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Abstract

Latest technological developments in evolutionary biology bring new challenges in
documenting the intricate genetic architecture of species in the process of divergence.
Sympatric populations of lake whitefish represent one of the key systems to investi-
gate this issue. Despite the value of random genotype-by-sequencing methods and
decreasing cost of sequencing technologies, it remains challenging to investigate varia-
tion in coding regions, especially in the case of recently duplicated genomes as in sal-
monids, as this greatly complicates whole genome resequencing. We thus designed a
sequence capture array targeting 2773 annotated genes to document the nature and the
extent of genomic divergence between sympatric dwarf and normal whitefish. Among
the 2728 genes successfully captured, a total of 2182 coding and 10 415 noncoding puta-
tive single-nucleotide polymorphisms (SNPs) were identified after applying a first set
of basic filters. A genome scan with a quality-refined selection of 2203 SNPs identified
267 outlier SNPs in 210 candidate genes located in genomic regions potentially
involved in whitefish divergence and reproductive isolation. We found highly hetero-
geneous Fgr estimates among SNP loci. There was an overall low level of coding poly-
morphism, with a predominance of noncoding mutations among outliers. The
heterogeneous patterns of divergence among loci confirm the porous nature of ge-
nomes during speciation with gene flow. Considering that few protein-coding muta-
tions were identified as highly divergent, our results, along with previous
transcriptomic studies, imply that changes in regulatory regions most likely had a
greater role in the process of whitefish population divergence than protein-coding
mutations. This study is the first to demonstrate the efficiency of large-scale targeted
resequencing for a nonmodel species with such a large and unsequenced genome.
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Introduction

Speciation, a fundamental process responsible for bio-
logical diversity, is the result of neutral and selective
processes acting in tandem at the genetic and pheno-
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typic levels (Mitchell-Olds et al. 2007; Presgraves 2010).
Although many of the intricate mechanisms associated
with them still remain unknown (Koonin 2012), recent
advances in genetic studies have helped to understand
the interactions causing changes to genomic architecture
during the process of species divergence (Wu & Ting
2004; Jones et al. 2012). Evidence from various studies
has shown that ecologically driven genomic divergence
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can occur in the face of gene flow (Nosil et al. 2008;
Cadillo-Quiroz et al. 2012; Gagnaire et al. 2012a). Molec-
ular analyses of young and diverging lineages in natu-
ral hybrid zones reveal highly heterogeneous and
complex genome-wide patterns of genetic introgression
among loci (Gagnaire et al. 2011; Gompert et al. 2012).
The observed variation in introgression rates among
genomic regions can be attributed to the presence of
genetic barriers to gene flow, which also limit the rate
of introgression of nearby linked loci (Barton 1979; Bar-
ton & Bengtsson 1986). Competitive interplay between
the intensity of selection and the extent of recombina-
tion (Felsenstein 1981) determines the rate of introgres-
sion at neutral loci, while advantageous alleles might be
slightly delayed by these barriers, depending on migra-
tion rate and strength of selection. Consequently, these
dynamic and variable introgression rates create semi-
permeable barriers to gene flow between diverging taxa
(Payseur 2010). In a situation of ecological adaptive
divergence, natural selection promotes the genetic
divergence of loci associated with a higher fitness,
while still allowing gene flow in neutral regions (Turner
et al. 2005; Nosil et al. 2009). With increasing time or
selection strength, these genomic regions resistant to
gene flow, called genomic islands of divergence, are
predicted to expand in number and size through
genetic hitchhiking (Maynard Smith & Haigh 1974)
potentially until both genomes become completely
genetically isolated (Wu 2001; Feder et al. 2012; Via
2012). The premise is that divergent selection prevents
or reduces gene flow between diverging populations in
certain genomic regions. This conjointly reduces inter-
population recombination. The localized reduction in
effective gene flow at or near selected sites allows the
build-up of genetic differentiation around these loci and
thus contributes to the expansion of such divergent
genomic regions (reviewed in Nosil & Feder 2012). Spe-
ciation is a dynamic biological process during which
genomic divergence builds up and constantly pro-
gresses over time. Consequently, if one wants to investi-
gate how the core processes unfold from the start until
the end, it is crucial to identify adaptive genetic
changes in the early stages of genome differentiation
prior to the completion of the speciation process and
before other differences accumulate over time. Much
theoretical work has been done in order to develop a
conceptual framework for genomic divergence in the
context of speciation. Yet, major questions pertaining to
the genomic architecture of speciation and the relative
importance of various processes facilitating or impeding
the spread of divergent loci remain unresolved (Nosil &
Feder 2012).

The advent of high-throughput sequencing technolo-
gies and new computational developments has opened
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the possibility of studying such questions on a genome-
wide scale. The method predominantly used to find
divergent genomic regions consists of scanning large
portions of the genome in order to estimate the extent
of genetic differentiation among loci (Fsr-based genome
scans) (Lewontin & Krakauer 1973; Beaumont &
Nichols 1996; Excoffier et al. 2009). Such approaches
have been useful in identifying multiple regions of dif-
ferentiation with variable degrees of divergence (e.g.
Lawniczak et al. 2010; Strasburg et al. 2012). Moving
beyond the identification of outlier genomic regions by
characterizing the genes involved and their association
with known divergent phenotypes brings compelling
evidence of how genome architecture is modelled
during ecological speciation (Presgraves 2010). For
example, Smadja et al. (2012) conducted a large-scale
candidate gene approach combining population genom-
ics and QTL methods on the pea aphid system (Acyrtho-
siphon pisum). Their results suggested a restricted effect
of hitchhiking around selected loci, giving birth to small
islands of divergence, which is similar to the observa-
tions made by Nadeau et al. (2012) in Heliconius butter-
flies. Conversely, genome-wide patterns of divergence
in various species pairs have revealed large islands of
divergence rather than small and independent selected
regions during the early stages of reproductive isolation
(Via & West 2008; Hohenlohe et al. 2012; Renaut ef al.
2012). These apparently contradictory findings (‘few
large” vs. ‘many small’ regions of divergence) might
reflect different methods for defining regions of diver-
gence, different timing of divergence along the specia-
tion continuum or different demographic dynamics of
species (Feder et al. 2012). Different processes could be
involved in different points on the continuum.

Lake whitefish species pairs (Coregonus clupeaformis)
offer an ideal situation to study the ongoing process of
speciation where they occur in sympatry in several
lakes in northeastern North America (Lu & Bernatchez
1999; Bernatchez et al. 2010). The ‘normal’ whitefish,
characterized by an epibenthic foraging activity grows
faster, becomes larger and reaches maturity at a later
age than the ‘dwarf” whitefish, which lives in the lim-
netic zone, grows slower and reaches maturity at an
earlier age (reviewed in Bernatchez 2004). Besides strik-
ing size difference at sexual maturation, the most dis-
criminating phenotypic trait is the gill-raker apparatus:
dwarf whitefish distinctively have more numerous and
less separated gill rakers than normal whitefish. Thus,
the dwarf whitefish is more efficient at retaining smaller
planktonic prey (Bernatchez 2004). The exploitation of
the limnetic niche by dwarf whitefish results in a herita-
ble difference in swimming behaviour compared with
normal whitefish (Rogers ef al. 2002). Also, dwarf white-
fish have significantly higher metabolic rates than
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normal whitefish, which stems from their higher ener-
getic demands (more active swimming) and a lower
bio-energetic conversion efficiency (Trudel et al. 2001).
Considering their pronounced phenotypic differences at
many complex traits and their recent divergence on an
evolutionary timescale, marked by a phase of allopatry
(~60 000 years BP) followed by secondary contact in
sympatry about 12 000 years BP (Bernatchez & Dodson
1990; Jacobsen et al. 2012), these incipient species of lake
whitefish, exploiting distinct ecological niches, are ame-
nable to investigate early mechanisms involved in the
process of ecological divergence. The very short period
of time characterizing their sympatric divergence
(12 000 years) and the extensive gene flow exhibited
between morphs in various lakes contribute in creating
only a partial reproductive isolation that, according to
theory, is considered a young system (e.g. Schluter
2001). Previous work using QTL mapping and common
garden experiments has provided evidence for a genetic
basis of adaptive traits (swimming behaviour, growth,
morphology, gene expression variation) known to differ
between both ecotypes (Rogers et al. 2002; Rogers &
Bernatchez 2007; Derome et al. 2008; St-Cyr et al. 2008;
Whiteley et al. 2008; Jeukens ef al. 2010; Gagnaire ef al.
2013a). An integrated approach linking QTL mapping
and gene expression studies with single-nucleotide
polymorphisms (SNPs) analyses also revealed pro-
nounced allele frequency divergence for several key
genes differentially expressed between ecotypes (Renaut
et al. 2010, 2011). Results from this integrative approach
suggest that multiple mitochondrial and nuclear genes
involved in energy metabolism stand out as potential
candidates underlying the ecological divergence of
whitefish ecotypes (Renaut et al. 2010). Additionally, 16
other candidate genes showed genotype—phenotype
associations in relation to four adaptive phenotypes,
namely growth, swimming activity, gill rakers and con-
dition factor (see Renaut et al. 2011). Overall, these com-
prehensive studies have demonstrated the role of
natural selection in shaping different levels of gene
expression, which is thought to be one of the predomi-
nant proximate mechanisms responsible for the pheno-
typic differences among lake whitefish species pairs. As
such, they represent an excellent starting point towards
a deeper and more precise characterization of the
genetic architecture underlying ecological speciation.
Here, the technique of sequence capture (high density
DNA microarray allowing the enrichment of targeted
genomic regions, see Hodges et al. 2007) was used to
enrich a large set of genes, get a clearer picture of the
extent of genetic differentiation between both ecotypes
and quantify the strength of selection on protein-coding
divergence. The aim was also to refine and extend the
list of candidate genes potentially involved in the

process of adaptive divergence. In total, 2773 genes
were targeted by the array-based on available EST and
cDNA sequences. Thus, regions of interest among the
large and complex whitefish genome (~3 Gbp, Animal
Genome Size Database) (Jeukens et al. 2011), which also
underwent a recent duplication event approximately
60 Ma (salmonid duplication event, see Créte-Lafreniere
et al. 2012), were efficiently and rapidly retrieved and
sequenced. Sequencing data from multiple individuals
were de novo assembled to reconstruct whole gene
sequences and document patterns of genetic divergence
between dwarf and normal populations through an Fsr-
based genome scan. Because no salmonid genome is yet
available, it proved to be an efficient way of targeting
genomic DNA in both coding and adjacent noncoding
regions, while circumventing the problems inherent to
the sequencing and assembly of massive amounts of
repetitive and noncoding elements.

Materials and methods

Study system and DNA preparation

Fish were collected in 2010 from Cliff Lake (46°23'51"N,
69°15'05"W, St John River drainage, ME, USA), which
harbours sympatric populations of normal and dwarf
whitefish. Twelve dwarf and twelve normal individuals
(48 chromosome sets in total) were randomly chosen
among the captured fish. Genomic DNA was extracted
from a caudal fin clip using DNeasy tissue kit (Qiagen,
Duesseldorf, Germany) according to the manufacturer’s
protocol. A minimum of 5 pug of unamplified genomic
DNA was obtained for each sample.

Selecting exon targets, DNA enrichment and
sequencing

NimbleGen capture array technology (Roche, Madison,
USA) was used to enrich preselected coding regions
from whitefish genes only. All publicly available white-
fish expressed sequence tags (ESTs) (cGRASP, http://
web.uvic.ca/grasp/ ) were used as primary data for the
first probe design, in addition with ¢cDNA sequences
from previous work (454 GS-FLX platform, Renaut et al.
2010). A total of 13 516 coding sequences were further
processed in order to eliminate redundancy (sequences
with BLASTn e-value > 1e-20 were collapsed, and
sequences of length <200 bp were discarded), and only
selected sequences annotated in either nt, nr or swiss-
prot were kept (BLASTn e-value < le-25, BLASTx
e-value < 1le-25). Mitochondrial DNA and repetitive
sequences, prone to generate an excessive capture com-
pared with other gene targets, were discarded. Follow-
ing these steps, 3242 unigene sequences were selected
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as targets for the first array design. The design was vali-
dated and improved by conducting two successive cap-
ture tests with three normal and three dwarf
individuals using a Roche 454 GS-FLX sequencer at the
Plate-forme d’Analyse Génomique (IBIS, Université
Laval, Québec, Canada). A small fraction of the initial
targets (2.7%), mainly composed of remaining mitochon-
drial DNA and repetitive elements that had not been
discarded through previous cleaning steps, was dis-
carded for capturing more than 90% of the sequenced
reads. These optimized targets were sent to NimbleGen
bioinformatics service to build the final array spanning
the coding sequence (exons) of 2773 whitefish genes. A
total of 358 847 tiling DNA oligonucleotides (probes)
spanning 100% of the targeted genes were designed.

TruSeq paired-end (2 x 100 base pairs) libraries
(Ilumina, San Diego, USA) with an insert size of
200250 bp were prepared for each individual accord-
ing to the manufacturer’s protocol (TruSeq DNA sam-
ples prep kit). Each library contained a unique six-bp
molecular identifying sequence (MID) included in the
commercial kit provided by the manufacturer (Illumina,
San Diego, USA). The capture step was performed by
the Plate-forme d’Analyse Génomique (IBIS, Université
Laval, Québec, Canada) and the captured DNA samples
sequenced at the Genome Quebec Innovation Centre
(McGill University, Montréal, Canada) on an Illumina
HiSeq 2000 platform.

Assembly and sequence analysis

Due to RAM memory limitation, all paired-end reads
for the 24 individuals were successively and indepen-
dently assembled with four different k-mer values (k-mer
values = 27, 37, 47, 57) using ABySS (Simpson et al.
2009), a fast and accurate assembler with low RAM
requirements. Because ABySS only uses short reads,
CLC Genomics Workbench 5.1 (CLC bio, Aarhus,
Denmark) was ultimately used to perform a final de
novo assembly with contigs from the four distinct assem-
blies previously generated with ABySS (similarity 0.95,
overlap 0.5). This final ‘meta-assembly’ produced final
consensus contigs. Because four independent assemblies
were conducted with different parameters, contigs that
were not identical among the four assemblies were con-
sidered suspicious due to potential paralogy and dis-
carded. Contigs of length <200 bp were also discarded.
Given the recently duplicated whitefish genome
(Radice et al. 1994; Krasnov et al. 2005), some contigs
may represent chimeras or assembly of different non-
specific genomic DNA fragments being the result of
secondary capture (Fu et al. 2010). To improve the qual-
ity of the assembly and minimize mapping errors,
contigs were first blasted against the 3039 original tar-
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gets, and queries returning no significant hits (BLASTn
e-value > le-10) were discarded. Redundant contigs
(BLASTn e-value < 1e-20) were then merged together
using custom Python scripts (v. 2.6.5). These longer con-
tigs represent the complete set of assembled genes,
including exons, introns, several gaps of variable length
between exons and, in several cases, putative noncod-
ing regions located before the first exon and after the
last exon. All paired-end reads used in the assembly
step were ultimately mapped back to this final reference
set of genes using Bwa (v. 0.6.1) with default parameters
(Li & Durbin 2009). Because the quality of all the bases
sequenced and contained in our reads was above the
average quality standard of Q-20 (99% base accuracy),
there was no need to trim reads prior to the assembly.
Assembly statistics were estimated using custom
Python scripts (v. 2.6.5) and R (v. 2.15.1; The R Founda-
tion for Statistical Computing®, 2012, 3-900051-07-0).
Functional categories (gene ontology biological func-
tions) were associated with each gene sequence in the
final data set with Blast2GO (Conesa et al. 2005).

A generalized hidden Markov method implemented
in AuGustTUs (v. 2.6.1, Stanke et al. 2004) was used to pre-
dict exon positions within the assembled genes. To
improve these predictions, a raw assembly of the com-
plete whitefish transcriptome ((Dion-Coté AM, Norman-
deau E & Bernatchez L., unpublished data ) was
integrated in the algorithm as a species-specific supple-
mentary resource. The Bayesian model ‘mpileup” imple-
mented in samtooLs (v.0.1.18, Li et al. 2009) was used to
call consensus bases and single-nucleotide polymor-
phisms (SNPs). Read bases with a Phred quality score
<20 or with an insufficient overall depth of coverage
(<64 reads) to call genotypes with high confidence (and
infer allele frequency differences between populations)
were excluded. We performed various tests that
showed that the best compromise in order to maximize
the number of high-quality SNPs detected in as many
individuals as possible, considering the data set quality,
was four reads per individual for a minimum of eight
individuals for each of the two populations (minimum
of 64 reads in total). Results of a recent study show that
sequencing more individuals with lower coverage
allows a more optimal use of sequencing and sampling
effort (Buerkle & Gompert 2012). Given the limited
number of individuals that could be analysed in this
study due to cost constraints, this threshold was
deemed the best compromise in order to extract as
much information as possible from the data set. A high
coverage threshold (>8000 reads) was also applied to
exclude all possible bases located in repetitive regions
or in regions of high representation in the genome. Out-
lier tests were conducted on the subset of remaining
loci following all filtering procedures.
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Population genetics analyses

To confirm the positions and length of the exons simu-
lated by AUGUSTUS, open reading frame (ORF) for
each polymorphic gene were generated (minimum ORF
length = 75 nt) using the program geforf in EMBOSS
(European Molecular Biology Open Software Suite, Rice
et al. 2000). ORFs were then used to make predictions
on any damaging effect of nonsynonymous mutations
on phenotypes using an iterative greedy algorithm
implemented in PoLYPHEN-2 (Adzhubei et al. 2010).
Allele frequencies were subsequently estimated based
on direct read counts from samtooLs output file using
custom Python scripts, and absolute allelic frequency
divergence (Sp,N = | fanele1,p—fanetlern!) was  finally
computed for every SNP according to these frequency
estimates. This analysis was conducted as a parallel test
and a more exhaustive analysis compared with the val-
ues calculated by Renaut et al. (2010) using cDNA
sequences, which were used as raw material for the
sequence capture array used in this study. SNPs with a
minor allele count of <2 were discarded, using a filter-
ing step in conjunction with coverage thresholds men-
tioned above. This final subset of SNPs meant to be
conservative towards eliminating as many paralogues
as possible from analyses was used to perform the
Fsr-based genome scan.

To measure the extent of population differentiation,
Fsr values (Wright 1951) were calculated according to
the method of Beaumont & Nichols (1996), an extension
to Lewontin-Krakauer test (Lewontin & Krakauer 1973)
implemented in rLositaN Workbench (Antao et al. 2008).
This model assumes an island migration model, and it
also assumes that populations are at mutation—drift
selection equilibrium (gene flow between demes), a con-
dition that is respected in this case, based on previous
simulations (Campbell & Bernatchez 2004) and on more
than 20 years of research on this system (reviewed in
Bernatchez et al. 2010) that show through various stud-
ies the temporal stability of the differentiation between
whitefish ecotypes. Using an infinite allele mutational
model, assuming a number of two demes with no hier-
archical population structure, 500 000 coalescent simula-
tions were performed to obtain the joint distribution of
Fsr values (FDR = 0.05, confidence interval = 0.99).
Expected heterozygosity was also calculated for each
locus based on Hardy-Weinberg equilibrium. Loci out-
side the 99% confidence interval were considered as
outliers, based on a 5% false discovery rate threshold.

In order to integrate knowledge from previous stud-
ies in this system, genes identified as outliers were clas-
sified into the 12 broad functional categories established
by St-Cyr et al. (2008) in a previous transcriptomic
study of whitefish, according to their gene ontology

(biological process). Two of these categories were not
represented in the final outlier data set (germ-line for-
mation and lipid metabolism), and two additional cate-
gories were added: (i) growth and development (bone
morphogenesis heart development, fin development,
growth, regulation of developmental process) and (ii)
nervous system and learning (learning, neural develop-
ment, cognition).

Results

Sequencing and capture efficiency

DNA enrichment (targeting roughly 10% of the total
amount of genes in the whitefish genome) and rese-
quencing yielded more than 841 million short sequence
reads (Table 1), with an average of 35.1 million
sequence reads per sample (range: 27.8M-50.8M). While
only 11.8% of the reads uniquely mapped back to a
targeted sequence, 98% of targeted genes (2728) were
successfully captured and assembled (Table S,
Supporting information), with a mean read depth of
5392X (Table 1). Average proportion of annotated cod-
ing regions (exons) in assembled genes reached 23.8%.
More than 95% of targeted genes successfully captured
had 60% of their length covered by assembled contigs
(average proportion per target: 88.8%, range: 12.9-
100%). Among these 2728 assembled genes, 2364
(86.7%) were polymorphic.

A total of 12 597 putative SNP markers were identi-
fied, among which 2182 were coding and 10 415 non-
coding. After filtering out undesired loci (see Materials
and methods), 3021 biallelic markers were retained,
with a mean depth of coverage per sample of 31-fold
(median = 36X), representing 1104 genes (Table S2, Sup-
porting information). Although the overall coverage
greatly varied among assembled genes (Table 1), the
depth of coverage for filtered SNP loci among
individuals was  considerably = more  uniform
(mean = 30.97 £ 12.95). Overall polymorphism rate per
gene was relatively low (1.89 SNPs/Kb), with 60 genes
(2.2%) showing a number of SNPs per kilobase greater
than five (Table 1). These 60 genes were associated with
various functional groups, among which nine are signif-
icantly over-represented compared with frequencies of
functional groups among all genes (Fisher’s exact test,
Q-value <0.05). Among these over-represented func-
tional groups, three biological processes had most of
the hits: haem binding, G-protein binding and hydro-
gen ion transporting ATP synthase. The majority of the
3021 retained SNPs (Table S2, Supporting information)
were located in putative introns, with a total of 2258
noncoding SNPs distributed in 910 different genes,
while the remaining 763 SNPs were located in the puta-
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Table 1 Summary statistics of captured genes
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Total number of reads sequenced (paired-end)
Mean/sample (min. — max.; median)
Percentage of on-target reads
Number of captured and assembled genes
Mean gene length (min. — max.; median)
N50*
Mean coverage/gene (min. — max.; median)
Mean coverage/sample (min. — max.; median)
Number of exons (num. genes)
Mean exons/gene (min. — max.; median)
Mean exon length (min. — max.; median)
SNP analysis
Number of coding SNPs (num. genes)
Number of noncoding SNPs (num. genes)
Mean SNPs/Kb (min. — max.; median)
Mean coding SNPs/Kb (min. - max; median)
Mean noncoding SNPs/Kb (min. - max; median)

841 559 424

35 064 976 (27.8M-50.8M; 35.7M)
11.8%

2728 (98% of total)

1361 (200-9002; 1179)

1633

5392X (4X-2.8 x lOE'X; 2384X)
31X (9X—44X; 35X)

6033 (2053)

3.07 (1-18; 2)

142.9 (49-526; 120)

763 (383)

2258 (910)

1.89 (0-18.7; 1.29)
0.127 (0-14.3; 0)
0.444 (0-16.9; 0)

*N50 is defined as the longest length for which the collection of all contigs of that length or longer contains at least half of the total

of the lengths of the contigs.

tive exons of 383 different genes. We identified 383
ORFs and among the 539 SNPs that fell within these
ORFs, 306 were nonsynonymous and 233 synonymous.

Divergent loci and functional analysis

Loci kept after filtering procedures showed a skewed
distribution of allelic frequency divergence towards low
values, exhibiting a median of 0.09 (Fig. S1, Supporting
information), while 271 SNPs had significant divergent
allelic frequencies (Q-value <0.05) and 56 were highly
divergent (8p,n > 0.5, Table S2, Supporting informa-
tion). Observed genome-wide level of differentiation
was moderate (Fsr = 0.046), yet considerable heteroge-
neity was observed among estimated Fsr (Table S2,
Supporting information). Average multilocus Fsr esti-
mate was similar between putative coding and noncod-
ing regions (Fst - noncopme = 0.041, Fst - copne = 0.049,
P>0.2).

Coalescent simulations performed with LosSITAN were
used to obtain the distribution of Fsr estimates among
all loci (Fig. 1). These were plotted against their respec-
tive expected heterozygosity (H.) (Fig. 2 and S2, Sup-
porting information). Most loci were located within the
99% confidence interval (CI) expected under neutrality,
but 267 Fgr estimates (11.5%) laid outside this envelope
and were thus considered outliers. This group of loci
represents highly differentiated markers that could har-
bour potential genes of interest in the study of whitefish
divergence and reproductive isolation. Such markers
could be under selection or be linked to direct targets
of selection and should be considered for further analy-
ses. Even though these loci show significant signs of
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Fig. 1 Distribution of Fsr estimates between dwarf and normal
whitefish at 2302 single-nucleotide polymorphism (SNP) loci.
SNP frequency is plotted against Fgr values. Estimates of pop-
ulation divergence were calculated according to the method of
Beaumont and Nichols. Average multilocus Fgp = 0.046.

divergence, their definitive role in the adaptive diver-
gence of whitefish species pairs remains hypothetical
and requires further candidate gene analyses. Results
indicate that 27 outliers were nonsynonymous substitu-
tions (Tables 2 and S4, Supporting information), com-
pared with 289 expected based on the proportion
among the whole data set (55.6% of nonsynonymous
SNPs expected among all coding SNPs). Similarly, pro-
portions of synonymous and nonsynonymous SNPs
among total outliers were not significantly different
(Fisher’s exact test, P = 0.5517, Table 2). In total, 52 out-
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Fig. 2 Fgr-based scan for selection using FpisT2 implemented in
LosiTAN Workbench. Fsr is plotted against expected heterozygos-
ity (He), which was estimated using allele counts at 2302 SNP
loci given by samtooLs mpileup command. Solid black lines rep-
resent the upper and lower limits of the 99% confidence inter-
val (CI). Outlier loci were selected based on the 99% confidence
interval and a false discovery rate (FDR) of 5%.

liers were located in putative coding regions (19.5% of
the total number of outliers), a similar result compared
with the overall proportion of coding SNPs and overall
proportion of coding regions within assembled genes
(25% and 24%, respectively, Fisher’s exact test, P > 0.1).
Outliers were enriched for neither coding SNP nor non-
synonymous SNDPs. Also, proportions of noncoding

Table 2 Outlier single-nucleotide polymorphism (SNP) results
for annotated coding and noncoding regions. Proportions in
parentheses are the proportion among all analysed SNPs

Synonymous SNPs 233 (10.1%)

Outliers 25 (1.1%)
Nonoutliers 208 (9.0%)
Proportion of synonymous 10.3%"

outliers among outlier SNPs*

Nonsynonymous SNPs 306 (13.3%)

Outliers 27 (1.2%)
Nonoutliers 279 (12.2%)
Proportion of nonsynonymous 9.2%"

outliers among outlier SNPs*

Noncoding SNPs 1752 (76.4%)

Outliers 215 (9.3%)
Nonoutliers 1537 (67.0%)
Proportion of noncoding outliers 80.5%"

among outlier SNPs

*Fisher’s exact test comparing proportions of synonymous out-
liers vs. nonsynonymous outliers, P = 0.5517.

Neither of these SNP categories show an enrichment within
outlier group, Fisher’s exact test, P > 0.05.

SNPs were identical in outliers and nonoutliers
(Table 2). A significant reduction in observed heterozy-
gosity (H,) among outlier loci was also observed, but
only in the dwarf population (t-test, Ho@warp -
outliers — 0.13 vs. Ho(dwarf) — nonoutliers — 0.28 and Ho(nor—
mal) — nonoutliers = 0.25, P < 0.05 in both cases, Fig. 3).
Average H, for outliers was also lower in dwarf
than normal population (Ho@warf) - outtiers = 013 vs. H,
(normal) - outliers = 0-23), and this difference was margin-
ally significant (t-test, P = 0.08). A Pearson correlation
test was conducted on normal and dwarf populations
to confirm that variability in coverage among loci was
not responsible for the observed reduction in heterozy-
gosity (loci with lower coverage could be biased
towards a lower observed heterozygosity). There was
thus no significant correlation between coverage and H,
either in dwarf (cor = 0.0158, P = 0.447) or in normal
(cor = 0.00336, P = 0.872) populations. In addition, there
is no statistical difference in coverage values between
outliers vs. nonoutliers in the dwarf population (t-test,
P =0.0663) and in the normal population (t-test,
P =0.437). Also, coverage in the dwarf population for
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Fig. 3 Observed heterozygosity (H,) for outlier and nonoutlier
loci for both dwarf and normal populations. ¢-tests comparing
mean heterozygosity for each single-nucleotide polymorphism
(SNP) data set. Mean heterozygosities in nonoutlier group:
0.278 + 0.007 and 0.245 + 0.007 for dwarf and normal, respec-
tively. Mean heterozygosities in outlier group: 0.133 + 0.088
and 0.234 £ 0.095 for dwarf and normal respectively. Coverage
did not significantly differ among populations and SNP catego-
ries (P > 0.05, data not shown). *P =0.08, **P = 0.021,
**#*P = 0.0068, ****P < 0.0001.
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Table 3 Functional groups over-represented* among outlier genes compared with their proportion among all genes assembled.

Functional groups’

GO terms

Number
of genes*

Behaviour

Blood and transport
Cell cycle regulation

Cell structure

Energy metabolism

Growth and development

Immunity

Iron homeostasis

Muscle contraction

Nervous system
development and

learning
Protein catabolism

Protein synthesis

Feeding behaviour (GO:0007631), adult behaviour
(GO:00030534), adult locomotory behaviour (GO:0008344),
behavioural interaction between organisms (GO:0051705),
visual behaviour (GO:0007632), locomotory behaviour (GO:0007626)

Sodium ion export (GO:0071436), sodium ion transmembrane
transport (GO:0035725), regulation of vasoconstriction (GO:0019229)

Interphase of mitotic cell cycle (GO:0051329), interphase (GO:0051325)

Cellular component biogenesis (GO:0044085), extracellular structure
organization (GO:0043062), cellular macromolecular complex subunit
organization (GO:0034621), regulation of cell shape (GO:0008360)

Hexose metabolic process (GO:0019318), UDP-glucose metabolic process
(GO:0005996), glucose metabolic process (GO:0006006), nucleotide-sugar
metabolic process (GO:0009225), UDP-glucuronate biosynthetic process
(GO:0006065), UDP-glucuronate metabolic process (GO:0046398), hexose
biosynthetic process (GO:0019319)

Developmental growth (GO:0048589), regulation of anatomical structure size
(GO:0090066), developmental growth involved in morphogenesis (GO:0060560),
heart development (GO:0007507), bone development (GO:0060348), bone
morphogenesis (GO:0060349), fin development (GO:0033333), regulation of
developmental process (GO:0050793)

Platelet degranulation (GO:0002576), acute-phase response (GO:0006953), antigen
processing (GO:0002504), inflammatory response (GO:0006954)

Cellular metal ion homeostasis (GO:0006875), metal ion homeostasis (GO:0055065),
iron ion homeostasis (GO:0055072), ion homeostasis (GO:0050801)

Positive regulation of muscle contraction (GO:0045933), regulation of smooth
muscle contraction (GO:0006940)

Associative learning (GO:0008306), learning (GO:0007612), cognition (GO:0050890),
learning or memory (GO:0007611), regulation of neurogenesis (GO:0050767),
regulation of nervous system development (GO:0051960)

Regulation of peptidase activity (GO:0052547), skeletal muscle tissue regeneration
(GO:0043403), peptide cross-linking (GO:0018149), positive regulation of
peptidase activity (GO:0010952)

Skeletal muscle fibre development (GO:0048741), protein complex subunit
organization (GO:0071822)

2

15
17

10

11

10

*Fisher’s exact test, Q-value <0.05.
fFunctional groups as defined in the Materials and methods section.

*Each gene can be associated with multiple functional groups.

outliers is not significantly different than that of outliers
in the normal population (¢-test, P = 0.096).

According to a function enrichment analysis per-
formed by BLAST2GO on these 210 outlier genes, 78 biologi-
cal processes classified into 12 general functional groups
(see Materials and methods) and associated with 72
different genes were over-represented among outliers
compared with their frequencies among all assembled
genes (Fisher’s exact test, Q-value <0.05, Tables 3 and S5,
Supporting information). Of particular interest among
outliers, two nuclear genes (prostaglandin-E synthase 2
like, average Fgsr =0.81 and glutathione peroxydase,
Fsr = 0.91), involved in energy metabolism, were the two
most differentiated genes between dwarf and normal
whitefish. More specifically, three high-quality SNPs
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were identified in prostaglandin-E synthase 2 like
(Fig. 4). Two of them are nonsynonymous mutations: the
first one, L21V, located in putative exon 1, changes a leu-
cine into a valine (Fgr = 0.84) and the second one,
M115V, located in putative exon 4, changes a methionine
into a leucine (Fst = 0.67). None of these two substitu-
tions are predicted to have a deleterious impact on pro-
tein function, according to the functional analysis
performed using PolyPhen-2 (PolyPhen scores of 0.013
and 0.001, respectively, mutations are predicted to be
benign). The third mutation was located in putative
intron 4 (Fgr = 0.90). The second most divergent gene,
glutathione peroxydase, showed one high-quality SNP
located in putative exon 2 (Fig. 5). This was a synony-
mous substitution in the codon GTG associated with a



4904 F. O. HEBERT, S. RENAUT and L. BERNATCHEZ

Prostaglandin-E synthase 2
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Fig. 4 Assembled prostaglandin-E synthase 2 (PGE-2 synthase)
with single-nucleotide polymorphism (SNP) and probe posi-
tions. Depth of coverage (X1) is plotted against positions (base
pairs) on the gene sequence. Above the graph is a representa-
tion of the assembled genomic sequence of PGE-2 synthase,
with noncoding regions (black), exons (light grey), regions tar-
geted by the probes (dark grey) and SNPs (vertical black lines).
Incomplete black lines between annotated exons indicate the
presence of gaps in putative introns.

valine for the alternative codon GTC, a less common
codon used for the same amino acid (Codon Usage Data-
base, http:/ /kazusa.or.jp/codon/).

Comparison with previous whitefish studies

Other studies have also identified several genes poten-
tially involved in the process of adaptive divergence of
lake whitefish. Among 267 outlier loci identified in this
study, 32 of them, representing the same number of
candidate genes, have been labelled as divergent in pre-
vious work (Table S6, Supporting information). Seven
of these genes were also previously identified by
Renaut et al. (2011) in a genome scan-based approach
using Fgr estimates from natural populations in multi-
ple lakes. Although these loci that have been identified
as outliers, absolute Fst estimates differed between
studies (Renaut et al. 2011) (Table 4).

Discussion

In a research context in which new technologies are
constantly developed, sequencing costs are dramatically
decreasing and theoretical frameworks are getting
refined, it is now feasible to perform more in-depth
analyses of patterns of genetic differentiation between

related taxa spanning the speciation continuum. New
research avenues taking advantage of this progress are
required towards deciphering the respective roles of
evolutionary processes involved in each phase of speci-
ation (Nosil & Feder 2012). The lake whitefish system
offers this possibility with a series of lakes harbouring
sympatric populations of partially isolated ecotypes.
Moreover, these lakes occupy different positions on the
continuum of morphological and genomic differentia-
tion (Renaut ef al. 2011, 2012; Gagnaire et al. 2013b).
Here, by conducting a large-scale targeted enrichment
genome scan in the lake showing the most divergent
species pair in the study system, we observed that nei-
ther synonymous nor nonsynonymous mutations were
over-represented among outlier SNP loci, while more
than half of the divergent SNPs were noncoding muta-
tions. Based on numerous previous studies focusing on
morphology, QTL mapping and gene expression differ-
ences among whitefish species pairs, observations
reported in this study suggest that genetic divergence
driven by selection might be more oriented towards
noncoding and perhaps regulatory changes, compared
with structural changes, as discussed below.

Sequence capture applied to a salmonid genome

We successfully applied the technique of sequence cap-
ture to enrich sequence and assemble several thousand
genomic regions of the whitefish genome in a de novo
context. Despite excellent results in terms of proportion
of genes captured (98%), percentage of on-target reads
was low (11.8%) compared with other studies (33.5%
and 54%, respectively, in Heliconius and pea aphid,
Smadja et al. 2012; Nadeau et al. 2012). A plausible
explanation for this result is the use of a nonspecific
DNA blocker solution prior to the hybridization step,
combined with the complexity of whitefish genome. In
the case of targeted enrichment of human DNA, prepa-
rations of Cytl DNA comprising short fragments
(50-300 bp) of human placental DNA enriched for
repetitive elements are added to the hybridization reac-
tion in order to improve capture specificity (Mamanova
et al. 2010). Because no whitefish-specific DNA blocker
was available, solutions of human Cytl and PlantCaptu-
reEnhancer (Roche) were used. Such blockers might not
have been efficient enough in preventing secondary and
nonspecific capture on the array. In the context of a
large, duplicated salmonid genome, the use of a non-
specific blocker solution might have resulted in lower
capture efficiency, compared with smaller and less
repetitive genomes that are fully sequenced, like Helico-
nius and Acyrthosiphon pisum genomes. However, it
could be possible to design a custom-built blocker solu-
tion for any species for which a sufficient database of
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Fig. 5 Assembled sequence (partial) for glutathione peroxidase. Figure shows the first two exons in light grey, incomplete
noncoding regions in black (with gap in white) and an outlier synonymous SNP in exon 2. (A) Codon usage found in Coregonus
clupeaformis (Codon Usage Database) associated with both codons generated by each allele. (B) Allele frequencies in each

population.

Table 4 Outlier genes also labelled as outliers in a previous
genome scan’

Fsr - SNP
genotyping  Fsr - Sequence
Gene product study capture?
Fibrinogen beta chain 0.47 0.17
Ubiquitin carboxyl-terminal 0.93* 0.20
hydrolase isozyme L1
Cyclin I 0.53*** 0.18
Heat-shock protein HSP 90-beta 0.44 0.55
Red protein 0.76** 0.69
Sodium/potassium transporting  0.71** 0.05
ATPase subunit alpha-1
Sodium/potassium transporting  0.27**** 0.42

ATPase subunit beta-233

Gene products in bold = no significant difference in Fgr esti-
mates between both studies (Fisher’s exact test, P > 0.1).
P-values calculated as explained in Renaut et al. 2011 *P < 0.05,
P <0.1, P <02

TGenome scan based on genotype information at 96 SNP loci,
Renaut ef al. (2011).

P < 0.05 for all genes, calculated by LOSITAN as described in
Materials and methods.
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repeated sequences is available. A home-made DNA
solution analogous to the Cotl DNA preparation can be
produced using this sequence information, which could
help improve the on-target percentage. Nonetheless,
other than requiring more sequencing effort, decreased
capture efficiency was not immensely problematic as
98% of the genes were captured and assembled, mean
coverage per gene was very high, and the depth of
coverage for the filtered SNPs was uniform among indi-
viduals.

Genetic differentiation between sympatric populations

Using predefined criteria for selecting SNP loci with
high-confidence genotypes for a sufficient number of
individuals in each population, we identified a lower
rate of polymorphism than expected according to previ-
ous work based on 454 sequencing (Renaut et al. 2010).
Here, highest mean number of SNPs per kilobase was
18.7, whereas Renaut ef al. (2010) identified a maximum
of 44.8 SNPs per kilobase using cDNA. Difference in
level of polymorphism is not surprising considering the
discrepancy between data sets, assembly parameters
and SNP detection methods used. Renaut ef al. (2010)
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used a partial non-normalized transcriptome assembly
to call SNP genotypes with a significantly lower cover-
age threshold (minimum of 6X compared with 64X in
this study). The array developed here spans a larger
number of genes and is considerably more precise,
resulting in a high-quality assembly that was optimized
for paralogue detection (see Materials and methods).
Genes with highest level of polymorphism in Renaut
et al. (2010) were mainly ribosomal genes, which have a
high probability of being paralogous sequences. Differ-
ence between both studies also stems from the fact that
we used genomic DNA to perform the assembly and to
find and call SNP genotypes instead of cDNA. First,
sequencing errors committed during cDNA library con-
struction could explain these biased estimates. It has
also been suggested that differential expression of para-
logues could be responsible for biased sequence poly-
morphism estimates when using cDNA data. Such a
difference in levels of polymorphism was observed by
Gagnaire et al. (2012b) in Anguilla rostrata (American
eel) where cDNA yielded significantly higher estimates
of levels of polymorphism and genetic differentiation
compared with gDNA. Similarly, a recent study on
sockeye salmon (Omncorhynchus nerka) also reported
abnormally high levels of polymorphism detected in
cDNA sequences, due to the presence of paralogous
sequence variants (Everett et al. 2011). Our results thus
re-emphasize that measures of levels of polymorphism
and population differentiation based on cDNA genotyp-
ing are likely to be highly biased and should be inter-
preted with caution.

Population differentiation estimated for each locus
(Fsr values) revealed an overall lower level of genetic
differentiation compared with previous findings
(Renaut et al. 2011). Moreover, distribution of Fgr values
for heterozygosities ranging from 0 to 0.25 showed
grouped data separated by possible missing values
(Fig. 2). This could be due to presence of false homozy-
gous genotypes that were mislabelled due to low indi-
vidual coverage. The use of samMTOOLS program mpileup
should correct genotype calls for low coverage data (Li
& Durbin 2009), but some true heterozygous genotypes
might have been missed, although using a different
method to estimate heterozygosity and changing basic
SNP filters to eliminate these problematic loci did not
seem sufficient enough to close the gap (Fig. S2, Sup-
porting information). Such a trend was also shown by
Smadja et al. (2012), who used the same capture tech-
nology and a similar genome scan method (see Fig. 1 in
Smadja et al. 2012). Here, estimated average multilocus
Fst was 0.046, whereas mean Fgr values calculated in
Cliff Lake based on two different SNP data sets, AFLPs
and microsatellites were, respectively, 0.28, 0.22, 0.22
and 0.26 (Lu & Bernatchez 1999; Campbell & Bernat-

chez 2004; Renaut et al. 2011; Gagnaire et al. 2013b). Yet,
Fsr values calculated in this study exhibited a very
wide range, and some loci showed a clear sign of high
genetic differentiation (Fsy up to 0.90, Fig. 1), concor-
dant with previous findings (Renaut et al. 2011). A con-
siderable proportion of loci (91%) were nonetheless
mildly or weakly genetically differentiated (Fsr < 0.2,
Fig. 1). Observed differences in overall Fsr values with
previous studies can partly be explained by the use of
different types of markers. Microsatellites are selected
based on their high level of polymorphism, which
reflects high mutation rates. Moreover, AFLPs, micro-
satellites and RAD-SNPs are three types of markers that
largely consist of noncoding DNA (Ellegren 2004;
Meudt & Clarke 2007; Hodgkinson & Eyre-Walker 2011;
Gagnaire et al. 2013b). As such, they could diverge at a
faster rate, as opposed to SNPs identified in or near
coding regions, which are under stronger purifying
selection. With respect to the SNP genotyping study of
Renaut et al. (2011), who used a limited number of 100
SNPs and calculated an Fst of 0.28, their markers were
partly biased because they were chosen based on poly-
morphism rate and also on predicted putative role in
explaining divergence. As such, we argue that the mean
overall divergence we observe here may be more reflec-
tive of the true patterns of genetic differentiation
observed in nature at coding genes. Given the recent
divergence of whitefish sympatric species pairs, we
hypothesize that balancing selection might also play a
significant role in maintaining a lower level of differen-
tiation at coding genes underlying the expression of
numerous traits still common to both dwarf and normal
whitefish, compared with noncoding regions. Although
the action of balancing selection in this particular case
remains speculative, this is an idea that deserves further
investigation. More importantly, as we discuss below,
the highly heterogeneous pattern of genetic divergence
confirms the highly porous nature of genomes during
speciation, where locally adapted populations of normal
and dwarf whitefish can exchange genes across much
of the genome while remaining morphologically and
ecologically distinct.

Detection of outlier loci

Previous efforts to document ‘genome-wide’ patterns of
functional divergence in whitefish were based on pat-
terns of gene expression (Derome et al. 2008; St-Cyr
et al. 2008; Whiteley et al. 2008; Renaut et al. 2009;
Jeukens et al. 2010). Here, our results corroborate previ-
ous interpretations based on transcriptomics whereby a
vast array of genes associated with various biological
processes, each of small effect, are involved in diver-
gence between dwarf and normal whitefish. Because no
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reference genome is yet available in any salmonid spe-
cies, those genes could not be positioned on chromo-
somes. Therefore, at this point, available information on
genes labelled as outliers suggests that they might be
part of genomic regions of reduced gene flow between
whitefish ecotypes, although specific information on the
number and size of ‘islands’ or ‘continents’ has to be
confirmed. Yet, among this global set of outliers
accounting for almost 8% of targeted genes, 78
biological processes were over-represented (Table S5,
Supporting information). Using QTL mapping, Rogers
& Bernatchez (2007) and Gagnaire ef al. (2013a) have
associated several genomic regions with key pheno-
types contributing to whitefish adaptive divergence.
These loci were distributed in many different linkage
groups, suggesting that several genomic regions could
be under the influence of divergent selection. In line
with this knowledge, we thus propose that outliers
identified here fall in some of these various genomic
locations that might be part of islands of divergence,
displaying variable levels of differentiation.

Among all five lakes in this whitefish system, Cliff
Lake, from which samples have been collected for this
study, harbours the most differentiated sympatric popu-
lations (Lu & Bernatchez 1999; Bernatchez et al. 2010;
Renaut et al. 2011). Here, we confirm that the reduction
in heterozygosity for outlier loci in the dwarf popula-
tion observed by Renaut et al. (2011) also applies to
many other genes not previously analysed. Their results
strongly suggest an absence of ancestral bottleneck in
the dwarf population of Cliff Lake and pointed out the
fact that locus-specific reduction in heterozygosity is
often related to the action of positive selection. Thus,
both of these studies make a strong point regarding the
role of directional selection acting predominantly on
standing genetic variation of dwarf whitefish in driv-
ing adaptive divergence between whitefish ecotypes.
Although we might have identified significant statistical
outlier genes that are included in major genomic
regions of differentiation and that might be directly or
indirectly selected, selection acting on standing genetic
variation and on polygenic phenotypes could also be
responsible for soft or incomplete sweeps that remain
undetected (Pritchard & Di Rienzo 2010; Pritchard et al.
2010; Le Corre & Kremer 2012). Therefore, outliers as
identified in this study could only represent a small
fraction of all the genes involved early in the diver-
gence process.

Integration of previous knowledge & functional
analysis

Integrating our genome scan results with data from pre-
vious studies based on QTL, gene expression, phenotypic
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information and preliminary SNP data refines and
strengthens our understanding of the genetic mecha-
nisms involved early in the speciation process. Gene
expression studies have demonstrated that adaptation
to the benthic (normal ecotype) and limnetic (dwarf
ecotype) niches could be linked with differences in
expression of genes involved in many biological func-
tions (St-Cyr et al. 2008; Jeukens et al. 2009; Nolte et al.
2009; Renaut ef al. 2009). Here, after performing an
enrichment analysis for over-representation of biological
functions among outliers, 72 genes (27% of outliers)
belonged to 10 of 12 global functional groups previ-
ously identified by St-Cyr et al. (2008) as differentially
expressed in a microarray experiment conducted on
liver tissues. These functional groups also reflect
numerous potentially adaptive physiological processes
between whitefish ecotypes, including energy metabo-
lism, cell cycle regulation, growth and development,
muscle contraction, immunity, protein synthesis and
behaviour (Table 3 and S5, Supporting information). In
total, 30 genes showing outlier patterns of genetic dif-
ferentiation between dwarf and normal whitefish had
been previously identified in 14 studies combining gene
expression, eQTL and genome scan analyses (Table S6,
Supporting information), a proportion significantly
greater than expected by chance (chi-square test,
P < 2.2e-16). Again, the same functional categories were
represented among those genes, namely energy metabo-
lism (six genes), cell cycle regulation (nine genes), pro-
tein synthesis (seven genes) and immunity (five genes).
The fact that we have identified genes showing diver-
gence both in terms of sequence polymorphism (albeit
mainly in noncoding regions), as evidenced in this
study, and patterns of gene expression strengthens their
role as strong candidate genes.

In particular among outliers, two genes distin-
guished themselves as the most divergent ones in
terms of differential allele frequencies and Fsr values:
prostaglandin-E synthase 2 and glutathione peroxydase
(Figs 4 and 5). In the first case, prostaglandin-E syn-
thase 2 (PGE; synthase) produces an enzyme involved
in the production of prostaglandin-E 2 (PGE,). In
fishes, prostaglandins are found in many different cells
and tissues, like macrophages, red blood cells and oo-
cytes (Stacey & Goetz 1982; Cagen et al. 1983; Pettitt
et al. 1991). A study conducted on copper rockfish (Se-
bastes caurinus) showed that one of the main target tis-
sues of PGE; is the liver, where it efficiently stimulates
glycogenolysis and gluconeogenesis, suggesting direct
metabolic and endocrine roles for this prostanoid
(Busby et al. 2002). Data also suggest that high levels
of endogenous glucose in fish liver are due to a lack
of regulation of gluconeogenesis by dietary carbohy-
drates (Enes et al. 2009). The product of PGE, synthase
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thus helps to maintain this high endogenous glucose
production in fish liver by controlling glycogenolysis
and gluconeogenesis, two essential physiological pro-
cesses involved in energy production. Here, even
though both nonsynonymous mutations identified in
the coding region of PGE, synthase did not have any
deleterious phenotypic effect or any change in the glo-
bal polarity of the molecule, they might be an example
of changes with relatively small, yet significant effect.
They might also be linked with neighbouring loci that
are the direct targets of selection and that have not
been identified in this study. Considering previously
identified trade-offs in energy allocation between
dwarf (high metabolic rates) and normal whitefish
(low metabolic rates, Rogers & Bernatchez 2007; St-Cyr
et al. 2008), this gene represents a good candidate for
further investigation involving functional analyses at
the protein level and in-depth tri-dimensional model-
ling of the protein.

The second most divergent gene, glutathione peroxy-
dase, is involved in the protection of the organism from
oxidative damage (Grim et al. 2011). Here, one SNP
located in the coding region showed a high Fsr value
(0.91), although it did not change the amino acid
sequence (Fig. 5). Despite the fact that synonymous
SNP do not alter coding sequences, data in many differ-
ent species have suggested strong codon usage bias
(Sharp & Li 1987; Gu et al. 2004; Dass & Sudandiradoss
2012). For example, it has been demonstrated in
humans that silent polymorphism can alter the function
of a gene. Kimchi-Sarfaty ef al. (2007) hypothesized that
the replacement of a frequent codon by a less fre-
quently used codon can affect the timing of cotransla-
tional folding of the protein, resulting in an altered
function. Here, reference allele for the only nonsynony-
mous SNP found in the last exon of glutathione peroxy-
dase encodes the most frequent codon for valine (GTG),
which has a usage frequency of 3.79% in lake whitefish
according to the codon usage database (http://kazusa.
or.jp/codon/). Alternate allele for this SNP encodes a
less frequently used codon (GTC) for valine (frequency
of 2.27%, http://kazusa.or.jp/codon/). Interestingly, in
dwarf whitefish, frequency of the most frequent codon
was 0.96, whereas in the normal population, it drops to
0.05. Assuming that there is a functional link between
timing of cotranslational folding and codon usage (Kim-
chi-Sarfaty et al. 2007), we hypothesize that the major
difference in allele frequencies for glutathione peroxy-
dase between dwarf and normal whitefish is responsi-
ble for a slight change in translational timing: a less
frequently used codon is harder to recruit and thus
lowers translation rate. Once again, this reflects the
role of changes with small, yet meaningful, effects on
phenotypes.

Implications of noncoding variation

Based on the type of changes in the most differentiated
genes, on the fact that there are few nonsynonymous
outlier SNPs (only 3 nonsynonymous mutations in the
top 40 most differentiated SNP loci, Tables 2 and S4,
Supporting information) and on previous studies focus-
ing on whitefish transcriptomics, results suggest a
greater role of noncoding variation, possibly associated
with the regulation of gene expression (St-Cyr et al.
2008; Whiteley et al. 2008; Jeukens et al. 2010). Noncod-
ing changes would thus better explain divergence
between dwarf and normal whitefish than functional
mutations. Interestingly, glutathione peroxydase and
two prostaglandin genes have been previously identi-
fied as differentially expressed in gene expression stud-
ies (see Table S1, Supporting information in Bernatchez
et al. 2010). Previous results on cytosolic malate dehy-
drogenase (MDH1) in whitefish also showed that a
noncoding mutation located in the regulatory region of
the gene was more likely to be involved in metabolic
divergence between dwarf and normal ecotypes than
mutations in protein-coding regions (Jeukens & Bernat-
chez 2012). Concurrently, the predominance of noncod-
ing and synonymous outlier mutations argues that
many changes of small effects have a significant impor-
tance during early speciation rather than large effect
mutations (Fisher’s infinitesimal model, reviewed in
Bulmer 1980). Considering the direct impact of nonsyn-
onymous mutations on amino acid composition and
their potential to generate adaptive functional changes
within proteins (McDonald & Kreitman 1991), we
would expect to find a greater proportion of these
changes within outlier group compared with noncod-
ing and synonymous mutations. This prediction is
valid if population divergence mostly depends upon
functional changes in protein sequences. However,
despite the functional importance of nonsynonymous
SNPs and the fact that our capture efforts were directly
and specifically focused on coding regions, we did not
find any over-representation of nonsynonymous substi-
tutions or any coding substitutions among outlier
SNPs. A recent study using sequence capture to enrich
50 human exomes found, among nearly 20 000 genes,
that the only mutation apparently responsible for adap-
tation to high altitude is located in an intron (Yi et al.
2010). Their results support the idea that small changes
(involving in this case a noncoding mutation) can have
significant effect in particular adaptations, which seems
to be the most likely scenario in whitefish. Several the-
oretical models recently developed and confirmed by
empirical data also suggest that evolution and adaptive
changes most often occur via many different small-
effect polygenes (Rockman 2011; Burke 2012). This
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could explain how numerous and widespread changes
of small effect, observed at the gene level in our data,
contribute to the adaptation and evolution of species.
An alternative hypothesis to explain these results is
that in Cliff Lake, the most advanced lake in our sys-
tem in terms of divergence between ecotypes, it is
harder to detect outliers as ‘islands of divergence’ have
become ‘continents of divergence’ (Gagnaire et al.
2013b).

Complex genomes found in species like salmonid
fishes are characterized by massive amounts of noncod-
ing DNA, once referred to as ‘junk DNA’. Noncoding
regions, comprising 5’ and 3’ UTRs, introns and inter-
genic regions, are nonetheless essential elements in gene
regulation and expression profiles, which confers them
major evolutionary roles (Barrett et al. 2012). For exam-
ple, most significant changes observed between humans
and other primates are found in noncoding regions
(King & Wilson 1975; Pollard et al. 2006). Increasing
research attention is being directed towards the charac-
terization of noncoding elements. The ENCODE project
reflects this shift of perspective by aiming at identifying
all functional elements in the human genome, including
regions of transcription, transcription factor association,
chromatin structure and histone modification (ENCODE
2012). The hypothesis proposed is that few changes
affecting regulatory processes have the potential to gen-
erate enormous variations, which is a faster and easier
way to induce significant phenotypic changes than the
accumulation of mutations in protein-coding regions
(Gibson & Weir 2005; Stern & Orgogozo 2008). A recent
study documenting genome-wide patterns of diver-
gence in threespine stickleback, for which previous
research efforts have largely focused on the identifica-
tion of genes with major effect (Colosimo et al. 2005;
Shimada et al. 2011), revealed that most of the genetic
differentiation observed between marine and freshwater
forms was located in noncoding regions (Jones et al.
2012). Their results suggest that repeated evolution of
freshwater sticklebacks is best explained by regula-
tory changes, which are predominant over coding
mutations.

Relevance of sequence capture in nonmodel organisms

Understanding patterns of genomic divergence in an
ecological context requires precise sequence information
on coding regions. These genomic regions are very
informative in terms of amino acid sequence and thus
protein structure and function, although they only rep-
resent 1-3% of the common eukaryotic genome (Lynch
2007). On the other hand, despite the known influence
of protein-coding regions in producing various pheno-
types, much work is needed to elucidate the nature of
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genomic regions involved in population differentiation
during speciation. Explicit comparisons between coding
and noncoding regions are thus needed (Nosil & Feder
2012). Our results demonstrate that sequence capture
can simultaneously address these questions by effi-
ciently targeting a very small and informative fraction
of a large and complex genome with minimum a priori
information. By targeting protein-coding regions, it is
possible to retrieve sequence information in noncoding
regions with sufficient depth of coverage to identify
SNP markers that will allow significant and insightful
comparisons between coding and noncoding regions, as
discussed above. Detailed genomic information can thus
be gained in any nonmodel organism without a refer-
ence genome, given that some preliminary information
is available. Even though array design, development
and optimization can be time-consuming, this technol-
ogy significantly reduces the complexity of analysing
and comparing massive genomic data sets (Grover et al.
2012).

Although whole-genome resequencing is increasingly
feasible for species with small and simple genomes
(e.g. Burke et al. 2010; Jones et al. 2012), it will remain
a challenging and tedious task for many species. After
more than five years of ongoing efforts on two species
(Salmo salar and Oncorhynchus mykiss), we still do not
have at this date a complete reference genome for any
salmonid species (Davidson et al. 2010; Palti et al. 2011;
Bernardi et al. 2012). Consequently, it is very unlikely
that whole-genome resequencing will soon be widely
used for such species. On the other hand, recent high-
throughput techniques such as RAD-tag sequencing
can potentially challenge the relevance of sequence
capture. However, one of the main benefits of
sequence capture over RAD tag in any evolutionary
study is the potential to massively enrich one or many
genomic regions of known identity and also in
unknown flanking regions as well, while RAD tag pro-
vides information on random and anonymous regions.
Thus, RAD tag will allow the identification of a widely
distributed set of anonymous SNP markers (but also a
small proportions of coding genes) generated by a par-
ticular restriction enzyme at a high density throughout
the genome without any a priori information. In addi-
tion of the fact that sequence capture needs some a
priori sequence information (e.g. ESTs, annotated tran-
scriptome), it does not offer such a wide distribution
of markers. Nonetheless, it has the potential to retrieve
in-depth information on many known loci; it all
depends on the research objectives. Both techniques
can even be complementary as they achieve very dis-
tinct goals. Another limitation in this study is the
restricted number of targets initially available for probe
design. When the array was designed, no complete
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whitefish transcriptome was available, which is one of
the prerequisites to achieve exon capture and to con-
duct a complete genome-wide SNP survey. Further
array designs could take advantage of increased tran-
scriptome coverage when it becomes available. Lastly,
the in-solution hybrid-capture approach seems to per-
form better than two other methods, namely array-
based (used in this study) and PCR-based enrichment
(Day-Williams ef al. 2011). The main advantage offered
by an in-solution capture approach is the hybridizing
time, which is significantly shorter than array-based
capture, resulting in less nonspecific hybridization and
less secondary capture (Day-Williams et al. 2011).
Because this technology became available shortly after
our final array was designed, the opportunity was not
available to increase capture specificity by using an in-
solution approach.

Conclusion

In conclusion, the technique of sequence capture
applied to a salmonid genome allowed the identifica-
tion of numerous coding and noncoding regions signifi-
cantly differentiated between incipient species of lake
whitefish. These loci represent numerous biological
functions, as expected, based on the many phenotypic
traits that differ between whitefish ecotypes. The aim of
this study was to document the extent of sequence
divergence specifically in coding regions using an effi-
cient enrichment technique. Despite focused efforts on
the identification of divergence in protein-coding
regions, we found very few significant functional
changes. The absence of a clear over-representation of
nonsynonymous SNPs in outlier genes in conjunction
with previous transcriptomic and phenotypic studies
confirms in whitefish (i) the importance of many small
changes of measurable effect at the gene level and (ii)
the likely predominance of regulation of gene expres-
sion acting in the early process of adaptive divergence.
While such genome scan results should be interpreted
with caution (Vilas ef al. 2012), integrated information
on the number and identity of divergent loci showing
various levels of genetic differentiation combined with
accurate data on phenotypes and diverging time
between populations will undoubtedly help to under-
stand how genomes are moulded and modified during
the process of diversification of life (Koonin 2012; Nosil
& Feder 2012).
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Fig. S1 Distribution of allelic frequency divergence between
dwarf and normal based on a selection of 2302 SNPs. Polymor-
phic markers with an allelic frequency divergence above 0.5
and showing a Q-value >0.05 were considered as highly diver-
gent. Vertical red dotted line = median (0.09). Allelic frequency
divergence = | frequencea; pwar - frequenceai-normai ! -

Fig. S2 Fgr-based scans for selection using the method of Beau-
mont & Nichols (1996) implemented in LosiTAN Workbench
(extension to Lewontin-Krakauer test). Estimates of heterozy-
gosity are calculated according to Weir and Cockerham (1984)
as used in Beaumont & Nichols (1996). Different SNP filters
based on depth of coverage and number of individuals respect-
ing coverage threshold in each population were used. This set
of outlier tests comprises two additional lanes of Illumina



4914 F. O. HEBERT, S. RENAUT and L. BERNATCHEZ

sequencing in order to increase overall depth of coverage and
to improve the detection of heterozygosity. CT = per individ-
ual coverage threshold. IND = number of individuals per pop-
ulation respecting the coverage threshold. a) CT =4X -
IND=8, b) CT=6X - IND=8, c) CT=8X — IND =38, d)
CT=4X - IND=10, e) CT=6X — IND=10, f) CT =8X —
IND = 10.

Table S1 List of all the genes successfully captured and assem-
bled with detailed information on their genetic architecture,
including exons positions, SNP positions, SNP genotypes and
complete captured gene sequence.

Table S2 Complete information on analysed SNPs. Each row
represents one SNP locus and contains information about SNP
position within the gene sequence, coding status, genotype,
synonymy, frequencies within both populations, allelic fre-

quency divergence (with corresponding Q-value) and Fsr
value.

Table S3 List of SNP genotypes for all 24 individuals (dwarf:
12, normal: 12). Reference and alternate alleles are given for
each SNP.

Table S4 Complete information on outlier SNP loci. Excel
spreadsheet is organized as in Table 52

Table S5 List of genes exhibiting biological processes over-rep-
resented among outlier group. Each gene is associated with its
broad functional group(s) and corresponding biological pro-
cesses (GO terms).

Table S6 List of genes identified as divergent in previous stud-
ies on sympatric whitefish species pairs.
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