  counts could be 
obta ined  on 99 individuals ;  the rest were  not counted due to damage  or loss of the caudal  
part. On the basis of their genet ic  characteristics these 99 indiv iduals  were subdiv ided  
into 65 A. rostrata, 28 A. anguilla and  6 specimens of uncer ta in  attribution. 

Figure 4a shows the distr ibution of the total myomere n u m b e r  of the 99 individuals ;  
as expected, a t endency  to b imodal i ty  is suggested. This suggest ion is supported by the 
corresponding laboratory count ings  (Fig. 4b) (Schoth, 1982). 

Compared with this dis t r ibut ion (Fig. 4b), the one obta ined  by count ing  on board 
(Fig. 4a) gives somewhat  lower myomere  numbers .  In particular,  3 specimens with less 
than 102 myomeres  were counted and  both averages are lower in the distr ibution in  
Figure 4a. This fact is possibly the consequence  of unsu i tab le  count ing  conditions on 
board. Because of ship movements ,  too weak  a magnificat ion,  and  the necessi ty to treat 
the fresh larvae quickly - as they are very delicate and  decay soon sets in - the count ing 
was rough and  not completely reliable.  Personal laboratory experience has shown 
indeed  that us ing  weaker  magnif ica t ion  and with less routine there is a t endency  to 
count less myomeres,  even  more so the smaller  the larvae are. 

In spite of this, however,  the numbers  of myomeres as discerned in the laboratory 
and  "'on board" are comparable.  Fol lowing a similar  criterion for larval sorting as used 
for the large laboratory sample,  based  on the observed myomere  distribution, 80 of 99 
specimens  counted  on board could be at t r ibuted to A. rostrata and 19 to A. anguilla 
(Fig. 4a). This result  differs to a certain extent  from that ob ta ined  by us ing biochemical  
genet ic  characters (MDH-2 genotypes) for species identification.  

According to the myomere  countings,  81% of the 99 0-group leptocephali  were 
des igna ted  as A. rostrata, and  19 % as A. anffuilla, whereas  according to electrophoretic 
analysis  the va lues  were 70 % and  30 % respectively, the 6 MDH-2 ac ind iv idua l s  be i ng  
proport ionately ascr ibed to the 2 species considered. This difference is i l lustrated in  
Figure 5 where  the total myomere  n u m b e r  dis tr ibut ion is considered for the 0-group 
leptocephal i  of different MDH-2 genotype  separately.  

As regards the 65 MDH-2 aa ind iv idua ls  (classified as A. rostrata), apart  from the 
2 specimens  (3.1%) with less than  the reported m i n i m u m  n u m b e r  of myomeres,  all  
possess from 102 to 112 myomeres  and  display on the whole  a myomere n u m b e r  
dis tr ibut ion wel l  in  accordance with the expected one for a homogenous  sampl ing  of 
A. rostrata larvae. Tak ing  only A. rostrata into consideration,  a good diagnostic corres- 
pondence  seems to exist be tween  electrophoretic and meristic data of the 0-group 
leptocephali .  

The 6 MDH-2 ac  individuals  (of uncer ta in  species attribution) possess 100 to 115 
myomeres,  5 larvae hav ing  the meristic characteristics of A. rostrata. This is a species 
ratio not much different from the expected one of about  5 : 2, consider ing in the sample of 
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Fig. 5. Distribution of the total myomere number in 0-group leptocephali of different MDH-2 
genotypes. Individuals of MDH-2 aa genotype are scored as A. rostrata, MDH-2 acindividuals are 

not classified and those of MDH-2 cc genotypes and others are scored as A. anguilla 

99 spec imens  the proport ion of la rvae  with  MDH-2 geno type  of Amer ican  and  European  

eel, respectively.  
Of part icular  interest ,  however ,  is the myomere  number  distr ibut ion of the 28 

lep tocephal i  wi th  typical  MDH-2 genotypes  (cc and others) of A. anguilla. This distr ibu- 
t ion appears  to be  i r regular  and remarkably  shifted towards lower  myomere  numbers  

than expec ted  for a homogeneous  sampl ing  of A. anguilla larvae.  The number  of 

myomeres  ranges  from 104 to 117; and the average  of 111.5 + 0.7 is much  lower  than  that 
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observed  in the large sample  where  count ing took p lace  in the laboratory (Fig. 4b). 11 

out of 28 spec imens  (= about  39 %) show a myomere  number  rang ing  from 104 to 110 

(average = 107.7 + 0.7). On the basis of these data one might  think that it is unre l iab le  

to use the n u m b e r  of myomeres  to de te rmine  the specific status of young Anguilla larvae,  
as this does not always accord with  the gene t ic  character  as deduced  by MDH elec-  

t rophoret ic  patterns;  especia l ly  in the case of the lep tocephal i  d isplaying the typical  

MDH-2 genotype  of A. anguilla, hav ing  at the same time, in many  cases, the same 

number  of myomeres  as A, rostrata. 
But we  must  not forget the consequences  resul t ing from bad count ing conditions on 

board nor the fact that  the 0-group lep tocephal i  of A. anguilla with their  h igher  mean  

number  of myomeres  were,  on the average,  shorter than those of A. rostrata. 
Concern ing  the 99 spec imens  in which  complete  myomere  countings were  carried 

out, we  obta ined  the fol lowing results: 

.x = 17.7 + 0.5 mm in the 65 MDH-2 aa larvae (A. rostrata), 
= 19.1 _+ 0.9 mm in the 6 MDH-2 a c l a r v a e  (uncertain Anguilla species), 

= 15.8 _+ 0.5 mm in the 28 MDH-2 cc and other genotype  larvae  (A. anguilla) 

The concomitance  of these facts could possibly have  been,  at least  for the larger  part, 

the cause of the above observed  d isagreement .  It is possible that myomere  counts on 

board  and par t icular ly  those concern ing  A. anguilla larvae were  part ial ly wrong. 

DISCUSSION 

The study of the MDH-2 genotype  distr ibution by e lect rophoret ic  analysis in a 
sample  of young  Anguilla l ep tocepha l i  (predominant ly  from the 0-group) has r evea led  

the p resence  of two different and gene t ica l ly  isolated groups of larvae in the spawning  

area of the Sargasso Sea. As demons t ra ted  above, the es tabl i shment  of a clear-cut  

gene t ic  dif ference b e t w e e n  two groups of young  lep tocepha l i  in the Sargasso Sea 
def ini t ively  confirms Schmidt 's  theory of the exis tence of two distinct Atlantic Anguilla 
species.  

In v i e w  of the gene t ic  dif ference be tween  the two larval  groups, observed  at the 
MDH-locus,  this character  may  provide  an a l ternat ive  diagnost ic  aid for the identif ica- 

tion of the two species  even  at a very ear ly  larval stage. 
On the basis  of MDH-2 a l lozyme patterns, more  than 93 % of the analysed leptoce-  

phal i  could be  divided,  with a very small  probabi l i ty  of error (P < 0.002), into the two 
Anguilla species;  the rest had genotypes  of uncer ta in  species attribution. Compar ison of 

a l le le  f requenc ies  at other enzyme  loci (Comparini  & Rodin6, 1980) has shown differ- 
ences  b e t w e e n  the two larval  groups, thus support ing their  different  species character.  

Classical  species  ident i f icat ion depends  on the total number  of myomeres  or verte-  
brae;  but  the heredi tabi l i ty  of meris t ic  characters has never  b e e n  s tudied in eels, 

because  b r eed ing  under  control led condit ions is still impossible.  Therefore,  changes  in 

the ind iv idua l  expression of these  characters due to changes  of envi ronmenta l  or age-  

dependen t  factors cannot comple te ly  be  exc luded  a priori. 
On the basis of our analysis of 0-group eel  larvae on board, species ident if icat ion by 

myomere  counts does not fully accord with that p resen ted  by gene t ic  characteristics. In 

fact, of the 93 lep tocepha l i  ass igned  to each of the two species  according to MDH-2 
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g e n o t y p e s  (see  Fig.  5), 12 h a d  a to ta l  m y o m e r e  n u m b e r  t ha t  is  in  d i s a g r e e m e n t  w i t h  t h e  

p r e c e d i n g  a t t r i b u t i o n  to a c e r t a i n  s p e c i e s .  As  m e n t i o n e d  above ,  th is  d i s a g r e e m e n t  

c o n c e r n s  p a r t i c u l a r l y  t he  i n d i v i d u a l s  of A. anguilla g e n o t y p e .  W e  h a v e  p o i n t e d  out,  

h o w e v e r ,  t he  u n r e l i a b i l i t y  of m y o m e r e  c o u n t i n g s  t a k e n  on  b o a r d ,  e s p e c i a l l y  r e g a r d i n g  

the  l e p t o c e p h a l i  g e n e t i c a l l y  a s s i g n e d  to A. anguilla. O n  fu tu re  e x p e d i t i o n s  it w o u l d  b e  

a d v a n t a g e o u s ,  t he r e fo re ,  to t a k e  m o r e  r e l i a b l e  c o u n t s  of m y o m e r e s  b e f o r e  e l ec t ro -  

p h o r e s i s  of l a r v a e  is  c a r r i e d  out  on  b o a r d  a n d  to e x a m i n e  r e p r e s e n t a t i v e  s u b s a m p l e s  of 

Angui l la  l a r v a e  f rom e v e r y  haul .  
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