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Abstract: The study of natural selection and local adaptation is a thriving field of research. Local
adaptation is driven by environment components and results in locally adapted phenotypes with
higher fitness relative to other phenotypes from other locations in the species range. Tests of local
adaptations have traditionally been done using transplant experiments, but the advent of next-
generation sequencing methods have allowed the study of local adaptation to move from a phenotypic
to a genomic approach. By using genome scans and state-of-the-art statistical tests, researchers can
identify genes putatively under selection and study the genomic architecture of local adaptation,
which often includes the observation of clustering of adaptive genes concentrated in fewer genomic
regions known as “genomic islands of divergence”. The two species of North Atlantic eels, the
European and the American eel, are excellent species for studying selection since they are panmictic
and present large population sizes, show a wide distribution range across extremely heterogenous
environments, and are subject to high mortalities. We reviewed studies of natural selection and local
adaptation in American eel, European eel, between life cycle stages, between European and American
eel. Finally, we discussed genome architecture in relation to local adaptation in eels and the role of
both genetic (i.e., local adaptation) and non-genetic (i.e., phenotypic plasticity) in the survival of eels
across their distribution range.

Keywords: local adaptation; Anguilla; European eel; American eel; panmixia; genomic islands
of divergence

1. Introduction

In order to understand the selective pressures acting upon natural populations, it
is crucial to identify which regions of the genome are under selection and discriminate
between neutral vs. adaptive genetic differentiation [1]. A growing number of studies have
examined the factors driving historical and contemporary evolution in natural populations,
searching for gene-environment interactions leading to local adaptation [2]. In particular,
species with a wide geographic distribution across heterogeneous habitats in terms of
environment drivers (e.g., temperature, productivity, depth, salinity, oxygen, photoperiod)
may experience spatially varying selective pressures, which can result in local adaptation
of ecologically important traits [3]. A meta-analysis on salmonids estimated the frequency
of local adaptation to be ca. 55–70%, with local populations having, on average, a 20%
fitness advantage relative to foreign populations [4].

Population genomic studies predict the observation of highly differentiated genomic
regions referred to as genomic islands of divergence, which arise as a consequence of
genome hitchhiking [5]. Under the hitchhiking model [6], when a selectively favoured ben-
eficial mutation rises to fixation, the neutral variants located nearby the selected mutation
will also rise to fixation, which is known as hitchhiking. Consequently, we can observe
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genomic regions with higher-than-average genetic differentiation together with a change in
genetic variability. The loss or reduction in genetic variation in genomic regions adjacent to
causative variants that may occur in response to directional selection within one or more
populations is referred to as a selective sweep [7]. Genomic islands of divergence have
been observed in many taxa from insects [8] to humans [9], including many classic studies
in fish, such as stickleback [10,11], Atlantic cod [12,13] or whitefish [14].

2. Excellent Species for the Study of Footprints of Selection

The two species of North Atlantic eels, the European eel Anguilla anguilla and the
American eel Anguilla rostrata, are optimal species for the study of footprints of natural
selection. First, both species are panmictic [15–18] and present large effective population
sizes despite the acknowledged stock declines. Using an RAD-sequencing approach,
Pujolar et al. [17] estimated an effective population size (Ne) for European eel from 100,000
to 1 million individuals. A large Ne was also suggested by PSMC (pairwise sequentially
Markovian coalescent) analysis of effective population size back in time, with estimates of
>1 million individuals in both species [19]. Such high Ne is important as it renders natural
selection the major evolutionary force determining the changes in genetic composition
and suggests a negligible role of random genetic drift in the evolution of North Atlantic
eels. Second, North Atlantic eels show a wide distribution range and are present across
extremely heterogenous environments [20]; for instance, in terms of temperature, the
European eel is distributed from subtropical habitats in the Mediterranean to subarctic
habitats in Iceland and Scandinavia, while the American eel is distributed from Venezuela to
Greenland [21]. Eels are extremely plastic regarding salinity and are regarded as facultative
catadromous, with some eels being freshwater residents, some being brackish and marine
water residents, and some shifting between habitats [20]. In such highly heterogenous
environments, selective pressures vary from region to region so that signatures of selection
and local adaptation are likely region-specific. Similarly, Indo-Pacific eel species would
also be suitable for selection studies due to their panmictic status and wide geographic
distribution in a variety of habitats.

Moreover, there is high potential for selective responses due to high mortalities in
both early and late life stages. Bonhommeau et al. [22] estimated a 10% survival rate in
European eel glass eels, while Åström and Dekker [23] estimated a natural mortality rate
of M = 0.14 per year and a fishery mortality rate of F = 0.54 per year. Many sources of
mortality in eels are anthropogenic, including fisheries, habitat loss, migration barriers
and human-introduced parasites and viruses [24]. Anthropogenic mortality in the early
continental phase notably includes fisheries targeting glass eels and upstream migration
barriers, while in the final continental years of the eel’s life cycle exploitation targets the
last part of the yellow eel stage and the silver eel stage.

3. How Panmixia Affects the Detection of Signatures of Selection

North Atlantic eels are textbook examples of panmixia (i.e., the existence of one single
randomly mating population), and together with the lack of larval homing, it has important
implications for the type of signatures of selection we can detect in North Atlantic eel
populations. Despite the wide distribution range of North Atlantic eels, there is conclu-
sive evidence for panmixia in both species. In European eel, the comprehensive study of
Als et al. [15] genotyped >1000 specimens collected across the entire distribution range
in Europe at 21 microsatellites. A low nonsignificant genetic differentiation was found
(FST = 0.00024), which was supported by the lack of substructuring found among larvae
collected in the spawning site in the Sargasso Sea (FST = 0.00076) or when comparing
Europe vs. Sargasso Sea samples (FST = −0.00012). Very low mean FST values were also
reported in previous studies using low-density marker sets that included large numbers of
sampling sites and individuals (e.g., FST = 0.0017, [25]; FST = 0.0014, [26]; FST = 0.0099, [27];
FST = −0.00003, [28]), the only exception being the study of Baltazar-Soares et al., [29]
showing a microsatellite differentiation > 10 times more than reported in other studies
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(FST = 0.02). Panmixia has also been confirmed at the genomic level using reduced rep-
resentation sequencing [17], showing again no differentiation between geographic areas
consistent with a single panmictic population (FST = 0.00007) after analyzing 259 RAD-
sequenced juvenile (glass eel) individuals from eight locations between 34 and 64◦ N
at >450,000 SNPs. A recent paper analyzing full genome data reached the same conclusion
of panmixia in European eel [18]. Similarly, Côté et al. [16] conducted the most compre-
hensive study on American eel, including a total of 2142 eels from 32 sampling locations
genotyped at 18 microsatellite loci. Data showed all measures of genetic differentiation to
be practically zero, providing decisive evidence for panmixia in American eel.

The existence of single randomly mating panmictic populations for both North Ameri-
can eel species suggests there is no larval homing and larvae do not return to the parental
original freshwater habitats. Despite panmixia, there have been suggestions of cryptic
female philopatric behavior in this species based on analysis of mitochondrial DNA [29].
However, the conclusion is not supported as it has not been verified in other studies utiliz-
ing the same marker [30]. If larvae showed philopatry (i.e., if larvae from Mediterranean
parents always returned to the Mediterranean), genetic differences would be expected
to accumulate across regions over time. Hence, the lack of genetic differentiation found
between geographic areas consistent with a single panmictic population suggests that
larval migratory routes are random.

One direct consequence of panmixia and random dispersal of larvae is that heritable local
adaptation is not possible in North Atlantic eels, despite the high potential for selection. If for
instance, an individual thrives in the Mediterranean because its genetic composition makes
it better adapted to survive the particular environmental conditions of the Mediterranean.
However, due to lack of homing, its progeny might end up randomly in Iceland or Scandinavia,
hence not benefiting from the pre-adapted alleles in their genetic composition. Therefore, all
signatures of spatially varying selection in a given generation are expected to be lost in the
next generation, which prevents heritable trans-generational local adaptation [31]. However,
single-generation signatures of local selection should still be detectable [17,31].

We present now a summary of all selection studies to date on North Atlantic eels
(Table 1), including studies on American eel, on European eel, between life cycle (juvenile
vs. adult) stages, between the two species and finally studies discussing the role of genome
architecture in relation with local adaptation, including epigenetic studies.

Table 1. Summary of all selection studies on North Atlantic eels including species studied, genetic
markers used, sampling details and main results.

Study Species Marker Sampling Details Main Results

Gagnaire et al. [31] American eel 100 candidate SNPs
A total of 992 individuals

from 16 sampling sites from
Florida to Quebec

Positive correlations at 8 loci
with environmental variables,

mostly related to energy
production and metabolism

Ulrik et al. [32] European eel 80 candidate SNPs

A total of 321 glass eels
collected at 8 sampling sites

from Iceland to the
Mediterranean

Positive associations at 11 loci
with environmental variables,
mostly related to metabolism

Pujolar et al. [17] European eel RAD sequencing
A total of 259 glass eels from

8 sampling sites ranging
from Iceland to Morocco

A total of 754 loci under
selection with a variety of

functions including calcium
signaling and

circadian rhythms

Jacobsen et al. [33] European and
American eel RAD sequencing

A total of 30 American eel
and 30 European eel

individuals either glass or
yellow eels

A total of 3757 highly
differentiated candidate SNPs,
located in genes mostly related

to development and
energy production
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Table 1. Cont.

Study Species Marker Sampling Details Main Results

Pavey et al. [34] American eel RAD sequencing

A total of 379 individuals
from 8 locations each of

freshwater and
brackish/marine habitats
from the Atlantic Canada

and St. Lawrence
river region

A total of 331 loci under
selection associated with
environmental variables

showing differences between
ecotypes (freshwater vs.

brackish/marine)

Pujolar et al. [35] European eel 80 candidate SNPs
+ RAD sequencing

A total of 123 glass eels and
113 silver eels collected in
Iceland, Ireland and Spain

A total of 1413 potentially
selected SNPs, located in genes

related to growth among
other functions

Enbody et al. [18] European eel Whole-genome
sequencing

A total of 417 Europeam eel
samples from 10 locations

across Europe

When comparing Baltic vs.
Mid-Atlantic samples only a
small region under selection

located on chromosome 1 and
two other regions on

chromosomes 13 and 15
were found

Pujolar et al. [36] European and
American eel RAD sequencing

Re-analysis of 359 samples
retrieved from Genbank,

including 254 European eel
and 105 American eel

Islands of divergence were
detected at 7 chromosomes,

with candidate genes involved
in energy production,

development and regulation

Liu et al. [37] European eel DNA methylation

A total of 50 individuals
were analysed representing

7 localities in Europe and
northern Africa

Differentially methylated
regions were reported

including genes involved in
development, in particular

Hox genes.

4. Studies of Selection in American Eel

Using a candidate gene approach, Gagnaire et al. [31] studied the evolutionary effects
of spatially varying selection in American eel. A panel of 100 candidate single nucleotide
polymorphisms (SNPs) were genotyped in 992 individuals from 16 sampling sites at
different life stages of the same cohort as well as in glass eels of the following cohort.
Evidence for spatially varying selection was suggested at 13 coding genes in American
eel showing significant correlations with environmental variables (latitude, longitude,
and temperature) across the entire species range. Within glass eels, associations with
environmental variables were found at eight loci using generalized linear models. Most loci
under selection represented key metabolic genes involved in lipid metabolism (ACP, acyl
carrier activity; ANX2, inhibition of phospholipase A2; GPX4, phospholipid–hydroperoxide
glutathione peroxidase activity), saccharide metabolism (MDH, malate dehydrogenase
activity; UGP2, UDP-glucose pyrophosphorylase activity) and protein biosynthesis (PRP-
40, pre-mRNA–processing activity). The environmental variable showing the highest
associations was temperature, arguably a key factor influencing enzymatic activities and
metabolic pathways [38]. In fact, a decreased metabolism has been observed below certain
threshold temperatures in both North Atlantic eels [39,40] and early-life history traits
such as glass eel upstream migration have been shown to be temperature-related [41].
Using RAD sequencing, Pavey et al. [34] studied natural selection between American eels
inhabiting freshwater vs. brackish/saltwater habitats. Out of 42,424 SNPs analyzed, 331
were associated with habitat, located in genes representing vascular and morphological
development, calcium ion regulation, growth and transcription factors, and olfactory
receptors. This points to the existence of differential selective pressures in American eel in
the two distinct habitats.
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5. Studies of Selection in European Eel

Early studies of adaptive evolution in European eel focused on the detection of signa-
tures of local selection in glass eels. Ulrik et al. [32] used a panel of 80 coding-gene SNPs
previously analyzed in American eel [31] to genotype individuals collected from eight loca-
tions across Europe. Signatures of selection were found at 11 coding-gene SNPs, four from
outlier tests and seven from environmental correlations. Most genes were involved in ma-
jor metabolic functions, including GAPDH (Glyceraldehyde 3-phosphate dehydrogenase,
glycolysis pathway, catalyzes the conversion of glyceraldehyde 3-phosphate to D-glycerate
1,3-bisphosphate), ALDH2 (Aldehyde dehydrogenase 2, major oxidative pathway of alco-
hol metabolism, catalyzes acetaldehyde to acetic), and ALD_R (Aldose reductase, polyol
pathway of glucose metabolism, catalyzes the reduction of glucose to sorbitol). None of
the above genes linked to metabolic pathways was correlated with temperature, despite its
known importance for enzymatic activities and metabolism.

When comparing the results from Ulrik et al. [32] on European eel with Gagnaire et al. [31]
on American eel using the same SNP panel, no genes putatively under selection were shared
across studies. The contrasting pattern found suggested no apparent parallel footprints
of selection in North Atlantic eels. It also suggested no common genetic-by-environment
associations between European and American eel.

As an alternative to the candidate gene approach, Pujolar et al. [17] tested for footprints
of natural selection in glass eels at the genome level using a total of 50,354 SNPs generated
by RAD sequencing. A total of 754 potentially locally selected SNPs were identified using
FST-based outlier tests and significant correlations with environmental variables. Candidate
genes for local selection constituted a wide array of functions, including calcium signalling,
neuroactive ligand-receptor interaction, and circadian rhythm. One of the candidate genes
identified was the circadian clock gene Period, possibly related to differences in local photope-
riod associated with the >30◦ difference in latitude between localities (34 and 64◦ N).

6. Signature of Selection between Life-Cycle Stages

Eels present a complex life cycle organized into morphologically distinct phases
separated by abrupt metamorphic transitions (metamorphosis). Life stages represent
alternative adaptations for optimal food and niche exploitation (e.g., growth, feeding,
growth, dispersal) as well as specific tasks (e.g., reproduction) [42]. North Atlantic eels
present a particularly complex life cycle that includes two metamorphoses. After spawning
in partial sympatry in the Sargasso Sea, larvae are transported by currents to the coasts of
Europe (European eel) and North America (American eel). On reaching the continental
shelf, eels undergo a first metamorphosis from larvae into glass eels (juvenile stage).
After an extensive period of feeding and growth as yellow eels, eels undergo a second
metamorphosis into silver eels (adult stage). The latter encompasses modifications both
at the morphological (skin colour, eye size, body length and weight) and physiological
level (loss of digestive tract, development of gonads). The second metamorphosis prepares
animals for the spawning migration back to the Sargasso Sea, where eels reproduce once
and die [21]. Given the drastic changes associated with metamorphic transitions, selective
pressures should differ before and after metamorphosis and different genes and pathways
should be under selection at different life stages. Hence North Atlantic eels provide an
excellent opportunity to study the genetic associations between life cycle stages.

Pujolar et al. [35] compared juvenile glass eels vs. adult silver eels in European eel
using two different sets of markers to test for selection: the same panel of functional genes
developed by Gagnaire et al. [31] for American eel and a new set of ca. 150,000 SNPs
generated by RAD sequencing. A total of 2413 (1.57%) candidate SNPs were identified with
signal transduction pathway as the most over-represented group of genes, including MAPK
signalling, calcium signalling and GnRH (gonadotropin-releasing hormone) signalling.
The majority of the over-represented pathways were related to growth, while others could
result from the different conditions that eels inhabit during their life cycle.



Fishes 2022, 7, 311 6 of 11

The observation of many different genes and pathways under selection when compar-
ing juvenile and adult eels supports the adaptive decoupling hypothesis for the benefits
of metamorphosis [43]. The hypothesis states that partitioning the life cycle into discrete
morphological phases may be overall beneficial as it allows the different life stages to
respond independently to their unique selection pressures. In turn, this might translate
into a more effective use of niche resources and a better performance of phase-specific tasks
(e.g., feeding and growth in juveniles, migration, and reproduction in adults).

7. Signatures of Selection between European and American Eel

The European and American eel overlap in many morphological parameters and only
differ in vertebral counts (Figure 1) [44–46] but are considered as sister species based on
mitogenomic differences [47]. Divergence time between the two species is estimated to range
between 1.3–2.4 Mya [19], based on the joint allele frequency spectrum (JAFS) and PSMC plots,
and 3.8 Mya [30], based on the mitogenome. Surprisingly, genetic differentiation between the
two species is low/moderate as shown by SNP data, with an overall FST = 0.087 [36], which
confirmed earlier studies using AFLP and microsatellites [15,25,48,49]. This is a likely result
of gene flow between species, which are known to breed together in partial sympatry in the
Sargasso Sea [50]. Several genetic studies have detected hybrid individuals in larvae, juvenile
and adult samples, with the highest signatures of admixture detected in Iceland on the basis
of vertebrae counts (Figure 1) and especially molecular data [15,44,49,51–53].
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Figure 1. Vertebrae counts in European eel (red), American eel (orange) and Icelandic individuals
(yellow) after re-examining data from Avise et al. [44]. Geographic distribution for each species is
adapted from Jacoby et al. [54].

When testing for positive selection between European and American eel, Jacobsen
et al. [33] found that candidate SNPs were located within genes related to development and
phosphorylation, consistent with the hypothesis that larval phase duration and migration
loops play a key role in the speciation of North Atlantic eels, which was also confirmed
recently in the re-analysis of Pujolar et al. [36]. The different footprints of selection between
species could be due to distinct selection pressures associated with the much longer larval
migration for European eel (from seven months to two years) relative to American eel
(from six to 12 months) [22]. The potential extra year spent in the open sea could impose
a stronger selective pressure on European eel larvae relative to American eel. Similarly,
the migration loop of adults returning to the Sargasso Sea for spawning is ca. 5000 km
for European eel vs. ca. 2000 km for American eel [21]. Hence the distinct signatures of
selection between North American eels could be attributable to the different metabolic and
energetic requirements in larval and adult migration between species. The same argument
was also used to explain the contrasting pattern of spatially varying selection in American
eel [31] and European eel [32] using the same panel of candidate SNPs.
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8. Genomic Islands of Divergence

Early studies aiming at finding signatures of selection in eels had the disadvantage of
utilizing a European eel draft genome assembled into a large number of small contigs and
scaffolds [55], which was the only eel genome available at the time. This meant that the
existence of regions of elevated differentiation across the genome (or genomic islands of
divergence) could not be properly tested. However, a new high-quality reference European
eel genome has been recently released, assembled at the chromosome level [56].

Taking advantage of the newly assembled and annotated European eel genome, En-
body et al. [18] searched for genetic footprints of differentiation within European eel using
whole genome resequencing data. The study compared samples collected in the Baltic and
Mid-Atlantic (England, Ireland, France) and reported little evidence for islands of selection,
finding only a small region under selection located on chromosome 1 (covering ca. 6 kb
around 81.2 Mbp) and two other regions on chromosomes 13 and 15.

Similarly, Pujolar et al. [36] used genome-wide data from a total of 359 RAD-sequenced
individuals retrieved from the Sequence Nucleotide Archive (SNA) to identify genomic
islands of selection between North Atlantic eels using the new European eel genome as
reference. State-of-the-art statistic tests were used, including methods based on higher
population differentiation than under neutral expectation (FST value) and measures of
linkage disequilibrium (iHS, XP-EHH) [57]. First, two between-population methods (FST
and XP-EHH) were used to identify islands of selection between North Atlantic eels.
Larger regions or islands were observed in a total of seven chromosomes (2, 4, 5, 6, 7,
9 and 10), most recognizable on chromosome 6 with a 3.6 Mbp region from 31.45 to
35.10 Mbp and on chromosome 10 with a 950 kb region from 28.80 to 29.75 Mbp (Figure 2).
The two between-population methods are best at detecting complete or nearly complete
signatures of selection. Due to the long time required until fixation is reached, FST and
XP-EHH are expected to identify older selection events between populations in the more
distant past [58]. In this sense, both FST and XP-EHH are powerful tools to detect “hard
selective sweeps”, which occur when a new mutation arises and spreads quickly to fixation
due to natural selection [6]. Other scenarios might be more difficult to detect, especially
when selection leads to changes in allele frequencies without reaching fixation. Genes
included in the islands of selection detected in the study showed significant enrichment
for terms related mainly to ATP phosphorylation and development. This is in accordance
with previous studies comparing European vs. American eel [31,33], suggesting different
selective pressures in relation to metabolism and energetics.

Second, shared signatures of selection within European eel and American eel were
detected using iHS at a total of 11 chromosomes. Regions were generally small (100–300 kb)
except for two large regions, a region of 800 kb on chromosome 8 from 52.35 to 52.75 Mbp
and a region of 850 kb on chromosome 16 from 2.45 to 3.30 Mbp. Unlike the two between-
population methods (FST and XP-EHH), the iHS test has higher statistical power when
selected alleles are at intermediate frequencies that have not yet reached fixation [57]. Hence,
it can detect signatures of recent and even ongoing selective sweeps [59]. Those scenarios
include “soft selective sweeps”, in which multiple haplotypes harboring advantageous
mutations are all favoured [60]. Several hypotheses might account for the detection of
shared islands of selection in North Atlantic eels, including parallel evolution due to
adaptation to similar habitats and introgression.
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due to natural selection [6]. Other scenarios might be more difficult to detect, especially 
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Figure 2. Circular Manhattan Plot showing sliding-window FST between European and American
eel at 19 chromosomes after re-examining data from Pujolar et al. [36]. Average FST (red dotted line)
is reported.

9. Making Sense of Genomic Islands of Divergence

Islands of genomic divergence are regions in which differentiation between popu-
lations or species is the highest and can in some cases also constitute “islands of spe-
ciation” [61]. Such islands represent regions in the genome in which a selective sweep
leads to the increase and fixation of adaptive mutations, resulting in a reduction of genetic
variability in the region nearby the favorable allele due to genetic hitchhiking [62].

While many studies on genomic regions of elevated differentiation focus on searching
for speciation genes, there is an increasing realization that selection might be acting mainly
on regulation and expression rather than functional changes. In this sense, it is interesting
that Jacobsen et al. [33] found upstream regions, likely involved in regulation, to include a
lower percentage of outlier SNPs (FST = 1) compared to the rest of the genome. This sug-
gests a conserved and important role of these regions in both species [33]. The recent paper
of Pujolar et al. [36] looked at the genomic location and effects of each candidate SNP under
selection when comparing North Atlantic eels using genome-wide RAD sequencing data.
Only 1.5% of SNPs were in coding regions (exons), with most variants found in introns
(66.6%) and intergenic regions (25.6%). Mutations in the exons were mostly synonymous
and only two mutations had a moderate effect producing a different amino acid. Given that
most SNPs putatively under selection in the study were found in noncoding regions, this
possibly reflects regulatory differences between North Atlantic eels. This is also supported
by gene expression analysis performed on American and European eel leptocephali larvae
collected in the Sargasso Sea, which suggests differential timing of gene expression regu-
lation during early development [63]. Similarly, when comparing marine and freshwater
stickleback populations, Jones et al. [11] reported up to 83% of SNPs under selection located
in noncoding regions with an assumed regulatory role. It should also be taken into account
that within an island of genomic differentiation, most mutations are likely to be hitchhiking
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and not the direct target of selection, making it difficult to distinguish between neutral and
adaptive variation. On this account, searching for candidate genes within genomic islands
of differentiation can only be used as an indication of putative selection and functional
validation (i.e., gene expression analyses or QTL mapping from genetic crosses) would be
required to demonstrate causality.

Finally, epigenetic variation as a mechanism of adaptive plasticity could play a role in
local adaptation of North Atlantic eels to the heterogenous habitat conditions they expe-
rience throughout their life cycle. Epigenetics mechanisms, including DNA methylation,
are defined as DNA modifications affecting gene expression without changing the DNA
sequence [64]. Emerging evidence suggests significant methylation differences of functional
importance associated with environmental variation [65]. When studying methylation vari-
ation in European eel, Liu et al. [37] reported differentially methylated regions including
genes involved in developmental processes, particularly Hox genes. Overall, methylation
results highlight the importance of epigenetics in the adaptation and resilience of eels
and suggest interactions between habitat, development, and epigenetic variation. The
importance of epigenetic variation as a mechanism of adaptive plasticity in eels merits
further research.
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