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Abstract

The importance of speciation-with-geneflow scenarios is increasingly appreciated.

However, the specific processes and the resulting genomic footprints of selection are

subject to much discussion. We studied the genomics of speciation between the two

panmictic, sympatrically spawning sister species; European (Anguilla anguilla) and

American eel (A. rostrata). Divergence is assumed to have initiated more than 3 Ma,

and although low gene flow still occurs, strong postzygotic barriers are present.

Restriction-site-associated DNA (RAD) sequencing identified 328 300 SNPs for subse-

quent analysis. However, despite the presence of 3757 strongly differentiated SNPs

(FST > 0.8), sliding window analyses of FST showed no larger genomic regions (i.e.

hundreds of thousands to millions of bases) of elevated differentiation. Overall FST
was 0.041, and linkage disequilibrium was virtually absent for SNPs separated by

more than 1000 bp. We suggest this to reflect a case of genomic hitchhiking, where

multiple regions are under directional selection between the species. However, low

but biologically significant gene flow and high effective population sizes leading to

very low genetic drift preclude accumulation of strong background differentiation.

Genes containing candidate SNPs for positive selection showed significant enrichment

for gene ontology (GO) terms relating to developmental processes and phosphoryla-

tion, which seems consistent with assumptions that differences in larval phase dura-

tion and migratory distances underlie speciation. Most SNPs under putative selection

were found outside coding regions, lending support to emerging views that noncoding

regions may be more functionally important than previously assumed. In total, the

results demonstrate the necessity of interpreting genomic footprints of selection in the

context of demographic parameters and life-history features of the studied species.
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Introduction

Speciation is the ultimate outcome of evolution, and

unravelling the underlying processes is therefore central

in evolutionary biology (Coyne & Orr 2004). Allopatric

speciation (geographic isolation and no gene flow) has

historically been favoured over parapatric (incomplete

restrictions on gene flow) and sympatric speciation sce-

narios (continuous gene flow over the entire range)

(Mayr 1963; Gavrilets 2004) as gene flow may counter-

act divergence by homogenization of the gene pool ren-

dering completion of the speciation process difficult

(Mayr 1942, 1963; Felsenstein 1981; Coyne & Orr 2004).
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However, recent theoretical work shows that even sym-

patric speciation is possible (Kondrashov & Kondrashov

1999; Via 2001; Gavrilets 2003; Pinho & Hey 2010) and

speciation–with-gene flow may be more common than

previously assumed (Mallet 1995; Nosil 2008).

Reproductive isolation and thus speciation may be

favoured through reinforcement due to, for example,

the build-up of genetic incompatibilities (Servedio &

Noor 2003), which may result from genetic drift or

long-term accumulation of different mutations during

an initial allopatric phase. However, in cases with con-

tinuous gene flow like parapatrically or sympatrically

evolving populations, directional selection is the domi-

nant force. In sympatry, ecological speciation can occur

when linkage disequilibrium builds up between genes

encoding ecologically selected traits and traits involved

in assortative mating (Kondrashov & Kondrashov 1999).

This can theoretically involve one gene (coding for both

ecologically important traits and mating preferences)

(Smith 1966) or multiple independent genes, for exam-

ple controlling one or several quantitative traits (Kon-

drashov 1983, 1986; Kondrashov & Mina 1986). As a

consequence of diversifying selection, genomic differ-

ences will slowly build up between the genomes of the

diverging incipient species. In the case of speciation-

with-gene flow, four temporal phases have been pro-

posed (Feder et al. 2012a). Direct selection (DS) on few

genes constitutes the first initial phase where overall

gene flow is high. In the second phase, differentiation

builds up between the species around the selected loci

through the process of divergence hitchhiking (DH).

This is a consequence of lower gene flow around these

regions compared with the rest of the genome, which

subsequently will allow neutral or adaptive changes to

get established, leading to ‘genomic islands of diver-

gence’. In the third phase, gene flow further decreases

leading to genomic hitchhiking (GH) and genomewide

differentiation, due to the establishment of new muta-

tions of modest and weak effect. Finally, when gene

flow throughout the genome decreases to a minimum,

postspeciation divergence occurs (Feder et al. 2012a).

Although some empirical studies show good agreement

with this model (Via & West 2008; Hohenlohe et al.

2012; Nadeau et al. 2012; Gagnaire et al. 2013), most

studies have been theoretically based and there is a

general lack of empirical investigations into the general-

ity of the different phases (Feder et al. 2012a). In partic-

ular, the importance of DH is controversial, as

theoretical studies have shown that DH may only be

important under specific demographic conditions (Feder

& Nosil 2010; Feder et al. 2012b). Thus, GH may occur

without DH, for example when multiple directly

selected sites reduce genomewide gene flow (Feder

et al. 2012b). Furthermore, patterns similar to DH may

arise by genomic rearrangements (Yeaman 2013),

reduced gene flow due to inversions or differences in

genomic recombination rates (Feder et al. 2012a; Renaut

et al. 2013) or genetic hitchhiking (Barton 2000) (the lat-

ter defined as change in frequency of an allele in a pop-

ulation due to it being carried along at a higher (or

lower) frequency with other genes under selection, as

opposed to genomic hitchhiking, a between-species pro-

cess where divergent selection reduces average effective

migration rate globally throughout the genome). These

factors may all be of importance for the specific genetic

and genomic footprint of speciation-with-gene flow.

Here, we focus on the genomic footprints of speciation

in the two species of Atlantic eels, European (Anguilla

anguilla) and American eel (A. rostrata). The exact mode

of speciation, that is sympatric or allopatric, is not

known, and either possibility would be difficult to rule

out given extensive contemporary overlap of spawning

areas (Munk et al. 2010) and a potential for historical

gene flow even during time periods with less spatial

overlap (Jacobsen et al. 2014). However, empirical stud-

ies support a speciation with geneflow scenario for

Atlantic eels, even if allopatric phases have occurred

(Jacobsen et al. 2014). Both species are assumed to spawn

in the thermal fronts of the southern Sargasso Sea where

their spawning areas show extensive overlap in space

and to some extent in time, with February–April being

the spawning time for American and April–June for

European eel (McCleave et al. 1987; Tesch 2003). After

hatching, the larvae (leptocephali) are advected by the

Gulf Stream and other currents towards the respective

continents of North America (American eel) and Eur-

ope/North Africa (European eel) (Schmidt 1923). Here,

they metamorphose into so-called glass eels and enter

freshwater or coastal habitats. After a period of 4–

20 years, yellow eels metamorphose into silver eels that

complete the life cycle by returning to the Sargasso Sea

to spawn and later die (Tesch 2003).

Molecular studies have shown the two species to be

sister species within the genus Anguilla (Tsukamoto &

Aoyama 1998; Lin et al. 2001; Tsukamoto et al. 2002;

Minegishi et al. 2005; Teng et al. 2009), and both of them

are considered panmictic as evidenced by microsatellite

analyses (Palm et al. 2009; Als et al. 2011; Côt�e et al.

2013) and RAD (Restriction-site-associated DNA)

sequencing (Pujolar et al. 2014b) (but see Baltazar-Soares

et al. (2014)) for a study reporting much higher differen-

tiation than other studies. Recent studies employing

RAD sequencing (Pujolar et al. 2013) and mitogenome

sequencing (Jacobsen et al. 2014) suggest historical effec-

tive population sizes (Ne) in the order of hundreds of

thousands to millions, although microsatellite-based

studies have estimated lower contemporary and histori-

cal Ne, around 4000–10 000 (Wirth & Bernatchez 2003;
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Pujolar et al. 2011; Côt�e et al. 2013). Estimates of diver-

gence time based on mitochondrial DNA analysis have

ranged from 1.5 Ma to 10.5 Ma (Avise et al. 1986; Tsu-

kamoto & Aoyama 1998; Minegishi et al. 2005), with the

most recent estimate based on mitogenome sequencing

suggesting divergence ca. 3.38 Ma, coinciding with and

possibly triggered by the closure of the Panama Gate-

way (Jacobsen et al. 2014).

Whereas the two species show two reciprocally

monophyletic mitochondrial DNA lineages, genetic dif-

ferentiation at the nuclear level is low, with reported

average FST values at microsatellite loci between 0.018

and 0.09 and 0.0685 for AFLP markers (Mank & Avise

2003; Wirth & Bernatchez 2003; Gagnaire et al. 2009; Als

et al. 2011). Levels of gene flow have consequently been

proposed to be high (Gagnaire et al. 2009). Indeed,

hybridization occurs and hybrids have been observed at

low frequency among larvae sampled in the Sargasso

Sea (Als et al. 2011; Pujolar et al. 2014a), but among

glass and adult eels, they are almost exclusively

observed in Iceland (Avise et al. 1990; Albert et al. 2006;

Gagnaire et al. 2009; Pujolar et al. 2014a). Using 86 spe-

cies-diagnostic SNPs, a recent study showed that

hybrids in Iceland were primarily restricted to F1-, sec-

ond- and third-generation backcrosses (Pujolar et al.

2014a), whereas RAD sequencing identified only four

admixed individuals (American eel admixture propor-

tions ranging from 0.03 to 0.05) among 225 eels from

continental Europe and North Africa (Pujolar et al.

2014b). This suggests strong postzygotic barriers

between the species, particularly when also considering

results from a study based on RNA sequencing that

showed positive selection and possible cytonuclear

incompatibility between the mitochondrial ATP6 gene

and its nuclear interactors (Gagnaire et al. 2012).

The species are morphologically highly similar, with

average numbers of vertebrae representing the best

diagnostic morphological trait (Tesch 2003). However,

pronounced life-history trait differences also exist.

These relate to the substantial differences in distances

from the Sargasso Sea to the North American (ca.

>2000 km) and European/North African continents

(>5000 km), respectively. Hence, the spawning migra-

tion by European eel is longer and expectedly more

energetically demanding than for American eel. Also,

the larval stage is considerably longer for European eel

(~2 years) as opposed to American eel (~7–9 months)

(Tesch 2003) although still debated (Tesch 2003; Zenim-

oto et al. 2011). Genetic differences associated with ener-

getics and developmental time of the larvae therefore

could underlie speciation (Avise et al. 1990; Jacobsen

et al. 2014). It is possible that some of the adaptive dif-

ferentiation resides in regulatory rather than coding

regions, as shown in three-spine stickleback (Gasteros-

teus aculeatus) (Jones et al. 2012). This is supported by a

transcriptome study of larvae of the two species sam-

pled in the Sargasso Sea that showed significant differ-

ences in timing of gene expression during early

development (Bernatchez et al. 2011).

In this study, we employed RAD sequencing (Baird

et al. 2008; Hohenlohe et al. 2010) to analyse the geno-

mic footprints of speciation in Atlantic eels. We investi-

gated the overall genomic patterns of putative selection

by conducting sliding window analyses of FST between

the two species along chromosomal regions. Based on

the presumed age of the species and the assumption of

limited gene flow, we expected a genomic pattern corre-

sponding to divergence or genomic hitchhiking (Feder

et al. 2012a). We also estimated linkage disequilibrium

to assess whether regions of elevated differentiation

were potentially the result of selective sweeps. Finally,

we identified FST outliers between species to identify

genes with a putative role in the speciation process. We

specifically wanted to test 1) whether genes involved in

energetics and larval development were overrepre-

sented among outliers, as expected from differences in

life history between the two Atlantic eel species and 2)

whether selection was mainly observed within the cod-

ing parts of the genes, directly affecting protein func-

tion, or outside genes in, for example, regulatory

regions. Overall, our study contributes to a better

understanding of the selective processes involved in

speciation and the maintenance of species boundaries

in the pelagic marine environment, where few obvious

physical barriers are present and speciation-by-geneflow

processes may be common (Ward et al. 1994; Vega &

Wiens 2012; Bernardi 2013).

Material and methods

Samples and sequencing

A total of 30 American and 30 European eels, sampled

as glass or yellow eels from six different localities

between 1999 and 2010 (Fig 1, Table 1), were analysed

by RAD sequencing (Baird et al. 2008; Hohenlohe et al.

2010), conducted by Beijing Genomics Institute (BGI,

Hong Kong, China). In short, genomic DNA was

digested with the restriction enzyme EcoRI, and follow-

ing the preparation of libraries, 10 individuals were

sequenced per lane on an Illumina Genome Analyzer II,

using paired-end sequencing encompassing 90 nucleo-

tides as detailed in Pujolar et al. (2013). Two eels sam-

pled in North America were found to be hybrids based

on a preliminary STRUCTURE (Pritchard et al. 2000) analy-

sis. As we assume that strong postzygotic selection acts

against hybrids, we omitted these individuals from sub-

sequent analyses to avoid potential bias.

© 2014 John Wiley & Sons Ltd
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RAD data analysis and filtering

Sequenced reads were first sorted by their unique bar-

code tags and then subsequently quality-filtered using

the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx-tool-

kit). Reads were trimmed to 75 nucleotides, and a mini-

mum Phred score of 10 per nucleotide was chosen,

meaning that the whole read was dropped if one nucle-

otide had a lower score (see Pujolar et al. (2013) for

details). Due to restricted coverage of the paired-end

reads (without the cut site), only the first reads were

used in further analyses. All individual reads were

aligned to the European eel draft genome (www.eelge-

nome.com) (Henkel et al. 2012) using the ungapped

aligner BOWTIE version 0.12.8 (Langmead et al. 2009). A

maximum of two mismatches between individual reads

and the genome were allowed. Individual reads that

aligned to multiple positions (≥2) were discarded to

decrease the risk of paralogous sequences in the data

set.

The aligned data were analysed using STACKS version

0.9995 (Catchen et al. 2011, 2013). First, PSTACKS was used

to build stacks by aligning exactly matching sequences

within each individual that were in turn merged to

form putative loci. At each locus, SNPs were called at

each position using a maximum-likelihood framework.

A minimum stack depth of 10 was used to minimize

sequencing errors. CSTACKS was then used to build a cat-

alogue of loci, matching stacks by genome position.

SSTACKS was used to map each individual data set back

to the catalogue to report SNPs among all individuals.

Finally, POPULATIONS was used to process all loci and

SNPs using only RAD loci observed in >66.7% of the

individuals within each species.

The generated data files were subsequently filtered

according to three final criteria to remove paralogs and

otherwise spurious loci. First, loci showing >2 haplo-

types in any individual were removed from the total

data set. Second, all loci containing SNPs with hetero-

zygosity (Hobs) of 1 (all heterozygous) or 0 (all homozy-

gous) within one species were excluded. Finally, the

average coverage of individual loci was calculated and

loci with exceptionally high coverage (>1000 per indi-

vidual) were first removed. Subsequently, the mean

and standard deviation were calculated and loci with

coverage higher than the mean plus 2 standard devia-

tions were excluded, corresponding to 95% confidence

limits.

Linkage disequilibrium analysis

Linkage disequilibrium (LD) for each species was anal-

ysed using HAPLOVIEW (Barrett et al. 2005) based on the

30 longest scaffolds in the European eel genome (0.91–

2.04 million bp). Only SNPs with a minor allele fre-

quency (MAF) ≥0.2 were included. LD was calculated

as pairwise r2 or D’ (Barrett et al. 2005). To assess the

RB

MIR

SJR

VA

LE RH

0 50002500 Km

0 1300650 Km

0 1500750 Km

Sargasso Sea

North
Atlantic
Ocean

Fig. 1 Sampling locations of European

and American eels (Anguilla anguilla and

A. rostrata). The red ellipse shows the

approximately location of the Sargasso

Sea.

Table 1 Information about the sampled populations, location,

year of sampling and sampling size

Population

(abbreviation) Country

Year of

sampling

Life

stage

Sample

size

Riviere Blanche (RB) Canada 2007 Y/G 15/5

Mira River (MIR) Canada 2007 G 8

St. Johns River (SJR) USA 1999 Y 2

Ringhals (RH) Sweden 2008 G 10

Lough Erne (LE) Ireland 2008 G 10

Valencia (VA) Spain 2008 G 10

Y, yellow eel; G, glass eel.

© 2014 John Wiley & Sons Ltd
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decay of LD along the scaffolds, a local weighted

regression line (LOESS) (Cleveland & Devlin 1988) was

fitted to the pairwise r2-values and boxplots were made

for D0-values for four categories of pairwise distance

between SNPs (in bp): 1–100; 101–1000; 1001–10 000;

>10 000.

Genomewide divergence between species

To assess the overall pattern of differentiation between

the two species, both pairwise and sliding window

(100 000 bp) based FST (using Weir’s (1996) unbiased

estimator) was calculated for all SNPs using POPULATIONS

in STACKS (Catchen et al. 2011, 2013). The sliding win-

dow analysis was restricted to the 30 longest scaffolds

in the European draft genome. Due to a high number

of rare alleles, the same analyses were also conducted

using MAF ≥ 0.05.

Candidate SNPs for being under directional selection

Two groups of candidate SNPs for directional selection

were identified. The first group encompassed SNPs

found to be outliers using a FST-based outlier test

implemented in the software LOSITAN (2008). Only SNPs

with MAF > 0.05 in at least one species were used. LOS-

ITAN uses a coalescence-based simulation approach to

identify outliers based on the distributions of FST and

heterozygosity (Beaumont & Nichols 1996). The analysis

was conducted using 1000 000 simulations, and as rec-

ommended in Antao et al. (2008), a neutral mean FST
was enforced by removing potentially non-neutral loci

after calculating an initial mean FST. This neutral FST
was then used in a second run to establish confidence

intervals and calling outliers. Confidence intervals of

0.995 and a false discovery rate (FDR) of 0.1 were

assumed. The second group of candidate SNPs was

defined as those showing FST > 0.8.

Genomewide distribution of SNPs

All postfiltered SNPs were mapped to the European eel

genome gene prediction file (www.eelgenome.com)

(Henkel et al. 2012) to assess the numbers observed in

exons, coding DNA sequences (CDSs; i.e. disregarding

untranslated regions of exons), introns or upstream

regions (defined as the regions <5000 upstream a gene,

possibly harbouring regulatory regions). Subsequently,

chi-square tests were conducted to test whether SNPs

associated with outlier loci were randomly distributed

across the genome. This was conducted by comparing

the distribution of SNPs with FST equal to 1, >0.8, and
LOSITAN outliers to the background represented by the

remaining SNPs.

Patterns of nonsynonymous substitutions

All SNPs present in coding regions (CDS) were analy-

sed in the program SNPeff (Cingolani et al. 2012) to

assess whether they represented nonsynonymous sub-

stitutions. The eel genome was annotated following

Henkel et al. (2012) with slight modifications (see Note

S1, Supporting information), and an input SNP.vcf file

was created using POPULATIONS in STACKS. Chi-square

tests were used to assess whether the proportion of

nonsynonymous and synonymous substitutions differed

significantly between groups showing high FST values

(FST = 1, >0.8 or LOSITAN outliers) compared to the back-

ground.

Gene ontology analysis of candidate genes

Evaluation of the general functions of genes including

candidate SNPs (FST > 0.8 or LOSITAN outliers) was con-

ducted using the Database for Annotation, Visualization

and Integrated Discovery (DAVID) webserver v. 6.7 (Hu-

ang et al. 2009a,b). Both exons and introns were consid-

ered part of a gene. Additional analyses of SNPs in

CDS and upstream regions <5000 bp were conducted

separately. Prior to the analyses, European eel transcript

sequences from the European eel genome project

(www.eelgenome.com) (Henkel et al. 2012) were blasted

to the Zebra fish (Danio rerio) Ensembl protein database

(assembly Zv9; GCA_000002035) (Howe et al. 2013)

using BLASTX (Camacho et al. 2009). For each transcript,

the annotation with the lowest e-scores (all < 1 9 10�10)

and sequence similarity >50% were chosen as represen-

tative of the transcript. Following annotations, matching

transcripts with outlier SNPs were extracted to make

files for subsequent analyses. The protein IDs were

transformed to gene IDs using the BIOMART data mining

tool (Kasprzyk 2011) in the ENSEMBLE website (http://

www.ensembl.org/biomart/) (Flicek et al. 2013). Finally,

gene ontology term (GO term) enrichment analyses of

‘biological processes’ were analysed in DAVID using

the entire annotation data set as background.

Significance level was set to 0.01 using the EASE score

(Huang et al. 2009a).

Results

RAD data analysis and filtering

An average of 9.9 � 3.2 and 9.3 � 2.5 million reads per

individual were sequenced for European and American

eel, respectively. After quality filtering, 7.9 � 2.1

(84.8%) and 8.1 � 2.6 (82.5%) million reads were

retained (Table S1, Supporting information). As

expected, a higher number of European eel reads

© 2014 John Wiley & Sons Ltd
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aligned to the European eel draft genome (5.7 � 1.8

million reads; 70.1%) in comparison with American eel

reads (5.1 � 1.4 million reads; 64.7%) (Table S2, Sup-

porting information). Discarded sequences due to alter-

native alignments were similar in both species (ca.

4.3%) (Table S2, Supporting information).

Increasing the number of allowed mismatches in BOW-

TIE, from two to three for American eel, led to an

increase of ~3.8% of the number of called RAD loci.

However, the total number of SNPs increased consider-

ably more by ~11%, suggesting that alignment led to an

increase of paralogous loci. Thus, downstream analyses

were conducted using only the data set allowing two

mismatches for both species.

After filtering, a total of 67 583 RAD loci were

retained comprising ~20% of the prefiltering loci (Tables

S3 and S4, Supporting information). The loci contained

328 300 SNPs, 75 337 with MAF > 0.05 in at least one

species. American eel showed slightly higher levels of

variation, both in terms of total number of SNPs

(186 534 vs. 183 787, 42 002 shared [22.5 and 22.9%])

and SNPs with MAF > 0.05 (42 821 vs. 40 801, 8285

shared [19.3 and 20.3%]). Nucleotide diversity (p) also

was higher for American eel (0.00 366 vs. 0.00 338 in

European eel).

Using all SNPs, the average FST between species was

estimated to 0.041. The distribution of FST across all the

SNPs showed an L-shaped distribution with higher

number of SNPs exhibiting low FST (Fig. 2). However,

the last two categories (FST = 0.8–0.9 and 0.9–1) showed

increased numbers of SNPs compared with the preced-

ing categories, suggesting that selection rather than drift

may have shaped differentiation at these loci. In the

latter category, this was especially due to a high num-

ber of SNPs with differentially fixed alleles (N = 1982).

Linkage disequilibrium analysis

The plot of pairwise r2-values revealed rapid decay of

linkage disequilibrium (LD) over the 30 scaffolds analy-

sed in both species (Fig. 3). This was also evident for

the D’-measurements, where already the second cate-

gory (101–1000 bp) showed reduced LD by decreases

of the lower 25% quartiles in both species, thus indicat-

ing extremely rapid decay of LD within 1000 bp. For

the D’ estimation, the ‘101–1000’ category was repre-

sented by few observations. This was, however,

expected given an estimated mean number of SNPs

per RAD locus of 4.86 (328 300 SNPs/67 583 RAD loci)

and a mean distance between RAD loci of 16 296 bp

(1101 362 346 base positions in draft genome/67 583

RAD loci).

Candidate SNPs for selection

LOSITAN analysis resulted in 29 101 (8.86%) outlier SNPs

that are candidates for marking chromosomal regions

under directional selection between the two species.

Using a criterion of FST > 0.8, a total of 3757 loci were

identified as candidates for directional selection (Fig. 2).

Genomewide divergence between species

SNPs showing high FST values (FST > 0.8) as well as LOS-

ITAN outliers were in general scattered across the scaf-

folds (Fig. 4). Sliding window FST values showed flat

distributions across scaffolds and revealed no larger

regions of increased differentiation (Fig. 4), in accor-

dance with the rapid decay of linkage disequilibrium

across scaffolds (Fig. 3). Using only SNPs with

MAF > 0.05, sliding windows FST showed more varia-

tion but based on fewer data points (Fig. S1, Supporting

information).

Genomewide distribution of SNPs and patterns of
nonsynonymous substitutions

Candidate SNPs (defined by the criteria of FST = 1, >0.8
and LOSITAN outliers) were found slightly more often in

CDSs, exons and introns compared to the distribution

of the background categories (Table 2). However, none

of the differences were significant as based on chi-

square tests. Only the upstream regions demonstrated

significant differences, where SNPs showing FST = 1

were significantly underrepresented (Table 2).

The percentage of nonsynonymous substitutions was

slightly elevated in the FST = 1 and >0.8 categories com-

pared to the backgrounds (Table 3) while slightly lower

for the LOSITAN outliers. However, again the differences

were not statistically significant.

Fst SNPs
0-0.1 307 006 

0.1-0.2 8026 
0.2-0.3 3231 
0.3-0.4 1956 
0.4.0.5 1407 
0.5-0.6 1109 
0.6-0.7 984 
0.7-0.8 824 
0.8-0.9 902 
0.9-1.0 873 

1.0 1982 
FST = 0.9-1.0

FST-values

Fig. 2 Distribution of FST for the 328 320 SNPs. The inserted

table shows the exact number of SNPs in each category.
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Fig. 3 Plot showing the decay of linkage disequilibrium estimated along the 30 longest scaffolds of the European eel draft genome
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Candidate genes and function

The GO enrichment analysis showed 37 enriched GO

terms based on the LOSITAN outliers (intron and exons

combined). Most enriched GO categories were related

to one of three main categories: phosphorylation (12

GO terms), development (14 GO terms) and cell pro-

cesses including transport (10 GO terms) (Table 4). Indi-

vidual GO terms of developmental growth and

phosphorus/phosphate metabolic processes were repre-

sented. The latter category contained two genes of the

mitochondrial ATP synthase F1 complex part of the oxi-

dative phosphorylation pathway: O subunit and delta

subunit. These genes are among the candidates found

to be under divergent selection although not identical

to the genes reported by Gagnaire et al. (2012).

Gene ontology (GO) enrichment analysis of the genes

containing SNPs with FST > 0.8 showed strong overlap

with the LOSITAN outliers and yielded three significant

results: ‘protein amino acid phosphorylation’, ‘post-

translational protein modification’ and ‘development

processes’ (Table 4). Here, the GO terms related to

phosphorylation were dominated by protein kinases,

whereas the categories relating to development primar-

ily consisted of transcription factors, like homeobox

genes and growth factors and kinases (see Tables S5

and S6, Supporting information for a list of genes).

Upstream regions only showed two significant GO

terms, both involving response to stimulus. CDS did

not represent any significant GO terms, probably due to

low sample size.

Discussion

Potential sources of bias

Our results suggest a pattern of genomic divergence

between European and American eel, where back-

ground genetic differentiation is low, but at the same

time, many independent regions show high or even

fixed differences. However, before discussing the bio-

logical implications, it is important to consider whether

technical or mutational sources of bias could have

affected results.

Table 2 Distribution of SNPs and chi-square analyses comparing the distribution of the specific FST-categories to the background.

The P-values are shown in the same row as the background tested

Groups

Total

In exon In CDS In Intron Upstream (5000 bp)

SNPs SNPs % of total v2 SNPs % of total v2 SNPs % of total v2 SNPs % of total v2

FST = 1 1982 138 6.96 — 64 3.23 — 826 41.68 — 212 10.70 —
FST < 1 326 318 22 022 6.75 n.s. 9279 2.84 n.s. 132 026 40.46 n.s. 44 016 13.49 P < 0.01

FST > 0.8 3757 258 6.87 — 115 3.06 — 1552 41.30 — 476 12.76 —
FST < 0.8 324 542 21 902 6.75 n.s. 9228 2.84 n.s. 131 300 40.46 n.s. 4752 13.48 n.s.

LOSITAN 29 101 1973 6.78 — 837 2.88 — 12 026 41.33 — 3886 13.35 —
Rest 299 199 20 187 6.75 n.s. 8506 2.84 n.s. 120 826 40.38 n.s. 40 342 13.48 n.s.

All SNPs 328 300 22 160 6.75 — 9343 2.85 — 132 852 40.47 — 44 228 13.48 —
Genome* — — 5.45 — — 2.97 — — 32.01 — — — —

*Calculated using the European draft genome gene prediction file (www.eelgenome.com) compared to the overall number of bases

in the European eel draft genome.

Table 3 Distribution of nonsynonymous and synonymous substitutions and chi-square analyses comparing the distribution of the

specific FST-categories to the background. The P-values are shown in the same row as the background tested

Groups Total SNPs

Nonsynonymous Synonymous

v2AA change Stop gained/lost Start lost SNPs % of total SNPs % of total

FST = 1 64 32 3/0 0 35 54.69 29 45.31 —

FST < 1 9279 4350 240/32 8 4630 49.90 4649 50.10 n.s.

FST > 0.80 115 58 3/0 0 61 53.04 54 46.96 —

FST < 0.80 9228 4324 240/32 8 4604 49.89 4624 50.11 n.s.

LOSITAN 837 378 41 718 1 402 48.03 435 51.97 —

Rest 8506 4004 220/29 7 4263 50.12 4243 49.88 n.s.

All 9343 4382 243/32 8 4665 49.93 4678 50.07 —
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Technical sources of bias would primarily involve

sequencing errors scored as SNPs. We trimmed reads to

75 nucleotides to account for the Illumina Hiseq plat-

form’s propensity for sequencing errors in the tails of

reads and conducted further filtering steps as detailed

previously. Nevertheless, even if some sequencing

errors remain, this is unlikely to have generated the dis-

tinct patterns of genomewide differentiation between

the two species.

Mutations in restriction sites are likely to have

occurred and can impose bias potentially affecting a

range of summary statistics (Arnold et al. 2013). How-

ever, FST appears relatively robust towards such

bias (Arnold et al. 2013), and it also cannot explain

the observed patterns of genomewide genetic

differentiation.

We find that the alignment of reads to the European

eel genome (in the absence of a sequenced American

eel genome) imposes the potentially most important

bias. We allowed for a maximum of two mismatches

between reads and reference genome, and this could fil-

ter out genomic regions where American eel is geneti-

cally highly divergent from European eel. However,

when three mismatches were allowed, the number of

RAD loci increased only marginally (by 3.8%), whereas

the number of SNPs increased disproportionally by

11%. This suggests that the bias against highly differen-

tiated regions is limited, and at the same time, allowing

more mismatches might increase other problems, such

as inclusion of paralogous loci. In total, when also con-

sidering differentiation along the longest scaffolds

(Fig. 4), there does not appear to be long regions of

missing data that could potentially include larger

‘islands of genomic divergence’. We therefore conclude

that the observed genomic patterns of differentiation

are genuine and not the result of bias against highly

differentiated regions.

Genomewide differentiation in Atlantic eels

The genomewide FST of 0.041 is in accordance with pre-

vious estimates using microsatellite markers (Mank &

Avise 2003; Wirth & Bernatchez 2003; Gagnaire et al.

2009). The 8.86% of loci found to be outliers in LOSITAN

generally correspond to other studies that find between

5% and 10% outliers (reviewed in Nosil et al. 2009). This

includes an earlier AFLP study of the two Atlantic eel

species that found 8.4% outliers (27 out of 321 loci), also

using LOSITAN (Gagnaire et al. 2009). Among all outliers,

the SNPs showing FST >0.8 are particularly strong can-

didates for being under selection, as confirmed by the

distribution of FST values across all SNPs (Fig. 2).

Despite the many highly genetic differentiated SNPs,

sliding window analyses of FST did not reveal larger

Table 4 Gene ontology (GO)-term enrichment analysis on ‘bio-

logical processes’ performed in DAVID on the outlier SNPs

found in LOSITAN. Significant GO terms from the smaller dataset

comprising FST > 0.8 are denoted by a ‘*’. Significant GO terms

from the upstream category are denoted by a ‘#’. Significance

level equals P < 0.01. Fold-change denotes the increase of

genes including the respective GO term in the outlier group

compared to the background

GO-term

Fold-

change P-Value

Protein amino acid phosphorylation* 1.4 5.8E-6

Phosphorylation 1.3 9.6E-5

Regulation of Ras protein signal

transduction

1.8 1.0E-4

Anatomical structure development 1.2 1.2E-4

Regulation of small GTPase mediated

signal transduction

1.7 1.2E-4

Multicellular organismal process 1.2 3.0E-4

Regulation of Rho protein signal

transduction

2.2 4.2E-4

System development 1.2 5.0E-4

Cell adhesion 1.5 5.7E-4

Biological adhesion 1.2 5.7E-4

Phosphorus metabolic process 1.2 6.6E-4

Phosphate metabolic process 1.2 6.6E-4

Post-translational protein

modification*
1.2 1.2E-3

Multicellular organismal

development

1.1 1.2E-3

Regulation of biological quality 1.4 1.5E-3

Developmental process* 1.1 1.6E-3

Regulation of cell communication 1.4 2.0E-3

Localization 1.1 2.1E-3

Organ development 1.2 2.2E-3

Central nervous system development 1.4 2.3E-3

Regulation of signal transduction 1.4 2.8E-3

Protein modification process 1.2 2.9E-3

Embryonic organ development 1.5 2.9E-3

Brain development 1.4 3.2E-3

Anatomical structure morphogenesis 1.2 3.2E-3

Cell motion 1.4 3.5E-3

Neurotransmitter transport 2.0 3.6E-3

Cell surface receptor-linked signal

transduction

1.2 3.6E-3

Developmental growth 1.8 5.0E-3

Transmembrane receptor protein

tyrosine kinase signalling

pathway

1.8 5.0E-3

Nervous system development 1.3 5.1E-3

Enzyme-linked receptor protein

signalling pathway

1.6 5.7E-3

Regulation of cellular component

size

1.8 6.7E-3

Embryonic development 1.2 7.9E-3

Regulation of neuron differentiation 2.2 8.3E-3

Metal ion transport 1.3 9.8E-3

Monovalent inorganic cation transport 1.3 9.9E-3

Response to chemical stimulus # 1.7 2.0E-3

Response to stimulus # 1.3 6.5E-3
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‘genomic islands of divergence’. This pattern would

seem congruent with the first phase of speciation with

gene flow, where gene flow is high and direct selection

at relatively few genes is the most important force (Feder

et al. 2012a). However, contrary to expectations given in

this scenario, we found many independent regions

potentially under selection (marked by many highly dif-

ferentiated SNPs). Although the distinct pattern of SNPs

exhibiting high differentiation against a background of

overall low differentiation could be biased due to the

high proportion of rare alleles, the pattern was quite

similar when using only SNPs with MAF > 0.05,

although average FST increased (Fig. S1, Supporting

information). Moreover, Gagnaire et al. (2012) observed

a similar pattern in Atlantic eels where FST dropped to

almost zero within 100–1000 bp of highly differentiated

exons of the positively selected atp5c1 gene.

Although the observed genomic signature does not

seem compatible with divergence (DH), it may be

explained by genomic (GH) hitchhiking (Feder et al.

2012a). Pujolar et al. (2014a) reported evidence for

strong postzygotic selection, but nevertheless also found

one Icelandic individual that represented a late genera-

tion hybrid (beyond second-generation backcross). Simi-

larly, a recent study based on RAD sequencing found

four among a total of 225 European eels (excluding Ice-

land) and one among 30 American eels showing

between 3 and 6% admixture (Pujolar et al. 2014b). If

historical effective population size is high in the two

species (Pujolar et al. 2013; Jacobsen et al. 2014), even

low gene flow could have a strong effect on genetic dif-

ferentiation (Pujolar et al. 2014a). If this is indeed the

case, then the observed pattern of genomic divergence

might in fact be considered in concordance with geno-

mic hitchhiking; the two species show strong differenti-

ation at multiple sites, presumably reflecting

diversifying selection, whereas background differentia-

tion increases extremely slowly due to the combined

effects of low, but biologically significant gene flow and

very low genetic drift. The SNPs identified as outliers

in LOSITAN, many constituting none fixed differences

between the two species (Fig. 4) may then be loci of

modest or weak effect on fitness that now can increase

in frequency in the face of a reduction of average geno-

mic effective migration rate (Feder et al. 2012a).

A second potentially contributing factor to the

observed pattern of differentiation involves the extre-

mely low linkage disequilibrium (LD). If LD was also

low during the early speciation process, then selection

acting on standing genetic variation (Barrett & Schluter

2008) would lead to soft sweeps that would not result

in strong building up of genetic differentiation (Hermis-

son & Pennings 2005). Even for sweeps involving de

novo mutations, initial strong LD would be expected to

erode over time due to the combined effects of new

mutations, gene flow between species and recombina-

tion. This would apply for sweeps that took place dur-

ing the early speciation phase, but not for more recent

sweeps. However, the low sliding window FST and LD

do not suggest the presence of recent selective sweeps

in the surveyed genomic regions.

The genome-wide differentiation pattern observed in

Atlantic eels may be quite common in other organisms

with similar demographic features (sympatric or parap-

atric distribution, low gene flow, high Ne) and match

results from other studies of species like Drosophila mel-

anogaster (Turner et al. 2008), Pacific lamprey (Entosphe-

nus tridentatus) (Hess et al. 2013), the mosquito

Anopheles gambiae (Lawniczak et al. 2010) and different

plants (Strasburg et al. 2012) also showing strong

genetic differentiation confined to many small regions

scattered throughout the genome. On the other side,

there are also examples of marine fishes showing large

and distinct genomic regions of high divergence, such

as among different ecotypes of Atlantic cod (Gadus mor-

hua) (Hemmer-Hansen et al. 2013; Karlsen et al. 2013).

The precise mechanisms generating this pattern are

presently unknown (Hemmer-Hansen et al. 2013), but

could in addition to DH represent inversions or

differences in genomic architecture (Feder et al. 2012a;

Yeaman 2013).

Distribution of candidate SNPs in coding and
noncoding regions

Given the very low observed LD, we would expect

SNPs showing high differentiation to be very close to

the actual targets of selection. One surprising result of

our study therefore concerns the fact that outlier and

nonoutlier SNPs in general did not show differential

distribution across the genome (Table 2 and 3). If selec-

tion predominantly involved the coding parts of the

genome, then a significantly higher proportion of the

outliers would be expected in the CDS, with more being

nonsynonymous substitutions. However, the proportion

of nonsynonymous substitutions was not different

between outlier and nonoutlier categories, and the only

significant deviation from random genomewide distri-

bution of SNPs was observed in the upstream regions,

where the diagnostic SNPs showed a decreased repre-

sentation compared to the background. This possibly

reflects a conserved and thus important role of these

regions in both species rather than being targets for

directional selection.

Most of the SNPs being candidates for directional

selection were located outside known exons and CDSs,

which suggests that a major part of adaptive divergence

between the species involves variation in noncoding
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regions. This is in accordance with the emerging view

that a higher proportion of noncoding genomic regions

may be functional than previously assumed. It has

recently been suggested that 80.4% of the human gen-

ome contain elements linked to biochemical functions

(Dunham et al. 2012). In three-spine stickleback (Gaster-

osteus aculeatus), up to 83% of SNPs diagnostic for dis-

tinct ecotypes are assumed to have a regulatory role

(Jones et al. 2012), and in general, many introns host

enhancers and promoters (Rose 2008; Chorev & Carmel

2012; Ecker et al. 2012; Hebert et al. 2013). The high

numbers of candidate SNPs in noncoding regions of the

Atlantic eel genomes are therefore likely to reflect regu-

latory differences between the species.

An alternative explanation could be that at least some

of the fixed differences between the species reflect

incompatibilities, for example due to inversions or other

chromosomal rearrangements, rather than selection

(Bierne et al. 2011). It is not possible to investigate this

possibility using our RAD sequencing data of the pres-

ent study, but whole genome sequencing of three-spine

sticklebacks revealed that several genomic regions

involved in ecotype divergence in fact represented

inversions (Jones et al. 2012).

Candidate genes and function

Gene ontology (GO) enrichment analysis of ‘candidate

genes’, that is genes containing outlier SNPs in introns

and exons, both supported previous results and pro-

vided further insights into functional genomic diver-

gence between the Atlantic eel species. We observed

outliers in genes related to the mitochondrial ATP syn-

thase F1 complex, which is part of the oxidative phos-

phorylation pathway and thus energy (ATP)

production. This is in accordance with other studies

suggesting positive selection at genes of this complex

(Gagnaire et al. 2012; Jacobsen et al. 2014). Selection may

be driven by differences in energetic requirements due

to a considerable longer spawning migration experi-

enced by European eel (>5000 km) compared to the

American eel (>2000 km) (Tesch 2003).

GO categories related to phosphorylation and devel-

opment were enriched in both outlier data sets (defined

by LOSITAN analysis and a criterion of FST > 0.8), thus

representing strong support for differential selection

acting on genes within these functional categories. The

genes included protein kinases, transcription factors

and growth factors or other proteins involved in cellu-

lar growth. These genes mainly serve regulatory roles

either by controlling protein activity and function

(Cohen 2000) or transcription (Vaquerizas et al. 2009).

This matches our initial expectations as timing of gene

expression has been shown to differ between the

species during early development. This could be the

underlying mechanism determining larval phase dura-

tion (Bernatchez et al. 2011), assumed to be considerably

longer for European than American eel (Tesch 2003).

Moreover, given the distribution of candidate SNPs for

selection, it is possible that selection is mainly acting on

regulation and expression rather than functional

changes. For the genes related to development pro-

cesses, this matches a previous transcriptome study that

observed significant differences of expression of indi-

vidual genes related to ‘cell cycle and development’

between larvae of two species of Atlantic eel (Bernat-

chez et al. 2011). However, genes related to ‘protein

synthesis and RNA processing’ showed the most pro-

nounced differentiation between size groups of the two

species (Bernatchez et al. 2011). This group was mainly

represented by ribosomal RNAs, but this gene family is

likely to be under-represented in the present study, as

we deliberately filtered out sequences that aligned to

more than one place in the genome.

Finally, although Atlantic eels exhibit features making

it likely that they speciated in the face of gene flow (e.g.

overlapping spawning area and spawning time and

very low genetic differentiation suggesting historical

gene flow), it is also possible that speciation was origi-

nally initiated in allopatry. If this is the case, then traits

relating to different life histories and their underlying

genetic basis could also have evolved in allopatry, caus-

ing incompatibilities following secondary contact.

Under this scenario, the high differentiation of genes

belonging to certain functional categories would repre-

sent a product rather than being the driver of specia-

tion. Whereas this possibility cannot be entirely

dismissed, it nevertheless appears less realistic, as the

very low interspecific genetic differentiation is difficult

to reconcile with an allopatric phase without gene flow

between the species.

Conclusions

Our results demonstrate the power of next-generation

sequencing methods such as RAD sequencing for

analysing patterns and processes underlying speciation.

The study highlights the complexity of interpreting pat-

terns of genomic footprints in cases of speciation with

gene flow. The many instances of very small genomic

regions exhibiting high differentiation between the spe-

cies, but without any appreciable increase of back-

ground genomic differentiation, suggest a phase of

genome hitchhiking where drift and gene flow lead to

only very slow neutral divergence. These findings stress

the importance of considering genomic footprints of

speciation-with-gene-flow in conjunction with demo-

graphic parameters such as effective population size.
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Our study additionally suggests functional differences

at genes involved in development and phosphorylation

as playing an important role in speciation of Atlantic

eels. This is in accordance with biological knowledge of

differences in larval phases and migratory distances of

the two species (Tesch 2003). A major role must, how-

ever, also be ascribed to regulatory processes, and our

results adds to the growing body of results finding con-

siderable amounts of seemingly adaptive divergence in

noncoding genomic regions.
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