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During speciation-with-gene-flow, effective migration varies across the genome as a function of several factors, including proximity

of selected loci, recombination rate, strength of selection, and number of selected loci. Genome scans may provide better empirical

understanding of the genome-wide patterns of genetic differentiation, especially if the variance due to the previously mentioned

factors is partitioned. In North American lake whitefish (Coregonus clupeaformis), glacial lineages that diverged in allopatry about

60,000 years ago and came into contact 12,000 years ago have independently evolved in several lakes into two sympatric species

pairs (a normal benthic and a dwarf limnetic). Variable degrees of reproductive isolation between species pairs across lakes offer

a continuum of genetic and phenotypic divergence associated with adaptation to distinct ecological niches. To disentangle the

complex array of genetically based barriers that locally reduce the effective migration rate between whitefish species pairs, we

compared genome-wide patterns of divergence across five lakes distributed along this divergence continuum. Using restriction site

associated DNA (RAD) sequencing, we combined genetic mapping and population genetics approaches to identify genomic regions

resistant to introgression and derive empirical measures of the barrier strength as a function of recombination distance. We found

that the size of the genomic islands of differentiation was influenced by the joint effects of linkage disequilibrium maintained

by selection on many loci, the strength of ecological niche divergence, as well as demographic characteristics unique to each

lake. Partial parallelism in divergent genomic regions likely reflected the combined effects of polygenic adaptation from standing

variation and independent changes in the genetic architecture of postzygotic isolation. This study illustrates how integrating

genetic mapping and population genomics of multiple sympatric species pairs provide a window on the speciation-with-gene-flow

mechanism.
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SPECIAL SECTION

Elucidating the nature of the evolutionary processes leading to

progressive accumulation of reproductive isolation barriers is cen-

tral to our understanding of speciation, especially when popula-

tions are connected by gene flow (Endler 1977; Rice and Hostert

1993). The so-called “speciation-with-gene-flow” mechanism en-

compasses a variety of speciation modes ranging from primary

divergence in sympatry to the evolution of additional reproductive

barriers following secondary contact between taxa that have par-

tially diverged in allopatry (Smadja and Butlin 2011). The cen-

tral issue related to speciation-with-gene-flow is to understand

how selection generates and maintains associations between al-

leles against the disruptive effects of recombination (Felsenstein

1981), and how these associations contribute to reduce the ef-

fective migration rate on a local or global genome scale (Barton

and Bengtsson 1986). Theoretical studies have shown that the

evolution of linkage disequilibrium (LD) may arise through two

different processes. Selection can strengthen prezygotic isolation

through reinforcement to reduce the production of unfit hybrids

(Servedio and Noor 2003; Bolnick and Fitzpatrick 2007), and se-

lection can promote associations (i.e., coupling) between indepen-

dent incompatibilities to increase the mean fitness by increasing

the variance in compatibility, which can strengthen both pre- and

postzygotic isolation (Barton and de Cara 2009). As LD builds

up between selected loci, the efficiency of selection increases be-

cause each locus indirectly cumulates the selection coefficients

of other loci in addition to its own selective effects (Barton 1983;

Kruuk et al. 1999). As a result, the barrier to gene flow gener-

ated by each selected locus is stronger than what would happen if

selection was acting with the same strength on each locus alone

without LD (Barton and Bengtsson 1986). The reduction of effec-

tive gene flow around selected loci may then facilitate secondary

divergence which eventually strengthens the barrier to gene flow

and completes speciation (Feder et al. 2012b; Via 2012).

Currently, there is debate about the type of genome-wide pat-

terns of divergence that emerge during the course of speciation-

with-gene-flow (Feder et al. 2012a; Nosil and Feder 2012). Recent

developments in genotyping-by-sequencing technologies have

considerably enhanced the power of genome scan studies to pro-

vide genome-wide maps of genetic divergence between closely

related taxa (Hohenlohe et al. 2010; Deagle et al. 2011; Ellegren

et al. 2012; Jones et al. 2012a; Nadeau et al. 2012a; Roesti et al.

2012a; Stölting et al. 2012). These studies have found extensive

variation in the level of genetic differentiation across the genome,

with some regions showing significantly enhanced levels of di-

vergence among populations compared to the genome-wide aver-

age. Highly differentiated regions likely reflect local reductions

in the effective migration rate (me) relative to the gross migra-

tion rate (m), and are therefore of particular interest to determine

the genetic architecture of population divergence. This includes

the number of genomic regions under divergent selection, their

distribution across the genome, their effect size, and association

with ecologically important phenotypic differences revealed via

quantitative trait loci (QTL), association, or admixture mapping

approaches.

The chromosomal extent of effective gene flow reduction

around selected loci remains a critical question in speciation ge-

nomics. Small “islands of genetic differentiation” extending to at

most a few hundred kilobases have been described in some empir-

ical examples of speciation-with-gene-flow (Turner et al. 2005;

Wood et al. 2008; White et al. 2010; Ellegren et al. 2012; Nadeau

et al. 2012a, b; Smadja et al. 2012), whereas in other models,

the decay of genetic differentiation away from the selected sites

was found to occur within regions spanning several megabases

(Harr 2006; Rogers and Bernatchez 2007; Via and West 2008;

Hohenlohe et al. 2010; Hohenlohe et al. 2012; Renaut et al. 2012;

Via 2012). Variation in island size among studies may reflect not

only methodological and demographic characteristics unique to

each system (Nadeau et al. 2012a), but also structural aspects of

species divergence. Indeed, patterns of genomic divergence can be

affected by both fine and large-scale variations in recombination

rate, with extended islands of divergence commonly occurring in

areas of reduced recombination including inversions, centromeric

regions, or chromosome centers (Feder et al. 2003; Navarro and

Barton 2003; Hoffmann and Rieseberg 2008; Noor and Bennett

2009; Roesti et al. 2012a). In addition, the wide reported range of

island size could be influenced by the degree of reproductive iso-

lation, because empirical studies have relied on a variety of taxa

presumably at different stages of the speciation-with-gene-flow

mechanism (Feder et al. 2012a). To evaluate this latter hypothe-

sis, genome-wide patterns of genetic differentiation must be com-

pared among multiple population pairs showing variable degrees

of reproductive isolation within a single species complex. How-

ever, few natural systems offer the conditions required for such

comparison (but see Nadeau et al. 2012b; Roesti et al. 2012a).

Lake whitefish species pairs (Coregonus clupeaformis) pro-

vide such a valuable natural model to compare genome-wide

patterns of divergence between replicate sympatric pairs of lim-

netic dwarf and benthic normal populations occurring in North

American postglacial lakes. In the St. John River drainage (Maine,

USA and Québec, Canada), there is a continuum of morpho-

logical, ecological, and genetic differentiation spanning from

widespread introgression to near complete reproductive isolation

across lakes that differ in their degree of niche divergence and

potential for competitive interactions (Campbell and Bernatchez

2004; Rogers and Bernatchez 2007; Renaut et al. 2011; Renaut

et al. 2012). Dwarf whitefish exclusively occur in sympatry with

normal whitefish and therefore probably evolved through eco-

logical character displacement in response to divergent selection

on standing genetic variation in the postglacial normal popula-

tion (Landry et al. 2007; Bernatchez et al. 2010). However, both
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intrinsic and extrinsic barriers presently contribute to reproduc-

tive isolation between dwarf and normal whitefish, reflecting the

combined effects of historical, demographic, and ecological fac-

tors during divergence (Rogers and Bernatchez 2006; Renaut et al.

2009; Landry and Bernatchez 2010). Integrating genetic mapping

and population genomic approaches revealed that the genomic is-

lands of divergence were preferentially associated with the regions

underlying quantitative phenotypic traits, and that the size and

number of islands increased with increasing morphological and

genetic divergence (Rogers and Bernatchez 2007; Renaut et al.

2012). However, these measures could be interpreted as prelimi-

nary due to the low mapping resolution offered by the amplified

fragment length polymorphism (AFLP) map. Recently, the con-

struction of a high-density restriction site associated DNA (RAD)

linkage map comprising 3438 markers allowed the detection of

phenotypic, expression, and transmission ratio distortion (TRD)

QTL with a 20-fold enhanced resolution (Gagnaire et al. 2013).

Here, we used single-nucleotide polymorphisms (SNPs)

from this new linkage map to document the genetic architecture

of reproductive isolation in five replicate pairs of dwarf and nor-

mal whitefish populations. We determined the number, size, and

distribution of genomic islands of differentiation in each lake, and

measured the extent of LD between them. Patterns of haplotype

structure were used to evaluate possible reasons for incomplete

parallelism in the divergence. Mean genetic differentiation was

compared between QTL and the remainder of the genome to as-

sess the role of selection on locally adaptive traits and genes caus-

ing hybrid dysfunction. Finally, the barrier strength was derived

from measures of genetic differentiation to separate the confound-

ing effects of selection, recombination, and demography on the

extent of gene flow reduction around selected loci.

Materials and Methods
RAD GENOTYPING-BY-SEQUENCING

We compared genome-wide patterns of genetic differentiation be-

tween sympatric dwarf and normal whitefish species pairs across

the five lakes from the St. John River basin: Témiscouata Lake,

East Lake, Webster Lake, Indian Pond, and Cliff Lake, where these

forms still exist. These lakes lie along a continuum of ecologi-

cal niche divergence in parallel with increasing morphological

divergence (Landry et al. 2007; Landry and Bernatchez 2010),

increasing genetic differentiation and reproductive isolation be-

tween species pairs (Renaut et al. 2011; Renaut et al. 2012).

A total of 20 normal and 20 dwarf whitefish were sampled

from each lake during June 2010 (Evans et al. 2012). Whole

genomic DNA was isolated from frozen liver tissue using the

DNeasy Tissue Kit (Qiagen, Valencia, CA), and subsequently

digested with SbfI-HF (New England Biolabs, Beverly, MA),

the same restriction enzyme already used for building the lake

whitefish RAD linkage map (Gagnaire et al. 2013). RAD library

construction was performed by Floragenex, Inc. (Eugene, OR) ac-

cording to the protocol described in (Baird et al. 2008). Individual

RAD libraries labeled with unique 6 bp barcodes were pooled in

equimolar proportions (13 individuals per lane) and sequenced

on an Illumina HiSeq2000 (Genomic Core Facility, University of

Oregon) that generates single reads of 101 bp. All sequence reads

of natural population samples were deposed in the NCBI Short

Read Archive SRA066094.

We used the Stacks software system (Catchen et al. 2011) to

identify polymorphisms and call individual genotypes. We first

removed low-quality reads as well as reads presenting ambigu-

ous barcodes from the raw sequencing data of natural population

samples. All remaining reads were trimmed to 80 bp by remov-

ing the last 21 bases such that data were fully compatible with

those generated previously to build the RAD whitefish linkage

map (Gagnaire et al. 2013). Sequence reads from the two hy-

brid and dwarf parents used for genetic map construction were

then included in the dataset, and natural population samples were

declared as being their progeny. For each individual, all perfect

alignments of at least three exactly matching reads were identified

and used to infer putative alleles that were subsequently merged

into loci using a maximum within-individual distance of 3% di-

vergence between alleles (i.e., two mismatches) to avoid paralog

problems. The different sets of loci assembled from natural pop-

ulation samples were then matched against the catalog of loci

obtained from the mapping parents to retain loci already detected

in the mapping family. For each variable nucleotide position in

each locus, the most likely genotype was inferred for each indi-

vidual using a likelihood ratio test that takes into account possible

sequencing errors (Hohenlohe et al. 2010). RAD loci including

two SNPs were scored as haplotypes. Individual genotypes were

only called for the 3438 RAD markers included in the hybrid ×
dwarf linkage map (comprising 40 linkage groups for an average

resolution of 0.89 cM), although many more RAD loci could be

identified in natural populations (data not shown). Despite the

recent tetraploidization of the salmonid genome that occurred ap-

proximately 60 million years ago (MYA) (Crête-Lafrenière et al.

2012), this genotype matrix was expected to be free of false par-

alogous SNPs, because all mapped markers were already checked

for Mendelian segregation using the backcross mapping family

(Gagnaire et al. 2013).

DETECTION OF GENOMIC ISLANDS OF

DIFFERENTIATION

The evolutionary history of sympatric dwarf and normal white-

fish includes a period of allopatric divergence in two separate

glacial refugia (Acadian and Atlantic-Mississippian) during ap-

proximately 60,000 years (Jacobsen et al. 2012) followed by a

postglacial sympatric episode starting less than 12,000 years ago
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(Bernatchez et al. 2010). The current genetic architecture of re-

productive isolation results from the accumulation of incompati-

bilities during geographical isolation and subsequent genetic in-

trogression combined with ecological divergence in sympatry (Lu

and Bernatchez 1998; Rogers and Bernatchez 2006; Renaut et al.

2009). This complex evolutionary history challenges the use of

a realistic model for simulating the null distribution of genetic

differentiation under neutrality, and appropriate sequence data

are still lacking to estimate model parameters. Thus, we detected

regions exhibiting significantly elevated genetic differentiation

relative to the genome-wide average using an empirical approach

instead of using model-based simulations, which is a suitable ap-

proach in such contexts (Akey et al. 2010; Kolaczkowski et al.

2011; Cheng et al. 2012).

We used Arlequin v3.5 (Excoffier and Lisher 2010) to calcu-

late FST values (Weir and Cockerham 1984) between dwarf and

normal whitefish in each lake for each RAD marker. Genome-

wide distributions of FST along the whitefish linkage map were

generated using a moving window Gaussian kernel smoothing

technique (Hohenlohe et al. 2010). At each window position,

we calculated the weighted average differentiation index (FST),

weighting FST values by the exponential of the squared distance

from the window center divided by the squared window length.

The window length was set to 1 cM, which is close to the 0.89 cM

average resolution of the whitefish linkage map. The statistical

significance of FST at each window position (i.e., every centi-

Morgan) was tested by randomly resampling across the genome

10,000 times the number of loci included in the corresponding

window. This procedure was meant to generate a distribution un-

der the null hypothesis that FST equals the genome-wide average

FST, as expected in the absence of divergent selection. Window

positions exhibiting significantly elevated genetic differentiation

relative to the genome-wide average were called “outlier genomic

positions”. To identify larger regions exhibiting enhanced genetic

differentiation (i.e., >1cM), chromosomal intervals containing

consecutive outlier genomic positions separated by less than 2 cM

were merged into “outlier genomic regions”. Genomic islands of

differentiation were defined as regions of the genome where FST

exceeded the neutral background value at the 5% genome-wide

significance level, and therefore included isolated outlier genomic

positions and outlier genomic regions separated from each other

by at least 2 cM.

MEASURING ISLAND SIZE AND BARRIER STRENGTH

We analyzed the decay of FST around each island of differentiation

using the most highly differentiated SNP as a central reference

position, from which all neighboring SNPs toward the ends of

their linkage group were assigned to discrete distance classes

depending on their proximity to the reference position. When a

given linkage group comprised more than one island of differ-

entiation, the decay of FST was analyzed around each genomic

island separately. For each lake, we finally combined the data

from all islands and performed quantile regression analyses to

examine the average relationship between FST and genetic (re-

combination) distance from the center of the genomic islands of

differentiation. Because RAD markers represent random samples

of existing genetic variation, many of the SNPs that are located in

divergent regions are likely to correspond to mutations that have

occurred after divergence and consequently do not exhibit the

historical signatures of drift and selection (Roesti et al. 2012b).

To avoid the influence of such polymorphisms, we used the 90th

percentile value of FST as a measure of the FST value locally ob-

served in the chromosomal neighborhood of the genomic islands

of differentiation.

The FST value at equilibrium in a two-island model with

migration (Crow and Aoki 1984) can be written as:

FST = 1

16Neme + 1
,

where me is the effective migration rate between populations,

which varies among loci as a complex function of the gross (i.e.,

genome-wide) migration rate (m), the genetic (recombination)

distance from a selected locus (r), and a selection coefficient (S)

(Barton and Bengtsson 1986; Charlesworth et al. 1997). Because

selection against hybrids acts simultaneously on several loci in-

volved in reproductive isolation, the selection coefficient for a

given locus (S) cumulates the indirect effects of selection on other

loci in addition to its own.

To approximate the complex relationship between FST and r,

we considered the linear regression model of the form:

1

FST

∼= K × r + 1

FST0

,

where K is a constant term depending on Ne, m, and S (i.e., the

island shape parameter is 1/K), and 1/FST0 is the value of 1/FST

observed at the central reference position (i.e., the island height

parameter is FST0 ). This regression model was fitted in each lake

to the 90th percentile value of FST as a function of r, forcing

the intercept through 1/FST0 . For comparative purposes among

lakes, the mean size of the genomic islands of divergence was

empirically determined as the recombination distance where the

regression line of the 90th percentile intercepts the genome-wide

90th percentile of FST.

We described the degree of local gene flow reduction rela-

tive to the gross migration rate by estimating the strength of the

genetic barrier between dwarf and normal whitefish at variable

recombination distances from the center of genomic islands. The

barrier strength (b, Barton and Bengtsson 1986) was calculated
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using:

b = m

me
= (1 − μGW) × FST

(1 − FST) × μGW
,

where μGW is the genome-wide average FST value. The regression

of b against r was simply derived from the regression of the 90th

percentile value of FST as a function of r.

DETECTING REGIONS OF PARALLEL GENETIC

DIFFERENTIATION

To detect genomic regions exhibiting peaks of extremely high

FST occurring at the same position in multiple lakes, we defined a

“weighted mean multiple correlation index” (WMR) as follows:

W M R = 1

n
×

n∑

i=1

Ri (FST1 − μGWi ),

where the coefficient of multiple determination Ri measures the

degree to which the FST profile in lake i can be predicted using

the FST profiles of all the other lakes within a given chromosome

interval. For each lake, Ri was weighted by the local departure

of FST from its genome-wide average, and weighted values were

subsequently averaged across lakes (n = 5). The WMR statistic

was calculated every centi-Morgan in a 6 cM window. Highly

positive values of WMR exceeding the 95th percentile were used

to detect regions of parallel genetic differentiation.

GENOMIC PATTERNS OF HAPLOTYPE STRUCTURE

Differences in haplotype structure between dwarf and normal

whitefish were investigated in each lake at each genomic posi-

tion using the cross-population extended haplotype homozygosity

(XP-EHH) test (Sabeti et al. 2007). Only loci with a global minor

allele frequency above 0.05 (2296 RAD markers) and individuals

genotyped at more than 75% of the loci (CD: 19; CN: 17; ID:

20; IN: 20; WD: 16; WD: 20; ED: 20; EN: 20; TD: 19; TD: 18)

were considered in this analysis. Individual genotypes were first

statistically phased using the program FastPHASE (Scheet and

Stephens 2006), with 25 random starts of the EM algorithm, each

characterized by 50 iterations and 5000 haplotypes sampled from

the posterior distribution. All of the 189 individuals retained were

processed simultaneously. For each linkage group, the best num-

ber of clusters (locally representing common haplotypes) was

searched between two and 10 using the cross-validation proce-

dure, and individual haplotypes were inferred with the attempt to

minimize the switch error.

The extended haplotype homozygosity (EHH, Sabeti et al.

2002), which measures the degree of haplotype identity at a given

distance from a core SNP position for a given allele, was then

estimated for each dwarf and normal whitefish population at each

single SNP. We integrated EHH with respect to genetic distance

for both alleles and calculated the log ratio of their integrated

haplotype homozygosity (iHH) to obtain the integrated haplotype

score (iHS, Voight et al. 2006). Standardized iHS values were

then obtained by normalizing |iHS| values to a mean of zero and

a variance of one in 10 equally sized allele frequency classes.

The XP-EHH score was finally calculated as the log ratio be-

tween dwarf and normal whitefish standardized iHS values. In

each lake, we used the first and 99th percentiles of the XP-EHH

distribution to identify outliers. Because the XH-EHH is direc-

tional, a positive outlying XP-EHH score is suggestive of positive

selection in dwarf whitefish, whereas negative outlying values

indicate positive selection in normal whitefish.

LONG DISTANCE LD

We used the most highly differentiated SNP of each genomic

island to evaluate the extent of LD between selected loci within

each lake. Nonrandom association between alleles at two loci was

measured by both D and D′, the latter corresponding to the ratio

of D to its maximum possible absolute value given the allele fre-

quencies in the sample. Pairwise measures of LD were calculated

between all possible pairs of divergent SNPs, and the average LD

was estimated as the mean of all pairwise LD values included in

the triangular matrix of each lake.

GENETIC DIFFERENTIATION AT QTL COMPARED TO

THE REMAINDER OF THE GENOME

Dwarf and normal whitefish differ in a number of traits that were

fine mapped in a recent QTL mapping study (Gagnaire et al.

2013). Genomic positions of these QTL were used to compare

genetic differentiation at quantitative loci to the baseline level

of differentiation in the remainder of the genome. Three types

of QTL were considered, including 31 QTL for ecologically im-

portant phenotypic traits (pQTL), 26 hotspots of expression QTL

associated with differential gene expression of four or more genes

(eQTL hotspots), and 17 TRD QTL. Several cases of overlap be-

tween pQTL, eQTL hotspots, and TRD QTL were observed on the

RAD linkage map. Phenotypic QTL were distributed into four dif-

ferent categories, including behavioral (two pQTL for burst swim-

ming, eight for directional change, six for depth selection, and

three for activity), physiological (four pQTL for growth rate), mor-

phological (three pQTL for the number of gill rakers), and life his-

tory (three pQTL for maturity and two for the gonadosomatic in-

dex). All phenotypes were obtained from Rogers and Bernatchez

(2007), whereas gene expression data were from Derome et al.

(2008), St-Cyr et al. (2008), and Whiteley et al. (2008).

For each type of QTL, we compared the mean genetic dif-

ferentiation at markers associated with QTL (FSTQ) with the

mean genetic differentiation at markers that are not (FST). Only

strictly positive FST values were used for this analysis to ex-

clude uninformative polymorphisms (Roesti et al. 2012bb), which

did not change the relative differences among lakes (i.e., the
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correlation between μGW and the mean genetic differentiation

calculated using strictly positive FST values was highly signifi-

cant: R2 = 0.999, P = 2.10−5). Four comparisons between FST and

different measures of FSTQ were performed for each lake, with

FSTQ being successively calculated from (1) the nearest RAD

locus associated to each pQTL, (2) all markers included in the

1.5 LOD unit of support interval of each pQTL, (3) markers as-

sociated with eQTL hotspots, and (4) markers associated with

TRD QTL. Differences between FSTQ and FST were tested using

one-sided t-test for single lake comparisons or two-way analysis

of variance (ANOVA) for multiple comparisons using lakes as

replicates.

Results
GENOME-WIDE PATTERNS OF GENETIC

DIFFERENTIATION

A total of 1.7×109 reads passing quality filters were retrieved

after demultiplexing samples using individual barcode tags. We

excluded five individuals with a low sequencing success, result-

ing in an average number of 8.7×106 reads per individual in

195 whitefish (Supplementary Table S1). All of the 3438 RAD

markers included in the lake whitefish linkage map were iden-

tified and genotyped from natural population samples, yielding

an overall genotype call rate of 85.1%. A total of 2734 mapped

loci (79.5%) were polymorphic in at least one of the five lakes

and were thus retained for downstream analyses. The mean ob-

served heterozygosity within dwarf population samples was not

significantly different than within normal whitefish across the

five lakes (dwarf Ho = 0.279, normal Ho = 0.259, P = 0.191;

Table 1).

The genome-wide average FST value between dwarf and

normal whitefish (μGW) gradually increased from 0.008 in

Témiscouata to 0.029 in East, 0.049 in Webster, 0.105 in In-

dian, and a maximum value of 0.216 in Cliff Lake. This baseline

level of differentiation was positively correlated with the morpho-

logical differentiation index based on meristic and morphometric

measures (R2 = 0.862, P = 0.023) taken from Lu and Bernatchez

(1999). Thus, the genome-wide level of gene flow was negatively

related to the degree of phenotypic divergence between species

pairs. The genome-wide variance in FST (σGW) also increased sig-

nificantly with increasing baseline levels of differentiation (R2 =
0.991, P < 0.001), and the right tail of the L-shaped frequency

distribution of FST across loci progressively extended from 0.543

in Témiscouata to 1 in Indian Pond (n = 2 diagnostic loci) and

Cliff Lake (n = 16 diagnostic loci; Table 1, Fig. 1).

The number of outlier genomic positions did not vary sig-

nificantly among lakes (χ2
4df = 7.008, P = 0.136), as well as the

number of outlier genomic regions (χ2
4df = 0.738, P = 0.947) and

the number of genomic islands of differentiation (χ2
4df = 3.014, T
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SPECIAL SECTION

Figure 1. (Left panels) Genome-wide distribution of FST values in the five lakes ordered by increasing magnitude of phenotypic diver-

gence between dwarf and normal whitefish (from top to bottom). (Middle panels) Mean relationship between the 90th percentile FST

value and the recombination distance from the center of the nearest genomic island on the chromosome. (Right panels) Mean relationship

between the barrier strength parameter (b = m/me) and the recombination distance from the center of the nearest genomic island (note

the change in scale for the recombination distance axis).

P = 0.555). There was on average 50.4 genomic islands of differ-

entiation in each lake (Table 1), which were randomly distributed

across linkage groups (Supplementary Fig. S1; Témiscouata:

χ2
39df = 26.02, East: χ2

39df = 44.25, Webster: χ2
39df = 49.68,

Indian: χ2
39df = 50.35, Cliff: χ2

39df = 46.31, all P > 0.05). The

positive correlation between the morphological differentiation in-

dex and the baseline level of differentiation was not influenced

by the most divergent regions, and remained significant with the

outliers removed (R2 = 0.870, P = 0.021).

Genomic regions showing peaks of extremely high FST oc-

curring at the same position in multiple lakes were found in 29

linkage groups out of 40 (Fig. 2). Every peak of WMR exceeding

the 95th percentile of the genome-wide distribution was associ-

ated with at least one island of divergence in single lake genome

scans. One region located on linkage group (LG) V was detected

as outlier in all five lakes, four regions in three lakes (all being dif-

ferent combinations of lakes) and 17 in two lakes (of those seven

between Indian and Cliff and six between Webster and Cliff).

These partially overlapping divergence maps thus showed incom-

plete parallelism in genetic divergence across lakes. The number

of genomic islands coinciding with significant peaks of paral-

lel genetic differentiation gradually increased from Témiscouata

(n = 5) to Cliff Lake (n = 31) and was significantly positively cor-

related with the baseline level of differentiation (R2 = 0.942, P =
0.006) and the morphological differentiation index (R2 = 0.767,

P = 0.052).
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Figure 2. Genome-wide plot of the weighted mean multiple correlation index (WMR), showing regions of increased parallel differentia-

tion across the 40 linkage groups represented on the x-axis according to their relative length. Peaks of WMR exceeding the 95th percentile

of the genome-wide distribution (upper dotted line) were associated with islands of divergence detected in single lake genome scans,

as indicated by colored dots (Témiscouata: purple; East: orange; Webster: green; Indian: red; Cliff: blue).

ISLAND SIZE AND BARRIER STRENGTH

All the quantile regressions of 1/FST against the recombination

distance to the center of the genomic islands of differentiation

were statistically significant (Fig. 1; Témiscouata: R2 = 0.582,

P = 1.6×10−8; East: R2 = 0.232, P = 1.9×10−3; Webster:

R2 = 0.572, P = 2.6×10−8; Indian: R2 = 0.623, P = 2.4×10−9;

Cliff: R2 = 0.746, P = 5.8×10−12). The island shape parameter

(1/K) gradually increased from 1.473 in Témiscouata to 45.541

in Cliff Lake and was positively correlated with the baseline level

of differentiation (R2 = 0.913, P = 0.011). The mean island size,

defined as the recombination distance where the quantile regres-

sion of 1/FST reaches the genome-wide value, was the smallest

in the least phenotypically differentiated lake (East: 14.5 cM)

and the largest in the lake exhibiting the strongest phenotypic di-

vergence between dwarf and normal whitefish (Cliff: 30.5 cM).

Also, the correlations between the phenotypic differentiation in-

dex and the island shape parameter (R2 = 0.722, P = 0.068) or

the mean island size (R2 = 0.723, P = 0.068) were marginally

significant.

To take into account that each lake may present different

demographic characteristics in terms of population size and gross

migration rate, the barrier strength (b) between dwarf and normal

whitefish was derived from the quantile regressions of 1/FST at

increasing recombination distances from the center of the genomic

islands divergence (Fig. 1). As suggested by the measures of FST,

the effective migration rate at the core of genomic islands was

more strongly reduced in the two lakes where dwarf and normal

whitefish are the most phenotypically divergent (Cliff and Indian).

However, the barrier strength parameter decayed over a shorter

recombination distance than did FST in all five lakes. Thus, neutral

gene flow was strongly reduced mainly in the close chromosomal

neighborhood of the loci under selection, that is, within the first 5

cM. In all lakes, the degree of local gene flow reduction relative

to the gross migration rate was close to 1 beyond a 20 cM distance

from the center of the islands of divergence.

PATTERNS OF LD

Genomic regions showing patterns of haplotype structure depart-

ing from neutral expectations between dwarf and normal whitefish

were found across most linkage groups (Fig. 3; Supplementary

Fig. S2). Some linkage groups exhibited overlapping or closely

adjacent outlying values of XP-EHH that were detected in mul-

tiple lakes. These local excesses of haplotype structure often oc-

curred near genomic regions showing parallel genetic differentia-

tion among lakes (Fig. 3). Namely, highly positive peaks of WMR

coinciding with outlying values of XP-EHH in all five lakes were

detected on LGs XV, XXXI, and XXXVII. However, the direction-

ality of haplotype structure was often inconsistent across lakes,

with both significantly positive and negative XP-EHH scores be-

ing found in those genomic regions. Therefore, parallel genetic

differentiation patterns were generally not associated with fully

parallel haplotype structures.

We also found evidence for significant LD between genomic

islands located on different linkage groups within each lake. Ge-

nomic islands were in nearly perfect LD in Lake Cliff, with

an averaged D′ value of 0.912 calculated over all the islands

(Fig. 4). The mean D′ value progressively decreased to 0.748 in

Indian, 0.560 in Webster, 0.439 in East, and 0.414 in Témiscouata.

A strong significant positive correlation was found between the

averaged D′ value and the extent of phenotypic differentiation

(R2 = 0.937, P = 0.007), as well as between the averaged

D′ value and the baseline level of differentiation (R2 = 0.946,

P = 0.005). These correlations remained significant using aver-

aged |D| values instead of D′ (phenotypic differentiation: R2 =
0.893, P = 0.015; baseline genetic differentiation: R2 = 0.986,

P < 0.001).
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Figure 3. Genome map showing the locations of phenotypic quantitative trait loci (QTL) and transmission ratio distortion QTL detected

in Gagnaire et al. (2013), regions of increased parallel differentiation revealed by WMR, and regions showing significant patterns

of haplotype structure between dwarf and normal whitefish. Positive outlying XP-EHH scores, indicating positive selection in dwarf

whitefish, are shown by upward triangles whereas negative outlying values indicating positive selection in normal whitefish appear as

downward triangles.

Figure 4. Heatmap of pairwise linkage disequilibrium measured by D′ in each lake between all possible pairs of the most divergent SNP

found within each genomic island of differentiation. The mean value of |D| and D′ is given for each lake.

GENETIC DIFFERENTIATION AT QTL

The mean FSTQ calculated from the nearest RAD locus associated

to each pQTL was higher than the mean FST in all lakes except

Témiscouata (Fig. 5), but was only significantly higher in Web-

ster. The comparison using all five lakes as replicates was only

marginally significant (Table 2), however, the level of significance

increased when excluding Témiscouata from the comparison

Figure 5. Comparison of the mean genetic differentiation be-

tween markers associated with quantitative trait loci (QTL; FSTQ)

and those that are not associated with QTL (FST), as presented in

Table 2.

(P = 0.016), and was even higher when the analysis was restricted

to East and Webster (P = 0.0001). The mean FSTQ calculated from

markers included in the 1.5 LOD unit of support interval of each

pQTL remained above the mean FST from non-pQTL regions in

East, Webster, and Cliff, whereas still being significant in Web-

ster. Moreover, the comparison restricted to East and Webster was

again highly significant (P = 0.0008). In contrast, the mean FSTQ

calculated from markers associated with eQTL hotspots was al-

ways below the mean FST, and reached statistical significance in

East and Webster lakes. However, none of the comparisons using

replicates was significant. Finally, no significant difference was

detected between the mean FSTQ calculated from markers associ-

ated with TRD QTL, although again, the mean FSTQ lied above

the mean FST in East and Webster lakes. Overall, this analysis re-

vealed that the main contrast between FSTQ and FST was found in

the lakes showing intermediate degrees of phenotypic and genetic

divergence.

Discussion
How the process of speciation progresses at the genomic level

remains an unresolved question in evolutionary biology. Here, we

investigated genome-wide patterns of divergence in five sympatric

pairs of dwarf and normal whitefish populations spanning a con-

tinuum from weak phenotypic divergence and high global gene
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flow to highly pronounced phenotypic and genetic differentia-

tion. We found that the overall level of genetic differentiation was

positively correlated with that of phenotypic divergence across

this continuum. However, the level of genetic differentiation be-

tween dwarf and normal whitefish was heterogeneous across the

genome and highly divergent regions overlapped only partially

among lakes. Thus, divergence patterns were not fully parallel at

the genomic level. The number of genomic islands of divergence

was not significantly different among lakes, but there was varia-

tion in island size reflecting the combined effects of selection, LD,

and local demography. Increased genetic differentiation at pheno-

typic QTL relative to non-QTL markers was more pronounced in

the lakes where effective migration was reduced locally (East and

Webster) and was attenuated in the lakes where effective migra-

tion was also reduced globally (Cliff and Indian). The level of LD

between genomic islands of divergence was strongly associated

with the magnitude of phenotypic differentiation and the baseline

genetic differentiation, raising the hypothesis that the buildup of

associations between selected alleles has been important in the

transition from divergence to genome hitchhiking in whitefish.

Our results thus emphasize the importance of integrating linkage

information with measures of differentiation in multiple popu-

lation pairs to more fully understand genome-wide patterns of

divergence during speciation-with-gene-flow.

THE POSSIBLE REASONS FOR INCOMPLETE

PARALLELISM AT THE GENETIC LEVEL

Our genome scan for detecting enhanced levels of genetic dif-

ferentiation occurring at the same position in multiple lakes con-

firmed the previous finding that fully parallel patterns of genetic

differentiation between lakes are not frequent across the whitefish

genome (Campbell and Bernatchez 2004; Rogers and Bernatchez

2007; Renaut et al. 2011), as also increasingly reported in other

systems (Elmer and Meyer 2011). Nevertheless, it also revealed

several genomic regions where parallelism was found between at

least two lakes (i.e., incomplete parallelism), with only one case

of complete parallelism on linkage group V (Fig. 2). This result

contrasts with the much stronger parallelism observed at the mor-

phological (Lu and Bernatchez 1999), physiological (Evans et al.

2012), and to a lower extent at the transcriptomic level (Derome

et al. 2006; St-Cyr et al. 2008). In whitefish, parallel phenotypic

divergence is thought to reflect differential adaptation to similar

limnetic/benthic habitats across lakes, and consistent with this hy-

pothesis, the extent of phenotypic divergence has been associated

with the degree of ecological niche divergence and the poten-

tial for competitive interactions within lakes (Landry et al. 2007;

Landry and Bernatchez 2010; Evans et al. 2012). Whether sim-

ilar phenotypes observed in different lakes are achieved through

the same allelic combinations depend on the genetic architecture

of the phenotypic traits under divergent selection. In contrast,
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with some famous phenotypic traits known to be controlled by

a few genes of major effect (Nachman et al. 2003; Colosimo

et al. 2004), most ecologically important phenotypic traits in lake

whitefish (e.g., growth rate, depth selection, activity) are quanti-

tatively distributed and have a polygenic basis involving multiple

genes of moderate to small effect (Rogers and Bernatchez 2007;

Gagnaire et al. 2013). Although the genetic basis of polygenic

traits is more difficult to detect, it is likely to be more typical in

nature than single gene traits (Rockman 2012). Adaptive diver-

gence of polygenic traits usually occurs from standing variation

and is therefore expected to produce partial divergence parallelism

at the genomic level because similar phenotypes can be caused by

different allelic combinations. Moreover, adaptive changes that

occur through the evolution of multiple phenotypic traits con-

trolled by a large number of loci usually involve small allele

frequency changes that may not be detected in genome scans

(Mackay et al. 2009; Pritchard and Di Rienzo 2010; Le Corre and

Kremer 2012). This is consistent with the moderate increase in

genetic differentiation at markers associated with pQTL (FSTQ)

relative to non-QTL markers (FST). Also, the new QTL included in

the high-density RAD linkage map may be of smaller effect than

those already detected on the AFLP map, because the power to

detect small effect QTL increases with increasing map resolution.

This most likely explains why the average FSTQ was slightly lower

than previously reported (Rogers and Bernatchez 2007; Renaut

et al. 2012).

In addition to polygenic adaptation from standing variation, a

second mechanism related with the evolutionary history of white-

fish can produce incomplete divergence parallelism. When di-

vergent populations (e.g., glacial lineages) come into secondary

contact, historical genetic incompatibilities accumulated in al-

lopatry may either scatter (i.e., barrier breakdown) or associate

(i.e., barrier coupling) with each other (Barton and de Cara 2009).

The efficiency of the coupling process depends on the strength

of selection against incompatible genotypes, the symmetry of in-

compatibilities, as well as demographic effects related to genetic

drift and migration rate. Only a subset of the genetic incompat-

ibilities that are initially brought together may ultimately partic-

ipate to the species barrier because some associations are lost

and gene swamping occurs. Therefore, independent outcomes of

the coupling process following secondary contact of the same

two genetic backgrounds (Acadian and Atlantic Mississippian) in

different lakes is expected to produce partially different genetic

architectures of postzygotic isolation. This hypothesis clearly pre-

dicts that some barriers will be maintained in all lakes, whereas

other barriers will be maintained or vanish depending on lakes.

As secondary introgression subsequently erases historical genetic

differentiation at neutral loci unlinked to any selected locus, the

system eventually converges to a genome-wide divergence pattern

that is similar to what is expected under a model of recent inde-

pendent adaptation from standing genetic variation in the context

of primary intergradation (Bierne et al. 2013).

Experimental evidence that both intrinsic and extrinsic bar-

riers jointly contribute to postzygotic isolation between dwarf

and normal whitefish (Rogers and Bernatchez 2006; Rogers and

Bernatchez 2007; Renaut et al. 2009; Renaut and Bernatchez

2011) suggest that both the aforementioned mechanisms could

be actually responsible for incomplete parallelism at the genetic

level. Here, RAD mapping combined to population genomics ap-

proaches further revealed candidate regions harboring intrinsic in-

compatibilities around peaks of WMR associated with TRD QTL

(Fig. 3: LG VII, XII, XXI, XXVI, and XXVIII), as well as can-

didate regions for loci involved in phenotypic adaptation around

peaks of WMR associated with pQTL (Fig. 3: LG X, XVIII,

and XXIII). However, signatures of selection on standing genetic

variation were not clearly apparent from the analysis of haplotype

structure. Repeated selection of the same standing variant at low

frequency across independent lakes is expected to produce paral-

lel signals of haplotype structure, which was not observed here in

whitefish. Alternatively, endogenous incompatibilities may also

display detectable signatures of haplotype structure because in-

compatible alleles often evolve under positive selection (Pres-

graves 2010). However, because the sign of association between

independent incompatibilities can be either positive or negative

(Barton and de Cara 2009), independent realizations of the cou-

pling process may result in conflicting directionality in haplotype

structure between dwarf and normal whitefish across lakes, as ob-

served on LGs XV, XXXI, and XXXVII. Future studies will have

to test whether—and if so, to what extent—divergence in regions

showing signals of long-range haplotype in opposite directions

predates secondary contact. This will require resequencing efforts

within the islands of genomic divergence to compare alternative

models of divergence history.

THE SIZE OF GENOMIC ISLANDS IS INFLUENCED BY

BOTH SELECTION AND DEMOGRAPHY

Contrasting measures of island size among studies may reflect

substantial variation in the strength of reproductive isolation

across the range of species studied in speciation genomics (Feder

et al. 2012a). However, it remains unclear what proportion of

this variance can be attributed to demographic characteristics (in

terms of Ne and m) unique to each species, the type of data that

differed across studies, as well as to methodological approaches

that have yet to be standardized.

In previous lake whitefish studies involving low resolu-

tion mapping and genome scan, large islands have been found

around the outlier loci, some of which being associated to pQTL

(Rogers and Bernatchez 2007; Renaut et al. 2012). The range

of demographic and selective parameters found in whitefish (Lu

and Bernatchez 1998; Campbell and Bernatchez 2004) were also
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roughly consistent with those required for producing comparably

large islands of differentiation at equilibrium in simulations, in-

cluding small migration rates and population sizes (m = 0.001

and Ne = 1000), and strong divergent selection (S = 0.5; Feder

and Nosil 2010; Via 2012). However, the two-fold variation in

island size observed between the least and the most differentiated

lakes could not be directly related to variation in selection inten-

sity (Renaut et al. 2012). Indeed, island size is typically derived

from empirical measures of FST, which integrate the complex in-

terplay between the effects of population size, gross migration

rate, recombination distance from the nearest locus under selec-

tion, strength of selection, number of selected loci, and the extent

of LD among them (Feder and Nosil 2010).

Here, our approach relied on the assumption that the distri-

bution of FST values at a given recombination distance from a

selected locus reflects a local outcome of the effective migration-

drift equilibrium, which was previously verified through simula-

tions (Campbell and Bernatchez 2004). This model provided a

strong fit to the observed data and confirmed the two-fold differ-

ence in island size across lakes, thus, establishing a link between

island size and the extent of phenotypic differentiation. However,

the contribution of selective effects was still confounded by de-

mography. We thus used the barrier strength parameter (b = m/mθ)

to estimate the degree of neutral gene flow reduction at increasing

recombination distances from a selected locus, which reflects the

combination of direct and indirect selective effects independently

from demographic variables.

Island size measured by b was smaller than when assed with

FST, although remaining relatively large (i.e., ≈5 cM). Differ-

ences between measures of FST and b can be explained by the

nonlinear relationship between FST and Nem at equilibrium. De-

pending on the gross genome-wide Nem product, a small amount

of reduction in the local effective migration rate can result in a

more or less pronounced increase in FST. Thus, if the product Nem

varies across lakes due to different population sizes and opportu-

nities for gene flow, the observed correlation between the baseline

level of differentiation (which approximates Nem) and the island

shape parameter (which depends on Ne, m, and S) could be pre-

dicted for a fixed value of S. However, as me becomes globally

reduced with multiple unlinked markers under divergent selec-

tion (i.e., genome hitchhiking, Feder et al. 2012), the baseline

level of differentiation may not be a good approximation of the

product Nem. Therefore, our estimates of the barrier strength at

variable recombination distances from selected loci support that

the barrier is much stronger in the most phenotypically differen-

tiated lakes within the first 5 cM from targets of selection. These

results highlight the importance of correcting the confounding

effects of local demography before comparing the topography of

the genomic islands of divergence among independent pairs of

populations.

Admittedly, a higher density of markers would be required for

a precise evaluation of the barrier strength parameter for each is-

land separately. Nevertheless, combining measures of FST around

different islands of divergence provides an average measure which

remains informative for comparisons across lakes. Indeed, the

variance in island size across the genome is supposed to be small

if island size is principally determined by the transmission of

selective effects through high-order LD compared to first-order

LD. However, new mutations falling within already established

islands may additionally contribute to the building of significantly

larger islands (Rogers and Bernatchez 2007; Via and West 2008;

Hohenlohe et al. 2010, 2012; Renaut et al. 2012; Via 2012). Ul-

timately, estimating the barrier strength parameter separately for

each island will help to dissociate island-specific effects (direct

selection) from the indirect selective effects transmitted through

LD with other islands, which will probably require the type of

data produced by whole genome resequencing projects (Ellegren

et al. 2012; Jones et al. 2012b) or very dense genetic maps built

using both a very large number of markers and hundreds if not

thousands of progeny.

THE ROLES OF ECOLOGY IN WHITEFISH SPECIATION

Previous ecological studies in whitefish showed that the lakes

exhibiting the highest degree of ecological niche divergence

and potential for competitive interactions are associated with in-

creased phenotypic divergence among dwarf and normal white-

fish (Campbell and Bernatchez 2004; Rogers and Bernatchez

2007; Bernatchez et al. 2010; Renaut et al. 2011; Renaut et al.

2012). Here, we confirmed that the degree of phenotypic diver-

gence was also positively related with the baseline level of genetic

differentiation, thus, indicating that the observed gradient of ge-

netic differentiation was associated with the gradient of ecological

niche divergence. To understand how reproductive isolation builds

up at the genomic level, we must now consider how the genetic

architecture of reproductive isolation varies across this divergence

continuum.

A general trend has previously been observed toward an in-

crease in the number and size of genomic islands of divergence

from the least to the most differentiated species pair (Renaut

et al. 2012). Here, using a much higher density of SNP markers,

we found no significant difference in the number of genomic is-

lands among lakes. However, the number of islands falling within

regions of parallel divergence was significantly positively cor-

related with the genome-wide level of differentiation, suggest-

ing that the loci underlying differential adaptation to limnetic

and benthic habitats are under stronger divergent selection in the

lakes where ecological niche divergence is stronger, and/or that

selection has maintained stronger associations between incom-

patibilities. Obviously, these two hypotheses are not independent

because ecologically based selection facilitates both divergence
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and the building of LD. Incomplete divergence parallelism and

the identical number of genomic islands of divergence across

lakes suggest that partially overlapping sets of incompatibilities

were independently maintained in each lake following secondary

contact between the Acadian and Atlantic-Mississippian genetic

backgrounds. Thus, our finding that the level of LD between is-

lands is stronger in the lakes with the highest ecological niche

divergence strongly supports the role of divergent selection in

building associations between incompatibilities. Theory predicts

that for a given locus under selection, the cumulative effects of

selection acting on other selected loci will be more efficiently

transmitted when high-order LD is strong (Barton 1983; Kruuk

et al. 1999). Thus, the extent of local gene flow reduction could

depend on the degree of ecological divergence for two reasons: (1)

increased selection intensity on local adaptation genes facilitates

the building or high-order LD (i.e., coupling), (2) which in turn

allows a more efficient transmission of indirect selective effects

in the chromosomal neighborhood of every gene involved in the

barrier. The consequence is an extended reduction in the effective

migration rate compared to an identical genetic architecture of

reproductive isolation without LD.

In conclusion, our results emphasize that the strength of asso-

ciations between selected alleles from neighboring and distant ge-

nomic regions is an important parameter during speciation-with-

gene-flow. We showed that the number of islands was roughly

similar across lakes but that both first- and higher-order LD in-

creased with the extent of phenotypic divergence between dwarf

and normal whitefish. Considering that intrinsically incompatible

alleles have similar fitness effects in each lake, ecologically based

divergent selection on QTL underlying differential adaptation to

limnetic/benthic habitats may be the main factor explaining dif-

ferences in the extent of LD across lakes. As LD builds up, each

selected locus involved in the barrier cumulates indirect selective

effects from other selected loci more efficiently in addition to its

own selection coefficient, which further strengthens the repro-

ductive barrier between populations. At equilibrium, the resulting

island size and shape integrate the combined effects of selection

(S), demography (Ne and m), and recombination distance between

neutral and selected loci (r). Our empirical estimates of islands’

parameters show that the divergence patterns characterizing the

successive phases of the speciation-with-gene-flow continuum

proposed by Feder et al. (2012a) can be obtained under a more

complex divergence history than pure primary divergence. The

significant positive correlation between the island shape parame-

ter and the baseline level of genetic differentiation suggests that

genome hitchhiking is acting to some extent in all lakes, but more

so in lakes of highest phenotypic and genetic divergence. Finally,

divergence and genome hitchhiking can facilitate secondary diver-

gence within already established islands through physical linkage

between selected loci (Feder et al. 2012b; Via 2012), but this could

not be specifically assessed here. A more detailed investigation of

each island separately will be needed to investigate those aspects,

which will be achieved using many additional RAD markers that

were not included in the RAD linkage map, and that will be di-

rectly mapped on the reference genome that is currently being

assembled.
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