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Summary & Conclusions: 

Figure 1. Sampling sites in Europe14 

Anguilla anguilla 

The European eel (Anguillidae; Teleostei) is a critically endangered species according to  

the IUCN. 

These catadromous fishes grow 

and spend their adult life in fresh, 

brackish or coastal European  

waters. After sexual maturation, 

they migrate up to 5,000 km, back 

to their spawning area in the 

Sargasso Sea. 

  Despite occupying diverse freshwater habitats, all European eels spawn in the Sargasso 

Sea, constituting a nearly panmictic unit12. This lack of genetic structure provides an 

homogenous genetic background, common to all the populations, in which signatures of 

significant MHC Fst values can be interpreted as the result of pathogen-driven selection.   

Anguillicola crassus 
One of the major factors affecting eel population’s is 

the introduction of exotic pathogens, namely the 

hematophagous swimbladder nematode Anguillicola 

crassus5, dragged to Europe from Asia in 1982 

through eel trading5,6. Parasitized individuals have 

significantly higher swimming performance costs; 

consequently they might fail to complete their 

reproductive migration back to the Sargasso Sea6,7. 

Interestingly, prevalence and parasites intensities are 

much higher in the naive European populations 

compared to the natural A. japonica populations, the 

source reservoir. However, the nature of the ongoing 

adaptations and their impacts on eel’s biology remain 

largely unknown. 
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Background 

A long generation time, and a 

complex life cycle make eels 

particularly vulnerable to any 

environment alteration. Numerous 

threats, including migration barriers, 

habitat destruction, pollution, 

overfishing, pathogens and climatic 

change1,2,3 may have contributed to 

the recent, dramatic decline of the 

eel stocks. Census population size 

collapsed by 95%-99%, compared 

to levels observed in the 1980’s4.  

 

References: 

The Major Histocompatibility Complex (MHC) genes encode cell surface glycoproteins  

that play an important role in the adaptive immune response, therefore, in host–parasite 

interactions9. A co-evolution approach allows us to link the exotic pathogens with the MHC 

allelic turnover and diversity in the European eel populations. As the introduced parasites 

exert a significant selective pressure, signatures of selection should be present in the MHC 

sequences. The antigen binding site (ABS) of MHC, and within them, the peptide binding 

residues (PBRs, amino acids involved in non-covalent binding of pathogen derived peptides)  

are particularly subject of positive, diversifying selection10. 

Hypothesis 

Results 

We designed specific primers to sequence two MHC 

class II exons (DAA and DAB), derived from an EST 

database13. Using NGS, we performed multilocus 

genotyping (without assigning alleles to loci) for samples 

(N = 120) collected throughout the entire distribution 

range of the species (12 European eel populations, 

Fig. 1). We also included a unique American 

population from Boston (N = 10) and historical A. 

anguilla samples collected in Charentes in 1874, 

(before the introduction of A. crassus). 

Sampling, genotyping & phylogenetics 

We identified 149 DAA and 154 DAB MHC class II alleles, 

confirming the multiple copy nature of the MHC loci, with at 

least, 4 and 5 gene copies for the DAA and DAB loci, 

respectively. European and American eels were found to 

share the same allelic pool (Fig. 2), a result suggesting that 

balancing selection is acting on these genes and that 

ancient polymorphisms are retained within the Atlantic 

lineages.  

Patterns of positive selection 

Figure 2. Phylogenetic tree of DAB exon of MHC class II for all identified alleles; red 

dots denote alleles present in the Boston population (A. rostrata). 

I. Under the assumption of only mutation, and no recombination shaping the MHC variability, 

we implemented maximum-likelihood models of codon substitution, allowing for variable 

selection pressure among sites. We identified numerous residues under positive selection 

(CODEML in PAML 4. package15), and ω values were above 5 for both MHC loci under the 

best model (Tab. 1, Fig.3). 

Table1. Log-likelihood values and parameter estimates under random-sites models for DAA and DAB 

Positive selection sites at the cutoff p > 95%, in bold: p > 99%  

Models   DAA 

ℓ Parameter estimate(s) Positively selected sites Models   DAB 

M0  

(one ratio) 

-4421,73 ω = 4,06 None 

-3573,40 ω = 2,14 

M1a  

(neutral) 

-4321,20 p0  =0,37, p1 = 0,50, (p2 = 0,13), ω0 = 0,10, ω1 = 1, ω2 = 6,50 Not allowed 

-3393,65 0 = 0,49, p1 = 0,35, (p2 = 0,16),  ω0= 0,07, ω1 = 1, ω2 = 5,45 

M2a  

(positive selection) 

-4115,64 p0  =0,37, p1 = 0,50, (p2 = 0,13), ω0 = 0,10, ω1 = 1, ω2 = 6,50 39, 43, 46, 47, 49, 50, 61 

-3251,53 p0 = 0,55, p1 = 0,31, (p2 = 0,14) ω0= 0,19, ω1 = 3,05, ω2 = 10,94 7, 17, 26, 32, 40, 45, 48, 51, 55 

M3  

(discret selection) 

-4030,06 p0 = 0,47, p1 = 0,47, (p2 = 0,07) ω0= 0,61, ω1 = 6,53, ω2 = 34,49 5, 7, 9, 14, 15, 17, 21, 22, 23, 24, 26, 32, 33, 35, 36, 37, 38, 39, 41, 42, 43, 45, 46, 

47, 49, 50, 53, 56, 57, 58, 61 

-3225,36 p0 = 0,55, p1 = 0,31, (p2 = 0,14) ω0= 0,19, ω1 = 3,05, ω2 = 10,94 1*, 5, 7, 9, 10, 16, 17, 26, 31, 32, 38, 39, 40, 42, 43, 45, 46, 47, 48, 49, 51, 52, 55, 

56 

M7  

(beta) 

-4320,20 p = 0,24, q = 0,19 Not allowed 

-3391,64 p = 0,16, q = 0,19 

M8  

(beta & omega) 

-4127,15 p0 = 0,79, p = 0,20, q =0,12, (p1=0,21),  ω = 5,67 7, 14, 17A 24, 39, 43, 46, 47, 49V, 50, 56, 58, 61 

-3256,10 p0 = 0,84, p = 0,15, q = 0,17, (p1 = 0,16), ω = 5,34 7, 17, 26, 32, 40, 45, 48, 51, 55 

Figure 3. DAA (1) and DAB (2): a) Posterior probabilities of sites classes for codons along the DAA gene under model M8 (beta & 

omega); b) Approximate posterior means of ω, calculated as a weighted average of ω by the posterior probabilities. Sites with low mean 

ω’s are inferred to be under purifying selection. 

Table 2. Estimates of mutation rates (Watterson’s θ),  

and recombination rates (ρ) for the genes DAA and DAB. 

* Statistically significant values 

Gene 
fragment 

lenght 
θ ρ r/µ 

Lk Max 

statistique 

DAA 183 0,155 28,283 0,997 0,000* 

DAB 171 0,124 46,97 2,216 0,002* 

II. We evaluated recombination (ρ = 4Ner) and mutation rates (Watterson’s θ = 4Neµ) 

for both exons (Tab. 2) (LDHAT16,17). 

III. As the recombination also influences 

the MHC variability, we co-estimated 

selection (ω) (data not shown, but 

congruent with PAML results) and 

recombination (ρ) (Fig.4) using a 

population genetics approximation to 

the coalescent with recombination 

(OmegaMap18).  

A B 

Figure 4. Fireplot of log(ρ) along the sequence of DAA (A) and DAB (B), 

more intense colors (closer to white),  represents higher posterior density.  

Perspectives: 

 No genetic structure retrieved from MHC class II genes in European eel (A. anguilla) 
 

 Retention of ancient polymorphism in both Atlantic eel species 
 

 Multiple copies of both MHC class II exons (DAA and DAB), and significant recombination 

ratio. Putative recent duplications in the Anguilla genus19 and inter-locus recombination 
 

 High allelic diversity and strong signatures of positive selection in both MHC class II 

exons, (patterns of selection match the helix structure of ABS in MHC molecule) 
 

A. crassus in the swimbladder8  
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Objectives: 
 

 Comparing MHC class II genes allelic diversity:  

(between populations, and through time) 
 

 Detecting signatures of positive selection  
 

 Estimating recombination rates at their 

contribution to new alleles generation  

Signatures of selection:  

Ratio of non-synonymous over synonymous substitution: dN/dS = ω  
 

 purifying selection: ω <1  

 positive selection: ω >1 

 neutrality: ω = 1 
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